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Abstract

Objective—We investigated genome-wide changes in gene expression and chromatin
remodelling induced by tumour necrosis factor (TNF) in fibroblast-like synoviocytes (FLS) and
macrophages to better understand the contribution of FLS to the pathogenesis of rheumatoid
arthritis (RA).

Methods—FLS were purified from patients with RA and CD14* human monocyte-derived
macrophages were obtained from healthy donors. RNA-sequencing, histone 3 lysine 27 acetylation
(H3K27ac), chromatin immunoprecipitation-sequencing (ChIP-seq) and assay for transposable
accessible chromatin by high throughput sequencing (ATAC-seq) were performed in control and
TNF-stimulated cells.

Results—We discovered 280 TNF-inducible arthritogenic genes which are transiently expressed
and subsequently repressed in macrophages, but in RA, FLS are expressed with prolonged kinetics
that parallel the unremitting kinetics of RA synovitis. 80 out of these 280 fibroblast-sustained
genes (FSGs) that escape repression in FLS relative to macrophages were desensitised (tolerised)
in macrophages. Epigenomic analysis revealed persistent H3K27 acetylation and increased
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chromatin accessibility in regulatory elements associated with FSGs in TNF-stimulated FLS. The
accessible regulatory elements of FSGs were enriched in binding motifs for nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-xB), interferon-regulatory factors (IRFs) and
activating protein-1 (AP-1). inhibition of bromodomain and extra-terminal motif (BET) proteins,
which interact with histone acetylation, suppressed sustained induction of FSGs by TNF.

Conclusion—Our genome-wide analysis has identified the escape of genes from transcriptional
repression in FLS as a novel mechanism potentially contributing to the chronic unremitting
synovitis observed in RA. Our finding that TNF induces sustained chromatin activation in
regulatory elements of the genes that escape repression in RA FLS suggests that altering or
targeting chromatin states in FLS (eg, with inhibitors of BET proteins) is an attractive therapeutic
strategy.

INTRODUCTION

Rheumatoid arthritis (RA) is characterised by chronic unremitting synovial inflammation,
where sustained remission of synovitis is achieved only in a minority of patients, despite
aggressive immuno-suppression with synthetic or biologic disease modifying antirheumatic
drugs.!2 The current model for RA pathogenesis is the so-called integrated model, where
there is an interplay between environmental, genetic, hormonal and stochastic factors,
resulting in a cross-talk between T and B lymphocytes, macrophages (M¢) and fibroblast-
like synoviocytes (FLS) within the synovium.? This cross-talk between different cell types
involves cell-to-cell interactions and soluble factors that drive the initiation and perpetuation
of synovial inflammation.#> The pathologic hallmark of RA is pannus, an inflamed and
hypercellular synovial lining that invades the adjacent bone and cartilage.® Pannus consists
of activated Mg that secrete tumour necrosis factor (TNF), and numerous activated FLS that
respond to paracrine TNF, establishing a Mp—TNF-FLS axis.” The effectiveness of biologics
targeting TNF in RA suggests that the Mp—TNF-FLS axis is a key driver of the chronic
unremitting character of RA synovitis.®

The molecular mechanisms resulting in non-re-solving inflammation in the context of RA
remain obscure.310 An inflammatory response typically follows a multistep evolution from
induction to resolution aiming to finally restore the function and structure of the affected
tissues.!112 Along these lines, Mg rapidly adjust the temporal order of their responses to
inflammatory challenges (eg, exposure to TNF or toll-like receptor (TLR) ligands) by
transitioning from an acute proinflammatory to a subsequent homeostatic phenotype that
promotes tissue repair and the resolution of inflammation.!3 This is a tightly regulated
process mediated by: (1) feedback loops that limit inflammatory cytokine production (eg,
the interleukin (IL)-10/signal transducer and activator of transcription (STAT) 3 axis),!# (2)
signalling brakes (eg, A20, ABINs, SOCS) that restrain inflammatory signalling!>16 and (3)
chromatin remodelling that represses expression of proinflammatory genes.!7-19 The result
of these homeostatic molecular events is that following exposure to inflammatory stimuli
(eg, TNF) macrophages typically display: (1) robust but transient expression of
proinflammatory transcripts (eg, TNF, IL-1p, CXCLS) and (2) desensitisation (tolerance) to
subsequent inflammatory stimulation. Tolerance induction in macrophages is opposed by
interferron (IFN)-y and type I IFNs,!® and thus it is possible that the IFN signatures
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expressed in RA synovium or other unknown mechanisms prevent complete tolerisation and
maintain synovial macrophage capacity to produce inflammatory cytokines.

