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serum-free Hank’s solution (containing in mm: 125 NaCl, 5.6
glucose, 4.8 KCl, 1. 2 MgSO, - 7H,0, 1.2 KH,POy, 1.3 CaCl, - 2H,0,
25 N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (pH 6.0))
for 10min. The uptake study was started by adding 500 ul of
solution containing 30 um [**C]Gly-Sar to the plate. After 2 min, the
cells were washed twice in an ice-cold solution, and lysed in 0.1n
NaOH for 20 min for scintillation counting.

To determine the kinetic parameters, the concentrations of Gly-
Sar were varied from 30 to 1000 um. PEPT2-mediated Gly-Sar
uptake was calculated as the difference between the uptake rates into
HEK293 cells transiently expressing PEPT2 and those into HEK293
cells transfected with the vector (pcDNA3.1, Invitrogen) only.

Cell surface biotinylation

Surface biotinylation of PEPT2 at the plasma membrane was
performed as described elsewhere.”® Surface proteins in HEK293
cells transfected with pcDNA3.1( + )-hPEPT2 and pcDNA3.1(+ )-
hPDZK1 or pcDNA3.1(+ ) empty vector (mock) were biotinylated
with Sulfo-NHS-SS-Biotin (Pierce) (0.5mg/ml) in phosphate-
buffered saline for 30 min at 4°C. Cell lysates were then incubated
with Ultralink-immobilized NeutrAvidin beads (Pierce) to precipi-
tate biotinylated proteins. PEPT2 was detected with polyclonal
PEPT?2 antibody (1:10,000)."!

Statistical analysis

Uptake experiments were conducted three times, and each uptake
experiment was performed in triplicate. Values are presented as the
mean-s.e. Statistical significance was determined by Student’s
t-test.
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A novel missense mutation of SLC7A9 frequent
in Japanese cystinuria cases affecting the C-terminus

of the transporter
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Cystinuria is caused by the inherited defect of apical
membrane transport systems for cystine and dibasic amino
acids in renal proximal tubules. Mutations in either SLC7A9 or
SLC3AT gene result in cystinuria. The mutations of SLC7A9
gene have been identified mainly from Italian, Libyan Jewish,
North American, and Spanish patients. In the present study,
we have analyzed cystinuria cases from oriental population
{mostly Japanese). Mutation analyses of SLC7A9 and SLC3A7T
genes were performed on 41 cystinuria patients. The uptake
of *C-labeled cystine in COS-7 cells was measured to
determine the functional properties of mutants. The protein
expression and localization were examined by Western blot
and confocal laser-scanning microscopy. Among 41 patients
analyzed, 35 were found to possess mutations in SLC7A9. The
most frequent one was a novel missense mutation P482L that
affects a residue near the C-terminus end of the protein and
causes severe loss of function. In MDCK il and HEK293 cells,
we found that P482L protein was expressed and sorted to the
plasma membrane as well as wild type. The alteration of
Pro*®2 with amino acids with bulky side chains reduced the
transport function of b> T AT/BAT1. Interestingly, the
mutations of SLC7A9 for Japanese cystinuria patients are
different from those reported for European and American
population. The results of the present study contribute
toward understanding the distribution and frequency of
cystinuria-related mutations of SLC7A9.
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Cystinuria (MIM 220100) is an inherited disorder owing to
the defective transport of cystine and dibasic amino acids
across the epithelial cells of renal proximal tubule and small
intestine.' The incidence of cystine crystalluria reported in
Western countries and in Japan varied from 15000:1 to
50 000:1.>° The patients suffer from recurrent nephrolithiasis
leading to severe renal dysfunctions for which repeated
therapies are imperative.* Classical cystinuria has been
classified into three types (I, II, and III) based on the
excretion of cystine and dibasic amino acids in obligate
heterozygotes.” Type I heterozygotes show a normal amino-
acid urinary pattern, whereas type II and III heterozygotes
exhibit high or moderate levels of hyperexcretion of cystine
and dibasic amino acids.’® The discovery of a single-
membrane-spanning type II membrane glycoprotein rBAT
encoded by SLC3A1°*° and 12-membrane-spanning protein
b% " AT/BAT1 encoded by SLC7A9''™ has brought a break-
through in the understanding of the molecular basis of
cystinuria and cystine transport in the renal proximal
tubules.

The analyses of cystinuria patients have revealed distinct
cystinuria-related mutations in SLC3AI and SLC7A9
genes."™'> It was originally supposed that mutations of
SLC3A1 and SLC7A9 genes are responsible for type I and
non-type I (type II and III) cystinuria, respectively. However,
recent developments in the genetics and physiology of
cystinuria have not supported such a traditional classifica-
tion.'"*™® Although SLC3AI is associated with the type I
urinary phenotype, SLC7A9 mutations were found in all
three subtypes.'®'” Therefore, a new cystinuria classification
based on molecular analysis and not on urinary amino-acid
excretion patterns has been proposed: type A, due to two
mutations of SLC3AI; type B, due to two mutations of
SLC7A9; and type AB, with one mutation on each of the
above-mentioned genes.'” For SLC7A9 gene, International
Cystinuria Consortium and Rozen and colleagues identified
cystinuria-related  mutations mainly from  Ttalian,
Libyan Jewish, North American, and Spanish patients
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and established the genotype-phenotype relation for
SLC7A9.'#'**® In the present study, we have analyzed
cystinuxia cases from oriental population (mostly Japanese)
and found that the mutations of SLC7A9 for Japanese
cystinuria patients are quite different from those reported for
European, North American, and Libyan Jewish. We report
here that the most frequent one is a novel missense mutation
affecting the C-terminus of the transporter protein (Tables 1
and 2).

RESULTS

Mutations of SLC7A9 and SLC3AT found in cystinuria patients
We studied 41 cystinuria patients from 39 cystinuria families
potentially representing 78 independent cystinuria-related
alleles. They were subjected to the mutation analysis of
SLC7A9 gene by direct sequencing. The mutations of SLC7A9
gene found in the cystinuria patients are listed in Table 3.
They include one frameshift (1105delA) and one nonsense
mutation (W69stop) that produce early stop codons, and
seven changes affecting single amino-acid residues (V1424,
G195R, 1223M, N227D, R333W, R333Q, and P482L).
Among them, V1424, 1223M, N227D, R333Q, 1105delA,
and P482L were novel mutations found for the first
time in the present investigation, whereas three mutations
(W69stop, G195R, and R333W) were reported previously
for the European, North American, and Libyan Jewish
population.'*!®!® The amino-acid alterations except V142A
and 1223M were not found in 50 normal subjects. V142A
and 1223M were, in contrast, found in normal subjects
without cystinuria phenotype. V142A and 1.223M were found
in 23 and 19 alleles out of 50 normal subjects (100
independent alleles), respectively, suggesting that these
amino-acid alterations represent polymorphic variations
of SLC7A9.

The location of the SLC7A9 mutations is shown at the
corresponding amino-acid residues in the 12-transmembrane
(TM)-domain model of b®* AT/BAT1 protein in Figure 1.
Five cystinuria-specific missense mutations were localized
within the putative TM domains 5 and 6 (Gl95R and
N227D), in the putative intracellular loop between TM8 and

TM9 (R333W and R333Q), or in the C-terminus (P482L).
The one single nucleotide deletion is localized to the portion
corresponding to the putative intracellular loops between
TM8 and TM9 (1105delA). Three mutations (G195R,
R333W, and R333Q) alter amino-acid residues that are
conserved for all the human members of the heterodimeric
amino-acid transporter family (Figure 1).

Among 41 cystinuria patients examined in the present
study, we found mutations of SLC3A! in five cases. Two cases
without any alterations in SLC7A9 gene possessed mutations
for SLC3AI: one as a homozygote for the deletion of T at
nucleotide 1820; the other as a compound heterozygote for
V183A (T548C)/C673R (T2017C); nucleotide numbers refer
to GenBank accession no. NM_000341 for rBAT cDNA.'
Among four cases with only polymorphic changes (V1424
and/or L223M) in SLC7AS9, two cases possessed mutations for
SLC3AI: one as a homozygote for the insertion of TA at
nucleotide 1898; the other as a compound heterozygote for
VI183A (T548C)/L346P (T1037C). The other two cases with
only polymorphic changes in SLC7A9 did not possess
SLC3AI1 mutations. SLC3AI mutations were not found in
the cases with cystinuria-specific mutations of SLC7A9 except
one P482L homozygote that also possesses 1445T (T1334C)
mutation in SLC3A1L.

Functional analysis of SLC7492 mutations

All the SLC7A9 mutations found in the present study were
examined for amino-acid transport activity. As shown in
Figure 2, the cystinuria-specific mutations such as W69stop,
GI195R, N227D, R333Q, R333W, 1105delA, and P482L
exhibited remarkable decrease in cystine transport activity
compared with wild-type b® ¥ AT/BAT1. In contrast, V142A
and L223M, which were also found in normal subjects, did
not affect or only slightly decreased the cystine transport
activity compared with wild-type b”* AT/BAT1 (Figure 2).
We also constructed V142A/1223M double mutant, which
contains both V142A and 1.223M alterations because they are
possibly located in the same allele. As shown in Figure 2, even
the double mutation for V142A and 1223M did not severely
affect the functional activity.

