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Rheumatoid arthritis (RA) is a chronic relapsing autoimmune disorder, characterized by 

an aberrant inflammatory response affecting the synovial joints. Fibroblast-like synov-

iocytes (FLS) are key contributors to the pathogenic features of RA, as when exposed to 

stimulatory cytokines and immune cells contacts  they gain an inflammatory, prolifera-

tive and invasive memory that, if not controlled, leads to irreversible cartilage and bone 

destruction.1

The imprinted behavior of FLS has been attributed to epigenetic abnormalities 

occurring in these cells, which possibly reflect environmental influences. Among these, 

loci-specific and global histone acetylation changes, and imbalances between histone 

acetyltransferase (HAT) and deacetylase (HDAC) activities were reported.2 Specifically, 

several studies identified an elevated HDAC activity and expression in RA peripheral and 

synovial compartments, therefore pointing to a potentially important involvement of 

these histone modifying enzymes in RA pathology.3 Broadly-specific HDACi, targeting the 

vast majority of classical HDACs members, have shown therapeutic potential in a variety 

of arthritis models, which include adjuvant arthritis (AA), autoantibody-mediated arthri-

tis (AMA) and collagen-induced arthritis (CIA). Among different pan-HDACi, Trichostatin 

A (TSA), suberoylanilide hydroxamic acid (SAHA, or Vorinostat) and ITF2357 (Givinostat) 

have been the most characterized, with the latter entering a first-phase clinical trial for 

the treatment of systemic onset juvenile idiopathic arthritis (SOJIA) in 2011 (chapter 
2). Molecular characterization of pan-HDACi in vitro has allowed us to unravel some of 

the mechanisms of action through which HDACs exert their anti-inflammatory function, 

including the regulation of cytokines transcription, modulation of transcription factor 

activation and impairment of inflammatory signaling cascades.3 However, in the last 

years, there has been a growing understanding that individual HDACs family members 

play distinct roles in cellular and inflammatory functions. Thus, the use of genetic engi-

neering techniques, and the development of small molecules with improved class or 

isoform HDAC selectivity, helped to determine HDACs specific contributions to the devel-

opment, or progression, of inflammatory pathological manifestations, including RA.4

This thesis aimed to characterize the differential roles of class I and class II HDACs in 

the inflammatory activation of RA FLS, and to further investigate the molecular mecha-

nisms of action underlining global or specific HDAC inhibition.

HDACS: ONE FAMILY, DIFFERENT MEMBERS.

The mammalian HDAC family includes eighteen members, divided into four classes based 

on their evolutionary conservation with yeast, tissue abundance, cellular localization, and 

cofactor requirement. Class I (HDACs 1–3 and 8), class IIa (HDACs 4-5, 7and 9) and class IIb 

(HDACs 6 and 10) HDACs all require zinc as a cofactor. However they differ in regard to 

whether they are ubiquitously  expressed throughout tissues and have a predominantly 

nuclear localization (class I HDACs), or display tissue-specific expression  and the ability 

to shuttle from the nucleus to the cytoplasm (class II HDACs). While class IV HDAC11 

remains poorly characterized, class III sirtuins (Sirt1–7) display different enzymatic func-

tions and require NAD+ as cofactor.2
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Early investigations suggested that class I and class IIb HDAC family members could 

contribute to pathology in RA, as their synovial activity and expression is elevated in RA 

patients, and their inhibition is protective in animal models of arthritis.5-7 In chapter 3 

we investigated the relationship between the expression of synovial HDACs and the 

levels of inflammatory mediators contributing to RA pathogenesis, and correlated the 

first with clinical and local parameters of RA disease activity. Of interest, we identified a 

negative association between synovial class IIa HDAC5 and IL6 mRNA expression, as well 

as an inverted association between HDAC5 and RA parameters of disease activity includ-

ing C-reactive protein (CRP) levels, erythrocyte sedimentation rate (ESR) and 28-joint 

disease activity score (DAS28). We could validate part of these findings in a previous-

ly published, independent cohort of RA patients,8 thus hypothesizing that these strong 

negative associations could point to a protective, anti-inflammatory role of HDAC5. This 

hypothesis was further supported by studies demonstrating that HDAC5 physiologically 

interacts with, and inhibits, HDAC3, a class I HDAC member elsewhere reported to be a 

major regulator of cellular inflammatory responses. In these studies, it was shown that a 

compromised function of HDAC5, obtained either by chemical inhibition or phosphoryla-

tion-dependent nuclear export, released the inhibitory effects on HDAC3 and resulted in 

uncontrolled transcriptional regulation.9

When we exposed RA FLS to a variety of inflammatory triggers, including IL-1β and 

