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ABSTRACT

Exposure to the anticonvulsant drug valproic acid (VPA) is associated with an increased risk of congenital malformations.
Although the mechanisms contributing to its teratogenicity are poorly understood, VPA has been shown to induce DNA
double strand breaks (DSB) and to increase homologous recombination in vitro. The objective of the present study was to
determine whether in utero exposure to VPA alters the frequency of intrachromosomal recombination and the expression of
several genes involved in DSB repair in pKZ1 mouse embryos. Pregnant pKZ1 transgenic mice (GD 9.0) were administered
VPA (500 mg/kg s.c.) and embryos were extracted and microdissected into the head, heart, and trunk regions 1, 3, 6, and
24 h after injection. Quantitative PCR was used to measure the tissue-specific expression of lacZ, a surrogate measure of
recombination, Xrcc4, Rad51, Brca1, and Brca2, with Western blotting used to quantify Rad51, cleaved caspase-3 and
cleaved-PARP protein. Increased recombination was only observed in the embryonic head following 6-h VPA exposure. VPA
had no effect on Xrcc4 expression. Rad51, Brca1, and Brca2 expression rapidly decreased in head and trunk tissues after 1-h
VPA exposure, followed by a subsequent increase in all tissues, although it was generally attenuated in the head and not
due to differences in endogenous levels. Cleaved caspase-3 and cleaved-PARP expression was increased in all tissues 3 h
following VPA exposure. This study indicates that the tissue-specific expression of several genes involved in DSB repair is
altered following exposure to VPA and may be contributing to increased apoptosis.
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Mammalian embryonic development is a highly dynamic pro-
cess involving complex spatial and temporal patterns of gene
expression. Endogenous metabolites and exogenous drug or
chemical exposures that perturb these cellular processes may
induce developmental abnormalities (Wells et al., 2010). Tran-
scriptional control of gene expression is mediated in part by
epigenetic modifications to chromatin by histone acetyltrans-
ferases and histone deacetylases (HDACs) (Haberland et al.,
2009). Inhibition of HDAC isoforms has been suggested to medi-
ate teratogenesis, with global deletion of several HDACs in mice
shown to result in embryolethality and developmental defects

(Haberland et al., 2009). Although the exact mechanism is un-
known, several HDAC inhibitors (HDACi) including valproic acid
(VPA) are established teratogens in both animal models and hu-
mans (Kaneko et al., 1999).

VPA and several other HDACi are currently being explored
as cancer therapeutics given their common ability to induce
cell-cycle arrest, apoptosis and potentiate the efficacy of other
chemotherapeutics and increase radiation sensitivity of several
types of cancer cells in vitro and tumor xenografts in vivo (re-
viewed by Shankar and Srivastava, 2008). These effects are sug-
gested to be mediated, in part, by transcriptional downregula-
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tion of DNA repair genes and consequently repair activity (Adi-
moolam et al., 2007; Zhang et al., 2007). HDACi-mediated alter-
ations on DNA repair have also shown selectivity toward cancer-
ous cells, with a minimal effect on normal cells (Lee et al., 2010).
Although VPA has been investigated in several models of can-
cer, studies regarding its effect on DNA repair in the developing
embryo are limited.

DNA repair processes are highly conserved among eukary-
otes and are essential for normal development as they protect
the genome from accumulating DNA damage, which can com-
promise genomic integrity (Taylor and Lehmann, 1998). With
more than 15 human genetic disorders known to result from re-
pair deficiencies, it is evident that unrepaired DNA damage can
significantly alter normal cellular processes (Lehmann, 2003).
Although many of these disorders are associated with an in-
creased susceptibility to cancer, developmental defects are also
observed. Additionally, polymorphisms in several DNA repair
genes have been identified as risk factors for the development
of structural birth defects including spina bifida and orofacial
clefts (Olshan et al., 2005). DNA double strand breaks (DSBs) are
among the most lethal types of DNA damage and can be repaired
by both nonhomologous end joining (NHEJ) and homologous re-
combination (HR) (reviewed by Brandsma and Gent, 2012). The
fundamental difference between these two processes is their de-
pendence on a template and the fidelity of repair. NHEJ involves
direct ligation of the DNA ends flanking the break site with no
need for a homologous template, making this process inherently
mutagenic. In contrast, HR is relatively error free as it requires a
highly similar or identical undamaged template from which to
reconstitute the original sequence. We have previously shown
that VPA induces DSBs and increases the frequency of HR in vitro
(Sha and Winn, 2010); however, the molecular basis and effect on
recombination in vivo has yet to be determined.

