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Abstract 

Valproic acid (VPA), a commonly-used anticonvulsant drug, is associated with increased risk of 

fetal malformations, including neural tube defects (NTDs). Previous in vivo studies determined 

that VPA-exposed embryos with a NTD had altered expression of several proteins regulated by 

p300, a histone acetyltransferase (HAT) protein. p300 is capable of acetylating lysine residues on 

both histones and non-histone proteins through its HAT activity, allowing it to transcriptionally 

regulate genes as well as modulate the stability and activity of specific proteins. NFκB, Stat3 and 

Egr1, all of which function as transcription factors, are regulated by p300 through its HAT 

activity. Together, these proteins all play an important role in maintaining the balance of 

apoptosis, proliferation and differentiation, the regulation of which is extremely important for 

proper embryonic development. The studies in this thesis utilized P19 embryonal carcinoma 

(EC) cells in order to determine the effects of VPA exposure on the expression of p300 and the 

aforementioned transcription factors, as well as apoptosis and proliferation, in vitro. P19 EC cells 

were exposed to C646, a selective p300 inhibitor, in order to assess whether the effects observed 

as a result of VPA exposure were due to p300 protein degradation. It was found that VPA 

exposure for 24 hours in P19 EC cells in vitro resulted in a significant decrease in p300 protein 

expression. VPA exposure also significantly decreased NFκB protein expression, while resulting 

in increased Stat3 protein expression. However, Stat3 acetylation and phosphorylation, which 

both contribute to Stat3 activation, were significantly decreased as a result of VPA exposure. 

p300 inhibition resulted in a significant decrease in NFκB, similar to what was observed as a 

result of VPA exposure, which suggests that VPA-mediated degradation of p300 may play a role 

in reduced NFκB protein expression following VPA exposure. Conversely, Stat3 protein 

expression, acetylation and phosphorylation were not significantly changed as a result of p300 
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inhibition, suggesting that p300 degradation does not play a role in VPA’s effects on Stat3 

protein expression and activation. Egr1 protein expression was not significantly changed as a 

result of VPA exposure or p300 inhibition in vitro. VPA exposure also resulted in a significant 

increase in apoptosis, while p300 inhibition did not significantly increase apoptosis. VPA 

exposure and p300 inhibition did not significantly change cellular proliferation. These data 

suggest that p300 degradation plays a role in VPA-mediated teratogenicity, and that VPA may 

target various other cellular mechanisms in order to exert its teratogenic effects.  
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Chapter 1 

Introduction 

 

1.1 Antiepileptic Drug Use 

The use of the commonly-prescribed drug class of antiepileptic drugs (AEDs) has been 

increasing over time, largely due to the increasing use of these drugs for non-seizure indications 

(Bobo et al., 2012). A recent study conducted in Manitoba found that AED usage had increased 

3-fold, from 0.83% to 2.3%, from 1998 to 2003 (Leong et al., 2016). This was primarily due to a 

210% increase in AED prescription for non-seizure indications, such as affective disorders or 

sleep disorders (Leong et al., 2016). Conversely, the usage of AEDs for seizure indications 

increased by only 3% during the same time period (Leong et al., 2016). In the United States, 

roughly 2% of all pregnancies are now associated with use of one or more AEDs during 

pregnancy (Bobo et al., 2012). This is concerning, as AED exposure during pregnancy is 

associated with a risk of major fetal malformations (Lloyd, 2013).  

Valproic acid (VPA) is a widely-used AED that is used in the treatment of a wide variety 

of seizure disorders, including tonic-clonic, myoclonic, absence, and partial seizures (Lloyd, 

2013). VPA is currently the most widely-prescribed AED due to its ability to treat a broad range 

of seizure types, as well as various non-epileptic indications, such as bipolar disorder (Lloyd, 

2013). However, similar to other AEDs, it is also a known teratogen, and in utero exposure to the 

drug has been associated with increased embryonic lethality, as well as major fetal 

malformations, with neural tube defects (NTDs) being the most common (Lloyd, 2013).  In 

humans, in utero exposure to VPA has been found to result in approximately a 2% incidence of 

NTDs, which represents a 20-fold increase compared to the incidence of NTDs in unexposed 
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fetuses (Bjerkedal et al., 1982).  However, since the majority of AEDs have similar risks of 

teratogenicity, and there is generally an inverse correlation among this drug class between 

maternal seizure incidence during pregnancy and risk of major fetal malformation, switching 

AED treatments during pregnancy is not a feasible option (Lloyd, 2013; Hernandez-Diaz et al., 

2012). This problem is exacerbated by the sensitive dosing regimen involved in treatment of 

seizure disorders, which means that it is ill-advised to switch treatment options for patients with 

well-managed seizure disorders (Lloyd, 2013).  Additionally, since the aforementioned 

teratogenic risks pale in comparison to the risks associated with having an untreated seizure 

disorder during pregnancy, as even one seizure during that time poses serious risks to both the 

mother and fetus, terminating treatment is unfortunately also not a realistic option (Lloyd, 2013).  

Since the mechanism of VPA’s teratogenicity is not well understood, there are also currently no 

treatment options available that can mitigate VPA’s teratogenicity (Lloyd, 2013). As a result, 

there are obvious benefits to increasing the understanding of the mechanisms through which 

VPA-mediated teratogenicity occurs. 

 

1.2 Neural Tube Closure 

Neurulation, or closure of the neural tube, is essential for the development of the 

embryonic brain (Yamaguchi and Miura, 2013). This process is tightly regulated, as the 

conversion from the neural plate to the neural tube requires very specific tissue movement, 

folding, and remodeling (Figure 1.1) (Yamaguchi and Miura, 2013). Following neural induction, 

which serves to distinguish the neural plate from the surrounding ectoderm, precise bending at 

multiple hinge points is required in order to create the neural fold (Yamaguchi and Miura, 2013).  
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Figure 1.1:  Important physical features and morphological changes required in order to 

facilitate development of the neural tube to the neural plate. Following differentiation into the 

neural plate, the neural plate then bends at the medial hinge point (MHP), resulting in the 

creation of the neural fold. Following the formation of the neural fold, bending occurs at two 

symmetrical dorsolateral hinge points (DHPs), resulting in formation of the neural tube. At this 

time, the two ends of the neural fold are fused, and remodeling occurs in order to separate and 

localize the relevant cell types. Modified from Simoes-Costa and Bronner, (2015). 
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Once the folding has taken place, the resulting neural folds are fused and then remodeled, 

creating the neural tube (Yamaguchi and Miura, 2013). 

Neurulation, as with any aspect of embryonic development, requires tight regulation of 

apoptosis, proliferation and differentiation in order to properly occur (Buss et al., 2006). Closure 

of the neural tube also requires substantial tissue movement, as well as the maintenance  

of important interactions between different cell types (Wilde et al., 2014). As a result, failure of 

the neural tube to close, resulting in an NTD, is often caused by slight perturbations in cellular 

apoptosis, proliferation or differentiation (Wilde et al., 2014). It is possible for neural tube 

closure to be disrupted not only by changes in the quantity or rate of cell division or 

differentiation, but also due to changes in the timing and coordination of these processes (Wilde 

et al., 2014).  

 

1.3 VPA Pharmacology 

VPA exhibits its pharmacological effects through a variety of mechanisms.  First, VPA 

increases γ-aminobutyric acid (GABA) levels in the brain by inhibiting two enzymes that are 

involved in the degradation of GABA: GABA transaminase (ABAT) and succinate 

semialdehyde dehydrogenase (ALDH5A1) (Piplani et al., 2016).  Reduction in GABAergic 

inhibitory activity has been linked to convulsions, making this pathway an important target for 

many anticonvulsant drugs (Piplani et al., 2016). This has also been linked to improvements in 

GABAergic neurogenesis, which has resulted in VPA being studied as a treatment for bipolar 

disorder (Laeng et al., 2004; Tsai et al., 2016). However, VPA has also been found to negatively 

affect cognitive function, which makes VPA a less appealing option moving forward (Tsai et al., 

2016).  Additionally, VPA blocks voltage-gated ion channels, including sodium and calcium 
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channels, which reduces the high-frequency firing of neurons, and may also play a role in VPA’s 

antiepileptic activity (Piplani et al., 2016).  Lastly, VPA also functions as a histone deacetylase 

(HDAC) inhibitor, which may allow it to play an important role in transcriptional regulation 

through modification of gene expression via the prevention of HDAC-mediated removal of 

acetyl groups from histones (Gottlicher et al., 2001).  In particular, VPA has been found to 

increase the expression of genes involved in apoptosis, many of which also act as tumour 

suppressors (Piplani et al., 2016).  Thus VPA can alter the expression of a variety of genes, 

which can be helpful in the treatment of a variety of conditions, including multiple forms of 

cancer (Gottlicher et al., 2001).  However, this mechanism may also play a role in VPA’s 

teratogenicity, as increased apoptotic activity could mediate the increased incidence of NTDs 

observed following in utero exposure to VPA (Buss et al., 2006).   

 

1.4 VPA Teratogenicity 

Proper embryonic development, including successful neurulation and closure of the 

neural tube, is dependent on the balance of three important processes: apoptosis, proliferation, 

and differentiation (Buss et al., 2006). Alterations to any one of these processes will alter this 

important balance, leading to a variety of potential defects or malformations (Buss et al., 2006). 