TNF, we noticed an early suppression of HDAC5 mRNA and protein expression, which 

stably persisted and accentuated over time. Additionally, upon mimicking the reduced 

HDAC5 expression with the use of HDAC5-targeting siRNA, we reported an activation 

of the interferon regulatory factor 1 (IRF1) transcription factor and an increase in the 

type I interferon response, that could be suppressed by overexpressing HDAC5 protein. 

While inflammatory-mediated nuclear export of HDAC5 and its possible physical associ-

ation with HDAC3 are yet to be investigated in RA FLS, as well as the specific mechanism 

through which HDAC5 controls IRF1 shuttling, our findings provide preliminary evidence 

that HDAC5 may act as a negative regulator of the inflammatory program in FLS.10 These 

data, combined with other available findings pointing to anti-angiogenic and T regulatory 

(Treg)-regulating properties of HDAC5, hint to a disadvantageous use of HDAC5 inhibito-

ry-based therapies in RA.11, 12

Unlike for class IIa HDACs, increased expression of class I HDAC1 in RA synovial 

compartments was reported in different studies. Specifically, HDAC1 expression was 

found to be upregulated in RA synovial tissue, FLS, and total PBMCs, compared to non-in-

flammatory arthritis controls or healthy individuals, and its expression correlated with 

the synovial levels of TNF. 5,13 Here we confirmed this last finding, and observed a signifi-

cant correlation between expression of HDAC1 and TNF, as well as between HDAC1 and 

MMP1. Although it is unclear whether altered HDAC1 expression contributes to inflam-

matory processes, or is rather a consequence of exposure to the synovial inflammatory 

milieu, evidence from different studies suggest that both possibilities are not excludable. 

In fact, while TNF was shown to induce HDAC1 expression in RA FLS,5 HDAC1 deficiency 

also resulted in lower TNF expression in an animal model of arthritis.13 

We could additionally find a strong similar correlation between synovial TNF and 

other class I HDAC members (HDAC2, HDAC3), and an increased enzymatic activity of class 
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I HDACs in RA FLS exposed to IL-1β. On the contrary, the activity of class IIa HDACs was 

not induced by inflammation, and the expression of any of its family members did not 

show positive trends with the levels of inflammatory mediators included in our study. 

These findings indicate that elevated class I HDACs might act as important promoters of 

inflammation in RA synovial  tissue. 

When we inhibited HDAC1/2 activity in RA FLS exposed to IL-1β, we could not observe 

a reduction in the expression of pro-inflammatory genes (chapter 4). In line with these 

findings, siRNA-mediated knockdown of HDAC1 was mostly associated with enhanced 

pro-apoptotic and anti-migrative properties of RA FLS, with limited regulatory effects 

on cytokine transcription.13, 14 Based on this evidence, we hypothesize that, though not 

directly controlling inflammatory processes, HDAC1 and 2 could be suitable therapeutic 

targets for RA as their impairment could be beneficial in limiting synovial tissue damage 

and bone and cartilage deterioration. We did not observe anti-inflammatory effects of 

HDAC8i in the set of 84 genes included in our screening. In line with this, evidence from 

a recent report has showed a limited, highly specific effect of HDAC8-selective inhibition 

on lysine acetylation, suggesting that high-throughput approaches would be required to 

investigate the role of HDAC8 RA FLS.15 

On the contrary, we found that both HDAC3/6 inhibition and HDAC3 silencing 

reduced pro-inflammatory gene expression in RA FLS and recapitulated the effects 

of the pan-HDACi ITF2357. HDAC3 was previously identified as a key epigenetic regu-

lator of inflammation in both macrophages and PBMCs.16-18 Specifically, macrophages 

from HDAC3-/- mice were shown to display an impaired inflammatory gene expression 

program after LPS stimulation, an effect partially dependent on the defective transcrip-

tional activation of the signal transducer and activator of transcription 1 (STAT1).16 Simi-

larly, we could observe STAT1 inactivation after HDAC3/6i and HDAC3 knockdown in RA 

