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Tankyrases: Structure, Function and Therapeutic Implications in Cancer
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Abstract: Several cellular signaling pathways are regulated by ADP-ribosylation, a posttranslational modification catalyzed by members
of the ARTD superfamily. Tankyrases are distinguishable from the rest of this family by their unique domain organization, notably the
sterile alpha motif responsible for oligomerization and ankyrin repeats mediating protein-protein interactions. Tankyrases are involved in
various cellular functions, such as telomere homeostasis, Wnt/B-catenin signaling, glucose metabolism, and cell cycle progression. In
these processes, Tankyrases regulate the interactions and stability of target proteins by poly (ADP-ribosyl)ation. Modified proteins are
subsequently recognized by the E3 ubiquitin ligase RNF146, poly-ubiquitinated and predominantly guided to 26S proteasomal degrada-
tion. Several small molecule inhibitors have been described for Tankyrases; they compete with the co-substrate NAD" for binding to the
ARTD catalytic domain. The recent, highly potent and selective inhibitors possess several properties of lead compounds and can be used
for proof-of-concept studies in cancer and other Tankyrase linked diseases.
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1. INTRODUCTION

Tankyrases belong to the Diphtheria toxin-like ADP-
ribosyltransferase (ARTD) enzyme superfamily (EC 2.4.2.30) that
comprises 17 members in humans but has deep evolutionary roots
and members of the family are found in lower eukaryotes, plants,
bacteria, and archaea [1]. ARTDs, also known as poly(ADP-
ribose)polymerases (PARPs), catalyze the transfer of an ADP-
ribose from the co-substrate NAD" on a target protein. This cova-
lent posttranslational modification leads to the attachment of one or
several ADP-ribose (ADPr) molecules to the target protein. ARTDs
can be classified as polymerases (pARTDs: ARTD1-6), monotrans-
ferases (mARTDs: ARTD7, 8, 10-12, 14-17) and supposedly inac-
tive enzymes (ARTD9, 13) based on the amino acid differences at
the active site supported by experimental data on some enzymes of
this class [1, 2].

Tankyrase 1 (telomeric repeat binding factor 1 (TRF1)-inter-
acting ankyrin-related ADP-ribose polymerase; TNKS1/ARTDS/
PARPS5a) and Tankyrase 2 (TNKS2/ARTD6/PARPSb) form a dis-
tinct subgroup of the polymer forming ARTDs. The two Tan-
kyrases share 82% sequence identity and are distinguished from the
rest of the family by a unique domain structure containing several
ankyrin repeats and a sterile alpha motif (SAM) (Fig. 1). Ankyrin
repeats are a common protein motif that functions as protein inter-
action modules [3] whereas SAM domain is prone to oligomeriza-
tion and forms homo- and heterooligomers [4]. In addition to struc-
tural similarities, Tankyrases also appear to share significant func-
tional redundancies: While a double knockout of TNKSI and
TNKS2 is embryonically lethal, knockouts of either TNKS1 or
TNKS?2 in mice bear only mild phenotypes [5-8].

Since their discovery as telomere-associated proteins in human
cells [9-11], Tankyrases have been linked to additional cellular
functions, such as mitotic progression, glucose metabolism, stress
granule formation, Wnt signaling, and possibly proteasome regula-
tion [9, 12-16]. Reflecting the multitude of their target proteins and
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cellular functions, Tankyrases have been implied in a variety of
diseases including cancer, Cherubism, systemic sclerosis, Herpes
simplex and Epstein Barr viral infections, and severe obesity [7, 17-
24]. Altered levels of TNKS1 and/or TNKS2 expression have, in
particular, been reported in lung cancer [25], gastric cancer [26],
bladder cancer [27], astroglial brain tumors [28, 29], pancreatic
adenocarcinoma [30], breast cancer [31], and colon cancer [32, 33].
While a therapeutic effect of TNKS inhibition has been observed in
selected tumor models, it remains to be established in which setting
TNKS inhibition may give a reliable therapeutic benefit [15, 23, 34-
38].

Within the ARTD superfamily, significant academic and indus-
try effort has been put into developing compounds that inhibit the
catalytic domain of ARTDI, due to its role in DNA repair. Cur-
rently several ARTD1 inhibitors are tested in clinical trials (re-
viewed recently by Curtin & Szabo [39]). Tankyrases have more
recently emerged as attractive drug targets, and increasing interest
has been put into validating Tankyrases as targets and into develop-
ing selective TNKS inhibitors. In this review we summarize the
molecular basis for Tankyrases as drug targets, recent advances in
the field of TNKS inhibitor development, and give future perspec-
tives for TNKS studies, inhibitor development, and potential appli-
cations.

