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Study of the Gene Expressions in Rheumatoid Arthritis Synovial Macrophages
Using Network Analysis

Jong Dae Ji', Tae-Hwan Kim’, Bitnara Lee’, Sung Jae Choi', Young Ho Lee', Gwan Gyu Song'

Department of Rheumatology, College of Medicine, Korea University University', The Hospital for
Rheumatic Diseases, College of Medicine, Hanyang Universityz, Seoul, Korea

Objective. We wanted to investigate the mechanisms that
could account for the pathogenesis of rheumatoid arthritis,
so we examined the different expressions of the genes in
rheumatoid arthritis (RA) synovial fluid macrophages as
compared with that of normal peripheral blood (PB) mon-
ocyte-derived macrophages using microarray and bio-
informatic analysis.

Methods. We examined the expression of genes by using
a gene expression oligonucleotide microarray. The differ-
ences of the gene expressions between the RA synovial
macrophages and the normal PB monocytes-derived mac-
rophages were analyzed using bioinformatic tools, includ-
ing cytoscape and its plugin.

Results. In this study, we found that 899 genes (464 genes
up-regulated and 435 genes down-regulated) were differ-
entially expressed between the two groups. Among the 899
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genes, 552 genes were included for gene ontology analysis
and network analysis. Based on biological process ontology,
they were categorised mainly into immune response proc-
esses, responses to stimulus and signaling and regulation of
biological processes. In addition to the genes related with
STAT1 and AP-1 signaling, we found that the genes in-
volved in the antigen processing and the cell cycle are
abundantly expressed in RA synovial macrophages, sug-
gesting that these genes may play an important role in the
pathogenesis of RA.

Conclusion. Our study suggest that this approach using in-
tegration of the gene expression profile with the protein
interaction data may help to find several important patho-
genic mechanisms in RA.
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ing)¥] AT+ Frvlel =3 o] Wl BFodslE S
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3} TNFA|A|Y anakinra®} 22 578 g-fule] A4 Aol o
3k X 2RSS dEste AREE 389 sheAel HT
9] AFE 93l AA=HA} 2,5-7). LY HAA = ok
gt HAMEE 2 AEZA BAEE Aol BT, Al
2711 SO A5 A5l ol v E3elAl =457
uj ol Frubel =pAdoll 2h-gslhe W AT o]
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o2 Agele e v E9] A (biological
network) 5 BFE{ WL A3ke] WQlel] F23 &S ke &
H AYH T HAE FHAAEY T (regulatory
module)s Bl 2] Aol WS fHsHE AT

(cell network information) & 53t £4sto 2y Ztze] A
ollA 3 E = SAH WAt 7dE Zove
A7} A} o] 2 network A X9} expression profile
S E48 5H O F cytoscapes H]E3F t}akdt software
Eo] /NEE e} (10). Cytoscaper= AT S 28 U|ES
H(molecular interaction network)E 2.7] fA| FH s} o]
22 U E S =9} gene expression profile S £3F E43 4
JEF st AFAH RS £Z E o] (open source bioinfor-
matic software)®]t} (11). Cytoscape= jActiveModulessk Bi-
NGOZZ plugin 2L E o] & B Ylef|A] W whol 4
sJ A7 2 Z 4] gene ontology (GO) enrichment analysis& 5}
Ay =4 B F (regulatory module)& 2=t A& 5 9l
o} (8,10).
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A7+ AR[AZEE MG AQFH3E F Ficoll (Invitrogen,
Carlsbad, CA, USA) S o] &3slo] Wk doH sl EE of
3 o] AEZHE anti-CD14 magnetic beads (Miltenyi
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A <

297k wiekslo] A ER 3} A Z e} Frube]| =3k <]
IR 2 HE] FHE I LT anti-CD14 magnetic beads
(Miltenyi Biotec, Auburn, CA, USA)S o|-&3}o] CD14 %A
AZE Adek ZAS AW Fupel =4 A5
1987 W% Fobel okal sl A kel sagede] A
2755 wFE3}9 3 prednisolone, methotrexate, sulfasala-
zine, hydroxychloroquine, leflunomide 52| &Fule]lx A
AE Ageislont el galol 2ARA e gAel &
o vioz siele). of A7el AlLe dakieti ol
El 21 o] A8 A AL ] 3] (institutional review board)2]
S olo] AR Wel 2 SN A 717 A
W AR Qo ool el BoIA S ek
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el HAAEL] Gene expression pro-
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HLE] Trizol reagent (Invitrogen, Carlsbad, CA, USA)E o|-&
to] A|ZzAY] A H ol Wl total RNAE FE3)3ich =&
= total RNAE ©]-&%}o] mRNA microarray S A]8§&}93 c}.
mRNA microarray Illumina HumanRef-8 v3 Expression
BeadChip (Illumina, Inc., San Diego, CA)& ©|&, 4L
Illumina BeadStudio v3.1.3 (Gene Expression Module v3.3.8)
S o] g, ArrayAssist® 5.5.1 (Stratagene, La Jolla, USA)2} R
statistical language v. 2.4.15 o]-&3slo] TA|IX ] slgct 2+
AEZE7F] FAA2] v X}o| = one-way analysis of var-
iance (ANOVA)S o]-&3slo] A EAH o] ¢
< 0055 7I¥o = 33k o] microarrayE ©] &3k
mRNA profiling 31 Macrogen (Seoul, Korea)oll <] &]s}
o] Zls§slsict.
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£33 iQTM SYBR-GreenSupermix2} iCycler iQTM thermal
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| Load of microarray expression data |

