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Abstract

Objective—Fibroblast-like synoviocytes (FLS) are key players in the synovial pathology of
rheumatoid arthritis (RA). Currently, there is no treatment that specifically targets these aggressive
cells. By combining 3 different “omics” data sets, i.e., 1) risk genes in RA, 2) differentially
expressed genes, and 3) differential DNA methylation in RA versus osteoarthritis (OA) FLS, we
identified LBH (limb bud and heart development) as a candidate gene in RA. The present study
was undertaken to define the role of this gene in FLS.

Methods—Synovial tissue specimens from RA and OA patients were collected at the time of
joint replacement surgery. LBH expression was silenced using small interfering RNA or
overexpressed using an LBH expression vector in primary FLS. Gene expression profiles were
determined by microarray and assessed using Ingenuity Pathway Analysis. Effects of modified
LBH expression were investigated in functional assays.

Results—LBH was expressed in the synovial lining layer in patients with RA. Transforming
growth factor B1 significantly increased LBH expression in primary FLS, and platelet-derived
growth factor BB decreased it. Pathway analysis of the transcriptome of LBH-deficient FLS
compared to control FLS identified “cellular growth and proliferation” as the most significantly
enriched pathway. In growth assays, LBH deficiency increased FLS proliferation. Conversely,
LBH overexpression significantly inhibited cell growth. Cell cycle analysis demonstrated a
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marked increase in cells entering the cell cycle in LBH-deficient FLS compared to controls. LBH
did not alter apoptosis.

Conclusion—LBH is a candidate gene for synovial pathology in RA. It is regulated by growth
factors and modulates cell growth in primary FLS. Our data suggest a novel mechanism for
synovial intimal hyperplasia and joint damage in RA.

Rheumatoid arthritis (RA) is a chronic inflammatory disease that predominantly affects
diarthrodial joints. Treatment strategies include traditional disease-modifying antirheumatic
drugs, novel small molecule kinase inhibitors, and biologic drugs targeting proin-
flammatory cytokines, B cells, or the activation of T cells (1). Despite improved outcomes,
many patients do not respond to the available therapies, suggesting that yet other factors or
cells must be important.

Fibroblast-like synoviocytes (FLS) are key players in the synovial pathology and joint
destruction in RA (2). The pathologic changes of the synovial tissue include synovial
infiltration of inflammatory cells, hyperplasia of the synovial intimal lining layer, and
formation of pannus tissue. RA FLS display an aggressive phenotype that shares many
characteristics with transformed cells, such as increased expression of protoon-cogenes,
increased production of proinflammatory cytokines and matrix-degrading enzymes, and
increased resistance to apoptosis (3,4). In addition, RA FLS can undergo an epithelial-
mesenchymal-like transition (5) and potentially spread the disease to distant joints (6).
Consequently, they have emerged as important targets for new treatment strategies.

RA, like many other autoimmune diseases, involves both genetic and environmental factors
(7). To date, more than 100 risk genes for development of RA have been identified in
genome-wide association studies (GWAS) of single-nucleotide polymorphisms (SNPs) (8).
How environment affects disease onset and severity is not known, but could be related to
epigenetic alterations. We have recently shown that RA FLS display a striking pattern of
differential DNA methylation compared with osteoarthritis (OA) and normal FLS (9).
Furthermore, the RA-specific FLS methylation signature is stable and includes many genes
and pathways involved in RA pathogenesis (10).

To identify and prioritize possible unanticipated RA therapeutic targets, we performed an
integrative analysis of methylome, transcriptome, and sequence variation in RA FLS (11).
This work implicated several genes that were present in all 3 databases. In the present study,
we evaluated one of those genes, LBH (limb bud and heart development), whose function
was essentially unknown. This gene encodes a small, highly conserved protein that is a
putative transcriptional coactivator and target of Wnt signaling implicated in embryonic
development (12). However, its potential role in autoimmune diseases has not been
elucidated.

MATERIALS AND METHODS

Biologic samples

Human synovial tissue specimens were obtained during joint replacement surgery. The
procedure was approved by the Human Research Protection Program, and all patients
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provided written informed consent. The RA patients fulfilled the American College of
Rheumatology 1987 revised criteria for the disease (13). Homogeneous cultures of primary
FLS were established as described earlier (14) and used at passages 4-7.

