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Figure 1. Activation of the HIF-1 pathway in the endometrial carcinoma cell lines. (A) The hypoxic induction of the HIF-1a protein, HIF-1a protein levels
were evaluated under normoxic or hypoxic conditions in 4 human endometrial carcinoma cell lines by immunoblot analysis. After incubation under TNOrmoxic
(21% pO,) or hypoxic (1% pO,) conditions for 12 h, the cells were harvested and whole cell extracts were prepared. Hel.a, a cervical carcinoma cell line; was used
as a positive control for the HIF-1a induction. (B) The hypoxic inductions of DEC! and DEC2, as well as known hypdxia-induciple gene expressions. The
cancer cell lines were incubated under the same hypoxic conditions as above, and then total RNAs were extracted from the cell pellets. Real-time RT-PCR
analyses of 5 HIF-1 target genes were performed, and the relative gene expression levels were calculated as the ratio to the expression level of ACTB (B-actin). A
cDNA mix, consisting of 17 various cell lines, was used to create standard curve of gene expression. Each value represents the mean + SD for at least three

independent experiments. The P-values were calculated using the Student's z-test. *P<0.001.
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Table II. Summary of the immunohistochemical analysis of
the HIF-1a expression.

HIF- 1o expression status

All Negative . Positive
n (%) N>T N=T N<T
37 (100) 5(13.5) 0(0) ' 5(13.5) 27(73)

N, normal; T, tumor.

We then analyzed the expressions of 5 HIF-1 target genes,
DECI1, DEC2, CA9, VEGF, and SLC2A1, in endometrial
carcinomas, atypical hyperplasias, and adjacent normal
endometria, in order to clarify the significance of these genes
in carcinogenesis (Fig. 3). The expression level of each gene
was determined as the mean value of the triplicated real-time
RT-PCR analyses for comparison in the 3 tissue. groups:
Eighty-two endometrial carcinomas, 21 adjacent.normal
endometria, and'4 complex atypical endometria.,l?k‘hyper-
plasias. Although'there was no significant difference in the
expression levels of DECI and VEGF among the 3 groups,
the expression levels of the other 3.genes, DEC2, CA9, and
SLC2A1, were found to be higher-in atypical hyperplasia
(P=0.026, P<0.004 and P<0.005) and carcinoma tissues

(P=0.0024, P<0.0001 and P<0.0001), compared with those in’

normal tissues. Although there was no significant difference
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in the expression levels in the atypical hyperplasia and
carcinoma samples, increases in the expression of the 3 genes
likely correlated with the carcinogenesis of endometrial
tissues.

Clinicopathological analyses of hypoxia-inducible gene
expression in endometrial carcinomas. Lastly, we investi-
gated the association between the hypoxia-inducible gene
expression and the clinicopathological features in 82
endometrial carcinomas (Table III). The association analysis
revealed that all 4 genes, except DECI, were related to some
of the clinicopathological features of tumors: The DEC!
expression- did not relate to any of the clinicopathological
features. However, the DEC2 expression levels were likely
associated with the FIGO grade (P=0.052); the high
expression of CA9 and VEGF significantly correlated with
the menopausal status of patients; the expression of VEGF
and SLC2AI was related to lymphatic involvement and
lymph node metastasis; and the SLC2A! expression was also
related to the FIGO stage. The mode of action of each HIF-1
target gene was discrete in the endometrial carcinomas, and
the functions of CA9, VEGF, and SLC2A1 in the carcinomas,
overlapped in part.

Discussion

We have demonstrated here that hypoxia caused an increase
in HIF-1a protein expression in 4 endometrial carcinoma cell

lines, and that its 5 target genes - DECI, DEC2, CA9, VEGF,

and SLC2Al - also feactively"increased in most of the cell

ont (negative)

Figure 2. The expressions of the HIF-1a protein in endometrial carcinoma tissues. Representative examples of positive and negative staining for the HIF-1a
protein were taken at x100 or x400 magnification. Immunoreactivity to HIF-1a was observed in the cytoplasm and nucleus of the cancer cells.
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Figure 3. The expressxons of hypoxia-inducible genes in normal, complex atypical endometrial hyperplasia, and endometrial carcinoma tissues. The
expression levels of the 5 HIF-1 target genes were determined as the mean values of the triplicated real-time RT-PCR analyses for comparison in the 3 tissue
groups: Eighty-two endometrial carcinomas, 21 adjacent normal endometria, and 4 complex atypical endometrial hyperplasias. The P-values were calculated
using the Mann-Whitney U test. *P<0.05, **P<0.005, ***P<0.0001.

lines, except for DEC2 in the SNG-M cells. We found that  analyze the roles of DEC2 in endometrial carcinoma. Our
the expressions of DEC2, CA9, anid SLC2A1 were higher in  data suggest that-DEC2 can act on carcinogenesis and tumor
complex atypical endpmetn hyperplasxa‘and endometnal phenotype development mdependently of the other HIF-1
carcmorna tissues cor ‘

i “‘phatlc mvolvement lung or breast cancers (16-18),
v ?“}age and CA9'and ression in breast cancers.
VEGF, correlated W1th enopausal tus, suggestmg the fA_lthough the DECI protem .expression was observed in 38%
existence of cross-talk between’ h'ypoxla- and’ estrogen- ini a series. of 115 non-small cell-lung carcinomas, DEC] was
signaling. Since the. expresswns of, several HIF:1-target .:z;,pers1stent1y expressed m normal bronchial and alveolar
genes increased in the’process of endom tnal carcin genesm " : _os qf DEC]1 expression could be
and were related to cllm | ‘ogxcal charactenstxcs itis ‘anm early e ent in the”r‘development of lung cancer (19).
likely that the actlvatlon of the HIF aibwiay could *. Furth &

)| re, it hias been demonstrated that the DEC1/2
key role in carcmogenes1s and' tiimor phienotype development ;'.?d1str1but10n in the organs is. dlfferent (11). Despite some
in endometrial carcinoma: ‘ever, only DECZ mversely “* inconsistent data e overéll react1v1ty of DEC2 to hypoxia
correlated with the FIGO grade in its expressmn level o ;~correlated w1th tha 'bf the HIF-1a protein in vitro, possibly

DEC2 is involved i m ‘tissue development and regulatlon of suagestmg its- d1st1nct1ve nature, i.e., HIF-1-dependent
the circadian rhythm as a' transcnptxonal repressor (11,14,15),  induction. Although DEC2 promotes carcinogenesis, as
although its specific function i in cancer remains to be opposed to DECI in lung cancers, their functions in
clarified. Several reports have coriimented on the role of the  carcinomas could be origin- or cell type-specific and thereby
other HIF-1 target genes including DECI in various cancers  discrete. The DEC? expression in cancer cell lines could be
(16-19), and GLUT1 (SLC2A1 product) in endometrioid determined by certain DEC2-targeting mechanisms that
adenocarcinomas (23). However, ours is the first report to  occur during carcinogenesis. Despite an incomplete under-
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Table III. Statistical analysis of the clinicopathological characteristics relative to gene expression levels in endometrial carcinomas.
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Mean of relative expression/ACTB P-value

SLC2A1

Variables (n) DECI 1 U DECZ : U CA9 t U VEGF t U ' U
Menopausal status

3 1507 3669 671 1437 . 1.783
Pre (36) . 0470 0266 0532 050 % o167 om0 7 ogs <em P 0ssy osis
Post (46) 1667 3217 1074 1.663 1724
Plietological subtype _

dometrioid (77) 1632 3208 928 391 7

Budometrioid (77) 0349 0410 2% oor9 03y %O oam ose ' 0106 0094 L0 620 0720
Non-endoretrioid (5) 1.195 6610 0.463 2.065 1444
FIGO grade

6 - 1634 ‘ 62 1014 :
Lor2eh) A% ome 32 ouss oesz YO oz o4 P 000 0280 1709 9348 0.200
37 1478 T 1466 . 0.581 : 1984 2265
M- . o
‘ (6 1638 314 : 395 685
0% (63) 638 an o746 2% 0s0a o048 %0 007 os13 P os00 0499 1685 g4s2 0520

. . . " '
250% (19) 1459 3751 1034 1555 1966

7 145 C 30600 . 1 , 2 _
Absent 37) 1453 o oamr 2% osos ae0 O oeso o246 1225 5060 0026 120 4005 0.017
Present (45) 1715 3699 . 0841 - 1.602 2.145 o
LN status . : " '
Negative (61 80 .35 0.872 1280 506
Negative (51) 1580 ooss ga6s 3% 0205, 0390 O%% o679 00wt % goun ooz % oeder 0067
Positive (10) 169 L2101 0.687 2,038 .1 3057
Ff_GO stage t - A
or I (63) 1629 ) 686 - : o 363 1 '

TorIL(3) 3 oo oo 2% 0200 039 °™7 o059 oerz % 0210 omss T ooz o
I or IV.(19) 1490 517 0743 1661 © 2389
Recurrence status - L ' - . .

ive (7 623, T 3203 94 387 . Y S
Negative (74) L3, 462 osts 7 o4z oz 7Y oan o0sm L38T gigs 01957 0 0703 0m9
Positive (8) 1351, T 4542 ’ 0.459 1845 C1933 M
Survival v , . .
Survivi ETRE 292 o021 . 1T
- Sueviving (78) 1591 hea1 0333 >P% 0243 0813 27 o403 os18 % 0224 053 L8 362 0.426
Deceased (4) 1700 5822 0372 1.969 3383

¢, Student's r-test; U, Mann-Whitney U test. Bold text, statistically significant.

