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HDACG6 requlates NF-kB

signalling to control

chondrocyte IL-1-induced MMP
and inflammatory gene expression
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Elevated pro-inflammatory signalling coupled with catabolic metalloproteinase expression is a
common feature of arthritis, leading to cartilage damage, deterioration of the joint architecture

and the associated pain and immobility. Countering these processes, histone deacetylase inhibitors
(HDACi) have been shown to suppress matrix metalloproteinase (MMP) expression, block cytokine-
induced signalling and reduce the cartilage degradation in animal models of the arthritis. In order to
establish which specific HDACs account for these chondro-protective effects an HDAC1-11 RNAi screen
was performed. HDAC6 was required for both the interleukin (IL)-1 induction of MMP expression and
pro-inflammatory interleukin expression in chondrocytes, implicating an effect on NF-kB signalling.
Depletion of HDAC6 post-transcriptionally up-regulated inhibitor of kB (IkB), prevented the nuclear
translocation of NF-kB subunits and down-regulated NF-kB reporter activation. The pharmacological
inhibition of HDAC6 reduced MMP expression in chondrocytes and cartilage collagen release. This
work highlights the important role of HDAC6 in pro-inflammatory signalling and metalloproteinase
gene expression, and identifies a part for HDAC6 in the NF-kB signalling pathway. By confirming the
protection of cartilage this work supports the inhibition of HDAC6 as a possible therapeutic strategy in
arthritis.

Abbreviations

HDAC Histone deacetylase
IL-1 Interleukin-1

NF-xB  Nuclear factor kappa B
OA Osteoarthritis

MMP  Matrix metalloprotease

Cartilage destruction is the predominant characteristic of the arthritides leading to significant joint debilitation'.
Hyaline cartilage lines the ends of the long bones in articulating joints to provide strength against compressive
forces. Chondrocytes constitute the sole cartilage cell type and are responsible for synthesis of all the cartilage
ECM macromolecules which provide the tensile strength and water absorptive properties**. Cartilage damage
is largely caused by the action of metalloproteinases, derived from both chondrocytes and synovial cells in
rheumatoid arthritis (RA), and predominantly chondrocytes in osteoarthritis (OA). In particular, the matrix
metalloproteinase (MMPs) are collectively capable of degrading all components of the cartilage ECM*.
Expression of metalloproteinases is tightly regulated during homeostasis but can become dysregulated dur-
ing disease, in particular in response to proinflammatory cytokines'. Inflammation occurs in both the RA and
OA joint with inflammatory mediators being released from both invading immune cells and resident cell types.
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Proinflammatory cytokines, in particular interleukin(IL)-1 and tumour necrosis factor(TNF)-a, but also other
interleukin family members such as IL-17 and IL-6, are key mediators in directing the extensive destruction to
the cartilage structure?. The transcriptional induction of MMP expression by these cytokines is well established.
Activation of NF-kB and MAPK pathways initiates NF-kB and AP-1 transcription factor transactivation of MMP
expression and feed-forward loop proinflammatory cytokine expression®‘. The NF-kB family of transcription
factors includes p65/RelA, RelB, c-Rel, p50 and p52. Inhibitors of NF-kB (IkB) proteins bind to NF-«B in the
cytoplasm but upon activation of IkB kinases (IKKs) by proinflammatory signals IkBs are phosphorylated and
degraded freeing NF-kB to translocate into the nucleus and transactivate gene expression’.

We, and others, have previously implicated a role for histone deacetylation in the regulation of MMP expres-
sion by proinflammatory cytokines® '°. Histones, which constitute the protein content of chromatin, undergo
post-translational modifications to regulate their interaction with DNA and control gene expression'"!%. Acetyla-
tion of histones is regulated by the competing influence of histone acetyl transferases and histone deacetylases
(HDAC). Broad spectrum HDAC inhibitors (HDACi) completely abrogate the induction of MMPs in chon-
drocytes thereby preventing ex vivo cartilage degradation’. In vivo HDACi treatment of animals undergoing
experimental arthritis reduces joint damage and inflammation®'>'. The broad spectrum HDAC; used in these
studies inhibit most HDACs, but more specific HDACi indicate a role for Class  HDACs in IL-1-induced MMP
expression and cartilage degradation®. HDAC-specific HDACi continue to be developed and together with RNAi-
based strategies can be used to determine the specific HDACs involved in MMP expression in cartilage'>'°. The
use of such inhibitors may supplement strategies for modulating MMP expression to prevent cartilage damage
in RA and OA.

