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Fig. 3. In Vivo Induction of Adipogenic Modulators and RXR:PPARy Target Genes
C57B8L/6 male mice (three animals per treatment) were dosed with TBT (0.3 mg/kg b.w.), AGN195203 (0.3 mg/kg), roglitazone
{3 mg/kg b.w.), or vehicle {corn oil} only by Ip injection. Animals were killed afier 24 h and dissected and cDNA was prepared from
liver, epidydimal fat pad, or testis for quaniitative real-time PCR analysis. Expression levels were normalized to histone Hisizhd
and shown as the average fold change = sem {n = 3) compared with vehicle {com oll) controls. Conirol ve. ligand treatments were
analyzed by the unpaired Siudent’s f test: 7, P < 0.1; ™, P < 0.05. TROG, Troglitazone.

with Oll Red O 1o assess changes in {otal tissue lipid D} architecture and significantly increased Oll Red O
accumulation. TBT exposure caused a disorganization staining in treated animals vs. controls. Liver seciions
of hepatic {Fig. 4, A and B) and gonadal (Fig. 4, C and exhibited signs of steatosis consistent with the mis-
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Fig. 4. In Ulero BExposure o TBT lhcrea
Mouse Liver, Testis, and Adipose Depois

Histologioal sections (12 wmy) of newhorm mouse fiver (A and
B), testis {C and D), inguinal adipose {E and F) and mammary
adipose {G and H) stained with Off Red O and counterstained
with hematoxylin following in utero exposure to vehicle only
{sesame ol (A, G, E, and Gy or 0.8 mg/kg bw. TBT B, D, F, and
H} given s.c. daily from E12-18. Scale bar, 100 gm.

2

ses Adiposity in

regulation of faily acid uptake and synihesis observed
using molecular markers. In addition, Ol Red O posi-
tive staining in mammary and inguinal adipose (Fig. 4,
E~H) tissues was dramatically elevaied, reflecting ei-
ther an increase in lipid accumulation or an increass in
mature adipocyies.

To determine whether exposure induced long-term
changes in growth or adipose tissue, we followed mice
from birth to adulthood afier in utero exposure to TRT
as indicated above. At birth, mice were cross-fostered
to unexposed dams, and folal body weight was re-
corded until 10 wk of age (Fig. 5A). Growth curves for
male and female pups showed a slight trend for lower
total body weight consistent with published observa-
tions {8) but were not statistically significant at 10 wk
[conirol vs. TBT: male, 26.00g = 0.70 (n = Q) vs. 25.53
g *0.38 (n=10), P = 0.583; female, 21.22 g = 0.41
=10}, vs. 20.24 g =+ 0.24 (n =10}, P = 0.0520]. Males
were kifled at 10 wk and epididymal fat pads were
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weighed (Fig. 5B). Adipose mass in TBT-treated males
was increased significantly by 20% over conirols [con-
olvs. TBT: 030 g = 0.020{h = Q) vs. 0.36 g = 0.018
{n =10}, P = 0.0874]. These data support the conclu-
sion that TBT can increase body adiposity without
overily increasing fotal body weight. Similar lipid ac-
curnulation and changes in adiposs tissue mass have
also been observed after TZD or rexincid ireatment
B55-57). :
We had previously observed that TRT activaied Xe-
nopus FXAs (Table 1) and reasoned that the strong
conservation in vertebrate nuclear receptor signaling
pathways should resull in consistent responses 1o or-
ganotin and RXR/PPARYy ligands across diverse ver-
tebrate species. We therefore tested chronic exposure
o environmentally relevant low doses of TBT (1-10
nv), the RXR-specific ligands LG100268 and
AGN195208 (10-100 v}, troglitazone (0.1~1 um), and
sstradiol (1-10 nv) on developing X laevis tadpoles
from stage 48 o metamorphe. To determine the af-
fectiveniess of these doses in X faevis tadpoles, we
used aromatase expression as a molecular marker
because activily and expression are sensitive to en-
docrine disruption by organotins and BXR/PPARY li-
gands in mammals (17, 18). Xenopus aromatase ex-
pression was similarly reprassed 2- to 3-fold by 10 nm
TBT, AGN195203, LG100268, or 1 um troglitazone at
stage 56 tadpoles (Fig. 6A) and al all subsequent
stages. Despite significant ligand-induced aromatase
down-reguiation, neither sex ratios nor the time re-
quired to reach metamorphosis was altered (data not
shown). Xenopus liver and kidney also exhibited no
gross structural abnormalities at the doses given.
However, consistent with the testis and adipose
results from mice presented above, we observad a
dose-dependent increase in ectopic adipocyte forma-
fdon posterior to the faf bodies in and around the
gonads of both sexes after TBT or RXF/PPARYy ligand
exposure (Fig. 6B). In contrast, esiradicl-ireated ani-
mals did not show increased adipocyte formation
compared with controls. At 10 nv TBT, 10 nm
AGN195203, or 1 um troglitazone, ectopic adipocytes
were observed In approximately 45-680% of animals,
At the highest dose of TBT in males, testicular tissue
was interspersed with, or replaced by, adipocytes
along the anterior-posterior axis (Fig. 8, D, E, and G).
The concordant changes observed in Xenopus aro-
matase expression, gonadal adipocyie formation, and
increased murine adiposity afier exposure o TRT,
RXR and PPARy ligands are therefore consistent with
a commen mechanism of action through BXR:PPARy
activation, supporting the conclusion that endocrine
disruption via nuclear recepior transcriptional regula-
tlon is a novel and key feature of organctin toxicity.

DISCUSSION

We have shown above that TBT is a potent inducer of
adipogenasis, in vitro and in vivo, by acting as a novel,
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Fig. 8. In Utero Exposure to TBT Increases Adipose Mass But Not Body Weight in Adult Mice

A, Growth curves of C57BL/6 male and female pups exposed to control (sesame oil) or TBT in utero (E12-18). Data are mean +
sem (n = 10). B, Epididymal fat pad weights from control or TBT-treated males at 10 wk. *, Epididymal adipose mass from exposed
males was approximately 20% greater [control vs. TBT: 0.30 g = 0.020 (n = 9) vs. 0.36 g = 0.018 (n = 10); *, P = 0.0374). Data

represent mean = sem (n = 9-10).

high-affinity xenobiotic ligand for RXRa and PPARYy.
The ability of organotins to bind and activate these
receptors, in particular the RXRs, which exhibit very
restricted ligand specificity, is unexpected given the
radically different chemical composition and three-
dimensional molecular structure of organotins when
compared with known natural and synthetic nuclear
receptor ligands. Typically, RXR ligands comptise a
carboxylic acid functional group and a three-dimen-
sional molecular shape that mimics 9-cis RA. Struc-
ture-activity profiles indicate distinct structural prefer-
ences for organotins but also a relatively broad
accommodation for agonist activity that is not easily
reconciled with the classical ligand-binding model. Or-
ganotins may therefore interact somewhat differently
than previously described RXR/PPARYy ligands with
receptor LBDs to induce productive conformational
changes required for coactivator recruitment. How-
ever, the binding data indicate that TBT is a potent and
efficacious ligand for both RXRs and PPARy that in-
teracts, at least partially, with the same receptor-bind-
ing sites of other high-affinity ligands and promotes
the necessary cofactor interactions required for ago-
nist activation. In the study of Kanayama et al. (24),
TBT was only effective in coactivator recruitment as-
says with PPARy above 10 um in vitro. However, in
accord with our findings, they show that TBT activated
PPAR~y significantly at nanomolar concentrations in
transfection assays. This may reflect a limitation of
preference in the cofactor used in vitro. Alternatively,
the lower maximal activation observed with TBT on
PPARY in cells (~30% at 100 nm TBT cf troglitazone)
is consistent with one of two possibilities: either non-
specific cellular toxicity at high levels or activation as
a partial agonist.

The ability of TBT to act as a dual ligand for permis-
sive heterodimers such as RXRa:PPARY, which can
be activated by specific ligands for either receptor,
also raises the possibility for additive or synergistic
effects that might increase the potency of these com-
pounds in vivo at low doses for this specific signaling
pathway. Of note is that receptor activation is ob-
served at nanomolar concentrations, whereas other
mechanisms of toxicity and endocrine disruption, e.g.
direct inhibition of aromatase activity, typically occur
in the micromolar range. Furthermore, the activation of
other permissive RXR heterodimeric partners, e.g. LXR
and NURRT1, suggests that organotins may act more
widely to disrupt multiple nuclear receptor-mediated
hormonal signaling pathways.

