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Abstract

gout, although safety has to be determined in vivo.
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Background: Acute gouty arthritis currently is the most common form of inflammatory arthritis in developed
countries. Treatment is still suboptimal. Dosage of urate-lowering therapy is often too low to reach target urate
levels, and adherence to therapy is poor. In this study, we therefore explore a new treatment option to limit
inflammation in acute gout: specific histone deacetylase (HDAC) inhibition.

Methods: Peripheral blood mononuclear cells (PBMCs) were cultured with a combination of monosodium urate
crystals (MSU) and palmitic acid (C16.0) in order to activate the NLRP3 inflammasome and induce IL-13 production.
HDAC inhibitors and other compounds were added beforehand with a 1-h pre-incubation period.

Results: The HDAC1/2 inhibitor romidepsin was most potent in lowering C16.0+MSU-induced IL-13 production
compared to other specific class | HDAC inhibitors. At 10 nM, romidepsin decreased IL-1(, IL-1Ra, IL-6, and IL-8
production. IL-13 mRNA was significantly decreased at 25 nM. Although romidepsin increased PTEN expression,
PBMCs from patients with germline mutations in PTEN still responded well to romidepsin. Romidepsin also
increased SOCST expression and blocked STAT1 and STAT3 activation. Furthermore, experiments with bortezomib
showed that blocking the proteasome reverses the cytokine suppression by romidepsin.

Conclusions: Our results show that romidepsin is a very potent inhibitor of C16.0+MSU-induced cytokines in vitro.
Romidepsin upregulated transcription of SOCST, which was shown to directly target inflammatory signaling
molecules for proteasomal degradation. Inhibiting the proteasome therefore reversed the cytokine-suppressive
effects of romidepsin. HDAC1/2 dual inhibition could therefore be a highly potent new treatment option for acute

Background

Acute gouty arthritis is an agonizingly painful and debili-
tating disease and is currently the most common form
of inflammatory arthritis in developed countries. Its
prevalence has been rising steadily over the past decades
[1, 2], and it is currently estimated to affect 1-4% of the
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general population in most countries in Europe and in
the USA [3-6].

The most important risk factor for the development of
acute gout is hyperuricemia. Urate is a breakdown prod-
uct of purine metabolism, and its levels can be elevated
in the blood due to several causes, including genetic var-
iations in urate transporter genes or a purine-rich diet.
When urate reaches supersaturation in the biologic
fluids or tissues, it precipitates as monosodium urate
crystals (MSU) [7]. Interestingly however, the majority of
hyperuricemic individuals stay asymptomatic throughout
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their life [2], and some patients have normal urate levels
during an acute gout attack [8], indicating that induction
of clinical symptoms by MSU crystals is a process that is
dependent on many factors.

Nevertheless, the main prerequisite for the develop-
ment of acute gout are MSU crystal deposits in the joint.
It has been known for about a decade now that MSU
crystals trigger inflammatory arthritis through activation
of the nucleotide-binding domain and leucine-rich
repeat-containing family, pyrin domain-containing 3
(NLRP3) inflammasome [9]. Assembly of this protein
scaffold activates procaspase-1, which in turn can cleave
inactive pro-IL-1f into its bioactive form. However, for
the initial production of pro-IL-1P, an additional signal
is required, such as IL-1f binding to the IL-1 receptor,
or Toll-like receptor (TLR) ligands. Saturated long-chain
fatty acids, such as palmitic acid (C16.0) and stearic acid
(C18.0), can also provide this first signal and synergize
with MSU crystals to produce large quantities of active
IL-1pB [10, 11].

Despite the elaborate knowledge on the pathophysi-
ology of gout and the fact that it is curable, treatment is
still suboptimal in many cases. Dosage of urate-lowering
therapy is often too low to reach target urate levels, and
adherence to therapy is poor among gout patients [12].
Furthermore, many of the comorbidities associated with
gout actually result in contraindications for the currently
available anti-inflammatory medication used in acute
gout [13]. Biologics (recombinant antibodies) blocking
IL-1B are advised in case NSAIDs and colchicine are
contraindicated [12], but they are very costly [14]. In the
current study, we investigated the potential of specific
histone deacetylase (HDAC) inhibitors to suppress
MSU-dependent cytokine production.

HDACs are enzymes capable of removing acetyl
groups from protein lysine residues. With this ability,
they can alter gene expression (when deacetylating his-
tone lysines) or affect the function of non-histone pro-
teins such as transcription factors or other enzymes [15].
The HDAC enzymes are divided into four classes based
on phylogenetic analysis: class I yeast Rpd3-like deacety-
lases (HDAC1, HDAC2, HDAC3, and HDACS), class II
yeast Hdal-like deacetylases (HDAC4, HDAC5, HDACS,
HDAC7, HDAC9, HDAC10), class III yeast Sir2-like sir-
tuins (SIRT1, HDAC2, HDAC3, HDAC4, HDACS,
HDAC6, HDAC?7), and class IV deacetylase (HDAC11).
The classical HDACs of classes I, II, and IV and the sir-
tuins of class III make up two distinct families [16, 17].
Together, these enzymes can elicit widespread effects
through changing gene transcription and posttranscrip-
tional modification of proteins.