During the period of organogenesis in the postimplanta-
tion embryo, DNA damage response genes have been shown
to exhibit specific temporal and spatial patterns of expression
(reviewed by Jaroudi and SenGupta 2007). However, many of
these genes including several involved in HR are initially ex-
pressed only weakly during development (Jaroudi and SenGupta,
2007; Vinson and Hales, 2002). The importance of regulated DNA
repair gene expression during embryonic development is evi-
denced by the targeted disruption of these genes in mice, which
often results in embryolethality or altered growth and devel-
opmental malformations (Friedberg and Meira, 2006). This sug-
gests that the ability of the postimplantation embryo to repair
damage is highly dependent on the developmental stage and
that factors that perturb normal expression patterns or damage
DNA during a period of low repair expression could have signif-
icant detrimental effects including birth defects. Given that we
have previously shown that VPA can increase the frequency of
HR in vitro, the goal of this study was to determine the tempo-
ral and tissue-specific effects of VPA exposure on DNA recom-
bination, the expression of DSB repair genes, and to examine
markers of apoptosis in malformation-sensitive tissues of the
postimplantation mouse embryo in vivo.

MATERIALS AND METHODS

pKZ1 transgenic mice. pKZ1 breeders were originally obtained
from Dr Pamela Sykes (Department of Hematology and Genetic
Pathology, Flinders University and Flinders Medical Centre; Bed-
ford Park, SA, Australia). A colony of pKZ1 mice was maintained
by outbreeding with C57Bl/6N mice (Taconic Farms) and was

housed in a temperature-controlled room on a 12-h light/dark
cycle. Standard rodent chow (Purina Rodent Chow, Ralston Pu-
rina International, Strathroy, Canada) and tap water was given
ad libitum. Housing and breeding practices were conducted in
accordance with guidelines set forth by the Canadian Council
on Animal Care and experimental procedures approved by the
Queen’s University Animal Care Committee.

pKZ1 mouse chromosomal recombination assay. pKZ1 mice allow for
the examination of somatic intrachromosomal recombination
following exposure to DNA damaging agents by monitoring a
stably expressed transgene (Sykes et al., 2006). The pKZ1 trans-
gene is described in detail in Matsuoka et al. (1991). Briefly, the
transgene is composed of an Escherichia coli lacZ gene situated
in an inverse orientation with respect to its promoter that ren-
ders it nonfunctional (Fig. 1). The mouse immunoglobulin V(D)J
recombination signals flank the inverted lacZ transgene and fol-
lowing induction of a DSB near the transgenic sequence, medi-
ate recombination. This recombination inverts the lacZ gene into
the correct orientation with respect to its promoter and allows
for the gene to be expressed. Quantification of lacZ expression
using quantitative real-time PCR (qRT-PCR) is indicative of the
frequency of recombination events. This model is a surrogate
measure of NHEJ activity as enzymes specific to this type of re-
pair mediate recombination.

