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Abstract 

Exposure to the antiepileptic drug valproic acid (VPA) is associated with an increased risk of 

congenital malformations including heart, skeletal and most frequently neural tube defects. 

Although the mechanisms contributing to its teratogenesis are not well understood, VPA was 

previously shown to increase homologous recombination (HR)-mediated DNA repair and 

decrease protein expression of the transcription factor NF-κB/p65. The studies in this thesis 

utilized in vivo and in vitro models to evaluate the expression of HR mediators, investigate the 

implications of decreased p65 including DNA binding and transcriptional activation, and the 

expression and histone acetyltransferase activity of Cbp/p300 with an aim to provide mechanistic 

insight into VPA-mediated alterations. The first study demonstrated that following maternal 

administration of VPA, mouse embryonic mRNA expression of HR mediators Rad51, Brca1 and 

Brca2 exhibited temporal and tissue-specific alterations. Protein expression of Rad51 was 

similarly altered and preceded increased cleavage of caspase-3 and PARP; indicative of 

apoptosis. The second study confirms previous findings of decreased total cellular p65 protein 

using P19 cells, but is the first to demonstrate that nuclear p65 protein is unchanged. NF-κB 

DNA binding was decreased following VPA exposure and maybe mediated by decreased p50 

protein, which dimerizes with p65 prior to DNA binding. Transcriptional activity of NF-κB was 

also increased with VPA exposure which was not due to increased p65 phosphorylation at 

Ser276. Furthermore, the transcriptional activation capacity was unaffected by VPA exposure as 

combined exposure to VPA and TNFα additively increased NF-κB activity. The third study 

demonstrated that VPA exposure in P19 cells decreased Cbp/p300 total cellular and nuclear 

protein attributed primarily to ubiquitin proteasome-mediated degradation. Histone 
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acetyltransferase (HAT) activity of p300 was decreased proportionately to nuclear protein 

following VPA exposure. Inhibition of Cbp/p300 HAT activity decreased p65 total cellular 

protein, increased caspase-3 cleavage and ROS similar to VPA exposures. Furthermore, pre-

treatment with the antioxidant enzyme catalase attenuated the increase in caspase-3 cleavage, but 

not p65 protein. Overall, this thesis demonstrates that VPA exposure impacts the expression and 

activity of the transcription factor NF-κB and transcriptional co-activators/HATs Cbp/p300, 

which has implications for downstream VPA targets including Rad51, Brca1 and Brca2. 
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Chapter 1 

General Introduction 

1.1 Antiepileptic Drug Usage and Teratogenesis 

 Although initially used in the management of seizures, antiepileptic drugs (AEDs) are 

increasingly prescribed for non-seizure indications including affective disorders, neuropathic 

pain and sleep disorders (Bialer, 2012; Johannessen Landmark, 2008). In a recent survey among 

1.2 million individuals in Manitoba, Canada, AED usage increased from 0.83% to 2.3% between 

1998 and 2013 (Leong et al., 2016). This was primarily due to increased AED usage for non-

epileptic indications which increased by 210% while epileptic usage increased by only 0.8%. In 

2012/2013, the most prevalent AEDs used among individuals for management of epilepsy were 

phenytoin, carbamazepine, valproic acid (VPA) and lamotrigine, while among non-epileptic 

indications gabapentin, pregabalin, VPA and carbamazepine were the most prevalent (Leong et 

al., 2016). However, as Health Canada approval for non-epileptic indications exists only for 

carbamazepine, VPA, topiramate and pregabalin, it is evident that off-label usage of AEDs for 

non-epileptic conditions occurs (Leong et al., 2016). 

 Approximately 2% of all pregnancies in the United States are associated with the use of 

at least one AED during pregnancy (Bobo et al., 2012). Management of epilepsy accounts for the 

majority of AED usage during pregnancies, followed closely by psychiatric indications and pain 

management (Bobo et al., 2012). However, exposure to AEDs during pregnancy is associated 

with an increased risk of major congenital malformations and impaired cognitive development, 

known as teratogenesis, which complicates the management of epileptic and non-epileptic 

disorders in women of reproductive age (Meador et al., 2009; Tomson et al., 2011; Wlodarczyk 
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et al., 2012). Although the spectrum and incidence of major congenital malformations differs 

among AEDs, the most common malformations include neural tube defects (NTDs), congenital 

heart defects, hypospadias and facial clefts (Wlodarczyk et al., 2011; Wlodarczyk et al., 2012). A 

recent survey of the International Registry of AEDs and Pregnancy (EURAP) between 1999-

2010 containing data from all continents excluding North America revealed a dose- and AED-

dependent risk of major congenital malformations in women with epilepsy, where the highest 

risk of malformations was associated with use of VPA and phenobarbital at all doses examined 

and carbamazepine at doses greater than 400 mg per day (Tomson et al., 2011). Data from the 

North American Pregnancy Registry between 1997-2011 supports EURAP findings with all 

AEDs surveyed associated with an increased risk of major congenital malformations, with VPA 

and phenobarbital exposure associated with the highest relative risk of 9.0 and 5.1, respectively, 

compared with unexposed pregnancies  (Hernandez-Diaz et al., 2012). While epileptic seizures 

during pregnancy have been suggested to mediate the increased risk associated with AED 

exposure, previous studies have provided support for AED exposure as the primary contributor 

rather than seizure episodes or epilepsy. A meta-analysis of 26 studies computed a congenital 

malformation rate of 6.1% in children born to epileptic women using AEDs during pregnancy, 

2.8% for women with untreated epilepsy, and 2.2% in non-epileptic healthy controls (Tomson 

and Battino, 2009). These findings are consistent with another meta-analysis of 10 studies 

demonstrating no significant difference in risk among women with and without seizures during 

pregnancy who are unexposed to AEDs (Fried et al., 2004).  

 Despite the abundant literature on the association between AED usage during pregnancy 

and teratogenesis, it is generally recommended that AED usage is continued as uncontrolled 

epileptic and affective disorders have the potential for adverse maternal and fetal health 
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outcomes (Marcus, 2009; Meador, 2008). Uncontrolled seizures during pregnancy can result in 

hypoxia-induced fetal brain damage or death, or sudden maternal death (Nei et al., 2016; 

Özdemir et al., 2014).  Notably, seizure frequency increases in 15-30% of epileptic women 

during pregnancy resulting from pregnancy related changes in AED pharmacokinetics (Beach 

and Kaplan, 2008). Affective disorder recurrence following discontinuation of AED usage may 

also result in poor compliance with pre-natal care and poor maternal care, neither of which is 

conducive to healthy pregnancies (Marcus, 2009). 

1.1.1 Embryonic Development and Susceptibility to Teratogens 

 Susceptibility to structural or functional defects following exposure to AEDs and other 

teratogens is often multifactorial and dependent on the complex interplay between exposure and 

genetics (Gilbert-Barness, 2010; Wlodarczyk et al., 2011). In humans, the susceptibility and 

consequence of teratogen exposure varies throughout pregnancy (Figure 1.1). The teratogenic 

risk of exposure occurring during the two week period between fertilization and implantation is 

generally believed to be low, with damage resulting in embryolethality or cellular replacement of 

the damaged cell given the pluripotency of the small number of cells present (Gilbert-Barness, 

2010). However, the development of defects during this period is possible from exposure to 

teratogens that induce persistent genetic or epigenetic alterations (Wells et al., 2014). Embryonic 

development occurs between weeks 3 and 7 of pregnancy and is characterized by cellular 

differentiation and organogenesis. Exposure to teratogens during organogenesis is associated 

with the greatest risk of major congenital malformations, with organ susceptibility dependent on 

the timing and length of exposure, physical and chemical properties of the drug, and the dose 

(Gilbert-Barness, 2010).
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Figure 1.1 Critical periods of susceptibility to teratogen exposure during human pregnancy. 

Exposure to teratogens prior to implantation typically results in either prenatal death or normal development with the successful 

replacement of damaged cells; although birth defects arising from persistent genetic or epigenetic alterations are also possible. 

Teratogenic exposure during embryonic development can induce embryonic death or major congenital malformations through 

perturbations in cellular differentiation and organogenesis. Types of major congenital malformations and their periods of susceptibility 

for select organs are highlighted in orange. Exposure to teratogens during fetal development can result in functional defects and minor 

morphological malformations. Periods of susceptibility for functional defects for select organs are highlighted in blue. ASD, atrial 

septal defect; NTD, neural tube defect; VSD, ventricular septal defect. Modified from (Needham et al., 2008; Wells et al., 2014).   
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Finally, fetal development occurs between weeks 8 and 38 of pregnancy during which 

time the functional development of organs occurs (Wells et al., 2014). Teratogenic 

exposures during fetal development are associated with the development of functional 

defects and minor morphological malformations (Wells et al., 2014).  

 Maternal and embryonic genetics also modulate susceptibility to a number of 

teratogens including AEDs as only a small percentage of exposed pregnancies result in 

malformations (Wlodarczyk et al., 2011). Even among inbred animal strains, the 

occurrence of malformations following exposure to teratogens including the AED VPA 

and ethanol is varied (Downing et al., 2009; Downing et al., 2010). For VPA-induced 

NTDs, maternal genotype may influence this partial penetrance, although the basis for 

maternal effects is uncertain (Faiella et al., 2000). Maternal imprinted or X-linked genes, 

mitochondrial inheritance, and transcriptional and epigenetic variability are possible 

factors, but further exploration is needed (Faiella et al., 2000; Wilde et al., 2014).  

1.1.2 Formation of the Neural Tube During Organogenesis  

 Congenital malformations of the central nervous system resulting from failed 

neurulation are referred to as NTDs and have a worldwide incidence of approximately 

0.1%, although AED exposure can increase this risk considerably (Hernandez-Diaz et al., 

2012). Neurulation is a fundamental two-stage process during organogenesis which 

produces the neural tube, a precursor of the brain and spinal cord (Figure 1.2). Following 

the generation of primary germ layers during gastrulation, the neural plate is formed from 

a thickening of the neuroepithelial ectoderm (Yamaguchi and Miura, 2012). In primary 
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Figure 1.2 Development of the neural tube by primary neurulation. 

A thickening of the neuroepithelial ectoderm results in the formation of the neural plate 

(1). Neural folds elevate at distinct hinge points at the neural plate boundaries and 

produce the neural groove (2). The neural folds move medially and bend towards the 

neural groove which brings the neural folds in close proximity (3). The lateral edges of 

the neural plate fuse and separate from the non-neural ectoderm to form the neural tube 

covered by a layer of surface ectoderm (4). Reproduced with modifications from (Ray 

and Niswander, 2012).  

(1) 

(2) 

(3) 

(4) 
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neurulation, the first stage of neural tube formation, elevated neural folds form at the 

neural plate border which move medially where they undergo fusion and remodeling to 

form the neural tube and surface ectoderm (Copp and Greene, 2010). Secondary 

neurulation involves the differentiation of pluripotent mesenchymal cells and cavitation 

within the tail bud to form an internal lumen which becomes continuous with the neural 

tube formed anteriorly during primary neurulation (Shimokita and Takahashi, 2011). 

Primary and secondary neurulation are generally well conserved between mammalian 

species, although some differences regarding specific neural tube closure initiation sites 

and sequence of events are observed (Copp and Greene, 2010). This closure occurs 

between weeks 3 and 4 in humans and gestational day (GD) 8.75-10 in mice (Wilde et 

al., 2014). Most NTDs are the result of failed primary neurulation which exposes the 

neural tissue of the brain and/or spinal cord to the surrounding amniotic environment, 

resulting in neurodegeneration and loss of function (Copp and Greene, 2013). With the 

highly orchestrated nature of neural tube closure, genetic, epigenetic and external factors 

were proposed as mediating the risk for NTDs (Greene et al., 2009; Wilde et al., 2014). 

1.1.2.1 Genetic Regulation of Neural Tube Closure 

 The genetic basis for NTDs has been extensively studied using over 200 mouse 

models of NTDs, and has provided considerable insight into the genetic regulation of 

neural tube closure (Copp and Greene, 2010; Harris and Juriloff, 2007). Implicated genes 

can be categorized into functional classes including cytoskeletal regulation, cell cycle 

control, and apoptosis (Au et al., 2010; Copp and Greene, 2010; Pangilinan et al., 2014). 

Although apoptotic cells are observed during neural tube closure (Yamaguchi et al., 

2011), apoptosis is not a requirement of successful neurulation as neural tube closure in 
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the absence of apoptosis mediated by pan-caspase inhibition in neurulation-stage mouse 

embryos has been reported (Massa et al., 2009).  However, increased apoptosis prior to 

neural tube closure is suggested to result in an insufficient number of cells for closure 

resulting in NTDs and is observed in a number of gene knockout models of NTDs 

including the anti-apoptotic Bcl-10 and Ikk complex which activates NF-κB anti-

apoptotic signaling, and Brca1 which functions as a transcriptional regulator, mediator of 

DNA repair and cell cycle control (Gowen et al., 1996; Li et al., 2000; Ruland et al., 

2001). Despite the many candidate genes and putative mutations associated with the 

development of malformations in these mouse models, relatively few are observed and 

only in a small fraction of humans with NTDs (Copp and Greene, 2010). With many of 

these studies underpowered, the use of genome wide association studies and high-

throughput sequencing in humans with NTDs is proposed to improve the detection of 

genetic associations with NTDs which likely includes multiple gene networks (Copp and 

Greene, 2010).  

 The 5,10-methylenetetrahydrofolate reductase (MTHFR) gene has been 

extensively studied in humans with reports of an increased risk of NTDs associated with 

a 677C to T polymorphism conferring reduced enzymatic activity in Dutch and Irish 

populations (Shields et al., 1999; van der Put et al., 1995). However, inconsistent findings 

are observed with other populations (Amorim et al., 2007; Stegmann et al., 1999). 

MTHFR is the rate limiting enzyme in folate metabolism, producing a co-substrate 

required for the re-methylation of homocysteine to methionine, a substrate for DNA 

methylation (Ueland et al., 2001). Folate supplementation is successfully used to 

attenuate the incidence of NTDs and increases the activity of MTHFR (Kondo et al., 
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2009; Wald, 1991). However, NTDs are not observed in mouse embryos null for the 

MTHFR gene despite a significant reduction in global DNA methylation, and NTDs 

remain the second most frequent congenital malformation in Canadian pregnancies 

despite generally normal folate levels (Chen et al., 2001; Price et al., 2016). With folate 

also an integral contributing factor for DNA and RNA synthesis, folate supplementation 

has also been suggested to attenuate NTDs through an enhanced rate of nucleic acid 

synthesis during periods of increased proliferation or to compensate for aberrant 

apoptosis (Desai et al., 2016). It is evident from animal studies that folate is essential for 

normal development and the protective effects of folate supplementation observed in 

humans is likely multifactorial (Tang and Finnell, 2003). 

1.1.2.2 Epigenetic Regulation of Neural Tube Closure 

 In addition to genetic mutations or polymorphisms, epigenetic alterations can 

similarly impact gene regulation and there is increasing evidence for the involvement of 

epigenetic regulators in NTDs from both epidemiological studies and analysis of mouse 

knockout models. Epigenetic regulators modify gene expression and activity without 

altering the DNA sequence. This is accomplished by various mechanisms including DNA 

methylation, histone modifications involving post-translational methylation and 

acetylation, and RNA-mediated silencing of genes (Figure 1.3) (Holoch and Moazed, 

2015; Rose and Klose, 2014). 

 Methylation of DNA occurs at CpG dinucleotides and is catalyzed by DNA 

methyltransferases (DNMTs) where DNMT3A and DNMT3B are responsible for de novo 

methylation and DNMT1 maintains methylation status (Borgel et al., 2010). Mouse
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Figure 1.3 Epigenetic regulation of gene expression. 

Gene expression can be regulated epigenetically predominantly through DNA 

methylation, histone/non-histone protein acetylation and RNA-mediated gene silencing 

which affect gene activation. DNA methyl transferases (DNMTs) methylate (Me) DNA 

at CpG dinucleotides which increase chromatin accessibility and transcriptional 

activation. Histone acetyltransferases (HATs) and histone deacetylases (HDACs) mediate 

the acetylation (Ac) and deacetylation, respectively, of histone tails and non-histone 

proteins including transcription factors (TFs) where acetylation generally increases 

transcriptional activity. Lysine methyltransferases (KMTs) and lysine demethylases 

(KDMs) mediate methylation and demethylation, respectively, of histone tails where 

methylation generally reduces gene transcription. Micro RNAs (miRNAs) bind the 3’ 

untranslated region of nascent mRNA and results in either inhibition of translation or 

destabilization of the target mRNA. Epigenetic regulators which generally positively (+) 

or negatively (-) regulate gene expression are indicated. Modified from (Krishna et al., 

2015; Walker and Gore, 2011).  
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models with targeted deletion of Dnmts are generally embryonic lethal and display NTDs 

with knockout of Dnmt3A and Dnmt3B, demonstrating a necessity of de novo 

methylation during embryonic development (Okano et al., 1999). Epidemiological studies 

have also revealed an association between altered methylation status and increased risk 

for the development of NTDs. Hypermethylation of Frizzled (FZD3), a core gene 

member of the planar cell polarity pathway required for neural tube closure (Wang et al., 

2006), was recently associated with NTDs in humans whereas no association was 

observed for FZD3 polymorphisms (Shangguan et al., 2015). Hypomethylation has been 

similarly associated with NTDs in humans, in particular atthe homeobox (HOX) gene 

HOXB7 (Rochtus et al., 2015). These studies indicate that altered methylation status 

including both hypo- and hypermethylation may be involved in the development of 

NTDs. 

 Another element of epigenetic regulation is histone modification, which involves 

predominantly  methylation, acetylation, phosphorylation, deamination and ubiquitination 

of histone tails, which regulates DNA accessibility during transcription (Jenuwein and 

Allis, 2001). Acetylation and methylation are the most commonly studied histone 

modifications and are generally associated with transcriptional activation and repression, 

respectively, although there are exceptions with specific residues and modifications 

(Bannister and Kouzarides, 2011; Jenuwein and Allis, 2001). The type and extent of 

modification is dependent on the equilibrium between histone acetyltransferases (HATs) 

and histone deacetylases (HDACs) which add or remove acetyl groups, respectively, and 

lysine methyltransferases and demethylases which add or remove methyl groups, 

respectively (Bannister and Kouzarides, 2011). Mouse models of NTDs have identified 
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various histone modifying enzymes as candidate genes. Gene knockout mice for the 

HATs p300 and Gcn5 are embryonic lethal with the development of NTDs attributed to 

reduced proliferation and increased apoptosis (Lin et al., 2008; Yao et al., 1998). The 

histone demethylase Utx is also associated with a NTD phenotype in null mice (Welstead 

et al., 2012). Although presented separately, altered DNA methylation, histone 

acetylation and methylation may work cooperatively to alter gene expression as is 

observed for the non-canonical Wnt members Wnt2b and Wnt 7b, which are upregulated 

in mouse embryos with NTDs (Bai et al., 2016). 

 MicroRNAs (miRNAs) are short non-coding RNAs (18 to 22 bases in length) 

with a functional role in post-transcriptional gene silencing (Ha and Kim, 2014). Binding 

of miRNAs to the 3’ untranslated region of target mRNA results in either inhibition of 

translation or destabilization of the target mRNA (Reviewed in O'Carroll and Schaefer, 

2013). During mouse neural tube development, miRNAs are dynamically expressed with 

regulatory gene targets involved in numerous biological processes including proliferation, 

differentiation, apoptosis and transcriptional regulation (Mukhopadhyay et al., 2011). 

miRNAs profiled during human neural tube formation show a similar dynamic 

expression pattern and association with known NTD-related pathways (Krupp et al., 

2012). Dysfunction of neural tube closure was previously associated with depletion of 

miR-302 in mouse embryos on GD 9.5, attributed to aberrant proliferation, differentiation 

and apoptosis in cells of the developing neural tube (Parchem et al., 2015). Epigenetic 

and transcriptional perturbations of miRNA expression through promoter modification or 

regulatory complex activity has been observed (Davis-Dusenbery and Hata, 2010; Saito 
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et al., 2006), expanding the impact of perturbed epigenetic regulation during neural tube 

closure as discussed above.  

1.1.2.3 External Factors in Neural Tube Closure 

 Embryonic development is highly sensitive to external influences which alter the 

in utero environment. Factors including maternal hyperglycemia associated with diabetes 

and obesity, maternal hyperthermia and exposure to drugs induce oxidative stress, 

described in the following sections, and increase the risk of NTDs (Chang et al., 2003; 

Dheen et al., 2009; Moretti et al., 2005). Alleviating oxidative stress through 

overexpression of antioxidant enzymes or with antioxidant supplementation attenuates 

the incidence of NTDs in several animal models (Hagay et al., 1995; Sivan et al., 1996), 

providing further support for its perturbation of neural tube closure. Oxidative stress has 

also been implicated in epigenetic perturbations and DNA damage (Wei and Loeken, 

2014; Wells et al., 2010b), providing a link to the regulatory factors of neural tube 

closure discussed previously. There is evidence to suggest that the teratogenicity of VPA, 

which increases risk of NTDs by nearly 10-fold with exposure during organogenesis, 

involves induction of DNA damage, epigenetic alterations and oxidative stress 

(Hernandez-Diaz et al., 2012; Schulpis et al., 2006; Tung and Winn, 2010; Tung and 

Winn, 2011b). 

1.2 Valproic Acid 

 VPA, 2-propylpentanoic acid, is a branched short chain fatty acid with 

demonstrated efficacy as an anti-epileptic agent (Reviewed in Davis et al., 1994). VPA is 

used in a variety of uncontrolled seizure disorders owing to its reduction of seizure 

frequency in both adults and children with epilepsy, and generalized, partial and 
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compound seizure disorders (Perucca, 2002; Tomson et al., 2016). It is also commonly 

prescribed in the treatment of neurological disorders including bipolar disorder and as a 

first line treatment for acute mania (Fountoulakis et al., 2005; Frediani, 2004) and 

migraine prophylaxis (Silberstein et al., 2012).    

 During the past decade, studies have also explored the use of VPA as an anti-

cancer agent with pre-clinical studies demonstrating impaired tumor growth, invasion and 

induction of differentiation in vitro and in cells obtained from patients with acute myeloid 

leukemia (Gottlicher et al., 2001; Gurvich et al., 2004). This efficacy is suggested to be 

primarily mediated epigenetically through inhibition of HDACs, although other targets 

are possible (Duenas-Gonzalez et al., 2008). These pre-clinical studies have provided a 

rationale for a number of phase I and II clinical trials with VPA alone or in conjunction 

with other therapies for the treatment of solid tumors including melanoma, breast and 

prostate cancer (Avallone et al., 2014; Munster et al., 2007; Sharma et al., 2008).  

1.2.1 VPA Pharmacology and Mechanism of Therapeutic Action   

 VPA is orally administered to epileptic patients and rapidly absorbed from the 

gastrointestinal tract with an oral bioavailability of 98-100% (Lagace et al., 2004). 

Plasma concentrations peak within 1-3 hours following oral administration and are in the 

range of approximately 300-700 µM (Loscher, 2002). Studies with mouse models have 

used VPA at a plasma concentration of 830-1040 µM which is attributed to a nearly 10-

fold increase in elimination rate (Loscher, 2002). With a pKa of 4.7, VPA is ionized at 

physiological pH and highly protein bound with a volume of distribution of 0.14 L/kg in 

humans (Davis et al., 1994). Passive diffusion of VPA from the blood is limited, but it 

can cross the blood brain barrier primarily via active transport by a medium-chain fatty 
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acid transporter (Adkison and Shen, 1996; Lagace et al., 2004). Monitoring of VPA 

concentration in maternal and cord blood has revealed bioaccumulation in the fetal 

compartment with a 1.7 fetal to maternal ratio (Nau et al., 1984). In mouse studies, VPA 

readily crosses the placenta and distributes into embryonic tissues at concentrations 

exceeding maternal levels, proposed to be mediated by an increasing trans-placental pH 

gradient (Dencker et al., 1990; Nau and Scott, 1986). Accumulated VPA in the embryo is 

also primarily localized to the neuroepithelium, with levels persisting until 6 hours post-

maternal administration of a single VPA administration (Dencker et al., 1990). 