Next to several naturally occurring HDAC inhibitors,
such as the short-chain fatty acid butyrate and Strepto-
myces-derived trichostatin A [16], a range of synthetic
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inhibitors has been developed, with the primary aim of
treating malignancies. The rationale behind this use is
the HDAC-mediated suppression of genes involved in
apoptosis, cell cycle arrest, and tumor suppression [18].
However, in recent years, research has revealed a poten-
tial use of HDAC inhibitors to treat inflammatory
diseases.

In the current study, we attempt to pinpoint the indi-
vidual HDAC:s that could play a role in acute gouty arth-
ritis by assessing the effects of specific HDAC inhibitors
on C16.0+MSU-induced cytokine production by human
PBMC:s in vitro.

Materials and methods

Reagents and inhibitors

MSU crystals were produced in-house from urate (Sigma)
and sodium hydroxide (Merck) as described previously
[11]. Palmitic acid (Sigma) dissolved in 100% ethanol and
human albumin (Albuman 200 g/L, Sanquin, Amsterdam)
were conjugated as described previously [11]. Romidepsin,
entinostat, santacruzamate A, RGFP966, and bortezomib
were purchased from Selleckchem. Etomoxir was pur-
chased from Sigma. HDAC6 inhibitor ITF3107 was kindly
provided by Italfarmaco SpA, Milan, Italy.

PBMC stimulation experiments

Venous blood was drawn from healthy donors or Cowden
syndrome patients. PBMCs were isolated by means of
Ficoll-Paque (GE Healthcare) density gradient centrifuga-
tion. Cells were plated at 0.5x 10° cells per well in a
U-bottom 96-well plate with Dutch Modified RPMI 1640
medium (Life Technologies) supplemented with 50 pug/mL
gentamycin (Centrafarm), 2 mM GlutaMAX, and 1 mM
pyruvate (Life Technologies). Cytokine responses to mimic
gout in vitro were induced by adding a combination of
300 pg/mL MSU crystals and 50 uM C16.0. For all experi-
ments, the cells were cultured for 24 h.

Cytokine measurements

Commercially available ELISA kits (R&D Systems) were
purchased for IL-1f, IL-1Ra, IL-6, IL-8, and IL-10 which
were used according to the manufacturer’s protocol.
Intracellular IL-1p and IL-1Ra were determined in the
supernatant of a cell lysate. Cells were lysed using 0.5%
Triton X-100 (Sigma).

Quantitative PCR

RNA was isolated using a phase separation method with
TRIzol reagent (Life Technologies) and chloroform
(Merck) in a 5:1 ratio. Subsequently, the RNA was pre-
cipitated with 2-propanol (Merck). Reverse transcription
into cDNA was performed using iScript cDNA synthesis
kit (Bio-Rad). Quantitative PCR was done using a SYBR
Green PCR master mix (Life Technologies).
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Flow cytometry

Cells were fixed and permeabilized with FIX & PERM Cell
Permeabilization Kit (Invitrogen) and subsequently
stained with CD45-KO (Beckman Coulter) and
p-STAT1-PE or p-STAT3-PE (eBioscience). Samples were
measured on the Beckman Coulter CytoFLEX. During
analysis, cells were gated on being CD45" to eliminate
debris. Gating on monocyte and lymphocyte populations
was done in the forward versus side scatter plot.

Statistics

All figure panels include =6 donors divided over at least
two experiments. Conditions were compared to C16.0
+MSU alone (unless stated otherwise in the figures) with a
Wilcoxon signed rank test.

Results

Effects of specific HDAC inhibitors on decreasing C16.0
+MSU-induced IL-1

Because the first production of IL-1p is of crucial import-
ance for the development of acute gouty arthritis, we tested
the ability of several specific HDAC class I inhibitors to de-
crease its production in PBMCs in response to a
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combination of C16.0 and MSU (Fig. 1). In a previous
study, we have shown that broad class I HDAC inhibition
suppresses C16.0+MSU-induced cytokine production, but
specific © HDAC8  inhibition did not have a
cytokine-suppressive effect [11]. Here, both romidepsin and
entinostat significantly reduced C16.0+MSU-induced IL-1
production (Fig. 1a, b). However, the effect of romidepsin
was significantly more potent, decreasing up to 80% of the
IL-1B production, whereas entinostat inhibited up to 34%.
The other specific HDAC inhibitors did not have any effect
on C16.0+MSU-induced IL-1p production.

HDAC1/2 inhibitor romidepsin strongly inhibited C16.0
+MSU-induced cytokines

Due to the potent cytokine-suppressive effects observed
with HDAC1/2 inhibitor romidepsin, we decided to fur-
ther examine its effects. As shown in Fig. 2, already at a
dose as low as 10 nM romidepsin significantly inhibited
IL-1B, IL-6, IL-8, and IL-1Ra production in response to
C16.0+MSU stimulation in PBMCs. In addition, intracel-
lular IL-1P levels were decreased significantly as well
(Fig. 2d). C16.0 alone only slightly increased the produc-
tion of anti-inflammatory IL-10 (Additional file 1: Figure
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Fig. 1 Screening of different class | HDAC inhibitors for their suppressive effect on C16.0+MSU-induced IL-1(. Freshly isolated PBMCs from
healthy volunteers were pre-incubated for 1 h with different HDAC inhibitors: a romidepsin (Romi, HDAC1/2 inhibitor), b entinostat (Entino,
HDACI1/3 inhibitor), ¢ Santacruzamate A (SCZM, HDAC2 inhibitor), d RGFP966 (RGFP, HDAC3 inhibitor), and e ITF3107 (ITF, HDAC6 inhibitor). IL-13
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S1), and there is an insignificant trend towards IL-10 de-
crease when romidepsin is added.