The biological consequences of organotin activation
of the RXR:PPARYy signaling pathway are predictable
and should follow known aspects of BXR/PPARy bi-
ology. The RXR:PPARy pathway plays a key role in
adipocyie differentiation and energy storage, and is
central to the control of whole-body metabolism (58).
PPARYy activation increases the expression of genes
that promote fatty acid storage and represses genes
that induce lipolysis in adipocytes in white adipose
tissue (59). PPARYy such as the thiazolidinediones can
modulate insulin sensitivity due to these effects on the
adipocyte, reversing insulin resistance in the whole
body by sensitizing the muscle and liver tissue to
insulin (60). However, a consequence of this increase
in whole-body insulin sensitivity is that fat mass is
increased through the promotion of triglyceride stor-
age in adipocytes. Evidence is also mounting that
depot-specific remodeling and adipocyte numbers in-
crease after thiazolidinedione ireatment (55-57).
Therefore, PPAR~y agonists comprise a class of phar-
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Flg. 8. Endocrine Disruption of RXR:PPARYy Signaling and Ectopic Induction of Adipocytes in X faevis by TBT

A, Expression levals of Xenopus aromatase J{CYP19) were determined in tadpoles (stage 56) by guantitative real-tims PCR
after 24-h exposure to vehicle only (DMSQ) or the indicated ligands. Expression was normalized to Xenopus EF1e and expressed
as average fold changs in expression = sem {n = 9) relative to vehicle controls. B, X laevis tadpoles were dosed weeldy under
static renswal conditions with indicated ligands from stage 48 (bsfore gonadogenesis) untll stage 84 {metamorphic climax).
Metamorphs (stage 66) were scored for ectopic adipocyte patches on gonads and urogenital ducts. Data are shown as the
percentage of metamorphs exhibiting ectopic adipocyte patches posterior to the fat bodiss; mean + so from triplicate tanks. C-E,
Dissecting microscope photographs of Kidneys (), testis {8, and fat bodies (b} from DMSO control, 10 nwt TBT, and 1 um
troglitazone-treated male metamorphs. Multiple ectopic adipocyte patches {red arrows) are present posterior to the fat bodies
along the anterior-posterior axis of gonads in TBY (D)- and troglitezone ([E)-treated animals but not controls {C). Histological
sections of kidneys and gonads from the same conirol (F) and 10 nv TBYT (G)-treated males at the level indicated by the wihite
fine in C and D. Gonadal and connective tissue was sither completely replaced by, or intersparsed with, adipoaytes {red arrows)
in TBT-treated animals. Saciions were developed with Mallory’s frichrome stain. Scafe bars, 100 pm.

maceutical therapies for type 2 disbeles that can also
promote obesity by increasing fat storage. Likewise,
RXR ligands also act as insulin-sensitizing agornists In
rodents (61), underscoring the permissive nature of the
PRARy:RNR heterodimer and the potential effects on
dizbetes and obesity of both PPARy and RXR
agonists.

Our datz are consistent with recent studies that
organctins can mediate some of thelr endocrine dis-

ruption effects by transcriptionai regulation through
nuclear receptors, in particular RXR:PPARy signaling
{(17-18, 24). Consequently, TBT exposure can promole
adipocyte differentiation in the same manner as other
BXR or PPARy ligands in vitro using the standard
murine 3T3-L1 cell model and in vivo through in-
creasaed adiposity after intrautering organolin expo-
sure in newborn mice. it is currently unknown whether
the increased adiposity in vive results from an increase
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in adipocyte precursor cell number, enhanced adipo-
cyte differentiation from the same number of precur-
sors, an increase in adipocyte size without an increase
in number, or some combination of these.

The prevailing epidemiological data ascribe high-
density caloric and/or fatty diets coupled with de-
creased physical activity as the root causes for the rise
in obesity rates in the general population (62). The
contribution of genetic components is less clear. Al-
though genetic variation contributes to an individual's
propensity to develop obesity, the rapid worldwide
increase in obesity suggests that interaction with the
modern environment exposes inherent genetic differ-
ences. The Barker hypothesis postulates that in utero
fetal nutritional status is a potential risk factor for met-
abolic syndrome diseases (63-67). In this view, devel-
opmental metabolic programming of a thrifty pheno-
type limits the range in adaptive responses to the
environment, e.g. diet and exercise, in later life (68).
Experimental evidence from animal models lends sup-
port o this hypothesis (69). Plausible mechanisms
include imprinting of obesity-sensitive hormonal path-
ways or changes in cell type and number, e.g. adipo-
cytes, established during development.

Others, however, argue that the environment plays
another role in obesity. Because the increase in obe-
sity rates parallels the rapid growth in the use of in-
dustrial chemicals over the past 40 yr, it is plausible
and provocative to associate in utero or chronic life-
fime exposure to chemical triggers present in the mod-
ern environment with this epidemic. Hence, an “obe-
sogen” model predicts the existence of xenobiotic
chemicals that inappropriately regulate lipid metabo-
lism and adipogenesis to promote obesity. Several
recent studies serve as proof-of-principle for such a
hypothesis. Environmental estrogens such as bisphe-
nol A and nonylphenol, for instance, can promote adi-
pocyte differentiation or proliferation in murine cell
lines (70, 71). Furthermore, epidemiological studies
link maternal smoking during pregnancy to an elevated
risk of childhood obesity (72-76).

Seen in this context, we propose that organotins
such as TBT and its congeners are chemical stressors
or obesogens that activate RXR:PPARYy signaling to
promote long-term changes in adipocyte number
and/or lipid homeostasis after developmental or
chronic lifetime exposure.

MATERIALS AND METHODS

Plasmids and Transfections

pCMX-GAL4 and pCMX-VP16 plasmid fusion constructs to
nuclear receptor LBDs and coactivators [GAL4-hRARe,
hRXRe«, -xRXRa/y, -hPPARYy, -mPPARe, -human steroid and
xenobiotic receptor (SXR), -NURR1, -VDR, -LXR, -hACTR,
~-hPPAR-binding protein (PBP), -human steroid receptor co-
activator-1 (SRC-1), human transcriptional intermediary fac-
tor 2 (TIF2)] have been previously described (77-82). Trans-
fections were performed in Cos7 cells (transformed green
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monkey kidney fibroblast cell line) essentially as described
elsewhere (83) using MH200-x4-TK-Luc as reporter and nor-
malized to pCMX-B-galactosidase controls. Briefly, Cos7
cells were seeded at 5000 cells per well in 96-well tissue
culture plates in 10% fetal bovine serum/DMEM and trans-
fected for 8 h with 11 pg/plate of DNA/calcium phosphate
precipitate mix (MH200x4-TK-Luc-CMX-B-galactosidase-
nuclear receptor/coactivator effector(s) at a ratio of 5:5:1).
Cells were washed free of precipitate with PBS and media
were replaced with serum-free insulin, transferrin, lipid, bo-
vine serum albumin supplemented (ITLB)/DMEM (84) plus
ligands for an additional 24 h before assays for luciferase and
B-galactosidase activity. All transfection data points were
performed in triplicate, and all experiments were repeated at
least three times.

Quantitative Real-Time PCR Analyses

Total cellular RNA from C57BL/6 mouse and X. /aevis tissues
was isolated with Trizol reagent and reversed transcribed
with oligo dT and Superscript I (Invitrogen, San Diego, CA)
according to the manufacturer’s instructions. Triplicate cDNA
samples (50 ng/reaction) were analyzed by quantitative real-
time PCR on a DNA Engine Opticon thermal cycler [MJ Re-
search (Watertown, MA)/Bio-Rad Laboratories (Hercules,
CA)] using SYBR Green chemistry (PerkinElmer Life Sci-
ences, Wellesley, MA). Fold changes in expression levels
were calculated after normalization to histone Hist2h4 using
the A-A cycle threshold method (85). Gene-specific primers
were as follows. Hist2h4 forward (F): 5'-CCCGTGGTGTGC-
TGAAGGTGTT-3’; reverse (R), 5'-GAATTGAAGCGGCGGC-
GTCTA-3'; RXRa F: 5'-CGGCTGCTCAGGGTACTIGTGTTT-
3'; R, 5'-CGGCTGCTCAGGGTACTTGTGTTT-3’; PPARy F:
5'-TGGGTGAAACTCTGGGAGATTC-3"; R, 5'-AATTTCTTG-
TGAAGTGCTCATAGGC-3'; C/EBPa F: 5’'-CCAAGAAGTCG-
GTGGACAAGA-3'; R, 5'-CGGTCATTGTCACTGGTCAACT-
3'; C/EBPB F: 8'-GCCCGCCGCCTTTAGACC-3'; R, 5'-CG-
CTCGTGCTCGCCAATG-3"; C/EBPS F: 5'-AACCCGCGGC-
CTTCTACGAG-3'; R, 5-ACGGCGGCCATGGAGTCAAT-3';
aP2 F: 5'-GAATTCGATGAAATCACCGCA-3"; R, 5'-CTCTTT-
ATTGTGGTCGACTTTCCA-3'; FATP F: 5'-AGCCGCTTCTG-
GGATGACTGTGT-3'; R, 5'-ACCGAAGCGCTGCGTGAA-
CTC-3’; ACS F: 5'-CCCAGCCAGTCCCCACCAG-3"; R, 5'-
CACACCACTCAGGCTCACACTCGT-3’; FASN F: 5’-TCGG-
GTGTGGTGGGTTTGGTGAAT-3"; R, 5'-ACTTGGGGGCGT-
GAGATGTGTTGC-3";ACAC F: 5'-G GATGGCAGCTCTGGA-
GGTGTATG-3"; R, 5'-TGTCCTTAAGCTGGCGGTGTTGTA;
Pck1 F: 5'-CTGGCAGCATGGGGTGTITGTAGG-3'; R, 5'-
TGCCGAAGTTGTAGCCGAAGAAGG-3’; Srebfl F: 5’-GCC-
CCTGCCCACCTCAAACCT-3'; R, 5'-ACTGGCACGGGCAT-
CCTTCCTC-3'; Xenopus EFta F: 5'-GATCCCAGGAAAGC-
CAATGTGC 3'; R, 5'-CCGGATCCTGCTGCCTICTTCT-3;
Xenopus CYP19 (aromatase) F: 5'-GTCTGGATTAATGGCGAG-
GAAACA-3"; R, 5'-CTGATGAAGTATGGCCGAATGACC-3'.

