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Abstract
In the present study, we evaluated the effect of largazole (LAR), a marine-derived class I HDAC
inhibitor, on tumor necrosis factor-α (TNF-α)-induced expression of intercellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), and matrix
metalloproteinase-2 (MMP-2) activity. LAR (1-5 μM) had no adverse effect on the viability of
RA synovial fibroblasts. Among the different class I HDACs screened, LAR (1-5 μM) inhibited
the constitutive expression of HDAC1 (0-30%). Surprisingly, LAR increased class II HDAC
[HDAC6] by ~220% with a concomitant decrease in HDAC5 [30-58%] expression in RA synovial
fibroblasts. SAHA (5 μM), a pan-HDAC inhibitor, also induced HDAC6 expression in RA
synovial fibroblasts. Pretreatment of RA synovial fibroblasts with LAR further enhanced TNF-α-
induced ICAM-1 and VCAM-1 expression. However, LAR inhibited TNF-α-induced MMP-2
activity in RA synovial fibroblasts by 35% when compared to the TNF-α-treated group. Further,
the addition of HDAC6 specific inhibitor Tubastatin A with LAR suppressed TNF-α+LAR-
induced ICAM-1 and VCAM-1 expression and completely blocked MMP-2 activity, suggesting a
role of HDAC6 in LAR-induced ICAM-1 and VCAM-1 expression. LAR also enhanced TNF-α-
induced phospho-p38 and phospho-AKT expression, but inhibited the expression of phospho-JNK
and nuclear translocation of NF-κBp65 in RA synovial fibroblasts. These results suggest that LAR
activates p38 and Akt pathways and influences class II HDACs, in particular HDAC6, to enhance
some of the detrimental effects of TNF-α in RA synovial fibroblasts. Understanding the exact role
of different HDAC isoenzymes in RA pathogenesis is extremely important in order to develop
highly effective HDAC inhibitors for the treatment of RA.
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INTRODUCTION
Rheumatoid arthritis (RA) is a systemic autoimmune disease that leads to progressive
destruction of bone and joints. Activation of RA synovial fibroblasts with inflammatory
cytokines stimulates synthesis and expression of adhesion molecules such as vascular cell
adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1), which
facilitate recruitment and retention of inflammatory cells in the synovium resulting in joint
inflammation (Lee and Weinblatt, 2001; Sweeney and Firestein, 2004). Gene transcription
of chemotactic and inflammatory mediators is regulated, at least in part, by the tight balance
between histone acetylation and deacetylation processes (Grabiec et al., 2011). Numerous
genes encoding cytokines, chemokines and the expression of activating or inhibitory factors
of immune cells are linked to the persistence of chronic arthritis and result in functional
changes in immunoregulatory and cell cycle networks (Criswell, 2010).

Epigenetic regulation of synovial cell proliferation, persistent recruitment, activation,
retention and survival of infiltrated immune cells plays an important role in RA pathogenesis
(Huber et al., 2007). One of the crucial events in gene expression is histone modification
through reversible acetylation which is regulated by histone acetyl transferases (HATs) and
histone deacetylases (HDACs) (Grabiec et al., 2011). However, the pathogenic contribution
of the different HDACs in RA is still an understudied area of research and warrants further
investigation. Chromatin remodeling has been suggested to play a role in the etiology and
progression of rheumatoid arthritis (Shuttleworth et al., 2010; Grabiec et al., 2011). Histone
acetylation by HATs loosens the chromatin coils, thereby exposing transcription-factor
binding sites and promoting the transcription of genes including those for proinflammatory
cytokines (Glaser, 2007; Halili et al., 2009). On the contrary, HDACs condense the
chromatin and prevent transcription factors from accessing the genome, thus preventing
gene transcription.

Based on the structural and functional similarities, HDACs are classified into 4 subfamilies:
Class I (HDACs 1, 2, 3, and 8), class II (HDACs 4-7, 9, and 10), class III (Sirtuins 1-7), and
class IV (HDAC 11) (McGee-Lawrence and Westendorf, 2011). Among these, classes I and
II are well studied. Studies suggest that class I HDACs are broadly expressed and are
enzymatically active to deacetylase histones (Lahm et al., 2007). In contrast, class II HDACs
demonstrate a more tissue specific expression and respond to the stimulation mediated
signaling events.(McGee-Lawrence and Westendorf, 2011). Recent advances in the
understanding of the role of HDACs in chronic inflammatory diseases such as cancer and
RA has lead to growing interest to develop small molecule chemical inhibitors of HDACs
(HDACi) (Dallavalle et al., 2012). Broadly, the HDACi are classified into four chemical
groups based on the structural properties: hydroxamates (trichostatin A, TSA; suberoyl
anilide bishydroxamic acid, SAHA), cyclic tetrapeptides (romidepsin, FK-228), short-chain
fatty acids (phenylbutyrate, valproic acid, VPA), and benzamides (entinostat, MS-275)
(Drummond et al., 2005). Recently isolated marine natural product largazole (LAR), a
structural congener of FK228, possesses potent and selective anticancer activity (Taori et al.,
2008). LAR was first isolated from a marine cyanobacterium of the genus Symploca and has
shown remarkable selective antiproliferative activity on transformed cell lines as against
non-transformed cell lines (Bowers et al., 2008; Ying et al., 2008). It has also demonstrated
selectivity for class I HDAC enzymes (Bowers et al., 2008; Ying et al., 2008).

