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actions, recent studies have revealed that synovial cells
have anabolic effects on the joint homeostasis, and differen-
tiate into osteoblasts or chondrocytes under proper
conditions.

In this review, I would like to introduce the role of osteo-
clasts in the joint destruction in RA, and the critical involve-
ment of SFCs on the osteoclast differentiation in RA.
Adenovirus vectors can efficiently transduce osteoclasts and
SFCs both in vitro and in vivo. By modulating intracellular
signaling pathways in these types of cells using adenovirus
vectors, we could regulate the joint destruction in the experi-
mental animal models of arthritis. We also successfully in-
duced chondrogenicdifferentiation of SFCs bothin vitro and
in vivo by stimnlating transforming growth factor {TGF)-B/
bone morphogenetic protein (BMP) signaling pathways,

Involvement of osteoclasts in bone destruction in RA

The cellular mechanism underlying the bone and cartilage
destruction in RA is still unclear, but emerging evidence has
revealed the essential role of osteoclasts. Bromley and
Woolley® observed a number of acid phosphatase-positive
multinucleated cells {chondroclasts and/or osteoclasts) in
the crosive joint arcas of RA patients. Gravallese et al.’
found that multinucleated cells present on erosive hone
surface and in the areas of the direct invasion of pannus into
the subchondral bone. Abundant multinucleated giant cells
were also observed at the bone-pannus interfaces of ar-
thritic joints in collagen-induced arthritis rats.® Multinucle-
ated cells were positive for unique markers of osteoclasts
such as tartrate-resistant acid phosphatase (TRAP). cathe-
psin K, and calcitonin receptors, satisfying the major criteria
of mature osteoclasts.” Interestingly. some multinucleated
cells and mononuclear cells apart from the bone surface
were also TRAP-positive, suggesting the possible inveolve-
ment of synovial tissues in the osteoclastogenesis in RA. To
analyze the osteoclastogenic potentiality of RA synovial
tissues, synovial cells were isolated from RA synovium at
the time of knee replacement surgeries, and the cells were
cultured in the presence of 1u,25-dihydroxyvitamin T,
[1,25(0H),D,] and macrophage colony-stimulating factor
{M-CSF). After 3 weeks of culture, there appearsd many
multinucleated giant cells, which were TR AP-positive, pos-
sessed abundant calcitonin receptors, and made resorption
pits on dentine slices.” We also found that peripheral mono-
cytes can differentiate into osteoclast-like cells when co-
cultured with SFCs. These results suggest that RA SFCs can
support osteoclast differentiation from monocyte-macroph-
age lineage precursor cells.

Role of RANKL/RANK pathways in bone destruction in
RA

Receplor activator of NE-xB ligand (RANKL) is a member
of the TNF superfamily cytokines, which was originally
identified as a membrane-bound survival factor for den-

dritic cels produced by activated T cells.”™" The expression
of RANKL is also induced in ostcoblasts or bone marrow
stromal cells by various hormones or cytokines. Tn coopera-
tion with M-CSF, RANKL stimulates osteoclast differentia-
tion from hematopoietic precursor cells in vitro.” RANKI.
also acts on mature osteoclasts and promotes their bone-
resorbing activity and survival. RANKL binds to its specific
receptor RANK, the type T membrane receptor belonging
to TNF receptor superfamily. RANK is expressad in wide
range of cells including monocyte-macrophage lineage os-
teoclast precursor cells, mature osteoclasts and dendritic
cells. Upon binding to its ligand RANKL, RANK recruits
an adaptor molecule TNF recceptor-associated factor
{TRAF) 6, which subsequently activates downstream sig-
naling pathways NF-xB, c-Jun N-terminus kinase (INK),
p38 mitogen-activated protein (MAP) kinase, and nuclear
factor of activated T cells (NFAT) ¢1." Another important
actor in the RANKL/RANK pathway is ostecoprotegerin
(OPG), asoluble decoy receptor of RANKL which betongs
to TNF receptor superfamily.”**¥ Osteoprotegerin specifi-
cally binds to RANKL and inhibits RANKL activity by
compelilively preventing its binding to RANK.

The essential role of RANKIL/RANK signaling path-
ways in osteoclast development was further established by a
series of gene knockout mice.* The targeted disruption of
either RANKL or RANK induced osteopetrosis in mice, a
pathological bone disease which is characterized by an in-
creased bone mass duc to a deficiency in osteoclast differen-
tiation.'"'" We and another group found that mice daficient
in TRAF6 also showed osteopetrotic phenotypes.” In con-
trast, OPG-deficient animals demonstrated osteopenia due
1o the increascd number and activity of ostcoclasts.’®!?
These results clearly demonstrate the essential role of
RANKI/RANK pathways in osteoclast development and
activation in vivo.

Not only is the RANKI/RANK pathway critical for nor-
mal bone development and growth, but also is implicated in
the pathological bone resorption observed in RA (Fig. 1).
We and other groups found a high level expression of
RANKL in RA synovial tissues.™' Enhaneed expression of
RANKL is observed in SFCs as well as in CD4™ T lympho-
cvies in synovial Lissues of collagen-induced arthritis rats as
shown by in situ hybridization.”” Expression of RANKL is
increased by T-cell proinflammatory cytokine TL-17, and
IL-17 enbanced RANKL expression and strongly
upregulated the RANKL/OPG ratio in the synovium.™
Osicoprategenin ireatment ameliorates the arthritic bone
destruction in adjuvant arthritis rats™ and TNF-a transgenic
animals,® and the bone erosion in serum transfer-induced
arthritis was markedly reduced in RANKL-deficient ani-
mals.”® Recent studies also demonstrated that the systemic
bone loss as well as the local bone erosion in TNF-a
transgenic mice was reversed by OPG injection in combina-
tion with anti-TNF-u antibody therapy.”™ These studies
indicate that RANKL produced by SFCs and/or activated T
lymphocytes in RA synovial tissues plays an essential role in
the osicoclast development and the joint destruction, and
therefore. the RANKL/RANK pathway can be a good
therapeutic target.
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Fig. 1. Involvement of receptor activator of NF-xB ligand (RANK L)~
recepior aclivalor of NF-kB (RANK) pathways in osteoclast differen-
liatior and bone destruction in RA, RANKL iz highly exprassed in
synoviaj fibroblastic cells (SFCs) and aciivated T cells, and binds to its
specific receptor RANK, whick is expressed in monocyie-macrophage
lineage osteoclast precursor cells, The interaction between RANKL
and RANK is blocked by osteoprotegerin (OPG), a physiological in-
kibitor of RANKL. /L, intcrlcukin; TNF, tuunor nccrosis factor; JFN,
interferon

Efficiency of adenovirus vectors in transducing SFCs
and osteoclasts

As mentioned above, osteoclasts play pivotal roles in the
bone and joint pathology in RA, and SFCs support osteo-
clast differentiation and activation by producing RANKL.
Therefore, pharmacological agents targeting these cells can
be potent therapeutic candidates for the treatment of RA.
One alternative is gene therapy, where genes or cDNAs are
directly transferred to target cells. In preclinical studies, ex
vivo and in vivo gene transfer methods have been used
suceessfully to reduce the joint destruction in experimental
arthritis. and the first clinical trial, in which the IL-1 recep-
tor antagonist gene was delivered to synoviocytes ex vivo,
was started in 1996 in the United States.™™ The proper
selection of the targel cells and target genmes has been a
continuous matter of interest for successtul gene therapics.
The target celis for the RA gene therapy include SFCs and
osteoclasts, and we previously reported that adenovirus
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Fig. 2A-D. Effective gene transduction into SFCs and malure osteo-
clasts by adenovirus vectors. Human STCs obtaired from synovial
tissues of rheumatoid arthritis patients (A and C) or osteoclast-like
cells from giant cell tumors (B and D) were infected with the control
virus {A and B} or LacZ virus (€ and D), and stained for fi-galactosi-
dase activicy 1 day after infection. Both $FCs 2nd osteoclasts infected
with Lac? virns were positively siained. indicating an efficient gene
transduction

setors efficiently transduce foreign genes into these cells
both in vitro and in vivo.™* As shown in Fig. 2, recombinant
adenovirus vectors carrying the JacZ gene can infect human
SF(Cs and osteoclast-like cells obtained from giant cell to-
mors.™* At a multiplicity of infection of 100. almost 100%
of SFCs and more than 83% of osteoclast-like cells were
positively stained by f-galactosidase (B-gal) activity with no
apparent morphological changes or cellular foxicity. When
injected into knee joints of adjuvant arthritis rats, synovial
lining cells and osieoclasts present on bone surface were
positively stained for f-pal activity (Fig. 3).7 These results
suggest that the adenovirus vector system is suitable for
gene therapies targeting SFCs and osteoclasts. As for target
molecules, we focused on the intracellular signaling path-
ways which are important for both SFCs and osteoclasts,
i.e., c-Src pathways and Ras/ERK pathways.