Table 1] Primers used for amplification of SLC7A9 exons and their direct sequencing

Sense primer

Antisense primer

Size of amplified fragment

Exon 2 5'-GAGCTTGCACTTGCGTCTTG-3 5'-AATCAAAGAGTACATCTTCTGCCG-3' 299°
Exon 3 5-TGGCCTTCTGGGCTGGGTC-3 5'-AAGAGGGATACTGGCAGGGT-3' 307
Exon 4° 5'-AGCCTCCGGTGGGAGGAAG-3 5"-GAGTCCCCAGACACCCTCTG-3 388
Exon 5° 5'-AAAGGAGACTCTCTCCAGGG-3 5'-ATGCTTCCTTGGAGATGGGCT-3' 292
Exon 6 5-CCATCTTTCCCGTGGAGATACA-3 5'-CAAACCCCAGAAAGGAGAACTC-3 279
Exon 7 5'-CCACTAGCAGGGCCATTCAC-3’ 5'-CGGGAAGGGCATCATGGAATAC-3 316
Exon 8° 5/ -CTGAACGTGGGTCTCCGTG-3' 5'-ACCTCCAGTGCTGACACCTG-3 235
Exon 9 5'-CTCTTGGAGGCCGAGAAAGAC-3 5-GGGTGTTATIGCTTTCGCCGC-3' 214
Exon 10 5'-TGGTCTGCACTCTGGTCAGC-3' 5'-GGCATCTGGGTCATTTGGAAG-3 236
Exon 11 5-CTTCTTCGGTCTTCTGTGAC-3 5-CTAGAAGGCATGCCCCTAGC-3 314
Exon 12 5'-AGGGGGTACATGGAGTTCATAC-3' 5'-GTGACAGAGGTCTTGGAGTC-3 366
Exon 13 5'-CAGGGTCTAGGTGACGCATC-3 5'-TCAGCTGACTTGGCTACAAGAG-3 218

*The size of the fragments amplified by PCR using sense and antisense primers described is indicated (bp).
“The primers for exons 4, 5, and 8 are identical to those for reference International Cystinuria Consortium.'?
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Table 2| The mutagenic oligonucieotide primers®
SLC7A9 mutagenesis primers

W69stop 5'-CCTGCCTCATCATAT(APGGCGGCTTGLGGGG-3'
G195R 5'-CATCATCATCATCAGC(A)GGCTGGTGCTCCTGGC-3
Vi142A 5-GTGCGCCCTTCTATG(OGGGCTGCAAGLCTC-3
L223M 5'-GGGAGCCATCAGC{AITGGCGTTTTACAATGG-3
N227D 5-CCTGGCGTTTTAC(G)ATGGACTCTGGGCC-3
R333Q 5'-CATTTACGTGGCGGGC(A)GGGAGGGTCACATG3
R333W 5'-CATTTACGTGGCGGGC(T)GGGAGGGTCACATG-3
1105delA 5'-GGGTCACATGCTCAAA*GTGCTTTCTTAC-3

P482L 5-GGAAGTGGTCCCAC(TIGGAGGAAGACCE3

Alanine mutagenesis primers

Ma77A 5'-GCACCTTCAGATGCTA(GO)GGAAGTGGTCCCAC-3

E478A 5/-CTTCAGATGCTAATGG(CO)GTGGTCCCACCGGA-3

V479A 5'-CAGATGCTAATGGAAG(CG)GTCCCACCGGAGGA-3
V480A 5'-ATGCTAATGGAAGTGG(C)CCCACCGGAGGAAGA-3
P481A 5'-GCTAATGGAAGTGGTC(G)CACCGGAGGAAGACC-3'
E483A 5'-GAAGTGGTCCCACCGG(CT)GAAGACCCTGAGTA-3
E484A 5'-GTGGTCCCACCGGAGGIC)AGACCCTGAGTAACA-3'
D485A 5'-GTCCCACCGGAGGAAGIC)ICCCTGAGTAACAAGC-3'
P486A 5'-CCCACCGGAGGAAGACIG)ICTGAGTAACAAGCTC-3
E487A 5'-CCGGAGGAAGACCCTGIC)GTAACAAGCTCCGTC-3,

Leucine mutagenesis primers

M477L 5/-CTTCAGATGCTA(QTGGAAGTGGTCCC-3'
E478L 5"-CGAATGCTAATG(CT)AGTGGTCCCACC-3
V4791 5-GATGCTAATGGAA(QTGGTCCCACCGGAG-3
V480L 5'-CTAATGGAAGTG(C)TCCCACCGGAGGA-3
P481iL 5'-ATGGAAGTGGTC(C)TACCGGAGGAAGAC-3'
E483L 5 -GTGGTCCCACCGICTIGGAAGACCCTGAG-3'
E484L 5'-GGTCCCACCGGAGICT)IAGACCCTGAGTAAC-3
D485L 5'-CCACCGGAGGAA(CT)CCCTGAGTAACA-3
P486L 5'-CCAGTAGGAAGACC(TTGAGTAACAAGCTC-3
E487L 5'-GGAGGAAGACCCTICTIGTAACAAGCTCC-3

P482X mutation primers

P482G 5'-GGAAGTGGTGCCA(GG)GGAGGAAGACCCTG-3
P482A 5'-GGAAGTGGTCCCA(G)CGGAGGAAGACCCTG-3
P4825 5'-GGAAGTGGTCCCA(TICGGAGGAAGACCCTG-3
P482v 5 -GGAAGTGGTCCCA(GT)GGAGGAAGACCCTG-3
P4821 5-GGAAGTGGTCCCA(ATTIGAGGAAGACCCTG-3

P482M 5'-GGAAGTGGTCCCA(AT)GGAGGAAGACCCTG-S'
P482F 5'-GGAAGTGGTCCCA(TTC)GAGGAAGACCCTG-3

P482W 5'-GGAAGTGGTCCCA(TG)GGAGGAAGACCCTG-3

2Sense strand primers are shown.
“Mutated nucleotides are shown in parentheses.
*One nucleotide has been deleted.

P482L mutation

Among 41 cystinuria patients examined, cystinuria-specific
mutations of SLC7A9 excluding apparently polymorphic
changes (V142A and L223M) were found in 35 cases
(Table 3). It is noted that 25 cases were P482L homozygotes
and six cases were heterozygotes involving P482L mutations.
Urinary excretion levels of cystine and basic amino acids in
the P482L homozygotes, compound heterozygotes involving
P482L mutations, and P482L obligate heterozygotes
who exhibited no cystinuria symptoms are provided in
Table 4. P482L homozygotes and compound heterozygotes
exhibited a high level of urinary excretion of cystine, lysine,
arginine, and ornithine, whereas P482L obligate heterozy-
gotes exhibited a significantly lower level of excretion of these
amino acids, which is still higher than the normal levels
(Table 4).

1200

We further examined two family pedigrees with P482L
mutation (Figure 3). In Pamily 1, the proband 1-6 with a
clinical history of nephrolithiasis was homozygous for P482L
and showed a high level of excretion of cystine and dibasic
amino acids (Table 5). The heterozygotes 1-2 and 1-3 showed
a lower level of amino acid excretion (Table 5). The urinary
amino acid excretion of 1-1 and 1-5 without P482L mutation
was within the normal range. In Family 2, 2-3 and 2-5 were
homozygous for P482L, which showed a high level of urinary
amino acid excretion. Although 2-2 exhibited a relatively
high urinary excretion level for a heterozygote, she did not
have an episode of delivery or removal of cystine stones.

Protein characterization of b% T AT/BAT1 mutants
We performed Western blot analyses using an antibody raised
against the C-terminus portion of human b®* AT/BATI on
the crude membrane fractions prepared from COS-7 cells
coexpressing wild-type or mutant b® ¥ AT/BAT1 with rBAT.
The antibody recognized a 41kDa protein for wild-type
b% T AT/BATI in the Western blot (Figure 4a). The band
disappeared in the presence of antigen peptides in the
absorption experiment, confirming the specificity of im-
munoreactions (data not shown). As shown in Figure 4a, the
bands with the identical size were detected for G195R,
N227D, R333W, and R333Q mutants. The anti-C-terminus
antibody could not detect W69stop and 1105delA, which lack
the C-terminus portions. Furthermore, the antibody could
not detect P482L, which has a mutation in the C-terminus
region for which the antibody was generated (Figure 4a).
We further performed Western blot analyses using an anti-
myc antibody on the membrane fractions prepared from
COS-7 cells coexpressing myc-tagged wild-type or mutated
b% " AT/BAT1 with rBAT. The anti-myc antibody recognized
the bands with identical size as those detected by the anti-
b% T AT/BAT1 C-terminus antibody (Figure 4b). The rank
order of the relative band intensity of myc fusion proteins for
G195R, N227D, R333W, and R333Q mutants determined by
the anti-myc antibody was identical to that of G195R,
N227D, R333W, and R333Q detected by the anti-C-terminus
antibody. The anti-myc antibody did not detect the protein
products of W69stop (~7kDa) and 1105delA (~38kDa)
with a myc epitope on their N-termini. In contrast to the
anti-C-terminus antibody, the anti-myc antibody recognized
the P482L with a myc epitope on its N-terminus (myc-
P482L), indicating that myc-P482L is present almost in the
same amount as that for wild-type b%* AT/BAT1 (Figure 4b).

