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significant insights into RA pathogenesis.®> The first
samples tested were synovial specimens,®® and periph-
eral blood mononuclear cells (PBMC),® from RA and
osteoarthritis (OA) patients, and cluster analysis of the
resulting microarray gene-expression data revealed some
candidate genes that may play a specific role in RA
pathogenesis.

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

Bone marrow-derived mononuclear cells (BMMC)
are another target for analyses aiming to identify the
key genes that participate in RA pathogenesis because
accumulating evidence suggests that 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,™® the first of which occurs
in the bone marrow between the early immature and
immature B-cell stages (the second counter selection step
of autoantibody-expressing B cells takes place in the
periphery, when the new emigrant becomes a mature
naive B cell).'®'® In addition, inflammatory changes
similar to those found in RA synovium seem to occur in
the subchondral bone marrow of the involved RA join’c,20
and synovial inflammatory tissue can reach the adjacent
bone marrow by fully breaking the cortical barrier.?!
Thus, BMMC cells are an interesting subject for studies
seeking to identify specific genes involved in RA
pathogenesis.

To identify the genes whose expressions are dramati-
cally induced or reduced in the pooled BMMC mRNAs
of 50 RA patients as compared with 50 OA patients, we
here subjected these pooled mRNAs to stepwise subtrac-
tion, which is a unique technique that we have developed
previously.22 This method permitted the comprehensive
identification of those genes that are specifically up- or
down-regulated during RA pathogenesis. In addition, we
also used microarray analysis, since DNA microarray
analyses on the BMMC of RA patients have not been
described previously. As a control, we also subjected the
BMMC RNA from OA patients to stepwise subtraction

RA-upregulated genes

[Vol. 13,

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

2. Patients, Materials and Methods

2.1.  Human subjects and ethical considerations

All RA patients satisfied the 1987 revised diagnostic
criteria of the American College of Rheumatology (ACR:
formerly the American Rheumatism Association).?® All
OA 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 isclate 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 AURA ¢DNA clones to compare the expression levels of the genes in the BMMC of
50 RA patients and 50 OA patients (see Table 1 for their gene names). A northern blot or RT-PCR for GAPDH is also shown as a loading
control. Left row: expression levels as detected by RT-PCR or northern blot analysis (denoted as n above each picture). Right row:
confirmation of the expression level of each gene as determined by RT-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 (55°C and 40 cycles, respectively), and e (60°C and 40 cycles, respectively).

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

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

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

Of the 17 tested AURA genes (denoted x in Table 1),
AREG (AURAY9) was the most conspicuously upregulated
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in the BMMC of many of the RA patients, while in
contrast OA BMMCs invariably expressed this gene at
very low levels (Fig. 2A). Similarly, the PBMC of many
RA patients strongly expressed AREG, while only very
low expression was detected in the PBMC of the OA
patients (Fig. 2A). AREG is one of the EGF-like growth
factors that stimulate cell growth by activating the EGF
receptor (EGFR) signaling of the target cells in an
autocrine/juxtacrine fashion.*’

AURAI 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. AURA!
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 = AURA4S) 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 AURAZ2 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 (TPST! and TPST2) that mediate the
post-translational modification tyrosine O-sulfation.

G0S2 (=AURAS), chemokine receptor 4 (CXCR4 =
AURA86), 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). GOS2 is one of the GO/G1 switch (G0S) genes
that are differentially expressed in lymphocytes during
their lectin-induced switch from the GO to the G1 phases
of the cell cycle.?® 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 patients.*® NF-xB
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Table 1. List of AURA genes

AURA no. Accession no. Sequence description 5S/DM QRT-PCR

AURAL AK001968 Unknown ¢cDNA (FLJ11106) b r

AURA2 BC022398 Unknown ¢cDNA b r

AURA3 BC031341 Unknown ¢cDNA (hypothetical protein MGC45871)

AURA/4 NM.052862.2 Unknown ¢DNA (hypothetical protein MGC21854)

AURAS AK097275.1 Unknown ¢cDNA (FLJ39956) L-PLASTIN-like

AURAG6 BC019355 Unknown ¢cDNA (ring finger protein 149: IMAGE:3956746)