Cell culture and stimulation

Primary FLS were cultured (at 5% CO,, 37°C) in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with L-glutamine, gentamicin, penicillin/streptomycin, and 10%
heat-inactivated fetal bovine serum (15). For stimulation experiments, cells were plated in 6-
well plates, serum starved for 24 hours in 0.1% fetal bovine serum, and stimulated with
recombinant proteins (R&D Systems) prior to RNA isolation.

Gene silencing and overexpression

Gene silencing was performed using small interfering RNA (siRNA) (Smart Pool On-
Target; Thermo Scientific) that was transfected using Amaxa technology according to the
instructions of the manufacturer (Lonza). For overexpression studies, control empty vector
or pCMVEntry-LBH vector (OriGene) was transfected as previously described (16). Cells
were then plated in 6-well plates and incubated for 1-3 days prior to further analysis. In the
functional assays, mean LBH gene silencing was 91% (LBH!°W) and the mean change in
LBH gene expression was 13-fold (LBH"9"), by quantitative polymerase chain reaction
(gPCR).

RNA isolation and gene expression assay

Total RNA was extracted from cells using RNA STAT-60 (Tel-Test) (17). Complementary
DNA (cDNA) was synthesized from 250 ng of total RNA using TagMan reverse
transcription reagents, and gPCR was performed using TagMan reagents and primer/ probe
sets for GAPDH, LBH, IL6, and MMP3 (Life Technologies). C; values were normalized to
GAPDH expression using a standard curve methodology to obtain relative cell equivalents,
as previously described (17). For microarray studies, 4 different RA FLS cultures were
transfected, with 1) control siRNA plus control vector, 2) LBH siRNA plus control vector
(LBH'W), or 3) control siRNA plus LBH expression vector (LBHN9M). Total RNA from the
12 samples was isolated using an RNeasy Plus Mini kit (Qiagen) and hybridized to an
Illumina human HT-12 v4.0 gene expression bead chip.

Western blot analysis

Serum-starved RA FLS cultures were stimulated for 15 minutes with 50 ng/ml tumor
necrosis factor (TNF), and Western blot analysis was performed as previously described
(18), using anti—phosphorylated p38, anti-phosphorylated ERK, anti-phosphorylated INK
(all from Cell Signaling Technology), or anti—B-actin antibodies (Sigma), and horseradish
peroxidase (HRP)—conjugated goat anti-rabbit 1gG (Cell Signaling Technology) as
secondary antibody. For analysis of LBH expression, total lysates from 3 RA FLS and 1 FLS
line transfected with control siRNA or LBH siRNA were collected and subjected to sodium
dodecyl sulfate—polyacrylamide gel electrophoresis and Western blotting. Membranes were
probed with rabbit anti-human LBH (1:1,000; Sigma) and anti—f-actin antibodies. Blots
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were developed using an Immun-Star WesternC Chemiluminescence kit and analyzed using
a VersaDoc imaging system and Quantity One software (Bio-Rad).

Immunohistochemistry

Cryosections (5 um) of frozen human synovial tissue were fixed in acetone for 10 minutes
and rehydrated in Tris buffered saline (TBS). Endogenous peroxidase activity was blocked
for 10 minutes with Dual endogenous enzyme block (Dako), followed by a quick rinse and
blocking for 10 minutes with 5% normal swine serum (Vector). Incubation for 60 minutes
with primary rabbit anti-LBH antibody (1:200; Sigma) or normal rabbit Ig (Dako) in
phosphate buffered saline (PBS)/1% bovine serum albumin was followed by rinsing (3
times, 10 minutes each) in TBS—Tween and incubation for 30 minutes with biotinylated
swine anti-rabbit Ig F(ab”),. After repeated rinsing, strep-tavidin-HRP was added for 20
minutes, followed by rinsing and incubation with aminoethylcarbazole substrate for 10
minutes. Sections were counterstained with Mayer’s hematoxylin (Dako) for 1 minute,
rinsed in water for 10 minutes, and mounted in Faramount (Dako).

