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significant insights 1nto RA pathogene51s 2 The first
samples tested were synovial specimens,®® and periph-

" eral blood mononuclear cells (PBMC),® from RA and
osteoarthritis (OA) patients, and cluster analysis of the
resulting microarray gene-expression data revealed some
. candidate genes that may play a specific role in RA
pathogenesis.

In other studies searching for key factors in RA
pathogenesis, immunoscreening by using an antirheuma-
toid symovial cell antibody identified synoviolin/Hrd1
to be a highly expressed enzyme (E3 ubiquitin ligase) in
the rheumatoid synovium.'® Synoviolin appears to be
a pathogenic factor for RA because mice overexpressing
this enzyme developed spontaneous arthropathy, while
heterozygous knockdown results in increased synovial cell
apoptosis and resistance to collagen-induced arthritis.!* It
was proposed that the excess elimination of unfolded
proteins due to synoviolin overexpression triggers synovial
cell overgrowth.}? Thus, synoviolin may play a pivotal
role in the pathogenesis of arthropathy due to its functions
in the quality control of proteins through the endoplasmic
reticulum (ER)-associated degradation (ERAD) system;
its elevated expression may therefore have an anti-
apoptotic effect that causes synovial hyperplasia.

Bone marrow-derived mononuclear cells (BMMCO)
are another target for analyses aiming to identify the
key genes that participate in RA pathogenesis because
accumulating evidence suggests that BMMC cell
abnormalities may contribute to the pathogenesis of
RA and experimental arthritis models.’**” Moreover,
RA patients suffer from defective central and peripheral
B-cell tolerance checkpoints,18 the first of which occurs
in the bone marrow between the early immature and
immature B-cell stages (the second counter selection step
of autoantibody-expressing B cells takes place in the
periphery, when the new emigrant becomes a mature
naive B cell).m'19 In addition, inflammatory changes
similar to those found in RA synovium seem to occur in
the subchondral bone marrow of the involved RA joint,?
and synovial inflammatory tissue can reach the adjacent
bone marrow by fully breaking the cortical barrier. 2
Thus, BMMC cells are an interesting subject for studies
seeking to identify specific genes involved in RA
pathogenesis.

To identify the genes whose expresswns are dramati- -

cally induced or reduced in the pooled BMMC mRNAs
of 50 RA patients as compared with 50 OA patients, we
here subjected these pooled mRNAs to stepwise subtrac-
tion, which is a unique technique that we have developed
previously.?? This method permitted the comprehensive
identification of those genes that are specifically up- or
down-regulated during RA pathogenesis. In addition, we
also used microarray analysis, since DNA microarray
analyses on the BMMC of RA patients have not been
described previously. As a control, we also subjected the
BMMC RNA from OA patients to stepwise subtraction
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and microarray analysis to identify the genes that are
specifically involved in OA pathogenesis. These analyses
together resulted in the isolation of 103 RA-upregulated
genes, of which amphiregulin (AREG) was revealed
by quantitative real-time RT-PCR (QRT-PCR) to be
the most conspicuously induced gene in RA patients.
Interestingly, we also show here that AREG operates
upstream of synoviolin in isolated synovial cells through
an epidermal growth factor receptor (EFGR) signaling
pathway. We discuss how AREG upregulation could
contribute to RA pathogenesis.

2. Patients, Materials and Methods

2.1. Human subjects and ethical considerations

All RA patients satisfied the 1987 revised diagnostic
criteria of the American College of Rheumatology (ACR:
formerly the American Rheumatism Association).? All
OA patients fulfilled the ACR criteria for hip or knee
OA.>* The RA and OA patient groups were largely
matched in terms of their average age and sex (Supple-
mentary Figure S1A and B). This study was reviewed
and approved by the Internal Review Board of the
Research Institute for Microbial Diseases, Osaka
University. Accordingly, a written informed consent
was obtained from each participant before obtaining
human tissues.

2.2. Cell proliferation assay

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

2.8. Statistical analysis

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

3. RESULTS

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

To isolate the putative RA-specific genes that are

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

30 cycles, respectively), ¢ (55°C and 35 cycles, respectively), d

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

(55°C and 40 cycles, respectively), and e (60°C and 40 cycles, respectively).

BMMC of 50 OA patients (Supplementary Figure S1A)
to select candidate genes that may show upregulation in
RA BMMC only as described previously.?? To examine if
the candidate genes are actually upregulated in RA but
not OA BMMC, we performed northern blot analysis
and/or RT-PCR using the pooled mRNA from the
BMMC of 50 RA and 50 OA patients (Fig. 1). To reduce
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the possibility of missing important RA-specific patho-
genic genes by this method, we also performed a genome-
wide complementary DNA microarray analysis using the
Agilent Hu44K array with the same pooled RNA samples
obtained from the BMMC of RA and OA patients that
were described above. When we tested top 70 genes
from the microarray list of RA-upregulated genes by
northern blot analysis and/or RT-PCR as described
above, we found that only 20 genes really displayed
RA-upregulated expressions. Thus, we identified 103
RA-upregulated genes (Fig. 1) and named them AURA
(augmented in RA). As shown in Table 1, 15 AURA
genes (AURAI~AURA7 and AURA10~AURA17) are
uncharacterized novel genes.

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

3.2.- Ezxpression profiles of RA-upregulated genes
in individual RA or OA patients

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

Of the 17 tested AURA genes (denoted x in Table 1),
AREG (AURAY) was the most conspicuously upregulated

RA-upregulated genes

[Vol. 13,

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

AURA1 was the next most conspicuously upregula-
ted gene in the BMMC of many RA patients, while

‘the BMMC of all OA patients showed only very low

expression of this gene (Fig.. 2B). However, unlike
AREG, the PBMC of RA patients showed negligible
enhancement in the expression of AURAI. AURAI
encodes an uncharacterized protein containing a thioes-
terase domain (Fig. 2B inset) that may cleave thioester
bonds of an unknown target.

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

Nearly half of the RA patient BMMC samples
showed 5- to 50-fold greater expression of CLECSF9
(=AURA24), TPST1 (=AURA52) and AURAZ than the
normal control PBMC sample (Fig. 2D-F). No such
increase was observed in the BMMC of OA patients or in
the PBMC of the RA patients. CLECSF9 encodes a
macrophage-inducible C-type lectin (Mincle) that
harbors a calcium-dependent carbohydrate-recognition
domain. TPST1 is one of the two Golgi tyrosylprotein
sulfotransferases (TPST1 and TPST2) that mediate the
post-translational modification tyrosine O-sulfation.