'

Identification of gene ontology (GO)
enrichment using BINGO

v

Identification of new modules
(complexes) using jActiveModules of MCODE

Figure 1. Overview of the bioinformatic analysis using cytoscape.
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Cytoscape s ©|-83F AF AR = 42 20074 Cline
ol gal Hu=Ead =i W o] &3ickad .
Z¥eks] Asl B Cytoscapeol] &2 -2(importdh) WEH =
ZJ X (network data)i= www.cytoscape.orgol| 4] Wz W&
Human_Interactome_May.sif< ©]-$-3}91t}. Human_Interac-
tome_May.sif gL yeast two-hybrid (Y2H) systemﬂ]r
co-affinity purification assay& ©]-&3}o] Zro}H protein-pro-
tein interaction®} &1 78 E-3l o]l literature-curated
interaction (LCD)< o] &3 A|H 2] =% B 15 data setE
o ¥3s}lo] (14-16) IntAct molecular interaction database
(IntAct), Database of Interacting Proteins (DIP), Biomolecular
Interaction Network Database (BIND), Human Protein Refe-
rence Database (HPRD)oll| 2. 1% interactions S £ 3}o]
WEE 9l7F interaction network data® 10,203712] gene
(node)$} 61,262719] interaction (edge) o2 A =o] 9
Cytoscapeﬂ layout algorithms% o] &-&]od network layout%
448 & microarray £ ©]-8-3}0] %FE gene expression data
= 52y %{'E]—(import). Cytoscape plugin?] jActiveModules-VJr
MCODES: o] &sho] Fubel 2085 449 ol 4] 4| Eoll
SRAF o7 Agste 4452 module (complex)E&
X1

2k B o2 plugin®l BINGOE o]-83}o] gene ontology

1.20 IL-7R

1.00

0.80

0.60

0.40

0.20

mRNA expression vs GAPDH (%)

0.00 T ]
Normal PB RA
(n=3) (n=3)

Figure 2. The array data for the gene expressions was
validated by performing quantitative real-time PCR in the
healthy volunteer PB monocyte-derive macrophages and the
RA synovial macrophages *p <0.05 versus the healthy volun-
teer PB monocyte-derive macrophages.
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Figure 3. (A) Map of the biological processes associated with RA synovial macrophages. Darker nodes mean the more significant
ontology terms. The size is proportional to the number of genes included in that ontology term. (B) Network of the genes included
in the immune system processes (GO. 2376). A blue node means down-regulation of genes and a red node means up-regulation of

genes in the RA synovial macrophages.
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Table 1. The gene ontology analysis (biological process) of the differentially expressed genes in RA synovial macrophages using the
BiNGO plugin (The top ten GO terms were statistically significant)

. . Array data Expected frequenc
Biological process GO No. frequencyyn/SO 1 (%) /14306 (%) Y p-value
Immune system processes 2376 96/501 (19.1) 948/14,306 (6.6) 2.41E-18
Regulation of immune system processes 2682 47/501 (9.3) 424/14,306 (2.9) 2.35E-09
Immune responses 6955 54/501 (10.7) 619/14,306 (4.3) 1.80E-07
Regulation of immune responses 50776 30/501 (5.9) 235/14,306 (1.6) 2.72E-07
Response to stimulus 50896 197/501 (39.3) 3,633/14,306 (25.3) 2.35E-09
Response to stress 6950 115/501 (22.9) 1,773/14,306 (12.3) 1.40E-08
Defense responses 6952 55/501 (10.9) 620/14,306 (4.3) 7.40E-08
Signaling 23052 172/501 (34.3) 3,131/14,306 (21.8) 2.78E-08
Regulation of biological processes
Positive regulation of biological processes 48518 133/501 (26.5) 2,208/14306 (15.4) 2.78E-08
Regulation of responses to stimulus 48583 50/501 (9.9) 524/14306 (3.6) 4.78E-08

Table 2. The gene ontology analysis (molecular function) of the differentially expressed genes in RA synovial macrophages using the
BiNGO plugin (The top ten GO terms were statistically significant)

