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Abstract

" The teratogenic effects of valproic acid (VPA) are well known, though its teratogenic 

mechanism remains unknown. VPA induces oxidative stress, which may  lead to double strand 

breaks (DSBs) in DNA. Though the cell may  repair this damage via homologous recombination 

(HR) and non-homologous end joining (NHEJ), repair is not always error-free; genomic 

instability  may arise from gene deletions, amplifications, rearrangements, and loss of 

heterozygosity. Such alterations may  underpin VPAʼs teratogenicity. The present study 

evaluated VPAʼs ability  to induce NHEJ and HR and characterized the changes in expression of 

two proteins key to HR (RAD51) and NHEJ (XRCC4).

" Using pKZ1 transgenic mice (C57BL/6 genetic background), we sought to measure 

NHEJ events via X-gal staining. Although consistent staining was observed in adult male brain 

(positive control), no staining was observed in embryos 12 or 24 hours after in utero exposure to 

a teratogenic dose of VPA (500 mg/kg, maternal subcutaneous dose) on gestational day  9 

(GD9).

" To determine whether the lack of staining observed in embryos was due to low/absent 

expression of key  DSB-repair proteins, we measured mRNA/protein expression of RAD51 and 

XRCC4 in C57BL/6, GD9-exposed embryos and maternal brain. One hour after treatment, 

XRCC4 was increased at the protein level in brain and embryo. RAD51 was not increased in 

embryos and not detected in adult brain. These data suggest that embryos do possess the 

protein mediators of NHEJ and HR and that VPA-induced changes in expression of XRCC4 may 

influence the type of repair pursued, potentially affecting DSB repair fidelity (accuracy).

" Determination of fidelity  of VPA-induced HR was attempted with the Chinese hamster 

ovary cell line (CHO33) using DNA sequencing; low template concentration and purity  precluded 

successful sequencing of DNA from recombinant colonies and the assessment of fidelity.
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" Overall, these data demonstrate that the lack of X-gal staining observed in pKZ1 

embryos is not due to an underexpression of at least one key  protein in the NHEJ pathway. 

Furthermore, a VPA-induced change in the the type of repair pathway  pursued by the embryo 

may have teratological implications.
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Chapter 1

General Introduction

1.1! THERAPEUTIC INDICATIONS OF VALPROIC ACID

" Valproic acid (2-propylpentanoic acid; VPA, figure 1.1) is a short-chain fatty acid first 

synthesized in 1882 for use as an inert, organic solvent (Burton, 1882). Not until 1963 did 

researchers realize its efficacy  as an anti-epileptic drug (AED), when it was used by  Eymard 

and colleagues as the vehicle for several experimental AEDs (Meunier et al., 1963). It has been 

used in that capacity  in North America since 1978, when its primary  indication was the treatment 

of absent seizures (also known as petit mal seizures), in which there is brief impairment of 

consciousness (Pellock et al., 2007). It has since been approved for use in cases of tonic-clonic 

and complex partial seizures, manic depressive disorders, migraine prophylaxis, and 

neuropathic pain (Bowden and Singh, 2005) and is frequently  used off-label to control agitation 

and aggression in dementia patients (Rohr, 2012). Marketed under the brand names Depakote, 

Depakene, Depacon, Depakine and Stavzor, VPA is the most commonly  prescribed AED 

worldwide (Perucca, 2002). Despite its widespread use for nearly  35 years, its therapeutic 

mechanisms remain unclear.

" There are several cellular events that are thought to underpin VPAʼs varied therapeutic 

effects. First, the drug potentiates the inhibitory  effects of gamma amino-butyric acid (GABA). It 

achieves this by increasing the neurotransmitterʼs presynaptic synthesis and release from the 

terminus, as well as decreasing its degradation by  GABA transaminase via an increase in the 

inhibitory  metabolite succinic semialdehyde (Owens and Nemeroff, 2003). Evidence also 

suggests a direct inhibition of voltage-gated Na+ and T-type Ca2+ channels, suppressing high 

frequency, repetitive firing of neurons in the hippocampus (Kelly  et al., 1990; Rho and Sankar, 
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1999). Taken together, these molecular actions re-establish the balance between excitatory  and 

inhibitory  postsynaptic potentials, thereby  attenuating uncontrolled neuronal firing and either 

stopping seizures or preventing them altogether. However, in causing anxiolysis and sedation,  

these molecular events are believed to be secondary  in the treatment of conditions such as 

bipolar disorder; the primary mechanism appears to involve the non-competitive inhibition of 

myo-inositol-1-phosphate synthase. Its inhibition causes a depletion in inositol 

monophosphates, substrates that are converted to the pro-manic product myo-inositol by  the 

enzyme inositol mono-phosphatase (the target of lithium) (reviewed in Silverstone et al., 2005). 

More recently, VPA has been shown to be a direct, non-competitive inhibitor of brain microsomal 

long-chain fatty  acyl-CoA synthesis (Bazinet et al., 2006). Inhibition was shown to lead to 

reduced availability  of arachidonoyl-CoA, decreased turnover of arachidonic acid in 

phospholipids, and diminished prostaglandin production. These actions have been put forward 

to explain VPAʼs efficacy in managing migraines and acute neuropathic pain.

" The effects of VPA on the epigenome were only  recently  discovered, with a report  by  

Göttlicher and colleagues on the drugʼs ability  to inhibit histone deacetylase enzymes (Göttlicher 

et al., 2001). In so doing, VPA causes a hyperacetylation of histones, leading to a relaxed, 

transcriptionally  active chromatin (Hebbes et al., 1988; Göttlicher, 2004). Many of the genes 

induced with VPA treatment, including those involved in cell cycle progression, differentiation, 

and apoptosis, are central to mitigating the progression of neoplasms, suggesting the drug may 

be beneficial as an anticancer agent (Xu et al., 2007). Furthermore, the relaxed chromatin 

structure promoted by  VPA may  potentiate the cytotoxic effects of standard anticancer drugs 

such as doxorubicin, which works by  intercalating into DNA, thus preventing transcription. 

Several clinical trials are underway to evaluate the effectiveness of VPA in cases of leukemias 

and solid tumors. 
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1.2! PHARMACOKINETICS, METABOLISM, AND EXCRETION

" VPA is rapidly  absorbed by the gastrointestinal tract following oral administration, with 

peak serum levels (Cmax) occurring approximately  3.8 hours after ingestion (Roberts et al., 

1996). At therapeutic concentrations, which typically  range from 50 - 150 mg/L, approximately 

90% of VPA in the circulation is bound to plasma proteins; beyond this concentration, binding 

sites become saturated and free VPA ranges from 30 - 65% (Kane et al., 2000). With a pKa of 

4.8, the weak acid is completely ionized in the circulation.

" VPA undergoes extensive metabolism in the liver via glucuronidation, mitochondrial β-

oxidation, and cytosolic ω-oxidation (Figure 1.1); less than 3% of the initial dose is excreted 

unchanged in the urine (Jakobs and Loscher, 1978; Nau and Wittfoht, 1981). Glucuronidation 

accounts for 80% of all hepatic metabolism, yielding the inactive VPA-glucuronide, while beta 

oxidation accounts for 70% of all phase I metabolism, yielding the pharmacologically  active 2-

ene VPA. Cytochromes P450 2C9 and 2A6 metabolize very  little of the drug, but may  produce 

important reactive metabolites such as the hepatotoxicant 4-ene-VPA (Sadeque et al., 1997). 

" VPA excretion follows first order kinetics, and the half-life of the drug ranges from 8 to 

21.5 hours, with a mean half-life of 12.2 hours at therapeutic concentrations (Nau and Loscher, 

1984).

1.3! TERATOGENIC PROFILE OF VALPROIC ACID

" In the United States alone, it is estimated that at least 45 000 children are exposed each 

year to AEDs in utero (Motamedi and Meador, 2006). Despite this widespread exposure and the 

drugʼs relative safety, pregnancy  is a significant contraindication for VPA therapy. The US Food 

and Drug Administration has defined the drug as a class D teratogen, meaning there is 
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Figure 1.1: Metabolism of VPA 

VPA undergoes extensive metabolism in the liver via glucuronidation and mitochondrial β-
oxidation; less than 3%  of the initial dose is excreted unchanged in the urine. Glucuronidation 
accounts for 80% of all hepatic metabolism, yielding the inactive VPA-glucuronide, while beta 
oxidation accounts for 70% of all phase I metabolism, yielding the pharmacologically  active 2-
ene VPA. Cytochromes P450s metabolize very  little of the drug, but may  produce important 
reactive metabolites such as the hepatotoxicant 4-ene-VPA (modified from Chang and Abbott, 
2006).
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positive evidence of human fetal risk based on adverse reaction data from investigational or 

marketing experience or studies in humans, but potential benefits may  warrant use of the drug 

in pregnant women despite potential risks (US Department of Health and Human Services, 

2011). Despite the fact that VPA is largely ionized in the circulation, VPA has been shown to 

freely cross the placenta via passive (Dickinson et al., 1979) and active transport (Utoguchi and 

Audus, 1999). It has also been noted that cord and embryonic concentrations of VPA and its 

metabolites may  exceed maternal levels. This disparity  may  be driven by  two mechanisms: a pH 

gradient develops across the placenta, with the relatively  basic embryonic compartment acting 

as a sink for weak acids (Nau and Scott, 1986); and an increase in maternal levels of free fatty 

acids during pregnancy  displaces protein-bound VPA, increasing its availability to cross the 

placenta into embryonic serum with greater protein availability (Froescher et al., 1984).

" There is a growing body  of evidence suggesting that VPA poses a greater in utero risk 

than other AEDs such as carbamazepine (Meador et al., 2006; Wyszynski et al., 2005). 

Recently, the Neurodevelopmental Effects of Anti-epileptic Drugs (NEAD) Study  Group 

recommended that VPA not be used as a first-line medication in women in their childbearing 

years, and that the dose should be limited if used (Meador et al., 2006). Unfortunately, 

alternative AEDs possess varying degrees of teratogenicity and may  exhibit reduced efficacy in 

managing seizures compared to VPA. A clinical dilemma emerges in these cases, as 

unmitigated seizures may  result in a hypoxic environment detrimental and potentially fatal to the 

placenta and conceptus (Nei et al., 1998). As switching AEDs during pregnancy carries an 

increased risk of seizures (Pennell, 2002), and AED polytherapy carries an increased risk of 

malformations (Kluger and Meador, 2008), these women are recommended to maintain VPA 

monotherapy at the lowest effective dose. 

" In a retrospective human study, in utero exposure to VPA as a result of maternal 

monotherapy  during the first trimester was associated with a 10.7% incidence of major 
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congenital defects –  five times greater than the control population (Wyszynski et al., 2005). 

