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Table 3. Expression patterns of genes reported 10 be differentially expressed in intact versus damaged regions of cartilage as well as in normal

versus OA cartilage™
Compirison, expression Gene Fold
pattern Ref. Gene name (alins) symbol changet SEM P
Intact versus damaged regions
of cartilage from the
same joint
Intact < damaged 4 Nerve growth [actor, B polypeptide (NGF) NGFB 5.08 1.54 0011
4 Neurotrophic tyrosine kinase recepior NTRKI ND
type I (p140 TrkA)
5 Insulin-like growth factor binding protein 3 IGFBP3 5.94 T 0.056
5 Insulin-like growth factor binding protein 43 IGFRP4 393 120 0.006
5 Insulin-like growth factor binding protein 5 IGFBPS L17 033 0611
] Heparan sulfate proteoglycan 2 (perlecan) HSPG2 s 080 0.074
Intact > damaged 7 Matrix metalloproteinase 13 MMP13 -9.51 934 032
7 Hyaluronan and proteoglycan link protein | HAPLNI -1.94 045 0.043
{link protein)
7 B cell CLL/lymphoma 2 BCL2 LO5 034 0.828
7 Sex determining region Y-type high SOXY 1.08 018 0.685
mobility group box 9
Narmal versus OA cartilnge
Normal < OA k] ﬁnTtng necrosis factor a-induced protein 6 TNFAIPo 253 578 0.001
(TSG-6)3
5 Serine protease 11 (HirAl)d PRSS1] 3.08 077 00z
36 Prostaglandin E synthased PTGES 1244 3.08 0.013
37 $100 calcium binding protein Adt SionA4 533 1.73 0.007
37 Fibronectin 13 FN1 616 149 0.002
37 Transforming growth factor p-induced TGFBI 1205 374 0.00
68 kd (BIGH3)$
37 Collagen, type I, a2 COL1A2 5.67 319 0027
37 Matrix metalloproteinase 2§ MMP2 -7.30 290 0.017
14 Chordin-like 2 (CHL2)¢ CHRDL2 ~-B.95 535 0.06
Normal > OA 38 Serine proteinase inhibitor, clade E, SERPINE] 14.38 8.09 0.016

member 1| (PAI-1)3

* OA = ostecarthritic; ND = not detected.

+ Positive numbers represent high expression in damaged regions; negative numbers represent high

in intact

t Included in the list of 114 genes selected by our criteria. Complete data for all of the selected g'encs are available :ptm request from the

corresponding author.

be smaller than that estimated using oligonucleotide array
analysis.

Expression patterns of genes reported to be
differentially expressed in intact versus damaged re-
gions of OA cartilage and in normal versus OA carti-
lage. We assessed the microarray data for genes that in
previous studies were shown to be differentially ex-
pressed in intact versus damaged regions of OA cartilage
from the same joint or in normal versus OA cartilage
from different patients (4-7,14,34-38). The name and
symbol of the reported genes are shown in Table 3.
Table 3 also shows the sample characterization (com-
parison being made) and the gene expression pattern
reported in previous studies, as well as the results of
oligonucleotide array analysis for each gene.

Consistent with studies that compared intact and
damaged regions of OA cartilage from the same joint,
we confirmed high expression of NGFB (4), IGFBF3,
IGFBP4 (5), and HSPG2 (6) in the damaged region, as

well as high expression of MMPI3 and HAPLNI (7) in
the intact region of OA cartilage. However, we did not
observe NTRK! gene expression itself or differential
expression of IGFBPS, BCL2, and SOX9.

We also evaluated whether the results of com-
parisons between intact and damaged regions of carti-
lage from the same joint resembled the results of
comparisons between normal and OA cartilage ob-
tained from different individuals. At least 7 genes re-
ported to be highly expressed in OA cartilage compared
with normal cartilage (TNFIP6 [34], PRSSI1 [35].
PTGES (36), S10044, FNI, TGFBI, and COLIAZ [37))
were highly expressed in the damaged region com-
pared with the intact region of OA cartilage. However,
there were some exceptions. According to our data,
the 2 genes reported to be highly expressed in OA
cartilage (MMP2 [37] and CHRDL2 [14]) were highly
expressed in the intact region, and SERPINEI (38),
which was reported to be expressed at low levels in OA
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cartilage, was highly expressed in the damaged region of
OA cartilage.

DISCUSSION

In this study, we compared the gene expression
profiles in intact versus damaged regions of OA carti-
lage. Transcripts with a =2-fold difference in mRNA
expression between these 2 regions accounted for an
average of 8% of all expressed transcripts per OA
cartilage tissue sample, ~10% of which were commonly
detected in the 5 patient samples. The former observa-
tion indicates that the gene expression profile of chon-
drocytes in the intact region is quite different from that
of chondrocytes in the damaged region, even though
both regions are in contact with the same synovial fluid
and have the same genetic background. The latter
finding suggests that the gene expression profiles of
chondrocytes in OA cartilage change in a region-specific
manner. This also suggests the presence of common
molecular mechanisms of OA development, assuming
that the changes in gene expression patterns of chondro-
cytes lead to cartilage degeneration.

Using our selection criteria, we identified 114
genes that were differentially expressed in the intact
region versus damaged region of OA cartilage. Thirty-
five of these genes were up-regulated in the intact
region, and 79 genes were up-regulated in the damaged
region. The validity of our data was confirmed using
real-time quantitative PCR and comparing our findings
with those of previous studies. The possible roles of
these genes with significantly altered mRNA expression
are discussed here in terms of the reaction patterns of
chondrocytes in order to determine the underlying
mechanisms that may participate in the pathogenesis or
progression of OA. Sandell and Aigner (39) described
5 categories of cellular reaction patterns related to
OA development: phenotypic modulation of articular
chondrocytes, formation of osteophytes, chondrocyte
proliferation and apoptosis, matrix synthetic activity of
chondrocytes, and matrix degradation activity of chon-
drocytes. The latter 3 are discussed below.

With regard to chondrocyte proliferation and
apoptosis, the CCNDI, PSAT, and S10044 genes are
known to be involved in cell proliferation, as mentioned
above (17,1821). These genes were more highly ex-
pressed in damaged regions than in intact regions of OA
cartilage. This finding is consistent with the pathologic
feature showing some clusters of chondrocytes in the
surface layer of damaged cartilage, and it supports the
hypothesis that changes in gene expression patterns of

chondrocytes lead to the pathologic condition of OA in
cartilage. Yet, among the 114 genes we identified, no
genes were clearly related to apoptosis. (Complete data
for all of the selected genes are available upon request
from the corresponding author.) However, we cannot
suggest that there are no differences in the activation of
the apoptosis signaling pathway between intact and
damaged regions of OA cartilage, because the proteo-
Iytic cascade, rather than transcriptional regulation, is
important in apoptotic signaling (40).

With regard to the matrix synthetic activity of
chondrocytes, our microarray data showed that although
the signal intensities of type II collagen and aggrecan
were very high in both intact and damaged regions of
OA cartilage, there were no differences in gene expres-
sion between these 2 regions (data not shown). How-
ever, we found that 3 interstitial collagen genes
(COLIAI, COLIA2, and COLS5AI) and 4 genes for
enzymes involved in the collagen biosynthetic pathway
(P4HA3, LOXL2, LEPRELI, and LOXL3) were highly
expressed in the damaged region of OA cartilage. Inter-
estingly, hierarchical clustering analysis showed that 4 of
these 7 genmes (COLIA2, COL5Al, LOXL2, and
LOXL3) belonged to the same cluster as proliferation-
associated genes (510044 and PSATI). This suggests
that wound healing, including the process of cell prolif-
eration and interstitial collagen synthesis, occurs in
damaged OA cartilage, where the expression of genes
related to wound healing might be regulated in the same
manner.

With regard to the matrix degradation activity
of chondrocytes, the most obvious pathologic feature
in the damaged region is advanced cartilage destruc-
tion. Therefore, we predicted that expression levels of
protease genes would be higher in damaged regions
than in intact regions. Consistent with this expectation, we
identified 4 proteases (DKFZPS86H2123, ADAMTS6,
ADAMI2, and PRSS11) with high expression in the
damaged region of OA cartilage among the selected 114
genes. However, MMP-2, which can degrade the extra-
cellular matrix, is only one protease showing high ex-
pression in the intact region of OA cartilage. In partic-
ular, the PRSS1] (HtrAl) gene was recently reported
to enhance cartilage degeneration via digestion of major
cartilage components (41), and the single-nucleotide
polymorphisms of the ADAMI2 gene are associated with
the progression of knee OA (28). However, there is a
discrepancy between the function of the detected genes
and the histopathologic features. The expression levels
of 3 genes known to inhibit degradation of the extra-
cellular matrix (TNFAIP6, SERPINEL, and TIMP3) were
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significantly high in the damaged region compared with the
intact region of OA cartilage. These molecules are proba-
bly up-regulated 1o prevent the progression of cartilage
destruction in the damaged areas of OA cartilage.