. Array data Expected frequency
Molecular function GO No. frequency n/501 (%) /14,306 (%) p-value
Binding 5488 474/501 (89.9) 12,368/14,306 (80.0) 1.17E-07
Protein binding 5515 381/501 (72.2) 8,123/14,306 (52.5) 3.70E-18
Protein dimerization activity 46983 52/501 (9.8) 578/14,306 (3.7) 7.02E-08
Protein homodimerization activity 42803 30/501 (5.6) 377/14,306 (2.4) 2.83E-03
Cytoskeletal protein binding
Actin binding
Actin filament binding 51015 9/501 (1.7) 47/14,306 (0.3) 3.07E-03
Ion binding
Cation binding
Metal ion binding
Magnesium ion binding 287 18/501 (3.4) 159/14,306 (1.0) 1.86E-03
Antigen binding 3823 10/501 (1.8) 59/14,306 (0.3) 3.07E-03
Lipid binding 8289 31/501 (5.8) 411/14,306 (2.6) 3.22E-03
Catalytic activity
Lyase activity
Carbon-carbon lyase activity
Aldehyde-lyase activity 16832 4/501 (0.7) 6/14,306 (0.0) 2.85E-03
Transferase activity
Transferase activity,
transferring phosphorus-containing groups
Kinase activity 16301 46/501 (8.7) 741/14,306 (4.7) 5.78E-03

vH@'AﬂMW Sol5lA ol B
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ontology+

A LA Aol T Bem ¥ A5

q
£33 714 (bio
logical process) ontology2] 74-$-+ 2747H GO termol| 4] 2]u]
3870, Al =4
4971¢] GO termell Al 2Jm] Sl Xpol & H Ak
(9 3A). 47+ Al ontologyoll Al -]t XJo] & H.9L
GO terma X ABESHH I o] W FollA =
o T4, Aol sk vk, e #pA o] =4 FollA
o A& ZAgjtelvt

e kel TLR 4A1&%

)j—]Z

S ERV]

3 %}x}ﬂ 2y ol gl Alx =242 Al B HF
AAE Z GO £, cell leading edge, A|E W, AE FH 52| subcategoryol|
+ 501701 A Zpol & HATHE 1, 2). vtEl

23R e o] wiola) oy
slo] £2; 7159l categoryF WAl A &3F A=
55 B9 Toll-like receptor 2 (TLR2), Myeloid differentiation
primary response gene 88 (MYDS8S8), Interleukin-1 receptor-
associated kinase 2 (IRAK2), IRAK3 52] A=} wrao] &
ule] 23d o] 3hate] el A Eol| A E ]3] Z7}E] o]
Aol fFulel sl Welel Fa
@ jee & Ao %Y 4 UL LYN, FIN 59 Src
family kinases®} FCAR, FCGRIA, FCGR2B G ¢ Fcr %
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array 5 ©|-&3F 71&2] Fulel 2 A o] Wl -EollA interactions 7FA| = IRF1, IRFO9] W= F7t=o] 3lle

(5,12,17) STAT1 #H FHA-E2] wado] F7bd A} vpt w FOS, JUNB, JUNDS-2] SAA7} STATIZ A3 a4
(interaction)= E.t} (2 4).

chil A gkl A5 28 U ES FollA] AZe] WA F
T2 A Vs Ehe whiE E3AIE ou]dict el
Ay BRG] $8) cytoscape plugin®l MCODEE o]-&
5G9k, MCODES| A+ score 2 ©|4, Ho]% node7} 471
o]AH-E 9Ju| A= complexZ ZFFsET] o] 7)ol
3k complext WAE A gkl @ score 201 LS
T M9 complexs Zkedl s PSMEI, PSMBS,
RPL34, UBAS52, RPL17, PSME2, PSMB9 5 7712] node&
A% complexi vHE db= CCND2, RBI, CDKNIA,
CCND3, CDK6, CEBPA & 671¢] nodeZ 743 complex?
th(L™ 5A). I3 jActiveModuless ©]-83fo] . oI Lol 4]
283k IES FOA 75 EEs Zow] o) score 3
o142 modulex 7T ¢ ek T 30 ZH3E
scoreS H o]+ moduleZ FOS$} STATI®] F4lo] o]
A% modules Z-& & A 5B).

