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Trichloroethylene (TCE), dichloroacetic acid (DCA), and tri-
chloroacetic acid (TCA) are environmental contaminants that are
carcinogenic in mouse liver. 5-Methylcytosine (5-MeC) in DNA is
a mechanism that controls the transcription of mRNA, including
the protooncogenes, c-jun and c-myc. We have previously re-
ported that TCE decreased methylation of the c-jun and c-myc
genes and increased the level of their mRNAs. Decreased meth-
ylation of the protooncogenes could be a result of a deficiency in
S-adenosylmethionine (SAM), so that methionine, by increasing
the level of SAM, would prevent hypomethylation of the genes.
For 5 days, female B6C3F1 mice were administered, daily by oral
gavage, either 1000 mg/kg body weight of TCE or 500 mg/kg DCA
or TCA. At 30 min after each dose of carcinogen, the mice
received, by ip injection, 0-, 30-, 100-, 300-, or 450-mg/kg methi-
onine. Mice were euthanized at 100 min after the last dose of DCA,
TCA, or TCE. Decreased methylation in the promoter regions of
the c-jun and c-myc genes and increased levels of their mRNA and
proteins were found in livers of mice exposed to TCE, DCA, and
TCA. Methionine prevented both the decreased methylation and
the increased levels of the mRNA and proteins of the two pro-
tooncogenes. The prevention by methionine of DCA- TCA-, and
TCE-induced DNA hypomethylation supports the hypothesis that
these carcinogens act by depleting the availability of SAM. Hence,
methionine would prevent DNA hypomethylation by maintaining
the level of SAM. Furthermore, the results suggest that the dose of
DCA, TCA, or TCE must be sufficient to decrease the level of
SAM in order for these carcinogens to be active.

Key Words: c-myc; c-jun; dichloroacetic acid; DNA methylation;
trichloroacetic acid; trichloroethylene; mRNA expression; methi-
onine; protooncogenes.

Trichloroethylene (TCE) is a common industrial solvent thq;I
has been used for vapor degreasing of fabricated metal Py

has resulted in the contamination of surface water, groundy
water, and hazardous waste disposal sites (Coleataal, 3
1984; Conglioet al, 1980; Westericlet al., 1984). Dichloro- &
acetic acid (DCA) and trichloroacetic acid (TCA) are major 8
metabolites of TCE (Brucknest al., 1989; IARC, 1995). The  §
two chloroacetic acids are also found in chlorinated drinkingg
water as by-products of chlorine disinfection (IARC, 1995; =
Colemanet al, 1984; Uden and Miller, 1983). Hence, there %
exists the potential for human exposure to TCE found in theé'
environment and to DCA and TCA in chlorinated drinking &
water or from metabolism of TCE. El

DCA, TCA, and TCE are peroxisome proliferators (Bruck- 3

neret al.,1989; Elcombe, 1985; Goldsworthy and Popp, 1987; £
Odumet al., 1988) that induce foci of altered hepatocytes and<.
hepatocellular adenomas and carcinomas in B6C3F1 mic
(Bull et al., 1990; Herren-Freuret al., 1987; Latendresse and
Pereira, 1997; Pereira, 1996; Perestaal., 1997; Pereira and
Phelps, 1996). Mouse liver tumors induced by DCA, TCA, andé
TCE, relative to spontaneous tumors, have been shown not t&
contain a unique mutation in either the H- orrls oncogenes S
(Annaet al., 1994; Ferreira-Gonzalez al., 1995; Foxet al.,
1996; Leavittet al.,1997; Schroedest al., 1997). Due to their
very weak genotoxicity ifn vitro andin vivo assays (Chanet
al., 1992; Fahriget al., 1995; Foxet al., 1996; Meier and
Blazak, 1990), an epigenetic mechanism has been proposed f&f
their carcinogenic activity that is associated with increased celf”
proliferation (Butterworthet al., 1992; Goodmast al., 1991;
Robertset al. 1997).

DCA, TCA, and TCE have been shown to induce cell
proliferation in mouse liver (Bulkt al., 1990; Channedt al.,
1998; Pereira, 1996). The immediate-early protooncogenes,
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—r{un and c-mycpatrticipate in the control of cell proliferation
apoptosis (Cole and McMahan, 1999; Fausto and Shank,

and as a lubricant, a low-temperature heat transfer mediurr119':183. Fausto and Webber, 1993; Seeter and Seglen, 1990).

fumigant, an extractant, and a disinfectant (Kanekoal.,

1997; 1ARC, 1995; Maulet al.,1997). Widespread use of TCE

' To whom correspondence should be addressed at the Departmen
Pathology, Health Education Building, Medical College of Ohio, 3055 Arling-

Increased expression of these two protooncogenes has been
observed in the liver after partial hepatectomy and during
treatment with epigenetic carcinogens (Fausto and Shank,