Within the chronically inflamed RA synovium, FLS are exposed to long-term inflammatory
stimulation and their gene expression transitions from an early to a late programme that
shapes aspects of their aggressive phenotype.® In previous studies, we have investigated the
molecular mechanisms that shape this late gene expression programme and have identified
fundamental differences between FLS and Mg in terms of the kinetics, quality and quantity
of their TNF-induced inflammatory program.20-22 Whereas macrophages display transient
expression of inflammatory genes (eg, /L6 and CXCLS), one single pulse with TNF triggers
in RA FLS prolonged activation of nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-xB), sustained chromatin accessibility in the promoters of key inflammatory genes
(eg, IL6 and CXCL 10), non-terminating transcription of /L6, continuous expression of
cytokines, chemokines and tissue destructive enzymes, as well as mitogen-activated protein
kinases (MAPK)-dependent messenger RNA (mRNA) stabilisation of arthritogenic
transcripts (eg, IL6, CXCLI, CXCL3, CXCLS, CCL2 and PTGS2).20-22 In addition, on
exposure to TNF, RA FLS acquire a ‘short-term inflammatory memory’ potentially resulting
from the induction of transcription factors (eg, STAT1) and chromatin modifications that are
not rapidly reversed or are turned over with slow kinetics.2! Overall, the results of our

previous studies29-22

support a model where the aggressive FLS behaviour might be the
result of sustained signalling and prolonged chromatin remodelling that cooperatively drive
continuously active transcription together with mRNA stabilisation of arthritogenic

transcripts.

To gain further insights into mechanisms that underlie the sustained inflammatory response
of FLS to TNF, we undertook an integrated transcriptomic and epigenomic approach to
analyse this response at the genome-wide level and to compare it to the transient
inflammatory response induced by TNF in macrophages. A striking finding of this
comparative analysis was that many TNF-inducible proinflammatory genes that are
transiently expressed and/or tolerised in macrophages, are not repressed and are expressed
with sustained kinetics in FLS. Aspects of this differential regulation are reflected by
divergent baseline and TNF-induced chromatin states (epigenomic land-scapes) of these two
cell types. These findings indicate that TNF reprograms the epigenomic landscape of FLS
and suggest that such reprogramming contributes to sustained and prolonged TNF-induced
inflammatory gene expression.

METHODS

Synovial tissues were obtained from patients with RA who underwent total knee
replacement or elbow synovectomy. The diagnosis of RA was based on the 1987 American
College of Rheumatology criteria.23 Detailed experimental procedures are described in the
online supplementary methods, including cell purification and culture, sequencing (RNA-
sequencing (RNA-seq), chromatin immunoprecipitation-sequencing (ChIP-seq), assay for
transposable accessible chromatin by high throughput sequencing (ATAC-seq)),
bioinformatics analysis, quantitative reverse transcription PCR (RT-qPCR) and statistical
analysis.
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RESULTS

TNF-induced gene set whose expression is transient in macrophages but sustained in FLS

We had previously found that expression of several inflammatory genes that is transient after
TNF stimulation of macro-phages is instead sustained up to at least 24—72 hours in FLS.
20-22 Ty better characterise this gene set that escapes downregulation in FLS, we analysed
our previously generated RNA-seq data sets (AbGAP: phs001371.v1.p1 and online
supplementary figure S1).19 Analysis of FLS RNA-seq data using an updated computational
pipeline and more stringent statistical cut-off (adjusted p<0.05) (online supplementary
methods and online supplementary figure S1) revealed six clusters of TNF-inducible genes
(R1-R6), including gene clusters induced with sustained kinetics over a 72-hours time
course (clusters R3, R4, R5 and R6; online supplementary figure S1A). A comparison of the
TNF response in macrophages and FLS is presented in the online supplementary figure S2.
We then identified a set of 280 genes induced transiently in macrophages, with peak
expression at 1-6 hours, but with sustained kinetics in FLS, with peak expression at 24-72
hours (figure 1 and online supplementary figure S1D and S1E). This fibroblast-sustained
gene set (FSGs, n=280) included key inflammatory genes such as /L6, CXCLS, CXCL10
and MMPI9 (figure 1B) which is in accord with and confirms our previous work 20-22

