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Abstract
ObjectiveTo identify a gene expression signature in axial spondyloarthritis/ankylosing spondylitis (SpA/AS) and genomic pathways likely to be involved in pathogenesis of SpA/AS patients.

MethodsFour publicly accessible microarray studies from SpA/AS patients were integrated, and a transcriptomic and network-based meta-analysis was performed. This meta-analysis was compared with a published microarray study in whole blood of AS patients.

ResultsAccording to our meta-analysis, 1,798 genes were differentially expressed in the whole blood of SpA/AS patients compared to healthy controls, while 674 genes were differentially expressed in the synovium of SpA/AS patients compared to healthy controls. When the whole blood meta-analysis data was compared with a published microarray study that also analyzed whole blood in SpA/AS patients, pathways involved in Toll-like receptor signaling, osteoclast differentiation, T cell receptor signaling and janus kinase–signal transducer and activator of transcription (Jak-STAT) signaling were often enriched in SpA/AS. On the other hand, eomesodermin, RUNX3, and interleukin-7 receptor (IL7R) were usually decreased in SpA/AS patients, suggesting that deficiency of these genes contributes to increased IL-17 production in AS.

ConclusionSeveral common enrichment pathways including Toll-like receptor signaling pathway, osteoclast differentiation, T cell receptor signaling pathway and Jak-STAT signaling pathway were identified in the differentially expressed genes of whole blood and synovium from SpA/AS patients, suggesting that these pathways are involved in the pathogenesis of SpA/AS.
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INTRODUCTION
Axial spondyloarthritis (SpA), including ankylosing spondylitis (AS) is a group of chronic inflammatory diseases characterized by inflammation of axial skeleton, enthesitis, uveitis and association with human leukocyte antigen (HLA)-B27 [1]. Initial symptoms of SpA/AS appear in the late teen to early adult years, but due to the lack of biomarkers facilitating early diagnosis, diagnosis and treatment are usually delayed, ultimately resulting in disability during the productive years of life. Although HLA-B27, erythrocyte sedimentation rate, C-reactive protein and inflammation detected by magnetic resonance imaging (MRI) have been extensively studied as biomarker for diagnosis and disease activity in SpA/AS [2], single biomarker that by itself is highly sensitive and specific for discriminating patients with SpA/AS from healthy people has not been discovered yet.
Gene expression profiling with microarrays has become a standard technology for identifying the changes underlying the initiation and progression of the disease and discovering biomarkers for diagnosis, disease activity and response to treatment [3, 4]. A number of microarray studies have previously been undertaken in SpA/AS [5, 6, 7, 8, 9, 10]. Although all these studies have successfully identified gene expression signatures distinguishing SpA/AS patients from healthy controls, the expression profiles identified in these studies were not consistent with each other, and the differentially expressed genes (DEGs) reported in each study had little overlap. Therefore in this study, we integrated four publicly accessible microarray studies from SpA/AS patients and performed a transcriptomic and network-based meta-analysis to identify a SpA/AS gene expression signature and genomic pathways likely to be involved in SpA/AS pathogenesis.

MATERIALS AND METHODS
Data collection
Microarray datasets were obtained from the Gene Expression Omnibus (GEO) at the National Center for Biotechnology Information (NCBI) and the ArrayExpress at the European Bioinformatics Institute (EBI) by using the terms “ankylosing spondylitis” and “axial spondyloarthritis” on May 28, 2015. Studies were included in the analysis if they met the following criteria: (1) case-control studies, (2) studies containing gene expression data, and (3) studies including patients diagnosed with AS or SpA. Seven microarray datasets including GSE11886 (E-GEOD-11886), GSE14442 (E-GEOD-14442), GSE18781 (E-GEOD-18781), GSE25101 (E-GEOD-25101), GSE30023 (E-GEOD-30023), GSE39340 (E-GEOD-39340), and GSE41038 (E-GEOD-41038) were identified by fulfilling the inclusion criteria (Figure 1). GSE11886 was excluded from analysis because macrophages cultured for 7 days were used in this experiment. GSE14442 was excluded because of gene expression study in gut biopsies. GSE30023 was also excluded because only samples of rheumatoid arthritis (RA) and spondyloarthropathy were analyzed, not including healthy or non-inflammatory control. Finally, a total of four microarray studies that used whole blood (GSE18781, GSE25101) or synovium (GSE39340 and GSE41038) were considered for subsequent analysis.
[image: Figure F1 ]Figure 1
Flow chart of selection process for meta-analysis.