2. STRUCTURE OF TANKYRASES

Human Tankyrases are multidomain proteins encompasing
1327 and 1166 residues for TNKS1 and TNKS2, respectively. No
structural data are available for the full-length Tankyrases, but
some insights have been gained through crystallography of isolated
protein domains. At the C-terminus, both Tankyrases have a cata-
Iytic ARTD domain. The ARTD domain has been characterized
extensively by protein crystallography and its structure has contrib-
uted to TNKS inhibitor development [41, 42]. The ARTD domain
is highly conserved between TNKS1 and TNKS2 showing 89%
overall sequence identity. Structural details of the ARTD domain
and similarities, as well as differences, to other ARTD enzymes
will be discussed below. A conserved SAM domain is located N-
terminal to the ARTD domain (Fig. 1). It is unclear whether the
SAM domain influences the structure and activity of the adjacent
ARTD domain. However, in analogy to SAM domains in other
proteins [43], the tankyrase SAM domain is implicated in the for-
mation of either homo- or heterooligomers [4]. The bulk of the
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Fig. (1). Domain organization of human ARTD enzymes. Evolutionary relation according to Citarelli and co-workers [40].

Tankyrases consists of five ankyrin repeat clusters that are impli-
cated in protein-protein interactions [44]. Two parts of the Tan-
kyrase ankyrin repeats (ARC2-ARC3 and ARC4; Fig. 1) and their
protein binding interactions with peptides have been studied by
protein crystallography, yeast two hybrid systems, and pull down
experiments [18, 44, 45]. In addition to the three described con-
served domains that are shared by the two Tankyrases, TNKS1
contains a His, Pro, Ser rich (HPS) region at the N-terminus. Nota-
bly, a TNKS1a protein lacking the HPS region due to the use of an
alternative promoter has been reported [8]. So far the structure and
function of the HPS motif are unknown.

2.1. Catalytic Domain of Tankyrases
2.1.1. Function

The catalytic domain of ARTDs is responsible for the ADP-
ribosyltransferase activity. The domain catalyzes the hydrolysis of
NAD" to ADP-ribose (ADPr) and nicotinamide (Fig. 2). The nicoti-
namide is released from the binding site while ADPr is transferred
to the amino acid side-chain of an acceptor protein in the initiation
reaction. Known amino acid acceptors of the human ARTD cata-
lyzed modification are Glu, Asp, and Lys [46]. However, Cys, Arg,
Asn, diphthamide, and phospho-serine can also be modified by
other ADP-ribosyltransferases [47]. The preferred acceptor amino
acids for tankyrase modification have not been mapped in any of
the acceptor proteins. The reaction continues with an elongation
when the next ADPr unit is added to the existing modification lead-

ing to a poly ADP-ribose (PAR) chain. Based on the analogy to
ARTD1 this process requires a conserved Glu at the active site
(residue 1291 in TNKSI1 and 1138 in TNKS2), which stabilizes the
oxocarbenium intermediate and activates the ribose hydroxyl of the
ADPr bound to the acceptor site for a nucleophilic attack [48, 49].
A branching reaction of the PAR chain has been demonstrated by
two-dimensional thin-layer chromatography for ARTD1, but so far
not for tankyrase-mediated PARsylation [50]. In vitro, the length on
the PAR chain depends on the NAD" concentration. While the av-
erage length of the PAR chain for Tankyrases has been shown to be
20 ADPr units [50], the chain length may increase with augmented
NAD" concentration, reaching 100 units with 100 uM NAD" con-
centration in vitro. However, the prevalent form of modification at
low NAD' concentrations (100 nM) may be mono-ADP-
ribosylation.

Kinetic constants for TNKS automodification (K, 1.5 mM, k.,
0.7s ") have been reported to be significantly lower than those
measured for ARTDI1 and this could affect the outcome of TNKS
activities [50, 56]. ARTD1 is allosterically activated due to binding
of damaged DNA [57]. An analogous mechanism could exist in
Tankyrases via binding of substrate proteins, but so far such a
mechanism has not been observed [44, 58, 59]. It is known, how-
ever, that the catalytic activity of tankyrase activity and other prop-
erties such as protein binding are modulated by posttranslational
modifications.
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Fig. (2). Covalent protein modification through ADP-ribosylation as catalyzed by ARTDs and removal of ADP-ribosylation. ADP-ribosylation reactions are
shown with solid arrows, while the removal of the modifications is shown as dashed arrows. ARTDs catalyze the ADP-ribosylation onto Asp, Glu, and Lys
residues (aa) of the acceptor proteins. PARG/ARH3 hydrolyze the O-glycosidic ribose-ribose 1”-2" bond [51, 52], while MDO1/2 remove the proximal modi-
fication [53]. TARG catalyzes the removal of PAR but also a single ADPr modification [54]. The catalytic activity responsible for removing the branching
from the PAR chain has not been identified. RNF146 poly-ubiquitinates PARsylated proteins, which may subsequently be targeted for degradation in the 26S
proteasome [55]. PARG, poly(ADP-ribose) glycohydrolase; ARH, ADP-ribosylhydrolase; TARG, terminal ADP-ribose protein glycohydrolase, MDO, macro

