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DISCUSSION

LD mapping of 1q21-23 in Japanese subjects identified multiple LD
blocks in the region, and one block containing FCRL3 was associated
with rheumatoid arthritis. This association was replicated in a second
Japanese case-control set. The rheumatoid arthritis-associated allele
was also associated with increased risk of other autoimmune disorders,
such as AITD (Graves’ disease and Hashimoto’s thyroiditis) and SLE.
Recent reports on autoimmune disease-associated polymorphisms
show that some disease-susceptible variants are limited to specific
ethnic groups!? whereas others are widely dispersed but significantly
associated with disease in only specific ethnic groups*!42, We evaluated
four-SNP haplotypes in FCRL3 in African American, European Amer-
ican and Asian (Korean and Japanese) subjects and found weaker LD
in African Americans than in other groups and substantial differences
in allelic frequency among the groups (Supplementary Table 3 online).

Although the evidence presented here for FCRL3 being an auto-
immune disease—susceptibility gene is powerful, additional autoim-
mune disease-related genes probably exist in this region. For example,
1923 is a good candidate locus for SLE susceptibility®, particularly
involving the association of the classical FcyR genes with
SLE susceptibility in the Japanese population’, although those
variants are not in LD with SNP —169C—T in our Japanese subjects
(A < 0.05, Fig. la). Multiple SLE susceptibility genes are also
homologous to human 1¢23 in mouse models of SLE*3,

Further evaluation of polymorphism associations showed that a
SNP in the promoter region of FCRL3 alters expression of FCRL3
€ through NF-xB binding. Because higher expression of FCRL3 was
observed in individuals with susceptible alleles, and augmented auto-
antibody production was associated with the susceptible genotype,
important steps in the sequence of events leading to autoimmunity
must proceed through FCRL3. That the susceptible allele is associated

with HLA-DRBI in rheumatoid arthritis is consistent with FCRL3
functioning in the context of HLA class II restriction, which is usually

seen in the interaction between T cells and antigen-presenting cells,
including B cells. Moreover, together with the dominant expression of
FCRL3 on B cells and the importance of B cells suggested by a recent
clinical trial of B cell-depleting therapy*!, the present findings might
provide a genetic basis for B-cell abnormality in autoimmunity.

Although the precise function of FCRL3 is unknown, its predicted
molecular structure suggests that it is a membranous protein that
conveys signals into cells through a cytoplasmic domain containing an
immunoreceptor-tyrosine activation motif and an immunoreceptor-
tyrosine inhibitory motif'4. An in vitro study showing the binding of
tyrosine kinases syk and ZAP70 to the immunoreceptor-tyrosine
activation motif region and of tyrosine phosphatases SHP-1 and
SHP-2 to the immunoreceptor-tyrosine inhibitory motif region!’
supports the proposed signaling function of FCRL3. In a previous
study examining in situ hybridization in human tonsil, FCRL3 was
expressed in the germinal center, with particularly high expression in
the light zone'é, suggesting that FCRL3 functions predominantly in
centrocytes. The present finding that CD40 stimulation, which is
important in germinal-center formation*®, upregulates FCRL3 expres-
sion in B cells could indicate that FCRL3 is specifically expressed in
germinal-center centrocytes under the influence of CD40 signals.
In the light zone, centrocytes undergo clonal selection and affinity
maturation regulated by positive and negative signals from antigen
receptors and coreceptors®. High expression of FCRL3 and augmen-
ted autoantibody production in individuals with the disease-
susceptible genotype is consistent with the idea that FCRL3 influences
the fate of B cells and augments the emergence of self-reactive cells in
the germinal center.
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In addition to its role in lymphoid tissues, expression of FCRL3 in
synovial tissue might explain the pathological connection between
FCRL3 variants and rheumatoid arthritis. FCRL3 is strongly expressed
in aggregated lymphocytes. Although our synovial samples showed
only T-cell-B-cell aggregates, lymphocytes in rheumatoid arthritis
synovial tissue are known to form a germinal center-like structure,
called an ectopic germinal center, where T cell-dependent antibody
production and affinity maturation occur®. Ectopic germinal-center
formation also occurs in tissues from individuals with AITD and SLE,
and FCRL3 might be involved in pathological autoimmune reaction
in these disease-specific ectopic lymphocyte aggregates.

Considering that augmented expression of FCRL3 is associated with
susceptibility to autoimmune disorders, and that FCRL3 expression is
regulated in B cells in the secondary lymphoid organ and is detected in
lymphocytes of disease-specific tissues, FCRL3 probably functions in
immunity and potentially pathogenic in autoimmune disorders.

METHODS

Subjects. We enrolled three independent cohorts of individuals with rheuma-
toid arthritis (n = 830, 217 and 323), a cohort of individuals with SLE (n =
564) and a cohort of individuals with AITD (n = 509) comprising Graves’
disease (n = 351) and Hashimoto's thyroiditis (n = 158) through several
medical institutes in Japan. We recruited four independent cohorts of
unaffected control subjects (n = 658, 262, 374 and 752) at various sites in
Japan. All subjects were Japanese. Individuals with rheumatoid arthritis (84.2%
women; age 59.0 + 12.3 years (mean + s.d.); 75.0% RF-positive) satisfied the
revised criteria of the American Rheumatism Association for rheumatoid
arthritis??. Individuals with SLE satisfied the criteria of the American College
of Rheumatology for SLE*®. Diagnosis of AITD was established on the basis
of clinical findings and results of routine examinations for circulating
thyroid hormone and thyroid-stimulating hormone concentrations, serum
levels of antibodies against thyroglobulin, thyroid microsomes and thyroid-
stimulating hormone receptors, ultrasonography, ®®ITCO; (or ['21]) uptake
and thyroid scintigraphy.

We evaluated LD at 1q21-23 in the first control cohort compared with the
first rheumatoid arthritis cohort to identify the theumatoid arthritis-associated
LD block and SNPs. The second and third rheumatoid arthritis and control
cohorts were used for replication testing of results from the first cohorts. We
tested Graves’ disease; Hashimoto’s thyroiditis; SLE; the combination of the two
AITDs; and the combination of rheumatoid arthritis, SLE and the two AITDs
for associations using the total pool of controls. We enrolled control subjects
from three other ethnic groups, Korean (n = 100), African American (n = 120)

_ and European American (n = 120), for evaluation of FCRL3 haplotypes. We

sampled synovial tissues from individuals with rheumatoid arthritis who
underwent arthroplastic surgery. All subjects provided informed consent to
participate in the study, as approved by the ethical committee of the SNP
Research Center, RIKEN.

SNPs and genotyping. We identified SNPs in exons and 5’ and 3’ flanking
regions of FCRLI, FCRL2, FCRL3 and FCRL{4 by direct sequencing of DNA
from 24 individuals. We selected other SNPs from the JSNP and Assay-On-
Demand SNP databases (Applied Biosystems). We genotyped SNPs using
Invader and TagMan assays*! as indicated by the manufacturers. Probe sets
for the Invader assay were designed and synthesized by Third Wave Technol-
ogies, and those for the TaqMan assay were obtained from Applied Biosystems.
When assessing the results of SNP genotyping, we generally excluded successful
call rates <0.95 and values of P < 0.01 obtained by Hardy-Weinberg
equilibrium testing in control subjects. The error rate of Invader assay was
0.0023, which was estimated by 11,092 assays in two rephcates using 118
randomly selected SNPs (internal control data).

Luciferase assay. We cloned the promoter fragment of three haplotypes
corresponding to nt —523 to +203 of FCRL3 into the pGL3-Basic vector
(Promega). We generated oligonucleotides using the allelic sequences of nt
—189 to ~160 of FCRL3. We cloned a single copy or four tandem copies of
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these oligonudeotides into pGL3-Promoter vector (Promega). We grew Raji
cells (RCB1647; RIKEN Cell Bank) in RPMI1640 medium supplemented with
10% fetal bovine serum and antibiotics. We ‘electroporated (230 Vand 975 uF)
1 x107 cells with 5 pmol of constructs and 1 pmol of pRL-TK vector {internal
control for transfection efficiency) in a 0.4-cm gap cuvette. After 48 h, we
collected cells and measured luciferase activity using the Dual-Luciferase
Reporter Assay System (Promega).

EMSA. We carried out EMSA and preparation of nuclear extract from Raji
cells as previously described®. We labeled oligonudeotides ~169T and —169C
with digoxigenin -11-ddUTP using the DIG gel-shift kit (Roche). We incubated
5 pg of nuclear extract with 40 fmol of digoxigenin-labeled nucleotide for
25 min at room temperature. For competition experiments, we preincubated
nuclear extract with unlabeled oligonucleotide (100-fold excess) before adding
digoxigenin-labeled oligonucleotide. For supershift assays, we incubated 4 pg of
antibodies to p50, p52, p65, RelB- or cRel and rabbit IgG (control antibody;
Santa Cruz Biotechnology) for 15 min at room temperature after incubation of
the labeled probe. We separated protein-DNA complexes on a nondenaturing
6% polyacrylamide gel in 0.5x Tris-Borate-EDTA buffer. We transferred the gel
to a nitrocellulose membrane and detected signals using an LAS-3000 lumino-
image analyzer (Fujifilm).