Meta-analysis and network-based analysis
To integrate the results of individual studies and obtain a list of more robust DEGs between SpA/AS patients and controls, we followed the guideline provided by Ramasamy et al. [11] for meta-analysis of gene expression microarray. We conducted a microarray meta-analysis using NetworkAnalyst, a web interface for the integrative analysis of gene expression data (http://www.networkanalyst.ca/NetworkAnalyst/faces/home.xhtml) [12]. In this study, we performed meta-analysis using the protocol provided as a step-wise description [12]. Because the optimum method for generating overlapping gene lists between different platforms was suggested to use a ranked fold change analysis, we used combing rank orders algorithm, with 100 times of permutation tests for meta-analysis [13]. After identification of DEGs, we performed network analysis using NetworkAnalyst. The DEGs identified from meta-analysis were presented within protein-protein interaction (PPI) networks to extract enriched functional pathways involved in the pathogenesis of SpA/AS. In this study, we used a PPI database based on InnateDB, which currently contains 14,755 proteins and 145,955 interactions for human [14]. The properties of nodes in network were displayed as hub degree and betweenness values. The degree centrality of hub is the number of connections that a node has to other nodes, whereas betweenness centrality represents to the number of shortest paths passing through the node [12]. Based on pathways according to the Kyoto Encyclopedia of Genes and Genomes (KEGG), pathway analysis was performed using NetworkAnalyst.


RESULTS
Study characteristics
This study includes four microarray datasets that examined either whole blood or synovium from SpA/AS patients. Detailed information of these four datasets is described in Table 1. Of the included datasets, GSE18781 is a microarray dataset of whole blood from 18 SpA patients and 25 healthy controls. GSE25101 is also a dataset of whole blood from 16 AS patients and 16 healthy controls. GSE39340 and GSE41038 are microarray datasets that gene expression was compared in synovium from SpA/AS patients and osteoarthritis (OA) patients. Different microarray platforms were used in all four datasets.
Table 1
Summary information of studies included in analysis	GEO dataset (ArrayExpress)	Published study	Platform	Number of samples	Tissue
	Healthy control	OA	SpA/AS
	GSE18781 (E-GEOD-18781)	[8]	Affymetrix Human Genome U133Plus2	25	-	18 (SpA)	Whole blood
	GSE25101 (E-GEOD-25101)	[9]	Illumina HumanHT-12 V3 BeadArray	16	-	16 (AS)	Whole blood
	GSE39340 (E-GEOD-39340)	-	Illumina HumanHT-12 V4 BeadArray	-	7	5 (AS)	Synovium
	GSE41038 (E-GEOD-41038)	-	Illumina HumanRef-8 V3 BeadArray	-	3	2 (AS)


6 (SpA)	Synovium

GEO: Gene Expression Omnibus, OA: osteoarthritis, SpA: spondyloarthritis, AS: ankylosing spondylitis, -: none.





Analysis of gene expression profile in whole blood of AS patients
To identify a common transcriptional signature in whole blood of SpA/AS patients, two microarray datasets including GSE18781 and GSE25101 were analyzed using NetworkAnalyst. We selected the DEGs with p-value <0.05. Meta-analysis using combing rank orders identified a total of 1,798 genes to be differentially expressed between SpA/AS patients and healthy controls across microarray datasets. Among the 1,798 DEGs, 1,077 genes were upregulated and 721 genes were downregulated in SpA/AS patients compared with healthy controls. The most significantly upregulated genes are EIF1AY, DEFA4, TXLNG2P, USP9Y, PRKY, S100P, SLPI, CLEC12A, CLEC1B, and TMEM158, and the most significantly downregulated genes are XIST, HLA-DRB4, LRRN3, GZMK, NLRP2, GZMM, KLRG1, POMZP3, KLRC3, and CFD. A list of the top 10 most significantly upregulated and downregulated genes is presented in Table 2 and the complete list of DEGs is provided in Supplementary Table 1. Interestingly, eomesodermin (EOMES), RUNX3, and interleukin-7 receptor (IL7R) were decreased in whole blood of SpA/AS patients, which are reported to be involved in the inhibition of IL-17 production.
Table 2
The 10 most significantly upregulated and downregulated genes in axial spondyloarthritis/ankylosing spondylitis	Entrez ID	Gene symbol	Combined rank product	Average log fold change	p-value
	10 most significantly upregulated genes
	 9086	EIF1AY	141.3028291	2.027392248	0.0
	 1669	DEFA4	253.2385423	1.156735547	0.0
	 246126	TXLNG2P	378.0883468	1.253128194	0.0
	 8287	USP9Y	446.9559003	1.413623981	0.0
	 5616	PRKY	463.644046	0.835877122	0.0
	 6286	S100P	478.0240351	1.037021707	0.0
	 6590	SLPI	493.4733103	0.862581578	0.0
	 160364	CLEC12A	540.7452082	0.783896925	0.0
	 51266	CLEC1B	546.28354	0.820509913	0.0
	 25907	TMEM158	565.3296841	0.815786885	0.0
	10 most significantly downregulated genes
	 7503	XIST	127.3141031	−1.955798302	0.0
	 3126	HLA-DRB4	357.9742089	−0.82126813	0.0
	 54674	LRRN3	478.9544631	−0.704669601	0.0
	 3003	GZMK	534.8128051	−0.652832803	0.0
	 55655	NLRP2	535.2706088	−0.745163013	0.0
	 3004	GZMM	752.3180524	−0.654795802	0.0
	 10219	KLRG1	754.5010324	−0.61957876	0.0
	 22932	POMZP3	785.6893853	−0.552535982	0.0
	 3823	KLRC3	790.7957129	−0.582500988	0.0
	 1675	CFD	796.8163084	−0.465831033	0.0