To gain insight into the functions of these genes that escape downregulation in FLS, we
performed ingenuity pathway analysis and found that these genes were significantly
associated with inflammatory pathways implicated in RA pathogenesis (figure 1C). Analysis
to identify upstream regulators of these genes likewise recovered inflammatory factors,
including TNF and NF-xB (figure 1D). Expression of representative inflammatory genes
contained within this gene set are shown in a heatmap in figure 1E and the entire gene list is
provided in the online supplementary table 1. Overall, these genome-wide results support the
notion that the expression of a substantial fraction of the TNF-induced inflammatory
response is not effectively terminated in FLS.

Genes that are tolerised in macrophages escape repression in FLS

A subset of TNF-inducible genes transiently expressed in macro-phages are ‘tolerised’, a
process whereby genes are repressed after a primary stimulation with inflammatory factors
such as lipo-polysaccharide (LPS) or TNF and become resistant to induction by secondary
challenge with prototypical inflammatory stimuli such as LPS.!819 We analysed the patterns
of expression of genes tolerised by initial stimulation of macrophages with TNF!? to test the
notion that such genes would not be repressed in FLS. Interestingly, out of a well-defined set
of 466 tolerised genes (T genes) in macrophages,'? 80 exhibited sustained expression in FLS
(figure 2A,B). These 80 genes were similarly associated with inflammatory pathways
relevant for RA pathogenesis (figure 2C) and upstream regulators such as TNF and NF-xB
(figure 2D); these genes are highlighted in red font in online supplementary table 1. These
results reinforce the notion that mechanisms which suppress expression of a subset of TNF-
inducible genes in macrophages are not operable in FLS and thus may enable an exaggerated
inflammatory response.
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Epigenomic analysis of TNF-stimulated FLS

Sustained TNF-induced transcription (as measured by primary/nascent RNA transcripts) and
opening/activation of chromatin (as measured by formaldehyde-assisted isolation of
regulatory elements (FAIRE) and ChIP-qPCR for histone acetylation) at promoters of select

2021 jn FLS suggested that epigenetic chromatin-based mechanisms may contribute to

genes
sustained gene expression and thus escape from repression. We investigated this possibility
by performing an epigenomic analysis combining ATAC-seq that measures open
chromatin?* and ChlP-seq for histone 3 lysine 27 acetylation (H3K27ac), an established

measure of regulatory element activity232% (online supplementary figure S3).

Similar to TNF-induced genes (online supplementary figure S1A: clusters R1-R6), TNF-
induced H3K27ac peaks in FLS segregated into six clusters (figure 3A: clusters H1-H6),
whose kinetic patterns of induction generally resembled the patterns of TNF-inducible gene
expression (compare figure 3A to online supplementary figure S1A). Notably, both RNA-seq
and ChIP-seq data revealed distinct clusters of genes expressed with transient versus
sustained kinetics (clusters 1 and 2 vs 3-6). Gene ontology (GO) analysis of TNF-induced
genes (online supplementary figure S1B) confirmed at a genome-wide level previous results

with select genes2127

that the TNF-induced inflammatory response in FLS expands to
include IFN-STAT-inducible genes at later time points. In addition, genes expressed
transiently only at 3 hours (online supplementary figure S1B, cluster R1) were related to
transforming growth factor beta (TGFP) and growth factor signalling, whereas late
expressed genes were related to cytokine/chemokine production and cholesterol synthesis
pathways (online supplementary figure S1B, cluster R6). Strikingly, genes associated with
the various clusters of TNF-inducible H3K27ac peaks showed similar functional
associations on GO analysis (figure 3B): H1 early transient peaks associated with TGFf
signalling, H2-H5 peaks with inflammatory and IFN-STAT pathway genes and H6 peaks
associated with chemotaxis and lipid metabolic pathways. This analysis reveals that TNF
induces sustained H3K27ac at a subset of regulatory elements and suggests that histone
acetylation and thus activation of regulatory elements help drive the pattern of TNF-induced
gene expression. Comparison of the relationship between gene sets R1-R6 and peak sets
HI1-H6 partially supported this notion by showing increased overlap of R2, RS genes with
H2, H5 peaks, R1 genes with H1 peaks and R6 genes with H6 peaks (figure 3C). Relatively
weak gene—peak relationships observed in figure 3C may be related to regulation of several
genes by individual regulatory elements or an individual gene by several regulatory
elements, differential function of regulatory elements at different time points and the
inherent uncertainty in knowing whether a given enhancer regulates the nearest genes.
Furthermore, H3K27ac can act as a ‘bookmark’ that by itself does not recruit transcriptional
machinery and thus drive transcription, but instead poises cells for robust responses to
subsequent environmental challenges.

