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Figure 2. High Bone Turnover Osteopenia Was Observed in ERa”°““°° Females But Not Males

(A) Soft X-ray images of femurs from 12-week-old Ctsk®®*; ERa"/"* (ERx*°%/4%%) mice.

(B) Three-dimensional computed tomography images of the distal femurs and axial sections of distal metaphysis from representative 12-week-old
CtskC™*; ERa** (ERa*'") and ERa*%%/4%¢ mice.

{C) BMD of each of 20 equal longitudinal divisions of femurs from 12-week-old ERa""* and ERa?%*#°° mice. (n = 10~11 animals per genotype;
Student’s t test, *p < 0.05; **p < 0.01; *"*p < 0.001). Data are represented as mean + SEM.

(D) Bone formation was also accelerated in ERa?%/2%¢ females when two calcein-labeled mineralized fronts visualized by fluorescent micrography
were measured in the proximal tibia of 12-week-old mice.

(E) The number of TRAP-positive osteoclasts in the lumbar spine of female mice was increased by selective disruption of ERa in osteoclasts, indi-
cating enhanced bone resorption.

{F) Bone turnover parameters as measured by dynamic bone histomorphometry after calcein labeling indicated high bone turnover in ERx
females. Parameters are measured in the proximal tibia of 12-week-old ERa*/* (open column) and ERa*°4%€ (filled column) mice. BV/TV: bone
volume per tissue volume. ES/BS: eroded surface per bone surface. Oc.S/BS: osteoclast surface per bone surface. N.Oc/BS: osteoclast number
per bone surface. MS/BS: mineralizing surface per bone surface. Ob.S/BS: osteoblast surface per bone surface. MAR: mineral apposition rate.
BFR/BS: bone formation rate per bone surface (n = 10-11 animals per genotype; Student’s t test, *p < 0.05; "*p < 0.01; **p < 0.001). Data are .
represented as mean + SEM.

40¢/40¢

Signaling by Osteoclastogenic Factors
and Osteoclastogenesis Is Intact in Osteoclasts

ERa protein expresses in differentiated osteoclasts in the
bone tissues of femur sections from 12-week-old mice.

ERa protein expression appeared abundant in osteoblasts
and osteocytes of femur sections (Figure 4C) as well as
hypothalamus (Figure S2B) from 12-week-old mice, in
agreement with a previous report (Zaman et al., 2006). Like-
wise, expression levels of ERa in primary cultured
osteoblasts derived from calvaria of ERx?9%"“°¢ females
appeared unaffected (Figure S2C). In contrast, in differenti-
ated osteoclasts of the same femur sections, ERa expres-
sion was definitely detectable but very low in the ERx*"* but
undetectable in ERa“9%/4°¢ females (Figure 4C).
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Deficient in ERx

It is possible that the osteoprotective function of osteo-
clastic ERa inhibits osteoclastogenesis. To address this
issue, osteoclastogenesis was tested in cultured osteo-
clasts derived from bone-marrow cells of ERa?9/40¢
mutants. In this cell culture system, a possible contribu-
tion of contaminated immune cells and stromal cells could
be excluded, since osteoclastogenesis is only inducible
by M-CSF treatment followed by M-CSF + RANKL
(Koga et al., 2004).
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Figure 3. No Further Bone Loss of
ERa~9/49¢ Females by Ovariectomy

(A) Distal femoral micro CT analysis and lumbar
vertebral bone histomorphometrical analysis
of sham-operated or ovariectomized (OVX)
12-week-old ERa™* and ERa?9°4%° mice
(P < 0.05 compared to ERa** sham group).
Two weeks after OVX, the bone phenotype
was analyzed. .

(B) BMD of the distal femurs within each group
are described in Figure 3A (*p < 0.05; N.S., not
significant). Data are represented as mean +
SEM.

(C) Cortical thickness evaluation from micro CT
analysis of fernurs within each group described
in Figure 3A. Data are represented as mean +
SEM.

(D) The levels of TNFa, IL-1a, and IL-6 in the
bone-marrow cells culture media and serum
RANKL (*p < 0.05 compared to each sham
group). Data are represented as mean + SEM.



Figure 4. Estrogen treatment failed to
reverse trabecular bone loss of ovariec-

tomized ERa~9°/4%¢ females

(A} von kossa staining of lumbar vertebral bod-
ies of ovariectomized ERa*"* and ERa40</4%¢
mice treated with or without 17B-estradiol
(0.83 ng/day) for 2 weeks (+E2) groups.
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ovariectomized ERa** (left columns) and
ERa“9¢'4%¢ (right columns) mice with (filled
columns) or without {(open columns) E2 treat-
ment for 2 weeks (*p < 0.05 compared with
E2-treated ovariectomized ERa“%%4%¢ mice).
BV/TV: bone volume per tissue volume. ES/
BS: eroded surface per bone surface. 0c.S/
BS: osteociast surface per bone surface.
N.Oc/BS: osteoclast number per bone sur-
face. MS/BS: mineralizing surface per bone
surface. Ob.S/BS: osteoblast surface per
bone surface. MAR: mineral apposition rate.
BFR/BS: bone formation rate per bone surface.
Data are represented as mean + SEM.

(C) tmmunochemical identification of ERa
{brown) in TRAP-positive (red) differentiated
osteoclasts. The femurs of 12 week-old mice
were used for the immunodetection of ERa in
bone cells. All labels were abolished when
the primary antibody was preadsorbed with
the immunizing peptide (negative control).
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The number of TRAP-positive osteoclasts differentiated
from the bone-marrow cells of ERa?%*/4° females was
almost the same as that from ER«** females (Figure 5A)
and males (data not shown). The differentiated ERa49%/40¢
osteoclasts had typical osteoclastic features, including
the characteristic cell shape, TRAP-positive, multiple
nuclei, and actin-ring formation, and were indistinguish-
able from the ERa*'* osteoclasts (Figure 5B).

The expression levels of the prime osteoclastogenic
transcription factors, c-fos and NFATc1, were unaltered
by ERa deficiency in differentiated osteoclasts (Fig-
ure 5C). Furthermore, responses to RANKL in intracellular
signaling, as represented by phosphorylation of p38
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and IkB, were unaffected in ERa?0%49¢ osteoclasts

from females (Figure 5D) as well as males (data not
shown). In light of these findings, it is unlikely that acti-
vated ERa in osteoclastic cells attenuates osteoclasto-
genesis.

Activation of the Fas/FasL System by Estrogen

in intact Bone Is Impaired by Osteoclastic

ER« Deficiency

To examine osteoclastic ERa function in intact bone, DNA
microarray analysis following real-time RT-PCR of RNA
from the femurs of ovariectomized ERa“9%/4°° females
treated with or without estrogen, was performed. During
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the search for candidate ERa target genes in bone by DNA
microarray analysis (Figure S3), we found that a number of
apoptosis-related factors were regulated by estrogen in
the intact bone of ERa™* females but dysregulated in
ERa*9°/4%¢ females. This observation is consistent with
a previous report of estrogen-induced apoptosis of
mature osteoclasts (Kameda et al., 1997). Real-time RT-
PCR to validate the estrogen regulations of the candidate
genes revealed that gene expression of FasL, an apoptotic
factor, was responsive to E2 (Figure 6A). Estrogen treat-
ment (+E2) indeed induced expression of FasL protein in
bone of ovariectomized ERa**, but this induction was
not obvious in ovariectomized ERa“%%4%¢ mice (Figures
6B and 6C). Reflecting FasL induction by estrogen, estro-
gen-induced apoptosis (as observed by the TUNEL assay)
in TRAP-positive mature trabecular osteoclasts in the
distal femurs of the ERa*"* mice was detected, but this
E2 response was abolished in the ERa?C%/40° mice
(Figure 6D). Furthermore, in mice lacking functional FasL
{FasL9%/9'%), neither enhanced bone resorption nor bone
mass loss was induced by ovariectomy (Figures 6E
and 6F).

Osteoclastic ER« Mediates Estrogen-Induced
apoptosis by Fasl.

The expression level of ERa protein in differentiated
osteoclasts derived from bone marrow cells was very
low, but induction of FasL gene expression was also
detectable in the cultured osteoclasts of ERa™* females
as well as males (Figure 7A). However, this E2 response
was impaired in cultured osteoclasts from ERq?0%/49¢
females (Figure 7A). It is notable that such responses are
also induced by tamoxifen (Figure 7C), which is an osteo-
protective SERM (Harada and Rodan, 2003). ER« overex-
pression augmented FasL gene expression in response to
estrogen in cultured osteoclasts from ERa?9/“°° females

818 Cell 130, 811-823, September 7, 2007 ©2007 Elsevier Inc.
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Figure 5. ER« Deficiency Did Not Affect
Osteoclastogenesis

{A) TRAP-positive multinucleated cell count at
3 days after RANKL stimulation, cultured in
24-well plates (n = 6, N.S., not significant).
Data are represented as mean + SEM.