Synovial fibroblasts are a major player in executing the progressive joint damage in RA by
accelerating the infiltration of circulating and resident lymphocytes and monocytes with the
help of ICAM-1 and VCAM-1 (Marlor et al., 1992). In addition, activated synovial
fibroblasts have been shown to invade the adjacent bone and cartilage through activation of
matrix degrading enzymes termed matrix metalloproteinase-2 (MMP-2) (Ahmed et al.,
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2006). However, there is no established relationship between HDAC activity in RA synovial
fibroblasts and inflammation in RA, which underlines the limitation of testing anti-
inflammatory HDACi in these cells. Some studies suggest that the expression of class I
HDACs (HDAC1 and 2) was decreased in RA synovial tissue as compared to osteoarthritis
(OA) or normal synovial tissue (Horiuchi et al., 2009). In contrast several other studies
suggest that HDAC1 and 4 mRNA expression was elevated in RA synovial tissue and
fibroblasts (Chabane et al., 2009; Kawabata et al., 2010).

Initial screenings of HDACi on RA synovial fibroblasts have shown some promise.
Inhibition of HDAC activity by TSA or FK-228 in RA synovial fibroblasts resulted in cell
cycle arrest and sensitization of these cells to TRAIL-induced apoptosis (Ito et al., 2005;
Nasu et al., 2008). A study aimed at examining the efficacy of HDACi on gene expression
of inflammatory proteins using SV40 T-Ag-transformed lines showed that SAHA and
MS-275 suppressed lipopolysaccharide (LPS)-induced IL-6, IL-18, MMP-2, MMP-9, and
vascular endothelial growth factor (VEGF) expression through inhibition of nuclear factor-
κB (NF-κB) nuclear translocation (Choo et al., 2010). However, little or no information is
available regarding the role or presence of other classes of HDACs in RA synovial
fibroblasts and the effect of HDACi on these HDACs and their possible therapeutic
implications. Considering its potency and HDAC class I selectivity, we tested the effect of
LAR on tumor necrosis factor-α (TNF-α)-stimulated RA synovial fibroblasts.

MATERIALS AND METHODS
Antibodies and Reagents

Recombinant human TNF-α, goat polyclonal antibodies against human ICAM-1 and
VCAM-1 were purchased from R&D Systems (Minneapolis, MN). Rabbit polyclonal
antibodies against phosphorylated ERK1/2, JNK/SAPK, and p38, and anti-rabbit and anti-
mouse horseradish peroxide-linked secondary antibodies were purchased from Cell
Signaling Technologies (Beverly, MA). Rabbit polyclonal antibody against NF-κBp65 was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The signaling inhibitors were
purchased from EMD Millipore (Billerica, MA). Tubastatin A HCl (HDAC6 inhibitor) was
purchased from Selleck Chemicals (Houston, TX). Rabbit anti-β-actin was purchased from
Sigma-Aldrich (St. Louis, MO).

Isolation and culture of RA synovial fibroblasts
Fibroblasts were isolated from synovium, obtained according to the University of Toledo
Institutional Review Board (IRB) approved protocol in compliance with the Helsinki
Declaration, from RA patients who had undergone total joint replacement surgery or
synovectomy and fulfilled the criteria set by the American College of Rheumatology. Fresh
synovial tissues were minced and digested in a solution of dispase, collagenase, and DNase
(Ahmed et al., 2008). RA synovial fibroblasts were grown in RPMI containing 2 mM L-
glutamine with 10% FBS, at 37 °C, in a humidified atmosphere with 5% CO2. Cells were
used between passages 5-9.

Synthesis of largazole and preparation of LAR test solutions
Largazole was synthesized and characterized as described earlier (Bhansali et al., 2011) and
shown as a schematic diagram (Fig. 1). Briefly, the thiazole-thiazoline intermediate 3 was
synthesized from Bocthioglycinamide 1 via the thiazole nitrile 2. The aldehyde 5,
synthesized from acrolein 4, was converted to the alcohol 6 by stereoselective aldol reaction
with acetyl Nagao auxillary (Yurek-George et al., 2004; Bhansali et al., 2011). Acyl transfer
from 6 to 3 in the presence of 4-N,N-dimethylaminopyridine (DMAP) in dichloromethane
(DCM) gave the intermediate 7. It was converted to the ester 8 by Yamaguchi esterification
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with Fmoc-valine in the presence of Hunig’s base and DMAP. After saponification of the
methyl ester group under mild conditions with lithium hydroxide (LiOH) in tetrahydrofuran
(THF)-water and the removal of the Fmoc protecting group with diethyl amine, it was
cyclized using HATU and HOAt in the presence of Hunig’s base to obtain the depsipeptide
9. The trityl protecting group of 9 was removed with trifluoroacetic acid (TFA) and the
resulting thiol was esterified with octanoyl chloride to obtain largazole 10 (described in Fig.
1).

A stock solution of 10 mM of LAR was prepared in sterile DMSO and stored at −20° C in
aliquots. A fresh LAR solution was used in each experiment and added directly to the
culture medium. DMSO at the comparative volume was used as control.

Cell viability assays
To study the effect of LAR on cell viability, RA synovial fibroblasts (2 × 104/well) were
plated in 96-well, flat-bottomed tissue culture plates (Corning, Corning, NY) and cultured in
RPMI 1640 plus 10% FBS for 6 h. This was then replaced with fresh medium and culture
continued for 24 h. LAR (1–5 μM) alone or with TNF-α (20 ng/ml) was added to RA
synovial fibroblasts in serum-free medium and the culture was incubated at 37 °C for
another 24 h. SAHA (5 μM) alone or in combination with TNF-α was also used as control.
Two hours prior to termination of each time point, 20 μl of MTT dye (5 mg/ml in sterile
phosphate buffered saline [PBS]; Invitrogen, Carlsbad, CA) was added to each well and
further incubated at 37 °C. At the end of incubation, cells were washed twice with PBS,
solubilized in 100 μl of DMSO at 37 °C for 5 min, and read at an optical density of 570 nm.

