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Abstract

Background: To investigate the effects of inhibiting histone deacetylase (HDAC) 6 on inflammatory responses and

tissue-destructive functions of fibroblast-like synoviocytes (FLS) in rheumatoid arthritis (RA).

Methods: FLS from RA patients were activated with interleukin (IL)-1β in the presence of increasing concentrations

of M808, a novel specific HDAC6 inhibitor. Production of ILs, chemokines, and metalloproteinases (MMPs) was

measured in ELISAs. Acetylation of tubulin and expression of ICAM-1 and VCAM-1 were assessed by Western

blotting. Wound healing and adhesion assays were performed. Cytoskeletal organization was visualized by

immunofluorescence. Finally, the impact of HDAC6 inhibition on the severity of arthritis and joint histology was

examined in a murine model of adjuvant-induced arthritis (AIA).

Results: HDAC6 was selectively inhibited by M808. The HDAC6 inhibitor suppressed the production of MMP-1,

MMP-3, IL-6, CCL2, CXCL8, and CXCL10 by RA-FLS in response to IL-1β. Increased acetylation of tubulin was

associated with decreased migration of RA-FLS. Inhibiting HDAC6 induced cytoskeletal reorganization in RA-FLS by

suppressing the formation of invadopodia following activation with IL-1β. In addition, M808 tended to decrease the

expression of ICAM-1 and VCAM-1. In the AIA arthritis model, M808 improved the clinical arthritis score in a dose-

dependent manner. Also, HDAC6 inhibition was associated with less severe synovial inflammation and joint

destruction.

Conclusion: Inhibiting HDAC6 dampens the inflammatory and destructive activity of RA-FLS and reduces the

severity of arthritis. Thus, targeting HDAC6 has therapeutic potential.
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Background

Rheumatoid arthritis (RA) is a systemic autoimmune dis-

ease characterized by chronic synovial inflammation,

which leads to progressive damage to cartilage and bone

and, eventually, to joint destruction [1]. Synovial inflam-

mation, or synovitis, is caused by continuous recruit-

ment and activation of immune cells within the synovial

membranes of the joints [2]. Infiltrating immune cells

interact with synoviocytes, which outline the synovial

membrane, and transform them into fibroblast-like

synoviocytes (FLS). FLS secrete proinflammatory cyto-

kines, including tumor necrosis factor (TNF)-α and

interleukin (IL)-1, IL-6, and tissue-degrading metallopro-

teinases (MMPs), into the joint spaces of RA patients

[3]. More importantly, RA-FLS migrate and invade the

adjacent bone tissue (much like invading cancer cells),

with subsequent bone erosion and joint destruction [4,

5]. Therefore, inhibiting FLS-mediated proinflammatory

responses and subsequent tissue destruction might be a

novel therapeutic target. A potential approach could be

to alter post-translational modification (PTM) of cyto-

skeletal proteins in FLS by regulating histone deacetylase

(HDAC) [6, 7]. HDAC removes acetyl-groups from core

histones in DNA, thereby repressing gene transcription

by condensing the DNA structure [8–10]. Among

HDACs, HDAC6 is located primarily in the cytoplasm,

where it deacetylates non-histone proteins such as α-

tubulin and cortactin [11, 12]. This post-translational

protein modification impacts a variety of cellular pro-

cesses/functions, including intracellular transport, cell

migration and proliferation, and cell-to-cell interac-

tions [13]. HDAC6 activity is upregulated in the syn-

ovial tissues of RA patients [14]. Overexpression of

HDAC6 in tissue-resident macrophages leads to spon-

taneous production of inflammatory cytokines [15].

Interestingly, HDAC6 activity regulates tissue infiltra-

tion of fibroblasts in breast cancer, suggesting a crit-

ical role in tissue invasiveness [10, 16]. Accordingly,

overexpression of HDAC6 might promote invasiveness

of FLS; therefore, a HDAC6 inhibitor might prevent

cancer cell-like tissue invasion and joint destruction

by RA-FLS [17, 18].

We and others showed that HDAC6 inhibitors sup-

press the inflammatory response of immune cells and

ameliorate arthritis in a murine RA model [19, 20].