Effects of HDAC1/2 inhibition on cell viability and
transcriptional levels

After determining that romidepsin effectively inhibits
C16.0+MSU-induced cytokine production, we also exam-
ined the transcription of IL-1p and inflammasome-related
genes. In line with previous observations [11], we see that
the combination of C16.0+MSU induces a similar amount
of IL-113 as is induced by C16.0 alone (Fig. 3a). This sup-
ports the current theory of the two signals that are re-
quired to induce active IL-183, as is described in the
introduction. Whereas MSU crystals induce NLRP3 as-
sembly and caspase-1 activation, it has no effect on tran-
scription of pro-IL-1f3. This signal is provided by C16.0.

In Fig. 3a, we show that IL-1 mRNA transcription
was induced dramatically by C16.0-stimulation and was
almost brought back to baseline levels by romidepsin.
mRNA levels of NLRP3 inflammasome components
were not as consistently modified by romidepsin. The
lowest concentration of romidepsin of 10nM signifi-
cantly decreased CASPI and increases NLRP3 transcrip-
tion (Fig. 3b, d). The higher concentrations of
romidepsin increased transcription of adaptor protein
ASC (PYCARD) in comparison to C16.0+MSU alone,
but not in comparison to the medium control (Fig. 3e).
Following the drastic decreases in cytokine production

upon addition of romidepsin, we wanted to ensure that
cells were still viable after incubation by means of flow
cytometry with Annexin V (AnV) and propidium iodide
(PI) staining. Neither stimulation with C16.0+MSU nor
addition of romidepsin affected the percentage of live
(Anv and PI negative) cells (Fig. 3c). When looking at
the stratification of early (AnV*PI") and late (Anv'PI")
apoptotic cells, only the percentage of late apoptotic
cells was increased with 50 nM romidepsin (Fig. 3f).

Cytokine-suppressive effects of romidepsin independent
of PTEN mRNA upregulation

In the context of cancer, many research groups have as-
sociated HDAC inhibition with the upregulation of
tumor suppressor phosphatase and tensin homolog
(PTEN) and subsequent inhibition of the phos-
phatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)
pathway [19-22]. As this pathway can play an important
role in cellular metabolic and inflammatory status [23—
25], we assessed whether romidepsin affected PTEN ex-
pression levels. As shown in Fig. 4a, romidepsin signifi-
cantly increased PTEN expression. In addition, mRNA
levels of carnitine palmitoyltransferase IA (CPT1A) were
also significantly elevated by romidepsin (Fig. 4b).
CPT1A shuttles long-chain fatty acids, such as C16.0,
into the mitochondria, comprising the rate-limiting step
in the process of fatty acid oxidation. This process can
be in turn regulated via the Akt signaling pathway [26,
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27]. Pre-incubating the cells with etomoxir, an irrevers-
ible CPT1 inhibitor which inhibits fatty acid oxidation
increased the IL-1p production in response to C16.0
+MSU (Fig. 4c). To assess if PTEN upregulation medi-
ates the cytokine-suppressive effects of romidepsin, we
compared its effects in PBMCs from healthy individuals
to the effects in PBMCs isolated from Cowden syndrome
patients, who have a loss of function in the PTEN pro-
tein due to germline mutations. Loss of function in
PTEN, however, did not reverse IL-1p suppression by
romidepsin.

Romidepsin induced SOCS1 expression and inhibited
activation of STAT1 and STAT3

As HDACI1 and HDAC2 act primarily by deacetylating
histones in the nucleus, thereby leading to hyperacety-
lated accessible chromatin, we envisaged that the
cytokine-suppressive effects may be mediated through
upregulation of anti-inflammatory genes. Suppressor of
cytokine signaling (SOCS)1 and SOCS3 are important
negative regulators of inflammation, and their genetic
codes both include binding sites for HDAC1 and
HDAC?2 (Fig. 5a). Romidepsin effectively upregulated ex-
pression of SOCS1 (Fig. 5b), but not that of SOCS3
(Fig. 5e). Furthermore, romidepsin inhibited activation
of the inflammatory transcription factors signal

transducer and activator of transcription (STAT)1
(Fig. 5¢, d) and STAT3 (Fig. 5f, g).

The proteasome inhibitor bortezomib reverses
romidepsin-induced cytokine-suppression

SOCSI is known to induce degradation of inflammatory
signaling molecules through the ubiquitin-proteasome
pathway. In particular, it has been shown to induce pro-
teasomal degradation of JAK2, p65, and TIRAP, which
makes it an important negative regulator of TLR signal-
ing pathways [28-30]. The inhibition of cytokine pro-
duction by romidepsin could therefore be induced
through proteasomal degradation. In Fig. 6, we show
that the proteasome inhibitor bortezomib reverses the
romidepsin-induced suppression IL-1f.