pKZ1 genotyping. Transgenic mice were screened for the pres-
ence of the lacZ transgene at 21 days of age for breeding pKZ1
mice and at the time of sacrifice for experimental embryos us-
ing an E. coli lacZ-specific polymerase chain reaction. Tail clip-
pings were taken from breeding pKZ1 mice and DNA extracted
using the Qiagen DNeasy Blood and Tissue kit (Qiagen, Missis-
sauga, ON). PCR reagents were purchased from Sigma-Aldrich
(D4545/DNTP-10, St. Louis, MO) and primers were purchased
from Invitrogen (Carlsbad, CA). Standard PCR genotyping was
performed as described previously (Lau et al., 2009). Primer se-
quences were as follows: ZL1675: ATGAAAGCTGGCTACAGGAAG-
GCC and ZR2548: CACCATGCCGTGGGTTTCAATATT. PCR prod-
ucts were then separated by gel electrophoresis on a 2% agarose
gel prepared using 1x tris-acetate ethylenediamine tetra-acetic
acid buffer with 3% ethidium bromide (ICN Biomedicals, Au-
rora, OH) and visualized under an ultraviolet light. For embry-
onic genotyping, DNA was isolated from the yolk sac of each
collected embryo and genotyped as above.

Breeding and animal treatment. pKZ1 mice were bred by housing
three females with one male overnight, with breeding always
between heterozygous (+/−) and wild-type (−/−) mice result-
ing in 50:50 (transgenic:nontransgenic) progeny. The presence
of a vaginal plug the following morning was designated GD 1,
and those females were separated from the colony and housed
together. On the morning of GD9, dams were injected subcu-
taneously with a teratogenic dose of VPA (n = 3 for each time
point, 500 mg/kg) (Sigma-Aldrich Canada Ltd., Oakville, ON) or
the vehicle control (n = 3 for each time point, 0.9% saline). Dams
were sacrificed 1, 3, 6, and 24 h after injection, and the em-
bryos isolated. Embryos were dissected down to the yolk sac that
was removed for genotyping and were further separated into
the head, heart, and trunk tissue regions. Tissues from each lit-
ter were pooled according to genotype and RNA was extracted
from lacZ positive tissues (approximately half the litter) for anal-
ysis, whereas protein was extracted from the remaining pooled
tissues to assess the expression of Rad51 and the presence of
apoptotic markers.
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FIG. 1. Intrachromosomal recombination reporter transgene stably integrated in pKZ1 mice. The reporter construct contains the E. coli lacZ gene situated in an inverse
orientation with respect to its enhancer-promoter (EP) complex, which renders it nonfunctional. The JK5 and VK21C recombination signals that flank the lacZ gene invert
it following a DNA DSB near the recombination reporter and enable lacZ transcription. The excess sequence 5′ to lacZ is removed by RNA splicing signals within exons
1 and 2 (Ex1 and Ex2). NHEJ proteins mediate the inversion of the lacZ gene into the correct orientation making this reporter a surrogate measure of DSB repair by

NHEJ. Modified from Matsuoka et al. (1991).

RNA extraction and qRT-PCR. RNA was extracted using the
Qiagen RNeasy Mini Kit (Qiagen) and cDNA was synthe-
sized using the High Capacity cDNA Reverse Transcription
Kit according to the manufacturers’ protocol including
DNase treatment (Life Technologies, Burlington, ON). qRT-
PCR reactions were carried out using primers designed
against lacZ (reverse: 5′-ATGAACGGTCTGGTCTTTGC-3′

and forward: 5′-ACATCCAGAGGCACTTCACC-3′) and Hprt
(forward: 5′-GTGCAACCATTGCCCTAAGT-3′ and reverse:
5′-CAGCCAGCATCTCAGGTGTA-3′), and specific RT2 qPCR
primer assays (Qiagen) for mouse Rad51 (NM 011234), Xrcc4
(NM 028012), Brca1 (NM 009764), and Brca2 (NM 001081001).
Although we and other groups have previously used X-gal stain-
ing to quantitate lacZ recombination, a qRT-PCR assay is more
sensitive, allows for automated analysis of a larger number of
samples, and removes any subjective bias in evaluating the tis-
sues for the presence of staining. Primers were designed to span
a 209-bp region within the E. coli lacZ gene (NCBI: NC 000913.2;
362455-365529). Reactions were performed with the RT2 SYBR R©

