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Abstract 

Oxidative stress and histone deacetylase (HDAC) inhibition have been implicated 

as potential mechanisms in valproic acid (VPA) teratogenicity.  Reactive oxygen species 

(ROS) can target DNA to cause oxidative DNA damage and DNA double strand breaks 

(DSBs) which can be repaired through homologous recombination (HR).  HR is not an 

error free process and can result in detrimental genetic changes.    In the present study, 

we evaluated the potential role of HDAC inhibition in VPA-initiated HR.  HDAC 

inhibition may indirectly alter repair activity or cause DNA DSBs which initiates repair. 

The first objective was to investigate the ability of VPA to cause HDAC 

inhibition in the Chinese hamster ovary (CHO) 33 cell line. As a consequence of HDAC 

inhibition, an increase in acetylated histone H3 and H4 protein levels were observed after 

10 to 24 hr exposure to 5 mM VPA. 

Secondly, to investigate whether VPA affects the activity of DNA DSB repair,  

CHO 33 cells were transfected with either the endonuclease I-Sce1
 
plasmid to induce a 

site specific DSB, or the empty plasmid, pGem.   However, no increase in the difference 

in HR between VPA and media exposed I-Sce1 transfected cells compared to cells 

transfected with pGem was observed, which suggests that VPA does not affect DNA 

repair activity.   

Thirdly, to determine if VPA increases susceptibility to DNA DSBs, 

immunocytochemistry revealed an increase in the number of γ-H2AX foci after 10 to 24 

hr exposure to VPA.  To determine if oxidative stress plays a role in mediating VPA-

induced DNA DSBs, another recombination study was carried out in which cells were 
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pretreated with 400 U/ml of PEG-catalase, an antioxidant,  prior to VPA treatment.  The 

observed protective effect of PEG-catalase against VPA-induced HR and the generation 

of intracellular ROS by VPA suggest ROS may also play a role in VPA-initiated HR. 

ROS can cause oxidative DNA damage which can lead to DNA DSBs.  However, in our 

DNA oxidation study, no increase in the oxidized nucleosides, 8-hydroxy-2'-

deoxyguanosine and 5-hydroxycytosine was observed after VPA treatment.  These 

studies suggest that HDAC inhibition and ROS signalling may play roles in DNA 

maintenance and cell cycle arrest in initiating DNA DSBs and HR repair.   
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Chapter 1 

Introduction 

 

1.1 Valproic Acid 

Valproic acid (VPA) is a simple eight carbon branched-chain carboxylic acid 

(Figure 1.1) that was first synthesized in 1882 by Burton as an inert solvent for organic 

compounds (Burton, 1882).  Nearly a century later, Eymard and colleagues 

serendipitously discovered the anticonvulsant activity of VPA (Meunier et al., 1962) and 

since its introduction in North America in 1978, VPA has been clinically used as a first 

line antiepileptic drug in the management of both partial and generalized seizure 

disorders (Pinkston and Walker, 1997).  In addition to its use as an antiepileptic agent, 

VPA has also been approved for the treatment of bipolar affective disorders, migraine 

prophylaxis and treatment for neuropathic pain (Russell, 2007).  However, despite more 

than 30 years of clinical use, the mechanism of its therapeutic effects remains unclear.   

Several mechanisms of action of VPA have been postulated which may explain 

the broad spectrum of activity of VPA.  The anticonvulsant effect of VPA is thought to 

be mediated through changes in gamma-aminobutyric acid (GABA)-ergic functions in 

the brain by increasing both the synthesis and release of GABA (Owens et al., 2003; 

Perucca, 2002).  Several studies also suggest VPA may exert a direct inhibitory effect on  
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Figure 1.1 The molecular structure of valproic acid (2-propylpentanoic acid). 
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voltage-gated Na
+ 

channels, suppressing high-frequency firing of hippocampal neurons 

(McLean and MacDonald, 1986; Van den Berg et al., 1993).  VPA may also act as a non-

competitive inhibitor of cortical myo-inositol-1-phosphate synthase, an enzyme that is 

responsible for the synthesis of the substrate for inositol monophosphate (Shaltiel et al., 

2004).  The resulting inositol depletion may mediate the antimanic effects of VPA 

(Silverstone et al., 2005). For protection against migraines, VPA has been shown to be a 

direct non-competitve inhibitor of brain microsomal long chain fatty acyl-CoA and 

inhibition of this enzyme subsequently leads to a decrease in prostaglandin production 

(Bazinet et al., 2006). 

More recently, research has been focused on the anticancer effects of VPA.  

Inhibition of histone deacetylase (HDAC) by VPA has been shown to reactivate genes 

involved in cell cycle progression,
 
differentiation, and apoptosis to cause cell cycle arrest, 

differentiation, and/or apoptosis of cancer cells (Abdul and Hoosein, 2001; Kawagoe et 

al., 2002; Olsen et al., 2004).  Hyperacetylation of histones and relaxation
 
of chromatin 

by VPA may also enhance the cytotoxicity of drugs that target
 
DNA such as doxorubicin 

(Catalano et al., 2006). Currently, VPA is being examined in numerous clinical trials as 

an anticancer agent for different leukaemias and solid tumour entities (Vavrova et al., 

2005).  In addition, VPA’s combined effects with other antineoplastic agents are also 

being evaluated (Duenas-Gonzalez, 2008). 
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1.2 Pharmacokinetics of Valproic Acid 

Following oral administration of the drug, VPA is rapidly absorbed from the 

gastrointestinal tract, with peak serum levels occurring 1 to 4 hours after ingestion (Klotz 

and Antonin, 1977).   VPA is a weak acid with a pKa of 4.7 (Sztajnkrycer, 2002).  Under 

physiological conditions, it is completely ionized so it is mostly bound to serum proteins 

in the circulation.  The therapeutic level of VPA ranges between 50 and 150 mg/L 

(Sztajnkrycer, 2002) and concentrations above 150 mg/L can saturate protein binding 

sites resulting in an increase in unbound drug which can lead to toxicity. VPA undergoes 

extensive metabolism in the liver via direct glucuronidation, mitochrondrial β oxidation, 

and cytosolic ω and ω1 oxidation with less than 3% of the drug excreted unchanged in the 

urine (Franssen et al., 1999; Jakobs  and Loscher, 1978; Nau and Wittfoht, 1981).  

Glucuronide conjugation and mitochrondrial β oxidation are the major pathways of 

metabolism in the liver while cytosolic ω and ω1 oxidation provide only minor 

contributions (Tatsuhara et al., 1987).  During elimination, VPA follows first-order 

kinetics (Nau and Loscher, 1984), where serum half-lives range from 8 to 21.5 hours with 

a mean half-life of 12.2 (+ or -) 3.7 hours at therapeutic serum concentrations 

(Sztajnkrycer, 2002). 

 

1.3 Serious Complications Associated with Valproic Acid Treatment 

Although VPA is well tolerated, rare and serious complications may occur in 

patients receiving chronic VPA treatment, including haemorrhagic pancreatitis 



 

5 

 

(Asconape et al., 1993; Camfield et al., 1979), bone marrow suppression (Kishi, et al., 

1994; Williams et al., 2008) and hepatotoxicity (Konig et al., 1999; Scheffner et al., 

1988). 

In VPA-induced hepatoxicity, approximately 30-50% of patients on chronic 

treatment show elevated serum aminotransferases in the first months of therapy (Bryant 

and Dreifuss, 1986).  However this type I dose-dependent liver toxicity is transient and 

toxicity is usually resolved if the drug is discontinued or treatment can continue with 

close monitoring of liver function tests (Lheureux et al., 2005).  Type II or idiosyncratic 

hepatotoxicity, is a rare side effect of VPA that can lead to hepatic failure and death 

(Andersen and Ritland, 1995; Scheffner et al., 1988; Zimmerman and Ishak, 1982).  The 

pathogenesis of this rare form of VPA hepatotoxicity is still unclear, but the observation 

of microvesicular steatosis which may be followed by necrosis (Scheffner et al., 1988, 

Zafrani and Berthelot, 1982), is consistent with the disturbance in mitochrondrial 

function (Fromenty and Pessayre, 1997) and fatty acid metabolism (Kossak et al, 1993).  

The generation of reactive metabolites has been postulated as one of the many 

mechanisms of VPA-induced idiosyncratic hepatotoxicity.  Reactive metabolites such as 

4-ene-VPA and (E)-2,4-diene-VPA that are generated by cyctochrome P450 and 

mitochrondrial β-oxidative respectively have been shown to be potent inducers of 

microvesicular steatosis in rats (Kesterson et al, 1984).  Other studies also suggest that 

both VPA and its metabolites, including 4-en-VPA-CoA, may interfere with fatty acid 

metabolism by direct inhibition of specific enzymes involved in the process to cause 
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mitochrondial dysfunction (Ponchault et al., 1992; Silva et al., 2001a).  Several other 

mechanisms that have been proposed to explain VPA-induced idiosyncratic hepatoxicity 

include: carnitine deficiency (Coulter, 1984), drug-induced coenzyme A deficiency (Silva 

et al., 2001b), hyperammonemia (Powell-Jackson et al., 1984), underlying inborn error of 

metabolism (Kottlors et al., 2001; Papadimitriou. and Servidei, 1991) and oxidative stress 

as a result of compromised free radical scavenging activity (Chang and Abbot, 2006). 

