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0 mV and the conductance is selective to cations in GDPs-
loaded cells. P2X agonists produced a rapidly desensitizing
response in NHEK as well as in DRG neurons (Grubb and
Evans, 1999). Furthermore, the ATP-evoked increase of
[Ca®*], was influenced by the absence of extracellular
Ca?" in differentiating over-confluent cells.

P2X receptors were classified within several subtypes,
based on their sensitivity to agonists and antagonists, or the
time course of their desensitization because of currents
(Evans and Surprenant, 1996). P2X; and P2X; receptors are
characterized by their sensitivity to «-meATP and a rapidly
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desensitizing current. P2X; and P2X,_; receptors are char-
acterized by insensitivity to af-meATP and a slowly desen-
sitizing current. Although homomeric P2X, receptors are
insensitive to af-meATP, heteromeric P2X,,; receptors are
characterized by their sensitivity to «f-meATP and a slowly
desensitizing current (Lewis et al, 1995; Ueno ef al, 1998).
Additionally, the responses of the currents are categorized
by their sensitivity to the P2X antagonist PPADS. PPADS
antagonized P2X;, P2X,, P2X3, P2X,/3, P2Xs, and P2X;, but
not P2X; or P2Xs. In this study, «f-meATP-activated cur-
rents have the following features: their responses may be
rapidly or slowly desensitizing currents; the slowly desen-
sitizing currents were inhibited by PPADS and TNP-ATP.
These results suggest that P2X,, P2X,/3, and P2X; recep-
tors were responsible for the responses. ATP-activated cur-
rents that yield slowly desensitizing responses have the
following features: these responses were insensitive to «fj-
meATP, and inhibited by PPADS. ATP-activated current with
a slowly desensitizing response however was not inhibited
by PPADS in some of cells. Furthermore, the current re-
sponses attained because of BzATP and 2MeSATP support
our characterization of P2X5, P2X,, P2Xs, and/or P2X;. Al-
though it is evident from the results of current responses
and RT-PCR that P2X,, P2X,3, P2X3, P2X4, and P2Xs re-
ceptors are functional in proliferating subconfluent cells,
their contribution seems minimal as the ATP-evoked in-
creases of [Ca® "], were not influenced by the absence of
extracellular Ca® * in proliferating subconfluent cells (Fig 3).
Furthermore, UTP and ATP evoked the same increases of
[Ca® ') in the presence of extracellular Ca® ' . These results
coincide with previous researches that indicated that it is
the P2Y, receptors that play a functional role in the prolif-
erated phase (Dixon et al, 1999; Lee et al, 2001; Burrell et al,
2003; Greig ef al, 2003). Although UTP activates P2Y, and
P2Y, receptors, the P2Y, subtype is a functional receptor in
HaCaT keratinocytes but not in NHEK (Burrell et al, 2003).

P2Y receptors respond to ATP in the proliferated phase;
however, in the differentiated phase, it is the P2X receptors
that mediate a greater response from ATP (Fig 3). Only
differentiated over confluent cells were affected by the
absence of extracellular Ca® ' . There were higher increases

Figure 4

Changes in P2X and P2Y receptor subtype mRNA expressions in
different conditions of normal human epidermal keratinocytes
(NHEK). The left panels indicate that P2 receptor mRNA expression is
affected by each culture condition. The right panels indicate that P2
receptor mANA expression is affected while exposed to ATP and UVB
radiation. Arrows indicate the PCR amplification products correspond-
ing to P2X and P2Y receptor subtypes. M, DNA size markers; lane 1,
proliferating subconfluent keratinocytes; lane 2, differentiating over-
confluent keratinocytes; lane 3, differentiating over-confluent keratin-
ocytes on addition of Ca (1.8 mM); lane 4, proliferating subconfluent
keratinocytes; lane 5, proliferating subconfluent keratinocytes exposed
to ATP (300 uM) for 6 h; lane 6, proliferating subconfiuent keratinocytes
exposed to UVB (60 mJ per cm?); lane 7, proliferating subconfluent
keratinocytes exposed to UVB (30 mJ per cm?). Cytotoxicity was not
found in any of the cell conditions (proliferating subconfluent keratin-
ocytes; lanes 1 and 4, 1017 + 52, n =6, differentiating over-confluent
keratinocytes; lane 2, 1152 + 29, n =6, differentiating over-confluent
keratinocytes on addition of Ca; lane 3, 1173 + 47, n= 6, proliferating
subconfluent keratinocytes exposed to ATP for 6 h; lane 5, 1027 + 43,
n =8, proliferating subconfluent keratinocytes exposed to UVB (60 mJ
per cm?); lane 6, 1025 + 64, n=8, proliferating subconfluent keratin-
ocytes exposed to UVB (30 mJ per cm?); lane 7, 1003 + 41, n =8).
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of response to 2f-meATP and BzATP in differentiating over-
confluent cells. On the other hand, the responses to ATP,
UTP, and 2MeSADP decreased in the differentiated phase.
Although the 2MeSADP-evoked [Ca® "], decreased in con-
fluent cells, P2Y; expression remained unchanged. At this
point however, we cannot distinguish the inconsistency be-
tween the expression level and Ca’ " response. Although
2MeSADP is also an agonist for P2Y,,, and P2Y,3, ADP, an
agonist for P2Y, P2Y,, and P2Y.;, elevated [Ca’ ') in
HaCaT keratinocytes but not in NHEK (Burrell et al, 2003).
Thus, it is unlikely that these receptors are functional. Al-
though the expression of P2Y, mRNA was downregulated
at the differentiated phase, the expression of multiple P2X5,
P2Xa, P2Xs, and P2X; receptor subtype mRNA increased
(Fig 4). Judging from the results of Ca * responses and RT-
PCR, P2X; and P2X; receptor subtypes mainly function in
the differentiated phase. The variation of multiple P2X re-
ceptor expression in cultured keratinocytes supports the
notion that the P2X; and P2X; receptors are localized in the
differentiated or terminal differentiated skin (Greig et al,
2003).

P2X; receptors are known to be selectively expressed in
a subpopulation of small diameter sensory neurons (Chen
et al, 1995; Lewis et al, 1995). P2X; receptors however,
have been observed in nonneuronal cells, such as thymus
(Glass et al, 2000) and urothelial cells (Sun and Chai, 2004).
Stretching in bladder urothelial cells increased P2X; recep-
tor expression and their expression was increased more in
urothelial cells from patients with interstitial cystitis than that
in control subjects (Sun and Chai, 2004). The epidermis
could be an interface of the body and environment; hence,
the P2X receptors may play a role as some kind of sensor
against multiple environmental factors such as barrier dis-
ruption and UV radiation. P2X; receptors are known to be
involved in ATP-induced apoptosis (Ferrari et al, 1997). P2X;
receptors are likely to be part of the machinery of the end-
stage terminal differentiation of keratinocytes (Greig et al,
2003). Extracellular ATP increased P2X;, P2X,, P2Xs, and
P2X; receptors but not P2X,, P2Xs expression (Fig 4). UVB
radiation also induces apoptosis in keratinocytes (Schwarz
et al, 1995). In this study, P2X;, P2X;, and P2X; receptor
expression, but not P2X, receptor expression, was aug-
mented by UVB radiation. P2X,, P2Xs, and P2Y, receptors
expression however, was unaffected by ATP or UVB radi-
ation. P2Y. receptor expression was downregulated by the
application of ATP and UVB radiation. The downregulation
of P2Y, receptors expression shows that extracellular ATP
and UVB radiation inhibited proliferation. A high concentra-
tion of ATP inhibits proliferation and a low concentration of
ATP promotes proliferation (Dixon et al, 1999; Greig et al,
2003).

We demonstrated that P2X receptors were nonselective
cationic channels; on the other hand, the response to ATP
mediated through P2Y receptors activated ClI- conduct-
ance. Ca® * -activated Cl channel and K channel contributed
to the hyperpolarization induced by ATP, bradykinin, and
histamine in HaCaT keratinocytes (Koegel and Alzheimer,
2001). Mauro et al, (1990) described that Cl~ conductance,
increased by elevating extracellular Ca’ ', plays arole in the
initiation of differentiation. Increases in [Ca” "], and phos-
phatidylinositol turnover because of the elevation of extra-
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cellular Ca® = were important components of the signal for

differentiation (Jaken and Yuspa, 1988; Hennings et al,
1989). These studies suggest the possibility that the intra-
cellular Ca® * released from IPs-sensitive stores affects Cl
conductance and resultantly leads to keratinocyte differen-
tiation. With these studies as a background, it shall be
assumed that ClI- conductance via P2Y receptors also
contributes to the initiation of differentiation. This ionic se-
lectivity of P2 receptor subtypes may be associated with the
localization in skin and contribute to the maintenance of
homeostasis in skin.

Furthermore, a difference in the amount of released ATP
or the localization of P2 receptors between normal healthy
subjects and patients would be expected. ATP released
from uroepithelial cells was higher in patients with interstitial
cystitis than in controls (Sun et al, 2001). Since mechanical
scratching has the potential to induce the release of a large
amount of ATP release in atopic or psoriatic skin and leads
to skin inflammation, it would appear that the purinergic
signaling is clinically significant. The stimulation of ATP oc-
curs throughout all stages, through proliferation, differenti-
ation, and apoptosis. Regulation of P2 receptor subtypes is
necessary in order to control ion influx and membrane po-
tential, which helps maintain epidermal homeostasis.