Ligand Binding

Histidine-tagged RXRa LBD (Hg-RXRa LBDs) was expressed
and purified from pET15b(+) vector in BL21(DE3) pLysS bac-
teria cultures after induction with 1 mm isopropyl-g-b-thioga-
lactopyranoside for 3 h at 37 C (86). Purified Hg-PPARy was
purchased from Invitrogen. Proteins were bound to 96-well
Nickel Chelate Flashplates (PerkinElmer Life Sciences) at 100
wg/mi overnight at 4 C and washed five times with 200 wi/well
Flashplate Assay Buffer (20 mm HEPES, pH 7.9; 100 mm KCi,
0.1% cholamidopropyldimsthylammonio-2-hydroxy-1-pro-
panesulfonate, 0.1 mm dithiothreitol). Competition assays
typically used 1-5 nm [PH]-9-cis-RA (PerkinElmer Life Sci-
ences) or 10-50 nm [PHJrosiglitazone (American Radiochemi-
cals, Inc., St. Louis, MO} plus cold competitor ligands in
Flashplate Assay Buiffer at concentrations indicated in the
figures. Plates were incubated at room temperature, pro-
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tected from light, and read after 4 h on a Packard Topcount
scintillation counter (Packard Instruments, Meriden, CT).
Specific bound counts/min were determined by subtraction
of counts/min from uncoated wells at each ligand concen-
tration. Data were analyzed with GraphPad Prism 4.0 (Graph-
Pad Software, Inc., San Diego, CA) using a one-site compe-
tition binding equation to determine K, values for competitor
ligands; K, values of 1.4 and 41 nm for 9-cis-RA and rosigli-
tazone for their respective receptors were used in the calcu-
lations (87, 88).

3T3-L1 Cell Assays

3T3-L1 (American Type Culture Collection, Manassas, VA)
cells were maintained as subconfluent cultures by passage
every 3 d from cultures seeded at 5000 cells/cm? in 8% calf
serum/DMEM. For differentiation assays, cells were seeded
at 15 x 10° cells per well into 24-well tissue culture plates in
8% fetal bovine serum/DMEM, after which cultures were
grown for 2 d and then treated with the indicated RXR, RAR,
and PPAR ligands either with or without MDIT (100 um
3-isobutyl-1-methylxanthine, 100 nm dexamethasone, 0.1
ng/mi insulin, and 2 nm T, thyroid hormone) induction cock-
tail. Media and ligand treatments were renewed every 2 d.
After 1 wk, cells were scored for adipocyte differentiation by
Oil Red O staining for lipid droplet accumulation. Cultures
were washed with PBS, fixed with 10% formaldehyde for 15
min, washed with distilled water, and stained with filtered Oll
Red O solution {4 g/liter, 60% isopropanol) for 15 min. Excess
stain was removed by washing three times with distilled
water. Three random fields from each well were photo-
graphed under phase conirast and analyzed in Imaged.
Images were converted into high-conirast black and white
images to visualize lipid droplets and scored as the percent-
age area per field. Data are shown as the mean * sem from
three wells per treatment. The method was validated by
extraction of Oil Red O from stained cells into 100% isopro-
panol and quantitated by absorbance at 540 nm on a
spectrophotometer.

In Vivo Animal Exposure Experiments

C57BL/6J mice were housed under a 12-h light, 12-h dark
cycle. Pregnant mice were dosed by ip injection with TBT
[0.05 or 0.5 mg/kg body weight (b.w.)] or vehicle {(sesame oil)
from embryonic d 12 (E12) every 24 h until the day before
delivery. Neonates were killed at the day of delivery and
analyzed. The samples were embedded in optimal cutting
temperature embedding compound and sectioned (12 mm)
using a cryostat. Sections were fixed on slides with 4%
paraformaldehyde for 10 min and rinsed in PBS. The slides
were then sequentially washed with distilled water and 60%
of isopropano! and stained with Oil Red O (4 g/liter, 60%
isopropanol). After washing with 60% isopropancl and dis-
tilled water, the slides were counterstained with hematoxylin.
Sections were evaluated and photographed using a Zeiss
microscope (Carl Zeiss, Thornwood, NY).

For long-term growth studies, pups were cross-fostered to
unexposed C57BL/6 dams after birth, and litier sizes were
kept constant at eight pups per dam (control, two male + two
ferale; TBT ireated, two male + two female). Animals were
weaned at 3 wk of age and maintained on standard rodent
chow. Total body weight was followed until 10 wk of age.
Males were then killed, and epididymal fat pads were dis-
sected and weighed.

X. laevis tadpoles were sorted at stage 48 (89) and main-
tained in 1-liter glass tanks in 20% Holtireter's buffered salt
solution (80) at a density of 10 tadpoles per tank on a dist of
ground Tetramin Fish Flakes and spirulina. Compounds pre-
pared in dimethylsulfoxide (DMSQ) as 10%-fold stock solu-
tions were tested on triplicate tanks and dosed by static
renewal after weekly water changes. Metamorphs at stage 64
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were transferred to individual containers and fed frozen brine
shrimp for 2 wk until stage 66. Froglets were euthanized with
250 mg/liter MS222 in 20% Holifreter's solution and then
scored for gonadal abnormalities and interrenal/gonadal adi-
pocyie formation under a dissecting microscope. Kidneys
with attached gonads and livers were fixed in 10% formalin-
PBS, embedded in paraffin, and sectioned at 15 um thick-
ness. Sections were developed with Mallory’s trichrome
stain.

All animal experiments were approved and performed in
accordance with Institutional Animal Care and Use Commit-
tee protocols.
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Mesp2 is a transcription factor that plays fundamental roles in
soimitogenesis, and its expression is strictly restricted to the ante-
rior presomitic mesoderm just before segment border formation.
The transcriptional on-off cydle is linked to the segmentation
clock. In our current study, we show that a T-box transcription
factor, Tbx6, is essential for Mesp2 expression. Thx6 directly binds
to the Mesp2 gene upstream region and mediates Notch signaling,
and subseguent Mfesp2 transcription, in the anterior presomitic
mesoderm. Our data therefore reveal that a mechanism, via Thus-
dependent Notch signaling, acis on the transcriptional regulation
of Mesp2. This finding uncovers an additional component of the
interacting network of various signaling pathways that are in-
volved in somitogenesis.

enhancer | transgenic mouse | RBPJx | luciferase assay

omitogenesis not only is an important merphogenic process
that generates metameric structures in vertebrates, but it is
also a intriguing model system for the study of the interactions
among various signaling cascades that facilitate periodic pattern
formation. The segmental boundary of each somite forms at the
anterior end of the presomitic mesoderm (PSM) or unsegmented
paraxial mesoderm, which is supplied from the primitive streak
or tailbud at a later stage of development.

Notch signaling plays fundamental roles in segmental pattern
formation by means of oscillating the activity in the tailbud, its
forward movement through the PSM as traveling waves, and its
stabilization at the anterior end of the PSM (1, 2). A segment
border forms at the posterior limit of the stabilized stripe of
Notch signaling activity (2). The oscillation of the Notch signals
in the tailbud region is regulated by the transcription factor Hes7
(3), a glycosyltransferase Lunatic fringe (2), and by Wntsignaling
(4). In contrast, the positioning of segment formation by a
determination wavefront is thought to be defined by antagonistic
interactions between gradients of Fgf signals from the posterior
end (5) and retinoic acid (R A) from anterior end of the PSM (6).
On the other hand, mutant analyses identified a T-box protein,
Tbx6, as an indispensable component for correct PSM differ-
entiation and segmentation (7). However, the direct molecular
relationships between these factors have not yet been well
characterized.

A basic helix-loop-helix transcription factor, Mesp2, has a
crucial role both in somite segment border formation and in the
establishment of the rostrocaudal patterning of each somite (8).
Mesp2 shows dynamic and periodical expression in the anterior
PSM, which defines the positioning of the forming somite by
suppressing Notch signaling, partly through the activation of
lunatic fringe (2). Genetic analyses have revealed that MespZ
expression itself is controlled by Notch signaling, which indicates
the presence of a complicated feedback circuitry (9, 10). How-
ever, the molecular mechanisms that control Mesp2 expression
remain largely unknown. In our present study, we show that Tbx6
directly binds to upstream elements of the Mesp2 gene and is
essential for the activation of Mesp2 expression. Furthermore, we
demonstrate that Notch signaling strongly enhances Mesp2 ac-
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tivation by Tbx6, and we identify the sequences that are impor-
tant for this enhancement. Hence, we identify a Tbx6-mediated
Notch signaling pathway as a mechanism underlying the regu-
lation of Mesp2 expression.

