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Abstract
Our prior work showed that brief exposure of pregnant C3H mice to inorganic arsenic-induced
hepatocellular carcinoma (HCC) formation in adult male offspring. The current study examined the
early hepatic events associated with this oncogenic transformation. Pregnant mice were exposed to
a known carcinogenic dose of arsenic (85 ppm) in the drinking water from gestation days 8 to 18.
The dams were allowed to give birth and liver samples from newborn males were analyzed for arsenic
content, global DNA methylation and aberrant expression of genes relevant to the carcinogenic
process. Arsenic content in newborn liver reached 57 ng/g wet weight, indicating arsenic had crossed
the placenta, reached the fetal liver and that significant amounts remained after birth. Global
methylation status of hepatic DNA was not altered by arsenic in the newborn. However, a significant
reduction in methylation occurred globally in GC-rich regions. Microarray and real-time RT-PCR
analysis showed that arsenic exposure enhanced expression of genes encoding for glutathione
production and caused aberrant expression of genes related to insulin growth factor signaling
pathways and cytochrome P450 enzymes. Other expression alterations observed in the arsenic-
treated male mouse newborn liver included the overexpression of cdk-inhibitors and stress response
genes including increased expression of metallothionein-1 and decreased expression of betaine-
homocysteine methyltransferase and thioether S-methyltransferase. Thus, transplacental exposure to
arsenic at a hepatocarcinogenic dose induces alterations in DNA methylation and a complex set of
aberrant gene expressions in the newborn liver, a target of arsenic carcinogenesis.
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1. Introduction
Inorganic arsenic is a human carcinogen, producing tumors of the skin, lung, liver, urinary
bladder, prostate, kidney, and possibly other sites (NRC, 2001; Centeno et al., 2002; IARC,
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2004). Inorganic arsenic can readily cross the rodent and human placenta and enters the fetal
system (NRC, 2001; Devesa et al., 2006). We have shown that short-term exposure to inorganic
arsenic in utero produces a variety of internal tumors (liver and adrenal tumors in males, tumors
of the lung, ovary and the urogenital system in females) in the off-spring when mice reached
adulthood (Waalkes et al., 2003, 2004a, 2006a,b). Gestation is a period of high sensitivity to
chemical carcinogenesis in rodents and probably in humans (Anderson et al., 2000), and the
transplacental carcinogenic risks observed in rodents could also occur in humans. To define
early events associated with transplacental arsenic carcinogenesis should enhance our
understanding of the mechanisms of arsenic carcinogenesis.

Inorganic arsenic is enzymatically methylated to mono- and di-methylated species in most
mammals and occurs at a high level in the liver (Aposhian and Aposhian, 2006; Thomas et al.,
2007). Arsenite is sequentially methylated to form methylarsonate (MMA5+) and
dimethylarsinic acid (DMA5+) by arsenic methyltransferase (AS3MT or Cyt19) using S-
adenosylmethionine (SAM) as a methyl group donor (Thomas et al., 2007). SAM is also
required for most other cellular methylation reactions, including DNA methylation (Baylin et
al., 1998). Chronic exposure of rat liver epithelial cells to inorganic arsenic induces SAM
depletion in rodent liver cells, causing a global loss of DNA methylation during malignant
transformation (Zhao et al., 1997). Chronic exposure of intact animals to inorganic arsenic also
produces hepatic DNA hypomethylation (Chen et al., 2004; Xie et al., 2004). Hypomethylation
of DNA is thought to be a nongenotoxic mechanism of carcinogenesis that acts by facilitating
aberrant gene expression, and can be a causative factor in hepatocarcinogenesis (Goodman and
Watson, 2002), especially during a critical period of genetic programming (Anderson et al.,
2000).

