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The metabolic syndrome and bone health.
The role of adipocytokine in bone metabolism.

Osaka University, Graduate School of Medicine, Department of Orthopaedics/
Department of Internal Medicine and Molecular Scinece
“Kosuke Ebina
Osaka University, Graduate School of Medicine, Department of Internal Medicine and Molecular Science
Atsunori Fukuhara, lichiro Shimomura

Growing evidence suggests that positive association between fat mass and bone mineral density (BMD)
is mediated not only biomechanical but also biochemical factors. Recent studies on adipocyte function have
revealed that adipose tissue is not merely an energy-storing organ but it secretes a variety of biological active
molecules, conceptualized as "adipocytokines”, including leptin and adiponectin. Adipocyte also exist in
bone marrow, and experimental finding indicate the dynamic involvement of adipocytokines in bone metabo-
lism. This report aims to review some of the effects of adipocytokines in bone metabolism, in relation to vis-
ceral fat accumulation.

"TREAFAFREFFVRANAEEENEE/ AR ABARE (0% - 257T0)
CKEAEREREFFHFRBASEAMARE " (H{1RE - E200) THER(LLEL - LLERF)

CLINICAL CALCIUM  Vol18, No5, 2008 47 (623)



XY RYWIL L FO-LER

IHU»E

AROELs@ER, KEHAOXE - Rk
TRt AnEBsrsZRETEIECH
2. WACTROBMMEE, XH- BT 2NHRE
BoOR (=R tHET2ILEMEIID, T
PUAOKBERT, $ELXEGT S EERTL
L CHEA MY D ¢ Hh 5. IRGHLEO NG 7
BT AMEZRASELA, EETIRERTE
FERTAZZELMESHDSL, BERFICIENL
ARCHRITEFETEEE@EShTL
3.

FITHERMSOEYEREAREEUTOUE
ETHES AT &7, EHIRGHEERL P i
HTHa LIRSV RBE TR, IEAHRR
SFWETF (7T 4 B4 A4 2) OFREIZ BT
Afg@nra—XFryFEahTHaE,

| eamaneascatmonmicont

i3 RAMCEET2 L ZL5haH
Fit, K2{pHNATLHERTO2 270
Hhz, WENETER, BRCEVHATSHE
BAEORONEMATTHE, WHEETFEL
Tid, EMORBI -T2 DN HRPIHEIE
L+ 2EFIBITLNE,

S O HEE, WHEMTEARLESNE TR
b E YR MR M EEME T HE A
2 PRI WET (774 894 b 44
V) H¥THEB, oo TREMEEHEET &7
RIBOME P LIRS,

| z2rory

TAMud i, M TEECHEE
MTREHET  FoyrhbEBRIhEESh
3. TAbOY i, fBtEECERERL T
o7 A =2 %BRL, HFAR~OH

kB UBBE X o r0EE 2Rl 5. M
iz, EUEHESSOEERIRHET > FoSy
PHEERINZTA bOYAEMTZ0TRER
HERFIC@ULICfERTALEALRTVA,

' 12UV

MEE, 422 A EET 5 RADE
FThod, 4 A AENELEE, 1R
Y ic ko EMMEN (R, HREE) ~OmIN
DAZERSITRO M MR ER R S h,
A2 itk o iMETEAIMESNSE. £
DB, 41 YA Y OFUTHELS#ERSA TR
ITIRIBYEICA A ) ol TTELTRA Y
VIMEE A B, 4 A B LU EE
FThD, inviro TIREAFHIOMM - b &
vas—4Y o EROREFERVEES N, invive
TRAPVIMS b IUNEBAL A VWA
#£7v F TRARSARMLHVHEINTLS,

ITF{ﬂﬂ¥hﬁfD

1. LFFY

BRMBEFTHE VIF R, EFOMPRE
AT IR - ORI - R ORRERG IR &
fHMT2 S e ERTVLE, VTFURER
2, FERICRBILTEDY, inviro TRRVTF
CREFHBOoMEE MR RESESY, 274,
WA R4y (LB T T & % receptor activator of
NF-«B ligand (AT RANKL) D EE%IHT 2
C & TR OBRRANO BRI SY,
CoLIIEMc BT L F R B REERICE
HEHICERT 5,