L.Lgf83; Fausto and Webber, 1993; Seeter and Seglen, 1990).
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genes have been reported in liver and liver tumors from mice
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treated with DCA, TCA, or TCE (Latendresse and Pereirdecrease in the methylation of thgun and c-myaqyenes and
1997; Nelsoret al, 1990; Tacet al., 1999). The c-juand c-fos the increase in the expression of their mRNA and proteins that
proteins form the transcription factor, AP-1, that primes celre induced by DCA, TCA, and TCE.

for proliferation during liver regeneration following partial

hepatectomy (Brenner, 1998; Fausto and Webber, 1993). c- MATERIALS AND METHODS

Myc protein is required for efficient progression through the

cell cycle (Cole and McMahon, 1999; Facchini and Penn,Chemicals and DNA probes. DCA and TCA were obtained from Aldrich
1998). It forms a heteromeric complex with the murine Myﬁ:hemical Company, I_nc (Milwaukee, WI)..TCE, L-me_thionine, ribonuclease
protein (Prenderga&tt al., 1991) and the human homologA type IlI-A and proteinase K were from Sigma Chemical Company, Inc (St.

. . .~ “Louis, MO). TRIZOL Reagent was purchased from GIBCO BRL/Life Tech-
Max  protein (BIaCkWOOd and Eisenman, 1991) to aCtIV"’qﬁjlogies, Inc. (Gaithersburg, MD). Oligonucleotide probes fartand c-myc

transcription (Dang, 1999; Steinetal., 1996). With respect to and monoclonal antibodies for c-juAb-3) and c-myqAb-2) were obtained
increased cell proliferation, target genes for up-regulation halvem Oncogene Research Products (Cambridge, N Il was from New
been proposed to includedc25Aand cyclins A, D1, and E England BioLabs (Beverlgz, MA). Hyborld-N* nylon membranes,at*P)
(Dang, 1999)_ c-My(aIso regulates cyclin—dependent kinase'QCTP (6000 Ci/mmol),-*P) -ATP (5000 Ci/mmol), enhanced chemilumi

. . LT LT . nescence reagents and flolynucleotide kinase were obtained from Amer
(Cdk) mCIUdmg inhibition of cdk inhibitors (Steme"Et al., sham Corp. (Arlington Heights, IL). Prime-a-Gene-Labeling System was from 2

1996)- Promega Corp. (Madison, WI). Anti-mouse 1gG-HRP and protein molecular %
Methylation of DNA as 5-methylcytosine (5-MeC) in theweight standards were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) &

promoter region of genes regulates mRNA expression, inclulLother chemicals used were molecular biology or HPLC grade, as commer-%

ing that of the protooncogenesjun and c-mydBird, 1986; Cally available.

Garceaet al, 1989; Hermaret al., 1994; Jones and Buckley Animals and treatments. VAF (viral antibody-free) B6C3F1 female mice

. . . . . . were purchased from Charles River Breeding Laboratories (Portage, Ml)ﬁ
1990; Razin and Kafri, 1994; Stoget al., 1993; Wainfan and_pema|e mice were used, since the carcinogenic and tumor-promoting activities

Poirier, 1992). Decreased levels of 5MeC in DNA and i8f DcA and TCA were first observed in this sex (Herren-Freahdl., 1987;
specific genes including c-juand c-mycare frequently iden- Pereira and Phelps, 1996). Six-week-old mice arrived at the AAALAC-accred- g
tified as early events in both human and mouse ne0p|a5iig_gfacility of the Medical College of Ohio. They were housed in accordance )
(Gama-Sosat al., 1983; Jones and Buckley, 1990; Lapeyr%ith the U.S. Public Health Service “Guide for the Care and Use of Laboratory%.

. . nimals.” Deionized and filtered tap water and Laboratory Rodent Diet 5001 £
et al., 1981; VOgeIStelrEt al., 1988)' The extent of DNA J & B Feed, Toledo, OH) were providet! libitumto the mice. 3

methylation has been reported to decrease further with the g weeks-of-age, the mice were dosed by gavage 500 mg/kg DCA or TCAg
progression from benign to metastatic neoplasm (Gama+8osa water neutralized with sodium hydroxide to pH 6.5-7.5, or 1000 mg/kg TCE <
al., 1983; Lapeyreet al., 1981; Taoget al., 1998). In mouse in corn oil. The doses of DCA, TCA, and TCE were chosen because they hav%
liver, non-genotoxic carcinogens including phenobarbital, _bgen reported to increase liver growth, cell proliferation, and lipid peroxidation 2.