Results and Discuscion

Evelutionally Conserved Sites in the Upsiream Region of the Mesp2
Gene Promote Sirong Reporter Activity in Forming Somites. The
distinct expression patterns of Mesp2 expression during somito-
genesis are strictly regulated. As we previously reported (11), a
transgenic approach has revealed that a 300-bp portion of the
5’-adjoining sequence of the Mesp2 ORF induces lacZ reporter
activity in forming somites. This finding reflects the Mesp2
expression pattern in the anteriormost PSM, suggesting that this
5" region includes cis elements that regulate PSM-specific Mesp2
expression. We performed comparisons of the genomic se-
quences of mouse Mesp2 and its putative ortholog in zebrafish,
mespb, and identified five conserved sites (A-E) in this 300-bp
segment (Fig. 14). Each of these sites was then independently
examined for enhancer properties by using a transgenic strategy.
We previously showed that one of our transgenic constructs,
P2L-100, containing sites D and E, which cover the 100 bp
upstream of the Mesp2 ATG start codon, did not activate the
lacZ reporter gene (11). We thus concentrated our analysis on
sites A-C in our current experiments by ligating them with the
P2L-100 construct. None of these three sites could individually
promote lacZ reporter activity in somites (Fig. 1B). However, the
combination of sites A and B (designated as “site A+B”
hereafter) induced strong B-gal expression in the somite region
(Fig. 1B Left). This result suggests that specific transcription
factors required for somite-specific Mesp2 expression may bind
to site A+B.

Thx6 Binds to Cis-Regulatory Elements of the Mesp? Gene and
Activates Its Expression. To identify transcription factors that bind
to the cis-regulatory elements of the Mesp2 gene, we performed
yeast one-hybrid screening. Using site A+B sequences as the
“bait,” we isolated a T-box transcription factor, Tbx6, as a
candidate binding protein. T-box proteins have been shown to
recognize and bind to nucleotide sequences of 10-11 bp in length
that possess a conserved CACAC motif (12). Significantly, sites
A, B, and D in the upstream sequences of the Mesp2 gene contain
this motif (Fig. 24). EMSA subsequently revealed that FLAG-
Tbx6 binds to both site B and site D, in addition to the T
(Brachyury) binding consensus sequence (12) (Fig. 64, which is
published as supporting information on the PNAS web site). By
using site B sequences as a probe for FLAG-Tbx6 binding,
EMSA experiments produced two band shifts, a distinct band
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Fig. 1. Characterization of the Mesp2 enhancer region. (A} Comparisons
between the genoric sequences of mouse Mesp2 and zebrafish mespd {an
ortholog of mouse MespZ) reveal five conserved sites in the 300-bp proximal
promoter region. These conserved sites are denoted as A-E. The numbers
above the genomic sequences indicate the base count from the ATG tran-
scriptional startsite of the Mesp2 ORF. (8} Summary of the transtent transgenic
assay results with different combinations of conserved sitss from the Mesp2
upstream region {sites A-C). Each site was Tested either alone or in combina-
on with other sttes for somite-specific enhancer activity, The presence {+} of
absence {—} of B-gal activity and the incidence of this among transgene-
positive embryos is shown schematically on the right of sach reporter con-
struct. The combination of site A and site B {shown as A-+B) resulted in strong
somite-specific enhancer activity {(Lefi).

with 2 lower mobility and a weaker band with a higher mobility.
These two species presumably represent the binding of two and
one Thzb molecule(s), respectively, because palindromic repeats
or spaced tandem repeats of two hall fragments of site B
generated band shift patterns identical to those of site B (Fig.
68). Tbx6 binding to site B and site D was successiully competed
for by oligonucleotides containing the T binding consensus
sequence and could be supershifted by incubation of the forming
complexes with an anti-FLAG antibody (Fig. 64). We conclude
therefore that Thx6 binds to the upstream region of the Mesp2
gene by means of the DINA binding activity of its T-box domain.

We next introduced nuclectide substifutions to the conserved
CACAC motifs in sites B and D and examined the binding ability
of Thx6 to these mutated oligonucleotide probes. Interestingly,
a mutation in site B, designated mB1 (Fig. 24), eliminated both
of the wild-type site B band shifts in an EMSA (Fig. 2B). Because
T-box transcription factors can recognize palindromic sequences
and bind to these sites as dimers (13, 14), we introduced
nucleotide substitutions to the GGGTC sequence in site B, which
is situated in the 5’ region adiacent to the CACAC motif (Fig.
24, mB2). In subsequent EMSA analysis, the mB2 substitution
was found to have eliminated only the upper site B band shift,

3652 | www.pnas.org/cgl/dol/10.1073/pnas.0508238103

A Sttel: COTTIRAGGERTCASARTCOACACOYCNG TGEGLCGTTT
BBit  COTTCRAGRRETCAGRAT A sAI T CTRIAMT GERICTRIT
BB COVTCRAGHS D IBART L ALATITITCU GORLLCELTT

Stk AACCTRECAGGLEACTACCTALAICVITARTOCAGATAMAAGIY
i AMCCTOEUAGGRRRALTANCT s nal TTTAGTCOAGRT ARBAGTY

g Toxg -+ CE B =
el . @ o

Frobe £ & B 2 & o 2

m B B & B o8 @

Fig. 2. Thu6 hindsto the Mesp2 enhancer and promotes gene expression. {4)
Wild-type and mutant sequences of site B and site D. The bases highlighted in
lowercase denote the mutation sites. {8} Thxé binds to site 8 and sits D.
Digoxigenin-lebeled oligonudleotide probes contalning site B or site D were
subjected to EMBSA with {+) and without {—) Thx6. Mutation of the CACAC
motif in site 8 Jane mB 1) resulied in the loss of both the wild-type band shifts,
whereas mutations in GGGTC {lane mB2) asbolished only the upper band,
Mutations in the CACAC motif from site D also eliminated the band shift {lane
). {C) B-Gal reporter expression analysis in transgenic mouse embryos with
constructs containing either wild-type or mutated Mesp2 upstream reglons,
Each of the images is & lateral view with the anterior region toward the top.
The numbers of g-gal-positive transgenic embryos are shown in each image
{g-gal-positive iransgene-positive).

indicating that this mutant oligonucleotide can bind only one
Tox6 molecule (Fig. 28). These results suggest that siie B is a
partial patindrome that associates with two Tox6 molecules and
that the initial binding depends on the CACAC motif. The site
D probe generated one EMSA band, and mutation of the
CACAC motif in this site (D) eliminated this band shift
{Fig. 2B},

T-box proteins constitute a large family of transcription factors
{15}, Thxi8 (16) and Brachywry (Bra) {17) are expressed in
segmenied somites and in the tailbud, respectively. Mga is a
ubiquitous transcriptional repressor that possesses both T-box
and basic helix-loop-helix motifs (18), and the T-box motils of
Mga and Tbx6 show similarities (19). In our present experiments,
we examined the DNA-binding abilities of Toxb, Bra, Mga, and
Thx18 to upstream Mesp2 sequences using EMBA experiments
{Fig. 6D). Bra and Tbx18 showed no binding activity to either site
Borsite I, whereas Mga bound weakly fo site B. Taken together,
we conclude from these data that Tbx6 is the most likely factor,
among the T-box-containing proteins expressed in the PSM, that
binds to site B and site D of the MespZ gene.
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To examine the function of these upstream Mesp?2 cis elements
on gene expression, we performed transient trausgenic mouse
analyses using a lacZ reporter with mutated cis elements in 6-kb
upstream sequences of the Mesp2 ORFE. The nucleotide substi-
tutions that eliminate the binding of Tbx6 to sites B and D of the
MespZ promoter {P2EmBI1D) diminished gene reporter activity
in these assays (Fig. 2C). Furthermore, targeted disruption of
sites B and D eliminated Mesp? expression in the forming
somites of homozygous embryos {data not shown), demonstrat-
ing that these cis-regulatory elements are essential for somite-
specific Mesp2 expression.

In mouse embryo, MespZ mRNA emerges in anterior PSM, at
the position of S-1 (8, 9). Thx6 protein exists also in S-1 (20).
Mesp2 is not expressed in the PSM of Thx6-null mouse embryos
(7}, suggesting that it is a downstream target of The6. Although
the distinct MespZ signal overlaps only in the anteriormost part
of Tox6, the initial Mesp2 mRNA emerges in the more posterior
region, overlapping with the Tox6 signal (Fig. 6E). These results
suggest that Thx6 is necessary at least for initiation of Mesp2
expression.

In zebrafish, fused somite (fss), which encodes Thx24, is known
as a distant homolog of mouse Thx6, and the corresponding
mutant embryos have neither segmented somite nor mespd
expression (21). The cis-regulatory elements are also well con-
served between the upstream regions of MespZ and mespb {Fig.
1A4), and Tbx24 also binds to the MespZ upstream region {dats
not shown}. Recently, Davidson e 4/, (22) reporied that, during
heart development in the simple chordate Ciona intestinglis, a
Mesp homolog i also expressed in a Toxb-dependent manner.
Comparing genomic sequences among Clona, mouse, and ze-
brafish, the authors identified multiple Thx6 binding sites in the
upstream sequence of Ciona Mesp homolog. Taken together, we
speculate from these findings that Thxt-mediated activation of
the Mesp genes is an evolutionally conserved mechanism in
Chordata.