(B) TRAP staining and actin ring formation of
RANKL induced primary cultured osteoclasts
from bone-marrow cells of ERa** and
ERa?9¢/40¢ mice,

(C) RT-PCR analysis of genes related to osteo-
clastogenesis.

(D) Western blot analysis of phosphorylated
p38, JNK, and IxB of primary cultured bone-
marrow cells stimulated with or without
100 ng/ml of RANKL for 15 min.
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(Figure S4A). In primary cultured calvarial osteoblasts from
females as well as males (Suzawa et al., 2003), FasL gene
induction by E2 and tamoxifen was also seen; however, it
was not accompanied by increased apoptosis (data not
shown). Thus, it appears that estrogen-induced apoptosis
in osteoclasts is mediated by FasL expression in osteo-
clasts in the trabecular bone areas, presumably as well
as in osteoblasts in cortical bone areas. As expected,
the cell number of TUNEL-positive osteoclasts was
increased by E2 in the cultured osteoclasts from ERa**
females, but E2-induced apoptosis was undetectable in
ERa494%¢ osteoclasts (Figure 7B). Consistent with
FasL-induced apoptosis, Fas gene expression was ob-
served (Figure 7D), but it was likely that Fas expression
did not require ERa function (Figures S4B and S4C).
Expression levels of Fas and ER« as well as E2 response
in apoptosis appeared to fluctuate during osteoclast dif-
ferentiation (Figures S4B-S4D); however, in FasL mutant
(FasL 9%"9'% fsmales, the E2-induced apoptosis was abol-
ished (Figure S4E). These findings suggest that activated
ERa in differentiated osteoclasts induces apoptosis
through activating FasL/Fas signaling. This leads to sup-
pression of bone resorption through truncating the already
short life span of differentiated osteoclasts (Teitelbaum,
2006).

DISCUSSION

Selective ablation of ERa in mature osteoclasts in female
mice shows that the osteoprotective effect of estrogen is
mediated by osteoclastic ERa, at least in the trabecular
regions of the tibiae, femur, and lumbar vertebrae of fe-
male mice. Activated ERa by estrogen as well as SERMs
appears to truncate the already short life span (estimated
at 2 weeks) of differentiated osteoclasts by inducing
apoptosis through activation of the Fas/FasL system.
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Figure 6. Activated ERx Induced Fas Ligand Expression and Apoptosis in Differentiated Osteoclasts of intact Bone

(A) Real-time RT-PCR analysis of Fas and FasL. Expression levels in bones from E2-treated ovariectomized ERa*"* (open column) and ER«

40c/40c

{filled column) were compared with the ovariectomized groups of each genotype without E2 administration (*p < 0.05 compared to ERa**). Data are
represented as mean + SEM.

(B) Immunohistochemical analysis of anti-FasL. with TRAP staining of the sections from the distal femurs of E2-treated ovariectomized ERa*"* and
ERa49¢/4%< mice. Brawny stained cells are anti-FasL positive.

(C) Anti-FasL western blot analysis of proteins obtained from femurs of ovariectomized ERa*"* and ERa“%%/#% mice treated with or without E2, using
anti-g-actin as interal control.

(D) TUNEL staining with TRAP staining of the sections from the distal femurs of E2-treated ovariectomized ERx*"* and ERa*%%/4% mice. Arowheads

indicate both TUNEL (brown)- and TRAP-positive staining cells.

(E) Bone histomorphometrical analysis of sham-operated or ovariectomized FasL9¥9" mice.
(F) BMD of the distal femurs of sham operated or ovariectomized FasL##?? mice. Data are represented as mean = SEM.

This attenuates bone resorption. This idea is supported by
previous observations that estrogen deficiency following
menopause or ovariectomy leads to high bone turnover,
particularly in the trabecular areas, as bone is rapidly
lost through enhanced resorption (Delmas, 2002; Tolar
et al., 2004). Thus, estrogen treatment leads to recovery
from osteopenia by reducing resorption (Delmas, 2002;
Rodan and Martin, 2000), partly by the induction of osteo-
clast cell death.

In contrast to the osteopenia seen in the ERa“0/4%¢

females, the ERa“%“4°¢ male mice unexpectedly had
no bone loss. The male mice still demonstrated an ERa-
mediated induction of FasL in response to estrogen with
subsequent apoptosis of osteoclasts (Figure 7). Both
male mice with a deficiency of aromatase that are unable
to locally produce estrogen from testosterone and men
with a genetic mutation in the ERa gene suffer from os-
teoporosis (Smith et al., 1994). Considering that the

Cell 130, 811-823, September 7, 2007 ©2007 Elsevier Inc. 819
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Figure 7. Estrogen-lnduced FasL Expression and Apoptosis
Required ER« in Cultured Osteociasts

(A) Real-time RT-PCR analysis of FasL expression using total RNA
obtained from in vitro primary cultured osteoclasts of each genotype
at 3 days after RANKL stimulation, treated with or without E2
(1078 M) for 4 hr {*p < 0.05 compared to the group treated without
E2). Data are represented as mean + SEM.
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markedly elevated levels of testosterone in ERa KO
females may be potent enough to maintain normal bone
tumover (Syed and Khosla, 2005), it is likely that the acti-
vated AR might be functionally sufficient in male mice to
compensate for the ERa deficiency in bone (Kawano
et al., 2003). However, species differences in the osteo-
protective action of sex steroid hormones still need to
be carefully addressed.

Fas/FasL system-mediated apoptotic induction of oste-
oclasts by estrogen may well be a part of the mechanism
for the antiresorptive action of estrogen and SERMs in
trabecular bone areas (Delmas, 2002; Rodan and Martin,
2000; Simpson and Davis, 2001; Syed and Khosla, 2005;
Tolar et al., 2004). Regulation of osteoclast differentiation
is tightly coupled to osteoblastic function in terms of
cytokine production and cell-cell contact (Karsenty and
Wagner, 2002; Martin and Sims, 2005; Mundy and Elefter-
iou, 2006; Teitelbaum and Ross, 2003). Indeed, upregula-
tion of osteoclastogenic cytokines by ovariectomy was
unaffected in ERx49/4%¢ females. Considering the obser-
vation that cortical bone mass is increased in ovariecto-
mized ERa?°4°° females during estrogen treatment, it
is conceivable that the antiresorptive estrogen action in
cortical bone is also mediated by osteoblastic ERx. In
this regard, FasL induction by estrogen in osteoblasts
may contribute to the osteoprotective estrogen action,
and FasL gene induction by estrogen was in fact detected
in primary cultured osteoblasts from female calvaria by us
as well as another group (S. Krum and M. Brown, personal
communication). Thus, similar experiments in which ERa
is selectively ablated in osteoblasts are needed to define
the role of ERa in these cells.

In osteoclastic cells, expression of the FasL gene, which
leads to apoptosis, appears to be positive controlled by
activated ERa. Not surprisingly, a direct binding site for
ERa has been mapped in the FasL gene locus (S. Krum
and M. Brown, personal communication). An osteoclast-
and cell-differentiation stage-specific mechanism may
underlie this gene induction in the FasL gene promoter.
A recent study demonstrated that ERa recruitment to
specific promoter sites of given ERa target genes was
cell-type specific (Carroll et al., 2005). Thus, there is signif-
icant impetus to identify the osteoclastic factor that
associates with ERa in the FasL gene promoter. Such
identification will lead to a better understanding of the mo-
lecuiar basis of the osteoprotective estrogen action and
provide a target against which to develop SERMs of
greater effectiveness.

(B) Apoptotic cells were defined as those with TUNEL-positive nuclei
among TRAP-positive multinucleated primary cultured osteoclasts
treated with or without E2 (10~ M) for 12 hr in 96-well plates
(*p < 0.05 compared to the group treated without E2). Data are repre-
sented as mean + SEM.

(C) FasL expression in each genotypic female osteoclastic cells treated
with or without Tam (1078 M) {*p < 0.05 compared to the group treated
without Tam). Data are represented as mean + SEM.