RS A

standmg of therr functxons as transcnptlon Iepressors,
findmgs that the expressron of DECZ was stable in SNG-II,
and furthér decreased in' SNG-M' under. hypox1c conditions,
could be explamed by mutauon(s) of the' promoter reg1on or
the over-expression of transcriptional repressors such as
DECI (14).

" We encountered unexpected data in our study: The
activation of the HIF-1 downstream gene did not always
correlate with the HIF-1a protein levels in vitro, and the
immunolabeling index of the HIF-la protein in carcinoma
tissues did not correlate with any clinicopathological features
of the tumors, contrary to the findings with the activated
HIF-1 downstream genes in vivo. One hypothesis is that the
HIF-1 pathway can be activated not only by hypoxia but also
by the inactivation of several tumor suppressor genes such as

4

VHL TP53 and PTEN as reported elsewhere (5-7 26 -28).
Since mutatlons of TP53 and PTEN were commonly
observed in-endometrial carcinomas, the.inactivation of these
tumor suppressor genes could be one of the mechamsms that
activated the HIF-1 pathway in endometrial carcinogenesis
(2,3). Our immnohistochemical analysis supported this
hypothesis, since we found only nuclear staining in some
adjacent stromal tissues, but both nuclear and cytoplasmic
strong staining in the cancer cells, suggesting the aberrant
activation of HIF-1la in cancer cells. The poor correlation in
the activation between HIF-1a and its downstream genes
could also be due to the involvement of the recruitment of
coactivators and/or other transcription factors, including
HIF-2q, among the mechanisms. Even so, the detailed
mechanisms in the HIF-1 pathway activation and subsequently



878

in the carcinogenesis of endometrial carcinoma, as well as
the functional roles of the HIF-1 downstream genes, remain
unclear as with other cancers. Further investigation is required.

In conclusion, we demonstrated the increased expression
of several hypoxia-inducible genes, including the previously
unreported DEC?2 in endometrial carcinogenesis. The activation
of the HIF-1 pathway played a part in carcinogenesis and
tumor phenotype development in endometrial carcinoma.
Among the HIF-1-target genes, the DEC2 expression can be
differentially regulated and plays a unique role in endo-
metrial carcinogenesis.
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_Background and Ob]ecuve Molecular gene markers, whrch can drstmgmsh human

bone Marfow mesenchymal stem cells from human ﬁbroblasts have recently been
.reported. Messenger RNA levels of tissue factor pathway mlubrtor-z major
:hrstocompatrbrlrty complex-DR-a., major hrstocompatrbrlrty complex-DR-B, and
neuroserpin: re hrgher in human, bone marrow, mesenchymal stem cells than in
human. ﬁbroblasts However, human bone marrow mesenchymal stem cells express
less apolipoprotein D mRNA than human fibroblasts. Periodontal ligament cells
are'a heterogeneous: cell population including ﬁbroblasts, mesenchymal stemi cells,
‘and progenrtor cells of osteoblasts of Cementoblasts The use 6f molecular- markers
that distinguish liimai’boné marrow mesenchymal stem cells from hiinan
fibroblasts may provide’ msrght into‘the charactéristics of Kuman’ perrodontal
ligament éells: In this'study, we compared the molecular markers ‘of human perio-
dontal ligament cells with those- of human bone marrow ' meésénchyinal stem cells
and human gingival fibroblasts. RTBS L NLLUNEE S TN P

.‘:h R 1 F i PR ! A gt
Materidl ard Methods" The mRNA" expressron of the molecular gene markers was
analyzed using. real-time polymerase chain reaction. Statistical differences were
determined with the two-sided Mann-—Whrtney U-testernn B0 g - ot

Resulrs Messenger RNA levels of major hrstocompat.rbrhty complex-DR-or and
major hrstocompatrbrlrty complex-DR-B were lower and hrgher, respectrvely, in
human penodoptal lrgamen} cells lhau in human ‘boric marrow mesenchymal stem
cells or human gmgrval ﬁbroblasts Human periodontal ligament cells showed the
lowest apohpoprotem D mRNA levels among the thfee types of cells. Ta¥ = 0
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Canclusran Human penodontal lrgament cells may be drstmgurshed from human
‘bonem Marfow mesenchymal stem cells and human gmgrval ﬁbroblasts by the genes
for’ apolrpoprotern Df maJor hrstocompatrbrlrty complex-DR-a, and major hrsto-
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Bone marrow mesenchymal stem cells,
also called plastic-adherent marrow
cells or bone marrow stromal cells, can
dlﬂ'erenttate into. osteoblasts, chondo-
rocytes,’ adlpocytes, tenocytes, and
muscle cells in vitro and in vivo (1-3).
A recent study has identified several
molecular marker genes that distin-
guish human bone marrow mesenchy-
mal stem cells from human fibroblasts
(4). The mRNA levels of major histo-
‘compatibility complex-DR-a, major
histocompatibility complex-DR-p, tis-
sue factor pathway inhibitor-2, and
neuroserpin were all higher in human
bone marrow mesenchymal stem cells
than in fibroblasts. On the other hand,
the mRNA levels of adrenomedullin,
apolipoprotein D, C-type lectin super-
family member-2, collagen type XV a,
CUG triplet repeat RNA-binding
protein, matrix metalloproteinase
(MMP)-1, protein tyrosine kinase-7
and Sam68-like phosphotyrosine pro-
tein/T-STAR levels were lower in
human bone marrow mesenchymal
stem cells than in fibroblasts. Thus, the
identified marker genes may be useful
for regenerative medicine with bone
marrow mesenchymal stem cells (4).

The periodontal ligament is a con-
nective tissue between two mineralized
tissues — alveolar bone and cementum.
Periodontal ligament cells are a het-
erogeneous cell population, containing
fibroblasts and progenitor cells, which
can differentiate into osteoblasts and
cementoblasts, and have osteoblast-
like properties, such as high levels of
alkaline phophatase activity and pro-
duction of bone-associated proteins (5-
9). The gene expression pattern of
periodontal ligament cells is different
from that of gingival fibroblasts (10-
12). Periodontal ligament tissue has
recently been found to contain mesen-
chymal stem cells; in addmon to oste-
oprogemtor cells and ﬁbroblasts
(13-16).; The tdentlﬁcatlon of molecu-
lar markers, which dlstmgulsh perio-
dontal ligament cells frorn b bone
marrow mesenchymal stem, lcells,l as
‘well a as from gingival ﬁbroblasts, _may
aid in the charactenzatron of peno-
dontal ltgament cells

In the present study, we compared
the characteristics of human perio-
dontal ligament cells with those of

human bone marrow mesenchymal
stem cells and human gingival fibro-
blasts by examining the expression of
molecular gene markers distinguishing
human bone marmrow mesenchymal
stem cells from human fibroblasts.

K

Materlal and methods

Preparation of human periodontal
Ilgament cells and human glnglval

ﬁbroblasts -‘ . . : }

Human penodontal hgament cells-l -

2, -3, and -4 were obtamed separately
by the explant culture of healthy perio- .
dontal ligament from the mid-root of
four -premolars extracted: - (after
obtaining informed consent) from four
patients undergoing orthodontic treat-
ment, Human gmglval ﬁbroblasts were, .
obtamed separately from four healthy
ferent \;olunteers Info;med consent
was ~“obtained ' Under a’ protocol
approved by the Ethics Committee of *
the Hiroshima University (Hu'oshtma,

Japan) Faculfy' "ol‘ Dennstry Peno- '

dontal llgament tlssue “and human gln-
gival ttssue were cut mto small pieces
and plated in 35-mmi culture ‘dishes
(Coming Tinc., Corninig, NY,* USA)
containing Dulbecco’s modifiéd Eagle’s
medium (Slgma, St Louis, MO; USA)
supplemented with :10%- fetal ‘bovine
serum: (Hyclone,  South- Logan; - UT,
USA),: (100 units/ml ;of : penicillin,.
100. pg/ml of streptomycin,.and-1:pg/ .
ml . of amphotericin;-B- (Medium: A). -
When the human periodontal ligament .
cells or the human gingival fibroblasts
formed a confluent monolayer, they
were' harvestéd”and ‘seeded 6n‘a 100-
mm cultire dish: (Cornitig) in the pres-:
ence of medium A. Human periodontal

;;;;;;

passage were used in the expenments
Rty YT

Loevar o ot asinoboit e L
Preparation of human bone marrow .
mesenchymal stem eells

AT T AN O ATOPRE R
Human bone marrow mesenchymal
stem cells-l -2 -3, and -4 were ob-
tained from the fliac crest of four pa-
tients. Informed consent was obtained
under a protocol approved by the
Ethics Committee of the Hiroshima

£ e

University Faculty of Dentistry. Bone
marrow celis, including erythrocytes,
were seeded at a density of 0.1 ml of
aspirate per 35-mm tissue culture dish
and maintained in 2 ml of medium
A. Three days after the seeding, float-
ing cells were removed and the medxum
was replaced with fresh medium
A. Thereafter, attached cells were fed
with fresh ‘medium A supplemented

" with 1 ngfml of fibroblast growth fac-

. tor-2 (Kaken Pharmaceutical Co ‘Ltd.
Tokyo,* Iapan) Flbroblast ' growth
factor-2 was added every other day

