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SRB and the extracts of Zingiber officinale and Cinnamomum cassia
have previously been reported to have beneficial effects against
hyperlipidemia, SRB did not affect serum total cholesterol level in
the present study. This indicates that SRB could decrease serum total
cholesterol level in a hyperlipidemia model (Chung et al., 2003;
Yoshie et al., 2001) or in vitro (Kannappan et al,, 2006; Matsuda et al.,
2009), but not in an ovariectomy model,

Several reports show that [L-6 and other cytokines mediate
bone loss induced by estrogen deficiency (Jika et al,, 1992; Poli
et al, 1994). In the presence of estrogen, IL-6 expression is
suppressed, but its level increases in the absence of estrogen, and
several clinical studies have shown high serum [L-6 levels among
postmenopausal women (Pacifici et al., 1991). IL-6 is suggested to
be a primary mediator of bone resorption through induction of
osteoclastogenesis (Flanagan et al, 1995). [L-6 upregulation
has an important role in the development of osteoporosis in
ovariectomized mice and can be inhibited by androgen or
IL-6 neutralizing antibody (Bellido et al., 1995). The present
study showed that serum IL-6 levels in the SRB group
were significantly lower than in the OVX group, suggesting that
SRB can decrease serum IL-6 levels in this postmenopausal
model.

Qur histomorphometric results showed that the eroded sur-
face (an indicator of osteoclast activity) was significantly smaller
in the SRB group than in the OVX group. This lends support to the
premise that SRB suppressed osteoclastogenesis by reducing
serum IL-6 level. In our study, ovariectomized mice were not
administered other therapies such as replacement estrogen
therapy, which would have increased bone density and decreased
serum IL-6. In that sense, we did not use any positive controls in
this experiment. However, the comparison of bone and
serum data with the OVX group support the idea that adminis-
tration of SRB in a postmenopausal-osteoporosis model had an
effect on preventing loss of bone volume and suppressing serum
IL-6 levels.

Expression of IL-6 is largely controlled by nuclear factor-xB
(NFxB) (Libermann and Baltimore, 1990). NFxB is an inducible
dimeric transcription factor that belongs to the Rel/NFxB family of
transcription factors. In resting cells, NFkB is sequestered in the
cytoplasm by IxB proteins. Stimulus-mediated phosphorylation
and subsequent proteolytic degradation of IxB allows the release
and nuclear translocation of NFkB, where it transactivates a
number of target genes. Recently, it was reported that saikosa-
ponin, a principal component of SRB, inhibited T cell activation via
the suppression of NFkB (Leung et al., 2005). Dang et al. {2007)
reported that saikosaponin attenuated CCls-induced hepatic
fibrosis via downregulation of TNFg, IL-6, and NFxB expression.
Thus, one of the mechanisms by which SRB prevents the
development of bone loss might be suppression of the expression
of IL-6 via NFkB inactivation. Extracts of Cinnamomum cassia,
Zingiber officinale and Panax ginseng, which represent the principal
components of SRB, reportedly suppress osteoclastogenesis (Han
et al., 2007; Liu et al., 2009; Sung et al,, 2009; Tsuji-Naito, 2008).
Incorporating these herbal medicines would thus also contribute
to the prevention of bone loss.

Conclusions

We showed that SRB can prevent loss of bone volume
and suppress serumn IL-6 level in a postmenopausal model. Our
results suggest that SRB deserves further investigation as
a therapeutic option for treatment of postmenopausal
osteoporosis.
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Introduction

Summary

Main features of rheumatoid arthritis (RA), hyperplasia of fibroblast-like
synoviocytes (FLS) and joint destruction are caused by inflammatory cyto-
kines produced in chronic autoimmune inflammation. Cell-intrinsic acquisi-
tion of tumour-like phenotypes of RA-FLS could also be responsible for the
aggressive proliferation and invasion, which are supported by the fact that in
some cases RA-FLS has mutations of a tumour suppressor gene TP53.
However, the underlying molecular mechanism for TP53 mutations in
RA-FLS has not yet been clarified. Recently it has been reported that the
non-lymphoid cells in the inflammatory tissues express ectopically the
activation-induced cytidine deaminase (AID) gene that induces somatic
hypermutations, not only at the immunoglobulin (Ig) gene variable regions in
germinal centre B lymphocytes but also at coding regions in TP53. Real-time
polymerase chain reaction (PCR) analyses revealed more than half (five of
nine) of the RA-FLS lines we established showed the markedly increased
expression of AID. AID transcription in RA-FLS was augmented by tumour
necrosis factor (TNF)-a. and even by physiological concentration of
B-oestradiol that could not induce AID transcription in osteoarthritis-FLS.
Furthermore, AID-positive RA-FLS presented a higher frequency of somatic
mutations in TP53. Cytological and immunohistochemical analyses demon-
strated clearly the ectopic expression of AID in the FLS at the RA synovium.
These data suggested strongly a novel consequence of RA; the ectopic expres-
sion of AID in RA-FLS causes the somatic mutations and dysfunction of
TP53, leading to acquisition of tumour-like properties by RA-FLS.

Keywords: human, rheumatoid arthritis, somatic mutation, synoviocyte

cytokines such as basic fibroblast growth factor (bFGF),
platelet-derived growth factor (PDGF), transforming growth
factor (TGF)-f3, tumour necrosis factor (TNF)-o. and IL-1B

Rheumatoid arthritis (RA) is a systemic autoimmune disease
in which the joints are chronically inflamed and the cartilage
and bone are destroyed by pannus formation, which is the
invasion of cartilage and bone by proliferating fibroblast-like
synoviocytes (FLS) [1-3]. The incidence of RA is correlated
with certain human leucocyte antigen D-related (HLA-DR)
haplotypes and the presence of autoantibodies, such as rheu-
matoid factor (RF) and anti-cyclic citrullinated peptide
(CCP) antibody, suggesting strongly the involvement of the
deregulated immune system; T helper type 17 (Th17), a
novel helper T cell subset producing interleukin (IL)-17, has
become a topic as a player in local inflammation driven by
acquired immunity [4,5]. However, details of the patho-
physiology of RA is not understood completely [6]. Local

are considered to be responsible for the hyperplasia of FLS
[7,8]. Upon activation, FLS produce TNF-o,, IL- 18, IL-6 and
matrix metalloproteinases, establishing the chronic and
destructive inflammatory circuit [2]. The critical roles of
these inflammatory cytokines have been shown by the effec-
tiveness of cytokine-blockade therapies using anti-TNF-ct or
anti-IL-6 receptor antibodies for the treatment of RA [9,10].
However, it has also been recognized that certain RA subsets
are resistant to these anti-cytokine therapies [11]. Such resis-
tance may be explained partly by the intrinsic abnormality of
RA-FLS independent of inflammation. Accumulated evi-
dence has indicated that RA-FLS are stably activated and
exhibit tumour-like characteristics. For example, they
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destroyed human cartilage when they were transplanted
together into severe combined immunodeficiency (SCID)
mice [12]. RA-FLS expressed high levels of proto-oncogenes
such as c-myc and c-fos [13,14]. In addition to these findings,
RA-FLS are reported to express the tumour suppressor gene
TP53 with somatic mutations [15-19], and down-regulate
the tumour suppressor PTEN, a protein phosphatase gene
[20]. In particular, the somatic mutation of the TP53 gene in
RA-FLS appears consistent not only with their increased
resistance to apoptosis but also with their proinflammatory
properties such as the production of IL-6 and matrix metal-
loproteinase (MMP)-1 [21-23]. However, little is known
about the mechanism by which the somatic mutations are
introduced into the TP53 gene in RA-FLS.