Discussion

In this study, we assessed the effects of several specific
HDAC inhibitors in order to pinpoint the HDACs that
could play a role in acute gouty arthritis. In contrast to the
use of HDAC inhibitors in cancer treatment, the
anti-inflammatory effects of HDAC inhibitors are ob-
served at very low concentrations [31]. The HDAC inhibi-
tors givinostat (ITF2357), suberoylanilide hydroxamic acid
(SAHA), and trichostatin-A have been shown to inhibit
joint swelling and cell influx in several different animal
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models of arthritis [32-34]. More importantly, oral ad-
ministration of givinostat was well-tolerated and was
shown to reduce disease activity in patients with juvenile
idiopathic arthritis [35].

However, most of the natural and synthetic HDAC in-
hibitors are broad-acting, blocking most of the classical
HDACs with varying affinity. This may result in opposing
effects on the immune system and cytokine production or
lead to unwanted side effects. To move forward in the
field of HDAC research, it is therefore important to eluci-
date the effects of the individual HDACs and to develop
safe and orally active specific HDAC inhibitors [36, 37].

In the current study, we made use of several specific
synthetic HDAC inhibitors rather than HDAC gene
knockdown for several reasons. Firstly, full genetic
knockout of HDAC1 or HDAC2 in mice has been shown
to be lethal [38, 39]. For HDAC1- or HDAC2-specific
genetic knock-down, we would have to use cell lines.
This is much further from the in vivo situation in
humans than we would like to be. Furthermore, expres-
sion patterns of HDACs are highly tissue-specific [40],
which we envisage will lead to differential effects of
HDAC inhibition in other cell types. Secondly, knock-
down generally does not lead to a 100% inhibition. The

synthetic HDAC inhibitors we use in this study are very
potent and more likely induce HDAC inhibition to a lar-
ger extent than could be achieved by knockdown.

Here, we identify the simultaneous inhibition of
HDAC1 and HDAC?2 as a possible new treatment option
in acute gouty arthritis. In previous experiments, we
have shown that class I HDAC inhibition is effective in
suppressing MSU-induced cytokine production. In
addition, we showed that specific HDACS8 inhibition had
no effect [11], leaving HDAC1-3 as possible mediators
of the observed cytokine-suppressive effects. As a single
HDAC enzyme can elicit a wide range of cellular effects,
narrowing down on a specific HDAC to inhibit could be
important to limit side effects. To do this, we tested sev-
eral specific HDAC inhibitors. We observed that romi-
depsin (HDAC1/2 inhibitor) and entinostat (HDAC1/3
inhibitor) effectively reduced the production of MSU
+C16.0-induced IL-1f. In contrast, single inhibition of
HDAC2 or HDAC3 did not affect IL-1p levels. Finally,
we tested a specific HDACG6 inhibitor. Although this is
not a class I HDAC, it has been shown to associate with
microtubules and could interfere with NLRP3 inflamma-
some assembly [41]. Our finding that it does not affect
IL-1p production is in line with a previous paper
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showing that the HDAC6 inhibitor tubastatin did not in-
duce migration of ASC on mitochondria towards NRLP3
on the endoplasmic reticulum [42]. Altogether, these
data suggest that HDACI inhibition is capable of block-
ing IL-1p production. Due to the more potent effect of
romidepsin compared to entinostat, we decided to con-
tinue with romidepsin alone.

At a concentration as low as 10nM, romidepsin
already reduced C16.0+MSU-induced inflammatory cy-
tokines. Furthermore, intracellular levels of IL-1B and
IL-1Ra, as well as IL-1p mRNA levels were decreased.
We ruled out the possibility of cytokine suppression due
to cell death by means of flow cytometry with Annexin
V and propidium iodide staining. The slight increase in
late apoptotic cells with 50 nM of romidepsin is likely

caused by early apoptotic cells dying, as there is no de-
crease in the percentage of live cells. Although the tran-
scriptional levels of NLRP3, CASP1, and PYCARD
seemed to be affected by romidepsin, the effects are
small and do not follow the striking dose-response as is
seen in the cytokine production. There could still be
post-transcriptional changes in the activity of the NLRP3
inflammasome. However, we envisage that this is un-
likely, as we see no accumulation of intracellular IL-1p
upon addition of romidepsin, and because HDAC1 and
HDAC2 mostly affect transcriptional activity in the nu-
cleus. These results suggest that romidepsin blocks
IL-1p production at the level of pro-IL-1p transcription.

A likely candidate to mediate this effect would be the
NF-«B transcription factor. In the canonical pathway,
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Fig. 6 Proteasome inhibitor bortezomib reverses cytokine suppression by romidepsin. PBMCs were isolated from healthy volunteers and were
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activation of the RelA protein is required to induce
pro-inflammatory gene transcription. However, several
studies have shown that acetylation of RelA in fact
causes increased activation of NF-kB [43—46]. Inhibition
of HDACs would therefore lead to activation of this
transcription factor. This does not fit with the significant
decrease in cytokine production upon addition of romi-
depsin. Therefore, this pathway was not explored further
within the scope of this manuscript.