However, the impact of HDAC6 inhibition on RA-FLS

function remains unclear. M808 (hydroxamic acid) is a

potent and selective HDAC6 inhibitor with better select-

ivity and solubility than the structurally related com-

pound ACY-1215 [21].

Here, we examined whether inhibiting HDAC6 with

M808 suppresses inflammatory responses of RA-FLS

and ameliorates inflammation and joint destruction

in vivo.

Methods

Enzyme kinetic assay

To evaluate the potency and selectivity of M808, a novel

HDAC6 inhibitor, an HDAC panel assay was carried out

by Reaction biology Corp. (PA, USA). Fluorogenic pep-

tides from p53 residues 379–382 (RHKK(Ac)AMC) were

used as substrates for HDAC 1, 2, 3, 6, and 10; a fluoro-

genic HDAC class 2a substrate (trifluoroacetyl lysine)

was used for HDAC 4, 5, 7, 9 and 11; and a fluorogenic

peptide (p53 residues 379–382 (RHK(Ac)K(Ac)AMC))

was used for HDAC8. HDAC isotypes were incubated

with these substrates in the presence of M808 in a reac-

tion buffer comprising 50mM Tris-HCL (pH 8.0), 137

mM NaCl, 2.7 mM KCl, 1 mM MgCl2, and 1 mg/mL bo-

vine serum albumin. After adding an equal volume of

trypsin/TSA solution, fluorescence was detected at an

excitation wavelength of 360 nm and an emission wave-

length of 460 nm.

For kinetic studies of M808, 0.042 μM HDAC6

(#382180, Calbiochem) was mixed with increasing con-

centrations of M808 (0, 1.52, 4.57, 13.72, and 41.15 nM),

followed by addition of 1.56, 3.12, 6.25, 12.5, 25, or

50 μM RHKK-AC-AMC (Enzo Life Science). The deace-

tylation reaction was stopped by adding trypsin/TSA so-

lution. After 20 min, AMC release was measured in a

microplate reader (Envision, PerkinElmer) at λEx360 nm/

λEm460 nm. Kinetics were calculated from a Michaelis-

Menten plot (V = Vmax[S]/(Km + [S])) and a double

reciprocal plot or Lineweaver-Burk plot (1/V = (Km +

[S])/Vmax[S] = (Km/Vmax)(1/[S]) + (1/Vmax)) using

the GraphPad Prism 4.0 program. Other kinetic parame-

ters were calculated as described by Wegener et al. [22].

V is the reaction velocity or reaction rate, Km is the

Michaelis-Menten constant, Vmax is the maximum

action velocity, and [S] is the substrate (M808)

concentration.

Patients

Patients who fulfilled the 1987 American College of

Rheumatology (ACR) criteria for the classification of RA

were enrolled after obtaining informed consent [23].

The study was approved by the Institutional Review

Board (IRB No. 1603-141-751).

FLS preparation

Synovial tissue was obtained from RA patients during

knee joint replacement surgery. The tissue was minced

and then treated with type II collagenase (Worthington,

OH, USA) at 37 °C. FLS were obtained by filtration

through a 40-μm cell strainer and then allowed to ad-

here to a culture plate. After removing non-adherent

cells, FLS were cultured in DMEM supplemented with

10% fetal bovine serum and 1% penicillin/streptomycin
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(P/S). FLS from the fourth to the eighth passage were

used for experiments.

Cytokines, chemokines, and MMP assay

FLS were pre-treated for 1 h with increasing concentra-

tions of the HDAC6 inhibitor and then stimulated for

24–72 h with 10 ng/mL IL-1β (R&D systems, MN, USA).

The culture supernatants were collected and IL-6 con-

centrations were measured in a Human IL-6 DuoSet

enzyme-linked immunosorbent assay (ELISA) (R&D sys-

tems). MMP-1, MMP-3, CCL2, CXCL8, and CXCL10

concentrations were measured using Magnetic Luminex

Screening Assay multiplex kits (Luminex assay, R&D

systems).