G0S2 (=AURAS), chemokine receptor 4 (CXCR4 =
AURAS86), nuclear factor-kappa B (NF-kB = AURA25)
and AURA17 showed augmented expression in both the
BMMC and PBMC of some of the RA patients when
compared to the expression in the BMMC and PBMC
of the OA patients, although the differences between
the RA and OA samples are not as significant as for the
previously discussed genes - (Supplementary Figure
S3A-D). G0S2 is one of the GO/G1 switch (GOS) genes
that are differentially expressed in lymphocytes during
their lectin-induced switch from the GO to the G1 phases
of the cell cycle.?® CXCRA4, the receptor for a chemokine
called stromal cell-derived factor-1 (SDF-1/CXCL12), is
important in the migration, homing and survival of
hematopoietic stem cells. SDF-1, which is secreted by
ischemic myocardium, is involved in the homeostatic
and inflammatory traffic of leukocytes, and is highly
expressed in the synovial tissues of RA patien’cs.30 NF-«xB
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Table 1. List of AURA genes
AURA no. Accession no. Sequence description SS/DM QRT-PCR
~ AURAI AK001968 Unknown ¢cDNA (FLJ11106) b r
AURAZ2 BC022398 Unknown cDNA b r
AURAS BC031341 Unknown ¢DNA (hypothetical protein MGC45871)
AURA/{ NM_052862.2 Unknown ¢cDNA (hypothetical protein MGC21854)
AURAS AK097275.1 Unknown cDNA (FLJ39956) L-PLASTIN-like
AURA6 BC019355 Unknown ¢cDNA (ring finger protein 149: IMAGE:3956746)
AURA7 AF078845.1 Unknown c¢cDNA (16.7Kd protein) '
AURAS8 M69199 Putative lymphocyte GO/G1 switch gene (G0S2)=Ailel b r
AURA9 AH002608 Amphiregulin b r
AURAI10 AK026118 Unknown ¢cDNA (Ch20-ORF43) r
AURA11 AK094006 Unknown ¢cDNA
AURA12 AK095896.1 Unknown cDNA (FLJ38577)
AURA13 BC014435 Unknown cDNA (IMAGE:4855747) r
AURA14 ZF161365 Unknown cDNA (HSPC102) m
AURA1S FLJ23431 Unknown ¢cDNA (FLJ23431) MHC class I -like
AURA16 BC066334 Unknown cDNA (FLJ37760)
AURA17 XM_058513 Unknown ¢cDNA (DKFZp434H2111) m r
AURA18 BC016660 Heat shock 70 kDa protein 8
AURA19 BC022347 Lactotransferrin
AURA20 NM_001800.2 Cyclin-dependent kinase inhibitor 2D (p19) (CDKN2D)
AURA21 X55668.1 Proteinase 3
AURA22 BC013946 Kruppel-like factor 13
AURA23 BC022463 Dual specificity phosphatase 1 (DUSP1) r
AURA2/ AY358499 C-type lectin, superfamily member 9 (CLECSF9) r
AURA25 AY033600 NF-kB alpha b r
AURAZ26 AF194172 Androgen-regulated protein 6 (AIG6) . m
AURA27 NM_021810  Cadherin-like 26 (CDH26)
AURA28 X52053.1 HP-1 (corticostatin/defensin family) r
AURA29 BC018857.2 Translation elongation factor 1 gamma
AURAS0 BC053585.1 Colony stimulating factor 3 receptor (granulocyte).
AURAS81 AY124010 Interleukin 1 receptor, type IT (IL1R2) m
AURA32 BC020635 Ficolin 1 (FCN1: collagen/fibrinogen domain-containing)
AURAS3 BC106068 Microtubule-associated protein, RP/EB family, member 1
AURAS34 AF443591 Death effector domain-containing DNA binding protein2
AURA35 BC032491 Ubiquitin-conjugating enzyme E2L 6 (UBE2L6)
AURAS6 BC004967 Ubiquitin associated domain containing 1 (UBADC1)
AURAZ7 NM_006313.1 Ubiquitin specific protease 15 (USP15)
AURAS38 BC011358 ADP-ribosylation factor 1
AURA39 AY366510.1 Pre-mRNA 3'end processing factor FIP1
AURA40 NM_175039.1 Sialyltransferase 7D (SIAT7D). transcript variant 2
AURA41 BC030230.2 Aminolevulinate, delta- synthase 2
AURA42 NM.014390.1 Staphylococcal nuclease domain containing 1 (SND1)
AURA4S8 NM_015999.2 Adiponectin receptor 1 (ADIPOR1)
AURA44 BC033877.1 Finkel-Biskis-Reilly murine sarcoma virus (FBR-MuSV) r
AURA4S NM_004117 FK506 binding protein 5 (FKBP5) b r
AURA46 NM.000211.1 Integrin beta 2 (antigen CD18 (p95)
AURALY BC015641.2 Enolase 1 (alpha)
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Table 1. continued.

AURA no. Accession no. Sequence description SS/DM QRT-PCR

AURA48 BC028299.1 Non-POU domain containing. octamer-binding.

AURA4Y BC000734.2 Eukaryotic translation initiation factor 3. subunit 648 kDa

AURAS50 NM_012198.2 Grancalcin. EF-hand calcium binding protein (GCA)

AURAS1 BC026690.2 CD97 antigen. transcript variant 2.

AURAS2 CR542060 Tyrosylprotein sulfotransferase 1 (TPST1) m r

AURAS58 NM_005875.1 Translation factor suil homolog (GC20)

AURAS{ NM_004048.2 Beta-2-microglobulin (B2M)

AURASS BC017934 NudC domain containing 2 (NUDCDZ2)

AURAS56 NM_000569 Fc fragment of IgG, low affinity IlTa, receptor for (CD16) b

AURA57 BC018649.2 Polymerase (RNA) II (DNA directed)

AURAS58 BC013293 Synuclein, alpha (a molecular chaperone)

AURAS9 NM_033405.2 PRIC285

AURAG60 J02694.1 Myeloperoxidase

AURAG61 BC020219 Zinc finger protein 143 (clone pHZ-1) m

AURAG62 BC071590 Nijmegen breakage syndrome 1 (nibrin)

AURAG68 BC003186 DNA replication complex GINS protein PSF2 r

AURAG64 NM_006060 Zinc finger protein, subfamily 1A, 1 (ZNFN1A1)

AURAG65 BC015859 T-cell activation GTPase activating protein

AURAG66 750749 Sds22 (protein phosphatase regulatory subunit)-like r

AURAG67 AF411850 C-type lectin-like receptor CLEC-6 m

AURAG68 BC064831 HMT1 hnRNP methyltransferase-like 3

AURAG69 BC022797 Mof4 family associated protein 1

AURAT0 BC032437 Heterogeneous nuclear ribonucleoprotein A3

AURAT7I1 M87790 Anti-hepatitis A immunoglobulin lambda chain variable region

AURAT2 K01763 Haptoglobin alpha(1S)-beta precursor

AURA7S BC016800 Aldolase A, fructose-bisphosphate, transcript variant

AURAYY BC001391 Actin-like 6A, transcript variant 1

AURA7T5 NM_003512.3 H2 histone, family 2AC (H2AC)

AURAT6 BC017558 H3 histone, family 3B (H3.3B)

AURAT7 BC032748 Myosin regulatory light chain MRCL3

AURATS 560099 APPH = amyloid precursor protein homolog

AURAT9 BC067100 Fas (TNFRSF6) associated factor 1

AURA80 NM_000896 Cytochrome P450, family 4, subfamily F (CYP4F3) b

AURAS! BC010577 Granulin (an association partner of cyclin T1) .

AURAS82 AF054186 pl8

AURASS BC028626 Trinucleotide repeat containing 6B

AURA84 L43631 Scaffold attachment factor B (SAF-B)

AURAS85 M11124 MHC HLA DQ alpha-chain mRNA from DRw?9 cell line

AURAS86 AF025375 Chemokine (C-X-C motif) receptor 4 (CXCR4) b r

AURAS87 BC000163 Vimentin (VIM)

AURASS8 BC071860 Lactate dehydrogenase B (LDHB)

AURAS89 BC100032 Ribosomal protein S13 (RPS13)

AURAS0 BC011852 Glutamine synthetase (GLUL)

AURA91 NM_000045 Arginase, liver (ARG1)

AURA92 BC006510 Cyclin Bl

AURA93 BC007063 Peroxiredoxin 1

AURAY4 NM_005746

Pre-B-cell colony enhancing factor 1 (PBEF1) m
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Table 1. continued.