We subsequently examined whether the results of
comparisons between intact and damaged regions of OA
cartilage from the same joint resembled the results of
comparisons between normal and OA cartilage obtained
from different persons. We found that comparisons
between normal and OA cartilage and between intact
and damaged regions of OA cartilage yielded similar
results with regard to the expression pattern of 7 of the
10 genes examined (Table 3). This suggests that during
the transition from normal cartilage to OA lesional
cartilage, the gene expression profile changes before
there is any apparent damage to the cartilage. Because
the expression levels of some genes probably change
during the transitional period from normal to normal-
appearing cartilage, our study design might have allowed
us to miss some important genes that show no differ-
ences in expression levels between intact and damaged
regions. To overcome this problem, further studies
comparing these samples with normal cartilage samples
from normal joints are needed.

What causes the OA-specific pattern of gene
expression? Several possible mechanisms have been
investigated, such as mechanical stress, cytokine stimu-
lation, cell-matrix interaction, hypoxia, and reoxygen-
ation. One of the strongest candidates is mechanical
stress, because the damaged cartilage region is usually
subjected to mechanical loading, whereas the intact
region is not. In particular, chondrocytes residing in
damaged regions are susceptible to mechanical stress
because the tensile properties of the damaged carti-
lage are lost as a result of destruction of the collagen
network (42). Proinflammatory cytokines, especially
interleukin-1 (IL-1) and TNFa, are also closely related
to the development of OA (3). We thought that these
cytokines might be accessible to the chondrocytes in
damaged cartilage. However, some IL-1-induced genes
were detected in both regions (in the intact region,
ETS1, GUCYIA3, C4BPA, PBEF, and APOD; in the
damaged region, TNFAIP6, PTGES, FN1, NGFB, and
TNFSF1I). Furthermore, although MMP-2 mRNA is
not significantly up-regulated by treatment with IL-1
(43), our microarray data showed that MMP-2Z mRNA
was expressed 7.3-fold higher in intact regions than in
damaged regions of OA cartilage, Therefore, the eifects
of the cytokine alone could not account for these
complex conditions of OA in vivo. Up-regulation of
MMP-2 mRNA might be the result of other factors,

SATO ET AL

including hypoxia/reoxygenation, cell-matrix interac-
tions, and intermittent hydrostatic pressures (44-46).

In conclusion, our study demonstrated a clear
difference in the gene expression profile in damaged
regions of human OA cartilage compared with that in
intact regions. The pattern of differences between these
2 regions was similar among 5 pairs of OA cartilage
samples. This finding implies that there is a common
mechanism responsible for the destruction and mainte-
nance of the articular cartilage in OA. Elucidation of
this mechanism is important for the development of
effective treatments for OA.
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Rheumaroid arthritis (RA) is a disease associated
not only with painful joints, but also generalized
symptoms related o the whole body such as
febricula, malaise and anorexia. RA affects approx-
imately 1% of the population worldwide [1.2).
Although RA is a serious condition, a specific cure
that leads to the improvement of quality of life is
not yet available, mainly because the exact etiology
of RA is still poorly understood.

The pathological features of RA include the
chronic inflammation of systemic joints associated
with overgrowth of synovial cells, which eventually
causes crrilage and bone destruction in the
affected joint [5.4]. It is thought that inflammartion
results from the activation of the cytokine system
regulated by inflammatory cells (s). During the
course of inflammarion, activated macrophages
produce tumor necrosis factor (TNF)-a, inter-
leukin (IL)-1 and IL-6. These cytokines, in turm,
stimulate overgrowth of synovial cells 1o form a
mass of synovial tssue called pannus, which
invades the bone and cartilage through asteoclast
activation and protease production (6-9). As RA is
considered to be an autoimmune disease, medical
treatment fargeting inflammation  has  been
applied. However, nearly 25% of RA patients do
not respond to anticytokine or anti-inflammarory
therapies (10-12), This article will focus on synovial
cells and discuss the mechanisms of hyperplasia of
rheumaroid synovial cells (RSCs).

Molecular cloning of synoviolin

The authors’ laboratory first doned RSCs and
found that these cells bear autonomous prolifera-
tion properties with aberrant cytokine production

10.2217/17460816.1.1.31 © 2006 Future Medicine Ltd ISSN 1746-0816
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The symptoms ol rheumnatoid arthritis (RA) are derived from the process of chronic
Inflammation and the overgrowih of synovial cells. Howaver, the mechanisms of RA flares
are not fully understood. To clarify these mechanisms, the authors carried out
immunoscreening using antitheumatoid synovial cell antibodies and Identified and cloned
synoviolin = an endoplasmic reficulum-associated degradation (ERAD) E3 ubiquitin ligase.
This molecule Is overexpressed in the theumatoid synovium and approximately 30% of
litermates of synoviolin-overexpressing mice developed spontaneous arthropathy,
Moreover, synoviolin*/- mice were resistant to collagen-induced arthritis through enhanced
apoptosis of synovial cells. Based on the gain- and loss-of-function, the authors consider
synoviolin to play a critical role in the crisis of arihrifis, and propose that RA is a hyperERAD
disease. Thess findings provide a new pathogenetic model of RA, and suggest thal
synoviolin could be targeted s a therapeutic strategy for RA.

in a culture system [13,14]. Moreover, it was found
thar human T-cell leukemia virus type I (HTLV-I),
one of the epidemic human retroviruses associated
with arthropathy (HAAP) (15], and fax, the viral
transforming gene that causes HAAP and its prod-
uct, ppd0Tax, could transform synovial cells into
RSCs in patients and overexpressing mice [16-18).
However, expression of pp40Tax is not observed in
human RSCs. Thus, to determine the funcrionally
equivalent endogenous gene products in RSCs,
comprehensive immunoscreening was carried out
using anti-RSC antibodies, and synoviolin was
cloned successfully (19}, 2 human homolog of the
yeast ubiquitin ligase (E3) Hrdlp/Deldp 01
Synoviolin is an endoplasmic reticulum (ER)-resi-
dent membrane protein with a RING-H2 mouf
and is highly expressed in the rheumatoid
synovium (19} Since it is expected that this
endogenous molecule might elucidate the cause of
RA, the distriburion and functional properties of
synoviolin was investigated further.

Arthropathy In synoviolin-
overexpressing mice
To invmipu physiclogically the role of this mol-
ecule, the tissue distribution of synoviolin was first
examined by northern blot amlyms. The results in
mice showed thar s lin was ubiquitously
expressed in various nssues. This was an unex-
pected result, since synoviolin was cloned in RSCs
and it was predicted that synoviolin was specifically
expressed in the theumaroid synovium.

To gain insight into the function of synoviolin
in vivo, the synoviolin-overexpressing mousc was

generared. Essentially, it is desirable to analyze the

Future Rheurnatol. (2006) 1(1). 31-36 31
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Figure 1. RA is a "hyper-ERAD disease’,

Synovial celis
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Synoviolin is highly expressed in RSCs, which leads to hyperactivation of the
ERAD system. Synovialin is an E3 ubiquitin ligase and functions in the ERAD
system. When the misfolded proteins accumulate in the ER they are eliminated
by ubiquitin- and proteasome-dependent degradation processes to avoid cell
death caused by dysfunction of ER. The ERAD system is activated by
overexpression of synoviolin, which prevents apoptotic death of synowial cells,
consequently leading 1o synovial hyperplasia.

ER: Endoplasmic reticulum; ERAD: ER associated degredation; RA. Rheumatoid
arthntis; RSC: Rheumnatoid synovial cell
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synoviolin function by using a promoter expressed
specifically in synovial cells. However, such a pro-
moter ha.s not yet been identified. Thus, human

overexpressing mice were established
usmg a [lactin promoter, which drives systemic
protein expression, including synovial cells. Strik-
ingly, approximatcly 30% of pmoviolin-over-
expressing mice developed spontancous arthro-
pathy with marked joint swelling even in the
C57BLJ6 strain. Interestingly, no other abnormal-
ity was apparent in these mice throughout their
life, apart from the spontancous arthritis. In spite
of the ubiquitous expression of symoviolin, this
phenotype of synoviolin-overexpressing  mice
exhibited pathological fearures similar to those of
patients with RA, indicating thar thesc mice are a
suitable animal model of RA.

Collagen-induced arthritis model of
synoviolin-deficlent mice

The results of the gain-of-function study sug-
gested that synoviolin acts as an inducer of syno-
vial cell hyperplasia. An attempr to verify this
hypothesis was subsequently made in symoviolin-
deficient mice, thar is, loss-of-function. Mice with
type 11 collagen-induced arthriris (CIA) are used
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commonly as 3 model of experimental arthriris,
This model can also be considered suitable for
analyzing the function of synoviolin in RA. Thus,
synovielin-deficient (syno™) mice were generated
by gene-targeted disruption.

