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Fig. 1. The Wnt/B-catenin signaling pathway. In the absence of Wnt, S-catenin binds to the protein complex formed by axin,
APC, and GSK-3p and then is phosphorylated by GSK-3p, resulting in its degradation by the 26S proteasome system (left). Wnt
binds to the receptor Fz and the co-receptor LRP5/6, and these receptors mediate signal transduction in cells. GSK-38 and CKla
are inhibited by activated Dvl; thus f-catenin escapes phosphorylation. Unphosphorylated f-catenin accumulates in the cytoplasm
and translocates to the nucleus. In the nucleus, f-catenin activates the transcription of target genes together with TCF (right). Fz,
Frizzled; LRP, low-density lipoprotein receptor—related protein; Dvl, disheveled; APC, adenomatous polyposis coli; GSK-38,

glycogen synthase kinase-38; TCF, T-cell factor.

proteasome complex (10, 11). After the Wnt proteins
bind to the receptor complex Frizzleds/low-density
lipoprotein receptor—related protein (Fz/LRP), cyto-
plasmic disheveled (Dvl), a protein downstream of
the receptor complex, is phosphorylated and inhibits
GSK-38 by causing their retention at the scaffolding
protein axin, resulting in the accumulation of non-
phosphorylated S-catenin in the cytoplasm. Non-
phosphorylated f-catenin avoids degradation and trans-
locates into the nucleus. In the nucleus, f-catenin forms
a complex with the transcription factor TCF and induces
the transcription of downstream target genes (1 —3).
Thus GSK-3 plays a critical role in the regulation of
Wnt/p-catenin target gene expression by controlling the
level of cytoplasmic S-catenin (Fig. 1).

Cyclin D1 and GSK-3f

Since several oncogenes are included amongst the
target genes, constitutive activation of the Wnt/p-
catenin signaling pathway can lead to cancer (12). One
oncogene, the cyclin D1 gene CCNDI, is a well-known
Wnt/f-catenin target gene.

The cell cycle progresses through four sequential
phases, namely, gap 1 (G1), synthesis (S), gap 2 (G2),
and mitosis (M) phases. Passage through the cell cycle is
strictly controlled by cyclin/cyclin-dependent kinase
(CDK) complexes. During the G1 phase, cells need to
decide whether to advance towards another division or
withdraw from the cell cycle into the quiescence phase
(GO) in response to extracellular signals. The point at
which this decision is made is called the restriction
point. Cyclin D (D1, D2, and D3) act as a mitogenic
signal sensor and is expressed as a delayed early
response to many mitogenic signals, which forces cells
to enter the proliferative cycle from the GO phase (13,
14). The cyclin D mRNA level is dramatically increased
following mitogenic stimulation, and both mRNA and
protein levels of cyclin D1 are strictly regulated after
induction. Cyclin D forms a complex with and functions
as a regulatory subunit of CDK4 or 6, the activity of
which is required for the transition from the G1 phase
to the S phase (Fig. 2).

In tumor cells, genes encoding the proteins that
directly regulate the cell cycle are often quantitatively
altered. Among these proteins, cyclin D1 is strongly
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cyclin A

Fig.2. Schematic representation of the mammalian cell cycle and
its regulatory molecules. The cell cycle progresses through four
sequential phases, gap 1 (G1), synthesis (S), gap 2 (G2), and mitosis
(M) phases. Passage through the cell cycle is controlled by cyclin
/cyclin-dependent kinase complexes and each cyclin exhibits a
characteristic pattern of expression and degradation. Among cyclins,
cyclin D acts as a mitogenic signal sensor and is expressed as an early
response to many mitogenic signals, which forces cells to enter the
proliferative cycle from the GO phase. DIFs inhibit mammalian cell
proliferation by suppressing the expression of cyclin DI mRNA and
protein. R, restriction point.

implicated in oncogenesis (14). Amplification of the
gene encoding cyclin D1 and overexpression of cyclin
D1 protein are often found in several types of human
malignant neoplasms (15-18). Thus cyclin D1 is
particularly well known for its prominent role in driving
tumorigenesis. Other members of the cyclin D family,
cyclins D2 and D3, are also expressed in an overlapping
and redundant fashion with cyclin D1 in all proliferating
cell types and are overexpressed in human cancers,
but much less commonly than cyclin D1 (19).

The level of the cyclin D1 protein is regulated by an
ubiquitin-dependent mechanism throughout the progres-
sion of the cell cycle. Cyclin D1 is transported from the
nucleus to the cytoplasm where it is degraded by the 268
proteasome. Although GSK-38 is a cytosolic protein, it
is translocated into the nucleus when activated and
phosphorylates cyclin D1 on Thr*®, thereby stimulating
cyclin D1 turnover in response to mitogenic signals
(7, 20, 21). Phosphorylation of cyclin D1 on Thr** by
GSK-3p facilitates its association with CRM1, which is
a nuclear protein that mediates the nuclear export of
proteins, resulting in the exclusion of cyclin D1 from
the nucleus to initiate its proteasomal degradation (22).

As described above, cyclin D1 gene expression is
activated by Wnt/g-catenin signaling, in which GSK-38
plays a critical role in its regulation, and cyclin D1
protein degradation is regulated by GSK-38. Thus
activation of GSK-3 is expected to lead to a reduction
in the level of cyclin D1 mRNA at the transcriptional

level and the protein at the degradation level. While many
diseases, including diabetes mellitus and Alzheimer’s
disease, can be ameliorated by the use of GSK-38 -
inhibitors, cancers, especially cancers in which cyclin
D1 is overexpressed, are likely to be more susceptible
to pharmacological activation of GSK-38.

Differentiation-inducing factors: modulators of the
Wnt/f-catenin signaling pathway and potent anti-
tumor agents

Differentiation-inducing factors (DIFs) were identified
in Dictyostelium discoideum as the morphogens required
for stalk cell differentiation (23). In the DIF family,
DIF-1 [1-(3,5-dichloro-2,6-dihydroxy-4-methoxyphenyl)-
1-hexanone] was the first to be identified and DIF-3, the
monochlorinated analog of DIF-1, is a natural metabolite
of DIF-1 in Dictyostelium (24). However, the actions of
DIFs are not limited to Dictyostelium. They also have
strong effects on mammalian cells. DIF-1 and/or DIF-3
strongly inhibit proliferation and induce differentiation
in several leukemia cells, including the murine erythro-
leukemia cell line B8, human leukemia cell line K562,
and human myeloid leukemia cell line HL-60 (25, 26).
DIF-3 has been reported to have the most potent anti-
proliferative effect on mammalian leukemia cells among
the DIF analog examined to date (27).

However, the target molecule (receptor) of DIFs is
unknown and it is not clear even in Dictyostelium how
DIFs induce antiproliferative effects and cell differentia-
tion. DIFs are small hydrophobic molecules and are
therefore expected to be able to cross cell membranes
without requiring channels or carriers. In search of
chemical substances applicable for the treatment of
cancer and other proliferative disorders, we studied the
signal transduction of DIFs in mammalian cells mainly
using HeLa cells. Although the precise mechanisms
underlying their antiproliferative effects are not yet
known, we found that DIFs (DIF-1 and DIF-3) inhibited
mammalian cell proliferation by suppressing the expres-
sion of cyclin D1 mRNA and protein through the acti-
vation of GSK-38 (28 —31).

DIFs dephosphorylated Ser’ of GSK-38 by an
unknown mechanism and thus activated this kinase.
Activated GSK-38 by DIFs induced f-catenin degrada-
tion and suppressed S-catenin/TCF—dependent tran-
scription activity, indicating that DIFs inhibit the Wnt/j-
catenin signaling pathway. We also found that DIFs
reduced the activity of a reporter gene driven by the .
human cyclin D1 promoter (+134/-961 bp) via a TCF
binding site (-75/-81bp) (29). This result suggests
that DIFs inhibited cyclin D1 mRNA expression via the
inhibition of p-catenin/TCF—dependent transcription
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activity. On the other hand, we also found that the
activated GSK-3/ translocated to the nucleus and phos-
phorylated cyclin D1 on Thr** to trigger the degradation
of cyclin D1 by an ubiquitin-dependent mechanism (28,
30, 31). Correlated with the above observations, DIFs
induced GO/G1 cell cycle arrest, which was rescued by
the overexpression of cyclin D1 (28), suggesting that
DIFs were likely to induce cell cycle arrest by reducing
the expression of cyclin D1.

