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Abstract

Background/Purpose—Transforming growth factor B activated kinase 1 (TAKY) is a key
MAPKKK family protein in interleukin-1p (IL-1p), tumor necrosis factor-a (TNF-a), or toll-like
receptor signaling. We examined the posttranslational modification of TAK1 and its therapeutic
regulation in rheumatoid arthritis (RA).

Methods—The effect of TAK1, IRAK-1, or TRAF6 inhibition was evaluated in IL-1B-induced
human RA synovial fibroblasts (RA-FLS). Western blotting, immunoprecipitation, and 20S
proteasome assay were used to study the ubiquitination process in RA-FLS. The efficacy of
epigallocatechin-3-gallate (EGCG), a potent anti-inflammatory molecule, in regulating these
processes in RA-FLS was evaluated. Molecular docking was performed to examine the interaction
of EGCG with human TAK1, IRAK-1, and TRAF6. These findings were validated using a rat
adjuvant-induced arthritis (AlA) model.

Results—Inhibition of TAK1, not IRAK-1 or TRAF6, completely abrogates IL-1p-induced IL-6
and IL-8 synthesis in RA-FLS. EGCG inhibits TAK1 phosphorylation at Thr184/187 and occupies
the C174 position, an ATP-binding site, to inhibit its kinase activity. EGCG pretreatment also
inhibits K63-autoubiquitination of TRAF6, a post-translational modification essential for TAK1
autophosphorylation, by forming stable hydrogen-bond at the K124 position on TRAF6.
Furthermore, EGCG enhances associated deubiquitinase expression to rescue proteins from
proteasomal degradation. Western blot analyses on the joint homogenates from rat AIA show a
significant increase in K48-linked polyubiquitination, TAK1 phosphorylation, and TRAF6
expression when compared to the naive group. Administration of EGCG (50 mg/kg/day) for 10
days ameliorates AlA by reducing TAK1 phosphorylation and K48 polyubiquitination.
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Conclusions—This study provides rationale for targeting TAK1 for RA treatment by EGCG.
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Introduction

In rheumatoid arthritis (RA), the increased expression of interleukin-1p (IL-1p), tumor
necrosis factor-a (TNF-a), and IL-6 in the synovial microenvironment contributes to joint
pain, inflammation and tissue destruction (1). While the discovery of highly effective
biological therapies in the last decade has transformed the therapeutic landscape for RA
treatment, the ever-increasing numbers of non- or partial responders concomitant with the
associated morbidity and mortality pose a significant socioeconomic and clinical challenge.
The success of pharmacological approaches to clinically develop tofacitinib, a pan-Janus
kinase (JAK) inhibitor, has opened a new chapter of small-molecule therapeutics in the
treatment of RA (2). While the success of this inhibitor related to clinical efficacy and safety
remains untested, this has accelerated research for the discovery of novel small-molecule
kinase-directed therapeutics in RA (3, 4). Thus, validation of a target protein that is critical
in cytokine signaling networks may yield higher efficacy and a better clinical response (4).

Recent studies on the intracellular signaling pathways have identified transforming growth
factor B-activated kinase 1 (TAKZ1) as an interesting therapeutic target for inflammatory
diseases and cancer (5). TAK1 is a mitogen activated protein kinase kinase kinase
(MAPKKK) that mediates activation of downstream MAPKSs (JNK and p38) and nuclear
factor-xB (NF-xB) pathways in response to IL-1p, TNF-a, or Toll-like receptor (TLR)
stimulation (6, 7). Among these cytokines, IL-1p plays an important pathological role in RA
(8, 9). Surprisingly, a recombinant form of human IL-1 receptor antagonist, anakinra, lacked
clinical efficacy in the treatment of RA and elicited serious infections such as pneumonia
and cellulitis (10, 11). While the biologic agents that target TNF-a. (etanercept) and IL-6
(tocilizumab) are clinically successful in the management of RA, therapeutic approaches
aimed at developing small-molecule inhibitors with more efficient blocking of IL-1
signaling pathways are desired for RA and other IL-1-driven diseases (12).

IL-1p binding to IL-1R1 initiates an autophosphorlyation of IL-1 receptor activating
kinase-4 (IRAK-4), which further recruits IRAK-1 to Myd88 and subsequently
autophosphorylates to trigger its activation and consequent degradation (6). TRAF6, an E3
ubiquitin ligase, forms a complex with IRAK-1 that dissociates from the receptor and
translocates to the cytoplasm to recruit and activate TAK1 by K63 mono (Lys 34) and
polyubiquitination (13, 14). TAK1 activation at its kinase domain threonine (Thr) 184/187
results in MAPKSs phosphorylation and 1«B kinase (IKK) activation leading to 1xBa
degradation and NF-xB activation (15).

