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Abstract

Uracil incorporation into DNA occurs under conditions that limit thymidine biosynthesis; uracil is removed by two isoforms of uracil
DNA glycosylase (UNG; EC 3.2.2.3), UNG1 and UNG2. We hypothesize that UNG is important in protecting the mid-organogenesis stage
[gestational day (GD) 10-12] rat conceptus against conditions that limit thymidine biosynthesis. Transcripts for both UNG isoforms were
expressed highly in the yolk sac and embryo, increasing over 400% in the embryo between GD11 and 12. GD10 and 11 yolk sacs showed the
highest levels of putatively active UNG2 protein, with little UNG1 protein. Moderate levels of UNG2 and UNG1 proteins were found in the
embryo on GDs 10 through 12; no significant increase in either protein occurred on GD12. UNG activity was higher in yolk sac than embryo
on GDs 10 and 11, mirroring protein levels. Exposure to the teratogen methotrexate (MTX) leads to nucleotide pool imbalance, uracil
incorporation into DNA, and genotoxic stress-induced cell death. Concentration-dependent decreases in developmental growth parameters,
decreased yolk sac vasculature, and malformations such as kinked tail and retarded limb development were observed in embryos exposed to
MTX (0.5, 2.5, or 5 pM). UNG transcripts were elevated 30-40% in both yolk sac and embryo after a 6-hr culture with 0.5 pM MTX;
however, protein expression and activity were unaffected. Thus, MTX exposure caused malformations but did not modify UNG protein
expression or activity, indicating an inability to increase the removal of MTX-induced genotoxic damage. Furthermore, UNG expression
was developmental stage- and tissue-specific; the discrepancy between transcript and protein levels suggests post-transcriptional regulation.

© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

The ability to remove misincorporated nucleotides is
crucial to ensure genomic integrity, particularly during
development due to the specific program and timing of
gene expression required for proper embryonic growth.
Genotoxic stress has the ability to alter cellular function
and viability drastically. Both dietary folic acid deficiency
and exposure to MTX induce genotoxic damage and
malformations. Folic acid is a water-soluble B vitamin,
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Abbreviations: 5,10-MTHF, 5,10-methylenetetrahydrofolate; APE, AP
endonuclease; aRNA, antisense RNA; ATA, aurintricarboxylic acid; DHF,
dihydrofolate; DHFR, dihydrofolate reductase; GD, gestational day; MTX,
methotrexate; NTDs, neural tube defects; TBE, Tris-buffered EDTA; TBS,
Tris-buffered saline; UGI, uracil DNA glycosylase inhibitor; UNG, uracil
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and is an essential cofactor for the enzyme DHFR [1]. Folic
acid deficiency during pregnancy results in NTDs, con-
genital heart defects, renal and urinary tract defects, limb
malformations, and facial clefts (palate and lip) in the
newborn [2]. NTDs, such as spina bifida and anencephaly,
occur with a frequency of one per 1000 births in the United
States, and are among the most common forms of birth
defects [3] and causes of perinatal mortality observed [2];
in the United Kingdom, 15% of perinatal deaths are
attributed to NTDs [4]. MTX, a structural analog of folic
acid and a potent inhibitor of DHFR, causes malformations
that are similar to those induced by folic acid deficiency.
The teratogenic effects of MTX have been reported in rats
[5], mice [6], rabbits [7], cats [8], and humans [9,10].
Folic acid is required for the synthesis of products for
the one-carbon metabolic pathway [11]. DHFR catalyzes
the formation of 5,10-MTHF, an essential cofactor for de
novo synthesis of purine bases and the pyrimidine base
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Fig. 1. (A) Folic acid one-carbon and thymidine nucleotide biosynthetic pathways. The consequence of inhibition of DHFR by MTX, leading to dUTP
incorporation into DNA, is shown by the dashed line. (B) UNG repair pathway under normal conditions (left) or during conditions of thymidine depletion

(right) leading to futile repair.