Western immunoblotting
To study the effect of LAR on HDACs, RA synovial fibroblasts were incubated with or
without 0.5-5 μM LAR alone or with TNF-α for 24 h, in serum-free RPMI. SAHA (5 μM)
was used as the treatment control. Cells were lysed in lysis buffer (100 mM Tris, pH 7.4,
100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 20 mM NaP2O4, 2 mM Na3VO4,
1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5% deoxycholate, 1 mM
phenylmethylsulfonyl fluoride), and protease inhibitors (Roche Diagnostics Corporation, IN;
1 tablet/10 ml), and protein was measured using BCA protein assay kits (Pierce
Biotechnology Inc., Rockford, IL). Equal amounts of protein (20-25 μg) were separated by
SDS/PAGE and transferred onto nitrocellulose membranes (Bio-Rad). Blots were probed
with rabbit polyclonal antibodies for the specific protein of interest, followed by incubation
with the appropriate horseradish peroxidase-conjugated secondary antibody.
Immunoreactive protein bands were visualized by enhanced chemiluminescence, and were
densitometrically analyzed using Image-J software (NIH). Blots were stripped and reprobed
for β-actin to ensure equal protein loading. Data were statistically analyzed using Image-J
software (NCI).

RNA extraction and quantitative reverse transcription-polymerase chain reaction (qRT-
PCR)

Total RNA was isolated from human RA synovial fibroblasts using RNAeasy mini RNA
isolation kits in conjunction with QIAshredders (Qiagen Inc., Valencia, CA) following the
manufacturer’s protocol. Following isolation, RNA was quantified and checked for purity
using a spectrophotometer (Nanodrop Technologies, Wilmington, DE). Complementary
DNA (cDNA) was then prepared using a first strand synthesis kit, with anchored oligo-DT
RNA primers (Qiagen Inc.) following the manufacturer’s protocol. Quantitative polymerase-
chain reaction (PCR) was performed using Platinum SYBR Green qPCR MasterMix
(Qiagen Inc.) and specific primer sequences for human ICAM-1 (NM_003183), VCAM-1
(NM_ 001110), and β-actin (NM_001101) (Qiagen Inc.) by the method described in our
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earlier studies (Ahmed et al., 2008; Marotte et al., 2010). All samples were run in duplicate
and analyzed using the Eppendorf software provided with the instrument. For quantification,
the relative abundance of each gene was normalized to β-actin.

Preparation of nuclear extracts and NF-κBp65 nuclear translocation study
To study the effect of LAR on the constitutive and TNF-α-induced NF-κBp65 activation,
confluent RA synovial fibroblasts, cultured in 60 mm dishes, were untreated or pretreated
with LAR (5 μM) for 2 h followed by TNF-α (20 ng/ml) stimulation for 30 min, in
RPMI-1% FBS. Upon termination, cells were washed with ice-cold PBS, collected by
scraping, and centrifuged at 1,500g for 5 min at 4 °C. Nuclear and cytoplasmic fractions
from different treatment groups were prepared as described earlier (Ahmed et al., 2006;
Abboud et al., 2008; Ahmed et al., 2009). Equal amount of protein (15 μg) from nuclear
fractions was evaluated by Western blotting for studying the level of NFκBp65 expression.

Gelatin zymography
MMP-2 activity in conditioned medium was measured as previously described (Ahmed et
al., 2006; Ahmed et al., 2008). Briefly, 15 μl of conditioned medium was added to 15 μl of
2× nonreducing sample buffer, resolved under nonreducing conditions on 7.5% SDS–
polyacrylamide gels polymerized with 1 mg/ml gelatin (type B from bovine skin; Sigma) as
a substrate, and electrophoresed at 125V. Following electrophoresis, the gels were washed in
2.5% Triton X-100 for 30 min with gentle shaking, followed by a 30-min wash in
developing buffer (50 mM Tris HCl [pH 8.0], 5 mM CaCl2, and 0.02% NaN3). The gels
were incubated overnight in fresh developing buffer at 37 °C, stained in Coomassie brilliant
blue R250, and then destained using a solution of 7% acetic acid and 5% methanol. Images
of the digested regions representing MMP activity were captured using the digital camera
and analyzed using Image-J software.

Statistical analysis
One-way ANOVA followed by Dunnett’s t tests were performed to evaluate the statistical
significance of group differences in measured mRNA and protein expression studies in RA
synovial fibroblasts. P values less than 0.05 (2-tailed) were considered significant.

RESULTS
Effect of LAR or SAHA on RA synovial fibroblast viability

The results of an MTT-based viability assay using samples obtained from 3 different donors
showed that LAR (0.5–5 μM) had no significant effect on the viability of cultured RA
synovial fibroblasts (data not shown). However, SAHA (5 μM) increased the RA synovial
fibroblast number by ~20%, which was not statistically significant (p>0.05).