In the case of VPA-induced NTDs, a change to any one of these processes may result in the 

inability of the neural tube to properly close (Gottlicher et al., 2001). 

VPA has been found to be a selective inhibitor of class I HDAC (Kramer et al., 2003). 

This class is comprised of HDAC1, 2, 3 and 8, which are mostly found in the nucleus (Kramer et 

al., 2003). In addition to this selective inhibition of HDAC activity, VPA also induces the 

proteasomal degradation of HDAC2 (Kramer et al., 2003). Interestingly, it has been 
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demonstrated that VPA’s HDAC inhibitory activity correlates with its teratogenicity (Gottlicher 

et al., 2001). Studies evaluating the impact of modifying the structure of VPA have shown that 

while the modified structures show differences in antiepileptic and teratogenic activity, these two 

results are not correlated (Nau et al., 1991). These findings suggest that VPA-mediated 

teratogenicity occurs through a mechanism that is different from VPA’s antiepileptic effect (Nau 

et al., 1991). In contrast, HDAC inhibition has been found to have a strong correlation with 

teratogenicity, suggesting that HDAC inhibition may play a prominent role in VPA-mediated 

teratogenicity (Gottlicher et al., 2001). 

Although there is an observed correlation between VPA’s HDAC inhibition and its 

teratogenicity, the specific mechanisms surrounding VPA-mediated teratogenicity are still poorly 

understood (Gottlicher et al., 2001; Lloyd, 2013).  Therefore, in order to prevent teratogenicity as 

a result of VPA exposure, the mechanism, or mechanisms, through which VPA causes birth 

defects must be better understood (Lloyd, 2013).  Prior in vivo work from our laboratory has 

found that VPA-exposed embryos with a NTD exhibited significant changes in the expression of 

several proteins involved in the regulation of apoptosis, including p53, NFκB, Pim-1, and c-Myb 

(Dawson et al., 2006). More specifically, VPA-exposed embryos with a NTD demonstrated a 

significant increase in the protein expression of p53, a pro-apoptotic protein, as well as a 

significant decrease in the protein expression of NFκB, Pim-1, and c-Myb, which all function in 

the same anti-apoptotic pathway (Figure 1.2) (Dawson et al., 2006).  In addition, VPA exposure 

also caused a decrease in the protein expression of Bcl-2, another anti-apoptotic protein, which 

led to an increase in the Bax/Bcl-2 ratio (Dawson et al., 2006). The ratio of Bax, a pro-apoptotic 

protein, and Bcl-2 has been found to be indicative of the cell’s sensitivity to apoptotic stimuli,  
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Figure 1.2: The relationship between p53, NFκB, Pim-1, and c-Myb with respect to the 

regulation of apoptosis.  p53 is pro-apoptotic, while the other three proteins are involved in the 

same anti-apoptotic pathway. The role of p300 in the regulation of these two pathways is also 

featured, as it is important to note that a decrease in p300 protein expression would explain all of 

the changes in protein expression observed in VPA-exposed embryos with a NTD. A decrease in 

p300 protein expression, as well as the observed changes in protein expression, could also lead to 

an increase in apoptosis, which may have contributed to the NTDs. Modified from Dawson et al., 

(2006). 
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and the increase in this ratio among VPA-exposed embryos with a NTD is consistent with an 

overall increase in apoptosis (Dawson et al., 2006). 

In addition to playing a role in the regulation of apoptosis, these four proteins are also all 

downstream targets of p300, a histone acetyltransferase protein that plays a role in the regulation 

of a variety of cellular processes, including apoptosis, proliferation, and differentiation
 
(Ramos et 

al., 2010).  Consequently, the changes in protein expression observed in VPA-exposed embryos 

with a NTD would also be consistent with a decrease in p300 protein expression (Girdwood et 

al., 2003). 

 

1.5 p300 

p300, as mentioned above, is a histone acetyltransferase (HAT) protein, and it functions 

to modify chromatin structure via acetylation changes to histones (Ramos et al., 2010). As a 

result, p300 can transcriptionally regulate various genes by modifying chromatin structure 

(Ramos et al., 2010). p300 often exerts this action as a heterodimer alongside CREB-binding 

protein (CBP), but both of these proteins also function as homodimers (Ramos et al., 2010; 

Kasper et al, 2006).  

Although p300 and CBP act on a wide range of common cellular targets, there are also 

important differences in the cellular functions which they predominantly affect (Ramos et al., 

2010).  Specifically, as a homodimer, p300 has a significantly greater effect on the regulation of 

gene expression and transcription than CBP, as well as having other effects on many different 

metabolic processes within the cell (Table 1.1) (Ramos et al., 2010). Although CBP also does act 

on important cellular functions as a homodimer, it appears that p300’s homodimer activity may 

affect cellular processes which are more relevant to VPA-mediated teratogenicity (Ramos et al.,  
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Table 1.1: Cellular processes which are more dependent on the HAT activity of p300 than CBP, 

as determined by the binding of each HAT to genes in each category following stimulation of the 

cells. The count refers to the number of genes in each particular category which were found to be 

significantly more dependent of p300 binding. The P-value refers to the statistical significance of 

the overall category, while enrichment refers to the fold enrichment of significant genes across 

the category when compared to background levels of gene expression. For example, there were 

81 genes related to gene expression that had significantly greater interaction with p300 than CBP 

following stimulation, and the average enrichment of these genes was 2.06-fold relative to 

background. The role of p300 in gene expression and transcription is of particular interest, as 

these processes play an important role in facilitating normal embryonic development, and may be 

implicated in VPA-mediated teratogenicity. Modified from Ramos et al., (2010). 
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2010). However it should be noted that similar results have also been observed with respect to 

the effects of VPA exposure on CBP protein expression. 

In addition to the acetylation of histones, p300 also acetylates non-histone proteins, 

which can modulate both the activity and stability of these proteins (Goodman and Smolik, 

2000). One example of a protein which is modulated by p300 is NFκB, as p300-mediated 

acetylation of the K-310 residue of NFκB both increases its transcriptional activity as well as its 

stability (Tummers et al., 2015). This acetylation prevents the methylation of nearby residues 

which can result in NFκB degradation (Tummers et al., 2015). This modulation of activity and 

stability provides p300 with another mechanism through which it can affect many different 

cellular processes (Goodman and Smolik, 2000). Additionally, p300 can alter the activity and 

stability of transcription factors, which, when coupled with its ability to alter chromatin structure, 

provides p300 with two distinct mechanisms by which it can alter gene expression (Goodman 

and Smolik, 2000). In some cases, p300 also functions as a transcriptional coactivator, which 

also allows it to alter gene expression (Goodman and Smolik, 2000). The variety of mechanisms 

through which p300 is able to exert its effects on various cellular processes are very important 

during embryonic development, as these mechanisms allow p300 to tightly regulate the balance 

between apoptosis, proliferation and differentiation during development (Goodman and Smolik, 

2000; Yao et al., 1998). 

In the murine embryo, p300 transcripts can be detected as early as embryonic day (E)7.5, 

which is prior to closure of the neural tube (Yao et al., 1998; Lin et al., 2008). p300 transcripts 

are generally expressed throughout the embryo, but are expressed at higher levels in neural 

tissues during development (Yao et al., 1998). The consistent expression of p300 transcripts 

across many cell types suggests a need for p300 HAT activity in facilitating proper embryonic 
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development, while the elevated expression in neural tissue suggests that p300 is of particular 

importance in neural development, which may include closure of the neural tube (Yao et al., 

1998; Lin et al., 2008). 

It has been previously demonstrated in murine models that p300 and Cbp play important 

roles in embryonic development and, more specifically, in neurulation (Yao et al., 1998). It was 

found that mouse embryos which were nullizygous for either p300 or Cbp, or were heterozygous 

knockouts for both genes, were not viable and resulted in embryonic lethality (Yao et al., 1998). 

These embryos were also stunted relative to their littermates, and all had NTDs (Yao et al., 

1998). The NTDs observed were similar across all three genotypes suggesting that the combined 

dose of p300 and Cbp is critical in order to facilitate proper embryonic development of the 

mouse (Yao et al., 1998). Mouse embryos which were heterozygous for either p300 or Cbp 

demonstrated a slight increase in embryonic lethality, and a prominent increase in NTDs, as well 

as other defects (such as abnormal heart development), which are also associated with VPA 

exposure in utero (Yao et al., 1998). In particular, p300 heterozygous embryos were significantly 

smaller than their wild-type littermates, suggesting that p300 may play an important role in 

embryonic proliferation (Yao et al., 1998).  Interestingly, this decrease in proliferation was not 

observed in Cbp heterozygous embryos (Yao et al., 1998). 

These studies demonstrated that p300 and Cbp are essential genes for mouse 

embryogenesis, and that there is some degree of redundancy between their functions during 

development, as shown by the double heterozygous phenotype (Yao et al., 1998). However, 

these two genes are not entirely redundant, as demonstrated by that fact that p300 nullizygous 

embryos demonstrated significantly reduced proliferation, as well as impaired retinoic acid 

signalling activity, which was not observed in the Cbp nullizygous embryos (Yao et al., 1998). 
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This impairment of retinoic acid signalling is of particular interest due to retinoic acid’s role in 

neuronal differentiation, such as its ability to induce neuronal differentiation in P19 embryonal 

carcinoma (EC) cells (Jones-Villeneuve et al., 1982; McBurney et al., 1988). These results point 

to a clear role for p300 in mediating both proliferation and differentiation during mouse 

embryogenesis, which is critical in order to facilitate proper closure of the neural tube (Yao et 

al., 1998; Wilde et al., 2014). 