Localization of wild-type and P482L proteins in polarized
MDCK Hf cells

In order to determine the subcellular localization of P482L
protein, we performed confocal fluorescence analysis on the
MDCK 1I cells expressing GFP-b%* AT/BAT1 (GFP: green
fluorescent protein) alone or both myc-rBAT and GEFP-
b%* AT/BAT1 or GFP-P482L. For the coexpression experi-
ments, the cells positive for both GFP fluorescence and Alexa
Fluor fluorescence (myc-rBAT positive) were used for the
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Table 3| Summary of B° AT/BATI mutations in cystinuria patients

Nucleotide Urinary cystine Number of
Mutation type Status change Exon Protein domain {nmol/mg Cr) patients
4821 Homozygote C15337 13 C-terminus 2065.84305.3° 25
PAgaL Heterozygote C1533T 13 C-terminus ND 3
P482L Compaund heterozygote G671A 5 TM5
G195R C1533T 13 C-terminus 21035 1
P482L Compound heterozygote C1085T 10 L4
R333W C15337 13 C-terminus 26284 1
P48aL Compound heterozygote G1086A 10 L4
R333Q 15337 13 C-terminus ND 1
R333Q Homozygote G1086A 10 L4 ND 1
N227D Heterozygote A767G & TMé ND 1
1105delA” Homozygote 1105delA 10 iLa 21180 1
W69stop Compound heterozygote G294A ™2
1105delA® 1105delA 3 L4 ND 1
V142A Heterozygote® T513C 4 EL2
1223M C755A 6 THM6 ND 4
Total 39

Mean -+ s.em. (n=7).
®1105delA results in the frameshift after Val®*®,

‘It is not known whether V142A and 1223M mutations of these patients are in the same alleles or not.
ND, urinary cystine level was not determined for these cases. instead, urinary cystine excretion was confirmed by cyanide-nitroprusside test. Cystine stones were also

confirmed by infrared spectrophotometry.

V142A

L223M

R333Q
"R333W

*G195R
1105deiA

“Wagstop
PaszL
BO+AT/BAT]

Figure 1|Schematic representation of the mutations found in
SLLTAS gene of patients with cystinuria. Nine mutations in SLC7A9
gene found in 41 cystinuria patients are depicted at the corre-
sponding amino acid residues in the 12-TM-domain mede! of

b%* AT/BAT1 protein®® Seven mutations (W69stop, G195R, N227D,
R333W, R333Q, 1105delA, and P4821) were cystinuria-specific,
whereas two {V142A and L223M} were also found in the normal
subjects (see text). W69stop, G195R, and N227D are located within
the putative TM domains. R333Q, R333W, 1105delA, and P4821. are
located in the proposed intracellular loops or in the C-terminus
intraceliular domain. The mutations reported previously'>'®'® were
labeled with *,

analyses. As shown in Figure 5a, GFP-b% " AT/BAT! protein
was localized in the cytoplasm when expressed alone in
MDCK II cells. Coexpression of GFP-b® ¥ AT/BAT1 with
myc-rBAT resulted in the apical localization of GFP-b®* AT/
BAT1 protein in the MDCK II cells (Figure 5b). Similarly,
GFEP-P482L protein was also localized to the apical mem-
brane when coexpressed with myc-rBAT (Figure 5¢).
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Figure 2|Effects of SLC7A9 mutations on the cystine transport
activity. Wild-type b% " AT/BAT1 and indicated mutants were
transiently expressed in COS-7 cells together with rBAT, The uptake of
["Cli-cystine (100 uw) mediated by the expressed proteins was
measured as described in ‘Materials and Methods'. All transport
values except those for V142A were significantly lower than those for
wild-type coexprassed with rBAT. The transport values for L223M and
V142A/L223M were higher than those for Wé9stop, G195R, N227D,
R333Q, R333W, 1105delA, or P482L. V142A/L223M is a mutant that
contains both V142A and L223M mutations. Asterisks indicate
statistical significance (*P<0.05; ***P < 0.005, Student’s unpaired
t-test).

The plasma membrane expression of b® ¥ AT/BAT1 and
P482L proteins was further confirmed by surface biotinyla-
tion analysis (Figure 5d). HEK293 cells were used in this
experiment for their higher efficlency in biotinylation
analysis, probably due to the higher expression of
the proteins. Consistent with the observation in COS-7
cells, myc-b® TAT/BATI but not myc-P482L showed
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Table 4] Urine amino acid levels in P482L homozygotes, compound beterozygotes, and obligate heterozygotes

n Cystine Lysine Arginine Ornithine
P482L/P482L Homozygotes 7 2065.84 305.3° 82709411853 3289343499 223304383
(965.9-3056.6)" {3866.8-11860.7) {1729.3-4482.8) (1032.1-4150.2)
R333W+P482L  Compound heterozygotes 1 26284 8855.4 3407.1 1592.7
G195R+P482L  Compound heterozygotes 1 21035 128115 63968 3744.5
PA82L/+ Obligate heterozygotes 7 603.04174.7% #* 2534.7 +623.5" 757 413.8%* 170.9162.0%
(56.3-1417.8)° {172.7-4781.8) (25.6-1184) (18.2-354.5)
Normal range 20-150 50-1300 10-60 5-40
{nmol/mg creatinine)
*Mean 4 s.eum. (1=7).
“Range of amine acid excretion lavels.
P <.01, versus homozygotes and compound heterozygotes (Mann-Whitney U-test).
Family 1 Family 2 Y

FaaN b

21

27

T4 15 1B

Figure 3| Pedigrees of Japanese cystinuria families with P482L
mutation. Two Japanese families (Families 1 and 2) with P482L
mutation examined are shown.

Table 5 | Urinary excretion levels of cystine and dibasic amine
acids of two family pedigrees

Individual

no? Cystine Lysine Arginine Ornithine Sum
1-1 328 1029 1937 519 3813
1-2 1603 9042 225 21 1108
1-3 7911 31641 1079 3288 43919
1-4 385 29125 616 60.5 34196
1-5 647 2228  23) 20.1 330.7
1-6° 2240 7049 35383 20261 148534
2-1 2556 10624 3386 427 13943
22 1417.8 40128 1003 3545 58855
2-3 29326 97263 34407 23644 18464
24 ND ND ND ND ND
2-5" 16779 6370 24788 16927 122194
-6 ND ND ND ND ND
2-7 B91.7 47818 1184 3529 51448
Normal range 20-150 50-1300  10-60 5-40

{nmol/mg creatinine)

*The individual nurabers are corresponded to those of members of the family
pedigrees shown in Figure 4.

1.6 and 2-5 are probands.

ND, Not determined.

[*Cli-cystine uptake when coexpressed with rBAT in
HEK293 cells (data not shown). As shown in Figure 5d,
myc-b™* AT/BAT1 and myc-P482L proteins were detected at
the plasma membrane when coexpressed with rBAT. The
myc-b® " AT/BAT1 and myc-P482L proteins were not detected
at plasma membrane when solely expressed (Figure 5d).
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Figure 4| Western biot analysis of bt AT/BATI and its mutants.
{a) B> AT/BATT and its rautants were transiently expressed in COS-7
cells with rBAT. The Western blot analysis using an anti-b® ™ AT/BAT1
C-terminus antibody was performed on the membrane fraction
prepared from the COS-7 cells. The anti-b®™ " AT/BAT1 C-terminus
antibody recognized & 41 kDa band for wild-type b ™ AT/BAT1 and
its rmutants except W63stop, 1105delA, and P482L. (b) An anti-myc
antibody was used to detect b™T AT/BATI and its mutants to which a
myc epitope was added at thelr N-termind. The myc-tagged proteins
were transiently expressed in COS-7 cells with rBAT. In the Western
blot, the anti-myc antibody recognized 2 41 kDa band for wild-type
B2 8T/BATT and its mutants including P482L,

Effect of P482L mutation

In order to understand why P48ZL, a single amino acid
alteration at the C-terminus of the transporter protein,
resulted in the loss of transport function, we performed site-
directed mutagenesis analyses. For the series of mutanis in
which residues between Met*’ and Glu™ were syste-
matically changed to alanine, no remarkable decrease was
observed in the ["“Cli-cystine transport activity compared
with wild-type b®* AT/BAT1 (Figure 6a). It is notable that
the alteration of Pro*®? to alanine did not affect the [**Cli-
cystine transport activity in contrast to the severe decrease in
the transport activity observed for P482L. We, then, changed
individual amino acid residues Jocated between residues 477
and 487 to leucine (Figure 6b). We found that P481L, V4791,
M477L, E478L, and V480L, in addition to P482L, exhibited a
significant decease in the ['*Cli-cystine transport activity
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Figure 5| Localization of P482L protein on the plasma
membrane. Shown are the x-z images of confocal laser-scanning
microscopic analyses on the MDCK If cells expressing (a) GFP-b> ™ AT/
BAT1, () GFP-b® ™ AT/BAT1T with rBAT, and (¢} GFP-P482L with rBAT.
GFP-b® " AT/BAT1 and GFP-P482L fusion proteins were sorted to the
apical membrane of the MDCK Il cells when coexpressed with rBAT. In
contrast, GFP-b™ T AT/BAT1 fusion protein stayed in the cytaplasm
when solely expressed. AP and BL indicate apical and basal sites of
MDCK Hl cells, respectively. (d) Cell surface biotinylation analysis of
b * AT/BATT and P482L. HEK293 cells were transiently expressed
with myc-b®* AT/BATT plus rBAT (lane 2), myc-P482L plus rBAT (lane
3), myc-b® T AT/BAT1 alone {lane 4), or myc-P482L. alone (lane 5).
Single bands of ~41kDa were observed for myc-b® ¥ AT/BAT1 and
myc-P482L coexpressed with rBAT (lane 2 and 3). Green: GFP
fluorescence; red: 4,6-diamidino-2-phenylindole fluorescence from
nudlei.

compared with wild-type b%"AT/BATI; however, the
magnitude of the decrease was much less than that for
P482L. In order to further investigate the effect of the
alteration of Pro*® to Leu, we constructed mutants in which
Pro** is changed to various neutral amino acids with varied
bulkiness in their side chains. As shown in Figure 6c, the
alteration of Pro*? to amino acids with bulky side chains
such as leucine, isoleucine, methionine, phenylalanine, and
tryptophan severely decreased the ['“Cli-cystine transport
activity, whereas the change to the amino acids with less-
bulky side chains such as glycine, alanine, serine, and valine
did not affect the functional activity.