The liver is clearly a potential target of arsenic in humans and arsenic exposure has been
associated with development of hepatocellular carcinomas as well as other hepatic lesions
(Chen et al., 1997; Lu et al., 2001; Centeno et al., 2002; Zhou et al., 2002; Mazumder, 2005).
In accord with human data, transplacental exposure to inorganic arsenic induced a marked,
dose-related increase in hepatocellular tumors including carcinoma, in adult male mice
(Waalkes et al., 2003, 2004a, 2006b). Hypomethylation of the promoter region of the estrogen
receptor-α (ER-α) is thought to be responsible for aberrant estrogen signaling and may play a
role in the formation of HCC during carcinogenesis induced by in utero arsenic exposure
(Waalkes et al., 2004b). Thus, the present study was designed to investigate genome-wide and
site-specific DNA methylation in newborn mouse liver following in utero exposure to a
carcinogenic dose of inorganic arsenic. In addition, microarray and real-time RT-PCR were
used to profile gene expression changes. The results indicate that a brief exposure to inorganic
arsenic during gestation induced DNA hypomethylation changes at the GC-rich regions and
was associated with aberrant gene expressions in newborn mouse liver. These could be key
early events leading to arsenic-induced hepatocarcinogenesis later in life.

2. Materials and methods
2.1. Chemicals

Sodium arsenite (NaAsO2) was obtained from Sigma Chemical Co. (St. Louis, MO) and
dissolved in the drinking water at 85 mg arsenic/L (85 ppm). Customer-designed cDNA
microarrays (600 genes) were purchased from BD Biosciences Clontech, Inc. (Palo Atlo, CA).
[α-32P]-dATP was purchased from Perkin-Elmer, Inc. (Boston, MA), and 3H labeled S-
adenosyl-methionine ([3H]-SAM) was from Amersham (Arlington Heights, IL). All other
reagents are of reagent grade.
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2.2. Animal treatment and sample collection
Timed pregnant C3H mice were given drinking water containing 85 ppm arsenic as sodium
arsenite or unaltered water ad libitum from days 8 to 18 of gestation. At day 21 of gestation,
dams were allowed to give birth, and the newborn mice were killed by CO2 asphyxiation and
livers removed. Animal care was provided in accordance with the US Public Health Policy on
the Care and Use of Animals, and the study protocol was approved by the Institutional Animal
Care and Use Committee of National Cancer Institute at Frederick.

2.3. Hepatic arsenic levels
A portion of the frozen liver (120–150 mg) was digested in nitric acid. Total arsenic, which
would include inorganic and organic forms, was determined using graphic furnace atomic
absorption spectrometry (Perkin-Elmer AAanalst100, Norwalk, CT). Results were expressed
as μg arsenic/g wet weight liver, as shown in previous publications (Xie et al., 2004).

2.4. Global DNA methylation assay
Genomic DNA was extracted from liver tissue and purified using DNeasy Kits (Qiagen,
Valencia, CA). Global DNA methylation status was assessed by methyl acceptance assay
(Chen et al., 2004). Briefly, 1 μg DNA was incubated at 37 °C for 2 h in a 30 μl mixture
containing 1.25 μM (3 μCi) [3H]-SAM, 4 units of CpG methylase (M. Sss I) (New England
Biolabs, Inc., Beverly, MA), 10 mM DDT, Tris-EDTA buffer (100 mM Tris, 10 mM EDTA,
pH 8.0) and 100 mM NaCl. The reaction was terminated on ice, and transferred onto a Whatman
DE81 filter (Whatman International Ltd., Maidstone, UK). The filter was washed on a vacuum
filtration apparatus with 2 ml 0.5 M phosphate buffer (pH 7.0) five times, followed by a wash
with 2 ml of 70% ethanol and 2 ml of absolute ethanol. After the filter was dried, the bound
radioactivity was measured by scintillation (Beckman LS 6500 Scintillation Counter).