1.5.1 Importance of Histone Acetylation 

The level of acetylation of histones and other proteins is predominantly regulated by two 

classes of protein: histone acetyltransferases (HATs) and histone deacetylases (HDACs) (Figure 

1.3) (Haery et al., 2015). HATs exert their function by adding acetyl groups to these proteins, 

while HDACs remove these acetyl groups (Haery et al., 2015). The regulation of acetylation is 

very important, as it factors into transcriptional regulation as a result of changes in histone 

acetylation patterns (Haery et al., 2015). Additionally, as previously mentioned, HATs and 

HDACs can also act on non-histone proteins, which can modulate both the structure and function 

of these proteins by either the addition or removal of acetyl groups (Goodman and Smolik, 

2000). Therefore, the balance between HAT and HDAC activity is very important, as changes in 

acetylation throughout the cell can have many different consequences on cellular processes 

(Haery et al., 2015). VPA, as an HDAC inhibitor, alters this balance by lowering HDAC activity, 

which can then lead to an increase in total acetylation throughout the cell (Haery et al., 2015). 

This shift, which results in relatively increased HAT activity, has been associated with altered 

gene expression, cell proliferation and apoptosis (Haery et al., 2015). 

It is also important to acknowledge that changes in genome-wide acetylation may also 

affect the rate of other post-translational modifications (Yang and Seto, 2007). For example, the  
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Figure 1.3: The balance of histone acetyltransferase (HAT) and histone deacetylase (HDAC) 

activity in the cell. This balance is important, especially during development, as changes in the 

balance of the addition and removal of acetyl (Ac) groups on histones can have a wide range of 

effects on gene regulation. Additionally, HATs and HDACs can also act on non-histone proteins, 

resulting in changes to the stability and activity of these proteins. In the presence of an HDAC 

inhibitor, such as valproic acid, genome-wide acetylation is increased, which may result in 

degradation of HATs, such as p300. Modified from Rodd et al., (2012). 
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presence of acetyl groups prevents the addition of other post-translational modifications, such as 

methylation or ubiquitination, to these sites on histones or other proteins (Yang and Seto, 2007). 

Conversely, acetylation can also affect post-translational modifications on nearby residues, such 

as potential increases in phosphorylation (Yang and Seto, 2007). A disruption in the balance 

between HAT and HDAC activity, and the resulting change in genome-wide acetylation, thus 

has the capacity to affect a wide range of other post-translational modifications (Yang and Seto, 

2007). 

In efforts to preserve this balance, evidence suggests that exposure to VPA, or other 

HDAC inhibitors, will result in HAT degradation as a compensatory mechanism in order to 

reduce total acetylation (Chen et al., 2005).  

 

1.5.2 VPA-mediated p300 Protein Degradation  

 It has been found that VPA exposure results in increased p300 protein degradation via 

altered transcription of the B56 regulatory subunit of protein phosphatase 2A (PP2A) in HeLa 

cells, an immortal human cell line, in vitro (Chen et al., 2005). PP2A is a heterotrimeric complex 

which consists of three separate classes of regulatory subunits, B55, B56, and B72, all of which 

can affect both substrate selectivity as well as PP2A localization within the cell (Chen et al., 

2005). The B56 subunit has the largest variety of isoforms (α, β, γ, δ, ε), as well as three variants 

of the γ isoform (γ1, γ2, γ3) (Chen et al., 2005). Normally, these isoforms are all expressed at 

low levels within the cell (Chen et al., 2005). Certain B56 subunits have been found to modulate 

cell growth and apoptosis, both of which play an important role in embryonic development 

(Chen et al., 2005). Additionally, certain isoforms (γ and δ) cause PP2A to localize to the 

nucleus, while the other isoforms are predominantly found in the cytoplasm (Chen et al., 2005). 
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As a result of VPA exposure in the HeLa cells in vitro, the expression of the B56γ2 and B56γ3 

subunits is increased, which was found to result in enhanced degradation of p300 (Chen et al., 

2005).  

 Although VPA exposure results in increased expression of both B56γ2 and B56γ3 

subunits, it is the B56γ3 subunit which is responsible for enhanced p300 degradation (Chen et 

al., 2005). This degradation appears to be phosphatase-mediated, as administration of a protein 

phosphatase inhibitor, okadaic acid, effectively reverses the VPA-mediated increase in p300 

degradation (Chen et al., 2005). Okadaic acid exposure also significantly reduces the 

electrophoretic mobility of p300, which is likely indicative of a broad-spectrum phosphatase 

inhibition (Chen et al., 2005). Conversely, knockdown of B56γ expression with siRNA, despite 

also inhibiting p300 degradation, did not result in a significant change in electrophoretic 

mobility, which suggests that B56γ knockdown, unlike okadaic acid exposure, does not have a 

substantial effect on total p300 phosphorylation (Chen et al., 2005). These data suggest that B56γ 

does not noticeably decrease total phosphorylation of p300, but rather it appears to target specific 

phosphorylation sites on p300 (Chen et al., 2005). In the case of B56γ3, it has been found to 

dephosphorylate specific sites near the C-terminus of p300 (Chen et al., 2005). 

 

1.5.3 p300 Phosphorylation 

 Serine-threonine phosphorylation of p300 has been found to play an important role in 

p300’s transcriptional activity, as well as its metabolic stability (Chen et al., 2005). Akt, also 

known as protein kinase B (PKB), is a family of protein kinases which has been implicated in the 

regulation of cellular growth, survival, proliferation, and metabolism (Chen et al., 2004). Akt’s 

kinase activity, which plays an essential role in p300 stability via a specific phosphorylation site 
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(S-1834), is required in order for p300 to be active (Chen et al., 2004; Chen et al., 2005). 

However, in the presence of VPA, PP2A may directly dephosphorylate this serine residue, 

resulting in p300 degradation through the 26S proteasome pathway (Chen et al., 2005). 

However, phosphorylation of the S-1834 residue of p300 has also been found to result in 

increased p300 degradation (Wang et al., 2013). During nucleotide excision repair (NER), p38 

MAPK- or Akt-mediated p300 phosphorylation results in a short-term increase in p300 HAT 

activity, followed by p300 degradation (Wang et al., 2013). This is inconsistent with the typical 

role of Akt-mediated phosphorylation, which generally increases p300 protein stability (Wang et 

al., 2013). However, this phosphorylation of p300 is critical to NER, and it is thought that the 

degradation of phosphorylated p300 is important, as it allows for the recruitment of other repair 

factors (Wang et al., 2013). This finding also demonstrates that p300 may perform important 

cellular functions aside from its HAT activity, which may also play important roles in the 

regulation of apoptosis, proliferation and differentiation (Wang et al., 2013). 

 Other phosphorylation sites also play important roles in p300 regulation (Wang et al., 

2013). For example, p42/p44 MAPK-mediated p300 phosphorylation on the C-terminus has been 

found to stimulate p300 HAT activity, while other phosphorylation sites near the N-terminus 

were found to suppress HAT activity (Wang et al., 2013). These findings provide additional 

evidence that post-translational modifications play an important role in regulating the activity of 

p300 (Wang et al., 2013). These findings also suggest that B56γ-mediated dephosphorylation 

near the C-terminus of p300 would be consistent with a reduction in p300 HAT activity, and 

could also result in subsequent degradation of the protein (Chen et al., 2005).  

Aside from the specific mechanism of B56γ phosphatase activity, exposure to an HDAC 

inhibitor, such as VPA, would also be able to affect the rate at which these post-translational 
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modifications occur in a more general sense (Yang and Seto, 2007). As mentioned previously, 

HDAC and HAT activity determines acetylation throughout the cell, and this balance also has an 

indirect effect on the rate, and location, of other post-translational modifications, since the 

presence of one modification will alter the rate at which other nearby modifications will occur 

(Yang and Seto, 2007). 

 

1.6 NFκB 

 Nuclear factor κB (NFκB) is an important signalling molecule known to promote cellular 

survival and proliferation (Oeckinghaus and Ghosh, 2009). NFκB exerts its function in the 

nucleus, as a transcription factor, and has been found to be constitutively expressed in many 

types of cancer (Chung and Vadgama, 2015). Its role in cancer is thought to be mediated as a 

result of NFκB preventing apoptosis through both the stimulation of anti-apoptotic genes and the 

suppression of genes which induce apoptosis (Chung and Vadgama, 2015). NFκB has also been 

found to play an important role in neuronal differentiation during development, and as such also 

plays an important role in neurulation (Ruland et al., 2001). Reduced NFκB expression has also 

been found to inhibit neuronal differentiation (Ruland et al., 2001; Zhang et al., 2015). 