FLS, suggesting a conserved mechanism of action of HDAC3 in different cell types and 

species. While we showed that the inactivation of STAT1 is a consequence of suppressed 

type I interferon production, we still need to explore whether this reflects a direct or 

indirect effect of HDAC3. Interestingly, it has been shown that HDAC3 can modify the 

acetylation status in the IFNB1 promoter.16 Thus, we could presume a similar epigenetic 

role of HDAC3 in RA FLS.

HDAC6 inhibition was shown to play a role in immunological tolerance in macro-

phages and to maintain regulatory Tregs suppressive functions.19, 20 However, here we 

found that neither HDAC6 silencing nor inhibition significantly reduced inflammato-

ry gene expression in RA FLS, suggesting that HDAC3 has a primary role in mediating 

IL-1β-induced activation of FLS, while HDAC6 may act in a cell-specific context. Taken 

together, these results indicate a principal role of class I HDACs, specifically HDAC1 and 3, 

in the regulation of apoptotic, invasive and inflammatory properties of RA FLS. An inhibi-

tor of both HDAC1 and HDAC3, MS-275, was shown to be more effective than pan-HDACi 

SAHA in suppressing inflammation and bone destruction in CIA,17 strengthening the idea 

that beneficial targeting of HDAC1 and HDAC3 would not only be restricted to FLS, but 

also extended to other cell types and tissues.
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GOING BEYOND CONVENTIONAL MECHANISMS OF ACTION OF HDACS.

The term “histone deacetylase” dates back fifty years, following the discovery by Allfrey 

and colleagues that specific histone modifying enzymes could revert the acetylation 

status of histones and influence gene transcription.21 For a long time, HDACs have been 

considered simple “closers” of chromatin, principally able to deacetylate histones and 

increase the interaction between positively charged histone N-termini and negatively 

charged phosphate groups on DNA. However, several studies contributed to the appreci-

ation that HDACs as broad-acting lysine deacetylating enzymes (KDACs) and key signaling 

proteins.22

One principal finding was that HDACs precede histones in evolutionary terms, antic-

ipating that other proteins, rather than only histones, would be regulated by HDACs.23 

This hypothesis was better verified in 2009, when a large-scale mass spectrometry study 

revealed important nuclear and cytoplasmic targets of the HDACi SAHA and MS-275.24 

One other key discovery followed the observation that only a limited number of genes 

could be directly affected by HDAC inhibition, with approximately the same percentage 

of mRNA transcripts being up-regulated and down-regulated, and in some cases not 

reflecting the expected acetylation profile.25-27 Finally, in recent years there has been a 

better characterization of class IIa HDACs functions, which led to the understanding that 

these enzymes, intrinsically displaying a lower deacetylase activity compared to class I 

HDACs, serve as important tracking proteins for transcription factors and co-repressor 

complexes.28, 29 Given this evidence, and the variety of signaling events in which HDACs 

are participating, a better characterization of their molecular mechanisms of action 

appears necessary, especially in view of possible therapeutic applications.

We and others had previously identified the post-translational regulation of mRNA 

decay as one mechanism by which HDACs can modulate gene expression and cytokine 

production. In some studies, additional underlying mechanisms have been identified, 

hinting for an involvement of trans-acting AU-rich element binding proteins (ARE-BPs) 

or microRNAs (miRNAs) in mediating the HDACi-dependent regulation of mRNA expres-

sion.30-33 A representative scheme of ARE-BPs and miRNA regulation of mRNA decay is 

shown in Figure 1. In chapter 5 we describe cytokines and inflammatory mediators that 

are subject to mRNA stability regulation by the pan-HDACi ITF2357 in RA FLS. Among 

these are the cytokines IL6, TNF and IL8, the chemokines CXCL2, CXCL5, CXCL6 and 

CXCL10, the matrix-degrading enzymes MMP1 and ADAMTS1, and the cell survival and 

growth factors BCL2L1 and PDGFB. We additionally identify a set of targets, including 

the type I interferon-related genes (CXCL9-10-11) whose mRNA, despite being reduced 

by ITF2357, exhibited poor decay following transcriptional inhibition. As in chapter 4 we 

describe that the reduction of these genes is primarily affected by an impaired type I 

interferon response following HDAC3/6i treatment, we could hypothesize that the tran-

scriptional abundance of these genes is not regulated by mRNA decay mechanisms, but 

is rather dependent on interferon signaling activation.