Activation-induced cytidine deaminase (AID) is a
member of the APOBEC family, which is a cellular cytidine
deaminase involved in protection from retrovirus infection
or regulation of cholesterol metabolism [24]. AID was iden-
tified originally as an indispensable molecule for somatic
hypermutation (SHM) at the immunoglobulin variable
region and class-switch recombination in germinal centre B
lymphocytes [25,26]. Recently, several papers have demon-
strated that AID was up-regulated in non-lymphoid tumour
cells such as breast cancer, cholangiocarcinoma, hepatoma
and colorectal cancer cells [27-33]. Moreover, the somatic
mutations of TP53 found in these cancer cells appeared to be
a direct target of AID [29,30].

In our study, we demonstrated that AID was expressed
selectively by a fraction of RA-FLS, and that it was associated
with somatic mutations in TP53. This suggests a possible
mechanism by which the aberrant expression of AID within
certain RA-FLS induces somatic mutations in TP53, leading
to the acquisition of proinflammatory or tumour-like

phenotypes.

Materials and methods

Cells and cell culture

Transformed human FLS cell lines were established from the
synovial tissues of RA (n=29; five males and four females)
and osteoarthritis (OA) (1 = 9; nine females) patients at the
time of joint replacement surgery (Table 1). The tissues were
obtained with the informed consent of the patients. Briefly,
the synovial tissues were minced into small pieces and dis-
sociated with collagenase and hyarulonidase in DMEM
at 37°C for 1 h with shaking. After passing through mesh
and washing with Dulbecco’s modified Eagle’s medium
(DMEM), the synovial cells were suspended in the culture
medium [DMEM containing 10% fetal calf serum (FCS) and
penicillin/streptomycin] and plated in dishes. On the next
day, non-adherent cells were removed and the medium was
refreshed. The synovial cells were cultured in 10% CO, at
37°C with humidified air. After four passages, when it was
ensured that no haematopoietic cells were present in the cell

Table 1. Characteristics of the patients in the study of transformed
fibroblast-like synoviocytes.

OA (n=9) RA (n=9)
Age, mean (range) years 70-7 (64-80) 61-3 (35-75)
Sex, no. female/male 9/0 4/5
Disease duration, mean n.a. 9:9 (4-19)
(range) years
Medications, no. taking/no.
assessed
NSAIDs 9/9 6/9
DMARDs 0/9 7/9
Plus steroids 0/9 5/9
Soluble TNFR 0/9 1/9
No. RF+(>20IU)/no. assessed n.a. 7/8
CRP, mean (range) mg/dl n.a. 28 (0-7-5-3)

MMP-3, mean (range) ng/ml T 424-1 (49-7-973)

CRP, C-reactive protein; DMARDs, disease-modifying anti-
rheumatic drugs; MMP, matrix metalloproteinase; n.a., not assessed;
NSAID, non-steroidal anti-inflammatory drugs; OA, osteoarthritis; RE
rheumatoid factor; TNF, tumour necrosis factor.

lines, plasmids pAct-SVT containing SV40T antigen were
transduced with lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA). All the cell lines showed fibroblast-like morphol-
ogy and expressed CD44, CD106 and CD157/BST-1 on their
surfaces, characteristic of synovial fibroblasts (data not
shown). The transformed and original non-transformed
primary FLS cells were maintained in DMEM supplemented
with 10% heat-inactivated FCS with antibiotics. Materials
for mRNA and protein analyses were obtained from the cell
lines with passage numbers of <8 after thawing the frozen
stocks. This study protocol was approved by the institutional
review boards for ethics at the Faculty of Medicine, Osaka
University (no. 340-1) and the Kawasaki Medical School (no.
291). For cell stimulation, FLS were cultured in phenol red-
free DMEM (Sigma-Aldrich, St Louis, MO, USA) complete
medium in the presence or absence of TNF-a (50 ng/ml;
Pepro Tech Inc., Rocky Hill, NJ, USA), B-oestradiol (E:;
107° M; Sigma-Aldrich) or both for 24 h.

Non-quantitative reverse transcription-polymerase
chain reaction (RT-PCR) and quantitative real-time

RT-PCR

Total RNAs were extracted using TRIzol® (Invitrogen),
according to the manufacturer’s instructions. Random
hexamer-primed ¢cDNAs were prepared using the ReverTra
Ace® RT kit (Toyobo, Osaka, Japan) with 1 pg of total RNA
and amplified by PCR using KOD-FX (Toyobo). The
synthetic oligonucleotide primers for amplification of
AID, APOBECI and APOBEC3G were as follows: AID,
5-AAATGTCCGCTGGGCTAAGG-3’ (forward) and 5’-GG
AGGAAGAGCAATTCCACGT-3’ (reverse) [28]; APOBECI,
5-GGGACCTTGTTAACAGTGGAGT-3" (forward) and 5'-
CCAGGTGGGTAGTTGACAAAA-3’ (reverse); APOBEC3G,
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5’-GAGCGCATGCACAATGAC-3" (forward) and 5’-GCC
TTCAAGGAAACCGTGT-3’ (reverse). The latter two primer
sets were synthesized using Primer-BLAST (NCBI). The PCR
for CD19 to exclude the contamination of B cells in FLS lines
was conducted with the following primers: 5-GACCTC
ACCATGGCCCCTGG-3" (forward) and 5-CAGCCAG
TGCCATAGTAC-3’ (reverse) [34]. The specific primers for
human AID for quantitative real-time RT-PCR were
designed using the Universal Primer Design Tools available
on the Roche website. The 6-carboxyfluorescein-labelled
probe for human AID was obtained from Roche (Universal
Probe Library, probe no. 69; Roche Diagnostics, Indianapo-
lis, IN, USA). The expression levels of target cDNAs were
normalized to the endogenous transcription levels of human
GAPDH. Gene expression was quantified using the 7500
real-time PCR system (PE Applied Biosystems, Foster City,
CA, USA).

Western blot analysis

Whole-cell lysates (equivalent to 25 ug) in 1% TNE lysis
buffer [1% Nonidet-P40, 150 mM NaCl, 10 mM Tris-HCl,
pH 7-5, 1 mM ethylenediamine tetraacetic acid (EDTA)], in
the presence of a protease inhibitor cocktail (Sigma-Aldrich)
and protein kinase/phosphatase inhibitor cocktail (Roche)
were subjected to Western blot analysis using polyvinylidine
fluoride membrane and signal-enhancing kit (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA). The membrane
was probed with rabbit anti-human AID antibody (Abcam,
Cambridge, MA, USA) and reprobed with anti-B-actin anti-
body (Santa Cruz).

Immunocytochemistry and immunohistochemistry

We cultured 2 x 10* cells on the culture slide chamber (BD
Falcon, Franklin Lakes, NJ, USA) for 12 h. After fixation with
chilled acetone, the cells were washed and then blocked
with 3% bovine serum albumin (BSA) in PBS. The cells
were immunostained with either rabbit anti-human AID
antibody (Abcam) combined with horseradish peroxidase-
conjugated goat anti-rabbit immunoglobulin (Ig)G anti-
body (Southern Biotech, Birmingham, AL, USA) or with rat
anti-human AID monoclonal antibody (mAb) (EK2 5G9;
Cell Signaling Tech. Inc., Danvers, MA, USA) combined with
biotinylated donkey anti-rat IgG antibody (Jackson Immu-
noResearch Laboratories, Inc., West Grove, PA, USA) and
vectastain elite ABC kit (Vector Laboratories Inc., Burlin-
game, CA, USA). The bound antibodies were visualized
using diaminobenzidine (DAB) and counterstaining with
haematoxylin. The images were obtained using a bright-field
microscope (Axiophot, Carl Zeiss, Munich, Germany).
Cryosections with 6 pm thickness of the synovial tissues
from RA patients were also stained with rat anti-human AID
mAb after fixation with chilled acetone and detected as
described above. The endogenous peroxidase activity was

TP53 mutation and AID expression in RA

inactivated by treatment with 0-01% H,0,/PBS for 10 min at
room temperature. Non-specific binding of second antibod-
ies was blocked with PBS containing 5% of either normal
goat or donkey serum for 30 min. To identify B cell follicles,
mouse anti-human CD20 (Dako, Glostrup, Denmark) mAb
and Envision goat anti-mouse and rabbit IgG antibody con-
jugated with horseradish peroxidase (Dako) were used. Rat
anti-mouse CD4 mAb (GK1-5) was used as an isotype-
matched control. For immunofluorescence staining, cryosec-
tions with 6 pm thickness of the synovial tissues from RA
patients were fixed and stained with rat anti-human AID
mAb and mouse anti-human CD20, the same as above.
Either donkey anti-rat IgG antibody conjugated with Alexa
488 or donkey anti-mouse IgG antibody conjugated with
Alexa 594 were used as second antibodies. Fluorescence
images were obtained under the fluorescence microscope
(Eclipse E800, Nikon, Tokyo, Japan).