. . <
. . .. .. . in mice (Channeet al., 1998; Dees and Travis, 1994; Larson and Bull, 1992; @
choline-devoid and methionine-deficient diet, DCA, TCA, anétyleset al., 1991). DCA, TCA, and TCE were administered once a day for 5 g-'

TCE decreased the methylation of DNA (Christmenal., days. Vehicle-control mice received the same volume of water or com oil. At S,
1993; Counts and Goodman, 1995; Cougitsl., 1996, 1997; 30 min after each dose of carcinogen or vehicle, the mice received 0, 30, 100Z
Tao et al., 1998, 1999). Hence, DNA hypomethylation had00, or 450 mg/kg methionine by ip injection. The high dose level of 450 =

been proposed as a mechanism for non-genotoxic carcinogBf&9 was selected because it has been reported to prevent bromobenze
to increase cell proliferation and to induce tumors (Counts aln uced decrease in hepatic SAM and alterations in DNA methylation (Ler- 8
0 p B anangkooet al., 1996, 1997). The mice were euthanized by carbon dioxide g

Goodman, 1995). asphyxiation at 100 min after the fifth dose of carcinogen or vehicle. Sacrifice
Methionine is required for the synthesis of S-adenosylmetthe animals at 100 min after the last dose was chosen because it resulted g
thionine (SAM), the cofactor for DNA methylation. Choline-the peak increase in the level of the mRNA of the two protooncogenes aftelrf)
devoid and methionine-deficient diet has been shown to ca @inistering TCE (Taet al., 1999). As a positive control for enhancement =
. . . of MRNA expression of the protooncogenes, mice were administered by
hepatocellular carcinomas in both rats and mlc_:e (Copeland ad&d?\ge a single 2 mi/kg dose of carbon tetrachloride (1:1 by weight in corn oil)
Salmon, 1946; Ghoshal and Farber, 1984; Mi&bhl., 1983; and killed 100 min later. At necropsy, the liver was rapidly excised, weighed,
Newberneet al., 1982) and to induce hypomethylation ofrozen in liquid nitrogen and stored at —70°C.
H-ras, cmyc, and c-fogenes (Henning and Swendseid, 1996; Analysis of DNA methylation status in the promoter region for thejea
Wainfan and Poirier, 1992). Methionine has been reported aed c-myc protooncogenes. Methylation status in the promoter region for
prevent aflatoxin B1-induced liver tumorigenesis (Newbm’nec'j“” and c-mycprotooncogenes was evaluated usidpa Il restriction-

. . . S .. _enzyme digestion followed by Southern blot analysis, as described previously
al., 1990) and dlethyln'trosamme'mlt'ated and phenObarbltq faoet al, 1999). Briefly, DNA was isolated from the liver tissues by digestion

promoted liver carcinogenesis (Fullertet al., 1990). Thus, ith 400 wg/ml RNase A and 20Qg/mi proteinase K followed by organic
methionine deficiency appears to enhance liver carcinogenesisaction with phenol, chloroform, and isoamyl alcohol. The isolated DNA
while supplemental methionine appears to prevent liver cance#s digested at 37°C with the methyl-sensitive restriction enzytpalll (10
Furthermore, it appears that the cancer-enhancing activityLBf”g DNA). Hpa Il does not cut CCGG sites when the internal cytosine is

.. .. . . . methylated. The digested DNA was electrophoresed on 1% agarose gel and
methionine deficiency is associated with DNA hypomethyl%ﬁen transferred to Hybo%-N* nylon membranesHind Ill produced DNA

tion, including the hypomethylation of protooncogenes. Ther@agments of Lambda-phage were included with each gel as molecular size
fore, we evaluated the ability of methionine to prevent th@arkers.
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DNA was cross-linked by ultraviolet irradiation with an UV Stratalinker 7 -
2400 (Strategene, La Jolla, CA) and hybridized witR-labeled probes by
random priming procedure. Probes for the promoter regions of the protoon- ¢ |
cogenes were produced by PCR amplification of normal mouse-liver genomic
DNA using the following primers for c-jun, sense 5’—GTTGTAGTGGACCT—8 5
CATTCGCTCTA-3' and antisense 5-AGGGGTGTTCGCTTTGCCTC-— 1
CGAGG-3' and for c-myc, sense 5'-TCTAGAACCAATGCACAGAG- E
CAAAAG-3' and antisense 5-GCCTCAGCCCGCAGTCCAGTACTCC-3'.2 44
The probes were designed from the GenBank database (Accession no. U6(B82 -
for c-jun and M12345 for c-mygenes) and contained, for c-jumd c-myc, 3
the 1914-2422 and 1-1315 bp, respectively, in the promoter region of
genes.