Adenovirus vector-mediated regulation of ¢-Sre
pathways in SFCs and osteoclasts

¢-S1¢ was first identified as the normal eellular counterpart
of the transforming protein encoded by Rous sarcoma virus,
v-8rc.” The protooncogene product ¢-Src is a 60kDa pro-
tein and belongs to non-receplor-type tyrosine kinase
family, ie., Src family tyrosine kinase family, The c-src
protooncogere is highly conserved throughout evolution
and widely expressed. Tt is known that c-8rc and the other
members of the Src family, which share highly conserved
sequences both within and outside the kinase catalytic do-
main, play important roles in signal transduction mecha-
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Fig. 3A,B. Adenovirus-mediated gene {ransduaction in osleoclasts in
vivo." LacZ virus was injected into the inflammatory ankle joint of an
adjuvant arthritis rat, and the expression lacZ gene in osteoclasts was
determined ia the serial sections by enzyme histochemistry of f3-palac-

nisms that contribute 1o the regulation of cell growth and
development.™ The physiological role of the ¢-sre gene had
not been clarified until Soriano et al. successfully performed
the targeted disruption of the gene by homologous recombi-
nation in mouse embryos in 1991.* To everyone’s surprise,
the mice showed striking skeletal abnormalities with a phe-
notype of osteopetrosis. In vitro osteoclast formation ex-
periments and in vivo bone marrow transplantation studies
have revealed that osteoclast dilferentiation was not im-
paired, but that bone-resorbing activity of mature osteo-
clasts was much reduced in c-s7¢ knockout (KO) mice. ¥
The morphological feature of the KO osteoclasts was their
disorganized ruffled border structure.™ The ruffled border
is the apical membrane of the osteoclast, which is exten-
sively folded due to the intense vesicular traffic associated
with proton and lysosomal enzyme secretion. c-Src is highly
expressed in osteoclasts, and highly concentrated on ruffled
border membranes and intracellular membranes.”™ The
fact that no other abnormalities in ¢-sre KO mice were
found outside the skeletal tissues leads us 10 consider that
¢-Src can be an ideal therapeutic target for suppressing
pathological bone resorption by inhibiting osteoclast func-
tion without affecting other tissues or cells.

The tyrosine kinase activity of ¢-Src is strictly regulated
by phosphorylation and dephosphorylation of the tyrosine
residue located close to the C-terminus, which corresponds
1o tyrosine 527 (Tyr527) in chicken c-Src.” Dephosphoryla-
tion of this residue causes a 10- to 20-fold increase in the
kinase activity of ¢-Src. C-terminus Sre family kinase (Csk)
is a cytoplasmic tyrosine kinase which specifically phospho-
rylates Tyr327 of c-Src, thereby negatively regulate its ki-
nase activity." To regulate ¢-Src kinase activity in SFCs and
osteoclasts, we constructed adenovirus vectors encoding csk
gene (Csk virus), Csk virus efficiently infected SFCs and
osteoclasts, and dose-dependently inhibited the kinase ac-
tivity of ¢-Src in these cells.” Adenovitus vector-mediated
Csk overexpression in RA SFCs suppressed the prolifera-
tion of the cells, and reduced their [L-6 production.” Csk
virus also induced dramatic cytoskeletal disorganization in
osteoclasts, and strongly inhibited pit formation on dentine
slices.”

osidase (A) and tartrate-resistant acid phosphatase {TRAP) (B) after
1 week of the viral injection. Most of the TR AP-positive osteoclasts
were posidvely stained for f-palactosidase activity

Important role of Ras/ERK pathways in SFC activation
and osteoclast survival

The other signaling pathway we focused on as a therapeutic
target is the Ras/ERK pathway. Small GTPase Ras, the
protein product of proto-oncogene raos, is ubiquitously
found in cukaryotic organisms.” Ras is known to function
as a downstream effector of cell surface receptor tyrosine
kinases (RTKs) and leads to the activation of ERK path-
ways, which in turn regulates the activities of nuclear tran-
scription factors and gene transcriptions. In human cancer
cells, oncogenic mutations of Ras protein are frequently
observed and contribute to the malignant growth properties
of the cells. In RA and animal models of arthritis, synovial
cells with large pale nuclei, prominent nucleoli and abun-
dant cyioplasm are found adjacent to the affected cartilage
and bone of the joint, and thesc cells in culture have a
tendency to grow in disorganized monolayers, proliferate in
an anchorage-independent manner, lack contact inhibition,
and form mucrofoci, exhibiting a morphologically trans-
formed appearance.’ Although the expression of Ras and its
oncogenic mutations were reported in RA synovial cells,
the precise role of Ras in RA pathology remains unclear.”
To analyze the role of Ras and its downstream signaling in
osteoclasts as well as in SFCs, we constructed a replication-
deficient adenovirus veclor cartying the dominant negative
mutant of ras gene (Ras™"). In SFCs, adenovirus-mediated
overexpression of Ras™ dramatically decreased the prolif-
cration rate of the cells. Interleukin-1-induced upregulation
of TL-6 production was also decreased by the viral infection,
which was supposedly mediated by the downregulation of
IL-}-induced ERK activation.*

In addition, the life span of osteoclasts was markedly
decreased by the adenovirus. while activating Ras/ERK
pathways by constitutively active mutant of ERK expres-
sion prolonged the survival of ostzoclasts.® These results
suggest that Ras/ERK pathways are critically involved in
SFC activalion and osteoclast survival.
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Amelioration of arthritic bone destruction by
adenovirus vector-induced gene expression

The efficient in vivo gene delivery to synovial cells by focal
administration of adenovirus vectors has been well estab-
lished. ™" In addition, TRAP-positive osteoclasts along the
erosive bone surface demonstrated strong f3-gal staining as
shown in the serial tissue sections, indicating that intra-
articular injection of adenovirus vectors cam transduce
osteoclasts in vivo (Fig. 3). The effect of Csk and Ras™
adenovirus administration into inflammatory ankle joints of
adjuvant arthritis rats was investigated.™* Not only was the
bone destruction by osteoclasts suppressed by Csk or Ras™
virus injection, but also the synovial inflammatory reaction
detected by arthritis score or paw swelling was reduced (Fig.
4). These results lead us to conclude that regulating c-Src
and/or Ras/ERK pathways in SFCs and vsrzoclasts can be a
novel therapeutic approach to treat RA joint destruction

(Fig. 5).

Fig. 4A-D. Therapeutic effects
of dominant negative Ras
(Ras™ ) adenavirus injection on
rat adjuvant arthritis. A,B The
radiclogical findings of the
ankle of FacZ virus- (A) and
Ras™ virns- {B) injected rats.
Severe joint destruction could
be seea in LacZ virus-injected
P virus-injected

Control

rats, while Ras™
ankle joints show minimal
destructive changes. C
Pathohistological findings of the
LacZ virus.injected ankles show
synovial hyperplasia and
destructive change of articular
cartifage and bone. Open
arrowhead and closed
arrowhead indicate talo-tibial
and tao-calcaneal joint,
respectively, D
Pathohistological findings of the
Ras™™ viros-injected ankle.
Synovial hyperplasia with
invasion into subchondral bone
and the destruction of bone and
cartilage were markedly
suppressed. C.D: H&E staining

Stimulating chondrogenic differentiation of SFCs

Tn contrast to such catabolic actions, recent studies have
revealed that SFCs have anabolic effects, leading to the
bone and cartilage production. Hunziker and Rosenberg®
reported that synovial cells can migrate into partial-thick-
ness articular cartilage defects. where they proliferate and
subsequently deposir a scar-like tissue. Nishimura et al®
demonstrated SFCs to show chondrogenic difierentiation
after being cultured in the presence of TGE-f3, and De Bari
et al.” recently demonstrated that multipotent mesenchy-
mal stern cells were isolated from human synovial tissues,
which differentiated into chondrocytes as well as osteo-
blasts. adipocyles, and myotubes under proper culture
conditions. These observations lead us to speculate that
synovial tissues contain multipotent cells with osteogenic
and/or chondrogenic potential that can be involved in the
repair process of destroyed joints and therefore might pro-
vide a good source for engineering the bone and cartilage.