While TAK1 is a key signaling protein in IL-1B-induced gene expression, its highly
regulated posttranslational modifications such as autophosphorylation, ubiquitination, or
deubiquitination by IRAK-1 or TRAF6 defines its role in disease pathogenesis (16). Despite
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established roles of MAPKSs and NF-xB pathways in IL-1p signaling in RA, significant gaps
remain in our understanding of the role of adaptor proteins proximal to IL-1R1 (IRAK-1/
TRAF6/TAK1) to strike therapeutic advantages for effectively inhibiting IL-1p signaling in
RA. Studies from our lab have shown the efficacy of epigallocatechin-3-gallate (EGCG), a
potent anti-inflammatory molecule, in regulating IL-1p-induced IL-6 and chemokine
production and matrix metalloproteinase-2 (MMP-2) activation in human RA synovial
fibroblasts (RA-FLS) by inhibiting the activation of JNK, p38, and NF-xB (17, 18). These
findings suggest that EGCG may be interfering with the proteins proximal to IL-1R to
suppress multiple inflammatory signaling pathways. Thus, the present study was carried out
with a two-pronged approach, aimed at defining the role and underlying mechanism of
TAK1 activation in RA and testing the selectivity of EGCG in regulating these events in RA-
FLS and in a rat adjuvant-induced arthritis (AlA) model of human RA. Our results showed
that EGCG selectively inhibits TAK1 activation by blocking its phosphorylation at the
Thr184/187 ATP-binding site and hinders the association of TRAF6 and TAK1 through
downregulation of TRAF6-associated K63 autoubiquitination. These findings suggest that
TAKL is a potential therapeutic target in RA and EGCG may be developed as a TAK1
inhibitor for the treatment of RA and other inflammatory diseases.

Materials and Methods

Antibodies and Reagents

Recombinant human IL-1p and TNF-a were purchased from R&D Systems (Minneapolis,
MN). EGCG (>95% pure) was purchased from Sigma (Cat# 4143). The 20S proteasome
activity assay was purchased from Cayman Chemical (Ann Arbor, MI). Goat anti-rabbit and
goat anti-mouse horseradish peroxidase-linked secondary antibodies were purchased from
Cell Signaling Technology (Beverly, MA). Inhibitors for the signaling protein IRAK-1 (N-
(2-Morpholinylethyl)-2-(3-nitrobenzoylamido)-benzimidazole) and TAK1 (5Z-7-
Oxozeaenol) were from EMD Millipore (Billerica, MA), and TRAF6 control and inhibitor
peptides were from Imgenex/Novus (Littleton, CO). Human IL-6 and IL-8 ELISA assay duo
kits were purchased from R&D Systems (Minneapolis, MN). Rabbit anti IRAK-1 (Sc-7883),
mouse monoclonal TRAF6 (sc-8409), and mouse monoclonal B-actin (sc-47778) were
purchased from Santa Cruz Biotech, (Santa Cruz, CA). Anti-FK-2 (Enzo Life Sciences),
Anti-phospho TAK1 Ser184/187 (#4508), anti-phospho IRAK4 Thr345/Ser346 (#11927),
anti-IRAK-4 (#4363), anti-MyD88 (#4238), anti-K63 polyubiquitin (#5621), and anti-K48
polyubiquitin (#8081) antibody were purchased from Cell Signaling Technology, anti-
phospho TAK1 Ser439 (ab109404), anti-TAK1 (ab109526), and anti-TRAF6 (ab33915)
were from Abcam (Cambridge, MA).

Culture of human RA-FLS

FLS were isolated from RA synovium obtained according to the Institutional Review Board
(IRB) approved protocol in compliance with the Helsinki Declaration from patients who had
undergone total joint replacement surgery or synovectomy and processed as described
previously (17).
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Treatment of RA-FLS

To evaluate the time-dependent activation of IL-1B-induced signaling pathways and the
protective effect of EGCG treatment, RA-FLS (2 x 10°/well) were plated in 6-well plates
with or without EGCG (2.5-20 uM) for overnight (12-14 hours), followed by IL-1p (10
ng/ml) stimulation for 30 minutes (for signaling studies) or 24 hours to evaluate the
production of IL-6 and IL-8 in the conditioned media.

To study the effect of IL-1p stimulation on IRAK-1 degradation, RA-FLS were stimulated
with IL-18 (210 ng/ml) for 0-120 mins. To further study the effect of MTX or
dexamethasone on IL-1p-induced IRAK-1 degradation, RA-FLS were pretreated with MTX
(10 pM) or Dexa (20 uM) for an hour followed by IL-1p stimulation of 30 minutes.

IRAK-1 in vitro kinase activity

IRAK-1 kinase activity was determined using a fluorescence based /in vitro kinase assay
(ADAPTA™ Kinase Assay, Life Technologies). Briefly, the 2X IRAK-1/Histone H3 (1-20)
peptide mixture was prepared in 50 mM HEPES pH 7.5, 0.01% BRIJ-35, 10 mM MgCls, 1
mM EGTA. The final 10 pL kinase reaction was carried out for 60 minutes consisting of 100
UM ATP, EGCG (10 nM — 20 pM), 3.17-30.5 ng IRAK-1, and 100 pM Histone H3 (1-20)
peptide in 32.5 mM HEPES pH 7.5, 0.005% BRIJ-35, 5 mM MgCl,, 0.5 mM EGTA. After
an hour of incubation, 5 pL of Detection Mix was added, followed by the emission read at
665 nM.

20S proteasome activity assay

20S proteasome activity was determined in RA-FLS using an assay kit (Cayman Chemical)
as described earlier (19).

Western blotting analysis

Western blot analysis was performed as described earlier (17, 18). Specific details are
provided in Supplementary data.

Immunoprecipitation Assay

RA-FLS were grown in 150 mm dishes up to 80% confluence, overnight starved with or
without 20 uM EGCG, followed by IL-1p stimulation for 30 minutes. Cells were washed 2
times in ice cold 1X PBS, lysed in 500 pl of RIPA buffer as described earlier, then utilized
for immunoprecipitation assays as described in Supplementary data.

