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Summary

Tumor necrosis factor a. (TNFa) has both positive and negative roles in human disease. In certain
cancers, TNFa is infused locally to promote tumor regression, but dose-limiting inflammatory
effects limit broader utility. In autoimmune disease, anti-TNFa antibodies control inflammation in
most patients, but these benefits are offset during chronic treatment. TAK1 acts as a key mediator
between survival and cell death in TNFa-mediated signaling. Here, we describe Takinib, a potent
and selective TAK1 inhibitor that induces apoptosis following TNFa stimulation in cell models of
rheumatoid arthritis and metastatic breast cancer. We demonstrate that Takinib is an inhibitor of
autophosphorylated TAK1 that binds within the ATP binding pocket, yet is non-competitive, and
inhibits by slowing down the rate-limiting step of TAK1 activation. Overall, Takinib is an
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attractive starting point for the development of inhibitors that sensitize cells to TNFa-induced cell
death, with general implications for cancer and autoimmune disease treatment.

eTOC Blurb

Totzke et al. combine enzymatic and cell biological methods to identify a novel potent and
selective TAK1 inhibitor that induces apoptosis in a TNFa-dependent manner in rheumatoid
arthritis and breast cancer models and reveals a substrate-like mechanism for autophosphorlyation

for TAKL.
TNFa TNFa
RIPK 1 TRAF2 mﬂ?’:}
Takinib | o
>j‘\ complex Il
complex | [RIPK1 caspase 8
FADD
caspase 37
Apoptosis
=
=
Nucleus g 100 no TNF |
5 TNF 1
AP1, NFKB gene activation 5 50
Proliferation § 0+
Survival
Inflammation
Keywords

Kinase inhibitors; Drug discovery; Enzyme Kinetics; Cancer; Inflammatory Disorders;
autoimmune disease

Introduction

TNFa is a major contributor to tissue inflammation and the largest drug target in terms of
commercial impact with annual U.S. sales of TNFa antibodies upwards of $160 billion
(Bradley, 2008; Hopkins & Groom, 2002). In rheumatoid arthritis (RA), ankylosing
spondylitis, and inflammatory bowel disease, inhibiting TNFa signaling has been proven to
reduce disease burden dramatically (Komaki et al., 2017; Powrie et al., 1994; Spadaro et al.,
2013). The role of TNFa in cancer is complex; TNFa induces apoptosis in some types of
cancer, but chronic inflammation mediated by TNFa has also been associated with tumor
progression in cancers including hepatocellular carcinoma, metastatic breast cancer, and
colorectal cancer (Becker et al., 2004; Choo, Sakurai, Koizumi, & Saiki, 2006; Inokuchi et
al., 2010; Phong et al., 2010; A. Singh et al., 2012). Due to its tumor necrosis inducing
actions, TNFa infusion was once considered a front-line therapy for the treatment of cancer
(Kurzrock, Feinberg, Talpaz, Saks, & Gutterman, 1989). However, systemic TNFa
administration also carries a significant risk of inducing dramatic inflammatory effects that
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result in life-threatening shock (Kristensen et al., 1993; Kuei, Tashkin, & Figlin, 1989;
Moore et al., 1999; Yan et al., 2001). Today, therapeutic uses of TNFa are restricted to local
tumor infusion (Deroose, Grunhagen, de Wilt, Eggermont, & Verhoef, 2015; Verhoef et al.,
2007). Isolating the TNFa pro-apoptotic functions from pro-inflammatory functions could
have far-reaching applications in inflammatory disorders and cancers.

TAK1/MAP3K?7 is a key moderator of survival and cell death in TNFa signaling. It is an
evolutionarily conserved member of the mitogen-activating kinase kinase kinase (MAP3K)
family and regulates pro survival signaling in several cancer types and inflammatory
disorders (Huang, Chiang, Hung, & Hou, 2015; Lin, Niu, Peng, Zhang, & Niu, 2015;
Takahashi et al., 2015). Complete genetic knockout of TAK1 leads to embryonic lethality
(Sakurai, 2012; Shim et al., 2005). Conditional knockout of TAK1 in immune cells
highlights the importance of TAK1 in inflammatory diseases: loss of TAK1inBand T
lymphocytes, dendritic cells or natural Killer cells severely affects maturation and function of
these cell types. A detailed review of these conditions is provided elsewhere (Sakurai, 2012).

TAKT1 activity is enhanced by interactions with TAK1 binding proteins 1,2,3 (TAB1-3)
(Roh, Song, & Seki, 2014). Stimulation of cancer cells with TNFa leads to TAK1-
dependent activation of NFx, cJun, and p38 MAPK (Takahashi et al., 2015) (Fig. 1a). The
assembly of the TNFa-Receptor 1 (TNFR1) complex 1 leads to recruitment of inhibitor of
IxB kinase (IKK) and is facilitated by K-63-linked polyubiquitination of TAK1 and the IKK
complex. TAK1 phosphorylates IKKp, which leads to phosphorylation of Inhibitor of IxB
kinase (IxB) and allows translocation of NFxB to the nucleus and transcription of pro
survival genes, such as IAP and Bcl-XI (Vaiopoulos, Athanasoula, & Papavassiliou, 2013).
p38 MAPK signaling gets transiently activated after TNFa stimulation (Wajant,
Pfizenmaier, & Scheurich, 2000). TAK1 phosphorylates MKK3/4/6, which leads to p38 and
c-Jun activation and subsequent translocation to the nucleus to activate transcription of pro
survival genes (Catz & Johnson, 2001; Kreuz, Siegmund, Scheurich, & Wajant, 2001; Phong
et al., 2010; Zer, Sachs, & Shin, 2007). In both /n vitroand /n vivo models, downregulation
of TAK1 decreased transcription and activity of matrix proteolysis genes, and demonstrated
the role of TAK1 in angiogenesis and metastasis (Safina, Ren, Vandette, & Bakin, 2008). If
complex 1 cannot be fully assembled (i.e. if TAK1 is not functional), apoptosis or
necroptosis are induced, which suggests the potential for selective induction of apoptosis by
inhibiting TAK1.

The delicate balance between survival and death is often dysregulated in disease and opens
novel avenues for intervention. Despite the rising interest in TAK1 as a potential therapeutic
target, inhibitors that selectively induce cell death upon TNFa stimulation have not been
demonstrated. The most widely used tool to study TAK1 biology is the resorcylic lactone
(52)-7-oxozeaenol (5Z0) (J. Wu et al., 2013). 5Z0 demonstrated increased efficacy
compared to the FDA-approved JAK inhibitor tofacitinib in rheumatoid arthritis cell models
(Jones et al., 2017). However, this molecule also potently inhibits a panel of at least 50 other
kinases and forms a covalent bond with reactive cysteines in the activation loop of its targets,
rendering it inadequate for therapeutic purposes due to off-target effects (J. Wu et al., 2013).
Despite the known limitations of 5Z0, it is still used to study TAK1 biology in contexts of
disease.
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Herein, we describe the identification and characterization of the TAK1 inhibitor Takinib
(1), which selectively induces apoptosis following TNFa stimulation. The compound is
easily synthesized and exhibits tractable structure activity relationships (SAR). In a kinome-
wide screen, the molecule was found to exhibit extraordinary selectivity towards TAK1 over
all other members. In detailed kinetic studies, we demonstrate that TAK1 undergoes
substrate-like intermolecular autophosphorylation and Takinib prolongs this rate-limiting
step of TAK1 activation. Additionally, after activation with ATP, Takinib inhibits TAK1 in a
competitive manner. Co-crystallization studies showed that Takinib binds to TAK1 in the
DFG-in conformation and makes multiple hydrogen bonds and hydrophobic interactions
within the ATP-binding pocket explaining both its potency and selectivity towards TAK1
over even closely related kinases. In cell models of RA and metastatic breast cancer, Takinib
treatment results in TNFa-dependent induction of apoptosis due to inhibition of TAK1 as a
key switch between survival and cell death.