Mutation analysis of TP53

The coding region of TP53 spanning from exons 4-11 was
amplified using high-fidelity DNA polymerase (iProof™,
Bio-Rad, Hercules, CA, USA) with forward and reverse
primers containing the Sall and EcoRI sequences, respec-
tively, as follows: forward, 5'-GCGTCGACCTACCAGGGC
AGCTACGGTTTC-3’ and reverse, 5-GGAATTCTTATGGC
GGGAGGTAGACTGACC-3". The amplicon was digested
using restriction enzymes and subcloned into the corre-
sponding cloning sites of the pBluescript vector. The inser-
tion was sequenced with both the T3 and T7 primers located
upstream and downstream of the cloning site, respectively, in
pBluescript using sequence detector (Applied Biosystems).
From the amplicons prepared from one FLS line, more than
35 colonies were picked up after bacterial transformation
and each PCR product were sequenced. The sequence data
were compared with those of the TP53 nucleotide sequence
obtained from GenBank (Accession number: NM_000546).

Results

Aberrant expression of AID in RA-FLS

First, we assessed the expression of the AID gene in trans-
formed FLS cell lines obtained from OA and RA patients by
RT-PCR. Surprisingly, AID was transcribed in more than
half the RA-FLS lines (five of nine) and in none of the
OA-FLS lines (Fig. 1a). In the RA-FLS lines APOBECI was
not expressed, whereas APOBEC3G was expressed ubiqui-
tously, suggesting that AID transcription in RA-FLS is selec-
tive (Fig. 1a). Then, we used real-time PCR to quantify AID
transcription among FLS. The same sets of RA-FLS showed
approximately 7-18-fold higher AID transcription com-
pared to the FLS from OA2 (Fig. 1b) that expressed a low but
detectable level of AID transcription. Due probably to the
higher sensitivity of probe-based real-time PCR, negligible
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Fig. 1. Endogenous expression of
activation-induced cytidine deaminase (AID) in
rheumatoid arthritis-fibroblast-like
synoviocytes (RA-FLS) lines. (a) The ectopic
transcription of AID was detected in RA-FLS
lines by reverse transcription—polymerase chain
reaction (RT-PCR). The expression of two
other APOBEC family members (APOI:
APOBECI1, APO3G: APOBEC3G) was also
examined by RT-PCR. (b) AID mRNA was
quantified (relative quantification) by real-time
PCR and normalized to housekeeping gene,
GAPDH and fold expression over that of
OA-FLS (OA2) was calculated by AACT method
in triplicate. The grey bars and error bars
indicate the averages and standard deviations,
respectively, of two independent experiments.
(c) Crude protein extracts from the
representative FLS lines were analysed by
sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE)/immunoblotting
using anti-human AID polyclonal antibody
(upper panel) or anti-B-actin (lower panel).

(©

to very low levels of AID transcription were detectable by
real-time PCR in the other four RA-FLS, as well as in some
OA-FLS. Here, five RA-FLS with the expression levels of AID
higher than fivefold compared with the level of OA2 are
defined as AID"# FLS (RAL, 4, 5, 7, 9) and the other four
RA-FLS (RA2, 3, 6, 8) with the equivalent levels to OA-FLS
are defined as AID"" FLS. This aberrant expression of AID is
not likely to have resulted by contamination of B cells
expressing AID, because the synovial cell culture was occu-
pied with adherent and morphologically fibroblast-like cells
after four passages. The possibility of B cell contamination
was clearly excluded because no transcription of CD19, a
pan B cell marker, was detectable in the AID"# FLS (data not
shown, but the primer pairs are described in Materials and
methods). Next, we confirmed the endogenous expression
of the AID protein by Western blot analysis with the two
representative cell lines from OA, AID"" RA and AID"#" RA
(Fig. 1c).

The aberrant expression of AID in a fraction of RA-FLS
prompted us to investigate its correlation with the clinical
characteristics in nine RA patients from whom FLS were
established. The frequencies of AID"¢" RA-FLS were 75%
(three of four) and 40% (two of five) in RA-FLS derived
from female and male RA patients, respectively. No correla-
tion was observed in the ages, serum MMP-3 levels or medi-
cines prescribed to the patients. Laboratory data revealed the
tendency of higher C-reactive protein (CRP) levels in the
AID"¢ RA-FLS than in the AID" RA-FLS (3-9 * 1.7 versus

74

Relative fold expression

AID

B-actin

1234567829

1234567829
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5
1 8 o

1234567809

OA
OA AID®"RA  AIDM"RA
OA2 OA9 RA2 RA6  RA1 RA7 Ramos

1-5 + 06, respectively), although the sample size of our
study is too small to detect these correlations adequately.
These data suggested that AID expression in FLS might be
facilitated under conditions of inflammation in female
patients. Because inflammatory cytokines and oestrogen
have been reported to induce AID transcription [28,30,35],
we investigated whether this is also the case in FLS. In
OA-FLS with low levels of AID expression, TNF-o, but not
physiological concentration of B-oestradiol (E;) augmented
the transcription of AID, and simultaneous stimulation with
E, and TNEF-o exhibited synergistic effects (Fig. 2). In AID'""
RA-FLS, E2 or TNE-q alone enhanced the transcription of
AID much higher than OA-FLS, although the synergistic
effect was not obvious. Even in AID"" RA-FLS, E; or TNF-o
alone augmented the transcription of AID, which resulted in
more than 20-fold higher levels of AID transcription com-
pared with basal levels those in OA-FLS. It is of
note that physiological concentration of B-oestradiol up-
regulated AID transcription only in RA-FLS, suggesting
intrinsic RA-FLS abnormality in the susceptibility of AID
induction to female sex steroids. As another molecular
mechanism for AID induction, negative regulatory roles for
the microRNA miR-155 on AID transcription have been
reported in previous studies on germinal centre B cells
[36,37], but there was no significant down-regulation of
miR-155 in AID"8" RA-FLS (data notshown). Real-time PCR
analyses of RA-FLS did not show TNF-¢ transcription or
correlation between the transcription levels of IL-6 or IL-13
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Fig. 2. Inducible expression of AID in transformed fibroblast-like synoviocytes (FLS) lines by stimulation with tumour necrosis factor (TNF)-ot and
oestrogen. One million osteoarthritis (OA)-FLS (OA2, OA6 and OA9), AID'™ RA-FLS (RA2, RA3 and RA6) and AID"&" RA-FLS (RA1, RA4 and
RA?7) were stimulated in phenol red-free Dulbecco’s modified Eagle’s complete medium (DMEM) with either TNF-a; (50 ng/ml) or B-oestradiol
(Ex 107° M) for 24 h. The AID transcription was quantified (relative quantification) by real-time polymerase chain reaction (PCR) and normalized
to the housekeeping gene, GAPDH and the relative fold induction over the unstimulated cells (Unstim.) was monitored by the AACT method. The
grey bars and error bars indicate the averages and standard deviations, respectively, of three cell lines. P-values calculated by Student’s ¢-test are
indicated.

with that of AID (data not shown), suggesting that AID
transcription is induced passively by external stimuli present
most commonly in RA rather than that provided by inflam-
matory cytokines in an autocrine fashion.