HDACS6 is a member of the Class IIb HDAC family which, in contrast to most HDACs, is predominantly
localised to the cytoplasm'”. This is consistent with its major role as a tubulin deacetylase in the control of
microtubule dynamics required for cell motility'®. HDACS also has a ubiquitin-binding domain which allows
it to determine the fate of ubiquitinated proteins by either preventing their recognition by the ubiquitin and
proteasome system (UPS) or for transport of ubiquitinated proteins to aggresomes for autophagic degradation'.
Consistent with the nuclear role of other HDACs, HDACS also has roles in the nucleus regulating transcription,
where it can interact with transcription factors and co-repressors, such as RUNX2, NF-kB and LCoR, to direct
the repression of target genes'”.

Recently inhibition of HDAC6 with Tubastatin A has been reported to reduce cartilage damage in experimen-
tal OA?*?1. A role has also been proposed for HDACS in inflammatory gene expression and signalling, whereby
HDAC6-sepecific inhibitors can reduce the levels of IL-6 in both serum and the paws of collagen-induced
arthritic mice*>**. Herein we have performed an RNAI screen to identify which specific HDACs are required for
MMP expression. We identify a prominent role for HDAC6 and explore the mechanism of regulation of MMP
expression in response to proinflammatory cytokines.

Results

HDACSG is required for IL-1-induced MMP expression. The induction of MMP expression in chondro-
cytes by pro-inflammatory cytokines such as IL-1 is well documented"?*. IL-1-induced expression of MMPI and
MMP13 in the human chondrocyte cell line SW1353 was suppressed by the addition of HDAC inhibitor TSA
(Fig. 1A) as has been shown previously for a number of HDAC inhibitors®®. A Zn?*-dependent class L, I and
IV HDAC RNAi screen was performed in order to determine which HDAC family members were required for
MMP expression (Supplementary Fig. 1). Depletion of a number of HDACs, but especially HDAC3, HDAC6 and
HDACI11, reduced the induction of MMP expression, particularly for MMP13 (Fig. 1B). Depletion of HDAC6
showed the greatest repression of both MMPI1 and MMP13 mRNA levels, indicating the critical requirement
for HDACS6 in IL-1-induced MMP expression. The effect of TSA and HDAC6 siRNA treatment on histone and
tubulin acetylation was confirmed in Supplementary Fig. 1. The role of HDAC6 in MMP expression was further
validated with an alternative HDAC6-targeting siRNA (Fig. 1C). To examine whether HDACS is required for
the induction of MMP expression by other established inducers of MMPs, cells were stimulated with poly(I:C)
and PMA?>?%, HDAC6 was also required for poly(I:C)-induced MMP expression (Fig. 1D), mediated by toll-like
receptor(TLR)-activated NF-kB signalling, however, HDAC6 was not required for PMA-induced MMP expres-
sion, which requires MAPK signalling (Fig. 1E).

HDACG6 regulates a subset of IL-1-induced genes in SW1353.  To discover the spectrum of chondro-
cyte genes regulated by HDACS6 Illumina whole genome microarrays were performed following HDAC6 RNAi
in combination with IL-1 stimulation (Fig. 2A,B, Supplementary Dataset 1-2). Depletion of HDAC6 reduced
the expression of ~ 21% of IL-1-induced genes (Fig. 2C). MMP13 and MMPI were found to be two of the genes
most susceptible to experimental knockdown of HDAC6 (Fig. 2A). Specifically MMP13 was the second most-
downregulated IL-1-induced transcript following HDAC6 depletion, second only to IL6, another key mediator
of cartilage destruction. We also assessed the effect of TSA on whole genome expression in combination with
IL-1. Treatment with TSA repressed a greater number of IL-1-induced genes, ~ 70%, than specific depletion of
HDACS6 (Fig. 2D). A large proportion of the IL-1-induced genes repressed by depletion of HDACS6 are also sup-
pressed by TSA treatment (Fig. 2E). Of particular note the classically NF-kB-dependent IL-1-induced genes IL6
and IL8*"*® are significantly repressed following HDAC6 depletion (Fig. 2A). Interestingly, IL8 was unaffected
by TSA suggesting a deacetylase-independent mechanism of action for HDAC6 (Fig. 2B). Owing to the limited
replicates analysed by microarray these results were recapitulated in the independent assessment of IL6 and IL8
gene expression by real-time PCR following depletion of HDAC6 and inhibition by TSA (Fig. 2EG).
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Figure 1. Effect of HDAC6 depletion on MMP gene expression in SW1353 cells. (A) SW1353 cells were
stimulated with IL-1 for 8 h in the presence of TSA at the indicated concentrations. RNA was extracted and
expression of MMPI and MMP13 measured by real-time RT-PCR normalised to 18S. (B) SW1353 cells were
transfected with the indicated HDAC-targetting siRNAs for 24 h prior to stimulation with IL-1 for 8 h. (C-E)
SW1353 cells were transfected with Dharmacon HDAC6-targetting siRNA for 24 h prior to stimulation with (C)
IL-1, (D) Poly I.C or (E) PMA for 8 h. A was performed in duplicate and B-E were performed in quadruplicate.
Data are presented as fold induction relative to the basal expression and represent mean+S.D. (* p<0.05, **
p<0.01, ¥* p<0.001). Data are representative of a minimum of three independent experiments.