 As mentioned previously, past work from our laboratory has found that VPA-exposed 

mouse embryos with a NTD demonstrated a 4-fold decrease in NFκB protein expression 

(Dawson et al., 2006). Other past results have demonstrated that NFκB-mediated regulation of 

survival and proliferation plays an important role in neural tube closure, and that a disruption of 

this regulation can lead to NTDs (Ruland et al., 2001). Additionally, transgenic mice with 

reduced NFκB activity have shown an increased rate of exencephaly, which is thought to be 

caused by increased apoptosis in and around the neural tube (Li et al., 2000). Past results from 
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our laboratory have also shown that the aforementioned reduction in NFκB protein expression 

may also cause a decrease in protein expression of Bcl-2, an anti-apoptotic protein (Dawson et 

al., 2006). These data suggest that reduced NFκB protein expression in the embryo can lead to an 

increased incidence of NTDs as a result of increased apoptosis (Dawson et al., 2006). 

p300-mediated acetylation of NFκB (K-310) is required in order for full transcriptional 

activity of NFκB, and also impairs methylation of nearby residues which are required for 

ubiquitination, and subsequent degradation, of NFκB (Tummers et al., 2015). Therefore, p300, 

through its HAT activity, can increase both the activity and stability of NFκB (Tummers et al., 

2015). As a result, p300-mediated acetylation of NFκB leads to decreased apoptosis, as well as 

increased neuronal differentiation, in the developing embryo (Oeckinghaus and Ghosh, 2009; 

Tummers et al., 2015). 

 NFκB is generally found as a heterodimer of subunits p65 and p50 (Santer et al., 2011). 

In the event of p300 knockdown via siRNA, the p65 subunit has been found to be decreased, 

with no change to the protein expression of the p50 subunit (Santer et al., 2011). This decrease in 

p65 protein expression appears to be specific to p300 knockdown, as knockdown of Cbp did not 

yield the same result (Santer et al., 2011). Therefore, it appears that p300 is important for p65 

protein expression, through either increased acetylation of the protein or transcriptional 

activation (Santer et al., 2011; Tummers et al., 2015). 

The aforementioned acetylation of NFκB (K-310) can be reversed by two different class I 

HDACs, HDAC 1 or 3 (Tummers et al., 2015). As a result, it is unlikely that VPA, due to its 

HDAC activity, directly causes increased NFκB degradation, as it may actually inhibit the 

deacetylation of NFκB (Tummers et al., 2015). Therefore, it is likely that any decrease in NFκB 
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protein expression that is observed as a result of VPA exposure is due to increased degradation 

of p300, or other proteins which may act upstream of NFκB (Santer et al., 2011). 

 

1.7 Stat3 

Signal transducer and activator of transcription 3 (Stat3), despite being better known for 

its role as a proto-oncogene, has been found to be protective against NTDs through its interaction 

with the folate receptor (Hansen et al., 2015). Additionally, it has been found that Stat3 is 

downregulated in the event of folic acid deficiency in HeLa cells (Hansen et al., 2015). Prior 

work from our laboratory has found that folate can be protective of VPA-induced NTDs, and 

these data suggest that Stat3 may play a role in folate’s neuroprotective effects (Dawson et al., 

2006; Hansen et al., 2015). Stat3 is activated via tyrosine phosphorylation at the Y-705 residue 

(pYStat3), which results in Stat3 dimerization (Figure 1.4) (Yuan et al., 2005). Following 

dimerization, Stat3 is able to enter the nucleus and transcriptionally regulate a variety of genes 

(Yuan et al., 2005). In particular, Stat3 plays a role in increasing proliferation while inhibiting 

apoptosis (Chen et al., 2013). Although these functions are the primary cause of its oncogenic 

activity, they also have large implications regarding embryonic development (Hansen et al., 

2015).  

The aforementioned tyrosine phosphorylation can occur following other post-

translational modifications, one of which is p300-mediated lysine acetylation at the K-685 

residue (Yuan et al., 2005). This lysine acetylation results in increased tyrosine phosphorylation, 

although it is not necessary in order for the phosphorylation to occur (Yuan et al., 2005). 

However, this indicates that p300 is able to increase Stat3 phosphorylation and dimerization, 

resulting in increased Stat3 activity, through this acetylation site (Yuan et al., 2005). Therefore,   
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Figure 1.4: The process of Stat3 phosphorylation, dimerization, and translocation into the 

nucleus. Phosphorylation of Stat3 at Y-705 can occur via interactions with several different 

receptors. This process may be expedited by p300-mediated acetylation of Stat3 at K-685, which 

increases the rate of phosphorylation at Y-705. This acetylation step is not necessary in order for 

activation of Stat3, but the phosphorylation step is necessary in order for Stat3 to be activated. 

Reproduced with slight modifications from (Hua et al., 2009). 
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given the role of Stat3 in maintaining a balance between proliferation and apoptosis in the 

developing CNS, the ability of p300 to modulate its activity has many potential implications in 

VPA-mediated teratogenicity (Yuan et al., 2005; Hansen et al., 2015). 

There have been many reports in the literature that Stat3 is associated with gliogenesis 

and the development of certain types of neurons during embryonic development (Chen et al., 

2013; Hansen et al., 2015). Additionally, Stat3, as well as its active form (pYStat3), is present in 

the central nervous system (CNS) during neural tube closure in murine development (Yan et al., 

2004).  

It has been demonstrated that VPA exposure can result in increased Stat3 activation via 

phosphorylation of the Y-705 residue in a human glioma cell line in vitro (Okemoto et al., 2013). 

VPA’s effect on Stat3 phosphorylation is likely due to its HDAC activity, as the removal of the 

acetyl group on K-685 is performed by HDAC1, which is inhibited by VPA (Okemoto et al., 

2013). As previously mentioned, K-685 acetylation, although not necessary, results in increased 

Y-705 phosphorylation and subsequent dimerization of Stat3 (Ni et al., 2014). Additionally, it 

has been found that VPA exposure can lead to increased transcription of Stat3, although this did 

not seem to result in increased Stat3 protein expression (Okemoto et al., 2013). However, likely 

as a result of increased phosphorylation, an increase in nuclear Stat3 protein expression was 

observed as a result of VPA exposure (Okemoto et al., 2013).  

 

1.7.1 Stat3-NFκB Interaction 

Stat3, once it has dimerized and entered the nucleus, is also able to alter NFκB activity in 

HeLa cells in vitro (Kim and Yoon, 2016). These two proteins have been found to interact in the 

nucleus, and it has been found that Stat3 activity is required in order for NFκB activity to be 
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maintained in vitro (Kim and Yoon, 2016). These two transcription factors act on some common 

genes, as well as many distinct targets (Kim and Yoon, 2016). As a result, part of the role of 

Stat3 in maintaining proliferation and cell survival may occur through increasing NFκB activity 

in the nucleus (Kim and Yoon, 2016). Additionally, it is possible that p300 is capable of 

indirectly increasing NFκB activity through its acetylation of Stat3, which plays an important 

role in Stat3 activation (Yuan et al., 2005). pYStat3 also plays an important role in the nuclear 

retention of NFκB, which is important in order for NFκB to exert its effects as a transcription 

factor (Kim and Yoon, 2016). 

Stat3 also plays an important role in p300-mediated acetylation of the p65 subunit of 

NFκB (Kim and Yoon, 2016). After the p65 subunit enters the nucleus, it is acetylated by p300, 

increasing both the activity and stability of p65 (Kim and Yoon, 2016). pYStat3 plays an 

important role in p65 acetylation via the formation of the p65-Stat3 complex, which 

subsequently increases p300-mediated acetylation of p65 (Kim and Yoon, 2016). Consequently, 

it has been found that pYStat3 is necessary in order for fully efficient acetylation of p65 to occur 

(Kim and Yoon, 2016).  

 

1.8 Egr1 

Early growth response protein 1 (Egr1) is a zinc finger transcription factor that has been 

found to play an important role in cell proliferation, differentiation, and survival (Hansson et al., 

2012). In particular, in vitro studies have demonstrated that Egr1 promotes pluripotent 

differentiation of P19 EC cells (Lanoix et al., 1998). Egr1 is a member of the immediate-early 

gene group of transcription factors, and has been found to transactivate a number of growth 

factors (James et al., 2006) and can be activated by a wide range of cellular stimuli (Yu et al., 
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2004). In fact, the downstream effects of Egr1, including those on p300, can vary based on the 

particular activating stimulus (Yu et al., 2004). For example, serum-induced Egr1 resulted in 

upregulation of p300/CBP, while UV irradiation-induced Egr1 resulted in downregulation of 

p300/CBP in various human prostate cell lines in vitro (Yu et al., 2004).  This is also true of 

Egr1’s role in cellular processes such as apoptosis, as Egr1 is capable of either inducing or 

preventing apoptosis based on the cell type, as well as Egr1’s level of expression in those cell 

types (Yu et al., 2004; Hansson et al., 2012). This means that Egr1 can act as a tumour 

suppressor in certain tissues, such as breast, brain and lung cancer, where its overexpression 

leads to the suppression of tumour growth (Hansson et al., 2012). Conversely, Egr1 promotes 

growth in the prostate and kidney, and is found to be highly expressed in a high proportion of 

cancers of these cell types, often alongside p300 (Yu et al., 2004; Hansson et al., 2012). 

It is known that p300 plays an important role in the regulation both Egr1 transactivation 

and modulating Egr1 activity via acetylation in human prostate cell lines in vitro (Yu et al., 

2004). p300, after induction by Egr1, can directly acetylate Egr1, causing activation of survival 

genes as well as repression of Egr1 and p300/CBP in a negative feedback loop (Yu et al., 2004). 

Egr1 also has different cellular targets after it is acetylated, as acetylated Egr1 targets growth and 

survival genes, while nonacetylated Egr1 is more active in regulating genes involved in apoptosis 

(Yu et al., 2004). Additionally, p300-mediated ATF5 acetylation plays an important role in Egr1 

activation, as the resulting ATF5/p300 complex is capable of transcriptionally upregulating Egr1 

(Liu et al., 2011). Therefore, it appears that p300 plays an important role in both the expression 

and the activity of Egr1 (Yu et al., 2004). 