thymidine (Fig. 1A). Synthesis of dTMP from dUMP by
thymidylate synthetase requires 5,10-MTHF as a methyl
donor, yielding DHF, which is then converted back to 5,10-
MTHF by DHFR. Both folic acid deficiency and MTX alter
the biosynthesis of thymidine: folic acid deficiency
depletes 5,10-MTHF levels due to lack of substrate, while
MTX depletes 5,10-MTHEF via inhibition of DHFR. In both
instances, subsequent inhibition of dTMP synthesis leads
to an increase in dUMP levels. Under normal cellular
conditions, DNA polymerases preferentially utilize dTTP;
however, if cellular dUTP pools grow larger than dTTP
pools, dUTP is incorporated into DNA due to a lack of
substrate specificity in the polymerase nucleotide binding
pocket [12]. Uracil incorporation into DNA due to thymi-
dine depletion [13-16] leads to DNA fragmentation and
cell death [17]. The loss of cell viability following a
dramatic decrease in thymidine levels is termed ‘‘thymi-
dineless death” [18]. Concomitant loss of DNA repair
capacity occurs, also due to imbalanced nucleotide pools
[19].

The teratogenic action of MTX has been demonstrated
to be due mainly to the inhibition of DHFR, as transgenic

animals expressing an MTX-resistant form of DHFR have
decreased incidences of malformations upon MTX expo-
sure [20]. The exact cause of the specific malformations
induced by MTX is uncertain. Alterations in tissue struc-
ture, haemorrhage, and oedema were observed in sensitive
tissues following MTX exposure in mice [21] and rabbits
[6].

The DNA base excision repair enzyme UNG is the
principal mammalian enzyme that removes misincorpo-
rated uracil from DNA. The mammalian UNG gene encodes
two enzyme isoforms via separate promoters: UNG1, which
localizes to mitochondria, and UNG?2, which is nuclear in
humans [22,23] and both mitochondrial and nuclear in mice
[24]. These UNG products make up the majority of uracil
excision activity in cells [25]. Both isozymes recognize
uracil and remove it via a “‘base-flipping”” mechanism [26],
cleaving the glycosydic bond to the DNA sugar backbone
(Fig. 1B). An APE then removes the ribose moiety from the
backbone, DNA polymerase fills in the gap formed, and
DNA ligase reconnects the cut ends.

Tissues from adult Ung null-mutant mice exhibit levels
of uracil in DNA that are elevated over four times those
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found in normal cells [24]. Huoman UNG1 and UNG2 are
both expressed highly in proliferative tissues, such as testis,
colon, and thymus [27]; the expression of rodent isoforms
is also correlated with the proliferative status of the tissue
[28,29]. UNG activity, but not transcript or protein levels,
has been examined late during rat development [28],
but not during mid-organogenesis (GD10-12), a critical
period during which time a variety of tissues first begin to
differentiate into organ systems.

We hypothesize that UNG is important in protecting the
embryo against the consequences of limited thymidine
levels during organogenesis. Removal of dUTP from
DNA is critical for normal genome function. The role of
UNG in preventing uracil incorporation into DNA during
development is evident, as both murine Ung homologues
are expressed during organogenesis [29]. Decreased cel-
lular thymidine levels require the activity of UNG, parti-
cularly during cell proliferation or development. The role
of UNG in folic acid deficiency-induced birth defects has
not been explored. The first goal of this study was to
characterize the expression and activity of UNG during
mid-organogenesis. Furthermore, we hypothesize that
MTX-induced thymidine deprivation may affect UNG
expression. To test these hypotheses we have characterized
the UNG gene and protein expression, as well as activity, in
the rat conceptus in vivo and examined the consequences of
MTX exposure in vitro on UNG expression and activity.

2. Materials and methods
2.1. Tissue preparation

Timed-pregnant virgin female Sprague-Dawley rats
(200-225 g) were obtained from Charles River Canada
and housed in the McIntyre Animal Resource Centre. Food
and water were provided ad lib., and animals were exposed
to a 14-hr light:10-hr dark cycle. All treatments were in
accordance with a protocol approved by the Animal Care
Committee of McGill University. GD zero was defined as
the morning following mating. On GD10, 11, and 12, uteri
were removed, and embryo and yolk sac tissues were
dissected immediately and either frozen individually in
liquid nitrogen for gene expression analysis or pooled for
protein analysis, and stored at —80°.

2.2. Embryo culture

The whole embryo culture model removes any con-
founding maternal effects that may occur following drug
exposure. GD10 conceptuses with an intact yolk sac
and ectoplacental cone were cultured for 6, 24, or 44 hr
in the presence of vehicle (sterile water) or in the presence
of 0.5, 2.5, or 5 pM MTX (Sigma-Aldrich), as previously
described [30]. Following culture, embryos were removed
and dissected as described above.