AURA no. Accession no. Sequence description SS/DM QRT-PCR

AURAY5 BC018711 RNA-binding region (RNP1. RRM) containing 1

AURAY6 NM_001126 Adenylosuccinate synthase (ADSS)

AURA97 BC008929 rab2 mRNA. YPT1-related and member of ras family

AURA98 NM_004226 Serine/threonine kinase 17b (apoptosis-inducing) (STK17B) m

AURA99 BC096336 Insulin-degrading enzyme

AURA100 AF501883 G protein Beta polypeptide 2 (GNB2)

AURAI101 BC007237 Myeloid/lymphoid or mixed-lineage leukemia

AURA102 BC034149.1 Ribosomal protein S3

AURA103 NM_020980 Aquaporin 9 (AQP9) m

Of 103 AURA genes, 83, 10 or 10 genes were identified by stepwise subtraction (SS) alone (no mark), by DNA microarray (DM)
alone (denoted by m) or by both techniques (denoted by b), respectively. The AURA genes that were subjected to QRT-PCR

- analysis are denoted by r.

PRIC285: peroxisomal proliferator-activated receptor A interacting complex 285.

is a transcription factor that resides in the cytoplasm
of every cell and translocates to the nucleus when
activated by a wide variety of agents, including
cytokines.®> AURA17 is an uncharacterized novel gene
that encodes a large protein with 8 leucine rich repeats,
Mitochondrial Rho (Miro) motif and protein tyrosine
kinase domain (Supplementary Figure S3D inset).

We also tested seven other genes in RA and OA
BMMC and PBMC samples by QRT-PCR, but none
showed a widespread and conspicuous increase in expres-
sion in the RA BMMC samples (data not shown).
Consequently, these genes appear to play a less
significant role in RA pathogenesis. Since these experi-
ments and those described above consumed almost all
BMMC and PBMC samples from the RA and OA
patients, the remaining AURA genes will have to be
tested in the future with another RA patient set.

3.8.  Eaxpression pattern of AURA genes in PBMC

To determine whether the AURA genes are expressed
in particular human blood cells, we performed RT-PCR
on multiple tissue cDNA panels (MTC) from Clontech
(Palo Alto, CA). As shown in Fig. 3, RT-PCR detected
AREG mRNA in both monocytes (lane 4) and T and B
cells (lanes 2—4), in particular in activated CD4* T cells
(lane 8). AURATL is detected predominantly in resting
CD4™ (T helper/inducer; lane 3) and activated CD4™ T
(lane 8) cells. CLECSF9 is expressed in most cell types
except for activated CD19% T cells (lane 6), while G0S2
is found primarily in monocytes (lanes a and 4). FKBPS,
TPST1, CXCR4, AURA2 and NF«B are ubiquitously
expressed in most cell types. Thus, the analysis of the
functions these AURA genes, apart from AURAI and
(G052, play in specific blood cells will not be easy because
they are already expressed in normal blood. However,
the function of AURAI can be studied by using CD4%

T cells of RA and OA patients. In this study, however,
we could not perform this analysis because of the
low amounts of BMMC that we could obtain from the
RA patients.

3.4. AREG stimulates the growth of synovial cells

Since AREG appears to be the most conspicuously
unpregulated gene in many RA patients, we subjected it
to further analysis. We first examined its ability to
stimulate the growth of isolated synovial cells because
AREG is one of the ligands of EGFR. and is known to
induce cell growth. Thus, we isolated synovial cells from
synovial tissues that were obtained from five RA and
three OA patients during joint reconstructive surgery. In
the absence of AREG in the culture medium, the
synovial cells from both the RA and OA patients grew at
a similar rate (Fig. 4A and B). However, when AREG
was present, the synovial cells from RA patients
appeared to grow slightly faster than the synovial
cells from OA patients, which is statistically significant
(P < 0.05) (Fig. 4A).

To examine if this phenomenon is reflected in the
signal transduction machinery of synovial cells, we inves-
tigated the activation of the EGFR signaling pathway
in the AREG-treated and untreated RA synoviocytes.
We first examined the phosphorylation of the extracel-
lular signal-regulated kinases (ERK1/2) at Thr202 and
Tyr204 by western blot analysis. ERK1/2 phosphoryla-
tion -indicates the activation of the EGFR signaling
pathway.®®> As shown in Fig. 5A, the phosphorylated
ERK1/2 bands in the RA synoviocytes showed an
increase in intensity when the cells had been treated with-
AREG; this effect peaked 8-12 h after AREG treatment
but continued for 2-3 days. In contrast, the ERK1/2
protein levels remained largely unaffected by AREG
treatment.
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To compare the activation of EGFR signaling between
RA and OA patients, we examined the activation of
the EGFR signaling pathway in the synoviocytes from
the five RA and three OA patients (Fig. 5B). We thus
assessed the phosphorylated ERK1/2 expression levels
by western blot analysis and expressed the results

RA-upregulated genes
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quantitatively by measuring the intensity of the lower
phosphorylated band by densitometry and comparing it
with the ERK1/2 band intensity (Fig. 5C). We found
that the synoviocytes from the RA and OA patients
expressed equivalent levels of EGFR and ERK1/2
proteins, regardless of AREG treatment. In contrast,
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Figure 2. Expression levels of AURA genes in individual RA and OA patients. QRT-PCR analyses show that the mRNA levels of (A) AREG,
(B) AURAL, (C) FKBPS, (D) CLECSF9, (E) TPST1 and (F) AURAZ2 aré conspicuously upregulated in RA patient BMMC (and sometimes
PBMC), while the BMMC and PBMC of OA patients show negligible upregulation. Expression levels in the BMMC for 50 RA patients (from
#1 to 50) are arranged in the denoted order. The inset in (B) shows that the thioesterase domain occupies most of the Aural protein. The mean
values of the samples analyzed in triplicate from each individual RA BMMC, RA PBMC, OA BMMC and OA PBMC are indicated by filled
circles, open squares, x’s, or filled triangles, respectively. The average values for the RA patient group are shown by the horizontal arrows. The
bar graphs in the right panels show the average + SE values of these measurements using the RA or OA BMMC or PBMC. All measurements
are statistically significant when RA and OA are compared (P < 0.01).

AREG treatment upregulated the phosphorylated
ERK1/2 expression levels much more strongly in the
synoviocytes from RA2, RA3 and RA4 than in the
synoviocytes of any of the OA patients. RAl is an
exception to this pattern as its limited phosphorylated
ERK1/2 expression levels were similar to those in
OA1-3. The AREG-induced upregulation of ERK1/2
phosphorylation was less apparent in the RA5 synovial
cells because ERK1/2 was already activated in the
absence of AREG.