Analysis for mRNA expression of protooncogenesExpression of mMRNA
for c-jun and c-my@rotooncogenes was evaluated by Northern blot analysis,
as described previously (Tat al, 1999). Briefly, total RNA was isolated from
the liver tissue by using TRIZOL Reagent (Chomczynski, 1993). The yield,
purity, and integrity of the RNA were assessed by absorbance at 260 nm, the © -
AsdAg ratio (1.7-1.9), and agarose/formaldehyde gel electrophoresis, re - M - M - M - M
spectively. The RNA was electrophoresed on the denaturing formaldehyde gels Control DCA TCA TCE
and then transferred to HyboREN * nylon membranes by downward alkaline

. . . . . . FIG. 1. Liver-to-body weight ratio in DCA, TCA and TCE-treated mice
capillary action (Minget al., 1994). Oligonucleotide probes for mouse C-jun,u' oo without (-) methionine. Female BEC3F1 mice were treated for 5
and c-myawere labeled with-*P)-ATP by the 5’-end labeling procedure to u '

a minimum specific activity of 10cpm/ug and separated from unincorporateddays with 500 mg/kg DCA or TCA or 1000 mg/kg TCE by gavage followed

ATP using a Sephadex G-50 column. Using a Biometra Mini Hybridizatioﬁoom;] I/iterfggl S&pﬂj CTng;)OfFTeesthlltcsm;: Eﬁggﬁ?g/égfcrs ;T%Eaglir;l;ﬁ)s?nd g
Oven, OV3, (Biometra, Inc., Germany), the Northern blots were prehybridizeg 9’kg ‘ Y »

at 65°C for 1 h in hybridization solution (1.0 M NaCl, 50 mM Tris-HC, pH group. The as_terisks denote‘sig_nificantdifference from the vehicle control mic
7.5, 10% dextran sulfate, 1% SDS, and 30§/ml denatured nonhomologous with (M) or without (-) methioninep-value < 0.05.

DNA). The 5’ end-labeled probe (65 ng) was then added and hybridization

proceeded overnight at 65°C. After hybridization, the membrane was washed

4Xx with 2 X SSC containing 0.1% SDS at room temperature, once for 30 mdministered 30 min after each dose of DCA, TCA, and TCE .

at hybridization temperature, and once again at room temperature for 5 mig : AT ;
ded not prevent the increase in liver weight.

followed by a brief wash with 2< SSC. The membrane was dried and seale: P 9

in a plastic bag. Autoradiography was processed at —70°C using Kodak

Biomax MR X-ray film with an intensifying screen. Effect of Methionine on DCA- and TCA-induced

Western blot analyses for c-jurand c-myc proteins. Liver tissue was Hypomethylation of c-Juand c-Myc

homogenized in a buffer containing 20 mM Tris-HCI (pH 7.5), 10 mM EGTA . . L.
(pH 7.5), 1 mM EDTA (pH 8.0), 10 m\MB3-mercaptoethanol, 1 mM phenyl- The methylat|on—sen3|t.|ve restriction endonucle&km Il _
methyl-sulfonyl fluoride, 0.02% leupeptin, 0.04% trypsin inhibitor, 0.25MNd Southern blot analysis were used to assess the methylati

2
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sucrose and 0.1% triton X-100, sonicated and centrifuged at 12,000g for §&tus in the promoter regions of the c-jand c-mycgenes. g
min at 40°C. Protein concentration in the supernatant was determined usingpﬂga Il does not cut CCGG sites when the internal cytosine is=
Bio-Rad Protein Assay (BioRad Corp. Richmond, CA). The supernatant (?‘Rethylated The promoter regions for thejucr and c-myc §|
ug protein) was electrophoresed on 12% SDS-PAGE minigels under reducing ’

conditions and blotted electrophoretically to Immobilon-P membranes. Detdd€NES Were hypomethylated after 5 days of exposure to DC’C@
tion of c-jun and c-mycwas performed using 1:500 dilution of the mousednd TCA (Fig. 2). When treated witHpa Il, Southern blots g
monoclonal antibodies, Ab-3 and Ab-2, respectively, and anti-mouwobed for the promoter region of the c-jlgene contained 2
IgG-HRP. The blot was developed with enhanced chemiluminescence gnds of 3.2 and 1.5 kb that were present only in DNA from%

agents. DCA- and TCA-treated mice. When probed for the promoter

Statistical evaluation. SigmasStat software, version 2.03, (Jandel Corp : _ =]
San Rafeal, CA) was used to perform the statistical analysis. The results w]:aerglon of the c-mygene, three bands of 0.5, 1.0 and 2.2 kb N

analyzed for statistical significance by a 1-way analysis of variance followd¥ere present iera ”'digeSted DNA from DCA and TCA-

by a Tukey test with @-value< 0.05. treated mice. These bands were not present in undigested DNA
from vehicle-control mice (Lane 1) or from mice treated with
RESULTS DCA and TCA (data not presented), or kipa ll-digested