To identify the overrepresented biological pathway dysregulated in whole blood of SpA/AS patients, we conducted a network-based analysis of these 1,798 significant SpA/AS genes using NetworkAnalyst. The resulting zero-order interaction network contained 897 nodes and 2,190 edges. The complete list of nodes in the obtained network is provided in Supplementary Table 2. TP53, ITGA4, HDAC1, HSP90AB1, EP300, YWHAQ, FYN, IL7R, PXN, and NOTCH1 were identified as potential key hub genes in whole blood of SpA/AS patients by hub explorer in NetworkAnalyst. Next we identified enriched functional pathways within the obtained network by conducting pathway analysis based on KEGG database. We identified 47 significant pathways in the pathway analysis (Table 3 and Supplementary Table 3). The most significant pathway in our KEGG analysis was measles (p=3.11×10−10). Other significant pathways included Natural killer cell mediated cytotoxicity (p=1.67×10−6), T cell receptor signaling pathway (p=1.43×10−5), janus kinase–signal transducer and activator of transcription (Jak-STAT) signaling pathway (p=5.66×10−5), Osteoclast differentiation (p=2.82×10−4) and Toll-like receptor (TLR) signaling pathway (p=4.06×10−4).
Table 3
The significant pathways identified in whole blood of axial spondyloarthritis/ankylosing spondylitis patients	Pathway	DEGs	p-value
	Measles	TNFRSF10B PIK3CG PIK3CB FYN FAS IFNGR1 DDX58 CBLB CD3G TP53 EIF2AK2 TLR4 CD3D SLAMF1 JAK1 STAT5B IRAK4 TNFRSF10C SH2D1A IL2RB CD28 JAK2 TNFSF10 TNFRSF10A PRKCQ IL2RG CD3E TBK1 IFNAR1	3.11×10−10
	Influenza A	TNFRSF10B PIK3CG PIK3CB DNAJC3 FAS TRIM25 IFNGR1 DDX58 OAS3 EIF2AK2 OAS1 TLR4 IL1B JAK1 IRAK4 SOCS3 TNFRSF10C HSPA6 JAK2 TNFSF10 TNFRSF10A MAPK14 TBK1 IFNAR1	1.46×10−6
	Natural killer cell mediated cytotoxicity	TNFRSF10B PIK3CG NFAT5 PIK3CB FYN FAS IFNGR1 LCK TNF NCR3 ICAM2 KIR2DL3 KIR3DL1 ITGAL TNFRSF10C ITGB2 SH2D1A KIR2DL1 TNFSF10 ZAP70 PPP3R1 TNFRSF10A SH2D1B CD247 SOS2 CHP1 GZMB IFNAR1	1.67×10−6
	Apoptosis	TNFRSF10B PIK3CG IL1R1 PIK3CB FAS PRKAR1A TNF TP53 IL1B IRAK3 CFLAR IRAK4 TNFRSF10C TNFSF10 IL1RAP PPP3R1 TNFRSF10A PRKX FADD CHP1	3.47×10−6
	Amoebiasis	PIK3CG IL1R1 PIK3CB HSPB1 SERPINB2 TLR4 IL1B IL1R2 ITGB2 GNA15 GNAQ CTSG SERPINB1 PRKX	5.74×10−6
	Chagas disease (American trypanosomiasis)	IK3CG PIK3CB FAS IFNGR1 TNF CD3G TLR4 CD3D CFLAR IRAK4 GNA15 FOS GNAQ PPP2R1A GNAI3 TLR6 CD247 FADD MAPK14 CD3E	1.09×10−5
	T cell receptor signaling pathway	PIK3CG NFAT5 PIK3CB CD8B FYN PTPRC LCK CBLB ITK FOS CD28 ZAP70 PPP3R1 PRKCQ GRAP2 CD247 SOS2 MAPK14 CHP1 CD3E CD8A	1.43×10−5
	Jak-STAT signaling pathway	PIK3CG PIK3CB EP300 IFNGR1 STAT4 IL13RA1 CBLB IL7R IL21R JAK1 STAT5B SOCS3 IL2RB JAK2 IL10RA IL4R SOS2 IL2RG IL12RB2 IFNAR1	5.66×10−5
	Osteoclast differentiation	PIK3CG IL1R1 PIK3CB NCF2 FYN IFNGR1 LCK FCGR2A TNF IL1B JAK1 FHL2 SOCS3 FOS CSF1R FOSL2 NCF4 GAB2 MAPK14 IFNAR1 SIRPA	2.82×10−4
	Toll-like receptor signaling pathway	PIK3CG PIK3CB TLR5 LY96 CXCL10 CCL5 TNFA TLR8 TLR4 IL1B IRAK4 FOS TLR1 TLR6 FADD MAPK14 TBK1 IFNAR1	4.06×10−4