Unfortunately, all feruses lacking synoviolin
died in wrero at around E13.5 (211, although
Hrd1p/Del3p, a yeast ortholog of synoviolin, was
described as nonessential for survival 221, Sme’
were anemic owing to enhancement of apoprosis
in the fetal liver {21). In the next series of studies,
the relationship between synoviolin and flares of
RA was clarified. The CIA model was applied 10
synovialin-heterozygous mice (syno*”). The results
showed that symo", treated for induction of CIA,
were resistant 1o the development of ardhritis,
Furthermore, CIA-gmo** mice exhibired inract
immunoreactions and demonstrated  inflam-
matory cell infilration but lacked advanced syno-
vial cell hyperplasia (19). These results indicare that
the synovial cell hyperplasia  process is
independent of proceeding immunoreactions,
and is an indispensable process in the patho-
genesis of arthropathy, This conclusion was
confitmed in vitro; synoviolin small interfering
RNA (siRNA) suppressed the growth of synovial
cells even when these cells were stimulated by
cytokines [19). When combined, these results
of loss-of-function indicate that synoviolin s
essential for the crisis of arthrins.

New disease concept:

hyper-ERAD disease

How does synoviolin, an E3 ubiquitin ligase resi-
dent in the endoplasmic reticulum (ER), partici-
pate in synovial cell hyperplasia? In the ER of
cukaryotic cells, newly synthesized proteins are
transported for correct folding. Under normal
conditions, the transport and folding processes in
the ER match the requirement of the secretory
pathway. Alternarively, since various environmen-
tal insults can overwhelm the efficacy of intra-
cellular protein folding, cells have a self-protective
mechanism for survival following an increased
demand for protein folding, ER stress can trigger
a cellular response termed the unfolded protein
response (UPR) (231, during which the synthesis of
new proteins is inhibited globally and genes
encoding the ER chaperone proteins are also
upregulated to refold the misfolded proteins cor-
rectly [24. However, when the UPR fails to deal
with this problem, misfolded proteins are elimi-
nated by ubiquitin- and proteasome-dependent
degradation processes, known as the ER-associ-
ated degradation (ERAD) system, and thus spare

Future Rheumnatol. (2006) 1(1)
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Figure 2. Drug targets for treatment of RA.

Synoviolin-
overexpressing mice

Hypar-ERAD
by synovioin

RA: Rheumatoid arthritis.

Apoptosis
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Resistance to arthropathy

="

Synovial calls

Gain-of-function of synoviolin results in the development of spontaneous arthropathy through the anti-
apoptotic effects of synoviolin, On the other hand, syno* mice are resistant to the CIA model. Therefore,
synoviolin could be a novel therapeutic target for RA.

ClA: Collagen-induced arthritis; ERAD: Endoplasmic reticulum associated degredation

the cells from cell death through ER
dysregularion [25-27]. Synoviolin is involved in this
ERAD system as an ubiquitin ligase (19,2829] and
takes part in rescuing the cells from cell deach. In
synovial cells of ClA-gme*", which have impaired
the ERAD system owing to the lack of synoviolin,
the apoptotic cells are significantdly increased [19).
Therefore, in ClA-smo*”, synovial cells cannot
avoid apoprotic cell death because of lack of syno-
violin, thus preventing synovial cell overgrowth.
However, in RSCs, hyperactivation of the ERAD
system by overexpression of synoviolin could pre-
vent synovial cell apoprotic death. consequently
leading to synovial hyperplasia.

Dysfunction of the ERAD system has been
implicated in various disorders. For instance, pro-
duction of expanded polyglutamine causes certain

www.futuremedicine.com
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inherited neurodegenerative disorders {30-321. Fur-
thermore, mutation of the parkin gene, a well
known ubiquitin ligase protein in the ERAD sys-
tem, is thought to result in neuronal death of the
substantia nigra in patients with autosomal reces-
sive juvenile parkinsonism (33]. The authors first
postulated that hyperactivation of the ERAD sys-
tem could lead to proliferative diseases and then
introduced a novel concepr, the hyper-ERAD
disease (Figure 1).

Possible drug target for the freatment

of RA

It was demonstrated thar the etiology of RA could
be based on hyperactivarion of the ERAD system
due to overexpression of synoviolin and it was
concluded thar synoviolin could be considered as

33
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Figure 3. Development of synoviolin-based therapy for

rhematoid arthritis.

of rheumatoid arthritis.

1. Inhibition of o
synoviolin expression
2. Inhibition of synoviolin activity
3. Inhibition of the interaction
of synoviolin and its substrate
Ubiquitin
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aproteasome
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Possible pathways in which synoviolin could be targeted for the treatment

a novel therapeutic targer of RA (Figure 2). In mak-
ing synoviolin a therapeutic trget, three methods
can be considered (Figure 3).

First, overexpression of synoviolin in RSCs
could lead to the suppression of hyper-ERAD. In
order to control the amount of synoviolin, it is
important to clucidare the transcriptional regula-
tion of synoviolin. Clarification of the mecha-
nisms of transcriptional regulation of synoviolin
should allow the suppression of transcription of
synoviolin, thus avoiding a hyper-ERAD state.
The authors recently identified a crucial site for
synoviolin expression in the gmoviolin proximal
promoter, in other words, the Ets binding site,
and that the growth-associated binding protein
(GABP)-a/p complex is essential for its transcrip-
tional regulation [34). Thus, it is expected that RA
gene therapy will become possible in the future.

Second, synoviolin is an E3 ubiquitin ligase
that acts in the ERAD system, which suggests
inhibirion of its enzymaric activity. Blockade of
synoviolin enzymatic acrivity should be associ-
ated with suppression of the hyper-ERAD state.
In this regard, human synovioli
mice with a lack of enzymatic activity did not

Iressing
L3 L=
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show any phenotype, including arthritis [Unpab-
fished Dana). Therefore, there is a need to develop
synaviolin inhibitors.

Third, since synoviolin is an E3 ubiquitin
ligase, one could intercept synoviolin-substrate
interaction. Synoviolin cannot function as an
enzyme in the absence of an interaction with the
substrate. Moreover, it is conceivable thar not
only synoviolin bur also its substrare are expressed
highly or specifically in RSCs. This is supported
by the results of studies in synoviolin-overexpress-
ing mice only showing arthritis despire the sys-
emic cxpression. However, a substrare of
synoviolin has not yer been identified. Thus,
there is a need for further smdies to idenufy a
synoviolin substrate. In this regard, the authors
are currently conducting such studies using the
yeast two-hybrid system (Yumaski § o al, Zhang L er al,
Unpublished Danal. [F a specific substrate of synoviolin
in RSCs is identified, it is expected that distur-
bances of the synoviolin—substrate interaction
could be used to prevent RA flares. Moreover, itis
predicred thar this may enhance the development
of antibody therapies.

In any case, since CIA was almost completely
suppressed in syno*", further studies should be con-
ducted ro investigate the impact of approximarely
50% inhibition of the amount and/or acivity of
synoviolin. Moreover, since synovial cell ourgrowth
is a common event in RA, new drugs designed 1o
block syrovieiin expression/activity might help find
the cure of RA.

The development of a synoviolin-based marker
for the diagnosis of RA, together with the develop-
ment of drugs designed to block synoviolin expres-
sion and/or activity could perhaps allow the
identification of the disease ar an early stage and
administration of effective therapy for RA.

Conclusion

Synoviolin is an important causative factor of
RA, and our findings could open new avenues of
investigation into the pathogenesis of RA.

Future perspective

RA has 2 negative impact on quality of life.
Cywhkines released from immune cells cause
chronic inflammation and stimulate the prolifera-
tion of synovial cells that destroy bone and cartilage
of joints. However, nearly 25% of RA patients do
not respond to anticytokine or anti-inflammarory
therapies. This may be because synovial cells
acquire the antonomous proliferation ability thar
could be controlled by an ERAD-associared E3
ubiquitin ligase synoviolin. Therefore, we believe

Future Rheumndatol. (2006) 1(1)
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that our findings will help design novel therapies
for RA and expear development of selective
inhibitors of synoviolin in the future.

Morcover, bone and cartilage destruction of
joints in RA is one of the most serious terminal
symptoms, thus we are considering the possibility
of synoviolin involvement in these phenomena.
Clasification of this point is our next subject, and
we hope our rescarch will help in the establishment
of a new therapy.

-'i:t.h'eﬁ;n'atmﬁ arthritis (ﬁA} éffe:ts approximately 1% of the adult population worldwide.
+ RA Is a disease associated with generalized symptoms related to the whole body especially to painful joints.

« The burden of musculoskeletal diseases on society has been recognized throughout the world and RA is defined as one of the most
important diseases in the Bone and Joint Decade, launched by the World Health Organization in 2000 to reduce the social and
financial costs of musculoskeletal disorders to society.

» RA includes chronic inflammation of systemic joints associated with overgrowth of synovial cells, which eventually causes cartilage
and bone destruction in the joints

. C.lonlng of synoviolin from rheumatoid synovial cells ocurred using immunoscreening.
+ Synoviolin is an endoplasmic reticulum (ER)-resident membrane protein.
» Synoviolin is an E3 ubiquitin ligase associated with ER-associated degredation (ERAD).

» Synoviolin is expressed ublquniousiy hawever it is highly expressed in the rheumatold synovium

* Mice overexpressing Synovio.'rn exhlbn spontaneous arthropathy and a progressive synovial hyperplasia charactenshc of

« Reduced expression of synoviolin in mice correlated with protection from arthritis. This resistance is not due toan Impaired cytokine
response or reduced inflammatory cell infiltration, but to an increase in synovial cell apcptosns

New disease concept
= RA is an ERAD activated disease caused by by overexpress.ed synoviolin in rheumatoid synovial cells.