Microarray analysis

We analyzed the microarray data using the R library Limma (19,20). We first used the
function “neqc” to perform 1) background correction using the control probes, 2) interarray
quantile normalization, and 3) log, transformation. Then any probes that were not found to
be above background levels (detection P values ,0.05) in any of the arrays were removed.
Next we used the function “Imfit” to fit a linear model to each of the probes. When fitting
the linear model, the arrays were weighted to account for the variability in the levels of
overexpression that were achieved. All of the control arrays were assigned a weight of 1. As
there was little variability in the silencing efficiency (86-91% range), these were also all
assigned a weight of 1. The maximum overexpression efficacy in the experiment was an 8.5-
fold increase in LBH levels, while the other 3 overexpression efficiencies were 3.8-fold, 2.9-
fold, and 2.9-fold, respectively. Thus, we adjusted the weights of the samples with the lower
overexpression efficiencies such that they were proportional to the difference in
overexpression efficiency; for example, the weight of the array with 3.8-fold overexpression
efficiency was calculated as 3.8/8.5 = 0.45.

The linear models were used to perform 3 comparisons: 1) LBHM9" versus control, 2)
LBHN8N versus LBH!W, and 3) control versus LBH!W. To ensure that inference was
reliable and stable, we applied Empirical Bayes shrinkage (19) of the probewise variances.
Then the shrunken standard errors were used to calculate moderated t-statistics, and the
resulting P values were adjusted for multiple testing using the Benjamini-Hochberg method
(21). Probes that had a multiple testing corrected P value of ,0.05 in any of the 3
comparisons were identified. Z scores rather than actual expression values were used, as
they better represent between-condition changes in the levels of individual genes. The Z
scores were calculated individually for each probe, using all 12 samples. To perform
clustering, Pearson’s correlation coefficient was used to construct a distance matrix that was
hierarchically clustered using Ward’s method.
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Pathway analysis of gene expression profiles

To identify pathways that are affected by LBH silencing and overexpression, we used
Ingenuity Pathway Analysis (IPA; Ingenuity Systems). We performed pathway analysis on
the control and LBH!®W comparisons, as the knockdown experiment yielded more consistent
results than the overexpression experiment, and comparisons of LBH!® and control yield
the largest number of significant genes. For the pathway analysis we used 954 differentially
expressed genes that had P values of <0.01 in comparisons of LBH'®" versus control. These
genes and their log fold changes in gene expression were used as input for IPA, which was
run using the default options. Networks were ranked according to their degree of relevance
to the differentially expressed genes. The score uses a right-tailed Fisher’s exact test to take
into account 1) the number of differentially expressed genes in the network, 2) the network
size, 3) the total number of differentially expressed genes, and 4) the total number of
molecules in the Ingenuity Knowledge Base that could potentially be included in the
networks.

Cell migration assay

RA FLS were transfected with control or LBH siRNA, or with control or LBH expression
vector. Cells were plated in 6-well plates in complete DMEM and cultured to subconfluence
(22). On day 4 posttransfection, 3 linear “wounds” were introduced in each well using a 1-
ml pipette tip with subsequent washing 3 times, as previously described (22,23). Images
were collected at time 0 and after 24 hours. The diameter of each wound was measured
using ImageJ software (National Institutes of Health). The ratio of wound width at 24 hours
to wound width at baseline was calculated for each FLS line.

Cell proliferation and apoptosis assay. RA FLS were transfected with control or LBH
SiRNA, or with control or LBH expression vector. On day 1 posttransfection (silencing) or
day 3 posttransfection (overexpression), cells were trypsinized, replated in triplicate in 96-
well plates with 1,000 cells/well, and evaluated by MTT assay (22). In parallel with the cell
proliferation assay, transfected cells were cultured separately and analyzed for caspase 3 and
caspase 7 activity on day 5, using an Apo-One Homogeneous Caspase 3/7 assay (Promega).
Fluorescence values were normalized to cell number (measured by MTT).