domain; RNF146, E3 ubiquitin-protein ligase RNF146.

2.1.2. Fold

The catalytic domain of Tankyrases consists of two anti-parallel
B-sheets surrounded by four a-helices (Fig. 3A). The overall struc-
ture of the domain is well-conserved within the ARTD family.
However, Tankyrases lack the a-helical regulatory domain (ARD)
present in other polymer forming ARTDs adjacent to the catalytic
domain (Fig. 1 & 3C). The ARD of ARTDI is located N-terminally
to the catalytic domain and is shown to be involved in the DNA-
dependent activation of ARTD1 [57]. A unique feature of the cata-
lytic domain of Tankyrases is the presence of a CHCC-type zinc-
finger motif of unknown function (Fig. 3B) [41]. This motif is lo-
cated 25 A from the catalytic Glu (1291 in TNKSI and 1138 in
TNKS?2) and is unlikely to have a role in the catalytic activity but
might play a structural role or may mediate interactions with nu-
cleotides or proteins.

2.1.3. Catalytic Site

The catalytic domain of ARTDs consists of a donor site, which
binds and hydrolyses NAD", and an acceptor site, which accommo-
dates the target protein to be modified or a PAR chain to be elon-
gated (Fig. 3A). No crystal structures of any ARTD in complex
with NAD" have been determined hampering the analysis of the
catalytic mechanism. Based on the Diphtheria toxin (a bacterial
ADP-ribosyltransferase)-NAD " complex (PDB ID: 1TOX) [60] the
donor site can be divided into two parts, namely the nicotinamide
and adenosine subsites. The catalytic domain includes three central
amino acids (the conserved HYX triad) that are situated near the
nicotinamide subsite, where the hydrolysis of the NAD" occurs.
These residues are His1184, Tyr1213, Glul291 for TNKSI1, and
His1031, Tyr1060, Glul1138 for TNKS2 (Fig. 3B). The conserved
triad of the active ARTDs always contains His and Tyr while the
third amino acid varies. A Glu in the triad (HYE) is found in all
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Fig. (3). Structure and catalytic sites of Tankyrases. A) The donor and acceptor NAD" binding sites of TNKS1 (PDB ID 2RF5). The nicotinamide (NI) and
adenosine (ADE) subsites are labeled. N-terminus marks the approximate position of the SAM domain which is connected to the catalytic domain with a linker
of 18 residues. B) Superposition of TNKS1 (purple) and TNKS2 (aquamarine) (PDB ID 3KR7) showing the HYE conserved triad and the zinc binding site. C)
Superposition of TNKS2 and ARTD1 (purple) (PDB ID 3GJW). The regulatory domain (ARD) of ARTDI is missing in Tankyrases. D) Binding of EB-47 to
tankyrase 2 (PDB ID 4BJ9). E) Binding of NAD" to Diphtheria toxin (PDB ID 1TOX). The disordered D-loop is shown as a dashed line. F) Differences of the
acceptor sites of ARTD1 (PDB ID 1A26) and TNKS2 (PDB ID 4HYF). The ADP moiety of an NAD" analog bound to the ARTD1 is shown. For branching
reaction ADP should rotate 180 degrees (from green to blue area), which is blocked in TNKS by acceptor loops.

pARTDs, while variant triads HYI, HYL, and HYY have presuma-
bly only mono-transferase activity [2] (Fig. 2). This is also sup-
ported by the observation that a Glu-to-Gln mutation converts
ARTDI to amARTD [61].