Acknowledgements

The authors thank all members of T Nakajima Laborutory
The authors abio thank FG lisa for the carcful reading of the
manuscripe. This work was partially financially supporied
by LocomoGene Inc., the Ministry of Health, Labour and
Welfire, the Ministry of Fducation, Culture, Sport and
Technology the Ministry of Econamy, Trade and Industry
the New Energy and Indwirial Technology Development
Orgunizatian, the Onganization for Phermacewtical Sefey
and Research and the Japan Rheumatiom Foundation.

Bibliography

Papers of special note have been highlighted as

6 Tak PP, Bresnih

sl

B: The path

prevention of joint damage in rheumaroid

radiological cfficacy. Ans. Rbeum. Dic
61{Suppl. 2), H67-1i69 (2002).

either of interest (*) or of considerable interest (==) arthritis: advances from synovial biopsy 12.  ‘Edirory’ choice’ Seience 302, 199 (2003).

1o readers. and rissue analysis, Arthritic Rheum. 13, Goto M, Samano M, Yamanaka H e all:

1 Harris ED: Rheumatmid arthritis. 43, 2619-2633 (2000). Sponmneous production of an inrerleukin-
Pathophysiology and implications for 7. Hofbauer LC, Heufelder AF: The role of 1-like facror by cloned rheumatoid synovial
therapy. N. Engl|. Med. 322, 12771289 protegerin and recey ivator of cells in long-rerm culture. /. Clin. favest.
(1990). nuclear fctor xB ligand in the pathogenesis B0, 786-796 (1987).

1. Feldmann M, Brennan FM, Maini RN: and treatment of theumatoid arthritis. 14. Gow M, Okamoro M, Sasano M et al:
Rheumatoid arthris. Cell 85, 307-310 Antbritic Rbeum. 44, 253-259 (2001). Adherent synovial cells from

(1996). 8  Rehman Q, Lane NE: Bone Joss. nonrheumatoid arthritis do not release
3. Schen G, Tohidast-Akrad M. Seciner G, Therap pproaches for p ing bone interleukin-1p and p glandin E2
Smolen J: The stressed synovium, Arthriric loss in infl y arthritis. Arthritis Rev. spontancously in long-term culture.

Rex. 3, B0-86 {2001).

4. Aarvak T, Narvig | B: Cell-cell interactions in =~ 9.
synovitis: antigen-presenting cells and T-cell
interaction in rheumatoid arthritis. Artbritis 10
Ra. 3, 13-17 (2001).

5. Arend WP: Physiology of cymkine pathways
in rheumatoid arthritis. Arthritis Rhewm. 1,

45, 101-106 (2001).

3, 221-227 (2001).

therapeutic usc- Ann. Rheum. Dis.
59 Suppl. 1), i46—i49 (2000),

rheumatic disease: clinical and

www futurerneadicine.com

125 -

Szekanecz Z, Koch AE: Update on synovits. 15,
Curr. Rbeumatol Rep. 3, 53-63 (2001).
Green GS: Eranercept (enbeel): updare on

Clair EWS; Infliximab treatment for

J. Rhewmatol 17, 1299-1302 (1990).
Kimjima I, Yamamoto K, Sato K o al:
Detection of human T-cell lymphotropic
virus Type | proviral DNA and its gene
expression in synovial cells in chronic
inflammatory arthropathy. J. Clin. Invest.
88, 1315-1322 (1991).



RESEARCH FOCUS - Yagishita, Yamasaki, Nishioka &

2

n

13,

& Nokajima

Iwakura Y. Tosu M, Yoshida E er af: 24, Ron D Translanonal conwol in the 32 Jana NR, Zemskov EA, Wang GH eral:
Induction of infl y arthropathy doplasmic reticulum stress resp Altered proteasomal function due to the
bling th id arthritis in mice J Clin. Inven. 110, 13831388 (2002). pression of polygl i panded

transgenic for HTLV.L Science 25. Zhang P, Kaufman R]: Signaling the w d N-terminal b gun induces
253, 10261028 (1991). unfolded protein response from the apoptosis by caspase acuvation through
Nakajima T, Aono H, Hasunuma T e al.: endoplasmic reticulum. /. Biol Chem, mitochondrial cytochrome c release. Hum
Owvergrowth of human synovial cells 279, 25935-25938 (2004). Mol Gemer. 10, 1049-1059 (2001).
driven by the human T-cell leukemia virus 26  Swanson R, Locher M, Hochstrasser M: A 33, Iman Y, Soda M, Takahashi R: Parkin
Type | tax gene. J. Clin. Inpest. conserved ublqultln hp: of the nuclear suppresses unfolded protein srress-
92, 186-193 (1993). envelope/| lum that induced cell death through ies E3
Aono H, Fujisawa K, Hasunuma T, functions in lsuth ER-assoctated and ubiquitin-protein ligase activity. /. Biol.
Marriote 5], Nishioka K: Extracellular Mata2 repressor degradation. Genes Des, Chem. 275, 3566135664 (2000).
human T-cell leukemia virus Type | rax 15, 2660-2674 (2001). 34 Teuchimochi K, Yagishira N, Yamauli §
protein srimulates the proliferation of 27, Hampron RY: ER-msociared degradarion rt al: Identification of a crucial sive for
human synovial cells. Arthritis Rheum. in protein qualiry control and cellular synoviolin expression. Mol Cell Biol.
A1, 1995-2003 (1998). regulation. Curr. Opin. Cell Biol 25, TH4-7356 (2009).
Amano T, Yamasaki §, Yagishira N ¢r al: 14, 476482 (2002),
Synoviolin, an E3 ubiquirin ligase, as a *  Demonstrates understanding of the quality  Affiliations
novel pathogenic factor for arthropathy control of proteins, v Naoke Yagivhita
Genes Dew. 17, 2436-2449 (2003). . Kancko M, Ishiguro M, Niinuma Y ot al: St Mar. University School of Medici
Bays NW, Gardner RG, Seclig LI, Human HRD1 proteces against ER stress- Departmens of Genome Science, Institute of
Joazeiro CA, Hampron RY: induced apoposis through ER-associared Medical Science, Kawasaki, Kanagawa, fapan
Hrd1p/DeR3p is a membrane-anchored degradation, FEBS Lat. 532, 147-152(2002).  + Satodhs Yamarak:

biquitin ligase i for ER jated 29, Kikkere M, Doolman R Dai M eral: St Mari, University School of Medici
degradation. Nature Cell. Biel 3, 24-29 HummHRlemE)uhquinnhpn Dep of Ge Science, Institute of
(2001). bved in degrad of proteins from the Medical Science, K ki, Kanagawa, Japan
Yagishita N, Ohneda K, Amano T er al: endoplasmic mimium.}. Biol Chem. o Kumki Nishipka
Essential role of synoviolin in 279, 3525-3534 (2004). St Marianna Univensity School of Medicine,
embeyogenesis. [ Biol Chem. 30.  Bence NF Sampar, RM, Kopito RR: Rbewmatology. Immunology and Genesicy
280, 7909-7916 (2005). Impai of the ubiquitin-p Program, Invtitute of Medical Science, Kawaaki,
Bordallo J, Plemper RK. Finger A, system by protein aggregation. Scence, Kanagaws, Japan
Wolf DH: DeR3p/Hrd 1p is required for 1552-1555 (2001). * Toshibire Nakajima. MD, PhD
endoplasmic reticulum-associated *  Considers the relationship b the Si Mari University School of Medici
degradation of misfolded | | and biguiti system and di De afﬁum&tmfmurf
integral k protcing. Mol Biol. EiB I-hulzyuhiM.lnuneK Tanaka K et al: MMSdm,J—J‘S—!SA@mM)tmh
Cell 9, 209-222 (1998). VCP/p97 in abnormal protein aggregates, Kawasaki Kanagawa 216-8512, Japan
Welihinda AA, Tirssophon W, Kaufman RJ: cyroplasmic vacuoles, and cell deach, Tel: +81 44 977 8111;
The cellular response to protein misfoldi phenotypes rel o degy i Fax: +81 44 977 9772;
in the endoplasmic reticulum. Geme Expp Cell Death Differ. 8, 977-984 (2001). nakashit@mariana-w.ac jp
7, 293-300 (1999),

_l%_

Future Rheumatol. (2006) 1(1)



———

BBRC

www elsevier. com/locate/ybbre

Available online at www.sciencedirect.com

-cuucu@nmnc'r-

ns 340 (2006) 125-133

Biochemical and Biophysical R h Ce

The nuclear import of RNA helicase A is mediated by importin-o3

Satoko Aratani *', Takayuki Oishi ™', Hidetoshi Fujita *, Minako Nakazawa *,
Ryouji Fujii *, Naoko Imamoto °, Yoshihiro Yoneda
Akiyoshi Fukamizu ®, Toshihiro Nakajima **

* Department of Genome Science. Institute of Medical Science, St. Marianna Unwersity School of Medicine, 2-16-1 Sugao, Kawasaki,
Kanagawa 216-8512, Japan
b Center for Tsukuba Advanced Research Alliance, Graduate School of Life and Environmenial Sciences, University of Tsukuba, 1-1-1 Temnoudai.
Tsukuba, lbaraki 305-8572, Japan
< Cellular Dynomics Laboratory, Discovery Research Institute, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198. Japan
4 Department of Frontier Biosciences, Graduate School of Frontier Biosciences, Osaka University, 2-2 Yamada-oka, Swita, Osaka 565-0871, Japan

Received 22 November 2005
Available online 7 December 2005

Abstract

RNA helicase A (RHA), an ATPase/helicase, regulates the gene expression at various steps including transcriptional activation and
RNA processing. RHA is known to shuttle between the nucleus and cytoplasm. We identified the nuclear localization signal (NLS) of
RHA and analyzed the nuclear import mechanisms. The NLS of RHA (RHA-NLS) consisting of 19 amino acid residues is highly con-
served through species and does not have the consensus classical NLS. In vitro nuclear import assays revealed that the nuclear import of
RHA was Ran-dependent and mediated with the classical importin-a/B-dependent pathway. The binding assay indicated that the basic
residues in RHA-NLS were used for interaction with importin-a. Furthermore, the nuclear ymport of RHA-NLS was supported by
importin-al and preferentinlly importin-a3. Our results indicate that the nuclear import of RHA is mediated by the importin-a3/impor-

tin-p-dependent pathway and suggest that the specificity for importin may regulate the functions of cargo proteins.