DNA from vehicle-control mice (Lane 2). Thus DNA from

Mice treated for 5 days with TCE (1000 mg/kg), DCA (50@&ontrol mice appeared to contain 5-MeC at the internal cyto-
mg/kg), or TCA (500 mg/kg) had significantly increased liveréine of CCGG sites that prevented digestion Hyya Il. In
body weight ratios (X100) compared to vehicle-treated conentrast, the external cytosine of the CCGG sites appears not to
trols (Fig. 1). Methionine (300 or 450 mg/kg) did not signifibe methylated. When DNA from control mice was digested
cantly affect the increased liver/body weight ratios induced lwith Msp |, radioactivity was found between 100 and 600 bp
DCA, TCA and TCE. Lower dose levels of 30 and 100 mg/kgshen probed for c-myddata not presented). This smear
methionine also did not affect the increased liver/body weigbf radioactivity likely resulted from cuts at the 12 CCGG sites
ratios induced by them (data not presented). Thus, methioninethe area probed. Thudjpa Il digestion of DNA from
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Control DCA TCA Dose-Response for the Prevention by Methionine of TCE-,
= o= M M = = M M DCA- and TCA-Induced Hypomethylation
1 2 3 4 5 6 7 8 9 10 of c-Junand c-Myc
The dose-response relationship for the prevention by methi-
- e P— —3.2kb onine of DCA, TCA, and TCE-induced hypomethylation in the
promoter regions of c-jurand c-mycgenes is presented in
c-Jun Figure 3. Methionine at doses of 0, 30, 100, and 300 mg/kg was
—— - —15kb  administered 30 min after each treatment of DCA, TCA, and

TCE. Similar to the experiment presented in Figuréipa Il
digested DNA from DCA-, TCA- and TCE-treated mice con-
tained 2 bands of 3.2 and 1.5 kb and 3 bands at 2.2, 1.0, and 0.5
kb after probing for c-junand c-myc, respectively. Further-
more, the results confirm that TCE induces 2 and 3 bands in

Hpa ll-digested DNA probed for the promoter regions of the 9

b r = c-jun and c-myagenes, respectively (Taet al., 1999). These 3

c-Myc L bands were absent in DNA from vehicle-treated control miceg

R | with/without treatment with methionine. When the mice re- &

’ ceived 300-mg/kg methionine after each dose of DCA, TCA,g

- 9 @ or TCE, the 2 and 3 bands after probing fojuo-and c-myc, Z

respectively, were absent. When each dose of the DCA, TCA-'g

and TCE was followed with 100 mg/kg methionine but not %

FIG. 2. Effect of methionine (M) on the methylation status of c-jamd Wlth 30 mg/kg methmr_"ne' the_ density of the bands afipa §

c-mycgene promoters in the liver of mice administered DCA and TCA (508 digestion and probing for gun and c-mycwas reduced. o

mg/kg) for 5 days. Methionine (450 mg/kg) was administered ip at 30 min aftttence, methionine exhibited a dose-dependent prevention o

each dose of carcinogen. DNA (3@), except for lane 1, was digested with DCA-, TCA-, and TCE-induced demethylation of the promoter %

Hpall. The DNA was then electrophoresed in a 1% agarose gel, transferred to %

a Hybond-N" membrane, hybridized t&P-labeled probe for c-juor c-myc )

promoter and visualized by autoradiography. Each DNA sample is from a ‘i

different animal. Lanes 1 and 2 are from control. Lanes 3 to 6 and 7 to 10 are Control DCA TCA TCE c

frqm mice treated by gavage with DCA _apd TCA for 5_days, respectively. THe'lethsi;?]:lsiJr]\e 0 300 0 30100 300 0 30100300 0 30 100 300 2

mice of lanes 5, 6, 9, and 10 were administered methionine (450 mg/kg) by i ') g_

injection at 30 min after each dose of the chloroacetic acids. The arrows in the <

right margin indicate the 3.2 and 1.5 kb bands and the 2.2, 1.0, and 0.5 kb o o o i 2

bands for c-jurand c-myc, respectively. L 5

R “o. wa. . ol S

e, eee @w~= 15 §

]

=}

mice treated with DCA, TCA, and TCE resulted in 3 distinc g

bands of greater size, than wiMisp | digestion. This would 3

indicate that many of the internal cytosine at CCGG sites in tl R

region probed for c-mycemained methylated in DNA from §

mice treated with these chemicals. Whéap I-digested DNA ~
was probed for c-jun, 2 bands were found that correspondec c-Myc - e - —22kb

the twoHpa Il bands of DNA from DCA- and TCA-treated et . T T —1.0kb
mice, indicating that the external cytosine was not methylate

The ability of methionine (450 mg/kg), when administere: Bee abe abhs e
30 min after each dose of DCA and TCA to prevent the FIG.3. D or the effect of methion " viation of

. . . . . 3. ose-response for the effect or metnionine on the metnylation o

Qemethylatlon of DNA, was investigated. Af.tblpa Il diges- the c-junand c-myagene promoters in the liver of mice treated with DCA (500
tion, the 2 and 3 bands found when probed fgurand c-myc, mg/kg), TCA (500 mg/kg) and TCE (1000 mg/kg) for 5 days. The mice were
respectively, were no longer present in DNA from DCA- anedministered methionine by ip injection (dose levels given in mg/kg) at 30 min
TCA-treated mice that had also received methionine (Fig. Zfter each dose of carcinogen. DNA (@) was digested witfHpa Il and