 

1.4 Valproic Acid and Pregnancy 

One of the major contraindications for the use of VPA is pregnancy. VPA is a 

known teratogen and women who take VPA during the first trimester of pregnancy have 

more than 2.5 times the risk of having offspring with congenital malformations compared 

to the general population in a dose dependent manner (Koren et al., 2006).    VPA can 

also affect the developing brain and nervous system in the second and third trimester to 

cause functional and behavioral defects (Adad et al, 2004; Eriksson et al., 2005).  

Although exposure can be avoided by discontinuation of the drug, potential physical 

injuries can be harmful to the fetus as a result of uncontrolled epileptic seizures (Battino 

and Tomson, 2007).  Certain types of seizures may directly cause harm to the fetus 

including convulsive seizures that can lead to fetal bradycardia (Teramo et al., 1979) and 

induce lactic acidosis which can be transferred to the fetus (Hiilesmaa et al., 1985).  

Therefore proper management of the risks associated with uncontrolled seizures and 

potential birth defects induced by VPA is required for women with epilepsy considering 
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pregnancy.  The common strategy for the use of antiepileptic drugs during pregnancy is 

monotherapy at the lowest effective dose since polytherapy has also been shown to 

increase the risk of malformations (Battino and Tomson, 2007).  

 

1.5 Teratogenicity of Valproic Acid 

Although VPA is ionized under physiological conditions, it can easily cross the 

placenta and fetal concentration can exceed maternal concentration (Dickinson et al., 

1979; Nau et al., 1981) through decreased albumin in maternal serum causing an increase 

in free drug and an increase in protein binding of VPA in fetal serum (Froescher et al., 

1984). Recently, an active transport system including a H
+
-coupled monocarboxylate 

transporter in the brush-border membrane of trophoblast cells has been shown to 

transport VPA across the placenta (Nakamura et al., 2002).  Since chronic VPA treatment 

extends throughout pregnancy, the fetus may constitute a site in which VPA may 

accumulate during development and at the time of birth, levels of VPA and its 

metabolites in cord serum have been shown to exceed maternal serum concentrations 

(Nau et al., 1981). 

Among the various forms of birth defects, neural tube defects (NTDs) (Koren et 

al., 2006) and cardiac (Sodhi et al., 2001) and limb anomalies (Holmes, 2002) are 

considered the major malformations associated with in utero VPA exposure.  Distinct 

facial features (Moore et al., 2000), developmental delays and cognitive deficits are also 

associated with the use of VPA during pregnancy (Adad et al, 2004, Eriksson et al., 
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2005).   These various birth defects present in children are clinically characterized as fetal 

valproate syndrome (Kini, 2006).  The full mechanism by which VPA induces these 

developmental toxic effects however, is not known. 

 

1.6 Bioactivation to Reactive Metabolites in Chemical Teratogenesis 

For xenobiotics, including many antiepileptic drugs, the generation of highly toxic 

reactive intermediates by embryonic bioactivation is thought to play a major role in 

chemical teratogenesis (Winn and Wells, 1997; Parman et al., 1998).  The parent drug 

(proteratogen) which is relatively nontoxic can be bioactivated by embryonic cytochrome 

P450s, prostaglandin H synthase and lipoxygenases to highly toxic reactive intermediates 

to cause damage during development (Wells et al., 1997, Figure 1.2).  However, 

detoxification pathways including maternal proteratogen elimination, embryonic 

detoxification of reactive intermediates, cytoprotection pathways for detoxifying reactive 

oxygen species and repair of damaged cellular macromolecules are in place to counteract 

the potential developmental toxicity that can occur (Wells et al., 1997). Therefore the 

teratogenic outcome depends on the balance of these competing pathways of 

bioactivation and detoxification. 

 

1.7 Oxidative Stress 

Oxidative stress as a consequence of bioactivation of parent compounds has been 

implicated in a number of teratogens (Amini et al., 1996; Hansen et al., 2002; Winn and  
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Figure 1.2 Postulated metabolic biochemical pathways of chemical teraogenesis.   
Teratogenic outcome depends on the balance between embryonic bioactivation of 

proteratogens to reactive intermediate metabolites and maternal elimination and 

embryonic protective pathways. Abbreviations: ATM, ataxia telangiectasia mutated; 

G6PD, glucose-6-phosphate dehydrogenase; GSH, glutathione; LPO, lipoxygenase; 

PHS, prostaglandin H synthase; Ogg1, oxoguanine glycosylase 1; P450, cytochrome 

P450 (CYP); SOD, superoxide dismutase; UDP, uridine diphosphate (modified from 

Wells et al., 2005). 
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Wells, 1999).  Oxidative stress occurs when there is insufficient capacity to remove free 

radical intermediates resulting in excessive levels of these highly reactive and short lived 

species.  These free radical intermediates can initiate the formation of a number of 

reactive oxygen species (ROS) including superoxide anion (O2 ) and hydrogen peroxide 

(H2O2) which can react to form the highly reactive hydroxyl radical (
 
OH) that can 

oxidize cellular macromolecules including proteins, lipids and DNA (Wells et al., 1997; 

Figure 1.3).  In addition to causing irreversible oxidative damage, excess ROS can also 

selectively oxidize sulfhydryl groups
 
of specific cysteine residues on proteins to cause 

dysregulation of endogenous ROS-mediated signal transduction to alter cellular functions 

(Hansen, 2006).  To counteract potential oxidative damage, cells utilize antioxidants 

(including vitamin C, vitamin E and glutathione (GSH)) and antioxidant enzymes to 

remove ROS.  Superoxide dismutase (SOD) can catalyze the dismutation of superoxide 

into oxygen and hydrogen peroxide while catalase can break down hydrogen peroxide 

into water (Wells et al., 1997).  Glutathione peroxidase can also convert hydrogen 

peroxide into water by oxidizing glutathione to form glutathione disulfide (Wells et al., 

1997).  These two antioxidant enzymes play a crucial role in removing hydrogen 

peroxide before it can be converted to the highly reactive hydroxyl radical.  

Unfortunately, the expression and activity of these antioxidant enzymes are very low in 

the developing embryo (Wells et al., 2005). Although SOD, catalase and GSH peroxidase 

activity increase with gestational age, the embryo is susceptible to oxidative stress during 

early stages of development when organogenesis is taking place (Ornoy, 2007). 
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Figure 1.3 Pathways in the formation and detoxification of reactive oxygen species.  

Free radical intermediates can react with oxygen to produce superoxide anion which can 

be converted to hydrogen peroxide by superoxide dismutase.  Catalase and GSH 

peroxidase subsequently break down hydrogen peroxidase into water.  If hydrogen 

peroxide is not eliminated, it can react with superoxide anion in the presence of iron to 

form the highly reactive hydroxyl radical to cause oxidative damage. Abbreviations: 

GSH, glutathione; GSSG, glutathione disulfide; SOD, superoxide dismutase (modified 

from Wells et al., 1997). 



 

12 

 

1.8 Oxidative Stress in Valproic Acid-Induced Teratogenesis 

Similar to other traditional antiepileptic drugs and xenobiotics, oxidative stress 

has also been implicated in VPA-induced teratogenesis. Several studies have 

demonstrated the ability of VPA to induce oxidative stress through biotransformation into 

reactive metabolites (Tabatabaei et al., 1999), alterations in glutathione homeostasis 

(Seckin et al., 1999) or depletion of cofactors required for antioxidant activity (Graf et 

al., 1998).  In an in vitro model, microsomal-dependent generation of hydrogen peroxide 

from VPA was shown to readily cross cell membranes and react with iron to produce 

highly reactive hydroxyl free radicals (Tabatabaei et al., 1999). Subsequent treatment 

with the antioxidant catalase prevented against VPA-induced cytotoxicity.  During 

development, pre-treatment with the free radical scavenger vitamin E has been shown to 

decrease VPA-induced NTDs and attenuate malformations in the ribs of mice (Baran et 

al., 2005), implicating the role of VPA-induced ROS in the involvement of birth defects. 

Additionally, VPA has been observed to inhibit cardiomyocyte differentiation of 

embryonic stem cells through an increase in ROS production, and this differentiation was 

restored with the administration of vitamin E (Na et al., 2003).  In a clinical setting, 

oxidative stress has also been detected through the urinary biomarker 15-F2t-isoprostane, 

a prostaglandin-like compound produced by free radical catalyzed lipid peroxidation of 

arachidonic acid in children taking normal therapeutic doses of VPA (Michoulas et al., 

2006).  Similarly, elevated levels of malondialdehyde, a product of membrane lipid 

peroxidation, have been reported in adults receiving VPA (Hamed et al., 2004).   
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1.9 Oxidative DNA Damage and DNA Double-Strand Breaks 

As indicated earlier, ROS can also target DNA to cause oxidative DNA damage.  

