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Evaluation of chemical carcinogenicity is crucial for assessment of chemical safety. However, standard
carcinogenicity bioassays in which several hundreds of rodent animals are administered test compounds for
about a life-long period are time-consuming and costly. Therefore, the development of new and rapid means
for evaluation or prediction of the carcinogenic potential of chemicals is necessary for efficient detection of
carcinogens. Our previous study revealed that the responses of cell cycle-related molecules were found to be
different between genotoxic and nongenotoxic hepatocarcinogens by repeated administration to rats for 28
days. The present study approached by means of the two aspects to explore in vivo markers of genotoxic and
nongenotoxic hepatocarcinogens from the early stages of treatment in the liver, i.e., DNA methylation, which
is one of the epigenetic regulatory mechanism of gene expression, and the responses on reprogramming of
energy metabolic pathways toward carcinogenesis.

In chapter 1, the present study investigated the hypermethylated and downregulated genes specifically
in the liver of rats treated with carbon tetrachloride (CCls) as a nongenotoxic hepatocarcinogen for 28 days
using Methyl-Seq analysis combined with expression microarray analysis by excluding those hypermethylated
and downregulated in the liver of rats treated with N-nitrosodiethylamine (DEN) as a genotoxic
hepatocarcinogen for 28 days. Among 52 genes identified, Ldlrad4, Proc, Cdhl7, and Nfia were confirmed to
show promoter-region hypermethylation by methylation-specific quantitative PCR analysis on day 28. The
transcript levels of these 4 genes decreased by real-time reverse transcription-PCR analysis in the livers of rats
treated with nongenotoxic hepatocarcinogens for up to 90 days compared with untreated controls and
genotoxic hepatocarcinogens. Immunohistochemically, LDLRAD4 and PROC showed decreased
immunoreactivity, forming negative foci, in glutathione S-transferase placental form (GST-P)" foci, and
incidences of LDLRAD4 and PROC- foci in GST-P* foci induced by treatment with nongenotoxic
hepatocarcinogens for 84 or 90 days were increased compared with those with genotoxic hepatocarcinogens.
In contrast, CDH17 and NFIA responded to hepatocarcinogens without any relation to the genotoxic potential
of carcinogens. All 4 genes did not respond to renal carcinogens after treatment for 28 days. Considering that
Ldlrad4 is a negative regulator of transforming growth factor-B signaling, Proc participating in p21WAFV/CIPL
upregulation by activation, Cdhl7 inducing cell cycle arrest by gene knockdown, and Nfia playing a role in a
tumor-suppressor, all these genes may be considered as potential in vivo epigenetic markers of nongenotoxic
hepatocarcinogens from the early stages of treatment in terms of gene expression changes. LDLRAD4 and
PROC may have a role in the development of preneoplastic lesions produced by nongenotoxic
hepatocarcinogens.

In chapter 2, the present study investigated the relationship between LDLRAD4 downregulation and
transforming growth factor (TGF)-f signaling in nongenotoxic hepatocarcinogenesis. After 84 or 90 days,
subpopulation of GST-P* foci downregulating LDLRAD4 coexpressed TGFB1, phosphorylated epidermal
growth factor receptor (EGFR), or phosphorylated serine/threonine-protein kinase (AKT?2), and downregulated



phosphatase and tensin homolog (PTEN), showing higher incidences than those in GST-P* foci expressing
LDLRADA4. The subpopulation of GST-P* foci downregulating LDLRAD4 also coexpressed caveolin-1 or
metalloprotease tumor necrosis factor-a-converting enzyme (TACE/ADAM17), suggesting that disruptive
activation of TGFp signaling through a loss of LDLRAD4 enhances EGFR and PTEN/AKT-dependent
pathways via caveolin-1-dependent activation of TACE/ADAM17 during nongenotoxic hepatocarcinogenesis.
The numbers of c-MYC* cells and PCNA™* cells were increased, and cleaved caspase 3" cells were decreased
in the subpopulation of GST-P" foci downregulating LDLRADA4, suggesting a preferential proliferation of
preneoplastic cells and attenuation of apoptosis by LDLRAD4 downregulation. At the late
hepatocarcinogenesis stage in a two-stage model, LDLRAD4 downregulation was higher in adenoma and
carcinoma than in preneoplastic cell foci, suggesting a role of LDLRAD4 downregulation in tumor
development. These results suggest that nongenotoxic hepatocarcinogens cause disruptive activation of TGF[3
signaling through downregulating LDLRAD4 toward carcinogenesis in the rat liver.