In summary, we demonstrated the presence of functional
multiple P2X receptors in NHEK, suggesting their important
physiological role as an initial sensor for external stimuli. P2
receptor subtypes in keratinocytes would provide a basis to
study the regulatory mechanisms underlying the differenti-
ation and proliferation of keratinocytes.

Materials and Methods

Cells and cell culture NHEK (10 Strains of NHEK) were pur-
chased from Kurabo (Osaka, Japan). NHEK were cultured in se-
rum-free keratinocyte growth medium, consisting of Humedia-KB2
(Kurabo) supplemented with bovine pituitary extract (0.4% vol/vol),
human recombinant epidermal growth factor (0.1 ng per mL), in-
sulin (10 pg per mL), and hydrocortisol (0.5 pg per mL). The me-
dium was replaced every 2-3 d. For the electrophysiological
experiments, NHEK (passage 1-3 cells) were seeded onto colla-
gen-coated glass coverslips and used within 4 d.

Electrophysiological recordings Membrane currents were
measured using whole-cell clamp techniques (Hamill et al, 1981).
Cells that were grown on collagen coated-cover slips were trans-
ferred to an experimental chamber of about 1 mL volume. The
chamber was continuously perfused with an extracellular solu-
tion containing (in mM) NaCl 140, KCI 5.4, CaCl, 1.8, MgCl; 1.0,
10.0 N-2-hydroxyethylpiperazine-N -2-ethanesulfonic acid (HEPES),
11.1 p-glucose (adjusted with NaOH to pH 7.4). Heat-polished
patch pipettes had a tip resistance of 3-5 MQ when filled with an
intracellular solution containing 150 mM CsCl, 1 mM MgCl, 10 mM
HEPES, and 5 mM-glycoletherdiamine N,N,N,N-tetraacetic acid
(pH 7.2 with CsOH). Intracellular solution was supplemented with
0.3 mM guanosine 5'triphosphate (GTP) or 2 mM guanosine 5'-O-
(2-thiodiphosphate) trilitium salt (GDPRS). To exclude the P2Y-
activated current, GDPS, an inhibitor of GTP-binding protein, was
applied to the cells (Nakazawa, 1994). Three hundred millimolar
KCl-agar bridge electrode was used as the reference electrode.
Cell capacitance was compensated after the whole-cell mode was
obtained. Cells were clamped at —60 mV. A step pulse between
—100 and +40 mV was applied to the cell. Membrane currents
were recorded with a patch-clamp amplifier (Axopatch 200B, Axon
Instruments, Union City, California). Electrical signals were filtered
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at 1 kHz. Current signals were stored in a personal computer and
analyzed using pCLAMP 6.0 and Clampfit 6.0 software (Axon In-
struments). The drugs were dissolved in the extracellular solution
and applied to the cells by perfusion. The experiments were per-
formed at room temperature (~25°C). TNP-ATP was purchased
from Molecular Probes (Eugene, Oregon). All other chemicals were
purchased from Sigma-Aldrich (St Louis, Missouri).

Ca’" imaging in single keratinocyte NHEK were grown to ap-
proximately 60%-80% confluency (subconfluent), 100%-120%
confluency (confluent), and 100%-120% confluency at 48 h post-
treatment with 1.8 mM Ca® " (confluent + Ca) on collagen-coated
cover glass chambers (Nalge Nunc, Naperville, lllinois). Changes in
[Ca®*] in single cell were measured by the fura-2 method as
described by Grynkiewicz et al (1985) with minor modifications
(Koizumi and Inoue, 1997). In brief, the culture medium was re-
placed with a balanced salt solution (BSS) of the following com-
position (mM): NaCl 150, KCI 5, CaCl, 1.8, MgCl, 1.2, HEPES 25,
and o-glucose 10 (pH = 7.4). Cells were loaded with 5 uM fura-2
acetoxymethylester (fura-2AM) (Molecular Probes) at room tem-
perature ( ~ 25°C) in BSS for 45 min, followed by a BSS wash and
a further 15 min incubation to allow de-esterification of the loaded
dye. The coverslip was mounted on an inverted epifluorescence
microscope (IX70, TS Olympus, Tokyo, Japan), equipped with a 75
W xenon-lamp and band-pass filters of 340 and 380 nm wave-
lengths. The image data, recorded by a high-sensivity CCD
(charge-coupled-device) camera (ORCA-ER, Hamamatsu Photon-
ics, Hamamatsu, Japan) were regulated by a Ca®* analyzing sys-
tem (AQUACOSMOS/RATIO, Hamamatsu Photonics). In the Ca® * -
free experiments, Ca®* was removed from the BSS and 1 mM
EGTA was added. Nucleotides were dissolved in the BSS and the
cells were exposed to it by method of perfusion. Data were rep-
resented as the ratio of fluorescence intensities of 340 and 380 nm.
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The preparation for total RNA extraction and synthesis
cDNA For RT-PCR studies, NHEK were grown in 10 cm colla-
gen-coated dish (Asahi Techno Glass, Tokyo, Japan) to 60%—-80%
confluency (subconfluent), 100%-120% confluency (confluent),
and 100%-120% confluency at 48 h post-treatment with 1.8 mM
Ca’* (confluent+ Ca). Sixty to eighty percent confluency cells
collected at 6 h post-treatment with UVB (30 and 60 mJ per cm?)
and ATP (300 pM). While using UV radiation, the medium was re-
placed by PBS (). NHEK were exposed to UVB radiation from a
bank of two Toshiba FL 20 SE sunlamps (Toshiba Electric, Tokyo,
Japan). These tubes emit wavelengths between 280 and 340 nm,
with a peak of 304 nm. Radiance was measured by a UV-Radi-
ometer (Topcon, Tokyo, Japan). After exposing NHEK to radiation,
the medium was added back to the dishes and NHEK were incu-
bated at 37°C in 5% CO; for 6 h. ATP was applied with medium for
6 h at 37°C in 5% CO.. Total RNA was isolated from all individual
samples using ISOGEN (Nippon Gene, Osaka, Japan) according to
the manufacturer’s protocol. We synthesized cDNA from 1 pg of
total RNA by the use of 200 U of M-MLV RT (Invitrogen, Carisbad,
California) in 20 uL of reaction mixture containing 0.5 pg of oligo
(dT) primer (Invitrogen), 50 mM Tris-HCI, pH 8.3, 75 mM KCI, 3 mM
MgClz;, 10 mM dithiothreitol, 0.25 mM dATP, 0.25 mM dTTP,
0.25 mM dGTP, 0.25 mM dCTP (Takara, Japan), and 50 U of rib-
onuclease inhibitor (Takara, Otsu, Japan) at 37°C for 1 h.

RT-PCR The amounts of P2 receptors and human GAPDH cDNA
in samples were amplified by using an ABI PRISM 7700 sequence
detector (Applied BioSystems, Foster City, California). The reaction
mixture was as follows: PCR buffer, 3.5 mM MgCl,, 0.2 uM forward
primer, 0.2 uM reverse primer, 0.2 mM dNTP, and 1.25 U of
AmpliTag Gold DNA polymerase (Applied BioSystems). The PCR
conditions were: 50°C for 2 min; 95°C for 10 min; 35 cycles of 95°C
for 15 s; and 60°C for 1 min. Obtained DNA fragments by PCR

Tablel. Primers list of P2 receptors and glyceraldehydes-3-phosphate dehydrogenase (GAPDH)

1‘ Accession number Product
Gene [ Primers (forward and reverse) in GenBank size (bp)
P2X, | 5-CCAGCTTGGCTACGTGGTGCAAGA-3 U45448 226
' 5-ACGGTAGTTGGTCCCGTTCTCCACAA-3'

P2X, 5-CCCGAGAGCATAAGGGTCCACAAC-3' AF190823 208
5-AATTTGGGGCCATCGTACCCAGAA-3'

P2X, 5-CCCCTCTTCAACTTTGAGAAGGGA-3 NM002559 245
5-GTGAAGGAGTATTTGGGGATGCAC-3' T

P2X, 5'-CCTTCCCAACATCACCACTACTTACC-3' UB5975 DR 256
5-AGGAGATACGTTGTGCTCAACGTC-3'

P2Xs 5-AGCACGTGAATTGCCTCTGCTTAC-3' AF016709 183
5'-ATCAGACGTGGAGGTCACTTTGCTC-3

P2Xe 5'-ATGGCCCTGTCCAAGTTCTGACAC-3' AF065385 140
5-TGTTGCCTCATCCTTGCTTTCGCT-3

P2X, 5-CTGCTCTCTTGAACAGTGCCGAAA-3' ’ Y09561 - 270
5'-AGTGATGGAACCAACGGTCTAGGT-3' |

P2y, 5'-ACCTCAGACGAGTACCTGCGAAGT-3' ‘ NM002563 353

.~ 5-AGAATGGGGTCCACACAACTGTTGAG-3

P2Y, 5-GTGTCTGGGCGTCTTACGACCTCT-3' _ NM176072 215
5'-GCATGACTGAGCTGTAGGCCACGAA-3' ’

GAPDH 5-GAAGGTGAAGGTCGGAGTC-3' ' NMO002046 242
5'-GAAGATG GTGATGGGATTTC-3' |
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were separated in 1% agarose in Tris-borate buffer containing 0.25
ug per mL ethidium bromide. The gel was visualized by ultraviolet
B radiation. PCR primers were designed using Genetyx Software
program (GENETYX, Japan). The primers (forward, reverse, ac-
cession number, and product size) are shown in Table |.