Rat adjuvant-induced arthritis (AlIA)

Female Lewis rats, ~100 g (Harlan Laboratories, Indianapolis, IN), were injected
subcutaneously at the base of the tail with 300 uL (5 mg/ml) of lyophilized Mycobacterium
butyricum (Difco Laboratories, Detroit, MI) in sterile mineral oil. The day of adjuvant
injection was considered day 0. Ankle circumferences were measured on day 17 by the
blinded observer as described previously (17). Healthy (naive) rats group served as a control
for AIA group. In the treatment group, EGCG (50 mg/kg, i.p.) was administered as
described in our earlier study (17). EGCG (50 mg/kg) in rats corresponds to 480 mg of
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human equivalent dose based on the body-surface area ratio (20). The ankle circumferences
of both the hind ankles from each animal were averaged and ‘n’ is represented as the number
of animals used in each of the experimental groups. All animal studies were approved by the
university’s IACUC committee.

Molecular Modeling Studies

Ligand preparation—EGCG ((2R,3/)-5,7-dihydroxy-2-(3,4,5-trihydroxyphenyl)-3,4-
dihydro-2H-1-benzopyran-3-yl 3,4,5-trihydroxybenzoate) was first optimized as a ligand at
B3LYP/6-311++G** level of calculation using jaguar2014.3 and then prepared using the
LigPrep module for docking in the Glide module of Schrodinger suite 2014.3. Further
details regarding the /n silico modeling and docking studies is provided in Supplementary
data.

Human Phospho-kinase antibody array

To evaluate the effect of EGCG on other RA-FLS kinases involved in important
pathophysiological processes, we utilized human antibody array kit (Cat#ARY003B; R&D
systems, MN). Further experimental details of the assay are provided in Supplementary data.

Statistical analysis

Results

Statistical analysis was performed using a Kruskal-Wallis nonparametric test followed by a
Mann-Whitney U test to evaluate the statistical significance of group differences in
measured parameters from IL-6 and IL-8 protein expression or Western blotting studies in
RA-FLS. Student’s #test was performed to calculate statistical differences between the
means of the different protein variables obtained from in vivo findings. P values (2-tailed)
less than 0.05 were considered significant.

TAK1 regulates IL-1p induced IL-6 and IL8 production

IL-1pB is a master cytokine for local and systemic inflammation. RA-FLS stimulation with
IL-1B (10 ng/ml) resulted in more than a 180- and 250-fold increase in IL-6 and 1L-8
production, respectively (Fig. 1A & 1B; p<0.001). Pretreatment with EGCG (2.5-20 uM)
resulted in IL-6 and IL-8 inhibition at 10 and 20 UM concentrations (p<0.05). To test if the
chronic exposure of EGCG at nanomolar concentrations may produce similar inhibitory
effect to blunt IL-1p-induced IL-6 and IL-8 production, RA-FLS were treated with EGCG
(1-1000 nM, daily dose; in 5% FBS-RPMI 1640) for 7 days, followed by serum starvation,
and stimulation with IL-18 (10 ng/ml) for 8 and 24 hours (supplementary Fig. S1). The
result of the analysis showed that EGCG treatment even at nanomolar concentrations was
effective in inhibiting IL-1B-induced IL-6 (20-35%) and IL-8 (15-20%) in a dose-dependent
manner (Fig. S1; p<0.01 for IL-6).

To test the role of IRAK-1, TAKZ, or TRAF6 in IL-1p-induced IL-6 and IL-8 production,
RA-FLS were pretreated with inhibitors of IRAK-1 [N-(2-Morpholinylethyl)-2-(3-
nitrobenzoylamido)-benzimidazole, 50 uM], TAK1 [(52)-7-oxozeaenol, 5 uM], or TRAF6
inhibitor peptide or control peptide, 50 uM], followed by IL-1f stimulation. Resulting
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analysis on the conditioned media showed that only TAK1 inhibition completely abrogated
IL-1B-induced IL-6 and IL-8 production (Figs. 1C & 1D; p<0.05). These results also
underscore therapeutic value of TAK1 regulation in RA and the effectiveness of EGCG in
suppressing IL-1p-induced IL-6 and IL-8 production.

EGCG inhibits IRAK-1 kinase activity but not its proteasomal degradation

IL-1B-induced activation of NF-xB and MAPK pathways is tightly regulated by molecules
such as IRAK-1/TRAF6/TAK1 (6, 21). Since not much is known in terms of therapeutic
value of these signal transducers in RA, we performed a time-dependent study with IL-1p
stimulation in human RA-FLS. The result of the study showed that IL-1p-induced a rapid
degradation of IRAK-1, followed by the phosphorylation of TAK1 at active site
(Thr184/187) reaching a peak at 30 minutes in response to IL-1p stimulation (Fig. 2A).
However, TRAF6 expression remained unchanged suggesting that its autoubiquitination, not
the expression, is critical in IL-1p-induced signaling mechanisms. Further evaluation of
EGCG (10-20 puM) pretreatment on IRAK-1 protein expression showed that EGCG was
unable to rescue IL-1B-induced spontaneous IRAK-1 degradation in RA-FLS (Fig. 2B).
Interestingly, pretreatment with methotrexate or dexamethasone also had no effect on IL-1p-
induced IRAK-1 degradation at 30 minutes. To further investigate the mechanism of IRAK-1
proteasomal degradation in RA-FLS, we immunoprecipitated global ubiquitinated proteins
from cell lysates using an FK-2 monoclonal antibody and probed for IRAK-1 expression.
The results showed that IRAK-1 is heavily ubiquitinated in response to IL-1p stimulation
and EGCG had no influence on this process (Fig. 2C). Studies suggest that IRAK-1
phosphorylation and subsequent degradation, but not IRAK-1 kinase activity, is an important
event in the activation of downstream signaling cascades (22—24). This prompted us to
confirm the effect of EGCG on IRAK-1 activity using an ADAPTA-kinase assay /1 vitro,
which showed a ~66% inhibition of IRAK-1 activity by EGCG at a 1 M concentration (Fig.
2D).