(D) Expression of Fas was measured as described in the legend of
Figure 7A. Data are represented as mean + SEM.
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EXPERIMENTAL PROCEDURES

Ctsk-Cre Construction and Generation of the Knockin

Mouse Lines

An RP23-422n18 BAC clone containing the mouse Ctsk gene was
purchased from Invitrogen (Carlsbad, CA). The FRT-Kan'/Neo'-FRT
and nisCre fragments were obtained from plasmids pSK2/3-FRT-
Neo and piC-Cre. Two homologous arms of 500 bp from the Ctsk
gene were inserted into both sides of the nisCre-FRT-Kan'/Neo'-FRT
cassette in the pSK2/3-FRT-Neo plasmid. The nisCre-FRT-Kan'/
Neo™-FRT cassette was introduced into the endogenous ATG start
site of the Ctsk gene by recombineering approaches (Copeland
et al., 2001). Targeted BAC was reduced in size from 189 kb to
26 kb and subcloned into the pMC1-DTpA vector by the gap-repair
method. The targeted TT2 ES clones were selected after positive-
negative selection with G418 and DT-A with Southermn analysis, then
aggregated with single eight-cell embryos from CD-1 mice (Yoshizawa
et al., 1997). Chimeric mice were then crossed with a general deleter
mouse line, ACTB-Fipe (Jackson Laboratory), to remove the Kan/
Neo’ cassette. The Cisk-Cre mice (Ctsk®™"), originally on a hybrid
C57BL/6 and CBA genetic background, were backcrossed for four
generations into a C57BL/6J background. FasL###? mice were also
purchased from Jackson Laboratory.

Analysis of Cre Recombinase Activities

Expression of the Cre transcript was detected by RT-PCR. Southern
analysis using a Cre cDNA probe was performed with total RNA
extracted from 12-week-old mice. To evaluate the specificity and effi-
ciency of Cre-mediated recombination, we mated the Ctsk®™* mice to
CAG-CAT-Z reporter mice (kindly provided by J. Miyazaki) (Sakai and
Miyazaki, 1997) and genotyped their offspring with Cre-specific
primers. f-galactosidase activity of the expressed LacZ gene driven
by the CAG promoter was expected to be detected in the given cells
expressing functional Cre recombinase.

in Vitro Osteoclastogenesis and Ligand Application
Bone-marrow cells derived from 8-week-old mice were plated in cul-
ture dishes containing a-MEM (GIBCO-BRL) with 10% FBS (JRH)
and 10 ng/m! M-CSF (Genzyme). After incubation for 48 hr, adherent
cells were used as osteoclast precursor cells after washing out the
nonadherent cells. Cells were cultured in the presence of 10 ng/mt
M-CSF and 100 ng/mi RANKL (Peprotech) to generate osteoclast-
like cells (Kega et al., 2004) for 3 days, so the total culture time was
5 days. Three days after RANKL stimulation, primary cultured osteo-
clasts were treated with 1078 M of 17B-estradiol (E2) (Sigma-Aldrich
Co.) or 1078 M 4-hydroxytamoxifen (Tam) (Sigma-Aldrich Co.) in
phenol-red free medium.

Generation of Osteoclast-Specific ER» KO Mice

The ERa conditionat (ERa™*") (Dupont et al., 2000) and null alleles
with a C57BL/6J background have been previously described.
ER™™* mice were crossed with Ctsk™* mice to generate
CtskC®*; ERa™™* mice. Ctsk°™"*; ERa™™ (ERa*™) and Ctsk®/*;
ERa"ox (ERa49%/40%) mice were obtained by crossing Ctsk®™*;
ERa™ " with ER«™* mouse lines.

Radiological Analysis

Bone radiographs of the femurs of 12-week-old Ctsk®™®'*; ERa/*/fox
(ERa“/4%%) and Ctsk®®*; ERa*"* (ERa*'") littermates were visualized
with a soft X-ray apparatus (TRS-1005: SOFTRON). BMD was
measured by DXA using a bone mineral analyzer (DCS-600EX:
ALOKA). Micro Computed Tomography scanning of the femurs was
performed using a composite X-ray analyzer (NX-CP-C80H-IL: Nit-
tetsu ELEX Co.) (Kawano et al.,, 2003). Tomograms were obtained
with a slice thickness of 10 pm and reconstructed at 12 x 12 pixels
into a 3D image by the volume-rending method (VIP-Station; Teijin
System Technology) using a computer.
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Analysis of Skeletal Morphology

Twelve-week-old Ctsk®™*; ERa™* "% (ERx49°/4%%) and Ctsk“"**;
ERa*'* (ERa*') littermates were double labeled with subcutaneous
injections of 16 mg/kg of calcein (Sigma) at 4 and 2 days before sacri-
fice. Tibiae were removed from each mouse and fixed with 70% etha-
nol. They were stained with Villanueva bone stain for 7 days and
embedded in methyl-methacrylate (Wako) (Yoshizawa et al., 1997).
Frontal plane sections (5-um thick) of the proximal tibia were cut using
a Microtome (LEICA). The cancellous bone was measured in the sec-
ondary spongiosa located 500 um from the epiphyseal growth plate
and 160 um from the endocortical surface (Kawano et al., 2003; Naka-
michi et al., 2003). Bone histomorphometric measurements of the tibia
were made using a semiautomatic image analyzing system (System
Supply) and a fluorescent microscope (Optiphot; Nikon). Similar
measurements of the lumbar vertebral bodies were done as previously
reported (Takeda et al., 2002). Standard bone histomorphometrical
nomenclatures, symbols, and units were used as described in the
report of the ASBMR Histomophometry Nomenclature Committee.

Ovariectomy and Hormone Replacement

Female Ctsk®®™; ERa™ 1% (ERa®%</4%%) and Ctsk®*™*; ERa**
(ERa*"") littermates were ovariectomized or sham operated at 8-12
weeks of age for 2 weeks for all experiments, and slow releasing
pellets of E2 (0.83 pg/day) or placebo (Innovative Research, Sarasota,
FL) were implanted subcutaneously in the scapular region behind the
neck (Sato et al., 2004; Shiina et al., 20086).

Iimmunochistochemistry

Twelve-week-old Ctsk®™*; ERa"™"* (ERq40%/40%) and Ctsk®™;
ERa** (ERa*"")littermates were fixed with 4% PFA by perfusion. Serial
sections of the brain (20 pm thick) were divided into two groups and
used for single labeling for the ERa or thionin to aliow determination
of the areas to be measured. Tibiae and femurs were decalcified in
10% EDTA for 24 weeks after fixation and then embedded in paraffin
sections, Sections were incubated in L.A.B. solution (Polysciences) for
30 min to retrieve antigen. The cooled sections were incubated in 1%
H,0, for 30 min to quench endogenous peroxidase and then washed
with 1% Triton X-100 in PBS for 10 min. To block nonspecific antibody
binding, sections were incubated in blocking solution (DAKO) for 5 min.
Sections were then incubated with anti-ER« (Santa Cruz, CA) and anti-
FaslL (Santa Cruz, CA} in blocking solution overnight at 4°C. Staining
was then performed using the EnVision+ HRP System (Dako) and 3,
3'-diaminobendizine tetrahydrochloride substrate (Sigma), counter-
stained with TRAP, dehydrated through an ethanol series and xylene,
before mounting (Sato et al., 2004).

ERo Overexpression

Two days after RANKL stimulation, an expression vector of mouse ERa
was tranfected into immature osteoclastic cells from ERa#%%/#%¢ mice
using Superfect (QIAGEN) as manufacture’s instruction.

Real-Time RT-PCR

One microgram of total RNA from each sample was reverse tran-
scribed into first-strand ¢cDNA with random hexamers using Super-
script lll reverse transcriptase (Invitrogen). Primer sets for all genes
were purchased from Takara Bio. Inc. (Tokyo, Japan). Real-time RT-
PCR was performed using SYBR Premix Ex Taq (Takara) with the
ABI PRISM 7900HT (Applied Biosystems) according to the manufac-
turer's instructions. Experimental samples were matched to a standard
curve generated by amplifying serially dituted products using the same
PCR protocol. To correct for variability in RNA recovery and efficiency
of reverse transcription, Gapdh cDNA was amplified and quantified in
each cDNA preparation. Normalization and calculation steps were
performed as reported previously (Takezawa et al., 2007).

Cell 130, 811-823, September 7, 2007 ©2007 Elsevier Inc. 821



TUNEL/TRAP Staining

The TUNEL method was performed using the ApopTag Fluorescein In
Situ Apoptosis Detection Kit (CHEMICON interational) according to
the manufacturer's instructions with a slight modification. This was
followed by TRAP staining as previously reported (Kobayashi et al.,
2000).