Potency and Selectivity of Takinib for TAK1

Takinib (1) was discovered in a FLECS (Fluorescence-linked enzyme chemoproteomic
strategy (Carlson et al., 2013; Howe et al., 2014)) screen of a library consisting of 3379
small molecules containing known kinase-binding motifs with the goal of identifying lead
compounds targeting the malarial PfPK9 (Plasmodium falciparum Protein Kinase 9, Fig.
S1). With an apparent Kp of 200nM, Takinib serves as a chemical starting point for the
development of PfPK9 inhibitors for malaria and will be discussed elsewhere. As an
unbiased assessment of the selectivity of Takinib within the mammalian kinome, the
compound was screened against the MRC Dundee kinase panel, which contains a
comprehensive library of kinases representing all gene family members within the human
kinome (Fig. 1, Table S1) (Hastie, McLauchlan, & Cohen, 2006). At 10uM, Takinib showed
significant inhibitory activity (<10% enzyme activity after exposure) on six serine/threonine
kinases including TAK1, IRAK4, IRAK1, GCK, CLK2, and MINK1 (Fig. 1BE). Dose-
response experiments of these kinases were performed as validation of the initial kinase
inhibition profile. TAK1/MAP3K7 was most potently inhibited with an IC50 value of 9.5nM
(Fig. 1D), more than 1.5 log more potent than the second and third ranked targets, IRAK4
(120nM) and IRAK1 (390nM), respectively. TAK1, IRAK4, and IRAK1 all belong to the
family of tyrosine-like kinases. Importantly, IRAK4 and IRAKZ1 are also key mediators in
TLR and IL-1 receptor signaling, which involve K-63 polyubiquitination of downstream
molecules (Powers et al., 2006; Rhyasen & Starczynowski, 2015)

Takinib is distinguished from NG25 (Tan et al., 2015), a dual type Il inhibitor previously
reported as targeting both TAK1 and GCK/MAP4K?2, since Takinib targets GCK with a 45-
fold lower potency compared to TAK1 (GCK IC50 450nM). Takinib is an
aminobenzimidazole (Fig. 1C), and this class of inhibitors was previously identified as Src
kinase family inhibitors (Francini et al., 2015). However, in initial kinome profiling, the Src
family members Src and Yes1 were only weakly inhibited by Takinib. Compared to the most
widely studied TAK1 inhibitor 520 (J. Wu et al., 2013), Takinib does not inhibit any of the
MAP2Ks or MAP3Ks family members i.e. MKK6/MAP2K6, MEKK1/MAP3K1, MKK1/
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MAP2K1 (Table S1). Additionally, p38 was completely insensitive to Takinib, which had
been a concern with the dual TAK1/p38a inhibitor PF-05381941(Kilty & Jones, 2015). As a
testament to its selectivity within the kinome, Takinib also showed no efficacy towards the
TAK1-closely related MAP3K5/ASK1 (Table S1, Results of Dundee Selectivity profiling,
related to Figure 1). We further tested the selectivity of Takinib in a purine-wide selectivity
assay based on -y-linked ATP sepharose (Carlson et al., 2013; Haystead, 2006). The
purinome comprises a large class of proteins with more than 2000 family members including
protein kinases, ATPases, dehydrogenases, and purinergic receptors. This diversity of
enzyme classes covered by the purinome enabled us to perform a broader selectivity analysis
of Takinib (Fig. S5). Due to the low copy number of TAK1, we expressed TAK1-TAB1-GFP
in HEK293T cells and incubated the lysate with y-linked ATP sepharose. Elutions with
Takinib, ATP, and HS-10 (Barrott et al., 2012) were collected in 96-well plates, and
fluorescence was measured (Fig. S5 A, B). HS-10 was used to compare the elution profile of
a potent and selective Hsp90 inhibitor with the elution profile of Takinib and ATP. Following
elutions, GFP fluorescence was only present in the Takinib and ATP samples. Mass
spectrometric analysis of silver-stained bands revealed the identity of TAK-TAB1-GFP as
the only significant elution for Takinib. Additionally, we compared the elution profiles of
570, NG-25, and Epigallocatechin-3-gallate (E3G). E3G was previously described as an
inhibitor of TAK1 in rheumatoid arthritis cell models (A. K. Singh, Umar, Riegsecker,
Chourasia, & Ahmed, 2016). While additional bands were present in the 5Z0 elution,
NG-25, and Takinib eluted TAK1-TAB1-GFP quite selectively. E3G did not elute TAK1,
which we attribute to its lack of potency. As a testament to the selectivity of Takinib,
proteins from the ATP eluate were also sequenced to demonstrate the extent and diversity of
the proteins bound to the ATP sepharose beads (Table S 3,4 Mass spec sequencing analysis
for Fig. S5A, Fig. S5D, related to Figure 1).

To further compare Takinib to other well-described TAK1 inhibitors, we determined potency
of 5Z0, NG-25, and E3G on TAK1 enzymatic activity using an assay that measures
incorporation of 32P from 32P-ATP into a common substrate peptide (Fig. 1G). Takinib
showed most potent inhibition of TAK1 activity (IC50 8.2nM), followed by 5Z0 (22nM),
and NG25 (81nM). We could not determine a dose-response curve for E3G.

Co-crystallization of Takinib and TAK1

To completely understand the interactions between Takinib and TAK1 and to establish a
foundation for subsequent structure-guided optimization of this chemotype, we determined
the 3-dimensional structure of TAK1 protein bound to Takinib using x-ray crystallography.
Crystals diffracted to 2.0 A resolution and the structure was readily determined using
molecular replacement (see Table S2 for data collection and refinement statistics).
Additional density corresponding to the shape of Takinib was seen in the kinase active site
(Fig. 2A-D). The benzimidazole of Takinib is stabilized in the active site via hydrophobic
interactions with Val42, Tyr106, and Gly110. A hydrogen bond is observed between the
internal carbony! of the isophthalamide and backbone nitrogen of Alal07. The terminal
acetamide of Takinib also forms a critical hydrogen bond with the side chain of Lys63 and
active site water (HOH46). This water also forms additional hydrogen bonds with the side
chain oxygen of Glu77 and the amine nitrogen of Asp175 (Fig. 2D). Of note, an analogous
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water coordinated to analogous catalytic side chains has been observed in many structures of
nucleotide and inhibitor bound kinases including IRAK4 (2NRU) and has also been studied
with respect to selectivity of bosutinib (Levinson & Boxer, 2014). Of note, Asp175, Phel76,
Gly177 of the activation loop are in the DFG-in conformation (Fig. 2B) consistent with a
type-I inhibitor.

Takinib can be drawn in two tautomeric forms, as an endocyclic imine (tautomer A) or as an
exocyclic imine (tautomer B). The crystal structure was originally solved using the ligand as
tautomer A given that it provides a delocalized electron state. However, to evaluate the
possibility that Takinib exists as tautomer B when bound to TAK1, the ligand was subjected
to energy minimization calculations [MMFF94s force field in Avogadro (Hanwell et al.,
2012)]. Using the conformation of the ligand as modeled in the crystal structure as a starting
point, we performed energy minimization using either tautomer. Tautomer B was found to be
more stable (strain energy B = —57.9 kJ/mol vs. strain energy A = 10.9 kJ/mol) and moved
very little on minimization. Further refinement of the crystal structure using tautomer B gave
a 2% drop in the R-factor and allowed an additional hydrogen bond from the relocated
hydrogen to the carbonyl of Alal07. For these reasons, we believe that the exocyclic imine is
the preferred tautomer both in solution and on binding to TAK1 and all structures are drawn
to reflect that.