EGCG selectively inhibits phosphorylation of TAK1 at Thr184/187 ATP-binding site

TAK1 is a central mediator of TNF-a, IL-1p, or TLRs signal transduction pathways (25).
Studies also suggest that TAK1 phosphorylation at Thr184/187 is a critical determinant of its
kinase activity (26, 27). We evaluated the effect of EGCG in regulating IL-1p-induced
pTAK1 (Thr184/187) in RA-FLS (Fig. 3A). Pretreatment of EGCG (2.5-20 uM) inhibited
pTAKZ1 (Thr184/187) expression in RA-FLS dose-dependently (Fig. 3A; p<0.01 for 20 uM).
To obtain further molecular insights, we studied the effect of EGCG on other IL-1p
signaling proteins proximal to IL-1R such as MyD88, IRAK-4, and phospho-IRAK-4. Our
results show that MyD88 and IRAK-4 expression remain unchanged with different
treatments, while IL-1p induced phosphorylation of IRAK-4 at Thr345/Ser346 was
modestly inhibited by EGCG in RA-FLS (Fig. 3B). However, this partial reduction in the
phosphorylation of IRAK-4 by EGCG was unable to rescue IRAK-1 degradation in these
samples (Fig. 3B).

To validate EGCG’s selectivity for the Thr184/187 active site of TAK1, we determined the
effect of EGCG on the serine 439 (Ser439) phosphorylation site of TAK1 protein (Fig. 3B).
Interestingly, EGCG had no effect on IL-1p-induced activation of pTAK1 (Ser439) in RA-

Arthritis Rheumatol. Author manuscript; available in PMC 2017 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Singh et al.

Page 7

FLS, suggesting its selectivity in regulating TAK1 activation by inhibiting the
phosphorylation at Thr184/187 site within the kinase activation loop of TAK1 (28). To
further confirm whether this TAK1 inhibitory activity of EGCG was selective for IL-1B, we
performed similar experiments with TNF-a,, TLR2 agonist (PamCys3), or TLR4 agonist
(LPS) alone or in combination with EGCG (Fig. 3C). The results of the study showed that
only TNF-a was a potent inducer of pTAK1 (Thr184/187) and EGCG was effective in
blocking TNF-a-induced pTAK1 (Thr184/187) in RA-FLS (Fig. 3C). Overall, these findings
suggest a novel mechanism of cytokine activated TAK1 kinase regulation by EGCG in RA-
FLS.

To test the effect of EGCG on other known kinases involved in several pathophysiological
processes, we analyzed EGCG and/or IL-1p treated RA-FLS lysates for kinome assay using
the human Phospho-kinase antibody array (R&D systems, MN). This array simultaneously
detects the relative site-phosphorylation of 43 kinases and 2 related proteins (Supplementary
Figs. S2A and S2B). The result of the kinase array showed that IL-1p-induced majority of
kinases in RA-FLS within 30 minutes of stimulation. However, EGCG pretreatment had
modest to no effect on most of the kinases (Figs. S2A and S2B). However, since these
findings from the antibody array are qualitative and open to interpretation, further
quantitative analysis on the kinases of interest may provide clearer and specific insights. In
realms of the present study, these results suggest that EGCG preferentially inhibits 1L-1p-
induced phosphorylation and activation of TAK1 (Thr184/187) to suppress downstream
signaling pathways such as p38, JNK, and NF-xB in RA-FLS, as observed in our previous
studies (17, 18).

EGCG inhibits 20S proteasome activity and enhances deubiquitinase expression in RA-

FLS

The ubiquitin-proteasome system plays an important role in posttranslational modification of
proteins that are either destined to be degraded or stabilized for further signaling (16). A
K48-linked Lys chains ‘prime’ protein to be recognized by 26S proteasome for degradation,
whereas K63-linked Lys chains are tagged to the proteins that are required for stability and
sustained signaling (29). However, the ubiquitination process has never been studied in
depth in realms of RA pathogenesis. To explore this, we immunoprecipitated total
polyubiquitinated proteins using a FK-2 antibody in IL-1p and/or EGCG treated RA-FLS
and analyzed for K63- and K48-linked ubiquitination (Fig. 4). The results showed that
EGCG had no effect on K63 or K48 ubiquitination by itself, but markedly enhanced K63,
not K48, ubiquitination in the presence of IL-18 (Fig. 4A). A similar trend in the cell lysates
from the remaining input suggests that EGCG may be enhancing the global K63
ubiquitination process to stabilize certain proteins required to block IL-1p signaling in RA-
FLS (Fig. 4B). However, further analysis of 20S proteasome activity in a similarly treated
lysates showed that IL-1p-induced proteasome activity in RA-FLS was increased by ~40%,
which was significantly reduced in EGCG’s presence by ~50% (Fig. 4C; p<0.05). This
suggests that despite being ineffective in downregulating K48-linked ubiquitination, EGCG
may block further processing of these proteins in the 26S proteasome tunnel. One postulated
mechanism could be the possible role of deubiquitinase (DUB) enzymes that hydrolyze
polyubiquitin chains on the tagged proteins, thus, rescuing them from degradation (30).
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Analysis of the associated and non-associated DUBS, such as UCHL2, USP14, UCH37, and
UBC9 and DUB associated with core 20S proteasome (PSMD13) in RA-FLS showed that in
the presence of IL-1p, EGCG increased the expression of UCH37 and USP14, DUBs known
to preferentially hydrolyze K48-linked polyubiquitin chains, with a marginal effect on
unassociated DUB such as UCHL2 (Fig. 4D). However, the expression of PSMD13, a 26S
proteasome non-ATP regulatory core subunit, remains unchanged with EGCG treatment
suggesting that it selectively inhibits 20S proteasome activity without influencing the
degradation process.