ROS, especially hydroxyl radicals, can cause a variety of different types of DNA damage 

including abasic sites, oxidization of bases, DNA-protein and DNA-DNA crosslinks, and 

single and double strand breaks (Kohen and Nyska, 2002).  Damage to single nucleotides 

including abasic sites and oxidized bases can be repaired through the base excision repair 

(BER) system.  The damaged base is first excised by a bifunctional DNA glycosylase 

with apurinic/apyrimidinic (AP) lyase activity, such as 8-oxoguanine DNA glycosylase  

that cleaves the N-glycosylic bond between the damaged base and deoxyribose, leaving 

an AP site on the DNA backbone (Bjoras et al., 1997; Rosenquist et al., 1997).  The 

sugar and phosphate backbone are then removed by class II AP endonuclease (Hill et al., 

2001) and the repair is completed by polymerase and ligase activity (Lindahl and Wood, 

1999).  For larger and bulkier types of DNA damage that cause a helical distortion such 

as DNA-protein adducts, damage is repaired by nucleotide excision repair (NER), 

although NER is also capable of repairing single nucleotide damage (Nouspikel, 2009).  

NER is a more complex repair system than BER, and instead of removal of one 

nucleotide, NER removes oligonucleotides (25-30 nucleotides) during repair (Nouspikel, 

2009). However if two oxidized bases are in close proximity of each other on opposite 

strands, AP endonuclease activity from BER or NER can cleave the DNA backbone of 

both strands resulting in a DNA double-strand break (DSB; Pfeiffer et al., 2000).  

Additionally, single strand breaks caused by oxidative damage repair through BER or 
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NER can be converted to DSBs during replication where there is a collapse of the 

replication fork (van den Bosch et al., 2002).  DNA DSBs are the most genotoxic type of 

DNA damage since there is often no complementary DNA template for repair unlike 

BER and NER which utilize the undamaged complimentary strand as a template for 

repair (Lindahl and Wood, 1999; Nouspikel, 2009). 

 

1.10 Repair of DNA Double-Strand Breaks 

In the absence of a complementary DNA template for repair, DNA DSBs are 

repaired through non-homologous end-joining (NHEJ).  This repair pathway involves a 

number of proteins that rejoins the two DNA strands together in a stepwise manner.  The 

process begins when proteins are recruited to the free ends of the DNA.  A molecular 

bridge is formed between the two DNA ends and processing of the free ends occurs to 

allow for ligation of the DNA ends (Pardo et al., 2009).   As a consequence of processing 

DNA ends, genetic information can be lost from the site of damage, which can cause 

gene deletions or insertions leading to genomic instability (van den Bosch et al., 2002). 

In mammalian cells, DNA DSBs can also be repaired through homologous recombination 

(HR). Unlike NHEJ, HR requires homologous sequences for sister chromatid or 

homologous chromosomes as a template for repair (Pardo et al., 2009; Figure 1.4).  

However if the DNA template used for repair is not identical to the original DNA 

sequence present at the DSB, HR repair can also lead to genomic changes including loss  
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Figure 1.4 Model of DNA double strand break repair by the non-homologous end 

joining and homologous recombination pathway.  
At the site of the DNA DSB, (A) DSB ends are tethered by MR(X)N and Ku/DNA-PK 

complexes.  In NHEJ, (B) the DSB is further stabilized by MR(X)N and Ku/DNA-PK.  

(C) These proteins recruit the ligase complex to align the DSB ends.  (D) DSB ends are 

then ligated or process prior to ligation.  In HR, 5’ DSB ends are resected by MR(X)N 

and other nucleases.  (F) RPA binds to the single-stranded overhangs generated by 

resection.  (G) RPA-coated single-stranded DNA is a substrate for Rad51-filament 

formation involving Rad52, Rad55-57 and Rad54.  (H) Homology search and strand 

invasion by Rad51-filament leads to the formation of a D-loop.  (I) Following D-loop 

formation, repair is continued through different HR pathways.  Homologous template is 

represented by the grey lines (modified from Pardo et al., 2009). 
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of heterozygosity (LOH), gene deletions and amplification and translocations (Reliene et 

al., 2007).   

In contrast to NHEJ which can function throughout the cell cycle particularly in 

G1 phase (Shrivastav et al., 2007), HR is consider to be active in late S/G2 phase  since it 

requires homologous sequences elsewhere in the genome for repair (Shrivastav et al., 

2007).   Even though each pathway is used preferably in different times of the cell cycle, 

they are not independent of each other since both pathways are initiated in response to 

DNA DSBs and there is compensatory activity if one repair pathway is impaired (Allen et 

al., 2002; Richardson and Jasin, 2000). 

 

1.11 Homologous Recombination and Genomic Instability 

Although HR is considered to be relatively error free compared to NHEJ, errors 

can be introduced after repair (Figure 1.5). Homology-dependent pathways can be 

divided into conservative and non-conservative processes (Pfeiffer et al., 2000).  The 

conservative process utilizes genetic sequences on sister chromatid and homologous 

chromosome to yield two intact copies (Pfeiffer et al., 2000).  A gene conversion event 

can occur in the conservative process where the genetic sequence of the damaged allele is 

converted to the donor allele after repair (Bishop and Schiesti, 2003).  The loss of the 

original allele can lead to LOH (Bishop and Schiesti, 2003).  In the non-conservative 

process, genetic sequences are lost as a result of repair.  Non-conservative repair occurs 

through single-strand annealing (SSA) and crossover events (Bishop and Schiesti, 2003;  
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Figure 1.5 Mechanisms of erroneous homologous recombination repair.  

Intra-chromosomal deletion can occur during intra-chromosomal crossover where a DNA 

break allows for strand exchange and recombination between the two strands.  Genetic 

information can also be lost during single strand annealing when DNA is resected to allow 

for annealing between homologous sequences of the DSB ends.  Misalignment of 

homologous sequences can cause unequal crossover events leading to duplication on one 

sister chromatid/chromosome and a deletion on the other chromatid/chromosome. The 

“X” represents a crossover event and the black lines represent double-stranded DNA 

(modified from Bishop and Schiesti, 2003). 
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Figure 1.5).  In SSA, single strand exonucleases degrade both ends of the DNA until 

homology is found between the two ends.  Annealing of the DNA ends occurs between 

the homologous sequences from the two DNA ends.  Crossover events can also cause 

intra-chromosomal deletions.  During sister chromatid or homologous chromosome 

exchange, interchromatid deletion can occur as a result of unequal crossover events 

between misaligned homologous regions (Bishop and Schiesti, 2003).  Unequal exchange 

can produce deletions on one chromatid/chromosome and duplications at the region on 

the other chromatid/chromosome (Bishop and Schiesti, 2003, Figure 1.5).   

It is not surprising therefore, that genomic instability as a result of erroneous HR 

repair has been postulated to play a role in carcinogenesis. Many human tumors are 

characterized by a wide variety of genome rearrangements including deletions, 

translocations, duplications and LOH (Bishop and Schiesti, 2003; Knudson, 2001).  In 

addition, increased frequencies of HR have also been found in cancer cells and cancer-

prone genetic diseases including Bloom and Werner syndromes as well as Fanconi 

anemia (Reliene et al., 2007).  Interestingly, developmental defects including short 

stature, distinct facial features and skeletal defects also manifest in individuals who have 

these genetic diseases (German, 1995; Fukuch, 1989; Joenje and Patel, 2001). 

 

1.12 Valproic Acid-Initiated Homologous Recombination 

To determine if VPA can induce HR as a result of oxidative DNA damage, a 

previous study was conducted in our laboratory using the well characterized Chinese 
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Hamster Ovary strain 36 (CHO 36) recombination cell line (Defoort et al., 2006).  In this 

study, exposure to 5 mM and 10 mM VPA for 24 hrs caused an increase in HR frequency 

(Figure 1.6).  Early exposure to VPA at these concentrations also caused an increase in 

intracellular ROS but not oxidative DNA damage (Figure 1.7). Therefore, the full 

mechanism of VPA-initiated HR remains unclear.   