DEGs: differentially expressed genes, Jak-STAT: janus kinase–signal transducer and activator of transcription.





Analysis of gene expression profile in synovium of SpA/AS patients
To verify the dysregulation of gene expression observed in whole blood of SpA/AS patients, we analyzed two microarray data from synovium of SpA/AS patients using NetworkAnalyst. To our knowledge, these microarray data from synovium were not published. In synovium, a total of 674 genes were identified to be differentially expressed between SpA/AS patients and healthy control. Among the 674 DEGs, 177 genes were upregulated and 497 genes were downregulated. The most significantly upregulated genes are IGLL1, JSRP1, MZB1, HBA2, ACAP1, CD300LF, CXXC11, APOBEC3A, ALPK2, and APOC1, and the most significantly downregulated genes are FGFBP2, MFAP5, THBS4, CILP, CRTAC1, MAMDC2, CXCR7, COMP, PCOLCE2, and TIMP3. The complete list of DEGs is provided in Supplementary Table 4. Next we tried to identify the overlapped genes between lists of DEGs in whole blood and synovium of SpA/AS patients. A total of 120 DEGs were identified to be overlapped between whole blood and synovium of SpA/AS patients, and the list of these genes is provided in Supplementary Table 5.
Furthermore we conducted a network-based analysis of the 674 significant SpA/AS genes in synovium using NetworkAnalyst. The resulting zero-order interaction network only contained 269 nodes and 426 edges. Because the zero-order network is too sparse, we created the minimum interaction network by trimming the first-order network to keep only those nodes that are necessary to connect the seed nodes [12]. The resulting network contained 1,652 nodes and 6,984 edges. The complete list of nodes in the obtained network is provided in Supplementary Table 6. Next we identified enriched pathways within the obtained network by conducting pathway analysis based on KEGG database. We identified 88 significant pathways in the pathway analysis (Table 4 and Supplementary Table 7). The most significant pathway in our KEGG analysis was Pathways in cancer (p=4.61×10−33). Consistent with the results of pathway analysis in whole blood, significant enrichment pathways in synovium of SpA/AS patients included T cell receptor signaling pathway (p=2.90×10−7), Jak-STAT signaling pathway (p=1.06×10−5), Osteoclast differentiation (p=9.06×10−10) and TLR signaling pathway (p=7.33×10−11).
Table 4
The significant pathways identified in synovium of axial spondyloarthritis/ankylosing spondylitis patients	Pathway	DEGs	p-value
	Toll-like receptor signaling pathway	CCL5 FOS MAPK13 IFNAR1 MAP3K8 LY96 IL8 CCL3	7.33×10−11
	TGF-beta signaling pathway	COMP THBS2 ACVR1 RHOA DCN SMAD3 TGFB3 MYC	5.65×10−10
	Osteoclast differentiation	FOS MAPK13 LILRB1 FOSB IFNAR1 TNFRSF11B	9.06×10−10
	T cell receptor signaling pathway	FOS MAPK13 RHOA MAP3K8 CBLB	2.90×10−7
	Jak-STAT signaling pathway	IL13RA1 IFNAR1 SPRED1 IL7R CCND2 MYC CCND1 CBLB	1.06×10−5

DEGs: differentially expressed genes, TGF: transforming growth factor, Jak-STAT: janus kinase–signal transducer and activator of transcription.