2.3. aRNA technique

The aRNA technique was used to examine UNG gene
expression in individual embryos [31,32], and was per-
formed as previously described [33]. Total RNA from
individual samples of embryo and yolk sac was extracted,
and mRNA from this pool was converted into cDNA with
an oligo(dT) primer attached to the T7 RNA polymerase
promoter, reverse transcriptase (Gibco BRL), S1 nuclease
(Gibco BRL), T4 DNA polymerase (Gibco BRL), and
Klenow fragment (New England Biolabs). aRNA was
amplified from the cDNA templates using T7 RNA poly-
merase (New England Biolabs) and labelled with [a-
¥PICTP (10 mCi/mol; Amersham Pharmacia Biotech).
Labelled aRNA was hybridized overnight to nylon mem-
branes (Zeta-Probe GT, Bio-Rad) previously slot-blotted
with equimolar amounts of cDNAs encoding the UNG
DNA repair gene isoforms. The membranes were washed
in solutions of decreasing stringency, and were exposed
overnight to Phosphorimager plates. The linearity and
reproducibility of this amplification reaction were deter-
mined by trichloroacetic acid precipitation of [0-3>P]CTP
incorporated into the acid-insoluble fraction.

2.4. Quantification and analysis of aRNA data

Images of the blots were obtained using a STORM
Phosphorimager (Molecular Dynamics). Quantification
of gene expression was done using ImageQuant 5.0 soft-
ware (Molecular Dynamics). Data are expressed as the
mean percent of UNG expression relative to vimentin from
the same membrane = SEM of tissues from five to seven
separate GD10-12 samples for in vivo results, or four to
five separate samples for culture alone or for MTX treat-
ment, each obtained from separate litters. The data are
represented relative to the structural protein gene vimentin,
as its expression did not change more than 2-4% of the
total blot intensity between the different time points and
tissues examined (data not shown).

2.5. Protein extraction

Embryonic tissue was sonicated on ice (Vibracell,
Sonics & Materials) in RIPA buffer containing a mixture
of protease inhibitors (0.2 M phenylmethylsulfonyl fluor-
ide, 10 pg/mL of leupeptin, 3 pg/mL of aprotinin, and
40 pg/mL of bestatin) (Roche Diagnostics), and spun at
12,000 g for 10 min at 4°; the supernatant was removed for
protein analysis. Protein concentrations were determined
by the Bio-Rad Protein Assay. Samples were frozen at —80°
until used.

2.6. Western blot analysis

Protein samples (40 ng) were mixed with SDS-loading
buffer, boiled for 5 min, centrifuged briefly (14,000 g for
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10 min at room temperature), and electrophoresed on a
10% SDS—polyacrylamide gel for 2.25 hr at 100 V. Sam-
ples were transferred to Hybond-C Super nitrocellulose
membranes (Amersham Pharmacia Biotech) at 130 V for
2 hr at 4°. Membranes were dried briefly, washed with TBS
plus 0.1% Tween-20 (TBS-T) for 2 x 5 min, and then
incubated with TBS-T supplemented with 5% (w/v) non-
fat dry milk (5%M-TBS-T) for 1 hr to block non-specific
antibody binding. Membranes were washed, then incubated
with an anti-UNG antibody (1:5000 final dilution; a gift
from G. Slupphaug) in 5%M-TBS-T overnight at 4°. A
donkey anti-rabbit (1:2500; Amersham Pharmacia Biotech)
secondary antibody conjugated to horseradish peroxidase
(HRP) was used to detect specific antibody interactions.
Specific antibody binding was visualized with the ECL-
Plus Kit (Amersham Pharmacia Biotech) and Hyperfilm
ECL (Amersham Pharmacia Biotech). Protein molecular
weight determination was done by visualization on the
blots of Precision’™ prestained protein standards (Bio-Rad)
and biotinylated SDS-PAGE broad range standards (Bio-
Rad) after incubation for 5 min with a Streptavidin-HRP
conjugate (Amersham Pharmacia Biotech) diluted 1:5000
in TBS-T. Adult rat testis and recombinant UNG (New
England Biolabs) were used as positive controls. Actin
expression was used as a loading control by incubating
membranes with an anti-actin antibody (1:500; Santa Cruz)
for 3 hr at room temperature (RT) in 5%M-TBS-T.