Cytokine Assays

Bone marrow and blood were collected at 2 weeks after sham opera-
tion or ovariectomy. Bone-marrow cells were cuftured for 3 days in
DMEM. The levels of TNFa, IL-1a, and IL-6 in the culture media and
serum RANKL were determined by ELISA (R&D Systems).

Western Blot

Osteoclast precursor cells were treated with or without 100 ng/ml of
soluble RANKL. After 15 minutes, cell extracts were harvested from
the cells using lysis buffer containing 100 mM Tris-HCI (pH 7.8),
150 mM NaCl, 0.1% Triton X-100, 5% protease inhibitor cocktail
(Sigma), and 5% phosphatase inhibitor cocktail (Sigma). An equivalent
amount of protein from each of the cell extracts and proteins of femoral
bone extracted using ISOGEN was loaded for SDS-PAGE and trans-
ferred to PVDF membranes (Amersham Biosciences). The membranes
were developed with enhanced chemiluminescence reagent (Amer-
sham Biosciences) (Ohtake et al., 2003). Phosphorylation of p38
MAPK and kB were evaluated using antibodies purchased from Cell
Signaling Technology (Koga et al., 2004) and anti-FasL antibody was
purchased from Santa Cruz Biotechnology (sc-834).

Actin-Ring Formation

Cells were fixed for 15 min in warm 4% paraformaldehyde (PFA). After
fixation, cells were washed three times with PBS with 0.1% Triton
X-100 (PBST) and incubated with 0.2 U/mi rhodamine phalloidin
(Molecular Probes) for 30 min and washed again three times in PBST.

Statistical Analysis
Data were analyzed by two-tailed student’s t test. For all graphs, data
are represented as mean + SEM.

Supplemental Data

Supplemental Data include Supplemental Experimental Proce-
dures and four figures and can be found with this article online at
http://www.cell.com/cgi/content/full/130/5/811/DC1/.
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ABSTRACT:

We have previously suggested that the decrease in the levels of
serum total thyroxine (T,) and free T, by a single administration to rats
of Kanechlor-500 (KC500) at a dose of 100 mg/kg is not necessarily
dependent on the increase in hepatic T,-UDP-glucuronosyitrans-
ferase (UDP-GT). In the present study, we determined whether or not
a consecutive treatment with KC500 at a relatively low dose {10
mg/kg i.p., once daily for 10 days) results in a decrease in the level of
serum total T, and further investigated an exact mechanism for the
KC500-induced decrease in the T,. At 4 days after final treatment with
KC500, the serum total T, and free T, levels were markedly decreased
in both Wistar and UGT1A-deficient Wistar (Gunn) rats, whereas sig-
nificant increases in hepaﬁc T,-UDP-GT activity were abserved in

Wistar rats but not in Gunn rats. The ievel of serum thyroid-stimulat-
ing hormone was not significantly changed in either Wistar or Gunn
rats. Clearance from serum of the ['*[]T, administered to the KC500-
pretreated Wistar and Gunn rats was faster than that to the corre-
sponding controi (KC500-untreated) rats. The accumulated leve! of
['2°))T, was increased inseveral tissues, especially the liver, in the
KC500-pretreated rats. The present findings demonstrated that a
consecutive treatment with KC500 resulted in a significant decrease
in the level of serum total T, in both Wistar and Gunn rats and further
indicated that the KC500-induced decrease would occur through
increase in accumulation of T, in several tissues, especially the liver,
rather than increase in hepatic T,-UDP-GT activity.

Most polychlorinated biphenyls (PCBs) are known to decrease
the level of serum thyroid hormone and to increase the activity of
hepatic drug-metabolizing enzymes in rats (Van Birgelen et al,,
1995; Craft et al., 2002). As possible mechanisms for the PCB-
induced decrease in the level of serum thyroid hormone, enhance-
ment of thyroid hormone metabolism by PCB and displacement of
the hormone from serum transport proteins, including transthyretin
(TTR), by PCB and its ring-hydroxylated metabolites are consid-
ered (Barter and Klaassen, 1992a, 1994; Brouwer et al., 1998). In
particular, the decrease in the level of serum thyroxine (T,) by
3,3',4,4’,5-pentachlorobiphenyl, Aroclor 1254, and 2,3,7,8-tetra-
chlorodibenzo-p-dioxin in rats is believed to occur mainly through
induction of the UDP-glucuronosyliransferases (UDP-GTs), espe-
cially UGT1A subfamily enzymes, responsible for glucuronidation
of T, (Barter and Klaassen, 1994; Van Birgelen et al., 1995).

This work was supported in part by the Grant-in-Aid for Scientific Research (C}
{no. 1851 0061; Y.K.) and for Scientific Research (B) (no. 19310042; K.H., Y.K)
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Article, publication date, and citation information can be found at
http://dmd.aspetjournals.org.

doi:10.1124/dmd.107.017327.

However, the magnitude of decrease in the level of serum total T,
is not pecessarily correlated with that of increase in T,-UDP-GT
activity (Craft et al., 2002; Hood et al., 2003). Furthermore, we
have reported that in Kanechlor-500 (KC500)-treated mice, serum
T, level decreased without an increase in T,-UDP-GT activity
(Kato et al., 2003) and that the decrease in serum total T, level by
a single administration of either KC500 or 2,2',4,5,5'-pentachlo-
robiphenyl occurred even in UGT!A-deficient Wistar (Gunn) rats
(Kato et al., 2004). Thus, an exact mechanism for the PCB-induced
decrease in the level of serum thyroid hormone remains unclear. To
date; most studies on biological effects of PCB have been per-
formed using experimental animals treated once at a high dose
(more than 100 mg/kg body weight), and the effect of the consec-
utive treatment at a low dose has been little reported. Humans and
wild animals are exposed to a wide variety of environmental
chemicals, including PCB, at a low level over a long period of
time. Therefore, a study on biological effects by consecutive
treatment with PCB at a low dose would be very important.

In the present study. therefore, we examined whether or not a
consecutive treatment with KCS00 at a relatively low dose (10 mg/kg
i.p., once daily for 10 days) results in decrease in the level of serum
total T, and further discussed a mechanism underlying the PCB-
induced decrease in the T,.

ABBREVIATIONS: PCB, polychlorinated biphenyl; KC500, Kanechlor-500; T, trilodothyronine; T,, thyroxine; TTR, transthyretin; TSH, thyroid-

stimulating hormone; UDP-GT, UDP-glucuronosyitransferase.
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Materials and Methods

Chemicals. Panacete 810 (medium-chain triglycerides) was purchased from
Nippon OQils and Fats Co. Ltd. (Tokyo, Japan). The ['**IJT,, radiolabeled at the
5'-position of the outer ring, was obtained from PerkinElmer Life and Ana-
lytical Sciences (Waltham, MA). The KC500 used in the present experiments
contains 2,2’,5,5'-tetrachlorobiphenyl (5.6% of total PCBs), 2,2°,3,5’,6-penta-
chlorobiphenyl (6.5%), 2,2'.4.3.5'-pentachlorobiphenyl (10%), 2,3,3',4".6-
pentachlorobiphenyl  (7.4%).  2,3',4,4".5-pentachlorobipheny] (1.7%),
2,2'.3.4.4' 5’ -hexachlorobiphenyl (5.6%), and 2,2’ ,4,4',5,5'-hexachlorobiphe-
nyl (5.4%) as major PCB congeners (Haraguchi et al, 2005). All the other
chemicals used herein were obtained commercially in appropriate grades of
purity.