DISCUSSION

In the present study, we examined cystinuria patients from
oriental population (40 Japanese and one Korean) and found
that mutations of SLC7A9 gene responsible for the disease of
the oriental population are quite different from those
reported previously for European, North American, and
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Figure 6| Effects of site-divected mutagenesis of C-terminus of
b%* AT/BATT on {'*Cli-cystine uptake. (2) The Cterminus amino
acids between residues 477 and 487 of b™ " AT/BATT were system-
atically mutated to alanine. The site-directed mutants exhibited no
remarkable decrease in the uptake of ["*Cli-cystine compared with
that of wild type except for P482L rutation. (b) The C-terminus amino
acids between residues 477 and 487 of b® " AT/BATT were systern-
atically mutated to leucine. When Pro®® was changed to leudne, the
mutants expressed with rBAT exhibited remarkable decrease in the
uptake of [""Cli-cystine (100 ). (€) Pro*® of b™™ AT/BATT was
mutated to amine acids with varied bulkiness in their side chains. The
alteration of Pro™®? to leucine, iscleucine, methionine, phenylalanine,
and tryptophan rernarkably decreased the transport activity, whereas
the alteration to glycine, alanine, serine, and valine did not change the
transport activity. Asterisks indicate statistical significance (*P<0.05;
P < 0.01; **P<0.005, Student's unpaired t-test).
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Libyan Jewish.'>'®'® In contrast to W69Stop, G195R, and
R333W reported previously,''®'® N227D, R333Q, 1105delA,
and P482L found in the present study are novel cystinuria-
specific mutations, suggesting that these mutations are
unique to Japanese or Asian. It is noted that 31 out of 35
cases with cystinuria-specific mutations examined in the
present study involved P482L mutation, whereas this
mutation has not been reported for European, North
American, and Libyan Jewish population.'*'®'® 1t is, there-
fore, supposed that P482L mutation is prevailing in Japanese
and possibly in the other Asian population. G105R, the most
frequent mutation for European, North American, and
Libyan Jewish population (~25% of non-type I cystinuria
cases),'® was not found in the present study. It is interesting
that two cystinuria-specific missense mutations R333Q and
R333W found in the present study affect the same amino acid
residue, in which R333Q was only found for Japanese cases.
Arg®” is located in the putative intracellular loop between
TM domains 8 and 9 and conserved for human members of
heterodimeric amino acid transporter family.'® It is, thus,
proposed that this amino acid residue is critical in the
transport function or in the structural framework for the
light chains of heterodimeric amino acid transporters.

For P482L mutation most abundantly found in the
present study, we examined two family pedigrees and
confirmed Mendelian inheritance and phenotype-genotype
correlation (Figure 3 and Table 5). The homozygotes of this
mutation exhibited severe cystinuria phenotype with epi-
sodes of excretion or removal of renal stones and high level of
urinary excretion of cystine and dibasic amino acids.
Compared with normal individuals, P482L heterozygotes
exhibited a higher level of excretion of cystine and dibasic
amino acids into urine, consistent with the characteristics of
non-type 1 cystinuria (Table 5). Relatively large range of
variation in the amount of urinary excretion was observed
among heterozygotes (2-1, 2-2, and 2-7). This might be due
to the possible genetic alterations of b%* AT/BAT1 or rBAT
that could not be detected in the present study, variations in
other factors related to the transporter systems, or differences
in diet and metabolism. We found three P482L heterozygotes
who suffer from nephrolithiasis. For these patients, no
mutation was found in the exons of SLC3AI gene encoding
rBAT. Although we cannot exclude the involvement of
additional mutations of cis-regulatory elements of SLC7A9
gene and SLC3AI gene or the mutations of unidentified genes
that might be essential for cystine transport, P482L hetero-
zygous mutation could possibly cause cystinuria symp-
toms dependent on the condition of the patients, which
has been reported for classic type II cystinuria with severe
phenotypes.'®*

P482L is the missense mutation affecting the C-terminus
of b * AT/BAT1. As shown in Figure 2, this mutation results
in the loss of function of b®* AT/BATI protein coexpressed
with rBAT in COS-7 cells, indicating that Pro**? plays pivotal
role in the functional expression of the transporter. Loss of
function of P4821 mutant is supposed not due to the loss of
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protein expression or lack of ability to be sorted to the apical
membrane based on the following reasons: first, the anti-myc
antibody recognized the band for myc-tagged P482L with the
intensity similar to that of wild-type b® ¥ AT/BAT1 (Figure
4b); second, the GFP-tagged P482L protein was sorted to the
apical membrane when coexpressed with rBAT in MDCK 1I
cells similar to GFP-tagged wild-type b% " AT/BAT1 (Figure
5b and c); finally, surface biotinylation study revealed that
P482L protein as well as wild-type b® ™ AT/BAT!1 protein was
detected at the plasma membrane upon coexpression with
rBAT in HEK293 cells (Figure 5d). In Figure 4b, the protein
products of W69stop and del1105A were not detected. This
might be due to the rapid degradation of the immature
proteins. A recent study on the crystal structure of Escherichia
coli 12-membrane-spanning transporters indicated that the
substrate binding sites are located in the hydrophilic pocket
surrounded by TM helices, suggesting that their N- and C-
terminal intracellular domains are not directly involved in the
substrate binding and translocation of substrates.”’**> Mam-
malian 12-membrane-spanning transporters phylogenetically
related to the bacterial 12-membrane-spanning transporters
are supposed to possess the analogous structure and operate
based on the similar structural trait.”® In order to examine
the roles of Pro**” in the C-terminus intracellular domain of
b® " AT/BAT1, we performed site-directed mutagenesis
analyses. In the first series of experiments, C-terminus
amino-acid residues between Met"’ and Glu** were
systematically changed to alanine. Surprisingly, no remark-
able decrease was observed in the cystine transport activity
even when Pro*** was changed to alanine in spite of the
severe decrease in the function for Pro***-to-Leu alteration.
This indicates that Pro** itself is not essential for the
function of b™ " AT/BAT1 protein but the incorporation of
leucine residue at position 482 interferes with the functional
expression.

We, thus, generated additional site-directed mutants in
which Pro*** was changed to various neutral amino acids. As
shown in Figure 6, the alteration of Pro**? to amino acids
with bulky side chains affected the function of b® * AT/BATI,
whereas the changes to residues with less bulky side chains
did not reduce the functional activity. It is, thus, suggested
that the bulky side chains incorporated at the C-terminus of
b% " AT/BAT! interfered with the functional expression of
b% " AT/BATI. By examining the site-directed mutants in
which residues between Met*”” and Glu**" were system-
atically changed to leucine, it was found that leucine
alteration affected the function of b®* AT/BATI1 only when
quite restricted residues were changed to leucine. Based on
these observations, we, thus, propose that the bulky side
chain incorporated at the position 482 of b%™ AT/BAT1
somehow suppressed the transport function possibly by
interfering with intra- or intermolecular interactions. The
farther investigation would lead to the understanding of the
novel regulatory mechanisms of heterodimeric amino acid
transporters as well as the role of P482L mutation in the
pathogenesis of cystinuria.
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In the present study, we have identified several novel
mutations of SLC7A9 from oriental population and found
that mutations are quite different from those reported
previously for European, North American, and Libyan
Jewish. Our results contribute toward understanding the
distribution and frequencies of cystinuria-related mutations
of SLC7AS9.

MATERIALS AND METHODS

Subjects

Forty-one cystinuria patients (40 Japanese and one Korean) from 39
independent families were studied. All had an episode of delivery or
removal of cystine stones. Urinary excretion of cystine and dibasic
amino acids was determined in 24 h urine samples by quantitative
ion-exchange chromatography or reverse-phase high-performance
liquid chromatography. The amino acid content was corrected per
gram of creatinine. In all patients whose urinary cystine excretion
was analyzed quantitatively, cystine excretion was over 800 nmol/mg
creatinine. Urinary hyperexcretion of dibasic amino acids was also
confirmed. The urinary excretion of other neutral amino acids was
within normal ranges for all patients. For the patients whose urinary
amino acid levels were not quantitatively analyzed, the urinary
cystine excretion was confirmed by cyanide-nitroprusside test and
their cystine stones were analyzed by infrared spectrophotometry.”
Genomic DNA was obtained from the patients and the members of
the selected family pedigrees. Genomic DNA was also obtained from
50 unrelated normal individuals who served as controls. The study
protocol was approved by the Institutional Research Boards of Chiba
University Graduate School of Medicine and of Kyorin University
School of Medicine. All study subjects gave written informed
consent, and the ethics committee of Chiba University Graduate
School of Medicine and of Kyorin University School of Medicine
gave permission for the analyses in relation to cystinuria.