To gain greater insight into regulation of chromatin accessibility during a TNF response in
FLS, we performed ATACseq analysis (online supplementary figure S3D). Interestingly,
chromatin accessibility (as defined by ATACseq normalised tag counts) at the regulatory
regions H1-H6 defined in figure 3A paralleled the patterns of H3K27ac (compare figure 3D
to right panel of figure 3A). Examples of chromatin regulation at a transiently expressed
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gene (BMP5) and a gene with sustained TNF-induced expression (IL6) are shown in the
gene tracks in figure 3E. These results establish that TNF induces sustained acetylation and
opening of chromatin in FLS.

ATACseq yields sharply delimited peaks centred around the region of greatest chromatin
accessibility, which enables analysis to determine which DNA motifs are enriched under
peaks and thus to infer which transcription factors (TFs) can bind and contribute to gene
expression. De novo motif enrichment analysis under ATACseq peaks that were induced in a
sustained manner by TNF revealed highly significant enrichment of binding motifs for
canonical TNF-activated ‘inflammatory’ TFs of the NF-xB, AP-1, CCAAT/enhancer-
binding protein (C/EBP) and interferon regulatory factor (IRF) families (figure 3F and
online supplementary material 1 S3C); the IRF sequence also binds the STAT1/STAT2/
IRF9-containing ISGF3 complex that is activated by type I IFNs. These results are in accord
with previous work showing sustained TNF-induced inflammatory signalling in FL.S202128
and suggest that this late phase signal is delivered to chromatin to activate gene expression.

Persistent histone acetylation at genes that escape repression in FLS

The silencing of tolerized and transiently expressed genes in TNF-stimulated macrophages
is characterised by a return to an inactive chromatin state, which can be refractory to
inflammatory challenge.!”~1° We therefore tested the notion that escape from transcriptional
inactivation, and thus sustained expression, of genes in FLS may be maintained by persistent
histone acetylation. To this end, we analysed the epigenomic landscape surrounding the
FSGs that ‘escape repression’ as defined in figure 1. We compared H3K27ac peaks, which
indicate active enhancers, surrounding these FSGs in FLS and macrophages. Strikingly, TNF
induced H3K27ac at 783 regions associated with these genes in FLS, but H3K27ac
induction was minimal if not absent at these regions in macrophages (figure 4A,B). In
accord with the histone acetylation data, TNF substantially increased chromatin accessibility
at these loci in FLS, but much less so in macrophages (figure 4C). Similar results were
obtained when we analysed the 80 genes defined in figure 2 that escaped tolerance in FLS
(online supplementary figure S4). These results demonstrate that the activation of enhancers
and opening of chromatin by TNF in FLS is associated with sustained expression of genes
that are not repressed in this cell type. When we extended the analysis to H3K27ac peaks
associated with the FSGs in resting cells, we found that this segment of the epigenomic
landscape was markedly different (online supplementary figure S4D): 358 macrophage-
specific peaks (206 + 118 + 23 + 11; shaded in green), 1199 FLS-specific peaks (862 + 280
+ 52 + 5; shaded in red) and 205 peaks common to both cell types at baseline (149 + 46 + 5
+ 5; shaded). Thus, a different epigenomic landscape between the two cell types likely
contributes to the distinct TNF-induced responses.