AURA7 AF078845.1 Unknown ¢cDNA (16.7Kd protein)

AURAS M69199 Putative lymphocyte GO/G1 switch gene (G0S2)=Ailel T

AURA9 AH002608 Amphiregulin r

AURAI1O AXK026118 Unknown ¢DNA (Ch20-ORF43) r

AURA11 AK094006 Unknown cDNA

AURA12 AK095896.1 Unknown ¢cDNA (FLJ38577)

AURA13 BC014435 Unknown ¢cDNA (IMAGE:4855747) r

AURALY 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

AURAI19 BC022347 Lactotransferrin

AURAZ20 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 AY 358499 C-type lectin, superfamily member 9 (CLECSF9) b r

AURAZ5 AY033600 NF-kB alpha b T

AURAZ26 AF194172 Androgen-regulated protein 6 (AIG6) m

AURA2T NM_021810 Cadherin-like 26 (CDH26)

AURA2S X52053.1 HP-1 (corticostatin/defensin family) r

AURAZ29 BC018857.2 Translation elongation factor 1 gamma

AURAS0 BC053585.1 Colony stimulating factor 3 receptor (granulocyte)

AURA31 AY124010 Interleukin 1 receptor, type I (IL1R2) m

AURA32 BC020635 Ficolin 1 (FCN1: collagen/fibrinogen domain-containing) '

AURA33 BC106068 Microtubule-associated protein, RP/EB family, member 1

AURAS8Y AF443591 Death effector domain-containing DNA binding protein2

AURASBS BC032491 Ubiquitin-conjugating enzyme E2L 6 (UBE2LG6)

AURA36 BC004967 Ubiquitin associated domain containing 1 (UBADC1)

AURA37 NM.006313.1 Ubiquitin specific protease 15 (USP15)

AURA38 BC011358 ADP-ribosylation factor 1

AURA39 AY366510.1 Pre-mRNA 3'end processing factor FIP1

AURALO NM.175039.1 Sialyltransferase 7D (SIAT7D). transcript variant 2

AURA41 BC030230.2 Aminolevulinate, delta- synthase 2

AURA42 NM.014390.1 Staphylococeal nuclease domain containing 1 (SND1)

AURALS NM_015999.2 Adiponectin receptor 1 (ADIPORI)

AURA44 BC033877.1 Finkel-Biskis-Reilly murine sarcoma virus (FBR-MuSV) r

AURA4S NM_004117 FK506 binding protein 5 (FKBP3) b r

AURALG NM_000211.1 Integrin beta 2 (antigen CD18 (p95)

AURA4LT BC015641.2 Enolase 1 (alpha)
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Table 1. continued.

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

AURA4S 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.

AURAS52 CR542060 Tyrosylprotein sulfotransferase 1 (TPST1) m r

AURA58 NM.005875.1 Translation factor suil homolog (GC20)

AURAS5Y NM_004048.2 Beta-2-microglobulin (B2M)

AURAS5 BC017934 NudC domain containing 2 (NUDCDZ2)

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

AURAS57 BC018649.2 Polymerase (RNA) II (DNA directed)

AURAS58 BC013293 Synuclein, alpha (a molecular chaperone)

AURAS59 NM._033405.2 PRIC285

AURAGO J02694.1 Myeloperoxidase

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

AURAG62 BC071590 Nijmegen breakage syndrome 1 (nibrin)

AURA63 BC003186 DNA replication complex GINS protein PSF2 r

AURAG4 NM._006060 Zinc finger protein, subfamily 1A, 1 (ZNFN1A1)

AURA65 BC015859 T-cell activation GTPase activating protein

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

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

AURAGS BC064831 HMT1 hnRNP methyltransferase-like 3

AURA69 BC022797 Mof4 family associated protein 1

AURATO BC032437 Heterogeneous nuclear ribonucleoprotein A3

AURATI M87790 Anti-hepatitis A immunoglobulin lambda chain variable region

AURAT72 K01763 Haptoglobin alpha(1S)-beta precursor

AURATS BC016800 Aldolase A, fructose-bisphosphate, transcript variant

AURA7Y BC001391 Actin-like 6A, transcript variant 1

AURATS NM.003512.3 H2 histone, family 2AC (H2AC)