Western blot analysis

RA-FLS were treated with 10 ng/mL IL-1β in the pres-

ence of tubastatin A and M808 for 24 h. Protein lysates

of FLS were separated in SDS-PAGE gels and transferred

to nitrocellulose membranes. Membranes were incu-

bated overnight at 4 °C with primary antibodies specific

for HDAC6 (Cell Signaling Technology, MA, USA),

acetyl-tubulin, α-tubulin (Sigma-Aldrich), ICAM-1,

VCAM-1, or GAPDH (Santa Cruz, TX, USA). After

washing, the membranes were incubated for 2 h at room

temperature with the HRP-conjugated anti-mouse or

anti-rabbit antibodies (Jackson Immuno Research La-

boratories, PA, USA). Target proteins were detected

using a chemiluminescent substrate (Elpis Biotech,

South Korea).

Cell lines

U937 cells (ATCC CRL-1593.2), a human monocyte cell

line, were purchased from ATCC. Jurkat cells, an im-

mortalized line of human T lymphocytes, were pur-

chased from Korean Cell Line Bank. The cell lines were

cultured in RPMI-1640 (GIBCO Invitrogen, Basel,

Switzerland) containing 10% fetal bovine serum (FBS)

and 1% penicillin/streptomycin until use.

Adhesion assay

U937 and Jurkat cells were labeled with 5 μM calcein-

AM (Molecular Probes, Thermo Fisher Scientific) at

37 °C for 30 min. The cells were washed with serum-free

RPMI and resuspended at a density of 1 × 106 cells/mL.

RA-FLS were treated with the HDAC inhibitor at 37 °C

for 1 h in the presence of U937 cells or Jurkat cells. Un-

attached cells were removed by washing with phosphate-

buffered saline (PBS) and adherent cells were lysed with

0.1% Triton X-100 (Sigma-Aldrich) in PBS. The fluores-

cence of the calcein-labeled U937 and Jurkat cells adher-

ing to RA-FLS were analyzed in a SpectraMax M5

device (Molecular Devices) at an excitation wavelength

of 494 nm and an emission wavelength of 517 nm.

Cell migration assay

The effect of HDAC6 inhibition on the migration of RA-

FLS was determined by a wound healing assay. RA-FLS

were seeded onto a culture dish until a confluence of

monolayer was observed. The RA-FLS monolayer was

scratched (i.e., wounded) with a sterile pipette tip to cre-

ate an artificial homogenous wound of a cell-free area.

The cells were then stimulated with IL-1β with or with-

out pretreatment with the HDAC6 inhibitor. Images of

the cells migrating into the wound were obtained every

24 h for 72 h under a light microscope (DFC295, Leica,

Wetzlar, Germany) and assessed using LAS V3.8 (Leica)

software. The number of cells migrating into the wound

was counted.

Immunofluorescence staining

FLS were seeded onto 8-chamber slides (Becton Dickin-

son and Company, Franklin Lakes, NJ) and then treated

with IL-1β and M808. After treatment, the cells were

fixed for 10 min in 4% paraformaldehyde and perme-

abilized for 20 min with PBS containing 1% Triton X-

100 (Sigma-Aldrich, St. Louis, MO). The cells were then

stained with an Alexa Fluor 488-labeled anti-phalloidin

antibody (Cell Signaling Technology, Beverly, MA) and

an anti-cortactin antibody (Cell Signaling Technology)

that was detected with an Alexa Fluor 568-labeled sec-

ondary antibody (Cell Signaling Technology, Beverly,

MA). Nuclei were counterstained for 5 min with DAPI

(Thermo Fisher Scientific, Waltham, MA). Thereafter,

cells were mounted in ProLongTM Gold antifade reagent

(CST) and examined under an inverted fluorescence

microscope (EVOS FL Cell Imaging System; Life Tech-

nologies, Darmstadt, Germany).

Experimental murine arthritis model

Female Lewis rats (approximately 5 weeks old) were pur-

chased from Central Lab Animal, Inc. (Seoul, Republic

of Korea). Animals were divided into six groups (eight

or nine animals per group). Each group received oral

M808 (0, 3, 10, 30, 50, and 100 mg/kg) once a day, start-

ing 1 day (D-1) before injection of complete Freund’s ad-

juvant (CFA, Chondrex, WA, USA). To induce arthritis,

each animal received an injection of 100 μL CFA into

the tail base. The clinical score of arthritis and body

weight were measured on days 9, 13, and 16 post-CFA

injection. Rats were sacrificed on day 16.