HDACEG is required for NF-kB pathway activation. IL-1 receptor binding activates a cascade of sig-
nalling pathways in particular NF-kB and MAPK?. In addition HDAC6 may regulate Wnt signalling through
enhancing p-catenin nuclear translocation®**'. Accordingly, the activation of intracellular signalling pathways by
IL-1 was assessed following HDAC6 RNAi. HDAC6 knockdown had no effect on the activation of MAPK path-
ways ERK, p38 or JNK, nor WNT signalling, indicated by p-catenin degradation (Fig. 3A). However, the steady
state levels of IkBa increased following HDAC6 depletion and the extent of degradation was reduced. A more
detailed time-course of NF-kB pathway activation confirmed the increase in basal IkBa levels following HDAC6
knockdown (Fig. 3B). Levels of IkBa also returned to pre-stimulation levels more rapidly. IkBa is induced by
NE-«B to elicit its negative feedback activity, however, the phosphorylation of p65 (p-p65) was unaffected indi-
cating no increased activation of pathway signalling at that level. In addition, the levels of IkBa transcript (NFK-
BIA) were not regulated by HDAC6 depletion suggesting the effect of HDAC6 was post-transcriptional (Fig. 3C).
A reduction in IKK phosphorylation was found, partially consistent with the timing of IkBa degradation, but not
with the initial upregulation of IkBa. To determine whether decreased HDAC6 and the increased levels of IkBa
were functionally impacting upon the NF-kB pathway we assessed the nuclear translocation of NF-«B subunits.
After over 30 min of IL-1 stimulation, HDAC6 depletion reduced the levels of both phosphorylated p65 as a
proportion of total p65 in the nucleus (Fig. 3D). In addition, the expression of an NF-kB-dependent luciferase
reporter construct following IL-1 stimulation was reduced in HDAC6-depleted cells (Fig. 3E).
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Figure 2. Effect of HDACG6 depletion and TSA on gene expression in SW1353 cells. SW1353 cells were
stimulated with IL-1 for 8 h in the presence of HDACG6 siRNA or TSA (250 ng/ml). (A-E) RNA was extracted
and gene expression profiled by whole-genome microarray. (A,B) Heatmap representation of the IL-1 induced
genes most repressed by (A) HDAC6 depletion in duplicate or (B) TSA treatment in singlicate. The expression
of MMP1, MMP13, IL6 and IL8 is provided below each heatmap for comparison. C-E. Venn diagrams
representing the proportion of IL-1-induced genes (> 1.5-fold) repressed 1.5-fold by (C) HDAC6 depletion,

(D) TSA treatment, or (E) both HDAC6 depletion and TSA. (F,G). SW1353 cells were stimulated with IL-1 for
8 h in the presence of (F) HDACS6 siRNA or (G) TSA at the indicated concentrations. RNA was extracted and
expression of IL6 and IL8 measured by real-time RT-PCR. D-E were performed in triplicate. Data are presented
as fold induction relative to the basal expression and represent mean + S.D. (*p <0.05). Data are representative of
a minimum of three independent experiments.
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Figure 3. Effect of HDAC6 depletion on NF-kB pathway signalling in SW1353 cells. (A-D): SW1353 cells were stimulated with IL-1
for the indicated times following transfection with HDAC6-targetting siRNA or control non-targetting siRNA. (A-B). Total protein
was extracted and the activation or abundance of the indicated (A) cell signalling pathway or (B) NF-kB pathway proteins detected
by immunoblotting. HDACES levels were measured to confirm knockdown and GAPDH was used to confirm equal protein loading.
Densitometric quantification data are shown below each blot as fold change in relation to the first detectable sample, normalised