We also performed a network-based analysis of the overlapped genes between lists of DEGs in whole blood and synovium of SpA/AS patients. We created the minimum interaction network which contained 348 nodes and 889 edges. UBC, DDX5, IL7R, FOS, RPL21, ISG15, and EZR were identified as potential key hub genes in the created network of the overlapped DEGs. The complete list of nodes in the obtained network is provided in Supplementary Table 8. We identified enriched pathways of the overlapped DEGs by conducting pathway analysis. Consistent with the results of each whole blood and synovium in SpA/As patients, significant enrichment pathways in the overlapped DEGs included T cell receptor signaling pathway (p=1.55×10−9), Jak-STAT signaling pathway (p=4.01×10−7), Osteoclast differentiation (p=9.51×10−9) and TLR signaling pathway (p=8.41×10−9) (Supplementary Table 9).

Comparison between the results of previous microarray study in whole blood of AS patients and our meta-analysis results in whole blood of SpA/AS patients
In a previously carried out gene expression analysis, Assassi et al. [10] revealed that TLR signaling pathway is significantly dysregulated in AS, and that AS patients had higher TLR4 and TLR5 levels than healthy controls. Similar to the studies included in our meta-analysis, whole blood was used in this study. Therefore, we compared the results of this study with the results of our meta-analysis. A list of 81 DEGs was provided in Appendix table of original article. We looked for genes that overlapped between the 81 DEGs of this previous study and 1,798 DEGs identified by our meta-analysis of whole blood samples, and found that a total of 32 DEGs overlapped. TLR4 and TLR5 were overexpressed in SpA/AS patients of both studies; the list of these overlapped DEGs is provided in Supplementary Table 10. We also conducted the pathway analysis in the 81 DEGs of the previous study. A minimum interaction network was created and contained 128 nodes and 235 edges. UBC, STAT1, CDC20, GADD45A, and TLR4 were identified as potential key hub genes in the created network, and the complete list of nodes in the obtained network is provided in Supplementary Table 11. Significant enrichment pathways in previous study included cell cycle (p=4.78×10−9), TLR signaling pathway (p=2.4×10−8), Osteoclast differentiation (p=1.41×10−5), Jak-STAT signaling pathway (p=8.65×10−4) and T cell receptor signaling pathway (p=4.25×10−3) (Supplementary Table 12).