The Netch ntracelivler Domailn (UICH) Activates 2 Mesp? Reporier
Construct in a Thub-Dependent Manner. To analyze the detailed
regulatory mechanisms underlying the control of Mesp2 expres-
sion, we constructed a MespZ reporter system comprising a
firefly luciferase veporter and MaspZ cis elements. Cotransfec-
tion of a Tbzbd expression vector with the MespZ reporter
increased luciferase activity by 10-fold (Fig. 3), indicating that
Tox6 functions as a transcriptional activator of Mesp2. In somite-
stage embryos, 7bx6 is expressed throughout the PEM and also
in the tailbud region (20, 23}, whereas MespZ expression is
restricted to the anterior PSM just before somite formation, and
the expression overiaps only in the anterior Hmit of the Toxb
expression domain (Fig. 6F). The discrepancy between these
expression patterns strongly indicates that other unknown fac-
tor{s} participate in the pathways that restrict the MespZ cxpres-
sion domain to the anterior PSM. Because Notch signaling plays
crucial roles in wany aspects of somitogenesis, and given that
MespZ expression is known to depend on DHI-Notch signaling
(10}, we examined the involvement of MNotch signaling in the
Thys-mediated transactivation of Mesp2.

The typical Notch signaling pathway is composed of ligands
known as DSL (Delta, Servate, and Lag-2), Notch receptors,
effectors known as CSL (CBF-1, Suppressor of Hairless, and
Lag-1), and a number of other proteins that modulate the
functions of each component of the pathway (24). Once the DSL
Hgands bind to the Motch receptor, the NICD is proteolytically
cleaved, translocates into the nucleus, and binds to its CSL
effector (RBPJw in the case of mouse) to activate the transcrip-
tion of downstream target genes (24}, We transiently introduced
expression vectors for NICD and RBPIx-VP16 {dominant-
active RBPI«) (25), in conjunction with Thx6, into cultured cells
bearing the Mesp2 reporter. As a positive control, we used the
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Fig. 8. MespZexpression is activated by Notch signaling in a Thx6-dependent
manner. For each set of analyses, the luciferase activity was normalized to the
values obtained in the shserce of an exprassion vector {None). Error bars
represent the standard deviation from six independent experiments. RVP15,
RBPI-VPI6. {A) Tbx6 activates a Mesp2-luciferase reporter gene construct
synergistically with the NICD or REPIx-VP16. Mutation of site B and site D
(denoted as PREMB1D) eliminates this transactivation. {8) Notch signal acti-
vatesthe Mesp? reporier constructviasite Aand site C. The raporter constructs
are indicated to the left of the graph. {C) Nudleotide sequences of the possible
RBPIc binding sites in site A {Left} and site C (Right) and the comparison
betwean these regions and the RBPIk binding consensus seguence {denotad
as RBPIK (27). The nucleotides matching the consensus seguence areshowr in
red for site A and site €. Nuclsotide substitutions in site C {denoted as mQ) are
indicated in lowercase.

Hes? promoter, which is known to be a downstream target of
Notch signaling (26}, Transfection of the Hes] reporter construct
produced significant luciferase activity even in the absencs of
NICD (data not shown)}, reflecting the endogenous NICD
activity, and the reporter activity increased further in the pres-
ence of either NICD or RBPI-VP16. In contrast, neither NICD
nor RBPIx-VP16 was found to activate the MespZ reporter {Fig.
34). However, when NICD and Thu6 were cotransfected, sig-
nificant increases in luciferase activity were detected (Fig. 34).
RBPJ-VP16 also can activate the Mesp? promoter when co-
transfected with 7hx6 (Pig. 34), suggesting that EBPIx-
dependent Notch signaling activated MespZ reporter in a Thx6-
dependent manner. Consistent with this finding, mutations in
site B and site 1, which eliminate Tbx6 binding to the MespZ
upstiream region, greatly reduced Mesp2 reporter activation by
NICD or RBPIx-VPI6 (Hig. 34).

To identify the Notch signaling responsive site within the
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MespZ upstream region, we analyzed the activity of two addi-
tional reporter constructs bearing either a deletion or a mutation
in the conserved sites A and C, because these regions contain
sequences that have some similarity to the RBPJx consensus
binding site (24, 27) (Fig. 3C). We spaculated that these sites may
play an important role in the regulation of MespZ expression
based on our observation that site A is essential for somite-
specific expression in combination with site B (Fig. 1). Moreover,
reporter activity in forming somites is lost when sequential
deletion of the upstream region of the MespZ gene removes a part
of site C (11). In our current experiments, the deletion of site A
reduced the levels of synergistic activation of the MespZ veporter
by both Motch signaling and Tbx6é by up to 50% (Fig. 33,
PIRAA). Reporter activation was also remarkably diminished
when we introduced mutations infto both site A and site C (Fig.
38, PIRAAmMC), suggesting that the binding of RBPix is re-
quired for the Thx6-dependent transduction of Notch signaling.
In contrast to the Hes family genes, no direct interaction between
the Notch signaling pathway and the MespZ regulatory region
had been previously identified. Our current findings thus provide
the first evidence that Mesp? is a direct target of Notch signaling.
Furthermore, we identified a regulatory mechanism underlying
the Notch signaling pathway that is based on the binding of Thx6
to transcriptional regulatory sequences {summarized in Fig. 4 4
and B).

We next conducted transient transgenic assays using our lacZ
reporters with mutations in sites A and C. Surprisingly, the
coexistence of the site A deletion and site T mutation
(PZEAAmMC) in our reporfer system showed somite-specific
B-gal expression, although the activity was slightly weaker than
normal (Fig. 54). One possibility that might explain this disparity
is that there may be a redundant, RBPIx-independent pathway
of Notch signaling that activates MespZ expression. Consistent
with this hypothesis, the P2EAAmC reporter retained the ability
to respond io ihe coexpression of NICD and Thu6, aithough this
activity was only 13% of wild-type levels (Fig. 3B8). Notably, the
P2BEAAMC reporter showed no synergistic activation after the
coexpression of Thx6 and RBPIx-VP16 (Fig. 3B), indicating that
the ability 1o respond to RBPJi-dependent Notch signaling is
eliminated by the disruption of sites A and C. These resulis
suggest that Notch signaling activates Mesp?2 expression in both
RBPix-dependent and RBPlic-independent manners (Fig. 4C).
Although most of the Notch signals are mediated by CSL
effectors, such as RBPIx, there is some reporied evidence that
suggesis the existence of RBPIx-independent Notch signal trans-
duction pathways (28, 29). The molecular components involved
in RBPJi-independent Noich signaling ave still poorly under-
stood, but our present data suggest the possibility that Thxb not
only facilitates RBPJx-dependent Notch signaling but also acts
as a component of an RBPIx-independent Notch signaling
pathway.

Another possible mechanism of somite-specific reporter ex-
pression that we observed in our PZEAAmT fransgenic embryos
is the involvement of Notch-independent signals (Fig. 4C).
Although it is clear that Noich signaling s genetically upstream
of MespZ activation (9, 10), Peend knockout mouse embryos,
which arve deficient in Noich proteolysis and therefore do not
produce NICD (30), show only moderate decreases in MespZ
expression levels (10). Together with our present findings, these
observations may indicate that the controlling mechanism for
IespZ gene expression is a redundant and robust system and is
composed of a nmmber of signaling cascades, Regardless of this
possibility, Tbxs is likely to be essential for all of the signaling
pathways involved in Mesp2 expression, because mutation of the
Thx6 binding sites in the upstream regions of the Mesp? gene
completely eliminates reporter expression in forming somites
(Fig. 203,

Because Thxd mRNA (Fig. 6F) and protein (20) are distrib-
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Fig.4, Proposedmechanisms underlying the control of Mesp? expression. Thub
and NICD {colored ovals) interact with the conserved upstream sites inthe Mesp2
gens, sites A-D {reprasented by boxes), Tha6 binds to site B fiwo molecules) and
site D {single molecule). Site A and site C interact with RBPBlx to achieve a
significant incresse In Mesp2 exprassion levels in the presence of Notch signals
{A}. This activation fully depends on the binding of Thyb to site B orsite D {8). Toxs
may activate Masp? expression without site A and site €, presumably through an
RBPL-independent Notch signaling pathway and via other signals {C). (D) Sche-
matic representation of 2 proposed model that may explain developmentally
regulated Mesp2 expression in the anterior PSM. {a) NICD is highly accumulated
in the anterior PSM and less In the posterior (1, 2) o activate Mesp2 expression
{red atrows). There may be a threshold level of NICD accumulation to initiate
Mesp2 activation (broken line}. (b) ToxG protein is distributed in the tailbud and
PSR (20} and facilitates Mesp2 activation by RICD. () It i possible that the
activation of Mesp? expression in the tailbud and posterior PSM, if any, is
repressed by other factor(s), such as Fgi8 (36), vie an unknown mechanism. (o} As
a result, Mesp? expression is restricted in the anterior PSM {red box).