 

1.13 Inhibition of Histone Deacetylase as a Mechanism of Teratogenesis 

More recently, the ability of VPA to inhibit HDAC has been implicated in VPA-

induced teratogenesis.  HDACs are a group of enzymes that are responsible for removal 

of acetyl groups on proteins involved in a number of important cellular processes 

including proliferation, differentiation and death (Xu et al., 2007).  Eighteen HDACs 

have been identified in humans and are categorized into 4 classes based on yeast 

homology (Xu et al., 2007). Class I HDACs include HDAC1, 2, 3 and 8 and are found in 

the nucleus while Class II HDACs including HDAC4, 5, 6, 7, 9, and 10 can be 

transported between the nucleus and the cytoplasm in response to certain signals 

(Vavrova et al., 2005).   Class III includes a family of sirtuins and Class IV is represented 

by HDAC11 (Xu et al., 2007). VPA has been shown to inhibit both Class I (HDAC1-3, 

8) and Class II (HDAC4, 5, 7) HDACs to regulate the transcription of a number of genes 

involved in cell cycle progression, differentiation and cell cycle arrest (Duenas-Gonzalez 

et al., 2008).  The predominant substrates for HDACs in the nucleus are histones.   
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Figure 1.6 Valproic acid-induced homologous recombination.   

A three-fold increase in HR frequency was observed in CHO 36 cells 

exposed to 5 mM or 10 mM VPA for 24 hrs, which suggest VPA can 

increase HR. (*denotes significant difference from the control treatment 

group,  p< 0.05; From Defoort et al., 2006). 
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a) 

b) 

Figure 1.7 Oxidative stress as a mechanism of valproic acid-induced   

homologous recombination. 

a) An increase in intracellular ROS was observed in CHO 36 cells exposed to 5 

mM or 10 mM VPA for 1 and 2 hrs, b) however no DNA oxidation was seen 

during early exposure to VPA (*and **denotes significant difference from the 

control treatment group;  *, p< 0.01; **, p<0.001; From Defoort et al., 2006). 
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These proteins assemble into histone octamers containing two molecules of each histone 

H2A, H2B, H3 and H4 in which DNA is wrapped around to form the nucleosome, the 

basic unit of chromatin (Vavrova et al., 2005).  The N terminal tails of histones are 

subject to five types of post-translational covalent modifications including acetylation, 

methylation, phosphorylation, ADP-ribosylation, and ubiquination (Vavrova et al., 2005).  

Acetylation is the most studied among these modifications and the dynamic acetylation 

status of histones is determined by histone acetyl-transferases (HAT) and HDACs (Xu et 

al., 2007).  HAT adds acetyl groups to lysine residues on the N-terminal tails of histone 

H3 and H4 while HDAC is responsible for removal of these acetyl groups (Xu et al., 

2007).  Addition of acetyl groups to histone tails weakens the interaction between DNA 

and histone proteins leading to a relaxed chromatin structure where active transcription 

can occur (Xu et al., 2007).   In contrast, HDAC activity causes deacetylation of histones 

leading to a highly condensed chromatin structure and inhibition of transcription (Xu et 

al., 2007, Figure 1.8).  Therefore, by inhibiting HDACs, HDAC inhibitors can promote 

active transcription through chromatin remodeling. Hyperacetylation of histones and 

relaxation
 
of chromatin can also lead to increased susceptibility of DNA damage.  

Therefore, preclinical studies have been conducted to determine the synergistic effects of 

HDAC inhibitors and cytotoxic agents since HDAC inhibitors can improve the access for 

cytotoxic agents to target DNA/protein complexes (Carraway and Gore, 2007).  

One of the first studies that linked inhibition of histone deacetylase by VPA and 
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Figure 1.8 Regulation of transcriptional activity through post-translation 

acetylation of histones. 

a) DNA methylation and histone deacetylation leads to a condensed chromatin structure 

where transcription is repressed whereas b) histone acetylation and demethylation of 

DNA leads to a relaxed chromatin structure where active transcription can occur.  

Chromatin structure can also be regulated by phosphorylation of histones and ATP-

dependent chromatin remodelers. Methyl-binding proteins (MECP2) target methylated 

DNA and recruit HDACs. Black lines represent DNA while purple cylinders represent 

histone octamers.  Abbrevations: HAT, histone acetyl-transferase; HDAC, histone 

deacetylase; ME, methyl group; P, phosphoryl group, Ac, acetyl group; MECP2, methyl-

CpG-binding protein, SIN3A, SIN3 homolog A (modified from Johnstone, 2002). 
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teratogenesis was conducted by Gurvich et al. (2005) who found VPA and other HDAC 

inhibitors including trichostatin A (TSA) caused very similar and characteristic 

developmental defects together with hyperacetylation of histone H4 in Xenopus and 

zebrafish embryos.  However, VPA analogs that have poor HDAC inhibitory activity had 

little teratogenic effect. Similarly, valpromide, an analog of VPA that does not have any 

HDAC inhibitory effect, did not induce NTDs in mice (Nau and Loscher, 1986) while in 

another study, VPA and TSA both induced similar axial skeleton defects and 

hyperacetylation of histone H4 at the level of the caudal neural tube and somites in mice 

embryos (Menegola  et al., 2005). 

 

1.14 Research Rationale, Hypothesis and Objectives 

1.14.1 Research Rationale 

Antiepileptic agents are often required for women with epilepsy during pregnancy 

and chronic exposure to these drugs can significantly increase the risk of birth defects 

two or three times higher than the general population (Pennell, 2007).  VPA is a teratogen 

known to cause both structural and functional congenital malformations in children when 

taken throughout pregnancy.  However, the mechanism behind its teratogenicity remains 

unclear. 

Several studies have demonstrated that exposure to VPA during development 

leads to oxidative stress.  Increased ROS can cause oxidative DNA damage leading to 

DNA DSBs which can be repaired through HR. The HR system is crucial for 
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development, as demonstrated in mice lacking HR proteins, wherein embryonic survival 

is reduced and mice that do survive have developmental defects (Lim and Hasty, 1996; 

Tebbs et al., 1997; Ludwig et al., 1997).  Although sister chromatids are present for HR 

repair during development, since cells are dividing rapidly, this repair system is not error 

free. Genomic rearrangements can occur leading to genome instability.  Since proper 

development requires tight control of the expression of genes, disruption of this process 

and inappropriate expression of certain genes as a result of erroneous repair may underlie 

a mechanism of VPA-induced teratogenicity.  An increase in HR has been observed after 

VPA exposure in vitro (Defoort et al., 2006); however the full mechanism of this increase 

in repair remains unclear. 

More recently, the ability of VPA to inhibit HDAC has also been implicated in 

VPA-induced teratogenesis.  Inhibition of HDAC results in hyperactylation of histones, 

leading to a relaxed chromatin structure where active transcription can occur.  In HR 

repair, over expression of genes involved in HR has been shown to increase HR repair 

activity (Arnaudeau et al., 1999; Park, 1995; Vispe et al., 1998).  In addition, 

hyperacetylation of histones and relaxation
 
of chromatin can also lead to increased 

susceptibility to DNA damage. 

1.14.2 Hypothesis 

VPA-initiated HR is mediated by VPA’s HDAC inhibitory activity either through 

altering repair activity or indirectly by causing DNA damage which elicits repair (Figure 

1.9). 
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1.14.3 Objectives 

There are three general objectives to this research. 

Objective 1: To determine if VPA can cause hyperacetylation of histones in CHO 33  

                      cells. 

Objective 2: To determine if VPA can affect the activity of HR repair. 

Objective 3: To determine if VPA can increase the susceptibility to DNA DSBs. 
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Figure 1.9 Schematic of the hypothesized mechanism of valproic acid-initiated 

homologous recombination. 

Inhibition of histone deacetylation by VPA may increase HR repair through altering 

repair activity or hyperacetylation of histone and relaxation of chromatin structure may 

lead to increase susceptibility to DNA damage to initiate HR. 
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Chapter 2 

Materials and Methods 

2.1 Cell Culture 

CHO 33 cells were obtained from J.A. Nickoloff (Department of Molecular 

Genetics and Microbiology, University of New Mexico, U.S.A.).  These cells have a 

single, stably integrated tandem repeat neomycin (neo) recombination substrate (Taghian 

and Nickoloff, 1997, Figure 2.1), which confers resistance to the antibiotic Geneticin® 

(G418; Invitrogen, Carlsbad, CAL) upon HR.  The recombination substrate is flanked 

with EcoRI restriction enzyme cut sites on both ends.  The neo gene located on the 5’ end 

of the substrate is inactive due to the insertion of the Saccharomyces cerevisiae 

mitochondrial endonuclease I-Sce1 sequence causing a frame shift mutation.  Therefore, 

the intracellular expression of I-Sce1 will cause a DSB at that specific site within the neo 

recombination substrate.  On the 3’ end of the substrate, the wildtype neo gene is silent 

due to the lack of a promoter.  This 3’ neo serves as the DNA donor for the repair of the 

I-Sce1 site of the 5’ neo.  Therefore this cell line allows for the selection of the 

occurrence of HR since cells that have undergone HR will be resistant to G418 due to the 

expression of a functional neo gene.  Cells were grown in 15 cm culture dishes (Corning 

incorporated, Corning, NY), maintained in α-minimum essential medium supplemented 

with 10% fetal bovine serum and 1% penicillin/streptomycin (all from Thermo Scientific 
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neo recombination reporter substrate 

 
Figure 2.1 Recombination reporter substrate. 