— . ctrophoresed in a 1% agarose gel. The DNA was then transferred to a
Thus, methionine prevented DCA and TCA demethylation ‘ﬁﬁbond_w membrane, hybridized t&P-labeled probe for c-jurr c-myc

theHpall-sensitive CCGG sites in the promoter regions of thgromoter regions, and visualized by autoradiography. The arrows in the right
2 genes. margin indicate the size of bands.
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ccl, C DCA TCA not affected by methionine (Fig. 5). Thentyc protein mi-
- M M M M grated as 2 bands of 65 and 49 kDa. The upper band (65 kDa)
1 2 _3 _4 5 6 7_ ; 9 0 is likely the phosphorylated form of wwc (Perssonet al.,

1984). DCA and TCA increased the yield of thguer and
c-myc proteins including both forms of myc. c-Jun was
S — cJun  INcreased to a greater extent than either form ofye. Methi-
onine administered 30 min after each dose of DCA and TCA
prevented the increase in the levels of the proteins for both
protooncogenes. Thus, the level of the proteins for the 2
protooncogenes remained close to their levels in vehicle-
treated control mice. Hence, the increased levels of the c-Jun
and c-my@roteins induced by DCA and TCA were prevented
by methionine.

— — c-Myc

DISCUSSION

jumoQ

Trichloroethylene, dichloroacetic acid, and trichloroacetic §
FIG. 4.  Effect of methionine (M) on the expression of the mRNA foracig are environmental contaminants that are liver carcinogeng

protooncogenes. The mice were administered DCA (500 mg/kg), TCA (5 . . _ .
mg/kg), and TCE (1000 mg/kg) for 5 days. Methionine (450 mg/kg) wa?srq mice (Bull et al., 1990; Herren-Freunet al., 1987; IARC,

administered ip at 30 min after each dose of carcinogen. Northern blot analy¥%95_; National Toxicology F_)rOgram! 1990; Pereira, 1996; 3
of the RNA (30u.g) was performed using oligonucleotide probes for cand ~ Pereira and Phelps, 1996). Since they have demonstrated ve
c-myc. Lane 1 is the carbon tetrachloride (2 mi/kg) positive control for thggeak if any genotoxic activity assays (Chaeg al., 1992; %

enhancement of the expression of the protooncogenes. Lane 2 (C) is frorFEihl’ith al., 1995; Foset al., 1996; Meier and Blazak, 1990)
vehicle-control mouse. ! , ) ) ) s

wiol

(]
it is likely that their carcinogenic mechanism is epigenetic andé
involves enhancement of cell proliferation and/or prevention of<:
apoptosis. Nongenotoxic liver carcinogens have been proposed
to act by altering both cell proliferation and apoptosis (Good—§
man et al., 1991; Schulte-Hermaet al., 1983). During cell <
Effect of Methionine on DCA- and TCA-Increased proliferation induced in the liver by chemicals or partial hep- ﬁ

Expression of the mRNA of c-Jand c-Myc atectomy, the mRNA and protein levels of the immediate-early2-
protooncogenes, includingjon and c-myare increased (But-
Northern blot analysis of the mRNA for thejon and c-myc  terworth et al., 1994; Coniet al., 1993; Fausto and Shank,
genes in the livers of mice that were treated with DCA and

TCA, followed with/without methionine, is presented in Figure
4. The mRNA levels for the two protooncogenes were virtuall*

regions of the c-jurand c-myaenes, with 30 mg/kg being an
ineffective dose.

undetectable in liver from vehicle-treated control mice with é‘@ & &L

without subsequent treatment with methionine. The expressi & § § §

of the mRNA for the gun and c-myayenes was increased at g 3 E; 5" :1?

100 min after administering the last doses of DCA and TC, _f § §‘ § F &

(Lanes 3, 4, 7, and 8) and after a single 2 ml/kg dose of carb 45 ,p, f_ —_ — . W Phosphoniated
tetrachloride (Lane 1, positive controfflowever, when each c-Jun, 39

/702 ‘T2 Arenuer uo sexa 1 YLoN 1o Al

dose of either chloroacetic acid was followed in 30 min by 45"
mg/kg methionine, the expression of mMRNA forjust and
c-mycwas greatly attenuated or undetectable (Lanes 5, 6, S — Elm;ghézs IsLed

and 10). Methionine appeared to completely prevent the ignga-—-—- e ETTESESS
crease in the expression of the mRNA of both protooncogen e

induced by TCA, and the increase imgycinduced by DCA. o _ _
AIthough not completely prevented, the DCA-induced increaseFIG' 5. Effect of methionine (M) on the expression of the protein for the

. . . Lo protooncogenes. The mice were administered DCA (500 mg/kg), TCA (500
in the mRNA expression of c-juwas reduced by meth|on|ne.mg/kg), and TCE (1000 mg/kg) for 5 days. Methionine (450 mg/kg) was

L administered ip at 30 min after each dose of carcinogen. Western blot analysis
Effect of Methionine on DCA- and TCA-Induced Increase of the protein (30.g) was performed using the mouse monoclonal antibodies

in the Level of the c-Juand c-MycProteins for c-jun and c-myc(1:500 dilution) and anti-mouse IgG-HRP. Blots were

. . . . developed with enhanced chemiluminescence reagents. The arrows in the right
The c-junand c-mygoroteins were present in low levels iNmargin indicate the size of the proteins and in the left margin the arrows
the livers of vehicle-treated control mice and their levels wengicate the molecular weight of the protein standards.