—77, Tekeda 6 iFL7F U HRETFRICHS
VIF R EEENTL, REHMEREAMT I
ETRTHIMIIC S S RANKL OFREZTLEL,
REEHIRE 2 S HE(L T B & & TR (F M & 56

RANKL : receptor activator of NF- x B ligand

48 (624) CLINICAL CALCIUM VolLI8, No.5, 2008



Seminar nrem:@mr?-r R A DR

My LE2@ELLY. COECLTF0
AfMic s EME, KPR THETS L
OTHY, FLEEMCLLVTFronbilEE
AROBBRVEN—ZORMEBTORL,

2. LY2FY

VIAF L, HIMRBETHEFTV VD
BREOEMEC, BEHRTORRSMET TS
BT LTRZS A, VIAFIE, AR
DL MMM T 2 0 L FERC, BEEfRO
e EETEENHEShTVLSEY, Thb
OR|ERICNT A HET MY, AROZT(LIC
EDLIICERTaRRVEEHLpEE->TL
5l

3. ERPPFY

ERA7 754k, NREMTRRERLTVL37
F4RYA bAA T, Xie btk FEZFEHITC
BOWTEAZ7FNEOMME 1 Bas—4>
B RT3 L HMEL TS, BERNICY
A7 7 F o b RO RN W% T S
R

4, PTFARROF

TTARF2F %, HMRLOBRSBEC
s hs@Fo—>27, Mhic#fs5~ 30ug/
mL EBBEMICHFET 2. £OMERE 30 kDa
DAY RFF KT, CHEMOD globular domain &
N & @ collagen-like domain & OV Mk & h 3
TNF-a (tumor necrosis factor-a) A —7%—
773V —0—2Thd, TT4HA2F 12,
£ ® isoform i & D globular * SBRE&TH 3 low
molecular weight (LMW) - 6 4T & 2 middle
molecular weight (MMW) - 12-18 RE&ETH 2

heigh molecular weight (HMW) i24r#iah 5.

i, MroMRPEBBICSIETF4 42
F ORI, F0isoformic i N REAZZ L
#HiEshTuwa®, i, TT1RAZF2E
{412 AdipoR1 & AdipoR2 & T-cadherin @ 3 #l
HhimEsh, 774 K3 2 FH AMPkinase,
p38MAPK, PPAR-a (peroxisome proliferator-
activated receptor-a) ligand activities # |/
SEBZILHHEEENTVE. ZOHR, Mk
OEEPHN DAL HEL, 422 X EBEKE
EWETS L THMBRRER e RN s L3R
bha, lMEECEALTHROER - Tt
oMM - v207 7—2OmELE2MEH L TH
BIRE{EEMERMTa, 24, MR77 483
ZF MBS, LR ¥ o BhEREE
{EMHEROBETETFLTWACEHESNT
W5,

MEDkSE, TF4H42F 3% OHRMR
i - UEIREELEA 2P Oic I &R T &,
EEEORBERORBNLUF XA THEIL L
h, fiflMicBOsRMoMBEh TV, W
TRA4OTF— AL EHTHNTT S,

(1) 774 RAZF > ORFUEH T 5 M-
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Abstract

We have comprehensively identified the genes whose expressions are augmented in bone marrow-derived
mononuclear cells (BMMC) from patients with Rheumatoid Arthritis (RA) as compared with BMMCs from
Osteoarthritis (OA) patients, and named them AURA after augmented in RA. Both stepwise subtractive
hybridization and microarray analyses were used to identify AURA genes, which were confirmed by
northern blot analysis and/or reverse transcription polymerase chain reaction (RT-PCR). We also assessed
their expression levels in individual patients by quantitative real-time RT-PCR. Of 103 AURA genes we
have identified, the mRNA levels of the following 10 genes, which are somehow related to immune
responses, were increased in many of the RA patients: AREG (=AURA9), FK506-binding protein
5 (FKBP5 = AURA45), C-type lectin superfamily member 9 (CLECSF9 = AURA2{), tyrosylprotein
sulfotransferase 1 (TPSTI = AURAS52), lymphocyte GO/G1 switch gene (G0S2 = AURAS), chemokine
receptor 4 (CXCR4 = AURAS6), nuclear factor-kappa B (NF-kB = AURAZ25) and two genes of unknown
function (FLJ11106 = AURA 1, BC022398 = AURA2 and XM_058513 = AURA17). Since AREG was most
significantly increased in many of the RA patients, we subjected it to further analysis and found that
AREG-epidermal growth factor receptor signaling is highly activated in synovial cells isolated from RA
patients, but not in OA synoviocytes. We propose that the expression profiling of these A URA genes may
improve our understanding of the pathogenesis of RA.