Exposure to HDAC inhibitors, such as VPA, has also been demonstrated to result in a 

transcriptional upregulation of Egr1, as well as other p300-dependent genes in the presence of 
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wild-type p300 (Chen et al., 2010). This transcriptional upregulation has been found to 

correspond with an increase in global histone acetylation, suggesting that this increase in Egr1 

transcription is due to inhibition of HDAC activity (Chen et al., 2010). 

Egr1 has been found to mediate neuronal differentiation in response to certain stimuli, 

including extremely low-frequency electromagnetic fields (ELF-EMF) (Seong et al., 2014). 

However, it is worth noting that although high Egr1 expression was necessary in order to induce 

ELF-EMF-mediated neuronal differentiation, overexpression of Egr1 was not sufficient to 

induce neuronal differentiation in the absence of ELF-EMF (Seong et al., 2014). Again 

illustrating that Egr1’s ability to mediate neuronal differentiation may vary depending on the 

stimulus which activates Egr1 (Yu et al., 2004). As previously mentioned, VPA has been found 

to significantly induce Egr1 expression, which may play a role in VPA’s ability to induce 

neuronal differentiation (Yu et al., 2004; Chen et al., 2010). Egr1 has previously been found to 

induce neuronal differentiation, as well as cause neurite outgrowth, in N2 neuroblastoma cells, 

and induction of Egr1 via the MAPK-ERK pathway has been linked to neuronal differentiation 

and plasticity (Almutawaa et al., 2014). Therefore, it is certainly possible that Egr1 may play a 

role in the VPA-mediated induction of neuronal differentiation in various cell types (Almutawaa 

et al., 2014; Yu et al., 2004). However, more data are needed to determine whether VPA 

exposure results in increased differentiation in vivo, as well as the role that Egr1 may play in that 

induction of differentiation. 

 

1.9 Protein Interactions 

Egr1 also interacts with NFκB and Stat3, further complicating the relationship between 

these proteins. Egr1 and NFκB have been found to transcriptionally upregulate each other, and to 
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have synergistic effects in the transcriptional regulation of other genes (Bedadala et al., 2011). In 

these cases, both proteins are able to transactivate these genes separately, albeit much less 

effectively (Yu et al., 2004). Additionally, Stat3 is known to transactivate Egr1, which then leads 

to Egr1’s transactivation of p300 (Fan et al., 2015). In summary, these four proteins interact 

through a variety of different mechanisms, and the regulation of these proteins, and their 

relationships with each other, play an important role in facilitating proper embryonic 

development. Consequently, there are benefits to better understanding the role of these proteins 

in VPA-mediated teratogenicity (Figure 1.5). 

 

1.10 Hypothesis and Objectives 

We hypothesize that exposure to VPA decreases p300 protein expression, resulting in altered 

protein expression of Egr1, Stat3 and NFκB. Consequently, it is hypothesized that these observed 

changes in protein expression will then increase apoptosis while decreasing proliferation, which 

will consequently alter the balance of apoptosis and proliferation of P19 EC cells. 

Objective 1: Characterize in vitro the relationship between VPA exposure and p300 protein 

expression and its downstream targets using P19 EC cells. 

Objective 2: In vitro in P19 EC cells utilize a p300 inhibitor to determine if these various 

changes are p300-mediated. 

Objective 3: In vitro in P19 EC cells evaluate potential changes in apoptosis and proliferation as 

a result of VPA exposure or p300 inhibition. 
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Figure 1.5: The expected effect of VPA exposure on p300 and its downstream targets in vitro. 

VPA exposure is expected to cause increased p300 protein degradation, resulting in a significant 

decrease in p300 protein expression. This VPA-mediated decrease in p300 protein expression is 

then expected to alter the protein expression, as well as possibly the activity, of NFκB, Stat3 and 

Egr1 in vitro. These changes may occur due to decreases in p300-mediated histone acetylation , 

which may result in transcriptional downregulation of these proteins, or via decreased p300-

mediated acetylation of these proteins, which may alter both the stability and activity of these 

proteins. 
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Chapter 2 

Materials and Methods 

 

2.1 Cell Culture  

P19 mouse embryonal carcinoma (EC) cells (ATCC, Manassas, VA) were cultured at 

37ºC and 5% CO2 in alpha minimum essential medium (Life Technologies, Burlington, ON, 

serial no. 12000-022), which was prepared as per manufacturer’s instructions and filter sterilized 

prior to the addition of 7.5% bovine calf serum and 2.5% fetal bovine serum from ThermoFisher 

(Burlington, CA) and 10 U/mL penicillin/streptomycin from Sigma Aldrich (St Louis, MO).  

Cells were passed every two to three days between 1:5 and 1:20 depending on the confluence of 

the culture. 

 

2.2 Valproic Acid Exposure – 24 Hours 

 P19 EC cells were seeded in 10 cm
2
 culture dishes in 10 mL of medium at 3 x 10

5
 cells 

per dish.  The cells were cultured for approximately 24 hours before being exposed to 0, 0.25, 

0.5, 1, 1.5 or 5 mM VPA (Sigma-Aldrich P4543, St Louis, MO) dissolved in PBS for 24 hours.  

Following VPA exposure, the cells were harvested (see below). 

 

2.3 Valproic Acid Exposure – Time Course 

In time-course experiments P19 EC cells were seeded in 10 cm
2
 culture dishes in 10 mL 

of medium at 3 x 10
5
 cells per plate.  The cells were cultured for approximately 24 hours before 
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being exposed to 0, 1, or 5 mM VPA in PBS for either 4, 12, 24 or 48 hours.  The cells were then 

harvested following VPA exposure (see below). 

 

2.4 Chemical Inhibition of p300  

 P19 EC cells were seeded in 10 cm
2
 culture dishes at 3 x 10

5
 cells per plate.  The cells 

were cultured for approximately 24 hours prior to being exposed to 0, 10 or 20 μM of the HAT 

p300 inhibitor C646 (Millipore 382113, Temecula, CA) dissolved in anhydrous dimethyl 

sulfoxide (DMSO) (Sigma-Aldrich Chemical Co., St Louis, MO) for 16 hours. The cells were 

harvested following exposure to C646. C646 exposures were performed in serum-free medium, 

as C646 activity has been shown to be inhibited by serum (Santer et al., 2011). 

 

2.5 Protein Extraction 

Following the respective exposures, the cell culture medium was removed, and the cells 

were washed twice with PBS.  Whole cell lysates were then prepared using 75 μL Radio-

Immunoprecipitation Assay (RIPA) buffer (50 mM tris-HCl pH 7.4, 150 mM NaCl, 0.1% 

sodium dodecyl sulfate, 0.5% sodium deoxycholate, 1% Triton X) with 4 μL PB/CLAP protease 

inhibitor mixture, added in the form of 2 μL PB (1 mM PMSF, 1 mM benzamidine) and 2 μL 

CLAP (1 mM chymostatin, 1 mM leupeptin, 1 mM antipain, 1 mM pepstatin A) and 20 μL Halt 

Phosphatase Inhibitor Cocktail (Thermo Scientific, Mississauga, ON, cat. no. 78420).  After cells 

were collected, samples were frozen in liquid nitrogen followed by thawing on ice.  After the 

samples had thawed, they were maintained on ice with periodic agitation for 30 minutes 



 

29 
 

followed by centrifugation at 12500 rpm for 10 minutes at 4ºC.  The supernatant from each 

sample was then transferred into a new tube and the pellet was discarded.  The protein 

concentrations in each sample were then quantified using the Bradford Protein Assay (Bio-Rad, 

Mississauga, ON). Nuclear extracts were prepared using the Signosis Nuclear Extraction Kit 

(Signosis, SK-0001), rapidly frozen in liquid nitrogen and stored at 80ºC. 

 

2.6 Electrophoresis and Western Blotting 

Whole cell and nuclear proteins were resolved on an 8% acrylamide resolving gel with a 

5% acrylamide stacking gel at 80 V for approximately 90 minutes at room temperature.  Protein 

was transferred to a 0.45 μm PVDF membrane by transferring at 20 V for 18-20 hours at 4ºC.  

Membranes, after being washed with tris-buffered saline containing Tween (TBST) (25 mM tris-

HCl, 140 mM NaCl, 2 mM KCl, 0.05% (v/v) Tween 20), were blocked with 3% milk (w/v) for 1 

hour.  Membranes were then incubated with the appropriate primary antibody for 1 hour, and 

then washed four times for five minutes with TBST. Primary antibodies included p300 (1:750, 

sc-585), Stat3 (1:500, sc-482), pStat3 (Tyr 705) (1:500, sc-7993-R), Egr1 (1:500, sc-189), and 

NFκB (1:200, sc-8008) from Santa Cruz Biotechnology Inc. (Santa Cruz, Downey, CA); cleaved 

caspase-3 (1:200, D175 5A1E) and acetyl-Stat3 (Lys685) (1:200, 2523S) from Cell Signalling 

Technology (Danvers, MA); β-actin (1:8000, A5441) and  Tbp (1:2000, ab51841) from Abcam 

(Cambridge, MA). Horseradish peroxidase (HRP)-tagged secondary antibodies were anti-mouse 

IgG-HRP (1:10,000, NA931) or anti-rabbit IgG-HRP (1:10,000, NA934) from GE Healthcare 

Life Sciences (Mississauga, CA). After exposure to the appropriate secondary antibody for 1 

hour, the membranes were washed four more times, each for five minutes, with TBST.  The 
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membrane was then exposed to 2 mL of Western Lightning Plus ECL reagents (PerkinElmer, 

Toronto, ON) for 5 minutes.  Protein levels in the immunoblot bands were quantified by 

measuring their relative optical density.  All optical density measurements in the whole cell 

lysates were compared to β-actin, which served as a loading control, while Tbp was used as a 

loading control for the nuclear fractions. 