Mitogen-activated protein kinase (MAPK) p38 constitutes a well characterized factor 

involved in the regulation of mRNA stability. Specifically, activated p38 facilitates the 

phosphorylation of several mRNA-destabilizing ARE-BPs, including the mRNA-destabi-
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lizing tristetraprolin (TTP).34 Upon phosphorylation on different residues, TTP becomes 

inactivated and unable to mediate the mRNA decay of its targets. Enhanced phosphory-

lated forms of TTP have been associated with pathological manifestations, while muta-

tions in TTP phosphorylation sites, or inhibition of the signaling cascade resulting in TTP 

phosphorylation, were shown to protect mice from inflammation and arthritis.34-36 

We previously showed that p38 activation is rapidly induced by IL-1β in RA FLS.30 In 

chapter 5, we additionally describe that TTP is phosphorylated by IL-1β, an effect revert-

ed by p38 inhibition (data not shown) and by ITF2357. Even though not directly proven 

yet by our results, we hypothesize that ITF2357 interferes with p38-mediated phosphor-

ylation and inactivation of TTP. Based on our previously published data, we could possibly 

exclude direct effects of HDACi on p38, thus suggesting that ITF2357 may directly acetyl-

ate TTP and interfere with the inflammatory-triggered, p38-dependent TTP phosphory-

lation.

Apart from altering the post-translational status of TTP, ITF2357 also potently 

induced TTP mRNA expression, an effect not observed for other ARE-BPs included in our 

analysis. As endogenously higher levels of TTP were shown to limit arthritis severity in 

CIA model,37 our finding may be relevant from a clinical point of view, as insuring proper 

expression and function of TTP could dampen the excessive inflammation that charac-

terizes RA synovial joints. In fact, we found that partial deficiency of TTP expression in 

RA FLS induced IL6 and IL8 expression. Additionally, fibroblasts from mice lacking TTP 

were no longer be able to suppress IL6 cytokine after ITF2357 treatment, pointing to a 

critical role of this ARE-BP in mediating ITF2357-induced IL6 mRNA suppression. While 

it is not known whether TTP can regulate the expression of other cytokines, besides IL6 

and IL8, in RA FLS, evidence from literature suggest that some of the HDACi targets that 

we report in our analysis, such as TNF, PTGS2 and CXCL2 are TTP targets,33, 38 while others, 

such as ADAMTS1, despite not being identified as TTP targets, were reported to be sensi-

tive to p38 inhibition, and not altered by  changes in miRNA expression.39

Additionally, starting from our observations in chapter 4 that HDAC3/6 inhibition and 

HDAC3 knockdown could replicate the majority of the effects observed with ITF2357, 

including IL6 and IL8 suppression, in chapter 5 we confirmed that HDAC3/6i could simi-

larly destabilize the mRNA of these two cytokines and induce TTP expression. It could be 

possible to hypothesize that, among HDAC members mediating the mRNA destabilizing 

and anti-inflammatory effects of ITF2357, HDAC3 may be primarily involved, although 

HDAC3 knockdown experiments should be further performed to confirm this hypothesis. 

Similarly, we found that HDAC3/6i, like ITF2357, could induce miR-27a-3p and miR34b-5p 

in RA FLS. However, we excluded that these miRNAs would be predominantly involved 

in the regulation of the mRNA stability, as among the HDACi targets studied, only one 

gene (CXCL2) could be identified as predictive target of miR-27a-3p. While interaction 

between miR-27a-3p and CXCL2 has not been experimentally reported, it is interesting 

to mention that miR-27a-3p regulates the expression of other transcripts whose stability 

is not affected by ITF2357, including FoxO1.40
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Figure 1: Mechanisms of AU-rich element binding protein (ARE-BP) and miRNA 
regulation of mRNA decay.