Animal Treatments. Male Wistar rats (160-200 g) and UGT L A-deficient
Wistar rats (Gunn rats, 190-260 g) were obtained from Japan SLC., Inc.
(Shizuoka, Japan). Male Wistar and Guna rats were housed three or four per

Wistar Gunn
. 125¢
g
€ 100 p= —
Q
[£]
s T75%
R
E 50 F
s 25} % *
o
A .
. 125¢
e
£ 100 } po= p
8
e 75 ¢
E sof
[
2 25} * *
] I
~ 125¢
[
€ 100} —
.8 ]
"6 75 F *
3
~ 50fp
=
T 25F)
L
0
150 ¢
-~ 125
<]
€ 100
Q
k] 75
X
- 50
n
- 25
1]

Fic. 1. Effects of KC500 on levels of serum total T,, free T, total T;, and TSH in
Wistar and Gunn rats. Animals were killed 4 days after the final administration of
KCS00 (10 mg/kg ip., once daily for 10 days), and levels of serum thyroid
hormones were measured as described under Marerials and Methods. Constitutive
levels: total T, 4.29 = 0.38 (Wistar, n = 5) and 5.80 * 0.32 pg/dl (Gunn, n = 5);
free T,, 2.17 = 0.16 (Wistar. n = 5)and 2.71 % 0.17 ng/dl (Gunn, 2 = 5); total T;,
0.34 + 0.03 (Wistar. n = 6) and 0.96 * 0.05 ng/ml (Gunn. n = 4); TSH, 489 =
0.33 (Wistar, n = 5) and 7.48 = 1.14 ng/ml (Gunn, n = 5). Each column represents
the mean * S.E. (vertical bars) for five to six animals. *, P < 0.01, significantly
different from each control.
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cage with free access to commercial chow and tap water, maintained on a 12-h
dark/light cycle (8:00 AM to 8:00 PM light) in an air-controlled room (tem-
perature, 24.5 = 1°C; humidity, 55 = 5%), and handled with human care under
the guidelines of the University of Shizuoka (Shizuoka, Japan). Rats received
consecutive intraperitoneal injections of KC500 (10 mg/kg) dissolved in Pan-
acete 810 (5 ml/kg) at 24-h intervals for 10 days. Control animals were treated
with vehicle alone (5 mg/kg).

In Vivo Study. Rats were killed by decapitation 4 days after the final
administration of KC500. The liver was removed, and hepatic microsomes-
were prepared according to the method of Kato et al. (1995) and stored at
—85°C until use. Blood was collected from each animal between 10:30 and.
11:30 AM. After clotting at room temperature, serum was separated by
centrifugation and stored at —50°C until use.

TABLE 1
Effects of KC500 on the activity of hepatic microsomal alkexyresorufin
O-dealkylases in Wistar and Gunn rais

Animals were killed at 4 days after the final administration of KC500 (10 mg/kg i.p., once
daily for 10 days). The values shown are expressed as the mean * S.E. for four o five
animals.

Wisair Guan
Substrates
Controi KC500 Control KC500
nmolfing prowin/min wroliing proteinfmin
7-Benzyloxyresorafin 0,07 £ 0.01  3.34 £ 0.33% 0.03 +0.003 1.08 =0.27*
7-Pentoxyresorufin -~ 0.03 = 0.003 043 £0.05* 002 £0.003 022 * 0.05*
7-Ethoxyresorufin 0142001 902x009* 021001 221 £0.29*
* p.< 0.05. significantly different from cach control.
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Fig. 2. Effects of KCS00 on the activity of hepatic wdcrosomal UDP-glucuronyl-
transferase in Wistar and Gunn rats. Each column represents the mean * S.E.
(vertical bars) for five to six animals. Constitutive levels: T,-UDP-GT, 14.17 = 1.11
pmol/mg protein/min (Wistar) and 6.36 = 1.34 pmol/mg protein/min (Gunn). *,
P < 0.01, significamly different from each control.
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FiG. 3. Representive Western blot profiles for hepatic microsomal UGT isoforms in
the KC500-treated Wistar and Gunn eats.
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Fic. 4. Effects of KC500 on levels of hepatic microsomal UGT isoforms in Wistar
and Gunn rats. The isolated bands responsible for UGT isoforms, which are shown
in Fig. 3. were densitometrically quantified as described under Materials and
Methods. The data are represented as the mean *+ S.E. (vertical bars) for five to six
animals. *, P < (.05, significantly different from each control. ND. not detectable.

Analysis of serum hormones. Levels of total T,, free T, total triiodothyro-
nine (T3), and thyroid-stimulating hormone (TSH) were measured by radio-
immunoassay using Total T4 and Free T4 kits (Diagnostic Products Corpora-
tion, Los Angels, CA), the Triiodothyronine kit GammaCoat T, II (DiaSorin
Inc., Stiltwater, MN), and the rTSH ['2°T] Biotrak assay system (GE Healthcare
UK, Ltd., Lintle Chalfont, Buckinghamshire, UK), respectively.

Hepatic microsomal enzyme assays. Hepatic microsomal fraction was pre-
pared according to the method described previously (Kato et al., 1995), and the
amount of hepatic microsomal protein was determined by the method of Lowry
et al. (1951) with bovine serum albumin as a standard. Microsomal O-
dealkylase activities of 7-benzyloxy-, 7-ethoxy-, and 7-pentoxyresorufins were
determined by the method of Burke et al. (1985).

Hepatic T,metabolizing enzyme assay. The activity of microsomal
UDP-GT toward T, (T,-UGT activity) was determined by the methods of
Barter and Klaassen (1992b).

Western blot analysis. The polyclonal anti-peptide antibodies against the
common region of UGT1A isoforms and specific antibodies against UGT1A1,
UGTIAS6, and UGT2BI, which were established by Ikushiro et al. (1995,
1997). were used. Western blot analyses for microsomal UGT isofonms were
performed by the method of Luquita et al. (200 1). The bands corresponding to
UGT1A1, UGT1AS6, and UGT2B! on a sheet were detected using chemical
luminescence (ECL detection kit; GE Healthcare UK, Ltd.), and the level of
each protein was determined densitometrically with LAS-1000 (Fuji Photo
Film. Co., Ltd., Tokyo, Japan}).

Ex Vivo Study. At 4 days after a consecutive 10-day treatment with KC500,
the rats were anesthetized with a saline (2 mi/kg) containing sodium pento-

barbital (25 mg/ml) and potassium iodide (1 mg/ml). The femoral artery was-

cannulated (polyethylenc tube SP31; Natsume Inc., Tokyo, Japan) and primed
with heparinized saline (33 units/ml), and then the animal’s body was warmed
to 37°C. Fifteen minutes later, the rats were given i.v. 1 ml of ['?*IIT, (15 pCi
/mtl) dissolved in the saline containing 10 mM NaOH and | % normal rat serum.

Clearance of ['**I]T, from serum. The study on the clearance of ['*I]T,
from serum was performed according to the method of Oppenheimer et al.
(1968). In brief, after the administration of ['2°1]T,, a portion (0.3 ml) of blood
was sampled from the artery at the indicated times, and serum was prepared
and stored at —50°C until use, Two aliguots (15 ul each) were taken from each
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FiG. 5. Effects of KC500 on the binding of ['**1JT, 10 serum proteins in Wistar rats.
Amounts of ["**IIT, bound to the serum proteins were assessed by the method
described under Materials and Methods. Each column represents the mean + S.E.
(vertical bars) for three to six animals. =, P < 0.05, significantly different from each
control.

serum sample for determining [***1]T, level by a gamina counter (COBRA 11
AUTO-GAMMA 5002; PeckinElmer Life and Analytical Sciences).

Analysis of ['2*1]T, bound 10 serum proteins. The levels of serum [**[]T,-
albumin and {'**IJT,-TTR complexes were determined according to the
method of Davis et al. (1970). In brief. serum was diluted in 100 mM
phosphate buffer (pH 7.4) containing 1 mM EDTA, 1 mM dithiothreitol, and
30% glycerol, and subjected to electrophoresis on 4 to 20% gradient native
polyacrylamide gels PAG Mid “Daijchi” 4/20 (Daiichi Pure Chemicals Co.,
Ltd., Tokyo, Japan). The electrophoresis was performed at 4°C for L1 h at 20
mA in the 0.025 M Tris buffer (pH 8.4) comaining 0.192 M glycine. The
human albumin and TTR, which were incubated with [***1]T,, were also
applied on the gel as templates. Afier the electrophoresis, a gel was dried and
radioautographed for 20 h at room temperature using Imaging Plate 2040 (Fuji
Photo Film Co., Ltd.). The levels of ["**1[T,-albumin and ['**T,-TTR in
serum were determined by counting the pel fractions identified from Bio
Imaging Analyzer (BAS-2000M [P Reader; Fuji Photo Film Co.. Ltd.).

Tissue distribution of ["’HT, The study on the tissue distribution of
['25I)T, was performed according to the inodified method of Oppenheimer et
al. (1968). In brief, at 60 min after administration of ['?*[1T, to KC300-
pretreated rats, blood was sampled from abdominal aorta. Then, cerebrum,
cerebellum, pituitary gland, thyroid gland, sublingual gland, submandibular
gland. thymus, heart, lung, liver, kidney, adrenal gland. spleen, pancreas, testis,
prostate gland, seminal -vesicle, stomach, duodenum, jejunum. ileum, cecum,
brown fat, skeletal muscle, bone marrow skin, spinal cord, and fat were
removed and weighed. Radioactivities in serum and the tissues were deter-
mined by 2 gamma-counter {COBRA B AUTO-GAMMAS002; PerkinElmer
Life and Analytical Sciences), and amounts of ['2*[]T, in various tissues were
shown as ratios of tissue 1o serum.