3 (17): Passages were performed when

7 the cells became subconfluent, Hirhan
,bone marrow mesenchymal stem cells
at ‘the fourth passage were used for the

'expenments

RNA p:eparatlon D
'“Human penodontal llgament cells-l -
'_ 2, -3 and -4 at the sluth passage, hu-
man gmgtval ﬁbroblasts- 1,-2,-3, and-
“4'at the fourth passage, or human bone
marrow mesenchymal stem cells-l 2,-
-3, and 4 at the fourth - passage ‘were
harvested, seeded at 'a ld’e’n’sity Cof
7% 10% cells*: per ‘60-mm* culture dish
" coated with'* type 1 collagen % 4nd
maintained in 5 ml of' medtum A. After
~10 d ‘of culture; the confluient ‘ceils were
‘washed three times: with" phenol' red-
.- frée ‘Hank’s: solution : (pH 7.4).7 Total

+ ~RNA- was. extracted from'reach -cell

;using ISOGEN®-(Wako Pure Chem-
.ical- Industries,, Osaka, = Japan) ,and
quantlﬁed by. spectrometry at 260 and
280 nm, - - -,

IR : 1

[ L ‘e

Real time polymerase chaln reaction
First-strand DNAs™ were " synthesized

" 'with- 1 pg..of total. RNAbuslng" the

SuperScnpt ﬁrst-strand _synthesis sys-
tem (Invxtrogen, Carlsbad CA, USA)
(PCR) w1th the cDNAs was performed
‘using an"ABI 7900 sy¥téin” (Apphed
: BlosystemsLTokyo"Japan) “The Taq-
. Man probe,“sense primers, and anti-
. sense .primers. Jused for, detectlon are
hsted m Tablel A commercrally
) avallable human glyceraldehyde-3-
phosphate dehydrogenase (Applied
Biosystems) was used for quantitative
" PCR. o '
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Table 1. Primers and probes for real-time polymerase chain reaction

Gene name Primer
TFPI-2 Forward 5-GGCAACGCCAACAATTTCTAC-Y
Reverse  5-CAAACTTTGGGAACTTTTTCTATCCT-¥
Probes 5-CTGGGAGGCTTGCGACGATGC-¥
Neuroserpin Forward 5-TGGGTGGAGAATAACACAAACAA-¥
Reverse  5-CCAGATAAGTGGCAGCATCAAA-Y
Probes *.CTGGTGAAAGATTTGGTATCCCCAAGGG-3
MHC-DR-a Forward §-GCCCAGGGAAGACCACCTT-¥
Reverse  5-CAGTCGTAAACGTCCTCAGTTGA-3
Probes  5-TCCGCAAGTTCCACTATCTCCCCTTCCT-¥
MHC-DR-§ Forward 5-GGCTGAAGTCCAGAGTGTCCTT-3
: _Reverse  5-GCTGGGCCTGCT! CTTCCT-3
Probes  5-CCTGAAGTAGATGAACAGCCCGGCC-3'
Apolipoprotein D " Forward * 5-TGAGAAGATCCCAACAACCTTTG-¥
B “Reverse  S-TGATCTTTCCGTTTTCCATTAGTG-3¥'
Probés * §-ATGGACGCTGCATCCAGGCCAACTA-¥
Adrenomedullin Forward" 5-GGTTTCCGTCGCCCTGAT-¥
' : Reverse  5-GAGCCCACTTATTCCACTTCTTT C-3
“"Probes *.ACCTGGGTTCGCTCGCCTTCCTAG-3
CUGQ triplet repeat Forward'  §-CATGAATGCTTTACAGTTGCAGAA-¥
RNA-binding protein 2 'Reverse  5-GCGCTGCT CGTGGTAGAGA-Y
Probes” §-CTCAGCCACCAGCACCAATGCAAAC-¥
C-type lectin F orward - 5. ATCCATTTTCTTTCGGTGTAACATCTA-%
" ‘ Reverse  5-CATGAGAGGGAGTGAAGGATGTG-3'
Probes: ' 5-CTGTTGCTGCACCATCATCGCTGAG-3'
Collagen type XV al Forward 5-CCAGCAACCCACATCAGCTT-¥
Reverse  S-ATGCAGAGCAGGCTTCTCATAAT-¥
Probes .TGCCTCCACCAAACCCTATTTCAAGTGC-3
MMP-1 Forward 5-GATGGACCTGGAGGAAATCTTG-Y -
Reverse  5-CCGCAACACGATGTAAGTTGTACT-¥
“Probes ' 5-TCATGCTTTT! CAACCAGGCOCAGGTATI‘-B’

I3

MMP, matrix metalloprotemase, MHC-DR-o, major histocompatibility complex-DR-a;
MHC-DR-§, major hrstocompaubtlny complex-DR-B, TFP1-2 tissue factor pathway inhibitor.

T

Statistical analysis

The statistical differences between hu-
man - penodontal ligament cells and
human bone marrow mesenchymal
stem cells, and between human peno-
dontal llgament cells and human gin-
gwal ﬁbroblasts, were determmed with
the two-sided.Mann- WhitneyU-test.
Differences with a p-value of < 0.05
were considered significant.

Results

Messenger RNA levels of apolipopro-
tein D were lower in human' perio-
dontal ligament cells than in either
human bone marrow mesenchymal
stem cells or human gingival fibro-
blasts (Table 2). "Human periodontal
ligament cells also had lower levels of
neuroserpin than human bone marrow
mesenchymal stem ' cells, but not
human gingival fibroblasts (Table 2).
Messenger RNA levels of major histo-

compatibility complex-DR-a and
major histocompatibility complex-DR-
p were lower and higher, respectwely,
in human periodontal ligament cells
than in human bone marrow mesen-
chymal stem cells or human gingival
fibroblasts (Table 2). Human perio-
dontal lrgament cells had hrgher levels
of tlssue factor pathway mhlbltor-Z
mRNA than did human gmgrval fi-
broblasts but not human- hone marrow
mesenchymal stem cells (Table 2). No
significant differences. between human
penodontal ligament cells’ and “human
bone marrow mesenchymal stem cells,
or between human permdontal liga-
ment cells and human gingival fibro-

blasts, were observed in- the mRNA

levels of Type XV collagen and
adenomedullin (Table 2). On the other
hand CUG triplet repeat RNA-bmd-
ing protein, C-type lectin, and MMP-1
mRNA levels were lower in human
periodontal ligament cells than in
human gingival fibroblasts, although

no significant difference was found
between human periodontal ligament
cells and human bone marrow mesen-
chymal stem cells in the expression of
these mRNAs (Tabie 2). The findings,
regarding the expression of these 10
genes in human bone marrow mesen-
chymal stem cells compared with
human gingival fibroblasts, are consis-
tent with those of a previous report (4).

Discussion

Because human periodontal ligament
cells, human bone marrow mesenchy-
mal stem cells, and human gingival
fibroblasts are spindle-like cells, human
periodontal ligament cells have not
been characterized by their morphol-
ogy. For the first time, the present
study demonstrated that the genes for
apoupoprotem D, major lnstocompat-
ibility complex-DR-o, and major his-
tocompatibility complex-DR-B . are
candidates for molecular markers dis-
tinguishing human periodontal liga-
ment cells from human bone marrow
mesenchymal stem cells and . human
gingjval fibroblasts.

In the present study, the mRNA
expressions of major hrstocompatlbrh-
ty complex-DR-a and ﬂ, and tlssue
factor pathway i mhnbrtor-z were lower
in human gingival fibroblasts than in
human periodontal hgament cells. On
the other hand the mRNA expressmns
of apollpoprotem D CUG tnplet re-
peat RNA-binding. protem, C-type
lectin, and MMP-1 were hlgher in hu-
man gingival fibroblasts than in human
penodontal llgament oells Regardmg
MMP-1 expressxon, the present ﬁndmg
is consnstent w1th the prevrous report
on DNA array analysrs @10)._. :

pollpoprotem Dis known to par-
trcxpate in mamtenance and repair
within the central and peripheral ner-
vous systems (18) The present study
found that human gingival fibroblasts
show the highest mRNA levels of
apohpoprotem D among human gin-
gival fibroblasts, human bone marrow
mesenchymal stem cells, and human |
periodontal ligament cells. Human
bone marrow mesenchymal stem cells
can differentiate into neurons (19).
However, to our knowledge, there is no
report regarding the involvement of
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Table 2. Comparison of gene expressions between human periodontal Kgament (HPL) cells
and human bone marrow mesenchymal stem cells (hMSC) and between HPL cells and

human gmgwal fibroblasts (HGF)

Cells
HPL cells hMSC * HGF
-1 2 -1 2 -1 2
Genes 3. 4 -3 4 -3 4
Apolipoprotein D 044 063 121 103 * 81.31 783 e
011 003 119 054 159.9 175.6
Neuroserpin 031 072, 078 121 * .0.16 0.56
016- '032 133 066 < 0.18 0.45
MHC-DR-a 012 003 095 048 = 0.01 0.03 **
018 014 155 1064 0.001 0.001
MHC-DR-f 013 001 134 065  * 001 © 001
o ©027 008 689 6325 - 0.001  0.001
TFPI-2 050 070 1.52 029 0.03 .0.09;
019 031 130 087 0.11 0.12
Adrenomodullin 045. 134 066 149 038 1.96
) 031 023 113 069 1079,  '14:38
CUG triplet repeat 009 039 019 152 ‘453 . 073
RNA-binding protein2 052 091 1.06 040 ‘11.88 18.41
C-type lectm 606 042- 052 08I 1359 1169
‘179 - 0.55° 1.65 001 9.30 1877 .
Collagen type xv al 063 1106 0.19 195 2.43 4.62
343 007 © 628 085 74.15 81.31
MMP-1 147 2232 1699 0.76 4218 1306 ' -
297 1029 59 123 99.57. 80.75

Values are arbitrary ratios of each mRNA to glyceraldehyde-3-phosphate dehydrogenase

mRNA,

*Significantly different betwecn human penodonlal hgament eells and hMSC p < 0 05
“Slgm.ﬁcantly different between human penodontal llgament oells and human gmglval

ﬁbroblasts, p <005.