Key words: stepwise subtraction; microarray; RA; OA; amphiregulin; synoviolin

1. Introduction results in chronic inflammation of systemic joints

associated with the overgrowth of synovial cells, This

Rheumatoid arthritis (RA) is a systemic autoimmune
disease characterized by arthritis that predominantly
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induces progressive cartilage and bone destruction in
the joint and subsequent disability. Since RA patho-
genesis is likely to involve genetic elements, a number
of groups have subjected samples from healthy and
affected individuals to DNA microarray analyses for a
broad-scale comparison. These studies have provided
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significant insights into RA pathogenesis.!* The first
samples tested were synovial specimens,”® and periph-
eral blood mononuclear cells (PBMC),® from RA and
osteoarthritis (OA) patients, and cluster analysis of the
resulting microarray gene-expression data revealed some
candidate genes that may play a specific role in RA
pathogenesis.

In other studies searching for key factors in RA
pathogenesis, immunoscreening by using an antirheuma-
toid synovial cell antibody identified synoviolin/Hrdl
to be a highly expressed enzyme (E3 ubiquitin ligase) in
the rheumatoid synovium.'” Synoviolin appears to be
a pathogenic factor for RA because mice overexpressing
this enzyme developed spontaneous arthropathy, while
heterozygous knockdown results in increased synovial cell
apoptosis and resistance to collagen-induced arthritis.!* It
was proposed that the excess elimination of unfolded
proteins due to synoviolin overexpression triggers synovial
cell overgrowth.’ Thus, synoviolin may play a pivotal
role in the pathogenesis of arthropathy due to its functions
in the quality control of proteins through the endoplasmic
reticulum (ER)-associated degradation (ERAD) system;
its elevated expression may therefore have an anti-
apoptotic effect that causes synovial hyperplasia.

Bone marrow-derived mononuclear cells (BMMC)
are another target for analyses aiming to identify the
key genes that participate in RA pathogenesis because
accumulating evidence suggests that BMMOC cell
abnormalities may contribute to the pathogenesis of
RA and experimental arthritis models.'®>'” Moreover,
RA patients suffer from defective central and peripheral
B-cell tolerance checkpoints,'® the first of which occurs
in the bone marrow between the early immature and
immature B-cell stages (the second counter selection step
of autoantibody-expressing B cells takes place in the
periphery, when the new emigrant becomes a mature
naive B cell).'™® In addition, inflammatory changes
similar to those found in RA synovium seem to occur in
the subchondral bone marrow of the involved RA joint,?
and synovial inflammatory tissue can reach the adjacent
bone marrow by fully breaking the cortical barrier.?!
Thus, BMMC cells are an interesting subject for studies
seeking to identify specific genes involved in RA
pathogenesis.

To identify the genes whose expressions are dramati-
cally induced or reduced in the pooled BMMC mRNAs
of 50 RA patients as compared with 50 OA patients, we
here subjected these pooled mRNAs to stepwise subtrac-
tion, which is a unique technique that we have developed
previously.* This method permitted the comprehensive
identification of those genes that are specifically up- or
down-regulated during RA pathogenesis. In addition, we
also used microarray analysis, since DNA microarray
analyses on the BMMC of RA patients have not been
described previously. As a control, we also subjected the
BMMC RNA from OA patients to stepwise subtraction

RA-upregulated genes

[Vol. 13,

and microarray analysis to identify the genes that are
specifically involved in OA pathogenesis. These analyses
together resulted in the isolation of 103 RA-upregulated
genes, of which amphiregulin (AREG) was revealed
by quantitative real-time RT-PCR (QRT-PCR) to be
the most conspicuously induced gene in RA patients.
Interestingly, we also show here that AREG operates
upstream of synoviolin in isolated synovial cells through
an epidermal growth factor receptor (EFGR) signaling
pathway. We discuss how AREG upregulation could
contribute to RA pathogenesis.