Arthritis assessment

The severity of arthritis was evaluated by calculating a

clinical score for each joint; this was based on joint

swelling and erythema (scored 0 to 4). The clinical

scores for four joints were summed to obtain a total

score for each animal, as described previously [19].
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For histological evaluation, joint sections of the hind

paw (including tarsal bones, metatarsal bones, and

digits) were obtained and stained with hematoxylin and

eosin. Synovitis was scored on a scale of 0–4 as follows:

0 = normal; 1 = mild synovial hypertrophy (< 5 cell

layers) with few inflammatory cells; 2 = moderate

synovial hypertrophy (< 20 cell layers) with inflammatory

infiltrates; 3 = pannus, fibrous tissue, abscess, and inter-

stitial edema; and 4 = pannus and fibrous tissue forma-

tion, abscess, and interstitial edema on both sides of a

joint. Cartilage damage was scored as follows: 0 = nor-

mal, 1 = minor (< 10%), 2 = moderate (10~50%), 3 = se-

vere (50~80%), and 4 = very severe (80~100%) damage

of the cartilage. Bone erosion was scored as follows: 0 =

normal, 1 = mild (focal subchondral erosion), 2 = mod-

erate (multiple subchondral erosions), 3 = severe (mul-

tiple subchondral erosions and focal erosion), and 4 =

very severe (multiple erosions in multiple joints). Investi-

gators, all of whom were blinded to treatment, evaluated

joint histology.

Statistical analysis

Data are expressed as the mean ± SEM. The results of

the experiments were compared using t-tests. A p value

< 0.05 was deemed statistically significant. Statistical

analyses were performed using GraphPad Prism 5

(GraphPad, CA, USA).

Results

M808 is a novel selective HDAC6 inhibitor

First, we determined the biochemical selectivity of the

novel HDAC6 inhibitor M808. The half maximal inhibi-

tory concentration IC50 of M808 for HDAC6 was 1.2

nM; the value was higher (range 466–5888 nM) for the

other HDAC isoforms (Fig. 1a). The inhibitory constant

(Ki) and the residence time were 8.7 nM and 48 min, re-

spectively (Fig. 1b). These results suggest that M808 is a

potent and selective HDAC6 inhibitor with a competi-

tive binding mode of action. The viability of RA-FLS was

not affected by M808 at the dose used in these experi-

ments (Fig. 1c).

HDAC6 inhibition increases the acetylation of tubulin and

decreases the production of cytokines and MMPs by RA-

FLS

We examined whether HDAC6 inhibition influenced

post-translational acetylation of the key cytoskeletal pro-

teins tubulin and cortactin. FLS from RA patients (n =

3) were treated with IL-1β in the presence/absence of

HDAC6 inhibitors. Activation of RA-FLS by IL-1β did

not affect HDAC6 expression or acetylation of α-tubulin

Fig. 1 M808 is a selective HDAC6 inhibitor. a Selectivity of M808 for HDAC6. Inhibition of HDAC is dependent on the M808 concentration (IC50

values are shown). b Kinetics of M808 were determined by measuring the activity of HDAC6 in the presence of M808. c Cells were incubated

with IL-1β and increasing concentrations of M808. Cell viability was then measured. AMC, RHKK-AC-AMC; IC50, the half maximal inhibitory

concentration; IL, interleukin; Ki, inhibitory constant; ND, not determined; S, substrate; V, velocity
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and cortactin in FLS. HDAC6 inhibition by M808 in-

creased acetylation of α-tubulin and cortactin in a dose-

dependent manner. The total amount of α-tubulin and

cortactin remained stable (Fig. 2a).

Next, we examined the impact of HDAC6 inhibition

on the production of IL-6, MMP-1, and MMP-3 by RA-

FLS. In response to IL-1β, FLS produced large amounts

of IL-6, MMP-1, and MMP3. Pretreatment with M808

decreased the production of IL-6, MMP-1, and MMP-3

in a dose-dependent manner (Fig. 2b).

HDAC6 inhibition suppresses cell migration

Since cytoskeletal (re)organization is critical for cell

morphology and mobility, we investigated the impact

of the HDAC6 inhibition on RA-FLS migration in a

cell migration assay. RA-FLS migrated and re-

populated the scratched area within 72 h. In the

presence of the HDAC6 inhibitor, RA-FLS migration

(repopulation) tended to decrease in a dose-

dependent manner (Fig. 3a).