to GAPDH. (C) RNA was extracted and expression of NFKBIA (IkBa) measured by real-time RT-PCR. (D) Nuclear protein was
extracted and the level of the indicated NF-kB pathway proteins detected by immunoblotting. Nuclear Lamin was used to confirm
equal protein loading. Densitometric quantification data are shown below each blot as fold change in relation to the first detectable
sample, normalised to Lamin (E). Luciferase expression in SW1353 cells stimulated with IL-1 for 24 h following transfection with
HDACS6 or HDACl1-targetting siRNA or control non-targetting siRNA and an NF-B luciferase reporter. Values are the mean + SD,
*=P <0.05,***=P<0.001 versus non-targetting control. Data are representative of a minimum of three independent experiments.
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Figure 4. Effect of HDACG6 depletion on MMP gene expression and NF-kB pathway signalling in HAC.
(A-B) HAC cells were transfected with Dharmacon HDAC6-targetting siRNA for 24 h prior to stimulation
with IL-1 for 8 h. RNA was extracted and expression of (A) MMPI and MMP13, (B) IL6 and IL8 measured
by real-time RT-PCR. Data are presented as fold induction relative to the basal expression and represent
mean of quadruplicate samples+S.D. (*p <0.05, **p < 0.01, ***p <0.001). Data are representative of a
minimum of three independent experiments. (C-D) HAC cells were stimulated with IL-1 for the indicated
times following transfection with HDAC6-targetting siRNA or control non-targetting siRNA. (C) Total
protein was extracted and the activation or abundance of the indicated NF-kB pathway proteins detected by
immunoblotting. HDACS6 levels were measured to confirm knockdown and GAPDH was used to confirm
equal protein loading. (D) Nuclear protein was extracted and the level of the indicated NF-kB pathway
proteins detected by immunoblotting. Nuclear Lamin was used to confirm equal protein loading. (C-D).
Densitometric quantification data are shown below each blot as fold change in relation to the first detectable
sample, normalised to (C) GAPDH or (D) Lamin. Data are representative of a minimum of three independent
experiments.

HDACE is essential for MMP and interleukin expression and NF-kB signalling in human articu-
lar chondrocytes. To confirm biological relevance the role of HDACS in IL-1-induced gene expression was
examined in primary chondrocytes (HAC). HDAC6 was again found to be essential for maximal induction of
MMP13 expression in HAC by IL-1 stimulation, but there was no significant effect on MMPI levels (Fig. 4A).
Furthermore, the induction of the proinflammatory cytokines IL6 and IL8 was also repressed by HDAC6 deple-
tion (Fig. 4B). Accounting for these observations the levels and localisation of NF-kB signalling components
was again dysregulated by depletion of HDACS. IkBa levels were increased at the basal level following HDAC6
depletion and following IL-1 stimulation the extent of IxBa degradation was reduced (Fig. 4C). The IL-1-in-
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duced nuclear localisation of NF-kB subunits was also dependent on HDACE6 (Fig. 4D), and taken together reca-
pitulated the role of HDAC6 in SW1353 cells. The functional impact of HDAC6 depletion on tubulin acetylation
was also confirmed (Fig. 4C).

HDACG inhibitors repress MMP expression and cartilage collagen release. The above data sup-
port both deacetylase-dependent and -independent mechanisms by HDACS. To further investigate the role of
HDACES in IL-1-induced chondrocyte gene expression the effect of pharmacological inhibitors of HDAC6 dea-
cetylase activity was assessed. MMP induction in SW1353 cells was significantly repressed by Tubacin and to a
lesser extent Tubastatin A (Fig. 5A), two selective HDAC6 inhibitors. In HAC again only IL-1-induced MMP13
expression was repressed by the HDAC6 inhibitors (Fig. 5B), in contrast with the inhibition of both MMPI
and MMP13 by pan-HDAC inhibitor TSA. To assess the functional impact of reduced MMP expression and
proinflammatory signalling following HDAC6 depletion we examined the effect of HDACG6 inhibitors on the
degradation of bovine nasal cartilage explants catalysed by IL-1. Treatment with HDAC6 inhibitor Tubastatin A
significantly reduced the extent of collagen release after 14 days of stimulation indicating the role of HDAC6 in
cartilage turnover (Fig. 5C).

Discussion

Disease progression in osteoarthritis remains a largely intractable condition where the joint damage epitomised
by cartilage destruction continues to develop, resulting in significant morbidity. Experimental models of arthritis
have proven amenable to treatment with a number of pharmacological agents, including HDACi. Initially HDACi,
especially TSA, were demonstrated to reduce joint damage in inflammatory models of arthritis, concomitant
with a reduction in synovitis grade and cytokine levels'**>*3. We have demonstrated that TSA also reduces joint
damage in an experimental OA model involving destabilization of the medial meniscus (DMM) in mice® consist-
ent with the effect of HDACi treatment in a rabbit anterior cruciate ligament transection (ACLT) model*. This
builds on previous studies demonstrating in vitro and ex vivo ability of HDACi to prevent cartilage resorption
and inhibit pro-inflammatory cytokine-induced catabolic gene expression®'®**. Consequently this positions
HDAC: as a possible therapeutic target in the arthritides.