De novo motif enrichment analysis under TNF-induced ATACseq peaks in this gene set
revealed highly significant enrichment of binding sequences for NF-xB, AP-1 and IRF
family proteins (figure 4D). Representative gene tracks showing differential regulation of
histone acetylation and chromatin accessibility in FLS and macrophages at the CXCL [ locus
are depicted in figure 4E. These results are in accord with a model where TNF-induced NF-
xB signalling is rapidly induced and terminated in macrophages,!8 but a sustained TNF-
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induced NF-xB signalling in FLS2? maintains open chromatin and histone acetylation,
which contributes to sustained transcription. The results also suggest a role for AP-1 and
IRF proteins in sustaining transcription at this gene set, possibly in cooperation with NF-xB.

TNF-induced histone acetylation contributes to sustained gene expression in FLS

We reasoned that if sustained histone acetylation maintains expression of the ‘non-
repressed’ genes in FLS, expression of these genes should be sensitive to inhibition of the
function of acetylated histones. We therefore addressed the functional importance of TNF-
induced histone acetylation for sustained gene expression using the inhibitor I-BET151 to
suppress interaction of acetylated histones with bromodomain and extra-terminal (BET)
proteins Brd2, Brd3 and Brd4.2° BET proteins ‘read’ histone acetylation and couple this
positive histone mark to the transcriptional machinery, thereby promoting gene expression.2
Strikingly, I-BET significantly suppressed expression of 1697 genes in TNF-stimulated FLS
(greater than twofold, p<0.05) (figure SA). GO analysis of these genes showed IFN and
chemo-kine-related pathways (figure 5B). Focusing on TNF-inducible genes, we found that
among 911 genes which were significantly induced by TNF (greater than twofold, p<0.05),
617 genes (68%) were significantly suppressed (greater than twofold, p<0.05) by I-BET
(figure 5C). Out of the 280 FSGs, 110 genes (39%) were significantly suppressed (>1.5-fold,
p<0.05) by I-BET (figure 5D), including /L6, CXCL 10, CXCLS, CCL2, MMPS, MMP19
(figure SE and online supplementary figure S5A). These results support the notion that
sustained TNF-induced histone acetylation contributes to gene expression that persists to
late time points.

DISCUSSION

Previous work from our team and others has shown that in macrophages, the expression of
proinflammatory genes is tightly controlled: after an early acute induction, the expression of
a large subset of these genes is repressed.!”18 Notably, a fraction of these repressed genes
become desensitised (tolerised) to subsequent inflammatory stimulation. The current study
reveals fundamental genome-wide differences between FLS and macro-phages in the
transcriptional regulation of proinflammatory genes, with potential implications for FLS-
mediated perpetuation of RA synovitis. We have discovered a set of TNF-inducible
arthritogenic genes, termed FSGs, which are repressed and thus transiently expressed in
macrophages, but in RA FLS, these genes escape from repression and are expressed with
prolonged and unremitting kinetics that parallel the unremitting kinetics of RA synovitis.
Our genome-wide analysis in FLS suggests that TNF induces sustained chromatin activation
in regulatory elements of the genes that escape repression. Such lack of repression likely
reflects a cell-type specific difference between FLS and macrophages, as it was also
observed with osteoarthritis (OA) FLS and may represent a normal part of stromal cell
physiology. Although these findings are not RA specific, they identify lack of transcriptional
repression in FLS as a novel mechanism by which these cells may contribute to chronic
unremitting synovitis in RA and other inflammatory diseases.

RA FLS, compared with FLS derived from OA, maintain ex vivo increased proliferative,
migratory and invasive capacity.393! In two recent reports, we have also discovered that RA
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FLS display enhanced cytokine production, and on exposure to TNF they gain a short-term
inflammatory memory.292! These phenotypic abnormalities have been explained on the basis
of inflammation-induced chromatin modifications that are either permanent (chromatin
imprinting)* or reverse with slow kinetics.2! Most studies investigating the role of chromatin
in regulating the aggressive behaviour of RA FLS have used gene-specific

approaches20213233

and only recently genome-wide approaches have been incorporated.
2734-38 This prior work has provided insights into epigenomic mechanisms underlying gene
expression that is sustained in RA FLS on ex vivo culture in the absence of TNF and other
inflammatory factors characteristic of RA synovitis and has revealed stable differences
between RA and OA FLS. Our study instead analyses for the first time at a genome-wide
level the response of FLS to TNF as a model of inflammatory effects that may occur in vivo
in patients and compares TNF responses in RA FLS and macrophages. These findings
suggest mechanisms whereby an FLS-specific chromatin landscape can sustain unremitting
expression of arthritogenic genes and thereby contribute to pathogenesis. Future work
analysing freshly isolated RA, OA and normal FLS will reveal the effects of the in vivo
inflammatory environment on the epigenomic landscape.