Effect of LAR on RA synovial fibroblast HDACs
Earlier studies have shown that RA synovial fibroblasts express high level of several
HDACs (namely HDAC1, 2, and 8) from class I as compared to the normal or osteoarthritis
(OA) synovial fibroblasts (Horiuchi et al., 2009; Grabiec et al., 2011). In the present study,
we evaluated the effect of LAR on the constitutive expression of HDACs in RA synovial
fibroblasts. Result of the Western blotting analysis showed that HDAC3, 4, and 7 were
undetectable in RA synovial fibroblasts (data not shown). However, we observed that
HDAC1, 2, 5, and 6 are expressed constitutively by RA synovial fibroblasts (Fig. 2A).
Treatment of LAR (0.5-5 μM) for 24 h resulted in a marked ~35% decrease in HDAC1
expression up to 2 μM dose, which was slightly lost at 5 μM dose (Fig. 2A&B).
Interestingly, we observed no marked change in the expression of HDAC2 with LAR or
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SAHA treatment. To our surprise, LAR significantly inhibited the expression of HDAC5, a
class II HDAC, in a dose-dependent fashion, ranging from 30 – 58%, with no marked
change induced by SAHA (Fig. 2A&B; p<0.05). In another important observation, treatment
of RA synovial fibroblasts with LAR significantly induced the expression of HDAC6 in a
dose-dependent manner up to ~2.2-fold when compared to the untreated samples (Fig.
2A&B; p<0.01). Overall, we didn’t observe any marked change in these HDACs by the
treatment of SAHA (2 μM) at the earlier reported dose (Butler et al., 2002). These results
suggest that LAR induced modulation of HDACs may play a role in influencing the
outcome of response under stimulation.

Effect of LAR on ICAM-1 and VCAM-1 expression in RA synovial fibroblasts in vitro
Adhesion molecules ICAM-1 and VCAM-1 produced by RA synovial fibroblasts play an
important role in the perpetuation of inflammation by facilitating adhesion of circulating
inflammatory cells to the walls of endothelial cells and consequently their extravasation at
the site of inflammation or tissue injury (Marrelli et al., 2011). To study the effect of LAR
on TNF-α-induced ICAM-1 and VCAM-1 expression, we pretreated RA synovial
fibroblasts with or without LAR or SAHA followed by TNF-α stimulation for 24 h. Results
of the Western blotting showed that LAR (5 μM) alone had no inducing effect on ICAM-1
or VCAM-1 (Fig. 3). Stimulation of RA synovial fibroblasts with TNF-α (20 ng/ml)
resulted in a significant 3.2-fold and 6.2-fold increase in ICAM-1 and VCAM-1 expression,
respectively, when compared to the expression in untreated samples (Fig. 3A&B; p<0.05 for
both ICAM-1 and VCAM-1). Interestingly, pretreatment of RA synovial fibroblasts with
LAR (2 and 5 μM) resulted in a significant 35% and 45% increase in TNF-α-induced
ICAM-1 expression, when compared to the expression level with TNF-α alone treatment
(Fig. 3A; p<0.05 for 5 μM). Similarly, we found a dose-dependent increase in TNF-α-
induced VCAM-1 expression by the addition of LAR (2 and 5 μM) (Fig. 3B; p<0.05).

To determine whether the induction of ICAM-1 and VCAM-1 was not only at translational
level, we analyzed ICAM-1 and VCAM-1 mRNA expression in RA synovial fibroblasts by
qRT-PCR. After 24 h of TNF-α stimulation, the ICAM-1 and VCAM-1 mRNA expression
increased by ~18- and ~42-fold, respectively, when compared to the untreated (NS) group
(Fig. 3C&D; p<0.01). Pretreatment of LAR (2 and 5 μM) further induced ICAM-1 and
VCAM-1 mRNA expression in RA synovial fibroblasts. Specifically, LAR (5 μM) alone
had no inducing effect on ICAM-1 or VCAM-1. However, LAR (2 and 5 μM) further
increased TNF-α-induced ICAM-1 mRNA expression by 69% and 373%, respectively (Fig.
3C&D; p<0.05 for 5 μM). Similar concentrations of LAR further induced TNF-α-induced
VCAM-1 mRNA expression by 81% and 406%, respectively (Fig. 5B; p<0.05 for 5 μM).
Interestingly, SAHA (5 μM) modestly increased ICAM-1 mRNA expression, but inhibited
VCAM-1 by ~26% when compared to the TNF-α treated group (Fig. 5A&B). These results
were consistent with ICAM-1 and VCAM-1 protein expression analysis and suggest that
LAR may enhance the effects of TNF-α via upregulation of upstream signaling events in
RA synovial fibroblasts in vitro. Interestingly, we observed a discordant VCAM-1 protein
and mRNA correlation in the samples treated with SAHA, which could not be explained
from the mechanism point-of-view. While it is open to interpretation, such discordant or
delayed correlation of mRNA and protein expression is common in the diseased samples or
their stimulation with the treatment, and has been a subject of extensive research in the area
of proteomics (Chen et al., 2002; Fournier et al., 2010).

Effect of LAR on TNF-α-induced MMP-2 activity in RA synovial fibroblasts
Proinflammatory cytokines such as TNF-α are known inducers of matrix degrading
enzymes including MMP-2 (Ahmed et al., 2006; Burrage et al., 2006). We evaluated the
effect of LAR on TNF-α-induced MMP-2 activity using gelatin zymography. Results of the
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densitometric analysis of the gelatin zymograms showed that TNF-α induced MMP-2
activity by almost 92% when compared to the enzymatic activity of MMP-2 in untreated
samples (Fig. 4; p<0.01). Interestingly, pretreatment of cells with LAR inhibited TNF-α-
induced MMP-2 activity by 28% and 35% in a dose-dependent manner (Fig. 4; p<0.05 for 5
μM). We also observed a marked 28% decrease in TNF-α-induced MMP-2 activity by
SAHA (5 μM). These results suggest that LAR may modulate certain signaling pathways
activated by TNF-α in RA synovial fibroblasts to suppress in vitro MMP-2 activity.