In the context of cancer, romidepsin has been shown
to interfere with the PTEN/PI3K/Akt pathway [19-22].
This pathway plays a key role in the control of autoph-
agy and cellular metabolism and can indirectly affect the
inflammatory status of the cell [25, 47]. In the current
study, romidepsin indeed increased expression of PTEN,
and also of CPT1A, suggesting a decreased activation of
the PI3K/Akt pathway. However, in the absence of func-
tional PTEN in Cowden syndrome patients, romidepsin
still potently suppressed IL-1B production, indicating
that the cytokine-suppressive effects of romidepsin are
independent of PTEN.

In our search for a possible mechanism of
romidepsin-mediated cytokine suppression, we found
that both SOCSI and SOCS3 genes possess a binding site
for HDAC1 and HDAC2. Subsequently, we showed that

romidepsin significantly increases gene expression of
SOCS1, but not of SOCS3. In addition, a significant de-
crease in STAT1 and STAT3 phosphorylation was ob-
served in both monocytes and lymphocytes. Naturally,
the decreased activation of STAT1 could be the result of
SOCS1 upregulation. The decrease in STAT3 activation,
however, is independent of SOCS3 and may be mediated
via a romidepsin-induced decrease in IL-6 production.
Several research groups recently established an interest-
ing direct link between SOCS1 and IL-1f. This link in-
volves targeting several inflammatory signaling proteins
for proteasomal degradation [28—30]. To test this path-
way, we studied the effect of proteasome inhibitor borte-
zomib on romidepsin-induced cytokine suppression. We
found that indeed bortezomib was able to reverse the
suppression of IL-1p by romidepsin, indicating that pro-
teasomal degradation is a key mechanism by which
romidepsin exerts its effects.

Romidepsin (Istodax®) was FDA-approved in 2009 for
treatment of cutaneous T cell lymphoma and is adminis-
tered intravenously at 14 mg/m2 over a 4-h period on
days 1, 8, and 15 of a 28-day cycle [48]. We envisage that
a much lower concentration could be used to treat gouty
arthritis. Future in vivo studies will have to show
whether this is a potential treatment option in gouty
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arthritis. Due to the potent anti-inflammatory effects,
HDAC inhibition may be used in the future to treat
other auto-inflammatory diseases as well.

Additionally, it would be very valuable to study the ef-
fects of romidepsin mechanistically by linking acetyl-
ation events in specific genetic loci to altered
inflammatory gene transcription by means of chromatin
immunoprecipitation and genetic sequencing (ChIP--
seq). We have not performed this in the current study
due to the high costs related to such methods. Alterna-
tively, ChIP-PCR would lack sensitivity for several rea-
sons. Firstly, the current view that HDAC inhibitors
increase histone acetylation and increase gene transcrip-
tion is most likely oversimplified. Genome-wide analyses
revealed increased broad deacetylation conferred by
HDAC inhibitors in vascular endothelial cells, mediated
by the loss of EP300/CREBBP binding [49]. Furthermore,
only one target can be studied at a time with ChIP-PCR.
HDACs have low substrate specificity, and there are sev-
eral histone lysines known to be subject to acetylation
[50]. Studying histone acetylation is further complicated
by the fact that HDAC1 and HDAC2 are present to-
gether in several repressing complexes (NuRD, Sin3a
and co-REST complexes). Finally, there is abundant
cross-talk between different histone modifications, af-
fecting one another [50].

Conclusion

Taken together, we can conclude that inhibition of
HDACI and HDAC2 by romidepsin effectively decreases
C16.0+MSU-induced cytokine production. Its effects are
most likely mediated via increased acetylation and subse-
quent increased expression of the SOCSI gene. SOCS1
is able to directly target inflammatory signaling mole-
cules for proteasomal degradation, which could prevent
the initial transcription of IL-1f. Although romidepsin is
a very potent inhibitor in vitro, more studies are re-
quired before we can achieve HDAC1/2 inhibition dur-
ing a gout flare in patients.

Additional file

Additional file 1: Figure S1. Effects of romidepsin on C16.0+MSU-
induced IL-10 production in human PBMCs. Freshly isolated PBMCs were
pre-incubated with different concentrations of romidepsin for 1 h, after
which cytokine production was induced via addition of a combination of
50 uM palmitic acid (C16.0) and 300 pg/mL monosodium urate crystals
(MSU). The cells were cultured for 24 h. IL-10 concentration was measured
in the supernatant. (PDF 160 kb)

Abbreviations

Akt: Protein kinase B; AnV: Annexin V; ASC: Apoptosis-associated speck-like
protein containing a CARD; CASP1: Caspase-1; cDNA: Complementary
deoxyribonucleic acid; CPT1A: Carnitine palmitoyltransferase 1A;

ELISA: Enzyme-linked immunosorbent assay; HDAC: Histone deacetylase (11
numbered human enzymes); IL1b: Interleukin-1{ (also interleukin-1Ra,
interleukin-6, and interleukin-8); JAK2: Janus kinase 2; MSU: Monosodium

Page 9 of 11

urate; NLRP3: NOD-like receptor pyrin domain-containing-3; PBMC: Peripheral
blood mononuclear cell; PCR: Polymerase chain reaction; PI: Propidium
iodide; PI3K: Phosphoinositide 30kinase; PTEN: Phosphatase and tensin
homolog; PYCARD: Gene for apoptosis-associated speck-like protein contain-
ing a CARD; RNA: Ribonucleic acid; RPMI: Roswell Park Memorial Institute
medium; SAHA: Suberoylanilide hydroxamic acid; SIRT: Sirtuin;

SOCS: Suppressor of cytokine signaling (in this manuscript SOCS1T and
SOCS3); STAT: Signal transducer and activator of transcription; TIRAP: TIR-
domain containing adapter protein; TLR: Toll-like receptor

Acknowledgements
We thank Italfarmaco SpA, Cinisello Balsamo, Italy, for providing us with the
specific HDAC6 inhibitor, ITF3107.