In extension of the studies on Diphtheria toxin and other
ARTDs, the crystal structure of TNKS2 in complex with nicotina-
mide validated the binding of a nicotinamide moiety of NAD' to
the subsite [62]. Crystallographic evidence of NAD" binding to
ARTDs was also acquired through a crystal structure of TNKS2 in
complex with a NAD" mimic inhibitor, EB-47 [63]. The isoindoli-
none moiety, a nicotinamide isostere of EB-47, binds to the nicoti-
namide subsite in a similar fashion as nicotinamide (Fig. 3D). The
nicotinamide isostere extends to the adenosine subsite and the
adenosine moiety of the inhibitor overlaps with the adenosine of
NAD" in Diphtheria toxin (Fig. 3E). In the tankyrase crystal, the
adenosine moiety of EB-47 is rotated by 180 degrees in comparison
to the NAD" in Diphtheria toxin structure.

The donor NAD" binding site in Tankyrases is rather flexible
and it has a closed conformation in the crystal structures in the ab-
sence of ligand binding. This is due to a D-loop lining the donor
site, which closes the NAD" binding groove. The D-loop opens up
upon binding of NAD" or bulky inhibitors and it is often poorly
resolved in reported crystal structures. Although identical in se-
quence, the D-loop assumes rather different conformations in the
apo-structures of TNKS1 and TNKS2 (Fig. 3B).

The acceptor site in the ARTD domain is adjacent to the nicoti-
namide subsite allowing the transfer of an ADPr to a target protein
in the initiation reaction, or to a growing PAR during chain elonga-
tion. In the initiation reaction, when ADPr is transferred to an ac-

ceptor amino acid side chain (Fig. 2), NAD" is bound to the donor
site, while the target protein occupies the acceptor site. After initia-
tion the next NAD' binds to the donor site while the growing PAR
chain is situated in the acceptor site with its 2’ ribose hydroxyl acti-
vated by the catalytic Glu. There is no direct crystallographic evi-
dence of the ADPr binding to the acceptor site. However, a frag-
ment of a NAD" analog containing the adenosine diphosphate
(ADP) part has been observed in the acceptor site of ARTD1 [49]
(Fig. 3F). The residues positioning the ADP moiety in the acceptor
site and allowing the growing PAR chain to bind to the acceptor
site for further elongation are conserved between pARTDs. How-
ever, in mARTDs, these residues are not conserved implying that
these proteins are not capable of binding ADP-ribose but only the
substrate protein. The branching reaction, which occurs at the 1"
hydroxyl instead of the 2’ hydroxyl of the ADPr, has not been ob-
served in Tankyrases. For positioning of the 1" hydroxyl for the
catalysis of the branching, the polymer would have to rotate 180
degrees in relation to the elongation reaction. With the exception of
Tankyrases, the acceptor site groove in pARTDs is wide enough to
accommodate the polymer in both directions (Fig. 3F). The more
constricted character of the tankyrase acceptor site is due to accep-
tor site loops closing a part of the site (Fig. 3F) and may explain the
observed lack of TNKS catalyzed branching reaction.

2.2. SAM Domain

The catalytic domain of both Tankyrases is preceded by a SAM
domain. SAM domains are all a-helical domains of approximately
70 residues. They have been identified in several proteins where
they mediate protein-protein interactions and also form homo- and
hetero-oligomers with themselves and other SAM domains, respec-
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tively. SAM domains have also been found to bind DNA, RNA,
and lipids [64-66].

The SAM domain of TNKS1 has been reported to oligomerize
to form large (>30 molecule) complexes [4]. Also the full-length
TNKS1 polymerizes through SAM domain and TNKSI and
TNKS?2 are capable of forming hetero-oligomers in vivo although it
remains to be seen whether that reflects physiological conditions
[58]. The polymerization of Tankyrases is reversible, and the disso-
ciation of the molecules is followed by autoPARsylation [4]. Tan-
kyrase oligomers interact with and PARsylate TRF1 suggesting that
SAM domain is required for optimal catalytic activity [4]. The
SAM domain is located close to the catalytic domain in primary
structure with 18 residue linkers implying that it may affect the
donor NAD" binding site (Fig. 3A). We have observed that the
SAM domain affects the potency of certain inhibitors against
TNKS2, when compared to the catalytic domain alone [67, 68].
This suggests that the SAM domain interacts with the catalytic
domain, or possibly affects the catalytic properties through dimeri-
zation or multimerization.