DISCUSSION
We performed a network-based meta-analysis integrating gene expression profiles in whole blood and synovium of SpA/AS patients to identify a unique gene expression profile in SpA/AS patients and to extract enriched functional pathways involved in the pathogenesis of SpA/AS. Across two studies using whole blood, a total of 1,798 genes were identified to be differentially expressed between SpA/AS patients and healthy controls. Next, a network-based analysis of these 1,798 DEGs showed that Natural killer cell mediated cytotoxicity, T cell receptor signaling pathway, Jak-STAT signaling pathway, Osteoclast differentiation and TLR signaling pathway were significantly enriched. To verify the results observed in our meta-analysis of whole blood microarray data, we compared the result of a previously reported study on the whole blood of AS patients with the result of our meta-analysis. A total of 81 DEGs was reported in this article [10], and 32 DEGs were identified to be overlapped between DEGs of this study and our meta-analysis. These overlapped genes represent only 39.5% and 1.8% of DEGs in this article and our meta-analysis, respectively. We conducted the pathway analysis in 81 DEGs of this study. Consistent with the results in our meta-analysis of whole blood microarray data, TLR signaling pathway, Osteoclast differentiation, Jak-STAT signaling pathway and T cell receptor signaling pathway were significantly enriched with DEGs in this previous sturdy. The problem of having a small overlap between DEGs coming from different datasets that examine the same biologic conditions has been already reported by several reports [15, 16, 17]. The main causes of this problem were suggested to be derived from the small sample size and large number of genes examined [18]. Pathway analysis was suggested to diminish the discrepancies observed in direct comparisons of lists of DEGs obtained from different datasets [15]. Actually, pathway analysis is more consistent and reproducible across studies than DEG detection [19]. Consistent with this suggestion, our results showed that pathway analysis reveals functional convergence of gene expression profiles in different datasets of SpA/AS patients. To identify unique DEGs in tissue of SpA/AS patients and compare these DEGs with those in whole blood of SpA/AS patients, we also performed the network meta-analysis of two microarray data from synovium of SpA/AS patients. Interestingly, consistent with the results of whole blood, significant enrichment pathways in synovium of SpA/AS patients included TLR signaling pathway, Osteoclast differentiation, T cell receptor signaling pathway and Jak-STAT signaling pathway.
Pathways involved in TLR signaling, osteoclast differentiation, T cell receptor signaling and Jak-STAT signaling were enriched in SpA/AS in both our meta-analysis and the previous study. TLR signaling pathway has been suggested to play a potential role in the pathogenesis of spondyloarthritis [20]. HLA-B27 transgenic rats, animal model of SpA, do not develop intestinal inflammation or peripheral arthritis under germ-free state, suggesting that commensal flora play an essential role in sensitizing the immune system and subsequent development of inflammation [21]. TLRs may be involved in the interaction between microbial flora and the immune system, and then play an important role in driving inflammation in SpA. Actually, increased TLR2 and TLR4 expressions were observed in peripheral blood mononuclear cells (PBMCs) and synovium of SpA patients, which is significantly reduced by anti-tumor necrosis factor (TNF) treatment [22]. Previous study using whole blood gene-expression profiling demonstrated that TLR4 and 5 expression is significantly increased in AS [10]. In addition, increased TLR4 and TLR5 expression was observed to be downregulated by anti-TNF treatment in this study, suggesting that TNF blockade attenuates an activation of the innate immune system via the TLR pathway in AS. However, this suggested hypothesis needs more experimental studies to be verified.
In our study, osteoclast differentiation pathway was also identified as the enriched functional pathway in SpA/AS. Previous study on bone turnover markers showed that normal osteoblastic activity and increased osteoclastic activity were observed in AS patients [23]. The number of osteoclasts in the subchondral areas of femoral heads from AS patients was reported to be significantly increased as compared to RA patients and to OA patients [24]. In line with these results, examination of surgical specimens obtained from the spine of AS patients revealed that Cathepsin K is mainly expressed by mononuclear cells, fibroblast-like cells and multinuclear cells attached to bone and at sites of bone destruction, reflecting high osteoclastic activity in those regions [25]. Furthermore receptor activator of nuclear factor kappa-B ligand (RANKL)-induced osteoclastogenesis from PBMCs was increased in AS patients and this increase of osteoclastogenesis in AS patients was associated with radiographic ankylosis of the sacroiliac joint [26]. Our results of meta-analysis showed that suppressive genes of osteoclastogenesis including IFNGR, FHL2, IFNAR, and SOCS3 are increased and essential genes of osteoclastogenesis including CSF1R, LCK, and FYN are decreased in whole blood of SpA/AS patients (Figure 2 and Supplementary Table 1). In contrast to the increased osteoclastogenic activity shown in the previous studies of AS patients, these changes of osteoclast-related gene expressions in our meta-analysis reflect decreased osteoclastogenic activity in SpA/AS. Most recently, AS patients with active disease was reported to have significantly higher concentrations of osteoprotegerin (OPG) compared to the inactive group, and OPG levels were lower in the anti-TNF treatment group compared to group with conventional therapy [27]. OPG is a natural decoy receptor for RANKL, which inhibits osteoclast formation and shifts the balance from bone resorption to bone formation [28]. Therefore higher concentrations of OPG in AS patients with active disease suggest there is a shifting of balance from bone resorption to bone formation in these patients. The discrepancies between the results of previous studies and our study may be due to the influences of disease states and treatments on osteoclastogenesis.
[image: Figure F2 ]Figure 2
Osteoclast differentiation pathway (Kyoto Encyclopedia of Genes and Genomes [KEGG] PATHWAY map04380) identified as the enriched functional pathway in spondyloarthritis/ankylosing spondylitis (SpA/AS).


Pathways involved in T cell receptor signaling and Jak-STAT signaling were also identified as the enriched functional pathways in SpA/AS. The IL-23/Th17 pathway has been suggested to play a critical role in the disease susceptibility and the pathogenesis of AS [29]. Genome-wide association studies have identified common single nucleotide polymorphisms in genes influencing the IL-23/Th17 pathway, which is significantly associated with AS susceptibility [30]. Cumulative evidence from studies using animal models and human samples strongly indicates the involvement of the IL-23/Th17 pathway in the pathogenesis of SpA/AS [31]. Multiple genes involved in lymphocyte development and activation have been associated with AS [32]. These genes include EOMES, RUNX3, and IL7R. IL-7 induces RUNX3 expression through IL-7R, and RUNX3 induces EOMES encoding eomesodermin. CD8+ T cells lacking both T-bet and EOMES differentiate into an IL-17 secreting lineage [33]. In our study, EOMES, RUNX3, and IL7R were decreased in whole blood of SpA/AS patients, suggesting the possibility that deficiency of these genes increase IL-17 production in AS (Figure 3 and Supplementary Table 1). In study using autoimmune-prone SKG mice with mutation of zeta-associated protein (ZAP)-70, a key signal transduction molecule in T cells, injection of β-glucan-containing products has been reported to induce enthesitis, sacroiliitis, dactylitis, plantar fasciitis, vertebral inflammation and ileitis [34]. In these mice, arthritis and spondylitis were IL-23 and T cell-dependent, and CD4+ T cells transferred arthritis and spondylitis to severe combined immunodeficiency recipient mice. In line with these results, our meta-analysis also showed decreased expression of ZAP-70 in whole blood of SpA/AS patients.
[image: Figure F3 ]Figure 3
Deficiency of EOMES, RUNX3, and IL7R in whole blood of spondyloarthritis/ankylosing spondylitis (SpA/AS) patients may be able to induce the increased production of IL-17. IL7R: interleukin-7 receptor, EOMES: eomesodermin.