Cyclin D1 degradation is facilitated by the phosphory-
lation of specific threonine residues, not only 286 but
also 288, according to previous reports (20, 21, 32).
Zouetal. (32) reported that dual-specificity tyrosine-
phosphorylation—regulated kinase 1B (DYRKIB), a
member of the DYRK family, phosphorylates cyclin
D1 on Thr*®, also resulting in cyclin D1 degradation.
Therefore, the effect of DIF-3 on DYRKIB was
examined and it was found that not only GSK-34 but
also DYRK1B was involved in the phosphorylation of
cyclin D1 to trigger its degradation (31). This may have
an important implication in DIFs-induced cyclin D1
degradation because DIFs induce rapid and strong
degradation of cyclin D1 (within 1h). Clarified DIFs
action is summarized in Fig. 3.

The antiproliferative effect of DIFs via strong reduc-
tion of the expression level of cyclin D1 is not limited
ta HeLa cells, but is also common to human squamous
cell carcinoma cell lines (SAS and NA) (30), human
colorectal carcinoma cell line (HCT-116), and human
osteosarcoma cell line (Sa08S-2) (author’s unpublished
observation). As described above, DIFs inhibit the

cytapiasm

e ﬂll proliferation

cyclin D1
egradation

Fig.3. DIFs action and the Wnt/p-
catenin signaling pathway. DIFs enter
into the cell and dephosphorylate GSK-
38 at Ser’ by unknown mechanisms,
resulting in the activation of this kinase.
Activated-GSK-38 translocates into
nucleus and phosphorylates Thr*® of
cyclin D1. DIFs also activated
DYRK 1B, which is present in nucleus,
by an unknown mechanism, and acti-
vated DYRK1B phosphorylates Thr**®
of cyclin D1. Phosphorylated cyclin D1
is exported from the nucleus, resulting
in its degradation by the 26S proteasome
system after ubiquitination. Activated-
GSK-38 also phosphorylates f-catenin
in the cytoplasm. Phosphorylated -
catenin is degraded, resulting in the
inhibition of transcription of the target
genes, such as cyclin D1 and c-myc.
GSK-38, glycogen synthase kinase-35;
DYRKIB, dual-specificity tyrosine
phosphorylation-regulated kinase 1B;
Ub, ubiquitin.

//

Wnt/f-catenin signaling pathway via the activation of
GSK-3p, whereas the target molecule is not clarified.
Recently, Shimizuetal. reported that calmodulin-
dependent cyclic nucleotide phosphodiesterase (PDE1)
could be a pharmacological target molecule for DIF-1
(33). Although this protein might not be the molecule
responsible for regulation of the antiproliferative effect
of DIF-1 (4), some inhibitors for PDE1 are expected
to be applicable to cancer (34, 35). Taken together, it
seems likely that DIFs are potent antitumor agents,
and identification of the target molecule(s) for DIFs may
offer ideas for the design of new anticancer drugs.

Conclusions

Cyclin D1 is a positive regulator of the cell cycle
and promotes transition from the Glphase to the S phase
in cooperation with CDK4 or 6. Amplification of the
gene encoding cyclin D1 and overexpression of the
cyclin D1 protein are frequently found in several types
of human malignant neoplasms. GSK-38 plays a critical
role in the regulation of the amount of cyclin D1, as this
kinase is involved in both cyclin DI mRNA transcrip-
tion and ubiquitin-dependent proteolysis. We found that
DIFs act as an inhibitor of the Wnt/f-catenin signaling
pathway via the activation of GSK-38, whereas the
target molecule is not clarified. Therefore, DIFs could be
potent antitumor agents and identification of the target
molecule(s) for DIFs may offer ideas for the design of
new anticancer drugs.
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This study was designed to determine whether lipocalin type-prostaglandin D synthase (I-pgds) deficiency
contributes to atherogenesis using gene knockout (KO) mice. A high-fat diet was given to 8-week-old
C57BL/6 (wild type; WT), I-pgds KO (LKO), apolipoprotein E (apo E) KO (AKO) and I-pgds/apo E double
KO (DKO) mice. The I-pgds deficient mice showed significantly increased body weight, which was accom-
panied by increased size of subcutaneous and visceral fat tissues. Fat deposition in the aortic wall induced

ﬁeywo]rfis: tandin D svatts by the high-fat diet was significantly increased in LKO mice compared with WT mice, although there was
Apglcia m;ggieanrostag andin D synthase no significant difference between AKO and DKO mice. In LKO mice, atherosclerotic plaque in the aortic
Kﬁ ockpgllxat mice root was also increased and, furthermore, macrophage cellularity and the expression of pro-inflammatory

cytokines such as interleukin-1p and monocyte chemoattractant protein-1 were significant increased. In
conclusion, I-pgds deficiency induces obesity and facilitates atherosclerosis, probably through the regula-

Atherosclerosis

Interleukin-1B
Monocyte chemoattractant protein type-1
Obesity

tion of inflammatory responses.

© 2008 Elsevier Inc. All rights reserved.

Lipocalin-type prostaglandin D synthase (L-PGDS) is the en-
zyme that converts PGH, into PGD, in the process of an arachi-
donic acid metabolism. The synthesized PGD, is further non-
enzymatically metabolized to the PGJ, series including PGJ,, A'*-
PGJ, and 15-deoxy-A'>1*-PGJ, (15d-PGJ,) [1]. Because L-PGDS is
highly expressed in the central nervous system, its role in neuro-
logical disorders has been well studied [2-4]. In addition, recent
studies have revealed that L-PGDS is constitutively expressed in
the vascular endothelium [5] and that the downstream PGs,
PGD, and the PG, series mainly act as protective factors for blood
vessels [6]. The role of 15d-PGJ; has received particular attention
because it was reported as a natural ligand of the nuclear receptor
peroxisome proliferator-activated receptor-y (PPARY) that induces
the differentiation of adipose cells and macrophages |7,8], which
contribute to insulin resistance. 15d-PGJ, has been shown to be a
unique material that is able to protect the vessel wall from injuri-
ous stimuli by controlling cell fate such as proliferation, differenti-
ation and apoptosis, and by inhibiting inflammation in the vascular
wall [6,9,10].

L-PGDS is secreted into the blood and urine, and several clinical
studies have suggested a close association between L-PGDS levels
and cardiovascular disease or its risk factors. The urinary L-PGDS
level is significantly increased in patients with hypertension [11].

* Corresponding author. Fax: +81 92 642 6084.
E-mail address: ymiwa@clipharm.med.kyushu-u.ac.jp (Y. Miwa).

0006-291X/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2008.11.152

The L-PGDS concentration is increased in both serum and urine
in diabetic patients and blood sugar control reversed the increase
in urinary excretion of L-PGDS [12]. We previously reported that
the serum L-PGDS level increases with aging and is associated with
subclinical atherosclerosis as evaluated by the maximal intima-
media complex thickness of the common carotid artery (C-IMT
max) and by the pulse wave velocity [13]. In addition, we have
identified single nucleotide polymorphisms (SNPs) in the Il-pgds
gene in Japanese people, and showed that a common SNP
4111A>C influences C-IMT max [14]. These observations strongly
suggest the importance of L-PGDS in the pathogenesis of athero-
sclerosis; however, its role in vivo has not been well investigated.

Therefore, in the present study, to clarify the pathophysiologic
role of L-PGDS in atherosclerosis, we investigated the effects of a
high-fat diet on atherosclerosis and related parameters in I-pgds
gene knockout (LKO) mice. We also crossed these mice with apoli-
poprotein E (apo E) knockout (AKO) mice, which are frequently
used as a model of atherosclerosis, to generate a double knockout
{DKO), and similarly investigated this phenotype.

Methods

Animals. All animal experiments were approved by the Commit-
tee on the Ethics of Animal Experiments, Kyushu University Grad-
uate School of Medical Sciences. LKO mice were generated as
previously described [4). AKO mice and C57BL/6 (wild type, WT)
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mice were obtained from Jackson Laboratory (Bar Harbor, ME).
DKO mice were generated by mating LKO mice with AKO mice.
After genotyping by polymerase chain reaction analysis, litter-
mates from the F2 generation of this crossbreed were used to
establish DKO mating, and the resulting progeny was used in our
study. All animals were of pure (9-generation backcross) C57BL/6
genetic background. Male mice were fed a normal chow diet until
8 weeks of age, after which they received a high-fat diet containing
30% fat (Oriental Yeast Co., Tokyo, Japan) for 20 weeks. Mice were
maintained in an air-conditioned room (25 °C; humidity 50%) with
a 12 h light and dark cycle. Animals had free access to diet and
drinking water but were not fed overnight prior to the
experiments,

During the high-fat feeding, body weight and systolic blood
pressure (BP) were measured every 4 weeks. Systolic BP was exam-
ined by tail-cuff plethysmography (BP98-A, Softron Co., Tokyo, Ja-
pan) on conscious restrained mice. Each measurement was
performed five times, and values were averaged and recorded.
Food intake was monitored daily for a period of 7 days in single-
housed mice. After a week of acclimatization to the new environ-
ment, the amount of diet ingested was calculated as the difference
between the weight of the food remaining in the food bin and the
amount of pre-weighed food added the day before. Serum levels of
cholesterols, triglyceride, creatinine and adiponectin were deter-
mined using blood samples collected from mice at 12 weeks after
starting the high-fat diet.