Cell viability The applied condition of ATP for 6 h (300 uM) and the
condition of 6 h post-treatment with UVB (30 and 60 mJ per cm?)
on the cytotoxicity were assessed using an AlamarBlue assay
(Alamar Biosciences, Camarillo, California), according to the man-
ufacturer’s protocol. The fluorescence intensities were determined
at 544 and 590 nm.

Statistics Data represent the mean + SD. Statistical differences
between two groups were determined by a two-tailed Student’s
test. In the case of more than two groups, differences were analy-
zed by analysis of variance (ANOVA test) and Scheffe’s test.
p<0.05 was considered to be statistically significant.
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Thyroid Hormone Targets Matrix Gla Protein Gene
Associated With Vascular Smooth Muscle Calcification

Yoji Sato, Ryo Nakamura, Mitsutoshi Satoh, Kayoko Fujishita, Satoko Mori, Seiichi Ishida,
Teruhide Yamaguchi, Kazuhide Inoue, Taku Nagao, Yasuo Ohno

Abstract—Thyroid hormones have marked cardiovascular effects in vivo. However, their direct effects on vascular smooth
muscle cells have been unclear. Because thyroid hormones play critical roles in bone remodeling, we hypothesized that
they are also associated with vascular smooth muscle calcification, one of the pathological features of vascular sclerosis.
To test this hypothesis, we examined the effects of 3',3,5-triiodo-L-thyronine (T;) on the expression of calcification-
associated genes in rat aortic smooth muscle cells (RAOSMCs). Quantitative RT-PCRs revealed that a physiological
concentration of T; (15 pmol/L free T;) increased mRNA level of matrix Gla protein (MGP), which acts as a potent
inhibitor of vascular calcification in vivo, by 3-fold in RAOSMCs, as well as in cultured human coronary artery smooth
muscle cells. In RAOSMCs transiently transfected with a luciferase reporter gene driven by the MGP promoter, T;
significantly stimulated luciferase activity. In addition, RNA interference against thyroid hormone receptor-« gene
diminished the effect of T, on MGP expression. Aortic smooth muscle tissues from methimazole-induced hypothyroid
rats (400 mg/L drinking water; 4 weeks) also showed a 68% decrease in the MGP mRNA level, as well as a 33%
increase in calcium content compared with that from the control euthyroid animals, whereas hyperthyroidism (0.2 mg
Ty/kg IP; 10 days) upregulated MGP mRNA by 4.5-fold and reduced calcium content by 11%. Our findings suggest that
a physiological concentration of thyroid hormone directly facilitates MGP gene expression in smooth muscle cells via
thyroid hormone nuclear receptors, leading to prevention of vascular calcification in vivo. (Circ Res. 2005;97:550-557.)

Key Words: calcium m gene expression m nuclear receptors m vascular smooth muscle m thyroid hormone

hyroid hormone has marked effects on differentiation,

development, and metabolic balance of virtually every body
tissue. The action of thyroid hormone is mediated by high-
affinity thyroid hormone nuclear receptors (TRs), which recog-
nize specific response elements in the promoters of target genes
and regulate their transcriptional activity in response to the
hormone. Alterations in thyroid hormone levels have a profound
impact on the cardiovascular system, which include changes in
myocardial contractility, heart rate, and resistance of peripheral
vasculature. Hyperthyroidism leads to positive inotropic, lusi-
tropic, and chronotropic effects on the heart and low systemic
vascular resistance, whereas the opposite is observed in hypo-
thyroidism. In myocardium, the mechanisms for these changes
are based on altered expression levels of several key proteins
involved in the regulation of intracellular ion homeostasis. The
effects of thyroid hormone on cardiac contractility as well as
rates of contraction and relaxation are mainly mediated by
increases in the levels of the sarcoplasmic reticulum Ca’ -
ATPase and decreases in its inhibitor phospholamban in cardio-
myocytes.' The positive chronotropic effect of thyroid hormone
is associated with altered expression levels in plasmalemmal ion

channels/transporters in the heart, such as Kv1.5, Kv4.2, minK,
hyperpolarization-activated cyclic nucleotide-gated channel 2
(HCN2), HCN4, Na'-Ca’' exchanger, and Na'-K -ATPase.>
In contrast, although =25% of hypothyroid patients have dia-
stolic hypertension,® the mechanism for the altered systemic
vascular resistance under an abnormal thyroid hormone status is
not well understood. To date, a loss of nongenomic vasodilating
action of thyroid hormone’ and atherosclerosis attributable to
hypercholesterolemia® have been associated with the increased
systemic vascular resistance under hypothyroidism.” Recently,
mRNAs for TR isoforms were identified in aortic and coronary
smooth muscle cells, suggesting that a direct genomic action of
thyroid hormone may play a significant role in vascular smooth
muscle.'” Although extremely high concentrations of thyroid
hormone are known to regulate expression of several genes in
vascular smooth muscle cells,’"!! the physiological and direct
target genes of thyroid hormone in vascular smooth muscle cells
are not known.”

Arterial calcification is a common pathological feature of
vascular sclerosis, as well as a variety of metabolic disorders
such as diabetes and renal disease. Decades ago, cretinism
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was found to be associated with arterial calcification, espe-
cially when patients did not receive sufficient thyroid hor-
mone replacement therapy.'> However, the mechanism for
the calcification in cretins has been to date unclear. A subset
of vascular smooth muscle cells, named “calcifying vascular
cells,” was demonstrated recently to undergo osteogenic and
chondrogenic differentiation in culture, indicating that some
vascular smooth muscle cells still have the potential for
multiple lineages.'* Because thyroid hormone plays a critical
role in bone remodeling,'* we hypothesized that thyroid
hormone is also associated with vascular calcification. To test
this hypothesis, we investigated the effect of thyroid hormone
on vascular smooth muscle calcification and expression
profiles of calcification-associated genes in vitro and in vivo,
and identified matrix Gla protein (MGP) gene as a target of
thyroid hormone in vascular smooth muscle cells.

Materials and Methods
Cell Culture

a-Actin—positive rat aortic smooth muscle cells (RAOSMCs) were
obtained from Cell Applications, Inc. and were cultured on 6-well
cell cultre plates at 37°C in a humidified atmosphere of 95% air/5%
CO; in growth medium (GM: Dulbecco’s Minimal Essential Me-
dium [DMEM] supplemented with 10% FCS, 100 U/mL penicillin,
and 100 pg/mL streptomycin). Cells up to passage 5 were used for
the experiments. The culture media were changed every 48 hours.
Thyroid hormone-depleted serum was prepared as described previ-
ously."” To evaluate effects of thyroid hormone on gene expression
profiles of the synthetic phenotype of RAOSMCs, the cells at 50% of
confluence were cultured in thyroid hormone—depleted medium
(TDM; DMEM containing 10% thyroid hormone-depleted serum,
100 U/mL penicillin, and 100 pg/mL streptomycin) for 2 days and
stimulated with 3',3,5-triiodo-L-thyronine (T,) for another 2 days.
The contractile form of RAOSMCs was obtained by culturing
confluent cells in serum-free differentiation medium (DM; DMEM
supplemented with 1% ITS-X (Invitrogen), 5 mmol/L taurine, 100
U/mL penicillin, and 100 pg/mL streptomycin) for 10 days, followed
by T, treatment for 2 days. The transition of the cell phenotype in
DM was confirmed by immunoblotting for nonmuscle myosin heavy
chain (SMemb) and smooth muscle myosin heavy chain-2 (SM2). To
examine effects of thyroid hormone on calcium accumulation,
confluent RAOSMCs were cultured as described previously'® in
TDM with or without 100 ng/mL recombinant human bone
morphogenic protein-2 (rBMP2:; R & D Systems) in a cell culture
dish with or without collagen type IV (Col4) coating (BD
Biosciences). Supplementation with -glycerophosphate, which
facilitates smooth muscle cell calcification,'”” was omitted be-
cause of a decrease in the signal-to-background ratio. Cells were
subsequently stimulated with T, for 5 days. The concentrations of
free T, (fT,) and free L-thyroxine (T,) in the serum-containing
medium were determined using chemiluminescent enzyme immu-
noassay at a clinical diagnostic laboratory. The detection limits
for T, and fT, were 1.1 pmol/L. and 1.7 pmol/L, respectively.
Human coronary artery smooth muscle cells (HCASMCs: Cell
Applications, Inc.) were maintained and transformed into the
contractile phenotype before treatment with T, by culturing for 7
days in serum-free HCASMC DM (311D-500; Cell Applications,
Inc) according to manufacturer instructions.

Animals

Male Sprague-Dawley rats (Japan SLC; Shizuoka, Japan) were
maintained on rodent chow (Certified diet MF: Oriental Yeast, Co)
and given water ad libitum. For generation of hypothyroid animals,
methimazole (MMI; 400 mg/L) was added to the drinking water for
4 weeks. Hyperthyroid rats were generated by daily injection of T,
(0.2 mg/kg body weight IP) for 10 days. Plasma concentrations of
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fT, and fT, were measured, as described above. After the treatment
with MMI or T, the thoracic aorta was isolated. Animals were 12
weeks old when killed. Aortic smooth muscle tissue for measure-
ments of calcium accumulation and gene expression was cleared of
fat, connective tissue, and an endothelium and stored at —80°C until
use. For pathological examination, the aortic tissue was fixed in 10%
formaldehyde. Transverse aortic sections were taken from the fixed
tissue and stained with hematoxylin and eosin. All animals were
treated in accordance with laboratory animal care guidelines of
National Institute of Health Sciences at Tokyo.