3

MMP matrix melalloprotemase, MHC-DR-«, ma_yor hlstocompaubxhty complex-DR-a.,
MHC-DR-B, major hxstocompaubxhtycomplex-DR-B, TFPI-2 nssuefactorpathway mhlbnor

rons. Therefore, the hlghet levels of
exptesslon suggest a néw role’ for apo-
hpoprotem D in the functlonmg of
gmgwal fibfoblasts. '

Tnssue factor pathway inhibitor-2 is
thought to play an unportant role in
thé regulatlon of extracellular matrix in
digéstion and remodeling (20,21). Perio-
dontal ligament tissue is thought to be
more actively remodeled than’ gmgwal
tissue. The active remodelmg of perio-
dontal’ ligainent tissue may bé a result
of increased levels of tissue factor
pathway- inhibitor-2.

In conclusxon, the ' genes - for
apolipoprotein D, major " histocom-
patibility complex-DR-a, and major
histocompatibility complex-DR-p: are
suggested to be 'molecular : markers
characterizing periodontal - ligament
cells. The role of the markers in perio-
dontal ligament needs to be studied
further. :
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Multiple Mechanisms Regulate Circadian Expression
of the Gene for Cholesterol 7o-Hydroxylase (Cyp7a),
a Key Enzyme in Hepatic Bile Acid Biosynthesis

Mitsuhide Noshiro,” Emiko Usui, Takeshi Kawamoto,” Hiroshi Kubo,” Katsumi Fujimoto,’
Masae Furukawa,' Sato Honma,! Makoto Makishima,* Ken-ichi Honma,! and Yukio Kato’

‘Department of Dental and Medical Biochemistry, *Department of Prosthetic Dentistry, Hiroshima
University Graduate School of Biomedical Sciences, Hiroshima, ' Department of Physiology,
Hokkaido University Graduate School of Medicine, Sapporo, SDepartment of
Biochemistry, Nihon University School of Medicine, Tokyo, Japan

Abstract  Cholesterol 7o-hydroxylase (CYP7A) and sterol 12e-hydroxylase
(CYP8B) in bile acid biosynthesis and 3-hydroxyl-3-methylglutaryl CoA reductase
(HMGCR) in cholesterol biosynthesis are the key enzymes in hepatic metabolic
pathways, and their transcripts exhibit circadian expression profiles in rodent liver.
The authors determined transcript levels of these enzymes and the regulatory
factors for Cyp7a—including Dbp, Dec2, E4bp4, Hnfd, Ppara, Lxra, Rev-erba, and
Rev-erbB—in the liver of wild-type and homozygous Clock mutant mice
(Clock/Clock) and examined the effects of these transcription factors on the tran-
scription activities of Cyp7a. The expression profile of the Cyp7a transcript in wild-
type mice showed a strong circadian rhythm in both the 121:12D light-dark cycle
and constant darkness, and that in Clock/Clack also exhibited a circadian th ythm at
an enhanced level with a lower amplitude, although its protein level became
arrhythmic at a high level. The expression profile of Cyp8b mRNA in wild-type
mice showed a shifted circadian thythm from that of Cyp7a, becoming arthythmic
in Clock/Clock at an expression level comparable to that of wild-type mice. The
expression profile of Hmger mRNA also lost its strong circadian rhythm in
Clock/Clock, showing an expression level comparable to that of wild-type mice. The
expressions of Dbp, Dec2, Rev-erba, and Rev-erbf—potent regulators for Cyp7a
expression—were abolished or became arrhythmic in Clock/Clock, while other
regulators for Cyp7a—Lxre, Hifdo, Ppara, and E4bp4—had either less affected or
enhanced expression in Clock/Clock. In luciferase reporter assays, REV-ERBu/3,
DBP, LXRa, and HNF4o. increased the promoter activity of Cyp7a, whereas DEC2
abolished the transcription from the Cyp7a promoter: EABP4 and PPARu were maod-
erate negative regulators. Furthermore, knockdown of REV-ERBa/pB with siRINA
suppressed Cyp7a transcript levels, and in the electrophoretic mobility shift assay,
REV-ERBa/P bound to the promoter of Cyp7a. These observations suggest that (1)
active CLOCK is essential for the robust circadian expression of hepatic metabolic
enzymes (Cyp7a, Cyp8b, and Hmger); (2) clock-controlled genes—DBF, DEC?, and
REV-ERBa/B—are direct regulators required for the robust circadian rhythm of
Cyp7a; and (3) the circadian rhythin of Cyp7a is regulated by multiple transcription
factors, including DBP, REV-ERBu/B, LXRe, HNF4a DEC2, E4BP4, and PPARa.

Key words CLOCK, CYP7A, CYPSB, HMCCR, DEC2, DB, REV-ERB, LXRa
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A mammalian master clock located in the SCN of
the hypothalamus drives circadian rhythms in behav-
ior and physiology and entrains to the environmental
light cycle. Rhythms in the SCN are thought to stem
from interlocked transcription-translation feedback
loops composed of the positive elements CLOCK and
BMALL, as well as negative elements PERIODs (PER1,
PER2, and PER3), CRYPTOCHROMEs (CRY1 and
CRY2), and DECs (DEC1 and DEC2) (Reppert and
Weaver, 2001; Honma et al., 2002; Kawamoto et al.,
2004). CLOCK' and BMAL1 dimerize and act on
CACGTG E-boxes to promote transcription of Per, Cry,
Dec, and other genes, and translated PERs, CRYs, and
DECs associate and inhibit CLOCK:BMALT transacti-
vation of the Per, Cry, and Dec genes (Alvarez and
Sehgal, 2002). In addition, the high binding affinity of
DECs to the CACGTG E-box and similar elements is
another potent mechanism suppressing the transacti-
vation of target genes’by CLOCK:BMAL1 (Hamaguchi
et al, 2004; Kawamoto et al., 2004). Other feedback
loops control the positive clock element: Orphan
nuclear receptors—ROR(ct, B, and y) and REV-ERB
(a0 and B)—activate and repress Bmall transcription,
respectively, by competing with the REV-ERB/ROR
response element (RRE) (Nakajima et al., 2004; Sato
et al.,, 2004; Guillaumond et al., 2005). Thus, multiple
feedback loops are interlocked, which may be essential
for the finer and more stabilized regulation of circadian
rhythm (Roenneberg and Merrow, 2003; Kawamoto
et al.,, 2004). DECs as well as other clock-related genes
regulate numerous target genes in output pathways.

Recently, the existence of peripheral clocks has
been clarified in most peripheral organs, including
the liver, kidney, and heart: These clocks apparently
serve as endogenous oscillators in the regulation of
the peripheral circadian rhythms and are synchro-
nized with the master clock in expressing orches-
trated circadian rhythms in peripheral tissues
(Sakamoto et al., 1998; Panda et al., 2002; Storch et al.,
2002). The liver is the crucial organ for energy metab-
olism, detoxification, and nutrient absorption—such
as biosynthesis and secretion of bile acids—and more
than 300 circadian rhythms have recently been
detected in hepatic transcripts (Panda et al.,, 2002;
Ueda et al, 2002), which encode the proteins
involved in these functions. Actually, up to 20% of
soluble proteins are subject to circadian control and

play important roles in hepatic metabolic pathways
(Reddy et al, 2006). Cholesterol 7o-hydroxylase
(CYP7A) is a rate-limiting enzyme for bile acid produc-
tion, and it is expressed in a circadian-dependent fash-
jon (Noshiro et al., 1990; Russell, 1992; Ishida et al.,
2000). Numerous transcription factors are known to
regulate the expression of Cyp7a. DBP, a PAR (proline
and acidic amino acid rich) basic leucine zipper tran-
scription factor, amplifies the circadian Cyp7a rhythm,
and multiple DBP-responsive elements (D-box) in the
5-upstream of Cyp7a have been identified (Lavery and
Schibler, 1993; Lee et al.,, 1994). In addition, several
nuclear receptors—including LXRa, HNF4q, PPARe,
and RXRo—are involved in the regulation of Cyp7a
(Chiang, 2002). Furthermore, our recent work demon-
strated that the Cyp7a transcription enhanced by DBP
was strongly suppressed by DEC2 and E4BP4, which
bind the proximal E-box (CACATG) and D-box, respec-
tively, even though CACATG E-box is not responsive to
the CLOCK:BMAL1 heterodimer (Noshiro et al., 2004).

The Clock mutant mouse (Clock/Clock) is a useful
animal model for examining potential up-regulation
of genes by CLOCK. Mutant CLOCK protein with a
51-amino acid deletion acts in a dominant-negative
fashion (King et al., 1997; Gekakis et al., 1998): The
expression profiles of many clock genes, such as Pers,
Crys, and Decs, are disrupted with reduced peak
expression in the SCN of Clock/Clock mice (Jin et al.,
1999; Kume et al., 1999; Oishi et al., 2000; Butler et al.,
2004). Attenuation of clock gene expressions in
Clock/Clock mice indicates that CLOCK activates these
genes in vivo.