Synoviolin plays a role in the synovial hyperplasia
of RA by controlling the ERAD system.'® To determine
if the RA synovial cells have an abnormal ERAD system,
we measured their levels of the ER stress proteins
GRP78/BiP and GRP94, which protect cells from the
stress-induced ER dysfunction that could lead to the
accumulation of unfolded proteins.>® We found that
while the synovial cells of the RA and OA patients have
similar levels of GRP78/BiP (Fig. 5B and D), the RA
synoviocytes show enhanced levels of GRP94, irrespec-
tive of whether they have been stimulated with AREG.
This suggests that at least part of the ER-stress
responsive pathway, namely, that mediated by GRP94,
is more activated in RA synoviocytes than in OA

synoviocytes. Thus, the ERAD pathway does appear to
be abnormally upregulated in RA synoviocytes. We
confirmed by QRT-PCR that the BMMC and PBMC
cells of RA patients RA1-5 show enhanced AREG
mRNA levels, unlike the BMMC and PBMC of OA
patients OA1-3 (Supplementary Figure S5A). Thus,
chronic activation of AREG/EGFR signaling appears to
be augmented in RA patients. Since AREG is expressed
as transmembrane precursors that are cleaved in the

~extracellular domain to release soluble growth factor,

we speculated that the sera (PB) and bone marrow fluid
(BM) of RA1-5 may show enhanced levels of cleaved
AREG compared to the equivalent fluids of OA1-3. We
tested this by enzyme-linked immunosorbent assay but
found only one patient, RA2, showed levels of cleaved
AREG that exceeded the detection level of the assay
(Supplementary Figure S5B). Thus, it is not clear
whether RA patients indeed secrete higher AREG levels
than OA patients.

We also examined whether RA synoviocytes expressed
higher synoviolin mRNA levels than OA synoviocytes in
the presence or absence of AREG. However, we could
not detect any significant differences between the
RA and OA patients in this regard (Supplementary
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Figure 3. Determination by RT-PCR of the human blood cells that
express AREG, AURA1, FKBP5, CLECSF9, TPST1, AURAZ,
G0S2, CXCR4 and NFxB. RT-PCR was performed using the
multiple tissue ¢cDNA panel for human blood fractions (MTC,
Clontech). GAPDH was also amplified as a loading control. PCR
amplifications were conducted at 55°C and over 30 cycles except as
indicated on the right of the panels: 55°C and 35 cycles (#), 55°C
and 27 cycles (*) or 53°C and 25 cycles ($). Lane 1, mononuclear
cells (B, T cells and monocytes). Lane 2, resting CD8+ cells
(T-suppressor/cytotoxic cells). Lane 3, resting CD4+ cells
(T-helper/inducer). Lane 4, resting CD14+ cells (monocytes).
Lane 5, resting CD19+ cells (B cells). Lane 6, activated
mononuclear cells. Lane 7, activated CD4+ cells. Lane 8, activated
CD8+ cells. Lane 9, activated CD19+ cells. Lane 10, human
placenta control cDNA served as a DNA size marker.

Figure S5C). It is not clear whether the synovial tissues
of the patients would, like their cultured derivatives,
show a similar lack of synoviolin upregulation.

4. Discussion

In this study, we report our comprehensive isolation
of AURA genes that show augmented mRNA expression
in the BMMC of RA patients as compared to their
expression in OA patient BMMC (Fig. 1 and Table 1).
Since RA patients suffer from defective central and
peripheral B-cell tolerance checkpoints, and often
display unusual immunoglobulin light chain repertoires
that suggest impaired secondary recombination

RA-upregulated genes
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Figure 4. The effect of AREG on the proliferation of synoviocytes
from RA and OA patients. The synovial cells from three RA
patients (RAL, RA2 and RA3) (A) and three individual OA patients
(OA1, OA2 and OA3) were counted on days 0, 1, 3 and 4 after
incubation with or without AREG. The cell counts on days 1, 3 and
4 are expressed relative to 0 day. Statistically significant
measurements are indicated (P < 0.05).

regulation,’® we had expected that many immune

response genes would be identified as AURA genes.
Indeed, >10% of the AURA genes are directly related to
immune responses; moreover, while the other AURA
genes may seem at first glance to be unrelated to immune
responses, many of these can also be linked to immune
responses (Table 1). QRT-PCR analysis on individual
patient samples revealed that the AURA genes discussed
below are significantly increased in the BMMC of many
of the 50 RA patients we tested (Fig. 2). Thus, the
identification of these genes may help us to understand
the pathogenesis of RA.

FKBPS5, one of the cellular receptors for the immuno-
suppressant FK506, was expressed at higher mRNA
levels in many RA patients than in the OA patients; this
was true for the BMMC of the RA patients but not for
their PBMC (Fig. 2C). FK506 has been suggested to be
an effective drug for reducing the pain associated with
RA.3® This is because it can suppress inflammation
by inhibiting the production by synovial cells of
prostaglandin E2; it does so by suppressing the IL-18
production by leukocytes.®® The enhanced FKBP5
expression in RA BMMC is not due to FK506 treatment
since at the time of this study, treatment with FK506
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Figure 5. Western blot analysis of RA and OA synovial cells incubated in the presence or absence of AREG. (A) Expression levels of ERK1/2 and
its phospho-form (P-ERK1/2) that is phosphorylated at Thr202 and Tyr204. Pooled synovial cells from five RA patients were incubated with
(100 ng/ml) or without AREG for varying periods ranging from 0 h to 3 days. (B) Expression levels of EGFR1, ERK1/2, P-ERK1/2, Grpd4,
Grp78 and synoviolin in synovial cells from individual RA and OA patients that were incubated with or without AREG (100 ng/ml) for 8h.
Alpha-tubulin served as a loading control. (C) Relative optical densities of the western blot bands in (B) to determine P-ERK1/2 expression
relative to ERK1/2 expression. (D) Relative optical densities of the western blot bands in (B) to determine Grp94 expression relative to alpha-

tubulin expression.

was not permitted in Japan; consequently, none of
the patients tested here have ever received FK506. In
addition, the enhanced FKBP5 expression by RA
BMMC does not correlate with therapeutic treatment
using steroids. It remains possible, however, that the
increased FKBP5 mRNA levels in the BMMC of RA
patients may be due to treatment with other drugs.
Alternatively, it may reflect genuine and spontaneous
pathological events. Nevertheless, regardless of the cause
of its elevated expression, the augmented FKBP

expression may strongly inhibit the phosphatase activity
of calcineurin, which could increase the dephosphoryla-
tion and thus inactivation of wvarious substrates,
including the NFAT family proteins and cytokines that
are required for the expression of immunoregulatory
molecules.

TPST1 mediates tyrosine sulfation within the trans-
Golgi system, which affects 1% of all tyrosines in
eukaryotic cells. It has been previously suggested that
this post-translational modification may play an
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important role in the pathogenesis of autoimmune
diseases because it regulates mononuclear cell function
at various stages of the immune response by enhancing
interactions between ligands and receptors.’” Notably, of
the 62 identified target proteins of tyrosine sulfation,
nine are cell adhesion molecules and chemokine recep-
tors, which are both central players in leukocyte
trafficking. Thus, the augmented expression of TPST!
in RA patients may elevate the sulfation of crucial
tyrosine residues in chemokine receptors that could

constitutively increase their binding affinities with their

ligands (e.g. the binding of CXCL12-CXCR4).

CLECSF9 Dbelongs to the
C-type lectin that serves multiple functions by recogniz-
ing carbohydrate chains; it plays important roles in
macrophage function. Notably, a C-type lectin called
DC-specific intercellular adhesion molecule 3-grabbing
non-integrin is also highly expressed by macrophages in
the synovium of RA patients.*® However, the HH mRNA
expression of macrophage-inducible C-type lectins is
strongly induced in response to several inflammatory
stimuli. Thus, the augmented expression of CLECSF9 in
the BMMC of RA patients may simply be due to the
inflammation in the joint.