Calcium Accumulation

Calcium content in RAOSMCs and rat aortic smooth muscle tissues
were determined as described previously'® using o-cresolphthalein
complexone method. Protein concentration was determined using
Bio-Rad protein assay reagent and BSA as a standard.

Real-Time Quantitative RT-PCR

Total RNA was isolated from smooth muscle cells and tissues using
Sepasol reagent (Nakalai Tesque) containing 0.1 mg/mL glycogen
(Roche Diagnostics) and was treated with DNasel (Promega) according
to the manufacturer protocols. To quantitate specific mRNA levels, the
real-time progress of target sequence-specific amplification was moni-
tored during RT-PCR using TagMan chemistry and PRISM7000 Se-
quence Detection System (Applied Biosystems). An [8S ribosomal
RNA was used as an internal control for each RNA level. Sequences of
the primers and the TagMan probes are listed in supplemental Table [
(available online at http://circres.ahajournals.org).

Western Blot Analysis

RAOSMCs and aortic smooth muscle tissues were homogenized in
lysis buffer as described previously.'™ After measuring protein
concentrations, proteins were separated by SDS-PAGE and blotted
onto polyvinylidene fluoride membranes, which were incubated with
anti-SMemb or anti-SM2 monoclonal antibodies (Yamasa) or an
anti-MGP polyclonal antibody (TransGenic) for 1 hour at room
temperature. Subsequently, membranes were incubated with the
secondary antibody conjugated with horseradish peroxidase for I
hour. Signals were visualized and quantified using ECL Plus system
(Amersham Biosciences) and LAS-3000 Imaging System (FUJIF-
ILM), respectively.

Promoter Activity Assay

Fragments between — 1752 and —1 of 5' flanking sequence of the
MGP gene exon 1 and between —1895 and —1 of 5° flanking
sequence of the stanniocalcin-1 (STC1) gene exon | were amplified
using rat tail genomic DNA as a template. The primers for PCR
amplifications were designed as based on the nucleotide sequences
(MGP forward: CAAGGGTACCGGTTTGAGAGACCACGAGAC;
MGP reverse: CTTGAAGCTTCCTGTGAGTCTGCCTCTGTG:
STCI forward: CAAGCTCGAGCCCCTGATATTTCAGCATGG;
STCI reverse: CTTGAAGCTTAGGTGAGGATTTGAGGAGG).
The amplicons were subcloned into the firefly luciferase expression
vector pGL3-Basic (Promega). RAOSMCs in the contractile state,
grown on a 24-well plate, were transiently cotransfected with 225
ng/well of each promoter luciferase plasmid and 75 ng/well of
phRL-TK control plasmid (Promega) using FuGene6 (Roche). Three
hours after transfection, cells were incubated with or without T;. The
luciferase activity was defined as a ratio of the firefly luciferase
signal to the renilla luciferase signal, which was measured with
Dual-Luciferase Reagent (Promega). The transfection efficiency of
the plasmids was estimated to be 1% to 10% of the total RAOSMCs,
as assessed by transfection experiments with an enhanced green
fluorescent protein expression vector pEGFP-N1 (BD Biosciences
Clontech; data not shown).

RNA Interference Against TR«

RAOSMCs in the synthetic form were transiently transfected with
StealthRNAI (Invitrogen) specific for TR« gene (sense: CCAGAA-
GAACCUCCAUCCCACCUAU; antisense: AUAGGUGGGAUG-
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Free Thyroid Hormone Concentrations in Rat Plasma and Serum-Containing Cell Culture Medium

Calculated Range of Thyroid

Plasma/Medium fTy (pmol/L) fT, (pmol/L) Hormone Activity (pmol fTy/L)
Plasma from a euthyroid rat 42+0.6 27+2 6.9-31
Plasma from a hypothyroid rat (MMI treatment for 1 month) <1.1 <1.8 <1.3-29
GM (DMEM, 10% FCS, P/S) 3702 15+0.0 5.2-19
TDM (DMEM, 10% thyroid hormone—depleted FCS, P/S) <1,3 27+0.2 <1.4-38
TOM (DMEM, 10% thyroid hormone—depleted FCS, P/S) + 1 nmol/L T, 6 e 34+01* 15-18

The range of thyroid hormone activity was calculated assuming that X% (X=0-100) of T, is processed to T at the site of action in vivo and that

the affinity of T, for TRs is one tenth that of T,.
P/S indicates penicillin and streptomycin.

Values are means* SD; *P--0.05 vs TDM without T supplementation (Student ¢ test).

GAGGUUCUUCUGG) or StealthRNAi negative control medium
GC (Invitrogen) using Lipofectamine 2000 (Invitrogen), according
to manufacturer instructions and incubated in TDM for 2 days. Cells
were then treated with or without T; (15 pmol/L fT,) for another 2
days. Total RNA was isolated from cells before and after T,
treatment for mRNA determinations.

Statistics

Data were expressed as means*SEM unless otherwise indicated.
Data were analyzed for statistical significance by Student 1 test or
ANOVA with Student-Newman—-Keuls test as a post hoc tes.
Significance was imparted at the P<<0.05 level.

Results

Free Thyroid Hormone Concentrations

As shown in the Table, plasma concentrations of T, and T,
in euthyroid rats were 4.2+0.6 pmol/L and 27+2 pmol/L
(mean* SD), respectively. The MMI treatment decreased T,
and fT, to < 1.1 pmol/L and to <1.8 pmol/L, respectively,
indicating that the animals were hypothyroid. The {T; and {T,
levels in GM containing 10% FCS were 3.7+0.2 pmol/L and
15+0.0 pmol/L (mean*SD), respectively, and happened to
be similar to those in plasma from euthyroid rats. The free
concentrations of thyroid hormones in TDM (< 1.1 pmol/L
fT;; 2.7 pmol/L fT,) were low enough to keep TRs inactivated
because the K; values of T; for TRs are known to be =10 to
100 pmol/L'* and because T, has =10-fold lower affinity for
TRs than that of T;. In vascular smooth muscle cells, T, is
known to be converted to T; by type 1l iodothyronine
deiodinase,'” although the conversion rate in vivo is not clear.
Assuming that X% (X=0 to 100) of T, is processed to T; at
the site of action in vivo and that the affinity of T, for TRs is
one tenth of that of T, the total activity of thyroid hormones
in euthyroid rat plasma should be equivalent to that of 6.9 to
31 pmol/L [4.2+27xXX/100+27X(1—-X/100)/10] of fT,
alone. The supplementation of T, to TDM at 1 nmol/L of total
concentration resulted in an increase in fT; to 15%1 pmol/L
(mean=SD), with a slight increase in fT,, therefore, it was
regarded within a euthyroid range.

T;i-Induced Gene Expression and Calcification in
Cultured RAOSMCs

Vascular smooth muscle cells show a high degree of plastic-
ity and are able to interchange between a differentiated,
contractile phenotype and a proliferating, synthetic pheno-
type. Therefore, we first examined the effects of T; on
expression profiles of calcification-associated genes in both

phenotypes. RAOSMCs in GM predominantly expressed a
marker of synthetic phenotype: SMemb. The replacement of
the medium with DM reduced the protein level of SMemb to
28% and increased SM2 expression by 11.6-fold (online
Figure I), indicating the transition of the phenotype. In the
synthetic phenotype, T; (1 nmol/L total T;=15 pmol/L fT;)
led to upregulation of mRNAs for MGP and STC1x3.3-fold
and 1.3-fold, respectively (Figure 1A), whereas osteopontin
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Figure 1. T; regulated expression of calcification-associated
genes in cultured RAOSMCs in synthetic and contractile forms.
A, Effect of T, on mRNA expression of calcification-associated
genes in the synthetic form of RAOSMCs cultured in TDM. Cells
were treated with 15 pmol/L fT, for 2 days. B, Effect of T; on
mRNA expression of calcification-associated genes in the con-
tractile form of RAOSMCs cultured in the DM. Cells were
treated with 15 pmol/L or 1 nmol/L T; for 2 days. Values are
expressed as means*SEM (n=4) TH indicates thyroid hormone.
*P<0.05 vs hypothyroid; #P<0.05 vs euthyroid.
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Figure 2. Effects of T, on calcium accumulation in cultured
RAOSMCs. The confiuent cells cultured in TDM were stimulated
by 15 pmol/L fT. In the absence of rBMP2, T; significantly
increased calcium content in RAOSMCs cultured in noncoated
vessels. Supplementation with rBMP2 increased the basal cal-
cium content in RAOSMCs in Col4-coated vessels and reversed
the effect of T; on the calcification. Values are expressed as
means=SEM (n=6 to 8); *P-0.05.