There is accumulating evidence that TGF-f superfamily
cytakines play an essential role in bone and cartilage devel-
opment. We analyzed the role of TGF-3/BMP signaling on
chondrogenie differentiation of human SFCs, and found
that the introduction of an activated mutant of ATLK3 {con-

Ras®™
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Fig. 7. The role of the Smad
pathway and p34 mitogen-
activated protein kinase pathway
on chondrogenic differentiation
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chondrocyte-specific marker
expression in the cells (left
panel}, overactivation of p38
pathways alone lead to the
terminal chondrocytic
differentiation of the cells.
leading 1o the articular cartilage
degeneration. The proper
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Fig. 8. Schematic representation
of the therapeutic strategies
targeting synovial fibroblastic
cells {SFCs). Suppressing Src
pathways by C-terminal Src
family kinase (Csk) expression
ot Ras/ERK pathways by
dominant negative Ras (Ras

Csk
RasPN

D:\"

Catabolic Pathway

expression suppresses the
catabolic pathways of the cells
which lead to the bone and joint
destruction in RA. while
stimulating ALKS pathways

Proinflammatory Cytokine

Joint

& Protease Production .
Destruction

Osteoclast Induction

activates anabolic pathways
leading to chondrogenic
differentiation of the cells.
ALK3™, constitutively active
activin receptor-fike kinase

SFCs

Chondrocytic
& Osteoblastic
Differentiation

Chondrogenesis

ALK3¢A

differentiation of SFs, but also regulate the stage of
differentiation of the cells and suppress their terminal dif-
ferentiation process. It should be mnoted that the
proinflammatory cytokines IL-I and TNF-a, which are
known to have catabolic effects on joint integrity, induced
(38 activation in SFs.” These cytokines may stimulate ter-
minal chondrogenic differentiation of SFs which are in-
volved in the repair process, and lead to the articular

Anabolic Pathway

cartilage degradation. Based on our observation, we would
like to propose that SFs are an excellent source from which
to obtain chondroprogenitors, which can be ditferentiated
into chondrocytes via ALK3 activation, and that stimulating
Smad pathways and controlling p38 activation to the proper
level can be a good therapeutic strategy for maintaining the
healthy joint homeostasis and treating degenerative joint
disorders.
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Concluding remarks

The uitimate goal of the treatment of RA is to preserve the
daily activity of the patients by preventing bone and joint
destruction. Recent studies have revealed that osteoclasts
are involved in the pathogenesis of the bone and joint de-
struction in RA, and SFCs are critically involved in the
differentiation and activation of osteoclasts by producing
various catabolic factors including TNF-a, IL-1, and
RANKL, which makes osteoclasts and SFCs good thera-
peutic targets for bone and joint destruction in RA. We
demonstrated that suppressing S§rc pathways by introducing
Csk and/or Ras/ERK pathways by the Ras™ adenovirus in
osteoclasts reduces bone resorption both in vitro or in vivo
by suppressing osteoclast activity or survival (Fig. 5). Csk
virus and Ras®™ virus also suppress catabolic actions of
SFCs by inhibiting abrormal proliferation of the cells and
their TL-6 production (Fig. 5). We also succeeded to stimu-
late chondrogenic differentiation of SFCs by introducing
ALK3®, and the proper balance of the Smad pathway and
the p38 MAP kinase pathway is critical downstream of
ALK3. Basad on these observations, I would like to pro-
pose that modulating intraceliular signaling in osteoclasts
and/or SFCs by adenovirus vectors can be good therapeutic
approach for treating RA patients with bone and joint de-
struction {Fig. §).

Of course, we have to realize the disadvantages as well as
advantages of using adenovirus vectors as therapeutic re-
agents.” The disadvantages of the adenovirus vectors in-
clude the transient gene expression because they do not
integrate the transgene into target cell chromosome, immu-
nological reaction such as neutralizing antibody response
and cytotoxic T-lymphocyte responses against the virus, and
the dissemination of the vectors from the site of local injce-
tion.™ The safety issue is particularly important regarding
its clinical application, and in fact, the first case of fatality
induced by the infusion of adenovirus vectors into hepatic
artery was recently reported. Therefore, development of a
new generation of adenovirus vectors or finding substitutes
for gene therapy is absolutely necessary for the clinical
application of the signaling molecule-targeting strategies.
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Abstract The aim of this cross-sectional study was to
investigate whether physical activity and local arterial
thickening may affect bone metabolism. To analyze the
effects of physical activity and atherosclerosis on bone in
healthy Japanese people, health-related quality of life
(HRQL) and loca! arterial thickening were assessed by
means of the MedicalOutcomes Study 36-item Short
Form (SF-36), and intimal-medial thickness (IMT) in
common carotid artery (CA) and femoral artery (FA),
respectively. Bone mineral density (BMD) in lumbar
spine was measured by dual X-ray absorptiometry and
the osteo-sono assessment index (OSI) of the calcaneus
by ultrasound. Healthy subjects (106 male and 154 fe-
male) were recruited from those who participated in a
local health check program at the Osaka City University
Hospital. A significant correlation existed between lum-
bar spine BMD and calcaneus OSI (r=0.551,
P <0.0001). Among various scores in SF-36, only phy-
sical functioning score correlated weakly but significantly
in a positive manner with lumbar spine BMD (2= 0.156,
P=0.0147) and calcaneus OSI (p=0.190, P=0.0024).
Lumbar spine BMD correlated negatively with FA IMT
(p=-0.191, P=0.0027) whereas calcaneus OS] with FA
IMT (p=-0.199, P=0.0014). Multiple regression anali-
yses revealed a significant association between FA IMT
and calcaneus OS], whereas lumbar spine BMD did not
correlate significantly with FA or CA IMT. When
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subjects were restricted to female, FA IMT, but not CA
IMT, still showed tendency against independent factors
negatively associated with calcaneus OS], Furthermore,
lumbar spine BMD, but not calcaneus OSI, was weakly
but significantly associated with increased physical
functioning score independently. In conclusion, it was
suggested that physical activity may affect bone strength
in lumbar spine and calcaneus and that FA IMT
might be a significant determinant of bone strength in
calcaneus, but not in lumbar spine, in healthy Japanese
subjects.

Keywords ADL - Atherosclerosis - Bone mineral
density - Osteoporosis - Quality of Life

Introduction

In healthy individuals, the relationship between athero-
sclerosis and bone mass has not been extensively studied.
The hypothesis that reduced blood flow to the lower
extremnities may affect bone remodeling, resulting in a
decrease in BMD, has been proposed [1]. Prospective
community-based study showed that decreased vascular
flow in the lower extremities may be associated with an
increased rate of bone loss at the hip and calcaneus
among relatively healthy older women [2]. Measurement
of the far-wall intima-media thickness (IMT) of the
common carotid artery (CA) and femoral artery (FA) by
high-resolution ultrasonography has been established as
a clinically useful index for identifying early-stage gen-
eral and local atherosclerosis in lower extremities [3, 4, 5,
6,7, 8, 9), since CA IMT is strongly correlated with the
presence of coronary artery diseases [3, 4, 5, 6, 7, &, 9],
and FA IMT with local atherosclerosis [9].

Physical activity has been identified as having a
favorable effect on bone status [10, 11] and atheroscle-
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rosis {12]. We have reported that, in patients with
rheumatoid arthritis, physical activity assessed by the
modified Health Assessment Questionnaire (M-HAQ)
score {13] correlated significantly in a positive manner
with the osteo-sono assessment index (OSI) of the cal-
caneus by ultrasound [14]. Recently, the Medical Qut-
comes Study 36-item Short Form (SF-36), which is a
self-administered questionnaire containing 36 items that,
when scored, yield eight domains considering physical,
cognitive, emotional, and social aspects [15, 16), has
emerged as an valuable index to assess health-related
quality of life (HRQL) [17].

This background prompted us to examine the influ-
ence of general and local atherosclerosis in lower
extremities as reflected by CA IMT and FA IMT,
respectively, on calcaneus OSI in comparison with lum-
bar spine BMD in healthy Japanese subjects. Further-
more, the modulatory effect of physical activity, as
reflected by SF-36 score, wasinvestigated on bone quality
in calcaneus and lumbar spine, and arterial thickening.

Materials and methods
Subjects

Healthy subjects (n=260), 106 males and 154 females,
were recruited from people who participated in a local
health check program at the Osaka City University
Hospital after written informed consent was obtained.
The mean ages of healthy subjects were 51.4 = 12.5
years. Exclusion criteria are the subjects who are known
to be suffering from any major disease which might
affect atherosclerosis and bone metabolism, such as
hypertension, hyperlipidemia, diabetes mellitus, cerebral
vascular accident impairing seriously activity of daily life
(ADL), osteoporosis, and osteomalacia. The subjects
who have been continuously taking medicines were also
excluded from the present study.