We wanted to determine whether a regulatory cas-
cade induces a hepatic oscillating target gene, Cyp7a,
from the peripheral clock consisting of clock genes: We
tested the effects of Clock mutation on the circadian
expression of Cyp7a in the liver by examining tran-
script levels of Cyp7a, along with other hepatic oscillat-
ing enzymes—Cyp8b and Hmgcr—and several known
and possible regulatory factors for Cyp7a in the liver of
wild-type mice and Clock/Clock mice. We also exam-
ined the effects of those transcription factors on the
transcription activities of the Cyp7a gene using
luciferase reporter assays: In the liver of Clock/Clack
mice, the expressions of Dbp, Dec2, and Rev-erbo. were
abolished and became arrhythmic, and in luciferase
reporter assays, these factors were potent regulators for
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the transcription from the Cyp7a promoter. Even so, the
Cyp7a expression profile in the liver of Clock/Clock mice
exhibited a circadian rhythm at an enhanced level
with lower amplitude. Expressions of other known
positive and negative regulators for Cyp7a—Lxra,
Hnfdu, Edbp4, and Pparo—were enhanced or remained
unchanged in Clock/Clock mice, and those regulators
may support both the enhanced Cyp7a expression and
the rhythmicity. These observations strongly indicate
that multiple regulators support the circadian regula-
tion of Cyp7a.

MATERIALS AND METHODS

Animals and Isolation of RNA

A breeding colony of Clock mutant mice with a
BALB/c background was developed using mice orig-
inally supplied by Dr. ]. S. Takahashi (Northwestern
University) as described previously (Nakamura
et al., 2002). Both Clock mutant and wild-type mice
were housed in clear polycarbonate cages in a
12h:12h light-dark cycle (lights on at 0600 h) with ad
libitum access to food and water. All procedures were
performed in compliance with principles and guide-
lines for animal research established by the following
local care and use committee: Guide for the Care and
Use of Laboratory Animals, Hokkaido University
Graduate School of Medicine.

Mice were decapitated at 4-h intervals beginning at
ZT2 (0800 h) either in a normal LD cycle or on the first
day of constant darkness (DD)—that is, beginning 14 h
after the last lights-off. A dim red light (< 0.1 lux) was
placed in the room during the dark phase to allow
surgery during the dark periods. Extraction of total
RNA from mouse liver was described previously
(Noshiro et al., 2005).

Real-Time Quantitative RT-PCR Analysis

Real-time quantitative reverse-transcription PCR
(RT-PCR) analysis was performed using an ABI PRISM
7900 Sequence Detection System instrument and soft-
ware (A pplied Biosystems, Foster City, CA) as described
previously (Gibson et al., 1996). First-strand cDNA was
synthesized using a ReverTra Ace reverse transcriptase
kit (Toyobo Co., Osaka, Japan) with total RNA (1 ug)
preparations and random primers. Validity of the cDNA
preparations was examined by amplification of 185
ribosomal RNA using the Ribosomal RNA control kit
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(Applied Biosystems). The sequences for the primers
and TagMan™ fluorogenic probes (Applied Biosystems)
were as follows: 5-ACTCTCTGAAGCCATGATG-
CAAA-¥, 5-TCCCAGACACGCGCTCTTTGAT-3, and
5-FAM-TGCAAAACCTCCAATCTGTCATGAGAC-
CTC-TAMRA-3' for Cyp7a (L23754); 5-GGCTGGCTTC-
CTGAGCTTATT-3, 5-ACTTCCTGAACAGCTCATC-
GG-¥, and 5-FAM-CAAGGACAAGCAGCCAAGAC-
CTCGATGAG-TAMRA-3' for Cyp8b (AF090317); 5-
CTTGGTCCTTGTTCACGCTCA-3', 5-ACCTTAGCC-
TGCTCCGCTGTGCTG-3, and 5-FAM-AGTCGCTG-
GATAGCTGATCCTTCTCCTCA-TAMRA-3’ for Hmger
(BC019782); 5-CATTCAAGATTGGTCCCTCA-3, 5-
GAAGCTACTCTGAGTTTTGC-3, and 5-FAM-ATCG-
GAACACTGGCATCACAAAGAACTG-TAMRA-3’ for
Edbpd (UB3148); 5-TTCCCACGGATGCTAATGAAG-
3, 5-GGAAGCTTTTTGTCCTGCAGG-3, and 5-FAM-
ACTTTGAGCAGCGTCCATTCAGAGCAAGT-TAMR
A-3' for o (NM_013839); 5-CGTCCATGGTGTTTAAG-
GACGT-%, 5-ACGGCTCATCTCCGCTAGCTCT-3,
and 5-FAM-CAATGACTACATCGTCCCTCCGCAC-
TGT-TAMRA-3' for HNF4o. (XM_110385); and 5'-CCTC-
CTTGATGAACAAAGACCG-3, 5-TTCTTAAGGAA-
CTCGCGTGTGA-¥, and 5-FAM-CTCATCGCGTA-
CGGCAATGGCTT-TAMRA-3' for PPARa (NM_011144).
Those for Dbp, Dec2, and Rev-erbo were previously
described (Noshiro et al., 2005). The primers and
TaqMan™ probe for Rev-erbp were obtained from
Applied Biosystems.

Western Blot Analysis

Microsomal fractions were prepared from liver

"homogenates by centrifugation as described previ-

ously (Noshiro and Omura, 1978). Nuclear extracts
were also prepared from the livers by the use of
the Nuclear Extract Kit (Active Motif, Carlsbad,
CA). After sodium dodecy! sulfate-polyacrylamide
gel electrophoresis (SDS-PAG E), proteins were trans-
ferred to polyvinylidene difluoride membrane
(Millipore, Bedford, MA). Immunoblotting was per-
formed with the appropriate antibodies according to
standard protocols and detected using '*l-labeled
antimouse antibodies or “*I-labeled antirabbit anti-
bodies (GE Healthcare Bioscience, Uppsala, Sweden)
as second antibodies. The following primary anti-
bodies were used: mouse polyclonal antibodies to
CYP7A (1:1000 dilution) (Noshiro et al, 1990) and
rabbit polyclonal antibodies to LXRat (1:1000 dilu-
tion, Santa Cruz Biotechnology Inc., Santa Cruz, CA).
Radioactivity of detected areas was quantified using
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the FLA-3000G fluoro-image analyzer (Fuji Photo
Filim Co. Ltd., Tokyo, Japan).

Luciferase Assay

Experimental conditions for human HepG2 cell cul-

ture, DNA transfection to the cells, and assay of

luciferase activity were described previously (Noshiro
et al., 2004). A DNA fragment containing 766 bp (-731
to +35) of rat CYP7A gene promoter was used to con-
struct pCYP7A-Luc as described (Noshiro et al., 2004).
The expression plasmids (pcDNA3.1) for mouse DBP
and DEC2 were prepared as described previously
{Noshiro et al., 2004). The expression plasmids (pCMX)
for mouse PPARa (NR1C1), rat HNF4a (N R2A1),
rat E4BP4, mouse LRH-1 (NR5A2), human LXRa
(NR1H3), and human RXRo (NR2B1) were described
previously (Kliewer et al,, 1994; Willy et al., 1995; Lu
et al., 2000). The expression plasmid for mouse REV-
ERBu (NR1D1) was obtained by RT-PCR with primers
5-CGCCACCATGACGACCCTGGACTCCAATA-3
and 5-GGAGAGAGAAGTGCAGAGTT-3' and cloning
into pcDNA3.1 (Invitrogen, Carlsbad, CA). The expres-
sion plasmids for other orphan nuclear receptors, REV-
ERBB (NR1D2), RORa (NR1F1), and RORB (NR1F2),
were generous gifts from Dr. Masaaki lkeda (Saitama
Medical School).

Short Interfering RNA (siRNA) Treatment

The siRNAs to be directed against Rev-erba
and Rev-erbB were prepared..The target sequences
were 5-CUAUGCCCAUGACAAGUUAGG-3" and
GGAGGAACAUAAUGCAUUACC-3" for Rev-erbo.
and Rev-erbp, respectively. Mouse 'hepatoma Hepa-1clc7
cells (American Type Culture Collection, Manassas, VA)
were plated at a density 7.5 x 10! cells/well in 12-
multiwell plastic plates. The next day, the cells were
transfected with the siRNA or nonspecific control
siRNA (Qiagen, Valencia, CA) at a final concentration
of 25 nM using Lipofectamine 2000 (Invitrogen).
Efficiency of transfection was nearly 100% as
assessed with a fluorescein-labeled RNA probe (data
not shown). The cells were harvested at 72 h after
transfection and subjected to RNA preparation.

Electrophoretic Mobility Shift Assay
Double-stranded synthetic probes for the elec-

trophoretic mobility shift assay (EMSA) were pre-
pared and labeled with «-[PP|dCTP as described

previously (Noshiro et al., 2004). The binding reaction
mixture contained 20,000 cpm of Jabeled oligonu-
cleotide probe and the protein factor(s) in 15 pL of 10
mM Tris-HC1 (pH 8.0), 50 mM NaCl, 25 mM MgCl,, 5
mM dithiothreitol, 0.2 ug/puL poly (dI-dC), and 10%
glycerol. The mixtures were incubated at room tem-
perature for 10 min and subjected to 5% acrylamide
gel electrophoresis. Electrophaoresis was performed at
room temperature for 1.5 h at constant 15W. The pro-
tein factors were prepared by the use of TnT Quick
coupled in vitro transcription/translation system
(Promega, Madison, WI) and the expression plasmids.