2.7. DNA substrates for UNG assay
Oligonucleotide substrates were synthesized by the

Sheldon Biotechnology Centre (McGill University). The
sequences of the oligonucleotides were as follows:

30U: 5’-GGATGGCATGCATGATCC(U)GAG-
GCCGCGCG-biotin-3’
30T: 5’-GGATGGCATGCATGATCC(T)GAG-

GCCGCGCG-biotin-3’
5'-CGCGCGGCCTCAGGATCATGCATGC-
CATCC-3'.

30compl:

Double-stranded oligonucleotide substrates (ds30U,
ds30T) were prepared by annealing equimolar amounts
of 30U and 30compl for ds30U, or 30T and 30compl for
ds30T, for 5 min at 85°, and allowing them to cool slowly
to RT. Annealing efficiency was determined by electro-
phoresis on a non-denaturing 20% polyacrylamide gel.

2.8. In vitro UNG activity assay

The same tissue extracts used for western blot analysis
(20 pg) were incubated with 10 ng oligonucleotide sub-
strate (either ds30U or ds30T) in 20 mM Tris—HCI (pH
8.0), 1 mM EDTA, 1 mM dithiothreitol, 0.1 mg/mL of
BSA, and 10 mM MgCl, in 50 pL final volume. The repair
reaction was carried out for 30 min at 37°. Recombinant

human APE [10 U; used along with recombinant UNG
(10 U) as a positive control] was from Trevigen.

2.9. Denaturing gel electrophoresis

UNG activity assay products (5 pL) were mixed with an
equal amount of denaturing loading buffer [§ M urea,
20mM EDTA, 5mM Tris—Cl (pH 7.5)], heated for
5 min at 90°, and separated by electrophoresis on a 20%
polyacrylamide mini-gel containing 3.9 M urea, 22% for-
mamide, and 1x TBE buffer. Gels were pre-run at 240 V
for 1 hr; samples were added and run at 240 V for 50 min in
1x TBE buffer. A 10 bp ladder (Gibco BRL) was used as a
sizing standard for visualization of samples under short-
wave UV light following ethidium bromide staining of the
gel. The samples were blotted onto a Zeta-Probe GT nylon
membrane (Bio-Rad) using a Trans-Blot SD semi-dry
transfer apparatus (Bio-Rad) running at 210 mA (constant)
and 7 V for 10 min in 0.5 x TBE buffer. The membrane was
baked for 30 min at 80°; then samples were visualized by a
Phototope-Star Detection Kit (New England Biolabs), and
exposed to Hyperfilm ECL (Amersham Pharmacia Bio-
tech). Quantification of UNG activity was done using a
Chemilmager 4000 imaging system (Alpha Innotech) with
AlphaEase 3.3b software.

2.10. Statistical analysis

Statistical analyses were done with SigmaStat version
2.03 Windows PC software (SPSS).

3. Results
3.1. UNG gene expression in vivo

Transcripts for both UNG1 (Fig. 2A) and UNG?2 iso-
forms (Fig. 2B) were expressed at high levels relative to
vimentin in GD10 to 12 embryo and yolk sac samples.
Quantification of these data showed a dramatic 400%
increase in both transcript levels on GD12, specifically
in the embryo, as compared with GD10 UNG expression.

3.2. UNG protein expression in vivo

To determine whether changes in the steady-state con-
centrations of the UNG transcripts corresponded to differ-
ences in protein levels, the expression of both UNG
isoforms was examined by western blot analysis (Fig. 3).
High levels of the nuclear isoform, UNG?2, were observed
in the yolk sac. In particular, two specific bands were
detected. A higher-MW, phosphorylated species has been
observed following western blot analysis, and is believed to
be the active form of the isozyme." This band was apparent

' G. Slupphaug, personal communication. Cited with permission.
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Fig. 2. Quantitative analysis of (A) UNGI and (B) UNG2 transcript
expression profiles in the rat conceptus during organogenesis. Gestational-
age and tissue-dependent gene expression was seen during mid-organogen-
esis. UNG gene expression was analyzed from arrays probed with aRNA
samples from yolk sac (ys) or embryo (emb) tissues from GD10 to GD12.
Data are expressed as the mean percent of vimentin expression == SEM of
tissue from 5 to 7 separate GD10-12 yolk sac and embryo samples obtained
from different litters. Key: (x) significantly different from GD10 and 11
(P < 0.05) as determined by ANOVA and Tukey’s test.