Structure-Activity studies of Takinib

Takinib can be readily synthesized and proved highly amenable to directed iterative
chemistry for SAR studies (see supplemental methods and schemes). Several small-
molecule inhibitors that contain an acylaminobenzimidazole moiety have previously been
identified, including inhibitors for Hsp70 and IRAK1/4 (Howe et al., 2014; Powers et al.,
2006). To determine if this scaffold acts as a promiscuous inhibitor, we screened 46 analogs
from our initial screening library containing an acylaminobenzimidazole and the Hsp70
(HS-72) and IRAK-1/4 inhibitor against TAK1 (Fig. 3, S2). At a concentration of 100nM,
none of the compounds inhibited enzyme activity significantly, which suggests that the
acylaminobenzimidazole moiety is not sufficient for TAK1 inhibition (Fig. S2). Next, we
synthesized analogs with modifications to the amide and the alkyl side chain (Fig. 3).
Reducing the propyl to an ethyl alkyl chain retains potency against TAK1 (Fig. 3, 4 IC50
840pM). However, replacing the primary amide with N-methyl amide or the methyl ester
reduces potency from 0.8nM to 13 nM (Fig. 3, 6) and 61 nM (Fig. 3, 3), respectively. We
observed the most dramatic potency loss with a carboxylic acid replacing the amide (Fig. 3,
5). The additional charge introduced by the carboxylate ion could lead to electrostatic
repulsion and abrogate TAK1 interaction, which makes 5 an inactive control compound in
further studies. These structure-activity studies indicate that major molecular changes on the
carbamoy! benzyl group of Takinib are not tolerated. To explore the possibility of making
chemical tools, we explored positions for further elaboration. Halogen substitution on the
phthalamide ring reduces potency significantly (Fig. 3, 11 IC50 220 nM, 13 IC50 140 nM).
Changing the alkyl chain to an amino pentane with the methyl ester showed little impact
though on a weaker analog (Fig. 3, 9 IC50 61nM). These findings are consistent with the co-
crystal structure, demonstrating that -CONH,, is the key substituent at R, given that it makes
interactions with active site residues and a coordinated water molecule. Bulky substituents
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such as -COOCHg3; -CONHCH3 were not tolerated likely because of steric clashes with
Met104, Cys174 and Aspl175. Similarly, bulky substituents such as Br were not tolerated at
Rz and R4 due to steric constraints arising from Met104 and Glu105.

Kinetic effects of Takinib binding to TAK1 slow down the rate-limiting step of TAK1

activation

To investigate the kinetics of Takinib -TAK1 interaction, we determined how this interaction
is affected by increasing ATP concentrations. The activity of purified TAK1 protein was
assayed in the presence of DMSO (vehicle), 10nM, and 50nM Takinib and increasing
concentrations of ATP (Fig. 4A, B). Analysis of the reaction velocity using Michaelis-
Menten Kinetics revealed that increasing concentrations of Takinib leads to a decrease in
Vmax While maintaining Ky,. When the enzyme was activated with 5uM ATP for 3h, the
same Vmax Was reached for 0, 10, 50, and 100nM Takinib and Ky, increased for these
concentrations, which implies that Takinib is an ATP- competitive inhibitor if TAK1 is ATP-
activated. Importantly, figure 4C shows that Takinib inhibited the function of both activated
and un-activated TAK1 with identical potency. Because Takinib was not competitive with
ATP for the un-activated TAK1 (Fig. 4A), we studied the kinetics of the TAK1 activation
process.

Several reports have identified a two-step process of activation for TAK1, undergoing
autophosphorylation occurring at Ser192, Thr178, Thr187, and Thr184 which precedes
substrate phosphorylation (Hirata, Takahashi, Morishita, Noguchi, & Matsuzawa, 2017;
Kishimoto, Matsumoto, & Ninomiya-Tsuji, 2000). We modeled auto and substrate
phosphorylation in the kinase assay by determining TAK1 activity in the absence (auto
phosphorylation) and presence (auto+substrate phosphorylation) of substrate peptide and
found that both processes are inhibited at low nanomolar concentrations of Takinib (Fig. 4D,
auto IC50 12.8nM, auto+substrate 1C50 6.7nM). Because previous studies utilizing
recombinant protein expression techniques came to opposing conclusions regarding whether
TAKZ1 undergoes intra- or intermolecular autophosphorylation (Kishimoto et al., 2000;
Scholz et al., 2010), we performed kinetic studies utilizing Takinib to identify the
autophosphorylation mechanism based on enzyme kinetic processes. During intermolecular
autophosphorylation, phosphorylation of one enzyme molecule leads to a cascade of
phosphorylation events of other enzyme molecules, leading to phosphorylation of
theoretically 100% of enzymes becoming phosphorylated over time. Intramolecular
autophosphorylation is a stoichiometric process and limited by the amount of ATP present.
The kinase assay was performed with purified TAK1 protein in the presence of DMSO,
100nM or 1uM Takinib over a period of three hours (Fig. 4E, F). Comparing the activity of
TAKL in the presence of 0 and 100nM demonstrates that autophosphorylation increases over
time and then saturates, whereas it is almost completely inhibited at 1uM Takinib. These
kinetic studies demonstrate that TAK1 undergoes an intermolecular autophosphorylation
process, which can further be divided into reciprocal and substrate-like autophosphorylation
(Dodson, Yeoh, Hag, & Bayliss, 2013). During reciprocal autophosphorylation, two enzyme
molecules come together to phosphorylate each other. In substrate-like autophosphorylation,
a priming event by one enzyme molecule converts an inactive molecule into an active one.
This molecule phosphorylates another, generating a cascade of autophosphorylation events.
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These two mechanisms differ in their kinetics because of the rate-limiting priming event
during substrate-like autophosphorylation, which generates a peak rate for formation of
phosphorylated enzyme. To investigate if TAK1 molecules undergo reciprocal or substrate-
like autophosphorylation, we determined the rate of TAK1 autophosphorylation at different
enzyme concentrations over a period of three hours (Dodson et al., 2013). Reducing the
relative enzyme concentration by 50% lead to a reduction of autophosphorylation events by
50% as expected (Fig. 4G). Taking the derivative of phosphorylated enzyme production
reveals a peak in the rate of formation of phosphorylated enzyme (Fig. 4H), arguing for a
substrate-like mechanism of autophosphorylation. Based on the time course experiments of
TAK?1 autophosphorylation in figure 4E-F, Takinib slows down the occurrence of the
priming event and thereby delays the formation of phosphorylated enzyme. This is
demonstrated in figure 4J, where the derivative of autophosphorylated enzyme over time was
calculated. DMSO-treated TAK1 activity rate peaks at 20min, while 100nM Takinib shifts
the peak to 60min.

Effects of Takinib on cell-based models

TAKL is a key signaling molecule mediating pro survival versus apoptosis upon TNFa
stimulation. Previous reports identified TAK1 as a mediator of metastasis and bone
destruction in breast cancer (Safina et al., 2008; Safina, Sotomayor, Limoge, Morrison, &
Bakin, 2011; Wang et al., 2016; X. F. Wu et al., 2014). TAK1 is amplified in more than 35%
of breast cancers models www.cbioportal.com (Cerami et al., 2012; Gao et al., 2013). MDA-
MB-231 cells are derived from pleural effusion of metastatic cells from an invasive ductal
carcinoma (Cailleau R Fau - Young, Young R Fau - Olive, Olive M Fau - Reeves, & Reeves,
1974). We hypothesized that inhibition of TAK1 by Takinib leads to initiation of apoptosis
in TNFa-stimulated MDA-MB-231 cells. To test this hypothesis, we treated serum-starved
MDA-MB-231 cells with titrations of Takinib, then stimulated with TNFa for 12h. As a
control, MDA-MB-231 cells were treated with Takinib but not TNFa.. Caspase 3/7 activity
was determined as previously described (Alwarawrah et al., 2016). TNFa stimulation in the
presence of Takinib induced caspase activity in MDA-MB-231cells in a dose-dependent
manner, whereas unstimulated cells did not upregulate caspase activity (Fig. 5A, left). We
measured cell proliferation using Hoechst reagent in TNFa-stimulated and unstimulated
MDA-MB-231 cells and found a dose-dependent reduction of DNA content in the stimulated
cells after 24h (Fig. 5A, right). If TNFa is not present, cells remain viable. To account for
intracellular ATP concentrations [estimated at 1-10mM (Beis | Fau - Newsholme &
Newsholme, 1975)], we added a conversion of IC50 to K; in order to resolve the apparent
discrepancy between low nM activity in kinase assays and low UM activity in cellular assays.