Intraperitoneal glucose tolerance tests were performed in mice
fasted for 16 h. Blood was collected before and after intraperitoneal
injection of glucose (1 g/kg) at 15, 30, 60, 90 and 120 min. Intra-
peritoneal insulin tolerance test was performed after mice were
fasted for 5 h. Blood glucose levels were measured prior to the
injection of insulin (1.0 U/kg; Novolin®, Novo Nordisk Pharmaceu-
ticals, Inc., Princeton, NJ) and at 15, 30, 60, 90 and 120 min after
injection.

Magnetic resonance imaging (MRI) studies. In vivo MRI scanning
was performed using a 0.3-T open MRI (AIRIS II, Hitachi Medico.,
Tokyo, Japan) to determine body fat distribution. Mice were anes-
thetized with pentobarbital (50 pg/g) and placed in a coil. T1-
weighted SE sequence (TR/TE =450/14 ms; FOV 85 mm; matrix
512 x 512; slice thickness 2 mm) was used to acquire 14 trans-
verse slices. To evaluate the volumes of visceral and subcutaneous
adipose tissue compartments, digital images were captured and
hyper-intense fat was manually segmented and areas calculated
as pixels using NIH Image ] software (version 1.6.0, National Insti-
tute of Health, ML). The average values obtained from six consecu-
tive slices between the middle of the right kidney to urinary
bladder were defined as the fat tissue volume.

Measurements of adipocyte sizes. To determine adipocyte sizes of
visceral and subcutaneous fat, the cross-sectional area of adipo-
cytes was measured on paraffin-embedded hematoxylin-eosin-
stained sections as previously described [15]. After converting
the image of adipose tissue under the microscope to a binary im-
age, each adipocyte from five randomly chosen fields (approxi-
mately 100 cells per mouse) was manually segmented and the
areas calculated as pixels using NIH Image ] software,

En face evaluation of atherosclerotic lesions. After the mice were
fed with a high-fat diet for 20 weeks, they were anesthetized with
pentobarbital and perfused with Krebs-Ringer solution, and the
aorta was dissected from the aortic valve to the iliac bifurcation
under a light microscope. The whole aorta was fixed in 10% form-
aldehyde for over 24 h, and opened longitudinally and pinned onto
a black wax surface. To identify lipid-rich intraluminal lesions, the
aorta was stained for 30 min in a saturated Oil-Red-O solution at
room temperature, Digital images of the aortic lumen en face un-
der the microscope were captured and saved on a computer and
the index of atherosclerotic formation ([total lesion area/total sur-

face area] x 100%) in the aortic arch was calculated for each aorta
using NIH Image ] software.

Histological examination of the aortic root. The aortic root was
dissected and placed in 10% formaldehyde for 24 h and then trans-
ferred to 10-30% sucrose solution for 3 days. After embedding in
OCT compound (Tissue-Tek), 10-um-thick sections of the aortic
roots were cut using a cryostat at —20°C. Some of the sections
were stained for 15 min in a saturated Oil-Red-O solution at room
temperature and counterstained with hematoxylin. For quantita-
tive estimation of the plaque contents, we analyzed the Oil-Red-
O-stained areas as previously described [16] using NIH Image ]
software. The remaining sections were used for immunohisto-
chemical analysis using the following antibodies: monoclonal
anti-CD68 (AbD Serotec, Kidlington, UK), polyclonal anti-macro-
phage chemoattractant protein-1 (MCP-1) (sc-1785, Santa-Cruz,
CA) and polyclonal anti-IL-1B (sc-7884; Santa-Cruz). After blocking
endogenous peroxidase with 3% H,0, in methanol for 30 min, seri-
al 5-pm-thick cryosections of the aortic root were incubated with
each antibody (1:100) overnight at 4 °C. The sections were treated
with secondary biotinylated antibodies and incubated with strep-
tavidin labeled with horseradish peroxidase using a Histofine
SAB-PO Kit (Nichirei Co., Tokyo, Japan). The sections were then
counterstained with hematoxylin. Under the microscope, percent-
ages of stained cells from five randomly chosen fields were manu-
ally calculated.

Statistical analysis. Differences between groups were deter-
mined by two-tailed Student’s t-test or one-way analysis of vari-
ance (ANOVA). When a significant difference was observed in
ANOVA, the difference between two groups was analyzed by post
hoc analysis. P < 0.05 was considered to be significant.

Results
Effect of I-pgds deficiency on phenotype

After the mice were fed a high-fat diet for 12 weeks from
8-weeks-old, the body weight of [-pgds-deficient (LKO and DKO)
mice was significantly increased compared with the respective
control (WT and AKO) mice (Table 1). When we compared diet
consumption among the mice, food intake was significantly lower
in apo E-deficient (AKO and DKO) mice compared with the WT and
LKO mice, whereas [-pgds deficiency did not affect food intake. The
body weight of apo E-deficient mice was also relatively lower but
not statistically significant. Although the levels of systolic BP were
not influenced by genotype, the serum levels of total cholesterol,
LDL-cholesterol and triglyceride were significantly higher in apo
E-deficient (AKO and DKO) mice. The [-pgds deficiency tended to
increase total and LDL-cholesterol and triglyceride, although this
was not statistically significant. HDL-cholesterol was relatively
lower in DKO mice compared with AKO mice, but no difference
was observed between WT and LKO mice. Because a recent report
[17] showed that I-pgds KO mice become glucose intolerant and
insulin resistant, we performed an intraperitoneal glucose toler-
ance test and insulin tolerance test. However, I-pgds deficiency
did not significantly affect glucose or insulin tolerance (data not
shown). Similarly, I-pgds deficiency did not affect the serum level
of adiponectin, which is an insulin-sensitizing hormone that is
exclusively expressed in adipose tissues (Table 1).

Next, to compare the fat tissue volume between I-pgds-deficient
mice and control mice, we performed abdominal MRI using an
open MRI scanner. As shown in Fig. 1A, we evaluated the volumes
of visceral and subcutaneous adipose tissue compartments from
six consecutive slices between the center of the right kidney (left)
and the urinary bladder (right). Significant increases in volume of
subcutaneous and visceral fat tissues were observed in MRI images
in [-pgds-deficient (LKO and DKO) mice (Fig. 1B). These results
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Table 1
Characteristics of mice (at 20-week-old).

WT LKO AKO : DKO
Number 8 8 6 6
Food intake (g/week) 31(1.0) 30(1.0) 26 (1.5)' 22 (0.7)
Weight (g) 37.1(1.4) 46.7 (19) 345(12) 40.7 (1.0)
Systolic blood pressure (mm Hg) 104.6 (5.1) 103.6 (7.3) 101.6 (5.0) 1114 (7.0)
Total cholesterol {mg/dL) 1532 (17.2) 189.2 (50.6) 4275(77.7) 485.7(25.1)
LDL-cholesterol (mg/dL) 18.0 (3.0) 245 (7.5) 124.0(23.1) 139.0 (3.6)°
HDL-~cholesterol (mg/dL) 61.6 (10.0) 633 (8.1) 455 (10.1) 38.0 (3.8)
Triglyceride (mg/dL) 123 (1.6) 12.71(22) 483 (17.0)' 68.0 (124)
Adiponectin (mg/mL) 9.6 (24) 101 (26) 173 (1.8) 184 (33)
WT, wild type mice; LKO, I-pgds knockout mice; AKO, apo E knockout mice; DKO, l-pgds/apo E double knockout mice; LDL, low density lipoprotein; HDL, high density
lipoprotein.
Data represent means (SE).
' P<0.05 vs WT.

t P<0.05 vs AKO.
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Fig. 1. (A) Abdominal open MRI transverse section of 20-week-old mice (maintained on a high-fat diet for 12 weeks). Left panel: center of the right kidney level; right panel:
urinary bladder level. (B) Quantitative analyses of visceral and subcutaneous fat compartments. Areas of fat tissue were calculated as described in Methods. Data represent
means + SE (n = 6-8; "P < 0.01). (C) Representative hematoxylin-eosin-stained sections of visceral and subcutaneous fat in WT and LKO mice. Adipocyte sizes were calculated

as described in Methods. Data represent means + SE (n = 6; P<0.01).

were similar to the analysis of fat tissue weight obtained from sac-
rificed mice (data not shown).