EGCG interferes TRAF6-TAK1 association by inhibiting K63 autoubiquitination of TRAF6

Autoubiquitination of TRAF6 at K124 is directly linked to NF-xB activation and its nuclear
translocation (31). To examine the effect of EGCG on K63 autoubiquitination of TAK1 and
TRAF6 in response to IL-1B, we immunoprecipitated K63-linked proteins from IL-1p
and/or EGCG treated cell lysates and probed for TAK1 and TRAF6 proteins (Fig. 4E).
Although we did not observe marked change in K63-mediated ubiquitination of TAKZ, but
saw ~30% increase in K63-mediated ubiquitination of TRAF6 with IL-1p treatment, which
inhibited in the presence of EGCG by ~30% (Fig. 4E). To further understand the impact of
the inhibition of TRAF6 autoubiquitination, we immunoprecipitated cell lysates with
TRAF6 and probed for its association with TAK1. Interestingly, we found that IL-1p treated
samples exhibited ~2.5-fold higher TRAF6/TAK1 association compared to the untreated
(NS) group (Fig. 4F; p<0.01). However, EGCG alone or in presence of IL-1 inhibited
TRAF6 association of TAK1 in RA-FLS, in part, by preventing its K63-mediated
autoubiquitination (Fig. 4F).

EGCG occupies ATP-binding sites of IRAK-1 and TAK1 to inhibit kinase activity

Molecular modeling of the IRAK-1 protein based on the known 3D structure of IRAK-4 was
utilized for conducting /n silico molecular docking studies (Fig. 5A). We found that the
hydroxyl group of a trinydroxyphenyl ring of EGCG perfectly positions (~1.6 A) to make a
hydrogen (H)-bond with the D358 and N345, and rt-rt interaction at F223 to stabilize EGCG
in the binding pocket, resulting in its inhibitory activity. D358 is a conserved aspartate
residue and an ATP-binding site for IRAK-1 as obtained from the PROSITE-ProRule:
PRUO00159 (Uniprot.org). The hydroxyl group of trihydroxybenzoate ring shows strong H-
bond with the E214 and weak H-bond with K239. The benzoate nucleus fits well in a pocket
formed by various lipophilic or aromatic residues. It is in interaction with hydrophobic
residues L347 and V226 and perfectly positioned to form rt-m interaction with Y288. Thus,
binding of EGCG at these sites result in a reversible inhibition of IRAK-1 activity as further
confirmed earlier with an ADAPTA /n vitro kinase assay.

Molecular docking studies of EGCG with a TAK1-TAB1 complex revealed an interesting
finding (Fig. 5B). The hydroxyl group of a benzopyran ring in EGCG completely occupies
the position in the cavity that facilitates strong H-bond formation with the C174 residue
(Fig. 5B). Importantly, (52)-7-Oxozeaenol, a known TAKZ1 inhibitor, acts on C174 to
epitomize irreversible covalent binding that results in a permanent abrogation of TAK1
kinase activity (32). In addition to binding with C174, EGCG stabilizes its position in the
binding pockets by forming hydrophobic links to distal V42, V50, and L163 residues that
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happen to be TAK1 nucleotide binding regions and m-r interaction at Y113 with the
trihydroxybenzoate ring of EGCG. The trihydroxyphenyl ring fits well in the outer pocket
formed by various lipophilic residues and forms an H-bond with the K158, N161, and N188
residues by its hydroxyl groups and stabilizes its position by hydrophobic interaction with
the P160 site, thus acting as a potent reversible TAK1 inhibitor.

In terms of TRAF6, the almost linear structure of this molecule provides a limited
opportunity due to its shallow binding pockets for hydrophobic interactions with EGCG
(Fig. 5C). The hydroxyl group of the trihydroxybenzoate ring of ECGC forms the H-bond
network with the side chain of R78 and E149, r-w interaction with Y56, and hydrophobic
interaction with the L145 to provide stability. The backbone of R146 and H147 are also
involved in the formation of H-bond with the hydroxyl group of benzopyran ring. However,
mechanistically important, the side chains of E79 and K124 residues play a significant role
in fastening the position of a trihydroxyphenyl ring through H-bond network. Since K124 is
an important site for K63 autoubiquitination of TRAF6, these findings provide mechanistic
insights into the observed inhibitory effect of EGCG on TRAF6 K63-linked
autoubiquitination in RA-FLS.