LAR enhances TNF-α-induced p38 and AKT pathways, but inhibits JNK and NF-κBp65
activation in RA synovial fibroblasts

To understand the molecular mechanism through which LAR modulates TNF-α response in
RA synovial fibroblasts, we studied the effect of LAR on TNF-α-induced pathways that are
integral signaling mediators of TNF-α-induced downstream inflammatory proteins in RA
pathogenesis (Ahmed et al., 2006; Ahmed et al., 2008). RA synovial fibroblasts were
pretreated with LAR or SAHA stimulated with TNF-α for 30 min. Western blot analysis of
the phosphorylated MAPKs showed that LAR (5 μM) alone increased the constitutive levels
of p-ERK and p-JNK, but not p-p38 MAPK, in RA synovial fibroblasts (Fig. 5A).
Specifically, TNF-α stimulation for 30 min resulted in almost 0.5-, 2-, 6-, and 4-fold
increase in the expression of p-ERK, p-JNK, p-p38, and p-Akt in RA synovial fibroblasts.
Preincubation of LAR differentially modulated the TNF-α-induced MAPK expression in
RA synovial fibroblasts (Fig. 5A). In particular, LAR at 2 and 5 μM concentration caused a
dose-dependent increase in TNF-α-induced p-p38 and p-Akt by ~20% and ~45%,
respectively, but inhibited p-JNK expression by ~30% in TNF-α-stimulated RA synovial
fibroblasts (Fig. 5A; p>0.05). Since TNF-α itself is a potent inducer of MAPK pathways,
even a moderate increase in its activation by LAR may have profound impact on its
downstream signaling events. Therefore, these results suggest that LAR, by selectively
activating p38 and Akt pathways, further enhances TNF-α-induced ICAM-1 and VCAM-1
expression in RA synovial fibroblasts.

NF-κBp65 plays a central role in regulating cytokine-induced inflammatory genes including
MMP-2 (Ahmed et al., 2006; Ahmed et al., 2008). In the present study, stimulation of RA
synovial fibroblasts with TNF-α for 30 mins resulted almost 6-fold induction in the nuclear
translocation of NF-κBp65 (Fig. 5B; p<0.01). We further evaluated the effect of LAR on
TNF-α-induced nuclear activation of NF-kB in RA synovial fibroblasts. The results from
Western blot analysis on the nuclear extracts prepared from TNF-α-stimulation for 30 mins
alone or in the presence of LAR (5 μM) showed that LAR inhibits TNF-α-induced NF-
κBp65 nuclear translocation in RA synovial fibroblasts by almost 35% (Fig. 5B; p<0.05).
These results suggest that the regulation of NF-κB pathway by LAR may be an important
mechanism of inhibiting MMP-2 activity in RA synovial fibroblasts.

To further evaluate the role of these signaling pathways in LAR mediated induction of
ICAM-1 and VCAM-1, and inhibition of MMP-2 activity, RA synovial fibroblasts were
pretreated with signaling inhibitors followed by TNF-α stimulation for 24 h. Western blot
analysis showed that p38 and JNK pathways have a modest, whereas Akt and NF-κB
pathways have a significant, role in mediating TNF-α-induced ICAM-1 expression (Fig. 5C;
p<0.05 and p<0.01). Interestingly, p38, Akt, and NF-κB pathways were found to be the key
players in TNF-α-induced VCAM-1 expression and MMP-2 activity in RA synovial
fibroblasts (Fig. 5 C&D; p<0.05 and p<0.01). These findings provide evidence for the role
of p38, Akt, and NF-κB pathways in mediating LAR induced effects in RA synovial
fibroblasts (Fig. 5 C&D).
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Involvement of HDAC6 in LAR-induced ICAM-1 and VCAM-1 expression in RA synovial
fibroblasts

To understand the influence of LAR on HDAC6 mediated activation of TNF-α-induced
ICAM-1 and VCAM-1 expression, we pretreated cells with Tubastatin A (Tub-A; a selective
HDAC6 inhibitor, 10 μM) alone or in combination with LAR, followed by TNF-α
stimulation. Western blot analysis showed that although Tub-A by itself had a modest effect
in inhibiting TNF-α-induced ICAM-1 and VCAM-1 expression, its presence markedly
inhibited TNF-α+LAR-induced ICAM-1 and VCAM-1 expression in RA synovial
fibroblasts (Fig. 6A; p<0.01 for VCAM-1). Our analysis of zymograms showed that LAR
and Tub-A exhibited a combinatorial effect, thereby completely blocking TNF-α-induced
MMP-2 activity in these cells (Fig. 6B). These findings validate that LAR might activate
class II HDAC (HDAC6) by influencing the upstream signaling cascades to induce ICAM-1
and VCAM-1 in RA synovial fibroblasts.