We also compared the adipocyte sizes among mice. Adipocytes
in visceral and subcutaneous fat isolated from [-pgds-deficient
mice were significantly larger in size than those from WT and
AKO mice (Fig. 1C and D).

Effect of I-pgds deficiency on atherosclerosis

Next, we evaluated the effect of [-pgds deficiency on atheroscle-
rosis by investigating lipid depositions in the aortic wall and in
cross-sections of the aortic root. As shown in Fig. 2A, Oil-Red-O
staining in the longitudinally opened aortas showed a significant

increase in atherosclerotic lesion area in LKO mice compared with
WT mice after 20 weeks of high-fat diet feeding. Although greater
increases in lipid deposition were observed in AKO and DKO mice,
this was not statistically significant. Similarly, Oil-Red-O-stained
atherosclerotic plaque area in the aortic root was increased in

- LKO mice compared with WT mice (Fig. 2B), but there was no dif-

ference between AKO and DKO mice (data not shown).
Effects of l-pgds deficiency on inflammatory response
The modulation of vascular remodeling mediated by inflam-

mation is a key event in the progression of atherosclerosis. It
has been reported that L-PGDS and its enzymatic products
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Fig. 2. Atherosclerotic lesions in 28-week-old mice (maintained on a high-fat diet for 20 weeks). (A) Lipid depositions in the aortic wall. Representative photomicrographs of
longitudinally opened aortas between the subclavian and iliac branches stained with Oil-Red-O. (B) Quantitative analyses of lipid deposition in the aortic arch calculated as
the percentage of the lesion area of the total vascular wall. Data represent means * SE (n = 6; ‘P <0.05 vs WT). (C) Atherosclerotic lesions in the aortic root. Representative
cross-sections of the aortic root stained with Oil-Red-O and hematoxylin in WT and LKO mice (arrows: lipid staining in red). (D) Quantitative analyses of atherosclerotic
lesions calculated as the percentage of the Qil-Red-O stained area of the total aortic root. Data represent means + SE for lesion area in five sections for each animal (n = 6;

‘P<0.01).

PGD,/PGJ, have anti-inflammatory actions |7]. Therefore, to
examine the effect of I-pgds deficiency on inflammation, we
compared the infiltration of macrophages in the atherosclerotic
lesions in aortic root sections between WT and LKO mice. The
number of macrophages stained with anti-CD68 antibody was
increased in LKO mice compared with WT mice (Fig. 3A). Fur-
thermore, as shown in Fig. 3B, the expression of pro-inflamma-

- tory cytokines such as monocyte chemoattractant protein-1
{(MCP-1) and interleukin-18 (IL-1B) in aortic root sections were
also markedly enhanced in LKO mice.

Discussion

Here, we showed that [-pgds deficiency increases body weight,
which is accompanied with an increase in fat tissue volume in a
high-fat environment. [-pgds deficiency also facilitates atheroscle-
rosis, although this effect occurred to a lesser than in apo E
deficiency.

The association between L-PGDS and obesity has not been well
studied. However, several previous studies suggest that down-
stream PGs of L-PGDS, i.e., PGD, and PGJ, contribute to adipocyte
differentiation or lipid metabolism, both of which are important
in the pathogenesis of obesity through activation of PPARs. In par-
ticular, 15d-PGJ, stimulates the differentiation of adipose cells
through PPARY, which is abundantly expressed in adipocytes and
functions as a key regulator of adipocyte differentiation. Consider-
ing these observations, the lack of I-pgds may inhibit downstream
PG generation in adipose tissue, resulting in the enlargement of
adipocytes and concomitant increase in fat tissue volume. Further
studies are required to clarify the role of L-PGDS in the pathogen-
esis of obesity.

On the other hand, PPARY plays a major role in insulin sensitiv-
ity. PPARY increases small adipocytes by stimulating adipocyte dif-
ferentiation and enhances expression of the insulin-sensitizing
hormone adiponectin. A previous study [17] reported that LKO
mice fed a diabetogenic diet were insulin resistant, glucose intoler-
ant and had low serum adiponectin levels. [n our study, the high-
fat diet increased body weight and induced fat cell enlargement
in LKO mice; however, it did not have a significant effect on insulin
sensitivity or serum adiponectin levels. Although we are not able to
fully explain this discrepancy, differences in diet compositions
might be responsible for the inconsistent results. Very recently,
the same group reported that L-PGDS stimulates glucose transport
via enhanced translocation of the insulin-responsive glucose trans-
porter GLUT4 |18]. However, since there are no other reports to
have examined the effect of L-PGDS on glucose metabolisms, fur-
ther studies are required to clarify this issue.

Because L-PGDS belongs to the lipocalin superfamily, a group of
proteins that bind and transport small lipophilic molecules, L-
PGDS may play a role in lipid transport. Indeed, we found an asso-
ciation between L-PGDS and serum lipid levels in the clinical stud-
ies, Serum L-PGDS levels were inversely associated with HDL-
cholesterol [13] and a gene polymorphism of human Il-pgds gene
(4111 A>C) was associated with HDL-cholesterol levels [14]. In
the present study, LKO mice showed relatively lower HDL-choles-
terol and higher LDL-cholesterol levels, although these findings
were not statistically significant. Based on these observations, even
if L-PGDS contributes to lipid metabolism, its role does not seem to
be important.

Our data also provide evidence for the atheroprotective func-
tions of L-PGDS. Although the data were preliminary, Ragolia
et al. [17] reported that LKO mice fed a diabetogenic diet showed
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Fig. 3. (A) Immunohistochemical staining for CD68 in WT and LKO mice. Arrows indicate stained macrophages. (B) Immunchistochemical staining for MCP-1 and IL-1B in WT
and LKO mice. (C) Quantitative analyses of the cell areas that stained positive for MCP-1 and IL-1B in WT mice (open bars) and LKO mice (closed bars). Data represent
means + SE for the percentage staining of the total plaque area in five sections for each animal (n=6; P<0.01).

progressed atherosclerosis. They attribute their results to differ-
ences in insulin resistance. Conversely, in our results, LKO mice
fed a high-fat diet did not show differences in glucose homeostasis;
however, they showed well-progressed atherosclerosis. Thus in our
model, a mechanism other than insulin resistance seems to be
associated with atherogenesis. One interesting possibility is the
lack of a role of L-PGDS in inflammatory responses which play a
central role in atherogenesis. The L-PGDS enzymatic product
PGD; inhibits inducible nitric oxide synthase (NOS) [19] in vascular
smooth muscle cells and suppresses the expression of pro-inflam-
matory mediators such as plasminogen activator inhibitor-1 [20]
and vascular cell adhesion molecule-1 [21] in endothelial cells.
15d-PGJ, has also been shown to suppress inflammatory re-
sponses, which are dependent on or independent of PPARYy. 15d-
PGJ; inhibits macrophage activation [22], production of monocyte
inflammatory cytokines |23] and biologic functions of human nat-
ural killer cells [24]. 15d-PGJ, has also been shown to suppress
inducible NOS expression [22]. In the present study, an increase
in macrophage infiltration in the aortic root was observed in LKO
mice. In support of this observation, the expression of MCP-1
which mediates monocyte recruitment to sites of inflammation
and a pro-inflammatory cytokine, IL-1B, was enhanced in athero-
sclerotic lesions. These findings suggest that, in the vascular wall,
I-pgds deficiency facilitates atherogenesis due to the lack of anti-
inflammatory effects.