EGCG modulates in vivo ubiquitination process to ameliorate rat AIA

A rat AIA model was used to study /7 vivo ubiquitination associated with RA and the
modulatory effect of EGCG. We have earlier shown that EGCG (100 mg/kg) daily for 10
days inhibits IL-6 production in serum and joint homogenates of AlA rats (17). In the
present study, we observed that the administration of EGCG (50 mg/kg/day i.p.) during the
disease onset was more effective in ameliorating AIA as evident from a significant reduction
in the ankle circumferences (Fig. 6A; p<0.01; n=6). Western blot analysis of the joint
homogenates showed a modest decrease in K63 ubiquitinated proteins in the AIA group
compared to the naive group, which was reversed with EGCG pretreatment (Fig. 6B).
However, a marked increase in K48-linked ubiquitinated proteins was observed in AlA joint
homogenates, which was effectively inhibited with EGCG administration back to almost
naive group levels (Fig. 6C; p<0.05). These findings clearly indicate that EGCG
differentially modulates K63- and K48-linked ubiquitination that results in the amelioration
of rat AlA.

Further correlating these findings with the expression of signaling intermediates, we found
that the levels of pTAK1 (Thr184/187), pTAK1 (Ser439), total TAK1, TRAF6, and UCH37
and USP14 were markedly increased in AlA joints as compared to the naive joints (Figs. 6D
& 6E; p<0.05 or p<0.01 for all the studied proteins except K63; statistical analysis in Fig.
S3A-G). Interestingly, joint homogenates from EGCG-treated rats showed a marked
decreased in the expression of these proteins, which was comparable to the levels observed
in the naive group (Figs. 6 and S3A-G; p<0.05 for pTAK1 (Ser439), total TAK1, and
TRAF6). These findings suggest that EGCG may blunt cytokine-signaling pathways in the
arthritic ankles by regulating TAK1 and other associated proteins by interfering post-
translational modifications to inhibit RA pathogenesis.
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Discussion

Our study provides previously unidentified mechanism of TAK1 regulation in human RA-
FLS and rat AIA by modulating the ubiquitin proteasome system to inhibit IL-1p-induced
signaling pathways. Importantly, our study provides mechanistic insights into the
posttranslational ubiquitination processes that govern RA-FLS TAK1 activation and the
mechanism of EGCG’s interaction with IRAK-1/TRAF6/TAK1 that results in the inhibition
of TAK1 activity. Given the safety profile of EGCG in humans (33), our study provides a
platform to design TAK1 inhibitors that can effectively disrupt the integrated cytokine
signaling to limit their role in RA pathogenesis.

IL-1p is a master regulator of inflammation and tissue destruction in several autoimmune
diseases such as RA, gout, and type 2 diabetes (8). From therapeutic stand-point, only IL-1R
antagonists were pursued for clinical testing to block the effect of IL-1 in the treatment of
RA. Despite the failure of anakinra and given the pathological significance of IL-1 in RA,
further therapeutic approaches are warranted with the aim of testing agents that are more
potent inhibitors of IL-1 signaling pathways. In this regard, IRAK-4 kinase inhibitors have
shown promise in pre-clinical testing (12). However, recent studies suggest the differential
role of IRAK-4 in regulating cytokine production in different cell types (34). Of particular
interest, the inhibition of IRAK-4 activation in human dermal fibroblasts was not effective in
regulating IL-1R- or TLR agonists-induced IL-6 production, whereas its inhibition in human
monocytes was effective in reducing IL-6 levels (34). These findings suggest that the kinase
activities of IRAK-1/-4 are redundant in regulating inflammatory cytokine production in
human cells, including RA-FLS (35). Given the role of IRAK-1/-4 in controlling immune
alterations and innate responses to pathogens, several multi-omics and computational
intensive approaches warn of impaired innate immune responses with IRAK-1/-4 inhibitors
(36). In addition, transcriptome analysis using IL-1 receptor antagonist and 13 gene partners,
including MyD88, IRAK-1/-4, and TRAF6, suggest that identifying protein target proximal
to IL-1 receptor may elicit serious adverse effects as observed with anakinra treatment (37).
This opens therapeutic avenues for validating other signaling proteins involved in IL-1f
mediated inflammation and tissue destruction.

An ideal position of TAK1 in the inflammatory signaling cascades triggered by IL-1p, also
TNF-a, makes it an attractive therapeutic target (28, 38). Although TAK1 inhibition using
siRNA approach has shown some promise for RA (39), there is a complete lack of
understanding of its posttranslational regulation in RA pathogenesis. Binding of IL-1p to its
receptor IL-1R leads to the recruitment of adaptor proteins and kinases such as MyD88,
IRAK-1 and IRAK-4. IRAK-4 phosphorylates IRAK-1 and facilitates TRAF6 recruitment to
the complex and IRAK-1 degradation (40). Being an ubiquitin E3 ligase, TRAF6 undergoes
K63-linked autoubiquitination that follows the recruitment of TAK1-TABL or the TAB2/3
complex and the induction of TAK1 kinase activity. TAK1 eventually phosphorylates
MKK4/7-JNK and MKK3/6-p38 MAPK, and IKK, resulting in nuclear translocation of the
transcription factors activation protein-1 (AP-1) and NF-xB (5). Just like methotrexate and
dexamethasone, EGCG pretreatment was unable to block IRAK-1 degradation, however, it
markedly inhibited /n vitro IRAK-1 kinase activity. Molecular docking studies using
IRAK-1 homology structural modeling provides evidence that EGCG can tightly occupy
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ATP-binding sites resulting in complete blockade of its kinase activity. However, several

studies point to the fact that IRAK-1 phosphorylation and subsequent degradation, not its
kinase activity, is an important event for the activation of downstream signaling cascades
(22-24).