on GDs 10 and 11 in the yolk sac, but not on GDI12. In
contrast, the embryo from GD10 to 12 displayed only the
higher-MW UNG2 band, at consistently lower levels than
the yolk sac. Levels of the mitochondrial isoform, UNGI,

were moderate in the embryo at all three time points;
however, little or no UNG1 was observed in yolk sac
samples. An additional, uncharacterized band appeared
slightly above that for UNG1, which may be a modified
form of the enzyme. Adult rat testis, used as a positive
control, showed both UNG1 and UNG2 bands, as well as a
yet uncharacterized lower MW band; recombinant Escher-
ichia coli UNG ran as the expected single band.

3.3. UNG enzyme activity in vivo

To determine the capacity of the conceptus to remove
uracil from DNA, tissue samples were incubated with a
double-stranded 30-mer oligonucleotide containing a sin-
gle uracil residue at position 19 (ds30U); UNG activity
causes the substrate DNA band at 30 bp to disappear,
forming an 11 bp fragment due to the removal of uracil
by UNG and the subsequent cleavage at the AP site by
APE. UNG activity assay results are shown in Fig. 4. At all
three developmental time points examined (GD10-12),
both yolk sac and embryo samples had the ability to excise
uracil from DNA. GD10 and 11 yolk sac samples had
dramatically reduced amounts of the substrate 30-mer
oligonucleotide (Fig. 4, top photograph) with increased
amounts of the 11 bp fragment, indicating a high uracil
removal ability. GD12 yolk sac had a much-reduced rate of
excision of the substrate, and was similar to the GD12
embryo. Quantification of the intensity of the 11 bp frag-
ment is shown graphically below the gel in Fig. 4. The high
activities found in GD10 and 11 yolk sac samples mirrored
the high protein levels found in these tissues by western
blot analysis (Fig. 3).

Additional bands, between the 30 bp full-length sub-
strate and the 11 bp cleavage product, were visible in the
GDI10 and 11 yolk sac samples. The addition of 100 uM
ATA, an inhibitor of nucleases [34,35], to the reaction
mixture caused the additional bands to disappear (data not
shown), with a concomitant decrease in the intensity of the
11 bp fragment and an increase in the intensity of the
30 bp band, indicating that ATA also inhibits UNG activ-
ity. Addition of a specific bacteriophage UNG inhibitor,

GD10 GD11 GD12
recomb.
UNG2 ys emb ys emb ys emb testis UNG
Phosphorylated =
Non-phosphorylated S 3 — . e
i . . PR - -
UNG1~ | -

Actin | e ww S o — —

Fig. 3. Western blot analysis of the expression of UNG1 and UNG?2 proteins during organogenesis in vivo. Gestational-age and tissue-dependent protein
expression was seen during mid-organogenesis. UNG2 appeared as two bands (putatively phosphorylated and non-phosphorylated). Rat testis extract and
recombinant UNG protein were used as positive controls. Actin was used as a loading control. This experiment is representative of results from 3 different

sets of tissue samples from separate litters. ys, yolk sac; emb, embryo.
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Fig. 4. UNG activity in the rat conceptus during organogenesis. Repair reaction products were separated on a 20% denaturing polyacrylamide gel (top
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analysis of the assay is shown below the photograph. Data are represented as the intensity of the 11 bp oligonucleotide band. This experiment is representative
of results from 3 different sets of tissue samples from separate litters. ys, yolk sac; emb, embryo.

UGI (New England Biolabs) [36], did not remove the
additional bands, indicating that they were not due to
UNG activity (data not shown). The additional bands
remained when an oligonucleotide containing a thymi-
dine, instead of a uracil, at position 19 (ds30T) was used in
the reaction assay (data not shown). Therefore, the addi-
tional bands are not due to UNG activity and are not
specific for uracil-containing DNA. Inhibition by ATA
suggests that they may be due to other DNA nucleases
present in the yolk sac on GD10 and 11.

3.4. MTX teratogenicity in vitro

To assess the in vitro teratogenicity of MTX during mid-
organogenesis, GD10 embryos were cultured for 24 or
44 hr with 0.5, 2.5, or 5 pM MTX, then examined by using
the Brown-Fabro scoring system [37], and by counting
somite numbers. Following culture for 24 hr, a concentra-
tion-dependent decrease in embryonic growth was
observed (Fig. 5; 2.5 uM MTX not shown).