2. Patients, Materials and Methods

2.1. Human subjects and ethical considerations

All RA patients satisfied the 1987 revised diagnostic
criteria of the American College of Rheumatology (ACR:
formerly the American Rheumatism Association).”® All
OA xatienta fulfilled the ACR criteria for hip or knee
OA* The RA and OA patient groups were largely
matched in terms of their average age and sex (Supple-
mentary Figure SIA and B). This study was reviewed
and approved by the Internal Review Board of the
Research Institute for Microbial Diseases, Osaka
University., Accordingly, a written informed consent
was obtained from each participant before obtaining
human tissues.

2.2.  Cell proliferation assay

The synovial cells from each patient were seeded onto
uncoated 35 mm tissue culture plates at 1 x 10° cells/well
and cultured in 5% FBS/DMEM. After 12 h, the cells
were incubated in fresh 5% FBS/DMEM with
(100 ng/ml) or without AREG (Sigma-Aldrich, A
7080). Four photos were taken from fixed areas in four
quadrants near the central area of each plate at the 0, 1,
3 and 4 day time points. The cells at each time point
were counted from these four photos and expressed as
mean + standard error (SE).

2.8. Statistical analysis

Significant differences were determined using the
Spearman’s rank correlation (Supplemenatry Figure
S4) or the Mann-Whitney U-test (Figs 2, 4 and
Supplementary Figure S3). The data are expressed as
means * SE. P < 0.05 or P < 0.01 was considered to be
statistically significant.

3. RESULTS

J.1.  Identification of RA- or OA-specific genes by
stepwise subtraction and DNA microarray
analysis

To isolate the putative RA-specific genes that are
upregulated in BMMC of RA patients relative to those
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Figure 1. Northern blot or RT-PCR analysis of individual A URA ¢DNA clones to compare the expression levels of the genes in the BMMC of
50 RA patients and 50 OA patients (see Table 1 for their gene names). A northern blot or RT-PCR for GAPDH is also shown as a loading
control. Left row: expression levels as detected by RT-PCR or northern blot analysis (denoted as n above each picture). Right row:
confirmation of the expression level of each gene as determined by RT-PCH. The annealing temperature and amplification cycles for RT-PCR
were always 50°C and 40 cycles, respectively, with the exception of the reactions denoted by a (50°C and 35 cycles, respectively), b (50°C and
30 cycles, respectively), ¢ (55°C and 35 cycles, respectively), d (55°C and 40 cycles, respectively), and e (60°C and 40 cycles, respectively).

that are upregulated in OA patients, we first used our
stepwise subtractive hybridization method. Briefly, we
prepared a cDNA library from the pooled mRNA from
the BMMC of 50 RA patients (Supplementary Figure
S1A) by the linker-primer method using a pAP3neo
vector.”® Stepwise subtractive hybridization was then
performed with the biotinylated pooled mRNA from the

BMMC of 50 OA patients (Supplementary Figure S1A)
to select candidate genes that may show upregulation in
RA BMMC only as described previously.** To examine if
the candidate genes are actually upregulated in RA but
not OA BMMC, we performed northern blot analysis
and/or RT-PCR using the pooled mRNA from the
BMMC of 50 RA and 50 OA patients (Fig. 1). To reduce
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the possibility of missing important RA-specific patho-
genic genes by this method, we also performed a genome-
wide complementary DNA microarray analysis using the
Agilent Hud4K array with the same pooled RNA samples
obtained from the BMMC of RA and OA patients that
were described above. When we tested top 70 genes
from the microarray list of RA-upregulated genes by
northern blot analysis and/or RT-PCR as described
above, we found that only 20 genes really displayed
RA-upregulated expressions. Thus, we identified 103
RA-upregulated genes (Fig. 1) and named them AURA
(augmented in RA). As shown in Table 1, 15 AURA
genes (AURAI~AURAT and AURA10~AURAL7) are
uncharacterized novel genes.

We also performed similar experiments to obtain
candidate OA-upregulated genes by generating a cDNA
library from the pooled mRNA from the BMMC of
50 OA patients (Supplementary Figure S1A) and then
using biotinylated pooled mRNA from the BMMC of
50 RA patients for subtraction (Supplementary
Figure S1A). DNA microarray analysis also yielded a
number of candidate OA-specific genes, as described
above. However, when we checked whether these candi-
date genes are truly specifically up-regulated in OA
BMMCs by northern blot analysis and/or RT-PCR, we
could confirm this for only two genes (Supplementary
Figure S2). These two OA-upregulated genes encode
nuclear receptor coactivator 1 and a hypothetical protein
(FLJ20581). This result suggests that the gain of
function due to the enhanced expression of the RA-
upregulated candidate genes is important in the
pathogenesis of RA. Thus, we subsequently concentrated
our study on the RA-upregulated genes.