Glucuronidation, β-oxidation and cytochrome (CYP)-P450-mediated oxidation by 

CYP2A6, CYP2B6 and CYP2C9 are the predominant routes of VPA metabolism (Figure 

1.4) (Argikar and Remmel, 2009; Ghodke-Puranik et al., 2013; Tan et al., 2010). Hepatic 

glucuronide conjugation and mitochondrial β-oxidation account for 50% and 30-40% of 

VPA metabolism, respectively, while CYP450-catalyzed oxidation is considered a minor 

route and 1-3% of the drug is eliminated unchanged in the urine (Ghodke-Puranik et al., 

2013; Silva et al., 2008).  

 The efficacy of VPA in epilepsy is currently attributed to a variety of mechanisms 

including elevation of γ-aminobutyric acid (GABA) activity, inhibition of voltage-gated 

ion channels and attenuation of neuronal excitability (Loscher, 2002; Tomson et al., 

2016). Although there are some conflicting findings between rodent and human studies, 

VPA may potentiate GABA inhibitory action through inhibition of GABA degradation 

mediators and induction of glutamic acid decarboxylase, which regulates GABA 

synthesis (Lagace et al., 2004; Petroff et al., 1999). Evidence also suggests a reduction of 

high frequency neuronal firing through inhibition of voltage-gated sodium, potassium and  
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Figure 1.4 Simplified routes of VPA metabolism and major metabolites. 

Glucuronidation, β-oxidation and cytochrome (CYP)-P450-mediated oxidation 

(CYP2A6, CYP2B6 and CYP2C9) are the major routes of VPA metabolism with their 

relative contributions indicated. Additionally, 1-3% of VPA is excreted unchanged in the 

urine. The reactive metabolite pathway is also represented, with the 4-ene VPA and E-

2,4-diene VPA metabolites attributed to VPA-induced hepatotoxicity. Modified from 

(Chang and Abbott, 2006).  
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calcium channels (Tomson et al., 2016; VanDongen et al., 1986) and reduction of N-

methyl-D-Aspartate-mediated neuronal excitation (Gean et al., 1994). The many diverse 

targets of VPA have been suggested to underlie its increasing number of indications 

(Tomson et al., 2016). 

1.2.2 VPA-Induced Teratogenesis in Humans 

 Reports of an association between maternal exposure to VPA during pregnancy 

and the development of congenital malformations in humans span more than 30 years 

(Lindhout and Schmidt, 1986; Tomson et al., 2016). A recent meta-analysis of AED 

monotherapy during the first trimester of human pregnancy revealed a major 

malformation incidence of 9.3% for pregnancies exposed to VPA compared with 1.1% in 

unexposed pregnancies  (Hernandez-Diaz et al., 2012). The predominant malformations 

for VPA exposure included NTDs, hypospadias, cardiovascular abnormalities and oral 

clefts(Hernandez-Diaz et al., 2012). The incidence of malformations associated with 

VPA exposure is generally highest when compared against the malformation rate among 

other AED monotherapies (Hernandez-Diaz et al., 2012), with this finding substantiated 

in a subsequent meta-analysis (Tanoshima et al., 2015). Additionally, the risk of 

malformations associated with VPA exposure is dose-dependent and further elevated 

when VPA is used in conjunction with other anti-epileptic agents (Jentink et al., 2010; 

Tomson et al., 2016).  

 Prenatal exposure to VPA is also implicated in impaired cognitive development in 

several retrospective and prospective studies (Meador et al., 2009; Meador et al., 2013). 

Maternal VPA exposure during pregnancy is associated with a significantly lower IQ and 

cognitive function in children at 3 and 6 years of age compared with other AEDs used 
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during pregnancy (Meador et al., 2009; Meador et al., 2013) and at 6 years of age 

compared with non-AED exposed controls (Baker et al., 2015). Associations with 

increased risk of attention deficit hyperactivity disorder and autism following in utero 

VPA exposure is also documented in several studies (Cohen et al., 2013; Harden, 2013; 

Williams et al., 2001). 

  Despite the abundant literature on VPA-induced birth defects and impaired 

cognitive function, VPA continues to be actively prescribed to pregnant women as it is 

currently one of the most effective anti-epileptic agents available (Tudur Smith et al., 

2007). Although VPA has been studied for over 40 years, the fundamental mechanisms 

contributing to its teratogenic potential are poorly understood. Folate antagonism, 

oxidative stress and HDAC inhibition have been proposed, and the latter two will be 

discussed below (Fathe et al., 2014; Menegola et al., 2005; Wells et al., 2009). 

1.3 Oxidative Stress as a Mechanism of VPA Teratogenesis 

 Reactive oxygen species (ROS) such as the superoxide anion and hydrogen 

peroxide have normal endogenous roles in signal transduction during development, and 

regulate multiple cellular processes involving proliferation, differentiation and apoptosis  

(Buettner et al., 2013). ROS can be generated by a variety of mechanisms including 

mitochondrial respiration, xenobiotic interactions with antioxidant enzymes or through 

xenobiotic bio-activation to pharmacologically active free radical metabolites (Fleury et 

al., 2002; Wells et al., 2009). Oxidative stress results from an excess of ROS attributed to 

an imbalance between ROS production and antioxidant metabolism. Irreversible 

oxidative damage to cellular macromolecules including DNA, RNA and proteins, as well 

as altered signal transduction can arise from excessive ROS production (Trachootham et 
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al., 2008; Wells et al., 1997). Although ROS can be detoxified enzymatically by 

superoxide dismutase, catalase and glutathione peroxidase, several studies have 

demonstrated that the embryonic detoxification pathways are immature and have lower 

activity compared with the maternal tissue which is attributed to lower expression of free-

radical metabolizing enzymes (el-Hage and Singh, 1990). For instance, the activity of 

embryonic catalase is only approximately 5% that of the adult levels in mice (Abramov 

and Wells, 2011a). Therefore, ROS detoxification pathways can easily become 

overwhelmed in the developing embryo. With ROS also capable of inactivating 

antioxidant enzymes at elevated concentrations (Pigeolet et al., 1990), a positive feedback 

loop may exist and result in an increased susceptibility to ROS-induced damage. 

Oxidative stress has been identified as contributing to the teratogenicity of several 

xenobiotics including phenytoin, thalidomide and benzo[α]pyrene (Abramov and Wells, 

2011b; Kumar et al., 2012; Wells et al., 1997; Winn and Wells, 1997).  

 Intracellular ROS formation can be detected using the ROS-sensitive dye 5,6-

chloromethyl 2,7-dichlorodihydrofluorescein diacetate (CM-H2DCF) which is converted 

to a fluorescent dichlorodihydrofluorescein (DCF) compound (Camargo et al., 2009).  

DCF increases in glioma (Fu et al., 2010) and Chinese hamster ovary 3-6  (Defoort et al., 

2006) cell lines with in vitro VPA exposure, and this increase is attenuated by pre-

treatment with the anti-oxidant N-acetyl cysteine and catalase, respectively. In an embryo 

culture model, VPA increases the formation of ROS, which was observed using 

immunofluorescence to localize to the embryo heads (Tung and Winn, 2011b). 

Importantly, the teratogenesis associated with VPA exposure in this embryo culture 
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model could again be prevented by altering the embryonic ROS balance through pre-

treatment with catalase.  

 Several studies also support a role for ROS production in VPA-induced 

teratogenicity, although the impact of ROS production is inconsistent. Chronic VPA 

monotherapy in children induces the formation of 8-hydroxy-2-deoxyguanosine (8-

OHdG), a predominant marker of oxidative DNA damage, detected in both liver and 

serum samples (Schulpis et al., 2006), with similar findings observed in adult patients 

(Varoglu et al., 2010).  However, 8-OHdG was not observed following acute VPA 

exposure in several in vitro studies using Chinese Hamster Ovary-3-6 cells despite 

significant increases in ROS (Defoort et al., 2006; Sha and Winn, 2010). While it is 

possible that this discrepancy is attributed to the difference in exposure duration, epileptic 

individuals receiving no AEDs have also been observed to have higher 8-OHdG levels 

than non-epileptic controls (Ercegovac et al., 2010), suggesting that observed increases in 

8-OHdG levels following VPA exposure in humans might be the result of systemic 

oxidative stress resulting from epilepsy. 

  The production of ROS following VPA exposure arises through a variety of 

mechanisms. Inhibition of the antioxidant enzyme activity of superoxide dismutase, 

catalase and several glutathione metabolizing enzymes has been observed following 

exposure to VPA in rat cerebral cortex and cerebellum homogenates in vitro, and was 

accompanied by increases in lipid peroxidation (Chaudhary and Parvez, 2012). Decreased 

antioxidant activity of superoxide dismutase and catalase has also been observed in 

children with epilepsy (Zhang et al., 2011). VPA has been recently demonstrated to 

reduce mitochondrial superoxide dismutase protein expression which was suggested to 
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mediate the increased production of mitochondrial ROS and oxidative stress in vitro 

(Komulainen et al., 2015). Mitochondrial dysfunction and inhibition of respiratory chain 

complex activity has also been demonstrated to contribute to the increased apoptosis 

observed following VPA exposure in HepG2 cells and isolated pig brain mitochondria in 

vitro (Hroudova and Fisar, 2010; Komulainen et al., 2015). Epigenetic-mediated 

suppression of antioxidant enzymes has also been observed following VPA exposure in 

an in vitro human lens epithelial cell line (Palsamy et al., 2014), where promoter 

demethylation of Keap1, a negative regulator of the inducible antioxidant transcriptional 

regulator Nrf2, resulted in decreased Nrf2, catalase and glutathione reductase protein 

expression. 

1.4 HDAC Inhibition as a Mechanism of VPA Teratogenesis 

 The HDAC superfamily is comprised of class I (HDAC1-3 and HDAC8), class 

IIa (HDAC4, HDAC5, HDAC7 and HDAC9), class IIb (HDAC6 and HAC10) and class 

IV (HDAC11) HDAC isoforms, which differ in functional domain composition and 

cellular localization (de Ruijter et al., 2003; Haberland et al., 2009b). Gene knockout 

studies of HDAC isoforms in mice have demonstrated their developmental importance 

(Haberland et al., 2009b). Mice null for class I HDACs display embryonic or early 

postnatal lethality associated with proliferation and gastrulation defects with impaired 

differentiation, cardiac malformations and postnatal cardiac hypertrophy and skeletal 

defects, and knockout of class II HDACs is associated with defects in skeletal and cardiac 

development (Haberland et al., 2009a; Kaiser et al., 2014; Montgomery et al., 2007; 

Montgomery et al., 2008).  
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 HDACs generally lack intrinsic DNA binding activity and rely on interactions 

with transcriptional activators or repressors, adaptor proteins or large protein binding 

complexes for recruitment to target gene promoters (Franco et al., 2003; Shahbazian and 

Grunstein, 2007). Therefore, the specificity of their activity is dependent on their 

association with transcription factors. In addition to histone deacetylation, HDACs also 

target non-histone proteins which regulates protein-protein and protein-DNA interactions, 

protein stability and cellular localization (Kouzarides, 2000). VPA inhibits the activity of 

class I and II HDACs which is proposed to occur through direct binding of the catalytic 

active site, with class I HDACs being more susceptible to inhibition than class II 

(Gottlicher et al., 2001; Phiel et al., 2001). Importantly, inhibition of HDAC activity 

occurs at concentrations within the therapeutic range for VPA, highlighting the relevance 

of this finding to exposure during development (Gottlicher et al., 2001; Phiel et al., 

2001).  

 A study by Eikel et al. evaluated the inhibition of HDAC activity in vitro and 

teratogenicity of 20 VPA derivatives in NMRI mice and demonstrated a strong 

correlation between the extent of HDAC inhibition and teratogenic effects (Eikel et al., 

2006). VPA alsoinduces the degradation of HDAC2 through increased expression of 

ubiquitin-proteasome pathway mediators (Kramer et al., 2003), which magnifies the 

effect of inhibited HDAC activity. Embryonic histone hyperacetylation has been 

proposed as the basis for teratogenicity for other HDAC inhibitors including apicidin (Di 

Renzo et al., 2007a), sodium butyrate (Di Renzo et al., 2007a) and boric acid (Di Renzo 

et al., 2007b).  
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 Epigenetic alterations including increased acetylation of histone H3 and H4, but 

also increased methylation of histone H3 at lysine 4 (H3K4) and decreased methylation 

of histone H3 at lysine 9 (H3K9) have been observed following VPA exposure in an 

embryo culture model (Tung and Winn, 2010). Transcriptome analyses following VPA 

exposure in vitro have confirmed significant up- and down-regulation of gene expression 

following VPA exposure; with many of the altered genes implicated in NTDs as 

identified from mouse models (Jergil et al., 2011; Jergil et al., 2009; Kultima et al., 

2010). As expected with HDAC inhibition, hyperacetylation of promoters and mRNA 

upregulation have been observed following VPA exposure for several gene targets 

including brain-derived neurotrophic factor in vivo and sepiapterin reductase in vitro 

(Balasubramanian et al., 2015; Bredy et al., 2007). However, several other studies have 

demonstrated that despite significant increases in gene expression and global 

hyperacetylation of histones, correlation with increased promoter acetylation is 

inconsistent, with a number of promoters unchanged or hypoacetylated (Boudadi et al., 

2013; Halsall et al., 2012). Although not evaluated in these studies, promoter 

demethylation following VPA exposure has been observed at the reelin promoter in vitro, 

which was accompanied by increased mRNA expression (Mitchell et al., 2005). 

Alternatively, increased mRNA expression without promoter hyperacetylation was 

proposed in these and other studies to result from increased transcriptional activity as a 

number of transcription factors are acetylated following exposure to other HDACs 

(Choudhary et al., 2009; Chueh et al., 2015; Halsall et al., 2012).  
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1.4.1 HAT Alterations as a Mechanism of VPA Teratogenesis 

 A recent study by Halsall et al. demonstrated that following VPA exposure there 

is a global downregulation of HAT mRNA expression in human lymphoblastoid cell lines 

in vitro (Halsall et al., 2015). Downregulation of HATs was proposed as an adaptive 

response to minimize the global hyperacetylation  which results following HDAC 

inhibition (Halsall et al., 2015). With several HATs known to also be transcriptional 

regulators, altered HAT expression could impact both acetylation and transcriptional 

activation. While few studies have investigated HATs in the context of VPA 

teratogenesis, increased degradation of Cbp and p300 via the ubiquitin-proteasome 

pathway following VPA exposure in vitro has been demonstrated (Chen et al., 2005a; St-

Germain et al., 2008), although the implications of these findings have not been explored. 

While VPA-mediated teratogenesis has been primarily focused on HDAC inhibition, 

these studies demonstrate that further investigation into VPA-mediated HAT alterations 

is warranted. 

1.4.1.1 HAT Family Members and Developmental Importance 

 HATs can be classified into three families based on their catalytic domains: Gcn5-

related acetyltransferases (GNATs), Morf, Ybf2, Sas2, and Tip60 (MYST) 

acetyltransferases, and orphan HATs including the acetyltransferases Cbp/p300 and 

several nuclear receptor coactivators (NRCs) which lack a typical consensus HAT 

domain (reviewed in (Lee and Workman, 2007)). Gene knockout studies have 

demonstrated the importance of normal expression and activity of many HAT family 

members in embryonic development. Homozygous deletion of GNAT family member 

Gcn5 induces early embryonic lethality with increased apoptosis, while an inactivating 
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mutation of only the HAT catalytic domain permits longer embryonic viability and the 

development of NTDs later in organogenesis (Hu et al., 2009). PCAF, another GNAT 

member, is not associated with developmental defects in null mice; however, it has been 

demonstrated that Gcn5 is able to functionally compensate for the absence of PCAF 

which may explain the lack of phenotype (Yamauchi et al., 2000). Defects in 

proliferation, increased apoptosis and altered transcriptional regulation of 

developmentally important genes are also observed following knockout of several MYST 

members (Hu et al., 2009; Kueh et al., 2011). Cbp
-/-

 or p300
-/-

 mice as well as the Cbp
+/-

/p300
+/-

 heterozygotes are embryonic lethal with defects in neural tube formation and 

proliferation (Tanaka et al., 2000; Yao et al., 1998). p300
+/-

 heterozygotes are also 

embryonic lethal and exhibit defects of neural tube closure, heart development and 

cellular proliferation (Yao et al., 1998). In contrast, Cbp
+/-

 heterozygotes predominantly 

display defects in skeletal development (Tanaka et al., 1997), which suggests that 

Cbp/p300 are unable to functionally compensate for one another. 

1.4.1.2 Cbp/p300 as HATs and Transcriptional Co-Regulators 

 Cbp and p300 are HATs that acetylate both histone and non-histone proteins in 

addition to functioning as transcriptional co-regulators with over 300 binding partners 

with a number of cellular functions (Figure 1.5) (Kasper et al., 2006; Wang et al., 2013). 

Cbp/p300 acetylate all four core histones which regulates promoter accessibility as 

described previously, and transcription factors where acetylation regulates their DNA 

binding affinity and activation, stability and protein-protein interactions (Glozak et al., 

2005; Spange et al., 2009). Although Cbp and p300 are often regarded as a single 

functional unit, they differentially regulate a number of target genes (Wang et al., 2009).  
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Figure 1.5 Overview of Cbp/p300 binding partners and cellular functions. 

Cbp/p300 protein domains include the nuclear receptor interacting domain (NRID), zinc 

finger domain (Zn), kinase inducible domain of CREB interacting domain (KIX), 

bromodomain (Bromo), histone acetyltransferase domain (HAT) and glutamine rich 

region (Q). Select binding proteins are listed above their interacting domain. The main 

cellular functions of Cbp/p300 are indicated in the blue boxes and are mediated either by 

acetylation of the protein (i.e. NF-κB, p53) or transcriptional regulation of gene 

expression (i.e. Brca1, Rad51). Modified from (Goodman and Smolik, 2000).  
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In a study surveying promoter occupancy of HDACs and HATs including Cbp and p300 

in human T cells, 5738 promoters were occupied by both Cbp and p300 while 2747 and 

222 promoters were associated with only Cbp or p300, respectively (Wang et al., 2009). 

Furthermore, siRNA knockout of Cbp or p300 have differential effects on the induction 

of apoptosis, with p300 but not Cbp knockout inducing caspase-3/7 activity in prostate 

cancer cells (Santer et al., 2011). These differences in promoter targeting and gene 

regulation likely contribute to the distinct phenotypes observed with Cbp and p300 

knockout in mice.  

 Post-translational modifications including acetylation and phosphorylation largely 

regulate the interaction between Cbp/p300 and transcription factors (Reviewed in (Wang 

et al., 2013)). Depending on the phosphorylated or acetylated residue, the Cbp/p300-

transcription factor association can be both positively or negatively regulated (Wang et 

al., 2013). Phosphorylation of p300 has also been demonstrated to regulate its stability, 

with hyperphosphorylation of p300 following doxorubicin exposure resulting in p300 

degradation (Poizat et al., 2005). Competition for binding Cbp/p300 by transcription 

factors has also been suggested as a mechanism to regulate different signaling pathways 

(Kamei et al., 1996), with perturbations in Cbp/p300 protein expression and HAT activity 

potentially contributing to altered signal transduction as a result. 

 NF-κB is an established target of Cbp/p300 with acetylation by Cbp/p300 able to 

modulate its transcriptional activity and stability (Yang et al., 2010). In vitro, protein 

expression of the p65 subunit of NF-κB decreases following siRNA knockdown of p300 

but not Cbp,with no effect on its common binding partner p50 in either knockdown 
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condition (Santer et al., 2011), again demonstrating the differential and non-overlapping 

functions of Cbp/p300. 

1.5 NF-κB Signaling Pathway: An Integrator of Cellular Stress 

 NF-κB is a family of inducible redox-sensitive transcription factors involved in 

the coordination of many cellular processes including proliferation, differentiation, 

immunity and apoptosis (Barkett and Gilmore, 1999; Gloire et al., 2006). The 

developmental importance of NF-κB is evidenced by mouse knockout models where 

knockout of family member p65
-/-

 results in embryonic lethality with significant liver 

apoptosis at GD 15-16 suggested to be mediated by a failure of tissue necrosis factor α 

(TNFα)-inducible gene expression (Beg et al., 1995a). Reduced expression of NF-κB 

protein has also been observed in embryos with a NTD exposed to VPA in utero but 

unchanged in their phenotypically normal littermates (Dawson et al., 2006).  

1.5.1 NF-κB Family and Activity 

 NF-κB is a transcription factor family that functions as homo- or heterodimers, 

and in mammalian species contains five proteins: p65/RelA, RelB, cRel, p50/p105 and 

p52/p100 (Oeckinghaus and Ghosh, 2009).  NF-κB proteins are characterized by an N-

terminal Rel homology domain (RHD) with 35-60% homology between protein members 

and a variable C-terminal domain (Vermeulen et al., 2002). The RHD common to all NF-

κB proteins is responsible for DNA binding at κB sites, dimerization with other NF-κB 

members and cellular localization (Vermeulen et al., 2002). The C-terminal domain of 

RelA/p65, RelB and cRel contain a transactivation domain which is not present for p50 

or p52 which are generated from the cytoplasmic proteolysis of p105 and p100, 
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respectively (Vermeulen et al., 2002). NF-κB binds DNA as either a homo- or 

heterodimer with the transcriptionally active p65/p50 heterodimer most abundant, 

although other dimers have also been described (Oeckinghaus and Ghosh, 2009) 

 NF-κB dimers are generally localized to the cytoplasm in unstimulated cells, 

attributed to a masking of its nuclear localization signal by IκBβ and IκBε proteins and 

nuclear export by IκBα (Johnson et al., 1999; Malek et al., 2001; Tam and Sen, 2001). 

Activation and nuclear localization of NF-κB then follows either the classical canonical 

or alternative non-canonical pathway which is determined by the particular stimulus 

(Figure 1.6) (Oeckinghaus and Ghosh, 2009). Ligands including pro-inflammatory 

cytokines, lipopolysaccharides, antigen receptors and ROS can rapidly activate the 

canonical pathway which results in the recruitment of an IκB kinase (IKK) complex 

consisting of IKKα and IKKβ active kinases and an IKKγ regulatory subunit (NF-κB 

essential modulator, NEMO) (Gloire et al., 2006; Oeckinghaus and Ghosh, 2009; Schreck 

et al., 1991). Phosphorylation of IκB proteins by the IKK complex targets IκBs for 

proteosomal degradation and releases NF-κB (p65/p50) for nuclear translocation (Gloire 

et al., 2006). The alternative non-canonical pathway is involved in lymphoid 

development and activated by several TNF cytokine family member ligands (Sun, 2011). 

In the non-canonical pathway, phosphorylation of p100 by a NF-κB-inducing kinase 

(NIK)-stimulated IKKα initiates partial proteolysis to generate p52 which together with 

RelB, translocates to the nucleus and activates transcription (Sun, 2011). 

 Post-translational modifications of NF-κB dimers, particularly the p65 component 

of the p65/p50 dimer, are necessary for maximal activation of target genes following 

nuclear translocation (Chen and Greene, 2004; Vermeulen et al., 2002). Phosphorylation 
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of p65 at Ser276 and Ser536 are currently the most well characterized modifications, 

although nine other phosphorylated residues have been identified that contribute to either 

induction or inhibition of target gene transcription (Reviewed in (Christian et al., 2016)). 

p65 phosphorylation at Ser276, located within the RHD, is mediated by several kinases 

including PKA (Zhong et al., 1997; Zhong et al., 1998) which is demonstrated to increase 

the p65 association with Cbp/p300 and induce transcriptional activation of a subset of 

NF-κB target genes through displacement of an inhibitory p50-HDAC1 complex (Zhong 

et al., 2002; Zhong et al., 1998). Interestingly, the HAT activity of Cbp/p300 appears to 

be important for p65 activity with HAT-inactive Cbp previously demonstrated to reduce 

NF-κB activity (Zhong et al., 2002). Phosphorylation of p65 at Ser276 has also been 

demonstrated to be important for recruitment of RNA polymerase II to target gene 

promoters (Hochrainer et al., 2013), which supports the functional relevance of this 

phosphorylated residue in transcriptional activation. Ser536 of p65 is located in the 

transactivation domain and is similarly induced by several kinases including IKKα and 

IKKβ (Buss et al., 2004; Sakurai et al., 1999), although with varied consequences. 