Taken together, we found that deletion of the I-pgds gene in-
duces obesity in high cholesterol conditions in mice. I-pgds defi-
ciency also resulted in highly progressed atherosclerosis by
enhancing inflammatory responses. Our data suggest the potential
anti-obese and atheroprotective effects of L-PGDS.
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We examined the effect of celecoxib on the expression of T-cell factors (TCFs) to clarify the mechanism by
which celecoxib suppress p-catenin/TCF-dependent transcriptional activity without reducing the level of
B-catenin protein, using HCT-116 cells. Celecoxib suppressed the expression of TCF-1 and TCF-4 in a time-

dependent manner. Pretreatment of cells with the proteasome inhibitor MG132 inhibited the loss of
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TCF-1 and TCF-4 induced by celecoxib, suggesting that celecoxib induced the proteasome-dependent
degradation of TCF-1 and TCF-4. p-Catenin/TCF-dependent transcriptional activity was significantly
decreased after the treatment with celecoxib for 6 h and the pretreatment of the cells with MG132 atten-
uated the effect of celecoxib. Further, celecoxib also suppressed the expression of TCF-1 and TCF-4 in
another colon cancer cell line, DLD-1. Our results suggest that TCF-1 and TCF-4 degradation may involve

the inhibition of the Wnt/B-catenin signaling pathway induced by celecoxib.

© 2008 Elsevier Inc. All rights reserved.

Most colorectal cancers have somatic mutations in adenoma-
tous polyposis coli (APC) or B-catenin, which are members of the
Whnt/B-catenin signaling pathway |1-4]. Although this pathway is
essential to regulate gene transcription during embryo develop-
ment, it is probably present in intestinal crypts throughout adult
life, maintaining the balance between cell proliferation and differ-
entiation |5,6]. The activity of this signaling pathway is determined
by the amount of B-catenin in the cytoplasm. Normally, the
cytoplasmic B-catenin level is kept low through continuous ubiqui-
tin-proteasome-mediated degradation of B-catenin, which is regu-
lated by a multiprotein complex {B-catenin destruction complex)
containing axin, APC, glycogen synthase kinase-3B, and casein
kinase 1a [7,8]. Mutations in APC and B-catenin retard B-catenin
degradation by this system leading to accumulation of B-catenin
in the cytoplasm and its translocation into the nucleus, resulting
in the up-regulation of Wnt/B-catenin signaling pathway target
genes together with T-cell factor (TCF). It has been reported that
constant activation of this signaling pathway can lead to cancer.

Numerous experimental and epidemiological studies in humans
suggest that aspirin and other nonsteroidal anti-inflammatory
drugs (NSAIDs) have chemopreventive activity against colon can-
cer [9-11]. Several randomized trials have shown the growth inhi-
bition of polyps and a decrease in the number of existing polyps in
patients with familial adenomatous polyposis (FAP) who received

* Corresponding author. Fax: +81 92 642 6084.
E-mail address: yanaga@clipharm.med.kyushu-u.ac.jp (F. Takahashi-Yanaga).

0006-291X/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2008.10.115

sulindac or celecoxib [12,13]. Two randomized placebo-controlled
studies have shown that aspirin reduced the risk of colorectal
adenomas among individuals with previous colorectal cancer and
adenoma, excluding FAP patients [14,15]. The possible cellular
mechanisms underlying these chemopreventive effects of NSAIDs
have been thought to be the induction of apoptosis, cell-cycle
arrest and the inhibition of angiogenesis |10,11]. Moreover, NSAIDs
have been reported to inhibit the Akt [16,17] and the Wnt/B-cate-
nin signaling pathways [18-21].

Celecoxib is the only NSAID approved by the Food and Drug
Administration for the treatment of FAP patients. However, the
molecular mechanism responsible for the chemopreventive effect
of celecoxib is not entirely understood. Although this compound
was developed as a selective cyclooxygenase-2 (COX-2) inhibitor,
additional pharmacological activities have emerged outside of its
cox-2 inhibition. Celecoxib has potency to inhibit COX-2 activity
at nanomolar range, however, it requires micromolar range to
inhibit cellular proliferation and survival [22,23]. We previously
reported that celecoxib inhibited B-catenin/TCF-dependent tran-
scriptional activity without affecting the amount of B-catenin pro-
tein using HCT-116 cells which lack COX-2 expression, suggesting
that this effect was COX-2-independent [24]. Recently, it has been
reported that the TCF transcription factors TCF-4 and LEF-1 are
ubiquitylated and degraded via the proteasome system [25].
Therefore, we examined the effect of celecoxib on TCF-1 and
TCF-4 expression levels to identify the mechanism by which cele-
coxib reduces B-catenin/TCF-dependent transcriptional activity.
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Our results suggested that celecoxib induces TCF-1 and TCF-4 deg-
radation via the proteasome system without affecting B-catenin
protein amount in the colon cancer cell lines HCT-116 and DLD-
1. To our knowledge, this is the first report to show celecoxib in-
duce the degradation of TCF family members.

Materials and methods

Chemicals and antibodies. TOPflash (a TCF reporter plasmid) and
FOPflash (a negative control for TOPflash) were purchased from
Upstate Biotechnology. The monoclonal anti-GAPDH antibody
was from Abcam. The monoclonal anti-TCF-4 antibody (6H5-3)
was from Cell Signaling Technology (Danvers, MA). The polyclonal
anti-TCF-1 (H-18) antibody was from Santa Cruz Biotechnology.
The monoclonal anti-B-catenin antibody was from BD Biosciences.
MG132 was from Peptide Institute (Osaka, Japan). Celecoxib was
kindly provided by Pfizer.

Cell culture. HCT-116 cells, a human colon cancer cell line
expressing wild-type APC and mutated B-catenin but lacking
COX-2 [1,26-28], and DLD-1 cells, a human colon cancer cell line
expressing mutated APC and wild-type B-catenin but lacking
COX-2 |2,28,29], were grown in Dulbecco’s modified Eagle’s med-
ium (Sigma) supplemented with 10% fetal bovine serum (FBS),
100 U/ml of penicillin G, and 0.1 pg/ml of streptomycin.

Immunoblotting. Immunoblotting analysis was performed as
described previously [30]. Briefly, samples (10 pg/lane) were sepa-
rated by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to a polyvinylidene difluoride membrane using a
semi-dry transfer system (1 h, 12 V). After blocking with 5% skim
milk for 1 h, the membrane was probed with a first antibody. The
membrane was washed three times and incubated with horserad-
ish peroxidase-conjugated anti-rabbit or anti-mouse IgG (Cell
Signaling Technology) for 1 h. Immunoreactive proteins on the
membrane were visualized by treatment with a detection reagent
(LumiGLO, Cell Signaling Technology). An optical densitometric
scan was performed using Science Lab 99 Image Gauge Software
(Fuji Photo Film).

Luciferase reporter assay. Cells were transfected with luciferase
reporter plasmid (TOPflash or FOPflash) and pRL-SV40, a Renilla
luciferase expression plasmid for the control of transfection effi-
ciency, using Lipofectamine Plus reagent (Invitrogen). Cells were
cultured for 24 h after transfection and stimulated with celecoxib
(100 uM) for the period indicated. To evaluate the effect of
MG132 on celecoxib action, transfected cells were treated with
10 uM of MG132 for 1 h and then stimulated with celecoxib for
6 h. Luciferase activity was determined with a luminometer (Lu-
mat LB 9507, Berthold Technologies) and normalized with respect
to Renilla luciferase activity.

Statistical analysis. The results are expressed as means + SE. Sta-
tistical analysis of differences between two means was performed
using the Student’s t-test.

Results

Celecoxib induces TCF-1 and TCF-4 protein degradation in HCT-116
cells

We first examined whether celecoxib affects TCF-1 and TCF-4
expression in the human colon cancer cell line HCT-116. Cells were
incubated with or without celecoxib for the indicated period, and
the expression levels of TCF-1 and TCF-4 were examined by immu-
noblotting. Two bands were detected by antibody against TCF-1
and upper band was interpreted as non-specific bands from their
molecular weight. The protein amounts of both TCF-1 and TCF-4
gradually increased with incubation period in control cells. On

the other hand, the both protein amounts in 100 pM celecoxib-
treated cells were significantly reduced after a 3-h treatment
(Fig. 1A). Although we previously reported that celecoxib induced
apoptosis in human colon cancer cell lines, degradation of TCF
transcription factors induced by celecoxib was unlikely to be
caused by cytotoxicity, because caspase-3 activity was not in-
creased after 6-h treatment |24). As shown in Fig. 1B, celecoxib de-
creased in the levels of TCF-1 and TCF-4 at 100 pM whereas it did
not have significant effect until 50 pM. Thus, celecoxib reduced the
protein levels of both TCF-1 and TCF-4 in a time-dependent man-
ner at a concentration of 100 pM. We next examined the effect
of the proteasome inhibitor MG132 on celecoxib-induced reduc-
tion of TCF-1 and TCF-4. Cells were treated with or without
10 pM MG132 for 1 h and stimulated with or without 100 pM cele-
coxib for 6 h, As shown in Fig. 2, pretreatment with MG132 signif-
icantly attenuated the effect of celecoxib, indicating that celecoxib
accelerated the proteasome-dependent degradation of TCF-1 and
TCF-4 in HCT-116 cells.