Unlike FKBP5 and TPST1 genes, the mRNA levels
of G0S2, CXCR4 and NF-kB are increased in both
the BMMC and PBMC of RA patients (Fig. 2 and
Supplementary Figure S3). We previously showed that
the PBMC of both systemic lupus erythematosus (SLE)
patients and healthy young females express enhanced
levels of G0S2 mRNA.?® Thus, G0S2 may not actually be
involved in the pathogenesis of RA. With regard to the
chemokine receptor CXCRA4, it was also identified as
a inflammation-related gene that is upregulated in
synovial cells of patients with pigmented villonodular
synovitis (PVNS), which is a joint problem that usually
affects the hip or knee and involves the lining of the joint
becoming swollen and growing.® The enhanced tyrosine
sulfation of CXCR4 by augmented TPST1 activity, as
described above, may also activate CXCR4, thereby
elevating the ability of the CXCR4 ligand to induce the
migration of bone marrow cells that could enhance the
growth of synovial cells.®® CXCR4 expression is also
upregulated in the spinal cord of animals with experi-
mental autoimmune encephalomyelitis, which is an
animal model of autoimmune central nervous system
inflammation.*® With regard to NF-kB, this molecule
along with the receptor activator of NF-kB (RANK) and
its ligand RANKL have been found to play pivotal roles
in the pathophysiological process of RA.*! Thus, the
increased mRNA levels of NF-kB in both the BMMC and
PBMC of RA patients may contribute to the bone
destruction mediated by activated NF-«B signaling
pathway.?

AURA1 encodes a novel protein that is similar
to thioesterase. Since the thioesterase homologs are

R A-upregulated genes

macrophage-inducible
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widespread, functions of thioesterase vary in the human
genome.*® Thus, the physiological function of AURAI
remains unknown. A possible role that it could play in
RA pathogenesis is suggested by the following observa-
tions. First, the stable overexpression of acyl-CoA
thicesterase III in human and murine T-cell lines
increased both peroxisome numbers and lipid droplet
formation, which suggests-that it participates in the
metabolic regulation of peroxisome proliferation in
T cells.** Second, altered immune responsiveness is
observed in mice deficient in palmitoyl protein thioester-
ase (PPT1) gene that is mutated in infantile neuronal
ceroid lipofuscinosis.*® Third, CD4% T cells are the
prime mediators of RA in a mouse model SKG strain,*®
and AURAI expression is detected predominantly in
resting and activated CD4™ T cells (Fig. 3).

AREG is not directly related to immune responses
but of all the genes examined, it showed the most
conspicuously enhanced expression in both the BMMC
and PBMC of many RA patients (Fig. 2A). We also
found that the synovial cells of RA patients showed
higher sensitivity to AREG, in terms of proliferation,
than those of OA patients (Fig. 4). This is not due to
augmented expression of EFGR (Fig. 5B, uppermost
pane), but due to elevated activation of EGFR signaling
pathway because the phosphorylation of ERK1/2 was
more enhanced in AREG-treated RA patient synovial
cells than that of AREG-treated OA patient synovial
cells (Fig. 5). We here present a working hypothesis to
explain how augmented AREG expression in BMMC
and PBMC of RA patients and subsequent activation of
EGFR signaling pathway lead to hyperproliferation of
synovial cells in the joints of the RA patients (Fig. 6).
Namely, this enhanced phosphorylation of ERK1/2
elevates the expression of many downstream target
genes, which may also require the activation of the
ERAD system. 12 Given that the Ets-binding site (EBS)
of the proximal promoter of the synoviolin gene is
responsible for its expression,*” and that EBS-carrying
genes are also activated by signaling events from the
ERK pathway,*® it is possible that the enhanced
activation of EGFR signaling induced by AREG may
directly activate the expression of synoviolin as well as
that of other genes, thereby inducing the hyperprolif-
eration of synovial cells. Thus, it is possible that the
ERAD system in RA patients is hyperactivated by
synoviolin because of augmented AREG expression in
blood cells, possibly in the macrophages that occur in
the vicinity of the synovial cells of RA patients, releasing
augmented amount of AREG. This hypothesis should
be tested more rigourously in vivo in the future because
the experiments using the isolated synoviocyte cells in
tissue culture medium may display distinct response
to AREG. Likewise, examination of other EGF
family proteins in wvivo can also be interesting future
subjects.



No. 4]

AREG overproducing
macrophage

N. Nakamura et al.

181

Peripheral
N Blood
A
Bone marrow y
P)
R
S
Q Hyper-growth
» on Z§}‘ of synovial
protease ProAR "@ e cells
Y2 e

t‘b

® P g o P
SN %’b@
&l

NG

Synoviolin ?

Synovial celis

Figure 6. A working hypothesis to explain how augmented level of AREG in BMMC of RA patients may lead to hyperproliferation of synovial
cells. Putative macrophages with enhanced expression of AREG precursor (ProAR) may approach to the synovial cells of the joint through
blood flow, where they release AREG and activate the EGFR signaling pathway of synovial cells. Since Ets-binding site (ETS-1) of the
proximal promoter of the synoviolin gene is one of the downstream targets of ERK pathway, the enhanced activation of EGFR signaling may
directly activate the expression of synoviolin gene. The enhanced level of synoviolin activates the ERAD system, which may lead to

hyperproliferation of synovial cells.

Overexpression of AREG has been linked to psoriasis
in mice and humans.***° Psoriasis is characterized by the
hyperproliferation of keratinocytes and the loss of
epidermal barrier function that leads to the infiltration
of inflammatory cells into the epidermis and dermis.**
AREG is also upregulated in a synoviocyte cell line
derived from an RA patient in which the wild type and a
dominant negative form of the orphan nuclear receptor
Nurrl were overexpressed.®? Interestingly, AREG over-
expression in the basal epidermis of transgenic mice
induces a phenotype that is associated with synovial
membrane inflammation.*® Moreover, we showed previ-
ously that AREG expression is also enhanced in the

PBMC of SLE and idiopathic thrombocytopenic purpura
patients,?® which suggests that AREG overexpression
may also be associated with other autoimmune diseases.
Notably, metalloprotease-mediated AREG shedding and
the subsequent activation of EGFR appears to play a
critical role in the secretion of IL-8 by the human airway
epithelium-like NCI-H292 cells that is induced by tumor
necrosis factor-a (TNF-a), a potent multifunctional
cytokine that plays a central role in the pathogenesis of
many inflammatory diseases like RA.%® Since TNF-a-
induced IL-8 secretion was completely inhibited by the
neutralizing antibody against AREG,®® this antibody
could constitute a novel therapeutic tool for RA. Taken
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together, we propose that enhanced expression of AREG
in BMMC and PMBC may play a pivotal role in the
pathogenesis of RA.
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Abstract

Bone resorption in the joints is the characteristic finding in patients with rheumatoid arthritis (RA).
Osteoclast-like cells are present in the synovial tissues and invade the bone of patients with RA. The
characteristics of these cells are not completely known. In the work reported here, we generated these
cells from peripheral-blood monocytes from healthy individuals. The monocytes were co-cultured with
nurse-like cells from synovial tissues of patients with RA (RA-NLCs). Within 5 weeks of culture, the
monocytes were activated and differentiated into mononuciear cells positive for CD14 and tartrate-
resistant acid phosphatase (TRAP). These mononuclear cells then differentiated into multinucleated
giant bone-resorbing cells after stimulation with IL-3, IL-5, IL-7, and/or granulocyte-macrophage-
colony-stimulating factor. TRAP-positive cells with similar characteristics were found in synovial fluid
from patients with RA. These results indicate that multinucleated giant bone-resorbing cells are
generated from monocytes in two steps: first, RA-NLCs induce monocytes to differentiate into TRAP-
positive mononuclear celis, which are then induced by cytokines to differentiate into multinucleated
giant bone-resorbing cells.