2.5. Methylation analysis of GC-rich regions
Genomic DNA was digested with RsaI alone (methylation-insensitive), and RsaI plus MspI or
HpaII, both are methylation sensitive enzymes (Watson et al., 2003). Restriction digests were
performed with 1 μg of DNA and 5 units of RsaI in Roche buffer L. After 1 h incubation at
37 °C, two 2.5 unit aliquots of MspI or HpaII were added, 2 h apart. Total incubation time was
18 h. The enzymes were inactivated by 10-min incubation at 65 °C, and the digests were used
for PCR using a single primer (5′ -AACCCTCACCCTAACCCCGG-3′ ) that arbitrarily binds
within GC-rich regions of DNA (Watson et al., 2003). Routine PCR reactions were performed
with 1 μg digested DNA, 20 pmols of primer, 1.5 mM MgCl2, 25 pmol dNTPs, and 1 unit of
Taq polymerase. Thermocycle conditions were 5 min at 94 °C, 35 cycles at 94 °C30s,55 °C 15
s, and 72 °C 1 min, and the last cycle at 72 °C was extended to 5 min. PCR products were
resolved on 1.8% agarose gel electrophoresis and images were analyzed using Image J
software.

2.6. cDNA microarray analysis
Microarray analysis was performed as previously described (Xie et al., 2004). Briefly, total
RNA was extracted from liver tissues with Trizol reagent and purified with RNeasy columns
(Qiagen, Valencia, CA). Five micrograms of pooled RNA was converted to [α-32P]-dATP-
labeled cDNA probe with Atlas specific cDNA synthesis primers (BD Biosciences Clontech
Inc., Palo Atlo, CA). The probe was purified with a NucleoSpin column (Clontech), denatured
at 100 °C for 2–3 min, and hybridized to the membrane in triplicate with Expresshyb buffer
(Clontech) at 68 °C overnight. The membranes were washed at 68 °C four times (30 min each)
in 2 × SSC/1% SDS, twice in 0.1 × SSC/0.5% SDS, and exposed to a phosphoimage screen.
Images were acquired by PhosphorImager Scanner (Molecular Dynamics Model Storm 860,
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Sunnyvale, CA) and analyzed densitometrically using AtlasImage software (version 2.01,
Clontech).

2.7. Real-time RT-PCR analysis
Total RNA was reverse transcribed with MMLV reverse transcriptase and oligodT primers.
The PCR primers were designed with Primer Express software and synthesized by Sigma-
Genosys (Woodlands, TX). The SYBR Green DNA PCR kit (Applied Biosystems, Foster City,
CA, USA) was used for real-time RT-PCR analysis. Differences in gene expression between
groups were calculated using cycle time (Ct) values, which were normalized against β-actin
and expressed as relative to controls.

2.8. Statistics
Data are expressed as mean ± S.E.M. For comparisons between two groups, Students’ t-test
was used. For comparisons among three or more groups, data were analyzed using a one-way
analysis of variance, followed by Duncan's multiple range test. The level of significance was
set at p < 0.05 in all cases.

3. Results
3.1. Hepatic arsenic content and global DNA methylation analysis

Arsenic was present in the livers of newborn mice exposed to arsenic in utero, but undetectable
in livers of controls. The average arsenic concentration in newborn mouse liver was 57 ± 12
ng/g wet weight, approximately 10% of the concentration detected in maternal liver (750 ± 95
ng/g). These data indicate that arsenic did cross placental barrier, reached fetal liver and
significant amounts remained in the newborn mouse liver 3 days after termination of exposure.

Global DNA methylation was assessed by methyl acceptance assay. This assay uses a bacterial
DNA methyltransferase that indiscriminately methylates all unmethylated cytosines in DNA
using SAM labeled with [3H] at the donated methyl group. Thus, higher methyl incorporation
corresponds to a lower degree of global DNA methylation (i.e. hypomethylation). Compared
to control global DNA methylation (100 ± 9.3%), DNA methylation in arsenic-treated mice
(92.9 ± 10.4%) was not significantly different from control (Fig. 1). This result is different
from the global DNA hypomethylation seen in the liver after chronic arsenic exposure in adult
mice (Xie et al., 2004;Chen et al., 2004), perhaps due to the brief period of in utero arsenic
exposure. In addition, global methylation measures both quiescent and active areas of DNA
within the genome.