Determination of exon-intron boundaries of SLC7A9

The location and sequence of all exon-intron boundaries were
determined by direct sequencing of the products obtained by PCR
amplification of genomic DNA with randomly designed cDNA-
derived oligonucleotide primers, using an ABl PRISM Sequencer
(Perkin Elmer, Wellesley, MA, USA). SLC7A9 consisted of 13 exons.
The codon for the translation-initiator methionine (ATG) was
located in exon 2, whereas the termination codon TAA was located in
exon 13. The exon-intron boundaries we determined have tured out
to be identical to those obtained by deducing the recently released
genomic DNA sequence of SLC7A9 (accession no. AC008805).'%

Mutation analysis and direct sequencing

Genomic DNA was extracted from whole blood using the Wizard
Genomic DNA Purification Kit (Promega, Madison, W1, USA).
Twelve pairs of oligonucleotide primers (Table 1) were synthesized
in order to amplify all exons of SLC7A9 gene by PCR for direct
sequencing. In all cases, sequencing of both strands of the PCR
products was performed.”® Mutation analysis of SLC3AI gene was
performed for the above-described 41 cystinuria patients using
oligonucleotide primers as described elsewhere.?®

Construction of mutant ¢cDNAs

All cDNA mutants were constructed by using the QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA, USA) according
to the manufacturer’s instructions. The mutagenic oligonucleotide
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primers are shown in Table 2. Proper construction of the mutated
cDNAs was confirmed by complete sequencing.

Functional expression in C0S-7 cells

cDNAs for human rBAT and those for wild-type or mutated human
b>* AT/BAT1 in pcDNA3.1( + ) were expressed transiently in COS-
7 cells using Lipofect AMINE™2000 (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions.® For co-transfection,
10 ug of cDNA for b®* AT/BAT1 or its mutants and 10 ug of rBAT
cDNA were diluted into 1 ml of opti-MEM reduced-serum medium
(Invitrogen, Carlsbad, CA, USA) and mixed with 60 4l LF2000
reagent diluted in 1ml opti-MEM reduced-serum medium. After
incubation for 20 min at room temperature, the mixture was applied
to COS-7 cells maintained in a tissue culture dish (90 mm diameter)
with 70-90% confluence. At 24 h after transfection, the transfected
cells were collected and seeded on a 24-well plate (2 x 10° cells/well)
In fresh medium. Amino acid uptake measurements were performed
at 48 h after transfection of the plasmids as described elsewhere.

Anti-human b " AT/BAT1 antibodies

Oligopeptides (QMLMEVVPPEEDPEC) corresponding to amino
acid residues 474-487 of human b®* AT/BAT1 were synthesized.
Anti-peptide antibody was produced as described elsewhere.?”*®

Construction of the fusion proteins

The fusion proteins in which myc and GFP epitopes were fused to
the N-terminus of wild-type and mutant b®¥AT/BAT1 were
generated. The coding regions of ¢cDNAs for the wild-type and
mutant bt AT/BAT1 were amplified by PCR using primers
containing restriction enzyme cleavage sites for Hindlll, Xhol,
EcoR1, or Kpnl. After digestion with HindlIl and Xhol or FcoRI and
Kpnl, the fragments were ligated with pCMV-Taq3 vector (Strata-
gene, La Jolla, CA, USA) digested with Hindlll and Xhol or pEGFP
C2 vector (Clontech, Mountain View, CA, USA) digested with EcoR1
and Kpnl, respectively. Proper construction was confirmed by DNA
sequencing,

Western blotting

COS-7 cells were co-transfected with cDNAs for human 1BAT and
those for wild-type, mutated human b®* AT/BATI or their myc-
tagged products as described above. At 48 h after transfection, the
transfected cells were collected and homogenized as described
elsewhere.”” The anti-human b AT/BAT1 (1:2000) antibody or
anti-myc (1:2000) antibody (Invitrogen, Carlsbad, CA, USA) was used
as the primary antibody. To verify the specificity of immunoreactions
by absorption experiments, the membranes were treated with primary
antibodies in the presence of antigen peptides (50 pg/mi).?

Confocal laser-scanning microscopy

MDCK 1I cells provided by Dr Dietrich Keppler (European
Molecular Biology Laboratory, Heidelberg, Germany) were cultured
as described.” For localization of b%* AT/BAT1 and P482L mutant
protein, MDCK 11 cells were grown on transwell membranes
(membrane diameter 24 mm, pore size 3.0 um; Costar, Corning,
NY, USA) for 1 week (100% confluence) and then co-transfected
with ¢cDNAs for myc-tagged human rBAT (1 pg) and those for GFP-
tagged wild-type human b** AT/BAT1 or GEP-P482L (1 ug) using
LipofectAMINE™2000. Cells were fixed with 4% paraformaldehyde
in phosphate-buffered saline and permeabilized with 0.5% Triton
X-100 in phosphate-buffered saline containing 5% goat serum.
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Membranes were incubated with an anti-myc (1:500) antibody
(Invitrogen, Carlsbad, CA, USA) at room temperature for 1 h. After
three washes with phosphate-buffered saline, the membranes were
incubated with Alexa Fluor 546 goat anti-mouse IgG (Molecular
Probes, Eugene, OR, USA) as a secondary antibody for 1h. Argon
and HeNe laser beams were used for excitation at 488 nm for GFP
and 543nm for Alexa Fluor 546 visualization, respectively. Nuclei
were stained with 4,6-diamidino-2-phenylindole nucleic acid stain-
ing for 10 min and visualized by excitation at 405 nm with Diode 405
laser. Images were acquired using Carl Zeiss LSM510 META laser-
scanning confocal microscope (Carl Zeiss, Frankfurt, Germany).

Cell surface biotinylation

Surface biotinylation of b®* AT/BAT1 and P482L mutant at the
plasma membrane of HEK293 cells was performed as describe
elsewhere.*** myc-tagged b»*AT/BAT1 and myc-P482L were
detected with an anti-myc (1:2000) antibody (Invitrogen) and
horseradish peroxidase-conjugated anti-mouse IgG as a secondary
antibody (Jackson ImmunoResearch, West Grove, PA, USA).

Statistical analysis

Data are expressed as mean-s.ean. Statistical differences were
determined using Student’s unpaired f-test. Mann-Whitney U-test
was used to analyze urinary amino-acid levels among different
genotypes. Differences were considered significant at the level of
P<0.05.
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Abstract

We previously reported the finding that prenatal exposure to a relatively low dose of PCB126 increases the rate of DMBA-induced rat
mammary carcinoma, while a high dose decreased it. One of the most important factors determining the sensitivity to mammary
carcinogenesis is the metabolic stage at administration of the carcinogenic agent. DMBA is a procarcinogen that recruits the host metabolism
to vield 1ts ultimate carcinogenic form, and CYP1A1 and CYPIBI (CYP1) conduct this metabolism. We investigated the hepatic expression
of CYP1 and AhR following oral administration of DMBA (100 mg/kg b.w.) (i.g.) to 50-day-old female Sprague- Dawley rats whose dams
had been treated (i.¢.) with 2.5 ng, 250 ng, 7.5 g of PCB126/kg or the vehicle on days 13 to 19 post-conception. Real-time quantitative RT-
PCR analysis revealed that the prenatal exposure 1o a relatively low dose of PCB126 (the 250 ng group) prolonged the higher expression of
CYP1Al, CYPIBI, and AhR mRNA, while prenatal exposure 1o a high dose of PCB126 (the 7.5 pg group) prolonged the higher expression
of CYPIAT and AhR mRNA. Western blotting and immunohistochemical analyses were consistent with mRNAs changes. Because DMBA
oxidation produces a highly mutagenic metabolite and is finally catalyzed by CYPIBI, a relatively Jow PCB126 dose might produce the
biological character to potentially increase the risk of DMBA-induced manunary carcinoma.
© 2005 Elsevier Inc. All rights reserved.

Kevwords: PCB126; DMBA; CYPL; ARR; Liver; Rat

Introduction

Polychlorinated biphenyls (PCBs) are a heterogeneous
group of man-made organic compounds that are widely
present in the environment ((ARC, 1997). The chemical

Abbreviations: PCBs, polychlorinated biphenyls; CYP, cytochrome
P450; AhR, aryl hydrocarbon recepior; ARNT, AhR nuclear translocator
protein; PCB126. 3.3 4.4’ S-pentachlorobiphenyl: DMBA, 7.12-dimethyl-
benz[a Janthracene.

* Corresponding author. Fax: +81 42 754 7661,
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stability and lipophilicity of PCBs and their resistance to
degradation results in their persistence and concentration in
food chains (Bro-Rasmussen, [996) as well as their
bioaccumulation in human adipose tissue (Kutz ot al,
1591}, blood (Murphy and Harvey, 1985), and breast milk
(Rogan et al, 1987). Morcover, transplacental and lacta-
tional transfers of PCBs to a developing fetus and infant
have the potential to cause adverse effects (Safe and
Krishnan, 1995; van deo Berg et al,, 1998).
7,12-Dimethylbenz[«Janthracene (DMBA) is a model
compound that induces maminary carcinogenesis in rodents
(Puggins et al., 1961; MacDonald et al, 2001; Rowlands ot
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al., 2001). We previously found that prenatal exposure to a
relatively low dose of 3,3,4,4 5-pentachlorobiphenyl
(PCB126) increases rat mammary carcinoma induced by
DMBA ingestion at 50 days old, and exposure to a high dose
of PCB126 acts as an inhibiting agent for it (Muto &t al.,
2001). One of the most important factors determining
sensitivity to mammary carcinogenesis is the metabolic stage
of the carcinogenic agent. DMBA is a procarcinogen and
requires metabolic conversion to its ultimate carcinogenic
metabolite by oxidation, which is conducted by CYPIA1 and
1B1 (CYPI) (Christou et al., 1987; Dipple, 1995; Shimada et
al., 1996). Both the proximate and ultimate metabolites of
DMBA that are formed in hepatocytes can be transported to
other organs, resulting in carcinogen-adducted DNA (D
Giovanni and Juchaw, 1980; Ginsberg and Atherholt, 1989).
Therefore, the liver has a primary role in the metabolism of
DMBA and is the most significantly affected organ following
the experimental exposure of DMBA to an animal (Di
Giovari and Juchan, 1980; Kothari and Subramanian,
1992). Thus, the extent to which DNA adducts occur after
administration of DMBA depends on the level of oxidative
metabolism of DMBA due to CYP1 activities (Dipple et al,,
1999; Granberg et al,, 2000; MacDonald et al, 2001;
Rowlands et al., 2001).