TSA is a broad spectrum HDACi which selectively inhibits class [, Il and IV Zn?*-dependent class HDACs™.
However long-term treatment of chronic, non-life-threatening diseases such as OA with broad-spectrum HDACi
is not appropriate due to their toxicity. We have now comprehensively depleted cells specifically of each HDAC to
determine which may account for the ability of TSA to significantly block MMP expression. Consistent with our
findings® depletion of class I HDACs, HDACI, 3 and 8, significantly reduced MMP expression. Taken together
this reduction could account for a large part of the induction of MMP expression by IL-1, in line with the abro-
gation of MMP expression by class I selective HDACi MS-275. Considering this we were surprised to note that
depletion of HDACE elicited the most significant reduction of IL-1-induced MMP expression. Remarkably the
induction of MMP13 by IL-1 was the second most dependent upon the presence of HDACS, after IL6. MMP13
has been proposed as the critical collagenase in OA collagen degradation as opposed to MMP1 in RA'. Thus the
potential to downregulate MMP13 levels effectively would offer substantial therapeutic benefit for OA.

The effect of HDAC6 depletion was reiterated following stimulation by poly I:C which, like IL-1, also initi-
ates NF-xB signalling pathway activation?®, whereas the PMA induction of MMP expression was unaffected.
Phorbol esters, such as PMA, activate protein kinase C (PKC) which predominantly signals through the MAPK
pathways®. This suggests a susceptibility in NF-kB signalling, activated via a TRAF6 intermediate by both the
IL-1 receptor and TLR3, in response to IL-1 and poly I:C respectively, rather than a MAPK pathway mechanism.
We also observed that HDAC6 depletion of IL-1 stimulated cells did not affect activation of MAPK signalling
pathways.

TSA treatment or HDAC6 depletion identified a substantial proportion of NFkB-dependent genes whose
expression was susceptible to both HDAC inhibition and HDACS loss. The requirement for NF-kB in the IL-1
induction of MMP expression in chondrocytes is well established*®*2. In the context of in vivo experimental
animal models, the inhibition of NF-kB pathway signalling can suppress catabolic gene expression, including
MMPs, and limit osteoarthritis development*>**. HDACi have previously been demonstrated to suppress the
NF-kB pathway in chondrocytes. Resveratrol, a pan HDACI, blocks NF-kB signalling in chondrocytes by sup-
pressing IL-1-induced IxBa degradation®. Vorinostat, inhibitor of class I and Il HDACs, blocks IL-1 induction
of MMPs by inhibiting p38, ERK and NF-«xB pathway signalling, specifically by blocking NF-kB translocation
to the nucleus in chondrocytes*. Our data implies that HDAC6 may in part account for the effect of these
HDACI. Interestingly, class IIl HDACs the Sirtuins, may have an opposing role in the NF-«xB pathway, by directly
deacetylating NF-kB p65 to reduce its transcriptional activity*’. In particular, in chondrocytes SIRT1 activation
inhibited the activation of NF-xB and inflammatory gene expression*>*.

NF-kB is a transcriptional regulator of IL-1-induced genes in both SW1353 cells and HAC®. Two particu-
larly important proinflammatory cytokines in arthritis are IL-6 and IL-8, both activated by NF-kB-dependent
mechanisms?”?%. Herein IL6 and IL8 were significantly repressed following HDAC6 depletion, but only IL6 by
HDAC inhibition. IL-6 is fundamental in RA-driven cartilage destruction both in activation of immune cells
but also induction of degradative enzymes such as the MMPs>!. Blockade of IL-6 signalling with tocilizumab, an
antibody against the IL-6 receptor, is an approved treatment in RA%% Cytokine-mediated inflammation has an
increasingly recognised contribution to the development of OA'. Although the level of inflammation compared
to RA appears low the combinatorial effect of IL-1, IL-6 and IL-8 amongst other cytokines may support MMP
induction and precipitate cartilage destruction. In chondrocytes IL-6 induces MMP expression and blockade
of IL-6 and its signalling proved efficacious in treating experimental OA in mice>. Similarly IL-6 neutralisation
blocked HIF2a-induced cartilage destruction and MMP induction in mice, although IL6-/- mice developed
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Figure 5. Effect of HDACS6 inhibition on MMP expression and cartilage degradation. A-B. (A) SW1353

and (B) HAC cells were stimulated with IL-1 for (A) 8 or (B) 24 h in the presence of HDACi at the indicated
concentrations. RNA was extracted and expression of MMPI and MMP13 measured by real-time RT-PCR
normalised to 18S. Data are presented as fold induction relative to the basal expression and represent
mean+S.D. (C) Bovine nasal cartilage was cultured in serum-free medium in the presence of either medium
alone, or medium containing IL-1 and HDACi TSA, tubacin, tubasatin A or DMSO control (0.01% v/v) at

the indicated concentrations for 14 days. The levels of collagen fragments released into the medium were
determined by measurement of hydroxyproline after day 14 of culture and expressed as a percentage of the total
(mean = S.D). All experiments were performed in quadruplicate. Significance was analysed compared to IL-1
alone, where, *p <0.05, **p <0.01, ***p <0.001. Data are representative of two independent experiments.
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more advanced osteoarthritis upon aging®**. NF-kB also potently induces HIF-2a which is required for the
development of OA in mice®®.