We further investigated whether Takinib could inhibit cellular signaling following acute
TNFa stimulation. MDA-MB-231 cells were serum-starved for 3h and pre-treated with
10uM Takinib for 2h. Stimulation of cells with TNFa was performed over a time-course of
60min and the phosphorylation status of IKK, p38, and p65 was determined via Western
Blot (Fig. 5B). IKK and p65 are maximally phosphorylated at 15 minutes, which indicate
activation of the NFkB pathway, while p38 phosphorylation peaks at 30 minutes. Takinib
reduced phosphorylation of significantly but did not influence total protein levels. Dose-
dependency studies were performed in Hela cells following 15 minutes of TNFa
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stimulation. Western Blot analysis demonstrated that Takinib inhibits phosphorylation of
IKK, MAPK 8/9, and cJun in a dose-dependent manner (Fig. 5C). Additionally, we
investigated cellular TAK1 autophosphorylation following 15min of TNFa stimulation.
Thr184 phosphorylation was significantly reduced at low uM concentrations (Fig. S3A).

Given the role of TAK1 in inflammatory diseases such as RA, we investigated whether
Takinib induces cell death and reduces cytokine secretion in RA fibroblast-like synoviocytes
(RA FLS). RA FLS become hyperplastic during disease and contribute to cytokine-mediated
inflammatory joint destruction (Tran et al., 2007). To examine whether RA FLS respond to
Takinib in a TNFa dependent manner, RA FLS were treated with titrations of Takinib in the
presence of 0, 0.1, 10, and 30ng/ml TNFa for 24 and 48h and caspase 3/7 activity
determined (Fig. S3B). After 24h, we did not observe a dose-dependent effect on caspase
activity but determined that cells treated with 30ng/ml had a generally higher level of
caspase activity compared to the other groups that were treated with lower TNFa
concentrations. After 48h, apoptosis was observed in the 10 and 30ng/ml groups in a dose-
dependent manner (Fig. S3B). Treatment of RA FLS cells with Takinib or 5Z0 in the
absence or presence of 10ng/ml TNFa revealed that 5Z0 reduces caspase induction at
concentrations above 1uM unlike Takinib (Fig. 6A). This suggests that the
polypharmacology of 5Z0 leads to inhibition of signaling molecules involved in apoptosis at
higher concentrations and highlights the selectivity of Takinib for TNFa signaling. Both
compounds were compatible with similar levels of background caspase activity in the
absence of TNFa. Additionally, we tested whether Takinib analogs 4 and 5 and the JAK
inhibitor tofacitinib can induce apoptosis following 24 and 48h of treatment with TNFa
(Fig. 6B, S3). None of the tested compounds induced caspase activity significantly following
24h treatment (Fig. S3). The 48h TNFa treatment exhibited increased caspase activity by
33% in the presence of Takinib and 4, while the effect of 5 was marginal (Fig. 6B).
Tofacitinib treatment showed no effect at the studied concentrations. To determine the
effects of Takinib on cytokine secretion, we performed IL-6 and IL-8 ELISA assays (Fig.
6C). Takinib showed an almost complete inhibition of IL-6 secretion at uM concentrations
following 24h of treatment in the presence of TNFa.. Similar effects were observed for 1L-8
secretion by Takinib, 4 and tofacitinib treatment, which resulted in 40% reduction (Fig. S3).
570 was significantly more potent than the other compounds in IL-6 and IL-8 cytokine
secretion experiments, which suggests that its strong anti-inflammatory effects stem from
inhibition of factors other than TAK1 and JAKs. We suggest that the apoptosis-inducing
mechanism of action of Takinib stems from inhibiting the function of complex I, which
induces NFKB pro survival signaling. Instead, complex Il forms, which leads to induction of
effector caspases 3/7 (Fig. 6D).

Discussion

In this study, we characterize the TAK1 inhibitor Takinib, detail its kinetic effects on TAK1
activity, and demonstrate its effects in inflammatory cell models. The complete synthesis of
Takinib and active and inactive analogs is reported and shows that the molecule exhibits
tractable SAR. Takinib potently and selectively targets TAK1 and induces apoptosis in
TNFa-stimulated breast cancer and rheumatoid arthritis /77 vitro models. Dependence on
TNFa raises the possibility that TAK1 inhibitors may only show pro-apoptotic activity in
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inflammatory tissue or tumor microenvironments that are rich in TNFa., sparing healthy
tissues and therefore limiting side effects. In breast cancer, such an environment is
associated with metastasis, which suggests Takinib may have utility in progressive malignant
disease. The TNFa dependent apoptosis induction for Takinib treated cells suggests it may
be worth revisiting the antitumor activities of TNFa. in combination with selective TAK1
inhibition.

Could inhibition of TAK1 greatly sensitize tumor cells to TNFa, significantly
reducing the dose and completely mitigating the dose limiting
proinflammatory side effects of TNFa?—In RA, our studies further validate TAK1 as
a therapeutic target. Anti-TNFa antibodies have proven effectiveness in the treatment of RA.
However, these therapies are amongst the most expensive on the market and due to
tachyphylaxis and/or anti-drug immune responses that develops during chronic treatment,
patients often have to stop therapy and resort to alternative and sometimes less effective
drugs. Exploring the efficacy of Takinib in animal models of RA is therefore certainly
warranted. As a word of caution, however, our comparative inhibitor studies highlight that
the development of compounds exhibiting polypharmacology could negate TNFa-dependent
caspase induction, as treatment with 5Z0O in RA FLS demonstrated. We further suggest that
studies investigating TAK1 biology should utilize 5Z0O with its limitations in mind, since
off-target effects of this compound will likely affect the results profoundly.

The co-crystal structure revealed critical interactions between Takinib and specific TAK1
residues. Hydrogen bonds to catalytic Lys63, hinge-region Alal07, and Aspl75 of the DFG-
motif place Takinib in the ATP-binding pocket. Hydrophobic interactions with Val42,
Thr106, and Gly110 further stabilize Takinib binding. Takinib interferes by sequestering the
conserved structured water molecules. Even though the crystal structure clearly shows TAK1
in the DFG-in conformation, initial kinetic studies with TAK1 showed that the maximum
reaction rate could not be reached at high ATP concentrations in the presence of the
inhibitor, in opposition to the general classification of type 1 inhibitors that are defined as
ATP-competitive. This phenomenon was explained after investigating kinetics of TAK1
autophosphorylation. We demonstrate that TAK1 undergoes substrate-like
autophosphorylation and that Takinib slows down the rate-limiting step of this process. After
TAK1 undergoes the first step of activation, Takinib acts as a competitive inhibitor of TAK1.
Inhibition of TAK1 with Takinib in the non-activated state does not allow for full kinase
reaction rate because the inhibitor-treated kinase pool is still undergoing kinase activation.
This study illustrates the importance of detailed enzymatic characterizations of small-
molecule inhibitors are required to understand their actions on proteins. Due to these kinetic
effects, Takinib does not compete with ATP and therefore is not ATP-restricted in binding to
TAKL in cells.