RNA extraction and cDNA preparation. We collected peripheral blood from
healthy volunteers to obtain CD19* lymphocytes. We separated polymorpho-
nuclear cells by differential centrifugation using Lymphoprep resolving solution
(AXIS-FIELD). We isolated CD19* lymphocytes using the MACS system with
CD19 microbeads (Miltenyi Biotec) and confirmed that cell purity was > 95%
using flow cytometry. We stimulated cells with antibodies to CD40 (Cymbus
Biotechnology) or IgM (Jackson Immunoresearch), with 11-4 (eBioscience),
with APRIL (PeproTech), with BAFF (PeproTech) or with LPS (Sigma) for
4 h. We isolated total RNA using RNeasy Mini Kit (Qiagen). We quantified
RNA in other normal tissues using Premium Total RNA (Clontech).
We reverse-transcribed total RNA using TagMan Gold RT-PCR reagents with
random hexamers (Applied Biosystems) in accordance with the instructions
of the manufacturer. ‘

Quantification of FCRL3 expression using real-time RT-PCR. We carried out
real-time quantitative PCR using an ABI PRISM 7900 (Applied Biosystems) and
Assay-on-Demand TagMan probe and primers (Hs00364720_m1 for FCRL3) in
accordance with the manufacturer’s instructions. We generated a standard curve
from the amplification data for FCRL3 primers using a dilution series of total
RNA from Raji cells as templates and normalized data to GUS level

ASTQ. We carried out ASTQ as previously described* with some modifica-
tions. We prepared cDNA from B cells as described above. We amplified both
¢DNA and genomic DNA by PCR for 37 cycles using primers specific for exon
2 of FCRL3 (Supplementary Table 4 online) and for an additional cycle using
forward primer with Alexa Fluor 488 label at the 5" end. Products were directly
digested using Eagl by incubation at 37 °C for 12 h. We monitored full
digestion by the inclusion of PCR products from +358G/G homozygotes. We
then separated digested products on a 12.5% polyacrylamide gel and quantified
them using an LAS-3000 analyzer.

In situ hybridization and immunohistochemistry. We carried out in situ
hybridization as previously described®. We obtained probes from PCR
products using the sequence of FCRL3 (nt 2052-2490, comprising the
intracellular unique region that is poorly conserved among members of this
family). An additional probe of the 5’ untranslated sequence yielded similar
results. We also examined control probes, which yielded no specific hybridiza-
tion (data not shown). We used antibodies to CD3 (clone PS-1, Nichirei) and
CD20 (clone L26, Zymed) for immunohistochemistry with an ABC Elite kit
(Vector Labs) in accordance with the manufacturer’s instructions. No specific
staining was detected using mouse isotype lgG (data not shown).

Measurement of autoantibodies. We measured RF in sera of individuals with
rheumatoid arthritis using latex-enhanced immunonephelometric assay. We
measured antibody to DNA in sera of individuals with SLE by radioimmu-
noassay. Individuals with rheumatoid arthritis (n = 147, 81.1% women; age

639 + 10.6 years (mean + sd.); 87.8% RF-positive; mean Steinbrocker
radiographic stage 3.2) or SLE (n = 120, 92.6% women; age 36.6 + 12.7 years
(mean + s.d.)) were part of the cohorts or from a single medical institute,
respectively. For each individual, we used the maximum value of RF and
antibody to DNA measured during the treatment period in the medical center
or outpatient clinic. We detected antibody to CCP at a single time point using

enzyme-linked immunosorbent assay, as previously described2,

Statistical analysis. We calculated LD index A (ref 28) and drew Figure 1a
using Excel software (Microsoft). We estimated haplotype frequencies using
HAPLOTYPER software. We applied the % test for contingency table tests for
associations between allele-genotype distribution and phenotypes. FCRL3
expression in B cells and autoantibody production were regressed on the .
number of susceptible alleles (coded 0, 1 and 2). All other statistical analyses,
unless otherwise stated, were done using STATISTICA software (StatSoft).

URLs. The JSNP database is available at http://snp.ims.u-tokyo.ac.jp/
indexhtml. TRANSFAC is available at http://www.gene-regulation.com/.
HAPLOTYPER is available at http://www.people.fas.harvard.edu/~junliv/
Haplo/docMain htm. :

GenBank accession number. FCRL3 mRNA, NM_052939.

ilable on the Nature Genetics website.

Note: Suppl tary information is
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Background: Systemic sclerosis (SSc) is accompanied by abnormdlifies in humoral and cellular immune

. systems.

Objective: To determine the genes specifically expressed in the immune system in SSc by analysis of the
gene expression profile of peripheral blood mononuclear cells (PBMC) from patients with SSc, including
those treated with haematopoietic stem cell transplantation (HSCT). Additionally, to investigate the clinical
significance of the up regulation of tumour necrosis factor o (TNFe) converting enzyme (TACE).
Methods: PBMC from patients with SSc (n=23) and other autoimmune diseases (systemic lupus
erythematosus (SLE, n=16), rheumatoid arthritis [RA, n=29}), and from disease-free controls {n=236)
were examined. Complementary DNA arrays were used fo evaluate gene expression of PBMC, in
combination with real time quantitative polymerase chain reactions. TACE protein expression in PBMC
was examined by fluorescence activated cell sorter (FACS).

Results: In patients with SSc 118 genes were down regulated after HSCT. Subsequent comparative
analysis of 5S¢ without HSCT and hedlthy controls indicated SSc-specific up regulation for three genes:
monocyte chemoattractant protein-3 (p=0.0015), macrophage inflammatory protein 3« {p=0.0339),
and TACE (p=0.0251). In the FACS andlysis, TACE protein was mainly expressed on CD14* monocytes
both in patients with SSc and controls. TACE expression on CD14* cells was significantly increased in
patients with early SSc (p=0.0096), but not in those with chronic SSc, SLE, or RA. TACE protein levels in
S$Sc monocytes correlated with the intracellular CD68 levels (p=0.0016).

Condusions: Up regulation of TACE expression was a unique profile in early SSc, and may affect the
function of TNFa and other immunoregulatory molecules.

connective tissue. Increased biosynthesis of multiple

matrix proteins by interstitial fibroblasts is the hallmark
of $Sc, with development of skin sclerosis and involvement of
visceral organs.' The pathogenesis of SSc includes vasculo-
pathy associated with endothelial cell dysfunction, and
extensive fibrosis secondary to fibroblast activation.’’
Functional abnormality in T and B lymphocytes has been
considered in the pathogenesis, based on the presence of
disease-specific autoantibodies and hypergammaglobulinae-
mia in S$Sc.* * Growth factors and cytokines are also thought
to play a part in the progression of connective tissue fibrosis
in SSc. Among them, transforming growth factor B (TGFp)
and the Smad system have a central role in the SSc dermis.*
However, the molecular basis of the pathogenesis of $Sc has
remained unclear.

The use of gene cxpression profiling, such as the
complementary DNA (cDNA) array system, is increasingly
being used [or various diseases, and is used in the aetiological
study of §Sc.”® Increased expression of several genes has
been suggested, but a disease-specific genc profile of SSc has
not yet been determined, possibly owing to the difficulty of
achieving disease remission in SSc, which is necessary for a
comparative analysis of the active and disease-free status.
Recently, the efficacy of high dosc chemotherapy after
autologous hacmatopoictic stem  cell transplantation
(HSCT) for refractory autoimmune diseases has been
reported.’ ' HSCT has been performed in a number of cases
of SSc, with good results."* When we performed autologous

Systemic sclerosis (SSc) is a multisystem disorder of

CD34 selected HSCT for our patients with SSc, we observed a
prompt and persistent improvement of skin sclerosis and
stabilisation of organ disease. Under this condition, it was
possible to carry out a comparative analysis of gene
expression profile between an active (pre-HSCT) and a
remission status (post-HSCT) in the same patient with SSc.

We studied the gene expression profile in peripheral blood
mononuclear cells (PBMC) [rom patients with SSc treated
with HSCT, and found that expression of tumour necrosis
factor a (TNFa) converting enzyme (TACE) was increased in
circulating monocytes from patients with SSc. The correlation

Abbreviations: Ab, antibody; aCENP-B Ab, anticentromere protein-B
Ab; ACR, American College of Rheumatology; ANA, antinuclear Ab;
aRNP Ab, anti-ribonucleoprotein Ab; aTopo-l Ab, antitopoisomerase |
Ab; CaMKIIB, calcium/calmodulin depentf;r)ﬂ protein kinase Il B; cDNA,
complementary DNA,; CRP, C reactive protein; CTGF, connective tissue
growth factor; FACS, fluorescence activated cell sorter; FITC, fluorescein
isothiocyanate; FSC, forward light scatter; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; HSCT, haematopoietic stem cell
transplantation; IL, interleukin; MCP, monocyte chemoattractant protein;
MFI, mean fluorescence infensity; migG1, isotype matched control
mouse IgG1; MIP, macrophage inflammatory protein; mRNA,
messenger RNA; NF-xB, nuclear factor-kB; NIK, NF-xB inducing kinase;
PBMC, peripheral blood mononuclear cells; PE, phycoerythrin; RA,
rheumatoid arthritis; real time PCR, quantitative TagMan real time
polymerase chain reaction; RGS, regulators of G-protein signalling; SLE,
systemic lupus erythematosus; SSc, systemic sclerosis; SSC, side ﬁ’ghr
scatter; TACE, tumour necrosis factor o converting enzyme; TGFB,
transforming growth factor B; TNFa, tumour necrosis factor a; TNF-R,
TNF receptor
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of TACE expression with the clinical findings in patients with
SSc was analysed and is discussed below.

PATIENTS AND METHODS

Patients and controls

Twenty three Japanese patients with SSc¢ who fulfilled the
1980 criteria of the American College of Rheumatology (ACR)
were assessed in this study." These patients were categorised
as those with diffuse cutaneous type disease characterised by
generalised or widespread skin thickening.' Table 1 sum-
marises their clinical features. Patients were classified as
having early SSc (n=12) if the disease duration after the
appearance of the first non-Raynaud’s phenomenon was
within 3 years." Other patients with SSc with a longer
disease duration were classified as having chronic SSc
(n=11). Of the 12 patients with carly SSc, three were
treated with HSCT using autologous CD34" sclected periph-
eral blood stem cells; blood samples were obtained through-
out the clinical course. Other patients with autoimmune
discases had rheumatoid arthritis (RA) or systemic lupus
erythematosus {SLE). These patients fulfilled the criteria of
the ACR, respectively.’ V7 As healthy controls, 36 disease-free
Japanese volunteers, mean (SD) age 40.0 (11.5) years, were
enrolled in the study.