Phosphorylation of p65 at Ser536 has been demonstrated to reduce nuclear accumulation 

following TNFα stimulation (Mattioli et al., 2004)  and decrease nuclear protein stability 

in macrophages (Lawrence et al., 2005), which may additionally contribute to the 

reduction of nuclear levels. 

 However, increased transcriptional activity has also been observed with p65 

Ser536 phosphorylation following lipopolysaccharide stimulation (Yang et al., 2003) and 

a mutant p65 with a mimicked Ser536 phosphorylation was shown to increase its 

association with an RNA polymerase II complex (Buss et al., 2004).
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Figure 1.6 Canonical and non-canonical pathways of NF-κB activation. 

In the canonical pathway (left), NF-κB (most typically a p65/p50 heterodimer) is 

predominantly cytoplasmic in unstimulated cells due to binding with inhibitory IκB 

proteins. Stimuli including TNFα, lipopolysaccharides (LPS) and reactive oxygen species 

(ROS) induce the phosphorylation and proteasomal degradation of IκB through activation 

of an IκB kinase (IKK) complex consisting of IKKα, IKKβ and a regulatory IKKγ 

subunit (NEMO). NF-κB is released and translocates to the nucleus for target gene 

transcriptional activation. In the non-canonical pathway (right), cellular stimulation by 

certain TNF family cytokines including CD40, RANK and BAFF activate NF-κB-

inducing kinase (NIK) to induce IKKα-mediated phosphorylation of p100 which is bound 

in the cytoplasm to RelB. p100 phosphorylation stimulates partial proteasomal processing 

to generate p52. The p52-RelB heterodimer then translocates to the nucleus where it 

transcriptionally activates target gene expression. Modified from (Oeckinghaus et al., 

2011).  
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Acetylation of p65 can similarly induce transcriptional activation or inhibition depending 

on the acetylated residue, with the initial phosphorylation status being an important 

determinant (Oeckinghaus and Ghosh, 2009). Termination of NF-κB activity is mediated 

by ubiquitination of p65 which targets it for proteasomal degradation (Ryo et al., 2003). 

1.5.2 NF-κB Perturbations in Teratogenesis 

 Embryonic responses to teratogenic stress may involve the anti-apoptotic 

signaling of NF-κB (Molotski et al., 2008; Torchinsky and Toder, 2004). 

Cyclophosphamide has been used as a model teratogen in several studies to demonstrate 

an inverse correlation between NF-κB activity and susceptibility to malformations or 

extensive apoptosis (Molotski et al., 2008; Torchinsky et al., 2002). In mouse embryos 

exposed to a 40 mg/kg dose of cyclophosphamide in utero, severe craniofacial and 

structural abnormalities were observed in addition to reduced NF-κB DNA binding and 

cleavage of caspase-3, a marker of apoptosis, in the brain (Torchinsky et al., 2002). 

Notably, these outcomes were not observed in the liver, known to be resistant to 

cyclophosphamide teratogenesis, which exhibited normal NF-κB DNA binding and only 

transient apoptotic markers following the same cyclophosphamide exposure. A 

subsequent study confirmed these initial findings and demonstrated an inverse 

relationship between cyclophosphamide dose, NF-κB protein expression and DNA 

binding, where reduced protein expression and DNA binding were also associated with 

increased caspase-3 cleavage (Molotski et al., 2008). Reduced NF-κB activity in 

malformation sensitive tissues has also been observed with other teratogens including 

thalidomide (Hansen et al., 2002) and ethanol (Acquaah-Mensah et al., 2002). 
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Furthermore, exposure to thalidomide (Majumdar et al., 2002) or methotrexate 

(Majumdar and Aggarwal, 2001) attenuates the increase in NF-κB activity following 

TNFα treatment. With altered expression of NF-κB gene targets also observed in several 

of these studies following teratogenic exposure (Hansen et al., 2002; Majumdar et al., 

2002), NF-κB signaling may contribute to the resistance or susceptibility to teratogens. 

1.6 Alterations in DNA Repair and VPA Exposure 

 While oxidative stress, HDACs, Cbp/p300 and NF-κB have been discussed 

separately in the above sections, their effects may be interrelated and converge on a 

common involvement in the repair of DNA double strand breaks (DSBs). Spontaneous 

endogenous DNA DSBs resulting from normal cellular processes have been estimated to 

occur at a rate of 50 DSBs per generation in normal cells (Vilenchik and Knudson, 2003), 

and a single unrepaired DSB is believed to be sufficient to induce apoptosis (Huang et al., 

1996). Unrepaired or aberrantly repaired DSBs can also result in cellular senescence and 

chromosomal translocations or deletions, leading to loss of heterozygosity (Davis and 

Chen, 2013). DSBs are repaired primarily through two mechanisms: non-homologous 

end joining (NHEJ) and homologous recombination (HR) (Figure 1.7). The use of NHEJ 

or HR for repair of DSBs is often dependent on the phase of the cell cycle that damage 

occurred, with NHEJ often utilized during G1 and G0 and HR during late S and G2 phase 

(Kuhfittig-Kulle et al., 2007). However, the dependence on each pathway for repair 

during development also appears to vary, with HR the predominant pathway during early 

embryonic development and a shift to NHEJ beginning on GD14 (Chiruvella et al., 

2012). Although other types of DNA damage and pathways of repair exist, NHEJ and HR 
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Figure 1.7 NHEJ and HR pathways of DNA damage repair. 

A DNA double strand break (DSB) can be repaired by either non-homologous end 

joining (NHEJ) or homologous recombination (HR). In the NHEJ pathway (left), DNA 

ends at the break site are recognized and stabilized by a Ku heterodimer composed of 

Ku70 and Ku80 subunits (1) which recruits core NHEJ mediators. The DNA ends are 

stabilized which allows for DNA end processing by Artemis (2), ligation of the broken 

ends by DNA ligase IV (3), and dissolution of the NHEJ complex (4). The HR pathway 

(right) is initiated by the 5’ to 3’ DNA end resection at the break site to produce single 

strand DNA overhangs mediated by a MRN complex and Brca1 (5). The 3’ DNA 

overhangs are coated by RPA which facilitates Rad51 loading by Brca2. Rad51coated 

overhangs invade a homologous template (6) and forms a crossover complex or Holliday 

junction (7). DNA synthesis, ligation and resolution of the Holliday junction (crossover 

or non-crossover) repair the DSB (8). Modified from (Hiom, 2001; Osley and Shen). 
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are most pertinent to the research conducted in this thesis and will be the focus of 

discussion. 

1.6.1 Non-Homologous End Joining 

 NHEJ involves direct ligation of the DNA blunt ends without the requirement of 

sequence homology (Weterings and Chen, 2008). However, as a result this process is 

intrinsically error-prone as non-compatible ends may be ligated following modifications 

that can introduce nucleotide base substitutions, insertions and deletions (Kuhfittig-Kulle 

et al., 2007; Richardson and Jasin, 2000). The process of NHEJ is initiated with the 

recognition and binding of DSB ends by a Ku heterodimer composed of Ku70 and Ku80 

subunits (Davis and Chen, 2013). This Ku heterodimer recruits core NHEJ mediators 

including the catalytic subunit of DNA-dependent protein kinases (DNA-PKcs), X-ray 

cross complementing protein 4 (XRCC4), Artemis and DNA ligase IV (Grundy et al., 

2013; Kuhfittig-Kulle et al., 2007; Mari et al., 2006; Nick McElhinny et al., 2000). 

Briefly, phosphorylation of Artemis by DNA-PKcs enables its endonuclease activity and 

DNA end processing (Ma et al., 2002), which then permits DNA ligase IV to ligate the 

broken ends (Grawunder et al., 1997). 

1.6.2 Homologous Recombination 

 Conversely, HR requires a homologous sister chromatid or chromosome which is 

used as a template to repair the DSB (Li and Heyer, 2008). Despite the use of a template, 

HR is not error-free. Sequence deletions, duplications and translocations are possible 

from aberrant HR, especially when those sequences consist of repetitive elements or 

duplicated genes found within the genome (Bishop, 2000). The importance of HR fidelity 

is evident from the significant genomic instability that results from dysfunction of HR 
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protein mediators including BRCA1 (Moynahan et al., 1999), BRCA2 (Moynahan, 2001) 

and RAD51 paralogs (Takata et al., 2001), and the developmental abnormalities and 

embryonic lethality associated with DNA repair gene knockouts in mice (Wells et al., 

2009). 

 Briefly, HR begins with the recognition of a DSB by a complex containing MRE-

11, Rad50 and NBS1 (MRN complex) which activates ATM kinase activity to initiate the 

DNA damage response (Grabarz et al., 2012). Several kinases including ATM 

phosphorylate histone H2AX surrounding the break site which accompanies H3 

acetylation by the HAT Gcn5 and serves to stabilize the DSB site (Brand et al., 2001). 

BRCA1 is also phosphorylated and acts as a scaffold to facilitate the recruitment of 

chromatin remodeling factors (Grabarz et al., 2012). CtIP interacts with BRCA1 and the 

MRN complex through NBS1 which stimulates the endonuclease activity of MRE11 and 

DNA resection to produce single stranded DNA overhangs (Cruz-Garcia et al., 2014; 

Huertas, 2010). RPA binds the resultant 3’ overhang and BRCA2 facilitates Rad51 

loading onto RPA-coated single stranded DNA. The Rad51 filament then invades a 

homologous template and forms a crossover complex or Holliday junction (Hiom, 2001). 

DNA synthesis, ligation and resolution of the Holliday junction repairs the DSB (Hiom, 

2001). 

1.6.3 Oxidative Stress and DNA Damage Repair 

 Induction of DSBs occurs with oxidative stress and ROS exposure (Burney et al., 

1999).  DSBs following ROS exposure typically form when oxidized nucleotide bases 

that exist in close proximity on opposite DNA strands are repaired through base-excision 

simultaneously, which creates a gap between the DNA double strands (Freifelder and 
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Trumbo, 1969). DSBs can also arise as a result from single-strand breaks that are 

converted during the enzymatic repair of base damage (Mladenov and Iliakis, 2011).  

 In pregnant mice exposed to VPA during the critical period for embryonic organ 

development, a rapid increase in the number of DSBs can be measured within 30 minutes 

of exposure, and are repaired by 6 hours after exposure (Tung and Winn, 2011b). With 

HR initiated upon detection of DNA DSBs to mediate repair, VPA exposure increases the 

frequency of HR which was also associated with ROS production in Chinese Hamster 

Ovary-3-6 cells (Defoort et al., 2006). As VPA-initiated oxidative DNA damage has not 

been observed in vitro, it is also possible that perturbations to the expression of DNA 

repair mediators through mechanisms including ROS-mediated signal transduction or 

HDAC inhibition could similarly result in an accumulation of DSBs (Titus et al., 2013).  

1.6.4 HDAC/HAT Inhibition and DNA Damage Repair 

 Several studies suggest that exposure to VPA and several other HDAC inhibitors 

can modulate HR-mediated DNA repair through altered transcriptional regulation of 

protein mediators (Adimoolam et al., 2007; Kachhap et al., 2010). Genes involved in the 

detection and repair of damaged DNA during HR including Rad51 and Brca1 were 

decreased by at least 50% following exposure to VPA, suberoylanilide hydroxamic acid 

and PCI-24781 compared with controls, and exhibited increased sensitivity to DNA 

damaging agents (Adimoolam et al., 2007; Kachhap et al., 2010). Reduced promoter 

occupancy by the E2F1 transcription factor was suggested to mediate the observed 

decrease in expression, although promoter acetylation was not evaluated (Kachhap et al., 

2010). VPA exposure also decreases ATM mediated activation of HR, resulting in a 

downregulation of DNA repair in MCF-7 breast cancer cells (Thurn et al., 2013). In 
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yeast, VPA exposure increases turnover of HR mediators, reduce HR protein complex 

formation at sites of DNA damage and decrease DSB resection during HR (Robert et al., 

2011).   

 Similarly, siRNA knockdown of Cbp/p300 is associated with decreased gene and 

protein expression of HR mediators Rad51 and Brca1, and results in impaired HR activity 

(Ogiwara and Kohno, 2012). Reduced histone H3/H4 acetylation at gene promoters 

following Cbp/p300 knockout was demonstrated to reduce E2F1 binding which is 

required for transcriptional activation (Ogiwara and Kohno, 2012). Cbp/p300 are also 

important for NHEJ (Ogiwara et al., 2011), where chemical inhibition of HAT activity or 

siRNA knockdown reduced NHEJ activity through suppression of histone acetylation at 

DSB sites and sensitized cells to ionizing radiation-mediated DNA damage.  

1.6.5 NF-κB and DNA Damage Repair 

 NF-κB activation contributes to NHEJ and HR activity though increased 

expression of the early stress response protein lex-1 and DSB repair complex mediators 

BRCA2, ATM and p300, respectively (de Laval et al., 2014; De Siervi et al., 2009; Wu et 

al., 2000). NF-κB has also been demonstrated to be directly involved in HR through 

interaction and stabilization of BRCA1 when bound in a BRCA1-CtIP complex 

necessary for DSB resection in the early stages of HR (Cruz-Garcia et al., 2014; Volcic et 

al., 2012). Inhibition of NF-κB activation in human myeloid leukemia cells through 

transfection of a mutant IκBα which retains NF-κB in the cytoplasm, impairs induction of 

HR-mediated DSB repair and demonstrates the importance of adequate NF-κB activity in 

vitro (Volcic et al., 2012). 
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 From these studies it is evident that HDACs, Cbp/p300 and NF-κB activity are 

required for the repair of DSBs by both NHEJ and HR. Although the mechanism by 

which VPA alters DNA repair is uncertain, HDAC inhibition, perturbations to Cbp/p300 

and/or NF-κB activity are possible contributing factors. 

1.7 Hypothesis and Objectives 

 The overall hypothesis of this thesis is twofold. First it is hypothesized that VPA 

exposure increases HR DNA repair through induction of HR gene mediators and 

decreases NF-κB DNA binding and transcriptional activity. Secondly, VPA exposure 

induces Cbp/p300 HAT dysregulation through decreased protein stability which alters 

cellular signaling and specifically mediates VPA-associated alterations in DNA repair 

mediators and NF-κB.  

 

Objective 1: Establish a time-course profile of NHEJ and HR DNA repair mediators and 

induction of apoptosis following a teratogenic dose of VPA in an in vivo mouse model. 

 

Objective 2: Determine whether VPA exposure decreases NF-κB mRNA and protein, and 

alters DNA binding at promoter κB sites and resultant transcriptional activity in vitro. 

 

Objective 3: Characterize the mRNA and protein expression profile of Cbp/p300 

following VPA exposure and evaluate Cbp/p300 HAT activity in vitro. In addition, use 

the Cbp/p300 HAT inhibitor C646 to investigate the importance of Cbp/p300 activity on 

established VPA targets. 
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Chapter 2 

Tissue-specific effects of valproic acid on DNA repair genes and 

apoptosis in post-implantation mouse embryos 

Lamparter, C., and Winn, L.M. Toxicol. Sci. 2014 Sep;141(1):59-67 

2.1 Abstract 

 Exposure to the anticonvulsant drug valproic acid (VPA) is associated with an 

increased risk of congenital malformations. Although the mechanisms contributing to its 

teratogenicity are poorly understood, VPA has been shown to induce DNA double strand 

breaks (DSB) and increase homologous recombination in vitro. The objective of the 

present study was to determine whether in utero exposure to VPA alters the frequency of 

intrachromosomal recombination and the expression of several genes involved in DSB 

repair in pKZ1 mouse embryos. Pregnant pKZ1 transgenic mice (GD 9.0) were 

administered VPA (500 mg/kg s.c.) and embryos were extracted and micro-dissected into 

the head, heart and trunk regions 1, 3, 6 and 24 hours after injection. Quantitative PCR 

was used to measure the tissue-specific expression of lacZ, a surrogate measure of 

recombination, Xrcc4, Rad51, Brca1 and Brca2, with Western blotting used to quantify 

Rad51, cleaved caspase-3 and cleaved-PARP protein. Increased recombination was only 

observed in the embryonic head following 6 hours VPA exposure. VPA had no effect on 

Xrcc4 expression.  Rad51, Brca1 and Brca2 expression rapidly decreased in head and 

trunk tissues after 1 hour VPA exposure, followed by a subsequent increase in all tissues; 

although it was generally attenuated in the head and not due to differences in endogenous 

levels. Cleaved caspase-3 and cleaved PARP expression was increased in all tissues 3 
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hours following VPA exposure. This study indicates that the tissue-specific expression of 

several genes involved in DSB repair are altered following exposure to VPA and may be 

contributing to increased apoptosis.  

2.2 Introduction 

 Mammalian embryonic development is a highly dynamic process involving 

complex spatial and temporal patterns of gene expression. Endogenous metabolites and 

exogenous drug or chemical exposures that perturb these cellular processes may induce 

developmental abnormalities (Wells et al., 2010a). Transcriptional control of gene 

expression is mediated in part by epigenetic modifications to chromatin by histone 

acetyltransferases and histone deacetylases (HDAC) (Haberland et al., 2009b). Inhibition 

of HDAC isoforms has been suggested to mediate teratogenesis, with global deletion of 

several HDACs in mice shown to result in embryolethality and developmental defects 

(Haberland et al., 2009b). Although the exact mechanism is unknown, several HDAC 

inhibitors (HDACi) including valproic acid (VPA) are established teratogens in both 

animal models and humans (Kaneko et al., 1999). 

 VPA and several other HDACi are currently being explored as cancer 

therapeutics given their common ability to induce cell cycle arrest, apoptosis and 

potentiate the efficacy of other chemotherapeutics and radiation sensitivity of several 

types of cancer cells in vitro and tumor xenografts in vivo (Reviewed by (Shankar and 

Srivastava, 2008)). These effects are suggested to be mediated, in part, by transcriptional 

down-regulation of DNA repair genes and consequently repair activity (Adimoolam et 

al., 2007; Zhang et al., 2007). HDACi-mediated alterations on DNA repair have also 

shown selectivity towards cancerous cells, with a minimal effect on normal cells (Lee et 
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al., 2010). While VPA has been investigated in several models of cancer, studies 

regarding its effect on DNA repair in the developing embryo are limited. 

  DNA repair processes are highly conserved among eukaryotes and essential for 

normal development as they protect the genome from accumulating DNA damage, which 

can compromise genomic integrity (Taylor and Lehmann, 1998). With more than fifteen 

human genetic disorders known to result from repair deficiencies, it is evident that 

unrepaired DNA damage can significantly alter normal cellular processes (Lehmann, 

2003). Although many of these disorders are associated with an increased susceptibility 

to cancer, developmental defects are also observed. Additionally, polymorphisms in 

several DNA repair genes have been identified as risk factors for the development of 

structural birth defects including spina bifida and orofacial clefts (Olshan et al., 2005). 

DNA double strand breaks (DSBs) are among the most lethal types of DNA damage and 

can be repaired by both non-homologous end joining (NHEJ) and homologous 

recombination (HR) (reviewed by (Brandsma and Gent, 2012)). The fundamental 

difference between these two processes is their dependence on a template and the fidelity 

of repair. NHEJ involves direct ligation of the DNA ends flanking the break site with no 

need for a homologous template, making this process inherently mutagenic. In contrast, 

HR is relatively error-free as it requires a highly similar or identical undamaged template 

from which to reconstitute the original sequence. We have previously shown that VPA 

induces DSBs and increases the frequency of HR in vitro (Sha and Winn, 2010), however 

the molecular basis and effect on recombination in vivo has yet to be determined. 

 During the period of organogenesis in the post-implantation embryo, DNA 

damage response genes have been shown to exhibit specific temporal and spatial patterns 
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of expression (Reviewed by (Jaroudi and SenGupta 2007)). However, many of these 

genes including several involved in HR are initially expressed only weakly during 

development (Jaroudi and SenGupta, 2007; Vinson and Hales, 2002). The importance of 

regulated DNA repair gene expression during embryonic development is evidenced by 

the targeted disruption of these genes in mice, which often results in embryolethality or 

altered growth and developmental malformations (Friedberg and Meira, 2006). This 

suggests that the ability of the post-implantation embryo to repair damage is highly 

dependent on the developmental stage, and that factors which perturb normal expression 

patterns or damage DNA during a period of low repair expression, could have significant 

detrimental effects including birth defects. Given that we have previously shown that 

VPA can increase the frequency of HR in vitro, the goal of this study was to determine 

the temporal and tissue-specific effects of VPA exposure on DNA recombination, the 

expression of DSB repair genes, and examine markers of apoptosis in malformation-

sensitive tissues of the post-implantation mouse embryo in vivo. 

2.3 Methods 

pKZ1 Transgenic Mice: pKZ1 breeders were originally obtained from Dr. Pamela Sykes 

(Department of Hematology and Genetic Pathology, Flinders University and Flinders 

Medical Centre; Bedford Park, SA, Australia). A colony of pKZ1 mice was maintained 

by outbreeding with C57Bl/6N mice (Taconic Farms), and was housed in a temperature 

controlled room on a 12 hour light/dark cycle. Standard rodent chow (Purina Rodent 

Chow, Ralston Purina International, Strathroy, Canada) and tap water was given ad 

libitum. Housing and breeding practices were conducted in accordance with guidelines 
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set forth by the Canadian Council on Animal Care and experimental procedures approved 

by the Queen’s University Animal Care Committee. 

pKZ1 Mouse Chromosomal Recombination Assay: pKZ1 mice allow for the 

examination of somatic intrachromosomal recombination following exposure to DNA 

damaging agents by monitoring a stably expressed transgene (Sykes et al., 2006). The 

pKZ1 transgene is described in detail in (Matsuoka et al., 1991). Briefly, the transgene is 

composed of an E.coli lacZ gene situated in an inverse orientation with respect to its 

promoter that renders it non-functional (Fig.2.1). The mouse immunoglobulin V(D)J 

recombination signals flank the inverted lacZ transgene and following induction of a 

DSB near the transgenic sequence,  mediate recombination. This recombination inverts 

the lacZ gene into the correct orientation with respect to its promoter and allows for the 

gene to be expressed. Quantification of lacZ expression using qRT-PCR is indicative of 

the frequency of recombination events. This model is a surrogate measure of NHEJ 

activity as enzymes specific to this type of repair mediate recombination. 

pKZ1 Genotyping: Transgenic mice were screened for the presence of the lacZ transgene 

at 21 days of age for breeding pKZ1 mice and at the time of sacrifice for experimental 

embryos using an E.coli lacZ-specific polymerase chain reaction. Tail clippings were 

taken from breeding pKZ1 mice and DNA extracted using the Qiagen DNeasy Blood and 

Tissue kit (Qiagen Inc., Mississauga, ON). PCR reagents were purchased from Sigma-

Aldrich (D4545/DNTP-10, St. Louis, MO) and primers purchased from Invitrogen 

(Carlsbad, CA). Standard PCR genotyping was performed as described previously  
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The reporter construct contains the E.coli lacZ gene situated in an inverse orientation 

with respect to its enhancer-promoter (EP) complex, which renders it non-functional. The 

JK5 and VK21C recombination signals that flank the lacZ gene invert it following a DNA 

double-strand break near the recombination reporter and enable lacZ transcription. The 

excess sequence 5’ to lacZ is removed by RNA splicing signals within exon 1 and 2 (Ex1 

and Ex2). Non-homologous end joining (NHEJ) proteins mediate the inversion of the 

lacZ gene into the correct orientation making this reporter a surrogate measure of DSB 

repair by NHEJ. Modified from (Matsuoka et al., 1991).  
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Figure 2.1 Intrachromosomal recombination reporter transgene stably integrated in 

pKZ1 mice. 
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(Lau et al., 2009). Primer sequences were as follows: ZL1675: 

ATGAAAGCTGGCTACAGGAAGGCC and ZR2548: 

CACCATGCCGTGGGTTTCAATATT. PCR products were then separated by gel 

electrophoresis on a 2% agarose gel prepared using 1x tris-acetate ethylenediamine tetra-

acetic acid buffer with 3% ethidium bromide (ICN Biomedicals, Aurora, OH) and 

visualized under an ultraviolet light. For embryonic genotyping, DNA was isolated from 

the yolk sac of each collected embryo and genotyped as above. 