Statistics. The data obtained were statistically analyzed according to Stu-
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dent’s 1 test or Dunnett’s test after analysis of variance. In addition, data of the
clearance of ['*I1T, from serum and analysis of ['*’I1T, bound to serum
proteins were statistically analyzed according to the Newman-Keuls test after
analysis of variance. The pharmacokinetic parameters of ['*’I]T, were esti-
mated with noncompartmental methods as described previously (Tabata et al.,
1999).

Results

Serum Hormone Levels. Effects of KC500 on levels of serum
thyroid hormones were examined in Wistar and Gunn rats (Fig. 1). In
both Wistar and Gunn rats, KC500 treatment resulted in decreases of
the serum total T, and free T,, and the magnitude of the decrease in
each serum thyroid hormone was almost the same in both strains of
rats. On the other hand, a significant decrease in the level of serum
total T, was observed in Gunn rats but not in Wistar rats. In addition,
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FiG. 6. Effects of KC500 on the binding of ['?*IJT, to serum proteins in Gunn rats.
Amounts of ['"2IJT, bound to the serum proteins were assessed by the method
described under Marerials and Methods. Each column represents the mean = S.E.
(vertical bars) for four to five animals. *, P < 0.05, significantly different from each
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no significant change in TSH level was observed in either Wistar or
Gunn rats.

Hepatic Drug-Metabolizing Enzymes. Effects of KC500 on
hepatic microsomal activities of benzyloxyresorufin O-dealkylase
(CYP2B1/2 and CYP3Al/2), pentoxyresorufin - (O-dealkylase
(CYP2B1/2), and ethoxyresorufin O-dealkylase (CYP1A1/2) were
examined in Wistar and Gunn rats. In both Wistar and Gunn rats,
these enzyme activities were significantly increased by KC500 (Table
1), and the increase in each enzyme activity was much greater in
Wistar rats than in Gunn rats.

Hepatic T ,-Metabolizing Enzyme Activities. T, glucuronidation
is primarily mediated by hepatic T,-UDP-GTs, such as UGT1AIl and
UGTI1AS, in the rat liver (Visser, 1996), and a chemical-mediated
induction of the enzymes is considered to contribute to the decrease in
the level of serum total T,. Therefore, we examined effects of KC500
on hepatic microsomal T,-UDP-GT activity in Wistar and Gunn rats.
Constitutive activity of T,-UDP-GT was approximately 2.2-fold
higher in Wistar rats than in Gunn rats. Treatment with KC500
resulted in significant increase of T,-UDP-GT activity in Wistar rats
but not in Gunn rats (Fig. 2).

Western Blot Analysis for UGT1As. Levels of the proteins re-
sponsible for UGTIA enzymes; UGTIAL and UGTIAS, were in-
creased by KC500 treatment in Wistar rats but not in Gonn rats (Figs.
3 and 4). In addition, no expression of the UGTIA enzymes was
confirmed in Gunn rats. On the other hand, the level of UGT2B1 was
significantly increased by KCS00 in both Wistar and Gunn rats, and
magnitudes of the increase in both strains of rats were almost the same
(Figs. 3 and 4).

Serum Proteins Bound to [*>°IJT,. The effects of KC500 on the
binding of [***I]T, to serum proteins, TTR, and albuinin were exam-
ined in Wistar and Gunn rats (Figs. 5 and 6). In both Wistar and Gunn
rats, pretreatment with KC500 resulted in a significant decrease in the
level of ['*°I]T,-TTR complex, whereas it resulted in a significant
increase in the level of [">*T]T, bound to albumin (Figs. 5 and 6).

Clearance of ['**I]T, from Serum. After an i.v. administration of
['2°1]T, to the KC500-pretreated Wistar and Gunn rats, concentrations
of ['?°I]T, in sera were measured at the indicated times (Fig. 7). In
both Wistar and Gunn rats, pretreatment with KC500 promoted the
clearance of ['?*[]T,, from serum, and their serum ["*°[]T, levels were
decreased to approximately 40% of the initial level within 5 min: In
the KC500-untreated Wistar and Gunn rats, serum [*2°[JT, levels
were gradually decreased to approximately 40% of the initial level at
120 min later. The serum pharmacokinetic parameters of the [*2°[JT,
estimated from these data (Fig. 7) were suramarized in Table 2. The
mean total body clearances (CL,,) of ['**IJT, in the KC500-pretreated
rats were 2.4 and 2.9 times, respectively, greater than those in the
corresponding control rats. The steady-state volumes of distribution
(Vd,,) in the KC500-pretreated rats were 1.6 and 2.4 times, respec-
tively, larger than those in the comresponding control rats.

Fic. 7. Effects of KC500 on the clearance of ['**1]T, from serum
in Wistar and Gunn rats. The amount of serum ['?51T, was
measured at the indicated times after the i.v. administration of
{*2°[IT,. Each point represents the mean + $.E. (vertical bars) for
four to eight animals. 2, P < 0.001, significantly different from
each control. O, contzol;, @, KC500.
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Tissue Distribution of [*>’I]T,. The tissue-to-serum concentration
ratio (K, value) and distribution level of ['*I)T, in tissue after the
administration of ['**]T, to the KC500-pretreated Wistar and Gunn
rats are shown in Figs. 8 and 9, respectively. K, values of the thyroid
gland and liver were the greatest among those of the tissues examined
in ejther Wistar or Gunn rats (Fig. 8). In addition, K, values in all the
tissues examined, with the exception of the testis and ileum, were
greater in KC500-pretreated Wistar rats than those in the correspond-
ing control (KC500-untreated) rats. K, yalues in the thyroid gland,
liver, and jejunum in the KC500-pretreated Wistar and Gunn rats were
1.6 10 1.8, 3.3 to 3.8, and 4.7 to 11.5 times, respectively, higher than
those in corresponding control rats (Fig. 8).

In the control Wistar and Gunn rats, the accumulation leve!l of
{'**I]T, was highest in the liver, among the tissues examined (Fig. 9).
In both Wistar and Gunn rats, pretreatment with KC500 resulted in an
increase in the accumulation level in the liver, and the levels increased
to more than 40% of the ['**I]T, dosed (Fig. 9). Likewise, significant
increase in accumulation of ['2°I]T, was observed in the jejunum (Fig.
9). In addition, significant increases in the liver, weight and accumu-
lation level (per g liver) of ['**I]T, occurred in KC500-pretreated
Wistar rats, but not in Gunn rats (Tables 3 and 4).

Discussion

In the present study, we found that consecutive treatment with
KC500 (10 mg/kg i.p., once daily for 10 days; total dose, 100 mg/kg)
promoted accumulation of T, in several tissues, especially the liver,
and resulted in a drastic decrease in the levels of serum total T, and

TABLE 2

Phanmacokinetic parameters for ['**I|T, after the administration of {'**IT, to
the KC500-pretreated Wistar and Gunn rats

The experimental conditions werc the same as those described in Fig. 7. The values
shown arc expressed as the mean * S.E. for four to seven animals.

Animal Treatment ~ Mcan Total Body Clearance X 100 Distribution Volume
ml/min mil
Wistar Control 7.82 = 0.59 17.91 + 0.52
KC500 18.85 = 3.49* 51.51 + 6.34*
Gunn Control 8.44 = 0.22 20.21 = 1.79
'KC500 13.84 = 0.88* 48.91 + 3.50*

* P < (.05, significanty different from each control.

Wistar

Kp value

N W &~ OO =>2NWHEOON

Kp value
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free T, in both Wistar and Guna (UGT1A-deficient) rats. Thus, a
decrease in the level of serum total T, is also observed in the Wistar
and Gunn rats treated with KC500 (a single i.p. administration at a
dose of 100 mg/kg) (Kato et al., 2004). In addition, constitutive levels
of serum total T, and T, were higher in Gunn rats than in Wistar rats,
and the results were identified with those as previously described by
Benathan et al. (1983). The difference in constitutive level of serum
thyroid hormone between Wistar and Gunn rats seems to be depen-
dent on differences in the level and/or activity of T,/T;-UDP-GTs.