Decreased yolk sac vasculature and malformations such
as kinked tails, growth retarded limbs, blebs, eye defects,
and a general decrease in overall embryo size were
observed even at the lowest concentration used (0.5 uM

MTX; Fig. 5B) compared with control embryos (Fig. 5A);
embryo defects were even more severe at the highest
concentration (5 pM MTX; Fig. 5C). The developmental
retardation was quantitated as a decrease in both the
Brown-Fabro scores (Fig. 6A) and somite numbers
(Fig. 6B) with all three concentrations of MTX. Both
developmental parameters were decreased further follow-
ing a 44-hr culture with MTX (data not shown).

3.5. UNG gene expression following MTX exposure

The effect of MTX exposure on UNG gene expression
was examined following short-term (6 hr) culture in vitro
(Fig. 7). Low-concentration (0.5 uM) MTX induced a 30-
40% increase in transcripts for both UNG isoforms in both
yolk sac and embryo for UNGI, and in the yolk sac for
UNG?2. Exposure to 5 uM MTX had no significant effect
on UNG transcript levels.

3.6. UNG protein expression following MTX exposure
To determine if UNG protein levels increased in parallel

with gene expression, conceptuses were cultured with
MTX for 6 hr and examined for UNG1 and UNG?2 protein
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Fig. 5. Dark-field photographs of embryos with intact yolk sacs (left) or
with yolk sacs removed (right) following 24-hr in vitro embryo culture
with (A) vehicle alone, (B) 0.5 uM MTX, or (C) 5 uM MTX. Decreased
yolk sac vasculature, retarded limb development, blebs, eye defects, and an
overall decrease in size was seen following exposure to MTX. All pictures
are to the same scale (bar = 1 mm).

expression (Fig. 8). Unlike the in vivo results, UNGI1 was
present in equal amounts in the yolk sac and embryo of
cultured embryos. As in the in vivo results, both non-
phosphorylated and phosphorylated forms of UNG2 were
found at equivalent levels in the yolk sac in control
samples, while the embryo expressed only the active
phosphorylated UNG2 form; UNG?2 protein concentration
did not change following MTX exposure. After MTX
exposure for 24 hr (data not shown), similar concentrations
of both UNG isozymes were found, compared to exposure
for 6 hr, in either yolk sac or embryo.

3.7. UNG enzyme activity following short-term culture
with MTX

UNG enzyme activities following culture with MTX for
6 hr are shown in Fig. 9. Yolk sac from control embryos had
slightly higher activity levels than MTX-exposed tissues. In
addition, all three yolk sac samples showed additional
bands between the substrate and cleaved oligonucleotide
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Fig. 6. Quantification of developmental parameters following in vitro
culture with vehicle alone or MTX (0.5, 2.5, or 5 pM). (A) Brown-Fabro
scores and (B) somite numbers following a 24-hr culture. A concentration-
dependent decrease in both parameters was seen following MTX exposure.
Data are expressed as the means & SEM from 11-13 embryos. Key: (%)
significantly different from control or (*x) control and 0.5 uM MTX
(P < 0.05) as determined by ANOVA on Ranks followed by Dunn’s post-
hoc test (Brown-Fabro scores) or by one-way ANOVA followed by
Tukey’s test (somite numbers).

product. Both yolk sac and embryo proper, exposed to either
concentration of MTX, had similar activity levels.

4. Discussion

This study provides evidence for the differential expres-
sion and activity of the major uracil removing glycosylases
during mid-organogenesis in the rat conceptus. Steady-
state concentrations of the transcripts for both UNG iso-
forms were high in the conceptus, in agreement with a
previous study which showed that both UNG isoforms are
expressed in murine embryos during mid-gestation [29];
these data suggest an increased need to remove uracil from
DNA during this period of development. In fact, transcripts
for UNGI and UNG2 are among the highest-expressed
DNA repair transcripts from any repair pathway in the rat
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Fig. 7. Expression of UNG transcripts for (A) UNGI and (B) UNG2
following a 6-hr culture with vehicle alone or with MTX (0.5 or 5 uM).
UNG gene expression was analyzed from arrays probed with aRNA
samples from yolk sac (ys) or embryo (emb). MTX increased gene
expression following a low concentration, but not a high concentration,
exposure. Key: (x) significantly different from control (P < 0.05) as
determined by Student’s t-test with Bonferroni correction.