(OPN) was downregulated by 21%. The mRNA levels of
BMP2, bone morphogenic protein-4 (BMP4), osteonectin
(ON), and core binding factor «1 (Cbfal; also known as
Runx2 or Osf2) were not significantly altered by the T,
treatment. Specific signals for osteocalcin and bone sialopro-
tein mRNA were not detected by several independent primer
sets in all experiments of the present study, presumably
because of their low abundance in vascular smooth muscle
cells. In the contractile phenotype in DM, T; (15 pmol/L)
induced upregulation of MGP and BMP4x3.2-fold and
1.6-fold, respectively (Figure 1B). A higher concentration of
T, (I nmol/L) resulted in a further increase in the MGP
mRNA level and a significant upregulation of STCI mRNA,
indicating the dose dependency of the effects. Messenger
RNA levels of OPN, BMP2, ON, STCI, and Cbfal in the
contractile phenotype were not significantly altered by the T,
treatment. Among the calcification-associated genes, MGP
and STC1 genes were commonly upregulated by T; in both
phenotypes, suggesting that these two genes were relatively
essential in RAOSMC:s as targets of thyroid hormone.

Because the effect of MGP on calcification and osteogenic
differentiation of vascular smooth muscle cells depends on
availability of BMP2 and Col4,%2" cell calcification was
determined in the absence or presence of these factors. In the
absence of rBMP2 and Col4 coating, treatment with T, (1
nmol/L total T;=15 pmol/L. fT;) for 5 days resulted in an
increase in calcium content by 39% in RAOSMCs (Figure 2).
The same treatment tended to have the similar effect on cells
in a Col4-coated vessel in the absence of rBMP2. In contrast,
T, led to a significant decrease in cellular calcium by 10% in
the presence of rBMP2 and Col4-coating.

Transcriptional Regulation of MGP and STCI
Genes by T,

To test a hypothesis that the promoters of MGP and STCI
genes were under regulation of thyroid hormone, RAOSMCs
were transiently transfected with luciferase reporters under
control of the MGP and STC1 promoters. The 5 flanking
sequences of MGP and STCI genes have been submitted to
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Figure 3. T, activated luciferase reporter genes driven by rat
MGP (A) and STC1 (B) promoters in the contractile form of
RAOSMCs. Cells were transiently cotransfected with a reporter
plasmid containing a promoter region of rat MGP or STC1 gene
and an internal control plasmid (phRL-tk) and were treated with
T, for 2 days. The cell extracts were assayed for luciferase
activity. Values are normalized to the background (luciferase
activity of the cells transfected with promoterless pGL3-Basic
vector and phRL-tk) and expressed as means+SEM (n=6);
*P<0.05 vs control.

NCBI (accession numbers AY750958 and AY750959, re-
spectively). Transcription Element Search System (TESS)*?
revealed that consensus sequences of the thyroid hormone
response element were located in 585 to 600 (TGTAC-
CCCAATGAACC) and 1009 to 1024 (TGGAGACAGGAG-
GACA) bases upstream of the putative transcription initiation
sites of MGP and STCI1 genes, respectively. Treatments of
the cells with T; (15 pmol/l. to | nmol/L) for 48 hours
resulted in significant increases in transcriptional activity
compared with vehicle treatment (Figure 3).

Regulation of MGP and STC1 Expression via TRs
Arterial smooth muscle cells express TRal and TR«a2 nu-
clear receptor isoforms strongly and TRB1 and TRj32 rela-
tively weakly.'” To evaluate the involvement of TRs in the
T;-induced upregulation of MGP and STC1 mRNAs, RNA
interference (RNAI) was performed using StealthRNAI spe-
cific for the TRa gene encoding TR« l and TRa2. The RNAI
in RAOSMCs for 2 days significantly attenuated mRNA
expression of TRal and TRa2 by 66% and 57%, respec-
tively, compared with the controls (Figure 4). The RNAi was
also associated with upregulation of MGP mRNA by 32%
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Figure 4. The RNAI against TR« gene in RAOSMCs (synthetic
form). A, RNAI against TR« gene for 2 days led to significant
decreases in expression of TRa1 and TRa2 to the same extent
and a slight increase in the MGP expression. B, The expression
of TRa1 and TR«2 remained reduced after the following incuba-
tion for 2 more days and was not altered by T; (15 pmol/L T3).
The RNAi was associated with loss of responsiveness of MGP
and STC1 mRNA to T,. Values are expressed as means + SEM
(n=4 to 6 [A] and 8 [B]). NC indicates negative control. *P<0.05
(Student t test [A] or Student-Newman-Keuls test [B]); #P<0.05
association with RNAi (two-way ANOVA).

compared with the controls, suggesting that unliganded TR« 1
or TR«a2, which has no affinity for thyroid hormones, had an
inhibitory effect on the expression of MGP. The mRNA level
of STC1 was not altered by the RNAI. Incubation with 15
pmol/L fT; for the following 2 days facilitated the expression
of MGP and STCI in the control group, whereas no signifi-
cant effect of T; on MGP and STCI gene expression was
detected in the RNAIi group. T; had no effect on the
expression of the TR« isoforms.

Calcium Accumulation in Hypothyroid Rat Aorta
As examined by hematoxylin-eosin staining, the cross-
sections of aorta from rats treated with MMI for 4 weeks did
not show obvious calcified foci (Figure 5A). However,
o-cresolphthalein complexone experiments indicated that the
4-week treatment with MMI significantly increased the cal-
cium content in the rat aortic smooth muscle tissues by 33%
compared with that of euthyroid animals (Figure 5B). Quan-
titative RT-PCRs revealed that mRNA levels of MGP,
BMP4, ON, and Cbfal were downregulated by 68%, 87%,
69%, and 72%, respectively, by the MMI treatment. OPN,
BMP2, and STC1 mRNA levels were not significantly altered
(Figure 5C). MMI also attenuated protein expression of MGP
by 54% (Figure 5D). Calcified foci were not observed even in
aortic cross-sections from rats treated with MMI for 12 weeks
(online Figure II), suggesting that the calcification was not
progressive.

Calcium Content in Hyperthyroid Rat Aorta
Hyperthyroidism elicits pronounced vascular relaxation.”
However, the effect of hyperthyroidism on vascular calcifi-
cation has been unclear. Therefore, it is of interest to compare
effects of hyperthyroidism on the expression profiles of
calcification-associated genes with those of hypothyroidism.
In contrast to the aortic smooth muscle from hypothyroid rats,
daily injections of T; for 10 days led to a decrease in the
calcium content in the rat aortic smooth muscle tissues by
11% compared with that of euthyroid animals (Figure 6A).
Quantitative RT-PCRs showed that mRNA levels of MGP,
OPN, and BMP2 were upregulated by 4.5-fold, 4.9-fold, and
3.4-fold, respectively, by the T, treatment, whereas hyperthy-
roidism resulted in a significant decrease in the level of STCI
mRNA (Figure 6B).

Upregulation of MGP mRNA in

Cultured HCASMCs

To demonstrate that thyroid hormone regulates MGP gene
expression in vascular smooth muscle cells of a different
species, we determined MGP mRNA levels in HCASMCs in
the presence and absence of T, Treatment with a physiolog-
ical concentration (15 pmol/L) of T; for 2 days led to a
significant increase in MGP mRNA by 40% (1.0=0.07
[hypothyroid 0 pmol/L. T;] versus 1.40+0.13 [euthyroid 15
pmol/L. T;] in an arbitrary unit; n=12).

Discussion

In the present study, thyroid hormone led to an upregulation
of MGP in arterial smooth muscle cells in vitro regardless of
culture condition, phenotype, and animal species of the cells.
The transcriptional activity of the MGP gene was increased
by T;, and reduction of TR« gene expression led to a loss of
responsiveness of the MGP gene to T, suggesting that the
effect of T, is based on a genomic action via TRal.
Furthermore, in vivo hormone levels were positively and
negatively associated with the expression of MGP and calci-
fication in vascular smooth muscle, respectively. Because
aortic smooth muscle from hypothyroid rats showed no
obvious neointimal formation, the vascular calcification un-
der the hypothyroidism is likely to be similar to that of media
sclerosis. In aortic smooth muscle from hypothyroid rats,
expression levels of calcification activators BMP4, ON, and
Cbfal were decreased, whereas hyperthyroidism upregulated
another calcification activator BMP2. However, calcium
content in aortic smooth muscle was increased in hypothy-
roidism, and the opposite was observed in hyperthyroidism,
suggesting that the expression or function of calcification
inhibitors, such as MGP and OPN, are more dominant for the
phenotypic outcome in vivo, compared with those of the
calcification activators.

MGP is a mineral-binding extracellular matrix protein
synthesized by vascular smooth muscle cells and chondro-
cytes. Luo et al have shown that ablation of MGP gene in
mice causes extensive and lethal calcification and cartilagi-
nous metaplasia of the media of all elastic arteries, indicating
that MGP has an inhibitory effect on media calcification in
vivo.”? In contrast, in the same study, morphological analysis
showed that heterozygous MGP knockout mice, which had a
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Figure 5. Hypothyroidism led to calcium accumulation in aortic smooth muscle and an altered expression profile of calcification-
associated genes. Hypothyroidism was achieved by treatment of the animals with MMI (400 mg/L drinking water) for 4 weeks. A,
Hematoxylin-eosin staining of cross-sections of aortae from euthyroid and hypothyroid rats. No obvious calcified foci were observed in
either section. Bar=30 um. B, Effect of the hypothyroidism on calcium deposition in rat aortic smooth muscle. C, Effect of hypothyroid-
ism on mRNA expression of calcification-associated genes in rat aortic smooth muscle. D, Effect of hypothyroidism on MGP protein
expression in rat aortic smooth muscle. Values are expressed as means+SEM (n=7 to 8); *P<0.05 vs euthyroid.

similar decrease in an arterial MGP level to that by the MMI
treatment in the present study, had no obvious calcified foci
in arterial smooth muscle. However, this does not necessarily
imply that the heterozygous ablation of MGP gene does not
affect calcium content in arteries because biochemical quan-
tification for tissue calcium has not been performed. Thus, it
is still possible that there is a dose-response relationship
between MGP and media calcification, and that an ~50%
reduction of MGP results in some increase in calcium
content, although it may not be morphologically evident.