© 2005 Elsevier Inc. All rights reserved.

Keywords: RNA helicase A; Nuclear localization signal; Importin

RNA helicase A/nuclear DNA helicase 11 (RHA) was
isolated as a human homologue of Drosophila maleless
(MLE) involved in sex-specific gene dosage compensation
of fruit fly [1-3] It belongs to the DExH family of ATP-
ase/helicase and unwinds both double-stranded DNA
(dsDNA) and RNA (dsRNA) [4,5] RHA contains several
functional domains. The amino terminus has two double-
stranded RNA-binding domains (dsRBD1 and dsRBD2).
The catalytic core domain, containing seven well-conserved
motifs and ATP binding site, is located within the central
region. The minimal transactivation domain (MTAD) is
next to the ATP binding site and the carboxyl terminus

* Corresponding author. Fax: +81 44 977 9772
E-mail address: nakashit@martanna-u.acjp (T. Nakajima).
! These authors contributed equally to this work.

0006-291X/S - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.10164.bbre.2005.11.161

contains glycine-rich single-stranded nucleic acid-binding
domain (RGG) [6,7)

RHA displays various functions at several stages of gene
expression. For example, it is involved in transactivation in
an ATP-dependent manner and/or functions as a bridging
factor [8). We showed previously that RHA mediates the
recruitment of RNA polymerase 11 (Pol II) through
MTAD to cAMP-responsive element binding protein
(CREB)-binding protein (CBP) and enhancement of
cAMP-mediated transcriptional activation [6] RHA also
mediates various transactivation, such as BRCAI [9], the
activation function | domain of mineralocorticoid receptor
(MR) in a ligand-selective manner [10], and nuclear factor
xB (NF-xB) [11]. In addition, recent studies showed that
RHA directly binds to promoters such as the cis-acting
transactivation response element (TAR) of HIV-1 [12]
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the pl6INK4a promoter [13], and multidrug resistance gene
(MDRI1) via MEF1 [14]. These studies indicated that RHA
has important roles in the transcription of several genes.

RHA localizes predominantly in the nucleus. [t is also
known that RHA is a shuttling protein and regulates the
gene expression in the cytoplasm. In the nucleus, RHA plays
roles in post-transcriptional regulation. It is included in
spliceosome and involved in the processing of transcripts
[15). Furthermore. it promotes the viral gene expression
and the export of the constitutive cytoplasmic transport ele-
ment (CTE) containing viral mRNA. Thus, the transloca-
tion of RHA between the nucleus and cytoplasm seems to
be regulated in a transeription-dependent manner [16,17].
In the cytoplasm, RHA is reported to relate with translation.
These studies indicate that RHA plays a common role in the
expression of a wide variety of genes at various steps.

The transport of proteins between the cytoplasm and the
nucleus occurs through nuclear pore complexes (NPCs) in
the nuclear envelope. These proteins contain specific
sequences, the nuclear localization signal (NLS), required
for the nuclear import. SV40 large T-antigen (T-NLS)
and nucleoplasmin have the classical NLSs and are well
analyzed. They contain one or more clusters of basic amino
acids, particularly lysine, which are important for their
activity. Other types of NLSs have also been identified such
as M9 sequence of heterogeneous nuclear ribonucleopro-
tein (hnRNPj Al, which bears no sequence similarity to
classical NLSs [18,19].

The nuclear import of classical NLSs is mediated by a
heterodimeric receptor complex composed of importin-a
and -f. Importin-« is responsible for binding to the NLS,
while importin-B mediates binding of the transport com-
plex to the NPC. Importin-a interacts with importin-p
through its N-terminal importin-p-binding (IBB) domain,
is rich in basic amine acids, and functions as an adapter
molecule [20,21]. In addition to the import receplors, a
small GTPase Ran is required for nuclear import pathway.
In the cytoplasm, the GTPase-activating protein (Ran-
GAP) hydrolyzes GTP bound with Ran to GDP and
Ran-GDP rapidly is imported into the nucleus. The nuclear
Ran is created by asymmetric distribution of regulatory
factors for Ran. The nuclear exchange factor RCC1 (Ran
GEF) promotes the exchange of Ran-GDP to Ran-GTP.
Ran-GTP binds to the import receptor at the nuclear side
of NPC and causes the dissociation of the NLS-import
receptor complex [22-24].

Only one gene coding for importin-f has been identified.
In contrast, six isoforms of importin-o have been identified
in human cells, whereas there is one importin-a gene in
Saccharomyces cerevisiae, The importin-a isoforms are
classified into three groups based on their sequence homol-
ogy. The first group contains importin-a1/Rchl. Although
importin-a2 has similarity with importin-al, it is found in
Xenopus laevis and other vertebrates but not in mammals,
The second group has importin-a3/Qip! and a«4/hSRPly,
and they have 85% sequence identity. The third group con-
sists of importin-aS/NPI-1, w6, and a7, which has 80%

homology. Although there are differences in their expres-
sion levels, almost all importins are expressed ubiquitously.
Previous studies showed that members of the importin-o
family have different substrate specificities [25-27]

Previous study reported that the transport of RHA is
mediated by the domain of 110 amino acids at its C-termi-
nus (termed NTD for nuclear transport domain), and that
the import and export activities of this domain can be sep-
arated. It is also suggested that the nuclear import of NTD
is importin-o/B-dependent [16]. Moreover, it is reported
that methylation of NTD by protein arginine methyltrans-
ferase | (RPMTI) regulates the import of RHA [28]. How-
ever, the involvement of importin-a and -B has neither been
demonstrated in binding studies nor in vitro nuclear import
assays. For further understanding of the nuclear import of
RHA, we identified in the present study the NLS of RHA
and characterized its nuclear import mechanisms.

Materials and methods

Transfection. Forinvivoexpression experiments, Hela cells were seeded
onto 14-mm” square coverslips and incubated for 24 h before transfection,
Transfections were performed by using FuGENE 6 reagent (Roche Diag-
nostics) with 0.5 pg of each construct, according to the protocol provided by
the manufacturer, Cells were incubated for 24 h after transfection, washed
three times with PBS, and fixed with 3, 7% formaldehyde in PBS for 15 minat
room temperature, Afier removal of formaldehyde, cells were washed with
PBS and water, then the coverslips were mounted and analyzed by TCS4D
confocal laser microscopy system (Leica).

Construction of plasmids The plasmids encoding the enhanced green
fluorescent protein fusion protein (PEGFP-RHA) were constructed by
inserting the RHA, lragments into pEGFP-C2 (Clontech Laboratories). The
fragmentsof RHA L, 2, 3, und 4 regions were obtained from pGEX RHAL 2,
3, and 4 [R], respectively, and inserted into pEGFP-C2. To create the
expression plasmid encoding the EGFP-pyruvate kinase (PK) fusion pro-
tein, the fragment corresponding to the PK sequence was generated by PCR.
The pyruvate kinase fragment was inserted into pEGFP-C2 and named
pEGFP-FK. To generate the deleti the fragr were gener-
ated by PCR and termed RHA 4b, RHA C4, RHA N2, RHA NC2. and
RHA NC4, respectively, These frag were subcloned into pEGFP-PK.
For jonal analysis, substi of arginine or lysine with alamine were
introduced into the RHA4b region by sequential PCR steps. The plasmids
encoding GFP-RHA R1160A, K1163A, und R1166A were constructed by
inserting the fragments of RHA derived from pEGFP-RHA and the cor-
responding mutated RHA4b fragments into pEGFP-CL

For glutathione S-tronsferase pull-down assay, the fragments of
deletion mutants and point mutated RHA were inserted into the bacterial
expression vector pGEX-5X-1 (Amersham Biosciences). The control
plasmids GST-M9-GFP and GST-T-NLS-GFP were described previously
[29] To generate pGEX-5X-1-GFP for import assay, the coding sequence
of EGFP was amplified by PCR and inserted into pGEX-5X-1. For GST-
RHA-NLS-GFP, a PCR fragment corresponding to RHA-NLS was
inserted into pGEX-5X-1-GFP and pGEX-5X-1, To express the bioti-
nated importin proteins as probes, importin=al and importin-f fragments
were oblained [rom pGEX-2T-PTACSS (30] and pGEX-2T-PTAC 97 [31]
respectively. Fragments of other importin families were generated by RT-
PCR. These fragments were subcloned into PinPoint-Xa-3 (Promega).