Assessment of health-related quality of life (HRQL)

HRQL was assessed by means of SF-36 [15, 16]. The
questionnaire consists of 36 items and measures three
aspects of health: functional ability, well-being and
overall health. These are quantified using eight multi-
item domains (physical functioning, role-physical, bodily
pain, general health, vitality, social functioning, role-
emotional and mental health). The physical functioning
domain assesses limitations in physical activities such
as walking and climbing stairs. The role-physical and
role-emotional domains measure problems with work or
other daily activities as a result of physical health or
emotional problems. Bodily ‘pain assesses limitations
resulting from pain; vitality measures energy and tired-
ness. The social functioning domain examines the effect
of physical and emotional health on normal social
activities, and mental health assesses happiness, ner-
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vousness, and depression. The general health perceptions
domain evaluates the personal opinion of one’s health
compared with that of one’s peers, as well as the expec-
tation of changes in health. All domains are scored on a
scale from 0 to 100, with 100 representing the best pos-
sible health state. Two summary scales {physical and
mental component) can also be derived [16, 18].

The SF-36 has been validated for use to assess HRQL
in osteoporotic patients [2, 19].

BMD measurement at lumbar spine

BMD was measured in the lumbar spine (L2-14) in the
anterior-posterior projection by dual-energy X-ray
absorptiometry (DXA; QDR-4500A, Hologic Inc.,
Waltham, Mass., USA), essentially as previously de-
scribed [20]. The precision of the measurement of hum-
bar spine BMD using DXA was less than 1.8%.

Quantitative ultrasound assessment of calcaneus

Quantitative ultrasound assessment of calcaneus was
performed using an ultrasound system [Acoustic Osteo-
Screener (AOS-100), Aloka Co. Ltd, Tokyo, Japan),
as previously described [12, 14). Briefly, the AQS-100
measures both speed of sound (SOS) and an attenua-
tion-related parameter called the transmission index
(TI). These measurements yield a derived parameter, the
osteo sono-assessment index (OSI), which has been
proposed to be an estimate of the elastic modulus of
the calcaneus [22]. Precision of the OSI parameter was
2.2% [23].

Ultrasonographic examination of CA and FA IMT

Ultrasonographic examination of the CA and FA was
performed in the supine position by high-resolution
ultrasonography with a 10 MHz in-line Sectascanner
(S5D 610 CL; Aloka), as previously described [12, 21, 24,
25, 26, 271. To avoid inter-observer variability, all mea-
surements were performed by the same examiner (H.Y.)
who was unaware of subject characteristics. Briefly, CA
and FA were scanned at the level .of the bifurcation on
both the right and left sides. IMT was measured in the far
wall of the CA and FA at sites of the most advanced
arterial thickening as diffuse and continuous projection
with the preatest distance between the lumen-intimal
interface and the media-adventitial interface but without
atherosclerotic plaque, which was defined as localized
lesions of thickness =2.0 mm, from digitized still images
of the arteries during scanning [27, 28]. These interfaces
were all manually traced on the same day to avoid pos-
sible variation -during the study period and the mean
value calculated as the mean of at least three still images
obtained from the same section of the CA and FA [2],
24]. Reproducibility of the IMT measurement was
acceptable as shown by coefficients of variation (CV) of
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2.8% and 3.4% for CA IMT and FA IMT, respectively.
These were calculated from the 40 measurements per-
formed in 20 RA patients on two different occasions
according to Bland and Altman [29] using the formula:
CV(%)=100(SD/N2)/x, where SD is the standard devi-
ation of absolute differences between the two repeated
measurements, and x is the pooled mean value.

Statistical analysis

Values are expressed as mean = SD unless otherwise
indicated. Statistical analysis was performed with the
Stat View V system (Abacus Concepts, Berkeley, Calif.,
USA) for the Apple computer. The correlation coeffi-
cients were calculated by Pearson and Spearman Rank
correlation analyses due to abnormal distribution of
various clinical variables. P-values of <0.05 were con-
sidered as statistically significant. Multiple regression
analysis was performed to assess independent associa-
tion with lumbar spine BMD and calcaneus OSI. P-val-
ues of <0.05 were considered as statistically significant.

Results

Clinical variables, IMTs and bone density
of healthy subjects

Clinical characteristics of healthy subjects (n =260, M/F
106/154 enrolled in this cross-sectional study are shown
in Table 1. CA and FA IMT were 0.603 + 0.166 mm
and 0.840 + 0.396 mm, respectively. Lumbar spine
BMD and calcaneus OS] were 0.918 = 0.151 g/cm?® and
2.69 x 0.38x10% respectively. IMT at CA and FA and
physical functioning score did not differ significantly
between male and female, although lumbar spine
BMD and calcaneus OS] were significantly lower in fe-
male than in male. As shown in Fig. 1, calcaneus OSI
correlated significantly by Pearson correlation analysis
in a positive manner with lumbar spine BMD in total
subjects (r=0.551,F <0.0001).
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Fig. 1 Positive correlation between lumbar spine BMD and
calcaneus OS] in 260 healthy Japanese subjects. A significant
positive correlation was found between lumbar spine BMD and
calcaneus OSI (r=0.551, P <0.0001) by Pearson analysis

Unadjusted domain scores of the eight subscales
and adjusted domain scores of two summary scales
of the SF-36 scores

Table 2 represents the HRQL scores assessed by SF-36.
Adjusted domain scores of two summary scales were
both around 50 peints, confirming that the subjects
enrolled in the present study have not been suffering
from major health problems.

Correlation of lumbar spine BMD and calcaneus
OSI with the SF-36 score

Among the eight subscales and two summary scales of
the SF-36 scores, physical functioning emerged as the
only factor which correlated significantly by Pearson
corrclation analysis in a positive manner with both
lumbar spine BMD (Fig. 2) and calcaneus OSI (Fig. 3}.

Table 1 Clinical characteristics

of 260 healthy individuals Total Male Female

enrolled in the present study.

Data are expressed as Number 260 106 154

mean + SD, BP blood pressure, Age (yca.rs) 51.4+12.5 474+11.8 542+12.2

LDL low-density lipoprotein, Body weight (kg) 58.1x11.3 67.1+9.7 51975

PF physical functioning, BAfD  Height (cm) 160.4+9.6 1694+6.3 154.3+6.1

bone mineral density, OS7 Body mass index (kg/m?) 22530 234+27 21.8+3.1

osteo-sono assessment index, Postmenopausal - - 107

CA IMT common artery Smoking index 203.7+£371.4 4561.2+457.4 34.9x140.6

intima-media thickness, FA Smoking habit 89 72 17

IMT femoral artery intima- Systolic BP (mmHg) 123.9%18.5 128.0£153 121.1+20.0

media thickness Diastolic BP (mmHg) 69.1=10.6 71.2+111 67.5+10.0
LDL-cholesterol (mg/dl) 128.7+324 121.0+32.0 134.0+31.7
PF score (SF-36) 90.9+9.6 93.1+8.2 89.5+10.2
Lumbar 2-4 spine BMD (g/cm?) 0.9180.151 0.979 +0.141 0.876 £ 0.145
Calcaneus OS1 (x10%) 2.69+0.38 2.90£0.39 2.55%0.29
CA IMT (mm) 0.603+0.166 0.600+0.151 0.605+0.176
FA IMT (mm) 0.840=:0.3%96 0.834 +0.398 0.845%0.396
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Table 2 Unadjusted domain scores of the eight subscales and two
summary scales of the SF-36 scores. Data are expressed as
mean=xSD

Scores in SF-36

Physical functioning 91.0£96
Role physical 912228
Bodily pain 76.9+19.3
General health perceptions 644163
Vitality 64.4+20.4
Social functioning 882+17.6
Role emotional 87.0+£280
Menta) health 73.2+19.0
Summary scales in SF-36

Physical components 524%7.1
Mental components 48.3+93

Correlations of lumbar spine BMD and calcaneus OSI
with clinical variables including CA and FA IMT

Table 3 shows the summary of correlations of lumbar
spine BMD and calcaneus OSI with clinical character-
istics including IMTs at CA and FA by Spearman Rank
correlation because of abnormal distributions of sam-
ples. Among the clinical variables included, gender, age,
and BMI but not systolic blood pressure, were corre-
lated significantly with both lumbar spine BMD and
calcaneus OSI. Although FA IMT and physical func-
tioning score of SF-36 correlated significantly with both
lumbar spine BMD and calcaneus OSI, CA IMT did not
correlate, Serum LDL cholesterol was negatively corre-
lated with lumbar spine BMD but not calcaneus OSI.