Breeding and Animal treatment: pKZ1 mice were bred by housing three females with 

one male overnight, with breeding always between heterozygous (+/-) and wild-type (-/-) 

mice resulting in 50:50 (transgenic:non-transgenic) progeny. The presence of a vaginal 

plug the following morning was designated GD 1, and those females were separated from 

the colony and housed together. On the morning of GD9, dams were injected 

subcutaneously with a teratogenic dose of valproic acid (n = 3 for each time-point, 500 

mg/kg) (Sigma-Aldrich Canada Ltd., Oakville, ON) or the vehicle control (n = 3 for each 

time-point, 0.9% saline). Dams were sacrificed 1, 3, 6 and 24 hours after injection, and 

the embryos isolated. Embryos were dissected down to the yolk sac which was removed 

for genotyping, and further separated into the head, heart and trunk tissue regions. 

Tissues from each litter were pooled according to genotype and RNA was extracted from 

lacZ positive tissues (approximately half the litter) for analysis while protein was 

extracted from the remaining pooled tissues to assess the expression of Rad51 and 

presence of apoptotic markers.  

RNA Extraction and Quantitative Real-Time PCR: RNA was extracted using the 

Qiagen RNeasy Mini Kit (Qiagen, Mississauga, ON) and cDNA was synthesized using 
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the High Capacity cDNA Reverse Transcription Kit according to the manufacturers’ 

protocol including DNase treatment (Life Technologies, Burlington, ON). Quantitative 

real-time PCR (qRT-PCR) reactions were carried out using primers designed against lacZ 

(Forward: 5’-ATGAACGGTCCTGGTCTTTGC-3’, Reverse: 5’-

ACATCCAGAGGCACTTCACC-3’) and Hprt (Forward: 5’-

GTGCAACCATTGCCCTAAGT-3’, Reverse: 5’-CAGCCAGCATCTCAGGTGTA-3’), 

and specific RT
2
 qPCR primer assays (Qiagen, Mississauga, ON) for mouse Rad51 

(NM_011234), Xrcc4 (NM_028012), Brca1 (NM_009764) and Brca2 (NM_001081001). 

Although we and other groups have previously used X-gal staining to quantitate lacZ 

recombination, a RT-PCR assay is more sensitive, allows for automated analysis of a 

larger number of samples, and removes any subjective bias in evaluating the tissues for 

the presence of staining. Primers were designed to span a 209 bp region within the E. coli 

lacZ gene (NCBI: NC_000913.2; 362455-365529). Reactions were performed with the 

RT
2
 SYBR

®
 Green qPCR Mastermix (Qiagen, Mississauga, ON) in triplicate using 2.0 

µL of cDNA, corresponding to 20 µg of total RNA, and 0.6 µM lacZ, 0.3 µM Hprt, and 

0.4 µM Qiagen primers (final concentration) in a 25 µL final volume. The PCR protocol 

consisted of 1 cycle for enzymatic activation (15 min at 95
o
C) followed by 40 

amplification cycles (30s at 94
o
C, 60s at 63

o
C, 60s at 72

o
C). Amplification specificity 

was verified using the dissociation curve and a no reverse transcription control. Five 10-

fold serial dilutions of pooled whole embryo (GD 9) cDNA were used for calculation of 

the PCR efficiency, given by the equation E% = (10
1/slope 

- 1) × 100, where the slope was 

calculated from the linear regression of the log-transformed cDNA concentrations plotted 

against the Ct values in addition to correlation coefficient (R
2
) (Nolan et al., 2006). 
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Target and reference efficiencies were determined to be between 90-110% with a R
2
 

>0.99, which is generally considered acceptable (Life Technologies, Burlington, ON). 

Given approximately equal efficiencies, the comparative CT method (2
-∆∆Ct

) (Livak & 

Schmittgen, 2001) was used to assess relative transcript levels (normalized to the Hprt 

internal control). For fold-changes less than one, the reciprocal value is reported. 

Protein Extraction and Western Blotting: Pooled tissues from each litter were combined 

with an equal volume of 2X RIPA buffer (100 mM tris-HCl pH 7.4, 300 mM NaCl, 2% 

Triton-X, 1% sodium deoxycholate, 2% sodium dodecyl sulfate) supplemented with 

protease and phosphatase inhibitors and agitated on ice for 30 min. Homogenates were 

centrifuged at 4
o
C for 10 min at 12, 000 rpm and the supernatant collected. Protein was 

quantified using the Bradford Protein Assay according to the manufacturers’ protocol 

(Bio-Rad Laboratories, Mississauga, ON) and an Ultrospec 3100 Pro scanning 

spectrophotometer (Biochrom Ltd., UK). Whole cell lysates (20 µg) were resolved by 

SDS-PAGE on an 8% polyacrylamide gel and transferred to a 0.45 µm PVDF membrane 

(Millipore Co., Bedford, MA) using overnight wet transfer. Membranes were blocked 

with 3% milk (w/v) in tris-buffered saline containing Tween (25 mM tris-HCl, 140 mM 

NaCl, 2 mM KCl, 0.05% (v/v) Tween 20) for 1 hour at room temperature and probed 

overnight at 4
o
C with primary antibody. The same membrane was used to probe for each 

protein. Primary antibodies included: anti-Rad51 (ab88572, 1:1000, AbCam, Cambridge, 

MA), anti-cleaved caspase-3 (D175, 1:500, Cell Signaling Technology, Danvers, MA), 

anti-cleaved PARP (D214, Cell Signaling Technology, Danvers, MA), and alpha-tubulin 

(T5168, 1:2000, Sigma Aldrich, St Louis, MO) which served as a loading control. 

Membranes were then washed and incubated with appropriate secondary antibodies, 
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developed using Western Lightning Plus 40 ECL (Perkin Elmer, Waltham, MA) and 

quantified by densitometry (Taylor et al., 2013). 

Statistical Analyses: Statistical analysis for qRT-PCR and Western blotting was 

performed with a two-way analysis of variance, followed by the Bonferroni multiple 

comparison test for post hoc analysis (Prism 5.0, GraphPad Software Inc., San Diego, 

CA). P < 0.05 was designated as statistically significant and GraphPad Prism 5 was used 

to graph all results. 

2.4 Results 

Effect of VPA on Recombination in Post-Implantation Mouse Embryos. After a 

maternal injection of 500 mg/kg VPA, we assessed recombination in GD 9 post-

implantation embryos after 1, 3, 6 and 24 hours of exposure using lacZ transcript levels 

as a surrogate measure. A marginal increase in recombination was detected in all pKZ1 

positive embryo tissues exposed to VPA compared with controls, however a significant 

increase (1.62-fold increase) was only detected in the embryo head following a 6 hour 

exposure (Fig.2.2). With the pKZ1 recombination assay a surrogate for NHEJ activity, 

we examined the embryonic tissues for the mRNA expression of the DSB repair genes 

Xrcc4 and Rad51 which encode proteins that mediate NHEJ and HR, respectively. 

Consistent with a minimal effect on NHEJ mediated recombination, Xrcc4 transcript 

levels did not differ from controls in any of the tissues or at any time points examined 

following VPA exposure (Fig.2.3a). Given the lack of change in mRNA, we did not 

extend our analysis to Xrcc4 protein levels. In contrast, Rad51 exhibited a biphasic and 

tissue specific pattern of expression (Fig.2.3b). Decreased transcript levels were observed 
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qRT-PCR analysis of lacZ expression in embryonic head (i), heart (ii) and trunk (iii) tissue following maternal administration of VPA 

(500 mg/kg) for 1, 3, 6 or 24 hours. All data were quantified using the delta delta Ct method utilizing hypoxanthine-guanine 

phosphoribosyltransferase as the housekeeping gene control. * indicates a significant difference from saline-treated controls (p<0.05). 
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Figure 2.2 VPA increases intrachromosomal recombination in embryonic head tissue. 
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VPA alters Rad51 but not Xrcc4 transcript levels in embryonic tissues. qRT-PCR analysis of Xrcc4 (a) and Rad51 (b) expression in 

embryonic head (i), heart (ii) and trunk (iii) tissues following maternal administration of VPA (500 mg/kg) for 1, 3, 6 and 24 hours. 

All data were quantified using the delta delta Ct method utilizing hypoxanthine-guanine phosphoribosyltransferase as the 

housekeeping gene control. * indicates a significant difference from saline-treated controls (p<0.05). 

a. 

b. 

i. ii. iii
. 

i. ii. iii
. 

Figure 2.3 VPA alters Rad51 but not Xrcc4 transcript levels in embryonic tissues. 
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in the embryo head (1.52-fold decrease) and trunk (1.67-fold decrease) following 1 hour 

exposure to VPA with no effect observed in the heart tissue. This decrease in transcript 

levels, however, was only statistically significant in the head. By 6 hours, Rad51 was 

significantly increased in the head (2.0-fold increase), heart (1.60-fold increase) and trunk 

(1.92-fold increase) tissues with expression returning to control levels by 24 hours. 

Rad51 protein similarly followed this biphasic trend in expression (Fig. 2.4). 

VPA Exposure Alters the Expression of Other HR Genes. To determine if VPA alters 

the expression of other genes involved in HR, we further examined the embryonic head, 

heart and trunk tissues for the transcript levels of Brca1 and Brca2. As with Rad51 

expression, Brca1 and Brca2 exhibited a similar biphasic response to VPA exposure 

(Fig.2.5). Brca1 and Brca2 expression was decreased in the head (1.96- and 1.72-fold 

decrease, respectively) and trunk (1.45- and 1.69-fold decrease, respectively) tissues 

following 1 hour VPA exposure, with no effect on the heart. This was followed by a 

significant increase in both Brca1 and Brca2 expression in the heart (1.90- and 1.75-fold 

increase, respectively) and trunk (2.04- and 1.58-fold increase, respectively) tissues by 3 

hours exposure which returned to control levels by 24 hours. In the head tissue, Brca2 

expression was significantly increased after 6 hours VPA exposure (1.47-fold increase), 

while Brca1 expression was not significantly increased compared with controls at any 

time point examined.  

DNA Repair Genes are Differentially Expressed in Post-Implantation Embryos. As 

differences in gene expression were observed following VPA exposure in the embryonic 

tissues examined, we compared the normal tissue-specific differences in expression
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Western blot analysis for Rad51 protein in embryonic head (i), heart (ii) and trunk (iii) tissues following maternal administration of 

VPA (500 mg/kg) for 1, 3, 6 and 24 hours. Expression was normalized to the α-tubulin loading control. * indicates a significant 

difference from saline-treated controls (p<0.05). 
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Figure 2.4 VPA alters Rad51 protein expression in embryonic tissues. 
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qRT-PCR analysis of Brca1 (a) and Brca2 (b) expression in embryonic head (i), heart (ii) and trunk (iii) tissues following maternal 

administration of VPA (500 mg/kg) for 1, 3, 6 and 24 hours. All data were quantified using the delta delta Ct method utilizing 

hypoxanthine-guanine phosphoribosyltransferase as the housekeeping gene control. * indicates a significant difference from saline-

treated controls (p<0.05). 
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iii. 
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ii
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iii. 
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b. 

Figure 2.5 VPA alters transcript levels of Brca1 and Brca2 in embryonic tissues. 
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for Xrcc4, Rad51, Brca1 and Brca2 on days 9 and 10 of gestation in control embryos 

(Fig.2.6). No significant differences in transcript levels were observed in any of the 

tissues between GD9 and GD10, however there was a general trend towards increased 

expression on GD10 (Data not shown). On GD9, gene expression was generally different 

between the tissues with the exception of Xrcc4 and Brca2. Compared with the head and 

trunk, expression was significantly lower in the heart (1.61- and 1.77-fold decrease, 

respectively) for Rad51, while expression of Brca1 was significantly increased in the 

trunk compared to the head and heart tissue (1.56- and 1.94-fold increase, respectively). 

Differences in normal transcript levels were also observed between genes with Xrcc4 and 

Brca2 expression significantly lower in all tissues compared to Rad51 and Brca1. 

VPA Differentially Induces Apoptosis in Embryo Tissues. As a downstream 

consequence of unrepaired DNA damage is apoptosis, we examined the protein 

expression of activated caspase-3 and PARP which become cleaved during apoptosis in 

the different embryonic tissues following maternal VPA exposure (Fig.2.7).  Expression 

of cleaved caspase-3 and PARP were significantly increased in the embryonic head 

(10.13- and 18.06-fold increase), heart (2.40- and 3.24-fold increase) and trunk (5.59- and 

11.45-fold increase) by 3 hours following maternal exposure to VPA. While there was a 

significant increase in expression for cleaved caspase-3 and cleaved PARP in all 

embryonic tissues examined, the magnitude of this increase differed significantly 

between the tissues.  
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Figure 2.6 DNA repair genes are differentially expressed in post-implantation embryonic tissues.   

qRT-PCR analysis of Xrcc4, Rad51, Brca1and  Brca2 expression in embryonic head, heart and trunk tissues. All data were expressed 

relative to the hypoxanthine-guanine phosphoribosyltransferase housekeeping gene control. * indicates a significant difference from 

the other tissues examined (p<0.05). Genes in (a) are significantly higher compared with (b), p<0.05. 
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   Figure 2.7 VPA increases the expression of cleaved caspase-3 and cleaved PARP in embryo tissues. 

Western blot analysis for cleaved PARP (a) and cleaved caspase-3 (b) protein in embryonic head (i), heart (ii) and trunk (iii) tissues 

following maternal administration of VPA (500 mg/kg) for 1, 3, 6 and 24 hours. Expression was normalized to the α-tubulin loading 

control. * indicates a significant difference from saline-treated controls (p<0.05). 
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2.5 Discussion 

 The present study evaluated the tissue-specific effects of VPA exposure on 

recombination and DSB repair mediators in post-implantation mouse embryos in vivo. 

While error-prone NHEJ is the predominant mechanism of DSB repair in mature somatic 

cells of higher eukaryotes, HR often serves as a backup in situations of NHEJ 

deficiencies (Allen et al., 2003). This hierarchy of DSB repair activation appears to be 

different during embryonic development with evidence suggesting a predominance of HR 

during early embryogenesis and the switch to NHEJ occurring later (Chiruvella et al., 

2012).  With early embryogenesis a key period of susceptibility to structural 

malformations, the efficient repair of DNA damage is crucial for normal embryonic 

development. Therefore the reliance on HR during this early embryonic period would 

maximize the high-fidelity repair of DNA and prevent malformations. Our findings that 

NHEJ-mediated recombination is marginally activated following VPA exposure supports 

a predominance of HR-mediated repair of DSBs, with NHEJ serving as a backup. 

Additionally, the significant increase in NHEJ-mediated recombination activity 

exclusively in the embryo head following maternal VPA exposure could reflect a higher 

level of error-prone repair in this tissue and could provide a mechanistic basis for the 1-

2% incidence of neural tube defects associated with VPA exposure (Nau et al., 1991).

 The Rad51-mediated strand invasion of a homologous template represents a 

critical step in HR, and is mediated in part by Brca1 and Brca2 which function to recruit 

Rad51 and facilitate the formation of the invasive nucleoprotein filament (O'Donovan 

and Livingston, 2010). While changes in the expression of DNA repair genes are not 

necessarily indicative of altered repair capacity, this is one mechanism by which it could 
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be regulated.  This is supported by studies demonstrating that cells deficient in Rad51, 

Brca1 or Brca2 have reduced HR activity (Magwood et al., 2013; Snouwaert et al., 1999; 

Xia et al., 2001). While we did not examine HR activity directly, our finding that one 

hour maternal exposure to VPA generally decreases the expression of Rad51, Brca1 and 

Brca2 in the embryonic head and trunk suggests that HR activity and consequently the 

ability of the embryo to respond to DNA damage may be similarly limited in these 

tissues. The lack of change in gene expression in the embryonic heart at this time-point 

may be the result of an earlier peak period of tissue sensitivity to VPA for heart 

malformations in mice which has been demonstrated to occur on GD7 (Sonoda et al., 

1993). HDAC inhibition is frequently accompanied by down-regulation of DNA repair 

genes including Rad51 (Adimoolam et al., 2007) and Brca1 (Zhang et al., 2007). It is 

uncertain whether transcription mediates this down-regulation of DNA repair genes, and 

non-transcriptional targets of HDACi have been proposed (Taddei et al., 2005). While the 

exact mechanism is not clear, our observed decreases in Rad51, Brca1 and Brca2 gene 

expression are likely a specific effect of the HDACi action of VPA. We also observed a 

differential increase in Rad51, Brca1 and Brca2 mRNA and Rad51 protein levels in 

embryonic tissues following 3 hours maternal exposure to VPA. The increased 

expression of Brca1 and Brca2 in the embryonic heart and trunk tissues likely reflects a 

cellular response to maintain genomic integrity and repair damage, as previous studies 

have found transcriptional induction of these genes following exposure to genotoxicants 

and other stresses (De Siervi et al., 2010; Volcic et al., 2012). Notably, we did not 

observe the same increase in expression in the embryonic head tissue at this time point, 

suggesting that normal safeguards to maintain genome integrity may not be in place.  
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This may be due to the differential uptake and elimination of VPA from mouse embryo 

tissues, with the neuroepithelium shown to have a higher uptake and slower elimination 

as compared with other tissues (Dencker et al., 1990). Increased Rad51 gene transcript or 

protein levels are not frequently observed following DSB induction, with HR activation 

in higher eukaryotes involving increased nuclear localization of mediator proteins 

including Rad51, Brca1 and Brca2 (Chen et al., 1997).  Several studies using in vitro 

models of DSB repair have demonstrated that transient increases in Rad51 protein levels 

(2-4 fold) can increase the frequency of HR considerably (Vispe et al., 1998), and 

promote the repair of DSBs using alternative repair pathways that can induce genomic 

instability (Richardson et al., 2004). We observed a statistically significant VPA-induced 

increase in Rad51 protein levels in the heart and trunk (~1.5 fold), and non-significant 

increase in the head (~1.42 fold) which likely reflects the slightly increased endogenous 

levels quantified in the saline controls at this time point. Although these increases are less 

than what has been shown in vitro, it remains possible that this increase is also associated 

with increased HR, especially since we have previously demonstrated that VPA increases 

the frequency of HR in vitro. Given that the threshold for Rad51 protein levels required 

to switch between normal strand invasion in HR and altered repair pathways is still 

unclear, further studies are needed using in vivo models of HR during development.  

 DNA repair and genotoxic stress response genes have been previously shown to 

exhibit differing basal levels of expression in the whole rat embryo and yolk sac, with 

expression often increasing throughout organogenesis (Vinson and Hales, 2002). We 

examined several genes essential to HR and NHEJ in the mouse embryo head, heart and 

trunk tissues on GD9 and 10 to assess whether differences in basal gene expression could 
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account for the observed tissue-specific transcriptional responses following VPA 

exposure. Consistent with the previous study by Vinson and Hales, we observed 

differences in basal levels of expression between the genes. The NHEJ gene Xrcc4 was 

significantly lower compared with both HR genes Rad51 and Brca1, and is in accordance 

with a predominance of HR over NHEJ at this stage of development (Chiruvella et al., 

2012). While increased gene expression for Brca1 and Brca2 was observed at an earlier 

time-point in the heart and trunk tissue as compared with the head following VPA 

exposure, this was not due to higher basal levels of gene expression in these tissues. 

Therefore following VPA exposure, embryonic head tissue displays a delayed activation 

of Brca1 and Brca2 that is not due to low endogenous gene transcript levels and suggests 

increased susceptibility to damage in this tissue. VPA exposure in pregnant C57Bl/6N 

mice is known to induce a higher incidence of skeletal malformations than neural tube 

defects (Beck, 1999; Downing et al., 2010). However, knockout mice for several of the 

HR repair genes we examined in this study show increased incidences of exencephaly, 

spina bifida and microcephaly which are all associated with defects in neurogenesis 

(reviewed in (Friedberg and Meira, 2006)), with skeletal defects not reported. This 

suggests that while HR repair plays a large role in the formation of the neural tube, 

defects in this process may not entirely account for skeletal abnormalities observed 

following VPA exposure. While it is interesting that VPA alters the expression of HR 

repair genes in the embryo trunk, skeletal defects that are observed following exposure 

are likely a result of the multiple cellular pathways affected by VPA including DNA 

repair, and ongoing studies are working to clarify this complex interaction.  
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 The DNA damage response comprises DNA repair, cell-cycle checkpoint control 

and apoptosis which serve to prevent genomic instability. Failure to repair damaged DNA 

often results in apoptosis, and can be quantified using markers of apoptosis including 

activated caspase-3 and PARP which become cleaved during the initiation of the 

apoptotic cascade (Mirkes, 2002). While programmed cell death is an essential 

component of normal embryonic development, excessive apoptosis of embryonic cells is 

recognized as contributing to structural defects (Mirkes, 2002) The expression of cleaved 

caspase-3 and cleaved PARP was significantly increased in all tissues following 3 hour 

maternal exposure to VPA, with expression consistently highest in the head and lowest in 

the heart. This is in agreement with our previous study which observed increased cleaved 

caspase-3 following 3 hours maternal exposure to VPA in whole embryo homogenates, 

with expression localized primarily to the neuroepithelium using immunohistochemistry 

(Tung and Winn, 2011a). These observed differences in relative expression of apoptotic 

markers between the tissues may also inversely reflect their capacity to repair DNA.  It 

should be noted that increased apoptotic cell death could potentially result in a decreased 

ability to detect increased NHEJ; however, given the lack of any changes in mRNA 

expression of Xrcc4 following VPA exposure in any of the tissues at any of the examined 

time points, this was likely not an issue in the current study. 

 In summary, our results demonstrate a tissue-specific biphasic response of HR 

repair genes in the embryo following VPA exposure which may reflect a transition from 

low HR activity and limited repair potential to a state of hyper-recombination and 

genomic instability which may be an early initiator of aberrant apoptosis. Ongoing 

studies are investigating the tissue-specific HR repair capacity and the persistence of 
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DSBs in the developing embryo following VPA exposure to further understand the 

involvement of DNA repair in VPA-mediated teratogenicity.  
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Chapter 3 

Valproic acid decreases NF-κB DNA binding ability but maintains 

transcriptional activation capacity in P19 cells 

3.1 Abstract 

The nuclear factor-kappa B (NF-κB) family of transcription factors are dynamic 

regulators of gene expression in response to diverse physiological and pathological 

stimuli. We have previously demonstrated that valproic acid (VPA) exposure in utero 

decreases NF-κB/p65 total cellular protein in CD-1 embryos with a neural tube defect but 

not in phenotypically normal littermates. The objective of the present study was to 

evaluate NF-κB/p65 expression in P19 cells and determine the resultant impact on DNA 

binding ability and activity. Exposure to 5 mM VPA over 24 hours induced a moderate 

decrease in p65 mRNA, which preceded a more robust decrease in p65 total cellular 

protein. Despite these reductions, nuclear p65 protein was maintained following VPA 

exposure for 24 hours, although a smaller molecular weight ∆p65 was observed. p65 

protein is a substrate for caspase-mediated cleavage; we detected an increase in caspase-3 

cleavage with VPA exposure and pre-treatment with a pan-caspase inhibitor could 

attenuate the appearance of nuclear ∆p65 protein. VPA exposure also reduced NF-κB 

DNA binding and nuclear protein expression of the p65 DNA-binding partner, p50. In 

contrast, NF-κB transcriptional activity as measured using a transiently transfected NF-

κB luciferase reporter vector was increased with VPA exposure. Although 

phosphorylation of p65 at Ser276 is associated with transcriptional activation, we 

observed that VPA exposure decreased p65 phosphorylation at Ser276. Additionally, 
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VPA did not affect the transcriptional activation capacity of P19 cells as a nearly additive 

induction of NF-κB activity was observed with exposure to both VPA and TNFα. These 

results indicate that although NF-κB DNA binding is decreased following VPA exposure, 

this does not affect NF-κB transcriptional capacity in vitro. 