RA-FLS morphology changed in response to IL-1β

with increased cytoplasm volume and reorganization of

the actin cytoskeleton; stress fibers of F-actin (phal-

loidin) filaments (green staining) and cortactin (red dot)

increased, and more invadopodia (co-colocalization of F-

actin and cortactin) were observed. M808 suppressed

reorganization of F-actin and formation of invadopodia

(Fig. 3b).

HDAC6 is involved in the recruitment of immune cells

Interaction between RA-FLS and immune cells is cru-

cial for RA pathogenesis. Recruitment of immune

cells into an inflammatory lesion is a critical step.

Therefore, the effects of the HDAC6 inhibition on

chemokine production by RA-FLS were examined. IL-

1β induced RA-FLS to secrete chemokines CCL2,

CXCL8, and CXCL10. In the presence of the HDAC6

inhibitor, secretion of these chemokines decreased

(Fig. 4a).

To examine physical interaction between RA-FLS

and immune cells, monocytic cell line U937 and im-

mortalized human T cell line Jurkat cells were chosen

as surrogates for monocytes and T cells, respectively.

First, IL-1β treatment upregulated the expression of

ICAM-1 and VCAM-1 by RA-FLS. In the presence of

the HDAC6 inhibitor, the expression of both ICAM-1

and VCAM-1 tended to decrease in a dose-dependent

manner (Fig. 4b). Next, RA-FLS were co-cultured

Fig. 2 Inhibition of HDAC6 reduces the secretion of MMP-1, MMP-3, and IL-6 by fibroblast-like synoviocytes (FLS). a RA-FLS were activated with

IL-1β (10 ng/mL) in the presence of HDAC6 inhibitor M808 and tubastatin A. The expression of HDAC6, total and acetylated cortactin, and total

and acetylated α-tubulin were examined by Western blotting. A representative blot from three independent experiments is shown. Acetylated

cortactin and acetylated tubulin relative to the respective total protein were shown (n = 3). Data represent the mean ± SEM. Groups were

compared using a t-test. *p < 0.05 vs. FLS treated with IL-1β only. b FLS from RA patients (n = 6) were pre-treated for 1 h with M808 and then

stimulated with IL-1β (10 ng/mL) for 24 h. The production of IL-6, MMP-1, and MMP-3 was measured in an ELISA. Data represent the mean ± SEM.

Groups were compared using a t-test. *p < 0.05 vs. FLS treated with IL-1β only. AU, arbitrary unit; GAPDH, glyceraldehyde 3-phosphate

dehydrogenase; IL, interleukin; MMP, metalloproteinases; Tuba A, tubastatin A
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with U937 or Jurkat cells in the presence of M808.

HDAC6 inhibition had no significant effect on IL-1β-

induced adhesion of both U937 and Jurkat cells to

RA-FLS (Fig. 4c, d). Of note, IL-1β increased the ad-

hesion of U937 cells but not that of Jurkat cells to

RA-FLS.

HDAC6 inhibition ameliorates arthritis in an AIA model

To investigate the in vivo effects of HDAC6 inhibition

on arthritis, Lewis rats with AIA were treated with a

daily oral dose of HDAC inhibitor at different doses (Fig.

5a). In control rats, the arthritis score continued to rise

until days 13 through 16. The HDAC6 inhibitor im-

proved weight and reduced the clinical arthritis score in

a dose-dependent manner (Fig. 5b, c).

Histological examination of control rats on day 16

after CFA injection revealed marked inflammation of the

synovial membrane, along with cartilage destruction and

bone erosion. Synovial inflammation was suppressed by

the HDAC6 inhibitor. Interestingly, the HDAC6 inhibi-

tor ameliorated joint damage (i.e., cartilage damage and

bone erosion) to a greater extent than synovial inflam-

mation (Fig. 5d, e).