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

AURATY BC032748 Myosin regulatory light chain MRCL3

AURATS 560099 APPH = amyloid precursor protein homolog

AURAT9 BC067100 Fas (TNFRSF6) associated factor 1

AURAS0 NM._000896 Cytochrome P450, family 4, subfamily F (CYP4F3) b

AURA81 BC010577 Granulin (an association partner of cyclin T1)

AURA82 AF054186 pl8

AURASS BC028626 Trinucleotide repeat containing 6B

AURAS8Y 143631 Scaffold attachment factor B (SAF-B)

AURAS8S5 M11124 MHC HLA DQ alpha-chain mRNA from DRw9 cell line

AURAS6 AF025375 Chemokine (C-X-C motif) receptor 4 (CXCR4) b r

AURA87 BC000163 Vimentin {VIM)

AURA8S8 BCO071860 Lactate dehydrogenase B (LDHB)

AURAS89 BC100032 Ribosomal protein S13 (RPS13)

AURA90 BC011852 Glutamine synthetase (GLUL)

AURAY1 NM_000045 Arginase, liver (ARG1)

AURA92 BC006510 Cyclin B1

AURAY3 BC007063 Peroxiredoxin 1

AURAY94 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

AURA96 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)

AURA101 BC007237 Myeloid/lymphoid or mixed-lineage leukemia

AURA102 BC034149.1 Ribosomal protein S3

AURA103 NM_020980 Agquaporin 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.3 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.

3.3.  FExpression 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). AURAI is detected predominantly in resting
CD4™ (T helper/inducer; lane 3) and activated CD4* T
(lane 8) cells. CLECSFY 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). FKBPS5,
TPST1, CXCR4, AURA2 and NFxB are ubiquitously
expressed in most cell types. Thus, the analysis of the
functions these AURA genes, apart from AURAI and
G082, 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.

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.3* 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.

AREG stimulates the growth of synovial cells
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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 ERKI1/2
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) ARFEG,
(B) AURAL, (Cy FKBP5, (D) CLECSFY, (E) TPST1 and (F) AURAZ are 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. RA1l 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 RAb5 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 OAI1-3 (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,
G052, CXCR4 and NFxB. RT-PCR was performed using the
multiple tissue ¢DNA 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 CD44 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+4 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 (RA1, 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 A URA 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.>® 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, Grp9%4,
Grp78 and synoviolin in synovial cells from individual RA and OA patients that were incubated with or without AREG (100 ng/ml) for 8 h.
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 various 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 TPST1
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 belongs to the macrophage-inducible
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 FKBPS 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 GOS2 mRNA.% Thus, G0S2 may not actually be
involved in the pathogenesis of RA. With regard to the
chemokine receptor CXCR4, 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-«B, 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-kB signaling
pathway.*

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

RA-upregulated genes
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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
thioesterase 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. ' 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 paﬁchway,48 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 irducing the hyperprolif-
eration of synovial cells. Thus, it is possible that the
ERAD system in RA patients is hyperactivated by
synoviolin because of augmernted 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.
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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 11-8 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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+ GM-CSF + GM-CSF
sRANKL sRANKL
osteoclast  mono/oligo- osteoclast-like multi-nucleated osteoclast-like  multi-nucleated
nuclear cell giant cell giant cell
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monocytic cell from
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GM-CSF i X D fl# L, BeEfa~osHEx
fTo7. ZOfER, RA, 0A ZNZFhOBIHIKE
SRR B E O AR (b U 70, e
HfE = & oz, BEEMED & Zla~ OBl &
Z BRINEED WFIIC B W TS RA HSRETERE
BRI L2 DDIF)DBREDpo7, DL
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bbb NDLE» 6 Z DFEELPRE L TERL RA
WEEBRICRENICEET 2HEHRBRA T —
ZHHE) Y DHEE LI X BRIk DR %
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8 S RA J— A B\ 3 BBk c 5T 3
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RANKL FERFHE D LRI & 2 B fifgos,
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