3.2 Introduction 

 Exposure to drugs or environmental chemicals during pregnancy is a recognized 

risk factor for congenital abnormalities (Gorini et al., 2014; Veiby et al., 2014). Oxidative 

stress resulting from increased endogenous or xenobiotic-induced production of reactive 

oxygen species (ROS), impaired DNA damage repair and altered cellular signaling have 

been suggested to mediate teratogenesis, but the underlying mechanisms are largely 

unknown (Vinson and Hales, 2002; Wells et al., 2009). NF-κB is a family of inducible 

transcription factors that regulate the cellular response to exogenous and endogenous 

stress.NF-κB is involved in the repair of DNA damage, and is perturbed following 

exposure to several teratogens (Hayden and Ghosh, 2004; Molotski et al., 2008; Volcic et 

al., 2012). 

 In mammalian tissues, NF-κB exists predominantly as a heterodimer composed of 

p65 and p50 (Oeckinghaus and Ghosh, 2009). In addition to an amino (N)-terminal 

region conserved among all NF-κB family members which mediates DNA binding, 

dimerization and nuclear localization, p65 also contains a transactivation domain at its 

carboxy (C)-terminus (Oeckinghaus and Ghosh, 2009). In unstimulated cells, NF-κB 

(p65/p50) remains inactivated in the cytoplasm through sequestration by several IκB 

inhibitory proteins. 
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 The absence of p65 during embryogenesis results in lethality between GD 15 and 

16 due to significant liver apoptosis attributed to an inability to initiate TNFα-induced 

cellular signaling (Beg and Baltimore, 1996; Beg et al., 1995b). Interestingly, basal 

expression of TNFα gene targets was unaffected despite p65 knockout, suggesting that 

p65 is essential for inducible regulation of NF-κB gene targets in response to a stimulus. 

Attenuation of TNFα-induced expression of anti-apoptotic genes and increased apoptosis 

was also observed following siRNA knockdown of p65 in human synoviocytes, 

supporting previous studies of impaired inducible p65 mediated gene expression and cell 

survival (Lee et al., 2008). Therefore, while basal cellular activity may be unaffected by 

impaired p65, cells may be unable to initiate compensatory signaling in response to 

cellular stresses resulting in increased sensitivity to apoptotic stimuli. 

 Previous studies have implicated a reduction in NF-κB DNA binding or activity in 

the teratogenesis of several developmental toxicants including cyclophosphamide and 

thalidomide (Hansen et al., 2002; Torchinsky et al., 2002; Torchinsky and Toder, 2004). 

Increased caspase-3 cleavage, an indicator of apoptosis, as well as decreased p65 DNA 

binding, was observed only in tissues sensitive to cyclophosphamide-induced 

malformations (Torchinsky et al., 2002). Thalidomide-induced malformations are known 

to be species-dependent with the New Zealand White rabbit being sensitive and the 

Sprague-Dawley rat being a resistant species. Thalidomide exposure reduces NF-κB 

promoter activity and limb outgrowth gene expression in rabbit but not rat limb bud cells, 

which may mediate the limb reduction associated with thalidomide exposure (Hansen et 

al., 2002). Furthermore, the decreased activity and gene expression following thalidomide 
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exposure in these cells could be attenuated with antioxidant and free radical spin trapping 

agents, implicating ROS and oxidative stress (Hansen et al., 2002).  

 Valproic acid (VPA) is an antiepileptic agent that is used to manage a variety of 

seizure disorders, bipolar disorder and more recently used in cancer treatments (Cipriani 

et al., 2013; Duenas-Gonzalez et al., 2008; Perucca, 2002). However, the use of VPA 

during pregnancy is associated with an increased risk of congenital malformations 

including most frequently neural tube defects (NTDs), with the contributing mechanisms 

largely unknown (Perucca, 2002). Chronic administration of VPA in adult rats decreases 

NF-κB DNA binding and p50 protein expression in the brain, which may mediate its 

efficacy in the treatment of bipolar disorder (Rao et al., 2007). Reduced p50 and NF-κB 

DNA binding following VPA exposure have also been demonstrated in a thyroid 

carcinoma cell line (Schwertheim et al., 2014). We have previously demonstrated that 

VPA exposure in pregnant CD-1 mice decreases p65 protein levles in embryos with a 

NTD but is not in phenotypically normal littermates (Dawson et al., 2006). We have also 

demonstrated that VPA increases ROS and caspase-3 cleavage in the neural tissue of 

exposed mouse embryos (Tung and Winn, 2011b). As decreased NF-κB DNA binding 

has been implicated in deregulated signaling and increased susceptibility to apoptosis 

following exposure to other teratogens, the aim of this study was to evaluate NF-κB 

expression, DNA binding ability and activity following VPA exposure to understand the 

implications of its perturbations.  

3.3 Materials and Methods 

Cell Culture: Mouse P19 embryonal carcinoma (EC) cells (CRL-1825™) were 

purchased from ATCC
®
 (Manassas, VA) and cultured in a humidified chamber at 
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37°C/5% CO2 with Alpha Minimum Essential Medium including ribonucleosides and 

deoxyribonucleosides from Cedarlane (Burlington, CA) supplemented with 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).  

Cell Exposures: Cells were plated at 1x10
5
 cells/mL and incubated overnight. Cells were 

exposed to 5 mM VPA dissolved in PBS (P4543, Sigma-Aldrich, St Louis, MO) for up to 

24 hours with total cell or nuclear lysates prepared. This concentration was selected as 

exposure to 1-10 mM VPA in P19 cells has previously been shown to alter the expression 

of several neural tube defect-related genes (Jergil et al., 2009). For pan caspase 

inhibition, P19 cells plated at  5x10
4
 cells/mL were exposed to 50 µM of the irreversible 

inhibitor Z-VAD-fmk (627610, Millipore Co., Temecula, CA) for 24 hours. The media 

was removed and replaced with media containing 5 mM VPA for an additional 24 hours 

after which nuclear extracts were prepared as above. Activation of NF-κB in P19 cells 

was accomplished with a 150 ng/mL TNFα exposure (T7539, Sigma-Aldrich, St Louis, 

MO) for 6 hours. 

RNA and Protein Extraction: RNA was extracted using the Qiagen RNeasy Mini Kit 

(Qiagen, Mississauga, ON) and cDNA was synthesized using the High Capacity cDNA 

Reverse Transcription Kit according to the manufacturer’s protocol (Life Technologies, 

Burlington, ON). Whole cell lysates were prepared by washing cells in cold PBS 

followed by lysis for 30 minutes at 4
o
C with agitation in lysis buffer containing 50 mM 

Tris HCL, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate and 0.1% SDS 

with protease and phosphatase inhibitors. The lysates were centrifuged at 12,500 g for 15 

minutes to remove cell debris. Supernatants were rapidly frozen in liquid nitrogen and 
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stored at -80
o
C. Nuclear extracts were prepared using the Nuclear Extraction Kit (Sigosis, 

SK-0001), rapidly frozen in liquid nitrogen and stored at -80
o
C. Protein was quantified 

using the Bradford Protein Assay according to the manufacturer’s protocol (Bio-Rad 

Laboratories, Mississauga, ON) and an Ultrospec 3100 Pro scanning spectrophotometer 

(Biochrom Ltd., UK). 

qRT-PCR and Western Blotting: Quantitative real-time PCR (qRT-PCR) reactions were 

carried out using specific RT
2
 qPCR primer assays (Qiagen, Mississauga, ON) for mouse 

NF-κB/p65 (NM_009045), Tbp (NM_013684) and Hprt (NM_013556). Reactions were 

performed with the RT
2
 SYBR

®
 Green qPCR Mastermix (Qiagen, Mississauga, ON) 

according to the manufacturer’s protocol using 2.0 µL of cDNA, corresponding to 20 ng 

of total RNA, and 0.4 µM Qiagen primers (final concentration) in a 25 µL final volume. 

The PCR protocol consisted of 1 cycle for enzymatic activation (15 min at 95
o
C) 

followed by 40 amplification cycles (30s at 94
o
C, 1 min at 63

o
C, 1 min at 72

o
C). 

Amplification specificity was verified using the melt curve and a no reverse transcription 

control. Gene expression was normalized relative to the vehicle control using the delta-

delta Ct method as described previously (Schmittgen, 2001). Total cell and nuclear 

proteins were resolved on an 8% polyacrylamide gel for all targets except for cleaved 

caspase-3, which was resolved on a 12% polyacrylamide gel due to its smaller molecular 

weight. Protein was transferred to a 0.45 µm PVDF membrane (Millipore Co., Temecula, 

CA) using overnight wet transfer with constant voltage (20 V). Membranes were blocked 

with 3% milk (w/v) in tris-buffered saline containing Tween (TBST) (25 mM tris-HCl, 

140 mM NaCl, 2 mM KCl, 0.05% (v/v) Tween 20) for 1 hour at room temperature and 

probed overnight at 4
o
C with primary antibody. Antibodies included p65-N-terminal 
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raised (1:250, sc-8008), p50 (1:3000, sc-8414X), phosphorylated p65 (Ser276) (1:250, 

sc-101749) all from Santa Cruz (Dallas, TX); cleaved caspase-3 (1:200, D175 5A1E) 

from Cell Signaling Technology (Danvers, MA); p65-C-terminal raised (1:250, ab7970), 

β-actin (1:8000, A5441), 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). All antibodies were diluted in 3% skim milk in TBST 

except for phosphorylated p65 (sc-101749), which was diluted in 5% bovine serum 

albumin. Following transfer, membranes were washed and incubated with appropriate 

secondary antibodies, developed using Western Lightning Plus 40 ECL, Enhanced 

Chemiluminescence Substrate (Perkin Elmer, Waltham, MA) and quantified by 

densitometry. The same membranes were probed for both target protein and loading 

control. 

NF-κB DNA Binding Electrophoretic Mobility Shift Assay and Filter Plate Assay: NF-

κB DNA binding was evaluated using an NF-κB electrophoretic mobility shift assay 

(EMSA) kit with all buffers and membranes used included in the kit (proprietary 

composition) (GS-0030, Signosis Inc, Santa Clara, CA) and an NF-κB filter plate assay 

(FA-0001, Signosis Inc, Santa Clara, CA) according to manufacturer’s instructions. 

Briefly for the EMSA, 5 µg of nuclear extracts prepared as described above from P19 

cells exposed to 5 mM VPA or PBS control for 24 hours were incubated with biotin 

labelled (hot) or hot probe and non-biotin labelled (cold) competitor probe at 22
o
C for 30 

minutes; with both hot and cold probes containing the NF-κB consensus sequence. 

Samples were separated on a 6.5% non-denaturing polyacrylamide gel in 0.5X  
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Tris/Borate/EDTA (TBE) at 100V and 4
o
C for 60 minutes. Samples were transferred to 

an NB membrane at 60V and 4
o
C for 60 minutes in 0.5X TBE, and the probes 

immobilized using a Stratagene UV Stratalinker 1800 (Stratagene, La Jolla, CA) set to 

120,000 µjoules for 1 minute. The membrane was blocked with Blocking Buffer for 20 

minutes at room temperature on a plate shaker. Strepdavidin-HRP conjugate was diluted 

into the Blocking Buffer and incubated for another 45 minutes. The membrane was 

washed three times with Detection Wash Buffer for 10 minutes each on a plate shaker, 

incubated with HRP Substrate Solution for 5 minutes and hot probe detected with film. 

For the filter plate assay, 10 µg of nuclear extract prepared as described above from P19 

cells exposed to 5 mM VPA or PBS control for 24 hours were incubated with biotin 

labelled probe containing the NF-κB consensus sequence in TF Binding Buffer at 16
o
C 

for 30 minutes. The bound probe captured onto a filter plate with incubation on ice for 30 

minutes. The filter plate was centrifuged at 600 g for 2 minutes to separate unbound 

probe from the filter and was discarded. The filter was washed four times with Filter 

Wash Buffer after which the probe was eluted following incubation with Elution Buffer 

and centrifugation at 600g for 2 minutes. The eluted probe was denatured at 95
o
C for 3 

minutes, diluted with Hybridization Buffer and hybridized to a Hybridization Plate 

overnight at 42
o
C in an incubator. The hybridized probe was washed three times with 

Plate Hybridization Wash Buffer, blocked for 15 minutes at room temperature on a plate 

shaker with Strepdavidin-HRP conjugate added and incubated for another 45 minutes at 

room temperature on a plate shaker. The plate was washed three times with Detection 

Wash Buffer, incubated for 1 minute with HRP Substrate Solution and read in plate mode 

using a LUMIstar Galaxy luminometer (BMG Labtech, Ortenberg, Germany) with an 
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integration time of 1 second and gain of 130. Samples were quantified in triplicate and 

averaged to provide a single relative light units reading for each sample. 

NF-κB Luciferase Assay: Cells were plated at 5x10
4
 cells/well in a 24 well plate and 

incubated for 24 hours prior to transfection. For each well, 150 ng of a commercially 

available NF-κB reporter plasmid containing five copies of the response element 

(pGL4.32[luc2P/NF-κB-RE/Hygro], Promega Madison, WI) was transfected into cells 

using 2 µL of Lipofectamine transfection reagent (ThermoFisher, Burlington, CA) 

according to the manufacturer’s protocol. After 5 hours post-transfection, cells were 

exposed to 5 mM VPA or vehicle control for up to 24 hours with or without 

supplementation with 150 ng/mL TNFα or vehicle control during the last 6 hours of 

exposure. After exposures, cells were washed three times with 1 ml PBS and lysed with 

0.1 ml of 1 x passive lysis buffer (Promega, Madison, WI). Luciferase activities of 20 µL 

of cell lysates were measured using the Dual Luciferase Kit (Promega, Madison, WI) and 

a Lumat LB 9507 Variable Injector Luminometer (Berthold Technologies GmbH & Co., 

Germany). Relative light units were normalized to total protein in 20 µL as we and others 

(Arinze and Kawai, 2003) have observed that VPA exposure robustly induces activation 

of Promega’s pRL-TK-luc reporter construct conventionally used for activity 

normalization in transfection experiments. Therefore, NF-κB activity was normalized to 

protein content of each sample as has been described previously (Arinze and Kawai, 

2003). Results are reported as the mean of at least 3 independent experiments performed 

in triplicate and expressed relative to vehicle control. 
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Statistical Analyses: Statistical analysis was performed with a two-way analysis of 

variance (ANOVA) for time-course Western blot and luciferase experiments, one-way 

ANOVA for caspase-inhibition Western blots and TNFα luciferase experiments, an 

unpaired two tailed t-test for nuclear extract Western blots and NF-κB filter plate assay, 

followed by the Bonferroni multiple comparison test for post hoc analysis (Prism 5.0, 

GraphPad Software Inc., San Diego, CA). P < 0.05 was designated as statistically 

significant and GraphPad Prism 5 was used to graph all results. 

3.4 Results 

p65 is downregulated in P19 cells exposed to VPA and is a substrate for caspases.  

VPA has been previously shown to induce the downregulation of total p65 protein 

expression in CD-1 mouse embryos with a NTD (Dawson et al., 2006). In order to 

evaluate the impact of decreased p65 and investigate the basis for its downregulation, we 

first confirmed the effect of VPA on total p65 protein in P19 embryo-derived cells during 

24 hours of VPA exposure. Consistent with our previous results, we observed that total 

p65 protein decreases to 80.3% of control expression with 6 hours of VPA exposure and 

continued to decrease to 34.1% of control expression by 24 hours exposure (Figure 3.1a). 

To understand the basis for this decrease we examined p65 mRNA expression during the 

same VPA exposure time-course. However, p65 mRNA levels were decreased to a lesser 

extent at 67.8% of control with 3 hours VPA exposure and 62.0% of control at 24 hours 

(Figure 3.1b). We also examined nuclear p65 protein as it is responsible for 

transcriptional activity. In contrast to total protein expression following 24 hours of VPA 

exposure, there was no significant difference in nuclear p65 protein expression compared 

with control treated cells (Figure 3.2a). However, the presence of a smaller band of p65 
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Figure 3.1 VPA exposure decreases p65 mRNA and total cellular p65 protein in P19 

cells. 

(a) Western blot analysis of endogenous p65 protein in P19 cells exposed to 5 mM VPA 

or PBS control over 24 hours. The membrane was re-probed for protein loading with an 

anti-β-actin antibody. (b) qRT-PCR analysis of endogenous p65 mRNA levels in 

converted RNA (20 ng) from P19 cells exposed to 5 mM VPA or PBS control over 24 

hours. Transcript levels were normalized to the geometric mean of Tbp and Hprt. Two-

way ANOVA, * indicates a significant difference from PBS control (p<0.05) n=3. 
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Figure 3.2 Nuclear p65 is unchanged following VPA exposure in P19 cells. 

Western blot analysis of endogenous p65 (a) and ∆p65 (b) nuclear protein in P19 cells 

exposed to 5 mM VPA or PBS control for 24 hours detected using a p65 antibody raised 

against the N-terminus (N-T) of the protein. The membrane was re-probed for protein 

loading with an anti-Tbp antibody. (c) Western blot analysis of endogenous p65 nuclear 

protein in P19 cells exposed to 5 mM VPA or PBS control for 24 hours detected using a 

p65 antibody raised against the C-terminus (C-T) of the protein. The membrane was re-

probed for protein loading with an anti-Tbp antibody. Two tailed unpaired t-test, * 

indicates a significant difference from PBS control (p<0.05) n=3. 
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(MW ~45 kDa) termed ∆p65, was observed when probed using an N-terminal targeted 

antibody (amino acids 1-286) and significantly increased with VPA exposure (Figure 

3.2b). A ∆p65 protein band was previously observed following drug exposures including 

naphthoquinone and α-tocopheryl succinate which was attributed to caspase cleavage at 

either the N- or C-terminal region of p65, respectively, during apoptosis (Kang et al., 

2001; Neuzil et al., 2001). When nuclear p65 was probed using an antibody targeted to 

amino acids 532-551 of the p65 protein C-terminus, ∆p65 was not detected and p65 was 

again unaffected by VPA exposure (Figure 3.2c), suggesting that induction of p65 

cleavage at the C-terminus was occurring following VPA exposure. We therefore 

evaluated caspase-3 cleavage following VPA exposure and observed a significant 

increase with 24 hours of VPA exposure (Figure 3.3a). With a number of putative 

caspase cleavage sites identified for mouse p65 (Kumar et al., 2014), we sought to 

determine whether VPA exposure induces caspase cleavage of p65 to generate ∆p65. In 

P19 cells exposed to the pan-caspase inhibitor Z-VAD-fmk for 24 hours prior to VPA 

exposure for another 24 hours, ∆p65 was decreased with pan-caspase inhibition whereas 

p65 was unaffected (Figure 3.3b). These observations suggest that ∆p65 may be a 

cleavage product produced following VPA-induced caspase activation. 

NF-κB DNA binding is decreased following VPA exposure. We then examined 

whether the presence of ∆p65 affected NF-κB DNA binding. As the p65 protein is 

comprised of an N-terminal DNA binding/dimerization domain and a C-terminal 

transactivation domain (Oeckinghaus and Ghosh, 2009), cleavage at the N-terminus 

would be expected to produce a protein without intrinsic DNA binding ability while a C- 
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Figure 3.3 p65 is a substrate for caspases following VPA exposure. 

(a) Western blot analysis of endogenous cleaved caspase-3 protein in P19 cells exposed 

to 5 mM VPA or PBS control over 24 hours. The membrane was re-probed for protein 

loading with an anti-β-actin antibody. (b) P19 cells were incubated with 2.5 μM, 10 µM, 

or 50 μM Z-VAD-fmk (pan-caspase inhibitor) or DMSO control for 24 hours. The media 

was replaced and supplemented with 5 mM VPA or PBS for another 24 hours. Nuclear 

extracts were immunoblotted for p65 with an antibody targeting the N-terminus of the 

protein. Membranes were re-probed for Tbp loading control for protein expression 

normalization. Full length (p65) and cleaved p65 (∆p65) are indicated. Two-way 

ANOVA (a), one-way ANOVA (b), *, ** indicates a significant difference from PBS 

(p<0.05, <0.001) (a) and 50 μM Z-VAD (b), + indicates a significant difference between 

VPA and VPA+50μM Z-VAD (b) (p<0.05), n=3. 
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terminal cleavage would result in a DNA binding protein without transcriptional activity. 

With the induction of p65 cleavage following VPA exposure detected only with an N-

terminal targeting antibody, we investigated its ability to bind an NF-κB consensus 

sequence using an EMSA (Figure 3.4a). Compared to control nuclear extracts, the DNA 

binding shift observed for 24 hour VPA exposed nuclear extracts was less intense, which 

was not anticipated given the maintenance of nuclear p65 protein following VPA 

exposure (Figure 3.2a, c). We also did not observe a more migratory shift, which would 

represent DNA binding of ∆p65, although this could be the result of either a lack of DNA 

binding ability but also limited resolution of the assay given the small difference in size 

for p65 and ∆p65. As a reduction in NF-κB DNA binding was observed with VPA 

exposure, we quantified DNA binding using an NF-κB filter plate assay. NF-κB DNA 

binding was reduced to 63.9% of control levels following 24 hours VPA exposure 

(Figure 3.4b). As NF-κB predominantly exists as a p65/p50 heterodimer, we evaluated 

p50 nuclear protein expression in an attempt to understand the reduced NF-κB DNA 

binding. After 24 hours exposure to VPA, p50 nuclear protein was decreased to 45.8% of 

vehicle control (Figure 3.4c). Therefore, it is possible that the reduction in NF-κB DNA 

binding is a result of limited p50 nuclear protein, which is required for p65 

heterodimerization and DNA binding. We were unable to evaluate the contribution of 

∆p65 to NF-κB DNA binding or activity using pan-caspase inhibition as the majority of 

caspases including caspase 1, 2, 4, 8 and 10 have been previously demonstrated to be 

necessary for NF-κB nuclear translocation and/or activation, with only caspase 3 and 12 

known to negatively regulate NF-κB activity (Lamkanfi et al., 2006; Staal et al., 2011). 
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Figure 3.4 VPA exposure decreases NF-κB DNA binding in P19 cells. 

(a) Electrophoretic mobility shift assay for NF-κB using nuclear extracts from P19 cells 

exposed to 5 mM VPA or PBS control for 24 hours, incubated with biotin labelled NF-κB 

consensus sequence +/- non-biotin labelled competitor and separated on a 6.5% non-

denaturing acrylamide gel. (b) NF-κB filter binding assay using nuclear extracts from P19 

cells exposed to 5 mM VPA or PBS control for 24 hours. NF-κB DNA binding is 

expressed relative to PBS control. (c) Western blot analysis of endogenous p50 nuclear 

protein in P19 cells exposed to 5 mM VPA or PBS control for 24 hours. The membrane 

was re-probed for protein loading with an anti-Tbp antibody. Two tailed t-test (b, c), * 

indicates a significant difference from PBS control (p<0.05) n=4. 
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The use of siRNA knockdown or mutation of p65 at known caspase cleavage sites may 

circumvent this problem. 

VPA exposure increases NF-κB activity but decreases p65 phosphorylation at 

Ser276. As DNA binding is a prerequisite for transcriptional activation by NF-κB, we 

evaluated NF-κB transcriptional activity in P19 cells transfected with an NF-κB reporter 

plasmid and exposed to VPA over 24 hours (Figure 3.5a). Despite a reduction in NF-κB 

DNA binding, VPA exposure increased NF-κB activity by 2.93 fold compared with 

vehicle control by 24 hours. In addition to heterodimerization with p50, NF-κB activity is 

also dependent on post-translational modifications to p65. Phosphorylation of p65 at 

Ser276 by the protein kinase A (PKA) catalytic subunit increases transcriptional 

activation through increased association of p65 with the transcriptional co-activators 

Cbp/p300 (Zhong et al., 1997; Zhong et al., 1998), which in turn promotes acetylation of 

p65 by Cbp/p300 and maintenance of transcription (Chen et al., 2005b). Additionally, 

inhibition of p65 phosphorylation at Ser276 by Pim-1 siRNA knockdown similarly 

attenuates induced NF-κB transcriptional activation (Nihira et al., 2010). We therefore 

examined nuclear p65 phosphorylation at Ser276 following 24 hours VPA exposure and 

observed phosphorylated p65 at Ser276 decreased to 46.4% of vehicle control levels 

(Figure 3.5b), which does not explain the increase in transcriptional activity. With 

reduced NF-κB DNA binding, nuclear p50 expression and p65 phosphorylation at Ser276 

observed, we were interested whether VPA exposure diminished the activation capacity 

of NF-κB. As we had observed decreased p65 protein in total cell lysates between 16 and 

24 hours VPA exposure (Figure 3.1a), we supplemented media with 150 ng/mL of an 

established NF-κB inducer, TNFα (Zhou et al., 2003), during the last 6 hours of a 24 hour 
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Figure 3.5 NF-κB transcriptional activity is increased with VPA exposure in P19 

cells. 