These and other clinical data show the most common defect in humans is spina bifida; 

incidence of these and other neural tube defects are 10 to 20 times greater than in unexposed 

populations, at about 1 to 2%  of infants. Depending on the stage of development during which 

exposure occurs, other congenital defects include musculoskeletal, cardiac, urogenital, 

respiratory, ocular, and renal abnormalities may  occur (reviewed in: Lammer et al, 1987). 

Additionally, a facial phenotype characteristic of VPA exposure may be observed in some 

infants, which includes pronounced epicentral folds, flat nasal bridge, small upturned nose, long 

upper lip  with a relatively  shallow philtrum, a thin upper vermillion border, and downturned 

angles of the mouth (DiLiberti et al., 1984). Children may  also experience developmental delay 

and cognitive impairment later in life (Meador et al., 2009). Although the clinical outcomes of in 

utero VPA exposure have been known for over 30 years, the molecular mechanism underlying 

these teratologies remains unclear. However, the state of oxidative stress induced by  the drug 

and changes at the genetic and epigenetic levels are thought to be key.

1.4! REACTIVE OXYGEN SPECIES

" The evolution of aerobic metabolism in eukaryotes has unavoidably  led to the 

endogenous production of reactive oxygen species (ROS). In mammalian cells, the 

mitochondria are primarily  responsible for generation of ROS; as electrons pass through the 

transport chain of the inner membrane, some diverge and reduce molecular oxygen 

prematurely. This results in the production of the relatively  stable superoxide anion radical (O2 ·̄), 

which may  be transported to the cytosol via voltage-dependent anion channels (Han et al., 

2003). Here, superoxide acts a precursor for several other more reactive species. For instance, 

its spontaneous or enzymatic dismutation leads to the production of hydrogen peroxide (H2O2), 
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which may  be fully  reduced to water or partially  reduced to form the hydroxyl radical (•OH), one 

of the most potent natural oxidizers (Turrens, 2004). Due to their ubiquity, cells have evolved 

adaptations to generate and utilize ROS, including their involvement in signaling pathways of 

cytokine secretion, growth, differentiation, and gene expression (Hensley  et al., 2000). Perhaps 

the most striking example occurs in cells rich in lysosomes, including macrophages and 

neutrophils. When these immune cells phagocytose bacteria, an abundance of H2O2 is 

produced via successive enzymatic reactions involving NADPH oxidase and superoxide 

dismutase (SOD), killing the pathogen and protecting the host (Vignais, 2002). However, this 

reactivity  is indiscriminate; ROS may  also oxidize the lipids, proteins, and DNA of its native cell, 

causing dysregulation or death.

" Membrane lipids, particularly polyunsaturated ones rich in methylene groups, readily 

undergo peroxidation to form fatty acid radicals. These unstable entities initiate a chain reaction 

by  interacting with molecular oxygen or neighboring lipids, which may  cause substantial damage 

to the phospholipid membrane. Protein oxidation results in the presence of carbonyl groups 

(aldehydes and ketones) on protein side chains, especially  on Pro, Arg, Lys, and Thr residues, 

which may  affect their half-life and function (Dalle-Donne et al., 2003). Damage to DNA may 

occur in the form of oxidized nucleotides (particularly  deoxyguanosine to form 8-

hydroxydeoxyguanosine), deoxyribose oxidations, DNA-protein cross-links, and strand breaks 

(Bandyopadhyay et al., 1999).

" To varying degrees, cells possess the ability  to mitigate potential oxidative damage 

through antioxidants and antioxidative enzymes. As powerful reducing agents, vitamins C and E 

act as general ROS scavengers, donating electrons to these species, thereby neutralizing them. 

Due to vitamin Eʼs lipophilicity, it is believed to be the most important antioxidant in preventing 

lipid peroxidation, subsequent chain reactions, and damage to the phospholipid bilayer (Burton 

and Traber, 1990). Glutathione (GSH) is a tri-peptide that owes its reducing power to the thiol 
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group of the cysteine moiety. GSH is maintained enzymatically  in its reduced state by 

glutathione reductase, which in turn allows it to maintain other antioxidants like vitamins C and E 

in their reduced state. Due to its relatively  high concentration (25 and 125 times greater than 

vitamins E and C, respectively, in the liver), GSH is essential to maintaining the cellʼs redox 

state (Evelson et al., 2001). As discussed previously, SOD catalyzes the dismutation of O2 ·̄ to 

oxygen and H2O2, the latter of which may  be converted to water by  the enzyme catalase 

(McCord and Fridovich, 1969; reviewed in Winn and Wells, 1998). These systems are crucial in 

maintaining the redox state of the cell, mitigating oxidative damage to macromolecules, and 

preventing cell death. Unfortunately, the antioxidants and antioxidative enzymes previously 

highlighted fluctuate during development; during organogenesis, glutathione peroxidase 

(Ozolins et al., 1996), SOD (Winn and Wells, 1996), catalase (el-Hage and Singh, 1990), and 

other antioxidantive enzymes (Wells et al., 2005) are less than 5% of maternal levels. Impaired 

defense during a pivotal time in development such as organogenesis may leave the developing 

conceptus open to oxidative damage to lipids, proteins, and DNA.

1.5! VALPROIC ACID-INDUCED OXIDATIVE STRESS

" If the prevalence of ROS exceeds the cellʼs detoxification abilities, a state of oxidative 

stress prevails. Several studies have demonstrated VPAʼs ability  to induce a state of oxidative 

stress, resulting in pathological states. Many  of the first studies focused on a serious side effect 

of VPA therapy, hepatotoxicity. Although nearly half of all users experience a transient, dose-

dependent rise in serum aminotransferases (Genton and Gelisse, 2002), a delayed idiosyncratic 

toxicity  does occur rarely  and may  be fatal (Konig et al., 1994). Though the pathogenesis of the 

latter remains unclear, the microvesicular steatosis present is consistent with disturbances in 

mitochondrial function (Fromenty  and Passer, 1997) and fatty  acid metabolism (Bjorge and 

Baillie, 1985). These pathologies are believed to be a result of the bioactivation of VPA to 4-ene 
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VPA by  CYPs 2C9 and 2A6 and the generation of ROS through an uncoupled P450 catalytic 

cycle (Kappus, 2003). The reactive metabolite is a potent inhibitor of mitochondrial β-oxidation 

(Bjorge and Baillie, 1985) and has been shown to cause steatosis in rats (Kesterson et al., 

1984). VPA likely alters the overall redox state of the liver as well. N-acetylcysteine conjugates 

of 2,4-diene-VPA were isolated in urine (Gopaul et al., 2003), glutathione peroxidase activities 

were notably  lower, as were levels of trace elements essential for antioxidant enzyme activity 

(Pippenger et al, 1991). Even in the absence of serious clinical outcomes, VPA is known to 

cause oxidative stress. In epileptic children on VPA monotherapy, the urine levels of 15-F2t-

isoprostane (a peroxidation product of arachidonic acid) were elevated beyond those in controls 

or in children on alternative AEDs like carbamazepine (Fam and Morrow, 2003; Michoulas et al., 

2006). 

1.6! OXIDATIVE STRESS AS A TERATOGENIC MECHANISM

" As mentioned earlier, VPA and other AEDs may  readily cross the placenta and 

concentrate in embryonic tissues to a higher degree than their maternal counterpart. Here, the 

drug may be bioactivated by  embryonic prostaglandin H synthase (PHS) and 5-lipoxygenase (5-

LO) to form highly reactive intermediates, or give rise to ROS indirectly  (reviewed in Wells et al., 

2005; figure 1.2). Due to low expression, P450s play  a much smaller role in biotransformation 

during development, but many  isoforms are still present (Choudary  et al., 2003). These 

enzymes are likely the major sources of embryonic ROS; due to their high reactivity, maternally-

generated ROS and reactive intermediates are generally  unable to cross the placenta. Several 

studies have shown that VPA can increase ROS formation, by  measuring the conversion of the 

redox-sensitive, non-fluorescent dye 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein 

diacetate (CM-H2DCFDA) to the fluorescent dichlorodihydrofluorescein (DCF). This has been 

demonstrated by our lab in both in vitro models (Defoort et al., 2006; Sha and Winn, 2010) and 
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Figure 1.2: Oxidative stress and teratogenesis

VPA may be bioactivated by  PHS or 5-LO  to form free radical intermediates, which can react 
with oxygen to produce the superoxide anion (O2 ·̄). Superoxide dismutase (SOD) may  convert 
the anion to hydrogen peroxide (H2O2), which may  be detoxified via glutathione peroxidase or 
catalase. If H2O2  is not eliminated, it may  produce highly  reactive species such as the hydroxyl 
radical and hydroxyl anion, which may  cause oxidative damage and ultimately  teratogenesis 
(modified from Wells et al., 1997).
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CD-1 whole embryo cultures (Tung and Winn, 2011a). Other studies have highlighted the 

importance of oxidative stress in VPA teratogenesis by supplementing the embryo-fetal 

complement of antioxidants and antioxidative enzymes. In one study, concomitant treatment of 

vitamin E significantly  attenuated VPA-induced decreases in fetal weight, crown-rump length, 

and neural tube defects in mice (Al Deeb et al., 2000). In another, pre-treatment with catalase 

attenuated VPA-induced ROS formation, expression of apoptosis markers, decrease in somite 

number, and delayed anterior neuropore closure in embryonic mice while mitigating 

developmental delay and frequency of neural tube defects in fetal mice (Tung and Winn, 2011a). 

Similar approaches have been taken with other antioxidants such as vitamin C (Zhang et al., 

2010) and the ferric iron chelator desferrioxamine (Tabatabaei and Abbott, 1999). Clearly, 

oxidative stress is integral to the etiology of VPA teratogenicity. 

1.7! OXIDATIVE DNA DAMAGE AND STRAND BREAKS

! As mentioned earlier, ROS may interact with DNA to produce numerous anomalies, 

including abasic sites, oxidized bases, DNA-protein and DNA-DNA crosslinks, and single or 

double strand breaks (reviewed in Cooke et al., 2003). The double strand break (DSB) is the 

most toxic lesion; if left unrepaired, DSBs can result in permanent cell cycle arrest, induction of 

apoptosis, or mitotic cell death caused by  loss of genomic material (Olive, 1998) and if repaired 

incorrectly, they  can lead to carcinogenesis through translocations, inversions, or deletions (van 

Gent et al., 2001). DSBs may  arise through a variety  of mechanisms. Strand breaks are a rare, 

but intrinsic result of transcription, occurring when the progression of the replication fork is 

impeded by  DNA secondary structures, DNA damage, or DNA-bound proteins, which inhibit the 

polymerases or helicases (reviewed in Bierne and Michel, 1994). It is estimated that 10 DSBs 

occur by this mechanism alone during each round of the cell cycle (Haber, 1999a). The 

replication fork may  also stall if a pre-existing nick or gap is encountered in the template strand 
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(Kuzminov, 1995). DSBs are also normal intermediates during meiosis to achieve greater 

genetic variability  (Sun et al., 1989) and V(D)J recombination in lymphoid cells to produce an 

abundance and variety of antigen-binding proteins, T cell receptors, and immunoglobulins 

(Gellert et al., 2000). In more deleterious cases, DSBs are a result of exogenous or endogenous 

toxicants creating two single-strand breaks within close proximity; if breaks occur within 10 

bases of one another, insufficient base complimentarily  exists to keep the macromolecule 

integrated (Boudaiffa et al., 2000; Hieda, 1994). For instance, ionizing radiation excites and 

causes the expulsion of a hydrogen atom from the deoxyribose, creating a radical that may 

interact with oxygen to form a proxy  radical and subsequent strand break (von Sonntag 1987). 