Accumulation of TP53 gene mutations in
AID-expressing RA-FLS

Detailed studies have established that the mutations of the
P53 tumour suppressor gene found in RA-FLS could con-
tribute to both the tumour-like and proinflammatory prop-
erties of RA-FLS, such as aggressive growth, invasion and
destruction of cartilage and bone [15-19,21-23]. Although
genotoxic and oxidative stresses have been speculated to be
the causative candidates for the somatic mutation in the

Table 2. Mutation frequency of TP53.

TP53 gene in RA-FLS, the molecular mechanism has not yet
been elucidated. Recently, a clear relationship between AID
expression and the frequency of TP53 somatic mutations has
been demonstrated in some non-B lymphocytes, such as
hepatocytes and colon epithelial cells [29-33]. To investigate
whether this is the case for RA-FLS, the coding region of
TP53 was amplified by RT-PCR with high-fidelity poly-
merase, sequenced and then compared among OA-FLS,
AID"* RA-FLS and AID"# RA-FLS. The frequency of TP53
somatic mutations was elevated significantly in AID"gh
RA-FLS rather than in OA-FLS and AID"" RA-FLS (summa-
rized in Table2). Although sporadic mutations were
detected even in the latter two FLS, AID"#" RA-FLS exhibited
approximately two- to 3-5-fold more mutations than the
other two FLS subsets. In addition, the frequency of non-

Number of base Total base pair Mutation
substitution of sequenced Frequency/10 000 Silent Missense Non-sense
OA2 0 23 587 0 0 0 0
OA6 0 25150 0 0 0 0
OA9 1 27 146 0-368 1 0 0
RA2 2 22 456 0-891 2 0 0
RA3 1 29459 0-339 0 1 0
RA6 2 24 631 0-812 1 1 0
RA1 8 26187 3:054 2 6 0
RA4 6 26 655 2251 2 4 0
RA7 4 23 657 1691 0 3 1

cDNA was prepared from representative fibroblast-like synoviocyte (FLS) lines in each group. Osteoarthritis (OA)-FLS: OA2, OA6 and OA9.
Activation-induced cytidine deaminase (AID)"" rheumatoid arthritis (RA)-FLS: RA2, RA3 and RA6. AID"# RA-FLS: RA1, RA4 and RA7. The coding
region of TP53 ranging from exons 4-11 was amplified using high-fidelity DNA polymerase. Mutation frequency was analysed by sequencing of

polymerase chain reaction product.

© 2010 British Society for Immunology, Clinical and Experimental Immunology, 161: 71-80 75

- 591 -



H. Igarashi et al.

6 OA RA (AID'*) RA (AIDMigh)
£
<] A G T A G C T A G C T
g
A 1 0 20 0 5 0O
G| O 0 1 0|0 6 o f|o
C 0 0 0| o0 2 0 0 2
i . Tlojo o o|o|o 0ofo0]|5
Fig. 3. TP53 mutations in fibroblast-like
synoviocytes (FLS). (a) Gene mutation profiles (b)
of TP53 in FLS lines. Base substitution patterns O RA7
seen in TP53 extracted from the same data sets 1 ® RA4 1184
as those used for the mutation frequency 15 o7 267 @ Rat | 849 936 L
analysis in Table 1 are shown. The numbers in &° 0‘ P
the box are the sum of three FLS lines in each —r o
group. (b) Distribution of gene mutations in TAD DNA-binding J Tetra
TP53 from FLS lines. Each number in the figure F-primer H prim:

corresponds to the position of nucleotide on

(c)

the coding sequence of TP53. Open circles are W— —
from RA?7, filled circles are from RA4 and grey ’ ) acid atg 4 Amino acid atji§ ) acid
circles are from RA1. The location of Base change | mutation site |Base change | mutation site |Base change | mutation site
polymerase chain reaction (PCR) primers used 770 (T-C) L257P | 412 (G-A) A138T | 516(T—C) V172A
for sequencing is also depicted. TAD: 713 (G-A) 2122181 606 (T—C) R202R 505 (A—G) M169V
transactivation domain; Tetra. tetramerization 483 (C-T) T123A 459 (C—T) P153P 443 (A—Q) D148G
domain. (c) Base and amino acids substitution 367 (A—Q) K305R 544 (T-C) C182R 438 (G—A) W146STOP
in TP53 from three of AID"&" RA-FLS lines. 914 (A—-G) Q305R | 805 (A—=0) $269G

Amino acids are described in a single letter. The 500 (G—A) Q167R | 743 (G—A) R248Q

two shaded mutations in RA1 were double 666 (G—A) p222P

mutations found in one clone. 679 (T-C) S227P

silent mutations was three times greater than that of silent
mutations. Notably, the dominant base substitution pattern
is the transition type, which is very similar to the mutations
found at the variable region of the immunoglobulin gene,
introduced exclusively by AID (Fig. 3a) [26]. Introduction of
somatic mutations at the Ig variable region by AID is
coupled with the transcription level of the Ig gene [38]
because AID attacks the single-strand DNA that appears at
transcription. Thus, the somatic mutation requires both the
expression of AID and the transcription of the target gene.
Among the representative FLS lines, TP53 was transcribed
constitutively and the amounts of TP53 mRNA were com-
parable, indicating that the increased frequency of mutation
in TP53 resulted mainly from AID expression rather than the
transcription levels of TP53 (data not shown). Compared
with TP53 mutations in previous reports [15,18,19,22], 17%
of the mutations that we identified resulted in the changes of
amino acids identical with those and 33% of those in differ-
ent amino acids, but were located at the same codon. The
non-sense mutation in RA7 in this study occurred at the
same position as that reported by Yamanishi et al. [22].
While the sequencing range did not cover the whole
coding sequence of TP53, the mutations in the TP53 gene
were obviously concentrated at the DNA-binding domain,
which is the hotspot of somatic mutations found in some
malignant tumours (Fig. 3b). In particular, the Arg™® muta-

76

tion found in RA4 has been reported as one of the cancer
hotspot mutations [39]. The details of both base and amino
acid substitutions are listed in Fig. 3c. These data indicate
that AID"¢" RA-FLS have higher frequencies of TP53 muta-
tions, some of which could result in the loss of function of
TP53.

AID is expressed by non-transformed RA-FLS and in
the RA-synovium outside of the B cell follicles

To address the issue of whether the aberrant expression of
AID is affected by the transformation with SV40 large T
antigen, first we examined the endogenous AID expression
in non-transformed primary cell lines of FLS. AID transcrip-
tion was detectable in four of 11 primary RA-FLS at three to
eight times higher levels compared to transformed OA-FLS,
but in none of six primary OA-FLS (Fig. 4a, and data not
shown), indicating that increased expression of AID in
RA-FLS is independent of transformation with SV40 large T
antigen.

We then examined the production of AID protein in non-
transformed RA-FLS. Cytostaining with two different anti-
AID antibodies clearly exhibited the production of AID
protein in AID* primary RA-FLS (Fig.4b, i and ii corre-
sponding to pRA5) but not in AID™ primary OA-FLS
(Fig. 4b, iii and iv, corresponding to pOA9). These data dem-
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Fig. 4. Endogenous expression of activation-induced cytidine
deaminase (AID) in non-transformed primary rheumatoid
arthritis-fibroblast-like synoviocytes (RA-FLS). The identical number
of primary FLS corresponding to that of transformed FLS indicates
that both are derived from the same patient, except for pRA10 and
PpRA11, which have no corresponding transformants. (a) The
expression level of AID was estimated and compared between
transformed osteoarthritis (OA2) as control and non-transformed
primary RA-FLS by real-time polymerase chain reaction (PCR).
Relative fold expression was determined by the AID expression in
OA2 being defined as 1. The grey bars and error bars indicate the
averages and standard deviations, respectively, of two independent
experiments. Asterisks indicate the statistically significant difference by
Student’s ¢-test. P-value < 0-01. Uncapitalized p at the head of RA
means ‘primary’. (b) Primary FLS grown on the glass slide were
stained with rabbit anti-AID polyclonal antibody used in Western blot
analysis (i and iii) or rat anti-AID monoclonal antibody (mAb) (ii
and iv) combined with horseradish peroxidase-conjugated second
antibodies. Diaminobenzidine was used as chromogenic substrate.
Primary FLS cells from the same source of RA5 (i and ii, pRA5) and
of OA9 (iii and iv, pOA9) are shown. Nuclear staining was performed
with haematoxylin (violet). Scale bar indicates 100 um.