Statistical Analysis

Time-series data were examined by 1-way analysis
of variance (ANOVA) for rhythmicity, and differences
between genotypes were tested by 2-way ANOVA.
Significance of differences between the 2 groups was
analyzed by Student t test. Comparisons with p < 0.05
were taken as significant.

RESULTS

Effects of Clock Mutation on the Circadian
Expression of Cyp7a, CypSb, and Hmgcr

First, to determine whether Clock mutation
affected Cyp7a expression, its transcript levels in the
livers of 2 genotypes were determined. Quantitative
real-time RT-PCR analysis showed that Cyp7a mRNA
expression in the liver of wild-type mice in LD had a
circadian rhythm with a peak at ZT6 (Fig. 1A, left
panel, 1-way ANOVA; p < 0.05) and a large oscillation
amplitude (ca. 8-fold). In Clock/Clock mice, the mRNA
levels significantly increased (2-way ANOVA; p <
0.001), and the pattern showed a significant rhythm
(1-way ANOVA,; p < 0.05), although the amplitude
was lower (ca. 2-fold). Cyp7a expression in the liver
of wild-type mice in DD also showed circadian
rthythm with a delayed peak at CT10 (Fig. 1A, right
panel, 1-way ANOVA; p < (.05) with a 19-fold oscil-
lation amplitude. In Clock/Clock mice, the mRNA
levels significantly increased (2-way ANOVA; p <
0.01), and the pattern showed a rhythm (1-way
ANOVA,; p <0.05), although the amplitude was lower
(ca. 2.5-fold). Northern blot analysis results were
essentially the same as those obtained by real-time
RT-PCR analysis (data not shown) CYP7A protein
level in hepatic microsomal fractions of wild-type
mice in DD showed circadian rhythm with a peak at
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Figure 1. Cyp7a expression in the liver of wild-type and Clock/Clock mice. (A)
Cyp7a mRNA levels were determined by quantitative real-time reverse-transcriptase
PCR (RT-PCR). Data are plotted as mean + SEM (i =4). Open and closed bars for LD
condition (left panel) indicate lights un and off, respectively, and gray bars indicate

subjective day in DD condition (right panel). Timie:series data were analyzed by 1-

way analysis of variance (ANOVA) for thythmicity (*p < 0.05; **p <0.01; 4y <0.001;,

.1, not significant). Differences between genutypes were tested by 2-way ANOVA,
(B) Western blotting of CYP7A protein in the liver of DD conditiun. Quantitative data
for 3 determinations are plotted as mean values £ SEM (left panel), and a represen-
tative photograph is shown (right panel). The size of CYT'7A protein (57 kDa) is indi-
cated. WT, wild-type mice; Ck/Ck, Clock mutant mice. Transcript levels of (C) CypSb
and (D) Higer were determined by quantitative seal-time RT-PCR.

CT10 coincident to the peak of the
Cyp7a transcript in the corresponding
mice (Fig. 1A, right panel) with around
a 4-fold amplitude. However, the
expression pattern of CYP7A protein
became arrhythmic in Clock/Clock mice
at the same level as the peak in wild-
type mice (Fig. 1B), which indicates that
the lower amplitude (ca. 2.5-fold) of
transcript thythm was not reflected in
its protein level.

For comparison, effects of Clock
mutation on other, hepatié oscillating

_ genes, Cyp8b and.Hmgcr, were. exam-

ined. A marked circadian expression
was observed on the transcript levels of
Cyp8b in wild-type mice with peaks at

.ZT/CT22 (Fig. 1C), which were differ-

ent from.those, of Cyp7a (Fig. 1A) and
Hmger (Fig. 1D) as;previously reported in
rat liver (Ishida et.al., 2000). Clock muta-
tion abolished the _circ_adi_an‘ rhythm of
Cyp8b in both LD and DD, but the aver-
age expression levels were almost the

. same as those of wild-type,mice.

:Expression profiles of Hmgcr in wild-
type mice under LD and DD conditions
showed strong circadian rhythm with
peaks at ZT6 and CT10 ‘(Fig.,.i,D), simi-
lar to those of Cyp7a as described

(Jurevics et al., 2000; Oishi et al., 2005).

Clock mutation abolished the circadian

- thythm of Hmger in LD, but the average

expression levels werealmost the same as
those of wild-type mice. Under DD con-
dition, expression significantly increased

. and remained rhythmic with 2 peaks.

\ kN ! ’

‘ Multipig Reguli’at:érs for

Transcriptional .‘A'ctiviti.es‘of the
Cyp7a Gene '

Ninierous transcription factors—
including DBP, LXRe, HNF4a, and
LRH-1—are known to up-regulate ‘the
éxpression of Cyp7a‘ (Chiang, 2002).
To'estimate the relative’potency of var-
jous transcription factor's for the regu-
lation of Cyp7a eXpression—in addition
to the known regulatory factors—other
pussible nuclear factors, such as REV-
ERBa/f and RORa/B/y—were exam-
ined by luciferase reporter assay in
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HepG2 culture using rat Cyp7a promoter (<731 to
+35), which contains’ potent response elements for
DBF, LXRa, HNF4a, and LRH-1, previously identi-
fied (Lavery and Schibler, 1993; Lee et al., 1994; Lu
et al., 2000; Chiang, 2002). Figure 2A shows dose-
" dependent enhancements of the Cyp7a promoter by
various transactivators, which had plateau levels at
50 to 100 ng of the respective expression plasmids of
DBP, LXRw, and LRH-1 or near-maximal levels at 100
to 200 ng for the respective expression plasmids of
HNF4a and REV-ERBa./f. DBP most strongly acti-
vated the Cyp7a promotet (> 40-fold), and LXRRXRo.
heterodimer ‘was’ also a potent activator for Cyp7a
(ca. 7-fold), whereas LXRB:RXRa heterodimer did
not have anysignificant erlhancemeitt on the pro-
moter activity (data not shown) (Peet et al., 1998).
‘HNF4a showed - 4-fold enhancement-of the Cyp7a
promoter activity, - -whiereas 'LRH-1 ‘showed only
14-fold enhancement at’'maximum:' Interestingly,
orphan nuclear receéptors REV-ERBo. and REV-ERBB
enhanced prométer activity (7- and '4-fold, respec-

tively), whereas RORo had little effect on the promoter -

activity” Under similar’ experimental conditions, both
REV-ERBa and REV-ERBP repressed the RORa-acti-
vated reporter construct containing RRE of Bimal1 (data
not shown);, as previously reported (Guillauriond
et al., 2005).

" Since previous studies had reported that PPARa,
E4BP4, and DEC2 suppress the Cyp7a transcription
(Patel et al., 2000; Noshiro et al., 2004), these factors
were examined to determine whether they affect the
Cyp7a promoter transactivated' by the potent-activa-
tors described above. Control activities in the absence
of activators were only slightly suppressed by the
addition - of the expression plasmids for PPAR,
E4BP4, and DEC2 (data not shown): Cyp7a promoter
activities transactivated by 'DBP, LXRo:RXRa het-
erodimer, REV-ERBa, or HNF40. were suppressed by
DEC2, E4BP4, or PPARa (Fig. 2B), and transactivation
of the Cyp7a promoter by DBP was most sensitive
to DEC2 suppression (Noshlro etal, 2004) (Fig. 2C).
E4BP4 moderately suppressed all enhanced promoter
actwnty, and PPARa slgmflcantly suppressed all

effectwe on the enhanced activity by REV-ERBU.

When all 4 actlvators (DBP, LXReq, REV-ERBa; and -

HNF4w) were conbined, the enhanced level (ca. 48-

fold) was (.l()be to that w1th DBP alone (La 44-fold), .
and suppression by DECZ E4B]’-} or Pl’ARU. was sim- -

ilar to that in the case of DBP alone.

Clock Mutation Abolished the Hepatic Expression
of Dbp, Dec2, and Rev-erba/p but Enhanced E4bp4
Expression

Among the regulatory factors for Cyp7a described
above, Dbp, Dec2, Rev-erbor/B, and E4bp4 are known to
exhibit marked circadian rhythim in nornmal animals
(Preitner et al., 2002; Noshiro et al., 2004). Figure 3A
shows that Dbp mRNA expression in the liver of wild-

_ type mice had strong circadian rhythms with peaks at

CT6(1-way ANOVA, p<() 001). In Clack/Clock mice, Dbp
expression was almost Lompletely abolished, as
recently reported (Oishi et al., 2003; Noshiro et al., 2005).
Slmllarly, expression profiles of Dec2 in the fiver of
wild:type mice also showed a strong circadian thythm
with peaks at CT6 (Fig. 3B, 1-way ANOVA, p < 0.001),
as reported (Noshiro.et al., 2004, 2005). Clock mutation
also completely abolished the expression of Dec2. The
above results indicate that DBP and DEC?2 do not con-
tribute to the regulation of Cyp7a in Clock/Clock mice.
Expression profiles_of Rev-erba in the liver of wild-
type mice also showed a strong, circadian rhythm
with peaks at CT6 (Fig. 3C, 1-way ANOVA, p <0.01),
similar to those of Dbp and Dec2, and Clock mutation
abolished the rhythmic expression of Rev-erba. As
described above, REV-ERBu enhances the transcrip-
tion of Cyp7a, which shows the contribution of REV-
ERBua to the circadian regulation of Cyp7a, to some
extent, in normal state. However, the expression pro-

* files: of Rev-erbu in Clock/Clock mice indicate that

REV-ERBa does not contribute to the circadian regu-

-~lation of Cyp7a in.Clock/Clock mice. Expression pro-
. files of Rev-erbf in the liver of wild- -type mice also

showed. a strong circadian rhythm with peaks’ at
CT]O (Flb 3D, 1-way ANOVA, p <. ()01) Clock muta-
tion diminished the expression level but had a signif-
icant rhythm (1-way ANOVA, p < 0.01), but with a
lower amplitude.