Keywords: monocytes, nurse cells, osteoclasts, rheumatoid arthritis, stromal cells

Our laboratory has established that nurse-like cells
(NLCs) are present in the synovial tissues and bone
marrow of patients with rheumatoid arthritis (RA) [1-3].
Such cells, which were first discovered in thymus, play
an important role in thymocyte maturation and differenti-
ation [4-6). In vitro, they form unique complexes with
thymocytes, which initially adhere to them and then

crawl beneath them [7-9]. This phenomenon, which is
unique to NLCs at various tissue sites, has been called
‘pseudoemperipolesis’. NLCs from RA synovial tissue
(RA-NLCs) promote survival of B cells [2,3] and main-
tain the growth of myeloid cells of patients with RA [1],
suggesting that they contribute profoundly to pathogen-
esis in RA.

DMEM = Dulbecco's modified Eagle's medium; FCS = fetal calf serum; GM-CSF = granulocyte/macrophage-colony-stimutating factor; HLA =
human major histocompatibility antigen; IL = interleukin; NLC = nurse-like cell; RA = rheumatoid arthritis; RANKL = receptor activator of nuclear-
factor-xB ligand; RA-NLC = nurse-like cell derived from rheumatoid arthritis synovial tissue; TRAP = tartrate-resistant acid phosphatase.



Multinucleated cells in synovial tissues have been reported
to invade the bone of patients with RA {10]. The cells’
expression of tartrate-resistant acid phosphatase (TRAP)
and calcitonin receptor- suggested that they are osteo-
clasts [11,12]. Although the presence of osteoclast-like
cells in rheumatoid synovium is well understood, the
mechanism by which they differentiate is not. In order to
examine the effect of RA-NLCs on monocyte functions, we
co-cultured peripheral-blood monocytes with RA-NLCs
and looked for morphological and functional alterations of
CD14- and TRAP-positive cells. We also found such celis
in synovial fluid from patients with RA. These cells
differentiated into multinucleated giant bone-resorbing
cells in the presence of IL-3, IL-5, IL-7, and/or granulocyte/-
macrophage-colonystimulating factor (GM-CSF). In this
way we defined the process by which bone-resorbing
cells are generated from monocytic cells.

Materials and methods

Isolation of NLCs from RA synovial tissues

RA-NLCs were established from RA synovial tissues as
previously described [1]. Briefly, synovial tissues were
obtained from knee joints of five patients with RA who ful-
filled American College of Rheumatology criteria for RA
[13], after informed consent had been obtained. The cells
were cultured in DMEM (Dulbecco’'s modified Eagle's
medium [DMEM; Gibco BRL, Gaithersburg, MD, USA]
supplemented with 10% fetal calf serum [FCS; Hyclone,
Logan, UT, USA], 100 units/mi of penicillin [Gibco BRL],
and 100 ug/mi of streptomycin [Gibco BRL] at 37°C in
7.5% CO,. RA-NLCs were identified by their ability to
support pseudoemperipolesis, seen in vitro in the migra-
tion of a T-cell lymphoma line, MOLT-17, beneath the
NLGCs, as previously described [3].

Isolation of mononuclear cells from RA synovial fluid
Synovial fluid was obtained from patients with RA who ful-
filled the American College of Rheumatology criteria for
RA [13]. The infiltrating cells were collected from the fluid
by centrifugation at 1900 g and were cultured in supple-
mented DMEM. After 3 to 5 weeks of culture, most of the
ilymphocytes and granulocytes disappeared and mono-
cyte-like cells became dominant. CD14-positive mono-
cyte-like cells were purified from this population with a
magnetic-activated cell sorter (MACS; Myltenyi Biotec
GmbH, Germany) using anti-CD14 antibody conjugated
to magnetic beads in accordance with the manufacturer's
instructions. The purity of CD14-positive cells was
analyzed using a fluorescence-activated cell sorter
(FACScan™; see Supplementary material).

Isolation and culture of monocytes from peripheral blood
Peripheral-blood monocytes were collected as plastic-
adherent cells, as described previously [14]. Mononuclear
cells were isolated from heparinized peripheral blood from
five healthy volunteers [15]. Over 97% of the adherent
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cells were determined to be monocytes by morphology
and CD14 expression.

Monocytes (1 x 10%) were co-cultured with RA-NLCs.
After 3 to 5 weeks, TRAP-positive mononuclear cells with
abundant cytoplasm became dominant. They were col-
lected by gently washing the culture with warm supple-
mented DMEM and their purity was confirmed
cytochemically.

Formation of multinucleated giant cells by
TRAP-positive mononuclear cells

The CD14-positive and TRAP-positive mononuclear cells
from the synovial fluid of patients with RA were examined
for expression of surface antigen and for phagocytic activ-
ity and were stimulated with various cytokines (see Sup-
plementary material).

TRAP-positive mononuclear cells (6 x 104) were cultured
in supplemented DMEM in the presence or absence of
various cytokines or in conditioned medium {[15]; and see
Supplementary material) for 86-120 h. In the presence of
receptor activator nuclear factor kB ligand (RANKL), cul-
tures were maintained for 14 days. At the end of the
culture period, May—-Grunwald-Giemsa (Wako Pure
Chemical Co., Osaka, Japan) and TRAP staining (TRAP-
staining kit; Sigma, St Louis, MO, USA) were conducted.
The frequency of osteoclasts was evaluated from the
fusion index, as previously described [16]. More than
1000 nuclei within TRAP-positive multinucleated cells
(>4 nuclei/cell) were counted. The fusion index (%) was
calculated according to the formula:

total no. of nuclei within multinucleated cells x 100

total no. of nuclei counted

where ‘multinucleated cells’ are cells with >4 nuclei.

Examination of bone resorption

TRAP-positive mononuclear cells (5 x 10%) were stimu-
lated with various cytokines on a dentin slice for 7 days. In
order to examine resorption areas with a scanning electron
microscope, the differentiated cells were washed off the
slices with distilled water. Then the slices were dehy-
drated, air-dried, and sputtered with gold.

Resuits

Morphological changes of peripheral-blood monocytes
after co-culture with RA-NLCs

After peripheral-blood monocytes had been cultured with
RA-NLCs for 3 to 4 weeks, we recovered TRAP-positive
mononuclear cells (Fig. 1a~1c) with abundant cytoplasm
and an off-center nucleus (Fig. 1a and 1b). These cells
strongly expressed CD11b, .CD11c, CD14, CD45, and
human major histocompatibility antigen (HLA)-DR, sug-
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gesting that they were of monocyte lineage (Table 1).
However, they did not express CD11a, CD35, or CD68,
which are expressed on freshly isolated monocytes (see
Supplementary material).

Presence of TRAP-positive mononuclear cells in
synovial fluid from patients with RA

We detected monocytic cells positive for CD14 and
TRAP in synovial fluids of patients with RA. These cells
also strongly expressed CD11b, CD11c, CD14, CD45,
and HLA-DR (see Supplementary meterial) but not CD1a,
CD1b, CD2, CD5, or CD86, which are expressed on den-
dritic celis derived from monocytes [17]. These results
indicate that TRAP-positive monocytic cells present in
synovial fluid and those induced in vitro in cultures with
RA-NLCs are morphplogically and phenotypically the
same. These cells were obtained from the synovial fluid of
all patients with RA, regardless of age and sex. CD14-
positive monocyte-like cells accounted for 20-91% of the
mononuclear cells freshly isolated from the synovial fluid of
such patients (data not presented).