Study design

To search for specific genes which changed between the
active and remission status, before and after HSCT, we first
analysed gene expression profiles of PBMC from patients
treated with HSCT using cDNA array (n= 3). Next, specific
up rcgulated genes in patients with SSc were explored using
¢DNA array by comparing mRNA levels in PBMC of patients
with SSc who had not received HSCT (n = 6) and healthy
controls (n = 5). Specific gene candidates were confirmed by
real time polymerase chain reaction (PCR) in patients with
$Sc without HSCT (n=9) and controls (n=6). Finally,
protein expression levels were analysed by a fluorescence
activated cell sorter (FACS) analysis.

PBMC isolation

Blood sampling was carried out after obtaining written
informed consent according to the guidelines of the ethical
commiittee of Hokkaido University. PBMC were obtained
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from heparinised venous blood, using gradient centrifugation

~ over Ficoll-Paque Plus (Amersham Biosciences Corp, NJ).

RNA extraction and ¢DNA array analysis

Total RNAs from PBMC were isolated using TRIzol reagent
(Invitrogen, Carlsbad, CA). Poly(A) RNA was isolated from
total RNA using a MagExtractor (TOYOBO, Osaka, Japan),
and poly(A) RNA (2 pug) was reverse transcribed by
ReverTraAce (TOYOBO), in the presence of cDNA synthesis
primers and biotin-16-dcoxyuridine triphosphate (TOYOBO),
according to the manufacturer’s instructions. ¢cDNA array
analysis was performed using human ¢cDNA cxpression filters
(Human Immunology Filters (TOYOBO)}), on which 621
species of human c¢DNA fragments and housckeeping gences
are spotted in duplicate: (http://www.toyobo.co.jp/seihin/xr/
product/genenavi/genenavigator.html, accessed 5 May
2005)). Hybridisation and subsequent cDNA array analyses
were carried out as described previously,”? with some
modification. Briefly, after standard prehybridisation, cDNA
array filters were hybridised with a biotin labelled cDNA
probe in PerfectHyb solution (TOYOBO) overnight at 68°C.
After washing under conditions of high stringency, specific
signals on the filters were visualised using Phototope-Star
Detection Kits (New England Biolabs, Beverly, MA).
Fluorescence signals for mRNA expression levels were
obtained using a Fluor-S Multiimager system (Nippon Bio-
Rad Laboratories, Tokyo, Japan). The signal intensity among
filters was compared in an E-Gene Navigator Analysis
(GeneticLab, Sapporo, Japan), and was expressed as an
mRNA expression index to the intensity of the internal
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene
expression.

Quantitative TagMan real time polymerase chain
reaction (real time PCR}

A two step PCR was carried out on serial dilutions of cDNA
samples from PBMC from the patients with SSc and the
controls. Real time PCR amplification and determination of
¢DNA transcripts were carried out with the ABI PRISM 7000
sequence detection system (Applicd Biosystems, Foster City,
CA) and gene-specific sets of TagMan Universal PCR master
mix and assays-on-demand gene expression probes (Applied
Biosystems).
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Table 2 Down regulated genes expressed in PBMC from patients with SSc ot 6 months
after HSCT as indicated by a cDNA array

Genencme -AmmNo Gannumo - Auesnano G«wname Accession No

X89986 MCP-2 Y16645 GRP94 X15187
U60520 MCP-3 X72308 HSP1058 AB003333
X51345 - Nwrophysm I X03172 ‘MMP3 103209
X95694 A TAFO03522  TACE UBe755
X95693 Angw!msmqen ©-Ko2215 Cathepsin G MI16117
M21535 Génoddropin a * V00518 . Pinl U49070

MS7609 | - Somuaosfnnn . Calpastatin U26724

M69043 . ' A : ~ Moesin M69086

X15949°  ° Gostrin. . Radixin 102320
M13228 - IP10 LAT - ~ AFQ36905
Fyb . AF001862

Furin . X17094

O PAF2 M16006

Cb3y L 7 X04145

~CD3€ '~ ~X03884

DY © J04132

 CD8p 1. X13444

- ~.'CD5 - X04391

AFHHO5

DL ED72 1. M54992
o X60992
.- X06180
X12530
© M63928
. J02988
Y00816
. M34461. .
L 107414 ¢ -
L xsag97 -
. 04168 -
© M58050
Con X16447
5107585
e X03339
“U36759
. 07294
"\ Y00790°
105392
. X69819

. X03484:

‘,'AF031167 .
D49950_ .. . -HSP&O
M599_64 Ll H$P9(_)

. One hundred ‘and ei “_ gene expr ‘decreased more than 20% in, oll three patients with-SS¢ treo?ed with

% * 'HSCT ot 6 months after HSCT compored with Befare HSCT (< 1.mionth befors mobilisation) by DNA array ™~ .
] cma|ysls Changes in whne blood cell und_ monoqte counts inPBMC from three patients with SS¢ treated with HSCT -
to; /ul (p=0. from506(|57]/u| t0:589 (M] /p.' (p=0 7]06']

‘ respechvely *Paired Hest: .

FACS analysis fluorescence intensity (MFI), and TACE positive cells
The following mouse monoclonal antibodies were purchased were based on Kruskal-Wallis H statistics. A paired f test
from BD Biosciences Pharmingen (San Diego, CA): anti- was used to analyse the difference in blood cell counts of

human CD3-Cy-chrome, CD4-fluorescein isothiocyanate patients with SSc before and after HSCT. The data are
(FITC), CD8-phycoerythrin (PE) and FITC, CD56-FITC, presented as the means (SD). Differences were cxamined
CD19-FITC, CD68-PE, and CD69-PE. Monoclonal mouse based on analysis of variance, and p values <0.05 were
antihuman-CD14-FITC, CD71-PE (Beckman Coulter Inc, considered significant.

Fullerton, CA) and antihuman TACE-PE (R&D systems,

Abingdon, UK) were also used for surface immunostaining of ~ RESULTS

the cells. The specificity of antihuman TACE has been  Comprehensive analysis of up regu|ated genes in
characterised.* 1In the case of CD68, intracellular staining ~ PBMC from patients with SS¢ using cDNA array and
was done using Cytofix/Cytoperm Plus (BD Biosciences real time PCR

Pharmingen, San Dicgo, CA), according to the manufac-  We first analysed mRNA expression in PBMC from three
turer's instructions. After washing twice with phosphate  patients with SSc treated with HSCT, in order to search for
buffered saline (PBS), cells were subjected to FACS analysis genes with expression levels down regulated after this
of immunostained cells using a FACSCalibur flow cytometer treatment. In these patients, skin involvement, as expressed

(Becton Dickinson Immunocytometry Systems, San Jose, by the modified Rodnan total thickness skin score improved
CA). significantly by 54% (from 30.3 (6.8) 10 12.6 (13.2)) and the

modified Health Assessment Questionnaire improved by
Statistical analysis and clinical significance 22.8% (from 1.67 (0.88) to 1.29 (1.04)) at 6 months after
Calculations were made using the statistical software effective HSCT. This improvement persisted even 3 years
package StatView 5.0 (Abacus Concepts, Berkeley, CA). after this treatment. PBMC specimens were obtained from

Comparisons of mRNA expression of PBMC were made these patients before (<1 month before mobilisation) and
using Mann-Whitney statistics. Group mean comparisons of 6 months after HSCT, and were processed for mRNA
the TACE -protein expression levels, represented by mean extraction followed by cDNA array analyses.
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Table 3 Up regulated genes expressed in PBMC from
patients with $Sc without HSCT as indicated by a <DNA

B .k

co - Up regulated occession  Ratic fold
Classification . genes - No.' increase)
Regulatory transcription Perl - AB002107  7.61:
" fodors : C . Erg3. $40832° .. 450,
, . Gh Us7369 4.4
Protein kinases CoMKIIS  AF078803 . 4.90
Mhdon and ulw-'i' Sl -X02532 '§.7o_~
hormones CMIPIBT o J04130 . 6.58
: TARC - DA3767 556
1L12p35 AFI80562° 427 - - .
- MIP-30* U77035 <. 425 -
, LOUUMCR3 UX72308 388
Membrane receptors [N u31628 346
Signalling intermediates - Gabl . U43885 6.09
' RGS1* X73427  5.2)
Shb - X75342 432
TACES . . UB6755 370
Dbl J03639 - 338
" Lymphocyte signalling LCD34 . M8II04 340

The ratio.of the gene expression index {see “Patients and methods”*) of
patients with $Sc without HSCT {n =6} to heclthy controls {n=5) was *
coleulated; and the list of up regulated genes using cONA array-{with an - -
" §5c¢/control ratio >3.0). is displayed. “Gene expression.wos confirmed . .
.- by real fime PCR. S e
CaMKIiIB, calcium/calmodulin dependent protein.kinase Il B; MIP-18, -
macrophage inflommatory protein B; MCP-3, mofiocyte chemoattractant
protein-3; RGS-1, regulators of G-protein signalling-1. RS

At 6 months after this treatment, down regulation of
mRNA expression levels was seen in 118 genes using cDNA
array (table 2). In patients with SSc without HSCT, 17 genes
were specifically up regulated compared with controls

Bohgaki, Amasaki, Nishimura, et al

(table 3). In addition, the profile of mRNA expression
between bascline and after 6 months in patients with SSc
without HSCT was very similar, thus a “natural state for
6 months” did not modify the mRNA levels examined in this
study (data not shown). Real time PCR showed that only four
gene expression levels had statistical significance as disease-
specific genes in 17 patients with SSc who had not received
HSCT (fig 1). As a result, gene expression levels of monocyte
chemoattractant protein (MCP)-3, macrophage inflammatory
protein (MIP)-3a, and TACE were down regulated after HSCT
in the cDNA array and up regulated specifically in patients
with SSc without HSCT by real time PCR (fig 2). In this
study, we further investigated the cxpression of TACE, which
has a crucial role in the immune system. A role for
chemokines, including MCP and MIP families, in the
pathogenesis of scleroderma has been suggested (reviewed
by Atamas and White”).