Several anticancer drugs are used with the intention of producing strand breaks either directly 

(bleomycin) or indirectly  (doxorubicin, via inhibition of topoisomerase II). In addition to causing 

oxidative damage to the phosphate backbone, ROS may  induce DSBs via oxidative 

modifications to bases, which occur at a background rate of 20000 lesions per day  (Pfeiffer et 

al., 2000). The most common oxidation, deoxyguanosine to 8-oxo-2'-deoxyguanosine, is 

corrected through the straightforward base excision repair (BER) pathway (reviewed in Frosina 

et al., 1996). A specific DNA glycosylase catalyzes the excision of the base, leaving a non-

coding apurinic/apyrimidinic (AP) site that is cleaved by  AP endonuclease to produce a single-

strand break. Although these breaks are typically  corrected via short- or long-path repair, their 

presence too close to one another may result in a DSB (Pfeiffer et al., 2000). 

" Ionizing radiation is ubiquitous, and has been throughout the evolution of living systems. 

As such, a rapid and highly  sensitive epigenetic method is conserved across most taxa to flag 

DSBs for subsequent infiltration of repair machinery. When a DSB occurs, millions of H2AX, 

histone subunits involved in coiling and compressing DNA, become γ-phosphorylated around 

the site of damage within minutes (Rogakou et al., 1998). Several studies have demonstrated a 

VPA-induced increase in γ-H2AX foci in both in vitro (Sha and Winn, 2010) and in vivo (Tung 

12



and Winn, 2011b) models, suggesting the drug is capable of causing DSBs, presumably  through 

ROS production. In order to fully  appreciate the role of ROS and oxidative stress in VPA-

induced teratogenesis, a brief segue on VPAʼs ability to induce epigenetic changes is required.

1.8! INHIBITION OF HISTONE DEACETYLASE ENZYMES

" Histones are alkaline proteins found in eukaryotic nuclei that coil DNA into structural 

units known as nucleosomes, and act as regulators of the epigenetic landscape via the “histone 

code”. Covalent modifications to these proteins, including acetylation, methylation, and 

phosphorylation among others, regulates the transcriptional activity  of a gene or chromatin 

region independent of the primary  structure of DNA (Jenuwein and Allis, 2001). For instance, 

post-translational modifications such as acetylation result in a tightly coiled, transcriptionally 

repressed nucleosome (deacetylated histones) or one that is loosely  coiled and transcriptionally 

active (acetylated histones) (Hebbes et al., 1988). This particular modification is dynamic (figure 

1.3); histone deacetylases (HDACs) remove the acetyl group while histone acetyltransferases 

(HATs) add them (Yamagoe et al., 2003). Recently, VPA has been identified as an inhibitor of 

several HDACs, including those of class I (HDACs 1-3, and 8) and class II (HDACs 4-7) 

(Göttlicher, 2004). Through altering the epigenome, VPA may  modulate the expression of a 

number of genes involved in cell proliferation, differentiation, and cell death (Xu et al., 2007). 

The open DNA conformation promoted by  histone activation may  also potentiate the damage 

caused by  ROS, increasing the likelihood of DSBs. One of the first studies to associate VPAʼs 

ability  inhibit HDACs with its teratogenicity  was conducted in Xenopus and zebrafish embryos 

(Gurvich et al., 2005). The group exposed samples to VPA, several of its structural analogs with 

varying degrees of HDAC inhibitory  ability, and trichostatin A (TSA, a potent inhibitor of HDAC I/

II that is structurally distinct from VPA). They  noted that the defects observed in VPA- and TSA-

treated embryos were very similar and that incidence of defects amongst analog-
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Figure 1.3: Altering histone acetylation via HATs and HDACs 

Nucleosomes are composed of DNA (black line) coiled around a core of 8 histone proteins (blue 
circle). Addition of acetyl groups (red circles) to histone tails by  HATs leads to a relaxed 
chromatin structure that is transcriptionally  active; removal of acetyl groups by HDACs leads to 
a condensed chromatin structure that is transcriptionally  repressed. VPA acts as a HDAC 
inhibitor, causing a net acetylation of histones (modified from Pons et al., 2008).
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treated embryos decreased with decreasing HDAC inhibitory ability. Remarkably, gene 

expression profiles between VPA- and TSA-exposed groups were extremely  concordant. 

Additionally, a study  conducted in mice found that VPA and TSA induced similar axial skeletal 

defects and similar hyperacetylation of histone H4 (Menegola et al., 2005).

1.9! REPAIR OF STRAND BREAKS

" Exposure to ambient IR is approximately  0.5 millisieverts/year, resulting in an estimated 

105 DNA DSBs each second in the cells of a 50 kg mammal (Rogakou et al., 1998). Unlike in 

excision repair (mismatch repair, NER, BER), which relies upon the undamaged complementary 

strand as a template, DSB repair must rely  upon alternative sources since both strands are 

damaged (Pfeiffer et al., 2000). Generally, repair mechanisms are considered either homology 

dependent (such as homologous recombination, HR) or homology independent (such as non-

homologous end joining, NHEJ). Interestingly, the path pursued by  the cell appears to depend 

largely  on its position in the cell cycle and whether protein executors of HR or NHEJ bind the 

DNA first.

1.9.1! Homologous Recombination

" Much of our knowledge about HR was gleaned from studying the process in bacteria, 

yeast, and phage. In fact, until the discovery  in the early  1990s of homologs to the yeast HR 

proteins RAD51 and RAD52, HR in mammalian systems was thought to be inefficient, 

infrequently occurring, or altogether absent. It has since become clear that vertebrates are 

much more proficient at HR than initially  thought, and that the pathway is an important, effective 

mechanism of DSB repair (Karran, 2000). Although mammalian cells do rely less upon HR than 

NHEJ (approximately  30-50% of all DSBs), the former does pre-dominate during late S and G2 
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phases of the cell cycle due to the presence of an undamaged sister chromatid that may act as 

a homologous repair template (Pfeiffer et al., 2000).

" In HR (figure 1.4), initiation of a DSB activates the ataxia telangiectasia mutated (ATM) 

protein. This serine/threonine kinase then phosphorylates several checkpoint proteins important 

in slowing or halting progression through the cell cycle, including tumor suppressors such as 

p53, CHK2, and H2AX, thereby  preventing the replication of damaged DNA (G1, S, and intra-S 

checkpoints) or segregation of damaged chromosomes (van Gent, 2001). Importantly, ATM 

phosphorylates NBS1, a protein component of the MRN complex along with RAD50 and Mre11 

(Petrini, 2000). The MRN complex identifies and binds the DSB, facilitating the 5ʼ to 3ʼ  resection 

of damaged ends by  endonucleases (Trujillo et al., 1998). Then, in the move that defines the 

process, RAD51 filaments coat the resulting 3ʼ single strand overhang and guide its invasion of 

a homologous, undamaged DNA molecule where DNA polymerases elongate the damaged 

stands (Nishinaka et al., 1998). RAD52 appears to co-localize with RAD51 in vivo and in vitro, 

binding directly  to the DSB thereby  protecting it from exonuclease activity  (Haber, 1999b). It has 

been suggested that RAD52 and KU, an NHEJ protein, compete for initial binding of the DSB, 

channeling repair through either the HR and NHEJ pathways, respectively  (Haber, 1999b). At 

the infiltration site, the 3′-ends of the invading strands act as primers for semi-conservative 

repair consisting of short tracks of a few  kilobases, ensuring the presence of one newly 

synthesized strand in both the donor and recipient. The resulting Holliday junction, a non-static 

intersection of four DNA strands, is then resolved by  endonucleases to form two complete, 

undamaged DNA molecules. "Interestingly, loss of RAD51 in mice is embryolethal at an early 

stage (Tsuzuki  et al., 1996) while its knockout in the chicken DT-40 cell line leads to unrepaired 

chromosomal breaks (Karran, 2000), suggesting an essential role for this protein in successful 

HR repair and, by  extension, genomic stability. Though HR has a rather large dramatis 

personae, not all roles are requisite. For instance, knockout of RAD52 only minimally affects HR

16



Figure 1.4: Homologous recombination 

Formation of a DSB leads to the ATM-mediated phosphorylation of the MRN complex, which 
facilitates endonuclease resection around the break site. RAD51 coats the resected ends and 
initiates the search for a homologous template. Invasion of the RAD51-coated strand is followed 
by  DNA synthesis by  polymerases, which repair the break site (modified from van Gent et al., 
2001).
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efficiency in DT-40 cells and knockout mice remain viable and fertile (Rijkers et al., 1998). This 

is likely  due to the presence of multiple homologs, as its deletion in yeast produces severe 

defects in HR (Khanna and Jackson, 2001). Although the BRCA proteins are implicated in 

mammalian HR, their role is unclear as the proteins are relatively  new additions from an 

evolution standpoint and possess no obvious homologs in yeast (van Gent et al., 2001). 

However, BRCA1 and BRCA2 clearly co-localize with RAD51 and mouse knockouts are non-

viable, showing hypersensitivity  to DSBs and a high incidence of chromosomal aberrations 

(Khanna and Jackson, 2001).

1.9.2! Non-Homologous End Joining

" NHEJ (figure 1.5) is conserved across all domains of life, used in non-mammalian cells 

when HR is disrupted or disabled and in mammalian cells throughout the cell cycle, but 

preferentially in G1 when no template is available for HR (Pfeiffer et al., 2000). Since it requires 

little to no sequence homology between DNA molecules, it is regarded as homology-

independent or illegitimate.