TP53 mutation and AID expression in RA

onstrated clearly that the ectopic production of AID in
RA-FLS is not a secondary effect by SV40 transformation.

Next, to examine whether AID production by RA-FLS is
not the artefact in vitro, but the real event in the RA syn-
ovium in situ, we conducted immunochistochemical staining
on the serial sections of the synovium from AID* RA patients
with anti-CD20, anti-AID and control antibodies. The local-
ization of CD20* B cells clearly isolated the follicles in the
synovium (Fig. 5a, d), with a low frequency of AID-positive
B cells. However, the majority of cells reacted by anti-AID
antibody localized clearly in the lining and sublining outside
the follicles (Fig. 5b, e). Isotype-matched irrelevant antibody
towards mouse CD4 showed no signal on the serial specimen
(Fig. 5¢, f). Larger magnification revealed that AID signals
were raised mainly from CD20™ non-B cells that are mor-
phologically compatible with FLS (Fig. 5g, h, black arrows),
and some signals are originated from CD20* B cells (Fig. 5g,
h, red arrows). To ensure this finding, double immunofluo-
rescence staining with anti-AID and -CD20 mAbs was
performed. The reactivity of anti-AID mAb (green) was
obvious only in the AID-positive synovial tissue (Fig. 6a, c)
but not in the AID-negative tissue (Fig. 6b, d). In higher
magnification (Fig. 6¢), the distinct area consisting of the
cells reactive only to anti-AID mAb (green) spread well
outside the area containing CD20* cells (red). The cells
expressing both molecules are yellow and marked with an
arrowhead in the figure.

These results demonstrated clearly that the FLS in the RA
synovial tissues produce AID, providing strong evidence that
ectopic and aberrant expression of AID occurs in RA.

Discussion

We have demonstrated that AID is expressed preferentially in
transformed FLS cell lines from RA patients and that AID
expression was correlated with accumulation of mutations
in p53 gene. TNF-a enhanced the transcription of AID in
both RA- and OA-FLS, whereas physiological concentration
of B-oestradiol enhanced it only in RA-FLS. The selective
and enhanced expression of AID was also confirmed in
primary, non-transformed RA-FLS. Furthermore, localiza-
tion of AID production outside the B cell follicles was dem-
onstrated in the RA synovium tissue, providing definitive
evidence that AID is expressed aberrantly and ectopically in
certain cases of RA synovium. Thus, AID is a novel and
intriguing candidate for the cause of the p53 mutation that
has been reported to contribute the tumour-like phenotypes
of RA-FLS.

To see the effects of TP53 mutations on SV40-transformed
RA-FLS, we examined the cell number after 4 days’ culture
and the transcription levels of IL-6 and MMP-1 by real-time
PCR analysis, both of which did not demonstrate any corre-
lation with expression of AID. Despite the concomitant
detection of TP53 mutations with AID transcription in a
fraction of RA-FLS, the cell lines did not exhibit any tumour-
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[40]. Our analyses in this paper demonstrated selective
expression of AID in both transformed and non-
transformed FLS from RA. Furthermore, immunohis-
tochemical analysis of our RA cases revealed that major
AID-producing cells with FLS-like morphology localized in
the area outside B cell follicles; B cell follicles without pro-
duction of AID were also described by them. When these
results by us and others are integrated, we hypothesize that
both B cells and non-B cells in RA patients are liable to
express AID as an intrinsic or secondary abnormality under
inflammatory milieu, which is responsible for the various
aspects in the pathophysiology of RA. Higher expression of
AID in B cells causes the SHM at variable regions in Ig gene
and involvement in the generation of autoreactive B cells,
which produce autoantibodies such as RF and anti-CCP
antibody. Conversely, ectopic expression of AID in non-B
cells, such as FLS per se, introduces point mutations in some
genes, including tumour suppressor genes, and alters the
phenotype of the cells including FLS.

It may be imagined that AID could be a potential thera-
peutic target for RA; however, it would be difficult to know
when AID expression has begun in FLS in the synovium of
each RA case. Although we did not study in detail the triggers
for the ectopic expression of AID in FLS of RA, it is reason-
able to speculate that anti-inflammatory cytokine therapy
starting at earlier stages of RA suppresses the induction of
AID expression in FLS and might prevent the malignant
transformation of FLS by AID-dependent random
mutagenesis.
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Humanized anti-interleukin-6-receptor antibody (tocilizumab)
monotherapy is more effective in slowing radiographic
progression in patients with rheumatoid arthritis at high baseline
risk for structural damage evaluated with levels of biomarkers,
radiography, and BMI: data from the SAMURALI study
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Abstract Our aim was to assess the ability of tocilizumab
monotherapy to reduce progressive structural joint damage
in rheumatoid arthritis patients at high risk of progression.
This study was a subanalysis from a prospective 1-year,
multicenter, X-ray-reader-blinded, randomized controlled
trial of tocilizumab [Study of Active Controlled Mono-
therapy Used for Rheumatoid Arthritis, an IL-6 Inhibitor
(SAMURAI) trial]. All patients were categorized into two
or three groups according to four independent predictive
markers for progressive joint damage [urinary C-terminal

J. Hashimoto - H. Yoshikawa
Osaka University Graduate School of Medicine, Osaka, Japan

P. Garnero
INSERM Research Unit 664, Lyon, France

D. van der Heijde
University Hospital Maastricht, Maastricht, The Netherlands

N. Miyasaka
Tokyo Medical and Dental University, Tokyo, Japan

K. Yamamoto
The University of Tokyo, Tokyo, Japan

S. Kawai
Toho University, Tokyo, Japan

T. Takeuchi
Keio University, Tokyo, Japan

N. Nishimoto
Wakayama Medical University, Wakayama, Japan

N. Nishimoto (&)

Laboratory of Immune Regulation,

Wakayama Medical University, 105 Saito Bio Innovation
Center, 7-7-20 Saito-Asagi, Ibaraki, Osaka 567-0085, Japan
e-mail: norichan@wakayama-med.ac.jp

@ Springer

crosslinking telopeptide (uCTX-II), urinary pyridinoline/
deoxypyridinoline (WPYD/DPD) ratio, body mass index
(BMI), and joint-space narrowing (JSN) score at baseline].
One-year progression of joint destruction was assessed in
high-risk versus low-risk groups receiving tocilizumab
monotherapy and compared with patients receiving con-
ventional disease-modifying antirheumatic drugs (DMARDs)
(n =157 and 145, respectively). In patients at high risk
of progression of erosion as estimated by high uCTX-II,
uPYD/DPD, or low BMI, and at high risk of progression
of JSN as estimated by low BMI or high JSN score, the
52-week changes in radiological erosion and JSN, res-
pectively, were significantly less in patients treated with
tocilizumab monotherapy compared with those receiving
DMARD:s for each type of risk factor. In patients at low
risk, those receiving tocilizumab also progressed less than
those on DMARDs, although the difference did not reach
statistical significance. Tocilizumab monotherapy is more
effective in reducing radiological progression in patients
presenting with risk factors for rapid progression than in
low-risk patients. Patients at high risk for progression may
benefit more from tocilizumab treatment.