To further correlate these downstream effects with the modulation of p38, Akt, and NF-κB
pathways, we treated cells with LAR and/or Tub-A, followed by TNF-α stimulation for 30
min and probed the cell lysates for the signaling proteins. The result of the analysis showed
that although Tub-A alone had no significant inhibitory effect on the phosphorylation of p38
and Akt, it exhibited a marked inhibition of p-p38 and p-Akt activation by TNF-α+LAR in
RA synovial fibroblasts (Fig. 6C). In addition, Tub-A further enhanced the effect of LAR in
completely inhibiting the phosphorylation of IκBα induced by TNF-α stimulation (Fig. 6C).
Overall, these results validate the role of HDAC6, at least in part, in regulating the
expression of ICAM-1 and VCAM-1 and MMP-2 activity via these signaling pathways.

DISCUSSION
Based on the limited understanding of the role of class I and II HDACs in RA pathogenesis,
our two pronged interest was to determine the expression levels of class I and II HDACs in
RA synovial fibroblasts and evaluate the effect of newly discovered marine-derived class I
HDAC inhibitor, LAR, on TNF-α-induced angiogenic markers in these cells. Some of the
interesting findings from this study suggest that LAR, although classified as a class I HDAC
inhibitor, may modulate the expression of class II HDACs such as HDAC5 and HDAC6 in
RA synovial fibroblasts. Importantly, this study emphasized how LAR modulates the
signaling pathways alone or in presence of TNF-α to induce ICAM-1 and VCAM-1
expression. Similar effects of SAHA, a pan-HDAC inhibitor, attest to the notion that
different members within each class of HDACs may play a unique, yet important, role in
specific disease pathogenesis. In addition, the decrease in LAR-induced ICAM-1 and
VCAM-1 expression by Tub-A further provides evidence that the induction of HDAC6 by
LAR is an important event in enhancing the effects of TNF-α in RA synovial fibroblasts
(Fig. 7 for the proposed mechanism). Thus, developing isoform specific HDAC inhibitors
seems more promising therapeutic strategy than designing class specific HDAC inhibitors. It
may particularly be important for autoimmune diseases where the presence of multiple
proinflammatory cytokines in the process of dysregulated immune function may further
exacerbate the detrimental processes such as angiogenesis and tissue destruction.

HDACs have been shown to play an important role in epigenetically regulating
inflammatory processes at different levels. However, only recent studies have clarified their
role in angiogenesis, in particular the epigenetic mechanisms in the regulation of tissue
destruction in RA (Buckland, 2011). Studies performed on RA and OA synovial tissues
suggest the excessive expression of HDAC1 among other class I HDACs (1, 2, 3, and 8)
(Kawabata et al., 2010). A recent study by Gillespie et al, showed higher HDAC activity in
the peripheral mononuclear blood cells (PBMCs) obtained from RA patients and the
selective inhibition of HDAC3 suppressed selective IL-6 production in these cells (Gillespie
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et al., 2012). However, in RA synovial fibroblasts we observed a very low expression of
HDAC3 suggesting this HDAC has limited role in mediating RA synovial fibroblast
aggressiveness. Similarly, the non-specific HDAC inhibitors were shown to inhibit IL-6
production in RA synovial fibroblasts and macrophages by accelerating its mRNA decay
(Grabiec et al., 2012). Despite our understanding of the role of HDACs in RA synovial
fibroblast biology, the contribution of individual HDACs is not defined. This leaves us with
a question of which HDAC can be therapeutically targeted for the treatment of RA.
Interestingly, a study by Kawabata et al, pointed to the increased activity and expression of
HDAC1, not HDAC2, that correlated with and responded to TNF-α stimulation in RA
synovial fibroblasts (Kawabata et al., 2010). Our study partly supports this notion as we
observed both HDAC1 and HDAC2 significantly expressed at the constitutive levels and
only HDAC1 inhibition was observed with the different concentrations of LAR.

RA is a chronic, systemic autoimmune disease of the synovial joints, which is characterized
by synovial hyperplasia mediated via infiltrating leukocytes that release cell adhesion
molecules and matrix degrading enzymes to cause bone and cartilage destruction (Ahmed,
2010). Among different cell types present in the diseased synovium, synovial fibroblasts are
prominent activators of ICAM-1 and VCAM-1 that facilitate the binding and extravasation
of the inflammatory cells in the affected tissue and cause joint damage (Okamoto et al.,
2008). VCAM-1 expression is up-regulated in the activated synovial fibroblasts and can
further be induced in the presence of inflammatory cytokines (Silverman et al., 2007).
ICAM-1, by promoting the mechanism of adhesion in immunologic and inflammatory
processes, plays an important role in a variety of inflammatory and neoplastic diseases. In
addition, ICAM-1 is also expressed on RA synovial fibroblasts and facilitates the interaction
of the matrix protein with the circulating leukocytes (Hanyuda et al., 2003). Studies suggest
that blockade of ICAM-1 or VCAM-1 using specific antibodies inhibits the development of
collagen-induced arthritis (CIA) and adjuvant-induced arthritis (AIA) in experimental
animals (Bullard et al., 1996; Carter et al., 2002). It may be postulated that the increase in
TNF-α-induced ICAM-1 and VCAM-1 in the presence of LAR may contribute to the
adhesion of recruited leukocytes and other inflammatory cells and eventually amplify the
inflammatory milieu in the affected joints. However, further studies are desired to test the
effect of LAR on other cell types that are integral part of the joint such as osteoblasts and
chondrocytes, which may validate the overall benefit/drawback for such activation in RA
joints. Along these lines of discussion, a recent study suggest that LAR induces osteogenic
activity (Lee et al., 2011). Although the osteogenic property of LAR in this study was
attributed to the induction of RUNX2 and bone morphogenetic proteins (BMP), it may be
postulated that induction of ICAM-1 and VCAM-1 may also play an important role in this
process. Recent studies suggest that adhesion molecules are essential for an enhanced
growth and osteogenic differentiation of human osteoblast-like cells (Defino et al., 2009;
Grausova et al., 2011). On a similar note, therapies that upregulate chondrogenic cytokines
including adhesion molecules have been proposed as potential strategy to halt the process of
cartilage degradation in osteoarthritis (Lo et al., 2013).