Celecoxib reduces f-catenin/TCF-dependent transcriptional activity

Subsequently, the effect of celecoxib on the expression level of
B-catenin was examined using HCT-116 cells, which has been re-
ported to express stable B-catenin due to the mutation [1,26-28].
As shown in Fig. 3A, celecoxib did not affect the amount of B-cate-
nin protein in the first 24 h of incubation and this result is well
correlated with our previous report [24]. The effect of celecoxib
on B-catenin/TCF-dependent transcriptional activity was examined
using TCF reporter plasmid TOPflash and its negative control FOP-
flash. Celecoxib reduced TOPflash activity in a time-dependent
manner without affecting FOPflash activity (Fig. 3B). Although we
found that celecoxib significantly reduced the protein levels of
TCF-1 and TCF-4 after a 3-h incubation, TOPFlash activity was
not significantly affected after a 3-h incubation. Celecoxib gradu-
ally reduced the TOPFlash activity after a 6-h treatment. These
results suggested that celecoxib might reduce B-catenin/TCF-
dependent transcriptional activity due to the degradation of TCF
transcription factors, and that this effect was independent of the
B-catenin protein level. To clarify this point, we next examined
the effect of celecoxib on B-catenin/TCF-dependent transcriptional
activity using proteasome inhibitor MG132. For this purpose,
transfected HCT-116 cells were pretreated with 10 pM of MG132
for 1 h and stimulated with celecoxib for 12 h. However, all most
all cells treated with MG132 were died at the end of incubation
period due to the cytotoxic effect of proteasome inhibitor (data
not shown). Therefore, incubation period was shortened and the
effect of celecoxib was evaluated after a 6-h treatment. As shown
in Fig. 3C, although celecoxib significantly inhibited TOPFlash
activity after a 6-h treatment, pretreatment with MG132 attenu-
ated the effect of celecoxib. These results clearly indicated that
the reduction of the B-catenin/TCF-dependent transcriptional
activity was due to the degradation of TCF transcription factors.

Effect of celecoxib on TCF-1 and TCF-4 protein amounts in another
colon cancer cell line, DLD-1

The effect of celecoxib was also examined using the human co-
lon cancer cell line DLD-1, which has mutation in APC and B-cate-
nin degradation system is retarded [2,28]. As we previously
reported that the same concentrations of celecoxib used in HCT-
116 cells did not have significant effects on this cell line, we used
a higher concentration of celecoxib (200 pM) for this experiment.
As shown in Fig. 4A, 200 uM celecoxib greatly reduced the
amounts of TCF-1 and TCF-4 proteins in a time-dependent manner,
but had no significant effect on the expression of B-catenin in DLD-
1 cells. Moreover, pretreatment with proteasome inhibitor MG132,
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Fig. 1. The effect of celecoxib on the expression of TCF-1 and TCF-4. (A) Time course. HCT-116 cells were incubated with or without celecoxib (100 uM) for the period
indicated. Protein samples were collected and separated by 12% SDS-PAGE and immunoblotted with the anti-TCF-1 antibody (left) or anti-TCF-4 antibody (right). (B) Dose
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quantified and normalized to those of GAPDH. The results are shown as a percentage of the control level at time 0. Values are the means + SE of three independent

experiments. p < 0.01 vs. control (Student's t-test), cele: celecoxib.

inhibited the effect of celecoxib, indicating that celecoxib acceler-
ated the proteasome-dependent degradation of TCF-1 and TCF-4
in DLD-1 cells (Fig. 4B). Taken together, these results indicated that
celecoxib induced proteasome-dependent degradation of TCF-1
and TCF-4 in colon cancer cell lines, while the sensitivity to cele-
coxib is different among cell lines.

Discussion

In this study, we showed that celecoxib induced the degrada-
tion of TCF-1 and TCF-4 in human colon cancer cell lines. Constitu-
tive activation of the Wnt/B-catenin signaling pathway could
trigger the formation of colon cancers. Activation of this pathway
is due to genetic mutations that stabilize the p-catenin protein,
allowing it to accumulate in the nucleus and form complexes with
TCF transcription factors to activate the transcription of target
genes. It has been proposed that abnormal expression levels or pat-
terns of the target genes such as MYC, CCND1 and MMP7 have a
role in tumor progression |1-4]. Therefore, anticancer drugs that
suppress the transcriptional activity of the Wnt/B-catenin signaling

pathway could be of important therapeutic value against colon
cancers. Although one well known mechanism for suppressing
the transcriptional activity of Wnt/B-catenin signaling pathway is
B-catenin degradation, it is quite difficult to induce the degradation
of B-catenin in most colon cancer cells due to mutations in B-cate-
nin or components of the B-catenin destruction complex (including
axin and APC), as described above. However, as shown in this
study, celecoxib induced degradation of TCF transcription factors
and inhibited the transcriptional activity of the Wnt/B-catenin sig-
naling pathway. This might represent a new mechanism for inhib-
iting the transcriptional activity of the Wnt/B-catenin signaling
pathway.

COX-2 is the key enzyme in the conversion of arachidonic acid
to prostaglandins which promote cell proliferation, angiogenesis
and inhibit the induction of apoptosis; therefore, the chemopre-
ventive effect of NSAIDs is thought to be attributed to their COX-
2 inhibitory activity. However, some studies have suggested that
celecoxib has anticarcinogenic effects in cells which do not express
COX-2 and COX-2-deficient tumors in a nude mice model [26,27].
In fact, the HCT-116 cells and DLD-1 cells used in this experiment
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are known as COX-2-deficient cell lines [26,27], and not only COX-
2 inhibitor but also COX-1 inhibitor (SC-560) induced degradation
of TCF-1 and TCF-4. Thus celecoxib could induce degradation of
TCF family members via COX-2-independent mechanisms.

There are at least 16 different variants of TCF-1, the molecular
weights of which from 28 to 54 kDa, due to alternative splicing
and promoter usage [31,32]. Half of them have a B-catenin binding
domain (1-50 bp) (L-type, 1L-8L variants) which work as p-cate-
nin/TCF-dependent transcriptional activators and the other half fail
to bind B-catenin, because they lack the N-terminal region (1-
114 bp) (S-type, 15-8S variants), and act as a dominant-negative

form of TCF-1 to inhibit p-catenin/TCF-dependent transcriptional
activity [33,34]. Therefore, it might be important to clarify if cele-
coxib induces both L-type and S-type degradation. Although we
could not clearly address which variant of the TCF-1 we detected
at present, we might only be able to detect L-type variants of
TCF-1 because of the anti-TCF-1 antibody we used is raised against
the N-terminal region. In the case of TCF-4, there are 10 variants,
molecular weights of which from 50 to 68 kDa, and all of which
can bind to B-catenin to act as B-catenin/TCF-dependent transcrip-
tional activators |35]. As 5 of 10 variants have almost same molec-
ular weight (approx. 67 kDa) and the antibody we used could
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recognize all variants, we are uncertain which TCF-4 variant we de-
tected in HCT-116 and DLD-1 cells.

In summary, our results indicated that celecoxib induces degra-
dation of TCF-1 and TCF-4 transcription factors and suppresses the
transcriptional activity of the Wnt/B-catenin signaling pathway
without affecting the level of B-catenin protein in colon cancer cells.
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Aims We investigated the mechanisms of shear stress (SS)-induced activation of cytochrome P450 (CYP)
1A1 and cell cycle arrest with regard to the role of the aryl hydrocarbon receptor (AhR), since AhR
mediates the expression of CYP1A1 induced by polycyclic aromatic hydrocarbons (PAHs) and is
thought to be involved in the regulation of cell growth and differentiation.