" In NHEJ (reviewed in van Gent et al., 2001), the ends surrounding the DSB are 

recognized and bound by  a protein heterodimer composed of KU80 and KU70 with high affinity 

for DNA overhangs. Serving both as an anchor to the site of damage and a docking site for 

other proteins, this dimer binds DNA-dependent protein kinase (DNA-PKCS), which 

phosphorylates several targets including p53, the KU proteins, and itself. Presumably, one of 

these phosphorylated targets acts to recruit a complex consisting of DNA ligase IV and XRCC4, 

which act to ligate the two ends to form a cohesive DNA molecule. The MRN complex may  also 

participate in NHEJ if the DNA ends require processing before ligation. 

"
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Figure 1.5: Non-homologous end joining 

In NHEJ, the ends surrounding the DSB are recognized and bound by a the KU80/KU70 
heterodimer (blue circles), which act as an anchor for other proteins including DNA-dependent 
protein kinase (DNA-PKCS, orange oval). The latter phosphorylates several targets including 
p53, the KU proteins, and itself, causing the recruitment of DNA ligase IV and XRCC4. The 
ligase and XRCC4 act to ligate the two ends to form a cohesive DNA molecule. The MRN 
complex may also participate in NHEJ if the DNA ends require processing before ligation 
(modified from van Gent et al., 2001)
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As with RAD51, DNA ligase IV and XRCC4 are indispensable; knockout of either leaves 

cultured cells hypersensitive to IR and causes late embryonic lethality  due to widespread 

apoptosis, immunodeficiency  due to impaired V(D)J recombination, and decreased 

neurogenesis in mice (Barnes et al., 1998; Gao et al., 1998). Mice deficient in either KU or DNA-

PKCS are still viable, though have greatly diminished NHEJ activity (Karran, 2000). 

1.10! GENOMIC INSTABILITY 

" As stated previously, accurate repair of DSBs via HR and NHEJ is essential to 

development and in the prevention of a variety  of disease states. As DSBs are the principal 

lesion in the formation of chromosomal aberrations (CAs), repair deficiencies encourage the 

generation and accumulation of CAs (Obe et al, 2002). This is underscored by  the high 

incidence of CAs and predisposition to cancer in patients with ataxia telengiectasia (mutant atm) 

and Nijmegen breakage syndrome (mutant nbs) (van Gent et al., 2001). CAs include numerical 

anomalies (aneuploidy) as seen in Down and Turner syndromes and structural anomalies 

(segment deletions, duplications, translocations, inversions, insertions, and rings) as seen in 

Wolf-Hirschhorn syndrome and Charcot–Marie–Tooth disease. CAs may  lead to expression 

changes, duplications, or deletions in numerous genes; this may  be particularly  deleterious to 

the developing embryo, as it may disrupt the tightly  controlled expression of key developmental 

genes and interfere with proper patterns of cell division and differentiation. There is also a 

growing body  of evidence suggesting that CAs may  also arise not only from DSBs, but also from 

the pathways intended to repair them.

" A DSB is repaired much more quickly  via NHEJ than HR, though with a great deal less 

accuracy  due to the lack of a homologous template. In fact, CAs are greatly increased in cells 

with deficient HR, suggesting that although DSBs may  be repaired via NHEJ, they  are done so 

with a much greater rate of error (Brenneman et al., 2002). In part, this is due to the random 
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nucleotide incorporation into the damaged region, typically with several sets of direct or inverted 

repeats (Jaeger et al., 2000). Furthermore, if two independent breaks on separate 

chromosomes occur, NHEJ may  also generate a translocation, switching the chromosomal 

position of genes (Leiber, 1998); this may  modulate expression if the complete gene was 

transferred, or nullify  it if only  part of the gene was translocated (dysregulation of c-myc, for 

instance, resulting in Burkittʼs lymphoma). If two breaks occur on the same chromosome, an 

interstitial deletion may  occur, resulting in the removal of the material between the breaks 

(Leiber et al., 2010). Inversions and deletions have also been associated with NHEJ activity 

(Hooker et al., 1994). NHEJ, therefore, necessarily  results in genotypic mutations that may or 

may not result in phenotypic changes. 

" Interestingly, even though HR works from a homologous template, repair by  this pathway 

is not always error-free. In fact, there are several ways in which HR may  lead to substantial 

changes in gene expression and potentially  CAs (reviewed in Bishop and Schiestl, 2001 and 

Bishop  and Schiestl, 2003). The most common and extensively  studied is the loss of 

heterozygosity (LOH) that renders the affected cell either homozygous or hemizygous for a 

given allele (figure 1.6). A LOH may occur due to any  of the following: gene conversion, which is 

a unidirectional transfer of DNA from one chromosome or chromatid to the damaged region, 

with longer tract lengths increasing the likelihood of allelic loss; replication slippage, which is 

thought to involve minor deletions; intrachromosomal deletions brought about by single-strand 

annealing, wherein exonucleases degrade both ends of the DNA until homology is found 

between overhangs; interchromosomal deletions, wherein unequal crossing-over between two 

misaligned sequences produces a deletion in one gene and duplication in the other. Any of 

these mechanisms may  induce substantial changes in gene function, and are implicated in the 

etiology of several genetic disorders including X-linked ichthyosis, Prader–Willi syndrome, 

DiGeorge syndrome, familial hypercholesterolemia, and numerous cancers. VPA has been 
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Figure 1.6: Homologous recombination and genomic instability 

Erroneous repair by  HR may  occur due to intrachromosomal deletion, sister chromatid 
exchanges, or interchromosomal deletion: intrachromosomal deletion may occur via crossover 
events (alignment of homologous sequences on the same strand, followed by  deletion of the  
intervening segment) and single-strand annealing (exonuclease resects DNA to homology-
containing sequence, which allows the broken ends to anneal and the intervening sequences to 
be clipped off); interchromatid deletions may  occur in G2 and result from an unequal crossover 
event, producing a deletion on one chromatid and an addition on the other; interchromosomal 
deletions are similar to interchromatid deletions, but instead involve homologous chromosomes 
(modified from Bishop and Schiestl, 2003).
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shown to stimulate HR through generation of ROS in two in vitro models (Defoort and Winn, 

2006; Sha and Winn, 2010), but its ability  to stimulate recombinational repair has not been 

studied in vivo. 

1.11! RATIONALE

! VPA is a front-line AED and many  women remain on VPA monotherapy throughout their 

pregnancy, despite a five-times greater risk of congenital defects to the developing child 

(Wyszynski et al., 2005). Despite well-described clinical outcomes, the teratogenic mechanism 

behind VPA teratogenicity remains unknown.

" Several studies have demonstrated that VPA exposure may lead to a state of oxidative 

stress, and that increased ROS formation can lead to DNA DSBs. Although this damage may  be 

repaired through recombinational DNA repair mechanisms such as HR and NHEJ, repair is not 

always error-free as genomic alterations and rearrangements may  occur. Since a highly 

coordinated, dynamic series of cellular and tissue events is required for proper development, 

genomic instability  may, at least in part, underpin VPAʼs teratogenicity. Although previous 

studies have shown an in vitro increase in recombination due to VPA (Sha and Winn, 2010; 

Defoort et al., 2006), no study  has demonstrated this in vivo and the mechanism underpinning 

the aforementioned increase remains unclear. Furthermore, it is unknown whether repair events 

induced by  VPA differ from those occurring naturally  in terms of fidelity  (accuracy) of repair, as 

measured indirectly by tract lengths (size of template used to repair the site of damage).

1.12! HYPOTHESIS

" In utero VPA exposure causes an increase in recombination through the induction of the 

repair proteins RAD51 and XRCC4 while in vitro VPA exposure induces recombination with 

longer repair tract lengths.
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1.13! OBJECTIVES

Objective 1: to determine if VPA induces DNA recombinational repair in an vivo model of NHEJ.

Objective 2: to assess VPA-induced changes in RAD51 and XRCC4 at the protein and mRNA 

level.

Objective 3: to determine the tract lengths of VPA-induced recombination in an in vitro model of 

HR.
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Chapter 2

Materials and Methods

2.1! EXPERIMENTAL ANIMALS !

2.1.1! C57BL/6N

" C57BL/6N mice (Taconic Farms, US) were purchased at 6-8 weeks of age and were 

housed in temperature- and humidity-controlled rooms (21±1.5°C, 20-50% relative humidity) 

with a 0700 - 1900 photoperiod. Animals received standard rodent chow (Purina Rodent Chow, 

Ralston Purina International, Strathroy, Canada) and tap water ad libitum. After a one week 

acclimation period, mice were bred three females to one male; females with a vaginal plug the 

morning after breeding were separated from the colony  and were considered gestational day 

(GD) one. All practices were conducted in accordance with guidelines set forth by the Canadian 

Council on Animal Care and approved by the Queenʼs University Animal Care Committee. 

2.1.2 ! pKZ1 Transgenic Mice

" pKZ1 mice possess a C57BL/6N genetic background and 15 repeats of a reporter gene 

construct that allows for the detection of somatic intrachromosomal recombination (SICR) 

events. Since many  of the enzymes that facilitate SICR are identical to those involved in non-

homologous end joining (NHEJ), the assay  is considered a surrogate measure of the latter 

(Sykes et al., 2006). The construct contains two parts: an E. coli lacZ gene flanked by  the V(D)J 

signal sequences Jκ5 and Vκ21C and an upstream chicken β-actin promotor enhancer (EP) 

complex (figure 2.1). Prior to SICR, the gene is in reverse orientation with respect to the EP 

complex and the gene product is non-functional. In response to a nearby  strand break, SICR is 

induced and the V(D)J sites guide the inversion of the gene, placing it in the correct orientation
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Figure 2.1: Schematic of the pKZ1 Gene Reporter Construct

The pKZ1 mouse contains 15 repeats of the above construct, which allows for the detection of 
somatic intrachromosomal recombination (SICR). The construct contains an E. coli lacZ gene in 
reverse orientation with respect to its promotor-enhancer (EP) complex, producing a non-
functional gene product. In response to a nearby  strand break, SICR facilitates the inversion of 
the lacZ gene using the flanking V(D)J recognition sites as guides, reorienting the gene to its 
correct position. A functional gene product, β-galactosidase, can be detected through the 
addition of its substrate (X-gal), which it metabolizes to form an insoluble blue stain (modified 
from Sykes et al., 2006).
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with respect to the EP complex. The functional β-galactosidase produced may be detected 

using its substrate X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactoside), which is metabolized to 

an insoluble blue stain. Breeding pairs of these transgenic mice were obtained from Dr. Pamela 

Sykes (Finderʼs University, Australia). Mice heterozygous for the gene (lacZ+/-) were paired with 

a homologous null mate (lacZ-/-) to ensure roughly  50% transgenic (lacZ+/-) offspring; all other 

practices were identical to those used in C57BL/6N breeding.