Cell surface TACE expression

We first examined PBMC from healthy controls for the
expression of TACE protein. In PBMC from healthy subjects,
a small population was brightly stained by an antihuman
TACE monoclonal antibody (fig 3A). Multicolour FACS
analyses showed that surface TACE expression was barcly
detectable on CD4°CD3*, CD8'CD3", CD19%, and CD56"
populations. In contrast, surface TACE expression was
detected on the CD14" population (fig 3B). It was confirmed
that these CD14" populations were monocytes, by profiles of
forward and side light scatter (SSC), as well as by
intracellular CD68 protein expression. Surface TACE expres-
sion levels on monocytes were not affected by the age and sex
of the controls (data not shown).

We next investigated expression levels of TACE protein in
subsets of PBMC from patients with SSc. In these patients,
surface TACE expression was also dctected on monocytes but
not on CD4*CD3*, CD8*CD3*, CD19*, and CDS56" populations,
respectively (data not shown). Figure 3C shows representa-
tive FACS profiles of TACE protein expression for CD14*

g p=0.0184* MIP-1B p=0.2888 MCP-3 p = 0.0015*
2000~ o 100 — o
2000 — (o]
1500 |- 1500 801
3 60 |-
o 1000
] 1000 —
™ 40
500 - - [P
é 500 - 20 R
< o =4 - 1
0
(2 SSc Control 0 SSc Control ° SSc Control
5
'g MIP-3a p=0.0339* RGS1 p=0.2159 TACE p=0.0251*
s | l
X 25 ~ o 3500 r o 300 ~
<
5 20 - 3000 |~ 250
E 2500 200 |~
2 15+ 2000 |- 150
'g 10 1500 |-
o 100 |~
5 1000
C s 500 | 50 -
o - 2 ol —2— 0
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Figure 1 Quantitative analysis of up regulated genes in PBMC from patients with SSc, assessed using real time PCR. cDNA specimen from patients
with SSc¢ (n=9) ond disease-free vor:mteers (n=8) were anclysed for six genes species [TACE, interleukin {IL) 18, MIP-3a, MIP-1B, MCP-3, and a
regulator of G-protein signalling (RGS)-1), indicated from the cDNA array study (table 3). *p<0.05.
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Figure 2 Changes of mRNA expression levels of IL16, MIP-18, MCP-3, MIP3-¢, RGS-1, and TACE in patients with SSc before and after HSCT using
cDNA orrc{. RNA specimens were obtained from individual patients before (<1 month before mobilisation) and 6 months after HSCT. Relative

expression

evels of mRNA were determined using cDNA arrays performed simultaneously. The expression levels of each cDNA transcript were

displayed as a relative mRNA expression index compared with the levels of internal GAPDH gene expression, as described in ““Patients and methods™.

monocytes. In the patients with SSc, TACE expression in
monocytes was significantly increased in comparison with
findings in healthy controls, and in patients with RA and SLE
(fig 3C). When analysed statistically, cell surface TACE
protein levels of monocytes and TACE positive cells in
peripheral blood were significantly increased in patients with
SSc, especially in patients with early SSc with disease
duration of <3 years, in comparison with controls and
patients with non-SSc autoimmune diseases, as well as those
with chronic S$Sc (fig 4). In addition, TACE protein levels
correlated with mRNA expression levels by real time PCR
(r = 0.640, p = 0.0462). Thus, we concluded that up regulated
cxpression of TACE protein by monocytes was a unique
profile of early SSc.

Relationship between cell surface TACE expression
and maturation/activation markers of monocytes

To better understand the mechanism of TACE up regulation
in monocytes in SSc, we next investigated correlations
between TACE and activation/differentiation markers of
monocytes {rom patients with SSc. Coexpression of surface
CD69, CD71, and intracellular CD68 with TACE was
evaluated using FACS analysis (fig 5). These proteins were
variously expressed on $Sc monocytes, but only intracellular
CDé68 protein levels showed a significant correlation with cell
surface TACE protein expression levels (r=0.671,
p = 0.0016), while cell surface CD69 and CD71 proteins did
not correlate.

Association of cell surface TACE expression levels
with clinical features of $5¢

We then analysed the correlation of cell surface TACE protein
levels of monocytes from patients with SSc (including
patients with early and chronic disease) with clinical features
of the disease. The expression levels of TACE protein on
monocytes in patients with SSc, however, did not signifi-
cantly correlate with titres of autoantibodies, including
antinuclear Ab (ANA), antitopoisomerase I Ab (aTopo-l
Ab), anticentromere protein-B Ab (aCENP-B  Ab),

anti-ribonucleoprotein Ab (aRNP Ab), as well as levels of
serum immunoglobulins. The TACE protein levels did not
correlate either with CRP in patients with SSc (fig 4,
r=-0.216, p=0.3599). The expression levels of TACE
protein did not differ significantly between patients with
SSc with or without visceral organ disease, including
interstitial pneumonia and gastrointestinal complications
(data not shown).

DISCUSSION

HSCT can be an effective treatment for subjects with severe
autoimmune diseases, including SSc."'™" In our three patients
with SSc who received HSCT, significant improvement of
skin sclerosis was promptly achieved and persisted without
any immunosuppressant drug treatment. In such patients,
the gene cxpression profile can be studicd comparatively
between the active and remission state of SSc¢, with a
minimum background of therapeutic reagents. In this study
we performed a ¢cDNA analysis of PBMC from paticnts with
SSc who had undergone HSCT. After extensive analyses, up
regulation of MCP-3, MIP-3a, and TACE in PBMC from
patients with SSc who had not had HSCT was evident.

It was notable that these genes are commonly expressed by
monocytes/macrophages. In  SSc, aithough the earliest
pathological events include dysfunction of microvascular
systems and dermal fibroblasts,* % cells and factors that
mediate such abnormalities have not been defined.
Histological studies of early SSc showed that cells infiltrating
the skin of patients with early stage SSc are mainly CcD14*
monocytes/macrophages,® ** indicating the crucial role of
these cells.

A role for chemokines has been suggested in the
pathogenesis of $Sc.” **** Our observation about MCP-3
and MIP-3a in PBMC from patients with SSc in this study is
consistent with previous findings.»*

In addition, overexpression of TACE in PBMC appeared to
be a new hallmark of carly stage SSc. In PBMC subpopula-
tions, TACE protein expression was almost limited to
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Figure 3 Expression of TACE protein in PBMC of hedlthy controls and patients. {A, left panef} A small population was detected in a high fluorescence
infensity. (A, right panel) Solid fine, cells stained with anti-TACE monoclonal Ab; dotted line, cells stained with isotype matched control mouse IgG1 Ab.
(B) Expression of TACE protein in PBMC subsets from a hedlthy control. (C) Representative cell surface expression of TACE protein on monocytes from
patients with autoimmune diseases and controls. Solid line, cells stained with anti-TACE monodlonal Ab; dotted line, cells stained with migG1 Ab.
Results are representative of three independent experiments.
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Figure 4 (A) Comrarison of cell surface TACE expression by monocytes of patients with eorgf SSc, chronic SSc, RA, SLE, and hedlthy controls. Cell
surface expression levels of TACE were evaluated using FACS, gating on monocytes by forward and side light scatter and on CD14* cells. The levels of

TACE protein expression were represented by the MFI. migG1 Ab-PE staining was perform

ed in all measurements, and showed identical levels of

background staining. *p<0.05, [p=0.0065 (Kruskal-Wallis H statistics)). (B) Comparison of TACEJ)osiﬁve cells in PBMC of patients with early SSc,

chronic SSc, RA, SLE, and hecfthy controls evaluated using FACS. TACE positive cells were defin

monocytes (fig 3B), whereas widespread distribution of
TACE mRNA in tissue was suggested and its expression of
protein levels in blood cells has not been yet described in
detail > *” TACE protein levels on monocytes were signifi-
cantly higher in SSc than in controls (figs 3C and 4),

on gate R1 in fig 3B. *p<0.05.

function of TACE-expressing monocytes with the patho-
aetiology of SSc. In autoimmune diseases, up regulation of
TACE in inflammatory synovial tissue from patients with RA -
and increased TACE mRNA expression in PBMC of patients
with multiple sclerosis have been suggested, but the disease.

suggesting a possible association between TACE and the specificity has been unclear.***® Qur report provides the first
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Figure 5 Correlation of TACE protein expression levels and maturation/activation markers on monocytes, and serum CRP levels in patients with SSc.
Correlation of TACE protein levels with intracellular CD68 expression, cell surface CD69 expression, cell surface CD71 expression, and serum C
reactive protein (CRP) levels are displayed. Cells were stained with anti-TACE-PE monoclond! antibody, or with FITC-anti-CDé8, CD69, and CD71, in

the presence of anti-CD14-FITC. Intracellular or cell surface levels of each marker were measured by FACS, gating on the monocytes as described
above. The expression levels of individual proteins, represented by the MFI, were plotted on the horizontal axis (CD68, CD&9, and CD71] and on the

vertical axis (TACE), respectively. Serum CRP levels were measured by a latex agglutination test. *p<0.05.
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evidence of discase-specific up regulation of TACE in
peripheral monocytes in SSc, both at mRNA and protein
expression levels.