 

2.7 MTT Cell Viability Assay 

The MTT cell viability assay was performed as per the instructions in the Vybrant MTT 

Cell Proliferation Assay Kit (Molecular Probes, V-13154). P19 cells were seeded on a 96 well 

microtiter plate in 100 μL of cell culture medium at 5000 cells per well.  The cells were cultured 

for approximately 40 hours before being exposed to either 0, 0.25, 0.5, 1, 1.5 or 5 mM VPA 

dissolved in PBS or 0, 10 or 20 μM of the HAT p300 inhibitor C646 dissolved in DMSO. In 

addition, all cells were also exposed to 10 μL of the 12 mM MTT stock solution, which was 

prepared by adding 1 mL of sterile PBS to a 5 mg vial of MTT (3-(4,4-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide). Following 4 hours of exposure, 100 μL of sodium dodecyl sulfate 

(SDS)-HCl solution, which was prepared by adding 10 mL of 0.01 M HCl to one tube containing 

1 g SDS was added to each well. After 4 hours of incubation at 37
 
ºC, which was required in 

order to solubilize the formazan crystals from the assay, the absorbance of each well was read at 

570 nm. 

 

 



 

31 
 

2.8 Statistical Analysis 

Immunoblotting data for both 24 hour VPA exposure and 16 hour exposure to p300 

inhibitor C646 were analyzed using a one-way Analysis of Variance (ANOVA) with GraphPad 

Prism 6.04 software (GraphPad Inc.) followed by Dunnett multiple comparison test to compare 

all of the treatment groups to the control group.  Similarly, the MTT cell viability assay data 

were analyzed using a one-way ANOVA, once again followed by Dunnett multiple comparison 

test to compare all of the treatment groups to the control group. Data obtained from the time 

course for VPA exposure were analyzed using a two-way ANOVA, and was also followed by 

Dunnett multiple comparison test. All of these experiments were performed in at least triplicate.  

The minimum level of significance used throughout was P < 0.05. 
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Chapter 3 

Results 

 

3.1 24 Hour VPA Exposure 

3.1.1 p300 Protein Expression in Whole Cell and Nucleus 

 VPA exposure in vitro in P19 cells caused a concentration-dependent decrease in p300 

protein expression following 24 hours (Figure 3.1A). Conversely, nuclear p300 protein 

expression did not significantly decrease as a result of VPA exposure at any concentration 

following 24 hours (Figure 3.1B).  

 

3.1.2 Protein Expression of  Transcription Factors in Whole Cell  

 A significant decrease in the protein expression of NFκB was observed as a result of 

exposure to VPA for 24 hours in vitro (Figure 3.2A). Additionally, VPA exposure for 24 hours 

in vitro resulted in a significant increase in Stat3 protein expression (Figure 3.2B). Lastly, Egr1 

protein expression did not signficantly change as a result of VPA exposure for 24 hours in vitro 

(Figure 3.2C).  

 

3.1.3 Stat3 Acetylation and Phosphorylation 

 VPA exposure for 24 hours in vitro resulted in a significant decrease in acetylation of 

Stat3 at the K-685 residue (Figure 3.3A). VPA exposure for 24 hours in vitro also resulted in a 

significant decrease in phosphorylation of Stat3 at the Y-705 residue (Figure 3.3B). 
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Figure 3.1: Effects of valproic acid (VPA) on p300 protein expression. Protein Expression of 

p300 in the whole cell (A) and nucleus (B) in P19 cells following exposure to VPA (0-5.0 mM) 

for 24 hours (n=4). * denotes significant difference from cells treated with the vehicle control (* 

p<0.05). 
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Figure 3.2: Effects of valproic acid (VPA) on NFκB, Stat3 and Egr1 protein expression in the 

whole cell.  Protein expression of NFκB (A), Stat3 (B), and Egr1 (C) in P19 cells following 

exposure to VPA (0-5.0 mM) for 24 hours (n=4). * denotes significant difference from cells 

treated with the vehicle control (* p<0.05).   
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Figure 3.3: The effects of valproic acid (VPA) on acetylated and phosphorylated Stat3 levels. 

Stat3 acetylation (A) and phosphorylation (B) in P19 cells following exposure to VPA (0-5.0 

mM) for 24 hours (n=3). * denotes significant difference from cells treated with the vehicle 

control (* p<0.05). 
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3.1.4 Nuclear Protein Expression of Transcription Factors 

 Nuclear NFκB protein expression did not significantly change as a result of VPA 

exposure for 24 hours in vitro (Figure 3.4A). VPA exposure for 24 hours in vitro did not result in 

a significant change in nuclear Stat3 protein expression (Figure 3.4B). There was also no 

significant change to nuclear Egr1 protein expression as a result of 24 hours of VPA exposure in 

vitro (Figure 3.4C).  

 

3.2 Time Course - Protein Expression in Whole Cell 

It was observed that 5 mM VPA exposure in vitro resulted in a decrease in p300 protein 

expression at 24 hours (Figure 3.5A). No significant change in protein expression of NFκB was 

observed as a result of VPA exposure (Figure 3.5B). A significant increase in Stat3 protein 

expression was observed as a result of 5 mM VPA exposure at 48 hours (Figure 3.5C). Egr1 

protein expression was not significantly changed as a result of VPA exposure in vitro (Figure 

3.5D). 

3.3 p300 Inhibition 

3.3.1 Protein Expression of Transcription Factors in Whole Cell 

 Exposure to p300 inhibitor C646 for 16 hours in vitro resulted in a significant decrease in 

NFκB protein expression in the whole cell (Figure 3.6A). Conversely, exposure to C646 for 16 

hours in vitro did not significantly change Stat3 protein expression in the whole cell (Figure 

3.6B). Exposure to C646 for 16 hours in vitro resulted in no significant change to Egr1 protein 

expression (Figure 3.6C).  
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Figure 3.4: Effects of valproic acid (VPA) on NFκB, Stat3 and Egr1 protein expression in the 

nucleus. Nuclear protein expression of NFκB (A), Stat3 (B), and Egr1 (C) in P19 cells following 

exposure to VPA (0-5.0 mM) for 24 hours (n=3). The Tbp loading control for Egr1 (C) is the 

same as the loading control for nuclear p300 protein expression (Figure 3.1B) due to the blot 

being stripped and re-probed. 
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Figure 3.5: Effects of valproic acid (VPA) on p300 NFκB, Stat3 and Egr1 protein expression in 

the whole cell.  Protein expression of p300 (A), NFκB (B), Stat3 (C), and Egr1 (D) in P19 cells 

following exposure to VPA (0-5.0 mM) for 4, 12, 24 or 48 hours (n=3). * denotes significant 

difference from cells treated with the vehicle control (* p<0.05).  The loading controls for p300 

(A) and Stat3 (C) are identical due to the blot being stripped and re-probed. 
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Figure 3.6: Effects of C646 on NFκB, Stat3 and Egr1 protein expression in the whole cell.  

Protein expression of NFκB (A), Stat3 (B), and Egr1 (C) in P19 cells following exposure to 

C646 (0-20 μM) for 16 hours (n=4). * denotes significant difference from cells treated with the 

vehicle control (* p<0.05).   
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3.3.2 Stat3 Acetylation and Phosphorylation 

 Exposure to C646 for 16 hours in vitro did not significantly change Stat3 acetylation at 

the K-685 residue (Figure 3.7A). Similarly, exposure to C646 for 16 hours in vitro did not 

significantly change Stat3 phosphorylation at the Y-705 residue (Figure 3.7B). 

 

3.3.3 Nuclear Protein Expression of Transcription Factors 

 Exposure to p300 inhibitor C646 for 16 hours in vitro resulted in a significant decrease in 

nuclear NFκB protein expression (Figure 3.8A). Inhibition of p300 did not result in a significant 

change to nuclear Stat3 protein expression (Figure 3.8B). Exposure to C646 for 16 hours in vitro 

resulted in no significant change to nuclear Egr1 protein expression (Figure 3.8C).  
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Figure 3.7: The effects of C646 on acetylated and phosphorylated Stat3 levels. Stat3 acetylation 

(A) and phosphorylation (B) in P19 cells following exposure to C646 (0-20 μM) for 16 hours 

(n=3). The Stat3 loading controls for acStat3 (A) and pStat3 (B) are identical, and are the same 

as the whole cell Stat3 band (Figure 3.6B) due to stripping and re-probing of the blots. 
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Figure 3.8: Effects of C646 on NFκB, Stat3 and Egr1 protein expression in the nucleus.  Protein 

expression of NFκB (A), Stat3 (B), and Egr1 (C) in P19 cells following exposure to C646 (0-20 

μM) for 16 hours (n=4). * denotes significant difference from cells treated with the vehicle 

control (* p<0.05).  The Tbp loading controls for Stat3 (B) and Egr1 (C) are identical due to 

stripping and re-probing of the blots. 
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3.4 Apoptosis and Proliferation 

3.4.1 Cleaved Caspase-3 Protein Expression 

 Cleaved caspase-3 was used as a marker for cellular apoptosis, as cleaved caspase-3 is a 

point of convergence for the caspase-8 and caspase-9 apoptotic pathways. It was found that VPA 

exposure for 24 hours in vitro resulted in a significant increase in cleaved caspase-3 protein 

expression, which is indicative of a significant increase in apoptosis (Figure 3.9A). Conversely, 

it was found that p300 inhibition, as a result of a 16 hour exposure to C646 in vitro, did not result 

in a significant increase in cleaved caspase-3 protein expression (Figure 3.9B).  