Green qPCR Mastermix (Qiagen) in triplicate using 2.0 �l of
cDNA, corresponding to 20 �g of total RNA, and 0.6-�M lacZ,
0.3-�M Hprt, and 0.4-�M Qiagen primers (final concentration) in
a 25-�l final volume. The PCR protocol consisted of one cycle for
enzymatic activation (15 min at 95◦C) followed by 40 amplifica-
tion cycles (30 s at 94◦C, 60 s at 63◦C, 60 s at 72◦C). Amplification
specificity was verified using the dissociation curve and a no
reverse transcription control. Five 10-fold serial dilutions of
pooled whole embryo (GD 9) cDNA were used for calculation of
the PCR efficiency, given by the equation E% = (101/slope − 1) ×
100, where the slope was calculated from the linear regression
of the log-transformed cDNA concentrations plotted against
the Ct values in addition to correlation coefficient (R2) (Nolan
et al., 2006). Target and reference efficiencies were determined
to be between 90 and 110% with an R2 � 0.99, which is generally
considered acceptable (Life Technologies). Given approximately

equal efficiencies, the comparative CT method (2−� � Ct) (Livak &
Schmittgen, 2001) was used to assess relative transcript levels
(normalized to the Hprt internal control). For fold-changes less
than one, the reciprocal value is reported.

Protein extraction and Western blotting. Pooled tissues from each
litter were combined with an equal volume of 2X radioimmuno-
precipitation assay (RIPA) buffer (100-mM tris-HCl pH 7.4, 300-
mM NaCl, 2% Triton-X, 1% sodium deoxycholate, 2% sodium do-
decyl sulfate) supplemented with protease and phosphatase in-
hibitors and agitated on ice for 30 min. Homogenates were cen-
trifuged at 4◦C for 10 min at 12,000 rpm and the supernatant
collected. Protein was quantified using the Bradford protein as-
say according to the manufacturer’s protocol (Bio-Rad Labora-
tories, Mississauga, ON) and an Ultrospec 3100 Pro scanning
spectrophotometer (Biochrom Ltd, UK). Whole cell lysates (20
�g) were resolved by SDS-PAGE on an 8% polyacrylamide gel
and transferred to a 0.45-�m PVDF membrane (Millipore Co.,
Bedford, MA) using overnight wet transfer. Membranes were
blocked with 3% milk (w/v) in tris-buffered saline containing
Tween (25-mM tris-HCl, 140-mM NaCl, 2-mM KCl, 0.05% (v/v)
Tween 20) for 1 h at room temperature and probed overnight
at 4◦C with primary antibody. The same membrane was used
to probe for each protein. Primary antibodies included: anti-
Rad51 (ab88572, 1:1000; AbCam, Cambridge, MA), anti-cleaved
caspase-3 (D175, 1:500; Cell Signaling Technology, Danvers, MA),
anti-cleaved PARP (D214; Cell Signaling Technology), and alpha-
tubulin (T5168, 1:2000; Sigma-Aldrich), which served as a loading
control. Membranes were then washed and incubated with ap-
propriate secondary antibodies, developed using Western Light-
ning Plus 40 ECL (Perkin Elmer, Waltham, MA), and quantified by
densitometry (Taylor et al., 2013).

Statistical analyses. Statistical analysis for qRT-PCR and Western
blotting was performed with a two-way analysis of variance, fol-
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FIG. 2. VPA increases intrachromosomal recombination in embryonic head tissue. qRT-PCR analysis of lacZ expression in embryonic head (i), heart (ii), and trunk (iii)
tissues following maternal administration of VPA (500 mg/kg) for 1, 3, 6, or 24 h. All data were quantified using the delta-delta Ct method utilizing hypoxanthine-guanine
phosphoribosyltransferase as the housekeeping gene control. * indicates a significant difference from saline-treated controls (p � 0.05).