Several transcripts involved in immune and inflammatory responses possess AU-rich elements 
(AREs) in the 3’ untranslated region (3’ UTR). The binding of destabilizing ARE-binding proteins 
(ARE-BPs) to these motifs promotes mRNA deadenylation and decay. Stabilizing ARE-BPs 
that compete with destabilizing factors inhibit mRNA degradation (top panel). Alternatively, 
transcripts sequences in the 3’UTR may contain microRNA (miRNA) target sequences. Upon 
recognition of these sequences by the RNA-induced silencing complex (RISC), the mRNA is 
deadenylated and further degraded (bottom panel). 

Adapted from: Carpenter et al. Nat. Rev. Immunol. 2014
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REGULATORY MECHANISMS OF FOXO1 TRANSCRIPTION FACTOR

FoxOs are transcription factors involved in the regulation of cellular growth, metabolism, 

response to oxidative stress and differentiation.41 FoxOs members expression has been 

found reduced in synovial and peripheral compartments of RA patients, and their inactive 

phosphorylated forms induced in RA, versus OA, synovial tissue.42, 43 In chapter 5 we 

identified that FoxO1 transcript, despite being induced by ITF2357, was not regulated at 

the level of mRNA decay. Therefore, in chapter 6, we investigated alternative mechanisms 

regulating FoxO1 mRNA stability, and extended our studies to the characterization of the 

role of FoxO1 in RA FLS. 

FoxO transcriptional function can be regulated by the PI3K-PKB axis, which upon 

inflammatory- and growth factor- induced activation, facilitates the disruption of FoxOs 

with target DNA sequences.41 Here we reported that RA FLS, despite being exposed to 

potent activators such as IL-1β and TNF, displayed poor PKB activation. Additionally, RA 

FLS showed unaltered levels of downstream FoxO1 DNA-binding activity upon inhibition 

of PKB activity, suggesting that regulation of FoxO1 activation occurs independently of 

PI3K–PKB signaling. We therefore tested whether this control could depend on MAPK 

signaling pathways, previously also shown to regulate FoxO activity.44 We found that inhi-

bition of JNK activity restored FoxO1 DNA-binding and mRNA expression, and identified 

induced mRNA stability as the mechanism explaining JNKi-mediated FoxO1 induction. 

However, we could not identify molecular mechanisms possibly explaining this phenom-

enon. In fact, the role of JNK-mediated regulation of TTP is debatable, as it was proposed 

to both induce or reduce, TTP expression in independent studies,45, 46 and we observed 

that TTP knockdown was not sufficient to affect JNKi-induced FoxO1 expression (data 

not shown). Alternatively, AUF1 was also reported to be induced by JNK,47 suggesting 

that AUF1, rather than TTP, or possibly other ARE-BPs, miRNAs and alternative mecha-

nisms of mRNA decay, could be involved in the JNK-destabilizing effects on the FoxO1 

transcript. 

Interestingly, among different FoxO family members, FoxO1 transcript was most 

susceptible to mRNA decay. We reported low expression levels of FoxO1 in inflammato-

ry-triggered RA FLS and in unstimulated RA PBMCs, similarly to what previously shown.42 

Additionally, in RA synovial tissue we could observe negative correlations between 

FoxO1 and IL6 levels, and between FoxO1 expression and RA disease parameters. Taken 

together, these results could hint that low FoxO1 expression could contribute to patho-

logical manifestations associated with RA. In line with this hypothesis, we found that 

FoxO1 knockdown in RA FLS resulted in the upregulation of the anti-apoptotic factor 

BCL2L1 (Bcl-xl), a gene found elevated in RA synovial tissue and possibly associated to the 

prolonged survival of synoviocytes and immune cells.48 Conversely, constitutive active 

FoxO1 overexpression led to the suppression of Bcl-xl expression, and to the induction 

of genes involved in pro-apoptotic responses (BCL2L11, or BIM) and cell cycle regula-

tion (CDKN1B, or p27). As FLS proliferation and survival makes critical contributions to 

the development and perpetuation of synovial inflammation and joint destruction, we 

suggest that targeting of signaling pathways resulting in the increased expression and 

enhanced stability of FoxO1 may be beneficial.
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CONCLUDING REMARKS