Multiple regression analysis of factors independently
associated with lumbar spine BMD and calcaneus OS]
in male plus female subjects

Table 4 represents the results of multiple regression
analysis of various clinical variables to evaluate their
independent association with lumbar spine BMD and
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Fig. 2 Correlation of physical functioning score of SF-36 with
lumbar spine BMD in 260 healthy Japanese subijects. A significant
positive correlation was found between physical functioning and
lumbar spine BMD (r=0.170, P=0.0073) by Pearson analysis
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Fig. 3 Correlation of physical functioning score with calcaneus
OSI in 260 healthy Japanese subjects. A significant positive
correlation was found between physical functioning and calcaneus
OSI (r=0.174, P=0.0050) by Pearson analysis

Table 3 Correlations of calcaneus OSI and Jumbar spine BMD
with clinical characteristics by Spearman rank correlation

Clinical variables Lumbar Calcaneus QST
spine BMD
p P p P
Gender ~-0.331 <0Q.0001F -0.431 <0.0001%
Age (years) -0.459 <0.0001% -0.374 <0.0001%
Body mass index (kg/m?) 0.186 0.0038t 0411  <0.0001%
Systolic BP (mmHg) -0.622 0.6868 0.075 02273
LDL-cholesterol (mg/dl) -0.141 0.0266f -0.071 0.2526
PF score (SF-36) 0.156 00147t 0190 0.0024%
CA IMT (mm) -0.098 0.1225 -0.017 0.7867
FA IMT (mm) -0.191 000277 -0.199 0.0014%

$P<0.01, tP<0.05

Table 4 Multiple regression analysis of factors independently
associated with calcaneus OSI and lumbar spine BMD in maie plus
female. Values are standard regression coefficients (§). R multiple
coefficient of determination

Independent Lumbar spine Calcaneus QOS]
variables BMD
Model 1 Model2 Model 1 Model 2
Gender -0.038 ~0.040 -0.273t -0.272%
Age (years) -0.470f -0.442%t -0.312F -0.263%
Body mass index 0233t 0.235% 0.312% 0.301%
(kg/m?)
Systolic BP {(mmHg) 0.035 0.051 0.005 =0.007
Smoking index 0.025 0.023 0.042 0.077
LDL-cholesterol ~0.034 -0.021 0.065 0.084
(mg/dl)
PF score (SF-36) 0.101§ 0.102§ 0.055 0.041
CA IMT (mm) -0.037 - 0.017 -
FA IMT (mm) - —0.043 - ~0.117¢
R 0291 0296t  0.355f  0.365%

1P<0.01, +P<0.05 §P<0.10
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Fig. 4 Correlation of FA-IMT with calcaneus OS] in 260 healthy
Japanese subjects. Negative correlation was found between FA-
IMT and calcaneus OSI {r=-0.184, P=0.0030) by Pearson
analysis

calcaneus OSI. In model 1, which included gender, age,
BMI, systolic BP, smoking index, serum LDL choles-
terol, physical functioning score of SF-36 and CA IMT,
only age and BMI were independent factors significantly
associated with lumbar spine BMD. There was a ten-
dency toward higher physical functioning score in those
with higher lumbar BMD. In case of calcanens OSI,
gender, in addition to age and BMI, emerged as the
independently associated factor. CA IMT failed to be
significantly associated with both lumbar spine BMD
and calcaneus OSI. In model 2, which included FA IMT
in the place of CA IMT, FA IMT, of great interest,
emerged as an independent factor significantly associ-
ated with calcaneus OSI, but not lumbar spine BMD
(Table 4 and Fig. 4).

Multiple regression analysis of factors independently
associated with lumbar spine BMD and calcaneus OS]
in female subjects

Table 5 represents the results of multiple regression
analysis when the subjects were restricted to females
only. The results were essentially the same, indicating
the tendency towards independent association of FA
IMT selectively with calcaneus OS] but not with lumbar
spine BMD, although the association did not reach
statistical significance (P=0.0787). It was rcasonable
that menopause was negatively associated with both
lumbar spine BMD and calcaneus OSI.

Discussion

Since the physical functioning domain of SF-36 scores
assesses limitations in physical activities such as walking
and climbing stairs, it is reasonable that it showed a
significant and positive correlation with lumbar spine

Table 5 Multiple regression analysis of factors independently
associated with calcaneus OSI and lumbar spine BMD in female
subjects. Values are standard regression coefficients (8). R? multiple
coefficient of determination

Lumbar Calcaneus OS]

spine BMD
Model 1 Model 2 Model 1 Model 2

Independent
variables

Ape (years) -0.203 =-0.190 -0.170 -0.069
Body mass index 0.196t 0.190f 0370 0.351%
(kg/m®)
Menopause 0418 -0422t -0.377F -0.385%
Systolic BP (mmHg) 0.089 0.086 -0.001 -0.017
Smoking index -0.068 -0.066 0.091 0.116
LDL-cholesterol (mg/dl) 0.009 0.008 0.092 0.103
PF score (SF-36) 0.084 0.088 0.056 0.059
CA IMT (mm) -0.012 - 0.040 -
FA IMT (mm) - -0.021 - —-0.139%§
R? 0319 0.320f 0.338F 0.351f

tP<0.01, tP<0.05, §£<0.10

- BMD and calcaneus OSI, since a large body of literature

supports the positive impact of physical activity on bone
mass, particularly in weight-bearing bones such as
lumbar spine and calcaneus [30, 31, 32, 33, 34, 35, 36,
37]. By multiple regression analysis, physical functioning
score showed a tendency of independently associating
with lumbar spine BMD. However, it did not associate
with calcaneus OSI, in spite of the positive impact on
bone mass. One possibility for the lack of its positive
associations with calcaneus OSI might be ascribed to the
inclusion criteria that the subjects enrolled in the present
study were restricted to those in good health and were
eager to join the health programs spontaneously and
thus that the distribution of HRQL scores in the subjects
fell within the narrower ranges. Alternatively, it might
be explained by less precision of calcaneus OSI com-
pared to that of lumbar spine BMD. When we extended
the ranges of ADL of the subjects to include patients
with early rheumatoid arthritis, we found a significant
correlation of ADL score assessed using a self-admin-
istered questionnaire modified from the Stanford Health
Assessment Questionnaire, named MHAGQ [13] with
calcaneus OSI [14].

The most important finding in the present study is
that FA IMT emerged as an independent factor that
significantly associated with calcaneus OSI but not with
lumbar spine BMD (Table 4). When the subjects were
restricted to female patients, FA IMT was independently
agsociated with calcaneus OSI, but not with Jumbar
spine BMD, although the association was not significant
due probably to smaller numbers of subjects because of
higher S-value than that in whole subjects (Table 5).

We have previously observed a significant correla-
tion between peak wave velocity, an index of athero-
sclerosis, and bone mineral content (BMC} in the
paretic lower limbs in hemiparetic patients [37]. Al-
though bone loss and arterial disease of the lower limbs
certainly shares common risk factors, such as tobacco
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consumption and sedentary life style, bone loss in the
affected lower limbs seems to be related with a direct
local effect of atherosclerosis and not with associated
general risk factor since the more ischemic atheroscle-
rosis limb also showed greater bone loss [38]. These
considerations are also supported from the present
study demonstrating that CA IMT, in contrast to FA
IMT, failed to be independently associated with cal-
caneus OSI (Table 4). The reason for greater bone loss
in the less-perfused lower limbs is explained by several
mechanisms. Since a correlation exists between intra-
osseous blood flow and bone remodeling in humans
[39], it is conceivable that reduced intraosseous blood
flow secondary to arterial disease induced osteopenia
by suppressing bone formation and stimulating bone
resorption. In fact, it was demonstrated that athero-
sclerotic lesions in the intraosseous arterioles were
indentical to those in the cutaneous, muscular or
myocardial vessels [40]. It is possible that hindlimb
unloading-induced decreases in blood flow and increase
in shear stress alter vascular endothelial cell release of
nitric oxide (NO) and prostaglandin I, (PGI;), which
could subsequently modify the focal balance between
osteoblast and osteoclast activity [41]. These data may
suggest that enhanced local atherosclerosis, as reflected
by increased FA IMT, may facilitate local bone loss by
reducing intraosseous blood flow even in normal pop-
ulation of Japanese people, resulting in accelerated
bone loss. The clinical significance of the present study
is the association of local blood flow in lower extrem-
ities with reduction in calcaneus OSI. Therefore, these
data may suggest that we should be careful of bone loss
in calcaneus in those whose blood flow in the lower
extremities may be impaired.