The basal and post-stimulus recovery levels of IxBa were elevated following HDAC6 depletion. IkBa is an
inherently unstable protein and as such is continuously synthesised, the majority forming a stable complex
with NF-kB*. The stimulus-induced degradation of IkBa is initiated by phosphorylation by IKK and leads to
ubiquitination of IxBa N-terminal lysine residues by p-TrCP E3 ubiquitin ligase and degradation by the UPS.
Interestingly HDACS inhibitors can increase N-terminus lysine acetylation of the Wnt signalling pathway media-
tor B-catenin resulting in its reduced ubiquitination by p-TrCP*. However, there are no reports of acetylation
of IkB itself. VCP/p97, which facilitates delivery of ubiquitinated proteins to the UPS, has been demonstrated
to mediate cytokine-induced degradation of IkBa®. HDACG is known to form a complex with VCP/p97 but it
remains to be determined whether HDAC6 directly influences VCP/p97-mediated IkBa degradation'”*". Inter-
estingly, a recent study using HDAC6 inhibitor ACY-1215 in IL-1-treated chondrocytes also showed reduced
MMP expression, reduced activation of NF-«B signalling and elevated IkBa levels post-stimulation, although
the basal levels of IkBa were unaffected in contrast to the effect of HDAC6 depletion herein®2.

HDACS also ensures efficient delivery of ubiquitinated substrates to the autophagic machinery for degrada-
tion and is known to interact with key autophagy chaperone HSC70°*¢%, The deacetylase domain-independent
binding of VCP/p97, ubiquitin or other unknown substrates by HDAC6 may account for the genes regulated
by HDACE6 depletion but not by TSA treatment, including IL8. Stress, or heat shock proteins (HSPs), which are
also induced by cytokines, act as chaperones to confer stability on proteins. HDAC6 deacetylates some HSPs, to
regulate their chaperone activity, and also controls HSP expression via transcription factor HSF19-%. Impor-
tantly HSP90, HSP70 and HSP27 can positively/negatively regulate NF-kB signalling®-72. Oxidative stress due to
accumulation of reactive oxygen species (ROS) induces autophagy and HDACE is also linked directly to redox
regulation through deacetylation of Prx proteins thereby limiting their H,0, reduction activity’>.

Herein inhibition of HDAC6 with Tubastatin A blocked cartilage degradation in line with the studies iden-
tifying protection against cartilage damage with Tubastatin A treatment in the DMM model of experimental
OA?*2! Tubastatin A was developed to address issues with the high lipophilicity of Tubacin, which may account
for Tubacin’s lack of effect in our 14 day cartilage degradation model”. Both experimental OA studies infer the
protection offered by Tubastatin A is associated with the role of HDAC6 in autophagy and ROS regulation.
Shen et al. showed that Tubastatin A treatment of chondrocytes and mice activated autophagy and increased
cell viability while reducing cartilage degradation®. Zheng et al. suggest that Tubastatin A disrupts regulation of
mitochondrial connectivity and function by HDAC6 leading to ROS reduction and reduced cartilage damage?'.

Elsewhere acetylation plays a key role in the NF-kB pathway. NF-«B proteins regulate transcription in part
through recruitment of HATs and HDACs to promoters”. In fact IxkBa has also been documented to interact
with HDACs 1, 3 and 5 to regulate gene expression, but again no IkBa acetylation was found”. Acetylation of the
NF-xB proteins themselves is well documented. NF-kB p50 and p65 are acetylated by p300, each at a number of
lysine residues, which may promote DNA binding or influence association with IxBa, although the exact effect
differs between studies’”>. HDAC3 and SIRT1 are able to deacetylate NF-xB p657°. Additionally, HDAC3, by
removing inhibitory NF-kB p65 lysine acetylation, is able to promote the transcription of IL-1-induced genes”. A
further study found the acetylation of NF-«B p65 increased in HDAC3-deficient chondrocytes but this conversely
led to the activation of NF-kB””. A more recent study also suggests that HDAC6 could deacetylate NF-kB p65
to reduce its DNA-binding activity’®. However, such a mechanism is converse to the loss of NF-kB signalling-
dependent gene activation which we see following depletion of HDAC6. The primary cilia also positively regulates
IL-1 signalling to NF-kB in chondrocytes”. HDACG6 can deacetylate and destabilise cilia microtubules leading to
cilia disassembly. Accordingly, inhibition of HDAC6 should maintain cilia function and allow NF-kB pathway
activation, in contrast to the findings herein.