The finding that Takinib also shows some affinity for IRAK1, and IRAK4 (albeit it is 14 and
30-fold respectively lower that TAK1), in addition to PfPK9 suggests a conserved fold in
Lys-63-linked polyubiquitin regulated kinases. In P falciparum, PfPK9 down-regulates
ubiquitin signaling through phosphorylation of the E2-ubiquitin conjugating enzyme Ubc13
(Philip & Haystead, 2007), whereas TAK1, IRAK1, and IRAK4 are activated through E3-
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ubiquitin ligases. The sequences of IRAK1, IRAK4, TAK1, and PfPK9 were aligned to
investigate if sites critical for Takinib binding to TAK1 are conserved in these kinases. This
alignment showed a moderate degree of conservation across kinases (Fig. S4). While the
catalytic Lys63 andAspl75 of the DFG motif align, these residues are conserved across all
major kinase families. However, Alal07 of the hinge region aligns with Alal87 of PfPK9,
suggesting the potential for hydrogen bonding. Critical hydrophobic interactions mediated
by Val42, Thr106, and Gly110 are congruent between kinases, except for Val42 which is
only present in TAKL. Its absence in PfPK9, IRAK1, and IRAK4 could result in a loss of
potency of Takinib for these kinases. Opposing charges in the hydrophobic interaction
region could also contribute to the loss of potency [[compare Lys44 (R44) in TAK1 with
Glu220/204/115 (E220/204/115)]. Residues preceding the DFG motif are quite different,
with TAK1 having a bulkier cysteine compared to small residues like serine, alanine, and
glycine present in the other kinases. Our understanding of the interactions of Takinib with
TAK1 highlight how this same scaffold may be utilized to derive potent inhibitors selective
for PfPK9, IRAK1, and IRAKA4.

We describe the development of Takinib, a potent and selective inhibitor of TAK1. With the
recent surge in research published on TAK1 as a target for cancer and inflammatory
disorders, Takinib serves as a scaffold to explore TAK1 as a druggable target in TNFa
signaling and might open avenues for other cytokine signaling pathways including IL-1,
TGFB, and LPS. Selectively inhibiting TAK1 as a key promoter of survival pathways in
TNFa-rich microenvironments leads to an upregulation of programmed cell death and
provides a unique approach to targeted therapy in metastatic breast cancers and rheumatoid
arthritis. Crystallographic analysis revealed that Takinib binds deep within the ATP binding
pocket of TAK1 and targets the kinase in the DFG-in conformation. We demonstrate that
detailed kinetic analysis is necessary to understand the mechanism of action of a small-
molecule inhibitor and provides critical mechanistic insights into kinase function. These
studies demonstrated that Takinib acts as a competitive inhibitor if TAK1 is activated by
ATP and that TAK1 autophosphorylation is a two-step intermolecular process with a rate-
limiting first intramolecular step.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Timothy Haystead (timothy.haystead@duke.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture—MDA-MB-231, HEK293T, and HeLa cells were obtained from American
Type Culture Collection. RA FLS were derived and propagated in the laboratory of D. Fox
as previously described(Tran et al., 2007). Cells were incubated at 37°C and 5%CO». Cancer
cells were cultured in DMEM medium containing 10%FBS and 1% Pen/Strep. RA FLS
were cultured in CMRL medium with 10%FBS, 1% Pen/Strep, 1% Glutamax.
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METHOD DETAILS

FLECS assay—HEK?293 cells were cultured in DMEM (Life Technologies) supplemented
with 10% FBS (Sigma) and 1% antibiotic-antimycotic (Life Technologies) and maintained
in a standard tissue culture incubator (37 °C, 5% CO2). ATP-Sepharose beads were
synthesized in-house according to a previously published procedure (Carlson et al., 2013).
The P. falciparum PK9 gene (PlasmoDB accession # PF3D7_1315100) was cloned into the
pPEGFP-C1 mammalian expression vector (Clontech) in frame with a N-terminal GFP tag.
Parental HEK293 cells were transfected with the resulting PfPK9-pEGFP-C1 vector to
generate HEK293-GFP-PfPK9 expressing cells using X-tremeGENE HP transfection
reagent (Roche) per manufacturer instructions. Briefly, the culture medium was replaced at
48 hours post-transfection with medium supplemented with 1 mg/mL G418 sulfate (Life
Technologies) to select for stably transfected cells. Following stable cell selection,
fluorescence activated cell sorting (FACS) was used to enrich for GFP-PfPK9 expressing
cells. Subsequently, FACS sorted HEK293-GFP-PfPKJ9 cells were cultured with medium
supplemented with 0.5 mg/mL G418 sulfate for all following experiments. Cellular
homogenates from cells were applied to a gamma phosphate linked ATP-resin. 3218 small
molecules of an in-house library were screened for GFP-PfPK9 elution at 500uM.
Secondary assays were conducted to confirm the presence of GFP-PfPK9 in eluates via
Western blot analysis to control for false positives that may arise from small-molecules with
intrinsic fluorescence. The TAK1-TAB1-GFP plasmid was obtained from MRC Dundee. For
TAK1-TAB1-GFP elution, the procedures outlined above where followed.

Protein purification—TAK1-TAB1 (kinase domain residues 31-303 fused with 36
residues of TABL c-terminal domain residues 468-504) was expressed, purified as reported
previously (Tan et al., 2015). In summary, His-TAK1-TAB1 was expressed in insect cells
and purified using his-affinity column followed by TEV cleavage and finally using size
exclusion chromatography. Protein purity was verified using a gradient SDS PAGE gel
stained with coomassie blue. Protein concentration was measured using the Bradford
method (Bradford, 1976).

Kinase Assay—Activity of purified TAK1-TABL protein was measured as previously
described(Hastie et al., 2006). In brief, TAK1-TAB1 (50ng/well) was incubated with 5uM
ATP containing radiolabeled [32P]-ATP in the presence of 300pM substrate peptide
(RLGRDKYKTLRQIRQ) in a final volume of 40ul in the presence of buffer (containing
50mM Tris pH 7.5, 0.1mM EGTA, 0.1% B-Mercaptoethanol, 10 mM magnesium acetate,
0.5mM MnCI) and indicated compounds. The reaction was let go for 10min and stopped
with 10ul concentrated H3PO4. The remaining activity was measured using a scintillation
counter. Dose-response curves were repeated 3 times. For kinetic mechanistic studies,
experiments were repeated two times and averaged.

X-ray crystallography—Purified TAK1-TABL1 as described above was crystallized as
reported previously (Tan et al., 2015) with the following minor modification: Takinib was
solubilized in ethyleneglycol prior to being added to the crystal soaking solution which
consisted of 1mM Takinib, 0.75M sodium citrate, 0.2M NaCl, 0.1M Tris pH 7.0 and 20%
ethyleneglycol. TAK1 crystals were soaked for two days before they were flash frozen in
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liquid nitrogen. Diffraction data was collected at Argonne Advanced Photon Source
beamline 19-D. Data processing and scaling were performed using HKL3000 (Minor,
Cymborowski, Otwinowski, & Chruszcz, 2006). Phases were obtained by molecular
replacement using 2EVA as a starting model. Refinement, manual modeling and
visualization were done using Coot (Emsley & Cowtan, 2004), Phenix (Adams et al., 2010)
and Refmac (Murshudov et al., 2011). Ligand interaction figures were generated by PyMol
(The PyMOL Molecular Graphics System (Alexander, Woetzel, & Meiler, 2011) and Ligplot
+ . Data collection and final refinement statistics are given in Table S2.

Caspase-3/7-Activity Assay—The assay was performed as previously described
(Alwarawrah et al., 2016; Howe et al., 2014). Cells were seeded at a density of 5,000 cells/
well. After 24h, cells were treated with titrations of Takinib or inhibitors in the presence or
absence of TNFa. After 24h incubation, 50pl of caspase buffer (50 mM HEPES pH 7.5, 100
mM KCI, 5 mM EDTA, 10 mM MgCl,, 10 mM CHAPS, 20% sucrose, 10 mM DTT)
containing 10ul (Z-DEVD)2-Rh110 were added to each well. Plates were incubated for 12h
at 37°C, after which fluorescence was measured at 485/535 nm. Experiments were repeated
3 times.