Ubiquitination is an important posttranslational modification that regulates various cellular
processes including cell survival, apoptosis, and signaling (16, 41). Ubiquitination is carried
out by the ubiquitin-protease system, which involves E1, E2, and E3 ubiquitin ligases that
identify the proteins for ubiquitin ligation, proteases that are involved in degrading proteins,
and the proteasome that safeguards highly specific nature of degradation system and
prevents non-specific protein degradation. The process is tightly regulated by two key chain-
linking lysine residues, K48 and K63 (5, 16). K48-linked polyubiquitination of the protein
primes it for proteasomal degradation, whereas, K63-linked ubiquitination of the protein
stabilizes it for further cell signaling and function. Another class of cysteine proteases,
deubiquitinase, can hydrolyze and remove these ubiquitin chains to reverse the fate of the
protein (30). In our studies, we found that IL-1B-induced K63 autoubiquitination of TRAF6
was markedly inhibited by EGCG. Further molecular insights using molecular docking
studies validate that EGCG forms H-bond networks with TRAF6 at the E79 and K124
positions, and m-mt interactions with Y56 that create an electron cloud and exceptional
stability to EGCG for holding on to critical TRAFG sites. Site-specific K63
autoubiquitination of TRAF6 is a critical determinant of IKK activity (31, 42). Although we
have shown EGCG to inhibit NF-xB activation in a variety of cell types (17, 18, 43-45), this
study provides evidence of TAK1 as the actual molecular target for its anti-rheumatic
activity.

Only autoubiquitinated TRAF6 is capable of associating with and autophosphorylating
TAKL1 (46, 47). Thus, blocking K63 autoubiquitination of TRAF6 showed a profound effect
on this process and a marked decrease in association of TRAF6 with TAK1 and the
subsequent inhibition of p-TAK1 (Thr 184/187) in RA-FLS. While TRAF6 has been an
attractive therapeutic target for inflammatory diseases, it is required for optimal
physiological signaling mechanisms, making it a riskier therapeutic target. This study
provides a unique mechanism of therapeutically regulating TRAF6 via reversible inhibition
of its function through stable H-bond formation by EGCG without jeopardizing its
physiological functions. Rationalizing drug design approaches in light of these findings may
yield more potent and safer drugs for the treatment of RA and other inflammatory diseases.
However, further studies are warranted to understand the effect of EGCG on E1 or E2
ubiquitin ligases, which associate with TRAF®6 to activate MAPK and IKK through TAK1.

The progress in the development of RA therapies suggests that the existing drugs for RA are
expensive, immunosuppressive, and sometimes unsuitable for long-term use (48, 49).
Additionally, the existing RA therapies are B-cell-, T-cell-, and cytokine-directed and no
existing medication for RA targets FLS despite an established body of molecular and

clinical evidence suggesting their role in RA pathogenesis (50-52). This may be attributed to
our limited understanding of the molecular mechanisms that govern their invasive and
destructive potentials. In this study, we provide the rational for targeting RA-FLS TAK1 for
amelioration of RA and a unique mechanism through which EGCG inhibits the interaction
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between signaling molecules important in cytokine signaling, ultimately inhibiting
inflammation and tissue destruction in RA.
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Fig. 1. TAK1regulates|L-1B-induced IL-6 and |IL-8 production in RA-FLS. (A
and B) RA-FLS were pretreated with EGCG (2.5-20 pM) overnight, followed by IL-1p (10

ng/ml) stimulation for 24 hours. IL-6 and IL-8 production was determined in the conditioned
media using commercially available ELISA Kits. (C and D) RA-FLS were preincubated with
signaling inhibitors for IRAK-1 (N-(2-Morpholinylethyl)-2-(3-nitrobenzoylamido)-
benzimidazole; 50 uM), TAK1 (5Z-7-Oxozeaenol; 5 uM), TRAF6 (inhibitor peptide; 50
uM), or control peptide for TRAF6 (50 uM) for 2 hours, followed by stimulation with 1L-1p
(10 ng/ml) for 24 hours to determine IL-6 and IL-8 production in the conditioned media.
The values are represented as mean +SEM of n=4 experiments using different donors.
**p<0.01 for IL-1p vsIL-1B+EGCG; **p<0.01 for IL-1f vs IL-1B+inhibitors;
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Fig. 2. EGCG inhibits IRAK-1 kinase activity, but not its proteasomal degradation. (A)
Time-dependent activation of the proximal signaling proteins (IRAK-1, TRAF6, and pTAK1

Thr184/187) in RA-FLS was studied using Western immunoblotting upon IL-1f stimulation
for 5-120 minutes. (B) RA-FLS were pretreated with EGCG (10-20 uM, overnight),
methotrexate (MTX; 10 UM, 2 hours), or dexamethasone (Dexa; 20 uM, 2 hours), followed
by IL-1B stimulation for 30 minutes. IRAK-1 protein degradation was determined using
Western immunoblotting. (C) RA-FLS treated with IL-1p and/or EGCG (20 uM) were
immunoprecipitated with global ubiquitin (FK-2) or IgG (M2 Flag) and probed to study
ubiquitinated IRAK-1. (D) Inhibition of the IRAK-1 /n vitro kinase activity by EGCG was
tested using an ADAPTA kinase assay as per the manufacturer’s instructions. Western
immunoblots shown are the representatives from the 3 or 4 experiments repeated on different
RA-FLS donors.
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Fig. 3. EGCG selectively inhibits phosphorylation of TAK 1 at the Thr184/187 site to inhibit its

kinase activity. (A)