CHO 33 cells contain a stably integrated tandem repeat neo recombination reporter plasmid 

that consists of a dexamethasone inducible 5’ mouse mammary tumour virus neo which is 

inactivated by an I-Sce1 endonuclease recognition sequence, a central simian virus 40 

promoter-driven E.Coli gpt (guanine phosphoribosyl transferase) gene which confers 

resistance to mycophenolic acid, and a wild-type 3’ neo which acts as the DNA donor for the 

repair of the 5’ neo.  This 3’ neo is inactive because it lacks a promoter.  Pathway 1 

demonstrates a gene conversion event while pathway 2 exhibits a gene deletion event. 
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HyClone, Logan, UT), and incubated at 37
o
C in 5% CO2. 

 

2.2 Immunoblot Analysis of Acetylated Histone H3 and H4 

2.2.1 Treatment and Sample Preparation 

CHO 33 cells were plated in 10 cm culture dishes at 30% density.  Twenty four 

hours after plating, cells were treated with 5 mM VPA or control (media) for 10, 16 or 24 

hrs.  These time points were based on previous studies that demonstrate the ability of 

VPA to cause hyperacetylation of histones (Chen et al., 2007; Li et al., 2008; Nelson-

DeGrave et al., 2004).  After the exposure period, cells were lysed with phosphate buffer 

saline (SDS) containing 0.5% NP-40and protein concentrations were determined using 

the BIO-RAD assay by using an aliquot of each sample of (Bio-Rad Laboratories, 

Hercules, CA).  Sodium dodecyl sulfate (SDS) loading dye buffer (5% β-

mercaptoethanol, 0.25 M Tris base, 12.5 mM EDTA, 0.01% bromophenol blue, 35% 

glycerol, and 10% SDS) was added and samples were boiled for 5 minutes. 

2.2.2 SDS-PAGE and Immunoblotting 

Samples were electrophoresed in a 15% acrylamide gel (Bio-Rad, Hercules, CA) 

and transferred onto a polyvinylidene membrane (Millipore, Billerica, MA).  The 

membrane was cut in half at the 25 kDa band and probed for either β-actin (42 kDa), 

acetylated histone H3 (17 kDa) or H4 (10kDa).  For acetylated H3 and H4, membranes 

were blocked with 3% bovine serum albumin (BSA) for 30 minutes and then incubated 

overnight with anti-acetyl-histone H3 or H4 (Millipore, Billerica, MA). Membranes were 
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then washed and incubated with donkey anti-rabbit horseradish peroxidase-conjugated 

secondary antibody (Amersham, United Kingdom) for 1 hr and visualized using an 

enhanced chemiluminescence detection system (Perkin Elmer, MA).  For β-actin, 

membranes were blocked with 3% non-fat milk for 30 minutes and then incubated 

overnight with anti-β-actin primary antibody (Sigma-Aldrich, St. Louis, MO).  

Membranes were then washed and incubated with sheep anti-mouse horseradish 

peroxidase-conjugated secondary antibody (Amersham, UK) for 1 hr and visualized 

using an enhanced chemiluminescence detection system (Perkin Elmer, MA).   

 

2.3 Double-Strand Break-Induced Recombination Assay 

CHO 33 cells were plated in treated 6-well tissue culture plates (Corning 

Incorporated, Corning, NY) at a density of 3 x 10
5
 cells/well.  Cells in each well were 

transiently transfected with 1µg of plasmid cDNA expressing the I-Sce1 restriction 

enzyme or the control plasmid (pGem, an empty expression vector) 24 hrs after plating 

using Lipofectamine
TM

 according to the manufacturers’ instructions.  Twenty-four hrs 

after transfection, 5 x 10
4
 cells from each well were transferred to 10 cm culture dishes 

containing fresh media.  The cells were allowed to adhere for 3 hrs after plating and then 

exposed to 5 mM VPA (Sigma-Aldrich, St. Louis, MO) or the vehicle control (media).  

After 24 hrs of drug exposure, the medium was removed and the cells were washed twice 

with phosphate buffer saline (PBS) and fresh media containing 250 µg/ml of G418 was 

added.  The cells were grown for 2 weeks and then stained with 1% crystal violet dye 
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(Sigma-Aldrich, St. Louis, MO) in ethanol.  HR frequency was determined by counting 

the number of G418-resistant colonies per live cells plated. 

Plating efficiency (cell survival) experiments were conducted in a similar manner 

to the recombination assay except that CHO 33 cells were plated at a density of 300 cells 

per 10 cm dish, cells were grown in fresh cell culture media without G418 and the 

colonies were counted after 1 week. 

 

2.4 Double-Strand Break-Induced Recombination Assay with Trichostatin A 

For comparative HR studies with Trichostatin A (TSA), the same protocol was 

used
 
as in the double-strand break-induced recombination assay, except CHO 33 cells 

were treated with either TSA (10 nM, 50 nM or 100 nM; Chen et al., 2007; Leng and 

Chuang, 2006) or VPA (5 mM) . 

 

2.5 Immunocytochemical Analysis of DNA DSBs using γ-H2AX  

CHO 33 cells were plated on microscope cover slips (Thermo Fisher Scientific, 

Logan, UT) in 24-well tissue culture plates (Corning Incorporated, Corning, NY) at a 

density of 2.5 x 10
4
 per cover slip.

 
 Twenty-four hrs after plating, cells were treated with 

5 mM VPA or media for 10, 16 or 24 hrs.  After the exposure period, cells were fixed 

with 50% methanol/50% acetone and cell membranes were permeabilized with 0.2% 

Triton-X100 (Sigma-Aldrich, St. Louis, MO) in PBS.  Cover slips were then blocked 

with 5% BSA/5% normal goat serum for 1 hr and incubated with anti- γ-H2AX primary 
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antibody (Millipore, Billerica, MA) for another hour.  After incubation with primary 

antibody, cover slips were washed and incubated with goat anti-mouse Alexa Fluor 

488®-conjugated secondary antibody (Invitrogen, Carlsbad, CAL) for 1 hr and 15 

minutes.  Cover slips were then incubated with 4',6-diamidino-2-phenylindole (DAPI) for 

3 minutes to stain the nucleus and then cover slips were washed and mounted to 

microscope slides.  Images were taken using a Leica DM 4000 B microscope equipped 

with a 80x oil immersion objective and a Leica DFC 350X camera.  Images were 

analyzed using the Image-Pro Plus software version 5.0. 

 

2.6 Double-Strand Break-Induced Recombination Assay with Pretreatment with 

PEG-Catalase 

For HR studies using polyethylene glycol (PEG)-catalase, a similar protocol was 

used
 
as in the double-strand break-induced recombination assay, except 400 U/ml of 

PEG-catalase was
 
added immediately after cell plating, and the cells were

 
incubated for 

24 hrs before being exposed to 5 mM VPA for 24 hrs (Defoort et al., 2006).Treatment 

with PEG-catalase and media alone was used as controls. 

 

2.7 ROS Studies 

CHO 33 cells were plated in 6-well tissue culture plates (Corning Incorporated, 

Corning, NY) at a density of 3 x 10
5
 cells/well.  Twenty-four hrs after plating, cells were 

treated with 5 mM VPA or media for 10, 16 or 24 hrs.  Two hrs prior to the time point of 
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interest, cells were incubated with 10 µM of the oxidation-sensitive fluorescent probe, 5-

(and-6)-chloromethyl-2-7-dichlorodihydrofluorescein diacetate (CM-H2DCFDA; 

Invitrogen, Carlsbad, CA).  Intracellular esterase activity will remove the diacetate group 

leaving the probe in a charged form which is retained in cells.  The interaction of CM-

H2DCF with intracellular ROS results in dichlorofluorescein derivatives, which are 

highly fluorescent
 
(Camargo et al., 2009).  Therefore, dichlorofluorescein fluorescence

 

was measured by flow cytometry as an indication of the relative
 
amount of intracellular 

ROS.  Prior to flow cytometry, cells were washed three times with PBS and re-suspended 

in 5 µg/ml of propidium iodine in PBS to exclude apoptotic and necrotic cells from the 

experiment. 

 

2.8 DNA Oxidation 

2.8.1 Treatment and Isolation of Deoxynucleosides 

CHO 33 cells were plated in 6-well tissue culture plates (Corning Incorporated, 

Corning, NY) at a density of 3 x 10
5
 cells/well.  Twenty-four hrs after plating, cells were 

treated with 5 mM VPA or media for 10, 16 or 24 hrs.  After the exposure period, DNA 

was isolated using the Qiagen DNeasyTM Tissue Kit (Qiagen Inc., Missisauga, ON) and 

DNA samples were then processed to individual nucleosides using the method described 

by Huang et al. 2001, except nuclease S1 (10 units/μl) was used rather than nuclease P1 

(1 unit/μl) and the digest was filtered through a Millipore Ultra-free MC 10,000 nominal 

molecular weight limit filter unit (Millipore, Billerica, MA). 
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2.8.2 High Pressure Liquid Chromatography with Electrochemical Detection 

8-OH-2’-dG (8-hydroxy-2'-deoxyguanosine), 2’-dG (2’-deoxyguanosine), 5-OH-

C (5-hydroxydeoxycytosine) were separated and quantified using high pressure liquid 

chromatography with electrochemical detection using a YMCbasic 150 x 4.6 mm column 

(YMC Inc, Milford, MA) with a 0.1% methanol/99% 50mM phosphate buffer (pH 5.5) 

mobile phase at a flow rate of 1.0ml/min (Bolin, C et al., 1995).  The separated 

nucleosides were detected using a CoulArray Electrochemical Detector (ESA Inc, 

Chelmsford, MA).  The amount of each nucleoside was determined by extrapolation from 

a standard curve which was carried out prior to running the samples for each trial. 