The limitation of the present study is that the multiple
regression model explained only 35.5-36.5% of the
variance of calcaneus OSI. This may indicate the pres-
ence of other factors affecting calcaneus OSI, that were
not included in the models. Furthermore, due to small
numbers of subjects, analyses were performed in subjects
including male and female, although FA IMT emerged
as a factor independently associated with calcaneus OSI
even after adjustment for gender in the multiple regres-
sion analysis. Another limitation of the present study is
that we have no direct histopathological demonstration
that increased IMT is due to atherosclerosis. The arterial
thickening might have been due to another, non-ath-
erosclerotic arteriopathy. However, IMT measurement
is still useful in that IMT is strongly correlated with the
presence of coronary artery diseases.

In summary, it was suggested that the beneficial
influence of physical activity on bone status as measured
by calcaneus OSI and lumbar spine BMI was evident in
healthy Japanese population. Furthermore, as reflected
by the importance of FA IMT in the maintenance of
calcaneal ultrasonographic values, but not lumbar spine
BMD, it was strongly suggested that the importance of
local blood flow in the maintenance of bone quality even
in apparently healthy Japanese population.
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The centrosomal protein Lats2 is a phosphorylation target of
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Human Lats2, a novel serine/threonine kinase, is a member of the Lats kinase family that includes
the Drosophila tumour suppressor lats/warts. Latsl, a counterpart of Lats2, is phosphorylated in
mitosis and localized to the mitotic apparatus. However, the regulation, function and intracellular
distribution of Lats2 remain unclear. Here, we show that Lats2 is a novel phosphorylation target
of Aurora-A kinase. We first showed that the phosphorylated residue of Lats2 is S83 in vitro.
Antibody that recognizes this phosphorylated $83 indicated that the phosphorylation also occurs
in vivo. We found that Lats2 transiently interacts with Aurora-A, and that Lats2 and Aurora-A
co-localize at the centrosomes during the cell cycle. Furthermore, we showed that the inhibition
of Aurora-A-induced phosphorylation of S83 on Lats2 partially perturbed its centrosomal
localization. On the basis of these observations, we conclude that 583 of Lats2 is a phosphorylation
target of Aurora-A and this phosphorylation plays a role of the centrosomal localization of

Lats2.

Introduction

The onset and exit of mitosis are tightly regulated by
the phosphorylation and dephosphorylation of numerous
proteins. These mitotic phosphorylations are carried out
by various mitotic serine/threonine kinases such as Cdk,
Polo, NIMA and Aurora (reviewed in Nigg 2001).
Members of these kinase families are highly conserved
from yeast to human and participate in centrosome
maturation and separation, spindle assembly, nuclear

envelope breakdown, chromosome condensation and -

cytokinesis. According to recent studies in yeast and Dro-
sophila melanogaster, mutations in these kinases can lead
to phenotypes that are characteristic of defects in mitosis,
including monopolar spindles, unequally separated bipolar
spindles and failure in cytokinesis. This suggests that
inaccurate contrels of mitotic processes can lead to

1The first two authors contributed equally to this work,
Communicated by: Eisuke Nishida
*Correspondence: E-mail: hnjm2606@biken.osaka-u.ac.jp

DO 10.1111/5.1356-9597.2004.00732.x
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aneuploidy or genetic instability, finally causing tumour
formation or apoptosis (Nigg 2001). Therefore, to
understand oncogenesis and tumour progression, it is
crucial to define the signalling pathways of these mitotic
kinases.

The Droscphila Aurora gene, which is highly homo-
logous to Saccharemyces cerevisiae IPL1, was identified in
a search for the gene that regulates the formation of a
functional centrosome and mitotic spindle (reviewed
in Bischoff & Plowman 1999; Giet & Prigent 1999).
Amorphic alleles of aurora result in pupal lethality and
in mitotic arrest in which the condensed chromosormnes
are arranged on circular monopolar spindles. The loss of
function of the Aurora kinase causes faflures in centrosome
separationt and bipolar spindle formadon (Glover ef al.
1995). In mammals, the Aurora kinase family consists of
at least three members, including Aurora-A, Aurora-B
and Aurora-C (Adams et al. 2001; Nigg 2001). Aurora-A
is prominent both at the centrosomes and in the nucleus
of G, phase cells and at the half-spindle (a zone between
the kinetochore and the spindle pole) in metaphase and
telophase cells {Crosio et al. 2002; Hirota et al. 2003).

Genes to Cells (2004) 9, 383-397
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Therefore, Aurora-A is considered to be involved in
centrosome maturation and mitotic spindle assembly
(Dutertre et al. 2002; Blagden & Glover 2003). Aurora-B
is prominent in the nucleus during interphase, at the
midzone during anaphase and in post-mitotic bridges
during telophase, and is considered to be involved in
chromosomal events and cytokinesis (Adams et al. 2001).
Aurora-C is localized to the centrosome during the later
stages of mitosis but its function is not yet clear (Kimura
et al. 1999). Therefore, these Aurora kinase homologues
are implicated in mitotic regulation including centro-
some duplication, centrosome maturation, chromosome
segregation and cytokinesis (reviewed in Dutertre et al.
2002; Blagden & Glover 2003},

Human Aurora-A is reported to be located on chro-
mosome 20q13, a region that is frequently amplified
in breast cancers and in diverse cancer cell lines. Over-
expression of Aurora-A leads to abnomal centrosome
amplification, chromosomal instability and transforma-
tion of NTH3T3 cells (Bischoff et al. 1998; Zhou et al.
1998). In p53™ cells, over-expression of Aurora-A also
causes extra centrosomes through defects in cytokinesis
and consequent tetraploidization (Meraldi et af. 2002).
This effect is blocked by p53, which directly binds and
inhibits Aurora-A (Chen et al. 2002). Moreover, in pri-
mary cultures of mouse embryo fibroblasts, over-expression
of Aurora-A inaccurately enters anaphase despite defective
spindle formation, indicating that the elevated Aurora-A
expression overrides the mitotic spindle assembly check-
point (Anand et al. 2003). Recently, some attractive studies
on the novel phosphorylation targets of human Aurora-
A have been reported. One of the reports showed that
human Aurora-A can phosphorylate PP1, a protein phos-
phatase type 1 and phosphorylations of PP1 by Aurora-
A inhibit its phosphatase activity in HeLa cells (Katayama
et al. 2001). Moreover, TPX2, 2 prominent component
of the spindle apparatus, has been shown to be required for
recruiting Aurora-A to spindle microtubeles in HeLa cells
and to be the likely regulator of Aurora-A activity at mitotic
spindle in Xenopus eggs, albeit the biological function of
phosphorylation of TPX2 by Aurora-A remains unclear
(Kufer et al. 2002; Eyers ef al. 2003; Tsai et al. 2003).
TACC3, a human homologue of the centrosomally
associated protein D-TACC, has also been shown to be
phosphorylated by Aurora-A (Giet et al. 2002). Phos-
phorylation of D-TACC by Aurora-A is probable because
the recruitment of D-TACC to the centrosomme requires
the phosphorylation of additional centrosomal substrates
(Blagden & Glover 2003). These observations suggest
that Aurora-A protein is crucial for genomic stability
and the maintenance of the cell cycle progression in
mammalian cells.

384 Genesto Cells (2004) 9, 383-397

Mammalian Lats2, 2 novel serine/threonine kinase, is
a member of Lats kinase family to which the Drosophila
turmour suppressor lats/warts also belongs (Yabuta ef al.
2000), Mutation of the lats gene leads to dramatic over-
proliferation of phenotypes and diverse developmental
defects in Drosophila mosaic animals and homozygous
mutants (Justice ef al. 1995; Xu ef al. 1995). Similar to
the Drosophila mutants, mice deficient in LATS? gene,
a counterpart of LATS2, have been shown to develop
soft-tissue sarcommas and ovarian stromal cell tumours (St.
John et al. 1999). However, no reports on mice deficient
in the LATS2 gene have been shown.