Keywords CTX-II - PYD/DPD - Rheumatoid arthritis -
Interleukin-6 - Tocilizumab - Joint destruction

Introduction

Biological agents targeting inflammatory cytokines have
proven more effective than conventional disease-modifying
antirheumatic drugs (DMARDs) for suppressing disease
activity and progressive joint damage in rheumatoid
arthritis (RA) [1-11]. Patients at high risk of progressive
joint damage who are difficult to treat with conventional
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DMARDs may be a particularly important target popula-
tion for treatment with biologics. Our recent studies
showed that increased urinary levels of C-terminal cross-
linked telopeptide of type II collagen (uCTX-II), total
pyridinoline/total deoxypyridinoline ratio (UPYD/DPD
ratio), joint-space narrowing (JSN) score, and low body
mass index (BMI) at baseline were all independent pre-
dictive markers for radiographically evident joint damage
in patients with RA of <5 years and treated with conven-
tional DMARDs. Although targeting patients with rapid
progression, as assessed by these predictive factors, for
treatment with biologics may be beneficial, to date there is
no evidence that these agents are equally effective in such
high-risk patients. Therefore, this study aimed to investi-
gate the ability of tocilizumab monotherapy to reduce
progressive structural joint damage in high-risk patients.

Methods

Patients with RA of <5 year duration participating in a
prospective 1-year randomized controlled trial of toc-
ilizamab [Study of Active Controlled Monotherapy Used
for Rheumatoid Arthritis, an IL-6 Inhibitor (SAMURAI)
trial] [10] receiving anti-interleukin (IL)-6-receptor anti-
body monotherapy (8 mg/kg intravenously every 4 weeks,
n = 154), were categorized into two or three groups
according to their uCTX-II values, uPYD/DPD ratio, BMI,
and JSN scores at baseline (cutoff values: 500 ng/mmol
creatinine for uCTX-II, median for uPYD/DPD, 0 units for
JSN, 18.5 and 25 for BMI). These four factors were shown
to be independent predictive markers for radiographically
evident joint damage progression in 148 patients with RA
treated with conventional DMARD:s in the control arm of
the SAMURALI trial [12]. Briefly, this trial established that
high baseline uCTX-II, uPYD/DPD ratio and JSN score
and a low BMI were independent risk factors for pro-
gression of bone erosion as evaluated with the van der
Heijde modified Sharp method in patients with RA
receiving conventional DMARDs. In addition to these
three variables, the JSN score at baseline was also signif-
icantly associated with an increased risk of progression of
JSN score and total Sharp score (TSS). In this study, we
compared the 1-year progression of joint destruction in
these high- and low-risk groups in the two cohorts of
148 and 154 patients with RA receiving conventional
DMARD:s or tocilizumab monotherapy, respectively.

SAMURALI trial
In the SAMURALI trial [10], patients were >20 years and

fulfilled the American College of Rheumatology (ACR;
formerly the American Rheumatism Association) 1987

revised criteria for the classification of RA, with a disease
duration of >6 months and <5 years. In addition, they
had >6 tender joints (of 49 evaluated), >6 swollen joints
(of 46 evaluated), an erythrocyte sedimentation rate (ESR)
of >30 mm/h, and C-reactive protein (CRP) of >20 mg/l.
All patients had an inadequate response to at least one
DMARD or immunosuppressant. Use of anti-tumor necrosis
factor (anti-TNF) agents and leflunomide were not allowed
within the 3 months prior to the first dose. Change in dose and
type of DMARDs and/or immunosuppressants, plasma
exchange therapies, and surgical treatments were not allowed
within the previous 4 weeks. Oral corticosteroids (predniso-
lone up to 10 mg/day) were allowed if the dosage had not been
changed during the prior 2 weeks. Patients were randomly
assigned to receive either tocilizumab monotherapy at 8 mg/
kg intravenously every 4 weeks or conventional DMARD
therapy for 52 weeks. For the tocilizumab group, DMARDs
and/or immunosuppressants were discontinued from the start
of the study. Oral corticosteroids (up to 10 mg prednisolone
per day) were allowed, but the dosage could not be increased
during the study. Use of one nonsteroidal anti-inflammatory
drug (NSAID), including switching to another NSAID, was
allowed. For the conventional DMARD group, the dose, type,
and combination of DMARDSs and/or immunosuppressants,
except for anti-TNF agents and leflunomide, could be varied
according to disease activity at the discretion of the treating
physician. Variations of NSAIDs and/or corticosteroids
including intra-articular corticosteroid injections were also
allowed.

Assessment of risk of radiographic progression

Posteroanterior radiographs of the hands and anteroposterior
radiographs of the feet were acquired at baseline, week 28,
and week 52 (or at the last visit for patients who withdrew
from the study prior to week 52). Radiographs were scored
using the van der Heijde modified Sharp method [13] for
bone erosion, JSN, and TSS independently by two readers
who were well trained and competent to score radiographs in
accordance with the method. The readers were blinded to the
treatment group and chronologic order of the images. We
measured urinary total deoxypyridinoline (uDPD) and total
pyridinoline (uPYD) by high-performance liquid chroma-
tography (HPLC) and uCTX-II by enzyme-linked immuno-
sorbent assay (ELISA) (CTX-I CartiLaps® ELISA,
NORDIC Biosciences, Herlev, Denmark).

Statistical analysis
All statistical analyses were two-sided, and p values <0.05
were considered significant. All statistical analyses were

carried out using SAS (SAS Institute, Cary, NC, USA
version 8.2, TS2MO).
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Results

Groups were comparable at baseline for the risk factors
previously identified for predicting radiological progres-
sion in the DMARD:s group (Table 1). As shown in Figs. 1
and 2, differences in the 1-year changes in radiological
erosion and JSN scores between patients in the DMARDs
and tocilizamab monotherapy arms varied between sub-
groups divided according to the baseline levels of each
predictive marker for radiographically evident joint dam-
age (uCTX-II, wPYD/DPD, JSN, and BMI). The 1-year
changes in radiological erosion scores in patients with high
uCTX-M, high uPYD/DPD, or low BMI at baseline, indi-
cating a high risk of progressive joint erosion, were sig-
nificantly lower in tocilizumab-treated than in DMARD-
treated patients (Fig. 1). Those changes in radiological JSN
scores in patients with high uCTX-II, high uPYD/DFD,
high JSN, or low BMI at baseline, indicating a high risk of
progressive JSN, were also lower in tocilizumab-treated
than in DMARD-treated patients (Fig. 2a-d), and there
were proven to be significant differences in cases with high
JSN and low BMI (Fig. 2c, d). In contrast, low-risk patients
receiving tocilizumab monotherapy progressed less than
patients on DMARD:, although the differences were very
small and did not reach statistical significance (Figs. 1 and 2).