3.2, Ezpression profiles of RA-upregulated genes
in individual RA or OA patients

To determine whether the upregulation of the
103 RA-specific candidate genes is widespread in many
RA patients or occurs in only a few patients, we
performed QRT-PCR using individually prepared RNA
samples from the BMMC or PBMC of RA patients.
Of the 103 candidate genes, 5 genes whose functions are
unknown .and 12 genes that may be related to growth
regulation or immune response were analyzed by
QRT-PCR. OA patients were also examined as negative
controls. In every QRT-PCR, a standard RNA from the
PBMC of a healthy volunteer (male, age 52) was used
(denoted as normal with a relative intensity of 1.0). This
allowed us to compare the expression profiles of the genes
tested in this study. In addition, since we used this
control, we could also compare the expression profiles
of the genes in this study with those of other genes tested
in our previous reports on other autoimmune diseases.”®

Of the 17 tested AURA genes (denoted x in Table 1),
AREG (AURAY) was the most conspicuously upregulated
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in the BMMC of many of the RA patients, while in
contrast OA BMMCs invariably expressed this gene at
very low levels (Fig. 2A). Similarly, the PBMC of many
RA patients strongly expressed AREG, while only very
low expression was detected in the PBMC of the OA
patients (Fig. 2A). AREG is one of the EGF-like growth
factors that stimulate cell growth by activating the EGF
receptor (EGFR) signaling of the target cells in an
autocrine/juxtacrine fashion.””

AURA1 was the next most conspicuously upregula-
ted gene in the BMMC of many RA patients, while
the BMMC of all OA patients showed only very low
expression of this gene (Fig. 2B). However, unlike
AREG, the PBMC of RA patients showed negligible
enhancement in the expression of AURAI. AURAI
encodes an uncharacterized protein containing a thioes- -
terase domain (Fig. 2B inset) that may cleave thioester
bonds of an unknown target.

The gene encoding FK506 (tacrolimus)-binding
protein 5 (FKBP5 = AURA45) also showed enhanced
expression in nearly half of the RA patient BMMC
samples, while no such increase was observed in the
OA patient BMMC samples or in the PBMC of the
RA patients (Fig. 2C). FKBP5 is a cellular receptor
for FK506 and has an immunosuppressive effect on
activated T cells because it inhibits the protein
phosphatase calcineurin,?®

Nearly half of the RA patient BMMC samples
showed 5- to 50-fold greater expression of CLECSF9
(=AURA2{), TPST1 (=AURAS52) and AURAZ than the
normal control PBMC sample (Fig. 2D-F). No such
increase was observed in the BMMC of OA patients or in
the PBMC of the RA patients. CLECSF9 encodes a
macrophage-inducible C-type lectin (Mincle) that
harbors a calcium-dependent carbohydrate-recognition
domain. TPST! is one of the two Golgi tyrosylprotein
sulfotransferases (TPST! and TPST2) that mediate the
post-translational modification tyrosine O-sulfation.

G0S2 (=AURAS8), chemokine receptor 4 (CXCR4 =
AURAS6), nuclear factor-kappa B (NF-xB = AURAZ25)
and A URA17 showed augmented expression in both the
BMMC and PBMC of some of the RA patients when
compared to the expression in the BMMC and PBMC
of the OA patients, although the differences between
the RA and OA samples are not as significant as for the
previously discussed genes (Supplementary Figure
S3A-D). G0S2 is one of the G0/G1 switch (G0S) genes
that are differentially expressed in lymphocytes during
their lectin-induced switch from the GO to the G1 phases
of the cell cycle.”® CXCR4, the receptor for a chemokine
called stromal cell-derived factor-1 (SDF-1/CXCL12), is
important in the migration, homing and survival of
hematopoietic stem cells. SDF-1, which is secreted by
ischemic myocardium, is involved in the homeostatic
and inflammatory traffic of leukocytes, and is highly
expressed in the synovial tissues of RA patients.*® NF-«kB