Discussion

Joint destruction in RA is mediated mainly by invasion

of transformed “cancer cell-like” FLS into adjacent bones

to form a pannus [3]. Here, we inhibited HDAC6 in RA-

FLS and showed that subsequent PTM of the actin cyto-

skeleton was associated with decreased cell mobility and

decreased production of tissue-degrading enzymes, in-

flammatory cytokines, and chemokines in vitro, and with

amelioration of inflammatory arthritis in a murine

model.

Since cell morphology, function, migration, and prolif-

eration depend on constant reorganization of the cyto-

skeleton, PTM of the cytoskeleton, such as acetylation

or deacetylation, ultimately impacts cell function and

shape [24]. Therefore, regulation of HDAC6 activity,

which is almost exclusively present in the cytoplasm,

may be critical for normal cell physiology in immune

and non-immune cells. Overexpression of HDAC6 leads

to a spontaneous proinflammatory response in macro-

phages and a pathologically increase in HDAC6 activity

in RA synovium [25, 26]. Inhibition of HDAC6 has

pleiotropic effects on immune and non-immune cells;

inhibiting HDAC6 promotes the generation of regulatory

T cells, inhibits the proliferation of activated T cell, and

Fig. 3 HDAC6 inhibition suppresses migration of fibroblast-like synoviocytes (FLS). a Cell migration assay. RA-FLS (n = 6) were treated for 1 h with

M808, followed by stimulation with IL-1β for 72 h. Migration of RA-FLS in the presence of varying concentrations of M808 is depicted. Shown are

representative images from six independent experiments (left panel). Original magnification × 40. The number of migrating RA-FLS in each group

was compared using a t-test (right panel). b Following treatment with IL-1β in the presence or absence of M808 (5 μM), FLS were stained for F-

actin (green) and cortactin (red). Nuclei were stained with DAPI (blue). Immunofluorescence images are representative of five independent

experiments; invadopodia (yellow dots) are seen in the merged panels. Bar = 20 μm. The number of invadopodia per cell was compared

between groups using a t-test (right panel). Data represented the mean ± SEM
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suppresses inflammatory responses of activated mono-

cytes and macrophages [20, 27, 28]. Here, we provide

new evidence that HDAC6 regulates tissue-destructive

RA-FLS via multiple mechanisms.

First, HDAC6 inhibition resulted in hyperacetylation

of cytoskeletal proteins tubulin and cortactin in RA-FLS.

This was associated with decreased production of IL-6,

MMP1, and MMP3 by RA-FLS in response to IL-1β, a

strong activator of FLS (Fig. 2). This is important since

RA-FLS produce large amounts of tissue-degrading en-

zymes such as MMPs, which contribute to cartilage and

bone destruction [3].

We and others reported that HDAC6 inhibition

dampens the proinflammatory response by inhibiting

the nuclear factor-κB (NF-κB) pathway and produc-

tion of reactive oxygen species [15, 20, 26]. PTM of

the cytoskeleton might be associated with altered cell

signaling; indeed, acetylated microtubules amplify

p38 kinase signaling and subsequent IL-10 produc-

tion [29, 30]. Therefore, the production and secre-

tion of cytokines can be regulated by modifying the

cytoskeleton, which controls intracellular transport

and signaling [31].

HDAC6 inhibition was associated with a decrease in

cell migration (Fig. 3), which is consistent with previous

studies demonstrating that acetylation of microtubules

inhibits cell migration and invasion of various cell types,

such as neurons and endothelial cells [32–36]. By con-

trast, HDAC overexpression and deacetylation of micro-

tubules increases cell motility [17]. Tubulin acetylation

increases the stability of microtubules due to increased

resistance to depolymerization, leading to a rigid cyto-

skeletal reorganization [37]. When FLS are activated,

they become larger and more confluent/adherent; they

also form invadopodia, which are critical for migration

and invasion along and into articular surfaces. Accord-

ingly, M808 inhibits the morphologic transformation, in-

cluding invadopodia formation, resulting in decreased

cell migration (Fig. 3b) [38]. Interestingly, IL-1β treat-

ment alone did not increase the migration of RA-FLS. It

is possible that RF-FLS has already gained high mobility

during a cancer-like transformation and the additional

activation by IL-1β treatment might further not increase

cell mobility.