In chapter 3, to clarify difference in the responses on the reprogramming of metabolism toward
carcinogenesis between genotoxic and nongenotoxic hepatocarcinogens in the liver, rats were repeatedly
administrated genotoxic hepatocarcinogens (DEN, aflatoxin Bi, N-nitrosopyrrolidine, or carbadox) or
nongenotoxic hepatocarcinogens (CCls, thioacetamide, or methapyrilene hydrochloride) for 28, 84, or 90 days.
Nongenotoxic hepatocarcinogens revealed transcript expression changes suggestive of suppressed
mitochondrial oxidative phosphorylation (OXPHOS) after 28 days and increased GST-P* foci downregulating
ATP synthase subunit beta, mitochondrial precursor (ATPB), compared with genotoxic hepatocarcinogens after
84 or 90 days, suggesting that nongenotoxic hepatocarcinogens are prone to suppress OXPHOS from the early
stage of treatment, which is in contrast to genotoxic hepatocarcinogens. Both genotoxic and nongenotoxic
hepatocarcinogens upregulated glycolytic enzyme genes and increased cellular membrane glucose transporter
member 1 (GLUT1) expression in GST-P* foci for up to 90 days, suggesting an induction of a metabolic shift
from OXPHOS to glycolysis at the early stage of hepatocarcinogenesis by hepatocarcinogens without relation
to genotoxic potential. Nongenotoxic hepatocarcinogens increased c¢c-MYC" cells after 28 days and
downregulated 7p53 after 84 or 90 days, suggesting a commitment to enhanced metabolic shift and cell
proliferation. Genotoxic hepatocarcinogens also enhanced c-MYC activation-related metabolic shift until 84
or 90 days. In addition, both genotoxic and nongenotoxic hepatocarcinogens upregulated glutaminolysis-
related Slcla5 or Gis, or both, after 28 days and induced liver cell foci immunoreactive for neutral amino acid
transporter B (0) (SLC1AS) in the subpopulation of GST-P" foci after 84 or 90 days, suggesting glutaminolysis-
mediated facilitation of cell proliferation toward hepatocarcinogenesis.

In conclusion, 4 genes, Ldlrad4, Proc, Cdhl7, and Nfia, showed promoter-region hypermethylation and
transcript downregulation in the liver after 28 days of CCls treatment in rats by excluding the genes
hypermethylated and downregulated with DEN. Gene expression downregulation of Ldlrad4, Proc, Cdhl?7,
and Nfia, and increase in downregulated foci of LDLRAD4 and PROC in GST-P* foci were common among
the nongenotoxic hepatocarcinogens examined. Thus, Ldlrad4, Proc, Cdhl7, and Nfia may be considered as
potential in vivo epigenetic markers of nongenotoxic hepatocarcinogens from the early stages of treatment.
LDLRAD4 and PROC may have a role in the development of preneoplastic lesions produced by nongenotoxic
hepatocarcinogens. In addition, the disruptive activation of TGFP signaling through downregulating
LDLRAD4 may contribute to trigger driving hepatocytes into carcinogenesis and further promote
hepatocarcinogenesis, before forming GST-P* foci after repeated nongenotoxic hepatocarcinogen treatment.
Finally, focusing on the difference in the responses on the reprogramming of metabolism toward
carcinogenesis between genotoxic and nongenotoxic hepatocarcinogens in the liver, it was found that there are
differential responses between genotoxic and nongenotoxic hepatocarcinogens on reprogramming of energy

metabolic pathways toward carcinogenesis in liver cells from the early stage of hepatocarcinogen treatment.