2.3. Ankyrin Repeats

Ankyrin repeats, a common protein motif functioning as pro-
tein-protein interaction modules, constitute an extensive part of
Tankyrases (Fig. 1). The ankyrin repeats of Tankyrases can be di-
vided into five domains called ankyrin repeat clusters (ARCs) and
each of these ARCs consist of five stacked ankyrin repeats [18].
The binding properties of the ARCs have mostly been studied using
peptides. ARCs 1, 2, 4, and 5 bind substrate peptides of various
proteins with a similar binding mode. The tankyrase-binding motif
(TBM) of the substrate proteins usually contains a consensus se-
quence RXXPDG, which appears to be the same for the four ARCs
[44, 58, 69, 70]. The motif was recently extended by Guettler and
co-workers. The Arg and Gly at positions 1 and 6 are the most criti-
cal for the binding, while positions 2 and 3 can be almost any
amino acid except Phe. Position 4 favors small, hydrophobic resi-
dues and position 5 has - predominantly but not exclusively - Asp.
Finally, a wide range of amino acids except Pro are found at posi-
tion 7 and a preference for acidic residues has been observed at
position 8 [18].

The target protein Axin [15, 55, 71] has been shown to bind to
tankyrase in a bivalent binding mode with its N-terminal end [45]
involving the Axin residues 19-30 (motif 1) and residues 60-71
(motif 2). The tankyrase binding sites in Axin are close to the bind-
ing site of the structural protein Adenomatous polyposis coli
(APC). APC frequently interacts with Axin and both form the core
structural proteins of the P-catenin destruction complex (DC) that
regulates canonical Wnt signaling, but Axin may also interact with
other protein complexes [45, 72-74].

Curiously, TNKS ARC3, whose substrate binding surface is
poorly conserved, does not bind tankyrase substrate peptides [18,
70]. The exact function of ARC3 remains unknown, although it
could interact with unidentified substrates or participate in the bind-
ing of full-length proteins.

Individual ARCs have micromolar affinities for substrate pep-
tides but the presence of more than one TBM in a protein increases
the avidity [18, 45]. The binding of a substrate protein by ARCs is
required for subsequent PARsylation, but may not be sufficient for
the modification as certain substrates are not modified upon binding
(Table 1). Verified binding partners link Tankyrases to various
signaling events, metabolism, and when interrupted, to diseases
such as Cherubism (Table 1). Based on sequence conservation, over
100 proteins potentially interacting with Tankyrases have been
predicted [18]. Interestingly, although the binding partners are often
PARsylated by Tankyrases, some binding partners can inhibit the
PARsylation activity [75, 76].

Haikarainen et al.

Table 1. Tankyrase binding partners.

Protein PARsylated Reference

SH3 domain-binding protein 2 (3BP2) Yes [19]

Axis inhibition protein 1/2 (AXIN1/2) Yes [15]

Breakpoint cluster region protein (BCR) Yes [18]

Golgin-45 (BLZF1) Yes [77,78]
Voltage-dependent L-type calcium chan- N.D. [79]
nel subunit alpha-1S (CACNALS)
Cancer susceptibility candidate gene 3 N.D. [77]
protein (CASC3)
Disrupted in schizophrenia 1 protein Yes [18]
(Discl)

Epstein-Barr nuclear antigen 1 (EBNAL) Yes [21, 80]
Cadherin family member 14 (Fat4) Yes [18]
Formin-binding protein 17 (FBP17) N.D. [81]
Glucose transporter type 4, insulin- Yes [82]

responsive (GLUT4)

Growth factor receptor-bound protein 14 N.D. [12]

(GRB14)
Homeobox protein Hox-B2 (HOXB2) N.D. [79]
Insulin-responsive aminopeptidase Yes [59]
(IRAP)
Induced myeloid leukemia cell differen- No [83]
tiation protein, short/long isoform (MCL-
1L/MCL-18)
BRISC and BRCA1-A complex member Yes [18]
1 (MERIT40)
NUMALI protein (NUMAL) Yes [13]
Protein phosphatase 1 regulatory subunit N.D. [79]
12C (PPP1R12C)
DNA repair and recombination protein No [18]
RADS54 (RAD54)
E3 ubiquitin-protein ligase RNF146 N.D. [55,77]
(RNF146)
Striatin Yes [18]
Telomeric repeat-binding factor 1 Yes [9]
(TRF1)
182 kDa tankyrase-1-binding protein Yes [44]
(TAB182)
Tax1-binding protein 1 (TXBP151) N.D. [79]
Ubiquitin carboxyl-terminal hydrolase 25 N.D. [79]

(USP25)

N.D., not determined.
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3. POSTTRANSLATIONAL MODIFICATIONS AND TAN-
KYRASE ACTIVITY

Tankyrases catalyze a posttranslational modification of target
proteins, but also itself through automodification. Only very re-
cently we have gained some understanding of how this large modi-
fication controls the stability of proteins and of protein complexes.
PARsylation by Tankyrases appears to be tightly coupled to ubitiq-
uitination and proteasomal degradation of proteins. It is also re-
versible through the catalytic activity of several enzymes attenuat-
ing the effect of Tankyrases on substrate proteins. Furthermore, the
activity and interactions of Tankyrases is controlled under certain
conditions through phosphorylation and hydroxylation, although
little is known about the effects of these modifications on the activ-
ity of Tankyrases.