TACE is a mctalloproteinase of the ADAM (a disintegrin
and metalloproteinase) family, and was initially described as
a proteasc responsible for processing the membrane anchored
TNFa precursor to the mature secreted form.** *” It is now
accepted that substrates of TACE also include various cell
surface proteins other than pro-TNFa; TNF receptors type I
(TNF-RI) and type 1II (TNF-RIl), L-selectin, IL6 receptor o
chain, TNF related activation induced cytokine, and fractalk-
ine (reviewed by Mezyk et al*'). TACE mRNA is expressed by
various types of cells, and can be induced by various

extracellular stimuli.*' ¥ We found that expression of TACE’

increased at mRNA levels in PBMC from patients with SSc
(table 3, fig 1). Moreover, expression levels of TACE protein
correlated with that of inwacellular CD68, a lysosomal
antigen cxpressed during differentiation of monocytes to
macrophages, and did not correlate with CD69, CD71,
activation markers in blood ccll, and CRP levels (fig 5). In
patients with RA with positive CRP, surface TACE protein
levels in peripheral monocytes also had no correlation (r=
—0.277, p=0.1459). Monocytes from patients with early
stage SSc were likely to be activated in vivo, expressing TACE,
independently of general acute reactants. Expression of TACE
mRNA is regulated by transcription factors, including AP-2
and SP-1.* Analysis of these factors may help in under-
standing the mechanism of TACE up regulation.

It was notable that TACE up regulation in monocytes was
not seen in patients with chronic SSc with diffuse skin
sclerosis (fig 4). Hence, up regulation of TACE in circulating
monocytes was probably not a secondary outcome from a
persistent fibrotic condition. In the pathogenesis of SSc,
TGFf and connective tissue growth factor (CTGF) dysfunc-
tion has been considered.® * In addition, the up regulated
TNFo/TNF-R system has also been suggested in recent
studies. It has been reported that the serum soluble TNF-R
levels significantly correlated with the activity and disease
progression of SSc.* *” Furthermore, Ellman and MacDonald
reported a significant improvement in the skin score of
patients with SSc after administration of recombinant anti-
TNFa antibody.** These findings are consistent with involve-
ment of an aberrant function of the TNFo/TNF-R system in
SSc. The up regulation of TACE may be involved in such
abnormality in TNF signalling in SSc through the cleaving
function of TACE.

The effect of TACE on the function of the TNFo/TNF-R
system in vivo is not fully understood, but the soluble form of
TNFo can interact with both TNF-RI and TNF-RIL*“'
Ligation of TNF-RI leads to recruitment of intracellular
signalling proteins, resulting in the bifurcation of TNF-RI
signalling: one is the apoptotic signal delivered through
caspase-8, and the other is activation of proinflammatory
properties delivered through nuclear factor-kB (NF-xB)
inducing kinase (NIK) and NF-xB.*?> Unlike TNF-RI, signal-
ling through TNF-RII largely leads to activation of NIK
dependent and NF-kB dependent signalling.” Thus,
increased activity of TACE can shift the balance of signals
mediated by distinct types of TNF receptors and downstream
events, including activation or death of target cells.
Interestingly, mice with a targeted mutation in TACE were
perinatally lethal and had morphological defects in the skin,
indicating the essential role of TACE in normal skin
development.™

Thus, it is intriguing to consider that TACE may participate
in the progression of skin involvement in SSc, especially at
the early stage. However, TNFa can also down regulate the
expression of CTGF and indirectly modulate expression of
type 11 TGFB receptor in human fibroblasts.” * In addition,
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TACE can also cleave other functional molecules as well as
TNFa and the receptors.’ Such pleiotrophic action of TACE
makes it difficult to predict a bona fide role of TACE up
regulation in SSc¢. Further investigation of the function of
TACE, including analysis of laboratory animals that over-
express TACE, may provide information about the signifi-
cance of TACE in SSc. .

In summary, this study described for the first time the
aberrant expression of TACE on monocytes from patients
with early SSc. Recently, several chemical compounds have
been reported to inhibit the activities of metalloproteinases,
including TACE.” Such reagents may have a role in cases of
TACE associated chronic inflammatory disease, including
$Sc. In addition, expression of TACE levels may also be a
uscful clinical measure of SSc, reflecting disease stages and
the clinical prognosis of individual patients. Analysis of TACE
function in SSc¢ monocytes may not only provide insight into
the pathogenesis but may also be a new diagnostic and
therapeutic target for SSc.
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Butyrate Suppresses Tumor Necrosis Factor a Production by
Regulating Specific Messenger RNA Degradation Mediated
Through a cis-Acting AU-Rich Element

Jun Fukae, Yoshiharu Amasaki, Yumi Yamashita, Toshiyuki Bohgaki, Shinsuke Yasuda,
Satoshi Jodo, Tatsuya Atsumi, and Takao Koike

Objective. To study the capacity of butyrate to
inhibit production of tumor necrosis factor a (TNFa) in
macrophage-like synoviocytes (MLS) from patients with
rheumatoid arthritis (RA), in human peripheral mono-
cytes, and in murine RAW264.7 macrophages.

Methods. The concentrations of TNF« in culture
supernatants of these cells were measured using
enzyme-linked immunosorbent assay. The expression
levels of various messenger RNAs (mRNA), such as
those for TNFa, the mRNA-binding protein TIS11B,
and luciferase, were measured using real-time quanti-
tative polymerase chain reaction. The in vitro effects of
butyrate on transcriptional regulation were evaluated
by transfection with various reporter plasmids in
RAW264.7 macrophages. The effects of TIS11B on
TNF« expression were examined using an overexpres-
sion model of TIS11B in RAW264.7 cells.

Results. Butyrate suppressed TNFa protein and
mRNA production in MLS and monocytes, but paradox-
ically enhanced transactivation of the TNFa promoter.
Expression of the AU-rich element (ARE)-binding pro-
tein TIS11B was up-regulated by butyrate. Induction of
TNFa mRNA by lipopolysaccharide was significantly
inhibited when TIS11B was overexpressed. Butyrate
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facilitated the degradation of luciferase transcripts con-
taining the 3'-untranslated region (3'-UTR) of TNFa,
and this effect was dependent on the ARE in the 3'-UTR
that is known to be involved in the regulation of mRNA
degradation.

Conclusion. These results indicate that butyrate
suppresses TNFa expression by facilitating mRNA de-
gradation mediated through a cis-acting ARE. Butyrate
has the ability to regulate TNFa at the mRNA level and
is therefore a potential therapeutic drug for RA pa-
tients.

Rheumatoid arthritis (RA) is a chronic inflam-
matory disease characterized by cartilage destruction
and extracellular matrix degradation in multiple joints
(1). The pathogenesis of RA is not clearly understood;
however, tumor necrosis factor a (TNFa) is involved in
its development, a conclusion which is supported by
successful treatments with anti-TNFa reagents (2). The
production of TNFa was found to be increased in
rheumatoid synovium, followed by the induction of
other proinflammatory cytokines, including interleukin-
18 (IL-1B), IL-6, and 1L-8, as well as matrix metallopro-
teinases involved in cartilage and bone destruction in
RA (3-5). These cytokines are involved in synovial cell
activation and proliferation, leading to generation of
pannus (6).

Synovial tissue consists of heterogeneous im-
mune and non-immune cell populations, including
fibroblast-like synoviocytes, macrophage-like synovio-
cytes (MLS), lymphocytes, dendritic cells, and endothe-
lial cells (7). Among these populations, MLS originating
from bone marrow-derived monocytes are largely re-
sponsible, upon activation, for the production of TNF«
protein (6). Monocytes can give rise to osteoclasts
involved in rheumatoid bone destruction (8). The mech-
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anisms of MLS activation have been only partially
understood. Macrophages express TNFa via activation
of Toll-like receptor 4-NF-«B signaling, and this type of
activation may be mimicked experimentally by adminis-
tration of lipopolysaccharide (LPS) (9,10).

TNFa-mediated chronic inflammation has also
been studied in inflammatory bowel diseases and in
animal models of such diseases. In those studies, physi-
ologic roles for short-chain fatty acids have been iden-
tified (11,12). Short-chain fatty acids are a natural
product of colonic anaerobic fermentation of dietary
fiber by luminal microflora. These are the preferred
sources of energy for the normal colonic epithelial cell,
and they can modulate a variety of fundamental cellular
processes to induce cell-cycle arrest, differentiation, and
apoptosis in transformed cells (13,14). These molecules,
especially butyrate, have potent antiinflammatory ef-
fects and can modulate TNFa expression in colonic
epithelial cells and in monocytes (15). It has also been
shown that administration of butyrate suppresses exper-
imental enteritis induced in mice by dextran sulfate
sodium (16). Experiments in colonocytes revealed that
butyrate down-regulates TNFa expression by modulat-
ing NF-kB-DNA binding activity (15), although the
precise mechanism is not fully understood. In addition,
butyrate is known to function as a histone deacetylase
(HDA) inhibitor in cells, and it can induce alteration of
the chromatin structure (17,18), although the effect of
this activity on TNFa down-regulation is not yet under-
stood. We investigated whether butyrate could suppress
TNFa production in activated synovial cells and macro-
phages, in order to evaluate short-chain fatty acids as a
potential investigational new treatment for chronic in-
flammation in RA.

MATERIALS AND METHODS

Preparation of primary synoviocytes and culture. Pri-
mary synoviocytes were obtained from surgically resccted
synovial tissue from Japanese patients with RA. Informed
consent was obtained from each patient. Tissue specimens
were minced and dissociated in Hanks’ balanced salt solution
(Invitrogen, Carlsbad, CA) containing 5 mg/ml type I collage-
nase (Sigma, St. Louis, MO) and 0.15 mg/m! DNase [ (Sigma)
for 2 hours at 37°C. Samples were then passed through a metal
mesh and a nylon mesh, each with a 100-um pore size. Cells
were collected by centrifugation and resuspended at 0.5 X
10°ml in Iscove’s modified Dulbecco’s medium (Invitrogen)
containing 10% heat-inactivated fetal bovine serum (FBS) and
antibiotics. The resulting synoviocytes were cultured in a 6-well
tissue culture plate (Becton Dickinson, Mountain View, CA)
at 37°C in a humidificd atmospherc with 5% CO, for 24-48
hours. Our primarily rheumatoid synoviocyte cultures con-
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tained ~10-35% of a CD14-positive subpopulation as assessed
by fluorescence-activated cell sorting (FACS Calibur system;
Becton Dickinson) (data not shown). The proportion of CD14-
positive rheumatoid synoviocytes varied depending on the
patient’s background, such as duration or activity of the disease
and treatment. Before the stimulation assay, nonadherent cells
were removed by washing twice with phosphate buffered saline
(PBS).