Inhibition of NF-«B activation is a key therapeutic goal for autoimmune diseases and a number of cancers.
Upregulation of IkB levels has been attempted by a number of mechanisms including blocking of IkB ubiquit-
ination with E3 ligase inhibition, stabilisation of IxB by engineering a dominant repressor or using decoy cell-
penetrating IkB phosphopeptides to impair recruitment of B-TrCP to IkB. Our data indicates that inhibition/
depletion of HDAC6 may also represent a strategy to increase IkB levels and downregulate NF-kB pathway
signalling.

Conclusion

Interestingly HDAC6 function appears intricately linked with chondrocyte biology. Mutation in the HDAC6
3’UTR abolishes a microRNA binding site causing upregulation of HDACS is linked to a form of X-linked
chondrodysplasia, suggesting a specific role for HDACG6 in chondrocytes®. Additionally, HDAC6 KO mice have
increased tibial bone mineral density®', and loss or inhibition of HDAC6 can cause an increase in growth plate
proliferation and ossified bone in mouse model of Thanatophoric Dysplasia Type II (TDII)%.

The work herein highlights that HDACS6 also has an important role in chondrocyte pro-inflammatory sig-
nalling and metalloproteinase gene expression. It establishes the hitherto unrecognised function of HDAC6 in
NF-«B signalling and validates that specific inhibition of HDAC6 can impact upon cartilage degradation. With
the ongoing development of specific HDACiI this work supports the inhibition of HDACES as a possible thera-
peutic strategy in the arthritides.

Methods

Human cells and cartilage treatment. Human articular chondrocytes (HACs) were derived from artic-
ular cartilage obtained from consenting patients following hip or knee replacement surgery with Ethical Com-
mittee approval from the Newcastle and North Tyneside Health Authority (UK) for all experimental protocols.
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Informed consent was obtained from all subjects and all methods were carried out in accordance with relevant
guidelines and regulations. Enzymatic digestion of tissue and maintenance and culture of cells were as previously
described®. Cells were used at passage 1, where passage 0 corresponds to the cells released from the cartilage
by enzymatic digestion. Human chondrosarcoma cells (SW1353) were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 2 mM/I-glutamine, 100 IU/ml penicillin, and 100 pg/ml
streptomycin. Cells were seeded 1 day before treatment and cultured overnight in serum-free medium, prior
to stimulation. Recombinant human IL-1a was a gift from Dr Keith Ray (Glaxo-SmithKline, Stevenage, UK).
Recombinant human OSM was donated by Professor John Heath (Department of Biochemistry, University of
Birmingham, Edgbaston, UK). HMW poly(I-C) (Invivogen, Toulouse, France). Phorbol 12-myristate 13-acetate
(PMA), Tubacin and Tubastatin A were purchased from Sigma-Aldrich (Poole, UK), while TSA was from Cal-
biochem (Nottingham, UK). A CytoTox-Glo Cytotoxicity Assay was performed on SW1353 cells treated with a
range of TSA concentrations for 6 h following manufacturer’s instructions (Supplementary Fig. 2).

RNAi transfection. Cells plated overnight were transfected at 50% confluence with 50 nM (in SW1353) or
100 nM (in HAC) siRNA using Dharmafect 1 lipid reagent (Horizon Discovery, Cambridge, UK) according to
the manufacturer’s protocol and essentially as described previously®. FlexiTube siRNAs used were as follows:
Hs_HDACI1_6, Hs_HDAC2_1, Hs_HDAC2_2, Hs_HDAC3_1, Hs_HDAC3_2, Hs_HDAC4_3, Hs_HDAC4_4,
Hs HDAC5_1,Hs HDAC5_4,Hs HDAC6_5,Hs_ HDAC7A_6,Hs_HDACS8_2,Hs HDACS8_4,Hs HDAC9_1,
Hs_HDAC9_3, Hs_HDACI10_1, Hs_HDAC10_2, Hs_HDACI11_4, Hs_HDACI11_6, or non-targeting control
siRNA (AllStars Negative Control siRNA; Qiagen, Manchester, UK). Dharmacon siRNA SMARTpools used
were as follows: D-001206-14-20 non-targeting siRNA and D-043456-04 (HDACS6) (Horizon Discovery). Fol-
lowing 24 h transfection cells were washed and cultured in serum-free medium overnight before stimulation.