3.2. Methylation of the GC-rich regions
Methylation of GC-rich regions was evaluated by amplification with PCR of GC-rich DNA
products following restrictive digestion of genomic DNA with methylation sensitive restriction
enzymes (Watson et al., 2003). As illustrated in Fig. 2, the major PCR amplification bands
(around 600 kDa) were similar following digestion with the methyl insensitive RsaI between
control and arsenic groups. However, the intensity of this 600 kDa band in arsenic-treated livers
was significantly reduced following the digestion with RsaI plus MspI (80% reduction), or
following the digestion with RsaI plus HapII (60% reduction). Both MspI and HpaII are
methylation sensitive enzymes, indicating that GC-rich regions from arsenic-treated livers
were less methylated as compared to controls.

3.3. Gene expression analysis by cDNA microarray and real-time RT-PCR
Among the 600 genes examined via microarray analysis, 40 showed markedly increased or
decreased expression in newborn livers following in utero arsenic exposure. The hybrid
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intensity (ratio to control value) was calculated for comparison. The genes showing the most
significant changes by microarray are listed in Table 1. These altered genes in newborn liver
included increased expression of genes of the glutathione system, metabolic enzyme genes,
stress-related genes, and others.

To confirm and extend microarray results, real-time RT-PCR analysis of selected genes was
performed using individual samples from control and arsenic-exposed male newborn livers.
In general, real-time RT-PCR confirmed microarray results, and RT-PCR appeared to be more
sensitive and reliable based on individual samples. Thus, the data descriptions and discussions
henceforth are based on the real-time RT-PCR analysis. For expression of genes in the
glutathione system (Fig. 3), including the expression of glutathione S-transferase alpha (GST-
alpha), GST-mu, GST-pi, GST-theta, and glutathione peroxidase-1 (GPX1) were all
significantly increased between 1.5 and 3.5 fold in response to arsenic. The expression of the
stress gene, metallothionein 1 (MT-1), was doubled. The expression of genes of methyl
metabolism, such as thioether S-methyltransferase (TEMT) and betaine-homocysteine
methyltransferase (BHMT), were decreased by 50%. The expression of p57kip2 (Table 1),
were increased with arsenic, while the expression of p16 (a tumor suppressor gene) was
depressed.

Fig. 4 illustrates arsenic-induced alterations in expression of genes encoding metabolism and
insulin-like growth factor signaling system. The expression of CYP2A4 was increased, but in
general, the expression of cytochrome P450 enzyme genes was decreased, including decreased
expression of CYP3A25, CYP2F2, CYP2J5, CYP7B1, and hydroxysteroid 17β
dehydrogenase-5. Arsenic also altered several genes in the insulin-like growth factor signaling
system. In particular, there was a significant increase in IGF receptor 2, but the expression of
IGF-1, IGFBP1 and IGFBP3 were decreased with arsenic.

4. Discussion
The present study clearly demonstrated that in utero arsenic exposure can induce a loss of DNA
methylation in the GC-rich regions in the newborn mouse liver. In utero arsenic exposure also
produced various aberrant gene expressions related to the glutathione utilization system,
insulin-like growth factor signaling, and stress responses including potentially the response to
overutilization of SAM in arsenic metabolism (i.e. methyl stress). Thus, in utero exposure to
a carcinogenic dose of arsenic produces complex set of molecular alterations, which could play
an early role in hepatic carcinogenesis. This gestational arsenic exposure may act through
disruption of early genetic programming leading to tumor formation much later in life in a
fashion seen with estrogenic carcinogens (Cook et al., 2005).

DNA hypomethylation can occur after chronic in vitro exposure of rat liver cells to inorganic
arsenic (Zhao et al., 1997), or in intact animals chronically exposed to arsenic (Okoji et al.,
2002; Chen et al., 2004; Xie et al., 2004). Alterations in methylation (such as reduced
methylation of the promoter of the ER-α gene) were also evident in adult mice following
transplacental arsenic exposure (Waalkes et al., 2004b). Thus, arsenic-induced alterations of
DNA methylation could be an important epigenetic mechanism for arsenic carcinogenesis, at
least in the liver. In the present study, global DNA methyaltion was unaltered, possibly due to
the short arsenic exposure period. However, the methylation within GC-rich regions was
clearly reduced. Thus, altered DNA methylation occurred in the newborn mouse liver after in
utero arsenic exposure. In our recent studies, arsenic-induced hypomethylation of the ER-α
gene is associated with aberrant hepatic gene expression, hepatocellular proliferation and
carcinogenesis (Chen et al., 2004; Waalkes et al., 2004b). On the other hand, arsenic-induced
hypermethylation of the tumor suppressor genes p53 and p16 has also been observed in an
arsenic-exposed human population (Chanda et al., 2006). It is not uncommon for both
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hypomethylation and hypermethylation of DNA to occur during the carcinogenic process.
Efforts are currently underway to examine the methylation status of selected individual genes
following in utero arsenic exposure in connection with their expression.