Cell culture and stimulation. Human monocytes were
enriched from whole blood obtained from healthy Japanese
volunteers. The mononuclear cell fraction was prepared by
density-gradient centrifugation over Ficoll-Paque (Amersham
Biosciences, Uppsala, Sweden), followed by plating in culture
medium at 37°C for 1 hour in a humidified incubator to obtain
the adherent cells. After washing the cells twice with PBS,
adherent cells were resuspended in RPMI 1640 medium
(Invitrogen) containing 10% heat-inactivated FBS and antibi-
otics, then counted and diluted to 0.5 X 10°ml. Cells were
processed for the stimulation assay on the same day that the
blood was collected. Purity of CD14-positive cells was 80-90%
as assessed by fluorescence-activated cell sorting (data not
shown). The murine macrophage cell line RAW264.7 (no.
TIB-71; American Type Culture Collection, Rockville, MD)
was grown in Dulbecco’s modified Eagle’s medium (DMEM,;
Invitrogen) containing 10% heat-inactivated FBS and antibi-
otics at 37°C in a humidified atmosphere with 5% CO, (19).
Cells were resuspended at 0.25 X 10%ml, then 2 mi/well of the
cell suspension was transferred to 6-well tissue culture plates,
followed by 24 hours of culture before stimulation. After prein-
cubation, cells were stimulated with LPS (no. L4391; Sigma) or
were used without stimulation. In some experiments, various
concentrations of sodium butyrate (Sigma) were included in the
culture. Wherc indicated, actinomycin D (Sigma) was also in-
cluded in the culture to restrict transcriptional events.

RNA preparation and real-time quantitative polymer-
ase chain reaction (PCR) analysis. Total RNA was obtained
by using TRIzol RNA Reagent (Invitrogen) according to the
manufacturer’s instructions. In some experiments, total RNA
was extracted from transfected cells using the Concert Cyto-
plasmic RNA Reagent (Invitrogen) in combination with
DNase 1 Amplification Grade (Invitrogen) to eliminate resid-
ual plasmid DNA. RNA samples were reverse-transcribed
using oligo(dT) primers and ReverTra Ace (Toyobo, Osaka,
Japan) according to the manufacturer’s instructions. Real-time
quantitative PCR analyses were performed using 100 nM
TaqMan probe and 200 nM forward and reverse primers in a
final volume of 30 ul using 2XPCR reagent (Applied Biosys-
tems, Chiba, Japan) in an ABI PRISM 7000 Sequence Detec-
tion System instrument (Applied Biosystems) based on dual-
labeled fluorogenic probe technology (20).

The following forward and reverse primers and Tag-
Man probes, designed by Primer Express software (Applied
Biosystems), were used for analyses: mouse TNFa, forward
primer 5'-CAGACCCTCACACTCAGATCATCT-3’, reverse
primer 5'-GCACCACTAGTTGGTTGTCTTTGA-3’, Taq-
Man probe 5'-CAAGCCTGTAGCCCACGTCGTAGCA-3;
mouse TISIIB, forward primer 5'-TTGTTGGTAGCTTCT-
GGCTTGA-3', reverse primer 5'-GGCATCTACTGACAA-
AAGATGGAA-3', TagMan probe 5'-TCCATTTCATAGC-
CCACTTAACCACGCA-3'; luciferase, forward primer 5'-
TGACCGCCTGAAGTCTCTGA-3". reverse primer 5'-
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ACACCTGCGTCGAAGATGTTG-3', TagMan probe 5’'-
CCGCTGAATTGGAATCCATCTTGCTC-3'; AU-rich
clement (ARE) mutation, forward primer 5'-ATGCACAG-
“CCTTCCTCACAG-3', reverse primer 5-CCCGGCCT-
TCCAAATAAATAC-3', minor groove binder (MGB) Taq-
Man probe 5'-TATCCATTATCCATCCATTATCCATC-3'.
The first 3 TagMan probes were labcled on the 5 end with
FAM reporter dye and on the 3" end with TAMRA quencher
dye; the ARE mutation MGB TaqMan probe was labeled on
the 5 end with FAM reporter dye and on the 3’ end with
conjugated MGB.

To measure the gene copy number of the various
transcripts, the purified artificial gene product containing an
amplification sequence was serially diluted to achieve a stan-
dard curve. Data for each messenger RNA (mRNA) quantity
were normalized based on the mRNA copy number of
GAPDH obtained using the TagMan rodent GAPDH control
rcagents (Applied Biosystems).

Enzyme-linked immunosorbent assay (ELISA). The
concentrations of human and mouse TNFa proteins were
determined using specific sandwich ELISA kits (no. 656227
from Cosmo Bio [Tokyo, Japan] and no. 10019 from Genzyme
[Cambridge, MA], respectively) according to the manufactur-
ers’ instructions.

Plasmid construction. The luciferase reporter plas-
mids pNF«kB-Luc and pGL3-BASIC were purchased from
Stratagene (La Jolla, CA) and Promega (Madison, WI), re-
spectively. Murine genomic DNA extracted from a normal
CS7BL/6 mouse using a standard protocol (21) was used
for amplification of a genomic DNA fragment of the mouse
TNF« gene. A 0.9-kb DNA fragment corresponding to the
5'-untranslated region (5'-UTR) of the mouse TNF« gene was
PCR-amplified with the sense and antisense primers 5'-CTC-
AAGCTTATCAGAGTGAAAGGAGAAGGC-3’ and 5'-
CTCAAGCTTAGTGAAAGGGACAGAACCTGC-3', re-
spectively. The product was inserted into the Hind 111 cloning
site of pGL3-BASIC and designated pGL-mTNFa. The 0.8-kb
3’-UTR of the mouse TNF« gene was similarly amplified using
PCR, and the Xba I and Bam HI restriction sites were intro-
duced with the PCR primers 5'-TCTAGAGGGAATGGG-
TGTTCATCC-3' and 5'-GGATCCCATGCCCCAGGGCAAA-
3’, respectively. The resulting DNA fragment was used to
replace the 3'-UTR of the pGL-mTNFgq, and the resulting
plasmid was designated pGL-mTNFa-UTR.

A pGL-CMV-UTR plasmid, in which the luciferase
gene was constitutively expressed under the control of the
cytomegalovirus (CMV) promoter, was generated by replacing
the Hind 111 fragment corresponding to the TNFa promoter
region in the pGL-mTNFa-UTR vector with a DNA fragment
containing the CMV promoter sequences from pFLAG-
CMV-2 (Sigma). In addition, the AT repeat (ARE) in pGL-
CMV-UTR corresponding to the TNFa 3'-UTR sequence
(+1299 to +1332) was mutated to yield an ARE mutation
plasmid (pGL-CMV-UTR/mARE) using standard recombi-
nant techniques and the mutagenic oligonucleotide
5'-ACAGCCTTCCTCACAGAGCCAGCCCCCCTCTATT-
TATATTTGCACTTATTATCCATTATCCATCCATTAT-
CCATCCATTTGCTTATGAATGTATTTATTTGGAAG-
GCCG-3'. The sequences of all the DNA fragments obtained
by PCR amplification were confirmed by DNA sequencing and
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completely matched the reported mouse TNF« genomic sc-
quence (GenBank accession no. Y(0467) (22).

A mammalian expression plasmid, pFLAG-TIS1I1B,
that encodes mouse TIS11B complementary DNA (cDNA})
(23) was generated by introducing a mouse full-length TIS11B
¢DNA fragment into the pFLAG-CMV-2 plasmid (Sigma).
The TIS11B cDNA fragment was obtained by PCR amplifica-
tion of cDNA from RAW264.7 cells and the specific sense and
antisense primers 5’-GAATTCGATGACCACCACCCTCGT-
3’ and 5'-TCTAGAGGAGAGGTGAAGGAGGCATG-3',
respectively. After subcloning into pCR-blunt and confirma-
tion by DNA sequencing, the 1.2-kb fragment corresponding to
the TIS1IB ¢cDNA (GenBank accession no. BC016621) was
excised and ligated into pFLAG-CMV-2 at the Xba I and Eco
R1 cloning sites.

Transfection and luciferase assay. RAW264.7 cclls
(0.25 x 10°) were transferred to 8-cm tissue culture plates
(Becton Dickinson) and incubated for 24 hours to 70% con-
fluence. Transfections were achieved using Transfectam re-
agent (Promega), according to the manufacturer’s instructions.
with the plasmids described above. Plasmid DNA (10 ug) was
mixed with 20 ul of Transfectam reagent in 3 ml of FBS-free
DMEM and transferred to the plates. After 2 hours of
incubation, complete culture medium was added to the cells,
followed by further incubation to semiconfluence. The trans-
fection efficiency in the current protocol was ~5% when cells
transfected with green fluorescent protein—expressing plasmid
were analyzed by fluorescence-activated cell sorting (data not
shown). Transfected cells were collected and distributed into
new 6-well tissue culture plates (Becton Dickinson) before the
stimulation assay. This step was performed to equalize the
number of transfected cells and eliminate any differences in
transfection efficiency between plates.

Where indicated, the luciferase assay was carried out
according to the procedure described previously with minimal
modifications (24). Briefly, RAW264.7 cells were transfected
with various reporter plasmids as described above. After
incubation and stimulation, cells were lysed using lysis buffer
(Promega). Cell lysates were stored at —80°C until the lucif-
erase assay was performed. The protein content of each sample
was determined using a protein assay reagent (Bio-Rad, Her-
cules, CA), and the luciferase activities of the samples were
normalized according to the protein content of the samples.
Data are reported as relative luciferase units.