Hoechst Proliferation Assay—The assay was performed as previously described. MDA-
MB-231 cells (1,000 cells/well) were seeded in a 96-well plate with 10% FBS, 5% Pen/
Strep, 49/l glucose DMEM medium. After 24h, cells were serum starved with 1% FBS, 5%
Pen/Strep, 49/l glucose DMEM medium for 4h. Cells were treated with titrations of Takinib
in the presence or absence of 30ng/ml TNFa. Plates at Oh and 24h following treatment were
frozen at -80°C after removal of media. After 24h, 100ul ddH20 was added to each well and
plates were refrozen. 1 pl from Hoechst stock [1 mg/ml in 1:4 DMSO/H,0] was dissolved in
1 ml of TNE buffer (10 mM Tris, 2 M NaCl, 1 mM NayEDTA) and 100yl of this solution
was added to each well. The fluorescence was determined at 355/460nm.

Western Blot Analysis—Cells were lysed (50mM Tris, 150mM NaCl, 1ImM EDTA,
1%Triton-X100, 1mM DTT, complete protease and PhosStop phosphatase inhibitor) after
indicated treatment and run on Criterion XT Tris-HCI gel 4%-15% gradient (Bio-Rad).
Following transfer to PVDF membrane and blocking in 5% non-fat dry milk in TBST,
membranes were incubated with antibody overnight. After incubation with secondary
antibody, chemiluminescence was used to visualize bands. Experiments were repeated 3
times.

ELISA cytokine assays—RA FLS cells were seeded at 5,000 cells/well in 10%CMRL
medium, 1% Glutamax, 1%Pen/Strep. After overnight incubation, cells were serum-starved
with 1% CMRL medium, 1% Glutamax, 1%Pen/Strep for 4h, after which treatment with
inhibitors and TNF stimulation occurred. 24h after treatment, supernatant was added to
ELISA plates (IL-6, IL-8, TNF, Ready-SET-Go! from Thermo). ELISA was conducted
based on the manufacturer’s protocol. Absorbance was measured at 450 and 570nm.
Experiments were repeated 3 times.

Mass spec analysis—Following silver stain of SDS-PAGE, visible bands were excised
from the gel manually and cut into small pieces approximately Imm x 1mm. These gel
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pieces were destained using 1:1 30mM potassium ferricyanide: 100mM sodium thiosulfate
for 10 minutes followed by alternating washes with 25mM ammonium bicarbonate and
acetonitrile. Following dehydration with acetonitrile, 25uL of porcine trypsin (Promega) at a
concentration of 20ug/mL was added to the gel pieces. The gel pieces were then kept on ice
for approximately 1 hour after which incubation at 37°C overnight occured. Following di
gestion, the supernatant was transferred to a second tube, and acetonitrile was added to the
gel pieces to complete the extraction of digested peptides. This extract was added to the first
supernatant and this combined solution, containing the extracted peptides was frozen and
lyophilized. The peptides were resuspended in 5uL of 100:99:1 acetonitrile: water:
trifluoroacetic acid immediately prior to spotting on the MALDI target.

For MALDI analysis, the matrix solution consisted of alpha-cyano-4-hydroxycinnamic acid
(Aldrich Chemical Co. Milwaukee, W1) saturating a solution of 1:1:0.01 acetonitrile: 25mM
ammonium citrate: trifuoroacetic acid. Approximately 0.15 pL of peptide solution was
spotted on the MALDI target immediately followed by 0.15uL of the matrix solution. This
combined solution was allowed to dry at room temperature. MALDI MS and MS/MS data
was then acquired using the ABSCIEX TOF/TOF® 5800 Mass Spectrometer. Resultant
peptide mass fingerprint and peptide sequence data was submitted to the UniProt database
using the Mascot search engine to which relevance is calculated and scores are displayed.

Synthesis of Takinib and analogs—

5 Q =
/=~ NHz = N H &Sy /N
& 4 r el . DMAP e o W
S/ N LAy L EDC. OM | """N} " -
HO—, ) G /=0
% _ HOBT ) HN

" 1, EDHS-208

N-(1-Propyl-1H-benzo[d]imidazol-2-yl)isophthalamide 1. A mixture of 3-carbamoylbenzoic
acid (1.5 g, 9.08 mmol), N-propylaminobenzamidazole (1.59 g, 9.08 mmol), HOBT hydrate
(1.39 g, 9.08 mmol), DMAP (110 mg, 0.9 mmol) and EDC (2.61 g, 13.6 mmol) were
dissolved in methylene chloride (30 mL), treated with Hunig’s base (1.17 g, 9.08 mmol) and
stirred for 6 days. The reaction mixture was then concentrated and slurried with warm
ethanol and water. After stirring for a day, the solid was filtered off, washed with water and
air-dried to give compound Takinib /EDHS-206 1 (2.2 g, 75%) as a white powder. LC/MS
gave a single peak with m/z = 323.1 [M+1]* and 667.3 [2M + Na]*- 1H-NMR (dmso-dg) &
8.68 (s, 1H), 8.38 (d, J = 7 Hz, 1H), 8.10 (s, 1H), 7.98 (d, J = 7 Hz, 1H), 7.52-7.57 (m, 3H),
7.41 (s, 1H), 7.26 (t, J =7 Hz, 1H), 7.22 (t, J = 7 Hz, 1H), 4.27 (t, ) = 7 Hz, 2H), 1.85 (h, J =
7 Hz, 2H), 0.93 (t, J = 7 Hz, 3H).

2,5-dioxopyrrolidin-1-yl 3-((1-ethyl-1H-benzo[d]imidazol-2-yl)carbamoyl)benzoate 2. A
mixture of isophthalic acid (300 mg, 1.8 mmol), N-ethylaminobenzamidazole (291 mg, 1.8
mmol), N-hydroxysuccinimide (249 mg, 2.17 mmol), DMAP (22 mg, 0.18 mmol) and EDC
(865 mg, 4.5 mmol) were dissolved in methylene chloride (5 mL), treated with Hunig’s base
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(233 mg, 1.8 mmol) and stirred for 2 h. The reaction mixture was added to a column and
chromatographed (40 g Isco silica gel, 0 to 100% ethyl acetate in hexanes) to give pure
product. The product was triturated with 20% ethyl acetate in hexanes to give 2 (157 mg,
21%) as a light cream colored powder. LC/MS gave a single peak with m/z = 407.1 [M+1]*
and 835.2 [2M + Na]* 1H-NMR (DMSO-dg) & 8.88 (s, 1H), 8.67 (d, J = 7 Hz, 1H), 8.23 (d,
J=7Hz, 1H), 7.78 (t, ) = 7 Hz, 1H), 7.57 (d, J = 7 Hz, 1H), 7.56 (d, J = 7 Hz, 1H), 7.29 (t, J
=7Hz, 1H), 7.25 (t, J = 7 Hz, 1H), 4.33 (q, J = 7 Hz, 2H), 2.92 (s, 4H), 1.37 (t, J = 7 Hz,
3H).

o] =0
« H N by 0. =
(TNFNH‘ P 2M HNCH; in THF s B \F{:\J)
~ N o k A =N
) a N
72 Nt P! HN
o= 3 CH;

NZ-(1-ethyl-1H-benzo[d]imidazol-2-yl)-N3-methylisophthalamide 3. Compound 2 (20 mg,
49 pmol) was dissolved in methylene chloride (2 mL) and treated with methyl amine (2M in
THF, 250 pL). After 4 h, the reaction mixture was concentrated then dissolved in methylene
chloride and chromatographed (2 x 4 g isco silica gel, 0 to 10% MeOH in CH,Cl,) to give
the product 3 (11.1 mg, 70%) as a cream colored solid. LC/MS showed a single peak with
m/z = 323.1 [M+1]* and 667.2 [2M + Na]* 1H-NMR (dmso-dg) & 12.73 (br s, 1H), 8.64 (br
s, 1H), 8.57 (g, J = 4 Hz, 1H), 8.38 (d, J = 8 Hz, 1H), 7.94 (d, J = 8 Hz, 1H), 7.53-7.58 (m,
3H). 7.27 (dt, J 1, 8 Hz, 1H), 7.23 (dt, J = 1, 8 Hz, 1H), 4.34 (q, J = 7 Hz, 2H),2.82 (d, J =4
Hz, 3H), 1.37 (t, J =7 Hz, 3H)