2.2 ! pKZ1 GENOTYPING USING THE POLYMERASE CHAIN REACTION

" Genotyping of post-natal day  21 juveniles was conducted using tail snips as a source of 

DNA. DNA was extracted using the QIAGEN DNeasy  Tissue Kit (QIAGEN, Mississauga, ON) 

and its concentration determined through spectrophotometry. Each PCR reaction contained 200 

ng of DNA,  2.5 μL of 10x Go Taq Flexi Buffer, 2 μL of 25 mM MgCl2, 0.5 μL of 10 mM dNTP, 

1.25 uL of 10μM primer ZR1675 (5ʼ-ATGAAAGCTGGCTACAGGAAGGCC-3ʼ), 1.25 μL of 10 μM 

primer ZR1970 (5ʼ-GGCAACATGGAAATCGCTGATTTG-3ʼ), 2 μL of nuclease-free H2O, and 0.4 

μL of Flexi GoTaq. All products were obtained from Sigma-Aldrich, except the primers 

(Invitrogen, Carlsbad, CA, USA). Reactions were denatured for 3 minutes at 94°C, underwent 

35 cycles of 1 minute at 94°C, 45 seconds at 63.1°C, and 1 minute at 72°C, then a final  

incubation at 72°C for 7 minutes. To each PCR product, 4 μL loading buffer (25% glycerol, 50 

mM Tris pH 8.0, 5 mM EDTA, 0.2% bromophenol blue, 0.2% xylene cyanole) was added and 16 

μL of the mixture was electrophoresed on a 1% agarose gel made with TAE buffer and 1 μL 

ethidium bromide. Visualization of the gel under UV light allowed for detection of transgene 

amplicons at 800 bp. Embryos were genotyped in a similar manner using DNA extracted from 

yolk sacs.
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2.3 ! TERATOLOGICAL ASSESSMENT

" On GD9, C57BL/6N dams were give either an intraperitoneal (IP) or subcutaneous (SC) 

dose of VPA (Sigma-Aldrich, St Louis, MO) dissolved in 0.9% saline (400 - 600 mg VPA / kg 

body weight) or saline alone. On GD19 (one day  prior to spontaneous delivery), dams were 

sacrificed by cervical dislocation and fetuses were placed in an incubator at 37°C for one hour 

to assess viability. Number of resorptions as well as weight, crown-rump length, viability, and 

presence of external malformations (exencephaly, cleft palate, open eye) was scored for all 

pups in the litter (although VPA does cause internal malformations, they  occur less frequently, 

are not readily  identifiable, and may  not manifest until weeks after birth). C57BL/6N mice were 

used in this study  as they  are more readily  available than pKZ1 mice and share an identical 

genetic background. 

2.4 ! ASSESSMENT OF IN VIVO RECOMBINATION EVENTS

2.4.1! Treatment and Sample Preparation

" pKZ1 dams were given a teratogenic dose of VPA (500 mg/kg) in 0.9% saline or vehicle 

alone on GD9 and were sacrificed by  cervical dislocation 12 and 24 hours after treatment. Uteri 

were removed, washed with PBS, and dissected to expose individual implantation sites. The 

decidua, Reichert's membrane, and amnion were dissected away, leaving the yolk sac attached 

to the embryo. Yolk sacs were removed for genotyping; embryos were placed into a cassette 

containing the cryoprotectant OCT (Sakura, Netherlands) and frozen at -80°C. Using a cryostat, 

embryos were sectioned at 9 μm and placed onto silane-coated slides (Sigma-Aldrich, St Louis, 

MO). Slides were kept at -80°C until staining.
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 2.4.2! X-gal Staining

" The X-gal staining protocol was adapted from Sykes et al. (1998), and results in the 

production of an insoluble blue stain in cells that have undergone SICR. All materials were 

obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. Slides were removed from 

-80°C and a hydrophobic barrier was drawn around the section with a hydrophobic pen. Slides 

were fixed for 1 minute in 0.1 M phosphate buffer (pH 7.4) containing 0.25% gluteraldehyde, 

then washed twice with buffer. X-gal stain (5 μM potassium ferricyanide, 5 μM potassium 

ferrocyanide, 2 mM MgCl2, and 1 mg/mL X-gal   (Invitrogen, Carlsbad, CA) in DMSO in 0.1M 

phosphate buffer) was applied and slides were incubated in a humidified chamber overnight in 

the dark at 37°C. Sections were counterstained with 0.25%  aqueous neutral red and dehydrated 

with 100% ethanol and xylenes. Slides were cover-slipped using DPX mountant (Electron 

Microscopy  Sciences, Hatfield, PA), and inspected using a Leica DM II light microscope. SICR 

events were detected with observation of an insoluble blue stain.  

2.5! ASSESSMENT OF RAD51 AND XRCC4 LEVELS IN VIVO

2.5.1 ! Treatment and Sample Preparation

" C57BL/6N dams were given either 500 mg/kg VPA in 0.9% saline or vehicle alone on 

GD9 and killed by cervical dislocation 1, 2, 4, 8, or 24 hours after treatment. Embryos were 

isolated as in 2.4.1 and pooled with littermates. Protein and mRNA were extracted using the 

QIAGEN AllPrep Protein/mRNA/DNA kit (QIAGEN, Netherlands). Protein was resuspended in 

5% sodium dodecyl sulfate (SDS) and its concentration determined using the  bicinchoninic acid 

(BCA) assay (Thermo Scientific, Waltham, MA). Briefly, this assay involves the protein-

dependent reduction of Cu2+ ions to Cu1+ followed by  chelation of BCA molecules to cuprous 

copper, producing a purple product that exhibits peak absorbance at 562 nm (Stoscheck, 1990). 

SDS loading buffer (5% β-mercaptoethanol, 0.25 M Tris Base, 12.5 mM EDTA, 0.01% 
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bromophenol blue, 35% glycerol, and 10% SDS) was added and samples incubated for 5 

minutes at 95°C. RNA concentration was determined using a spectrophotometer at 260 nm and 

1 μg of total RNA underwent reverse transcription using the iScript cDNA synthesis kit 

(BIORAD, Hercules, CA): each 20 μL reaction was incubated for 5 minutes at 25°C, 30 minutes 

at 42°C, and 5 minutes at 85°C.

2.5.2 ! SDS-PAGE and Immunoblotting

" Protein samples (20 μg) were electrophoresed in a 10% acrylamide gel and transferred 

onto a polyvinylidene membrane. Membranes were washed for 30 minutes with either 5% 

(RAD51) or 2.5% (XRCC4) milk and incubated overnight at 4°C with the following primary 

antibodies: anti-RAD51 (1:2500 dilution; AbCam, Cambridge, MA) and anti-α-tubulin (1:5000 

dilution; Sigma-Aldrich, St Louis, MO) in 5% milk in TBST; anti-XRCC4 (1:400 dilution; Santa 

Cruz Biotechnology, Santa Cruz, CA) and anti-β-actin (1:5000 dilution; Sigma-Aldrich St Louis, 

MO) in 2.5% milk in TBST. Membranes were washed five times in TBST for five minutes then 

incubated at room temperature for one hour with anti-mouse horseradish peroxidase-conjugated 

secondary  antibodies (1:5000 dilution; Americium, UK). Membranes were washed as above and 

developed using an enhanced chemiluminescence detection kit (Perkin-Elmer, Boston, MA). 

RAD51 (37 kDa) levels were normalized against α-tubulin (50 kDa) and XRCC4 (55 kDa) 

against β-actin (42 kDa) to ensure adequate separation of bands observed on the membrane.

2.5.3! qPCR

" cDNA reactions were composed of 1 μL cDNA, 12.5 μL RT2 SYBR Green qPCR Master 

Mix (SA Biosciences), 10.5μL nuclease-free water, and 1 μL of each of the following commercial 

primer sets (SA Biosciences, Netherlands): GAPDH, HPRT, RAD51, TBP, or XRCC4. Using the 

CFX96 Real-Time PCR Detection System (BIORAD, Hercules, CA), reactions underwent a 10 
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minute, 95°C hot start followed by  40 cycles of 15 seconds at 95°C (denaturing) and 1 minute at 

60°C (annealing). HPRT, the housekeeping gene against which RAD51 and XRCC4 were 

normalized, varied least between samples, as determined using the geNorm component of the 

qbasePLUS software (Biogazelle, Belgium). Expression of target genes was determined using 

the 2-Δ ΔCT method, as described in Livak and Schmittgen, 2001.

2.6 ! CHO33 MODEL

" The CHO33 line, modified from Chinese hamster ovary cells, was obtained from Dr. Jac 

Nickoloff (Department of Genetics and Microbiology, University  of New Mexico, NM). These 

cells posses a single, stably-integrated tandem repeat neomycin (neo) recombination substrate 

(Taghian and Nickoloff, 1997; Figure 2.2), which upon recombination confers resistance to the 

antibiotic Geneticin (G418; Gibco, Carlsbad, CA). This substrate contains two inactive neo 

sequences: a wildtype 3ʼ sequence that lacks a promotor, thereby  resulting in a lack of 

transcripts to translate into functional resistance proteins; and a 5ʼ  sequence immediately 

downstream of a mouse mammary  tumor virus (MMTV) promotor, but contains a 

Saccharomyces cerevisiae mitochondrial endonuclease (I-SceI) recognition sequence that 

causes a frame-shift mutation. When a DSB occurs at the I-SceI site, HR is initiated and repairs 

the 5ʼ neo using the 3ʼ neo as a donor sequence. Cells having undergone this process will be 

resistant to G418 due to the expression of a functional neo gene. Through this mechanism, 

G418 treatment may be used as a method of positive selection for HR cells.

2.7! ASSESSMENT OF IN VITRO RECOMBINATION EVENTS

2.7.1 ! Recombination Assay

" Cells were seeded into 10 cm culture plates at a density  of 5 x 104 cells/plate and grown 

in α-minimum essential medium supplemented with 10% fetal bovine serum and 1% penicillin/

streptomycin (Thermo Scientific HyClone, Logan, UT) and incubated at 37°C in 5% CO2. Twenty  
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Figure 2.2: Neomycin Recombination Substrate"

CHO33 cells possess a single, stably-integrated tandem repeat neo recombination substrate 
consisting of an MMTV promotor-driven 5ʼ gene with an I-SceI frameshift mutation, a 
promotorless 3ʼ wildtype gene that acts as the sequence donor, and a central simian virus (SV) 
40 promotor-driven E. coli gpt (guanine phosphoribosyl transferase) that confers resistance to 
mycophenolic acid (modified from Taghian and Nickoloff, 1997).
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four hours after plating, medium was removed, cells were washed twice with sterile PBS, and 

fresh medium was added containing either 5 mM VPA, PBS (vehicle control), or 50 nM 

trichostatin A (TSA, positive control; Sigma-Aldrich, St Louis, MO). After 24 hours, medium was 

removed, cells washed twice with sterile PBS, and fresh medium added containing 250 μg/ml of 

G418. Cells were grown for two weeks then stained with 1% crystal violet (Sigma-Aldrich, St. 