Cell cycle analysis

RA FLS cultures were trans-fected with control or LBH siRNA and plated in duplicate. On
day 4 posttransfection, cells were washed and resus-pended in cold PBS, fixed in 70%
ethanol, permeabilized, and stained with propidium iodide/0.1% Triton X-100 solution
supplemented with RNase A. DNA content was recorded (.65,000 events/sample) using a
FACSCalibur and CellQuest Pro Software (Becton Dickinson). Data were analyzed using
FlowJo software (Tree Star) and Watson Pragmatic modeling, and percentages of cells in the
S+G,/M phases were calculated.

Statistical analysis

The significance of differences between stimulated and unstimulated samples was assessed
using Student’s paired t-test, and differences in gene expression in RA versus OA samples
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were assessed by Student’s unpaired t-test. For cell proliferation experiments, two-way
analysis of variance was used, and for cell cycle analysis, t-tests with Holm-Sidak correction
for multiple comparisons were used. Data were analyzed with GraphPad Prism version 6.0.
P values less than 0.05 were considered significant.

Identification of LBH as a pathogenic gene in RA, by multiple genome-wide assays

We have identified potential RA therapeutic targets by performing an integrative analysis of
epigenome, transcriptome, and sequence variation in RA FLS (11). To do this, we first
established sets of genes implicated in RA using these 3 genomics approaches separately.
For epigenome we used DNA methylation arrays that measure DNA methylation levels at
~450,000 CpG in RA, OA, and normal samples (9,10). For transcriptome we used public
microarray data to assess expression of genes in RA, OA, and normal samples (24). For
sequence variation we used a catalog of published GWAS that had investigated
susceptibility to RA (25,26). Independently, these analyses identified 2,375 differentially
methylated genes, 2,947 differentially expressed genes, and 74 risk genes. Determination of
where these independent gene sets overlapped identified 357 genes with 2 or 3 forms of
evidence, and pathway analysis showed that this set of genes is highly relevant to RA. Six
genes that had 3 forms of evidence were identified. One of these triple-evidence genes, LBH,
was selected for investigation of its potential role in RA. Figure 1 shows that the
significantly hypomethylated loci overlapped the promoter regions of LBH. The SNP
identified by GWAS (dbSNP ID rs7579944) was a T-to-C variant that is upstream of the
LBH promoter. Microarray transcriptomics analysis indicated that LBH expression was 1.9-
fold higher in OA FLS than in RA FLS (24).

LBH expression and regulation in cultured FLS and RA synovium

Initial studies were performed to confirm the expression of LBH in cultured FLS. Expression
in RA FLS lines was readily detected using gPCR (results not shown) and Western blotting
(Figure 2C), confirming constitutive expression in RA FLS. Small interfering RNA-
transfected FLS (control and LBH siRNA) were included in the Western blot analysis to
confirm antibody specificity. Immunohistochemistry analysis demonstrated that LBH is
expressed in the human synovial lining layer, where FLS reside, and in scattered sublining
cells in RA (Figures 2A and B). The staining was predominantly nuclear. In situ expression
of LBH was also confirmed by gPCR on RA and OA synovial tissue cDNA (Figure 2D). No
significant differences between RA and OA synovium were observed, possibly because
synovium is a mixture of many cell lineages.

To understand how growth factors implicated in RA might affect LBH gene expression,
primary FLS lines were stimulated with various concentrations of transforming growth
factor 1 (TGFB1) or platelet-derived growth factor BB (PDGF-BB), which are growth
factors expressed in rheumatoid synovium. LBH messenger RNA (MRNA) expression was
significantly increased (mean+SEM 330+£26%; P < 0.0001) (n = 8) by stimulation with
TGFB1 at 0.1, 1, and 10 ng/ml (Figure 3A) and significantly decreased (79+6%; P = 0.04)
by treatment with 10 ng/ml PDGF-BB (Figure 3C). Time course experiments showed that
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the peak effects of TGFB1 and PDGF-BB occurred by 18 hours and 12 hours, respectively
(Figures 3B and D). Interleukin-1f (IL-1p) also reduced LBH expression, by 81+5% after 12
hours. Neither Wnt-1, Wnt-3a, Wnt-5a, nor TNF had a significant effect on LBH expression
(data not shown).