Funding

MCPC was supported by a grant from the Dutch Arthritis Foundation (No.
12-02-303). MGN was supported by an ERC consolidator grant (No. 310372)
and a Spinoza Grant of the Netherlands Organization for Scientific Research.
VK was supported by a MSc-PhD grant of the Radboudumc. TOC and LABJ
are supported by a Competitiveness Operational Programme grant of the
Romanian Ministry of European Funds (HINT, ID P_37_762; MySMIS 103587).

Availability of data and materials
The datasets generated during and/or analysed during the current study are
available from the corresponding author on reasonable request.

Authors’ contributions

MC, TC, VK, CD, MN, and LJ aided in conceiving the study ideas and
experimental setup. RNM and NH provided valuable patient blood samples
for the proof-of-principle experiment in Fig. 4d. MC, TC and VK performed
the experiments. MC wrote the first draft of the manuscript. TC, VK, RNM, NH,
CD, MN, and LJ revised the manuscript and approved the final version.

Ethics approval and consent to participate

Buffy coats from healthy donors were obtained after written informed
consent from Sanquin Blood Bank, Nijmegen, the Netherlands. Blood
collection from Cowden syndrome patients was approved by the accredited
medical research and ethics committee of the region Arnhem/Nijmegen in
the Netherlands (reference 2014/147). Written informed consent was
obtained before inclusion. All experiments with human material were
performed according to the declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

1Depar’[mem of Internal Medicine, Radboud University Medical Center,
Nijmegen, the Netherlands. “Radboud Institute for Molecular Life Sciences
(RIMLS), Radboud University Medical Center, Nijmegen, the Netherlands.
3Department of Medical Genetics, luliu Hatieganu University of Medicine and
Pharmacy, Cluj-Napoca, Romania. “Division of Infectious Diseases,
Department of Medicine, University of Colorado, Denver, Aurora, CO 80045,
USA. *Department of Human Genetics, Radboud university medical center,
Nijmegen, the Netherlands. °Department of Internal Medicine, Division of
Endocrinology, Radboud University Medical Center, Nijmegen, the
Netherlands. 'Department for Genomics & Immunoregulation, Life and
Medical Sciences Institute (LIMES), University of Bonn, 53115 Bonn, Germany.


https://doi.org/10.1186/s13075-019-1834-x

Cleophas et al. Arthritis Research & Therapy

(2019) 21:50

Received: 5 October 2018 Accepted: 22 January 2019
Published online: 06 February 2019

References

1.

20.

21.

22.

23.

24

Elfishawi MM, Zleik N, Kvrgic Z, Michet CJ Jr, Crowson CS, Matteson EL, et al.
The rising incidence of gout and the increasing burden of comorbidities: a
population-based study over 20 years. J Rheumatol. 2018;45(4):574-9.
Richette P, Bardin T. Gout. Lancet. 2010;375:318-28.

Annemans L, Spaepen E, Gaskin M, Bonnemaire M, Malier V, Gilbert T, et al.
Gout in the UK and Germany: prevalence, comorbidities and management
in general practice 2000-2005. Ann Rheum Dis. 2008;67:960-6.

Kiadaliri AA, Uhlig T, Englund M. Burden of gout in the Nordic region, 1990-
2015: findings from the Global Burden of Disease Study 2015. Scand J
Rheumatol. 201847(5):410-7.

Kuo CF, Grainge MJ, Mallen C, Zhang W, Doherty M. Rising burden of gout
in the UK but continuing suboptimal management: a nationwide
population study. Ann Rheum Dis. 2015;74:661-7.

Zhu'Y, Pandya BJ, Choi HK. Prevalence of gout and hyperuricemia in the US
general population: the National Health and Nutrition Examination Survey
2007-2008. Arthritis Rheum. 2011;63:3136-41.

Martillo MA, Nazzal L, Crittenden DB. The crystallization of monosodium
urate. Curr Rheumatol Rep. 2014;16:400.

Schlesinger N, Norquist JM, Watson DJ. Serum urate during acute gout. J
Rheumatol. 2009;36:1287-9.

Martinon F, Petrilli V, Mayor A, Tardivel A, Tschopp J. Gout-associated uric
acid crystals activate the NALP3 inflammasome. Nature. 2006;440:237-41.
Joosten LA, Netea MG, Mylona E, Koenders MI, Malireddi RK, Oosting M, et al.
Engagement of fatty acids with Toll-like receptor 2 drives interleukin-1beta
production via the ASC/caspase 1 pathway in monosodium urate
monohydrate crystal-induced gouty arthritis. Arthritis Rheum. 2010;62:3237-48.
Cleophas MC, Crisan TO, Lemmers H, Toenhake-Dijkstra H, Fossati G, Jansen
TL, et al. Suppression of monosodium urate crystal-induced cytokine
production by butyrate is mediated by the inhibition of class | histone
deacetylases. Ann Rheum Dis. 2016;75:593-600.