RA-FLS were pretreated with EGCG (2.5-20 uM), followed by IL-1p stimulation for 30
minutes. Cell lysates were analyzed for pTAK1 (Thr184/187), TAK1, TRAF6, and p-actin.
(B) RA-FLS treated with IL-1p and/or EGCG (20 pM) were analyzed for MyD88, p-
IRAK-4 (Thr345/Ser346), IRAK-4, IRAK-1, pTAK1 (Ser439), total TAK1, or B-actin to
validate the selectivity of EGCG for pTAKL (Thr 184/187). (C) RA-FLS were pretreated
with EGCG (20 uM), TLR2 agonist (PamCys3, 1 pg/ml), or TLR4 agonist
(lipopolysaccharide, LPS; 1 ug/ml), followed by stimulation with TNF-a. (20 ng/ml) for 30
minutes. Cell lysates were analyzed for the expression of IRAK-1, TRAF6, pTAK1
(Thr184/187), pTAKL (Ser439), total TAKZ, and B-actin. The results in each subfigure
represents the experiments repeated on four RA-FLS from different donors. # p<0.01 for
NS vsIL-1B; **p<0.01 for IL-1p vsIL-1p+ EGCG.
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Fig. 4. EGCG inhibits K63 autoubiquitination of TRAF6 and upregulates the expression of
deubiquitinasesin RA-FLS. (A)

RA-FLS treated with IL-1p and/or EGCG (20 uM) were immunoprecipitated with global
ubiquitin (FK-2) or IgG and analyzed for K63 (upper panel) or K48 (lower panel) linked
ubiquitination pattern. (B) Input from the same treatment was utilized for detection of global
K63- (upper) or K48- (lower) linked polyubiquitination in RA-FLS. (C) RA-FLS (0.5 x 10%/
well in a 96-well plate) were treated with IL-1p and/or EGCG (20 uM) for 30 minutes and
analyzed for 20S proteasome activity using a commercially available kit (Cayman
Chemical). Values are the mean + SEM of experiments performed in three different RA-FLS
donors. (D) RA-FLS treated with IL-1p and/or EGCG (20 uM) for 30 minutes were lysed
and probed for the expression of proteasome associated and non-associated deubiquitinases.
(E) RA-FLS (5 x 108/150 mm dish) treated with IL-1p and/or EGCG (20 uM) were
immunoprecipitated with a K63 antibody and probed for TAK1 and TRAF6 ubiquitination.
Values represented in the graph are mean £ SEM of experiment performed in four different
RA-FLS donors. (F) Cell lysates from RA-FLS treated similarly to Fig. 4E were
immunoprecipitated with a TRAF6 antibody and probed with TAK1 to analyze the effect of
EGCG in interfering with TRAF6 and TAK1 association in RA-FLS. Values represent mean
+ SEM of experiment performed in four different RA-FLS donors. # p<0.01, # p<0.05 for
NS vsIL-1B; **p<0.01, *p<0.05 for IL-1B vsIL-1p+ EGCG.
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Fig. 5. Uniqueinsightsfrom thein silico molecular docking studies of EGCG binding on
IRAK-1, TAK1-TAB1 complex, and TRAF6. (A)

Molecular docking of EGCG on a constructed IRAK-1 structure showed the hydroxyl group
of the trihydroxyphenyl ring of EGCG perfectly positions (1.6 A) to make an H-bond with
D358, a conserved aspartate residue and ATP-binding site, and N345, which inhibits
IRAK-1 kinase activity. (B) EGCG forms an H-bond at C174, an ATP-binding site, on the
TAK1-TAB1 complex and stabilizes its position in the binding pockets by forming
hydrophobic links to distal V42, V50, and L163 residues that happen to be TAK1 nucleotide
binding regions and a -7t interaction at Y113, thus serving as a potent and reversible TAK1
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inhibitor. (C) Side chains of E79 and K124 residues on TRAF6 play significant roles in
fastening the position of trinydroxyphenyl ring of EGCG through the H-bond network,
thereby inhibiting its K63 autoubiquitination.
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Fig. 6. EGCG modulatesthein vivo ubiquitination processto inhibit rat AIA. (A)
EGCG (50 mg/kg/day, i.p.) administration for 10 days (starting at day 7) ameliorated rat

AlA as evident from reduced ankle circumferences. The ankle circumferences of both the
hind ankles from each animal were averaged and “n’ is represented as the number of animals
used in each of the experimental groups. (B and C) Joint homogenates (30 pg per sample)
from naive, AlA, and EGCG treated rats were analyzed for the expression of global K63-
and K48-linked ubiquitination. (D) The same homogenates were analyzed for the expression
of pTAK1 (Thr184/187), pTAK1 (Ser439), total TAK1, TRAF6, and B-actin. (E) The effect
of EGCG administration was evaluated on the modulation of /n vivo deubiquitinase enzymes
associated with the removal ubiquitin chains. # p<0.01 for Naive vs AlA; *p<0.05 for AIA
vs AIA+EGCG.
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