HDACi are proving to be valuable anti-inflammatory agents, not only in the potential 

treatment of RA, but also in other rheumatic diseases (chapter 2). However, given the 

differential role of HDAC classes and members in mediating the inflammatory responses, 

recent studies by us and others are aiming to identify the specific contribution of HDACs 

isoforms in RA pathology, and to assess whether therapeutic strategies targeting selec-

tive HDACs could be more effective than pan-HDACi. In fact, besides conferring possibly 

favorable therapeutic effects, targeted HDAC inhibition could prevent a variety of poten-

tial negative outcomes, including a higher risk of off-target effects, increased cellular 

toxicity and additive side effects for the organism. 

In this thesis, we show that impairment of HDAC5 expression in RA FLS can result in 

the exacerbation of interferon-driven inflammatory responses. On the contrary, target-

ing of HDAC3 suppresses interferon production, and reduces the expression of other 

cytokines, chemokines, matrix-degrading and proliferative factors that are known to 

contribute to RA pathogenesis. Importantly, HDAC3i recapitulates the majority of the 

anti-inflammatory and mRNA destabilizing effects of pan-HDACi ITF2357, possibly via 

induction of TTP protein, and induces the expression of the pro-apoptotic FoxO1 tran-

scription factor. A schematic representation of these findings is shown in Figure 2. 

Taken together, the findings reported here add to the value of HDACi as potential 

therapeutic agents in inflammatory syndromes, as by altering the epigenetically imprint-

ed status of the affected cells, and by interfering on both transcriptional and post-tran-

scriptional levels, they would impede the production and accumulation of cytokines and 

anti-apoptotic factors that contribute to pathogenic synovial manifestations. Therefore, 

they provide rationale to be used alternatively to, or in combination with, current ther-

apies which mostly act at a later step to block the activity and function of inflammatory 

mediators.
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Figure 2: Schematic representation of the molecular mechanisms of HDACs described 
in this thesis. 

Upon exposure to IL-1β, rheumatoid arthritis fibroblast-like synoviocytes (RA FLS) activate a 
variety of signaling pathways that include mitogen-activated protein kinases (MAPKs). Both 
p38 and JNK MAPKs become activated following phosphorylation, however they are differ-
entially involved in the control of FoxO1 transcription factor and IL6 cytokine mRNA stabili-
ty. JNK phosphorylation promotes FoxO1 mRNA degradation, possibly via activation of the 
ARE-BP AUF1, while JNK inhibition reverses this effect. On the contrary, p38 phosphorylation 
leads to phosphorylation-dependent inactivation of TTP, which becomes unable to mediate 
IL6 transcript decay. While the pan-HDACi ITF2357 does not affect FoxO1 mRNA stability, it 
promotes IL6 mRNA decay via dephosphorylation and subsequent activation of TTP. The exact 
mechanism by which this occurs is still unknown and may require the direct acetylation of 
TTP. At the transcriptional level, ITF2357 and HDAC3/6i induce ZFP36 (TTP) transcription and 
FoxO1 mRNA expression, possibly by enhancing histone acetylation levels in their promoter 
regions. Conversely, HDAC3 impairment presumably reduces acetylation levels in the IFNB1 
promoter, and suppresses its expression. Reduced mRNA levels of IFNB1 translate into lower 
IFN-β protein secretion, which limits the autocrine and paracrine activation of type I interferon 
signaling. A compromised type I interferon pathway results in lack of phosphorylation and 
activation of the STAT1 transcription factor, STAT1 nuclear translocation and transcription of 
its downstream CXCL9-10-11 targets. Ultimately, HDAC3 nuclear functions may be controlled 
and inhibited by HDAC5 which, upon cellular exposure to IL-1β and other inflammatory stim-
uli, displays reduced protein levels, presumably after association with 14-3-3 and subsequent 
proteasomal degradation. In the absence of HDAC5, IRF1 shuttles from the cytoplasm to the 
nucleus, where it serves as a transcription factor for IFNB1 synthesis.
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