Lack of a significant effect of LBH on cell migration, cytokine signaling, and gene

expression

The aggressive RA FLS phenotype is characterized by increased migration and increased
production of proin-flammatory cytokines and matrix-degrading enzymes. To investigate
whether LBH is involved in these processes, we performed a variety of functional assays
comparing control and LBH!W FLS. There was a trend toward increased migration of
LBH!W FLLS compared with controls, but this did not reach statistical significance (mean *
SEM ratio of wound width at 24 hours to wound width at baseline 0.82 £ 0.06 versus 0.63 +
0.02; P = 0.08) (n = 3). A trend toward increased migration when LBHN9" FLS were
compared with controls also did not reach significance (0.57 £ 0.06 and 0.48 + 0.05,
respectively; P = 0.06) (n = 3). Next, we stimulated serum-starved control and LBH!®W FLS
with 50 ng/ml TNF for 9 hours and measured IL6 and MMP3 mRNA levels by gPCR. TNF
increased I1L6 and MMP3 expression as expected, but no differences were observed with
LBH silencing compared to control (data not shown). Furthermore, after stimulation of
serum-starved control and LBH!°W FLS with 50 ng/ml TNF for 15 minutes to simulate
cytokine stimulation in RA synovium, phosphorylation of MAP kinases (p38, ERK, and
JNK) did not differ significantly between the groups, as measured by Western blot analysis
(data not shown).

Regulation of the FLS transcriptome by LBH

Other studies have indicated that LBH could be a transcriptional coactivator (27,28).
However, its regulatory targets in RA remain unknown, and our studies did not identify a
clear functional role in traditional measures of pathogenic FLS function. To guide
subsequent functional studies, gene expression profiling was performed on RA FLS under 3
conditions: control, LBH!W, and LBHN3". After correction of P values for multiple testing,
we found 47 probes that were significantly differentially expressed and that accurately
grouped the samples by LBH status during hierarchical clustering (Figure 4A).

Network analysis of LBH perturbation

To gain a systems-level understanding of the role of LBH in regulating the transcriptome,
we conducted network analysis using IPA. We focused on the comparison of LBH!®W versus
control cells, as the silencing was more robust than the overexpression and this comparison
yielded the largest number of differentially hybridized probes. For the network analysis, we
used 954 probes that had unadjusted P values of <0.01. This more relaxed cutoff was used
as the small sample size could have resulted in exclusion of many genes that would have
been found to be regulated by LBH after P value correction. IPA network analysis identified
25 networks that were affected by LBH silencing. (A complete list of the networks identified
is available in Supplementary Table 1, on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39060/abstract.) The top-ranked network contained
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43 genes, of which 29 were affected in LBH!°W samples, and was annotated as being
involved in controlling cellular growth and proliferation (Figure 4B). These data suggest that
LBH is a transcriptional regulator of the cell cycle.

LBH regulation of cell growth in FLS

Based on findings of the transcriptome analysis, we then evaluated the role of LBH in cell
growth. The gene was silenced in 3 different RA FLS, using siRNA. As shown in Figure
5A, LBH deficiency significantly increased cell growth (by a mean + SEM of 92 + 15% on
day 3; P =0.007). These results confirm the micro-array findings suggesting that cell
proliferation is a key function of LBH that could be relevant to synovial hyperplasia in RA.
To confirm the inhibitory effects of LBH on cell proliferation, additional RA FLS lines were
transfected with control or LBH expression vector. A significant decrease in cell growth was
readily demonstrated in LBHM9" FLS compared to control FLS (P = 0.005), with 62 + 10%
inhibition on day 7 (Figure 5B). Caspase 3/7 activity assay demonstrated no increased
apoptosis in LBHNI" FLS compared to control FLS (Figure 5C), indicating that LBH most
likely induces growth arrest rather than apoptosis.

Effects of LBH on cell cycle progression in FLS

To further explore the effects of perturbed LBH levels on cell growth, we performed cell
cycle analysis by flow cytometry. LBH gene expression was silenced in 3 different RA FLS,
using siRNA. There was a marked increase in the percentage of cells entering the cell cycle
in LBH!®" FLS compared to control FLS (Figure 6A). The mean + SEM percentage of cells
(n=3) inthe S + Go/M phases was 42 + 3% in LBH!°W FLS, compared to 12 + 2% in
controls (P = 0.001) (Figure 6B). The percentages of cells in the pre-G4 or post-G,/M phase
were negligible. Taken together, these data demonstrate that LBH controls the rate of
proliferation in primary FLS.