A key question that emerges from this study is how, during the course of an inflammatory
response, a subset of arthritogenic genes repressed in macrophages escapes repression and

tolerisation in RA FLS. Our previously reported work?0-22

and the current study suggest in
RA FLS a three-component model to explain the sustained unremitting expression of
arthritogenic genes, mediated by inflammation triggered: (1) prolonged activation of NF-xB,
(2) chromatin remodelling and (3) mRNA stabilisation (figure 6). According to this model,
RA FLS display on exposure to TNF continuous upstream activation of NF-xB and MAPK

2022 potentially due to ineffective induction or function of signalling brakes.20 In

signaling,
parallel, RA FLS display at base line a permissive chromatin state that is further activated by
TNF stimulation (TNF-induced histone acetylation and chromatin accessibility) allowing
unopposed binding of transcription factors (such as p65, STAT1, IRFs) at promoters and

enhancers of arthritogenic genes292!

that maintain continuous transcription of these genes.
In addition to the mechanisms that sustain chromatin accessibility and transcription, TNF
induces in RA FLS a MAPK-dependent mRNA stabilisation of a subset of genes, allowing
prolonged accumulation of transcripts which are translated to arthritogenic mediators.2

A striking finding of the current study is that 80 of the 280 FSGs that escape repression in
FLS were desensitised (tolerised) in macrophages. A key mechanism that drives gene
tolerisation in macrophages is chromatin remodelling from a permissive to a non-permissive
state.!? What is the molecular mechanism preventing chromatin inactivation and tolerisation
of these arthritogenic genes in RA FLS? One plausible explanation is that in contrast to
macrophages, RA FLS lack the IL-10/STAT-3 homeostatic loop (online supplementary
figure S2), potentially due to low IL-10 Ra expression,3” and instead a feed-forward IL-6/
STAT-3 loop is in place that in the context of the FLS chromatin landscape operates as a
proinflammatory signal.#? In addition, our team has recently shown a cooperative function
on chromatin regulation of transcription factors of the IRFs and NF-xB families downstream
of type I interferon and TNF signalling that prevents tolerisation of proinflammatory genes.
19 Along these lines, we have found in this study that in FLS, the accessible chromatin in
regulatory elements of the genes that escape tolerisation is enriched in binding motifs for
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NF-xB, IRFs and AP-1. This finding suggests that the cooperative binding of these TFs
potentially maintains chromatin accessibility and prevents tolerisation of these genes.
Overall, the results of the current study provide new insights about the role of the RA FLS-
specific chromatin landscape in perpetuating synovitis and suggest that altering the
chromatin states in RA FLS, for example, by using BET inhibitors, is a potentially attractive
therapeutic strategy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Key messages
What is already known about this subject?

J Fibroblast-like synoviocytes (FLS) contribute to perpetuation of synovitis in
rheumatoid arthritis (RA), but the molecular mechanisms remain elusive.

What does this study add?

J This study provides genome-wide insights into the mechanisms regulating
tumour necrosis factor (TNF)-induced gene expression and chromatin
landscape dynamics in RA FLS.

J TNF-induced sustained chromatin activation in regulatory elements is a
potential mechanism contributing to unremitting expression of arthritogenic
genes in RA FLS.

How might this impact on clinical practice or future developments?

J Altering or targeting chromatin states in FLS could be a potential therapeutic
strategy in RA.
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Figure 1.
Genes that are transiently induced by TNF in macrophages exhibit sustained expression in