Both PCB126, a prototypical coplanar halogenated
aromatic hydrocarbon, and DMBA, a polycyclic aromatic
hydrocarbon, bind and activate the aryl hydrocarbon receptor
(AhR), which is a basic helix—loop-helix (b-HLH) protein
(Burback et al., 1992). Ligand binding results in activation of
AbR and subsequent nuclear translocation, where it hetero-
dimerizes with another bHLH partner, the AhR nuclear
translocator protein (ARNT) (Hoffinan et al, 1991). The
AhR~ARNT dimer binds to specific regulatory elements,
xenobiotic responsive elements (XREs), upstream of the
responsive genes and enhances their transcripts, the CYP|
enzyme family (Dolwick et al,, 1993; Jones et al., 1986; Okey
et al., 1994; Rowlands et al., 2001; Schmidt and Bradfield,
1996). Enzyme activation of carcinogens yields intermediate
metabolites that are chemically more reactive than the initial
compound (Cavalier otal,, 2002). Hence, we investigated the
expressions of hepatic CYP1 and AbR following ingestion of
DMBA by 50-day-old offspring of female rats that had been
exposed to PCB126 on days 13 to 19 post-conception.

Materials and methods

Animals, chemicels, and treatments. Forty-five female
and nine male 6-week-old Sprague-Dawley (slc) rats
(Japan SLC, Shizuoka, Japan)} were housed, three per plastic
cage, on hardwood-chip bedding in an environment-
controlled room on a 12-h light/12-h dark cycle at 22 + 2
°C and 55% * 5% relative humidity, with a conventional
diet (MF, Oriental Yeast, Tokyo, Japan). All experimental
procedures were conducted following approval of the
Animal Care and Use Committee of the Azabu University

School of Veterinary Medicine. Guidelines set by the
National Institute of Health and Public Health Service
Policy on the Humane Use and Care of Laboratory Animals
were followed at all times. PCB126 was obtained from
AccuStandard Inc., New Haven, CT, and DMBA was
obtained from Tokyo Chemical Industry Co. Ltd., Tokyo,
Japan. Seven-week-old rats were housed with five females
and a male per plastic cage.

A lifetime tolerable daily intake (TDI) of PCB126 has
been reported to range from 10 to 100 pg/kg/day (van den
Berg et al., 1998). In this study, three doses of PCB126 were
selected using 25 pg/kg/day as the TDI dose (Muto et al.,
2001): 10°-fold of the TDI dose, 10*-fold of the TDI dose,
and 3 x 10°-fold of the TDI dose. Groups of eight pregnant
rats were treated with 2.5 ng, 250 ng, or 7.5 pg/kg body (i.g.)
PCB126 or with an equivalent volume of com oil (~0.5 mV/
animal, i.g.), on days 13 through 19 post-conception. The
offspring were sexed at birth, and litters were reduced so that
each dam was left with eight offspring (four females/dam).
Weaning was carried out at day 21 post-partum. In this study,
we considered the group of rats with prenatal exposure to 2.5
ng, 250 ng, or 7.5 pgrkg body PCB126 or with an equivalent
volume of com oil as the 2.5-ng, the 250-ng, the 7.5-ug, or
the vehicle group, respectively.

Each PCBI126-treated group (2.5-ng, 250-ng, or 7.5-ug
group) included forty-five females, and the vehicle group
inchided thirty-six females. For experiments, 135 fifty-day-
old female rats received 100 mg/kg DMBA in com oil/kg
body (i.g.), and 36 received an equivalent volume of corn oil
(~0.5 ml/animal, i.g.). In this study, the dose of DMBA was
selected following the study of Huggins et al. (1961} with
the conversion using animal body weight. Following
anesthesia by diethyl ether, liver samples were obtained
under deep anesthesia from five (DMBA-fed) and four (comn
oil-fed) rats from each group at 6 h, 12 h, 1 day, 2 days, 5
days, 10 days, 20 days, and 30 days. Representative sections
of each liver were fixed in 10% phosphate-buffered formalin
and routinely processed for jmmunohistochemistry. In
addition, representative sections were frozen without fix-
ation and stored at —80 °C.

Chemical analvsis.  Analysis for PCB126 was carried out
following the alkaline alcohol digestion method (Tanabe &t
al., 1987). Aliquots of homogenized rat mammary tumor
samples were refluxed in 1 N KOH - ethanol solution for ! h.
The PCB126 thus extracted into ethanol was wansferred to
100 ml of hexane by shaking in a separating funnel.
Subsequently, the hexane layer was concentrated and
purified by passing it through 1.5 g of silica gel (Wako gel
S-1, Wako Co., Ltd., Osaka, Japan) packed in a glass column
(10 mm inside diameter x 200 mm length). PCB126 was
eluted with 200 ml of hexane at an elution rate of one drop
per second. The eluate was concentrated to 5 ml in a
Kuderna—Danish concentrator and further purified with 5%
fuming sulphuric acid. All samples were injected into a gas
chromatograph-mass spectrometer (GC-MS: Shimadzu 9020
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DF with an SCAP-1123 data system, Shimadzu Co. Ltd.,
Kyoto, Japan) equipped with an electron-impact ion-source
and moving needle-type injection system for the determi-
nation and identification of PCB126. The column consisted
of a 0.23 mm 1D. x 30 m glass capillary, coated with
silicone. Operating conditions of the GC-MS were as
follows: column oven temperature was programmed to rise
from 190 °C to 250 °C at 0.5 °C min"; injector and jon-
source temperatures were kept at 250 °C and 280 °C,
respectively. PCB126 was determined by selected ion
monitoring at m/z 326. The carrier flow of helium was
controlled at 0.6 ml min™".

Immunohistochemistry.  Immunohistochemical expres-
sions of CYP1AL and CYPIB! were analyzed using the
avidin-biotin complex (ABC) method. After deparaffiniza-
tion, 4 pum thick sections were treated sequentially with 0.3%
H,0; for 10 min, then blocked with 10% goat serum or
horse serum in PBS for 20 min. Sections were thawed, rinsed
in PBS, and treated with primary antibodies of rabbit anti-
rat-CYPIA1 (Affiniti Res. Inc., Exeter, UK; diluted 1:1000)
and rabbit anti-CYPIBI (BD Biosciences, Bedford, MA;
diluted 1:50). Bound lgG was detected with biotinylated
goat anti-rabbit 1gGG (Vector Lab., Burlingame, CA; diluted
1:100) followed by avidin—biotin complex (ABC)-perox-
idase (Vector Lab., Burlingame, CA) and diaminobenzidine
(Sigma, St. Louis, MO). Sections were then counterstained
with hematoxylin. As a negative control, non-immunized
rabbit serum was substituted for the primary antibody.

Real-time quantitative RT-PCR.  For each RNA sample,
100 ng was used as the template for first strand ¢cDNA
synthesis using a TagMan Reverse Transcription kit,
following the RT-PCR manufacturer’s two-step protocol
(PE Applied Biosystems, Foster City, CA). Controls
incloded for each reaction were the RNA sample without
reverse transcriptase (RNA — RT) and no RNA with reverse
transcriptase (no RNA + RT). The conditions of the final
reaction for reverse-transcription were as follows: | X
TagMan RT buffer: 5.5 mM MgCly; 500 uM dATP, dGTP,
and dCTP; 1 mM dTTP; Random Hexamers 0.25 pM; 1.25
Ul MuLV reverse transcriptase and 0.4 U RNase inhibitor
(PE Applied Biosystems, Foster City, CA). Quantitative
analyses of target gene (CYPIAL, CYPIBI, and AhR)
mRNA expression were performed by real-time quantitative
PCR using the ABI Prism 7700 Sequence Detection System
(PE Biosystems, Foster City, CA) with Taq Man chemistry
and probe. The TaqMan probes and primers for target genes
were assay-on-demand gene expression products (PE
Applied Biosystems, Foster City, CA) and oligonucleotides
with fluorescent reporter and quencher dyes attached (Table
1). Optimal primer, probe, and ¢DNA concentrations were
determined in a separate set of experiments to insure that
both target gene and GAPDH fragments were amplified
with equal efficiency. PCR reactions were performed with
first-strand cDNA synthesis (2 pl) from each sample, a
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Universal PCR Master Mix kit (PE Applied Biosystems,
Foster City, CA), 250 nM TagMan probe, 0.16 U of
AmpErase UNG (uracil N-glycosylase), and 900 nM
forward-reverse primers of the target gene and GAPDH.
Three measurements per sample were performed in each of
two independent experiments. Results were analyzed with
the ABl Sequence Detector software version 1.7 (PE
Applied Biosystems, Foster City, CA). For relative quanti-
fication of target gene expression, the standard curve
method was applied. The calibrated standard curve of each
target gene ¢cDNA and GAPDH amplification plots were
examined at five different dilutions (containing 100, 50, 25,
10, or 5 ng) of total RNA samples that were obtained from
each PCR product using a TOPO 1I TA Cloning Kit
(Invitrogen, Carlsbad, CA) following the manufacturer’s
recommendations. The target gene’s normalized value was
determined by dividing the average target gene value by the
average GAPDH value. The standard deviation (SD) of the
quotient is calculated from the SD of the target gene and
GAPDH using the following formula:

CV = (SD of the quotient)/{mean value of the quotient)
(CV)* = (CVi)* + (CV,)?