DISCUSSION

RA is a chronic synovial disease that leads to joint inflammation and destruction. Despite
improved outcomes with targeted therapies, a significant percentage of patients still have
active disease after receiving currently available treatments, illustrating the need for
identification of additional therapeutic targets. To address this unmet need, we used an
unbiased approach integrating “omics” platforms to identify non-obvious candidate genes in
RA. Data sets from human primary FLS isolated from the main target tissue of the disease,
i.e., the synovium, and robust GWAS data on risk genes in RA were used for this analysis.
Based on integrative analysis, LBH was identified as a possible candidate gene. We
identified LBH as a candidate gene in RA based on the overlap in results between data sets,
including GWAS risk alleles, transcriptomics, and differential DNA methylation. The
function of LBH is largely unknown, although forced expression in mouse and chick
embryos resulted in cardiovascular anomalies and impaired bone formation (29). In this
study, we explored the functions of LBH in FLS and determined how it might contribute to
the pathogenesis of RA.
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The GWAS-identified RA-associated SNP is located upstream of the LBH transcription start
site and might alter gene regulation. Two additional SNPs in the LBH locus have recently
been found to be associated with RA and other autoimmune diseases, i.e., celiac disease and
systemic lupus erythematosus (8,30,31). The presence of multiple SNPs implicated in
autoimmunity suggests that LBH could be a critical checkpoint in immune function. We are
currently investigating how risk alleles and differential regulation of CpG loci in critical
regulatory regions account for dysregulated LBH expression in RA. In the present study, we
focused our attention on how LBH might alter FLS behavior.

We initially investigated how LBH expression is modulated in FLS and found that it is
inversely regulated by TGFp1 and PDGF. These growth factors are expressed in RA
synovium and influence fibroblast behavior. TGFS1 and PDGF regulate cell growth and
differentiation of synoviocytes and potentiate TNF and IL-1B-induced production of factors
that mediate synovitis and matrix destruction (32). Given the contribution of LBH to
synoviocyte proliferation, local production of these growth factors could influence the
accumulation of these cells in the intimal lining and the expansion of synovial pannus.

Whnt-responsive elements have been identified in the LBH locus, and expression of LBH in
an epithelial cell line was increased by Wnt-3a—conditioned medium (12). Wnt signaling
plays a fundamental role in embryonic development as well as cell proliferation and
differentiation. Several Wnt types are expressed in RA synovium, and Wnt-5a has been
implicated in cytokine production by FLS (33). However, we did not observe an effect of the
Whnt types we tested on LBH expression in FLS. This might be due to differences in culture
conditions, responsiveness of the different cell types, or other factors that were present in the
Whnt-conditioned medium used in previous studies.

A series of experiments was performed to evaluate the role of LBH in various FLS functions
that contribute to RA pathogenesis, including migration and cytokine and matrix
metalloproteinase gene expression. These experiments were based, in part, on previous
studies implicating the gene in activation of signaling pathways, e.g., the MAP kinases (16).
Surprisingly, LBH did not significantly influence synoviocyte behavior in these assays. As
an alternative strategy to understand the potential role of LBH, we used gene expression
arrays and pathway analysis to direct subsequent studies. The array results implicated cell
growth and proliferation as an enriched pathway in LBH-deficient FLS. We then
experimentally validated this hypothesis in cultured FLS.