conceptus during this period of development [33,38]. The
high levels of expression of UNG during development may
indicate the importance of this pathway as a defensive
cellular mechanism to ensure that genetic integrity is
maintained during a highly proliferative state.
Interestingly, while UNG transcript levels increased on
GD12, protein levels did not parallel this increase. While

0.5uM MTX 5 puM MTX

UNG transcripts were expressed at similar levels, there
were distinct differences in the protein concentrations of
the two UNG isozymes. In particular, concentrations of
nuclear UNG2 were higher than those of the mitochondrial
isozyme. As well, there was much greater expression of
UNG?2 in the yolk sac; the UNG2 apparent in the embryo
was exclusively of the higher-MW, putatively phosphory-
lated variety, which is hypothesized to be the active form of
the enzyme. Conversely, UNGI1 was expressed at higher
levels in the embryo than the yolk sac. Why the yolk sac
would require high levels of UNG2, and not UNG1, during
development is unknown; perhaps thymidine pools are
lower in yolk sac cells, thereby requiring a greater ability
to remove misincorporated nucleotides in nuclear DNA.

Further differences between yolk sac and embryo proper
with respect to UNG protein levels were found. Higher-
MW protein bands were observed via western blot ana-
lysis at all three developmental time points examined in
vivo. These high-MW species have been hypothesized to
represent ubiquitinated UNG (see footnote 1). Bands for
specific ubiquitinated protein products overlapped those
of the higher-MW UNG products, strengthening this
hypothesis. While the precise role of ubiquitination of
UNG is unknown, ubiquitination is the major method of
targeting proteins for degradation, and altering protein
turnover rate [39]. Higher protein turnover rates may help
to explain the lack of correspondence between transcripts
(high levels, particularly on GD12 in the embryo) and
protein (low levels). Nilsen et al. [29] proposed that UNG
expression during development is modulated by transcrip-
tion altering factors, such as MZF-1, which are present
during development. Both UNG [40] and MZF-1 [41]
are highly expressed in haematopoietic cells; as the yolk
sac is the main site of haematopoiesis at this time during
development [42], the high concentrations of UNG2
in this tissue may be in haematopoietic cells within this
tissue.

Maximal UNG activity was observed previously around
birth in the rat [28], although the only pre-natal time point
examined in this study was 4 days prior to birth. Never-
theless, several of the organs that were examined had their
highest levels of UNG activity before birth, with activity

recomb.

emb ys emb testis UNG

Control
UNG2 ys emb ys
Phosphorylated
Non-phosphorylated \—2 . ”
P Ct—
UNG1 |
Actin

Fig. 8. Western blot analysis of the expression of UNG protein isoforms following a 6-hr culture with either 0.5 or 5 uM MTX to determine whether protein
levels are altered in parallel with gene expression. Rat testis extract and recombinant UNG protein were used as positive controls. Actin was used as a loading
control. This experiment is representative of results from 3 different sets of tissue samples from separate litters. ys, yolk sac; emb, embryo.
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Fig. 9. UNG activity following the culture of GD10 conceptuses with MTX for 6 hr, to determine whether MTX can induce DNA repair activity. Repair
reaction products were separated on a 20% denaturing polyacrylamide gel (top photograph). The first lane contains 2 ng ds30U oligonucleotide only.
Subsequent lanes are aliquots of reaction samples containing 10 ng ds30U oligonucleotide and: 10 U of each recombinant UNG and APE (recomb. UNG
lane) or yolk sac and embryo tissue extracts from conceptuses cultured in the presence of vehicle, 0.5 uM MTX, or 5 uM MTX. A semi-quantitative analysis
of the assay is shown below the photograph. Data are represented as the intensity of the 11 bp oligonucleotide band. This experiment is representative of
results from 3 different sets of tissue samples from separate litters. ys, yolk sac; emb, embryo.

correlated with the proliferative status of the organ.
Another study examining uracil removal activity during
neuronal development also demonstrated developmental
regulation [43]. The activity profile found in the present
study suggests that the yolk sac has predominantly the
nuclear form, although the disappearance of the higher-
MW protein band on GD12, coupled with the decrease in
activity at this time point, argues for decreased ability to
remove uracil on GD12 in this tissue. Why UNG protein
levels and activity decrease at this time point remains
uncertain; increased degradation of UNG may allow for
alterations in uracil excision activity independent of
increases in protein levels.