Louis, MO) in methanol. Frequency of HR was expressed by counting the number of G418-

resistant colonies per cell plated, normalized for cell viability.  

2.7.2! Cell Viability Assay

" CHO33 cells were seeded at a density  of 300 cells/10 cm plate and exposed to VPA, 

PBS, or TSA as above. After a 24 hour exposure, medium was removed, cells washed twice 

with sterile PBS, and fresh medium lacking G418 was added. After one week, cells were stained 

and colonies counted as above; viability  was expressed as the number of counted colonies per 

plated cell.

2.7.3 ! Determination of Tract Lengths by DNA Sequencing

" Cells were seeded and treated with PBS, VPA, TSA, and G418 as in 2.7.1. After 2 

weeks, plates were surveyed for recombinant colonies using the dark field light microscopy. 

Using 10 mm cloning rings to surround the colony, cells were trypsinized and transferred to a 

new 10 cm plate with fresh media. Once confluent, cells were scraped off plates and their DNA 

extracted using the DNeasy  Tissue Kit (QIAGEN, Netherlands). 10 μL of template (50-150 ng/

μL) along with 5μL of 2.0 μM primers (F: 5ʼ-AAGTGAAAGGTCTCCCAGGG-3ʼ; R: 5ʼ-

CCGCTTCTTGAGGTCGTACT-3ʼ; Invitrogen, Carlsbad, CA) were sent to Robarts Research 

Lab (London, ON) for DNA sequencing.
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2.8! STATISTICAL ANALYSES

" A two-way ANOVA was used to identify  sources of variation in immunoblotting data and 

a one-way  ANOVA followed by Tuekyʼs post-hoc test was used to identify  significant differences 

between groups. Statistical analyses for the CHO33 recombination assay, viability  assay, dose-

finding teratology study, and qPCR were conducted using a one-way  analysis of variance 

followed by  a Tukey  post-hoc test. Studentʼs t-test was used in the route of administration 

component of the teratology  study. Normality  was confirmed for teratology  data by  the 

DʼAgostino and Pearson omnibus normality  test and homogeneity  of variance was confirmed for 

qPCR data using Leveneʼs median test. All analyses were performed using GraphPad Prism 4.0 

(GraphPad Software, San Diego, CA). P<0.05 was considered statistically significant.
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Chapter 3

Results

3.1! pKZ1 GENOTYPING

" To ensure only  pKZ1 embryos possessing the lacZ gene (lacZ+/-) were used in the in vivo 

recombination (X-gal) assay, PCR genotyping was conducted on yolk sacs. Amplicons were 

reliably detected at 800 bp in lacZ-positive tissue (figure 3.1); bands were not present in blank 

or negative reactions, suggesting neither contamination nor non-specific amplification. 

3.2! IN VIVO VPA EXPOSURE MODEL

" As previous experiments investigating VPA teratogenicity  in our lab had been conducted 

using the CD-1 mouse, a dosing model for the pKZ1 transgenic strain (C57BL/6 genetic 

background) had to be developed. Ideally, the dose and route of administration of VPA would 

reliably produce endpoints of interest in the embryo (neural tube defects) while limiting non-

specific markers of toxicity  in the embryo (low weight/length, resorption frequency, viability) and 

the dam. In the first experiment (figure 3.2a), dams were exposed to 600 mg/kg VPA or 0.9% 

saline either SC or IP. No differences were observed between routes of administration in VPA-

treated litters, but litters exposed to saline IP had lower average weights at GD19. In the second 

experiment (figure 3.2b), dams were exposed SC to VPA or 0.9%  saline. Dose-dependent 

differences were observed in average viability, pup weight and length, and incidence of defects. 

Resorptions were higher in litters exposed to 400 mg/kg VPA than in litters exposed to 500 mg/

kg VPA, which may  reflect seasonal fluctuations in reproductive parameters as these treatments 

were administered several months apart. Due to the relatively high incidence of defects and low 
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Figure 3.1: pKZ1 Genotyping

Genomic DNA from pKZ1 embryos (yolk sacs) and juveniles (ear snips) underwent PCR and the 
reactions run out on an agarose gel. The presence of an 800 bp  amplicon confirms the animal possesses 
the lacZ transgene (lacZ+/-). From left to right, the lanes are ladder, blank (no template), negative control 
(lacZ-/- template), positive control (lacZ+/- template), and several samples.
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Figure 3.2a: Comparison of Routes of Administration for VPA and Saline

C57BL/6N dams were given VPA (600 mg/kg) or 0.9% saline on GD9 either IP or SC. On GD19, dams 
were sacrificed and resorption frequency, pup  weight, length, and defect incidence was assessed. 
Comparisons between SC and IP were made within treatment using t-tests and significance differences 
(p<0.05) are indicated with an asterisk. Compared with pups given saline SC, those given saline IP had 
significantly lower birth weights. All other within treatment differences were non-significant. Error bars 
represent SEM and numbers above bars represent number of litters. A D'Agostino & Pearson omnibus 
normality test revealed that data were normally distributed. 
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Figure 3.2b: Comparison of SC-administered VPA (400 - 600 mg/kg) and 0.9% saline

C57BL/6N dams were given VPA or saline SC on GD9. On GD19, dams were sacrificed and resorption 
frequency, pup  viability, weight, length, and defect incidence was assessed. Treatment differences were 
tested using a one-way ANOVA followed by a Tukey post-hoc test; letter differences above bars represent 
significant differences (p<0.05) between treatments and numbers above bars represent number of litters. 
With the exception of resorption frequency, all trends were dose-dependent. The lowest dose to affect 
pup  weight, length, and defect incidence was 500 mg/kg. Error bars represent SEM. A D'Agostino & 
Pearson omnibus normality test revealed that all data were normally distributed.
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non-specific toxicity, the 500 mg/kg SC dose of VPA was considered teratogenic and used in all 

further in vivo experiments. 

3.3! IN VIVO RECOMBINATION ASSAY

" To assess VPAʼs ability to induce in vivo recombination events, X-gal staining was 

carried out on pKZ1 positive embryos 12 and 24 hours after VPA or saline exposure (GD9.5 and 

GD10 embryos, respectively). Within each staining session, brain slices from adult lacZ+/- males 

were used as a positive control due to the organʼs high basal level of recombination. Although 

positive staining (visual detection of an insoluble blue stain) was consistently  observed in brain 

slices, no such staining was observed in embryo slices (figure 3.3).

3.4! qPCR ANALYSIS OF XRCC4 AND RAD51

" The embryonic and brain expression of XRCC4 and RAD51, proteins respectively 

involved in NHEJ and HR repair, was investigated at the transcriptional level by qPCR (figure 

3.4). Although short-term embryonic mRNA levels of these genes were 10-to-15-times higher in 

VPA-treated litters than saline-treated, these trends were non-significant. Interestingly, brain-

derived RAD51 was either undetected or produced Ct values beyond a set cut-off while XRCC4 

induction was modest and non-significant. 

3.5! IMMUNOBLOT ANALYSIS OF XRCC4 AND RAD51

" Expression was also investigated at the protein level via immunoblotting and data were 

largely  concordant with mRNA results (figure 3.5): RAD51 was not detected in adult brain and 

experienced a small, non-significant increase at the one-hour time point in VPA-exposed 

embryos; XRCC4 was four-times higher in VPA-treated embryos and almost five-times higher in 

the brains of VPA-treated dams, with induction returning to basal levels by two hours. 
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Figure 3.3: Assessment of VPA-Induced In Vivo Recombination

pKZ1 dams were given a teratogenic dose of VPA (500 mg/kg) or saline on GD 9 and killed 12 or 24 
hours later. lacZ+/- embryos were isolated, frozen, and sectioned; sections underwent X-gal staining along 
with a positive control (adult male brain). Sections were inspected for the presence of an insoluble blue 
stain, which was repeatedly detected in brain but not in embryos. A: GD9.5 whole embryo (12 hours post-
treatment), sagittal section; B: GD10 whole embryo (24 hours post-treatment), sagittal section; C: 
embryonic coronal section showing neural tube (nt), gut (g), and head (h); D: sagittal heart section; E: 
sagittal somite section; F: adult male brain showing positive staining (arrows). Panels A-C are viewed with 
4x magnification, panel D with 10x magnification, and panels E and F with 40x magnification.
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Figure 3.4: mRNA levels of XRCC4 and RAD51 in whole embryos and adult brain

C57BL/6N dams were given SC VPA or saline on GD9 and killed 1, 2, 4, or 24 hours after treatment. Total 
RNA was isolated from embryos (A,B) and maternal brain (C), and corresponding cDNA underwent 
qPCR. Ct values for XRCC4 (red) and RAD51 (blue) were normalized against the reference gene HPRT 
using the 2-ΔΔCT method. All data were analyzed using a one-way ANOVA followed by a Tukey post-hoc 
test and differences were considered significant if p<0.05. No significant differences were found and 
RAD51 was not detected in brain. Error bars represent SEM and numbers above bars represent number 
of litters. Homogeneity of variance was confirmed using Leveneʼs median test.
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Figure 3.5: Protein levels of XRCC4 and RAD51 in whole embryos and adult brain

C57BL/6N dams were given SC VPA or saline on GD9 and killed 1, 2, 4, 8, or 24 hours after treatment. 
Total protein was isolated from embryos (A-D) and maternal brain (E,F) and were analyzed using SDS-
PAGE. A two-way ANOVA (A, C, E) identified time as a significant source of variation for XRCC4 
expression in embryo and brain. VPA-treated litters were normalized against saline-treated at each time-
point to account for natural variations in protein expression. Normalized data were analyzed using a one-
way ANOVA followed by a Tukey post-hoc test; significant differences (p<0.05) between groups were 
indicated with an asterisk. XRCC4 (red) was induced in both embryos and brain at the one hour time 
point and returned to baseline levels by two hours. RAD51 (blue) was not detected in brain and, although 
detected in embryos, was not significantly induced by VPA at any time point. Error bars represent SEM 
and numbers above bars represent number of litters.
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Expression levels in saline-treated embryos fluctuated greatly  between time points; to examine 

the VPA-specific effect on expression, VPA-treated embryos were normalized against their 

saline-treated counterparts. This variation does, however, underscore the dynamic expression 

of proteins throughout development and the vital need for unaltered regulation. 

3.6! IN VITRO RECOMBINATION ASSAY

" To ensure the in vitro assay  was working as previously described (Sha and Winn, 2010), 

CHO33 cells were exposed to either VPA, a positive control (TSA), or the vehicle control (PBS) 

(figure 3.6). Cell viability  did not differ between treatments and, though low, did not differ from 

values previously  described. Compared to PBS, both VPA and TSA treatment elicited 

statistically  higher recombination frequencies; no difference was observed between VPA and 

TSA. 

