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Abstract

The level of 5-hydroxymethylcytosine (5-hmC) converted by ten-eleven translocation (TET)
family is decreased in cancers. However, whether 5-hmC level is perturbed in early stages of
carcinogenesis caused by genotoxic carcinogens is not defined. 5-hmC levels and TET?2
expression were measured in liver of rats treated with genotoxic carcinogens, riddelliine, or
aristolochic acid. Levels of 5-hmC and TET2 expression decreased in the liver of the carcinogens-
treated rats. Loss of 5-hmC correlates well with documented induction of genetic mutations by the
carcinogens, suggesting that TET2-mediated 5-hydroxymethylation plays an epigenetic role in
early state of carcinogenesis.
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INTRODUCTION

DNA methylation at the 5-carbon position of cytosine, a critical epigenetic mechanism in the
regulation of the genome, is a process that impacts on a broad range of biological functions
and pathological processes [1]. 5-Methylcytosine (5-mC) can be further converted to 5-
hydroxymethylcytosine (5-hmC) by the product of ten-eleven translocation (TET) family
genes [2]. Recent extensive data have shown that loss of 5-hmC is found in different types of
cancers [3]. We reported that loss of 5-hmC is associated with increased melanoma virulence
and poor survival [4]. In addition, decrease of TET2 gene expression or TET2 mutation is
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associated with carcinogenesis [5]. Furthermore, decrease of 5-hmC levels in rat liver
exposed to a non-genotoxic carcinogen, phenobarbital, or in genotoxic carcinogen-induced
hepatocellular carcinoma was recently reported [6,7]. However, the 5-hmC signature in early
stages of carcinogenesis, such as initiation where mutations occur in critical tumor
suppressor genes or oncogenes, has not been defined.

Genotoxic carcinogens bind to DNA and cause mutations, potentially leading to tumor
formation, and accordingly, they are frequently used for modeling multiple steps of
carcinogenesis. In the present study, two botanical genotoxic carcinogens, riddelliine and
aristolochic acid (AA), were employed. Riddelliine is a pyrrolizidine alkaloid present in
many plants worldwide and associated with human disease through contamination of staple
foods, honey, milk, herbal teas, and herbal medicines [8]. Riddelliine induced a high
incidence of hemangiosarcomas in rodent liver [9]. It was proved to be genotoxic and caused
mutations in the transgenic c¢// gene, K-ras protooncongene, and p53 tumor suppressor gene
in rat liver [10,11]. Thus, riddelliine has been classified as a potentially human carcinogen
[12]. AA is a natural component of Aristolochia plants that have been used for medicinal
purposes since antiquity. However, AA has been shown to be toxic to kidney [13] and
induces genotoxicity in many assays, with demonstrated mutations in rat kidney and liver
[14,15]. Consumption of AA is associated with a high incidence of urothelial cancer and
other types of tumors in humans and experimental animals [16,17].

Cancer research conducted in humans often focuses on the late stages of carcinogenesis,
limiting the scope of such investigation. Animal models provide a unique opportunity to
understand the early stages of carcinogenesis where critical and potentially preventable
genomic and epigenomic alterations may occur. In our previous studies, we have used the
Big Blue transgenic mutation rat model to evaluate the mutagenesis of riddelliine and AA
during early stages of carcinogenesis [11,18]. In the present study, the 5-hmC signature was
studied in these animals, with the purposes gaining insight into the 5-hmC signature.

MATERIALS AND METHODS

Riddelliine (>97% pure by reversed phase high performance liquid chromatography (HPLC)
analysis) was obtained from the National Toxicology Program (NTP); and AA was
purchased from Sigma (St. Louis, MO). Big Blue Fisher 344 transgenic rats were purchased
from Taconic Laboratories (Germantown, NY). Animal care was performed in accordance
with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory
Animals and was authorized by the National Center for Toxicological Research (NCTR)
Institutional Animal Care and Use Committee. The animal treatment has been described in
our previous reports [11,18]. For the treatments, groups of six Big Blue rats were gavaged
with 0.1, 0.3, and 1.0 mg/kg riddelliine or with 0.1, 1.0, and 10.0 mg/kg AA, as well as their
vehicle controls, 5 days a week for 12 wk and sacrificed 1 d after the last treatment. By the
end of the study, rats treated with 0.1, 1.0, and 10.0 mg/kg AA weighed 5%, 7%, and 15%
less than the controls while the 1.0 mg/kg riddelliine dose groups were a little less (5%) than
those of the vehicle control [9,19,20].
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Genomic DNA from liver tissue was extracted using Puregene Core Kit A according to the
manufacturer’s instruction (Qiagen, Valencia, CA). The DNA concentration was determined
with NanoDrop 1000 (Thermo Scientific, Waltham, MA). The immunodot blot was
performed using a Bio-Dot Apparatus as previously reported [4]. Briefly, the DNA was
loaded in 96-well plate in 30 pl Tris-EDTA(TE) buffer with 2-fold serial dilution (100 ng ~1
ug). The denatured DNA sample was applied to rehydrated nitrocellulose membrane and
then was baked for 2 h at 80°C and then blocked with TBST containing 5% non-fat milk for
1 h at room temperature. The membrane was incubated with primary anti-5-hmC antibody
(1:1000) overnight at 4°C. It was then incubated with horseradish peroxidase (HRP)
conjugated secondary antibody (1:10,000) at room temperature for 1 h. The signal was
developed with enhanced chemiluminescence (ECL) after wash with 20 mM Tris-buffered
saline with 0.05% Tween 20 (TBS-T)