Differentiation of TRAP-positive mononuclear cells into
multinucleated giant bone-resorbing cells in the
absence of RA-NLCs

The TRAP-positive cells induced in vitro and those iso-
lated from synovial fluid both differentiated into multinucle-
ated cells after being cultured for 72 to 96 h with the
conditioned medium (Fig. 1d). These multinucleated cells
still possessed TRAP activity (data not shown) and formed
resorption areas on dentin slices (Fig. 2), suggesting that
they had bone-resorbing activity as osteoclasts.

induction of multinucleated cells by iL-3, IL-5, IL-7 or
GM-CSF

The cytokines IL-3, IL-5, IL-7, and GM-CSF induced differ-
entiation of TRAP-positive cells induced in vitro or those
isolated from synovial fluid into osteoclasts (Table 1).
Regardiess of which cytokine was used to stimulate differ-
entiation of the osteoclasts, they were all positive for
TRAP and formed resorption pits on dentin slices, sug-
gesting that they were all identical to the cells induced by
conditioned medium (data not shown). The fusion index of
osteoclasts induced by a mixture of cytokines was higher
than those stimulated with a single cytokine. The cytokines
IL-6 and IL-8, which are produced by RA-NLCs [2], did
not induce osteoclast formation. RANKL was recently
reported to induce osteoclasts from human peripheral
blood [18,19]; however, a mixture of macrophage-colony-
stimulating factor and RANKL exhibited only weak activity
for induction of osteoclasts from the TRAP-positive
mononuclear cells (Table 1). Phytohemagglutinin, which
was contained in the conditioned medium, did not induce
differentiation. TRAP-positive cells from the synovial fluid
of patients with RA have a fusion index similar to that
found for the TRAP-paositive cells obtained experimentally

Figure 1

Morphology of TRAP-positive mononuclear cells induced from
peripheral-blood monocytes with RA-NLCs. (a) Phase-contrast
micrograph of monocytes co-cultured with RA-NLCs. Mononuclear
cells (arrow) are growing on the RA-NLCs. {(b) Mononuclear cells
collected from the culture shown in (a). May-Grunwald-Giemsa
staining. (¢) Detection of TRAP expressed by the mononuclear cells
(TRAP-positive cells were stained red with their cytoplasm).

(d) Differentiated mononuclear cells. The cells shown here are
multinucleated giant cells. May-Grunwald-Giemsa staining.

Scale lines = 100 pm.

from monocytes (data not shown). Induction of the osteo-
clasts was completely neutralized by the antibody to each
cytokine (see Supplementary material).

Discussion

We have shown that the novel ability of RA-NLCs may
contribute to the pathogenesis of RA by encouraging the
generation of TRAP-positive mononuclear cells, which are
osteoclast precursors. The TRAP-positive precursor cells
have phagocytic activity and are negative for CD83, sug-
gesting that they are different from peripheral-bloocd mono-
cytes and dendritic cells [14,17].

Fujikawa et al reported that synovial macrophages differ-
entiated into osteoclasts after incubation in the presence
of a rat osteoblast-like cell line [20]. The fibroblasts
isolated from RA synovia induced differentiation of
monocytes into multinucleated cells in the presence
of 1,25-dihydroxyvitamin D; and macrophage-colony-



Figure 2

Available online http://arthritis-research.com/content/3/5/306

Table 1

Scanning electron micrographs of dentin slices, showing (a) resorption
areas formed on dentin by TRAP-positive multinucleated giant cells
derived from monocytes and stimulated with granulocyte-macrophage-
colony-stimulating factor for 96 h and (b) a control slice incubated with
the TRAP-positive mononuclear cells in the absence of cytokines.
Scale lines = 50 pm.

stimulating factor [21]. Further study will be required to
determine the identity of those monocytic cells and our
cells. Fibroblastic cells in synovial fluid from patients with
RA have been reported to support pseudoemperipolesis,
which was considered to be the unique feature of the
nurse cells, in the presence of IL-4 [22]. Shigeyama et af
recently reported that RA synovial fluid may promote
osteoclastogenesis from monocytes by expressing osteo-
clast differentiation factor [23]. It is likely that RA fibrob-
lasts and RA-NLCs share several roles in the
pathogenesis of RA, including activation of monocytes.
However, the molecules required in our study for osteo-
clastogenesis from monocytes were different from those in
the study of Shigeyama et af [23]. These findings suggest
that multiple pathways for osteoclastogenesis in RA
synovia may cause severe joint destruction.

There may be two steps for generation of the osteoclasts
in the joints of patients with RA: first, differentiation of
monocytes into TRAP-positive mononuclear cells induced
and maintained by RA-NLCs, followed by cytokine-
induced differentiation of these mononuclear cells into
osteoclasts. The interaction between monocytes and RA-
NLCs required adhesion molecules, but RANK (receptor
activator of nuclear-factor-«B) and RANKL were not nec-
essary to induce the TRAP-positive cells in preliminary
studies in our laboratory (unpublished observation). The
molecules required in the interaction are under investiga-
tion. In addition, we found the presence of TRAP-positive
mononuclear cells which differentiated into osteoclasts in
synovial fluids of patients with RA in vitro. Monocytes may
infiltrate the affected joints and differentiate into TRAP-
positive mononuclear cells under the influence of RA-
NLCs. This conclusion is consistent with previous findings

Differentiation of human TRAP-positive mononuciear cells
derived from peripheral-blood monocytes into multinucleated
cells after stimulation with IL-3, IL-5, IL-7, and GM-CSF

Stimulator Concentration Fusion index (%) 2
None 1.8
Conditioned mediumb (10% v/v) 86.1
IL-1e (1 ng/ml) 1.1
IL-18 (1 ng/mi) 1.3
IL-2 (250 U/mi) 7.7
IL-3 (5 ng/ml) 64.8
IL-4 (100 U/ml) 1.3
IL-5 (1 ng/ml) 66.1
iL-6 (20 ng/mi) 5.6
IL-6 + slL-6R {slL-6R: 200 ng/mi) 5.3
IL-7 (20 ng/mt) 72.4
IL-8 (20 ng/ml) 2.1
IFN-y (100 U/ml) 71
GM-CSF (1 ng/ml) 73.8
M-CSF (25 ng/ml) 5.8
TNF-a (1 ng/ml) 6.9
VD, (10-7 mol/l) 34
Dexamethasone (1078 mol/l) 0.8
M-CSF +IL-4 (M-CSF, 25 ng/ml; iL-4,100 U/ml) 0.1
IL-3 +IL-7 75.4
IL-7 + GM-CSF 77.3
IL-3 + IL-7 + GM-CSF 78.7
Phytohemagglutinin (1% v/v) 2.0
RANKLe {100 ng/ml) 26
RANKL + M-CSF ¢ (RANKL/ODF, 100 ng/ml; 38.1

M-CSF, 25 ng/m!)

aTRAP-positive mononuclear celis were stimulated with various cytokines
for 96—120 h. Fusion indices were calculated using the formula given in
the text and previously [16]. Data are representative of three independent
experiments using TRAP-positive cells induced from monocytes. bSee
[15], and Supplementary material. °The culture was maintained for 14
days. GM-CSF = granulocyte macrophage-colony-stimulating factor;

IFN = interferon; IL = interleukin; M-CSF = macrophage-colony-
stimulating factor; ODF = osteoclast differentiation factor;

RANKL = receptor activator of nuclear-factor-«B ligand;

slL-6R = soluble interleukin-6 receptor; TNF = tumor necrosis factor;
VD, = 1,25-dihydroxyvitamin D.