(a) Luciferase activity in P19 cells transiently transfected with an NF-κB reporter plasmid 

containing five copies of an NF-κB consensus sequence and exposed to 5 mM VPA or 

PBS control for up to 24 hours. Relative light units were normalized to total protein and 

expressed relative to PBS control. (b) Western blot analysis of endogenous 

phosphorylated p65 at serine 276 in nuclear protein from P19 cells exposed to 5 mM 

VPA or PBS control for 24 hours. The membrane was re-probed for protein loading with 

an anti-Tbp antibody. Two-way ANOVA (a), unpaired two tailed t-test (b), * indicates a 

significant difference from PBS control (p<0.05) n=3. 
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VPA or vehicle control exposure in P19 cells transfected with an NF-κB reporter plasmid 

(Figure 3.6). Compared with vehicle control, TNFα exposure for 6 hours increased NF-

κB activity 8.47 fold while VPA exposure for 24 hours increased activity by 6.75 fold. In 

P19 cells exposed to both TNFα and VPA, the increase in NF-κB activity was nearly 

additive, with a 14.50 fold increase over vehicle controls. This demonstrates that VPA 

does not attenuate the activation capacity of P19 cells when stimulated with TNFα. 

3.5 Discussion 

 We previously demonstrated that VPA exposure in vivo decreases p65 protein 

expression in total cell lysates of CD-1 mouse embryos with a NTD, which was 

suggested as contributing to apoptosis through downregulation of its anti-apoptotic 

transcriptional target Bcl-2 (Dawson et al., 2006). In this study we further explore VPA-

mediated alterations to NF-κB and demonstrate that VPA exposure decreases total 

cellular p65 protein and mRNA, decreases p50 but not p65 nuclear protein, and decreases 

NF-κB DNA binding but increases transcriptional activity. 

 Regulation of NF-κB activity is multifaceted with previous studies demonstrating 

that NF-κB transcriptional activation can be inhibited by mechanisms targeting its nuclear 

translocation, protein stability and association with DNA (Huang et al., 2010; Kiernan et 

al., 2003). While NF-κB activation is typically associated with increased nuclear 

translocation of p65 (Maguire et al., 2011), we did not observe any difference in nuclear 

p65 protein expression following VPA exposure. This may be a result of cytoplasmic 

depletion of p65 as total cellular p65 protein was reduced significantly following VPA 

exposure. Decreased p65 in total cell lysates may be a result of decreased protein stability  
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Figure 3.6 VPA exposure does not attenuate NF-κB transcriptional capacity in P19 

cells. 

Luciferase activity in P19 cells transiently transfected with an NF-κB reporter plasmid 

containing five copies of an NF-κB consensus sequence and exposed to PBS, 5 mM VPA 

for 24 hours, 150 ng/mL tissue necrosis factor α (TNFα) for 6 hours, or 5 mM VPA for 

24 hours supplemented with 150 ng/mL TNFα during the last 6 hours. Relative light units 

were normalized to total protein and expressed relative to PBS control. One-way 

ANOVA, *, *** indicates a significant difference from PBS control (p<0.05, <0.001), + 

indicates a significant difference from TNFα and VPA (p<0.05), n=3. 
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as mRNA expression was only moderately affected. Post-translational modifications to 

p65 in vitro including phosphorylation at Ser276 by PKA and Pim-1, has been previously 

demonstrated to protect p65 from ubiquitination and degradation, while phosphorylation 

at Ser468 induces this process (Geng et al., 2009; Nihira et al., 2010). While an inhibitory 

effect on PKA activity has not been observed with VPA exposure in several in vitro PKA 

activity assays (Chang et al., 2010; Mirnikjoo et al., 2001), Pim-1 activity may be 

interesting to evaluate following VPA exposure. Caspase-mediated cleavage of p65 is 

another mechanism involved in regulating p65 protein stability and transcriptional 

activity, with both a reduction in p65 protein and the p65-cleavage fragment itself 

contributing to reduced transcription in vitro (Kang et al., 2001; Wier et al., 2015). As we 

observed a decrease in p65 phosphorylation at Ser276 and caspase cleavage of p65, it is 

possible that increased ubiquitin-mediated degradation of p65 and cleavage by caspases 

is contributing to the observed reduction in total protein.  

 NF-κB binds DNA predominantly as a heterodimer comprised of p65 and p50 

(Oeckinghaus and Ghosh, 2009). Therefore, the reduction in p50 nuclear protein 

observed following VPA exposure may contribute to the decrease in NF-κB DNA 

binding by limiting available p65 binding partners. Reduced p50 protein following VPA 

exposure is consistent with a previous study demonstrating that chronic VPA exposure in 

rats decreased p50 protein expression in the frontal cortex which was suggested to 

mediate the associated reduction in NF-κB DNA binding (Rao et al., 2007). However, our 

interpretation of this decreased DNA binding acquired using the NF-κB DNA binding 

assay is limited, as the NF-κB subunits responsible for binding are unknown. While a 

p65/p50 heterodimer typically predominates in stimulated cells, this heterodimer is not 
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present in the nucleus in unstimulated cells as p65 is retained in the cytoplasm, or 

sequestered by histone deacetylase 1 (HDAC1) when unphosphorylated or RelB when 

phosphorylated at Ser276 in the nucleus (Jacque et al., 2005; Marienfeld et al., 2003; 

Zhong et al., 2002). In unstimulated cells, a p50 homodimer coupled with HDAC1 binds 

target gene promoters and represses transcription (Zhong et al., 2002). With cellular 

stimulation, the p65/p50 translocates to the nucleus where it outcompetes p50 

homodimers for DNA binding as the heterodimer has a higher affinity for DNA binding, 

which then results in activation of gene expression. Therefore, although we observed 

DNA binding in unstimulated cells, this may not equate to transcriptional activation and 

further studies are needed to characterize the NF-κB components in both unstimulated 

and VPA-stimulated cellular conditions. 

 Although decreased NF-κB DNA binding and phosphorylation of p65 at Ser276 

would suggest a similar reduction in transcriptional activity, we observed a VPA-induced 

increase in NF-κB activity which could be further increased with additional TNFα 

exposure. For transcriptional activation, NF-κB binds to κB sites within gene promoters 

containing variations of the consensus sequence 5'-GGGRNYYYCC-3' (R, purine; Y, 

pyrimidine; N, any nucleotide) (Chen et al., 1998). However, transcriptional activation of 

target genes is dependent on the exact consensus sequence and phosphorylation status of 

the p65 subunit, based on studies using p65 mutants incapable of phosphorylating 

specific serine residues including Ser276 (Anrather et al., 2005). Specifically, activation 

of promoters with the consensus sequence 5’-GGGRATTYCC-3’ occurs independently 

of p65 phosphorylation status while a consensus sequence of 5’-GGRWWWYYYY-3’ 

(W, A or T) with a T preference at the 3’ end is activated only by wild type p65. Notably, 
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the NF-κB consensus sequence present in our luciferase vector is 5’-

GGGA(A/C)TTTCC-3’ (GenBank accession number  EU581860, residues 33-84), which 

suggests that its activation may similarly be indifferent towards p65 phosphorylation 

status and that VPA may decrease activity of a subset of genes in response to reduced p65 

phosphorylation at Ser276. Of particular interest, p65 phosphorylation mutants do not 

display reduced DNA binding despite reductions in transcriptional activity (Anrather et 

al., 2005). While this may explain the lack of reduction of NF-κB activity resulting from 

decreased p65 Ser276 phosphorylation, it does not clarify the observed increase. HDAC 

inhibition with trichostatin A (TSA) increases basal and TNFα-stimulated NF-κB activity 

in in vitro luciferase assays (Ashburner et al., 2001). As nuclear p65 protein expression 

was unaffected by TSA exposure, the increased activity was attributed to HDAC 

inhibition. Another in vitro study supports this role of HDAC inhibition, demonstrating 

that HDAC1 overexpression attenuates increased NF-κB activity mediated by 

overexpression of p65 while this effect is abrogated with a truncated HDAC1 protein 

lacking deacetylase activity (Zhong et al., 2002). As HDAC1 interacts directly with p65 

in vitro as demonstrated through co-immunoprecipitation experiments (Ashburner et al., 

2001), these studies proposed increased p65 acetylation or dissociation from HDAC1-

mediated inhibition as the basis for this increase in activity (Ashburner et al., 2001). 

Therefore, VPA may be similarly increasing NF-κB activity mediated by its HDAC 

inhibition. As it appears as though NF-κB activity is promoter and phosphorylation-status 

dependent, examination of endogenous promoter occupancy of p65/p50, target gene 

expression and interaction with inhibitory proteins may be necessary for a functional 

evaluation of the effect of VPA on NF-κB activity. 
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 While several groups have suggested a role for NF-κB in xenobiotic teratogenesis 

via reduced DNA binding and/or misregulation of target genes (Hansen et al., 2002; 

Torchinsky et al., 2002), the outcome of NF-κB activation has been demonstrated to be 

stimulus-dependent (Kaltschmidt et al., 2002; Kaltschmidt et al., 2000). HDAC inhibition 

with TSA and sodium butyrate induces NF-κB activity and anti-apoptotic signaling in 

several non-small cell lung cancer cell lines (Mayo et al., 2003). Inhibition of NF-κB 

activity resulted in sensitization to HDAC inhibitor-mediated apoptosis, supporting an 

anti-apoptotic role for NF-κB in this context. Maternal immune stimulation using 

interferon γ (IFN γ) prior to VPA exposure in pregnant CD-1 mice attenuates both the 

increase in apoptosis and formation of NTDs (Mallela and Hrubec, 2012). With IFN γ 

previously demonstrated to activate NF-κB in macrophages (Rimbach et al., 2000), 

immune stimulation prior to VPA exposure may activate anti-apoptotic NF-κB signaling 

and protect against NTDs. Additionally, lipopolysaccharide-mediated activation of NF-

κB prior to VPA exposure in macrophages is similarly protective against apoptosis 

indicated by a reduction in caspase 3 and poly(ADP-ribose) polymerase cleavage 

(Tsolmongyn et al., 2013). In contrast, in a study by Kennedy et al.., exposure to the 

teratogen phenytoin increased NF-κB activity in mouse embryos detected using an 

endogenous NF-κB-driven β-galactosidase reporter, and anti-sense oligonucleotide 

inhibition of NF-κB decreased phenytoin-associated malformations (Kennedy et al., 

2004). Increased NF-κB activity was suggested to mediate phenytoin teratogenicity 

through altered target gene expression and/or repair mechanisms (Kennedy et al., 2004). 

Therefore, it appears from these studies that the stimulus and exposed cell type 



 

88 

 

determines the pro- or anti-apoptotic/teratogenic effects of NF-κB activation. Additional 

studies are therefore necessary to understand the implications of our observed increase in 

NF-κB activity in P19 cells using in vitro evaluation of cell death or in vivo examination 

of malformations following VPA exposure with chemical inhibition or induction of NF-

κB activity. 
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Chapter 4 

Valproic acid exposure decreases Cbp/p300 protein expression and 

histone acetyltransferase activity in P19 cells 

Lamparter, C.L., and Winn, L.M. (2016) Accepted with revisions to Toxicol Appl Pharm 

4.1 Abstract 

The teratogenicity of the antiepileptic drug valproic acid (VPA) is well established and its 

inhibition of histone deacetylases (HDAC) is proposed as an initiating factor. Recently, 

VPA-mediated HDAC inhibition was demonstrated to involve transcriptional 

downregulation of histone acetyltransferases (HATs), which was proposed to compensate 

for the increased acetylation resulting from HDAC inhibition. Cbp and p300 are HATs 

required for embryonic development and deficiencies in either are associated with 

congenital malformations and embryolethality. The objective of the present study was to 

characterize Cbp/p300 following VPA exposure in P19 cells. Consistent with previous 

studies, exposure to 5 mM VPA over 24 hours induced a moderate decrease in Cbp/p300 

mRNA, which preceded a strong decrease in total cellular protein mediated by ubiquitin-

proteasome degradation. Nuclear Cbp/p300 protein was also decreased following VPA 

exposure, although to a lesser extent. Total cellular and nuclear p300 HAT activity was 

reduced proportionately to p300 protein levels, however while total cellular HAT activity 

also decreased, nuclear HAT activity was unaffected. Using the Cbp/p300 HAT inhibitor 

C646, we demonstrated that HAT inhibition similarly affected many of the same 

endpoints as previous studies using VPA, including increased reactive oxygen species 

and caspase-3 cleavage, both of which could be attenuated by pre-treatment with the 
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antioxidant catalase. C646 exposure also decreased NF-κB/p65 protein, which was not 

due to reduced mRNA and was not attenuated with catalase pre-treatment. This study 

provides support for an adaptive HAT response following VPA exposure and suggests 

that reduced Cbp/p300 HAT activity could contribute to VPA-mediated alterations. 

4.2 Introduction 

 Valproic acid (VPA) is a widely prescribed anti-epileptic drug used 

therapeutically in the management of uncontrolled seizure episodes (Loscher, 2002), 

treatment of affective disorders (Chiu et al., 2013), and more recently as an anticancer 

agent (Papi et al., 2010). The teratogenicity of VPA is well established in both humans 

and experimental animal models with exposure during pregnancy associated with an 

increased risk of major congenital malformations including predominantly neural tube 

defects (NTDs) but also heart and skeletal abnormalities (Jentink et al., 2010; Nau et al., 

1991). Though the underlying molecular mechanisms contributing to its teratogenicity 

have not been fully elucidated, inhibition of histone deacetylases (HDACs) has been 

proposed as an initiating factor, with a strong association observed between teratogenic 

outcomes and HDAC inhibition (Eikel et al., 2006; Menegola et al., 2005).  

 Mammalian embryonic development is highly dependent on histone 

acetyltransferases (HATs) and HDACs as total or tissue-specific deletion in mice is 

associated with embryolethality and developmental defects (Brunmeir et al., 2009; Ma 

and Schultz, 2008; Montgomery et al., 2007; Yao et al., 1998). Acetylation of histones is 

a reversible and dynamically regulated epigenetic modification, which controls chromatin 

structure and transcriptional accessibility. Hyperacetylation of histones is mediated by 

HATs and frequently associated with transcriptional activation while transcriptional 
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repression correlates with HDAC-mediated deacetylation (Eberharter and Becker, 2002). 

Inhibition of HDAC activity would therefore be expected to increase total acetylation 

levels and gene expression. However, studies using whole-genome expression 

microarrays in vitro and in vivo demonstrate that early transcriptional responses to VPA 

include only a small proportion of known and putative HDAC-regulated genes, with 

nearly half of the total altered genes downregulated (Jergil et al., 2009; Kultima et al., 

2010). Additionally, the transcriptional start site of genes deregulated by HDAC 

inhibition have been demonstrated to have high basal acetylation with only modest 

increases following HDAC inhibition by VPA, despite the extensive overall increase in 

histone acetylation (Halsall et al., 2015). These studies suggest that additional 

precipitating mechanisms are likely involved in VPA-induced alterations. 

 A cellular adaptation to the epigenetic modifications induced by VPA-mediated 

HDAC inhibition has recently been demonstrated and shown to involve the broad 

transcriptional downregulation of HATs including CREB-binding protein (Cbp) which is 

proposed to offset the hyperacetylation resulting from HDAC inhibition (Halsall et al., 

2015). Cbp and p300 are structurally related transcriptional co-activators and HATs that 

target all four core histones, as well as non-histone proteins where acetylation regulates 

activity and stability (Sadoul et al., 2008; Spange et al., 2009). Cbp/p300 interact 

physically or functionally with over 300 proteins and are often regarded as a single 

transcriptional complex (Kasper et al., 2006), however they act independently for a third 

of the nearly 9000 promoters they occupy (Wang et al., 2009), demonstrating their 

importance both collectively and independently. During mouse embryogenesis, Cbp/p300 

expression as well as subcellular distribution is dynamically regulated in a temporal and 
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tissue-specific manner, with particular enrichment during formation of the neural tube 

and in the developing heart and vasculature during organogenesis (Partanen et al., 1999). 

Mouse embryonic development is also highly sensitive to the gene dosage of Cbp and 

p300. Homozygous null Cbp or p300 as well as the compound heterozygote are 

embryonic lethal with defects in neural tube formation and proliferation (Tanaka et al., 

2000; Yao et al., 1998). Lethality is also observed in p300 heterozygotes along with 

NTDs, defects in heart development and cellular proliferation (Yao et al., 1998), which 

differs from Cbp heterozygotes where predominantly defects in skeletal development are 

observed (Tanaka et al., 1997). It is therefore evident that regulated expression of both 

genes is indispensable for normal embryogenesis. 

 Regulation of Cbp and p300 activity in cancer cells has been shown to involve 

nuclear and cytoplasmic ubiquitin proteasome-mediated degradation, respectively, 

following VPA exposure (Chen et al., 2005a; St-Germain et al., 2008) although the 

impact of this degradation on the embryo has not been evaluated. The aim of this study 

was to characterize the effects of VPA on Cbp/p300 in an in vitro model of early 

embryogenesis using the pluripotent, embryo-derived P19 cell line used extensively in 

VPA studies and shown to exhibit a high correlation with in vivo embryonic gene 

changes (Jergil et al., 2009; Kultima et al., 2010). As the consequences of Cbp/p300 

degradation have also not been examined, we sought to examine total and Cbp/p300 HAT 

activity following VPA exposure and evaluate the impact of impaired Cbp/p300 HAT 

activity in the context of VPA-mediated transcriptional and proteomic alterations.  
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4.3 Materials and Methods 

Cell Culture: Mouse P19 EC cells (CRL-1825™) were purchased from ATCC
®

 

(Manassas, VA) and cultured in a humidified chamber at 37°C/5% CO2 with Alpha 

Minimum Essential Medium including ribonucleosides and deoxyribonucleosides from 

Cedarlane (Burlington, CA) supplemented with 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).  

Cell Exposures: Cells were plated at 1x10
5
 cells/mL and incubated for 24 hours prior to 

exposure unless otherwise noted. Cells were exposed to either 2.5 or 5 mM VPA 

dissolved in PBS (Sigma-Aldrich P4543, St Louis, MO) for up to 24 hours. These 

concentrations were selected since exposure to 1-10 mM VPA in P19 cells has previously 

been shown to alter the expression of several neural tube defect-related genes (Jergil et 

al., 2009), induce a broad down-regulation of HATs (Halsall et al., 2015) and we have 

shown that 5 mM VPA exposure increases the formation of reactive oxygen species 

(ROS) in vitro (Defoort et al., 2006). Ubiquitin-proteasome degradation of proteins was 

evaluated by pre-treatment of cells with 5 µM of the ubiquitin-proteasome inhibitor, 

MG132 (Sigma-Aldrich, M7449, St Louis, MO) dissolved in anhydrous DMSO for 2 

hours prior to exposure of 5 mM VPA for 24 hours. p300 HAT activity was also inhibited 

via a 16 hour exposure with the Cbp/p300 HAT inhibitor, C646 (Millipore 382113, 

Temecula, CA) used at a final concentration of 10 µM or 20 µM. C646 exposures were 

performed under serum-free conditions as C646 activity has been previously shown to be 

inhibited by serum (Santer et al., 2011). 
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RNA, Protein and Histone Extraction: RNA was extracted using the Qiagen RNeasy 

Mini Kit (Qiagen, Mississauga, ON) and cDNA was synthesized using the High Capacity 

cDNA Reverse Transcription Kit according to the manufacturer’s protocol (Life 

Technologies, Burlington, ON). Whole cell lysates were prepared by washing cells in 

cold PBS followed by lysis for 30 minutes at 4
o
C with agitation in lysis buffer containing 

50 mM Tris HCL, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate and 

0.1% SDS with protease and phosphatase inhibitors. The lysates were centrifuged at 

12,500 g for 15 minutes to eliminate cell debris. Supernatants were rapidly frozen in 

liquid nitrogen and stored at -80
o
C. Nuclear extracts were prepared using the Nuclear 

Extraction Kit (Sigosis, SK-0001), rapidly frozen in liquid nitrogen and stored at -80
o
C. 

Histone protein was extracted as described previously (Tung and Winn, 2010). Protein 

was quantified using the Bradford Protein Assay according to the manufacturers protocol 

(Bio-Rad Laboratories, Mississauga, ON) and an Ultrospec 3100 Pro scanning 

spectrophotometer (Biochrom Ltd., UK). 

qRT-PCR and Western Blotting: Quantitative real-time PCR (qRT-PCR) reactions were 

carried out using specific RT
2
 qPCR primer assays (Qiagen, Mississauga, ON) for mouse 

Ep300 (NM_177821), Cbp (NM_001025432), NFκB/p65 (NM_009045), Tbp 

(NM_013684) and Hprt (NM_013556). Reactions were performed with the RT
2
 SYBR

®
 

Green qPCR Mastermix (Qiagen, Mississauga, ON) according to the manufacturer’s 

protocol using 2.0 µL of cDNA, corresponding to 20 ng of total RNA, and 0.4 µM 

Qiagen primers (final concentration) in a 25 µL final volume. The PCR protocol 

consisted of 1 cycle for enzymatic activation (15 min at 95
o
C) followed by 40 

amplification cycles (30s at 94
o
C, 1 min at 63

o
C, 1 min at 72

o
C). Amplification 
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specificity was verified using the melt curve and a no reverse transcription control. Gene 

expression was normalized relative to the vehicle control using the delta-delta Ct method 

as described previously (Schmittgen, 2001).  Total cell and nuclear proteins were resolved 

on an 8% polyacrylamide gel for all targets except for cleaved caspase-3, which was 

resolved on a 12% polyacrylamide gel due to its smaller molecular weight. Protein was 

transferred to a 0.45 µm PVDF membrane (Millipore Co., Temecula, CA) using 

overnight wet transfer with constant voltage (20 V). Membranes were blocked with 3% 

milk (w/v) in tris-buffered saline containing Tween (TBST) (25 mM tris-HCl, 140 mM 

NaCl, 2 mM KCl, 0.05% (v/v) Tween 20) for 1 hour at room temperature and probed 

overnight at 4
o
C with primary antibody. Histone proteins or total cell proteins used to 

probe for histone proteins were resolved on a 15% polyacrylamide gel as previously 

described (Tung and Winn, 2010). Antibodies included p300 (1:750, sc585) and 

NFκB/p65 (1:200, sc-8008) from Santa Cruz (Dallas, TX); cleaved caspase-3 (1:200, 

D175 5A1E) from Cell Signaling Technology (Danvers, MA); β-actin (1:8000, A5441) 

and Tbp (1:2000, ab51841) from Abcam (Cambridge, MA); acetylated H3 (1:1000, 06-

599), and total H3 (1:1000, 06-755) from Millipore (Temecula, CA). 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). All histone-binding antibodies were diluted in 5% BSA in TBST, 

while non-histone binding antibodies were diluted in 3% skim milk in TBST. Following 

transfer, membranes were washed and incubated with appropriate secondary antibodies, 

developed using Western Lightning Plus 40 ECL, Enhanced Chemiluminescence 

Substrate (Perkin Elmer, Waltham, MA) and quantified by densitometry. 
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HAT Assay: HAT assays were performed as previously described (Gorina et al., 2011). 