DNA hypomethylation is an important mechanism involved in aberrant gene expression and
carcinogenesis (Baylin et al., 1998; Goodman and Watson, 2002). In particular, it is thought
that aberrant DNA methylation is important in the development of liver cancers (Goodman
and Watson, 2002), and is a significant epigenetic mechanism that underlines the aberrant
expression of genes involved in mouse liver carcinogenesis (Counts et al., 1997). In the present
study, arsenic-exposed newborn mouse liver showed various gene expression changes,
accounting for approximately 5% of genes on the array. These included glutathione-related
genes, stress-related genes, genes encoding for metabolic enzymes and genes involved in
insulin-like growth factor signaling. Previous work has shown these categories to be potentially
related to aberrant cell growth and neoplasia (Xie et al., 2004).

Glutathione (GSH) systems play important roles in arsenic toxicity, adaptation, and perhaps
carcinogenesis (NRC, 2001; Xie et al., 2004; Liu et al., 2006). In the present study, the
expression of glutathione S-transferase mu (GST-mu), GST-pi, GST-alpha and GST-theta were
all increased by in utero arsenic exposure in newborn mouse liver. The largest increases
occurred in GST-theta (>350%). GSTs are a large group of enzymes and some can catalyze
the conjugation of GSH with arsenic (Liu et al., 2001; Leslie et al., 2004; Xie et al., 2004). For
instance, increases in GST expression and activity, particularly for GST-pi, play important
roles in arsenic adaptation through increased cellular efflux of arsenic-GSH conjugates (Liu
et al., 2001; Leslie et al., 2004). GST expression and activity in humans also are associated
with altered arsenic metabolism (Chiou et al., 1997; Marnell et al., 2003) and GST
polymorphisms may be a susceptibility factor for human arsenic intoxication (Marnell et al.,
2003). Taken together, these data indicate that disruption of GST gene expressions and/or
functions are consistent events associated with arsenic carcinogenicity and toxicity.

Oxidative stress is proposed to play an important role in arsenic toxicity and carcinogenesis
(NRC, 2001; Xie et al., 2004). In addition to GSTs, other biomarkers for arsenic-induced
oxidative stress such as metallothionein-1 (Liu et al., 2006) and methyl stress are evident. The
expression of betainehomocysteine methyltransferase (BHMT) and thioether S-
methyltransferase (TEMT), were decreased in arsenic-exposed fetal livers in prior (Liu et al.,
2007) as well as in neonatal livers in the present study. The aberrant expression of the genes
encoding for these enzymes would potentially contribute to abnormal production or utilization
of SAM, a key donor for DNA methylation. In arsenic-induced hepatocellular carcinoma,
decreased expression of BHMT is also evident (Liu et al., 2004, 2006). Most importantly,
recent studies have indicated that altered methyl group metabolism could provide a potential
mechanism for inducing epigenetic expression changes in the preimplanation embryo
including genes such as BHMT and TEMT (Steele et al., 2005), which could disrupt the DNA
methylation process, an important gene imprinting mechanism in prenatal development.