Notably, LBH overexpression induced growth arrest, and even more strikingly, LBH
deficiency directed cells to enter the cell cycle and increased proliferation. Low LBH
expression in RA, as observed in microarray studies, could release FLS from LBH control
and contribute to increased proliferation and synovial intimal lining hyperplasia. LBH
expression in whole synovial tissues, however, was similar in RA and OA, possibly
reflecting the presence of many cell types. Additional studies are needed to determine if the
gene regulates proliferation in other cell types, especially since some LBH functions, e.g.,
MAP kinase and Wnt signaling, are cell-type specific.
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Embryology studies have demonstrated a unique spatiotemporal expression pattern of LBH
in primordial limb buds and hearts of mouse embryos (28). Transgenic overexpression
(uniform and constitutive as opposed to spatiotemporal) of LBH in the myocardium of the
developing heart in mice resulted in severe cardiovascular abnormalities (34). LBH is
expressed in chondrocytes, where it appears to regulate cell proliferation and maturation
given that overexpression leads to shortened skeletal elements, perturbed bone formation,
and reduced osteoclast and endothelial cell invasion in chicken embryos (29). LBH
conditional-deficient mice exhibited perturbed mammary gland development at puberty
(35). Taken together, these findings also demonstrate the importance of tightly regulated
LBH expression in adult tissues and suggest that the gene plays a role in cell differentiation
during development. Dysregulation of this gene in synoviocytes could contribute to aberrant
proliferation in the intimal lining.

In conclusion, we identified a novel RA-associated risk gene, LBH, by integrating multiple
omics technologies. It is regulated by growth factors implicated in RA and controls FLS
proliferation. An imbalance in released growth factors, perhaps together with a specific
genetic and epigenetic predisposition of FLS with respect to LBH regulation, in the
synovium could profoundly influence homeostasis. Aberrant LBH expression in FLS would
then contribute to synovial hyperplasia and the pathologic changes in the RA joint. Our data
also demonstrate the successful use of a systems biology approach to find novel potential
therapeutic targets in a complex disease.
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Figure 1.

LBH methylation in rheumatoid arthritis (RA) fibroblast-like synoviocytes. The location of
the LBH RA single-nucleotide polymorphism (SNP) identified by genome-wide association
study (GWAS) and the methylation levels of each of the CpGs on the bead array that are
within the LBH promoter region (—2,500 bp to +500 bp from the transcription start site
[TSS] [arrow]), and the transcript variant numbers of the RefSeq genes that are transcribed
from that TSS are noted. Values are the mean = SEM. %= significantly differentially
methylated CG (RA versus osteoarthritis [OA] and normal [NL]).
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Figure 2.

LBH expression in synovial tissue and fibroblast-like synoviocytes (FLS). A and B,
Immunohistochemical staining of human synovial tissue from a rheumatoid arthritis (RA)
patient, using anti-LBH antibody (A) and control normal rabbit Ig (B). Arrowhead indicates
the lining layer. Bars = 50 um. C, Expression of LBH in 3 primary RA FLS and in 1 FLS
line transfected with control small interfering RNA (siRNA) and LBH siRNA, assessed by
Western blotting. The membrane was probed with anti—B-actin antibody and with anti-LBH
antibody as indicated. D, Expression of LBH mRNA in whole synovial tissue specimens
from osteoarthritis (OA) and RA patients, assessed by quantitative polymerase chain
reaction. C; values were normalized to GAPDH expression. Each symbol represents an
individual sample; bars show the mean. REU = relative expression units.
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Figure 3.

Effects of transforming growth factor f1 (TGFp1) and platelet-derived growth factor
(PDGF) on LBH expression in fibroblast-like synoviocytes (FLS). A and C, Expression of
LBH mRNA by serum-starved rheumatoid arthritis (RA) FLS without stimulation or after
stimulation for 6 hours with recombinant human TGFp1 at various concentrations (0.1-10
ng/ml) (A) or for 12 hours with PDGF-BB at various concentrations (0.1-10 ng/ml) (C).
LBH mRNA expression was measured by quantitative polymerase chain reaction. B and D,
Time course of stimulation with TGFB1 (10 ng/ml) (B) or with PDGF-BB (10 ng/ml) (D).
The experiments were repeated 3 times, and C; values were normalized to GAPDH
expression. Values are the mean + SEM of 3-8 different FLS lines. * = P < 0.05 versus no
stimulation. REU = relative expression units.

Arthritis Rheumatol. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ekwall et al.