 

3.4.2 MTT Cell Viability Assay 

 The MTT Cell Viability Assay was used in order to measure potential changes in cellular 

proliferation as a result of short-term exposure to either VPA or C646 for 4 hours in vitro. It was 

found that cellular proliferation, as measured by absorbance at 570 nm, was not significantly 

altered by exposure to VPA for 4 hours in vitro (Figure 3.10A). Similarly, exposure to C646 for 

4 hours in vitro did not significantly change cellular proliferation (Figure 3.10B).  
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Figure 3.9: Effects of valproic acid (VPA) and C646 on cleaved caspase-3 protein expression in 

the whole cell.  Protein expression of cleaved caspase-3 in P19 cells following exposure to VPA 

(0-5.0 mM) for 24 hours (A) or C646 (0-20 μM) for 16 hours (B) (n=4). * denotes significant 

difference from cells treated with the vehicle control (* p<0.05).   
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Figure 3.10: Effects of valproic acid (VPA) and C646 on cellular proliferation as measured by 

the MTT cell viability assay. Absorbance at 570 nm following exposure to VPA (0-5.0 mM) (A) 

or C646 (0-20 μM) for 4 hours (B) (n=4). 
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Chapter 4 

Discussion 

 

4.1 Summary 

 The main hypothesis of this thesis was that VPA exposure decreases p300 protein 

expression, as well as altered protein expression of NFκB, Egr1 and Stat3. It was also 

hypothesized that these protein expression changes would alter the balance of apoptosis and 

proliferation during embryonic development. This hypothesis was evaluated by assessing the 

effects of VPA exposure on the expression of the aforementioned proteins in P19 EC cells in 

vitro. These data were then compared to the results observed from p300 inhibition, via exposure 

to the p300 inhibitor C646. The effects of VPA exposure and p300 inhibition on apoptosis and 

proliferation in vitro were also assessed. This study confirmed that VPA exposure decreased 

p300 protein expression in P19 EC cells in vitro, and that both VPA exposure and p300 

inhibition altered the protein expression of some of the proteins which are regulated, at least in 

part, by p300. Additionally, it was found that VPA exposure resulted in a significant increase in 

apoptosis. These data offer some support for the hypothesis that VPA exposure decreases p300 

protein expression, as well as changes in protein expression to relevant transcription factors, 

which consequently alters apoptosis in P19 EC cells in vitro. 

 

4.2 P19 Embryonal Carcinoma Cells 

 The P19 embryonal carcinoma (EC) cell line was originally derived from an E7.5 mouse 

embryo which was transplanted into the testes of another mouse (McBurney, 1993). This embryo 
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then began to infinitely replicate, creating an embryonal carcinoma (McBurney, 1993). This 

pluripotent cell line can be used as a model of early embryonic development when 

undifferentiated, but these cells can also be differentiated into neuronal or cardiovascular cell 

types (Jones-Villeneuve et al., 1983; McBurney et al., 1988). Although the differentiation of P19 

EC cells was not used in these experiments, this cell line may be a useful model in order to 

assess the impact of VPA exposure on neuronal differentiation (Jones-Villeneuve et al., 1983). In 

its undifferentiated state, this cell line has been used in the past to look at short-term VPA-

induced changes in gene expression, and it has been found that these changes are relatively 

consistent with changes observed following VPA administration in vivo (Jergil et al., 2011).  

Since VPA is thought to be the proximate teratogen, the lack of biotransformation that is 

observed in in vitro models likely has a limited impact on the results observed in our study (Nau 

et al., 1991). Therefore, although there are certainly other potential limitations to in vitro models, 

such as a lack of cell population diversity, the relevant transcriptional alterations which have 

been observed following VPA exposure in P19 EC cells in vitro suggest that this cell line may 

provide mechanistic insight into VPA-mediated teratogenicity (Jergil et al., 2011). These insights 

may also provide rationale for future in vivo studies in order to further our understanding of 

VPA-mediated teratogenicity (Jergil et al., 2011). 

 

4.3 Comparing VPA Exposure and p300 Inhibition 

 VPA exposure and p300 inhibition, via exposure to C646, are both able to modify the 

expression of various proteins which help to maintain the balance between apoptosis, 

proliferation, and differentiation during embryonic development (Gottlicher et al., 2001; Lloyd et 
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al., 2011). However, our data suggest that these two exposures may result in both distinct 

changes in protein expression as well as some overlapping protein targets, including NFκB 

protein expression in the whole cell. These data suggest that, even though VPA exposure caused 

decreased p300 protein expression in vitro, there are other aspects of VPA-mediated 

teratogenicity which are unrelated to p300 degradation.  

 VPA, as has been previously mentioned, is a selective class I HDAC inhibitor (Kramer et 

al., 2003). This results in VPA inhibiting the removal of acetyl groups from histones and non-

histone proteins, especially in the nucleus (Kramer et al., 2003). Acetyl groups play an important 

role in the stability of many proteins, such as p300 and NFκB, by preventing their methylation, 

ubiquitination and degradation (Goodman and Smolik, 2000; Tummers et al., 2015). This HDAC 

inhibition is of particular interest due to the aforementioned relationship between HATs and 

HDACs in the cell (Haery et al., 2015). It is important to remember that VPA-mediated 

degradation of p300 occurs in an attempt to balance total acetylation in the cell (Haery et al., 

2015). Conversely, exposure to a p300 inhibitor, such as C646, will not result in a balance in 

total acetylation, as there is no corresponding HDAC inhibition. VPA-mediated HDAC 

inhibition has been previously found to transcriptionally activate p300-dependent genes, 

including Egr1, and it has been demonstrated that VPA’s HDAC inhibition has other cellular 

effects in addition to the degradation of p300 (Chen et al., 2010). Therefore, it is important to 

note that any discrepancies between the effects of VPA exposure and p300 inhibition may be 

explained by VPA’s ability to affect other mechanisms within the cell. 

 

 



 

49 
 

4.4 The Effect of VPA Exposure on p300 Protein Expression 

 p300, via its HAT activity, acts on a wide range of cellular processes (Ramos et al., 

2010). In particular, p300 has been found to play an important role in the balance of apoptosis, 

proliferation, and differentiation during embryonic development (Ramos et al., 2010). Therefore, 

it was expected that many of the changes in protein expression caused by VPA exposure may be 

due to its ability to cause p300 protein degradation (Chen et al., 2005). In our study, VPA 

exposure in vitro caused a significant reduction in p300 protein expression in the whole cell. 

However, VPA exposure in vitro did not significantly reduce p300 protein expression in the 

nucleus. This difference in the effect of VPA exposure in vitro may have been due to its selective 

HDAC inhibition (Kramer et al., 2003). As mentioned above, VPA is a selective class I HDAC 

inhibitor, and class I HDACs are predominantly found in the nucleus (Kramer et al., 2003). 

Therefore, VPA-mediated HDAC inhibition may have led to increased acetylation of p300 in the 

nucleus, resulting in increased p300 stability and decreased degradation (Kramer et al., 2003; 

Karanam et al., 2006). This difference in p300 protein expression between the whole cell and 

nucleus as a result of VPA exposure may complicate the comparison between VPA exposure and 

p300 inhibition in P19 EC cells in vitro. 

 

4.5 NFκB Protein Expression  

In our study, the decrease in NFκB protein expression in the whole cell which occurred as 

a result of VPA exposure may have been p300-mediated, as a similar decrease in NFκB protein 

expression was observed as a result of p300 inhibition. However, exposure to p300 inhibitor 

C646 also resulted in a decrease in nuclear NFκB protein expression, which was not observed as 
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a result of VPA exposure. It is possible that VPA exposure initiates some form of a 

compensatory mechanism, which results in increased nuclear translocation of NFκB following 

VPA exposure. Conversely, if the decrease in NFκB protein expression occurs downstream of 

p300, it is possible that the relative increase of p300 protein expression in the nucleus following 

VPA exposure is responsible for the relatively increased NFκB protein expression in the nucleus. 

However, the stability of NFκB may also be affected by VPA-mediated HDAC inhibition in the 

nucleus (Kramer et al., 2003). This is especially true of NFκB, as p300-mediated acetylation of 

NFκB has been found to prevent methylation and subsequent degradation of NFκB (Tummers et 

al., 2015). The reduction in HDAC activity in the nucleus means that acetyl groups are less likely 

to be removed than in the whole cell (Haery et al., 2015). Therefore, it is possible that VPA’s 

HDAC inhibition actually mitigates the decrease in nuclear NFκB protein expression, which is 

caused by VPA-mediated degradation of p300 (Tummers et al., 2015). 