™~ Unphosphorylated
c-ng:r]c. B."';(Drg
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1983; Fausto and Webber, 1993; Nelsstnal., 1990; Pitot, ylation and increased expression of the protooncogenes plays a
1990; Seeter and Seglen, 1990; Schmiedeleral., 1993; role in the mechanism of non-genotoxic carcinogens (Counts
Wainfan and Poirier, 1992). Chemicals that increased the eaad Goodman, 1995). Our results indicate that DCA, TCA, and
pression of the mRNA and proteins for the 2 protooncogen&€€E can be added to the list of non-genotoxic carcinogens
include carbon tetrachloride, cyproterone acetate, ethylene alperating by this proposed mechanism.
bromide, furan, lead nitrate, nafenopin, and phenobarbitalDNA hypomethylation or demethylation can occur by three
(Butterworth et al., 1994; Coniet al., 1993; Pitot, 1990; different mechanisms, which include (1) DNA demethylase
Schmiedeberget al., 1993). We have previous reported thactivity, (2) removal of 5-MeC from DNA by 5-MeC-DNA
TCE increased the expression of the mRNA for thercand glycosylase, and (3) prevention of the formation of 5-MeC in
c-myc genes (Taocet al.,, 1999), and the current study hasascent DNA form during replication (Schmutte and Jones
demonstrated that DCA and TCA also increase the level 8998; Wolffeet al., 1999). Recently a DNA demethylase has
their mMRNA and proteins. been identified that hydrolyzes 5-MeC to cytosine and meth-
Elevated levels of c-juand c-myanRNA and protein have anol (Bhattacharyat al., 1999; Ramchandawit al., 1999).
been demonstrated in human tumors in the absence of g@ie regulation of this enzymatic activity is unknown. However
mutation and amplification (Erismaet al., 1985; Vogt and up-regulation by DCA, TCA, and TCE could be involved in the
Bos, 1990), which suggests that there exist some epigen@NA hypomethylation induced by them. Two 5-MeC-DNA
mechanisms regulating gene expression. Methylation of CpgB/cosylases have been described (Schmutte and Jones 199
sites in the promoter region of genes, which are near, Gne is replication dependent and preferentially removesz
directly within, transcription factor-binding motifs, can modub-MeC from hemi-methylated sites formed during DNA rep- g
late the transcription (Bayliet al., 1998). Hypomethylation of lication. Demethylation by this glycosylase is in competition Z

g
g
=

dn

the immediate-early protooncogenepin-and c-mydas been with DNA methyltransferase (DNA MTase) for the hemi- =
associated with increased expression (Gaeted., 1989; Tao methylated sites (Schmutte and Jones 1998). The up-regulatio%
et al.,, 1999; Wainfan and Poirier, 1992). This includes owf DNA MTase that occurs concurrently with DNA hypo- é
previous demonstration that TCE decreased the methylatiomoéthylation should prevent demethylation of DNA by this ¢
the promoter regions of thejan and c-myqenes (Taet al., glycosylase (Belinsket al., 1998; Lopatinat al., 1998; Sun g
1999). In the study presented here, the promoter regionsetfal., 1997). The other 5-MeC-DNA glycosylase is DNA 3
both protooncogenes were demonstrated to be hypomethylatelication-independent and appears to cause gene-specific dg-
in the livers of mice in response to DCA, TCA, or TCEmethylation. Since, DCA and TCA caused large decrease&
exposure for 5 days, which was associated with increas@b—-50%) in global DNA methylation (Taet al., 1998) it is %
populations of the mRNA and proteins of both genes. Imot likely that induction of gene specific 5-MeC-DNA glyco- 2
creased mRNA and proteins of the 2 protooncogenes has beglases would be responsible for such extensive decrease iﬁ
reported in DCA- and TCA-induced foci of altered hepatocytd3NA methylation. ;
and liver tumors (Latendresse and Pereira, 1997; Nedsah, Prevention of the methylation of nascent DNA during rep- Z
1990). Furthermore, these tumors also contained decreabeation could result from a down-regulation/inhibition of DNA %