 

2.9 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 4 software. Transfection 

and treatment groups were compared using a two-way analysis of variance (ANOVA) in 

the recombination assay.  Subsequent t-tests were used to compare HR frequencies 

between treatment groups for each type of transfected cells.  For the recombination assay 

with TSA and pretreatment of PEG-catalase, a one-way ANOVA was used to compare 

among the different treatment groups.  A Newman-Keuls multiple comparison test was 

used to compare the HR frequency among all treatment groups for post-hoc analysis.  For 

γ-H2AX, ROS, DNA oxidation studies, t-tests were used to compare the treatment groups 

for the different time points.  Statistical significance was designated if p< 0.05.   
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Chapter 3 

Results 

3.1 Immunoblot Analysis of Acetylated Histone H3 and H4 

To determine if HDAC inhibition plays a role in VPA-initiated HR, the ability of 

VPA to cause hyperacetylation of histone was assessed.  The levels of acetylated histone 

H3 and H4 were analyzed after CHO 33 cells were exposed to 5 mM VPA for 10, 16 or 

24 hrs.  An increase in the acetylation of these proteins levels can be seen at all time 

points in the VPA treated group, with the greatest increase observed at the 16 hr time 

point (Figure 3.1).   

 

3.2 Valproic Acid-Induced Cell Death 

Cell survival experiments were carried out to determine the cytotoxic effects of 

VPA and the transfection process in CHO 33 cells.  For both types of transfection (pGem 

and I-Sce1), exposure to 5mM VPA did not cause a significant change in cell survival 

compare to the media after 24 hrs of exposure (Figure 3.2). 
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Ac. H4 

β-Actin 

 Control                      VPA 

Figure 3.1 Valproic acid-induced hyperacetylation of histone H3 

and H4. Representative immunoblots of acetylated histone H3 and 

H4 of CHO 33 cells exposed to 5 mM VPA for 10, 16 or 24 hrs. 
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pGem I-Sce1 

Figure 3.2 Valproic acid and transfection-induced cell death.  

Cell survival in I-Sce1 and pGem transfected CHO 33 cells exposed to 5 mM VPA or 

control (media) for 24hrs. Cell survival was determined by calculating the number of 

colonies formed after 1 week divided by the number of cells plated in fresh media 

without G418. (p< 0.05) 
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3.3 Valproic Acid-Induced Homologous Recombination 

In the DSB-induced recombination assay, exposure to 5 mM VPA for 24 hrs 

caused a statistically significant increase in HR frequency in both pGem (p< 0.001) and I-

Sce1 (p< 0.05) transfected cells (Figure 3.3).  To determine if VPA could affect repair 

activity, we compared the difference in HR frequency between the VPA and control 

treatment group of CHO 33 cells transfected with either the pGem or I-Sce1 plasmid.   

No significant increase was observed in the change in HR frequency due to VPA in the I-

Sce1 group which has a DNA DSB induced compared to the pGem group (Figure 3.4).  

These results suggest that VPA does not affect repair activity but rather may cause 

indirect DNA damage which initiates HR repair. 

 

3.4 Comparative study of Trichostatin A and Valproic Acid Initiated Homologous 

Recombination 

To determine if VPA-induced HDAC inhibition plays a role in VPA-initiated HR, 

a comparative study was conducted where CHO 33 cells were treated with TSA, a known 

HDAC inhibitor and similar to VPA, TSA also inhibits class I and class II HDACs.  CHO 

33 cells were treated with 10 nM, 50 nM, or 100 nM of TSA and cell survival 

experiments were carried out to determine the cytotoxic effects of TSA compared to 

VPA.  No significant change in cell survival was observed at all concentrations of TSA 

compared to VPA for both types of transfected cells (Figure 3.5).  In the DSB-induced  

recombination assay, no significant difference in HR frequency was observed in the TSA 
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pGem I-Sce1 

Figure 3.3 Valproic acid-induced homologous recombination.   

The frequency of HR in I-Sce1 and pGem transfected CHO 33 cells exposed to 5 mM 

VPA or control (media) for 24 hrs was determined by counting the number of G418-

resistant colonies formed after 2 weeks divided by the number of live cells. (*denotes 

significant difference from cells transfected with the control plasmid (pGem). † denotes a 

significant difference from cells treated with the medium *, † p< 0.05; n=5). 
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pGem I-Sce1 

Figure 3.4 Valproic acid does not affect homologous 

recombination activity. 

Comparison of the difference in the frequency of HR 

between VPA and media treatment in pGem and I-Sce1 

transfected cells. (p< 0.05) 
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Trichostatin A 

Trichostatin A 

Figure 3.5 Valproic acid and trichostatin A-induced cell death.  

Cell survival in a) pGem and b) I-Sce1 transfected CHO 33 cells exposed to 5 mM VPA 

or TSA (10 nM, 50 nM, or 100 nM) for 24 hrs. Cell survival was determined by 

calculating the number of colonies formed after 1 week divided by the number of cells 

plated in fresh media without G418. (p<0.05) 
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treated groups compared to the VPA treatment for both types of transfected cells (Figure 

3.6). Although a statistically significant increase in HR frequency was seen in the 100 nM 

TSA treatment group compared to the 10 nM TSA treatment group in the pGem 

transfected cells (Figure 3.6a).  Similar HR frequencies between VPA and TSA suggest 

inhibition of HDAC by VPA plays a role in VPA-initiated HR. 

 

3.5 Immunocytochemical Analysis of γ-H2AX 

The formation of gamma-H2AX (γ-H2AX) was assessed to determine if VPA can 

cause DNA DSBs.  H2AX is one of the earliest substrates to be phosphorylated in the 

presence of a DNA DSB and this specific type of DNA damage would initiate HR repair.  

Hyperacetylation of histones leads to a relaxed chromatin structure where DNA is 

susceptible to damage; therefore the formation of γ-H2AX was determined at 10, 16 or 

24 hrs after exposure to 5 mM VPA.  Similar to the levels of acetylated histones, a 

statistically significant increase in the number of γ-H2AX foci was seen at all time points 

in the VPA treated groups, with the greatest increase occurring at the 16 hr time point (p< 

0.0001; Figure 3.7).  These results demonstrate that VPA can induce DNA DSBs within 

24 hrs where an increase in HR was also observed. 
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Trichostatin A 

Trichostatin A 

Figure 3.6 Valproic acid and trichostatin A-induced homologous recombination.   

HR frequency in a) pGem and b) I-Sce1 transfected CHO 33 cells exposed to 5 mM VPA 

or TSA (10 nM, 50 nM, or 100 nM) for 24 hrs.  HR frequency was determined by 

counting the number of G418-resistant colonies formed after 2 weeks divided by the 

number of live cells. (* denotes significant difference from the 100 nM TSA treatment 

group; * p< 0.05) 
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Figure 3.7 Valproic acid-induced DNA double strand breaks.   

(a) Representative images of immunocytochemistry staining for γ-H2AX foci (green) in 

CHO 33 cells exposed to 5 mM VPA for 10, 16 or 24 hr.  Nuclei were counterstained with 

DAPI (blue). (b) Average number of foci formed for each time point.  The average number 

of foci was determined by counting 15 nuclei per replicate in each trial for each time point.  

Three replicates were included in each trial (* and *** denotes significant difference from 

the control treatment group; * p< 0.05, *** p< 0.0001; n=4). 
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3.6 The Effects of PEG-Catalase Pretreatment on Valproic Acid-Initiated 

Homologous Recombination 

The DSB-induced recombination assay was carried out to determine if oxidative 

stress plays a role in mediating DNA DSBs which would induce HR.  CHO 33 cells were 

pretreated with 400 units/ml PEG-catalase (Defoort et al., 2006), an antioxidant, 24 hrs 

prior to 5 mM VPA treatment and HR frequency was assessed after 2 weeks.  Cell 

survival among the different treatment groups did not differ between both types of 

transfected cells (Figure 3.8).  In the DSB-induced recombination assay, a statistically 

significant decrease in HR frequency was observed in CHO 33 cells that were pretreated 

with 400 units/ml of PEG-catalase prior to 5 mM VPA treatment compare to VPA 

treatment alone (p< 0.05)  for both types of transfected cells (Figure 3.9).  The protective 

effect of PEG-catalase against VPA-induced HR suggests ROS may also play a role in 

VPA-initiated HR. 