RNA extraction, real-time RT-PCR and Illumina whole-genome microarray. Total RNA was
extracted from cells with Cells-to-cDNA II lysis buffer and cDNA synthesis was performed using MMLV
reverse transcriptase and random hexamers according to the manufacturer’s protocol (ThermoFisher Scientific,
Loughborough, UK). TagMan or SYBR green RT-PCR were performed and gene expression levels calculated
as previously described®. Primer sequences are listed in Supplementary Table 1. For microarray total RNA was
extracted with RNAeasy kit (Qiagen). Illumina whole-genome expression microarray Human HT-12 V4 (Illu-
mina Inc., lllumina United Kingdom, Saffron Walden, UK) was used to profile gene expression of RNA samples
according to the manufacturer’s protocol. The HDAC6 siRNA experiment was performed in duplicate treat-
ment with either HDAC6- or negative control siRNA (Qiagen), plus or minus IL-1. The TSA experiment was
performed in singlicate with TSA or DMSO treatment, plus or minus IL1. Raw expression data were processed
using R/Bioconductor package lumi with a variance stabilising transformation and robust spline normalization
as standard®. Expression analysis was performed in R/bioconductor limma package by fitting a linear model and
applying empirical Bayes smoothing as standard®. Where multiple probes detect a single transcript the average
expression value was used. Heatmaps were generated with the R gplots package.

Immunoblotting. Whole cell lysates were prepared using a modified Schindler buffer as described
previously®®. Nuclear extracts were generated using the Nuclear and Cytoplasmic Extraction Reagent kit (Ther-
moFisher Scientific) according to the manufacturer’s protocol. Lysates were resolved by SDS-PAGE electropho-
resis, transferred to PVDF membranes (Millipore, Watford, UK) and subsequently probed using the following
antibodies: phospho-extracellular signal regulated kinase (ERK)1/2 (phospho-p44/42) (no. 9101), phospho-p38
(no. 9211), phospho-c-Jun N-terminal kinase (JNK) (no. 9251), phospho-Akt (Ser473; no. 9271), nuclear factor
k light polypeptide gene enhancer in B cells inhibitor IkBa (no. 9242), phospho-p65, p65, p-catenin, phospho-
IKK, p-IxBa, p50, Lamin, HDACS, acetyl-a-tubulin, acetyl-Histone H3 from Cell Signaling Technology (Dan-
vers, Massachusetts, USA). A mouse monoclonal anti-glyceraldehyde 3’-phosphate dehydrogenase (GAPDH)
antibody (clone 6C5; MAB374) was purchased from Chemicon (Hampshire, UK). The polyclonal secondary
immunoglobulins/horseradish peroxidase were from Cytomation (Dako, Glostrup, Denmark). The quantitation
of protein levels was performed by densitometric analysis with Image] as standard and normalised to housekeep-
ing protein GAPDH or lamin.

Luciferase assay. SW1353 cells were seeded into 96 well plates at 18,000 cells/cm2. Each well was trans-
fected with 25 ng of NF-kB luciferase reporter (Takara Bio, Saint-Germain-en-Laye, France) along with 1.5 ng
Renilla (pRL-TK Vector, Promega, Southampton, UK) control reporter vector using FuGENE HD transfection
reagent (Roche, Lewes, UK) as previously described®”. Transfected cells were serum starved overnight prior to
stimulation with IL-1a (0.5 ng/ml) for 6 h. PBS-washed cells were lysed with Passive Lysis buffer and lumines-
cence monitored using a Glomax Luminometer and the Dual-Luciferase Reporter Assay System (Promega).
Firefly luciferase data were normalised to the Renilla luciferase control.

Bovine nasal cartilage assay. Bovine cartilage was dissected from nasal septi obtained from a local abat-
toir. Bovine nasal septum cartilage was dissected into approximately 2-mm? discs, plated into 24-well tissue cul-
ture plates (3 discs per well, n=4) and cultured in serum-free Dulbecco’s modified Eagle medium as described
previously®®. Fresh serum-free media with/without cytokines and test reagents were then added (day 0). At day
7, culture supernatants were harvested and replaced with fresh medium containing the same test reagents as day
0. Cartilage and culture supernatants were harvested at day 14 and the remaining cartilage was digested with
papain. Hydroxyproline release was assayed as a measure of collagen degradation, and the extent of release was
calculated as a percentage of the total.
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Statistical analysis. Statistical differences between sample groups were assessed using students t-test for
single comparisons or one-way ANOVA for multiple comparisons, where *p <0.05; **p <0.01 and ***p <0.001.

Data availability
SW1353 microarray data is deposited at GEO (GSE186690).
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