Methods and results Human umbilical vein endothelial cells (ECs) were exposed to laminar SS and
thereafter collected to evaluate the expression, activity, and transcription of CYP1A1 and the
expression of AhR and cell cycle-related proteins. A physiological level of laminar SS (15 dynes/cm?)
markedly increased the expression level and enzymatic activity of CYP1A1. SS stimulated CYP1A1 pro-
moter activity without influencing mRNA stability. Loss of two functional xenobiotic response elements
(XREs) in the 5'-flanking region of the CYP1A1 gene suppressed the SS-induced transcription of CYP1A1.
Laminar SS stimulated the expression and nuclear translocation of AhR. a-Naphthoflavone, an
AhR antagonist, and a small interfering RNA (siRNA) for AhR significantly suppressed SS-induced
CYP1A1 expression. The siRNA also abolished SS-induced cell cycle arrest, the expression of the
cyclin-dependent kinase inhibitor p21', and dephosphorylation of retinoblastoma protein.
Conclusion Laminar SS stimulated the transcription of CYP1A1 through the activation of AhR in a way
that is similar to the effects of PAHs. AhR was also involved in cell cycle arrest induced by SS. Our
results suggest that sustained activation of AhR exposed to blood flow plays an important role in the

regulation of EC functions.

1. Introduction

Aryl hydrocarbon receptor (AhR), a ligand-activated tran-
scription factor, plays a central role in the induction of cyto-
chrome P450 (CYP), especially CYP1A1, an enzyme produced
on exposure to polycyclic aromatic hydrocarbons (PAHs) such
as benzo(a)pyrene and 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD). "2 On binding to AhR, PAHs translocate the receptor
from the cytoplasm into the nucleus, where it forms a
heterodimer with AhR nuclear translocator protein (ARNT).
The dimer binds to the xenobiotic response elements
(XREs) in the promoter region of the CYP1A1 gene to acti-
vate CYP1A1 transcription.> CYP1A1 generates harmful
bioactive substances by metabolizing PAHs, and therefore,
it is believed that AhR activation and subsequent CYP1A1

* Corresponding author. Tel: +81 92 642 6082; fax: +81 92 642 6084.
E-mail address: ymiwa@clipharm.med.kyushu-u.ac.jp

induction are aetiological factors for diseases such as
cancers and atherosclerosis.”

In contrast, AhR is reported to contribute to normal phys-
iological processes during cell growth and differentiation.’
AhR-knockout mice exhibit a number of phenotypic abnorm-
alities such as peripheral immune system deficiency, liver
defects, and hypertrophic and fibrotic changes of the cardi-
ovascular system, although the mice are resistant to TCDD
toxicity.® In cultured cells, several studies suggest that the
activation of AhR is involved in cell cycle arrest in the
absence or presence of exogenous agonists.””® These obser-
vations suggest that AhR may have important roles in
physiological functions.

CYP1A1 is constitutively expressed in vascular endo-
thelium in vivo'®; however, the involvement of AhR has
not been fully investigated. Vascular endothelial cells
(ECs) are constantly exposed to haemodynamic forces,
such as fluid shear stress (SS). Laminar SS plays an essential

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2007.
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role in the maintenance of the structure and function of
blood vessels by regulating the expression of numerous
genes and proteins. Recent studies show that laminar SS
strongly induces the expression of CYP1A1 in vascular
ECs.'2'3 However, in spite of this, evidence suggests that
laminar blood flow is atheroprotective.'' Atherosclerosis
tends to occur in areas exposed to disturbed flow or low
ss, and a lack of SS induces apoptosis in ECs." Therefore,
we believe that the SS-induced sustained expression of
CYP1A1 may have an important physiological role, in con-
trast to the transient induction by PAHs. In fact, loss of
CYP1A1 is reported to correlate with dedifferentiation of
cultured rat aortic ECs."”

Thus, in the present study, we examined the mechanism
of expression of CYP1A1 induced by laminar SS in relation
to the involvement of AhR in vascular ECs. Since we have
reported that SS inhibits EC proliferation by inducing
the expression of the cyclin-dependent kinase inhibitor
p21°P1 18 we also investigated the relationship between
ABR and SS-induced cell cycle inhibition.

2. Methods
2.1 Chemicals

Actinomycin D (Act D), alpha-naphthoflavone (a-NF), and SB203580
were purchased from Sigma. U0126 was purchased from Cell Signal-
ing Technology. SP600125 was purchased from LC Laboratories.

2.2 Cell culture

Human umbilical vein ECs (HUVECs) were isolated by collagenase
digestion and cultured as described previously." Human umbilical
cords were obtained from healthy women who underwent uncompli-
cated term pregnancies. This investigation conforms to the prin-
ciples outlined in the Declaration of Helsinki. Informed consent
was obtained from each donor. Bovine arterial ECs (BAECs) were
grown in Dulbecco’s modified Eagle’s medium containing 10% (v/v)
foetal bovine serum (Hyclone), 100 U/mL penicillin, 100 mg/mL
streptomycin, and 1 mg/mL amphoteracin B. Cells were used for
experiments between passages 2 and 10.

2.3 Shear stress experiments

The laminar flow experiments were performed using a parallel plate
chamber as described previously.'® Briefly, cells were grown on
gelatin-coated polyester sheets (Plastic Suppliers) until confluent.
Control cells (static cells) were grown on the same polyester
sheets in the same medium as sheared cells until confluent, and
were transferred into fresh medium before being maintained in an
incubator. A confluent monolayer of ECs on a polyester sheet was
placed in a parallel-plate flow chamber and subjected to steady
laminar shear stress. The flow loop with reservoirs and the flow
chamber were filled with DMEM containing 10% foetal bovine serum.

To compare the effects of laminar and turbulent SS on the
expression of CYP1A1 and AhR, a cone-plate type apparatus was
used as previously described.?° Cells were grown on a 10 cm dish
until confluent and then exposed to laminar or turbulent SS using
0.5° or 5° cones, respectively, with a rotational velocity of
120r.p.m. From the calculated modified Reynolds number (R'), tur-
bulent flow was established at radii >2.4 cm, which corresponded
to an R’ > 5 and represented an average SS strength of 1.5 dyne/
cm?. Laminar SS strength was 6 dyne/cm?. Cells were harvested
from only the outer portion of the glass plate (>2.4.cm).

2.4 Western blot analysis

Western blotting was performed as described previously,?' using a
polyclonal anti-CYP1A1 antibody (Santa Cruz Biotechnology), poly-
clonal anti-AhR antibody (Santa Cruz Biotechnology), polyclonal
anti-ERK/phospho-ERK antibody (Cell Signaling Technology), mono-
clonal anti-JNK antibody and polyclonal anti-phospho-JNK antibody
(Cell Signaling Technology), polyclonal anti-p38 mitogen-activated
protein kinase (MAPK)/phospho-p38 MAPK antibody (Santa Cruz Bio-
technology), polyclonal anti-p21“®! antibody (Santa Cruz), and
monoclonal anti-pRb antibody (Pharmingen). Nucleic and cyto-
plasmic proteins were purified using a Nuclear and Cytoplasmic
Extraction Reagents kit (PIERCE), following the manufacturer’s
instructions. Membranes were re-probed with anti-g-actin mono-
clonal antibody to normalize the amounts of proteins applied to
the SDS-PAGE gel, (Calbiochem).

2.5 Reverse transcription—polymerase chain
reaction

Total cellular RNA was extracted with TRIzol Reagent (Invitrogen).
The expression of mRNA was analysed by reverse transcription-poly-
merase chain reaction (RT-PCR) using Ready-To-Go RT-PCR Beads
(Amersham Biosciences). The primers for human CYP1A1 and
GAPDH were synthesized based on information obtained from the
GenBank database: CYP1A1, 5-GGATCTTTCTCTGTACCCTGG-3' and
5-AGCATGTCCTTCAGCCCAGA-3'; GAPDH, 5-TCCACCACCCTGTTG
CTGTA-3' and 5-ACCACAGTCCATGCCATCAC-3'; bovine CYP1A1,
5-TCGGGCACATGCTGATGTTG-3' and 5-GCACAGATGACATTGGCC
ACTG-3; and bovine GAPDH 5'-AAGGCAGAGAACGGGAAGCT-3" and
5-TCCCTCCACGATGCCAAAGT-3'.

2.6 Measurement of CYP1A1 activity

CYP1A1 activity was evaluated with the ethoxyresorufin-
O-dealkylase (EROD) assay, which measures the ability to convert
ethoxyresorufin to resorufin, as described previously.”