3.7! IN VITRO SEQUENCING

" To determine tract lengths of colonies that had undergone recombination in response to 

VPA, TSA, and PBS, the number of phenotypically-silent point mutations in the repaired 5ʼ neo 

was to be determined. DNA from recombinant colonies along with primers designed to amplify 

the 5ʼ neo were sent to the Robarts Lab in London, ON for sequencing. The electropherogram 

revealed that many  of the bases were unsuccessfully identified (figure 3.7). An in-house PCR of 

the DNA and separation on an agarose gel showed several distinct bands, suggesting the 

primers were not entirely  specific for the sequence of interest. Attempts to isolate the amplicon 

from the agarose gel yielded products with low  concentrations and purity, and were not sent for 

sequencing.
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Figure 3.6: Cell Viability and Recombination Frequency

CHO 33 cells were exposed to VPA, vehicle control (PBS), or positive control (TSA) for 24 hours and 
either incubated for one week in media or incubated for two weeks in media supplemented with G418. 
Colonies were stained with crystal violet and counted to determine cell viability (A) and viability-
normalized recombination frequency (B). A one-way ANOVA and Tukey post hoc test were used to 
analyze data; letter differences above bars represent significant differences (p<0.05) between treatments. 
No differences were detected in cell viability, while treatment with TSA and VPA led to significantly higher 
recombination frequencies.  Error bars represent SEM and numbers above bars represent number of 
biological replicates. 
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Figure 3.7: Tract Lengths Determined Through DNA Sequencing

CHO 33 cells were exposed to VPA, PBS, or TSA for 24 hours and G418 for two weeks to select for 
recombinant colonies. DNA was extracted from recombinant colonies grown to confluence and 
sequenced. Most bases were unsuccessfully determined (N in the electropherogram).
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Chapter 4

General Discussion

4.1! GENERAL DISCUSSION

" VPA is a short-chain fatty  acid used for almost 35 years as a front-line therapy  for a 

variety  of seizures conditions (Pellock et al., 2007). It has also seen widespread use in the 

treatment of manic depressive disorders and neuropathic pain, the management of aggression 

and agitation in dementia patients, and the prophylaxis of migraines (Bowden and Singh, 2005). 

Despite its extensive use worldwide and its relative safety  in the general population, VPA is a 

known teratogen; pregnant women on VPA monotherapy risk a 10.7% incidence of major 

congenital defects in their child, a rate five times greater than that in the unexposed population 

(Wyszynski et al., 2005). These defects include musculoskeletal, cardiac, urogenital, respiratory, 

ocular, and renal abnormalities as well as developmental delay  and lower IQ  post-natally 

(reviewed in: Lammer et al, 1987). However, the most common defects are those affecting 

neural tube development, including spina bifida. Although the clinical outcomes of in utero VPA 

exposure have been known for over 30 years, the molecular mechanism underlying these 

teratologies remains unclear. Generation of ROS and induction of oxidative stress are thought to 

be central. In addition to damaging other cellular macromolecules, ROS has been shown to 

cause DNA DSBs, the most toxic DNA lesion (Bandyopadhyay  et al., 1999). Although the cell is 

equipped with processes such as HR and NHEJ to repair such damage, repair is not always 

error-free and may  lead to genotypic or phenotypic changes via gene deletions, duplications, 

and a loss of heterozygosity  (Bishop and Schiestl, 2001). Since a highly  coordinated, dynamic 

series of cellular and tissue events is required for proper development, genomic instability  may, 

at least in part, underpin VPAʼs teratogenicity. Although previous studies in our lab have 
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established VPAʼs ability  to cause DSBs and induce repair via HR (Defoort et al., 2006; Sha and 

Winn, 2010; Tung and Winn, 2011b), no study  to date has examined repair of VPA-induced 

damage in an in vivo model. In the present study, we investigated repair in an in vivo model of 

NHEJ and examined the effect of VPA exposure on key proteins in the NHEJ (XRCC4) and HR 

(RAD51) pathways.

" With its C57BL/6N genetic background and its phenotypically-silent lacZ transgene, the 

pKZ1 mouse model was a new addition to the VPA research programme, which had previously 

used the CD-1 strain. This meant adapting a genotyping method to identify  lacZ+/- adult and 

embryonic mice as well as developing a dosing model that achieves teratogenic outcomes while 

minimizing non-specific toxicity  to the embryo-fetal unit and dam. While ear or tail snips are 

readily  available in abundance from juveniles, embryonic tissue is scarce; removing portions of 

each embryo for genotyping would reduce already-low protein and RNA yields and sacrifice 

structures of interest in X-gal staining. Therefore, genotyping was performed on yolk sacs 

(figure 3.1), structures derived from the embryonic endoderm and therefore representative of 

the embryo genotype (Kennedy et al., 2004). 

" In mice, interstrain variability  of toxicokinetics and dynamics is very  well established. In 

fact, several groups have examined the differences in susceptibility  to VPA-induced teratogenic 

outcomes (neural tube and skeletal defects) and reported several-fold differences in 

susceptibility  between resistant strains such as DBA/2J and C57BL/6 and sensitive strains such 

as CD-1 and SWV (Naruse et al., 1998; Finnell et al., 1998). The CD-1 strain has been used 

extensively  in our lab to study  VPA teratogenicity, with a SC dose of 400 mg VPA / kg body 

weight identified as the lowest dose capable of eliciting neural tube defects (24% incidence of 

NTDs; Dawson et al., 2006). Therefore, the first experiment done to establish a VPA dosing 

model for our C57BL/6N and pKZ1 mice used 600 mg/kg VPA (50% increase over the CD-1 

dose) administered alongside saline, either SC or IP. While VPA-exposed litters had a similar 
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rate of defects (between IP and SC, but also to the CD-1 model) and predictably  caused 

decreases in pup weight and length and an increase in resorption frequency, no differences 

were detected within treatment (that is, between routes of administration). However, litters 

exposed to saline via IP injection had statistically  lower weights than those exposed via SC 

injection (figure 3.2a). Non-specific teratogenic outcomes are usually  attributable to the stress 

experienced by the dam during restraint, which has been shown to cause adverse effects on 

implantations, embryo/fetal viability, lowered birth weight of the offspring, skeletal malformations, 

and neurobehavioral changes (reviewed in: Domingo et al., 2004). In particular, the supine 

restraint involved in IP injections has been shown to be highly stressful to the dam (Miller and 

Chernoff, 1995), and is likely  the cause of the litter weight differential between SC and IP litters. 

In the second experiment, dose-response curves were created by  administering saline and VPA 

(400 - 600 mg/kg) SC. While the lowest dose of VPA did not affect pup length or weight, it failed 

to cause a statistically  significant increase in NTDs over saline-treated litters (figure 3.2b). The 

highest dose of VPA produced NTDs in about a quarter of all embryos (comparable to the CD-1 

model), but also caused prohibitively high decreases in weight, length, and viability. The 

incidence of defects observed with the 500 mg/kg dose did not statistically  differ from the 

highest dose and effects on pup length and litter resorptions were less drastic. As such, the 500 

mg/kg SC dose of VPA was considered the lowest teratogenic dose, and was used in further 

studies. 

" With a model of teratogenesis established, we sought to examine VPAʼs ability  to induce 

repair of DNA DSBs in the pKZ1 transgenic strain. Based on previous work, we knew that VPA 

begins to exert its effects quite quickly: in a CD-1 whole embryo culture model, a peak in γ-

H2AX (marker of DNA DSBs) was observed at 0.5 hours (Tung and Winn, 2011b) and an 

increase in acetylated histones by  1 hour (Tung and Winn, 2010) while a peak in HR was seen 

by  5 hours in an in vitro model of HR repair (Defoort et al., 2006). Other studies show that while 
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most of these markers return to basal levels soon after, ROS remain elevated in vivo until at 

least 24 hours after VPA treatment (Tung and Winn, 2011a). Therefore, we sought to survey 

embryos at 1, 2, 4, 8, and 24 hours after VPA administration for SICR events (a surrogate 

marker of NHEJ repair). Unfortunately, embryos younger than GD9.5 (12 hours after VPA 

administration) proved too small to process, as they  would easily  shred during sectioning; 

embedding embryos at this stage in plastic or paraffin allows for easier sectioning, but destroys 

β-galʼs enzymatic activity. Therefore, embryos at GDs 9.5 and 10 (12 and 24 hours after VPA 

administration) underwent X-gal staining and inspected for recombination events alongside 

slices of adult male lacZ+/- brain, an organ with a high basal level of recombination. Although 

positive staining was consistently observed in the positive control, none was seen in embryos at 

the 12 or 24 hour time points (figure 3.3). Considering the previously-highlighted data regarding 

VPAʼs ability  to generate ROS and create strand breaks within an hour, the lack of staining was 

unexpected. It is unlikely  that the protocol used was ineffective, since positive staining was 

consistently  seen in brain slices; more likely  are the possibilities that the recombinant cells 

underwent necrosis or apoptosis prior to the 12 hour time point or that the enzymes facilitating 

NHEJ are expressed at too low a level in embryos to result in visible staining. 

" The former hypothesis is intriguing, and is concordant with other studies in cell lines 

(Tang et al., 2004) and whole embryos (Di Renzo  et al., 2010; Tung and Winn, 2011b) that 

show pro-apoptotic Bax:Bcl-2 ratios, increases in p53, cleaved PARP, and cleaved caspase-3, 

and DNA fragmentation after exposure to VPA and other HDAC inhibitors. However, since not a 

single blue cell was detected in numerous slides derived from 12 lacZ+/- embryos, it is unlikely 

that every  recombinant cell underwent programmed cell death. Therefore, we sought to 

examine the expression levels and induciblity  of key  DSB repair proteins (XRCC4, involved in 

NHEJ; RAD51, involved in HR) at the mRNA and protein level to test whether the embryo can 

express β-gal to sufficiently  high levels to be seen with a microscope. Based on numerous 
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studies that have shown that enzymes and other proteins central to detoxification and repair 

(SOD, catalase, CYPs, GSH, glutathione peroxidase) are expressed at relatively low levels in 

embryos compared to adults (Choudary  et al., 2003; Ozolins et al., 1996; Winn and Wells, 1996; 

el-Hage and Singh, 1990; Wells et al., 2005), we expected RAD51 and XRCC4 to follow  suit 

and provide a rationale for the absence of staining. Quite interestingly, one study  compared X-

gal staining in pKZ1 brains throughout neonatal development and found that the extent of 

staining and intensity  increased from extremely  low levels at PD1 to higher (but still sub-adult) 

levels at PD28, and adult levels by PD84 (Matsuoka et al., 1991). Similar trends were found in a 

rat study, where it was found that NHEJ activity  was extremely low  in brain at birth and 

increased to a maximum at PD12 (Ren and De Ortiz, 2002). Matsuoka and colleagues attribute 

the low abundance of staining, even in an organ with characteristically  high recombination rates, 

to an insufficient accumulation of β-gal in the cytoplasm of lacZ-expressing neurons. Taken 

another way, it may  reflect a progressive increase in several key proteins (RAD51/XRCC4) 

throughout gestation and post-natal development. Therefore, we sought to establish expression 

profiles of these proteins and compare embryonic levels to those of the adult brain. 