Structural comparisons between mammalian Lats1
and Lats2 have revealed that the overall sequence simil-
arity in the N-terminus between these proteins is
much lower than in the kinase domain, except for two
stretches of highly conserved sequence (Horti et al. 2000;
Yabuta ef al. 2000; L1 ef al. 2003). Therefore, the structural
diversity or different modifications of the IN-terminus
between Lats1 and Lats2 are important to execute their
independent functions during cell cycle. Enhanced
expression of LATST in human tumour cell lines caused
cell cycle arrest at G,/M through inhibition of Cde2
kinase activity or induced apoptosis by up-regulating the
level of pro-apoptotic proteins such as Bax or Caspase-3
{Yang et al. 2001; Xia et al. 2002). Moreover, Latsl is
phosphorylated in early prophase to function as a negat-
ive regulator of Cde2 kinase by interacting with Cdc2
during mitosis {Tao ef al. 1999) and is localized to the
mitotic apparatus (Nishiyama et al. 1999; Hirota et al.
2000). Human LATS2 is Jocated at chromosome 13q11-
12,in which a loss of heterozygosity has been frequently
observed in many primary cancers (Yabuta et al. 2000).
Over-expression of human Lats2/Kpm in HeLa cells has
also shown to cause G,/M arrest through inhibition of
Cdc2 kinase activity and to induce apoptosis (Hori et al.
2000; Kamikubo et al. 2003), whereas over-expression
of mouse Lats2 in v-ras-transformed NIH3T3 cells
has shown to inhibit G,/S transition through down-
regulation of Cyclin E/Cdk2 kinase activity and to
suppress tumorigenicity of NIH3T3/v-ras cells (Li
et al. 2003). These observations suggest that Lats kinases
act as tumour suppressors by inhibition of cell cycle
progression or apoptosis. Although Lats1 was recently
found to be phosphorylated by Cdc2 {Morisaki et al.
2002), the kinase that phosphorylates Lats2 has not yet
been identified.

In this study, we show that Lats2 is phosphorylated by
human Aurora-A kinase and that Lats2 and Aurora-A co-
localize to the centrosome during the cell cycle. We also
show that the Aurora-A-induced phosphorylatdon on
Lats2 plays a role in its centrosomal localization.

© Blackwell Publishing Limited
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Aurora-A phosphorylates Lats2

blocks had been removed and analysed by Western blot-
ting with an anti-human Lats2 monoclonal antibody
(3D10) (Yabuta ez al. 2000). In synchronized cells, we
observed that Lats2 migrated as two bands, one that
Lats2 has been reported to be phosphorylated in the M migrated slowly and another that migrated more quickly.
phase (Hori et al. 2000). We therefore examined, here, ~ The slowly migrating band was particularly prominent
the phosphorylation state of Lats?2 during the cell cycle in lysates of cells that had progressed to the_M phase (8 h
by arresting HeLa cells at the G,/S phase by using the  after release from the G,/S phase). We also observed this
thymidine-aphidicoline double block method (Fig. 1A).  band shift in the lysates of mitotic HeLa cells that had
Cells were harvested at the indicated times after the  been treated by the microtubule-depolymerizing agent

Results

Lats2 is phosphorylated during the cell cycle
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Figure 1 The phosphorylation of Lats2 is dependent on the cell cycle phase. (A) HeLa cells wers arrested in the G,/S phase by the
thymidine-aphidicoline double block method. Cells were released from the block by replacing the medium with fresh medium without
drugs. Thirty micrograms of each extract prepared at the indicated time (h) after the release were analysed by Western blotting for Lats2
or Cyclin B. (B) Hela cells were arrested in the G,/S phase as time = 0 in A {left side) or the M phase by nocodazole—treatment (right
side). The nuclear extract (Yabuta et al., 2000) from each cell was incubated at 4 °C or 30 °C with the indicated concentrations (units) of
lambda protein phosphatase (New England Biolabs) in the absence (-} or presence (+) of phosphatase inhibitors. These extracts were
analysed by Western blotting with the 3D 10 antibody. (C) Cyclin D1/Cdk4, Cyclin B/Cdc2, Cyclin E/Cdk2 and Cyclin A/Cdk2 kinase
complexes purified from 5f-9 insect cells were used in in vitre kinase reactions. The substrates used were Rb C-terminus (for only
Cychin D1/Cdk4), Histone H1, GST-Lats2N (79-621), GST-Lats2Ckd (622-1088, kinase dead) or GST-Nop10 (as a negative control).
These proteins were resolved by SDS-PAGE and *P-labelled proteins were visualized by autoradiography. The arrowheads and arrows
indicate the locations of the GST-Lats2N (c. 96 kDa) and GST-Lats2C kDa (. 86 kDa) proteins, respectively. Coomassie Brilliant Blue
{CBB}) staining shows a loading control (bottom. panels}. (D) An in vitro kinase reaction was performed with three different kinases and
two Lats2 substrates. The kinases were GST-DNA-PK, GST-Nek2 and GST-Aurora-A, The substrates were GST-Lats2N (79—621) and
GST-Las2Ckd (622-1088, kinase dead). As a negative control substrate, GST-Nop10 was used. The proteins were resolved by SDS-PAGE
and ¥P-labelled proteins were visualized by autoradiography. CBB staining shows a loading control (bottom panels).
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nocodazole (Fig. 1B,lanes 7 and 8). To examine whether
this band shift is due to phosphorylation of Lats2,
nocozazole-treated HelLa cell lysates were incubated with
various concentrations of lambda-protein phosphatase
{Fig. 1B, lanes 9-11). The slowly migrating Lats2 band
was converted into the fast-migrating band after the
phosphatase treatment in 2 dose-dependent manner. This
conversion was completely blocked by the addition
of phosphatase inhibitors (Fig. 1B, lane 12), indicating
that Lats2 is indeed phosphorylated at the M phase,
in which nocodazole-treated cells are arrested by the
spindle assembly checkpoint. Interestingly, we observed
that the band corresponding to the Lats2 protein in the
G, /S-arrested cell Iysates (the same sample as cell lysate of
Oh in Fig. 1A) was also converted by the phosphatase
treatment into the fast-migrating band, which showed
a similar mobility as the band in lane 11 of Fig. 1(B)
{Fig. 1B, lanes 1-5).This conversion was also completely
blocked by the addition of phosphatase inhibitors. These
results indicate that Lats2 is phosphorylated not only
at the M phase but also at the G,/S phase. This G,/S-
phosphorylated band was also observed during intex-
phase (Fig, 1A;0, 1.5, 3, 10 and 12 h), indicating that Lats2
is phosphorylated during interphase. Therefore, these
findings suggest that Lats2 is regulated by at least two
distinct phosphorylation events during the cell cycle.

Lats2 is phosphorylated by Aurora-A in vitro

This cell cycle-dependent phosphorylation of Lats2
suggests that the regulation of Lats2 may be directly
involved in cell cycle regulation. We wondered, therefore,
whether the cell cycle-dependent phosphorylation of Lats2
could be mediated by the Cyclin/Cdk kinases. To test
this notion, we performed in vitro kinase assays with four
classes of Cyclin/Cdk kinases, namely, Cyclin 1/Cdk4,
Cyclin B/Cdc2, Cyclin E/Cdk2 and Cyclin A/Cdk2,
which act in G,, G,/M, G,/S and S, respectively (Kita-
gawa et al. 1996). The substrates used were two truncated
forms of glutathione-S-transferase (GST)-fused Lats2,
namely, Lats2N (amino acids 79-621) and Lats2Ckd
{amino acids 622-1088) (Fig.2A) because full-length
Lats2 was too unstable for recovery. We did not prepare
the 1~78 amino acids region of Lats2 for a substrate of
Cdk kinases because there is no consensus sequence of
the Cdk phosphoryladon site (S/T-P-X-R/K) (Kita-
gawa et al. 1996) in this region. GST-Lats2Ckd, which is
defective in kinase activity due to the substitution of the
catalytically essential lysine 687 residue with methionine
(data not shown), was used rather than the intact Lats2C
protein to prevent the autophosphorylation of Lats2C.
As shown in Fig. 1(C}, Cyclin D1/Cdk4 and Cyclin B/

386 Genesto Cells (2004) 9, 383-397

Cdc2 kinases could not phosphorylate either of the
GST-Lats2 constructs, although these Cyclin /Cdk kinases
could phosphorylate the substrates used as positive controls
{Rb C-terminus or Histone H1). Although Cyclin E/
Cdk2 and Cyclin A/Cdk2 appeared to slightly phos-
phorylate the degraded products of Lats2N, these may not
be the major phosphorylation events to which Lats is
subjected during the cell cycle because they are of similar
intensity as the phosphorylation of the negative control
substrate Nop10, which 1s a protein involved in the pseu-
douridylation of pre-rRINAs (Henras et al. 1998). These
results suggest that the cell cycle-dependent phosphor-
ylation of Lats2 is due to kinase(s) other than the Cyclin/
Cdk kinases. In particular, it appears that the mitosis-
dependent phosphorylation of Lats2 is not due to
Cyclin B/Cdc2 kinase, which functions during mitosts.