Discussion
Biological agents targeting inflammatory cytokines are
more effective at suppressing progression of joint damage

than are conveniional DMARDs. However, previously
reported studies on the efficacies of these agents for

Table 1 Baseline values in the different patient groups

slowing radiological damage showed that there was still
significant progression in many patients [1-11]. These data
allowed us to recognize that many patients on nonbiologic
DMARDs show no radiographic progression, and some
even show radiographic improvement. Specifically, our
previous data showed that 39% of patients treated with
conventional DMARDs showed no radiographic progres-
sion in 1-year follow-up [10]. However, biological agents
may have side effects. With such knowledge gained from
growing experience in the use of biologics, patients would
benefit from personalized therapies based on accurate
prognostic tools rather than standard therapies that do not
evaluate risk factor to guide treatment selection. A better
understanding of the prognostic factors for progressive
joint damage under nonbiological treatment and appropri-
ate targeting of biologics to patients with RA at high risk of
progressive joint damage and disability could enhance
risk—benefit balance of RA therapeutic strategies. Thus,
many investigators have sought such prognostic factors.
Young-Min et al. reported the possible usefulness of
matrix metalloproteinase-3 (MMP-3) and uCTX-II in pre-
dicting radiographic outcome in RA patients treated with
DMARDs [14], and Chamni et al. reported the possible
usefulness of urinary type II collagen helical peptide
(HELIX-II) [15]. We found that high baseline levels of
uCTX-II, uPYD/DPD, JSN score, and low BMI were
independently significantly associated with 1-year pro-
gression of joint destruction under conventiona] DMARDs
treatment [12]. Most of these newly developed or recog-
nized markers are still not widely used in clinical practice;
however, further understanding the significance of these
markers would facilitate better therapies. Having estab-
lished these risk factors, the efficacy of biologics for

Variables Cutoff value DMARDs Tocilizumab
N =145 N =157
N Mean of baseline value + SD N Mean of baseline value £ SD
ISN 0 30 0 32 0
>0 115 21.1 £ 225 125 18.2 £ 21.8
uCTX-II (ng/mmol/creatinine) <500 53 327.2 £ 104.6 66 337.0 £ 102.9
>500 88 1249.0 £ 1014.9 83 1156.0 & 585.8
uPYD/DPD <6.8 72 5807 76 55 +0.8
>6.8 73 86+14 81 85+13
BMI (kg/m?) <18.5 20 175 £ 1.2 26 175 £ 0.6
>18.5 and <25 102 215+ 16 102 215+ 1.8
>25 21 271 4+ 1.7 29 282+24

Criteria were according to criteria of the World Health Organization [16] employees
JSN joint space narrowing, uPYD/DPD urinary pyridinoline/deoxypyridinoline ratio, «CTX-II urinary C-terminal telopeptide of type II collagen,

BMI body mass index, SD standard deviation

BMI <18.5, underweight; >18.5 and <25, normal weight; 25<, overweight or obese
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reducing joint destruction in high-risk groups needed to be
confirmed to effectively target treatment. Therefore, in this
study, subanalysis from a prospective 1-year randomized
controlled trial of tocilizumab (SAMURAI trial) was per-
formed to investigate the ability of this agent to reduce
progression of structural joint damage in high-risk patients.
There was no significant difference in 1-year changes of
JSN scores between DMARD- and tocilizamab-treated
patients in high-risk groups, as estimated by high uCTX-II,
uPYD/DPD. Our data show, however, that tocilizumab
monotherapy effectively blocked progression of bone ero-
sion in all high-risk groups as estimated by high uCTX-II,
uPYD/DPD, or low BMI and also effectively blocked
progression of JSN in high-risk groups as estimated by low
BMI or high JSN score, The differences in 1-year changes
of erosion and JSN scores between the DMARD- and
tocilizumab-treated patients were greatest in the high-risk
groups, whereas there was little to no difference in the low-
risk group. These findings indicate that the benefit of toc-
ilizumab monotherapy to inhibit bone erosion and JSN
progression is maximized in high-risk groups as estimated
by high wCTX-II, uPYD/DPD, or low BMI, and by low
BMI or high JSN score, respectively. To our knowledge,
this is the first comprehensive report showing the useful-
ness of biomarker targeting strategies for biologics in
treating RA. There were smaller and nonsignificant dif-
ferences in 1-year changes of erosion and JSN scores
between patients in the DMARD or tocilizumab mono-
therapy treatment groups in the low-risk category, although
progression was still lower in individuals receiving toc-
ilizomab. The lack of statistical significance can be due in
part to the very limited progression in the low-risk group
reducing the power to detect differences. These findings
also suggest that patients at low risk may benefit less from
treatment with biologics unless they develop changes in
markers that indicate an increased risk of progression
during treatment with conventional DMARDs. On the
other hand, the lack of statistically significant differences
in 1-year changes of JSN scores between patients in the
DMARD or tocilizumab monotherapy treatment groups in the
high-risk category might be due to the relatively weak prog-
nostic power of high wCTX-II and uPYD/DPD for JSN pro-
gression compared with low BMI or high JSN score {12].
Establishing means of early discrimination between
tocilizumab radiological responders and nonresponders is
therefore raised as the next issue to be addressed when
considering targeted therapeutic strategies. In conclusion,
we demonstrated that tocilizumab monotherapy is effective
in reducing radiological progression in patients presenting
with risk factors for rapid progression of joint damage.
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ABSTRACT

Protein kinase C (PKC) plays an essential role in cellular signal transduction for mediating a variety of
biological functions. There are 11 PKC isoforms and these isoforms are believed to play distinct roles in cells.
Although the role of individual isoforms of PKC has been investigated in many fields, little is known about the
role of PKC in osteoblastic differentiation. Here, we investigated which isoforms of PKC are involved in
osteoblastic differentiation of the mouse preosteoblastic cell line MC3T3-E1. Treatment with G66976, an
inhibitor of PKCat and PKCP], increased alkaline phosphatase (ALP) activity as well as gene expression of ALP
and Osteocalcin (OCN), and enhanced calcification of the extracellular matrix. Concurrently, osteoblastic cell
proliferation decreased at a concentration of 1.0 uM. In contrast, a PKCR inhibitor, which inhibits PKCBI and
PKCBII, did not significantly affect osteoblastic differentiation or cell proliferation. Knockdown of PKCa using
MC3T3-E1 cells transfected with siRNA also induced an increase in ALP activity and in gene expression of ALP
and OCN. In contrast, overexpression of wild-type PKCa decreased ALP activity and attenuated osteoblastic
differentiation markers including ALP and OCN, but promoted cell proliferation. Taken together, our results
indicate that PKCa suppresses ostéoblastic differentiation, but promotes osteoblastic cell proliferation. These
results imply that PKCo may have a pivotal role in cell signaling that modulates the differentiation and
proliferation of osteoblasts.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Protein kinase C (PKC) is a serine/threonine protein kinase that is
known to be involved in multiple cellular signal transduction
pathways that mediate cellular functions such as proliferation and
differentiation [1-4]. PKC was first purified from bovine cerebellum
in 1977 as a new species of protein kinase [5], following which, it
was shown to be expressed in many other tissues [6]. To date, 11
PKC isoforms have been identified, which are classified into three
groups based on their structure and cofactor regulation [7,8]:
conventional PKC (e, I, Bll, and y), novel PKC (5, €, 1), 8, and p), and
atypical PKC (¢ and \). Conventional PKCs are Ca?*-dependent and
are activated by both phosphatidylserine (PS) and the second
messenger diacylglycerol (DAG). Novel PKCs are regulated by PS
and DAG, but their activation is Ca**-independent. Atypical PKCs
require neither Ca®* nor PS and DAG for activation. Although some
PKC isoforms are cell-type specific, PKCa, §, €, and ¢ seem to be
ubiquitous [7,9].
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The role of each PKC isoform has been mostly evaluated in a variey
of fields using genetic and molecular approaches employing isoform-
specific inhibitors [10-12], isoform-specific RNAi and/or isoform
overexpression. Much progress has been made in clinical studies of
the role of PKC isoforms in cardiovascular disease and tumorigenesis
and some isoforms of PKC are currently being used as theraupic
targets [13]. For example, a selective inhibitor of PKCR is under
evaluation in a clinical trial as a theraupic agent for diabetic
complications |14,15]. Although such systemic diseases often involve
achange in bone quantity and quality, little is known about the effects
of PKC on bone formation. Expression of PKC isoforms in osteoblasts
has been reported [4,16], suggesting that a therapeutic agent targeted
towards specific PKC isoforms might inadvertently modulate bone
formation. Conversely, if the involvement of isoforms of PKC in bone
formation are understood, a new agent for the regulation of bone
formation might be developed.