uted throughout the tailbud and posterior PSM, the factors that
restrict the expression domain of MespZ in anterior PSM remain
to be identified. Notably, although Thx6 seems io activate
reporter expression in cultured cells by iself, dominant-negative
RBPI(R218H), which retains NICD binding activity but has
fost any DMNA binding ability {31), inhibits the Thx6-dependent
reparter activation by 50% (Fig. 5B). This finding suggests that
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Fig. 5. The expression of Mesp? Is not achieved solely by RBPI-dependent
Notch signaling. (A} Transgenic analyses reveal that somite-spedfic reporter
expression can still be observed by using the PZEAAMUT construct, which
contains a deletion of site A and mutations in site €. The numbers of g-gal-
positive embryos are indicated for each image (B-gal-posttive/iransgens-
positive). (8} The expression of a dominant-negative RBPI« diminishes re-
porter activation by Thxg for both the wild-type (w1} and P2EAAMC
(T +R218H, purple bars} vectors, Wild-type REPIx also strongly suppressed
reporter activity driven by Thxs (Thx8+RBPIx, orange bars}). Error bars repre-
sent the standard devigtion in six independent experiments,

weal transactivation properties,
with Q&M Sisi‘d%é& sud; as Mot
ion by

ivity. We specuiate t
{Figs. 3 and 3) may be ac ’*@hﬁ ed itfy o mp““a% on Y m%
signaling, presumably §¥§V$§ by endogenous NICD in cul
cells. “%ancgse wous NICD copcentration in cells or tissues , ve
low and biochemically wmis,imza@m {32). However

N

fibroblast cells express mature Notch protein (33} md aiw
*g«gécreia%eé%ks activity that generates NICD from Noteh pro-
tein (32). Furthermore, NIC D activates Hes] reporter atvery low
cmzcmé‘imﬁsm} below the level of biochemical detection (\;2’}*
Consistent with these data, Hes/ reporter showed higher basal
activity than Mesp2 reporters or control veporter with no pro-
mot efi enhancer: 100 times higher in COS-7 cells and 60 times
higher in NIF/2T3 cells in our observation {data not show z§; We
suppose that endogenous NICD affects the @xg;’; ession of Notch
downstream genes in c:eiémfed cells.

MICD accumulation is observed as a strong band-like pattern
m the anterior PSM and as a weak diffused signal inthe pec“id!sz’
PSM (1, 2). Mesp? is initially detectable in the middle of
éis‘{mu band of NICD in the anterior PSM (2}, consistent wiﬁz

the importance of Notch signaling in ﬁf?'es*p7 expression indicate

by our present study. However, the weak Notch signaling qc‘c;wiv
observed in the posterior PSM may activate Mesp2 expression,
whereas Mesp2 transcripts appear only in the anterior PSM. One
possibility is that there is a “threshold” of NICD levels that is
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required to irigger Thx6-dependent Mesp? activation (Fig. 4D},
Hecause E’;B?}K is expressed ub;qsi;tm;si} in the developing
embryo {34) and strongly represses Thxb-dependent activation
of the Mesp2 veporters {Fig. 58), it may also function as a
SUppressor in the posterior PSM that prevents inadequate ex-
pression of MespZ.

Recent f{;@zsz‘if; also indicate ‘e two gradients of
mmgaé inhibitory szgszzz%r *’gi’b and RA, that have important
0 tion of segment formation (35},

s the jg sitional determing
Ttis 2 %ei therefore that the Fgif and R A signals also favzgez;}:zw
in the regulation of MespZ expression. Recently, Delfini ef ol
{36} reported an int mgs%;,g result sz;ggestmﬁ that Fgf szgmzii%
represses Mesp exprassion. Using in ovo ags@“?m;j ration, they
demonsirated that the up- iwzdmw& of Fgf in the PEM kmiw
ishes the sndogenous expression of cMeso, the chick Mesp

s
homolog. It is plausible therefore that Fgi8, which is strong iif
sxpressed in the tailbud and posterior ?f‘mﬁ prevents the in {fi'
equate expres ssion of Mesp? in posterior region. The involvament
of BA in MespZ N;&rammg remains elusive, however, because
the disruption of CYP26 (37), a degradation enzyme for E%;A,
does not severely affect MespZ expression levels (2). In the
zebrafish embryo, FGF signaling up-regulates a basic, helix-
loop-helix transcription factor, her13.2 2, which maintains %iz{-:
oscillation of the Notch signals in both é% tailbud and PSM b
repressing the Notch- reaﬁ?a&d gcms}m andher7 (38). RA zmd
Fgf signals may thus coniribute fo the positioning of MespZ
cxpression by wofdi&aﬁ:iz}g the regular oscillation of Noich
siguals in the tailbud and PSM.

iﬂiﬁ‘”‘%‘(iﬁﬁh’ it has been revealed that Thy is one of the divect
targeis of RBPIx- dependent Notch signaling (39). During somi-
togenesis, Motch signals may first activate 7hx6 expression in the
taitbud and posterior PSM region and then activate MespZ
expression in the anierior PSM in cooperation with Thub.
Furthermore, Thab also works upstream of the Notch signaling
;i{hw@ . In embryos of Thwé h}f;}amazphia mutant mice, z}ff;

expression in the tailbud and posterior PSM is greatly reduced
{40). Promoter analyses of {‘k; have de mo&stmaad that Thxé, in
synergy with Wnt szg,mﬁmg, activates DIfJ ex s;:c,wam by binding
1o T-binding consensus segquences {20, 41). Taken s&%i‘m our
present ;esai‘zg demonstrate that Thxé a“d ”%ﬁew*é 8
constitute a regulatory network that controls somite formation
via the regulation of MespZ expression.
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taterials and Methods

rransgenic Analyses. DA fragments, with and without mutations
in conserved 1 i:}Si’”cf}f” sites, were generated from a Mes
genomic fragment by L‘?%ﬁé a standard PCR-based protocol
'??ra’zsscns; inserts were digested from the corresponding plas-
mids, purified, and inj jected into the n &ic pronuclens of a
fertilized egg (4 "; The imected emb s then zz&miwmﬁ
into pssudopregnant recipients aid Z o develep until
4.5-10.5 days posteoitum. Embryos were ‘é‘ézazz analyzed §«; lacZ,
expression by X-gal staining (43) and subseqy ez@’{%y examined for
the presence of the transgene by PCR analyst
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Yeast One-Hybeld Screening. Synthetic oligonucleotides corre

sponding to s:mnaagzﬁmfs sequences of conserved site A {‘{‘zﬁc%ﬁ‘
tides —199 to —191 from first ATG of Mesp2 ORF) and site B
{nucleotides ~'§.6’2 to —140 } ere imserted into the vectors
pHISLT and placZi (Clontech), immediately upstream of the
HIS3 and lacZ reporter genes, respectively. The resulting con-
structs were then lnearized and introduced simultaneously into
Saccharomyces cerevisioe YM4271 (Clontech) to generaie the
sait strain. The bait strain was then transformed by using 80 ug
of 11.5 days postcoitum mouse tail cDNA library plasmid (45) to
screen up to 2 million independent clones, We obtained hun-
dreds of positive clones (HESE—L and LacZ+) and recovered
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library plasmid from 77 of these. Fifty-one of these 77 clones
were sequenced and found to encode Tbx6.

EMSA. The full-length Tbx6 ORF was obtained from the pACT-
Tbx6 construct, which was isolated from the yeast one-hybrid
screening. After ligation to a 3XFLAG tag (Sigma), the tagged
Tbx6 insert was cloned into pCS2+ (46). In vitro transcription/
translation was then performed with a TNT in vitro translation
kit (Promega) following the manufacturer’s protocol. Oligonu-
cleotide probes were labeled with digoxigenin-11-dideoxy UTP
by using recombinant TdT (Roche Diagnostics). Crude in vitro
translated product (5 pl) was subjected to EMSA as a protein
sample. As a negative control, reticulocyte lysate without Tbx6
template was used. EMSA was performed by using the DIG Gel
Shift Kit, 2nd Generation (Roche Diagnostics), following the
manufacturer’s protocol. The band shifts were detected by using
Lumilmager LAS-1000 (Fuji).

Luciferase Assay. Segments (356 bp) corresponding to the 5'-
adjoining sequence of the Mesp2 ORF, with and without muta-
tions in the conserved binding sites, were subcloned into the
pGL3-Basic (Promega) vector to generate luciferase reporter
constructs. The expression vectors for the proteins to be assessed
were constructed in the same way as that used in the EMSAs
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described above. COS-7 cells were routinely and regularly pas-
saged in DMEM supplemented with 10% FBS. Cells were
seeded at 2.5 X 104 cells per well in 24-well plates, and, after 24
h of cultivation, they were transfected with a total of 350 ng of
DNA containing the reporter plasmids and expression vectors
for the proteins under analysis (50 ng of each expression vector
and 200 ng of reporter construct, adjusted to 350 ng by the
addition of empty vector). Twenty-four hours after transfection,
the cells were lysed by Passive Lysis Buffer (Promega) and
subjected to a luciferase assay by using the Dual Luciferase
System (Promega). In all experiments, 5 ng of the sea pansy
luciferase expression vector phRL-TK (Promega) was used per
well as the internal control. Luciferase activity was normalized
to the phRL-TK internal control activity (sea pansy luciferase).
The experiments were performed in triplicate for each assay and
repeated at least twice.
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PTOVI: a novel testosterone-induced atherogenic gene in
human aorta
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Abstract

There are gender differences in the development of atherosclerosis, possibly ewing to
differences in sex steroid hermone action and/or metabolism. Oue of the atheragenic effects
of testosterone is thought te be androgen receptor (AR)-mediated vascular smooth muscle

*Conespondence to:

Dr H Sosuno, Deparimeni of
Pathology. Tohoku University
School of Medicine, 2-1
Seiryo-machi, Aobo-ku, Senda,