Page 16

zZ-score
EIF3CEIE3CL
B W i e
\

= ILMN_2268529 KCNK10 )
.- ILMN_ 1670058 LOC642856 ZB 8A
ILMN 1788759 DSCAM PR¥2 )
ILMN_ 1766770 SNX31
- ILMN 1710598 SKI A A
(=] ILMN 1786163 L0C652644 \ -~ /4
| = ILMN 3250322 STELLAR \ a \
- ILMN_3245084 LOC100134466 \ _- \
= = ILMN zmvs;cumu / \ \

]
- Bl . ILMN 3273(140LOC|oo130776
= = . ILMN_ 1811507 LBH
[ ILMN_ 1680220 GEN1
= ILMN_ 2246188 SLC45A2
--. ILMN_ 1808777 £l
ILMN 2191436 POLA1
DN - ILMN_ 1720136 CABP2
=T LN 2244009 184
ILMN 1660794
:SAAN 2315079 ton
1M 2157210 AASS
|- . ILMN_ 1844068
[— ] ILMN_ 1651486 COX11P
= B
1
-- ==
L] ILMN 1784477 PLEKHGS
B= B B (AN 16556051.0C727987
= tesi B IUMNT 1846799
- ILMN3205404 LOC723805
LN 1889775 L0C8S1997
i Locest
= .- = 'Lm ‘ma: EXOSC
ILMN_ 1701839 EXOSC
--- - FLI3SB16
L II.MN 1867705
ONT =N - < ™
88350333 udnid
XX 0000

Knockdown  Control Overexpression

Figure4.
Genes affected by LBH silencing and overexpression. A, Heatmap showing probes that were

significantly differentially expressed between control (C), LBH!®" (knockdown [KD]), and
LBHNigh (overexpression [O]) fibroblast-like synoviocytes (FLS). Analyses of differential
expression included all genes for which the adjusted P value was <0.05 in any of the 3
comparisons (LBHNYN versus control, LBHN9M versus LBH!W, and control versus LBH!OW).
To make the patterns of differential expression clearer, gene expression levels are
represented by a Z score, which was calculated individually for each gene. B, The top-
ranked network discovered with Ingenuity Pathway Analysis (IPA) during assessment of
LBH!°W versus control FLS. The gene expression, cellular development, and cellular growth
and proliferation functions were assigned to the network by IPA. Genes that were repressed
during knockdown are shown in blue, and those that were induced are shown in red. Genes
with P values of <0.01 were used in the analysis. The network contained 43 genes, of which
29 passed the cutoff.
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Effects of modified LBH expression on cell growth in fibroblast-like synoviocytes (FLS). A,
Rheumatoid arthritis (RA) FLS lines were transfected with control or LBH small interfering
RNA (siRNA) (mean gene silencing 91%). The cells were replated on day 1 posttransfection
and subjected to MTT assay on days 1, 3, and 7. Values are the mean + SEM absorbance of
3 different FLS lines. LBH deficiency significantly increased cell growth (P = 0.007 versus
controls). B, RA FLS lines were transfected with control or LBH expression vector (mean
overexpression 13-fold). The cells were recultured on day 3 posttransfection and subjected
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to MTT assay on days 3, 5, and 7. Values are the mean £ SEM absorbance of 6 different
FLS lines. LBH overexpression significantly decreased cell growth (P = 0.005 versus
controls). C, RA FLS were transfected with control or LBH expression vector. The cells
were replated on day 3 posttransfection, and caspase 3/7 activity, as a measure of apoptosis,
was determined on day 5. Fluorescence values were normalized to cell number, measured by
MTT. Values are the mean+SEM of 3 different RA FLS lines.
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Figure®6.

Cell cycle progression in fibroblast-like synoviocytes (FLS) after LBH gene silencing.
Rheumatoid arthritis (RA) FLS lines were transfected with control or LBH small interfering
RNA (siRNA) and cultured until subconfluent. The cells were harvested and fixed on day 4
posttransfection and, after DNA staining, were subjected to flow cytometry. A,
Representative histograms of DNA content in RA FLS lines transfected with control sSiRNA
or LBH expression vector. The number of cells in each phase of the cell cycle was estimated
using Watson Pragmatic modeling. B, Mean + SEM percentage of cells in the S + Gy/M
phases in 3 different RA FLS lines. * = P = 0.001.
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