FLS. (A) Kinetic analysis of TNF-induced mRNA transcripts whose expression is transient
in macrophages but sustained in FLS. RNA-seq analysis was performed in a time course of
TNF stimulation (10 ng/mL) using macrophages (three replicates from independent blood
donors) and FLS (two replicates from independent patients with RA). Two hundred and
eighty genes (FSGs) transiently expressed in macrophages but sustained in FLS are
displayed on a heatmap (upper panels). Bar graphs (lower panels) represent CPM values for
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the FSGs. Error bars indicate SEM. (B) Representative genes from the gene set of the FSGs
are presented in CPM values. (C and D) Ingenuity pathway analysis of the FSGs defined in
(A). (E) Expression of a subset of gene transcripts from the FSGs defined in (A) is presented
relative to the maximum expression. CPM, counts per million; FLS, fibroblast-like
synoviocytes; FSG, fibroblast-sustained genes; IL, interleukin; LPS, lipopolysaccharide;
Mg, macrophages; mRNA, messenger RNA; MAPK, mitogen-activated protein kinases; NF-
kB, nuclear factor kappa-light-chain-enhancer of activated B cells; RA, rheumatoid arthritis;
RNA-seq, RNA-sequencing; TNF, tumour necrosis factor.

Ann Rheum Dis. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Loh et al. Page 15

A J— B

P —

//Toierized\
/' Genes (M®D)

Md

RNA-seq (n=80)

— — TNF 0 1 3 2472 TNF(h)

— LPS — LPS

C D

Canonical Pathway Analysis Upstream Regulator Analysis
-log(p-value) -log(p-value)
IL-17 Signaling [F TNF
Granulocyte Adhesion and Diapedesis [ TREM1
Agranulocyte Adhesion and Diapedesis | LRS
TREM1 Signaling [ i;":;
Role of IL-17A in Arthritis | PGE2
Communication between Immune Cells |- CSF2
IL-6 Signaling [ NFkB1
HMGB1 Signaling [ TGFB1
Role of Macrophages and Fibroblasts in RA [ IFNa
1
8 0 5 10 15

Figure 2.
Tolerised genes in macrophage exhibit sustained expression in FLS after TNF exposure. (A)

Venn diagram showing the overlap between 466 macrophage tolerised genes (robustly LPS-
inducible genes that are minimally induced by secondary LPS in macrophages pretreated
with TNF) and the FSGs identified in figure 1A. (B) Heatmap depicting expression of the 80
genes in the overlap region in (A) presented relative to the maximum expression. (C and D)
Ingenuity pathway analysis of the 80 genes that were tolerised in macrophages but whose
expression was sustained in RA FLS. FLS, fibroblast-like synoviocytes; FSG, fibroblast-
sustained genes; IFN, interferron; IL, interleukin; IFN, interferron; LPS, lipopolysaccharide;
Mg, macrophages; NF-xB, nuclear factor kappa-light-chain-enhancer of activated B cells;
RA, rheumatoid arthritis; TGFB 1, transforming growth factor beta 1; TNF, tumour necrosis
factor.
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Figure 3.

Epigenomic landscape changes in FLS after TNF exposure. (A) Genome-wide H3K27ac

ChIP-seq analysis (two biological replicates from independent patients with RA) of
differentially induced peaks at each TNF-stimulated time points (3, 24 and 72 hours). The
left panel depicts K-means clustering of 12 941 peaks (one per row) that were induced more
than fourfold by TNF (p<0.0001) into six clusters (H1-H6); expression is presented relative
to the maximum (set as 1). Box graphs represent H3K27ac ChIP-seq normalised tag

densities (logy) at enhancers of a given cluster under the indicated conditions (right).
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*#*#%%P<0.0001, Wilcoxon matched-pairs signed rank test. (B) GREAT gene ontology
analysis using the peaks in each cluster defined in (A). (C) Heatmap presentation of the
percentage of genes (percentage of gene overlap) in each gene expression clusters R1-R6
(online supplementary figure S1A) that overlap with genes associated with H3K27ac
enhancer clusters HI-H6 identified in (A). (D) Box graphs represent ATAC-seq normalised
tag densities (log,) at H3K27ac peaks defined in (A). This represents quantitation of the data
shown as a heatmap in online supplementary figure S3D. ****P<0.0001, Wilcoxon
matched-pairs signed rank test. (E) Representative University of California Santa Cruz
Genome Browser tracks displaying normalised profiles for H3K27ac ChIP-seq and ATAC-
seq signals at BMP5 (cluster 1) and /L6 (cluster 6) locus. (F) Motifs enriched under
inducible ATAC-seq peaks at 72 hours of TNF stimulation. ChIP-seq and ATAC-seq
analyses were performed with two FLS replicates from independent patients with RA that
yielded similar results (online supplementary figure S3A). ATAC-seq, assay for transposable
accessible chromatin by high throughput sequencing; ChIP-seq, chromatin
immunoprecipitation-sequencing; FLS, fibroblast-like synoviocytes; FSG, fibroblast-
sustained genes; H3K27ac, histone 3 lysine 27 acetylation; IFN, interferron; IL, interleukin;
IRF, interferon regulatory factors; NF-xB, nuclear factor kappa-light-chain-enhancer of
activated B cells; C/EBP, CCAAT/enhancer-binding protein; RA, rheumatoid arthritis; TGF,
transforming growth factor; TNF, tumour necrosis factor.
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Figure 4.