FIG. 3. VPA alters Rad51 but not Xrcc4 transcript levels in embryonic tissues. qRT-PCR analysis of Xrcc4 (A) and Rad51 (B) expression in embryonic head (i), heart (ii),
and trunk (iii) tissues following maternal administration of VPA (500 mg/kg) for 1, 3, 6, and 24 h. All data were quantified using the delta-delta Ct method utilizing
hypoxanthine-guanine phosphoribosyltransferase as the housekeeping gene control. * indicates a significant difference from saline-treated controls (p � 0.05).

lowed by the Bonferroni multiple comparison test for post hoc
analysis (Prism 5.0, GraphPad Software Inc., San Diego, CA). P
< 0.05 was designated as statistically significant and GraphPad
Prism 5 was used to graph all results.

RESULTS

Effect of VPA on Recombination in Postimplantation Mouse Embryos
After a maternal injection of 500 mg/kg VPA, we assessed recom-
bination in GD 9 postimplantation embryos after 1, 3, 6, and 24 h
of exposure using lacZ transcript levels as a surrogate measure.
A marginal increase in recombination was detected in all pKZ1
positive embryo tissues exposed to VPA compared with controls;
however, a significant increase (1.62-fold) was only detected in

the embryo head following a 6-h exposure (Fig. 2). With the pKZ1
recombination assay a surrogate for NHEJ activity, we examined
the embryonic tissues for the mRNA expression of the NHEJ re-
pair gene Xrcc4 and HR repair gene Rad51. Consistent with a min-
imal effect on NHEJ-mediated recombination, Xrcc4 transcript
levels did not differ from controls in any of the tissues or at any
time points examined following VPA exposure (Fig. 3A). Given
the lack of change in mRNA, we did not extend our analysis to
Xrcc4 protein levels. In contrast, Rad51 exhibited a biphasic and
tissue-specific pattern of expression (Fig. 3B). Decreased tran-
script levels were observed in the embryo head (1.52-fold de-
crease) and trunk (1.67-fold decrease) following 1-h exposure to
VPA with no effect observed in the heart tissue. This decrease
in transcript levels, however, was only statistically significant in
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FIG. 4. VPA alters Rad51 protein expression in embryonic tissues. Western blot analysis for Rad51 protein in embryonic head (i), heart (ii), and trunk (iii) tissues following
maternal administration of VPA (500 mg/kg) for 1, 3, 6, and 24 h. Expression was normalized to the �-actin loading control. * indicates a significant difference from

saline-treated controls (p � 0.05).

FIG. 5. VPA alters transcript levels of Brca1 and Brca2 in embryonic tissues. qRT-PCR analysis of Brca1 (A) and Brca2 (B) expression in embryonic head (i), heart (ii),

and trunk (iii) tissues following maternal administration of VPA (500 mg/kg) for 1, 3, 6, and 24 h. All data were quantified using the delta-delta Ct method utilizing
hypoxanthine-guanine phosphoribosyltransferase as the housekeeping gene control. * indicates a significant difference from saline-treated controls (p � 0.05).

the head. By 6 h, Rad51 was significantly increased in the head
(2.0-fold increase), heart (1.60-fold increase), and trunk (1.92-fold
increase) tissues with expression returning to control levels by
24 h. Rad51 protein similarly followed this biphasic trend in ex-
pression (Fig. 4).

VPA Exposure Alters the Expression of Other HR Genes
To determine if VPA alters the expression of other genes in-
volved in HR, we further examined the embryonic head, heart,
and trunk tissues for the transcript levels of Brca1 and Brca2. As
with Rad51 expression, Brca1 and Brca2 exhibited a similar bipha-