The expression of various metabolic enzyme genes was also altered. The increased expression
of the female-predominant CYP2A4 in newborn liver is consistent with our prior observations
in arsenic transplacental carcinogenesis studies in adult liver (Waalkes et al., 2004b; Liu et al.,
2006) as well as in fetal liver (Liu et al., 2007). CYP2A4 encodes for hepatic microsomal
androstenedione 15α-hydroxylase and its overexpression would imply altered steroid
metabolism. On the other hand, the expression of male-predominant CYP genes, including
CYP3A25, CYP2F2, CYP2J5 and CYP7B1, were decreased. The expression of HSD17β5
dehydrogenase, an enzyme catalyzing the transformation of 4-androstenedione (4-dione) into
testosterone, was also decreased. These changes are consistent with male liver feminization
and a role of aberrant estrogen signaling seen in our series of transplacental arsenic
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carcinogenesis studies (Waalkes et al., 2004b, 2006a,b; Liu et al., 2006, 2007; Shen et al.,
2007).

We observed altered transcript levels of genes encoding for the insulin-like growth factor (IGF)
signaling system, which can be influenced by ER and have been implicated in the lung
oncogenic process (Gielen et al., 2005). The aberrant expression of insulin-like growth factors,
such as IGFR2, is observed in the fetal mouse lung exposed to arsenic in utero (Shen et al.,
2007) and in arsenic-exposed neonatal liver. Although the expression of IGFBP1 was increased
in arsenic-exposed fetal lung (Shen et al., 2007), it was decreased in arsenic-exposed neonatal
livers. Such differences could be due to different tissues and different time of sampling. In any
event, the disruption of the IGF signaling systems could be an early event in arsenic
hepatocarcinogenesis following in utero arsenic exposure. Aberrant promoter
hypermethylation of 5′ CpG islands of key tumor suppressor genes, including p16 and p53,
could also be important events in arsenic-induced tumorigenesis (Chanda et al., 2006).

Although the applied dose in these arsenic-treated mice (85 ppm) is much higher than those
seen in environmentally exposed humans, they are non-toxic with respect to maternal or
newborn body weights or pregnancy outcome (Waalkes et al., 2007). Furthermore,
toxicokinetic differences exist between mice and humans. This exposure level in mice actually
results in fetal blood levels of inorganic arsenic (Devesa et al., 2006) that are similar to blood
levels in humans chronically exposed to much lower, but commonly occurring environmental
levels of arsenic in the drinking water (∼0.4 ppm; Pi et al., 2002).

In summary, the present study demonstrated that in utero exposure to inorganic arsenic in the
drinking water resulted in the accumulation of arsenic in the newborn liver, the alteration of
DNA methylation in GC-rich regions, and alterations in gene expression in newborn mouse
livers potentially related to arsenic adaptation or carcinogenesis. These findings indicate that
in utero arsenic exposure can trigger early molecular changes, including potentially aberrant
DNA methylation, which could alter gene expression and possibly precipitate genetic
reprogramming. All of these factors could potentially lead to hepatocarcinogenesis much later
in life. A recent epidemiology study in Chile found increased lung cancer mortality in young
adults was related to in utero or early life exposure to arsenic (Smith et al., 2006). Thus,
protection of pregnant women from excessive arsenic exposure could help prevent arsenic
carcinogenesis in humans.
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Fig. 1.
Effect of in utero arsenic exposure on the global methylation status in newborn mouse liver
by the methyl acceptance assay. Data are mean ± S.E.M. (n = 6).
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Fig. 2.
Effect of in utero arsenic exposure on the methylation of the CG-rich regions in newborn mouse
liver by restrictive DNA digestion and PCR amplification of CG-rich regions. Upper panel:
representative gel electrophoresis images; lower panel: quantification of the indicated band
with Image J software. Data are mean ± S.E.M. of three experiments. *Significantly different
from controls, p < 0.05. Arrow indicates the bands of interest.
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Fig. 3.
Effect of in utero arsenic exposure on glutathione and stress-related gene expression in
newborn mouse liver. Data are mean ± S.E.M. (n = 6). *Significantly different from controls,
p < 0.05.
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Fig. 4.
Effect of in utero arsenic exposure on expression of genes related to cytochrome P450 enzymes
and the IGF signaling systems. Data are mean ± S.E.M. (n = 6). *Significantly different from
controls p < 0.05.
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