 

3.7 Valproic Acid-Induced ROS Formation 

To verify that VPA exposure generates ROS, intracellular ROS were measured in 

CHO 33 cells after exposure to 5 mM VPA for 10, 16 or 24 hrs.  At these time points, 

VPA induces DNA DSBs as seen in our experiments and  excess ROS production may 

cause oxidative DNA damage leading to DNA DSBs.     Intracellular ROS were 

measured using the ROS sensitive dye, CM-H2DCFDA. An increase in fluorescence, an  
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Figure 3.8 Valproic acid and polyethylene glycol-catalase induced cell death.  

 Cell survival in a) pGem or b) I-Sce1 transfected CHO 33 cells exposed to 400 units/ml 

PEG-catalase and/or 5 mM VPA for 24 hrs. Cell survival was determined by calculating 

the number of colonies formed after 1 week, divided by the number of cells plated in 

fresh media without G418. (p<0.05) 
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Figure 3.9 Polyethylene glycol -catalase protection against Valproic acid-induced 

homologous recombination.   

The frequency of HR of (a) pGem or (b) I-Sce1 transfected CHO 33 cells exposed to 

400 units/ml PEG-catalase for 24 hrs followed by 5 mM VPA for 24 hrs.  HR 

frequencies were determined by counting the number of G418-resistant colonies formed 

after 2 weeks divided by the number of live cells. (* denotes significant difference from 

all other treatment groups; p< 0.05). 
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indicator of ROS formation, was seen at all time points in the VPA treatment group 

compared to the control group (10 hr: p< 0.05, 16 and 24 hr: p< 0.001, Figure 3.10). 

 

3.8 Oxidative DNA Damage as a Result of Valproic Acid-Induced ROS 

To determine if VPA-induced ROS caused oxidative DNA damage, CHO 33 cells 

were exposed to 5 mM VPA for 10, 16 or 24 hrs and the ratio of 8-OH-2’-dG/2’-dG and 

5-OH-C/2’-dG was measured as an indicator of oxidative DNA damage.  For both types 

of nucleosides, no significant difference was seen at all time points in the VPA treatment 

groups compared to the control groups (Figure 3.11). 

 

 

 

 

 

 

 

 

 

 

 

 



 

50 

 

R
el

a
ti

v
e 

D
C

F
 f

lu
o
re

sc
en

ce
 

(f
o
ld

 i
n

cr
ea

se
 f

ro
m

 c
o
n

tr
o
l 

+
S

E
M

) 

 

   10 hr                        16 hr                      24hr 

Control 

VPA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 3.10 Valproic acid-induced reactive oxygen species formation.   

The relative increase in DCF fluorescence as an indicator of ROS 

formation in CHO 33 cells exposed to 5 mM VPA or control (media) for 

10, 16 or 24 hrs. (* and ** denotes significant difference from the control 

treatment group; * p< 0.05, ** p< 0.001; n=6). 
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Figure 3.11 Valproic acid-induced DNA oxidative damage.  

The ratio of oxidized DNA to the undamaged form of the base in 

CHO 33 cells following exposure to 5 mM VPA for 10, 16 or 24 

hrs. a) 8-OH-dG; n=4, b) 5-OH-C; n=4. (p<0.05) 
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Chapter 4 

Discussion 

4.1 General Discussion 

VPA is a first line antiepileptic agent used to treat a variety of seizure disorders 

(Pinkston and Walker, 1997).  In addition to its anticonvulsant effects, VPA is also used 

for the treatment of bipolar disorders, migraine prophylaxis, and neuropathic pain.  

Current clinical research has been focused on evaluating its anticancer effects (Russell, 

2007; Vavrova et al., 2005).  However, despite its wide range of therapeutic effects, VPA 

is a teratogen known to increase the rate of structural and functional birth defects when 

taken during pregnancy (Eriksson et al., 2005; Kini, 2006).  Oxidative stress has been 

implicated as a potential mechanism of VPA-induced teratogenesis (Baran et al., 2005; 

Na et al., 2003) and oxidative DNA damage as a result of ROS can lead to DNA DSBs, 

which can be repair by HR (Kohen and Nyska, 2002).  Although a template is used for 

repair, HR is not an error free process and erroneous repair can lead to gene 

rearrangements and genomic instability.  Since proper development is a tightly regulated 

process, genomic instability, as a result of erroneous repair, may underlie a mechanism of 

VPA-induced teratogenicity. A previous study in our laboratory demonstrated the ability 

of VPA to increase HR; however the full mechanism of this increase in repair was not 

fully investigated.  The ability of VPA to inhibit HDAC has also been implicated as a 
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potential mechanism of its teratogenicity (Gurvich et al., 2005; Menegola et al., 2005).  

Acetylation of histones leads to a relaxed chromatin structure where active transcription 

can occur and relaxation
 
of chromatin can also lead to increased susceptibility to DNA 

damage (Carraway and Gore, 2007; Xu et al., 2007).  Therefore in this present study, we 

investigated the potential role of HDAC inhibition in VPA-initiated HR.  

First, to determine if VPA can inhibit HDAC in CHO 33 cells, histone acetylation 

status was assessed since inhibition of HDAC leads to acetylation of histones, so in this 

study, the levels of acetylated histone H3 and H4 were measured by immunoblotting after 

cells were exposure to 5 mM VPA for 10, 16 or 24 hrs. An increase in the acetylation of 

these proteins was observed for all time points in the VPA treatment group.  Furthermore, 

from our comparative recombination study with TSA, a known HDAC inhibitor and 

teratogen (Gurvich et al. 2005; Menegola  et al., 2005), similar HR frequencies were 

observed between VPA and TSA treatment.  Therefore from these studies, VPA was 

demonstrated to inhibit HDAC and inhibition of HDAC was shown to play a role in 

initiating HR.   

HDAC inhibitors have a wide range of effects on cellular processes. In the 

nucleus, HDAC inhibitors have also been implicated to play a role in DNA DSBs repair.    

Following 24 hr exposure to 200 nM TSA, a panel of genes involved in HR repair have 

been shown to be down-regulated including; ataxia telangiectasia-related (ATM), 

Bloom’s syndrome helicase, breast cancer 1 and -2 and Nijmegen breakage syndrome 1 

(Nbs1) in a squamous carcinoma cell line (Zhang et al., 2007).  Another key protein 
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involved in homology search and strand invasion during HR, Rad51 has also been found 

to be down-regulated to one-third of its normal levels when treated with another broad 

spectrum HDAC inhibitor, PCI-24781 (Adimoolam et al., 2007).  Inhibition of HR repair 

is thought to be a mechanism by which HDAC inhibitors sensitize cancer cells to 

radiation therapy.  These studies are in contrast to our present study as well as our 

previous study where an increase in HR frequency was observed following exposure to 

VPA.   However, chromatin changes as a result of histone acetylation/deacetylation have 

also been shown to play a critical role in initiating DNA DSB repair.  TSA treatment has 

been demonstrated to induce rapid and localized phosphorylation of ATM kinase in 

human fibroblasts in the absence of DNA DSBs (Bakkenist and Kastan, 2003).  

Intermolecular autophosphorylation of ATM dimers leads to free active ATM monomers 

which can phosphorylate other proteins involved in HR such as Nbs1 and p53 to initiate 

repair (Bakkenist and Kastan, 2003).  These opposing effects in HR repair reflect the 

complex functions of these inhibitory proteins and highlight the importance of post- 

translational acetylation in cellular processes.  In our present study, VPA seems to have a 

positive effect on initiating HR.   

In addition, our recombination study also demonstrated that exposure to 5 mM 

VPA for 24 hrs did not affect the repair activity of VPA-initiated HR when an artificial 

DNA DSB was induce in CHO 33 cells. Subsequently, from our proposed mechanism of 

VPA-initiated HR (Figure 1.9), we wanted to determine if VPA could increase the 

susceptibility to DNA DSBs to elicit repair.  Following DNA DSB damage, an immediate 
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target of ATM kinase is the histone H2A-variant, H2AX (Pandita and Richardson, 2009).  

Phosphorylation of H2AX which is known as γ-H2AX, occurs within minutes of the 

damage (Pandita and Richardson, 2009).    γ-H2AX plays an important role in both DNA 

damage signalling and recruitment of DNA DSB repair proteins (Srivastava et al., 2009).  

In our VPA-induced DNA DSB study, γ-H2AX in the nucleus was visualized as discrete 

nuclear foci with each focus corresponding to one DNA DSB.  At the same time points of 

our immunoblot experiment, 5 mM VPA treatment caused a significant increase in the 

number of foci per cell which suggests that HDAC inhibition may play a potential role in 

VPA-induced DNA DSBs.  HDAC inhibitors including TSA have been shown to alter 

chromatin structure by inhibiting HDACs that are responsible for deacetylating histones 

(Krajewski, 1999; Kuo and Allis, 1998; Yoshida, 1995).  Hyperacetylation of histone and 

relaxation of chromatin structure as a result of HDAC inhibition may lead to increase 

susceptibility to DNA damage as observed in this study. 