sic response to VPA exposure (Fig. 5). Brca1 and Brca2 expression
was decreased in the head (1.96- and 1.72-fold decrease, respec-
tively) and trunk (1.45- and 1.69-fold decrease, respectively) tis-
sues following 1-h VPA exposure, with no effect on the heart.
This was followed by a significant increase in both Brca1 and
Brca2 expression in the heart (1.90- and 1.75-fold increase, re-
spectively) and trunk (2.04- and 1.58-fold increase, respectively)
tissues by 3-h exposure which returned to control levels by 24 h.
In the head tissue, Brca2 expression was significantly increased
after 6-h VPA exposure (1.47-fold increase), whereas Brca1 ex-
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FIG. 6. DNA repair genes are differentially expressed in postimplantation em-
bryonic tissues. qRT-PCR analysis of Xrcc4, Rad51, Brca1, and Brca2 expression in
embryonic head, heart, and trunk tissues. All data were expressed relative to

the hypoxanthine-guanine phosphoribosyltransferase housekeeping gene con-
trol. * indicates a significant difference from the other tissues examined (p �

0.05). Genes in (a) are significantly higher compared with (b), p � 0.05.

pression was not significantly increased compared with controls
at any time point examined.

DNA Repair Genes are Differentially Expressed in Postimplantation
Embryos
As differences in gene expression were observed following VPA
exposure in the embryonic tissues examined, we compared the
normal tissue-specific differences in expression for Xrcc4, Rad51,
Brca1, and Brca2 on days 9 and 10 of gestation in control embryos
(Fig. 6). No significant differences in transcript levels were ob-
served in any of the tissues between GD9 and GD10; however,
there was a general trend toward increased expression on GD10
(data not shown). On GD9, gene expression was generally differ-
ent between the tissues with the exception of Xrcc4 and Brca2.
Compared with the head and trunk, expression was significantly
lower in the heart (1.61- and 1.77-fold decrease, respectively) for
Rad51, whereas expression of Brca1 was significantly increased
in the trunk compared with the head and heart tissues (1.56-
and 1.94-fold increase, respectively). Differences in normal tran-
script levels were also observed between genes with Xrcc4 and
Brca2 expression significantly lower in all tissues compared with
Rad51 and Brca1.

VPA Differentially Induces Apoptosis in Embryo Tissues
As a downstream consequence of unrepaired DNA damage is
apoptosis, we examined activated caspase-3 and PARP protein
expression in different embryonic tissues following maternal
VPA exposure as they become cleaved during apoptosis (Fig. 7).
Expressions of cleaved caspase-3 and PARP were significantly in-
creased in the embryonic head (10.13- and 18.06-fold increase),
heart (2.40- and 3.24-fold increase), and trunk (5.59- and 11.45-
fold increase) by 3 h following maternal exposure to VPA. Al-
though there was a significant increase in expression for cleaved
caspase-3 and cleaved PARP in all embryonic tissues examined,
the magnitude of this increase differed significantly between the
tissues.

DISCUSSION

The present study evaluated the tissue-specific effects of VPA
exposure on recombination and DSB repair mediators in postim-
plantation mouse embryos in vivo. Although error-prone NHEJ is

the predominant mechanism of DSB repair in mature somatic
cells of higher eukaryotes, HR often serves as a backup in situ-
ations of NHEJ deficiencies (Allen et al., 2003). This hierarchy of
DSB repair activation appears to be different during embryonic
development with evidence suggesting a predominance of HR
during early embryogenesis and the switch to NHEJ occurring
later (Chiruvella et al., 2012). With early embryogenesis a key pe-
riod of susceptibility to structural malformations, the efficient
repair of DNA damage is crucial for normal embryonic develop-
ment. Therefore, the reliance on HR during this early embryonic
period would maximize the high-fidelity repair of DNA and pre-
vent malformations. Our findings that NHEJ-mediated recombi-
nation is marginally activated following VPA exposure supports
a predominance of HR-mediated repair of DSBs, with NHEJ serv-
ing as a backup. Additionally, the significant increase in NHEJ-
mediated recombination activity exclusively in the embryo head
following maternal VPA exposure could reflect a higher level of
error-prone repair in this tissue and could provide a mechanis-
tic basis for the 1–2% incidence of neural tube defects associated
with VPA exposure (Nau et al., 1991).