The extracellular environment around smooth muscle cells
is known to determine a functional role of MGP. Namely,
calcification of vascular smooth muscle cells in the presence
of a relatively high concentration of BMP2 was inhibited by
MGP, whereas calcification of vascular smooth muscle cells
under a low concentration of BMP2 was stimulated by
MGP.>" Moreover, extracellular matrix proteins, especially
Col4, have significant influence on MGP function and vas-
cular calcification.?! In fact, the effect of T; on calcification
of RAOSMCs was determined by these environmental fac-
tors. Therefore, these results suggest that T, regulates smooth
muscle cell calcification, at least partly, by promoting MGP
expression, although not only vascular cells but also migra-
tory adventitial pericytic myofibroblasts and circulating skel-
etal progenitors may have some additional contributions to
vascular calcification in vivo.*

STC]1 is a mammalian homolog of stanniocalcin, the fish
calcium/phosphate- regulating polypeptide that inhibits cal-
cium flux into cells and stimulates phosphate reabsorption. In
the present study, gene transcription of STC1 appeared to be

regulated by T, via TRa in a dose-dependent manner.
However, the highest mRNA expression of STCI tended to
be achieved at a euthyroid status in vitro and in vivo, and
hyperthyroidism significantly attenuated the STCl mRNA
expression in vivo. Recently, STC1 was shown to accelerate
osteoblast development in an autocrine/paracrine manner in
cultured fetal rat calvaria cells.® Therefore, the downregula-
tion of STC1 may also contribute to the low calcium content
in aortic smooth muscle of hyperthyroid rats, although the
mechanism that offsets the increase in the STCl gene
transcription remains to be elucidated.

OPN is known to inhibit or promote vascular smooth
muscle calcification in vivo in a phosphorylation-dependent
manner.2® Therefore, the changes in its expression in the
synthetic form of RAOSMCs and in smooth muscle tissue of
hyperthyroid rats may be also associated with the effect of
thyroid hormone on calcium accumulation. However, as
shown in the in vitro and MMI experiments, a physiological
concentration of thyroid hormone is unlikely to target OPN
gene directly, at least in the contractile form of aortic smooth
muscle cells.

BMP2 was upregulated by hyperthyroidism in vivo,
whereas BMP4 was downregulated by MMI-induced hypo-
thyroidism. BMP2 is know to antagonize the effect of MGP,*"
and BMP4 has been suggested to play a significant role as a
cytokine, a growth factor or a media-calcification promoter in
vascular lesions of calciphylaxis.”” The mRNA levels of ON
and Cbfal were also decreased in hypothyroid rat aortic
smooth muscle. With the exception of BMP4, these changes
in vivo did not follow on from the in vitro experiments,
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Figure 6. Hyperthyroidism decreased tissue calcium content in
aortic smooth muscle and altered the expression profile of
calcification-associated genes. Hyperthyroidism was achieved
by daily injection of T; (0.2 mg/kg body weight IP) for 10 days.
A, Effect of the hyperthyroidism on calcium deposition in rat
aortic smooth muscle. C, Effect of hyperthyroidism on mRNA
expression of calcification-associated genes in rat aortic smooth
muscle. Values are expressed as means * SEM (n—=7 to 8);
*P-0.05 vs euthyroid.

suggesting that the alterations were not attributable to a direct
effect of thyroid hormone on vascular smooth muscle cells.
Because physiological concentrations of thyroid hormones
upregulated BMP4 in the contractile form of RAOSMCs and
in vivo (hypothyroid versus euthyroid), BMP4 may be
another direct target of thyroid hormone in aortic smooth
muscle cells. However, the expected influences of the
changes in all the calcification activators above were appar-
ently masked, aforementioned, indicating their minor roles in
vascular calcification, compared with those of calcification
inhibitors.

In summary, our findings, for the first time, demonstrate
that a physiological concentration of thyroid hormone has
significant genomic effects on vascular smooth muscle cells
in vitro and in vivo, which are associated with vascular
calcification. Most notably, a decrease in thyroid hormone
and the concomitant increase in vascular calcification in vivo
are marked by a decrease in the level of MGP expression,
suggesting that a physiological concentration of thyroid
hormone has a direct protective role against vascular smooth
muscle calcification in vivo. Although vascular calcification
has been thought to be benign, arterial calcification should
alter vascular compliance. Thus, it is possible that the
increased vascular stiffness underlies the high systemic vas-

cular resistance observed in hypothyroidism. Vascular calci-
fication can lead to some other serious problems, including
vascular stenosis, calciphylaxis, and even sudden death.
Recently, a polymorphism in the promoter region of MGP
gene was found to have a significant association with myo-
cardial infarction in low-risk individuals and femoral calcifi-
cation in the presence of atherosclerotic plaques, suggesting
involvement of this mutation in coronary artery disease.*® In
addition, a recent meta-analysis of coronary artery calcium
scores suggested that the calcium score is an independent risk
factor to predict coronary heart disease events.”” Therefore,
further studies on the protective role of thyroid hormone and
MGP against vascular smooth muscle calcification should
provide insights into novel therapeutic strategies for the high
systemic vascular resistance and blood pressure of hypothy-
roid patients, as well as for diseases associated with cardio-
vascular calcification such as diabetes, chronic renal insuffi-
ciency, and hypercholesterolemia.
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Supplement Figure 1
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Representative images of immunoblots for SM2 (smooth muscle myosin
heavy chain-2) and SMemb (nonmuscle myosin heavy chain) in
RAOSMC:s before and after treatment with the differentiation medium for
10 days. The differentiation medium altered the protein expression of
SM2 and SMemb by 11.6 £ 2.8 fold (n=5) and 0.28 + 0.04 fold (n=4),
respectively.
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Supplement Figure 2

Control (Euthyrond)

Hematoxylin-Eosin staining of cross sections of aortas from a
hypothyroid rat treated with methimazole (MMI, 400 mg/L drinking
water) for 12 weeks and a euthyroid control rat. Bar=30um.
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Suplement Table 1. Sequences of Oligonucleotides for Quantitative RT-PCRs

BMP2:

BMP4:

Cbfal:

MGP (rat):

MGP (human):

"~ ON:

OPN:

STC1:

TRal

TRo2

forward primer:
reverse primer:
TagMan probe:
forward primer:
reverse primer:
TagMan probe:
forward primer:
reverse primer:
TagMan probe:
forward primer:
reverse primer:
TagMan probe:
forward primer:
reverse primer:
TaqMan probe:
forward primer:;
reverse primer:
TagMan probe:
forward primer:
reverse primer:
TagMan probe:
forward primer:
reverse primer:
TagMan probe:
forward primer:
reverse primer:
TagMan probe:
forward primer:
reverse primer:

TagMan probe:

5’-TGAACACAGCTGGTCTCAGGTAA-3’
5-TGTGTTTGGCTTGACGCTTT-3"
5-AGTGACTTTTGGCCACGACGGTAAAGG-3’
5’-TCAGCAGCATCCCAGAGAATG-3’
5"-TTATACGGTGGAAGCCCTGTTC-3’
5-TCTGCAGAGCTCCGGCTATTTCGG-3’
5’-GTCTTCACAAATCCTCCCCAAGT-3’
5'-GAGGCGGTCAGAGAACAAACTAG-3’
5’-TATTAAAGTGACAGTGGACGGTCCCCGG-¥’
5'-CGGAGAAATGCCAACACCTT-¥
5’-CGCTCACACAGCTTGTAGTCATC-3’
5’-ATGGCACGCTAAAGCCCAGGAAAGA-¥’
5’-TTCATATCCCCTCAGCAGAGATG-3’
5’-GCGATTATAGGCAGCATTGTATCC-3’
5'-AACGCTCTAAGCCTGTCCACGAGCTCAATA-3’
5'-CACCTGGACTACATCGGACCAT-3’
5’-TTGTTGCCCTCATCTCTCTCGTA-3’
5’-CGTGACTGGCTCAAAAACGTCCTGGT-3"
5’-TGACCACATGGACGATGATGA-3’
5’-GCTTGTGTGCTGGCAGTGA-3’
5’-ACGGAGACCATGCAGAGAGCGAGGAT-3’
5’-GGATCACCTCCAAGGTCTTCCT-3’
5’-GGCAATGCTGCAAACATTGA-3’
5-TTCGGAGGTGTTCTACTTTCCAGAGGATGA-3’
5’-AGCTGCTGATGAAGGTGACTGA-3’
5’-GCTTAGACTTCCTGATCCTCAAAGAC-3’

5’- TCCACATGAAAGTCGAGTGCCCCA-3’
5'-GGCAATACCTTGTCCCTTTGAG-3’
5'-CCACGTAAGCACAGACAACTATTTC-3’
5’-ACTCAAGTGTCACCTCCTTCCCCAGCTC-3’
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Abstract Liver X receptors (LXRs) a and j share considerable
sequence homology and several functions, respond to the same
endogenous and synthetic ligands, and play critical roles in main-
taining lipid homeostasis. In this study, liverwort-derived riccar-
din C (RC) and F (RF) were identified as an LXRa agonist/
LXRp antagonist and an LXRa antagonist, respectively. RC
and RF bound to LXRs, but had different abilities to recruit a
coactivator and thereby induce transactivation. Despite its un-
ique subtype-selective activity, RC enhanced ABCAl and
ABCG1 expression and cellular cholesterol efflux in THP-1
cells. RC may provide a novel tool for identifying subtype-func-
tion and drug development.