Q, =\, Q —
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N-(1-ethyl-1H-benzo[d]imidazol-2-yl)isophthalamide 4. Compound 2 (20 mg, 49 pmol) was
dissolved in methylene chloride (2 mL) and treated with 9/1 MeOH/ammonium hydroxide
solution (100 pL). After 3 days, the reaction mixture was diluted with methanol,
concentrated onto silica gel and chromatographed (2 x 4 g isco silica gel, 0 to 10% MeOH in
CH,Cl)) to give 4 (12.2 mg) as a white powder. LC/MS showed a single peak with m/z =
309.1 [M+1]* and 639.2 [2M + Na]*™ IH-NMR (dmso-dg) & 12.75 (br s, 1H), 8.68 (br s,
1H), 8.38 (d, J = 8 Hz, 1H), 8.10 (s, 1H), 7.98 (d, J = 8 Hz, 1H), 7.52-7.57 (m, 3H). 7.27 (dt,
J1,8Hz, 1H), 7.42 (s, 1H), 7.23 (dt, J =1, 8 Hz, 1H), 4.34 (q, J =7 Hz, 2H), 1.36 (t, J =7
Hz, 3H).
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3-((1-ethyl-1H-benzo[d]imidazol-2-yl)carbamoyl)benzoic acid 5. Compound 2 (20 mg, 49
pumol) was dissolved in methanol, treated with 50% sodium hydroxide (10 drops) and stirred
for a day. The mixture was then diluted with 1N HCI until a precipitate formed which was
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eventually filtered off to give 5 (7.7 mg, 48%) as a white solid. LC/MS showed a single peak
at m/z = 310.1 [M+H]* IH-NMR (dmso-dg) & 13.09 (v br s, 1H), 12.77 (br s, 1H), 8.78 (br
s, 1H), 8.47 (d, J = 8 Hz, 1H), 8.07 (d, J = 8 Hz, 1H), 7.60 (t, J = 8 Hz, 1H), 7.53-7.57 (m,
2H), 7.27 (t, J =8 Hz, 1H), 7.23 (t, J = 8 Hz, 1H), 4.32 (g, J = 7 Hz, 2H), 1.37 (t, J = 7 Hz,
3H).

o =
U/”“\l/ﬁFNW\\_{/P MeOH/NaOH S O’: ’\_ p)
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) N o]

Methyl 3-((1-ethyl-1H-benzo[d]imidazol-2-yl)carbamoyl)benzoate 6. Compound 2 (20 mg,
49 pmol) was dissolved in methanol (2 mL) and treated with 1 drop of 50% NaOH (50 mg
or 25 mg NaOH). After 3 d, the mixture was treated with acetic acid, concentrated and
chromatographed (4 gm isco silica gel, 19/1 : CH,CIl,/MeOH) to give a partially purified
product. It was triturated with 20% EtOAc in hexane to give a powder and re-concentrated to
give 6 (7.1 mg, 50%) as a pinkish solid. LC/MS gave a single peak with m/z = 324.1 [M+1]*
and 669.2 [2M + Na] ™ 1H-NMR (dmso-dg) 6 12.77 (br s, 1H), 8.80 (br s, 1H), 8.51 (d, J =
8 Hz, 1H), 8.10 (d, J = 8 Hz, 1H), 7.64 (t, J = 8 Hz, 1H), 7.54-7.58 (m, 2H), 7.28 (t, J =8
Hz, 1H), 7.24 (t, J = 8 Hz, 1H), 4.33 (q, J = 7 Hz, 2H), 3.91 (s, 3H), 1.37 (t, J = 7 Hz, 3H).
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Methyl 3-((1H-benzo[d]imidazol-2-yl)carbamoyl)benzoate 7. A mixture of methyl
isophthalate (500 mg, 2.8 mmol), aminobenzamidazole (369 mg, 2.8 mmol), HOBT (340
mg, 2.2 mmol), DMAP (34 mg, 0.28 mmol) and EDC (718 mg, 3.7 mmol) were dissolved in
methylene chloride (5 mL), treated with Hunig’s base (359 mg, 2.8 mmol) and stirred for 1
d. The reaction mixture was diluted with methanol, adsorbed onto silica gel and
chromatographed (40 g Isco silica gel, , 0 to 10% MeOH in CH,Cl,) to give pure product.
The product was triturated with 20% ethyl acetate in hexanes to give 7 (352 mg, 42%) as a
white powder. LC/MS gave a single peak with m/z = 296.1 [M+1]* IH-NMR (dmso-dg) &
12.51 (brs, 1H), 8.78 (br s, 1H), 8.39 (d, J = 8 Hz, 1H), 8.13 (d, J =8 Hz, 1H), 7.66 (t, J=8
Hz, 1H), 7.42-7.46 (m, 2H), 7.15-7.19 (m, 2H), 3.91 (s, 3H).
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Methyl 3-((1-(5-bromopentyl)-1H-benzo[d]imidazol-2-yl)carbamoyl)benzoate 8. Compound
7 (100 mg, 338 pmol) was dissolved in THF (2 mL) and DMSO (1 mL) and treated with
KOtBu (338 uL of 1M solution in THF) followed by 1,5-dibromopentane (77.9 mg, 46.1 L,
338 umol) and stirred at RT for 2 h. The reaction mixture was concentrated then
chromatographed (43 g Isco C18, 0 to 100% MeOH w/0.2% formic in both) to give
compound 8 (98 mg, 65%) as a white solid. LC/MS showed a single peak at m/z = 444.1 [M
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+H]* 'H-NMR (DMSO-dg) 6 12.77 (br s, 1H), 8.81 (s, 1H), 8.49 (d, J = 8 Hz, 1H), 8.09 (d,
J=8Hz, 1H), 7.63 (t, J = 8 Hz, 1H), 7.56 (2 d, J = 8 Hz, 2H), 7.27 (t, ] = 8 Hz, 1H), 7.24 (t,
J+8Hz, 1H), 4.30 (t, J = 7 Hz, 2H), 3.90 (s, 3H), 3.50 (t, J = 7 Hz, 2H), 1.91 (p, J = 7 Hz,
2H), 1.87 (p, J = 7 Hz, 2H), 1.49 (p, J = 7 Hz, 2H).
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Methyl 3-((1-(5-aminopentyl)-1H-benzo[d]imidazol-2-yl)carbamoyl)benzoate 9. Compound
8 (67 mg, 151 umol) was dissolved in methanolic ammonia (7N ammonia in methanol, 4
mL) and heated at 45°C overnight. The next day, the reactio n mixture was concentrated to a
glass and chromatographed (43 g isco C18, 0 to 100% MeOH with 0.2% formic acid) to give
compound 9 (33 mg, 60%) as a tacky solid. LC/MS showed a single peak at m/z =

381.2. IH-NMR (dmso-dg) & 8.81 (br s, 1H), 8.49 (d, J = 8 Hz, 1H), 8.44 (s, 1H), 8.09 (d, J
= 8Hz, 1H), 7.64 (t, J = 8 Hz, 1H), 7.53-7.57 (m, 2H), 7.27 (t, j =8 Hz, 1H), 7.23 (1, J=8
Hz, 1H), 4.28 (t, J = 7 Hz, 2H), 3.91 (s, 3H), 2.68 (t, J = 7 Hz, 2H), 1.84 (p, J = 7 Hz, 2H),
1.58 (p, J =7 Hz, 2H), 1.41 (p, J = 7 Hz, 2H),

H 0 =N
: T Ml B H QA
By EDC.OMAP [ T =N NH; [, T WS
F o —o T = W4
HO—f, = ] o N =0
[+] o # psl \ I
N v HaN
N o=_} "
N | M-OH 10
B NH, 1
LN b