Cell proliferation assay. In order to exclude the pos-
sibility that butyrate directly affects cell viability, a prolifera-
tion assay was performed using MTS (3-(4,5-dimethylthiazol-
2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium) tetrazolium assay (Cell Titer96 AQueous One
Solution Cell Proliferation Assay; Promega). RAW264.7 cells
(0.25 X 10%) were transferred into microtiter-plate wells in 100
ul of DMEM containing various concentrations of butyrate,
then MTS reagent was added to the wells. Optical density was
read using a microplate autoreader (Microplate Reader Model
3550; Bio-Rad) at a wavelength of 490 nm after addition of
MTS reagent.

Statistical analysis. Statistical analyses were calculated
by Student’s r-test with the use of the Excel program (Mi-
crosoft, Redmond, WA).

— 572 —



2700

RESULTS

Suppression by butyrate of TNFa protein pro-
duction in cultured primary synoviocytes. We first ana-
lyzed the effect of butyrate on TNFa production in
rheumatoid synoviocytes during stimulation with LPS.
When primary synoviocytes were stimulated with LPS,
significant amounts of TNFa protein were detected in
the culture supernatants (Figure 1A). Addition of bu-
tyrate to the culture medium led to a significant, dose-
dependent decrease in LPS-stimulated TNFa produc-
tion. MLS, major producers of TNF« in the rheumatoid
inflammatory synovium, play an important role in the
initiation of synovitis and bone destruction (25). We
paid attention to the subpopulation of monocyte/
macrophages, and thus we repeated the experiments on
the effect of butyrate on TNFa production both by
peripheral monocytes and by the macrophage cell line
RAW264.7. Human peripheral monocytes and
RAW264.7 cells both secreted significant amounts of
TNFa upon LPS stimulation (Figures 1B and C). As was
the case in the primary cell culture, there was a signifi-
cant decrease in LPS-stimulated TNFa secretion with
increasing butyrate concentrations in the medium. In
all experiments, similar GAPDH mRNA expression
levels were confirmed in each cell preparation after
treatment with LPS/butyrate (data not shown).

RAW264.7 cells were exposed to various concen-
trations of butyrate, and MTS tetrazolium assay was
performed to assess cell proliferation. The results re-
vealed that butyrate had no significant effect on cell
proliferation (Figure 2B).

Suppression by butyrate of TNF« expression at
the mRNA level in monocytes and in the macrophage
cell line RAW264.7. To determine how butyrate reg-
ulates TNFa production in monocytes, we next examined
the effect of butyrate on TNFae mRNA expression. We
performed semiquantitative reverse transcriptase (RT)-
PCR analysis using specific primers for initial screening
and found that butyrate suppressed TNFa mRNA induc-
tion in response to stimulation with LPS in human mono-
cytes (data not shown). Butyrate also suppressed LPS-
stimulated TNFa production in RAW264.7 cells in a
dose-dependent manner, confirmed by real-time quantita-
tive PCR (Figure 2A). The macrophage cell line
RAW?264.7 is responsive to butyrate; therefore, we used
the RAW?264.7 cells as an appropriate system for transfec-
tion assay.

FUKAE ET AL

P=0.0097
| I Uy |
P=0.005%
—
9000
8000 L
= 7000 I
E
E 6000
= 5000
'z 4000
: 3000
2000
1000
0
LPS o o0 2 2 2 2 2 (ugmbh
Sodium butyrate 0 2 0 05 1 2 10 (mM)
P=0.0088
6000
5000 T
g’ 4000
&
3 3000
z 2000
1000
0
LPS 0 0 50 50 50 50 (ng/ml)
Sodium butyrate 0 2 0 1 2 5 (mM)
B
P=0.0013
' £=0.0027
P=0.0044
I —
25000
~ 20000
$
S 15000
3
E 10000
5000
0
LPS 0 10 10 10 10 (ng/ml)
Sodium butyrate 0 0 1 2 16 (mM)

C

Figure 1. Effects of butyrate on tumor necrosis factor a (TNFa)
protein secretion by synoviocytes and monocytes. An enzyme-linked
immunosorbent assay (ELISA) specific for human TNFa protein was
used to determine levels of TNFa in A, culture supernatants of
primary synoviocytes (obtained from patients with rheumatoid
arthritis) not stimulated with lipopolysaccharide (LPS) or stimulated
with 2 pg/ml LPS for 6 hours in the presencc or absence of
sodium butyrate, and B, human peripheral blood monocytes (obtained
from healthy donors) not stimulated with LPS or stimulated with
50 ng/ml LPS for 4 hours in the presencc or absence of sodium
butyrate. C, Levels of mouse TNFa were measured in culture
supernatants from RAW264.7 cells not stimulated with LPS or stim-
ulated with 10 ng/ml LPS for 6 hours in the presence or absence of
sodium butyrate, using an ELISA specific for mouse TNFa. Experi-
ments in A, B, and C were repeated 15, 9, and 6 independent times,
respectively, and representative results are shown. Values are the
mean and SEM.
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Figure 2. Effects of butyratc on TNFa mRNA expression and cell
proliferation in RAW264.7 cells. A, Real-time quantitative polymerase
chain reaction (PCR) (described in Materials and Methods) was used
to estimate TNFa expression in RAW264.7 cells not stimulated with
LPS (lanes 1 and 2) or stimulated with 10 ng/ml LPS (lanes 3-6) in the
presence (lanes 2 and 4-6) or absence (lancs | and 3) of sodium
butyrate for 2 hours. The amount of TNFa cDNA transcripts is
displaycd as a relative valuc obtained by dividing the value for TNFa
transcripts by the valuc for GAPDH cDNA transcripts. Real-time
quantitative PCR data were obtained from triplicate transwells and are
representative of 3 independent experiments. Values are the mean and
SEM. B, Cell proliferation assay (described in Matcrials and Methods)
was used to examine the toxicity of butyratc on RAW264.7 cells. Cells
were treated with various concentrations of butyrate (0. 2, 5, and 10
mM), and the optical density (OD) was rcad at a wavclength of 490 nm
serially at 1-, 2-, 3-, 4-, and 6-hour time points. Data were obtained
from triplicatc transwells. Valucs are the mean = SEM of 3 indepen-
dent expcriments. See Figure 1 for other definitions.

No suppression by butyrate of transcriptional
activity driven through the TNFa promoter. To tcst
whether butyrate could affect TNFa mRNA expression
via transcriptional repression, RAW264.7 cells were
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transfected with reporter plasmids containing the con-
sensus NF-«B binding sequence or the fuli-length TNFa
promoter sequence. When cells were transfected with
pNF«B-Luc or pGL-mTNFq, however, butyrate did not
suppress the transcriptional activities (Figures 3A and
B). Instead, butyrate showed a dose-dependent en-
hancement of transactivation, which was inconsistent
with its effects on the mRNA and protein expression of
TNFa. These results indicate that butyrate regulates
TNFa mRNA levels via a mechanism other than tran-
scriptional repression in RAW264.7 cells.
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Figure 3. Effect of butyrate on TNFa promoter-related transcrip-
tional activities. RAW264.7 cells were transfected with various types of
luciferase reporter plasmids (sce Materials and Methods for descrip-
tion of methods of transfection and luciferase assay). Forty-cight hours
after transfection, cells werc stimulated with 10 ng/ml LPS in the
absence or presence of sodium butyrate (1, 2. or 5 mM) for 6 hours.
The luciferase activities in cell lysates were measured and normatlized
using the protein concentration in cach sample. A, Transcriptional
activity of cells transfccted with pNF«B-Luc. B, Transcriptional activ-
ity of cells transfected with pGL-mTNFa. Data shown in A and B werc
obtained from triplicate transwclls and arc representative of 6 inde-
pendent experiments. Values are the mean and SEM. SV40 polyA =
simian virus 40 late poly(A) signal; RLU = relative luciferase units
(see Figurc | for other dcefinitions).
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Figure 4. Expression of the tristetraprolin (TTP) family of genes in RAW264.7 cells upon treatment with butyrate. A, Expression of mRNA for
TISI1B (a representative member of the TTP family of proteins) in RAW264.7 cells upon treatment with butyrate. RAW264.7 cells were not
stimulated with LPS or were stimulated with 10 ng/m! LPS (lanes 3-6) in the presence (lanes 2 and 4-6) or absence (lanes 1 and 3) of butyrate. After
I hour of stimulation, total RNA was obtained, followed by real-time quantitative polymerase chain reaction (PCR) for TIS11B. The amount of
TIS11B cDNA transcripts is displayed as a relative value obtained by dividing the value for TIS11B transcripts by the value for GAPDH cDNA
transcripts. Rcal-time quantitative PCR data were obtained from triplicate transwells and are representative of 3 independent experiments. Values
are the mean and SEM. B, Effect of TIS11B on expression levels of TNFa mRNA in RAW264.7 cells stimulated with LPS. RAW264.7 cells were
transfected with the TIS11B expression vector, pFLAG-TIS11B (solid bars) or with the control pFLAG empty (mock) vector (open bars).
Forty-eight hours after transfection, cells were stimulated with 10 ng/ml LPS (lanes 3 and 4); total RNA was obtained after 2 hours of stimulation.
The amount of TNFa ¢cDNA transcripts was determined using real-time quantitative PCR. Data are schematically displayed as a relative value
obtained by dividing the value for TNFa transcripts by the value for GAPDH ¢DNA transcripts. Real-time quantitative PCR data werc obtained
from triplicatc transwells and are reprcsentative of 3 independent experiments. Values are the mean and SEM. NS = not significant (see Figurc |

“for other definitions).