980-B575 Japon. cell (VEMC) proliferation. However, the detailed mechanism of this effect, particularly
E-mai: hsasano@potioio2med. the identity of the genes associnted with VSMC preliferation, remains lavgely unknown.
iofoku.dcp Therefore, we first employed microarray analysis and, subsequently, quantitative RT-PCR

to analyse RNA expression in AR-positive human VSMCs treated with testesterone in order
o detect testosterone-induced genes associated with cell proliferation. We further examined
whether the genes identified were involved in cell proliferation using small interfering
RNA (siRNA) transfection. Expression of the gene products was then evaluated in human
aorta with various degrees of atherosclerosis in order (o evaluate the clinical relevance of
the findings. Both miecroarray and gquantitative RT-PCR analyses demonstrated marked
induction of the human prostate overexpressed protein 1 (PTOV]) gene by testosierone
in the cell lines: this gene was recently identified ss a novel androgen-induced gene
involved in prostate tumour cell proliferation. Inhibition of PTOVI by transfection of its
corresponding siRNA suppressed testosterone-induced cell proliferation. In human aorta,
PTOV1 immunoreactivity in the nuclei of neointimal VSMCs was abundantly detected
in male aorta with mild atheroscleretic changes compared with female aorta or male
aorta with severe atherosclerctic changes. These findings indicate that the PTOVI gene
is androgen-respensive in VSMCs and that #t may play an impertant role in androgen-
related atherogenesis in the human aorta, particularly early atherosclerosis in the male
aorta, through regulating proliferation of necintimal VSMCs.

Copyright © 2086 Pathological Seciety of Great Britain and Ireland. Published by John
Wiley & Sons, Lid.
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has been demonstrated that testosterone exerts direct
atherogenic effects by promoting cell proliferation
through an initial interaction with the androgen recep-

Introduction

There is an important. well-documented. gender dif-

ference n coronary heart discase risks, with carlicr
onset of disease and excess mortality in male subjects
[1-3]. Athero-protective effects of oestrogens on vas-
cular structure and {unction have been proposed as one
of the most important mechanisms accounting for this
gender difference {4]. On the other hand. an associa-
tion between androgens and atherosclerosis continues
to be disputed. Androgens have been considered to
reduce the incidence of ischaemic myocardial diseasc
in men, but they have also been reporied o exert
atherogenic effects on the human cardiovascular sys-
tem through promoting plaque formation and cnhanc-
ing monocyte adhesion to endothelial cells [5-8]. It

tor (AR) in vascular smooth muscle cells (VSMCs)
in vifro [9]. However, unlike ocstrogens, the possible
cffects of testosterone on atherogenesis and/or anti-
atherogenesis have not been exiensively studied. It is
therefore important to study the detailed mechanisms
of these direct effects of testosterone on the human
cardiovascular system.

In this study. we first screened for testosterone-
induced genes involved in the proliferation of VSMCs
using microarray analysis in cell lines derived from
AR-positive human VSMCs. We then confirmed the
results by employing other in vitro studies. As testos-
terone induced marked overexpression of PTOV! in

Copyright @ 2006 Pathological Seciety of Great Britain and Ireland. Published by john Wiley & Sons. Ltd.
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PTOVI in human vascular smooth muscle cells

these assays, we subsequently cxamined the levels of
expression of PTOVI protein in VSMCs in samples
of the human abdominal aorta oblained at autopsy.

Materials and methods

Vascular smooth muscle cells

Two types of human dedifferentiasted VSMCs, ie
HUVS-112D (derived from human umbilical cord),
and T/G HA-VSMC (derived from human aorta)
were commercially obtained from American Type Cul-
ture Collection (Manassas, VA. USA) [10,11]. We
cxamined whether these cells cxpressed AR using an
RT/real-time PCR with a light Cycler System using
DNA binding dye SYBR Green I, and immunoblotting
with AR polyclonal antibody (Santa Cruz Biotechnol-
ogy. Inc, Santa Cruz, CA, USA). as rcported previ-
ously [10,12].

GeneChip microarray assay

The VSMCs above were cultured until a sub-confluent
state was achieved. The medium was then replaced
with fotal bovine serum (FBS)-free and phenol red-
free medium to arrest cell proliferation. Afier 24 h,
the medium was replaced again with phenol red-
free and FBS-free medium in the presence of testos-
terone (10 nmM) or vehicle (0.1% ethanol). After incu-
bation for 2 h, the cells were subsequently subjected
to total RNA extraction for microarray analysis. Iso-
lated total RNA was labelled as described in the
Affymetrix (Santa Clara, CA, USA) GeneChip Expres-
sion Analysis Technical Manual (revision 3), as pre-
viously described [10]. The ratios represent the val-
ues up- or down-regulated by 10 nm tesiosterone
treatment compared with control. We independently
repeated the same experiment twice. Genes for which
the average ratios increased more than 1.5-fold in
both experiments using [0 nm testosterone treatment
were considered up-regulated via AR when compared
with control values [13]. When studying the poten-
tial functions of these gencs, wc used the home-
page of the HUGO Gene Nomenclaure Commit-
tee (http:/fwww.gene.ucl.ac.ul/nomenclature, accessed
28 March 2006) for further examination of whether
any had been previously reported to be involved in
cell proliferation and 1o be associated with androgen
effects. In this study. among the genes that were found
to be significantly induced by testosterone treatment
by microarray analysis. we regarded a genc that was
up-regulated. and was known to be associated with
both cell proliferation and androgenic clfccts. as a tar-
get gene.

Quantitative real-time PCR

After achieving sub-confluence and following growth
arrest states of the VSMCs as described above.

523

the medium was replaced again with phenol red-
free and FBS-free F12-K medium with testosterone
(10 nM). testosterone (10 nM) with flutamide, an AR-
blocker (100 am), or vehicle. Afier incubation for 2 h,
the cells were subsequently subjecied 1o total RNA
extraction for RT/reai-time PCR analysis. described
previously [10]. mRNA levels for the target gene
PTOV/] were determined in each VSMC as a ratio
relative to glyceraldehyde-3-phosphute dehydrogenase
{GAPDH ), and cvaluated as a ratio (%) compared with
that of each conirol ¢cDNA. The analyses with real-time
PCR were repeated three times. Table 1 summarizes
the primers used [14].

siRNA preparation, transfection, and cell count
assay

Small interfering RNAs (siRMNAs) comresponding to
PTOVI (Table 2) were synthesized based on resulis
of a previous reporl, and were transfected into the
VSMCs [15]. These VSMCs were seeded in a 24-well
plale at an initial concentration of 50000 celis/well
with F-12K medium conlaining 2% FBS and were cul-
tured until a sub-conflucnt status was achieved. The
medium was then replaced with phenol red-free and
FBS-free medium to arrest cell proliferation. After
24 h, wansfection experiments of siRNA for endoge-
nous genc targeting (10 nm or 100 nvy were car-
ried out using RNAiFect™ transfection reagent (Qia-
gen, Valencia, CA. USA). After transfection. the cells
were incubated in phenol red-free medium contain-
ing 2% dextran-coated, charcoal-stripped FBS with
testosterone {10 nmy or vehicle (0.19% ethanol) for
24 h. We measured the nwmber of cells in each sam-
ple as described above with Cell Counting Kit-§ sys-
tem (Wako, Tokyo, Japan) after incubation for 48 h.
We also cxamined the number of cells treated with

Table 1. Primer sequences used in RT-PCR analysis

cDNA Sequence Size {bp)

AR Forsard 5 -CTCACCAAGCTCCTGGACTC-3 216
Reverse 5 -CAGGCAGAAGACATCTGAAG-Y

GAPDH  Forward 5 -TGAACGGGAAGCTCACTGG-3 307
Reverse §'-TCCACCACCCTGTTGCTGTA-Y

FTOY!  Forward 5 -CACCATCCCTCCATGTTGCTG-3' 250

Reverse 5"-TCTTCATTGGCCTCATCCCC-3

Table 2. Sequences used in siRNA transfection analysis

cDNA Sequence

FTOY Sense ((CAACAAGUUUCUGGCAUGG)TdT

Antisense i{CCAUGCCAGAAACUUGUUGYTAT

Sense r(UUCUCCGAACGUGUCACGU)dTIT
Artisense r(ACGUGACACGUUCGGAGAA)ITIT

Negalive control

The target gene in this study {PTOV!) was determined by microarray
analysis. The sequences of PTOVI siRNAs are based on a previous
report [15].

J Pathol 2006; 289: 522531
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transfection of negative control siRNA with scram-
bled sequences (Table 2), and treated with testosterone
(10 nm) or vehicle. In order to evaluate transfection
efficiency, we examined relative PTOV/ mRNAs lev-
els in these cells at 24 h after wransfection of the
specific siRMNAs. The mRNA levels in each VSMC
were calculated as a ratio relative to GAPDH, and were
normalized to the ratio after transfection of negative
control siRNA (10 nm).