A pathological hallmark of RA is the recruitment of

leukocytes into synovial membranes [39]. Recruited

Fig. 4 M808 inhibits chemotaxis and adhesion of inflammatory cells to RA-fibroblast-like synoviocytes (FLS). a RA-FLS (n = 6) were pre-treated

with M808 for 1 h, followed by stimulation with IL-1β for 24 h. The amounts of CCL-2, CXCL-8, and CXCL-10 in culture supernatants were

measured in an ELISA. b ICAM-1 and VCAM-1 expression by RA-FLS was examined by Western blotting. The image is representative of three

independent experiments (left panel). The expression of ICAM-1 and VCAM-1 relative to GAPDH were quantified (middle and right panels). Data

represent the mean ± SEM. c, d Adhesion of calcein-labeled U937 and Jurkat cells to RA-FLS after treatment with the HDAC6 inhibitor (n = 6).

Data represent the mean ± SEM. *p < 0.05 vs. cells treated with IL-1β. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ICAM, intercellular

adhesion molecule; VCAM, vascular cell adhesion molecule; Tuba, tubastatin A
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immune cells secrete inflammatory cytokines that drive

synoviocytes to transform into tissue-destructive proin-

flammatory RA-FLS. Here, we showed that these RA-

FLS produced large amounts of chemokines. As shown

previously, chemokines recruit immune cells and the in-

filtrating immune cells, in turn, activate FLS and to-

gether they form a positive proinflammatory feedback

mechanism [5, 40]. The HDAC6 inhibitor markedly

suppressed the production of chemokines CCL2,

CXCL8, and CXCL10 by RA-FLS. Furthermore, it

tended to downregulate the expression of adhesion

molecules ICAM-1 and VCAM-1 in response to IL-

1β. Adhesion via ICAM-1 and VCAM-1 might help

activated RA-FLS to attach efficiently to adjacent tis-

sues to facilitate migration/invasion. However, phys-

ical interactions between FLS and immune cells

(U937 and Jurkat as surrogates for monocytes and T

cells, respectively) did not decrease significantly upon

HDAC6 inhibition, suggesting that adherence of im-

mune cells to RA-FLS is significantly influenced by

HDAC6 inhibition (Fig. 4).

Finally, HDAC6 inhibitor M808 ameliorated clinical

arthritis in an AIA-murine arthritis model in a dose-

dependent manner (Fig. 5). These findings are consistent

with the anti-inflammatory and joint-protective effects

of other HDAC6 inhibitors [19, 20]. It is striking that

HDAC6 inhibition suppressed bone and cartilage dam-

age more than synovial inflammation, emphasizing the

inhibitory effect of HDAC6 on activated FLS during syn-

ovial inflammation. Taken together, the data suggest that

HDAC6 plays an important role in the tissue-destructive

function of RA-FLS during RA pathogenesis and that

HDAC6 inhibition might have therapeutic potential in

patients with RA.

Further studies are needed to investigate the mecha-

nisms (i.e., hyper- and deacetylation of cytoskeletal pro-

teins such as tubulin impacts) by which HDAC6 (or its

inhibition) affect cytoskeletal (re)organization and subse-

quent cellular functions, including expression of cyto-

kines, chemokines, and adhesion molecules. Cells that

require rapid cytoskeletal reorganization, such as acti-

vated or proliferating cells, might be more susceptible to

HDAC6 inhibitors.

Conclusion

In conclusion, M808, a novel specific HDAC6 inhibitor,

suppresses RA-FLS-mediated inflammatory responses

and tissue destruction in a murine RA model. Further

studies are needed to investigate whether HDAC6 inhib-

ition has therapeutic effects in patients with RA.

Fig. 5 M808 increases body weight and reduces the clinical score of arthritis in an AIA model. a Experimental design. Arthritis was induced in

Lewis rats as described in the “Methods” section. Rats received a daily dose of M808 (0, 3, 10, 30, 50, or 100 mg/kg; n = 9, 9, 9, 7, 7, and 8,

respectively), starting on the day before CFA injection. b, c Weight (b) and clinical scores over the treatment period are shown. P values were

generated using repeated measures ANOVA. d Synovial inflammation, bone erosion, and cartilage damage were graded after histological

examination. e Representative histology images. Data represent the mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the M808 0mg/kg

group. CFA, complete Freud’s adjuvant
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