" To examine expression of these genes/proteins, we exposed C57BL/6N dams on GD9 to 

a teratogenic dose of VPA and obtained embryos and maternal brain at 1, 2, 4, 8, and 24 hours 

after drug treatment; total mRNA and protein were obtained from each litter and brain. Co-

exposure of dams and embryos and co-isolation of mRNA/protein allowed for a stronger 

comparison of expression profiles. Embryonic transcript levels of both genes were elevated by 

at least 10-fold within one hour of VPA treatment, but these trends were non-significant due to 

high variability  within treatment groups (figure 3.4, panels A and B). Increasing sample size 

would likely result in significant differences at that time point. mRNA levels may  be higher, still, 

before one hour; a larger increase at 30 minutes, even with high variability, may  prove to be 

significantly  different from control values. Interestingly, XRCC4 in the brain was only  modestly 

50



increased but again, not significantly  (figure 3.4, panel C). The difference between embryonic 

and adult RAD51 mRNA levels was much more striking, as RAD51 in the brain were either 

undetected or expressed at extremely  low levels in all samples. These data are concordant with 

several studies that demonstrate the adult brain has one of the lowest complements of XRCC4 

and RAD51 of all adult tissues, and lower than that of several fetal organs including brain, liver 

and thyroid (Vinson and Hales, 2001; Su et al., 2004).

" The transcript data are largely  consistent with the changes observed at the protein level. 

RAD51 from adult brain was not detected through immunoblotting, and embryo-derived RAD51 

experienced a modest, non-significant peak at one hour (figure 3.5 panels A and B). However, 

while not significantly  increased at the mRNA level, brain XRCC4 at the protein level was almost 

5 times greater in VPA-exposed dams than their saline-exposed counterparts (figure 3.5, panels 

E and F). Similarly, embryos exposed to VPA had XRCC4 levels approximately  4 times greater 

than those exposed to saline (figure 3.5, panels C and D). While XRCC4 experienced a similar 

induction in VPA-treated litters and brain, there is a clear disparity  between absolute levels of 

the protein. While the OD of XRCC4 to actin in embryos ranges from 0.25 - 2.0, OD of brain 

samples ranges from 0.05 - 0.9. While no comparison has been made at the protein level 

between adult brain and embryonic XRCC4, mRNA data show that levels are higher in fetal 

organs/tissues than adult brain (by  almost 2-fold in the liver) (Su et al., 2004). Therefore, 

considering that the induction response and absolute levels of RAD51 and XRCC4 in the 

embryo are not drastically  lower than that of the brain, differential expression of key  repair 

genes/proteins does not reasonably explain the lack of X-gal staining in the embryo.

" Therefore, considering again the Matsuoka study (Matsuoka et al., 1991) and the 

embryonic expression profiles of XRCC4 and RAD51, it may  be more likely  that the embryo has 

successfully  undergone NHEJ repair but has not accumulated sufficient β-gal to be visually 

detected. Although one apparently-contradictory  study  indicates that recombination may be 
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observed in as little as 30 minutes post-exposure, those results were obtained in vitro using 

GD14 fetal liver cells and a proximate toxicant (Tung et al., 2012); in the present study, using in 

vivo exposure of the parent compound to whole embryos at an earlier stage in development, an 

induction of recombination would likely  occur at a more distal time point. Regardless, to test the 

earlier hypothesis that an insufficient amount of β-gal had accumulated, at least two distinct 

methods may  be employed: one, examine embryos at time points beyond 24 hours, allowing for 

additional β-gal accumulation; two, survey embryos using a method that does not rely  upon 

accumulation of a dye, such as immunohistochemistry  (IHC) and immunoblotting to detect the 

β-gal protein or fluorescent in situ hybridization (FISH) to directly  detect the recombinant (that 

is, repaired) DNA. Furthermore, it would be prudent to establish that 500 mg/kg VPA, a 

teratogenic dose for C57BL/6 mice, actually  results in oxidative stress and more importantly, 

DNA DSBs.

" In the last component of this study, we sought to determine whether VPA alters potential 

for genomic aberrations by  increasing the tract lengths used in recombinational repair. First, we 

used the exposure model developed by Defoort et al. (2006) to establish that VPA was able to 

cause HR in the CHO33 cell line, as was done previously  by  Sha and Winn (2011). We found 

that cell viability, though low at approximately  60%, and recombination frequencies were 

comparable to those of the latter study  (figure 3.6). With the exposure model operational, we 

exposed CHO33 cells to VPA (5 (µM), vehicle control (PBS), or positive control (TSA, 50 nM) for 

24 hours then selected for recombinant colonies using the antibiotic G418 (upon recombination, 

cells develop resistance to the antibiotic). DNA was obtained from colonies grown to confluence 

in a 10 cm dish and sent for sequencing along with primers flanking the recombinant region. In 

sequencing the recombinant region, we could determine how large a section from the 

homologous template (the 3ʼ neo containing 12 phenotypically-silent point mutations) was used 
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in repair by  looking for point mutations. Unfortunately, many of the bases within the recombinant 

region were unsuccessfully  sequenced (figure 3.7); inspection of the electropherogram revealed 

that more than one template was present in the sequencing reaction. PCR reactions, using 

identical template and primers, produced several distinct bands on an agarose gel, ranging from 

500 - 1800 bp. Based on primer design, we had anticipated the presence of a single 1.4 kbp 

sequence that corresponded to the size of a wildtype neo gene. Assuming primers were 

designed correctly, multiple bands could be the result of gene deletions or duplications that may 

occur in HR, albeit rarely. Although we sought to sequence these bands, attempts to retrieve 

amplicons from the agarose gel failed due to low template concentration and contamination by 

salts and solvents (260:230 ratios were prohibitively  low). Future attempts to determine tract 

lengths should make use of the method outlined in Taghian and Nickoloff (1997), which relies 

upon the endonuclease-facilitated transfer of the repaired neo into E. coli HB101 cells followed 

by determination of tract lengths via restriction fragment length polymorphism (RFLP) analysis.

4.2! FUTURE STUDIES

" Detection of embryonic RAD51 and XRCC4 beyond their adult brain counterparts 

suggests that a lack of X-gal staining in embryonic sections may  not be due to low  levels of 

repair-associated proteins. Although the full complement of HR and NHEJ proteins was not 

surveyed, the data from RAD51 and XRCC4 at the mRNA and protein level is consistent with 

expression profiles in the literature. Though these and other HR and NHEJ proteins may be 

examined at the mRNA level in VPA-sensitive tissues/organs (neuroepithelium, heart, skeletal) 

using laser capture, a more fruitful approach to determine repair capacity  and VPAʼs ability  to 

alter it would be one or more of the following: perform the X-gal assay on sectioned embryos 

beyond the 24 hour time point to allow for accumulation of β-gal protein to levels that are visible; 

use immunoblots or IHC with antibodies against exogenous β-gal, which would detect the 
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protein itself and not rely  upon the extent of its activity; design FISH probes against the 

recombinant lacZ sequence, which would allow for the earliest detection of recombinant cells, 

and would be independent of the level of β-gal protein or its enzymatic activity.

" Although Tung and Winn (2011b) have demonstrated an increase in DSBs in CD-1 

embryos after exposure to a teratogenic dose of VPA, occurrence of DSBs has not been 

confirmed in C57BL/6 or pKZ1 strains and may  underpin the lack of staining observed in the 

present study. Embryos, as exposed in this studyʼs X-gal experiment, should be probed for γ-

H2AX to ensure that 500 mg/kg is adequate to cause DSBs and subsequent repair. 

" PCR genotyping should be modified to include a second set of non-specific primers to 

ensure that each PCR reaction contained template and suitable reagents. LacZ-/- samples would 

not possess an amplicon at 800 bp, but would possess a larger/smaller amplicon to show the 

reaction was favorable and template was present. LacZ+/- samples would possess two 

amplicons.

" Where the pKZ1 mouse model has yielded invaluable insights into NHEJ and how 

various toxicants may modulate activity, the fluorescent yellow direct-repeat (FYDR) mouse 

model may  do the same for HR (Hendricks et al., 2003). Upon HR, cells from this model exhibit 

a fluorescent phenotype that may  be detected and quantified through flow cytometry, amongst 

other means, allowing for the highly sensitive detection of recombination events. HR activity  has 

already  been demonstrated in embryos using this model; modulation of activity  by  VPA would 

provide highly  interesting data to complement the work done in this study  and in those 

performed in the CHO3-6 and CHO33 cell lines (Defoort et al., 2006; Sha and Winn, 2010).

" Lastly, to determine whether VPA-induced recombination increases potential for genomic 

aberrations, HR tract lengths should be measured in the CHO33 line using the method 

described by Taghian and Nickoloff (1997).
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4.3! CONCLUSIONS

" The above data demonstrate that although XRCC4, a key protein in NHEJ repair, is 

induced at the one hour time point in embryos and maternal brain exposed to VPA, the drug 

does not cause an increase in recombination as hypothesized. As tract lengths were not 

successfully  determined, that component of the hypothesis was not tested. However, these 

results do establish a teratogenic exposure model for VPA in the pKZ1 mouse and suggest that 

the absence of X-gal staining in pKZ1 embryos is not due to an underexpression of the repair 

proteins RAD51 and XRCC4. Further studies must be conducted to more fully  determine the 

extent and distribution of VPA-induced DSB repair by  NHEJ, and to what degree repair by  NHEJ 

and HR leads to genomic instability and teratogenicity. 

4.4! SIGNIFICANCE

" In the United States alone, it is estimated that 45 000 children each year are exposed to 

VPA and other AEDs in utero (Motamedi and Meador, 2006), despite the teratogenic risk. As 

VPA remains a front-line drug for the management of seizures – even for pregnant women – this 

number increases daily. Elucidation of its teratogenic mechanism remains crucial in developing 

strategies to reduce the birth defects associated with this drug, which occur in children exposed 

in utero at five times the incidence of those unexposed. Since VPA shares structural and 

functional aspects with many  other toxicants, pursuit of a complete mechanistic understanding 

of VPA teratogenesis may provide insights into the ways in which other toxicants elicit their 

effects. 
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