TIS11B as a candidate molecule for butyrate-
mediated inhibition of TNFa mRNA expression. TNFa
gene expression involves posttranscriptional regulation,
including the ARE in the 3’-UTR that is thought to play
a critical role in the regulatory mechanism (26). AREs
are found in multiple cytokine genes including TNFa,
and the cis-regulatory effects of these elements are
mediated by several polypeptides that can bind AREs.
Tristetraprolin (TTP) is an ARE-binding protein that
facilitates TNFa mRNA degradation, and TIS11B and
TIS11D are representative members of the TTP family
of proteins that are also capable of interacting with
AREs. We hypothesized that the effects of butyrate
‘were related to the posttranscriptional regulation medi-
ated through the AREs and ARE-binding proteins. To
search for the butyrate-mediated induction of ARE-
binding proteins, we first used semiquantitative RT-
PCR to screen for the expression of TTP family proteins
such as TTP, TIS11B, and TIS11D in RAW264.7 cells
treated with butyrate. Among the factors examined,
butyrate induced only TIS11B mRNA but neither TTP
mRNA nor TIS11D mRNA (data not shown). Real-time
quantitative PCR revealed that butyrate induced

TIS11B mRNA in a dose-dependent manner (Figure
4A).

We determined that TIS11B had a suppressive
effect on levels of TNFue mRNA. RAW264.7 cells were
transfected with TIS11B expression plasmid or with a
control mock vector, then stimulated with LPS. The
expression level of TNFa mRNA decreased significantly
in RAW264.7 cells transfected with TISI1B expression
plasmid (Figure 4B). These results suggested that bu-
tyrate down-regulated levels of TNFa mRNA via bind-
ing of TIS11B to an ARE.

Facilitation by butyrate of mRNA degradation
via the function of an ARE in the TNFa 3'-UTR. We
next studied whether the inhibitory effects of butyrate
on TNFa« specifically depended on an ARE. To deter-
mine whether butyrate affects the amounts of gene
transcripts carrying the TNFa 3'-UTR, we designed a
real-time TagMan RT-PCR-based quantitative assay
that detects mRNA turnover (Figure 5). RAW264.7 cells
were transfected with pGL-CMV-UTR reporter plasmid
and treated with actinomycin D to repress generation of
newly transcribed mRNA. To equalize the difference in
transfection efficiency between plates, all transfected
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Figure 5. Effect of butyrate on the turnover of luciferase mRNA
containing a tumor nccrosis factor a 3'-untranslated region.
RAW264.7 cclls were transfected with pGL-CMV-UTR (see Materials
and Methods). After no treatment or pretreatment with butyrate (2
mM) for 2 hours, cells were placed in culture medium containing

actinomycin D (10 pg/ml) to halt transcription. Cells were then

harvested serially at 0-, 10-, 30-, and 60-minute time points, and total
RNA was extracted. After extensive treatment with RNase-free DNase
I to digest the plasmid vector DNA, total RNA samples were reverse-
transcribed for real-time quantitative polymerase chain reaction using
primers specific for the luciferasc gene product (described in Materials
and Methods). The amount of luciferase cDNA transcripts is displayed
as a relative value obtained by dividing the value for luciferase
transcripts by the valuc for GAPDH ¢cDNA transcripts. The datum at
the O-minute time point (for lucifcrase/GAPDH) was assigned a value
of 100%, and other data are shown relative to this value. Values are
the mean = SEM of 3 independent experiments.

cells were collected and distributed into new plates
before butyrate treatment. The time course of decrease
of mRNA levels was in direct proportion to the rate of
degradation. The amount of cDNA transcripts contain-
ing the 3'-UTR was serially quantified by real-time PCR.
We observed a significant decrease in cDNA transcripts
derived from pGL-CMV-UTR in cells treated with
butyrate, both at the 10-minute time point and thereaf-
ter (Figure 5). This suggested that butyrate facilitated
the degradation of mRNA transcripts of TNFa carrying
the 3'-UTR sequence.

In various cytokine genes, including TNFa, an
ARE in the 3'-UTR has been shown to affect stability of
the gene transcripts (26). To test whether the inhibitory
effects of butyrate on TNF« are mediated by the action
of this cis ARE, we generated pGL-CMV-UTR/mARE
containing a mutated ARE from pGL-CMV-UTR (Fig-
ure 6A). The amounts of transcripts derived from these
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plasmids were quantified and compared using
RAW264.7 cells and the TagMan PCR method. In this
assay, total amounts of transcripts derived from mixed
plasmids were determined by reactions using a luciferase
TagMan probe, and, at the same time, amounts of
transcripts carrying the ARE mutation derived from
these mixed plasmids were determined using an ARE
mutation MGB TagMan probe (Figure 6A). The quan-
tification of these 2 transcripts was made possible by
using a common gene standard, R-luc-AU, that con-
tained both the mutated ARE and part of the common
luciferase open reading frame sequence, and changes in
the expression of these 2 transcripts were described as a
ratio and calculated as follows: transcripts with mutated
ARE:transcripts with intact ARE = (M/G):([A —
MJ/G) = M:(A — M), where A is the total amount of
luciferase transcripts, M is the amount of transcripts
with mutated ARE, and G is the internal control
GAPDH.

As shown in Figure 6B, the amount of transcripts
carrying mutated ARE and the amount carrying intact
ARE were almost identical at the time point at which
actinomycin D had stopped the transcription, when cells
were treated (or not treated) with butyrate. It was shown
that the relative amount of transcripts carrying a mu-
tated ARE increased significantly during the time
course. Thus, transcripts carrying the mutated ARE
were more stable than those carrying intact ARE, and
butyrate’s ability to facilitate the degradation of tran-
scripts was lost when the ARE was mutated. This
indicates that the suppressive effect of butyrate on
TNFa expression is mediated through the specific ARE
in the 3’-UTR of the TNF« transcript.

DISCUSSION

In this report, we have shown that butyrate
strongly down-regulated the production of TNF« in
primary synoviocytes, peripheral monocytes, and murine
RAW264.7 macrophages at the mRNA level. Our re-
sults also indicated that butyrate induced an ARE-
binding protein, TIS11B, that could facilitate TNFa
mRNA degradation. The collective data led us to believe
that the down-regulation of TNFa expression by bu-
tyrate was mediated through the TIS11B protein that
bound to a specific ARE and facilitated mRNA degra-
dation.

TNFa is a key cytokine in the pathogenesis of
RA. Therefore, inhibition of the action of TNFa may
improve the clinical course of patients with RA. Biologic
agents designed to interfere with the action of TNFa
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Figure 6. Effects of mutations in AU-rich elements (AREs) on the ability of butyratc to modify mRNA turnover. A, Schematic diagram of the
plasmids, primers, and TagMan probes that were used in these experiments. The plasmid pGL-CMV-UTR/mARE was derived by mutating the ARE
of the 3'-untranslated region (3'-UTR) of the plasmid pGL-CMV-UTR (see Materials and Methods). To measurc the gene copy number of the
transcripts derived from pGL-CMV-UTR and pGL-CMV-UTR/mARE, the artificial DNA fragment R-luc-AU was generated from pGL-CMV-
UTR/mARE by polymerasc chain reaction (PCR) ampilification. The R-luc-AU fragment, which contained both the ARE mutation and part of the
common luciferase open reading frame sequence, was used to produce both the standard curve for the total luciferase transcripts and the curve for
transcripts containing the ARE mutation. B, Quantitative PCR analysis of the reporter gene products carrying intact or mutated ARE. RAW264.7
cells were transfected with a 50:50 mixture of pGL-CMV-UTR/mARE and pGL-CMV-UTR. Cells were then not treated (solid bars) or pretreated
with 5 mM sodium butyrate for 2 hours (open bars) and placed in culture medium containing actinomycin D (10 pg/ml) to halt transcription. Cells
were then harvested serially at 0-, 30-, and 60-minute time points, and total RNA was extracted. Degradation of plasmid DNA and subsequent cDNA
synthesis were carried out using the same method described in Figure 5. Real-time quantitative PCR analyses were done using a TaqMan probe,
with specific forward and reverse primers (see Materials and Methods). The amounts of total luciferase cDNA transcripts and transcripts with
mutated ARE werc determined, and the y-axis shows the ratio of cDNA transcripts with mutated ARE to ¢cDNA transcripts with intact ARE. Data
were obtained from triplicate transwells and are rcpresentative of 5 independent experiments. Values are the mean and SEM. CMV =
cytomegalovirus; TNFa = tumor necrosis factor a; MGB = minor groove binder; NS = not significant.

have been approved for the treatment of RA, and they various mRNA. The AREs are clustered into several
provide dramatic efficacy for the affected patients. How- categories and have been identified in a panel of genes
ever, the disadvantages of biologic agents, such as their other than TNF« (27-30). These genes largely encode
high cost, their instability, the difficulty of producing proteins that regulate cellular growth and the body’s
them, and the immune reaction of the host toward them, response to exogenous agents such as microbes and
remain to be addressed. Therefore, new chemical agents inflammatory and environmental stimuli. The mRNA
that down-regulate TNFa production have been re- containing AREs are commonly short lived, rapidly
searched extensively. Our current findings may provide a expressed in response to stimuli, and rapidly degraded
framework for the therapeutic down-regulation of once their critical role in gene regulation ceases.
TNFa production by butyrate or its analogs. To date, several ARE-binding proteins have been
Butyrate facilitated the degradation of luciferase reported that can stabilize or destabilize the target

transcripts when the TNFa 3'-UTR ¢DNA sequence was mRNA by binding competitively to their AREs. TTP
included in the reporter construct. This effect appeared (also known as TIS11, Nup475, and G0S24) is one of

to be dependent on an ARE, since a mutation in the these ARE-binding proteins, and it has been character-
ARE in the reporter plasmids resulted in the loss of the ized as a critical factor that controls TNFa mRNA
butyrate-induced changes in the transcript turnover. turnover (31). Interestingly, genetically manipulated
Thus, butyrate could down-regulate TNFa mRNA ex- mice that lack TTP showed an abundance of endoge-
pression by facilitating TNFe mRNA degradation nous TNF« production, an RA-like arthritis, and auto-
through a mechanism that was dependent on the specific immunity, presumably mediated by an excess of TNFa
ARE. , (32-34). TTP-related proteins, designated TIS11B and

AREs are several repetitive sequences of TIS11D, are structurally similar to TTP in their zinc-

AUUUA or UUAUUUAUU present in the 3'-UTRs of finger motifs, and they share functions with TTP, al-
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