Expression and purification of recombinant proteins. GST fusion pro-
teins were expressed in Escherichia coli (E coli) strain BL21 (DE3) and
purified with glutathione-Sepharose beads (Amersham Biosciences), using
the instructions provided by the fact To prep import
substrates for the in vitro import assays, purified GST proteins were eluted
from beads and concentrated The eluted proteins were purified with
Sephadex 75 (Amersham Biosciences), For in vitro import assay,
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expression and purification of recombinant importin-as and importin-fi
proteins were performed as desenbed previously [32] The recombinant
wild type and G19V Ran were expressed, purified, and charged with GDP
and GTP, respectively, as described previously [29] As probes for the
binding assay, importin-as und - were expressed and labeled with biotin
in E coll The cells were suspended into lysis buffer (20 mM Hepes, pH
7.3, 500 mM NaCl, | mM EDTA, | mM DTT, and | pg/ml of aprotinin
leupeptin, and pepstatin A). The lysates were centrifuged to remove cell
debris and used for probes

In vitro import assay. Nuclear import assays were performed essentially
as described previously [33,34) Total cytosol from Ehrlich ascites tumor
cells was prepared as described previously. For the competition experi-
ments, hiotinylated BSA, which was chemically coupled to a synthetic
peptide containing the T-NLS (T-BSA) [34] and recombinant 1BB [35]
was prepared as described previously and added to the reaction mixtures
as an unlabeled competitor

Pull-down assay. The bacterial lysates containing biotin-tagged
importin-ot and -P were diluted fivefold with Probe dilution buffer (20 mM
Hepes, pH 7.3, | mM EDTA, | mM DTT, 0.0625% Tween 20, 6.25%
glycerol, and protease inhibitors), The diluted bacterial lysates were pre-
cleaned by incubation with GST bound to glutathione-Sepharose beads in
binding buffer (20mM Hepes, pH 7.3, 100mM NaCl, | mM EDTA.
| mM DTT, 0.05% Tween 20, 5% glycerol, and protease inhibitors) for | h
at 4 °C. After centrifugation, supernatants were incubated with 2 pg of
GST fusion protemns immobilized on glutathione-Sepharose beads for 4 b
at 4 °C. At the end of incubations the beads were washed four times with
binding buffer and bound fractions were separated by SDS-PAGE
Recovered importin-as and -f were detected by using streptavidin con-
jugated with horseradish peronidase (HRP) {Amersham Biosciences).

Result
NLS of RHA consists of 19 amine acids

It is reported that RHA contains the bidirectional nucle-
ar transport domain in its C terminal region. The region

A i
RHAL
HHAZ
RHAS
RHA4

KHAda
RHA4N
HHAA4D

RHAANLS

RAA &
T e RLAL L
RITASH 11 [ | I I
Q w[
»2 10 [l I I Mo

Nez s e
NCH L — ]

includes 110 amino acids mapped to 1150-1259 [16}. To
understand further the nuclear import mechanism of
RHA, we identified the minimal sequence necessary for
the NLS activity. A series of deletion mutants were con-
structed and expressed as GFP fusion proteins im HeLa
cells (Fig. 1A). The C terminal region of RHA which com-
prises |138-1270 amino acids and contains NTD (RHA
4b) was localized in the nucleus, while the mutant which
has the region between 1155 and 1172 deleted (RHAA4b)
was localized in the cytoplasm (Fig. 1B). As indicated in
previous studies, this region has nuclear import activity.
To identify the minimal region required for nuclear
import of RHA, we generated another series of deletion
mutants of RHA 4b. The mutants were termed RHA C2
(aa 1138-1173), N2 (1173-1270), NC2 (1155-1222), and
NC4 (1155-1173) (Fig. 1C). To prevent the nuclear entry
by passive diffusion, mutants were expressed as a fusion
protein with GFP-pyruvate kinase. PK has been used as
a reporter protein for NLS identification because it is nor-
mally located in the cytoplasm and can localize to the
nucleus when attached to a functional NLS. As shown as
Fig. 1D, GFP-PK was localized in the cytoplasm. Three
mutants containing the NC4 region accumulated in suffi-
cient amounts in the nucleus, while RHA N2 was localized
in the cytoplasm. To test the importance of the NC4 region
in the context of full-length RHA, NC4 region was deleted
and monitored for the effect on GFP-RHA localization.
This mutant deleted the NC4 region from RHA full length
(RHA ANLS) as well as RHA Ad4b showed cytoplasmic
localization (Fig. 1B). These results indicate that the region
extending from amino acid 1155 to 1173 is required for

RHA

GFP-PR RHAIN [

NI NC2T NCa

RIAAMD RHAANLS

Fig. 1. NLS of RHA (RHA-NLS) consists of 19 amino ncid residues. (AC) Schematic representation of RHA and deletion mutants fused to the
C-terminus of GFP. Relative position of individual domains of RHA, Solid boxes indicate the functional domain, the N-terminal double-stranded RNA
binding domain (dsRBD), transactivation domain, central core helicase domain (1-V11), and C-terminal RGG box (B,D), Fluorescent microscopy of wild
type (wt) and deletion mutants of RHA expressed in HeLa cells as GFP-fusion proteins
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nuclear localization of RHA. The NC4 region consists of

19 ammo acids and does not include RGG motifs, Tt has
no significant similarity to other known NLSs such as the
classical monopartite NLS, bipartite NLS or M9

3

hnRNP Al (Fig. 2)
Nuclear import of RHA is mediated by importin-2/f§ complex

Itis r-cpnrlcd that the nuclear import of RHA competes
with NLS
RHA 1s mediated by importin o/} pathway [16]. To char-
acterize the nuclear mechanism RHA-NLS
through importins. we performed the nuclear mport
assays in digitonin-permeabilized HeLa cells. As a trans-
port substrate, we constructed and purified a fusion pro-
tein that comprised RHA-NLS between GST and GFP
l'o compare the nuclear import pathway of RHA-NLS

import of

RHA-NLS

T-NLS

M9

of

peptide, suggesting that the nuclear import of

G119

i Lo 140 | 2K

125-113

with those of other known NLSs, T-NLS, and MY fused
to GST-GFP were used as controls. The nuclear import
of T-NLS is mediated by importin-o/f and that of M9
is mediated by transportin. As shown in Fig. 3A,
RHA-NLS, T-NLS, and M9 substrates all failed to effec-
tively the nuclet when buffer
(panels a, f, and k). The addition of cytosol as
of the soluble import factors resulted in efficient nuclear
entry ol all three substrates (panels b, g, and I}, Next, to

enter incubated mn alone

a4 source

test the involvement of
RHA-NLS, we used Ran mutant (G19V Ran) which lacks
GTPase hydrolysis activity
import pathways mediated by importin-p family. Addition
of GI9V Ran-GTP markedly inhibited the nuclear
mulation of all three substrates (panels c, h. and m). These
results indicate that the nuclear import of RHA-NLS uti-
lizes Ran-dependent pathway and requires soluble factors
l'o determine the contribution of nuclear import receptors
for the import of RHA, known to block
importin-z- and -f-mediated nuclear import pathways
were used in the import assays. A synthetic T-NLS pep-
tide chemically to bovine serum albunun
(T-BSA) is known to bind directly to importin-z and com-
petitively inhibit the nuclear import of classical NLSs. The
N-terminus of importin-a containing IBB domain inhibits
importin-pf-dependent nuclear import by saturating the
mmportin-2 binding site of importin-f. Consistent with

Ran in the nuclear import of

and inhibits several nuclear
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B _INPUT
n
B o wAIBE_ atP  aAIBB P
i 9= o w "
5§18 Z = = 3 =
§33. 1 nk 4B 4B L F
A ApE S 2 Yt o e =
e EEE-REE-E AR RS R
= = =0 20 F 320 =020 Rx
—— -4
- - - a
o -—3“““
-

Fig. 3. RHA-NLS is transported into nuclei of digitonin-permeabilized cells. (A) In vitro nuclear import assay. Digitonin-permeabilized HelLa cells were
incubated with a reaction mixture containing an ATP regeneration system, each import substrate (GST-T-NLS-GFP, GST-RHA-NLS-GFP, and
GSTM9-GFP), and/or indicated effectors, a cytosol (cytosol), cytosol and G19Y Ran-GTP (G19Y Ran), cytosol and of 1BB (IBB), cytosol and of T-BSA

(TBSA). (B) Pull-down assay with GST,
importin-§

GST-RHA-NLS or GST-T-NLS-GFP was performed using biotinated importin-a, importin-a

130

*AIBB and



5 Aratani et al. | Blochemical and Biophysical Research Communications 340 (2006) 125133 129

previous reports, the nuclear import of T-NLS was mark-
edly inhibited in the presence of excess amount of T-BSA
and IBB (panels i and j) while that of M9 was not affected
(panels n and o). The nuclear accumulation of RHA-NLS
was abrogated by IBB but not by T-BSA (panels ¢ and f).
These results suggest that the nuclear import mechanism
of RHA-NLS is importin-B-dependent.