3.1. PARsylation and Ubiquitination

The functions of Tankyrases are mediated by an interplay be-
tween the formation of protein/protein complexes through its an-
kyrin (and SAM) domains, and the disassembly of protein com-
plexes through PARsylation, followed by protein degradation.
Thus, a central protein modification controlling TNKS protein part-
nering and turn-over is the PARsylation reaction itself. The PAR
chain, which is negatively charged, serves as a recognition site for
the E3 ubiquitin-protein ligase RNF146, which interacts with iso-
ADP-ribose moieties [55, 77]. Poly-ubiquitination of tankyrase
target proteins by RNF146 is frequently followed by degradation in
the 26S proteasome. It has been pointed out by Citarelli and co-
workers that PARsylation and ubiquitination may both compete for
Lys residues at target proteins [40], although the amino acid resi-
dues that are ADP-ribosylated by Tankyrases have not been identi-
fied. A further functional link between ADP-ribosylation and ubiq-
uitination is the presence of a structurally related WWE domains in
both E3 ubiquitin ligases such as RNF146 (but also the E3 ligases
Deltex1, Deltex2, Deltex4, HUWEI, and ULF) and in some
mARTDs (mARTDS, 11, 12, 13, and 14) (Fig. 1) but not in
pARTDs [40, 84]. WWE domains of mARTDs such as ARTDI11
recognizes the terminal ADPr, including the ones created by
mARTDs, while WWE domain of the E3 ubiquitin ligases, such as
RNF146, recognizes the iso-ADP-ribose moiety that is present only
in PAR chains [85]. Hence, MARsylation through the WWE do-
main may induce the recruitment of further mARTDs as in the case
of ARTDI10 and ARTDS [86]. In contrast, PARsylation may trigger
an interaction with E3 ubiquitin ligases followed by poly-
ubiquitination and ubiquitin-Lys residues have been identified in
both TNKS1 and TNKS2. Ubiquitination itself can come in various
forms and has not been studied thoroughly in the context of TNKS
mediated PARsylation. Poly-ubiquitinated protein substrates conju-
gated by Lys48-linked ubiquitin chains (Lys48 of ubiquitin) are
routed to the 26S proteasome. It has been shown in early studies
that a chain of at least four Lys48 linked ubiquitins is required to
cause destruction of a protein via the 26 proteasome [87-89]. Lys48
linked poly-ubiquitination has been coupled to the ubiquitination of
Axin, RNF146, and tankyrase [15, 55, 77]. Other ubiquitin links
involving any Lys (Lys6, Lysl1, Lys27, Lys29, Lys33, or Lys63)
or the amino-terminal Met (Metl) of the ubiquitin monomer are
also possible, but may trigger alternative biological responses in-
cluding trafficking and endosomal sorting or lysosomal degradation
[87]. RNF146, when overexpressed in HEK293 cells, also induces
Lys63 chains on TNKS2 [55]. It is hitherto unclear what biological
response, if any, a Lys63 ubiquitin link in TNKS2 would cause.

3.2. De-PARsylation

Both MARsylation and PARsylation can be reversed by a num-
ber of enzymes, although studies have predominantly been carried
out in the context of ARTD1 and need to be verified in the context
of TNKS mediated PARsylation. Terminal ADP-ribose protein
glucohydrolase (TARG/C6o0rf130) can remove the PAR chain en
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bloc at its ester bond with the target protein [54] (Fig. 2). The pro-
teins poly(ADP-ribose) glycohydrolase (PARG) as well as the
ADP-ribosyl hydrolase 3 (ARH-3) target poly ADP (1'"-2") ribose-
ribose bonds [90, 91] that are found within PAR chains (Fig. 2).
PARG can have exoglycosidic activity in which the chain is re-
duced to single ADPr moieties. This activity appears to be the pre-
dominant form of PARG activity. Alternatively, PARG can also
have endoglycosidic activity that causes release of larger PAR
fragments [92]. It has been suggested that the relation between exo-
glycosidic and endoglycosidic PAR hydrolysis depends on the
PAR/PARG ratio whereby endoglycosidic hydrolysis is seen when
cells show excess PAR production as observed during cellular in-
sults [92]. In contrast to TARG, PARG cannot cleave the ester bond
linking the proximal ADPr unit directly to proteins [52] and thus is
not capable of reversing MARsylations [92]. This task is taken by
members of the Macro Domain (MDO) protein family [53, 54, 92,
93] that catalyze the removal of a single ADPr moiety (Fig. 2). This
removal is dependent on the ADPr-amino acid both with the sub-
strate protein. The proteins MDO1, MDO2 and TARG catalyze the
hydrolysis of an Asp- or Glu-ADP ribose linkage [92]. The ADP-
ribosyl hydrolase 1 (ARH-1) removes an Arg-ADP ribose linkage
[94], whereas an enzyme that resolves Lys-ADP ribose linkages
remains unaccounted for [95]. A link between de-MARsylation and
tumorigenicity has been established for ARH-1. Arh-/- mice show a
higher incidence of spontaneous lymphomas and adenocarcinomas
with increased metastasis [96].