As the kinase that phosphorylates Lats2 is not known, we
searched for candidates with the in vifro kinase assay. When
we tested DINA-PK (Kim e al. 1999), Nek2 (Fry et al. 1995)
and Aurora-A, we found that only Aurora-A could phos-
phorylate Lats2N efficiently in vitro (Fig. 1D). Aurora A
could not, however, phosphorylate GST-Lats2Ckd. Aurora-
A is reported to be a centrosomal protein kinase whose
kinase activities are regulated in a cell cycle-dependent
manner (Nigg 2001) and peak at the G,/M phase (Bischoff
et al. 1998; Farruggio et al. 1999; Hirota et al. 2003).

Aurora-A kinase phosphorylates the serine 83 of
Lats2 in vitro

To determine more specifically the region of Lats2
that is phosphorylated by Aurora-A, we produced
several deletion mutants of Lats2 as GST-fusion proteins
(Fig. 2A) and used them as substrates in the in vitro kinase
assay. As shown in Fig. 2(B), GST-Lats2 proteins con-
taining amino acids 1-118, 79-118, 79-151, 79-257
and 79-621 were readily phosphorylated by Aurora-A,
whereas the Lats2 proteins consisting of amino acids 1-
78 and 113-151 were very poorly phosphorylated.
This suggests that Aurora-A directly phosphorylates the
amino acid 79-118 region of Lats2. To further map the
Aurora-A phosphorylation site(s) on Lats2, we mutated
serine 83 (S83), 591, threonine 93 (T93) or $94 in GST-
79-118 to cysteine (S83C), cysteine (§91C), aspartic acid

"(T93D) or alanine {S94A}, respectively. In vitro kinase

assays with Aurora-A were performed with these mutated
sequences. A loading control experiment with Coomassie
Blue staining showed that an equal amount of each
protein had been applied (Fig. 2C, right panel). Whereas
phosphorylation of the S91C, T93D or 594A smutants
was not significantly altered, the phosphorylation of the
S83C mutant was remarkably diminished (Fig. 2C,

© Blackwell Publishing Limited
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Figure 2 Recombinant Aurora-A kinase phosphorylates the 583 residue of Lats2 in vitro. (A) Schematic diagram of Lats2 that shows the
location of the kinase domain. Beneath are the GST-fusion proteins used in the kinase reactions, namely, those containing Lats2 amino
acids 1-79, 1-118, 79-118, 79-151, 113-151, 79-257, 79-621 (Lats2]N) and 622-1088 (Lats2Ckd, kinase dead). (B) In witro kinase
reactions were performed with GST-Aurora-A and truncated GST-Lats2 proteins. The truncated GST-fusion proteins used were those
containing amino acids 1-78, 1-118, 79-118, 79-151, 113-151, 79-257 and 622-1088 (Lats2Ckd) of Lats2. CBB staining shows a
loading control (bottom panel). (C) An in vitro kinase reaction was performed with GST-Aurora-A and GST-Lats2-79-118 proteins that
harbour the indicated substitutions (l¢ft panel). CBB staining shows that equal amounts of proteins were present (right panel), (D) In vitro
kinase reactions were performed using GST-Lats2-79-257 as a substrate with the kinases GST-Aurora-A, GST-Aurora-B and GSI-

Aurorz-C, CBB staining shows a loading control (right panel).

left panel). In addition, we found that the 583 residue
is conserved not only in human Lats2 but also in mouse
Lats2, mouse Lats] and human Lats1 {data not shown),
We also asked whether Aurora-B and -C can phos-
phorylate Lats2 as well as Aurora-A. An in vitro kinase assay
was performed with these purified Aurora kinases using
purified Lats2-79-257 as a substrate. Lats2 was phos-
phorylated by Aurora-B and -C but much more ineffi-
ciently than Aurora-A (Fig. 2D). These results indicate that
Lats2, at least the 79-257 region, is phosphorylated pre-
dominantly by Aurora-A and weakly by Aurora-B and
Aurora-C in vitro.

© Blackwell Publishing Limited

Aurora-A kinase phosphorylates the serine 83 of
Lats2 in vivo

To confirm that $83 of Lats2 is phosphorylated by
Aurora-A, we raised a specific monoclonal mouse
anti-phospho-583 antibody (3B11) by immunizing mice
with a Lats2 peptide whose 583 residue is phosphorylated.
The in vitro kinase assay was performed with wild-type
Aurora-A or the kinase-dead form of Aurora-A with GST-
Lats2-79-118 (WT) or GST-Lats2-79-118 (S83C) in the
absence of [y-’P]ATP and analysed by Western blot-
ting with the 3B11 antibody (Fig. 3A). When wild-type
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Figure 3 Laws2 is phosphorylated on 583 and interacts with Aurora-A in vive. (A} Specificity of the ant-phospho-$83 monoclonal
antibody (3B11). In vitro kinase reactions were performed with GST-Lats2-79-118-WT (lanes 13} or ~S83C (lanes 4 and 5) using GST-
Aurora-A (WT;lanes 2 and 4) or GST-Aurora-A-kinase-dead (KID;lanes 3 and 5) in the absence of [y-"?P]ATP The assays were analysed
by Western blotting with the 3B11 andbody (top panel). That equal amounts of GST-Lats2-79-118 or GST-Aurora-A proteins were
present was confirmed by Western blotting with anti-GST antibody (middle and botrom panels). (B) Phosphorylation state of endogenous
Lats2 protein at the M phase. Endogenous Lats2 was immunoprecipitated from nocodazole-arrested M phase (Noc.) or asynchronous
(AS) cell extracts with the anti-Lats2 monoclonal antbedy (3D10;lanes 1 and 3} or the anti-phospho-Ser83 monoclonal anabody (3B11;
lanes 2 and 4), followed by Western bloming with the 3D10 antibody. (C) Specificity of the anti-Aurora-A polyclonal antibody. 203T
cells were transfected with HA-tagged Aurora-A, Aurora-B, Aurora-C or vector alone. The whole cell lysates were resolved by SDS~
PAGE, followed by Western blotting with anti-HA (left panel) or anti-Aurora-A antbodies {right panel}. (D) In vivo interaction of Lats2-
1-393 with Aurora-A, 293T cells were co-transfected with 6Mye-Lats2-1-393 (lanes 2, 3, 5, 6, 8 and 9) and/or GFP-Aurora-A (lanes
1,3,4,6,7 and 9). As controls, the lysate of 293T cells transfected with empty vectors were used (V; lanes 1,2, 4, 5, 7 and 8). GFP-
Aurora-A or 6Myc-Lats2-1-393 was immunoprecipitated with the anti-GFP antibody (lanes 4-6) or anti-Myc antibody (lanes 7-9),
respectively. Whole cell lysates (lanes 1-3, about 7 ttg each) and immunoprecitates were resolved by SDS-PAGE, followed by Western
blotting with the anti-Mye (top and 2nd panels from top) or anti-Aurora-A (3rd panel from top} or anti-GFP antibodies (bottom panel).
An asterisk indicates IgG light chain.

Aurora-A was used, the 3B11 antibody specifically
detected the phosphorylated form of WT Lats2-79-118
{lane 2). However, no phosphorylation of the $83 site
was detected when kinase-dead Aurora-A was used {lane
3). Therefore, the 3B11 antibody is specific for the phos-
phorylated form of S83.

The 3B11 antibody was used to show that the S83
residue in endogenouws Lats2 is phosphorylated in vive in
a cell cycle-dependent manner. The 3D10 antibody that
recognizes Lats2 was also used. Therefore, the Lats2 pro-
teins in lysates from nocodazole-treated or asynchronous
HeLa cells were immunoprecipitated with either the

388 Genesto Cells (2004) 9, 383-397

3D10 or the 3B11 antibody, followed by Western blot-
ting using the 3010 antibody (Fig. 3B). The 3B11 ann-
body immunoprecipitated the phosphorylated-$83-Lats2
protein from the nocodazole-treated cell lysate (lane 2)
but not from the asynchronous cell lysate (lane 4). In
contrast, the 3D10 antibody brought down equivalent
amounts of Lats2 protein from each cell lysate (lanes 1
and 3}, although the 31210 antibody could not recognize
the M phase-specific phosphorylated form of Lats2 in
the immunoprecipitate of the 3D10 anabody (lane 1).
The 3D10 antibody may be able to recognize the M
phase-specific phosphorylated form of Lats2 in Western
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