© 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.

Keywaords: Liver X receptor; ATP-binding cassette transporter
Al; ATP-binding cassette transporter G1; HDL; Cholesterol

1. Introduction

The liver X receptors a and B (LXRa and LXRB) are nuclear
receptors that form obligate heterodimers with retinoid X recep-
tor (RXR)[1]. LXRs are activated by several oxysterols or inter-
mediates in the cholesterol synthetic pathway [2,3] and serve as
key regulators of cholesterol homeostasis by coordinately regu-
lating several genes involved in the efflux, transport, and excre-
tion of cholesterol. These genes include ATP-binding cassette
transporter (ABC) Al, ABCG], and apolipoprotein E — which
mediate cellular cholesterol efflux; cholesterol 7a-hydroxylase
— the rate liming enzyme for the conversion of cholesterol to bile
acids in the liver; and ABCGS/ABCGS8-transporters involved in
cholesterol /sterol excretion from the liver and intestine [1]. LXR
activation also upregulates genes involved in fatty acid and tri-
glyceride synthesis by inducing sterol regulatory element-

“Corresponding author.
E-mail address: mogami@nihs.go.jp (T. Nishimaki-Mogami).

Abbreviations; LXR, liver X receptor; RXR, retinoid X receptor; ABC,
ATP-binding cassette transporter; SREBP-lc, sterol regulatory ele-
ment-binding protein-lc; LXRE, LXR response element; 22(R)HC,
22(R)-hydroxycholesterol; TO-1317, TO-901317

binding protein-1c (SREBP-Ic¢) — the master regulator of genes
involved in lipogenesis [4-6] — and fatty acid synthase expression
[7.

LXRa and LXRf share a high degree of amino acid similar-
ity (78%), have similar binding affinities to physiological oxy-
sterol ligands [2,3], and have several common functions,
including the upregulation of ABCA1 and ABCG1 expression
[8,9]. However, these receptors have different tissue distribu-
tions: while LXRp is ubiquitously expressed, the expression
of LXRa is limited to the liver, kidney, intestine, adipose tis-
sue, and macrophages [10]. In the liver, LXRa serves as an
important regulator of cholesterol catabolism. Mice lacking
LXRa has no resistance to dietary cholesterol and fail to
upregulate hepatic cholesterol 7a-hydroxylase [11,12], whereas
LXRp null mice maintain their resistance. The role of LXR
subtypes in triglyceride metabolism is uncertain. One study
has shown a reduction in the liver triglyceride level of LXRp
null mice on standard diet [13], whereas a reduction in the
expression of lipogenic genes was observed in LXRa null mice
fed cholesterol [11,12]. Thus, selective agonists for each LXR
subtype may be necessary to elucidate their precise functions.

Riccardin C (RC) and F (RF) are non-sterol natural prod-
ucts isolated from liverworts [14,15] (Fig. 1A). In the present
study, we discovered that RC functions as an LXRa-selective
agonist/LXR B antagonist but effectively enhances cholesterol
efflux from THP-1 cells.

2. Materials and methods

2.1. Riccardins C and F
RC and RF were purified from a methanol extract of the liverwort
Blasia pusilla as described previously [14,15].

2.2, Transient transfections and reporter gene assay

CV-1 cells maintained in DMEM containing 10% FCS were co-
transfected with 248 ng of LXR response element (LXRE)-driven
luciferase vector (pLXREx4-tk-Luc). 248 ng of pSV-pB-galactosidase
control vector (Promega), and 1.25 ng each of pcDNA3.1-LXRx or
LXRp and pcDNA3.1-RXRx with Polyfect (Qiagen) in 24-well plates
according to a previously described method [16]. Three hours after
transfection, the cells were treated with test compounds in DMEM
containing 10% delipidated FBS, 20 pM compactin, and 10 pM meva-
lonic acid for 24 h. The cells were then lysed and the reporter gene
activity was determined. Luciferase activity was normalized to that
of B-galactosidase for each well.

0014-5793/$30.00 © 2005 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.
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Fig. 1. RC activates LXRa but not LXRp. (A) Chemical structures of RC and RF. (B) CV-1 cells were transfected with a reporter plasmid
(pPLXREx4-tk-Luc) and expression plasmids for LXRa (or LXRP) and RXRa, together with a B-galactosidase as an internal control, and were
treated for 24 h with various concentrations of RC, RF, or 22(R)HC. Luciferase activity in the cell extracts was normalized using B-galactosidase and
expressed as the fold induction relative to vehicle-treated cells. The values are the means * S.D. of six experiments. (C) Effects of RC and RF on
transcriptional activities of heterodimers between RXRx and RARx, RARB, RARy, FXR, LXRa, or LXR, and RXRx homodimers. CV-1 cells
were transfected with expression plasmids for receptors and a P-galactosidase together with a reporter plasmid (pDR5x3-cmv-Luc for RARs,
pFXREx4-tk-Luc, or pDR1x4-cmv-Luc for RXRa), or a PPARy-Gald-expression plasmid with a pGald-UAS-Luc. The cells were exposed to RC
(30 uM), RF (30 pM), or receptor-specific agonists (3 yM all-trans retinoic acid for RARs and RXRa, 30 uM chenodeoxycholic acid for FXR,
20 uM 22(R)HC for LXRs, 30 uM ciglitazone for PPARY) for 24 h before assaying luciferase activity. The values are the means £ 8.D. (r = 3). (D)
Purified GST-LXRa or GST-LXRB ligand binding domain was incubated with a fluorescence-tagged SRC-1 peptide and various concentrations of
RC. RF. or 22(R)HC. The association of ligand-induced SRC-1 peptide with the receptor was monitored by evaluating the increases in
millipolarization fluorescence units (mP). The values are the means + S.D. of six experiments.

2.3. Coactivator association assay using fluorescence polarization 100 pl of buffer (10 mM HEPES, 150 mM NaCl. 2 mM MgCl,, and

A coactivator association assay using fluorescence polarization 5mM DTT at pH 7.9) in 96-well black polypropylene plates. After
was performed according to a previously described method [16]. A 1-h incubation at room temperature, ligand-dependent recruitment
TAMRA-labeled peptide (0.1 M with the amino acid sequence of the coactivator-peptide was measured as the increase in fluorescence
[ILRKLLQE) was incubated with purified 1.5 yM GST-fused human polarization using a Fluorescence Plate Reader Fusiona (Perkin

LXRx ligand binding domain or LXRp ligand binding domain in Elmer Life Science).
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2.4. Real-time quantitative reverse transcription-PCR

Gene-specific mRNA quantitation was performed by real-time
RT-PCR on an ABI Prism 7700 sequence detection system (Ap-
plied Biosystems). THP-1 cells maintained in RPMI 1640 medium
(Sigma) containing 10% FCS were subcultured in 6-well plates and
treated with test compounds in RPMI 1640 containing 0.2% bo-
vine serum albumin. Total RNA extracted from cells using an
RNeasy Kit (Qiagen) was treated with DNase according to the
manufacturer’s instructions. The relative mRNA expression levels
were determined using the TagMan one-step RT-PCR Master
Mix (PE Applied Biosystems). The primer/probe sequences for
human ABCAIl, ABCGI, and SREBP-lIc have been previously
reported [17].

2.5. Measurement of lipid efflux to apolipoprotein A-1

The lipid efflux measurements were performed according to a previ-
ously described method [18]. Briefly, THP-1 cells were treated with the
test compounds and 0 or 10 pg/ml of human apoA-I, isolated from the
plasma HDL fraction, in RPMI 1640 containing 0.2% bovine serum
albumin for 24 h. The lipids were extracted and the cholesterol level
was determined using enzymatic methods.

2.6. Sratistical analysis
Data were analyzed by ANOVA followed by the Student-Newman-—
Keuls method.

5301
3. Results

3.1. Identification of RC as an LXRx Agonist

To discover novel LXR agonists, we screened a variety of
natural products using a transient transfection assay. CV-1
cells were cotransfected with an LXRE-driven luciferase repor-
ter plasmid and expression plasmids for human LXRa (or
LXRp) and RXRa. RC and RF (Fig. 1A) are novel macrocy-
clic bis(bibenzyl) dimers isolated from the liverwort [14,15].
Upon cotransfection with LXRa/RXR, RC (30 uM) raised
the transactivation of the reporter gene by approximately 15-
fold, while a natural LXR agonist, 22( R)-hydroxycholesterol
(22(R)HC), resulted in a 30-fold increase (Fig. 1B). At higher
concentrations, RC caused a decrease in B-galactosidase activ-
ity. LXRp/RXRa-dependent transactivation was unaffected by
this compound. RF, a 14-methoxyl derivative of RC, activated
neither LXRa nor LXRP. Furthermore, neither RC nor RF
activated heterodimers between RXRx« and RARa, RARB,
RARYy, FXR, or PPARy, and RXRa homodimers in cell-
based luciferase assays (Fig. 1C).