In this study, some limitations have to be considered. The magnitude of differential expression of genes observed in the included studies was generally low. Several cellular components are included when using whole blood. Therefore gene expression profile obtained from whole blood is the combined gene expression profile from each cell subpopulation included in whole blood. Furthermore we found little overlap in the DEGs that were observed in each meta-analysis. However, several common enrichment pathways were observed in the results of meta-analysis and the previous microarray result using whole blood. Previous report suggested that it is possible to get significant enrichment pathways of genes with small change, even if gene expression change is small and the significance is difficult to detect [35]. Actually, pathway analysis was reported to be more consistent and reproducible across studies than individual gene detection [19].

CONCLUSION
We identified several common enrichment pathways in DEGs of whole blood and synovium from SpA/AS patients including pathways involved in TLR signaling, Osteoclast differentiation, T cell receptor signalling and Jak-STAT signalling. Furthermore, our results indicated that multiple genes involved in IL-23/Th17 pathway and T cell activation were dysregulated in SpA/AS patients. Further studies to verify our results may provide insight into the pathogenesis of SpA/AS.
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[image: Figure F1 ]Figure 1

Flow chart of selection process for meta-analysis.
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Osteoclast differentiation pathway (Kyoto Encyclopedia of Genes and Genomes [KEGG] PATHWAY map04380) identified as the enriched functional pathway in spondyloarthritis/ankylosing spondylitis (SpA/AS).
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Deficiency of EOMES, RUNX3, and IL7R in whole blood of spondyloarthritis/ankylosing spondylitis (SpA/AS) patients may be able to induce the increased production of IL-17. IL7R: interleukin-7 receptor, EOMES: eomesodermin.
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Table 1

Summary information of studies included in analysis	GEO dataset (ArrayExpress)	Published study	Platform	Number of samples	Tissue
	Healthy control	OA	SpA/AS
	GSE18781 (E-GEOD-18781)	[8]	Affymetrix Human Genome U133Plus2	25	-	18 (SpA)	Whole blood
	GSE25101 (E-GEOD-25101)	[9]	Illumina HumanHT-12 V3 BeadArray	16	-	16 (AS)	Whole blood
	GSE39340 (E-GEOD-39340)	-	Illumina HumanHT-12 V4 BeadArray	-	7	5 (AS)	Synovium
	GSE41038 (E-GEOD-41038)	-	Illumina HumanRef-8 V3 BeadArray	-	3	2 (AS)


6 (SpA)	Synovium

GEO: Gene Expression Omnibus, OA: osteoarthritis, SpA: spondyloarthritis, AS: ankylosing spondylitis, -: none.
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Table 2

The 10 most significantly upregulated and downregulated genes in axial spondyloarthritis/ankylosing spondylitis	Entrez ID	Gene symbol	Combined rank product	Average log fold change	p-value
	10 most significantly upregulated genes
	 9086	EIF1AY	141.3028291	2.027392248	0.0
	 1669	DEFA4	253.2385423	1.156735547	0.0
	 246126	TXLNG2P	378.0883468	1.253128194	0.0
	 8287	USP9Y	446.9559003	1.413623981	0.0
	 5616	PRKY	463.644046	0.835877122	0.0
	 6286	S100P	478.0240351	1.037021707	0.0
	 6590	SLPI	493.4733103	0.862581578	0.0
	 160364	CLEC12A	540.7452082	0.783896925	0.0
	 51266	CLEC1B	546.28354	0.820509913	0.0
	 25907	TMEM158	565.3296841	0.815786885	0.0
	10 most significantly downregulated genes
	 7503	XIST	127.3141031	−1.955798302	0.0
	 3126	HLA-DRB4	357.9742089	−0.82126813	0.0
	 54674	LRRN3	478.9544631	−0.704669601	0.0
	 3003	GZMK	534.8128051	−0.652832803	0.0
	 55655	NLRP2	535.2706088	−0.745163013	0.0
	 3004	GZMM	752.3180524	−0.654795802	0.0
	 10219	KLRG1	754.5010324	−0.61957876	0.0
	 22932	POMZP3	785.6893853	−0.552535982	0.0
	 3823	KLRC3	790.7957129	−0.582500988	0.0
	 1675	CFD	796.8163084	−0.465831033	0.0
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Table 3