To determine whether the RHA-NLS region directly
interacts with importin complex, pull down assay was per-
formed. As a probe, GST-NLS expressed in bacterial cells
were incubated with biotinated importin-a or -f5. As shown
as Fig. 3B, RHA-NLS interacted with importin-o/f com-
plex but not with only importin-a alone, whereas T-NLS
interacted with importin-a and importin-o/f complex. It
is known that the 1BB domain has autoinhibitory activity
for nuclear import. The IBB domain interacts with its
ARM domain which is a binding domain of the NLS of
cargo protein. This interaction prevents importin-a to form
a complex with cargo proteins and its inhibition is released
by interaction of importin-a and -f [36]. To confirm
whether the interaction between importin-a and RHA-
NLS is inhibited by the autoinhibitory mechanism, impor-
tin-a lacking IBB domain (importin-«AIBB) was used as a
probe for pull-down assay. RHA-NLS bound with impor-
tin-aAIBB but not with importin-ae. These results suggest
that RHA-NLS and importin-x could form a nuclear
import complex.

Basic residues in RHA-NLS are important for nuclear
import and interaction with importin complex

Although the amino acid sequence of RHA-NLS is
unique to RHA homologues, they have basic amino acids
as known in the classical NLSs. Previous studies indicated
that certain basic amino acids in RHA-NTD are important
for the nuclear import of RHA. Mutations were introduced
into full-length RHA and the mutants (RHA RI160A,
K1163A, and R1166A) were expressed as GFP fusion pro-
teins in HeLa cells (Fig. 4A). The mutant RI1160A was
localized in the nucleus, whereas K1163A was localized
in the cytoplasm. The mutant R1166A was localized in
both the nucleus and cytoplasm, although the extent of
nuclear accumulation was significantly lower (Fig. 4B).
As described in previous studies [16], it is consistent that
the two basic residues (K1163 and R1166) are important
for the nuclear import activity of RHA-NLS and that
K1163 is particularly essential. To test whether the basic
amino acids are required for the formation of complex with
importin-a and -B, we performed in vitro binding assays
using each mutant of RHA-NLS fused to GST. As
described previously, the wild type RHA-NLS bound to
importin-a and -f. The mutant R1160A interacted with
the importin complex similar to the wild type, whereas
the mutant R1166A bound weakly and K1163A bound at
a level similar to that of GST alone (Fig. 4C). These results
emphasize the importance of the basic residues for complex
formation of importin-« and .

A RHA NLS WT 115 YGDGPRPPKMARYDNGSGY um

R160A YGDGPAPPEMARYDNGSGY
Ki163A YGDGPRPPAMARYDNGSGY
R1166A YGDGPRPPKMAAYDNGSGY

R1160A

Ki163A
LY GST-RHA db

-
E & gd
Z 8 E Z

R1160A

K1l

-

.——_.
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Fig 4. Alanine substitution of basic residues in RHA-NLS reduces its
nuclear migration. (A} Amino acid sequence of RHA-NLS, The mutated
three basic residues are indicated by the shaded box. { B) The contribution of
basic residues for nuclear import. Full-length RHA and mutant RHAs
(RI160A, K1163A, and R1166A) were expressed as GFP-fusion in HeLa
cells. (C) Pull-down assay with mutant RHA. RHA 4b with each
substitution fused to GST was incubated with biotinated importin-a1 and f3

Importin-al and a3 mediate the nuclear import of RHA

Six importin-as have been identified in human cells, and
they are classified into three subfamilies, termed importin-
al, o3, ad, af, ab, and o7 [27]. We examined the types of
importin-a isoforms involved in the nuclear import mecha-
nism of RHA. First, to determine whether RHA-NLS
interacts with importin-al, a3, a4, a5, and o7, pull-down
assays were performed using biotinated importin-as and -
P expressed in E. coli as probes. Importin-al, a3, and a4
bound efficiently to RHA-NLS, whereas importin-a3
bound weakly and importin-a7 did not bind (Fig. 5A).
The basic residues in RHA-NLS which were important
for interaction with importin-al had roles for interaction
with importin-23 (data not shown). Next to confirm the
specificity of the interaction of RHA-NLS with importin-
as, we carried out in vitro import assays with recombinant
transport factors. RHA-NLS and T-NLS substrates were
combined with recombinant Ran, importin-p, an ATP-re-
generating system, and/or purified importin-as. As shown
in Fig. 5B, incubation without any importin-x failed to
induce efficient nuclear import of both substrates. All
importin-x isoforms stimulated the nuclear import of
T-NLS. For RHA-NLS, importin-a3 showed the best stim-
ulation of the nuclear import and importin-a| displayed a
somewhat weaker effect. Interestingly, importin-ad, a5 or
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a7 did not induce nuclear accumulation of RHA-NLS sub-
strate. This was not due to inappropriate preparation of
recombinant importin proteins based on the finding that
T-NLS was efficiently imported by the addition of these
proteins, These results indicate that the nuclear import of
RHA is preferentially mediated by importin-«3.

Discussion

In this study, we identified the minimal region of the
RHA that is important for its nuclear localization. The
NLS of RHA s located at amino acid residue 11551173
and consists of 19 amino acids (Fig. 2). RHA formed a
nuclear import complex through this region with impor-
tin-ct and the translocation was mediated by importin-a/fj
and small GTP-Ran. In this process, importin-a3 was pref-
erentially used for the nuclear import of RHA among six
importin-a subfamily members. The 19 amino acid stretch
has a few basic residues and the particular residues are
important for the interaction with importin complex and
the nuclear import of RHA.

It is reported that the NTD comprising |10 amino acids
from 1150 to 1250 is essential for the nuclear import and
the export of RHA. With regard to nuclear import, it has
been indicated that the N terminal hall of NTD containing
71 amino acids between 1150 and 1220 is more important,
and that the region can transfer into the nucleus [16,28].
The 19 residues identified in the present study are part of
the 71 amino acids of NTD and the minimal region for
the nuclear import. These results are consistent with previ-
ous reports. Furthermore, it is reported that the NTD of
RHA is methylated by PRMT1 and the methylation is nec-
essary for the nuclear import mediated by this 110 amino
acid stretch [28). Some proteins. such as heterogeneous
nuclear nbonucleoproteins A2 (hnRNP A2) and RNA-
binding protein Samé8, are known to have PRMT l-meth-

Fig. 5. Qupl preferentinlly binds to RHA-NLS. (A) Pull-down assays of recombinant importin isoforms. RHA-NLS fused to GST was incubated with
each importin-a, importin-p. (B) In vitro import assay with importin-a isoforms in digitonin-permeabilized Hela cells

ylated the arginine residues in the RGG domain, and such
methylation regulates the translocation [16,37]. However,
the relationship between methylation and nuclear import
15 still not clear. It is thought that the methylation could
affect protein interaction. The RHA-NLS region is located
next to the RGG domain and does not contain any RGG
motifs, although NTD has four RGG motifs. These results
suggest that NTD could be divided into two functional
regions, the N-terminal for the formation of the import
complex and C-terminal for regulation. Methylation in
the C-terminal half of NTD may induce conformational
change or dissociation from inhibitory factors. These
changes may enable the RHA-NLS in the N terminal half
of NTD to recruit with importin-a.

The nuclear import of cargo proteins with these classical
NLSs utilizes various members of the importin-p families
[23]. With regard to RHA-NLS, it has been suggested that
the nuclear import is mediated by importin-o/f pathway.
Although RHA-NLS directly interacted with importin-=,
T-NLS peptide did not compete with RHA-NLS in the
nuclear import assay (Fig. 3), While the exact reason for
this phenomenon is not clear, several mechanisms could
be postulated. One is differences of affinities between
NLS and importin-a isoforms. It is reported that impor-
lin-u1 and a5 have binding activities for a wide variety of
NLS sequences, while importin-u3 exhibits specificity for
certain NLSs [38], Furthermore, it is known that the
expression  patterns of importin-a  subfamilies are
tissue-specific and are changed in the differential stages.
The binding specificity can be affected by abundance of
nuclear import receptors. It is reported that the UlA
splicesome protein has two import mechanisms. ULA is
translocated through importin-a/B-dependent and cytosol
independent pathways. It is suggested that the latter path-
way might be negatively regulated under ordinary condi-
tion [3940]. RHA also interacts with various molecules
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and has functions in cells. These reporis allow us to specu-
late that nuclear localization mechanisms and the efficiency
of the interaction between importin-a and cargo proteins
are regulated in the cell type- or signal-dependent manners.
These differences in binding specificity may prevent T-NLS
from competing with RHA-NLS. The second mechanisms
may be related to difference in nuclear import pathway
using importin-a/f. NLS interacts with the ARM domains
in importin-c. It is known that two T-NLS peptides can
bind with each pocket in the ARM domain in vitro binding
assay [41]. It is possible that T-NLS and RHA-NLS inter-
act with the different pockets in importin-a. These issues
can be addressed by probing the structure of the nuclear
import complex.