Quantitative RT-PCR analysis of PTOVI mRNA
expression in human 2orta

Samples of human abdominal aorta were collected at
autopsy from patienis withoui a history of hormone
replacement therapy. Autopsies were performed on 32
subjects (16 male, 16 female; mean 60.7 £ 3.3 years)
in Tohoku University Hospital (Sendad, Japan) within
2 h post mortem. The Ethics Committee at Tohoku
University School of Medicine approved the research
protocol for this study. Aortic specimens were ienta-
tively classified into the following four groups accord-
ing to the sex of the deceased patient and degree of
atherosclerosis, as previously described: group A =
male, mild atherosclerosis, corresponding to groups
I-I1 in the American Hearl Association (AHA) clas-
sification; group B = male, advanced atherosclero-
sis, corresponding to groups TV-VI in the AHA
classification: group C = female, mild atherosclero-
sig; and group D = female, advanced atherosclerosis)
[10,11]. The distribution of the cases among these
groups was as follows: A, 8 cases (mean 443+
10.6 years); B, 8 cases (mean 71.3 £ 3.7 years); C, 8

_cases {mean 32.0 4 3.9 years); and D, 8 cases (mean
75.0 & 2.1 years), respectively, For RT/real-time PCR
analysis, these specimens were treated according to
our previous report [10]. The mRNA levels for PTOV/
and AR in each sample arc given as a ratio relative to
GAPDH, and evaluated as a ratio (%) compared with
that of each control ¢cDNA.

Immunchistochemical analysis for PTOVI protein
expression in human aorta

Details of immunohistochemical procedures have been
previously described [10,11]. We used immunostain-
ing with diaminobenzidine (DAB) for immunohisto-
chernical analysis of PTOV] protein (using a mono-
clonal anti-human PTOV ] antibody; Novocastra Labo-
ratories, Newecastle, UK) and AR (using a monoclonal
antibody for human AR; Dako Corporation, Carpin-
teria, CA, USA). We also used double immunos-
taining with DAB and Vector Blue as colorimetric
reagents, with a combination of monoclonal antibodies
for a-smooth muscle actin {(@-SMA; Dako Corpora-
tion), for macrophages (PG-M1, Dako Corporation),
and for leukocytes (human leukocyte common anti-
gen antibody (LCA: Dako Corporation) in adjacent
tissue sections. After determining the areas for evalua-
tion by simultaneous observation using a multi-headed
light microscope, three authors (YN, TS, and HS)

] Pathol 2006; 209: 522531
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independently evaluated immunoreactivity. Scoring of
immunoreactivity was performed based on our previ-
ous reports with some modifications [10,16]. When
PTOV1 protein was immunolocalized to the cyto-
plasm, the relative immunoreactivity in each speci-
men was classified into the following three groups:
2 = more than 50% positive cells; 1 = more than 10%
and less than 50% positive cells; and 0 = negative or
less than 10% positive cells, respectively [16]. When
PTOV1 protein immunoreactivity was detected in the
nuclei, the relative immunoreactivity in each speci-
men was evaluated by the percentage of immunore-
activity, ie the labelling index (LI) [10]. When inter-
observer differences were >5%, the three aforemen-
tioned authors re-evaluated these discrepant immunos-
tained slides simulianeously using a multi-headed light
microscope, and the mean value was obtained.

Statistical analysis

Values for all results were given as the mean 4
standard error of the mean (SEM). Results of quan-
titative RT-PCR. cell count assay. and the relative
immunoreactivity for protein in the nuclei were anal-
ysed using one-way analysis of variance followed by
unpaired 7-test for comparisons between two groups.
Results of immunchistochemistry of cytoplasmic pro-
tein were analysed using the y’-test. Statistical differ-
ences between immunoreactivity for PTOV] protein
and AR were evaluated using Spearman’s rank corre-
lation. A p value <0.05 was considered significant in
this study.

Results

Characterization of two VSMC cell lines,

By RT-PCR analysis, both HUVS-112D cells and T/G
HA-VSMC cells expressed AR mRNA (Figure 1A).
in addition, AR protein was demonstrated in both of
these cell lines by immunoblotting analysis (110 kD)
(Figure 1B). Relative levels of AR mRNA and protein
expression in these cells were approximately 5-10%
of those in LNCaP cells that were examined in parallel
{data not shown).

Gene chip microarray assay

Table 3 summarizes 11 genes that were up-regulated
by testosterone treatment in both types of VSMC in
duplicated microarray analysis. Among these genes,
human prostate tumour overexpressed protein 1, ie
PTOVI was detecied in both of these VSMCs,
Recently, PTOV] has been reported to be induced
by androgen und io be involved in cell cycle reg-
vlation [14.15,17). AGTR2 was also reported to be
associated with androgenic effects, but it is unknown
whether AGTR2 is involved in cell growth [18]. There-
fore we focused our subsequent studies on PTOVT as
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Figure 1. (A} Results of RT/real-time PCR analysis for AR and GAPDH i two cultured human YSMCs (HUVS-112D, and TG

HAVSHMC), positive controls, and negative controls. Call =

fa

type of cultured vascular smooth muscle cell P = positve

controf {LMNCaP prostate cancer cell finel N = negative control {no ¢DNAY respecstively). (B} Immunoblotiing analysis of AR and
Beactin in HUYS-112D, T/G MAVSMC, and LNCaP cells. Total protein was exwracted, and 60 ng protein from each cell was
loaded. mmunoblotting analysis demonstrared both AR {110 &D) and f-acds protein (42 kD) in all cells

Tabie 2. Ratios of gene evpression determined by GeneChip microarray analysis after testbsterone treatment

of culturad VSMTs for 2 h

HUVE- TG Association with
Gene symbel §rzp MA-YaMT Fuanction androgen {reference}
BAKT 3 36 Newrne development Unkrown
BHRS i7 33 Cell sigrafing Uninown
CELSRY 1.9 3.4 Cell adheson Unknown
CACNAIG 5 39 Calciurn channgt Unknowa
ALTRZ 22 25 Regulator of aldosterone secretbon Kotke et ¢t [18]
NS 27 34 Rena! tubular development Unknown
GPRTT 35 is Cell siopafling Unlmown
CASPID 33 18 Apopioss Unknowa
AP4S: 2.4 25 Formation of cell sructure Unknosen
TiAZ 17 2.7 Merrbrane glycoprotein Unlmown
PTOY: 1.8 18 Cell growtimitogenesis Benedit ot of [14]

‘Ratios’ represent the mean ratos of expression levels of each gene mRNA In duplicate experiments compared with

control.

an androgen-responsive gene possibly involved in the
proliferation of human V3M{Ts,

PTOVI mRNA expression in VSMCs after
androgen treatmeant

Testosierone significantly incrsased PTOV] mRNA
levels in AR-positive YE8MCs compared with controls
in both of these cell lnes {p < 0.08) (Figure 2).
However, testosterone with futamide, an AR-blocker

{100 nvy, did not increase its mRNA expression in
gither of these cells (p < 0.05) (Figuwe 2).

PTOV siRNA wransfection and cell proliferation
assay

Cuantitative RT-PCR  analysis  demonstrated  that
PTOVI mRNA levels were docreased in a dose-
dependent moanner in the cells transfected with PTOV/
siRMNAsg (Figure 3A). Afler tansfection of negutive
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{%) HUVYS- 12D (%) T/GHA-VEMC {p < G.03) (Figure 3B). However, lostosterone with
0 200 transfection of PFOVE siRNA (10 ns and 160 nu did

- not increase cell proliferation in these two cell liney
§ 3 ; f (Figure 38}
100

PTOVI mRINA expression in human aore

v T TaF The resubis of RTfrealaime PCR analysis demon-
B sirated the presence of specific single b:mds‘ for AR

Figure 2. Results of RT/reaktime PCR analysis for proys &4 PTOV/ in human acria (Figure 44), The rela-
in HUYS-112D {A) and T/IG HAVSMC cells (B) among cells 1V abundance of PTOV/ mRNA wus significantly
wreated with vehicle {V) {control), rzstosterone (T)elone  greater i male aorin with o mild degree of atheroscle-
(10 mry, and T (10 oMy with futamide (F), an AR-blocker  rotic chzm::z;‘s {group A} than in those of ot wer groups
{100 ni), respectvely after 20 {p « 4.05) {groups B. C, and Dy(p « 0.05) (Figure 48). The rel-

ative abundance of AR mRNA was also significantly
conivol siRNA (10 nw), testosterone promoicd ccli greater i male worta with o mild degree of atheroscle-

profiferation signilicandy in both of these cell | rotic change {group A) than in male aorm with o severe
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Figure 3. {A) BEx press:cm of PTOVI and GAPDH mRINAs at 24 h after tranglection of PTOV! siRMA (10 ni or 100 nM) or negative
control sIRNA {Nsi} {16 nM) in MUVS-112D and T/G HAVSMC cells deteciad by realtime PCR, raspectively. GAPDH mRINA
expression was monitored as an interral control. The ratdo of PTOVIGAPDH was caleulated and values were normalized to dhe
ratio obtained from the negative contral transfectdion of Nei (10 am). P = positive controls (LNCaP prostate cancer call linesh
I == nogative controls {no cDNAs), respectively. (B} The relative levels of cell numbers in HUVS-112D and TIG HAVSMC
cells among cells treated with vehicle (V) (0.1% ethanol} and testosterone {1 alons {10 mi) after ransfecdon of PTOVI siRNA
{FTOV i) (10 nd or 100 nt) or negative control siRNA (Nsi) (10 a4} "p = 0.05)
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