CV, = (SD of target gene value)
/(mean of target gene value)

CVy = (SD of GAPDH value)/(mean of GAPDH value)

The normalized target gene value is a unitless number that
can be used to compare the relative amount of the target
gene in different samples. One way to make this comparison
is to designate one of the samples as a calibrator. In this
study, the liver of 50-day-old rar of the vehicle group
without DMBA ingestion was designated as the calibrator,
and the averaged target gene value was divided by the
average calibrator value according to the manufacturer’s
instructions for quantification of relative gene expression
(User Bulletin #2; P/N 4303859, pp. 3--30, 36).

Western blot analvsis.  Rat livers were homogenized in 50
mM Tris—HCL, 150 mM KCl (pH 7.4), 1% Triton X-100, and
0.25 mM phenylmethylsulfony! fluoride (PMSF) and centri-
fuged at 8000 x g for 30 min at 4 °C. The supernatant
obtained was centrifuged at 100,000 x g for 90 min at 4 °C.

Table |

ID pumbers of TagMan probes and primers (Assay-on-Demand genc
expression products) used for real-time quantitative RT-PCR.

Gene 1D

CYPIAI Rn0048721.mi
CYPIB1 Rn00564055..ml
AhR Rn00565750_ml
Assay-on-Demand gene expression products wexe supplied by PE Applied
Biosystems, Foster City, CA.
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Table 2
Body and liver weights of 50-day-old female rats after prenatal PCB126
exposure

Group Body weight (ng) Liver weight (ing)
7.5 pg 242.25 + 4.07 12.06 + 0.89
250 ng 24532 £ 4.21 12.22 £ 0.53
25ng 243.26 £ 5.82 11.70 £ 0.55
Vehicle 24322 £ 6.22 11.86 + 0.76

Values represent mean = SEM Scheffé’s ' test, NS.

The pellet was suspended in 50 mM Tris—-HCl (pH 7.4}, 1%
Triton X-100, and 1 mM PMSF, and the protein concen-
trations were determined with a bicinchonic acid protein
assay reagent kit (Pierce, Rockford, IL) with bovine serum
albumin as a standard. Microsomal samples were subjected to
electrophoresis on a 10% SDS polyacrylamide gel using 10
ng of microsomes. The proteins were transferred for 2hto a
nitrocellulose membrane that was blocked by immersing it in
5% non-fat dried milk in phosphate-buffered saline with
0.1% (v/v) Tween 20 (PBS-T). Western blot analysis was
performed using anti-rat-CYP1A1 (Affiniti Res., Exeter,
UK), anti-rat-CYPIB1 (BD Gentest, San Jose, CA), or anti-
AbR (H-211) (Santa Cruz, Santa Cruz, CA) antibodies.
CYPIAL, CYPIBI, and AhR antibodies were diluted
1:1000, 1:500, and 1:1000, respectively, in PBS-T and
incubated 1 h at room temperature on an orbital shaker. After
being washed three times with PBS-T, they were incubated
with a 1:2500 dilution of horseradish peroxidase-conjugated
anti-rabbit antibody (Amersham Biosciences, Piscataway,
NJ) for 1 h on an orbital shaker. After being washed three
times with PBS-T, the membranes were detected using the
ECL Plus Western Blotting Detection System (Amersham
Biosciences, Piscataway, NJ).

Statistical analysis.  For cach set, the mean value, standard
deviation, and standard error of the mean were calculated and
compared using Scheffé’s £ test or a chi-square test using the
computer statistical analysis system Stat View-J 5.0 (Abacus
Coneepts, Cary, NC).

Results

Body and liver weights, and concentration of PCB126 in liver

Prenatal PCB126 treatment of dams resulted in offspring
with body weights and liver weights that were similar

Table 3

Concentration of PCB126 in livers of female rats afer prenatal exposure

Group 50-day-old 80-day-old
7.5 pg 7305 = §.68% 5.01+3.79
250 ng 235+ 139 0.26 £ 0.96
2.5 ng 0.30 £ 0.98 0.21 % 0.88
Vehicle 0202042 0.19 = 0.37

Values represent mean + SEM ng/g.
* Scheffé’s F test, £ < 0.05.

between groups at 50 days old (Table 2). The concentration
of PCB126 in the liver of 50-day-old rats compared to the
vehicle group was about 365 times higher in the 7.5-ug
group, about 12 times higher in the 250 ng group, and about
1.5 times higher in the 2.5 ng group, and that of 80-day-old
rats compared to the vehicle group was about 26 times
higher in the 7.5-ug group, about 1.4 times higher in the
250-ng group, and about 1.1 times higher in the 2.5-ng
group (Table 3).

Quantitative RT-PCR for CYPIAl and CYPIBI mRNA
expression in prenatally PCB126-exposed rat liver

In 50-day-old rats, the 7.5-ug group showed significantly
increased expression of hepatic CYP1AT mRNA (33-fold)
and CYPIBl mRNA (15-fold), and the other groups
showed lower expression of CYPIAL mRNA (1- to 3-fold)
and CYP1BI mRNA (1- to 1.7-fold) (Figs. 1, 2). As they
grew older, the CYP] mRNA expression levels of the 7.5-
ug group gradually decreased, but remained at significantly
higher levels compared with that of the other groups until
they were 70 days old (Figs. 1, 2).

{fold)
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[ [t [ e
.
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Relative quantity of mRNA

0.1

505 51 52
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r-**
—r =

—_
o

-

Relative quantity of mRNA

0.1

55
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[] 7.5ug group 2.5ng group
¥ 250ng group B Vehicle group

Fig. 1. Effect of prenatal exposure to FCBI26 on CYPIAl mRNA
expression in rat liver. The indicated mRNA levels were determined by
real-time quantitative RT-PCR, with analysis using the standard curve
method described under Materials and methods. Each level was normalized
to that of the endogenous housekeeping gene GAPDH in each tissue, as
described under Materials and methods. Values represent mean = SD. (%)
Scheffé’s # test £ < 0.01.
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Quantitative RI-PCR for CYPIAImANA expression
following DMBA ingestion in prenatally
PCBI26-exposed rat liver

At 6 h after DMBA ingestion, the expression of CYPIA
mRNA was significantly higher in all PCB126-treated
groups (33~ to 34-fold) than in the vehicle group (25-fold)
(Fig. 3). After 12 h, all groups showed a similarly high level
(Fig. 3). After 1 day, CYPIAI mRNA expression of all
PCB126-treated groups remained at high levels, but that of
the vehicle group decreased to 25-fold (Fig. 3). After 2 days,
CYPIA]l mRNA expression of the 7.5-ug and 250-ng
groups remained at similarly high levels, but that of the 2.3
ng and vehicle groups decreased to 15- to 17-fold (Fig. 3).
At 5 days after, CYP1AI mRNA expression of the 7.5-ug
and 250-ng groups showed a 28- to 32-fold increase, and
that of 2.5-ng group had decreased 12-fold, while in the
vehicle group, it had decreased to the calibrator level (Fig.
3). Subsequently, CYPLA1 mRNA expression of the 7.5-ug
and 250-ng groups was gradually decreased to 22- to 28-
fold at 10 days after, 18- to 20-fold at 20 days after, and
CYPIAl mRNA expression of the 2.5 ng and vehicle
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Fig. 2. Effect of prenatal exposure o PCBI26 on CYPIBI mRNA
expression in rat liver. The indicated mRNA levels were determined by
real-ime quantitative RT-PCR, with analysis using the standard curve
method described under Materials and methods. Fach level was nommalized
to that of the endogenous housekeeping gene GAPDH in each tissue, as
described under Maierials and methods. Values represent mean £ SD. (*%)
Scheffé’s F test P < 0.01. (*) Schefié’s F test P < 0.05.
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groups had returned to the calibrator level at 10 to 20 days
after (Fig. 3). At 30 days after, CYPIAT mRNA expression
of all groups had retumed to the calibrator level (Fig. 3).

Quantitative RT-PCR for CYPIBImRNA expression
Jollowing DMBA ingestion in prenatalfy
PCBI26-exposed rat liver

At 6 h after DMBA ingestion, the expression of CYPIB!
mRNA of all PCB126-treated groups had increased (24- to
26-fold), but that of the vehicle group remained at the
calibrator level (Fig. 4). After 12 h to 1 day, CYPIBI
mRNA expression of the 7.5-pg and 250-ng groups
increased further to 25- to 27-fold, and that of vehicle
group also increased to 17- to 18-fold (Fig. 4). At 2 days
afler, CYP1B1 mRNA expression of the 7.5-pug and 250-ng
groups remained at similarly high levels, but in the vehicle
group it had decreased to 14-fold (Fig. 4). At 5 days after,
CYPIBI mRNA expression of the 250-ng group showed a
20-fold increase, which was significantly higher than that of
the 7.5-pg and 2.5-ng groups (9- to 10-fold), and the vehicle
group had decreased to the calibrator level (Fig. 4). After 10
to 20 days, CYPIB1 mRNA expression of the 250-ng group
was 18-fold, which was significantly higher than that of the
7.5-pg group (8-fold), and the 2.5-ng and vehicle groups
had returned te the calibrator level (Fig. 4). After 30 days,
CYPIB! mRNA expression of the 250-ng group was 2-
fold, which was significantly higher than that of the 2.5-ng
and vehicle groups (Fig. 4).