3.3. Phosphorylation and Hydroxylation of Tankyrases

The binding of TNKS to protein partners, as well as its catalytic
activity can be attenuated by protein modifications. During mitosis,
TNKS1 is phosphorylated by Polo-like kinase-1 (Plk1l) and this
modification leads to increased PARsylation activity of TNKS1 in
cells due to an increased stability of the enzyme. Inhibition of Plk1
mediated phosphorylation impairs TNKS function in mitotic spin-
dles and telomere homeostasis [97]. The identified phosphorylation
sites are located in ARCS, but one (Thr1128 in TNKSI1) is located
near the acceptor site of the catalytic domain. Furthermore, mitotic
phosphorylation of TNKS on Ser978, Thr982, Ser987, and Ser991
has been associated with Glycogen synthase kinase 3-f (GSK3p).
GSK3p localizes to spindle poles similar to TNKS and its inhibition
can lead to mitotic arrest. GSK3p mediated phosphorylation of
TNKS did not alter autoPARsylation in vitro, but it has been specu-
lated that GSK3p phosphorylation alters substrate binding [98].
Phosphorylation of Tankyrases has also been reported in the context
of IRAP (insulin-responsive amino peptidase) and GLUT4 storage
vesicles in 3T3-L1 adipocytes [98]. Tankyrase binds to IRAP and
regulates GLUT4 storage vesicle release to the membrane. Tan-
kyrase has been shown to be phosphorylated by mitogen-activated
protein kinase (MAPK) in vivo as a result of insulin and growth-
factor stimulation. This phosphorylation enhances PARsylation
activity of TNKS in vitro but does not affect GLUT4 targeting [59].
The release of GLUT4 vesicle to the plasma membrane has been
connected to Protein Kinase B (Akt) dependent phosphorylation in
a process that involves a TNKS, Axin, and the Kinesin-like protein
KIF3A. While insulin stimulates the TNKS, Axin, and KIF3A
complex formation and membrane release of storage vesicles
through inhibition of TNKS mediated PARsylation, Akt inhibition
abrogates insulin mediated complex stabilization. It remains unclear
whether TNKS is directly phosphorylated by Akt [82].

In a further posttranslational modification, ankyrin repeats, at
least in TNKS2, are hydroxylated on several Asn and His residues
by hypoxia-inducible factor 1-alpha inhibitor (FIH) [99, 100]. The
role of this modification remains unclear, although it has been pro-
posed that hydroxylation of the ankyrin domains could affect the
interactions between TNKS and target proteins. Hydroxylation
could also modulate hypoxic response by regulating the amount of
FIH that is bound to ankyrin repeat domains and thus its availability
to hydroxylate Hypoxia-inducible factor 1-alpha (HIF1a) [99, 101].
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4. CELLULAR ROLES OF TANKYRASES

Tankyrases are segregated to multiple cellular locations. In
human cells, TNKS has been found at telomeres [9, 11], at nuclear
pores [102], at the Golgi complex [59, 82, 103], in the cytoplasm
[18], at the cell membrane [104] and at the spindle poles [97, 103,
105-108]. The dynamic sub-cellular localizations of Tankyrases as
well as their posttranslational protein modifications will influence
protein/protein interactions. While TNKS1 and TNKS2 have a sub-
stantial functional overlap, subtle differences in their functionality,
sub-cellular localization, and protein-protein interactions may exist,
although they have not been thoroughly explored. The implications
of substrate protein binding and PARsylation have been studied
only in a few proteins (Table 1).