Our purpose was to determine which isoforms of PKC play an
important role in osteoblastic differentiation. In the present paper, we
mainly investigated the role of PKCa and PKCP in osteoblasts using
commercially available inhibitors of PKC isoforms. We speculated that
of the eleven different isoforms of PKC, PKCa in particular may have a
suppressive role in osteoblastic differentiation. In addition, we
confirmed this role of PKCo by knockdown of PKCa, and by
overexpression of PKCo, in MC3T3-E1 cells. Meanwhile, PKCo
promoted osteoblastic proliferation. Our present study indicates that
PKCo suppresses osteoblastic differentiation.
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Materials and methods
Cell culture

Mouse preosteoblastic MC3T3-E1 cells were obtained from Riken
Cell Bank (Tsukuba, Japan). The cells were seeded at a concentration
of 2.0x10%cells/cm? in o-minimal essential medium (o-MEM;
Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum (FBS; Hyclone, Road Logan, UT, USA) (growth medium) at
37 °C under a humidified atmosphere of 5% CO.. For each assay, the
growth medium was replaced with growth medium supplemented
with 0.2 mM ascorbic acid (AA; Sigma-Aldrich, St. Louis, MO, USA)
and 10 mM p-glycerophosphate (BGP; Sigma-Aldrich) (differentia-
tion medium). The medium was changed twice per week.

Alkaline phosphatase (ALP) staining

MC3T3-E1 cells were seeded in a 24-well plate at a density of
2.0x 10% cells/cm?. After 24 h incubation, the cells were treated with
the PKCa/PKCRI inhibitor G66976 (Calbiochem, San Diego, CA, USA),
the PKCR inhibitor ( Calbiochem), or with 12-0-tetradecanoylphorbol-
13-acetate (TPA; Calbiochem) in differentiation medium for 3 days.
For ALP staining, cells were washed with phosphate-buffered saline
(PBS; Sigma-Aldrich) and fixed for 15 min with 10% formalin at room
temperature. After fixation, the cells were incubated with the
ProtoBlot® Il AP System with Stabilized Substrate (Promega, Madison,
WI, USA) for 1h at room temperature. For all experiments using
inhibitors and activators of PKC, we also assayed the vehicle (DMSO)
as a standard control [17].

ALP activity

To measure ALP activity, cells were washed twice with PBS and
then lysed in mammalian protein extraction reagent (M-PER; Pierce,
Rockford, IL, USA) following the manufacturer's protocol. ALP activity
was measured using LabAssay™ ALP (Wako Pure Chemicals Indus-
tries, Ltd., Osaka, Japan) and p-nitrophenylphosphate as a substrate. In
order to normalize enzyme activity, the protein content was
measured using a bichinconinic acid (BCA) protein assay kit (Pierce).

Proliferation assay

MC3T3-E1 cells were cultured in 48-well plates at a concentration
0f2.0x 10% cells/cm? in differentiation medium. Cell proliferation was
assessed using the Premix WST-1 cell proliferation assay system
(Takara Bio, Inc., Otsu, Japan) according to the manufacturer's
instructions. We performed this assay every 24 h.

Alizarin red staining

MC3T3-E1 cells were cultured for 28 days on BIOCOAT® 24-well
plates (Nippon Becton Dickinson Co., Ltd., Tokyo, Japan) in differen-
tiation medium. Then, the cells were washed twice with PBS, fixed in
10% formalin for 10 min and then stained with Alizarin Red S (Sigma-
Aldrich) at pH 6.3 for 1 h. After discarding the Alizarin Red S solution
and washing the cells three times with distilled water, bound Alizarin
Red was dissolved in 200 pL of 100 mM hexadecylpyridium chloride
(Sigma-Aldrich) and the absorbance of the supernatant was measured
at 570 nm.

Reverse transcription PCR (RT-PCR) and quantitative real-time PCR

Total RNA was isolated from cells using TRIzol (Invitrogen)
according to the manufacturer's instructions. cDNA was synthesized
using the Transcriptor First Strand cDNA Synthesis kit (Roche
Diagnostics GmbH, Mannheim, Germany). RT-PCR was performed

using a PCR Master Mix (Promega) and an appropriate pair of primers.
The sequences of the specific primers used for RT-PCR are shown in
Table 1. PCR products were separated by agarose gel electrophoresis
and stained with ethidium bromide. Each mRNA was measured using
a quantitative real-time PCR assay, which employed LightCycler®
TagMan® Master (Roche Diagnostics), a Universal ProbeLibrary Probe
(UPL Probe; Roche Diagnostics), an appropriate pair of primers
according to the manufacturer's protocol. The sequences of specific
primers and UPL Probes used are shown in Table 2. Expression values
were normalized to GAPDH.

Western blotting

The cells were rapidly lysed on ice using Blue Loading Buffer
Reagents (Cell Signaling Technology, Beverly, MA, USA) containing
0.125 M dithiothreitol, These samples were subjected to 8% SDS-PAGE
and were then transferred onto nitrocellulose membranes (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). After blocking with 0.1% Tween-
added PBS (T-PBS) containing 3% bovine serum albumin (BSA; Sigma-
Aldrich), the membranes were incubated with specific primary
antibodies against PKCo (Cell Signaling Technology), PKCB (Abnova
Co., Ltd., Taipei, Taiwan), PKCRIl (Santa Cruz Biotechnology, Inc,
Austin, TX, USA), and B-actin (Sigma-Aldrich). Horseradish peroxi-
dase-conjugated anti-mouse or -rabbit secondary antibody (GE
Healthcare, UK) were incubated for 1 h at room temperature in 0.1%
T-PBS. The blots were visualized by enhanced chemiluminescence
substrate (Thermo Scientific, Rockford, IL, USA) using a Western
blotting detection system.

Knockdown of PKCax using RNA interference

MC3T3-E1 cells were transfected with small interfering RNA (siRNA)
using Lipofectamine RNAIMAX (Invitrogen) according to the manufac-
turer's protocol. Two different sets of PKCot siRNA oligos were used for
knockdown of PKCa:: site 1 (5'-GGAUUUAUCUGAAGGCUGA-3' and 5'-
UCAGCCUUCAGAUAAAUCC-3') and site 2 (5-GCAAAGGACUUAUGAC-
CAA-3’ and 5-UUGGUCAUAAGUCCUUUGC-3") (B-Bridge International,
Inc., Sunnyvale, CA, USA). Control siRNA was purchased from B-Bridge
International, Inc. MC3T3-E1 cells transfected with siRNA were seeded
in a 24-well plate at a concentration of 1.0x 10* cells/cm? for 48 h. The
medium was then replaced with differentiation medium and the cells
were incubated for 3 days prior to use for experiments.

Infection with adenovirus vectors

Adenovirus expressing rabbit PKCe, rabbit PKCRII, and B-galacto-
sidase were generous gifts from Dr. M. Ohba, Tokyo, Japan |18]. Each
recombinant adenovirus was plague purified, expanded, and titered

Table 1
Sequences of PCR primers and specific probes used for quantitative real-time PCR.

Gene UPL probe no.  Primer Sequence (5'—3')
ALP 81 Forward  ACTCAGGGCAATGAGGTCAC
Reverse CACCCGAGTGGTAGTCACAA
Osteocalcin 71 Forward  CACCATGAGGACCCTCTCTC
Reverse ~ TGGACATGAAGGCTTTGTCA
Collagen type 1 al 15 Forward  CATGTTCAGCTTTGTGGACCT
Reverse GCAGCTGACTTCAGGGATGT
Runx2 34 Forward  GCCCAGGCGTATTTCAGAT
Reverse TGCCTGGCTCTTCTTACTGAG
Osterix 106 Forward  CTCCTGCAGGCAGTCCTC
Reverse GGGAAGGGTGGGTAGTCATT
GAPDH 80 Forward  TGTCCGTCGTGGATCTGAC
Reverse CCTGCTTCACCACCTTCTTG
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