4-Bromo-N1-(1-ethyl-1H-benzo[d]imidazol-2-yl)isophthalamide 11. A mixture of 4-
bromoisophthalic acid (100 mg, 4.1 pmol), N-ethylaminobenzamidazole (66 mg, 4.1 umol),
N-hydroxysuccinimide (56 mg, 4.9 umol), DMAP (5 mg, 0.4 umol) and EDC (234 mg, 1.2
mmol) were dissolved in methylene chloride (5 mL), treated with Hunig’s base (53 mg, 4.1
umol) and stirred for 3 d. The reaction mixture was added directly to a column and air-dried
for a few minutes then chromatographed (12 g isco silica gel, 0 to 100% EtOAc in hexanes)
to give 10 (56 mg, 28%) as a glass. The glass was treated with 7N ammonia in methanol (2
mL) and stirred for 1 d. The mixture was concentrated and chromatographed (12 g isco
silica gel, 0 to 10% MeOH in CH,Cl5) to give two peaks. The larger later eluting peak was
concentrated to give 11 (19.8 mg, 10%) as a white solid. LC/MS gave a single peak with m/z
=387.1 [M+1]* and 795.0 [2M + Na] * IH-NMR (dmso-dg) 6 12.77 (br s, 1H), 8.12 (br s,
1H), 7.78 (d, J = 8 Hz, 1H), 7.73 (d, J = 8 Hz, 1H), 7.54-7.59 (m, 2H), 7.28 (t, J = 8 Hz,
1H), 7.25 (t, J =8 Hz, 1H), 4.24 (q, J = 7 Hz, 2H), 1.31 (t, J = 7 Hz, 3H).
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5-Bromo-N-(1-propyl-1H-benzo[d]imidazol-2-yl)isophthalamide 13. A mixture of 5-
bromoisophthalic acid (100 mg, 4.1 umol), N-propylaminobenzamidazole (72 mg, 4.1
pumol), N-hydroxysuccinimide (56 mg, 4.9 umol), DMAP (5 mg, 0.4 umol) and EDC (234
mg, 1.2 mmol) were dissolved in methylene chloride (5 mL), treated with Hunig’s base (53
mg, 4.1 umol) and stirred for 1 d to give 12. The reaction mixture was then treated with 9/1
MeOH/NH4OH (5 mL) and stirred for 2 h. The mixture was concentrated to a solid,
dissolved in DMSO, added to a column and chromatographed (50 g isco C18, 0 to 100%
MeOH with 0.2% formic acid) to give 13 (71 mg, 43%) as a white powder. LC/MS gave a
single peak with m/z =401.1 [M+1]* and 823.1 [2M + Na] *-1 H-NMR (dmso-dg) & 12.77
(brs, 1H), 8.65 (br s, 1H), 8.45 (br s, 1H), 8.22 (br s, 1H), 8.17 (br s, 1H), 7.54-7.60 (m,
3H), 7.28 (t, J =8 Hz, 1H), 7.24 (t, ) = 8 Hz, 1H), 4.27 (t, J = 7 Hz, 2H), 1.85 (h, J = 7Hz,
2H), 0.92 (t, J = 7 Hz, 3H).

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphpad Prism 7 was used for statistical analysis of kinase assays, viability assays, and
ELISA. For each analysis, total n and SEM are presented in the figure legend. Curves were
plotted using variable slope (four parameters) non-linear fit.

DATA AND SOFTWARE AVAILABILITY

The co-crystal structure was deposited to the protein data base (PDB) and can be accessed
using the code 5V5N.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Identification of takinib as a potent (IC50 9.5nM) and selective TAK1
inhibitor
. X-ray structure reveals binding of takinib deep in the ATP-binding pocket of
TAK1
. Enzymatic studies demonstrate a substrate-like autophosphorlylation

mechanism - takinib induces TNFa-dependent cell death in rheumatoid
arthritis and breast cancer
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Figure 1.
Identification of Takinib as a potent and selective inhibitor of TAK1. A TNFa pathways

indicating TAK1 as a key node for survival signaling B Kinase dendrogram depicting
relative potency of top kinase hits. Dots are scaled based on the ratio of IC50 values
compared to TAKL. Illlustration reproduced courtesy of Cell Signaling Technology, Inc.
(www.cellsignal.com). C chemical structure of Takinib D IC50 values as determined by
kinase assay at MRC Dundee (n=2, mean £ SEM). E Selectivity profile of Takinib of kinase
assay against 140 mammalian kinases performed at MRC Dundee shows log % activity. F
Potency of Takinib against TAK1 as determined in kinase assay (shown is a representative
experiment of three, n=3, mean + SEM) G TAKL inhibitors were directly compared in a
kinase assay (n=2, mean = SEM). Table below shows 1C50 values.
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Figure 2.
Crystal structure of Takinib and TAK1. A Fo-Fc electron density map (green mesh)

contoured at 2.50 observed for Takinib. B Surface and ribbon view of TAK1 and Takinib C
View of water mediated hydrogen bonding interactions (yellow dotted lines) of EDHS206
with active site residues of TAK1 is shown. D Structural interactions of Takinib and TAK1
in the catalytic pocket.
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Figure 3.
Structure-Activity Studies of Takinib analogs. A Analogs of Takinib were screened for

enzyme inhibition in kinase assay (n=2, mean + SEM). B Modifications of Takinib and their
IC50 values as determined in kinase assay. C Takinib was compared to commercially
available inhibitors HS-72 and IRAK-1/4 inhibitor containing aminobenzimidazole moiety.
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Figure 4.

Kinetic studies of the mode of inhibition of Takinib. A TAK1 activity was measured with
increasing concentrations of ATP and Takinib with not-activated kinase (n=5, mean + SEM).
Kinetic data shown in table below. B As in A, kinase was activated with ATP prior to assay
(n=4, mean £ SEM). C Activated and not activated kinase activity was measured in kinase
assay with titrations of Takinib (n=4, mean + SEM). D TAK1 activity inhibition was assayed
in the presence (auto + substrate phosphorylation) or absence (autophosphorylation) of
substrate peptide (n=2, mean £ SEM). E, F Time course of autophosphorylation of TAK1 in
the presence of 100nM (E) and 1yM (F) Takinib (n=2, mean = SEM). G Time course studies
of autophosphorylation in the presence of relative enzyme concentrations H Derivative of
phosphorylated enzyme (E*) concentration of G (n=2, mean = SEM). J Derivative of time

course study of E,F.
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Figure 5.
Effects of Takinib treatment on breast cancer cell line MDA-MB-231. A Cells were treated

with titrations of Takinib in presence or absence of TNF for 24h /eft caspase 3/7 activity was
determined (n=3, mean £ SEM). right proliferation assay with Hoechst reagent was used to
measure DNA content (n=3, mean + SEM). B Time course analysis of TNF signaling
downstream of TAK1. Cells were treated with 10uM Takinib and stimulated with TNF for
indicated time. Phosphorylated and total IKK, p-38 and p-65 were detected via Western blot
analysis. GAPDH was measured as a loading control. C Dose-dependent effects of TAK1
downstream signaling in TNF-activated cells.
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Figure 6.

Takinib induces apoptosis in RA FLS and reduces IL-6 secretion. A RA FLS cells in the
presence and absence of TNF were treated with titrations of Takinib and 520 for 48h.
Caspase 3/7 activity was measured using the fluorogenic substrate (DEVD),-R110. Data are
expressed as RFU and normalized to yield % caspase induction (n=2, mean £ SEM). B
Caspase induction after treatment with TAKINIB, 219, 220, 5Z0 or tofacitinib for 48h in the
presence of TNF (n=6, mean + SEM). C RA FLS were treated with indicated compounds
and IL-6 secretion was measured using human IL-6 ELISA (n=5, mean + SEM). D Proposed
mechanism of Takinib induction of apoptosis through inhibition of complex 1 signaling.
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