The Rad51-mediated strand invasion of a homologous tem-
plate represents a critical step in HR, and is mediated in part by
Brca1 and Brca2 that function to recruit Rad51 and facilitate the
formation of the invasive nucleoprotein filament (O’Donovan
and Livingston, 2010). Although changes in the expression of
DNA repair genes are not necessarily indicative of altered repair
capacity, this is one mechanism by which it could be regulated.
This is supported by studies demonstrating that cells deficient in
Rad51, Brca1, or Brca2 have reduced HR activity (Magwood et al.,
2013; Snouwaert et al., 1999; Xia et al., 2001). Although we did
not examine HR activity directly, our finding that 1-h maternal
exposure to VPA generally decreases the expression of Rad51,
Brca1, and Brca2 in the embryonic head and trunk suggests that
HR activity and consequently the ability of the embryo to re-
spond to DNA damage may be similarly limited in these tissues.
The lack of change in gene expression in the embryonic heart
at this time point may be the result of an earlier peak period of
tissue sensitivity to VPA for heart malformations in mice which
has been demonstrated to occur on GD7 (Sonoda et al., 1993).
HDAC inhibition is frequently accompanied by downregulation
of DNA repair genes including Rad51 (Adimoolam et al., 2007)
and Brca1 (Zhang et al., 2007). It is uncertain whether transcrip-
tion mediates this downregulation of DNA repair genes, and
nontranscriptional targets of HDACi have been proposed (Tad-
dei et al., 2005). Although the exact mechanism is not clear, our
observed decreases in Rad51, Brca1, and Brca2 gene expression
are likely a specific effect of the HDACi action of VPA. We also
observed a differential increase in Rad51, Brca1, and Brca2 mRNA
and Rad51 protein levels in embryonic tissues following 3-h ma-
ternal exposure to VPA. The increased expression of Brca1 and
Brca2 in the embryonic heart and trunk tissues likely reflects a
cellular response to maintain genomic integrity and repair dam-
age, as previous studies have found transcriptional induction
of these genes following exposure to genotoxicants and other
stresses (De Siervi et al., 2010; Volcic et al., 2012). Notably, we
did not observe the same increase in expression in the embry-
onic head tissue at this time point, suggesting that normal safe-
guards to maintain genome integrity may not be in place. This
may be due to the differential uptake and elimination of VPA
from mouse embryo tissues, with the neuroepithelium shown to
have a higher uptake and slower elimination as compared with
other tissues (Dencker and D’Argy, 1990). Increased Rad51 gene
transcript or protein levels are not frequently observed following
DSB induction, with HR activation in higher eukaryotes involv-
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FIG. 7. VPA increases the expression of cleaved caspase-3 and cleaved PARP in embryo tissues. Western blot analysis for cleaved PARP (A) and cleaved caspase-3 (B)
protein in embryonic head (i), heart (ii), and trunk (iii) tissues following maternal administration of VPA (500 mg/kg) for 1, 3, 6, and 24 h. Expression was normalized

to the �-actin loading control. * indicates a significant difference from saline-treated controls (p � 0.05).

ing increased nuclear localization of mediator proteins includ-
ing Rad51, Brca1, and Brca2 (Chen et al., 1997). Several studies
using in vitro models of DSB repair have demonstrated that tran-
sient increases in Rad51 protein levels (2–4-fold) can increase the
frequency of HR considerably (Vispe et al., 1998) and promote the
repair of DSBs using alternative repair pathways that can induce
genomic instability (Richardson et al., 2004). We observed a sta-
tistically significant VPA-induced increase in Rad51 protein lev-
els in the heart and trunk (∼1.5-fold), and a nonsignificant in-
crease in the head (∼1.42-fold), which likely reflects the slightly
increased endogenous levels quantified in the saline controls at
this time point. Although these increases are less than what has
been shown in vitro, it remains possible that this increase is also
associated with increased HR, especially because we have pre-
viously demonstrated that VPA increases the frequency of HR in
vitro. Given that the threshold for Rad51 protein levels required
to switch between normal strand invasion in HR and altered re-
pair pathways is still unclear, further studies are needed using
in vivo models of HR during development.