2.7 Construction of plasmids and mutagenesis

The 5'-flanking region of rat CYP1A1 gene (—1166/+18) was ampli-
fied by PCR with 5'-GGTGAGATCTGCGCCCTTGCAAAGCTTAAGACTA-3'
as a sense primer and 5'-GGAGGAGCTTGGCACCACCACCTTTATATG-3'
as an antisense primer, and subcloned into the Sacl/Xhol sites of a
PGL3-basic luciferase-expressing reporter vector (Promega), a
firefly luciferase reporter vector. For the two deletion constructs
(DM-1 and DM-2), two restriction enzyme-digested fragments
(DM-1, Sacl/Bst11071 —859/+18; DM-2, Sacl/BstEll —206/+18)
were blunted and ligated using a DNA Blunting Kit (Takara). Site-
directed mutagenesis was performed using QuickChange Site-
directed Mutagenesis Kit (Stratagene), as instructed by the
manufacturer. The luciferase reporter construct containing the
—1166/+18 region of the CYP1A1 promoter was used as a DNA tem-
plate. The mutations introduced into the putative binding sites for
XRE were as follows: Mut-1 (—1069/ —1052) CCCCCAGCTAGCGTGA
CA—>CCCCCAGCTAGTTAGACA; Mut-2 (—987/-970), TCTCACG
CAACTCCGGGG— TCTCTAACAACTCCGGGG.  Mut-3  has  both
mutations. The structure of every DNA construct was verified by
sequencing.

siRNA duplexes were prepared by SAMCHULLY and targeted the
coding regions of bovine AhR mRNA (770-778). The siRNA duplexes
used in this study were as follows: siRNA for AhR (si-AhR),
5-UACUUCCACCUCAGUUGGCTT-3' and 5'-GCCAACUGAGGUGGAA
GUATT-3'; Scramble (si-Scr), 5-GCGCGCUUUGUAGGAUUCGTT-3'
and 5'-CGAAUCCUACAAAGCGCGCTT-3', respectively.

2.8 Transfection and luciferase reporter assay

Transfection and luciferase reporter assays were performed as
described.? Since we failed to amplify the fragment of human
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Figure 1 Effects of shear stress (SS) on the expression and activity of CYP1A1 in endothelial cells. Human umbilical vein endothelial cells (HUVECS) were main-

tained in static conditions (SC) or exposed to laminar SS (SS, 15 dyne/cm?) for the periods indicated (A and B). (A) CYP1A1 mRNA expression was analysed by
reverse transcription-polymerase chain reaction (RT-PCR). (B) The time-course of CYP1A1 protein expressions induced by SS. (C) Strength dependency of
CYP1A1 induction by laminar SS. HUVECs were exposed to laminar SS for 4 h at the indicated strengths. (D) CYP1A1 enzymatic activity in HUVECs was analysed
by EROD assay as described in ‘Methods’ and plotted as a percentage of the value obtained in cells cultured under SC at time 0. Error bars represent the SD values
obtained from four independent experiments. *P < 0.01 vs. SC. (E) HUVECs were exposed to SS for 4 h and thereafter treated with actinomycin D (Act D, 3 wmol/
L), and incubated in static conditions (SC + Act D), or exposed to SS (SS + Act D). Expression levels of CYP1A1 mRNA normalized to those of GAPDH mRNA were
standardized to the values obtained at the start time (—4h), and the time-course after the administration of Act D is plotted in the lower panel. Error bars
represent the SD values obtained from four independent experiments. (F) HUVECs (upper panel) or bovine arterial endothelial cells (BAECs) (lower panel) trans-
fected with the plasmid containing the —1116/+18 region of the rat CYP1A1 promoter together with pRL-SV40 were incubated in SC, or exposed to laminar SS for
8 h. Mean raw values of firefly (CYP1A1) or renilla (control) luciferase activity are indicated below the panel. Relative luciferase activity is presented as the fold
increase against the value obtained under SC. Data represent means + SD of four independent experiments. *P < 0.01. (G) BAECs were maintained in SC or
exposed to laminar SS (SS, 15 dyne/cm?) for the periods indicated. Upper panel: CYP1A1 mRNA expression was analysed by RT-PCR. Lower panel: CYP1A1
protein expression was analysed by western blotting. Error bars represent the SD values obtained from four independent experiments. *P < 0.01 vs. SC. (H)
CYP1A1 enzymatic activity in BAECs maintained in SC or exposed to laminar SS (SS, 15 dyne/cm?) was analysed and plotted as described in D. *P < 0.01 vs, SC.

CYP1A1 promoter, we used rat CYP1A1 promoter in these assays
because it has a high homology with the human CYP1A1 promoter.
This is especially true of the four XRE motifs which show 93.3%
(the first XRE), 92.9% (the second XRE), 93.1% (the third XRE), and
93.9% (the fourth XRE) homology. Excepting Figure 1F, promoter
constructs were transfected into BAECs, because the efficiency of
the transfection was much higher in BAECs (~70%) than in HUVECs
(~20%). Cells were transiently transfected with plasmid DNA using
LipofectAMINE regent (Life Technologies) as per the manufacturer’s
instructions. Simultaneously, pRL-simian virus 40 (pRL-SV40), which
contained a Renilla luciferase gene with an SV40 promoter, was
co-transfected as a control for transfection efficacy. Luciferase
activity was measured using a double luciferase assay system
(Toyo Ink Manufacturing Co.) and a Lumat LB9507 luminometer
(Berthold Technologies). Firefly luciferase activity was normalized
to Renilla luciferase activity to determine relative luciferase
activity.

2.9 Fluorescence microscopy

After stimulation, the cells were fixed in ice-cold methanol/acetone
(1:1) for 15 min at —20°C and then washed twice with phosphate-
buffered saline. After blocking with 2% bovine serum albumin in
phosphate-buffered saline for 30 min, cells were incubated over-
night with polyclonal anti-AhR antibody (Santa Cruz Biotechnology,
1:200) at 4°C. Thereafter, cells were washed twice with phosphate-
buffered saline and incubated with anti-rabbit 1gG + IgA +
IgM-biotin (Nichirei) for 1h at room temperature, followed by

streptavidin-fluorescein isothiocyanate conjugate (1:50 dilution;
Invitrogen) for 1 h at room temperature. The cells were examined
under a fluorescence microscope (Olympus).

2.10 Cell proliferation assay

To assess EC proliferation, we used the BrdU Cell Proliferation Assay
(Exalpha Biologicals, Inc., MA, USA) according to the manufacturer’s
protocol. After stimulation, ECs were incubated overnight in culture
medium containing BrdU (2 pl/ml). The uptake of BrdU was deter-
mined with a spectrophotometer (Bio-Tek Instruments, Highland
Park, VT, USA) and normalized to the amount of cellular protein,
which was measured in parallel samples according to the method
of Lowry.

2.11 Statistics

Results are expressed as the mean + SD of a number of the obser-
vations. Statistical significance was assessed by Student’s t-test
for paired or unpaired values.

3. Results

3.1 The induction and activation of CYP1A1
in response to shear stress

We first confirmed the effect of SS on the expression of
CYP1A1 using HUVECs. Although the level of CYP1A1 mRNA
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Figure 1 Continued.

was very low in static control cells, it rose markedly on
exposure to a physiological level of laminar SS (15 dyne/
cm?) (Figure 1A), consistent with previous reports.'>'3 The
expression of CYP1A1 protein was also increased by SS and
sustained over 24 h (Figure 1B). This CYP1A1 induction was
SS strength-dependent (Figure 1C) and the expression level
reached a maximal at 15 dyne/cm?. As shown in Figure 1D,
CYP1A1 activity determined by EROD assay was also
increased by SS and reached a plateau after 2 h.

- To investigate the mechanism of SS-induced CYP1A1
expression, we measured the rate of decay of the CYP1A1
mRNA after the addition of actinomycin D (Act D, 3 wmol/L),
a transcription inhibitor. The degradation rates did not
differ between the cells exposed to SS and those cultured
in static conditions (Figure 1E). We also examined the
effect of SS on CYP1A1 gene transcription in HUVECs

transfected with a luciferase reporter construct driven by
the 5-flanking region of the rat CYP1A1 gene
(—1116/+18 bp). Although the obtained raw values of luci-
ferase activity were relatively low, it was significantly
enhanced in HUVECs after exposure to SS for 8 h (Figure 1F,
upper panel). When we did the same experiment using
BAECs, the values of luciferase activity were much higher
than those in HUVECs and furthermore, relative luciferase
activity was strongly enhanced by SS (10.9-fold) (Figure 1F,
lower panel). In BAECs, laminar SS induced mRNA and
protein expressions (Figure 1G) and increased enzymatic
activity of CYP1A1 (Figure 1H) as well as in HUVECs. These
results suggest that SS induces CYP1A1 expression by acti-
vating gene transcription. The following transfection exper-
iments were done using BAECs because of their higher
transfection efficiency.
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