Persistent H3K27 acetylation is associated with sustained gene expression in FLS. (A)
Heatmaps of normalised tag densities for H3K27ac ChIP-seq peaks associated with the
FSGs defined in figure 1A in FLS and macrophages. (B) Histogram of H3K27ac-seq
normalized tag densities for peaks defined in (A). (C) Histogram of ATAC-seq normalised
tag densities at H3K27ac peaks defined in (A). (D) Motifs enriched under inducible ATAC-
seq peaks associated with the FSGs at 72 hours of TNF stimulation. (E) Representative
University of California Santa Cruz Genome Browser tracks displaying normalised profiles
for H3K27ac ChIP-seq and ATAC-seq signals at the CXCL/ locus. Box enclose genomic
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regions that are differentially regulated across conditions. ATAC-seq, assay for transposable
accessible chromatin by high throughput sequencing; ChIP-seq, chromatin
immunoprecipitation-sequencing; FLS, fibroblast-like synoviocytes; FSG, fibroblast-
sustained genes; H3K27ac, histone 3 lysine 27 acetylation; IRF, interferon regulatory
factors; Mg, macrophages; NF-xB, nuclear factor kappa-light-chain-enhancer of activated B
cells; RA, rheumatoid arthritis; TNF, tumour necrosis factor.
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Transcriptomic analysis of I-BET effects on TNF-induced inflammatory gene expression in

FLS. (A) Volcano plot of transcriptomic changes in RA FLS stimulated with TNF (10

ng/mL) in the presence or absence of I-BET (10 M) for 24 hours; red dots correspond to

genes with significant (p<0.05) and greater than twofold expression changes. RNA

sequencing was performed in three independent biological replicates (FLS derived from

three different patients with RA). (B) REACTOME pathway analysis of 1697 genes

significantly suppressed by I-BET (greater than twofold and p<0.05) in TNF-stimulated
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FLS. (C) Heatmap depicting expression of genes that are TNF upregulated (greater than
twofold and p<0.05) and I-BET suppressed (greater than twofold and p<0.05). Out of 911
TNF upregulated genes, 617 genes are suppressed by I-BET. (D) One hundred and ten genes
out 280 FSGs were significantly suppressed by I-BET. (E) Representative TNF-inducible
genes which were suppressed by I-BET (gene expression presented in CPM values). CPM,
counts per million; FLS, fibroblast-like synoviocytes; FSG, fibroblast-sustained genes; I-
BET, bromodomain and extra-terminal protein inhibitor; IL, interleukin; NF-xB, nuclear
factor kappa-light-chain-enhancer of activated B cells; RA, rheumatoid arthritis; TNF,
tumour necrosis factor.
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Figure 6.
Three-component model that explains the sustained expression of arthritogenic genes

(FSGs) in RA FLS. TNF triggers in RA FLS: (1) prolonged activation of NF-xB, (2)
chromatin remodelling (increased H3K27ac and chromatin accessibility) and (3) MAPK-
dependent mRNA stabilisation. Prolonged activation of NF-xB together with chromatin
remodelling maintain continuous transcription of arthritogenic genes in RA FLS.
Continuous transcription and mRNA stabilisation contribute to the sustained expression of
these genes (FSGs) in RA FLS, ultimately perpetuating synovitis. FLS, fibroblast-like
synoviocytes; FSG, fibroblast-sustained genes; H3K27ac, histone 3 lysine 27 acetylation;
mRNA, messenger RNA; MAPK, mitogen-activated protein kinases; NF-xB, nuclear factor
kappa-light-chain-enhancer of activated B cells; RA, rheumatoid arthritis; TNF, tumour
necrosis factor.
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