Consequently, to determine the mechanism behind VPA-induced DNA DSBs, our 

subsequent studies focused on oxidative stress and ROS, since previous studies have 

shown evidence of oxidative stress in VPA teratogenicity (Baran et al., 2005; Tabatabaei 

et al., 1999). Another recombination study was carried out in which CHO 33 cells were 

pretreated with PEG-catalase, an antioxidant, prior to VPA treatment.  The observed 

protective effect of PEG-catalase against VPA-induced HR and the generation of 

intracellular ROS by VPA suggest ROS may also play a role in VPA-initiated HR.  ROS 

can target various cellular components to cause damage and nuclear DNA has been 
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demonstrated as a potential target of ROS generated by VPA (Tabatabaei et al., 1999). 

Therefore, a DNA oxidative damage study was carried out to determine if VPA-induced 

ROS production can cause oxidative DNA damage leading to DNA DSBs to initiate 

repair.  However, in our DNA oxidation study, no increases in the oxidized nucleosides, 

8-OH-2’-dG or 5-OH-C were observed after VPA treatment.  In addition to causing 

damage to nucleosides, ROS can also react with the sugar moiety of DNA to cause DNA 

strand breaks (Spear and Aust, 1995) which was not measured in our study.  However, 

oxidation of the sugar backbone is often accompanied by oxidation of nucleosides (Adam 

et al., 2001; Pisha et al., 2001; Spear and Aust, 1995), which suggests that DNA 

oxidative damage is not occurring after VPA treatment in our study. 

In addition to causing cellular macromolecule damage, ROS can also alter 

endogenous ROS-mediated signal transduction pathways (Hansen, 2006).  The increase 

in VPA-induced ROS observed in our study was relatively low (less than 2-fold increase 

compared to control) which may suggest VPA-induced ROS production may act on cell 

signalling rather than causing oxidative damage. Among the different ROS, H2O2 is an 

important intracellular messenger which acts as a key signalling molecule in cell growth 

and differentiation (Sauer et al., 2001).  Exposure to H2O2 can induce a number of 

genomic responses including the expression of p53 (Desaint et al., 2004).  p53 is a 

tumour suppressor protein which functions to prevent the accumulation of mutations by 

restricting the proliferation of damaged cells and enhancing DNA repair or by inducing 

apoptosis (D’Autreaux and Toledano, 2007).  Acting as a potent transcriptional 
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activator/repressor, p53 can induce cell-cycle arrest (Liang et al., 2009). For example, in 

CHO cells, p53 can increase the expression of the growth arrest and DNA damage-45 

alpha (GADD 45α) stress protein upon exposure to UV irradiation (Tzang et al., 1999).  

GADD45α is thought to bind and inhibit the activity of cyclin B/cdc2 leading to G2 arrest 

(Jin et al., 2002).   Furthermore, p53 can also act independent of transcription and 

localize directly to sites of DNA DSB damage and promote repair (Al Rashid et al., 

2005).   

In addition to initiating a genomic response to potential DNA damage, ROS can 

also lower the kinase activity of DNA-PKcs, a crucial protein involved in NHEJ 

(Boldogh et al., 2003). Even though NHEJ and HR repair are largely regulated by 

different phases of the cell cycle, there is compensatory activity if one repair pathway is 

impaired (Allen et al., 2002; Richardson and Jasin, 2000).  For example, cells from 

DNA-PKcs-deficient severe combined immunodeficiency mice that are impaired in 

NHEJ show normal and compensatory levels of HR after ionizing radiation (Pluth et al., 

2001).  Interestingly, chromosome aberrations including incomplete chromatid exchange 

aberrations were seen in these cells with compensatory HR repair (Pluth et al., 2001).  

The role of ROS in both the increased expression of p53 in causing G2 arrest and the 

compensatory activity of HR repair as a result of decrease DNA-PKcs may provide an 

explanation for the increase in HR observed in our study in response to DNA DSBs.     

In light of the DNA DSBs without any apparent oxidative DNA damage observed 

in our study, evidence show that VPA can up-regulate the expression of topoisomerase-
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IIα and β (Das et al., 2007). Topoisomerase-IIα is essential for survival of proliferating 

cells and its concentration rises during periods of cell growth and peaks during the G2/M 

phase of the cell cycle (Deweese and Osheroff, 2009).  These enzymes modulate different 

topological forms of DNA by removing torsional strain during transcription, cell 

replication and division (Deweese and Osheroff, 2009). In the process of removing DNA 

supercoiling, knots and tangles, a cleavage complex is formed whereby a DNA DSB is 

created in one of the DNA segments to allow for translocation of the second DNA 

segment through the cleaved DNA (Berger et al., 1996).  Although these enzymes are 

essential for cell viability, they also have the potential to fragment the genome (Deweese 

and Osheroff, 2009).  When nucleic acid tracking systems, such as a replication or 

transcription complexes, attempt to traverse the cleavage complex, they can convert the 

enzyme-DNA interaction into a permanent DSB in the genome (Fortune and Osheroff, 

2000). Therefore any changes in topoisomerase-II activity and/or protein expression can 

enhance the formation of DNA DSBs (Wang, 2002).  The increased expression of 

topoisomerase-II by VPA may lead to the DNA DSBs observed our study in the absence 

of oxidative DNA damage.   

In addition to modulating the expression of the different genes aforementioned, 

the HDAC inhibitor, TSA, has also been shown to cause a direct increase in GADD45α 

expression through the transcription factors, octamer binding transcription factor 1 (Oct-

1) and nuclear factor Y on Oct-1 and CCAAT promoter binding sites respectively, 

independent of p53 activation (Hirose et al., 2003).  Over-expression of GADD45α can 
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lead to growth arrest (Hollander and Fornace, 2002), so the HDAC inhibitory effects of 

VPA have the potential to indirectly cause both DNA DSBs and cell cycle arrest allowing 

repair.   

 

4.2 Future Directions 

In our present study, an increase in DNA DSBs was observed although no 

oxidative DNA was detected, consistent with a previous study from our laboratory 

(Defoort et al., 2006).  The role of VPA-induced ROS and HDAC inhibition in initiating 

DNA DSBs and repair remains unclear.   Examining the expression of proteins including 

ATM kinase, p53, GADD45α, DNA-PKs and topoisomerase-IIα during VPA-initiated 

HR may provide further information in revealing the distinct roles of ROS signalling and 

HDAC inhibition in causing DNA DSBs and HR repair.   

 Other types of DNA damage can also lead to DNA DSBs, so it would be 

beneficial to investigate the potential for VPA reactive metabolites to enter the nucleus 

and bind to DNA.  Radiolabelling VPA for liquid scintillation counting can be used to 

determine if VPA reactive metabolites can cause DNA adducts.  

 Future in vivo studies would also provide important developmental insights in the 

role of increase HR in VPA-induced teratogenesis.   Animal models including the pKZ1 

(Sykes et al., 1999) and fluorescent yellow direct-repeat mice (Hendricks et al., 2003) 

can be used to detect recombination events in specific embryonic tissues during 

development when exposed to VPA.  Measuring DNA DBSs and correlating these results 
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wirh acetylated histone H3 and H4 levels as well as the proteins aforementioned would 

also verify and clarify the role of ROS signalling and HDAC inhibition in VPA-induced 

teratogenesis.  To determine specific chromosome aberrations, fluorescence in situ 

hybridization can be used to detect and localize the presence or absence of specific DNA 

sequences on chromosomes.  In common regions of genomic rearrangements, specific 

genes can be identified to determine if they play a role during development such as neural 

tube formation.   

 

4.3 Conclusion 

In summary, the results of this study suggest a potential role of VPA-induced 

HDAC inhibition and ROS production in playing a role in VPA-initiated HR in CHO 33 

cells.  In addition, these results demonstrate that VPA does not affect HR repair activity 

but rather causes DNA DSBs to initiate repair.  Although VPA induces a state of 

oxidative stress in this cell line, oxidative DNA damage was not observed.  Therefore, 

further analysis is required to determine the effects of HDAC inhibition and ROS 

signalling in generating DNA DSBs and HR repair to elucidate the mechanism of VPA-

initiated HR.     
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4.4 Significance 

Given that many pregnant women who have epilepsy take antiepileptic therapy  

and VPA is the principle drug for first-line treatment particularly for juvenile myoclonic 

epilepsy that develops in young adults of child bearing age (Genton et al., 2006), 

understanding the teratogenic mechanism of VPA will allow for the development of 

potential therapeutic strategies to reduce birth defects.  Elucidating the mechanism of 

VPA induced birth defects may also provide a working model of how present or future 

teratogenic agents can cause toxicity in utero.       
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