Richette P, Doherty M, Pascual E, Barskova V, Becce F, Castaneda-Sanabria J,
et al. 2016 updated EULAR evidence-based recommendations for the
management of gout. Ann Rheum Dis. 2017,76:29-42.

Keenan RT, O'Brien WR, Lee KH, Crittenden DB, Fisher MC, Goldfarb DS, et al.
Prevalence of contraindications and prescription of pharmacologic therapies
for gout. Am J Med. 2011;124:155-63.

Gu T, Shah N, Deshpande G, Tang DH, Eisenberg DF. Comparing biologic
cost per treated patient across indications among adult US managed care
patients: a retrospective cohort study. Drugs Real World Outcomes. 2016;3:
369-81.

Choudhary C, Kumar C, Gnad F, Nielsen ML, Rehman M, Walther TC, et al.
Lysine acetylation targets protein complexes and co-regulates major cellular
functions. Science. 2009;325:834-40.

Seto E, Yoshida M. Erasers of histone acetylation: the histone deacetylase
enzymes. Cold Spring Harb Perspect Biol. 2014;6:a018713.

Yang XJ, Seto E. The Rpd3/Hda1 family of lysine deacetylases: from bacteria
and yeast to mice and men. Nat Rev Mol Cell Biol. 2008;9:206-18.

West AC, Johnstone RW. New and emerging HDAC inhibitors for cancer
treatment. J Clin Invest. 2014;124:30-9.

Pan L, Lu J, Wang X, Han L, Zhang Y, Han S, et al. Histone deacetylase
inhibitor trichostatin a potentiates doxorubicin-induced apoptosis by up-
regulating PTEN expression. Cancer. 2007;109:1676-88.

Zhang H, Zhao B, Huang C, Meng XM, Bian EB, Li J. Melittin restores PTEN
expression by down-regulating HDAC2 in human hepatocelluar carcinoma
HepG2 cells. PLoS One. 2014;9:295520.

Gan YH, Zhang S. PTEN/AKT pathway involved in histone deacetylases
inhibitor induced cell growth inhibition and apoptosis of oral squamous
cell carcinoma cells. Oral Oncol. 2009;45:e150-4.

Dhar S, Kumar A, Li K, Tzivion G, Levenson AS. Resveratrol regulates PTEN/
Akt pathway through inhibition of MTAT/HDAC unit of the NURD complex
in prostate cancer. Biochim Biophys Acta. 1853;2015:265-75.

Cheng SC, Quintin J, Cramer RA, Shepardson KM, Saeed S, Kumar V, et al.
mTOR- and HIF-1alpha-mediated aerobic glycolysis as metabolic basis for
trained immunity. Science. 2014;345:1250684.

Fruman DA, Chiu H, Hopkins BD, Bagrodia S, Cantley LC, Abraham RT. The
PI3K pathway in human disease. Cell. 2017;170:605-35.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

45.

46.

47.

Page 10 of 11

Crisan TO, Cleophas MCP, Novakovic B, Erler K, van de Veerdonk FL,
Stunnenberg HG, et al. Uric acid priming in human monocytes is driven by
the AKT-PRAS40 autophagy pathway. Proc Natl Acad Sci U S A. 2017,114:
5485-90.

Deberardinis RJ, Lum JJ, Thompson CB. Phosphatidylinositol 3-kinase-
dependent modulation of carnitine palmitoyltransferase 1A expression
regulates lipid metabolism during hematopoietic cell growth. J Biol Chem.
2006;281:37372-80.

Shiojima |, Walsh K. Regulation of cardiac growth and coronary angiogenesis
by the Akt/PKB signaling pathway. Genes Dev. 2006;20:3347-65.

Ungureanu D, Saharinen P, Junttila |, Hilton DJ, Silvennoinen O. Regulation
of Jak2 through the ubiquitin-proteasome pathway involves
phosphorylation of Jak2 on Y1007 and interaction with SOCS-1. Mol Cell
Biol. 2002,22:3316-26.

Ryo A, Suizu F, Yoshida Y, Perrem K; Liou YC, Wulf G, et al. Regulation of NF-
kappaB signaling by Pin1-dependent prolyl isomerization and ubiquitin-
mediated proteolysis of p65/RelA. Mol Cell. 2003;12:1413-26.

Mansell A, Smith R, Doyle SL, Gray P, Fenner JE, Crack PJ, et al. Suppressor
of cytokine signaling 1 negatively regulates Toll-like receptor signaling by
mediating mal degradation. Nat Immunol. 2006;7:148-55.

Dinarello CA, Fossati G, Mascagni P. Histone deacetylase inhibitors for treating
a spectrum of diseases not related to cancer. Mol Med. 2011;17:333-52.

Lin HS, Hu CY, Chan HY, Liew YY, Huang HP, Lepescheux L, et al. Anti-
rheumatic activities of histone deacetylase (HDAC) inhibitors in vivo in
collagen-induced arthritis in rodents. Br J Pharmacol. 2007;150:862-72.
Joosten LA, Leoni F, Meghji S, Mascagni P. Inhibition of HDAC activity by
[TF2357 ameliorates joint inflammation and prevents cartilage and bone
destruction in experimental arthritis. Mol Med. 2011;17:391-6.