The majority of studies so far have addressed the role of class I HDACs and a significant
void remains in our understanding of the role of class II HDACs in RA pathogenesis.
Results from our study provide novel perspectives on the role and expression of class II
HDAC5 and HDAC6 in RA synovial fibroblasts. HDAC5 has been shown to possess a
unique anti-angiogenic property and its overexpression resulted in decreased endothelial cell
migration, sprouting, and tube formation (Urbich et al., 2009). In another study, the selective
inhibition of HDAC5 by siRNA resulted in an increased angiogenesis and enhanced pro-
angiogenic gene expression pattern in endothelial cells (Milde et al., 2010). HDAC6 has
recently gained significant attention with its emerging role related to the regulation of the
acetylation of nonhistone regulatory proteins that participate in cancer-relevant processes
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(Dallavalle et al., 2012). In contrast to HDAC5, HDAC6 has been shown to promote
angiogenesis and play a major role in tumor cell invasion (Yang et al., 2008; Park et al.,
2011). However, the role of HDAC6 in RA pathogenesis is not yet studied. In RA, where
angiogenesis is a central mechanism of recruitment and retention of leukocyte infiltrates via
enhanced blood supply, ICAM-1 and VCAM-1 expression plays a key role in maintaining
inflammatory milieu in the affected joints (Okamoto et al., 2008). In the present study,
treatment of RA synovial fibroblasts with LAR upregulated HDAC6 expression, which
suggests that the induction of ICAM-1/VCAM-1 by LAR alone or in the presence of TNF-α
may partly be regulated via HDAC6, in addition to p38 and Akt pathways. This observation
is further supported by our results that show downregulation of TNF-α+LAR-induced
ICAM-1 and VCAM-1 by HDAC6 inhibitor. Further studies are required to nail down the
exact role of HDAC6 inhibition on the expression of angiogenic genes in pre-clinical models
of human RA.

MMP-2 is involved in joint destruction observed in RA by facilitating RA synovial
fibroblast mediated invasion of microvascular basement membrane and the interstitium
(Burrage et al., 2006). We have shown earlier that MMP-2 activation in RA synovial
fibroblasts is mediated, in part, by NF-κB pathway (Ahmed et al., 2006; Ahmed et al.,
2008). Interestingly, a recent finding suggests HDAC inhibitors SAHA and MS-275 may
inhibit MMP-2 and MMP-9 production in synovial fibroblastic cell line E11 (Choo et al.,
2010). However, the effect of these HDAC inhibitors and newly discovered LAR on primary
human RA synovial fibroblast MMP-2 activity has not been tested. In our results, although
LAR cooperated with TNF-α to further induce AKT and MAPKs, it had inhibitory effect on
TNF-α-induced NF-κBp65 activation and nuclear translocation. Taken together, our
findings support the inhibition of NF-κB signaling pathway as a potential mechanism of
MMP-2 regulation by LAR. The addition of Tub-A with LAR completely blocked TNF-α-
induced phospho-IκBα and thereby MMP-2 activity in RA synovial fibroblasts, suggesting
the involvement of HDAC6 in mediating this process.

In summary, the results of the present study suggest that LAR may also influence class II
HDACs, in particular HDAC6, to synergize with some of the detrimental effects of TNF-α.
However, further studies are warranted to understand the role of HDAC6 in upregulating de
novo protein translation in RA synovial fibroblasts. This study also underlines (a) the role of
p38 and Akt pathways in mediating the effects of LAR on TNF-α-induced ICAM-1 and
VCAM-1 expression, and (b) the role of NF-κB pathway inhibition by LAR in regulating
TNF-α-induced MMP-2 activity in RA synovial fibroblasts in vitro. Overall, validating the
exact role of an individual HDAC isoenzyme in RA pathogenesis is extremely important
before highly selective HDAC inhibitors could be designed and tested for the treatment of
RA.
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RESEARCH HIGHLIGHTS

• Largazole enhances TNF-α-induced ICAM-1 and VCAM-1.

• Largazole upregulates class II HDAC (HDAC6) in RA synovial fibroblasts.

• Largazole increases ICAM-1 and VCAM-1 expression partly via upregulation
of p38 and Akt pathways.

• A selective HDAC isoform inhibitor may be more effective than a class
inhibitor.

• Further studies are required to understand the role of class II HDACs in RA.
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Fig. 1.
Schematic diagram of the synthesis of largazole. Boc = tert-butoxycarbonyl, DMAP = 4-
dimethylaminopyridine, DCM = dichloromethane, Fmoc = 9-fluorenylmethyloxycarbonyl,
THF = tetrahydrofuran, TFA = trifluoroacetic acid, TIPS = triisopropylsilane, HATU = 2-(7-
aza-1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate, HOAt = 1-
hydroxy-7-azabenzotriazole. Brsm = based on recovered starting material.
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Fig. 2.
LAR dose-dependently down-regulates HDAC1 and HDAC5, but upregulates HDAC6
expression in RA synovial fibroblasts. (A) RA synovial fibroblasts (2 × 105/well) were
incubated with LAR (0.5–5 μM) or SAHA (5 μM) in serum-free RPMI for 24 h to
determine the effect on Class I and II HDACs by Western blotting method. (B)
Densitometric analysis of the expression of different HDACs was quantified by determining
the intensity of the bands using Image-J software (NIH). These values were normalized with
the respective β-actin values and represented as the mean ± SEM of HDAC expression
relative to untreated (NS) levels. The results represent values obtained from 5 independent
donors’ cells under similar conditions. *p<0.05 vs NS group; **p<0.01 vs NS group.