 

4.6 Stat3 Protein Expression and Phosphorylation 

 Conversely, the protein expression and activation of Stat3 demonstrated very different 

results when comparing the effects of VPA exposure and p300 inhibition. VPA exposure resulted 

in a significant increase in Stat3 protein expression in the whole cell, as well as a significant 

decrease in Stat3 acetylation and phosphorylation. It is possible that one of these two results was 

a compensatory mechanism in order to maintain a constant amount of activated Stat3 in the 

nucleus. This theory is supported by the fact that VPA exposure did not significantly change 

nuclear Stat3 protein expression. However, it is difficult to determine whether the increase in 

protein expression occurred in order to compensate for the reduction in acetylation and 
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phosphorylation, or vice-versa. These data are inconsistent with past studies in the literature, 

which have found that VPA exposure increases Stat3 phosphorylation by preventing the removal 

of p300-mediated acetylation of the K-685 residue (Okemoto et al., 2013). However, it is 

possible that this effect was mitigated due to the significant decrease in p300 protein expression 

(Yuan et al., 2005). One potential direction for future studies would be to better understand the 

relationship between Stat3 protein expression and phosphorylation as a result of VPA exposure, 

as well as determining if this relationship is maintained in vivo. 

 The effect of p300 inhibition on Stat3 protein expression and activation was quite 

different than what was observed as a result of VPA exposure in vitro. p300 inhibition, via 

exposure to C646 for 16 hours in vitro, did not significantly change Stat3 protein expression, 

acetylation or phosphorylation. p300 inhibition also did not significantly change nuclear Stat3 

protein expression. However, the trend of Stat3 protein expression did appear to change between 

the whole cell and nucleus, as whole cell Stat3 protein expression appears to increase, and 

nuclear Stat3 protein expression appears to decrease, as a result of p300 inhibition. These data 

could be explained by a decrease in Stat3 acetylation and phosphorylation, in particular 

acetylation of the K-685 residue of Stat3 is known to be p300-mediated (Yuan et al., 2005). 

However, no change in the acetylation or phosphorylation of these Stat3 residues was observed 

as a result of p300 inhibition in vitro. 

 

4.7 Egr1 Protein Expression 

 Egr1 protein expression in the whole cell and nucleus did not significantly change 

following exposure to VPA for 24 hours in vitro. These data were inconsistent with past results 
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in the literature, as exposure to VPA was found to increase Egr1 transcription and protein 

expression in the presence of wild-type p300 in HeLa cervical carcinoma cells in vitro (Chen et 

al., 2010). Similarly, Egr1 protein expression was also not significantly changed as a result of 

p300 inhibition. This finding was also unexpected, as Egr1 and p300 have been found to interact 

through a variety of mechanisms, including a crossregulaton effect wherein these proteins 

transcriptionally upregulate each other (Yu et al., 2004). p300 has also been found to acetylate 

Egr1 at various sites, which is able to modulate its function as well as possibly alter its stability 

(Yu et al., 2004). Egr1 acetylation was not a focus of this study, but it may be informative to see 

if either VPA exposure or inhibition of p300 had any significant effect on Egr1 acetylation. 

Similarly, there may be benefits to measuring the effect of VPA exposure on the transcription of 

Egr1 and other p300-dependent genes in P19 EC cells in vitro which have been upregulated as a 

result of VPA exposure in other cell types (Chen et al., 2010). 

 

4.8 Apoptosis and Proliferation  

 VPA exposure resulted in increased apoptosis, as measured by cleaved caspase-3 protein 

expression. Cleaved caspase-3 has been used previously as a measure for apoptosis, as it is a 

point of convergence for multiple apoptotic pathways (Smith et al., 2012). This VPA-mediated 

increase in apoptosis was expected, as an increase in apoptosis could have explained the changes 

in protein expression observed in VPA-exposed embryos with a NTD (Dawson et al., 2006). 

Increased apoptosis is also a possible explanation for the presence of NTDs, as increased cell 

death may result in an inability of the neural tube to properly close (Yamaguchi and Miura, 

2013). However, it was unexpected that p300 inhibition did not result in increased apoptosis. 
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p300 has been found to play a role in many different cellular processes, including the balance of 

apoptosis, proliferation, and differentiation during embryonic development (Goodman and 

Smolik, 2000; Yao et al., 1998). Additionally, decreased p300 protein expression was likely the 

cause of the changes in protein expression that lead to apoptosis in VPA-exposed embryos with a 

NTD (Dawson et al., 2006). Therefore, it would be logical to expect that a decrease in p300 

protein expression would result in increased apoptosis (Yao et al., 1998; Dawson et al., 2006). 

Although there was an apparent increase in apoptosis as a result of p300 inhibition, it was of a 

far lesser magnitude than the change observed as a result of VPA exposure. These data suggest 

that p300 may play a role in VPA-mediated teratogenicity, although VPA exposure likely also 

leads to increased apoptosis through other mechanisms. 

 Proliferation, as measured by the MTT Cell Viability Assay, was not significantly 

changed as a result of VPA exposure or p300 inhibition for 4 hours in vitro. These data were 

unexpected, as VPA and p300 have both been found to play a role in the balance of cellular 

proliferation in the literature (Yao et al., 1998; Chu et al., 2015). It is possible that 4 hours was 

not the ideal time point to assess proliferation of P19 EC cells, and as such additional 

experiments may be needed in order to determine if this time point is appropriate. Four hours is 

often used as a time point for the MTT Cell Viability Assay, although the optimal time point also 

depends on the ability of the cell line to proliferate. However, a relatively short time point is 

needed in order to avoid possible confounding results due to increased apoptosis. Therefore, it is 

important to determine a time point for the MTT Cell Viability Assay which offers sufficient 

time for proliferation to occur without allowing apoptosis to confound the data. 
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4.9 Future Directions 

 There are many potential studies which may offer additional insight into the role that 

p300, as well as its potential targets, plays in VPA-mediated teratogenicity. In addition to p300 

protein expression, there may be benefits to assessing the effects of VPA exposure on p300 

activity in P19 EC cells in vitro. Although p300’s function and stability can be affected by 

various post-translational modifications, there are some particular phosphorylation sites which 

may increase specific activity of p300 prior to its degradation (Chen et al., 2005; Wang et al., 

2013). Understanding the role of VPA on p300 activity in vitro may also allow for better 

comparisons when assessing the effects of VPA exposure and p300 inhibition on protein 

expression in vitro. Additionally, the effect of VPA on p300 protein expression should be 

assessed in vivo. As previously mentioned, there are certain limitations to the applicability of in 

vitro studies, so it would be beneficial to determine if these effects on p300 protein expression 

also occur in a relevant in vivo model. 

 It is also important to better understand the relationship between Stat3 protein expression 

and phosphorylation as it pertains to VPA exposure in P19 EC cells in vitro. Although there does 

not appear to be any change in the amount of activated Stat3 in the cell, as whole cell Stat3 

protein expression and phosphorylation appeared to have an inverse relationship, it may be 

beneficial to understand the mechanisms that caused these changes. The decrease in Stat3 

acetylation could have been caused by p300 protein degradation, however this change in Stat3 

acetylation was not observed as a result of p300 inhibition. Additionally, past studies have found 

that VPA exposure actually increases Stat3 phosphorylation, and does not significantly change 

Stat3 protein expression (Okemoto et al., 2013). These inconsistencies prompt additional 

questions surrounding the effects of VPA exposure on Stat3. It may also be beneficial to look at 



 

55 
 

the effects of VPA exposure on Stat3 protein expression and phosphorylation in a relevant in 

vivo model, in order to determine if these same changes are observed in vivo. 

There may also be benefits to better understanding whether VPA does upregulate Egr1, 

as well as other p300-dependent genes, in P19 EC cells in vitro. Past results have found that 

VPA is able to transcriptionally regulate many p300-dependent genes in the presence of wild-

type p300, increasing both the mRNA and protein expression of these genes (Chen et al., 2010). 

However, this effect was not observed in our study, as VPA exposure did not alter Egr1 protein 

expression. Therefore, it may be informative to determine if VPA exposure alters the 

transcription of Egr1, as well as other p300-dependent genes, in P19 EC cells. These data may 

help to determine why Egr1 protein expression was not changed as a result of VPA exposure in 

P19 EC cells in vitro. 

 

4.10 Conclusions 

 The experiments performed in this thesis confirm our hypothesis that VPA exposure 

significantly decreases p300 protein expression in the whole cell in P19 embryonal carcinoma 

cells in vitro. Additionally, we demonstrated that both VPA exposure and p300 inhibition result 

in a significant decrease to NFκB protein expression in the whole cell, with p300 inhibition also 

significantly reducing nuclear NFκB protein expression. VPA exposure was also found to 

significantly increase whole cell Stat3 protein expression, which corresponded with a significant 

reduction in Stat3 phosphorylation. These data add to our knowledge towards understanding the 

mechanisms involved in VPA-mediated teratogenicity. As previously mentioned, VPA is an 

effective and widely-prescribed AED, and VPA is widely-used during pregnancy, even though it 



 

56 
 

is a known teratogen, due to a lack of suitable alternatives (Lloyd, 2013). By improving our 

understanding of the mechanisms which cause VPA-mediated teratogenicity, we can hopefully 

offer better alternatives in the future which will mitigate, or avoid, the risks associated with VPA 

exposure during pregnancy. Ultimately, this will allow for improved control of maternal epilepsy 

while also preventing the risks of teratogenicity associated with AED use during pregnancy 
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