methylation in the promoter regions of theusy and c-myc MTase or from a decrease in the availability of SAM to act as @
genes (unpublished results). substrate. However, elevated expression and activity of DNA§
Other non-genotoxic carcinogens have been reported Mdase has been found along with DNA hypomethylation in g
cause hypomethylation and increased mRNA levels of provany human and mouse tumors including liver tumors (Belin
tooncogenes in mouse liver. Phenobarbital decreased the msky-et al., 1998; Lopatin&t al., 1998; Suret al., 1997). Thus,
ylation of theraf oncogene in B6C3F1 mouse liver (Ratyal., decreased DNA MTase activity is not the likely cause of DNA .
1994). In phenobarbital-induced and spontaneous liver tumangpomethylation. Another way to decrease the formation of%
raf and H-raswere hypomethylated (Coungs al., 1997; Ray 5-MeC in DNA is to decrease the concentration of SAM and/or
et al., 1994; Vorce and Goodman, 1991). Theds-gene was increase the concentration of SAH, an inhibitor of DNA
also hypomethylated in chloroform-induced liver tumorMTase. Administration of a choline-devoid and methionine-
(Vorce and Goodman, 1991). Increased levels ofabland deficient diet leads to the development of hepatocellular car-
c-mycmRNA in response to chloroform have been reportadnomas in both rats and mice, which has been associated with
(Sprankleet al., 1996). Choline-devoid and methionine-defihypomethylation and overexpression of&kand c-mygenes
cient diet induced hypomethylation and increased expressigtenning and Swendseid, 199; Wainfan and Poirier, 1992).
of H-ras, cmyc and c-fosgenes in mouse liver and tumorsSupplementation with both choline and methionine has pre-
(Henning and Swendseid, 1996; Wainfan and Poirier, 1992gnted diethylnitrosamine-initiated and phenobarbital-pro-
Hence, demethylation of protooncogenes and increased exprasted liver carcinoma formation in C3H/He mice (Fuller&n
sion of their mMRNA and proteins appears to be associated with, 1990). This suggests that supplementation with methionine
treatment of non-genotoxic carcinogens that results in livaright prevent DNA hypomethylation. Hence, methionine pre-
tumors. This has lead to the hypothesis that decreased met#mnted in a dose-dependent manner DCA-, TCA-, and TCE-
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induced hypomethylation of gm and c-my@rotooncogenes. Chang, L. W., Daniel, F. B., and DeAngelo, A. B. (1992). Analysis of DNA
Methionine also prevented DCA-, TCA-, and TCE-induced strgndrk])reaks im|j|u|'06dki3n ro:len.t Ii\:'ealivo,Fepat_zcytezinhplrimartygultur?,ld
. . . . na a numan cell line by chlorinated acetic acids and chlorinated acetalde-
increase in the expression qf the MRNA anq protein for the Zﬁydelenvimn_ Mol. Mutagen20, 277—288,
protooncog.enes, further mdlcatl.ng an association betyveen @’ﬁmnel, S. R., Latendresse, J. R., Kidney, J. K., Grabau, J. H., Lane, J. W.,
pomethylation of the genes and increased levels of their mRNASteeIe-Goodwin, L., and Gothaus, M. C. (1998). A subchronic exposure to
and protein. Since, hypomethylation and increased expressiofichloroethylene causes lipid peroxidation and hepatocellular proliferation
of the protooncogenes is associated with hepatocarcinogenesis,male B6C3F1 mouse liveitoxicol. Sci.43, 145-154.
our results suggest that methionine would prevent liver candg@omczynski, P. (1993). A reagent for the single-step simultaneous isolation
induced by DCA, TCA, and TCE. of RNA, DNA, and proteins from cell and tissue sampRmtechniqued5,

In conclusion, DCA, TCA, and TCE decreased the methyl—5,32_534' 536_537'_ _ o _ _
ation in the promoter regions for thgien and c-my@enes and Cfstman. J. K., Sheikhnejad, G., Dizik, M., Abileah, S., and Wainfan, E.
. . . . . (1993). Reversibility of changes in nucleic acid methylation and gene
increased the expression of their mRNA and proteins. Meth"ex ression induced in rat liver by severe dietary methyl deficie@eyci-
onine, in a dose-dependent manner, prevented the decreasadgenesim, 551-557.
methylation and increased expression of the protooncogengse, M. D., and McMahon, S. B. (1999). The Myc oncoprotein: A critical
Hence, the results are supportive of DNA hypomethylation asevaluation of transactivation and target gene regulationcogene18,
a mechanism for the carcinogenic activity of DCA, TCA, and 2916-2924.
TCE. Furthermore, the results suggest that the dose of DC&Rleman, W. E., Munch, J. W., Kaylor, W.H., Streicher, R. P., Ringhand,

TCA, and TCE must be sufficient to decrease the level of SAMH: P~ and Meier, J. R. (1984). Gas chromatography/mass spectroscop
in oraer for these carcinogens to be active analysis of mutagenic extracts of aqueous chlorinated humic acid. A com-g‘

popeojuMoq

parison of the byproducts to drinking water contaminafsyviron. Sci. 3
Technol.18, 674—678. B
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