Immunohistochemical studies were performed with Tissue-Tek™ OCT Compound (OCT
stands for Optimal Cutting Temperature) embedded frozen liver tissue as we reported
previously [4]. Briefly, the slides were cryosectioned to 5-um sections. After antigen
retrieval, the slides were placed in 2N HCI for 30 min, rinsed in distilled water and placed in
100 mM Tris-HCI pH8.5 for 10 min. All of the slides were stained on the Dako Autostainer
(Dako Corporation, Carpinteria, CA) using the EnVision (Dako) staining reagents. Sections
were incubated for 60 min with rabbit-anti-5-hmC at 1:10,000 (Active motif) and then
incubated with the EnVision+ Dual Link (Dako) detection reagent for 30 min. Sections were
washed, treated with a solution of diaminobenzidine and hydrogen peroxide (Dako) for 10
min, and after rinsing, a toning solution (DAB Enhancer, Dako) was used for 2 min to enrich
the final color.

Total RNA of liver tissue was extracted from the liver tissue by RNAeasy kit (Qiagen,
Valencia, CA). The quantity of total RNA was determined by spectrophotometer using the
absorbance at A260/A280 nm. The cDNAs were synthesized by SuperScript I11 first strand
kit (Invitrogen, Carlsbad, CA) according to manufacturer’s protocol. The primer sequences
for rat TET2 are 5'-AATCGCCTTCGGATTCAGACACTC-3’ (forward) and 5’-
CTTGACCTCCGATACACCCATTTAGC-3" (reverse), and the primers for glyceraldehyde
3-phosphate dehydrogenase (GAPDH) are 5 -ATCACCATCTTCCAGGAGCGA-3’
(forward) and 5"-CCTTCTCCATGGTGGTGAA-3" (reverse). The real-time quantitative
reverse transcription PCR (qRT-PCR) reactions were performed to detect TET2 mRNA
levels. The AACt method was used to analyze the TET2 mRNA expression levels.

Significant treatment differences of the study were determined by 1-way analysis of variance
(ANQVA) followed by Tukey’s test. Data are presented as means + SD. Differences were
considered significant at £< 0.05.

5-hmC Levels were Decreased in the Livers of Riddelliine and AA-treated Big Blue Rats

The carcinogens did not induce any tumors or nodules in the livers of rats treated for three
months although the treatments resulted in formation of DNA adducts and induction of
mutations in rat liver at this stage [9,19-23]. In order to detect the level of 5-hmC in liver of
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the carcinogen-treated rats, immuno dot blot technique was used. Compared with the vehicle
control group, both the riddelliine and AA treatments for 12 wk resulted in a significantly
decrease in 5-hmC in liver tissue (Figure 1A and B). The 5-hmC intensities decreased from
25.8 £ 13.85 in the control group to 3.7 £ 1.51 with the highest dose of riddelliine treatment
(P<0.05), whereas the 5-hmC densities decreased from 25.0 + 4.47 in the control group to
4.7 £ 7.51 in with the highest dose of the AA treatment (P < 0.01). The 5-hmC levels in the
individual animals at the highest dose treatments were very close, suggesting a consistent
effect of the carcinogen on 5-hmC level.

Immunofluorescence Staining Confirmed Decreased Levels of 5-hmC

Anti-5-hmC specific antibody was used to stain the liver samples and evaluate 5-hmC levels.
The immunohistochemical findings confirmed the results from the immuno dot blot
experiment. Positive 5-hmC immunostains highlighted the nuclei of hepatocytes in control
group samples (Figure 2A and C). Very weak 5-hmC immunostains were detected in the
highest dose of riddelliine or AA-treated samples compared to that of the control group
samples (Figure 2). These results correlated with the immuno dot blot results (Figure 1) and
provided further confirmation that these two genotoxic carcinogen treatments lowered the
level of 5-hmC in rat liver.