P19 cells were exposed to 5 mM VPA or vehicle control for 24 hours and total cell or 

nuclear extracts were prepared as described above. 15 μg total or 5 μg nuclear extracts 

were used with the Cbp/p300 immunoprecipitation HAT Assay Kit and performed 

according to the manufacturer’s instructions (17-284, Millipore, Temecula, CA). Briefly, 

p300 was immunoprecipitated by incubation with rotation using 5 μg of anti-p300 clone 

RW128 (05-257, Millipore, Temecula, CA) overnight at 4
o
C. A duplicate negative 

control reaction was carried out with 5 µg of normal mouse IgG antibody. The 

immunocomplex was captured with 25 μL packed protein G agarose beads for 1 hour at 

4
o
C with rotation. The beads were collected by centrifugation at 1,430 x g for 30s at 4

o
C 

and washed 3 times with tris-buffered saline (25 mM tris-HCl, 140 mM NaCl, 2 mM 

KCl) and once with HAT assay buffer on ice. Beads with captured protein were 

incubated at 30
o
C for 30 min with 50 μL HAT assay cocktail containing 2 μg histone H4 

peptide and 0.125 μCi/μL [3H]-acetylCoA. Protein was spotted onto P81 paper in 

triplicate, allowed to dry and fixed with 5% cold trichloroacetic acid (TCA). 

Unincorporated [3H]-acetylCoA was washed off the P81 paper by rinsing three times 

with TCA and once with acetone. P81 papers were left to dry before adding scintillation 

cocktail and measuring radioactivity (dpm) using a liquid scintillation counter 

(Beckman). IgG counts were subtracted from immunoprecipitated sample counts, and 

triplicate HAT activity measurements were averaged and expressed relative to PBS 

control. To quantify overall HAT activity, 15 μg total or 5 μg nuclear extracts were 

directly incubated with 50 μL HAT assay cocktail and incorporated [3H]-acetate was 

detected as described above. A duplicate negative control reaction was carried out 



 

97 

 

without protein (vehicle only). Negative control counts were subtracted from total HAT 

samples and triplicate HAT activity measurements were averaged and expressed relative 

to PBS control. 

ROS Detection: Intracellular ROS were detected and quantified as previously described 

(Stokes and Winn, 2014). Briefly, cells were plated at 1x10
5 

cells/mL in a 6-well plate 

and incubated for 24 hours. Cell media was removed and replaced with 5 μM 5,6-

chloromethyl 2,7- dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (Life 

Technologies, Burlington, ON) in PBS for 30 min in incubator. CM-H2DCFDA in PBS 

was removed, replaced with serum-free media and cells were exposed to DMSO or 10 

µM C646 or 20 μM C646, or PBS, 2.5 mM VPA or 5 mM VPA in serum-containing 

media with 0.036% H2O2 as a positive control for 1 hour in incubator. Media was 

removed and cells were collected with 0.5 x trypsin-EDTA (T4174, Sigma-Aldrich 

Chemical Co., St. Louis, MO) to minimize ROS production associated with lifting cells, 

washed 3 times with PBS and re-suspended in PBS containing 5 μg/mL propidium iodide 

(PI) (Sigma-Aldrich Chemical Co., St. Louis, MO) to identify apoptotic and necrotic 

cells. Flow cytometry was used to quantify fluorescence using excitation wavelengths of 

505 nm/536 nm and emission wavelengths of 535 nm/617 nm for DCFDA/PI, 

respectively. DCFDA positive and PI negative cells were used for analysis.  

Statistical Analyses: Statistical analysis was performed with a two-way analysis of 

variance (ANOVA) for time-course experiments, an unpaired two tailed t-test for nuclear 

extract Western blots and HAT assays, and one-way ANOVA for MG132, C646 and 

VPA dose-response exposures, followed by the Bonferroni multiple comparison test for 
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post hoc analysis (Prism 5.0, GraphPad Software Inc., San Diego, CA). P < 0.05 was 

designated as statistically significant and GraphPad Prism 5 was used to graph all results. 

4.4 Results 

Cbp/p300 is downregulated following VPA exposure in P19 cells.  VPA exposure in 

P19 cells resulted in a transient decrease in Cbp and p300 mRNA, reaching 48.1% and 

44.9%, respectively, of control levels by 6 hours of exposure and nearly returning to 

baseline levels by 24 hours (Figures 4.1a, 4.2a). Compared with mRNA, total Cbp/p300 

protein displayed a delayed decrease and maintained normal protein levels until 16 hours 

post VPA exposure, where total protein was reduced to 15.3% and 19.3% of control for 

Cbp and p300, respectively, and remained decreased at 24 hours (Figures 4.1b, 4.2b). 

Nuclear Cbp/p300 protein was also examined after VPA exposure for 24 hours with 

results demonstrating that the reduction in nuclear protein was less pronounced compared 

with total protein (Figures 4.1c, 4.2c). Cbp and p300 nuclear protein were 31.0% and 

42.4% of control, respectively (Figures 4.1c, 4.2c). As the reduction in mRNA was likely 

not sufficient to reduce protein by the magnitude observed, we examined the degradation 

of Cbp/p300 protein. Consistent with previous studies in cancer cells (St-Germain et al., 

2008), inhibition of the ubiquitin-proteasome pathway by pre-treatment with MG-132 

prior to VPA exposure resulted in the complete prevention of VPA-induced Cbp/p300 

protein decreases, with levels exceeding the baseline of vehicle control treated cells 

(Figures 4.1d, 4.2d). Therefore, increased Cbp/p300 degradation following VPA 

exposure via the ubiquitin-proteasome pathway contributes to the observed reduction in 

protein. 
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Figure 4.1 VPA decreases Cbp mRNA and protein expression. 

(a) qRT-PCR analysis of endogenous Cbp mRNA levels in converted RNA from P19 

cells exposed to 5 mM VPA or vehicle control for up to 24 hours. mRNA levels were 

normalized to the geometric mean of Tbp and Hprt. (b) Western blot analysis of 

endogenous Cbp in total cell extracts from P19 cells exposed to 5 mM VPA or vehicle 

control. The blot was re-probed for protein loading with an anti-β-actin antibody. (c) 

Western blot analysis of endogenous Cbp in nuclear extracts from P19 cells exposed to 5 

mM VPA or vehicle control. The blot was re-probed for protein loading with an anti-Tbp 

antibody. (d) Western blot analysis of endogenous Cbp in total cell extracts from P19 

cells exposed to 5 mM VPA or vehicle control for 24h with/without a 2 hour pre-

treatment with the ubiquitin proteasome inhibitor MG-132 (5 µM). Two-way ANOVA 

(a,b), unpaired, two tailed t-test (c), one-way ANOVA (d), *, ** indicates a significant 

difference from vehicle control (p<0.05, p<0.01), n=3. 
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Figure 4.2 VPA decreases p300 mRNA and protein expression. 

(a) qRT-PCR analysis of endogenous p300 mRNA levels in converted RNA from P19 

cells exposed to 5 mM VPA or vehicle control for up to 24 hours. mRNA levels were 

normalized to the geometric mean of Tbp and Hprt. (b) Western blot analysis of 

endogenous p300 in total cell extracts from P19 cells exposed to 5 mM VPA or vehicle 

control. The blot was re-probed for protein loading with an anti-β-actin antibody. (c) 

Western blot analysis of endogenous p300 in nuclear extracts from P19 cells exposed to 5 

mM VPA or vehicle control. The blot was re-probed for protein loading with an anti-Tbp 

antibody. (d) Western blot analysis of endogenous p300 in total cell extracts from P19 

cells exposed to 5 mM VPA or vehicle control for 24h with/without a 2 hour pre-

treatment with the ubiquitin proteasome inhibitor MG-132 (5 µM). Two-way ANOVA 

(a,b), unpaired, two tailed t-test (c), one-way ANOVA (d), *, ** indicates a significant 

difference from vehicle control (p<0.05, p<0.01), n=3.  
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Total HAT activity is reduced following VPA exposure in P19 cells. With total and 

nuclear Cbp/p300 protein being reduced following VPA exposure, we were interested in  

evaluating the resultant impact on HAT activity given its importance to normal cellular 

functions. We used a quantitative in vitro assay where acetylation of histone H4 by active 

HATs is measured through detection of incorporated radiolabeled acetyl groups from a 

[3H]-acetyl-CoA substrate. Using the 24 hour-exposed total cell and nuclear lysates 

evaluated for protein expression in Figures 4.1 and 4.2, we quantified overall and p300-

specific HAT activity. We examined p300 specifically as its absence during development 

results in many of the same types of defects observed with VPA exposure. In 15 μg of 

total cell extracts, VPA exposure significantly decreased HAT activity to 36.3% of PBS 

control (Figure 4.3a) while immunoprecipitated p300 HAT activity decreased to 41.3% 

of PBS control (Figure 4.3b). This decreased p300 HAT activity however, was not 

statistically significant. In 5 μg of nuclear extracts, VPA exposure marginally increased 

HAT activity to 1.28 fold of PBS control (Figure 4.3c) while immunoprecipitated p300 

HAT activity decreased to 31.4% of PBS control (Figure 4.3d). These results demonstrate 

that following VPA exposure, overall and p300 HAT activity are considerably reduced in 

total cell lysates while overall HAT activity in nuclear lysates remains constant despite 

significantly reduced nuclear p300 HAT activity.   

Selective inhibition of Cbp/p300 HAT reduces cell survival and NF-κB/p65 protein. 

Given that VPA exposure decreased total cellular and p300 HAT activity, we were 

interested in understanding the relationship between p300 HAT activity and established 

VPA targets. Previous work from our group has demonstrated that in utero exposure to 

VPA induces histone acetylation, cleavage of caspase-3 (Tung and Winn, 2011b), a 
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Figure 4.3 Effect of VPA on total cellular and nuclear HAT activity. 

P19 cells were exposed to 5 mM VPA or vehicle control for 24 hours and total cellular or 

nuclear extracts were prepared. Protein was quantified using a Bradford assay and equal 

loading was verified by normalizing to an anti-β-actin or anti-Tbp antibody for total and 

nuclear extracts, respectively. Total cellular (a) and nuclear (c) HAT activity was 

quantified by incubating extracts with HAT assay cocktail containing 2 μg of histone H4 

peptide and 0.125 μCi/μL [3H]-acetylCoA for 30 minutes at 30
o
C. For p300 HAT 

activity, p300 was immunoprecipitated from total cellular (b) and nuclear extracts (d), 

captured onto protein G agarose beads and incubated with HAT assay cocktail as above. 

HAT activity was measured by the incorporation of [3H]-acetate into histone H4 using a 

filter binding assay and quantified using liquid scintillation counting. Negative control 

counts were subtracted from samples and HAT activity was expressed relative to PBS 

control. Unpaired, two tailed t-test was used to compare VPA with vehicle control in total 

and nuclear extracts. *, ** indicates a significant difference from vehicle control (p<0.05, 

p<0.01), n=3.  
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marker of apoptosis, and reduces protein expression of the transcription factor NF-

κB/p65 in embryos with a NTD but not in phenotypically normal littermates (Dawson et 

al., 2006). Both aberrant apoptosis and altered NFκB protein activity have been 

previously suggested to mediate the development of NTDs (Greene and Copp, 2014; Li et 

al., 2000). We validated these previous in vivo observations in P19 cells with a 2.10-fold 

increase in histone H3 acetylation (Figure 4.4a) observed within a 1 hour exposure of 5 

mM VPA, although only reaching statistical significance by 6 hours exposure, increased 

caspase-3 cleavage to 2.2 fold and 11.6 fold of vehicle control (Figure 4.4b) and 

decreased NF-κB/p65 total cellular protein to 43.9% and 35.7% of vehicle control (Figure 

4.4c) with 2.5 mM and 5 mM VPA exposure, respectively, for 24 hours. These targets 

were therefore selected for evaluation following Cbp/p300 HAT inhibition using the cell-

permeable reversible small molecule inhibitor selective for Cbp/p300 HAT activity, 

C646, which has less than 10% reduction in activity for other HATs when used at 10 μM 

(Bowers et al., 2010). To evaluate the efficacy of Cbp/p300 HAT blockade by C646, we 

first evaluated the acetylation of histone H3 following C646 exposure. A dose-dependent 

reduction in acetylated H3 was observed with exposures of 10 μM and 20 μM C646 for 

16 hours compared with total H3 reaching 63.3% and 15.0% of vehicle control, 

respectively, although the difference is only statistically significant with the higher 

concentration (Figure 4.5a). The dose-dependent increase in caspase-3 cleavage was 

robust, but variable, increasing by 12.3 fold and 29.7 fold of controls for 10 μM and 20 

μM, respectively, and reaching significance with 20 μM C646 only (Figure 4.5b). Similar 

to other proteins, NF-κB/p65 displayed a significant dose-dependent decrease reaching 

51.6% and 14.9% of controls with 10 μM and 20 μM C646, respectively (Figure 4.5c),  
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Figure 4.4 VPA exposure increases histone H3 acetylation, cleavage of caspase-3 and 

decreases NF-κB/p65 protein expression. 

Western blot analysis of (a) endogenous acetyl histone H3 normalized to histone H3 

exposed to 5 mM VPA or vehicle control for up to 24 hours, cleaved caspase-3 (b) and 

NF-κB/p65 protein (c) in total cell extracts from P19 cells exposed to 2.5 mM, 5 mM 

VPA or vehicle control for 24 hours. The blot was re-probed for protein loading with an 

anti-β-actin antibody. Two-way ANOVA (a), one-way ANOVA (b,c), *, ** indicates a 

significant difference from vehicle control (p<0.05, p<0.01), n=3.  
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Figure 4.5 Inhibition of p300 histone acetyltransferase activity induces caspase-3 

cleavage and decreases NF-κB/p65 protein. 

Western blot analysis of endogenous acetylated histone H3 normalized to H3 (a), total 

cell cleaved caspase-3 protein (b) and NF-κB protein (c) normalized to β-actin following 

16 h exposure to 10 μM or 20 μM of the CBP/p300 HAT inhibitor, C646. The blot was 

re-probed for protein loading with an anti-β-actin antibody. (d) qRT-PCR analysis of 

endogenous NF-κB/p65 mRNA levels in converted RNA from P19 cells exposed to 10 

μM or 20 μM C646 or vehicle control for 16 hours. mRNA levels were normalized to the 

geometric mean of Tbp and Hprt.  One-way ANOVA, *, ** indicates a significant 

difference from vehicle control (p<0.05, p<0.01), + indicates a significant difference 

from 10 μM C646 (p<0.05), n=3.  



 

106 

 

which was not due to reduced mRNA expression as no changes were observed with either 

C646 exposures (Figure 4.5d). Therefore, exposure of P19 cells to C646 results in similar 

alterations in cleaved caspase-3 and NF-κB/p65 expression as we have observed with 

VPA. 

Cbp/p300 HAT inhibition induces oxidative stress. Oxidative stress characterized by 

the increased production of ROS has been suggested to play a role in VPA-induced 

NTDs, with VPA exposure in vitro and in an embryo culture model previously 

demonstrated to increase ROS production (Defoort et al., 2006; Tung and Winn, 2011b). 

Consistent with previous results, P19 cells exposed to 5 mM VPA for 1 hour increase 

ROS 2.5 fold relative to vehicle control (Figure 4.6a). We therefore examined whether 

C646 exposure could similarly induce the formation of ROS and evaluated its impact on 

the aforementioned protein targets. P19 cells exposed to 10 µM or 20 μM C646 for 1 

hour induced a 1.52 fold or 2.9 fold increase in intracellular ROS, respectively, compared 

with DMSO control (Figure 4.6b). In total cell lysates exposed to 20 μM C646 for 16 

hours, cleaved caspase-3 protein was increased to 4.1 fold of DMSO control, which could 

be significantly attenuated to 2.4 fold by a 24 hour pre-treatment with PEG-catalase 

(Figure 4.6c). NF-κB/p65 protein expression was also reduced to 22.5% of DMSO 

control although this was not attenuated with PEG-catalase pre-treatment (Figure 4.6d). 

These results demonstrate that C646 exposure induces ROS, similar to our previous VPA 

studies. While the increase in cleaved caspase-3 expression is attributed to increased ROS 

since catalase pre-treatment attenuates this increase, the reduction in NF-κB/p65 protein 

following C646 is independent of ROS generation. 

  



 

107 

 

 

 

                 

Figure 4.6 C646 exposure induces ROS formation and caspase-3 cleavage, which 

can be attenuated by catalase pre-treatment. 

Flow cytometric analysis of DCFDA (2’,7’-dichlorodihydrofluorescein diacetate) 

fluorescence intensity (measure of ROS) following 1 h exposure to VPA (a) 10 μM or 20 

μM C646 (b) expressed relative to vehicle control. Propidium iodide staining was used to 

exclude apoptotic and necrotic cells from analysis. Western blot analysis of endogenous 

cleaved caspase-3 protein (c) and NF-κB/p65 protein (d) normalized to β-actin following 

16 h exposure to 20 μM C646 with/without a 24 hour 400 U/mL catalase pre-treatment 

(CAT). Unpaired, two tailed t-test (a), one-way ANOVA (b, c, d), *, ** indicates a 

significant difference from DMSO (p<0.05, p<0.01), + indicates difference from 10 μM 

C646 (p<0.05). 
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4.5 Discussion 

 A recent study has demonstrated that VPA exposure induces a broad 

transcriptional downregulation of HAT family members which was proposed to be an 

adaptive response to mitigate the global increase in acetylation following HDAC 

inhibition (Halsall et al., 2015). Here we expand upon these findings in a P19 cell model 

of early embryonic development by characterizing the impact of VPA exposure on the 

HATs Cbp/p300 and examining implications of reduced HAT activity.  

 While the effect of VPA on Cbp and p300 has been typically examined at either 

the mRNA or protein level in isolation and at defined time points, we demonstrate in this 

study that exposure to VPA over a 24 hour period in P19 cells induces an early and 

sustained decrease in Cbp/p300 mRNA accompanied by a delayed reduction in 

corresponding protein levels mediated by ubiquitin proteome degradation. A decrease in 

Cbp/p300 mRNA expression following short term VPA exposure is consistent with the 

study by Halsall et al. (Halsall et al., 2015) and could be the result of cellular 

compensation to HDAC inhibition as increased histone H3 acetylation was observed with 

1 hour VPA exposure (Figure 4a). The subsequent decrease in protein expression is 

consistent with previously published data demonstrating Cbp and p300 co-localize with 

ubiquitin and are degraded following VPA exposure in cancer cell lines (Chen et al., 

2007; St-Germain et al., 2008). Other HDAC inhibitors including butyrate and 

trichostatin A have also been shown to reduce p300 protein levels through the ubiquitin-

proteasome pathway (Li et al., 2002), suggesting that degradation of Cbp/p300 may be a 

common feature of HDAC inhibition. As the ubiquitin proteasome pathway is a 

prominent regulator of cellular homeostasis through dynamic and selective protein 
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turnover, the increased degradation of Cbp/p300 by the ubiquitin proteasome pathway 

may reflect another component of the cellular adaptation to HDAC inhibition by VPA 

already demonstrated to include broad transcriptional HAT downregulation. Notably, the 

protein stability of other HAT family members are similarly regulated by the ubiquitin 

proteome pathway and shown to be essential for normal mouse embryonic development 

(Chen et al., 2015; Hu et al., 2009; Nishihara et al., 2003; Thomas et al., 2008; Tominaga 

et al., 2005), although the effect of VPA on their protein stability and activity has not 

been evaluated.  

 Cbp/p300 HAT activity in vitro has been previously shown to be proportional to 

the respective protein expression (Dancy et al., 2012), and further supports regulation of 

HAT activity by ubiquitin proteasome protein degradation. Our results are in agreement 

with these previous findings and demonstrate that p300 activity and protein expression 

are similarly reduced following VPA exposure. Although we did not examine Cbp HAT 

activity, we would expect it to be reduced proportionately to p300 given their similar 

level of intracellular HAT activity and mechanism of ubiquitin proteasome regulation 

(McManus and Hendzel, 2003). Following VPA exposure we also observed a decrease in 

total cell HAT activity although nuclear HAT activity remained unaffected. With nuclear 

p300 HAT activity reduced to 31.4% of control activity, it is possible that other HATs are 

compensating for the reduction in p300 activity to maintain homeostatic nuclear activity 

or a result of HAT histone substrate preference or acetylation kinetics, although this 

remains to be determined empirically. A thorough evaluation of the activity of other 

HATs and corresponding HDAC activity over a time-course would be necessary to fully 

understand the maintenance nuclear HAT activity following 24 hour VPA exposure. As 
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HAT family members including p300 have distinct cellular roles in the acetylation of 

histone and non-histone proteins as well as participation in transcriptional regulatory 

complexes (Kasper et al., 2006), the observed decrease in p300 HAT activity and protein 

expression could still impact normal cellular functioning despite the maintenance of 

nuclear HAT activity. Reduced total cellular HAT activity in comparison to nuclear 

activity could be attributed to the presence of cytoplasmic HATs as the nuclear 

component is present in both total and nuclear lysates. Depending on their cellular 

localization, HAT proteins can be classified as either nuclear (type A) which include 

Cbp/p300 or cytoplasmic (type B), although some HATs exhibit characteristics of both 

types (Wang et al., 2014). While type A HATs acetylate histones already packaged into 

chromatin, type B HATs target newly synthesized histones in the cytoplasm and facilitate 

chromatin assembly (Wang et al., 2014). Type A and B HATs also differ in their 

preference for histone substrates, where typically type A nuclear HATs prefer histone H3 

and type B HATs histone H4 (Haigney et al., 2015; Howe et al., 2001; Sterner and 

Berger, 2000). Therefore, our observation of decreased total cellular but not nuclear HAT 

activity may result from histone substrate preferences for cytoplasmic and nuclear HATs, 

although verification using histone H3 or H3/H4 dimers in our HAT assay would be 

necessary. The importance of cytoplasmic type B HATs in normal development is 

evidenced by its regulation of homologous recombination, a type of DNA repair, 

sensitization to DNA damaging agents with knockout and necessity for embryonic 

development with skeletal defects observed in null mice (Nagarajan et al., 2013; Yang et 

al., 2013). Interestingly, VPA exposure has been previously demonstrated to alter 

homologous recombination in vitro and induce skeletal defects in mouse embryos 
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exposed to VPA in utero (Sha and Winn, 2010; Yao et al., 1998), although its effect on 

type B HATs has not been explored.   

 Several studies support a role for the increased production of ROS and apoptosis 

in VPA-induced teratogenicity. Increased ROS production and apoptosis has been 

detected following VPA exposure in vitro and in mouse embryo culture models where 

this increase could be attenuated by pre-treatment with the antioxidant catalase (Defoort 

et al., 2006; Tung and Winn, 2011b). We demonstrated that in P19 cells VPA and C646 

exposure also increases the production of ROS and cleavage of caspase-3, the latter of 

which could be attenuated with catalase pre-treatment. It is therefore possible that 

reduction of Cbp/p300 HAT activity could contribute to the production of ROS and 

apoptosis following VPA exposure. Notably, while we did observe that C646 exposure 

reduced the protein expression of the transcription factor NF-κB/p65, which has 

previously been observed with VPA exposure in vivo (Dawson et al., 2006), this was not 

due to reduced mRNA or the production of ROS, as catalase pre-treatment had no effect 

on NF-κB/p65 protein levels which is suggestive of decreased protein stability. A 

previous study by Santer et al. demonstrated that p300 knockdown and C646 exposure in 

several prostate cancer cell lines induces apoptosis which is in part mediated through 

induction of caspases and deregulation of the NF-κB signaling pathway (Santer et al., 

2011). Both C646 and p300 knockdown reduced NF-κB/p65 protein without affecting 

mRNA, and this was accompanied by reduced NF-κB promoter occupancy and 

downstream target expression (Santer et al., 2011). Notably, siRNA knockdown of Cbp 

had no effect on cell viability or NF-κB expression. Acetylation of NF-κB/p65 protein by 

Cbp/p300 has been shown to inhibit p65 methylation and subsequent ubiquitination and 
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degradation following tissue necrosis factor α stimulation (Yang et al., 2010), and may be 

one explanation for the reduced NF-κB/p65 protein following both p300 knockdown and 

C646 exposure. With Cbp/p300 known to affect a multitude of pathways, it is likely that 

induction of apoptosis following inhibition is multifactorial. The results of our study 

suggest that induction of ROS may be another component in the initiation of apoptosis in 

addition to NF-κB deregulation which has been proposed by others. As the underlying 

mechanism for reduction in NF-κB/p65 protein following VPA exposure is unknown, 

reduced protein stability resulting from decreased Cbp/p300 HAT activity may be one 

possibility. 