Figure 3E shows that E4bp4 mRNA expression in
the liver of wild-type mice had a circadian rhythm
with a peak at CT22 (p < 0.01), which is 180 degrees
out of phase with that of Dby, Dec2, and Rev-erbu
(Mltsm et al., 2001; Noshiro- et al,, 2004), suggesting
that the role of E4BP4 in the suppresw)n of Cyp7a
expression differs from that of DEC2 (No:,hlro et al
2004):In contrast to-the expression profiles of Dbp,
Dec2;- and Rev-erba, E4bp4 in” Clock/Clack inice was

significantly enhanced {p <. 001) espeually ina sub-

jective day, whereas the expression in-wild-type mice

© was lower; this resulted inarrhythmicity at enhanced

i (S 1
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Firé'u're 2 Cyp7a plumb‘t’ét" a'ciiv'i'!y is dt)sé-d'eiaendently enhanced by various activators, and these enhanced activiti;'s' are repressed by
DEC2, E4BP4, and PPAR® (A) HepG2 cellsin a 24-well plate were cotransfected with pCYP7A-Luc (=731 to 435, 20 ng/well), internal con-
trol pRL-TK (20 ng/weu),va‘nd various expression plasmidé'fot»\DBP,-LXRa:RXRa, REV-ERBa, REV-ERBf, RORa, HNFdo, and LRH-1 at
concentrations of 25, 50, 100, and 200 ng/well. Data are'expressed in a logarithmical scale. (B) Expression plasmids (100 ng/well) for DEC2,

E4BP4, and PPAR@ were cotransfected with pCYP7A-Luc in the prese
were used, T0901317 (10~ M) and WY-14643 (10" M) as'their respectiv
Willy etal., 1995). Rvra was cotransfected when Lyro.and Pparaw
activitjes of the internal control pRL:TK, and data ate plotted as m

nce.and-absence of each activator (50 ng/well). When Lyra and Ppara
e agonists were added to the culture medium (Gottlicher et al., 1992;
ere used. The luciferase activities were normalized by Renilla luciferase
ean values £ SEM in triplicate assay. Data are shuwn as percentages of

the luciferase activity enhanced by. the ljéspec'tive activator plasmid. Significance of the difference between respective control and addi-
tion of each suppressor was analyzed by Student f test (*'p < 0.01). All the experiments were repeated at least 3 times and yielded repro-
ducible results. (C) The enhanced luciferase activity by DBP was dose-dependently suppressed by DEC2, E4BP4, and PPAR.ce

Ieye’:lé,: which ind icates that E4BP4 is inlvolvec!_in' the
regulation of Cyp7a in Clock/Clock mice. ‘

Hepatic Expression of Lxra, Hufda, and Ppare. Was
Maintained in Clock:Mutant Mice :

Hepatic expressions of Lxra. were arthythmic in
wild-type mice (Fig. 4A). In Clock/Clock mice, Lxra

¢xpr¢§si<)xj Ievé]s iqérea:éed at CT14 to CT18 but were
not significantly rhythmic. LXRa protein levels in
hepatic nuclear extracts of wild-type mice in DD
showed an arrhythmic expression pattern (Fig. 4B), and
there was no sigﬁifi¢a|}t chahge: in Clock/Clack mice.
Another ‘n'ct'ivaidrl for the Cyp7a gene, Hnfdu,
showed higher expression at CT6 to CT10 in wild-
type mice (Fig 40), with a significant rhythm. In
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the previous sections, these results
suggest that LXRa, HNF4a, REV-
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to the regulation of expression of
- Cyp7a in Clock/Clack mice, where the
most potent regulators for rhythmic
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Cyp7a promoter, however, to confirm
the action of these nuclear receptors,
L ‘Rev-erbo/ B,was down-regulated using
; $iRNA. As shown in Figure.5A, tran-
‘script levels of Rev-erbia and Rev-erbB
3o were markedly red uced by respective
BT 51RNA although the effect with Rev-
< i ‘el bc. 31RNA was lower. Cyp7a mRNA
levels; were partly , reduced by Rer-
erbo./B siRNA. (Fig. 5B), .suggesting
that those factors are transactivators
for Cyp7a in llvmg cells. The partial
buppresswn by “these siRNA is attrib-

14 10

Flgure 3: Clock mutahun abollshed the circddian ‘ ‘expression of (A) Dby, (B) Dec2,
(©)-Rev-erba, and Rw-erbB but ‘enhanced Edbpd- expresslun (E}:in the liver. The !
mRNA Ievels were deterimined by quanhtahve real-time reverse transcriptase PCR
(RT-PCR) Data aré ploued as mean & SEM (1'=4). Gray bars indicate'subjective day -
in DD condition. Time-series data ‘were analyzed by l-way'analysn of variance
-< 0.05; *p </0.01; ***p < 0.001}ns, not significant):
Differences bétween genutypes wele tested by 2-way ANOVA ‘WT w:ld -type mlce, :

(ANOVA) for rhythmncuy *p

Ck/Ck, CImk mulanl mnce B ER
H "

Clock/Clock mue, the Hnfda, expnesslon became
arrhythmic, and 'the expression level was shbhtly but
significantly increased (p < 0.01): Another known
suppressor for Cyp7a, l’paw. had s:mnlar expressmn
profiles to those of Hnfdu in the Ilvet of Wlld -type
mice (Fig. 4D, p < 0.01). In CInd\/LInCI\ mlce, Ppare
expressions in both light conditions were arrhythmic,
but the average ejxpressmn level was similar to that of

uted: to. the partnc:patlon of - multlple
' factors in the regulatmn of Cyp7a:

To' further examme the mteractlon of
REV-ERBu and REV-ERBB in the pro-
moter region of the Cyp7a gene; EMSA

as performed Several motlfs sirnilar
“to’ the AGGTCA half 51te——the nuclear
‘receptor motif—were found iin the 240-
bp upstream region of the rat Cyp7a
gene promoter, although the canonical RRE motif was
not found. Ohbonucleondes for this region were pre-
pared (Fig. 6A) and used to examine their bmdmv
capacity to REV-ERBu and REV-ERBf proteins. As
showi in Figure 6B, faint but specific retarded bands
were observed for probe 1 (=33 to -82) withreithier the
REV-ERBa or REV-ERBf protein, whereas neither
ROR(A nor RORB showed a retarded band. Probe 1 nlso

e
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Figure 4. Effects of Clock mutation on the expressions of (A) Lyra and (B) LXRa
protein, (C) Hufd4a, and (D) Ppara in the liver. The mRNA fevels were determined
by quantitative real-time reverse-transcriptase PCR (RT-PCR). Symbols and other
conditions are the same as those described in the legend to Figures 1 and 3. Western
blotting of LXRa protein in the liver in the DD condition is shown (B). The size of

the LXRa protein (50 kDa) is indicated.
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Figure 5. Effects on Cyp7a expression of knockdown of Rev-erba
and Rev-erbB by siRNA. Transcript levels of (A) respective target
genes and {B) Cyp7n were examined on the Hepa-1clc7 trans-
fected with siRNA for Rev-erbo, or Rev-erb . *p < 0.05. **p < 0.01.

indirectly, by many transcription fac-
tors, including DBF, DEC2, E4BP4,
LXRa, RXRu, HNF4a, LRH-1, PPARa,
and FXR (Chiang, 2002; Noshiro et al.,
2004). In addition, REV-ERBa. and
REV-ERBp were found to up-regulate
the Cyp7a gene in this study. DBF,
DEC?2, E4BP4, and REV-ERBa./B are
thought to be involved in the circadian regulation of
Cyp7a (Lavery and Schibler, 1993; Lee et al., 1994;
Noshiro et al., 2004) since they exhibit a marked cir-
cadian rhythm (Wﬁarih and Schibler, 1990; Mitsui
et al., 2001; Preitner et al., 2002; Noshiro et al., 2004).
The present and previous studies demonstrate that
hepatic DBP, DEC2, and REV-ERBu are the most
potent regulators for the circadian regulation of
Cyp7a and that they are dominantly regulated by the
CLOCK:BMALI heterodimer (Ripperger et al., 2000;
Preitner et al., 2002; Butler et al., 2004; Hamaguchi
et al., 2004). Nevertheless, Clock mutation, which
caused depletion of Dby, Dec2, and Rev-erba., did not
abolish the circadian expression of the Cyp7a tran-
script, which indicates that other mechanisms sup-
port the rhythmic expression of Cyp7a as discussed
below. The lower but remaining rhythm of the Cyp7a
transcript in Clock mutant mice suggested that
action of CLOCK on Cyp7a gene expression is
apparently less predominant or indirect, although
the putative consensus binding site (CACGTG E-box)
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respective factors in vivo is difficult to
evaluate. In the liver of clock mutant
mice, however, the circadian expres-
sions of Dbp, Dec2, and Rev-erba
were almost completely abolished, as
described above. Consequently, LXRe,
REV-ERBS, and HNF4u as activators,
as well as E4BP4 and PPARe. as sup-
pressors, can support the expression
of Cyp7a in the liver of clock mutant
mice, which may cause the enhanced
but less rhythmic expression of Cyp7a
'(Fig. 7, lower panel). The less rhyth-