Figure 4. Different expressions of the STAT1-related genes in
the RA synovial macrophages. A blue node means down- nl &
regulation of genes and a red node means up-regulation of genes

in the RA synovial macrophages.
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Figure 5. (A) Detection of densely connected regions in the network of genes differentially expressed in the RA synovial macrophages
and the PB monocyte-derived macrophages from healthy volunteer using MCODE. A square node is a seed node. (B) Identification
of the functional modules as highly connected regions with similar responses using jActiveModules. A blue node means down-regulation
of genes and a red node means up-regulation of genes in the RA synovial macrophages.
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B Z o]+ STAT1
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o} Fulelz=wA Welel Holals TG AR u
A T A A shaleh AAR 712
TAIE Q7 # A2 Al ZEellA] IEN 7 ol £]3F nitric
oxide synthase-2 (NOS2)2] W8 -5 57} c-Fos/STATI 53}A]
7} NOS22] 7 -activated site (GAS)ol] Aglalo] dojydo] K
=Rt 21).

| 2}5 2 MCODE pluging ©]-§3}o] & A4 A
U ES Zell A ghel A S Aolo] iAol A T
o7 el o] it AR Ay chdSol 3
Fohe HyAE ouidheh & A7 vEY D Zele] A
< v Y= complex® ZFEE| & score 2 ©]440] 3L node”t
470 o144 complexis FAekA] Fshgl ok 2ol T
scoreS 20| complexE &3 = 9t} o] & F score
1.857¢1 complexs TFAslE S&AE PSMEI (PA28a),
PSME2 (PA28 8), PSMBS8 (immunoproteasome /3 5i), PSMB9
(immunoproteasome /3 1i) G proteasome subunit¥} ubiquiti-
nation®l] #o3}= UBAS529] W& o] =714} 31 ribosomal
protein®] A=}l RPL349} RPLI7S) WHe & 7hA3he W
9t} o] complexol| 4] 53] &n| 28 712 PSMEIL, PSME2,
PSMBS, PSMB9< IFN 7 ©f] &3l § 5%+ FAAZ class
I MHC peptides®] A4 ol] Zoslo] 3] A Aol 23 o
e sk Aew duA ek (22,23). whEkA] 2 AT
A v Fo] jFule|Ae] ol Al x4 3]
AA JHH GRS B3 wsr) Fubel o] Wl
o #HoJ3llE e AlARIEE ESE score 1.8339]
complext WFalo] 2715l CDKNIA, CDK6, CCND2, CCND3
o] Az} W o] A%l RBI, CEBPAR. A =o] 9}
oj]Fe] AHfolAEE o]&3 o] <dFoll4] CDKNIA
@21 AEF719) AYE At c-Jung] A4S 7
Z=A1A IL-6, IL-8, type I IL-1R, MCP-1 5 =4 39
WS JAlste] 5 Bl AAS dAlste A3
7} dlgol d#dF el (24,25). L2} serum transfer-induced
arthritis 2ol A= p2197o] whelqrel ek w] Balg =
Astel 424 BAGe] WAl T2 ALE Yol B
=lo] A|E2] FfFoll upgl p2177o] MEFT]Q] A A
2 g A5 vebdS AARIE (26). 222 dT-Eell
#] RANKLY TNFeoll o3t shEAl 2183t el glof
p21970] A EFT) ol AF Fal Bofdto] Birwlo] Ful
elpdde] A4 FoiH ol Qlo] p219re] ukel w3l
g F 5SS A4S 5 At 2728). & AFE
HAAZE A& A2 p2197e] W o] microarray
real-time PCR A ol|A W= & AT}E Ho o] AzE
p2197'e] ubeloll i3k A2 ¥ F gla Ko g Ul
= AT Foll #ke = & Zlolrh aEu) B A4
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o e} ql-follA] Fulelx kAo ghate] g 4]
Al A|E Aoe] ghas o] ok Eavt 9lof o] d
Aol sl E 7HsA & Al AR sHAle) (29,30). B
g FulelafAe] gk A folAEE o] &3 dFollA
cyclin-D-CDK4/6 complex”} MMP-32] W& Z71A]7]| 2
RBell 2]3] MMP-39} MCP-19] A o] 4 & Hich
(31). ©]= CDKNIA, CDK6, CCND2, CCND3, RBI 52|
Azt o] wizhrt AlZFA o} Aol gk mzt o
5 A5 24 ws 243t fubel 23] W
Aeloll Folstd s TS AAG B QAFAES
JjActiveModules< ©]-&38l0] Aol A-&-E W ES] T4
functional moduleS 2ro & J=d] o} score 3 ]2
o] 9= module WAE 4= §lgict. i} 30l T
scores H.o|3L FOS, FOSB, JUNB, JUND G AP-1 Z1 A9l
AS FASHE AR} STATI, IRFI, IRF9Z} 732 vk
o] Z7HE FAAEE o] FolZ modules ZE T+ AN
t}h. o] Fulel2=A A ] Welef 9le] AP-1, STATI®]
238 AgE & A Al £ E 7]ES] AT
E9 Aol FAG Aol

| Eof
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plex®} A E FA 9 E3ol] Fofst= FHAES complex
= 25 T AN AP-1 AARIAE FA38l= FOS, FOSB,
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A9 wdo] FrtkEo] Jgg st ol& FAAE
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