Folic acid deficiency has been implicated in the defects
induced by exposure to a variety of teratogens, varying
from heat shock [44], to methanol [45], or arsenic exposure
[46]. The importance of folic acid during development is
due to its absolute requirement for the production of DNA
nucleotide precursors in all eukaryotic cells; failure to
synthesize adequate levels of dTTP results in uracil incor-
poration into DNA, which can lead to cell death. Defi-
ciency in thymidine biosynthesis during development is a
well-known teratogenic condition. This is the first study to

examine the regulation of UNG during rat embryo orga-
nogenesis in vivo and in vitro following MTX exposure. We
found that culture with MTX induces time- and concen-
tration-dependent malformations in vitro. Many of the
malformations observed in vitro are similar to those found
after whole-animal dosing, validating the culture system
for examining effects of MTX and the biochemical path-
ways leading to MTX-induced malformations.
Interestingly, while the rat conceptus modulates UNG
transcript levels following low-dose MTX, this alteration
in transcript levels does not correspond to alterations in
protein levels or UNG activity. Curiously, the expression of
many other DNA repair genes does not increase during
mid-organogenesis; rather, there is sometimes a striking
decrease in gene expression following genotoxic teratogen
exposure [33,38]. The induction of UNG gene expression
exclusively following low-dose MTX exposure indicates
that this increase is not a general response to genotoxic
stress, as presumably there would be as much, and prob-
ably much greater, levels of genotoxic stress following
high-dose MTX exposure. Perhaps the stress following
low-dose MTX exposure is enough to cause activation of
damage sensor pathways within the conceptus, whereas
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high-dose MTX causes excessive damage, to the extent
that cells within the conceptus experience a breakdown in
cellular signal and repair pathways.

The presence of high levels of UNG during organogen-
esis may lead to exacerbation of the genotoxic effects of
MTX. A futile repair cycle of excision of uracil from DNA
by UNG, and reincorporation of dUTP due to lack of dTTP,
leads to DNA strand breaks and cell death (Fig. 1B)
[13,47]. The loss of cell viability may contribute to the
teratogenicity of MTX. In particular, high UNG activity in
the yolk sac may exacerbate the effects of MTX in this
tissue, leading to further genomic instability. Of note is the
fact that embryos cultured with MTX had much less
vasculature and blood cells in the yolk sac; perhaps these
cells were killed via thymidineless death. Further studies
aimed at modulating UNG activity would shed light on the
role of UNG in MTX-induced malformations; in vivo
inhibition of UNG has not been performed to date due
to the nature of the only available inhibitor, UGI, a peptide
which must be expressed intracellularly to cause irrever-
sible inhibition [48].

Differences between mitochondrial and nuclear UNG
expression following MTX exposure may play a role in the
aetiology of MTX-induced malformations. Although sev-
eral teratogens have been shown to interact with mitochon-
dria via inhibition of energy and respiration pathways
[49,50] and induction of oxidative stress [51], none have
been shown to induce mitochondrial DNA damage in the
conceptus, with the possible exception of diethylstilbestrol
[52,53]. Examination of the relative amounts of uracil
incorporated into mitochondrial versus nuclear DNA
would help determine whether differential genotoxic
effects occur following MTX exposure, and whether this
effect is related to specific malformations induced by MTX
or folic acid deficiency.

The results from this study indicate that the conceptus
has a very limited ability to modify the UNG DNA repair
pathway in response to MTX; this may indicate suscept-
ibility during this critical window of development to con-
ditions that limit thymidine pools. Factors underlying
susceptibility to MTX teratogenicity have been difficult
to determine; the results presented in this study show that
the conceptus is vulnerable and incapable of modifying key
cellular pathways to counteract the MTX insult. While
there is a genetic component for a small proportion of
NTDs [54-56], studies demonstrate that neither single
mutations in critical genes of the folate metabolic pathway
nor decreased activity of these enzymes account for the
majority of NTDs in infants born to folate-deficient
mothers. Therefore, an understanding of the downstream
pathways that utilize folate one-carbon pathway products
may shed light on the aetiology of NTDs. We suggest that
the inability of the embryo to respond to genotoxic stress
during development is critical in mediating the malforma-
tions that are induced following folic acid deficiency and
MTX exposure.
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