A
Probe 1(-33 to -82):
5'-GTG11TGC1TI’GGTCACTCAAGTTCAAGTTATTGGATCATGGTCCTGTGC-:!'
Probe 2 (-120 to -170)
5- GTTCTGGAGCCTCTTCTGAGACTATGGACTTAGTTCAAGGCCGGGTAATGC -3
Probe 3 (-183 to -233)
5'- GGATGITATGTCAGCACATGAGGGACAGACCTTCAGCTTATCGAGTATTGC -3
B AXR
Co REV nv RORROA co REV RE,V Co REV REV Co RXALXR LXR
Retarded
complex

Probe2 -~ Probe3

" 'Probe 1

-,

Probe 1

mic expression profiles of the Cyp7a
transcript and CYP7A protein in Clock
mutant mice indicate that DBP, REV-
ERBa, and DEC2 are more important
than other factors for the strong
rhythm of Cyp7a. Moreover, in Clock
mutant mice, the depletion of the most
potent suppressor, DEC2, seems to be
essential in -increasing the expression
level of the Cyp7a transcript despite the
depletion of the potent activators DBP
and REV-ERBao.

Retarded
complex

Figure 6. REV-ERBa and REV-ERBB prmems bound to the proximal region of rat
CYP7A gene promoter. (A) Double-stranded synthetic probes cuntammg motifs similar *
to AGGTCA half-site were prepared. (B) Electrophoretic mobility shift assay (EMSA)
was performed with *P-labeled double-stranded probes and the nuclear receptors. The
radioactivities uf retarded bands were visualized by the FLA-3000G fluoro-image ana-

lyzer (Fujifilm Co.).

for CLOCK:BMALI1 was found far upstream of the
Cyp7a gene of the mouse (at -5.5 kb) by computer
search (Panda et al., 2002). Whether this CACGTG E-
box is functional for the CLOCK:BMALI1 heterodimer
remains to be elucidated.

Based on the evaluation of the potency of various
activators for Cyp7a promoter activity, DBP is the
most potent, and LXRa, REV-ERBu./B, and HNF4a.
are moderate activators. The high potency of DBP is
demonstrated by the existence of 4 D-boxes in the
proximal region of the Cyp7a promoter (Lavery and
Schibler, 1993; Lee et al., 1994). The enhanced Cyp7a
promoter activities by those activators were more or
less suppressed by DEC2, E4BP4, and PPARa. The
sum of the contributions of these positive and nega-
tive factors, as well as others not described here, seems
to constitute the circadian expression profiles of the
Cyp7a transcript in a normal state (Fig. 7, upper panel),
although the actual extent of the contributions of the

The orphan nuclear receptors
REV-ERBw./f are important molecular
components driving the antiphasic
expression of the positive limb in
the molecular circadian machinery
(Preitner et al., 2002; Roenneberg and
Merrow, 2003): Various studies have
shown that REV-ERBa/B bind to 5-bp A/T-rich
sequence adjacent to an AGGTCA half-site (RRE)
(Harding and Lazar, 1993; Guillaumond et al., 2005)
and generally act as a repressor (Forman et al.,, 1994),
but 1 report.. -differs (Harding -and Lazar, 1993).
However, the. cmadlan expression profiles of these
nuclear receptors, their enhancing activity for the
Cyp7a prnmoter, suppression of Cyp7a expression with
their siRNAs;" and their binding.to the proximal pro-
moter region of the Cyp7a gene mdlcate that REV-ERBut
and REV—ERBB contribute to the c1rcad1an regulatxon of
Cy jp7n as- actlvators (Fig. 7). RORu did not affect the
Cyp7a pmmuter and did not bind to DNA fragiments of
thé Cyp7a gehe containing the REV-ERB-binding site
(designated as RRE-like in Fw 7), which indicates that
the regulatory mechanism of REV-ERBe./ for Cyp7a is
apparently different from that for other genes such as
Bmall, which is suppressed by REV-ERBu/f, espe-
cially when activated by RORa.



Wild-type mouse
p . % ~onyuerof A
® (08P (ENFis) GEV-ERBwD

(0K prCACAT e DT e ARE g o 078 L ALY

T T =
% P
Clock mutant mouse & ysre) ()
& lHNFaaf
e 0% ~{CACATG = ORY L_—ETIT_OA-—-@!_‘_“—M'
T . Ay
©. (EBP9 - (BPARS)

Figure 7. Regulation of rhythmic expression of the CYP7A gene
in the liver. DBP, REV-ERBwB, HNF4a, and LXRa enhance the
expression of the Cyp7a gene, whereas DEC2, E4BP4, and
PPARa suppress Cyp7a expression. E4BP4 antagonizes DBP
action by binding to the DBP responsive element (D-box). Other
factors bind to the respective response elements, although the
precise binding site of REV-ERBo/p was not identified.
Numbers and positions of each response element do not neces-
sarily indicate actual ones. In clock mutant mice, DBP, REV-
ERBa, and DEC2, which are dominantly regulated by the
CLOCK:BMA L1 heterodimer through the CACGTG E-box, were
abolished. In contrast, the expression of REV-ERBf, LXRa, and
E4BP4 remained and may maintain the rhythm of Cyp7a expres-
sion. The thickness of arrows indicates relative potential of each
factor as an activator or suppressor based on activities in the
reporter assays and their expression levels. RRE-like: assumed
REV-ERB binding site; DR1: direct repeat of AGGTCA with 1-
nucleotide space; DR4: direct repeat of AGGTCA with 4-
nucleotide space.

Lxra transcript and LXRo protein level did not
demonstrate any significant circadian rhythm in the
livers of wild-type mice or Clock mutant mice, which
indicates that the circadian expression of the Cyp7a
transcript is probably not related to the expression
level of LXRa. On the other hand, LXRa is activated
by oxysterols as ligands (Schroepfer, 2000) to mediate
transactivation of Cyp7a by binding to an LXR regula-
tory element (LXRE) in the promoter (Willy etal., 1995;
Janowski et al., 1996). Moreover, dietary or endoge-
nous cholesterol is a source of oxysterols, and both
feeding time and the biosynthetic phase of cholesterol,
which is controlled by oscillating HMGCR, may pro-
duce a circadian rhythm of LXRa ligands. Dietary
oxysterols are incorporated into plasma lipoproteins
and the liver (Vine et al., 1998; Ando et al,, 2002).
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Consequently, the activation of LXRa may contribute
to a circadian regulation of Cyp7a irrespective of the
expression profile of LXRa (Fig. 7).

Concerning the feeding time, another possible
mechanism inducing the thythm of Cyp7a in Clock
mutant mice is a feedback regulation by bile acids via
the FXR-SHP-LRH-1 pathway (Goodwin et al., 2000).
In this pathway, FXR (NP1H4) is activated by bile
acids and increases SHP (NR0OB2), which interacts
with the action of LRH-1 and eventually down-
regulates Cyp7a transcription. Ligands for FXR—bile
acids—are newly synthesized or supplied by entero-
hepatic circulation and play a part in circadian phenom-
ena. Although transactivation of the Cyp7a promoter by
LRH-1 is much lower than other factors, as described
previously (Lu etal., 2000) and confirmed in this study,
contribution of this regulatory pathway to the circa-
dian regulation of Cyp7a cannat be ruled out and needs
to be evaluated in future work.

Another interesting finding concerning the phases
of Cyp7a, Cyp8b, and Hmger showed different peak
times of their expressions between mouse and rat:
Cyp7a had peaks at ZT6 to ZT10 and ZT22, Cyp8b had
peaks at ZT22 and ZT10, and Hmger had peaks at
ZT6 and ZT18 in mouse and rat, respectively, accord-
ing to the present study and our previous” data
(Noshiro et al., 2004). In contrast, the phases of clock-
related genes in the SCN showed similar profiles
between mouse and rat (Butler et al., 2004; Sato et al.,
2004). These observations indicate species-dependent
variations in circadian phases of peripheral gene
expressions. o

HNF4a and PPARw are known regulators of Cyp7a
expression, being activator and repressor, respectively
(Chiang, 2002), as confirmed in this study. The circa-
dian expression of hepatic Hnfda is reported for the
first time in this study, whereas that of Ppara. in mouse
liver was reported previously (Patel et al., 2001). The
expression profiles of both factors in the liver of wild-
type mice are similar, and their expression levels are
not significantly affected by Clock mutation, although
rhythmicity did change. Consequently, HNF4c and
PPARe, along with other factors, may contribute to the
regulation of Cyp7a to some extent in wild-type mice,
although the contribution of HNF4a and PPARa to
the Cyp7a rhythm in Clock mutant mice appears to be
much less.

In conclusion, the robust circadian expression of
DBP and REV-ERBu/p (as pusitive regulators) and
DEC2 and E4BP4 (as negative regulators) is necessary
for the strong circadian expression of Cyp7a, but LXRa,