As a possible explanation for a chemical-induced decrease in serum
thyroid hormones, a hepatic T,-UDP-GT-dependent mechanism is
generally considered, because T,-UDP-GT inducers, including PCB,
phenobarbital, 3-methylcholanthrene, pregnenolone-16a-carbonitrile,
and clobazam, show strong activities for decreasing the level of serum
total thyroid hormones. including T, and T, (Barter and Klaassen,
1994; Van Birgelen et al., 1993; Miyawaki et al., 2003). However,
among the experimental animals treated with a T,-UDP-GT inducer,
the difference in magnitude of decrease in the level of serum total T,
is not necessarily correlated with that of hepatic T,-UDP-GT activity
(Craft et al., 2002; Hood et al., 2003; Kato et al., 2003). Our present
and previous results (Kato &1 al., 2004, 2005) using Wistar and Gunn
rats support a hypothesis that significant decrease in the level of serum
.total thyroid hormones by either PCB or phenobarbital occurs primar-
ily in a hepatic T,-UDP-GT-independent pathway.

As a possible mechanism for the PCB-induced decrease in serum
T, level, an increase in hepatic drug-metabolizing enzymes might be
considered. However, these are induced to a greater extent in the
Wistar rats than in the Guan rats, whereas magnitudes of decrease in
serum T, level in Wistar and Gunn rats were almost the same.
Accordingly, the KC500-induced decrease in serum T, level is
thought to be independent of the KC500-induced drug-metabolizing
enzymes, including UDT-GTs and cytochromes P450.

As the factors regulating the level of serum total T, serum TSH,
hepatic type I iodothyronine deiodinase, and TTR are known. However,
no significant change in the level of serum TSH occurs in the PCB-
treated rats (Liu et al., 1995; Hood et al., 1999; Hallgren et al., 2001; Kato
et al,, 2004). Hepatic type I jodothyronine deiodinase activity was sig-
nificantly decreased in Wistar and Gunn rats by KC500 (Kato et al,,
2004). On the other hand, a TTR-associated pathway might be considered
as an explanation for the PCB-induced decrease in the level of serum total

FiG. 8. Tissue-to-semum concentration ratio (K, value)
of |'**IfT, in various tissues after administration of
1**[}T, to the KCS50-pretreated Wistar and Gunn rats.
KCS00 (10 mgrkg) was given i.p. to animals once daily
for 10 days. and then, the animals were administered
i, |230T.. At 60 min after administration of |'2IT,,
the eadioactivity in each tissue was measured. Each
calumn represents the mean = $.E. (vertical bars) for
three 1o six animals. %, P < 0.0S. significantly different
from each control. [, control; M, KC500.
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Fic. 9. Tissue distribution of ['2[]T, after administration of ['**IJT, to the KCS00-pretreated Wistar and Gunn rats. The experimental conditions were the same as those
described in Fig. 8. Each column represents the mean * S.E. (vertical bars) for four to six animals. *, P < 0.05, significantly different from each control. 1. control; M,

KC500.

TABLE 3
Liver weights after the administration of KC500 to Wistar and Gunn rats

Animals were killed at 4 days after the final adminiswation of KC500 (10 mg/kg i.p., once
daily for 10 days). The values shown are expressed as the mean * S.E. for four to six
animals.

Liver Weight
Animal
Control KC500
% of body weight
Wistar 3.07 x0.04 381 x0.47*
Gunn 3.25 £ 0.08 338+ 0.10

*P < 0.01, significantly different from each control.

TABLE 4
Accumulation of [*°IJT, in the KC500-pretreated Wistar and Gunn rat livers

The cxperimental conditions were the same as those described in Fig. 8. The values
shown are cxpressed as the mean = S.E. for four to six animals,

11T,
Animal
Control KC500
% of doselg liver
Wistar 3.86 + 0.18 6.01 * 0.24*
Gunn 474 £0.43 633 x 062

* p < 0.001, significanty different from each control,

T,, because PCB and its ring-hydroxylated metabolites act as T, antag-
onists to TTR (Lans et al., 1993; Brouwer et al., 1998; Meerts et al., 2002;
Kato et al., 2004). Thus, competitive inhibition by PCB and/or its me-
tabolites would promote a decrease in the level of serum total T,,. In the
present study, significant decrease in the level of ['*1]T,, bound to serum
TTR and increase in the level of ['*IJT, bound to serum alburnin
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occurred in both KC500-pretreated Wistar and Gunn rats, suggesting that
PCB and/or its metabolile(s) inhibit the formation of serum T,TTR
complex.

Thus, inhibition of the T,~-TTR formation might lead to change in.
the tissue distribution of T ,. Therefore, to clarify this, we administered
(12°1]T, to KC500-pretreated Wistar and Gunu rats and, thereafler,
determined the levels of ['Z*1]T, in their tissues. In addition, since
{'2°1T,, in either plasma or tissues is known to be stable during 48 h
(Oppenheimer et al., 1968), the radioactivity detected in the serum and
tissues would be attributed to [!**T] T, in each tissue. Marked increases
in the mean total body clearance of [**31]T, and in the steady-state
distribution volume of [**T]T, were observed in the KC500-pre--
treated rats. A tissue-to-serun concenlration ratio (K, value) was
greater in several tissues, especially the liver, of the KCS00-pretreated
Wistar and Gunn rats than in the corresponding control (KC500-
untreated) rat tissues. In addition, in both KC500-pretreated Wistar
and Gunn rats, more than 40% of the ['*5IJT, dosed was accumulated
in the liver. '

In conclusion, the present findings confirmed that PCB-induced
decrease in serum T, occurs not only in Wistar rats but also in Guan
(UGT1A-deficient) rats and fusther led to a hypothesis that the PCB-
induced decrease occurs through increase in accumulation (transpor-
tation from serum to liver) of T, in the liver, rather than through
induction of hepatic T,-UDP-GT. In addition, the increased accumu-
lation in the liver might be atuibuted to the PCB- and its metabo-
lite(s)-mediated inhibition of formation of serum T,-TTR complex.
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Inhibition of LAT1 (L-type amino acid transporter 1) activity in tumor cells could be effective in
the inhibition of tumor cell growth by depriving tumor cells of essential amino acids, Because of
the high level of expression of LAT1 in tumor cells, LAT1 inhibitors would be useful for antican~
cer therapy in suppressing tumor growth without affecting normal tissues. In recent years,
c¢DNA microarray technique is useful technology for anticancer drug development. It allows
identifying and characterizing new targets for developments in cancer drug therapy through the
understanding genes involved in drug action. The present study was designed to investigate
gene expression profile induced by LAT1 inhibitor using gene chip technology. Human bladder
carcinoma cells (T24 cells) were treated with classical system L inhibitor 2-aminobicyclo-(2, 2,
1)+heptane-2-carboxylic acid (BCH). Gene chip experiment was appled for treated and
untreated cells after 3 and 12 h. Two independent experiments with a high degree of concor-
dance identified the altered expression of 151 and 200 genes after 3 and 12 h BCH treatment.
Among these genes, 132 and 13 were upregulated and 19 and 187 were down-regulated by 3
and 12 h BCH treatment respectively. We found that BCH affected the expression of a large
number of genes that are related to the control of cell survival and physiologic behaviors.
These data are useful for understanding of intraceflular signaling of cell growth inhibition
induced by LAT1 inhibitors as candidate for anticancer drug therapy.

Key words: BCH, Gene expression, Microarray, Bladder carcinoma cells, LAT1

INTRODUCTION inhibition of tumor cell growth by depriving tumor cells of

essential amino acids (Kanai and Endou, 2001). Our

System L is a major nutrient transport system respon-
sible for the Na’-independent transport of large neutral
amino acids including several essential amino acids
(Christensen, 1990; Oxender and Christensen, 1963). In
malignant tumors, a system L transporter L-type amino
acid transporter 1 (LAT1) is up~regulated to support tumor
cell growth (Kanai et al., 1998; Sang et al., 1995; Wolf ef
al., 1996; Yanagida et al., 2001) . It is proposed that the
manipulation of system L activity, in particular that of
LAT1, would have therapeutic implications. The inhibition
of LAT1 activity in tumor cells could be effective in the
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previous studies have revealed that T24 cells express
LAT1 in the plasma membrane together with its assock
ating protein 4F2hc that inhibited by a system L-specific
inhibitor 2-aminobicycio~(2, 2, 1)yheplane-2-carboxylic acid
(BCH) (Kim et af., 2002; Yanagida ef al., 2001). An in-
creased understanding of molecular mechanisms of LAT1
inhibitors will lead to the development LAT1 inhibitors for
anticancer drug therapy.