Nasu Y, Nishida K, Miyazawa S, Komiyama T, Kadota Y, Abe N, et al.
Trichostatin a, a histone deacetylase inhibitor, suppresses synovial
inflammation and subsequent cartilage destruction in a collagen antibody-
induced arthritis mouse model. Osteoarthr Cartil. 2008;16:723-32.

Vojinovic J, Damjanov N, D'Urzo C, Furlan A, Susic G, Pasic S, et al. Safety
and efficacy of an oral histone deacetylase inhibitor in systemic-onset
juvenile idiopathic arthritis. Arthritis Rheum. 2011,63:1452-8.

Cantley MD, Haynes DR. Epigenetic regulation of inflammation: progressing
from broad acting histone deacetylase (HDAC) inhibitors to targeting
specific HDACs. Inflammopharmacology. 2013;21:301-7.

Shakespear MR, Halili MA, Irvine KM, Fairlie DP, Sweet MJ. Histone
deacetylases as regulators of inflammation and immunity. Trends Immunol.
2011,32:335-43.

Lagger G, O'Carroll D, Rembold M, Khier H, Tischler J, Weitzer G, et al.
Essential function of histone deacetylase 1 in proliferation control and CDK
inhibitor repression. EMBO J. 2002,21(11):2672-81.

Montgomery RL, Davis CA, Potthoff MJ, Haberland M, Fielitz J, Qi X, et al.
Histone deacetylases 1 and 2 redundantly regulate cardiac morphogenesis,
growth, and contractility. Genes Dev. 2007;21(14):1790-802.

de Ruijter AJM, van Gennip AH, Caron HN, Kemp S, van Kuilenburg ABP.
Histone deacetylases (HDACs): characterization of the classical HDAC family.
Biochem J. 2003;370(Pt 3):737-49.

Hubbert C, Guardiola A, Shao R, Kawaguchi Y, Ito A, Nixon A, et al. HDAC6 is
a microtubule-associated deacetylase. Nature. 2002;417:455-8.

Misawa T, Takahama M, Kozaki T, Lee H, Zou J, Saitoh T, et al. Microtubule-
driven spatial arrangement of mitochondria promotes activation of the
NLRP3 inflammasome. Nat Immunol. 2013;14:454-60.

Ashburner BP, Westerheide SD, Baldwin AS. The p65 (RelA) subunit of NF-
kappaB interacts with the histone deacetylase (HDAC) corepressors HDACT
and HDAC2 to negatively regulate gene expression. Mol Cell Biol. 2001;
21(20):7065-77.

Chen L-F, Fischle W, Verdin E, Greene WC. Duration of Nuclear NF-
kappa B Action Regulated by Reversible Acetylation. Science. 2001;
293(5535):1653-7.

Chen L-F, Williams SA, Mu Y, Nakano H, Duerr JM, Buckbinder L, et al. NF-kB
RelA phosphorylation regulates RelA acetylation. Mol Cell Biol. 2005;25(18):
7966-75.

Choi YS, Jeong S. PI3-kinase and PDK-1 regulate HDAC1-mediated
transcriptional repression of transcription factor NF-kappaB. Mol Cells. 2005;
20(2):241-6.

Dan HC, Cooper MJ, Cogswell PC, Duncan JA, Ting JP, Baldwin AS. Akt-
dependent regulation of NF-fkappa}B is controlled by mTOR and raptor in
association with IKK. Genes Dev. 2008;22:1490-500.



Cleophas et al. Arthritis Research & Therapy (2019) 21:50 Page 11 of 11

48. Administration UFaD. ISTODAX (romidepsin) Label. 2009. https://www.
accessdata.fda.gov/drugsatfda_docs/label/2009/022393Ibl.pdf. [updated 06-
11-2009. Accessed 30 May 2018].

49. Rafehi H, Balcerczyk A, Lunke S, Kaspi A, Ziemann M, Kn H, et al. Vascular
histone deacetylation by pharmacological HDAC inhibition. Genome Res.
2014;24(8):1271-84.

50.  Bannister AJ, Kouzarides T. Regulation of chromatin by histone
modifications. Cell Res. 2011;21(3):381-95.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions k BMC



https://www.accessdata.fda.gov/drugsatfda_docs/label/2009/022393lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2009/022393lbl.pdf

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Materials and methods
	Reagents and inhibitors
	PBMC stimulation experiments
	Cytokine measurements
	Quantitative PCR
	Flow cytometry
	Statistics

	Results
	Effects of specific HDAC inhibitors on decreasing C16.0+MSU-induced IL-1β
	HDAC1/2 inhibitor romidepsin strongly inhibited C16.0+MSU-induced cytokines
	Effects of HDAC1/2 inhibition on cell viability and transcriptional levels
	Cytokine-suppressive effects of romidepsin independent of PTEN mRNA upregulation
	Romidepsin induced SOCS1 expression and inhibited activation of STAT1 and STAT3
	The proteasome inhibitor bortezomib reverses romidepsin-induced cytokine-suppression

	Discussion
	Conclusion
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