In the nuclear import process, the two types of classical
NLS sequences have been well-analyzed, These sequences
are classified into two major groups depending on the num-
bers of their charged clusters, One is a monopartite
sequence with a single consensus motif of basic residues
like SV40 T-antigen. The other is a bipartite sequence with
two clusters of basic residues with a spacer region like
nucleoplasmin. The NLS of RHA which consists of 19 ami-
no acid residues has some basic residues, but it is not con-
sistent with either monopartite or bipartite NLS, basic-
basic-X-basic [42]. Comparisons of the amino acid align-
ment of the NLS sequences show that the RHA-NLS has
similarity to that of Ran Binding Protein 3 (RanBP3).
Mutational analysis of the NLS of RanBP3 indicated that
substitution of the first amino acid in the basic cluster
(lysine at amino acid 52) leads to a small nuclear localiza-
tion and that loss of the double basic residues completely
blocked the translocation [43]. In the case of RHA, it has
three basic residues and a lysine residue at amino acid
1163 corresponding to lysine at 52 of RanBP3 which is
the most important. The next residue of K52 that has only
slight effect in RanBP3 is not a basic residue {methionine)
in RHA (Fig. 2). RanBP3 NLS also has similarity with ¢-
Myc NLS [4344] These results suggest that they could
form the same group of NLS.

Our results indicated that the RHA-NLS uses importin-
al and a3, especially a3 for the nuclear import (Fig. 5).
importin-a consists of six isoforms classified into three sub-
groups. Most cargo proteins, such as SV40 T-antigen,
hnRNP K, PCAF [45], and mCRY?2 [46], are imported into
the nucleus with some efficiency for all importin-a2 mem-
bers. On the other hand, some substrate proteins have
the specificities for each importin-« isoform. For example,
STATI [47] and thioredoxin-binding protein 2 (TBP-2) [48]
are imported via interaction with importin-al or aS.
Importin-a3 with which RHA interacts preferentially is
also used by other proteins. It was originally isolated as
an interactant with DNA helicase Q1/RecQL [49]. STAT3
[50] and RanBP3 [43] have the monopartite of NLS
sequences and RCC1 [17,45,51] and mCRY2 [46] have
the bipartite NLSs, Their factors are imported into the
nucleus using importin-ee3. The NLSs of RHA and Ran-
BP3 specifically use importin-«3 for the nuclear import,

whereas that of ¢-Myc does not. The consensus motifs
for each importin-a isoforms are unknown. Structural
analysis of the cargo proteins could clanfy these regulation
mechanisms.

Recent studies suggested the mvolvement of importin-a
isoforms in cell-specific functions. Most importins are
expressed n several types of tissues except importin-ab
which is limited to the testes [17,25], The expression levels
of importin-u are regulated in cell-spealfic or signal-depen-
dent manners [52]. For example, importin-a3 is strongly
detected in the testes, ovaries and small intestine. Downreg-
ulation of importins with small interfering RNAs (siRNAs)
revealed that importin-a3 could control cell proliferation
and apoptosis [45]. In HL60 cells, the expression levels of
each isoform of importin-a are affected during the differen-
tiation stage [52]. Genetic analysis of Drosophila melano-
gaster and Caenorhabditis elegans also showed that the
germ cells use specific importin isoforms and the individual
importins cannot rescue the functions of others [27,53]. For
example, Drosophila homologue of importin-a3 (Da3) has
a more important role in development, and Dal and Da2
partially rescue the Da3 [27,54]. However, the relationship
between their expression patterns and the selectivity of
their cargo proteins for remains to be clarified. RHA is
expressed ubiquitously and regulates CREB-dependent
transcription [6,8] The CREB family includes CREB,
CREM, and ATF-1 and they are expressed ubiquitously.
It 1s known that CREM has specific functions in the testis.
There are tissue-specific splicing isoforms CREM-t and
CREM interacts with testis-specific coactivator [55-57)
These reports suggest that RHA plays important roles as
a coactivator of the CREB-CBP complex in the testis
and this might be the reason why importin-a3 is used by
RHA. We speculate that these may be the underlying
mechanisms through which importins regulate the tissue-
specific functions of ubiquitously expressed factors. In this
study, RHA also bound with importin-a4 as well as
importin-a3, which are classified under the same subfamily.
Unexpectedly, RHA was not mediated the nuclear localiza-
tion with importin-od. It is indicated that some proteins,
such as RCCI and RanBP3 which interact with importin-
23 and o4, are translocated into nuclear by importin-
%3 but not by importin-a4 in cells. It is unclear why
there are such differences between importin-a3 and a4,
They might need the other components for forming the
stable import complexes or be competed with factors in
cytosol.

In addition to transcription, RHA is involved in the
splicing [15] and the export of viral RNA and shuttles
between the nuclear and the cytoplasm [17]. It is suggested
that RHA does not only export the mRNA but also has
functions in the cytoplasm. RHA colocalizes with cytosolic
Staufen in the dendrites of differentiated neuroblasts and
may regulate the translation [58]. In a preliminary study,
we observed that RHA could interact with a ribosomal
protein (unpublished data). These findings suggest that
the ratio of translocation may regulate the functions
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of RHA in cells. RHA uses importin-zl and a3, The
expression level of importin-a3 with which RHA preferen-
tially interacts is stable and are regulated such as house-
keeping genes. In contrast, importin-al is the most
widely expressed in tissues and its levels is regulated by var-
wous signals [52]. RHA is predominantly localized n the
nucleus and has very important roles i transcription.
These might be the reasons for the use ol these two impor-
tin isoforms (importin-x] and 2«3) by RHA-NLS mather
than the testis-specific importin-u6. These mechanisms of
the nuclear import could allow effective regulation of
RHA functions,
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Summary. Background: Sepsis is a life-threatening disorder
resulting from systemic inflammatory and coagulatory re-
sponses to infection. High-mohility group box | protein
(HMGBI), an abundant intranuclear protein, was recently
identified as a potent lethal mediator of sepsis. However, the
precise mechanisms by which HMGBI1 exerts its lethal effects in
sepsis have yet to be confirned. We recently reported that
plasma HMGBI levels correlated with disseminated intravas-
cular coagulation (DIC) score, indicating that HMGB1 might
play an important role in the pathogenesis of DIC. Objectives:
To investigate the mechanisms responsible for the lethal effects
of HMGBI, and more specifically, to explore the effects of
HMGB! on the coagulation system. Methods: Rats were
exposed to thrombin with or without HMGBI. and a survival
analysis, pathologic analyses and blood tests were conducted.
The effects of HMGBI on the coagulation cascade, anticoagu-
lant pathways and surface expression of procoagulant or
anticoagulant molecules were examined in virro. Results:
Compared to thrombin alone, combined administration of
thrombin and HMGBI resulted in excessive fibrin deposition in
glomeruli, prolonged plasma clotting times, and increased
mortality. fn virro, HMGBI did not affect clotting times, but
mhibiled the anticoagulant protein C pathway mediated by the
thrombin-thrombomodulin complex, and stimulated tissue
factor expression on monocytes. Conclusions: These findings
demonstrate the procoagulant role of HMGBI in vive and
in vitro. During sepsis, massive accumulation of HMGBI in the
systemic circulation would promote the development of DIC.
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Introduction

Sepsis is a complex clinical syndrome resulting from systemic
inflammatory and coagulatory responses to infection [1,2]
Hyperactivation of the inflammatory system is the most
important feature of sepsis, and has been the most common
target of therapeutic strategies. So far, diverse therapies
directed against proinflammatory mediators have revealed
dramatic effects in animal models of sepsis. However, in
humans, most of these strategies have not improved survival
of septic patients [2]. Coagulopathy is another important
featore of sepsis, and 30-50% of patients show the most
severe clinical form, called disseminated intravascular coagu-
lation (DIC) [3]. Intravascular fibrin deposition leads to
obstruction of the microvascular bed, resulting in develop-
ment of multiple organ dysfunction syndrome (MODS),
including renal insufficiency and acute respiratory distress
syndrome [4]. As DIC and MODS are associated with poor
outcomes, anticoagulant therapy during sepsis seems to be a
valuable option. Activated protein C (APC), an anticoagu-
lant with a broad spectrum of anti-inflammatory effects, led
to improved survival in patients with severe sepsis [5].
However, because of bleeding complications, the use of APC
therapy needs to be carefully considered in relation to risks
and benefits [6). Thus, it is highly desirable 1o identify novel
targets for the treatment of sepsis.

High-mobility group box 1 protem (HMGBI) is one
promising therapeutic target for the treatment of sepsis.
Blockade of HMGBI, even at later time points after onset of
infection, was shown to rescue mice from lethal sepsis [7,8]
HMGBI has pleiotropic effects both inside and outside the cell.
In the cell nucleus, HMGB! bends DNA, and promoles
protein assembly on DNA targets [9]. When released from
necrotic or activated cells, extracellular HMGB! triggers
inflammation, immune responses, and tissue regencration
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