¢DNA microaray analysis pemits the simultaneous
andrapid analysis of the expression of tens of thousands
of genes, and, in tum, provides an opportunity for deter-
mining the effects of anticancer agents. This technology
will contribute to the more accurate development of ther-
apeutic strategies and will help to determine the molecular
mechanism(s) of action of chemopreventive and/or ther-
apeutic agents (Li and Sarkar 2002; Macgregor and Squire,
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2002). To better understand the precise molecular mecha-
nisms by which BCHexerts its effects on T24 bladder can-
cinoma cells, we utilized a cDNA microarray to interrogate
the mRNA levels of 39,000 genes and to determine the
gene expression profiles of T24 bladder carcinoma celfls
treated with BCH.

MATERIALS AND METHODS

Cell culture and growth inhibition

T24 human bladder cancer cells were cultured in the
growth medium (minimum essential medium supplemented
with 10% fetal bovine serum) in a 5% CO, atmosphere at
37°C. For growth inhibition, 60 h after seeding (during
logarithmic phase) T24 cells were freated with 20 mM
BCH for 3 and 12 h.

¢cDNA microarray analysis for gene expression
profiles

T24 cells were treated with 20 mM BCH for 3and 12 h.
The rationale for choosing these time points was to
capture gene expression profiles of early response genes,
genes that may be involved during the onset of growth
inhibition. Total RNA from each sample was isolated by
Trizol (Invitrogen) and purified by RNeasy Mini Kit and
RNase-free DNase Set (QIAGEN, Valencia, CA) accord-
ing to the manufactures’ protocols. cDNA for each sample
was synthesized by using Superscript cDNA Synthesis Kit
(Invitrogen) using T7-(dT)24 primer instead of the oligo
{dT) provided in the kit. The biotin-labeled cRNA was
transcripted in vitro from cDNA using a BioArray HighYield
RNA Transcript Labeling Kit (ENZO Biochem, New York,
NY) and purified using an RNeasy Mini Kit. The purified
cRNA was fragmented by incubation in fragmentation
buffer (200 mmollL Tris-acetate pH 8.1, 500 mmolL KOAg,
150 mmol/lL MgOAc) at 95°C for 35 min and chilled on
ice. The fragmented labeled ¢cRNA was applied to Human
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Genome U133 Array (Affymetrix, Santa Clara, CA), which
contains 39,000 human gene ¢DNA probes, and hybridized
to the probes in the amay. After washing and staining, the
arrays were scanned using a HP GeneArray Scanner
(Hewlett-Packard, Palo Alto, CA). Two independent experi-
ments were performed to verify the reproducibifity of resuts.

Microarray data normalization and analysis

Data analysis was performed with the GeneChip Ex-
pression Analysis soflware (Affymetrix) and GeneSpring
TM software (Silicon Genetics, Redwood, CA, U.S.A.).
The differences in hybridization efficiency among arrays
were equalized by intensities of spiked-in control mRNAs
added to the sample in proportion to its DNA content
(Kanno et al., 2006). In a set of GeneChip experiments
comparing the same sample hybridized to two different
amays, method-associated experimental artifacts produced
less than two-fold differences between two identical
samples. Thus, genes displayed over two-fold expression
change were subjected to further testing. GeneChip amray
HG-U133A represents 22283 franscripts and the genes
whose absolute call judged “present” in at least 1 sample
were used for further analysis.

RESULTS

Cell growth inhibition by BCH treatment

Cell count showed that the treatment of T24 bladder
cancer cefls with BCH, time dependently inhibited cell
profiferation (Fig. 1), demonstrating the growth inhibitory
effect of BCH. These results are consistent with our
previous study. This inhibition of cell profiferation could be
dueto altered regulation of gene expression by BCH.

Regulation of gene expression by BCH treatment
The gene expression profiles of T24 cells treated with
BCH were assessed using ¢cDNA microarray. Two inde-
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Fig. 1. T24 cell growth curve, BCH was added to freated cells 60 h after seeding.
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Fig. 2. Effect of BCH on gene expression after 3 h. Expression of many genes altered in T24 cells treated with BCH for 3 h,
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Fig 3. Effect of BCH on gene expression after 12 h. Expression of many genes altered in 724 cells treated with BCH for 12 h,

pendent experiments showed the altered expression of
151 and 200 genes at the mRNA level after 3 and 12 h
BCH treatment. Among these genes, 132 and 13 were
upregulated and 19 and 187 were down-regulated by 3
and 12 h BCH freatment respectively. Expression of genes
altered as early as 3 and 12 h of BCH treatment and was
significantly up-regulated after 3 h and down-egulated
after 12 h (Figs. 2 and 3). We found that after 3 h, BCH
upregulated genes that are involved mainly in signal
fransduction, enzyme reaction, transcription, cell profiferation
and transport (Table I). On the other hand after 12 h,BCH

down-regulated genes that are related mainly to enzyme
reaction, transcription, signal transduction, RNA binding,
transport, cell proliferation and DNA metabofism (Table il).

DISCUSSION

For continuous growth and profiferation, rapidly dividing
tumor cells require more supply of sugars and amino
acids. They are supported by the up regulation of trans-
porters specialized-for those nutrients. Transporters for
essential amino acids are particularly important since they

-278-
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Table L Fold changes of specific genes in T24 cells treated with BCH for 3 h
genes foldchange tlest p-value

Hypothetical protein 3100 0.156
th79e05.x1 Soares_NhHMPu_S1 Homo sapiens cDNA done IMAGE:2124896 3', mRNA sequence. 2871 0.045
Sorting nexin 11 2691 0.012
GABA(A) receptor-associated protein fike 1 2.674 0.083
Down syndrome critical region gene 1 2666 0.058
Interleukin 8 2629 0123
wdd1c03.x1 Soares_NFL_T_GBC__S1 Homo sapiens cDNA clone IMAGE:2330692 3' similar to TR:000538 000538 2506 0439
F2583.3 KINASE LIKE PROTEIN. ;, mRNA sequence.

Interfeukin 8 2534 0.087
[L2-inducible T-cell kinase 2526 0371
Protein kinase C, beta 1 2427 0.151
“Insufindike growth factor binding protein 3 2317 0.130
Vav 3 oncogene 2.267 0.053
Fibroblast growth factor 12B 2237 0.127
CD53 antigen 2216 0.106
MAD {mothers against decapentaplegic, Drosophila) homolog 7 2194 0.073
GRO2 oncogene 2,186 0.020
G protein-coupled receptor 27 2178 0.308
Adhesion glycoprotein 2173 0.061
qq08e12.x1 Soares_NhHMPu_S1 Homo sapiens cDNA clone IMAGE:1931950 3', mRNA sequence. 2.159 0.027
Epiregulin 2152 0.024
Gamma-aminobutyric acid (GABA) receptor, tho 2 2143 0.159
DKFZP5641.0862 protein 2125 0.505
Insufindike growth factor binding protein 1 2,080 0.216
GTP-binding protein overexpressed in skeletal muscle 2074 0.056
Syntrophin, gamma 1 2053 0.388
Adenosine A1 receptor 2046 0.024
Inhibin, alpha 2.020 0.003
Frizzled (Drosophila) homolog 7 2.008 0.055
601763146F1 NIH_MGC_20 Homo sapiens cDNA clone IMAGE:4026010 5, mRNA sequence. 2008 0.101
enzyme

Cytosolic beta-glucosidase 2668 0.209
UDP glycosyttransferase 1 family, polypeptide A1 2.355 0.014
wg36d09.x1 Soares_NSF_F8_9W_OT_PA_P_S1 Homo sapiens cDNA clone IMAGE:2367185 3', mRNA sequence. 2.287 0.072
Arginase, fiver - 2201 0.339
Peptidyiprotyl isomerase A {cyclophlin A} 2.166 0423
ov13206.x1 NCI_CGAP_Kid3 Homo sapiens cDNA clone IMAGE:1637170 3' similar to WP:R07B7.5 CE06267 ;, mRNA 2116 0.270
sequence. :
cytochrome P4501IE1; Human cytochrome P450IIE1 (ethanokinducible) gene, complete cds. 2075 0.219
Keratin, hair, basic, 6 (monilethrix) 2072 0.043
Protein kinase, Ydinked 2028 0430
transcription

Homeo box A6 2254 0.062
yf31g02.51 Soares fetal liver spleen 1NFLS Homo sapiens cDNA clone IMAGE: 128498 3', mRNA sequenice. 2.024 0.259
Runielated transcription factor 2 2.003 0,048