DNA repair and genotoxic stress response genes have been
previously shown to exhibit differing basal levels of expression
in the whole rat embryo and yolk sac, with expression often in-
creasing throughout organogenesis (Vinson and Hales, 2002). We
examined several genes essential to HR and NHEJ in the mouse

embryo head, heart, and trunk tissues on GD9 and 10 to assess
whether differences in basal gene expression could account for
the observed tissue-specific transcriptional responses following
VPA exposure. Consistent with the previous study by Vinson and
Hales, we observed differences in basal levels of expression be-
tween the genes. The NHEJ gene Xrcc4 was significantly lower
compared with both HR genes Rad51 and Brca1, and is in ac-
cordance with a predominance of HR over NHEJ at this stage of
development (Chiruvella et al., 2012). Although increased gene
expression for Brca1 and Brca2 was observed at an earlier time
point in the heart and trunk tissue as compared with the head
following VPA exposure, this was not due to higher basal lev-
els of gene expression in these tissues. Therefore, following VPA
exposure, embryonic head tissue displays a delayed activation
of Brca1 and Brca2 that is not due to low endogenous gene tran-
script levels and suggests increased susceptibility to damage in
this tissue.

VPA exposure in pregnant C57Bl/6N mice is known to induce
a higher incidence of skeletal malformations than neural tube
defects (Beck, 1999; Downing et al., 2010). However, knockout
mice for several of the HR repair genes we examined in this study
show increased incidences of exencephaly, spina bifida and mi-
crocephaly that are all associated with defects in neurogenesis
(reviewed in Friedberg and Meira, 2006), with skeletal defects,
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not reported. This suggests that although HR repair plays a large
role in the formation of the neural tube, defects in this process
may not entirely account for skeletal abnormalities observed fol-
lowing VPA exposure. Although it is interesting that VPA alters
the expression of HR repair genes in the embryo trunk, skeletal
defects that are observed following exposure are likely a result
of the multiple cellular pathways affected by VPA including DNA
repair, and ongoing studies are working to clarify this complex
interaction.

The DNA damage response comprises DNA repair, cell-cycle
checkpoint control, and apoptosis that serve to prevent genomic
instability. Failure to repair damaged DNA often results in apop-
tosis and can be quantified using markers of apoptosis including
activated caspase-3 and PARP which become cleaved during the
initiation of the apoptotic cascade (Mirkes, 2002). Although pro-
grammed cell death is an essential component of normal em-
bryonic development, excessive apoptosis of embryonic cells is
recognized as contributing to structural defects (Mirkes, 2002).
The expression of cleaved caspase-3 and cleaved PARP was sig-
nificantly increased in all tissues following 3-h maternal expo-
sure to VPA, with expression consistently highest in the head
and lowest in the heart. This is in agreement with our previous
study that observed increased cleaved caspase-3 following 3-h
maternal exposure to VPA in whole embryo homogenates, with
expression localized primarily to the neuroepithelium using im-
munohistochemistry (Tung and Winn, 2011). These observed dif-
ferences in relative expression of apoptotic markers between the
tissues may also inversely reflect their capacity to repair DNA. It
should be noted that increased apoptotic cell death could po-
tentially result in a decreased ability to detect increased NHEJ,
however, given the lack of any changes in mRNA expression of
Xrcc4 following VPA exposure in any of the tissues at any of the
examined time points, this was likely not an issue in the current
study.

In summary, our results demonstrate a tissue-specific bipha-
sic response of HR repair genes in the embryo following VPA ex-
posure which may reflect a transition from low HR activity and
limited repair potential to a state of hyper-recombination and
genomic instability which may be an early initiator of aberrant
apoptosis. Ongoing studies are investigating the tissue-specific
HR repair capacity and the persistence of DSBs in the develop-
ing embryo following VPA exposure to further understand the
involvement of DNA repair in VPA-mediated teratogenicity.
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