Ahmed et al. Page 16

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Synergistic induction of TNF-α-induced ICAM-1 and VCAM-1 expression by LAR or
SAHA in RA synovial fibroblasts. (A&B) RA synovial fibroblasts were pretreated with
LAR (2–5 μM) or SAHA (5 μM) for 2 h followed by TNF-α (20 ng/ml) stimulation for 24
h in serum-free RPMI. Cells were lysed in extraction buffer containing protease inhibitors
and utilized for the determination of ICAM-1 and VCAM-1 expression using Western
blotting. The intensity of the bands was quantified using Image-J software (NIH). (C&D)
For ICAM-1 and VCAM-1 mRNA analysis, RA synovial fibroblasts (2× 105/well) were
treated as described above and analyzed for mRNA expression by a qRT-PCR method.
Results represent the mean ± SEM of experiments performed using 3-4 different RA
synovial fibroblast donors. *p<0.05, **p<0.01 for NS vs TNF-α; #p<0.05, ##p<0.01 for
TNF-α vs TNF-α plus LAR.
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Fig. 4.
Inhibition of TNF-α-induced MMP-2 activity by LAR in RA synovial fibroblasts. RA
synovial fibroblasts were pre-incubated with the LAR (2-5 μM) or SAHA (5 μM) for 2 h,
followed by stimulation with TNF-α (20 ng/ml) for 24 h. MMP-2 activity in the cell-free
supernatants from different treatment combinations was estimated by gelatin zymography.
Values are the mean ± SEM of experiments performed using RA synovial fibroblast
obtained from 5 different donors. **p<0.01, NS vs TNF-α; #p<0.05, TNF-α vs TNF-α plus
LAR.
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Fig. 5.
LAR coordinates with TNF-α to induce phosphorylation of AKT and MAPKs, but inhibits
NF-κBp65 in RA synovial fibroblasts. (A) RA synovial fibroblasts (2 × 105/well) were
pretreated with LAR (2-5 μM) or SAHA (5 μM) for 2 h, followed by stimulation with TNF-
α (20 ng/ml) for 30 min in serum-free RPMI. Cells were lysed in extraction buffer
containing protease inhibitors and utilized for the determination of p-ERK1/2, p-JNK, p-
p38, and p-AKT in RA synovial fibroblasts using Western blotting. (B) Similarly treated RA
synovial fibroblasts were utilized for preparation of nuclear fraction as described in
Materials and Methods. Nuclear protein (15 μg) was used to analyze nuclear NF-κBp65.
The intensity of the bands was quantified using Image-J software (NIH). (C&D) RA
synovial fibroblasts were pretreated with the signaling inhibitors for ERK1/2 (PD98059, 10
μM), p38 (SB203580, 10 μM), JNK (SP600125, 10 μM), Akt (LY294001, 20 μM), or NF-
κB (PDTC, 200 μM) for 2 h, followed by TNF-α stimulation for 24 h. Cells were lysed to
study the expression of ICAM-1 and VCAM-1; conditioned media was collected to analyze
MMP-2 activity using gelatin zymography. Values represent the mean ± SEM of 4-6
independent donors’ cells under similar conditions. §p<0.05 for NS vs LAR alone; *p<0.05
or **p<0.01 for NS vs TNF-α; ##p<0.01, TNF-α vs TNF-α plus inhibitor.
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Fig. 6.
Tub-A suppresses TNF-α+LAR-induced ICAM-1 and VCAM-1 expression and coordinates
to inhibit MMP-2 activity in RA synovial fibroblasts. (A) RA synovial fibroblasts were
preincubated with LAR (2–5 μM), SAHA (5 μM), or Tub-A (10 μM) in serum-free RPMI
for 2 h followed by TNF-α (20 ng/ml) stimulation for 24 h to determine the effect on
ICAM-1 and VCAM-1 expression by Western blotting method. Densitometric analysis of
the expression was quantified by determining the intensity of the bands using Image-J
software (NIH). (B) Conditioned media was utilized for the assessment of MMP-2 activity
using gelatin zymography. (C) RA synovial fibroblasts were treated as described in section
(A), except that the reaction was terminated within 30 min of TNF-α stimulation to analyze
signaling pathways. The results represent values obtained from 3-4 independent donors’
cells under similar conditions. **p<0.01 for NS vs TNF-α; #p<0.05 for TNF-α vs TNF-α
plus LAR; §p<0.05 for TNF-α vs TNF-α+LAR+Tub-A.
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Fig. 7.
Schematic representation of the mechanism through which LAR upregulates ICAM-1 and
VCAM-1 expression and inhibits MMP-2 activity induced by TNF-α. This also underlines
the effect of HDAC6 inhibitor (Tub-A) on different signaling steps in down-regulating
ICAM-1 and VCAM-1 induced by the combination of TNF-α and LAR. A summary of the
present study suggests that LAR, in part, engages HDAC6 to induce ICAM-1 and VCAM-1
expression.
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