In an in vitro coactivator-recruitment assay, RC (up to
10 uM) induced a dose-dependent interaction between SRC-1
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Fig. 2. RC competes with endogenous or synthetic ligands for LXR activation. (A) Fluorescence-tagged SRC-1 peptide was incubated with GST-
LXRa, GST-LXRP, or GST. The changes in fluorescence polarization caused by 1 uM TO-1317 in the presence of the indicated concentrations of
RC or RF are shown. A blank value in the absence of ligands was subtracted from the measured values. The values are the means £ $.D. (n = 3). (B)
CV-1 cells were transfected with pLXRE,4-tk-Luc and either LXR#/RXRx or LXRB/RXRa plasmids, as shown in Fig. 1B, and treated for 24 h with
various concentrations of TO-1317 with or without RC or RF (10 or 30 pM). The values are the means £ S.D. of three experiments performed in
triplicate. Data were normalized to no ligand control (take as 1) and 100 nM TO-1317 values of a representative experiment. Significantly different
from respective controls (7, P <0.05). (C) HepG2 cells were transfected with pLXRE-tk-Luc and treated for 24 h with RC (30 uM) or TO-1317
(10 nM) with or without compactin (50 uM) and mevalonic acid (40 uM). The values are the means * S.D. of three experiments performed in
triplicate. Significantly different from respective controls (*, P <0.05). (D) THP-1 cells and HepG2 cells were treated for 24 h with the vehicle
(DMSO) alone, RC or RF (30 pM) in the presence or absence of 100 nM TO-1317. SREBP-1c mRNA level was measured by TagMan quantitative
real-time PCR. Data were normalized to 185 rRNA levels and are expressed as the fold induction relative to that in the vehicle-treated cells. The
values are the means * S.D. (n = 3). Significantly different from vehicle controls (*, P < 0.05) or cells treated with TO-1317 alone (f, P < 0.03).
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peptide and LXRa but not LXRp (Fig. 1D). At higher concen-
trations, RC caused non-specific interference in monitoring
fluorescence polarization. No interactions were induced by RF.

3.2, RC and RF compete with synthetic or endogenous ligands
Sfor LXR activation

When assayed in the presence of | pM TO-1317 (TO-
901317), RC and RF reduced the TO-1317-induced association
of the SRC-1 peptide with LXRa or LXRp, indicating the
binding of these compounds to the receptors (Fig. 2A). These
compounds also decreased LXRa-transactivation elicited by a
synthetic LXR agonist TO-1317 (Fig. 2B), although inhibitory
effect of RF on LXRf was insignificant. The ability of RC and
RF to compete with endogenous ligands was tested in HepG2
cells. Treatment of the cells with compactin, which has been re-
ported to deplete endogenous ligands for LXR [19,20], led to a
60% reduction in LXRE-dependent transactivation (Fig. 2C).
Similarly, RF decreased the luciferase activity to the level of
cells treated with compactin. RC had no effect in the absence
of compactin but increased luciferase activity by 1.6-fold in
compactin-treated cells. RC and RF inhibited the TO-1317-
elicited expression of SREBP-1c mRNA in THP-1 cells. RF
also decreased the TO-1317-clicited expression in HepG2 cells,
although the effect of RC was insignificant (Fig. 2D).
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3.3. RC enhances ApoA-I-mediated cellular cholesterol release

We used real-time quantitative PCR to investigate the effect
of RC on the expression of LXR target genes, ABCAI,
ABCGI, and SREBP-lc, in THP-1 cells. RC (30 uM) in-
creased the ABCAl mRNA level by 2-fold, while 22RHC
(12.5uM) and TO-1317 (10 nM) caused 2.2- and 2.7-fold
inductions, respectively (Fig. 3A). Likewise, RC raised the
ABCGI and SREBP-1c mRNA level by 2.6-fold and 1.6-fold,
respectively.

To evaluate whether the increase in ABCAl mRNA expres-
sion was functionally relevant, we examined the effect of RC
on cholesterol efflux from THP-1 cells. As shown in Fig. 3B,
apoA-I-dependent cholesterol release was increased 2-fold by
10 uM of RC. At 30 uM, this compound also caused a 2-fold
elevation in cholesterol release without exogenous apoA-1.

RC had no effect on SREBP-1c and ABCGl mRNA expres-
sion in HepG2 cells, whereas TO-1317 markedly induced
expression of both of them (Fig. 3C).

4. Discussion

In the present study, we identified RC as an LXRa-selective
agonist. RC bound directly to LXRx and recruited the coacti-

o o

Cholesterol Efflux
(pg/mg protein)

Relative mRNA Levels (fold)

Fig. 3. RC increases ABCA| and ABCGI mRNA expression and cellular cholesterol efflux in THP-1 cells without raising SREBP-Ic¢ expression in
HepG2 cells. (A) THP-1 cells were treated for 24 h with the vehicle (DMSO) alone, RC (30 pM), TO-1317 (10 nM), or 22(R)HC (12.5 uM). The levels
of ABCAI and ABCG| mRNA were measured with TagMan quantitative real-time PCR analysis. Data were normalized using the 188 rRNA levels
and are expressed as the fold induction relative to that in the vehicle-treated cells. The values are the means £ S.D. of three experiments performed in
triplicate. (B) Cells were treated for 24 h with the indicated compounds in the presence or absence of apoA-I (10 pg/ml), and the cholesterol released
into the medium was analyzed. The values are the means * S.D. (n = 3) of a typical series of three experiments performed. (C) HepG2 cells were
treated for 24 h with the vehicle (DMSO) alone, RC (30 uM), or TO-1317 (10 nM or | pM). SREBP-Ic and ABCGI mRNA level was measured by
quantitative real-time PCR. Data were normalized to 185 rRNA levels and are expressed as the fold induction relative to that in the vehicle-treated
cells, The values are the means + $.1D. of three experiments. Statistically significant differences from control are indicated by asterisk (*, P < 0.05 and
NS, not significant).
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vator SRC-1 peptide to the receptor (Fig. 1D), leading to the
activation of LXRa-dependent reporter gene transcription
(Fig. 1B). RC also possesses the ability to bind to LXRB. How-
ever, its inability to recruit a coactivator to LXRp (Fig. 1D)
resulted in the failure of LXRB-mediated transactivation. RC
was shown to have no ability to activate PPARy, RARa,
RARB, RARy, FXR, and RXRu (Fig. 1C).

In contrast to RC, RF was inactive for both LXRa and
LXRp-mediated transactivation (Fig. 1B). This compound
was able to bind to LXRa and LXRf (Fig. 2A) but was unable
to promote coactivator association (Fig. 1C). Structural differ-
ences between RC and RF suggest that the C-14 hydroxyl
group of RC plays a critical role in inducing coactivator asso-
ciation to LXRa, but not to LXRp, leading to transactivation
in a subtype-selective manner.

The competition with the synthetic agonist TO-1317 for the
coactivator association (Fig. 2A) and the receptor-mediated
transactivation (Fig. 2B) demonstrates that RC functions as
an LXRa partial agonist and an LXRf antagonist. RF func-
tions as an antagonist of LXRo. RF decreased LXRE-depen-
dent luciferase transcription in HepG2 cells to the level of
endogenous-ligand depletion by compactin (Fig. 2C), suggest-
ing that endogenous ligand-mediated LXR activation was
inhibited by RF. RC increased LXRE-dependent transcription
in compactin-treated cells, but not in the absence of compactin.
In the intact cells, RC, as well as RF, might compete with
endogenous ligands for LXR activation, thereby decreasing
endogenous ligand-mediated activation. This latent activity of
RC might compensate for this reduction. RC and RF also com-
peted with TO-1317 for SREBP-1c expression in THP-1 cells.

The efflux of cellular cholesterol to HDL constitutes the first
stage in the reverse cholesterol transport pathway and plays a
critical role in modulating the progression of atherosclerosis
[21]. ABCA1 and ABCGI have been shown to mediate this
process [22,23], and LXRa and LXRp play redundant roles
in their expression [9,24]. RC functions as an LXRa partial
agonist and LXRP antagonist. However, RC was shown to
raisc ABCA1 and ABCG1 mRNA levels and enhance cellular
cholesterol efflux in THP-1 cells (Fig. 3A and B). Because hu-
man LXRea expression is autoregulated by LXRa itself [25],
the stimulation of LXRa may have a stronger effect than that
of LXRB. RC and TO-1317 at higher concentrations increased
cholesterol efflux even in the absence of apoA-I. Because THP-
1 cells express apoE [26] and ABCAI at the basal level,
increased expression of apoE by LXR activation [27], caveo-
lin-1 [28], or ABCA7 [29] could lead to enhanced cholesterol
release, even without apoA-I.

We found that RC did not affect SREBP-1¢ and ABCGI
expression in hepatoma HepG2 cells (Fig. 3C). This coincides
with the apparent inability of RC to enhance LXRE-dependent
transactivation in this cell line (Fig. 2C). A possible explanation
for this inability is the low LXRa/LXR ratio in HepG?2 cells.
Alternatively, as a partial LXRa agonist/LXRp antagonist, RC
might compete with endogenous ligands produced via the cho-
lesterol synthesis pathway. It is also possible that coactivator-
corepressor(s) different from those employed in THP-1 cells
might be active in this cell line. Further studies are required
to elucidate the precise mechanisms of RC’s selective actions.
However, because synthetic LXR agonists have been shown
to cause hypertriglyceridemia [5], LXR modulators that do
not upregulate hepatic lipogenic genes may enable improved
therapeutic strategies.
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