 With Cbp/p300 activity determined to be important for the fate of several 

established VPA targets, we attempted to induce Cbp/p300 HAT activity to determine 

whether it could attenuate the VPA-mediated alterations discussed above. Few cell 

permeable inducers of Cbp/p300 are commercially available with previous studies 

inducing Cbp/p300 HAT activity using nemorosone purified from plant extracts (Dal 

Piaz et al., 2010; Simpkins et al., 2012) or synthetic compounds conjugated to 

intracellular carriers (Chatterjee et al., 2013). CTB (CAS 451491-47-7) is a commercially 

available small molecule inducer of p300 HAT activity that has been shown to induce 

robust acetylation of purified HeLa core histones in the presence of extracted p300 

(Mantelingu et al., 2007). While CTB has been previously used to induce gene expression 

changes of p300 targets in HCT 116 cells (Kramer et al., 2015), we were unable to detect 

increased histone H3 acetylation and verify its cellular activity in P19 cells (data not 

shown). As the sensitivity to CTB is highly dependent on the cell line used (personal 

communication with D. Kramer), our inability to induce p300 activity in P19 cells might 
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be a result of their resistance to this chemical intervention. Nevertheless, development of 

commercially available inducers of Cbp/p300 activity may provide an interesting 

approach for understanding VPA-mediated alterations. 

 Cbp/p300 single nucleotide polymorphisms have been previously evaluated for an 

association with the development of NTDs in humans with modest associations observed, 

although not statistically significant after corrections for multiple comparisons (Lu et al., 

2010). While permanent functional variants may contribute to the development of NTDs 

as observed in p300 mouse knockout models, it is possible that transient reductions in 

Cbp/p300 HAT activity could similarly contribute but be overlooked when only mRNA 

levels are evaluated. Although our research design does not permit us to implicate 

Cbp/p300 in VPA-associated teratogenesis, many of the same endpoints are similarly 

altered with reduced Cbp/p300 HAT activity and VPA exposure. On the basis of our 

current data, we suggest that future work focus on evaluating Cbp/p300 expression and 

HAT activity in the developing embryo during and following VPA exposure, and that 

small molecule inducers of Cbp/p300 activity are commercialized such that the 

contribution of Cbp/p300 activity to VPA-mediated alterations can be evaluated. 
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Chapter 5 

General Discussion 

5.1 Summary 

 The central hypothesis of this thesis was that VPA exposure aberrantly increases 

HR DNA repair through induction of HR gene mediators and decreases NF-κB DNA 

binding and transcriptional activity, with these alterations mediated in part by Cbp/p300 

dysregulation. The presented studies evaluate this hypothesis by examining the 

expression of HR DNA repair mediators in vivo following maternal VPA administration 

in mice, assessing NF-κB DNA binding and activity in vitro, and determining the effect 

of VPA exposure on Cbp/p300 expression and HAT activity in vitro. Briefly, maternal 

VPA exposure in vivo was demonstrated to initially down-regulate embryonic expression 

of Rad51, Brca1 and Brca2 mRNA which was followed by a subsequent up-regulation 

and preceded increases in cleavage of caspase-3 and PARP in embryonic tissues (Chapter 

2). In vitro VPA exposure in P19 cells decreased NF-κB DNA binding which is 

suggested to be attributed to decreased p50 protein which dimerizes with p65 to form an 

active complex (Chapter 3). However, NF-κB transcriptional activity was increased with 

VPA exposure and could not be explained by p65 phosphorylation at Ser276 (Chapter 3). 

Furthermore, VPA did not impair NF-κB activation capacity when further activated with 

TNFα (Chapter 3). Cbp/p300 protein was demonstrated to exhibit increased ubiquitin-

proteasome-mediated degradation and reduced p300 HAT activity following VPA 

exposure in P19 cells (Chapter 4). As we were not able to induce Cbp/p300 HAT activity, 

we evaluated the impact of Cbp/p300 HAT inhibition using a small molecule inhibitor 
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and determined that Cbp/p300 HAT inhibition similarly affected p65 protein expression, 

caspase-3 cleavage and ROS production as VPA exposure (Chapter 4). Therefore, the 

studies presented in this thesis support the hypothesis, in part, that VPA alters HR 

mediators, NF-κB DNA binding and activity, and Cbp/p300 protein and HAT activity 

which may contribute to teratogenesis (Figure 5.1). 

5.2 P19 Cells as a Model to Evaluate VPA Teratogenesis  

 The P19 cell line is derived from a GD7.5 mouse embryo transplanted from the 

uterus into the testes of another mouse resulting in the formation of an embryonal 

carcinoma (McBurney, 1993). These pluripotent P19 cells are used as an early model of 

embryonic development when cultured in their undifferentiated state, although they can 

be induced chemically to differentiate into cardiovascular and neuronal cell types 

(McBurney, 1993). P19 cells have been used extensively in developmental toxicology 

studies, especially in the context of VPA-mediated transcriptional alterations (Jergil et al., 

2009; Kultima et al., 2010). Previous studies evaluating both short (< 6 hour) and long-

term (24 hour) VPA exposures in P19 cells and mouse embryos have demonstrated using 

microarray analysis that the gene expression changes in both models are highly correlated 

(Jergil et al., 2009; Kultima et al., 2010). Furthermore, many of the genes similarly 

altered in both P19 cells and mouse embryos following VPA exposure have also been 

implicated in NTDs. Although there may be concerns over the use of embryonal 

carcinoma cells in terms of relevance to embryonic development, a subsequent study has 

demonstrated a high concordance between the observed transcriptional changes following 

VPA exposure in mouse embryonic stem cells, P19 cells and mouse embryos (Jergil et 

al., 2011). Although P19 cells, embryonic stem cells, and mouse embryos exhibit similar  
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Figure 5.1 Overall hypothesis and chapter summary.  

The studies presented support, in part, that valproic acid (VPA) exposure alters the 

expression of DNA repair mediators involved in homologous recombination (HR), 

decreases NF-κB DNA binding and transcriptional activity, in addition to decreasing 

Cbp/p300 protein expression and HAT activity which may contribute to teratogenesis.  
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transcriptional alterations following VPA exposure, they often utilize concentrations of 

VPA that do not reflect the therapeutic plasma concentrations achieved after human use 

and are often in excess by 10-fold. As experimental exposure differs from clinical 

exposure, interpretation of experimental data and extension of results to humans has 

limitations.   

 It is important to recognize the limitations of using in vitro models in general 

including lack of significant biotransformation capacity, cell contact and density, cell 

population diversity and acquired mutations resulting from immortalization (Hartung and 

Daston, 2009). With VPA likely to be the proximate teratogen (Nau et al., 1991), the 

impact of biotransformation with in vitro studies is limited and likely contributes to the 

observed correlation between the aforementioned in vivo and in vitro studies. Therefore, 

while there are limitations to using P19 cells in VPA studies, the relevant transcriptional 

alterations observed following VPA exposure suggest that the mechanistic insight gained 

may provide rationale for subsequent targeted studies in vivo.   

5.3 A Potential Role of HATs in VPA Teratogenesis  

 HDAC inhibition is frequently discussed in the context of VPA teratogenesis 

(Giavini and Menegola, 2014; Kataoka et al., 2013; Paradis and Hales, 2015; Tung and 

Winn, 2010). With previous studies demonstrating a strong correlation between HDAC 

inhibition and teratogenicity using VPA derivatives (Eikel et al., 2006), it is evident that 

inhibition of HDACs is involved.  Although the exact mechanism by which HDAC 

inhibition mediates teratogenicity is uncertain, perturbations to gene expression, 

oxidative stress, apoptosis and epigenetic alterations to DNA have been proposed 

(Giavini and Menegola, 2014). Perturbations to HATs globally following VPA exposure 



 

118 

 

through mRNA downregulation has been suggested as an adaptive response to offset the 

increased acetylation following HDAC inhibition (Halsall et al., 2015). Prolonged 

exposure to the HDAC inhibitors butyrate and TSA has shown that the increase in histone 

acetylation is transient, with acetylation levels of histones returning to baseline levels 

after 48 hours of continuous exposure in vitro (Saunders et al., 1999). Additionally, 

removal of butyrate-mediated HDAC inhibition following 20 hours of exposure is 

accompanied by a transient decrease in overall histone acetylation (Covault et al., 1982), 

which is suggestive of decreased HAT activity during HDAC inhibition. These 

alterations to HATs following HDAC inhibition suggests that the impact of HDAC 

inhibition could be broader than previously thought, as HATs regulate histone and non-

histone proteins through acetylation as well as serving as transcriptional co-regulators.    

 Although we were not able to implicate Cbp/p300 in VPAs mechanism of 

teratogenesis, Cbp/p300 has been linked to the regulation of several targets known to be 

altered following VPA exposure. In Chapter 4 we demonstrated that inhibition of 

Cbp/p300 HAT activity reduces NF-κB protein through a mechanism independent of 

ROS and induces caspase-3 cleavage, which is consistent with VPA-mediated alterations 

to these targets. Previous studies have also demonstrated that siRNA knockdown of 

Cbp/p300 reduces Rad51 and Brca1 mRNA through reduced promoter occupancy and 

recruitment of transcription factors, which resulted in impaired HR (Ogiwara and Kohno, 

2012). Therefore, we propose a model in which VPA exposure reduces Cbp/p300 HAT 

activity and protein expression through increased protein degradation, and decreases the 

stability of NF-κB and expression of key HR mediators. This in turn impacts DNA repair 

capacity and transcriptional regulation leading to apoptosis. This model however does not 
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preclude functional Cbp/p300 HAT activity and transcriptional co-activation, especially 

as Cbp/p300 protein and activity is detected even after 24 hours of VPA exposure 

(Chapter 4). In fact, VPA exposure induces p53 acetylation and activation of target genes 

in a mouse limb bud model (Paradis and Hales, 2015), with acetylation of p53 shown 

previously to be mediated by Cbp/p300 in response to DNA damage (Grossman, 2001; 

Ito et al., 2001). Increased association of p300 at the promoter of the cardiac transcription 

factor GATA4 was also observed following VPA exposure and is associated with 

increased GATA4 transcriptional activation (Yilbas et al., 2014). Therefore, although we 

detected an overall decrease in p300 HAT activity and protein expression following VPA 

exposure, it is evident that Cbp/p300 maintains positive regulation of at least a subset of 

targets. As Cbp/p300 protein is decreased following VPA exposure, it would be 

important to determine in subsequent studies which targets are deregulated either through 

reduced transcription or protein stability. Cbp/p300 has also been demonstrated to 

compete for promoter binding sites with HDAC1 (Li et al., 2014). With reduced 

Cbp/p300 protein following VPA exposure, this competition could shift in favor of 

HDAC1 and result in reduced promoter activation and gene expression. Cbp/p300 co-

immunoprecipitation with protein targets and chromatin immunoprecipitation 

experiments would be needed following VPA exposure in order to determine which 

Cbp/p300 targets are affected and if there is an increased promoter occupancy by 

HDAC1. 

 Other HATs may also be interesting mediators to evaluate in subsequent studies 

following VPA exposure. Knockout of the HAT Gcn5 in mice results in the development 

of several defects including NTDs (Lin et al., 2008) and in vitro silencing of Gcn5 results 
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in increased ROS and apoptosis (Gaupel et al., 2015). Gcn5 has also been demonstrated 

to physically associate with p300 protein during embryogenesis, with 25% of compound 

heterozygous Gcn5
+/-

/p300
+/-

 knockout mice embryonic lethal, displaying reduced 

proliferation and increased apoptosis compared with either Gcn5
+/-

 or p300
+/-

 knockout 

mice (Phan et al., 2005). Many of the HATs discussed previously are classified as type A 

HATs including Cbp/p300 and Gcn5, which are primarily localized to the nucleus and 

acetylate nucleosomal histones (Parthun, 2007). Less is known about type B HATs, with 

HAT1 currently the only known member.  Type B HATs reside primarily in the 

cytoplasm and acetylate newly synthesized histones, although they are also active in 

nuclear complexes (Parthun, 2007). With a reduction in overall but not nuclear HAT 

activity observed following VPA exposure (Figure 4.3), exploration of cytosolic type B 

HATs may provide some insight into their normal cellular functioning during 

development and potential VPA-modifying alterations. 

5.4 The Importance of NF-κB Signaling and Apoptosis  

 Perturbations in NF-κB activity and DNA binding is also associated with several 

teratogens and proposed as contributing to the observed developmental abnormalities as 

discussed in Section 1.5.2. Several of these studies demonstrate a reduction in NF-κB 

DNA binding and transcriptional activity (Hansen et al., 2002; Molotski et al., 2008; 

Torchinsky et al., 2002). However, the result of NF-κB activation is complex and results 

in both pro- and anti-apoptotic effects depending on the particular stimulus (Kaltschmidt 

et al., 2000; Ryan et al., 2000). For instance, chemical inhibition of NF-κB activation 

increases apoptosis induced with TNFα exposure, and decreases apoptosis following H-

2O2 exposure in HeLa cells (Kaltschmidt et al., 2000), demonstrating both anti- and pro-



 

121 

 

apoptotic roles of NF-κB activation, respectively. A pro-apoptotic role for NF-κB has 

also been demonstrated in the p53-mediated apoptotic pathway (Ryan et al., 2000). In this 

study, p53 overexpression using an inducible plasmid was demonstrated to induce NF-κB 

activity, which was necessary to mediate apoptosis. This was in contrast to TNFα-

induced apoptosis in the same study, where NF-κB activity was necessary to attenuate 

apoptosis. Therefore, in circumstances where p53 is activated, NF-κB could assume a 

pro-apoptotic role. Notably, as mentioned above VPA has been demonstrated to induce 

p53 activity suggesting the possibility of a pro-apoptotic role for NF-κB following VPA 

exposure.  

 An anti-apoptotic role for NF-κB is also possible following VPA exposure as has 

been observed with other teratogens (Molotski et al., 2008; Torchinsky et al., 2002). 

Knockdown of NF-κB in vivo sensitizes cells to apoptotic stimuli including TNFα, which 

is suggested to be mediated by a lack of anti-apoptotic signaling (Beg et al., 1995b; 

Rosenfeld et al., 2000). NF-κB activation by HDAC inhibitors including MS-275 and 

suberoylanilide hydroxamic acid (SAHA) has previously been demonstrated in vivo, with 

inhibition of NF-κB nuclear translocation or acetylation shown to potentiate HDAC 

inhibitor-mediated apoptosis (Dai et al., 2005; Rundall et al.). Therefore, it appears that 

with HDAC inhibition using MS-275 and SAHA, NF-κB plays an anti-apoptotic 

function. Whether this is the case with VPA-mediated HDAC inhibition in the embryo 

remains to be determined and requires further experimentation. 

 NF-κB/p65 nuclear expression levels are also important for target gene 

transcription (Tay et al., 2010). Single cells exposed to TNFα concentrations over four 
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orders of magnitude revealed a dose-dependent nuclear accumulation of p65 and 

transcriptional activation of target genes that could be classified into early, intermediate 

or late classes depending on their activation lag following p65 stimulation. When 

normalized to the proportion of active cells, early genes are expressed at a constant level 

regardless of TNFα exposure while intermediate and late genes display NF-κB dose 

responsive expression. Additionally, intermediate and late genes included several pro- 

and anti-apoptosis genes suggesting that nuclear NF-κB expression is an important 

determinant in cell survival. With no significant increase in nuclear p65 following VPA 

exposure, decreased p50 nuclear protein and increased NF-κB activity (Chapter 3), it 

remains to be determined whether these changes are sufficient to induce anti-apoptotic 

signaling and survival. 

 Determination of a pro- or anti-apoptotic function for NF-κB with exposure to 

VPA is necessary to understand the role of NF-κB in VPA-mediated apoptosis. It is also 

possible that NF-κB functions as both pro- and anti-apoptotic with the balance between 

these pathways dependent on nuclear protein levels and activity. Inhibition of NF-κB 

nuclear translocation or activity prior to VPA exposure could be utilized to determine 

whether NF-κB activity functions overall as pro- or anti-apoptotic. However, as the effect 

of NF-κB activation is also cell-type and concentration dependent (Burstein and Duckett, 

2003; Tay et al., 2010), verification of in vitro results in an embryo culture model using 

an inhibitor of NF-κB activity or evaluation of activated target genes in vivo would be 

necessary. 
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5.5 Future Directions 

5.5.1 HR Repair Perturbations by VPA  

 Chapter 2 demonstrated that a number of genes involved in HR exhibit biphasic 

expression following VPA exposure, with Rad51, Brca1 and Brca2 expression initially 

decreased at 1 hour and increased between 3-6 hours exposure in the head tissue fraction. 

This expression pattern correlates with mouse embryonic VPA concentrations in the 

neuroepithelium following maternal administration in a previous study, where VPA is 

initially high between 0.5-3 hours and is nearly eliminated from the tissue by 6 hours 

(Dencker et al., 1990). Therefore, it appears as though in the presence of VPA, DNA 

repair gene expression is decreased which may compromise HR repair activity. Although 

increased HR following VPA exposure in vitro has been demonstrated previously 

(Defoort et al., 2006), this may represent successful DNA repair in the surviving fraction 

of cells given the use of antibiotic selection for cells having undergone HR. While this 

surviving cell population may aberrantly repair DNA, which has been suggested as 

contributing to teratogenesis, the proportion of cells that fail to repair DNA and undergo 

apoptosis may also provide insight into VPAs mechanism of teratogenesis. A 

complementary approach to evaluate the proportion of cells with unrepaired damage 

would be to utilize a green fluorescent protein (GFP)-driven HR reporter plasmid that has 

been described previously (Lok et al., 2013). This would allow for real-time monitoring 

of HR repair through GFP detection and isolation of cells through flow cytometry with 

increased and decreased HR repair compared with controls. If the observed decrease in 

DNA repair genes does compromise HR activity, then a fraction of cells with non-

induced or attenuated HR activity would be expected. 
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5.5.2 Characterization of HAT and HDAC Activity Following VPA Exposure 

 As discussed above, HAT inhibition has been suggested as an adaptive 

mechanism following VPA-mediated HDAC inhibition (Halsall et al., 2015), and it was 

demonstrated in Chapter 4 that p300 HAT activity is decreased following VPA exposure. 

To better understand the relationship between HDAC and HAT inhibition in this 

proposed adaptive model, concurrent evaluation of overall activity and activity of specific 

members of HDACs and HATs throughout 24 hours of VPA exposure in vitro could 

determine if they are inversely correlated. The use of core histone instead of histone H4 

in HAT assays would also allow for comparisons between HAT members as substrate 

preferences exist as described in Chapter 4. In vivo evaluation of both the protein 

expression and activity of HATs in mouse embryonic tissues following VPA exposure 

may also provide insight into the relevance of an adaptive HAT response to VPA-

mediated HDAC inhibition. 

5.5.3 NF-κB Target Gene Activity Following VPA Exposure  

 When p65 is differentially phosphorylated, NF-κB transcriptional activation can 

be dependent on the specific consensus sequence (Anrather et al., 2005). As we observed 

a reduction in phosphorylation of p65 at Ser276 and increased NF-κB activity following 

VPA exposure (Chapter 3), further exploration into the effect of VPA on gene-specific 

NF-κB activation may be warranted. This could be accomplished using luciferase vectors 

containing promoter-derived consensus sequences as performed previously (Anrather et 

al., 2005) or using chromatin immunoprecipitation of p65/p50 with select target gene 

promoters and evaluation of resultant gene expression. 
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 Heterogeneity of NF-κB expression and transcriptional activity in vitro has also 

been described and is a limitation of population analyses which provides an average 

response (Lee et al., 2014; Maguire et al., 2011). For instance, Lee et al. demonstrated 

that nuclear p65 protein in both unstimulated and stimulated HeLa cell populations 

displays a range of overlapping expression profiles, and that transcriptional expression of 

a subset of genes correlates with p65 fold change but not absolute nuclear expression 

(Lee et al., 2014). Single cell examinations for NF-κB expression using 

immunofluorescence, and activity with stably integrated reporter plasmids could 

determine whether the P19 cellular population similarly exhibits heterogeneity of NF-κB 

activation following VPA exposure. 

5.5.4 Use of Spin Trapping Agents to Explore Contribution of ROS  

 While the protective effects of antioxidant pre-treatment has been demonstrated in 

several studies evaluating the teratogenic mechanisms of VPA in vitro and in vivo 

(Defoort et al., 2006; Tung and Winn, 2011b), we were unable to use these interventions 

in our P19 cell model as we could not detect cellular uptake of the antioxidant catalase 

and a heat-inactivated catalase could also attenuate VPA-mediated increases in NF-κB 

activity (Appendix A-1). As this finding is likely due to the prominent protein binding 

properties of VPA, alternative interventions are required to evaluate the contribution of 

ROS in VPA teratogenesis using this model. Several studies have used the ROS-trapping 

agents alpha-phenyl-N- tert -butyl nitrone (PBN) and its sulfo-derivative, 2-sulfo-phenyl-

N- tert -butyl nitrone (S-PBN) to attenuate oxidative stress and ROS levels (Marklund et 

al., 2001; Parman et al., 1999). The use of small molecule ROS trapping agents may be 

one approach to circumvent the protein binding property of VPA. As short peptide 
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interventions do not appear to bind VPA and affect downstream targets (Appendix A-2), 

their use may also be appropriate with in vitro studies using VPA and the P19 cell model. 

5.6 Conclusions  

 The studies in this thesis demonstrated that following VPA exposure there are 

transcriptional alterations to several DNA repair mediators of HR in vivo, altered DNA 

binding and transcriptional activity of the transcription factor NF-κB in vitro, and 

decreased Cbp/p300 expression and p300 HAT activity in vitro which may contribute 

mechanistically to VPA-mediated alterations. With VPA currently one of the most 

effective antiepileptic drugs available, its avoidance during pregnancy is complicated by 

the lack of a suitable alternative. An understanding of the mechanism(s) by which VPA 

induces teratogenicity during early pregnancy will serve as the basis for novel therapies 

aimed at minimizing its teratogenic effects. This will ultimately improve maternal 

epilepsy control during pregnancy while preventing embryonic malformations and birth 

defects. 
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Appendix A- 1. Valproic acid (VPA)-induced NF-κB activity can be attenuated by 

pre-treatment with catalase (CAT), heat-inactivated CAT and bovine serum 

albumin (BSA). 

Luciferase activity in P19 cells transiently transfected with an NF-κB reporter plasmid 

containing five copies of an NF-κB consensus sequence and exposed to PBS,  5 mM 

VPA for 24 hours, with or without 24 hour pre-treatment with (a) 150 U/mL CAT, heat-

inactivated CAT, or molar equivalent of (b) BSA. Relative light units were normalized to 

total protein and expressed relative to PBS control. n=3. 
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Appendix A- 2. Pre-treatment with a cleavable caspase substrate does not affect 

VPA-induced cleavage of p65 and pan caspase-inhibition attenuates VPA-induced 

NF-κB activity. 

(a) Western blot analysis of endogenous p65 nuclear protein from P19 cells exposed to 5 

mM VPA or PBS control for 24 hours with or without 24 hour pre-treatment with a 

cleavable caspase substrate (Casp. Substrate, Sigma Aldrich sc-P0071). The membrane 

was re-probed for protein loading with an anti-Tbp antibody. (b) Luciferase activity in 

P19 cells transiently transfected with an NF-κB reporter plasmid containing five copies of 

an NF-κB consensus sequence and exposed to PBS,  5 mM VPA for 24 hours, with or 

without 24 hour pre-treatment with the pan-caspase inhibitor Z-VAD-fmk as described in 

Chapter 3. Relative light units were normalized to total protein and expressed relative to 

DMSO control. n=3. One-way ANOVA (b), * indicates a significant difference from 

DMSO, Z-VAD, and Z-VAD+VPA (p<0.05), n=3. 

 

 

 

 

 