Quantitative RT-PCR for AhR mRNA expression following
DMBA ingestion in prenarally PCB126-exposed rat liver

At 6 b after DMBA ingestion, the expression of AhR
mRNA had increased, but those of all PCB [ 26-treated groups
(33-fold) were significantly higher than that of the vehicle
group (25-fold) (Fig. 5). At 12 hafter, AhR mRNA expression
of all groups showed similarly high levels (Fig. 5). At 1-2
days after, AhR mRNA expression of the vehicle group
gradually decreased (Fig. 5). At 5 days after, AhR mRNA
expression of the 250-ng grovwp was 35-fold, which was
significantly higher than that of the 7.5-pg and 2.5-ng groups,
and in the vehicle group, it had decreased to the calibrator
level (Fig. 5). At 10--20 days after, AhR mRNA expression of
the 250-ng group gradually decreased, but it was significantly
higher than that of the 7.5-ug group, and in the 2.5-ng and
vehicle groups, it was at the calibrator level (Fig. S). Afler 30
days, all groups were at the calibrator level (Fig. 5).

Immunohistochemistry for CYPIAI and CYPIBI. and
Western blot analyses of CYPIAI, CYPIBI, and AhR
expression following DMBA ingestion in prenatally
PCBI126-exposed rat liver

To determine whether the mRNA modulation of the
CYP} and AhR correlates with changes in protein expres-
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sion, immunohistochemistry, and/or Western blot analyses
were performed. The protein expression was qualitatively
consistent with the pattemns observed for CYPIA1 mRNA,
CYPIB! mRNA, and AhR mRNA (Figs. 6—8).

Discussion

PCBs are ubiquitous environmental contaminants that
produce a spectrum of adverse biochemical and biological
effects, including carcinogenic effects in people and a wide
variety of animals (IARC, 1997). The induction of CYP!
expression by PCBs and DMBA has been extensively
investigated (Angus et al., 1999; Christou et al., 1987:
Rowlands et al, 2001. Schmidi and Bradfield, 1996;
Whitlock, 1999), and it has been established that the nuclear
AhR/ARNT heterodimeric complex acts as a ligand-
activated transcription factor that binds to XREs in the
regulatory region of CYP1 genes (Evans, 198R).

Our previous study found that rats given 250 ng
PCB126/kg/day (from days 13 through 19 post-conception)
had a higher incidence of DMBA-induced mammary
carcinogenesis than a group given 7.5 pg PCB126/kg/day
(from days 13 through 19 post-conception) (Muto et al.,
20301). PCBs are considered non-genotoxic carcinogens
because they do not produce DNA adducts and are negative
for genotoxic tests (Turteltaub et al,, 1990), while DMBA, a
member of the polycyclic aromatic hydrocarbons (PAHs), is
a procarcinogen and requires metabolic conversion to its
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ultimate carcinogen metabolite, DMBA-3,4-dihydrodiol-
1.2-epoxide (Dipple et al,, 1984; Slaga et al., 1979; Slims
and Grover, 1981), by a process that includes two separate
oxidations, produces 3,4-dihydrodiol, and is catalyzed by
either CYPIAL or CYPIBI (Christou et al., 1987: Cioline
et al., 2002). The second oxidation produces the highly
mutagenic 3,4-dihydrodiol-1,2-epoxide metabolite and is
catalyzed by CYPIBI (Shimada et al,, 1998). These data
suggest that CYPIBI is an essential enzyme for metabolic
activation, and thus the carcinogenic potential of DMBA is
dependent on it. ln this study, the 7.5-ug group showed
higher expression of CYPIAL until 20 days after DMBA
ingestion, while the 250-ng group showed higher expression
of CYPIA] until 20 days after and higher expression of
CYPIBI vuniil 30 days after. The mechanisms controlling
the tissue-specific transcription of CYP1B! are now not
known (Sasaki ot al, 2003). Our results are the first
demonstration, to our knowledge, of a modulation of
CYP1B! expression by PAHSs. Indeed, it has been suggesied
that CYPIBI possesses a greater capacity than CYPIA] to
bioactivate a number of PAH procarcinogens (MacDonaid et
al, 2001; Shimada ot al., 199%). Because Western blotting
and immunohistochemical analyses were qualitatively con-
sistent with each mRNA change, increased activities of
these enzymes would also be revealed in the increased
protein expression.

When DMBA was ingested at 50 days old, only the 7.5-
pg group showed a high level of hepatic CYP1 expression,
and it had decreased to that of the calibrator level at 80 days
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Fig. 6. lmxmunohistochemieal analysis of CYPLAL in rat liver. Jusi before DMBA ingestion, & large numnber of bepatocytes in the 7.5-pg group were positive
{(A) for CYPLAL, but negative in the 250-ng group (B}. At Z days afler DMBA administration, a large numbsr of hepatocytes were positive in the 7.5-ng (C)
and 250-ng greups (D). and many hepatocytes were positive in the 2.5 ng (B) and vehicle groups (F). At § days afier administration. some hepatocytes were
positive in the 2.5-ng group (G}, but none was positive in the vehicle group (H). At 20 days afier DMBA administration, seme hepatocyies were positive in fhe
7.5-ug group (1), and a few hepatocytes were positive in the 250-ng group (J). ABC method, Mayer’s bematoxylin counterstain, Magnifieation x 140,

old. Because the 7.5-ug group possessed a high level of
hepatic PCB126 residues {(move than 31 times that of the
other groups) on the day of DMBA ingestion, these CYPI
inductions were thought to be due to a complex induction by
PCB126 residues and ingested DMBA, while the 250-ng
and 2.5-ng group revealed prolonged CYP! inductions
compared to that of the vehicle group. Because the 250-ng
and 2.5-ng groups showed a lower level of CYPI with
fower PCB126 residues at the time of DMBA ingestion (50
days old), it seems that prenatal exposure to PCB126
increases hepatocyte sensitivity in the rat for CYPI
induction by ingested DMBA.

The precise mechanism of the modulation of DMBA-
induced mammary carcinogenesis by PCBI26 remains to
be explained, but one possible mechanism could be the

ability of CYPIAL and CYPIB! to metabolize highly
oxidative DMBA because carcinogenesis was dominant in
the 250-ng group, while the concentration of PCB1Z6
residues due to prenatal exposure that induced a high level
of CYPIAL was highest in the 7.5-pug group. The
predominance of CYPIBI in several human cancers,
including breast carcinomas (Eltom et al,, 1998; Merchant
el al, 1993; Muray ot al, 1997), has been reported. The
fimetional involvement of CYP1BI in PAH metzbolism has
been demonstiated by the fact that the metsbolism of
DMBA by microsomes from MCF-7 cells is inhibited by
anti-CYP1B1 antibody, but not anti-CYPIA! antibody
(Christou ot al., 1995). Although it is well known that
PCBs specifically induce CYPI (Angus et al, 1599
Christon et al,, 1987; Trisscher et al,, 1992), it remains to
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Fig. 7. bomunchistochemical analysis of CYPLIBL i rat liver. Just before DMBA ingestion, some hepatocytes in the 7.5-ug group were pasitive for CYPIBI
(A) but negative in the 250-ug group (B). AL 2 days after DMBA administration, 2 large number of hepatocytes were positive in the 7.5-ug {C) and 250-ng
groups (D), and many hepatoeyles were positive in the 2.5 ngg (E) and vehiele group (F). At 5 days after DMBA administration, some hepatocytes were positive
in the 2.5 ng group (G), but none was positive in the vehicle group (H). At 20 days after DMBA administration, a few hepatocyles were positive in the 7.5-ug
group (1), and some hepatocyies were positive in the 250-ng group (J). ABC method, Maver's hematoxylin coumersiain, Magnification x 140,

be determined why the 250-ng group showed higher
CYPIBI expression than the 7.5-pg group.

After DMBA was ingested to rats, previous smdies have
described the maximum urinary excretions of DMBA take
place during the peried ranging from 6 h w 1 day (Semin et
gl, 1976), and high levels of metabolite DMBA-DNA
adducts In liver are found on days 1 to 2 (El-Bavoumy et
al., 1992). Then, the large amounts of DMBA-DNA adducts
in liver and mammary glands were remained to be observed at
12 days afier DMBA ingestion (Daniel aud Joyes, 1984), but
their levels after that was unclear. Meanwhile, several
previous studies have describad the induction of rat hepatic
CYPI mRNA and/or protein within | day of DMBA
ingestion (Badawi et al,, 2000; Bolognesi et al, 1991;
Grapberg et al, 2000; Heidel et al, 1998, Moon et al,,
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1988: Rowlands et al, 2001). In our previous study,
following DMBA ingestion without PCB126 exposure, the
induction of hepatic CYPIA was first observed at 125, was
revealed to peak on day 2 and decreased on day S, and the
induction of hepatic CYP1B1 was first cbserved on day 2 and
decreased on day 5 (Muto et al,, 2003). While present study
revealed that prenatal PCB126 exposure mats were induced
the prolongation of hepatic CYP! induction following
DMBA ingestion, especially the longer persistence of
CYPIBI induction was apparently in the 250-ng group.
The implication of estradiol (E2) in breast wumorigenesis is
widely documented (Nandi et al,, 1995; Weinberg, 1996). An
alternative mechanism of E2 carcinogenicity stems from the
metabolism of this hormone, which generates several
catechol derivatives from monohydroxylation reactions,
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