Expression of the TET2 Gene was down-regulated by Carcinogen Treatment in Rat Liver

We further measured 7E72gene expression to explore whether the decreased level of 5-
hmC in rat liver by carcinogen treatment was associated with expression change of 7E72,
the gene that encodes a key enzyme converting 5-mC to 5-hmC. gRT-PCR was performed to
quantify the mRNA lavel of 7E72in the control and carcinogen-treated groups (highest
doses). The results indicated that TET2 expression was significantly decreased in the groups
receiving the highest dose of riddelliine treatment (P= 0.017, Figure 3A) or AA treatment (P
=0.003, Figure 3B) compared to the control group. TET1 and TET3 mRNA levels did not
show significant difference in liver samples of rat treated with or without AA or riddelliine
by gRT-PCR (data not shown).

DISCUSSION

Recent studies show that the non-genotoxic carcinogen phenobarbital induces defined
changes in 5-hmC and the change of 5-hmC signature can be used as an indicator of cell
states during organ maturation and drug-induced response [6]. However, the role of 5-hmC
in early stages of carcinogenesis due to genotoxic carcinogen exposure is unknown. In this
study, we explored the relationship between levels of 5-hmC and mutations induction by the
genotoxic carcinogens, riddelliine, and AA at early stages prior to overt tumor formation.
The rats were treated with doses known to induce mutations within 12 wk and hepatocellular
carcinoma within 2 yr. As previously reported, the treatment regimen in this study results in
dose-dependent induction of DNA adducts and mutations in rat liver [11,18,24]. Specifically,
riddelliine increased mutant frequencies from 30 x1076 in control animals to 103 x 1076 in
the high dose groups, while AA results in 18-fold mutation induction in rat liver. In the
present study, the level of 5-hmC was significantly decreased approximately 6-fold in the
riddelliine-treated liver and about 10-fold in the AA-treated liver. These findings were also
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confirmed by 5-hmC immunohistochemistry staining in liver tissues. The results indicate
that the levels of 5-hmC decrease not only in cancer cells, but also in the genotoxic
carcinogen-exposed cells at pre-neoplastic stage of carcinogenesis.

We previously reported that down-regulation of TET2 is most likely the mechanism for loss
of 5-hmC in melanoma, and that reintroduction of TET2 restores 5-hmC levels and
decreases metastatic potential of melanoma cells [4]. In this study, we found that TET2 gene
expression was significantly lower in riddelliine and AA-treated liver tissue compared with
control groups, indicating that a decrease of TET2, an enzyme required for the conversion of
5-mC into 5-hmC, is at least partially a contributing factor for the reduction of 5-hmC in our
model. According to our previous studies, the carcinogens induced mutant frequencies at
about 1074 to 1073 in the c// gene of the rat livers. Therefore, the induced mutations are rare
events. If one mutation occurs out of 1000 TET2 functional genes, the mutated gene will not
be able to change the TET2 expression pattern. Thus, the mutations in the TET2 should not
be a mechanistic event responded to the decrease of 5-hmC. The mechanisms of 5-hmC
decrease by genotoxic carcinogens warrant further investigation.

In conclusion, loss of 5-hmC was detected in liver tissue of rats treated with mutagenic
doses of genotoxic carcinogens, riddelliine, and AA. In addition, these genotoxic
carcinogens reduced TET2 gene expression, suggesting a novel mechanism in the early stage
of hepatocarcinogenesis.
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Detection of 5-hmC by immuno dot-blot in liver specimens of riddelliine or AA treated Big
Blue rats. (A) A representative dot blot (left) and the bar graph of the density of the dot blots
(right) in the liver sample of riddelliine treated Big Blue rats. (B) A representative dot blot

(left) and the bar graph of the density of the dot blots (right) in the liver sample of AA

treated Big Blue rats.

Mol Carcinog. Author manuscript; available in PMC 2018 March 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lian etal.

Page 8

P
-
L]
&S
4
-
al
<
L]
-
]

- Le
| VIR TR
v =]

.
<

o

Figure 2.
Detection of 5-hmC by immunohistochemistry in liver specimens of riddelliine or AA

treated Big Blue rats. A representative IHC staining was shown for 5-hmcC in liver tissue. 5-
hmC in liver tissue of control group (A) and high dose riddelliine treated group (B). 5-hmC
in liver tissue of control group (C) and high dose AA treated group (D).

Mol Carcinog. Author manuscript; available in PMC 2018 March 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lian et al.

Page 9

A 5 1.2 B & 127
@ @
2 o
] ] & [
< =
o o
©
- 2 o3l
g.' 0.8 s 0.8
& P=0.017 " P=0.003
] °
3 3
g 0.4 < 0.4
4 3
E E
= 0.0 T = 0.0 T
Control High dose riddelliine Control High dose AA

Figure 3.
Detection of TET2 mRNA levels in liver specimens of riddelliine or AA treated Big Blue

rats. (A) TET2 mRNA levels detected by qRT-PCR in liver specimens of control and
riddelliine treated Big Blue rats. (B) TET2 mRNA levels in liver specimens of control and
AA treated Big Blue rats.
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