The significant pathways identified in whole blood of axial spondyloarthritis/ankylosing spondylitis patients	Pathway	DEGs	p-value
	Measles	TNFRSF10B PIK3CG PIK3CB FYN FAS IFNGR1 DDX58 CBLB CD3G TP53 EIF2AK2 TLR4 CD3D SLAMF1 JAK1 STAT5B IRAK4 TNFRSF10C SH2D1A IL2RB CD28 JAK2 TNFSF10 TNFRSF10A PRKCQ IL2RG CD3E TBK1 IFNAR1	3.11×10−10
	Influenza A	TNFRSF10B PIK3CG PIK3CB DNAJC3 FAS TRIM25 IFNGR1 DDX58 OAS3 EIF2AK2 OAS1 TLR4 IL1B JAK1 IRAK4 SOCS3 TNFRSF10C HSPA6 JAK2 TNFSF10 TNFRSF10A MAPK14 TBK1 IFNAR1	1.46×10−6
	Natural killer cell mediated cytotoxicity	TNFRSF10B PIK3CG NFAT5 PIK3CB FYN FAS IFNGR1 LCK TNF NCR3 ICAM2 KIR2DL3 KIR3DL1 ITGAL TNFRSF10C ITGB2 SH2D1A KIR2DL1 TNFSF10 ZAP70 PPP3R1 TNFRSF10A SH2D1B CD247 SOS2 CHP1 GZMB IFNAR1	1.67×10−6
	Apoptosis	TNFRSF10B PIK3CG IL1R1 PIK3CB FAS PRKAR1A TNF TP53 IL1B IRAK3 CFLAR IRAK4 TNFRSF10C TNFSF10 IL1RAP PPP3R1 TNFRSF10A PRKX FADD CHP1	3.47×10−6
	Amoebiasis	PIK3CG IL1R1 PIK3CB HSPB1 SERPINB2 TLR4 IL1B IL1R2 ITGB2 GNA15 GNAQ CTSG SERPINB1 PRKX	5.74×10−6
	Chagas disease (American trypanosomiasis)	IK3CG PIK3CB FAS IFNGR1 TNF CD3G TLR4 CD3D CFLAR IRAK4 GNA15 FOS GNAQ PPP2R1A GNAI3 TLR6 CD247 FADD MAPK14 CD3E	1.09×10−5
	T cell receptor signaling pathway	PIK3CG NFAT5 PIK3CB CD8B FYN PTPRC LCK CBLB ITK FOS CD28 ZAP70 PPP3R1 PRKCQ GRAP2 CD247 SOS2 MAPK14 CHP1 CD3E CD8A	1.43×10−5
	Jak-STAT signaling pathway	PIK3CG PIK3CB EP300 IFNGR1 STAT4 IL13RA1 CBLB IL7R IL21R JAK1 STAT5B SOCS3 IL2RB JAK2 IL10RA IL4R SOS2 IL2RG IL12RB2 IFNAR1	5.66×10−5
	Osteoclast differentiation	PIK3CG IL1R1 PIK3CB NCF2 FYN IFNGR1 LCK FCGR2A TNF IL1B JAK1 FHL2 SOCS3 FOS CSF1R FOSL2 NCF4 GAB2 MAPK14 IFNAR1 SIRPA	2.82×10−4
	Toll-like receptor signaling pathway	PIK3CG PIK3CB TLR5 LY96 CXCL10 CCL5 TNFA TLR8 TLR4 IL1B IRAK4 FOS TLR1 TLR6 FADD MAPK14 TBK1 IFNAR1	4.06×10−4

DEGs: differentially expressed genes, Jak-STAT: janus kinase–signal transducer and activator of transcription.
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Table 4

The significant pathways identified in synovium of axial spondyloarthritis/ankylosing spondylitis patients	Pathway	DEGs	p-value
	Toll-like receptor signaling pathway	CCL5 FOS MAPK13 IFNAR1 MAP3K8 LY96 IL8 CCL3	7.33×10−11
	TGF-beta signaling pathway	COMP THBS2 ACVR1 RHOA DCN SMAD3 TGFB3 MYC	5.65×10−10
	Osteoclast differentiation	FOS MAPK13 LILRB1 FOSB IFNAR1 TNFRSF11B	9.06×10−10
	T cell receptor signaling pathway	FOS MAPK13 RHOA MAP3K8 CBLB	2.90×10−7
	Jak-STAT signaling pathway	IL13RA1 IFNAR1 SPRED1 IL7R CCND2 MYC CCND1 CBLB	1.06×10−5

DEGs: differentially expressed genes, TGF: transforming growth factor, Jak-STAT: janus kinase–signal transducer and activator of transcription.
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