of TRAP-positive multinucleated giant cells in the synovial
tissue of patients with RA [10-12]. Further studies are
required to characterize these osteoclasts derived from
the TRAP-positive mononuclear cells and to delineate the
unique course of differentiation into bone-resorbing cells
promoted by RA-NLCs.
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Conclusion

In order to elucidate the role of RA-NLCs, monocytes
were co-cultured with RA-NLCs. Monocytes differentiated
into TRAP-positive mononuclear cells, the precursor cells
of osteoclasts. Osteoclasts were generated from TRAP-
positive mononuclear cells in the presence of IL-3, IL-5,
IL-7, and GM-CSF. TRAP-positive cells were also present
in synovial fluids of patients with RA. RA-NLCs may play a
significant role in the activation of monocytes and long-
term maintenance of differentiated monocytes (osteoclast
precursors). The present study suggests that monocytes
may 'differentiate into osteoclast precursor cells in the
affected joints of patients with RA.
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Supplementary material

Supplementary materials and methods

Cell lines

Human lung fibroblasts CCD-19Lu were obtained from
American Type Culture Collection (Rockville, MD, USA).
Human T cell line MOLT-17 was a generous gift from Dr J
Minowada (Fujisaki Cell Center, Okayama, Japan). These
cell lines were cultured as recommended by the providers.

Examination of pseudoemperipolesis

Pseudoemperipolesis was measured as previously
described [3]. RA synovial stromal cells (3 x 10%) were
incubated in supplemented DMEM in 24-well culture



plates ovemight. The next day, MOLT-17 cells (1 x 108)
were added to the RA-NLC culture. Stromal cells with
more than three MOLT-17 cells beneath them after 6 h of
incubation were considered NLCs.

Long-term maintenance of monocytes by RA-NLCs
Monocytes (2.5 x 10%) were co-cultured with RA-NLCs or
CCD-18Lu with or without culture inserts (Becton Dickin-
son, Franklin Lakes, NJ, USA) in supplemented DMEM in
48-well culture plates at 37°C in 7.6% CO, for up to
70 days. Half of the medium was changed once a week.
The TRAP-positive mononuclear cells were collected from
the culture, stained with trypan blue, and counted for via-
bility under a microscope.

Antibodies and staining of cells

The cell-surface antigens on freshly isolated monocytes
and TRAP-positive mononuclear cells were examined by
staining with monoclonal antibodies specific for CD1a,
CD4, CD5, CD11a, CD11b, CD11¢, CD13, CD14,
CD15, CD16, CD19, CD20, CD34, CD45, CD45RA,
CD45R0O, CD54, HLA-DR (Becton Dickinson), CD1b
{Nichirei, Tokyo, Japan), CD2, CD3 {Ortho Diagnostics,
Raritan, NJ, USA), CD35, CD68 (DAKO Japan, Kyoto,
Japan), CD51/61, CD83, HLA-A, B and C (Pharmingen,
San Diego, CA, USA), CD80, and CD86 (Ancell, Bayport,
MN, USA). Antigen-expression was analyzed with a
FACScan flow cytometer (Becton Dickinson). Multinucle-
ated giant bone-resorbing cells differentiated from TRAP-
positive mononuclear cells were fixed with cold acetone
and stained immunohistochemically with rabbit polycional
antibodies specific for actin (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA), carbonic anhydrase Il (Rock-
land, Gilbertsville, PA, USA), or vitronectin receptor
(Chemicon Iriternational, Inc., Temecula, CA, USA). TRAP
activity in TRAP-positive mononuclear cells and multinu-
cleated giant bone-resorbing cells was examined using a
TRAP-staining kit (Sigma, St Louis, MO, USA). Neutraliz-
ing antibodies to human IL-3, IL-5, {L-7, and GM-CSF
were purchased from Genzyme (Cambridge, MA, USA).

Cytokines and reagents

Conditioned media were prepared as previously reported
[15]. Briefly, a mixture of peripheral-blood mononuclear
cells from 10 healthy donors was stimulated with phyto-
hemagglutinin at 37°C for 72 h. Culture supernatant fluids
were collected, filtered, and used as conditioned media.
IL-10 was purchased from immugenex (Los Angeles, CA).
IL-1B, IL-2, IL-8, IL-4, IL-5, IL-8, soluble IL-6 receptor (sIL-
BR), interferon gamma (IFN-y), granulocyte/macrophage-
colony stimulating factor (GM-CSF), macrophage-colony
stimulating factor, and tumor necrosis factor (TNF)-o. were
purchased from R&D Systems, Inc. (Minneapolis, MN,
USA). IL-7 and IL-8 were purchased from Genzyme. 1,25-
dihydroxyvitamin D, and dexamethasone were purchased
from Wako Pure Chemical Co. {Osaka, Japan). Receptor
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activator of nuclearfactor-kB ligand (RANKL) was
obtained from Peprotech (London, UK).

Assessment of phagocytic activity

Phagocytic activity of TRAP-positive mononuclear cells
was assessed from their ingestion of heat-killed yeast.
TRAP-positive mononuclear cells (1 x 108) were incu-
bated with 2 x 107 yeast cells in phosphate-buffered
saline supplemented with 10% fresh human serum, type
AB, at 37°C for 45 min. The cells were washed and
stained with fuchsin (Wako Pure Chemical Co.), and the
cells with ingested yeast were counted under a micro-
scope.

Inhibition of the generation of multinucleated giant
cells from TRAP-positive mononuclear cells by
neutralizing antibodies

Neutralizing antibodies specific for IL-3, IL-5, iL-7, and GM-
CSF were used for inhibition of the generation of multinucle-
ated giant bone-resorbing cells. Irrelevant polyclonal mouse
IgG from Jackson ImmunoResearch (West Grove, PA,
USA) was used as a control. The TRAP-positive mononu-
clear cells (5 x 10%) were pre-incubated with each antibody
in DMEM containing 10% FCS in microtubes at 37°C for
1 h. The cells were cultured in 4-well chamber slides, and
stimulated with a cytokine for 96-120 h at 37°C in 7.5%
CO.,,. At the end of the culture period, the cells were stained
for TRAP and the fusion index was calculated as described
in the main paper.

Detection of calcitonin receptors

Calcitonin receptors on the multinucleated giant bone-
resorbing cells were detected in situ using 125]-human cal-
citonin were performed as described elsewhere [23].
TRAP-positive mononuclear cells (5 x 104) were stimu-
lated with IL-3, IL-5, IL-7, or GM-CSF at the optimal con-
centrations in 4-well chamber slides (Nalge. Nunc
International, Rochester, NY, USA) for 96-120 h at 37°C
in 7.5% CO,. After formation of multinucleated giant
bone-resorbing cells had been confirmed microscopically,
the cells were incubated in 0.4 ml oMEM (Gibco BRL)
with 0.1% bovine serum albumin and 0.2 mCi/m! of 125]-
labeled human calcitonin (Amersham Pharmacia Biotech,
Buckinghamshire, UK) for 1h at 22°C. Nonspecific
binding was assessed on each slide in the presence of an
excess amount of unlabeled human calcitonin. Then the
cells were washed three times with phosphate-buffered
saline solution and fixed with 2.5% formaldehyde and
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer.
The slides were washed and dried as previously described
[S1]. Air-dried slides were dipped in photographic emul-
sion (Kodak NTB3; Eastman Kodak, Rochester, NY, USA),
drained, and dried for 2 h and were kept in a light-proof
container with desiccant at 4°C for 10 days. The slides
were developed in accordance with the manufacturer's
instructions.