4.1. Interplay of Tankyrase and Axin in Wnt/B-catenin Signal-
ing

Even for better studied TNKS target proteins such as the struc-
tural proteins Axinl/2, the field is far from understanding all intri-
cate biological and biochemical consequences of TNKS interactions
with its target protein. In the context of Wnt/B-catenin signaling,
Axin is found at three sub-cellular localizations: the Wnt sig-
nalosome, the B-catenin destruction complex (DC) and the nucleus
[109]. So far, TNKS/Axin interactions have only been mapped at
the DC [15, 71, 110]. In addition to its role in Wnt/B-catenin signal-
ing, Axin has been linked to transforming growth factor beta (TGF-
B) signaling and stress-activated protein kinase (SAPK) signaling
[111]. Moreover, Axin has been mapped to the mitotic spindle dur-
ing mitosis [112] and to exocytic GLUT4-containing vesicles [82,
113].

In the Wnt/B-catenin signaling pathway, the DC is a gatekeeper
that regulates f-catenin turnover. Axin is the rate limiting structural
protein in the DC, where it forms a multiprotein complex with the
structural protein APC, the priming kinase CK1la (casein kinase I
isoform a), and the Ser/Thr kinase GSK3f [114]. The DC phos-
phorylates B-catenin, leading to its 26S proteasomal degradation
[45, 72-74]. Alternatively, upon active Wnt signaling, Axin can
associate with the Wnt signalosome whereby it binds the structural
protein disheveled, recruits the kinases CKlo and GSK3f and
forms a multiprotein complex around the transmembrane proteins
LRP5/6 (low-density lipoprotein receptor-related protein 6) and
frizzled [115]. As Axin is a non-abundant protein, its binding to the
Wnt signalosome reduces the ability of the formation of a func-
tional DC [74]. Furthermore, Axin has been described as a molecu-
lar chaperon that can shuttle B-catenin from the nucleus to the cyto-
plasm [109, 116]. Axin is enriched in the nuclei of cells from di-
verse cancer cell lines and tissues, pointing towards problems in the
export of Axin from the nucleus in such cells [117, 118].

The current model predicts that in the presence of a functional
DC, active TNKS reduces the stability of the DC by increasing the
turnover of Axin. This leads to reduced B-catenin degradation and
thus increased levels of Wnt signaling. TNKS PARsylates itself and
the structural protein Axin [15]. Next the E3 ubiquitin ligase
RNF146 binds to the PAR tails on both proteins through its WWE
domain [119]. Subsequently, all three proteins are poly-
ubiquitinated by RNF146 and undergo proteolysis in the 26S pro-
teasome [55, 77, 104, 119]. TNKS inhibition in this scenario leads
to increased DC stability and reduced Wnt/B-catenin signaling [15,
23,71, 120]. TNKS- and RNF146-dependent ubiquitination of Axin
may be opposed by the ubiquitin specific protease 34 (USP34)
[121]. USP34 reverts the poly-ubiquitination of Axin, thereby stabi-
lizing it and reducing, similar to TNKS inhibition, B-catenin signal-
ing. A second ubiquitin-specific protease, USP25, has been linked
to TNKS2. However, the function of this interaction remains un-
known [18, 79].

Recently it was shown that the effect of TNKS inhibition on
Wnt/B-catenin signaling through the DC may be rendered ineffec-
tive in colorectal cancer cells after prolonged Wnt stimulation.
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Chronic Wnt stimulation can induce the nuclear accumulation of
LEF1 and BOL that shield B-catenin from binding to cytoplasmic
Axin and thus from the regulation by TNKS [110]. Also a nuclear
accumulation of Axin can attenuate the role of TNKS on Wnt/B-
catenin signaling and examples have been presented that nuclear
Axin no longer acts as an inhibitor but may act as a positive regula-
tor of Wnt/B-catenin signaling [121, 122]. In colon carcinoma cell
lines that show activation of Wnt/B-catenin signaling downstream
of the DC, Axin and USP34 were found to positively regulate B-
catenin-dependent transcription [121] whereby USP34 supported
the nuclear accumulation of Axin [121].

The emerging picture is that TNKS and Axin act as a strongly
context-dependent master regulators of Wnt/B-catenin signaling.
This could have significant biological consequences. In mouse, a
mutation that renders Axin2 protein more stable (Axin2") leads,
as predicted, to decreased Wnt/B-catenin signaling in most tissues.
However, in the late primitive streak stage, the mutation leads to a
phenotype that is consistent with increased Wnt/B-catenin signaling
and associated with the formation of an ectopic second tail [122]. A
similar phenotype could be reproduced with the TNKS inhibitor
IWR-1 [122].

The multiple roles of Axin may help explain the differential
response of tumors to the TNKS inhibitor G007-LK as observed by
Lau and co-workers in a broad array of colorectal cancer (CRC)
cells harboring mutations in either APC or B-catenin [23]. In the
APC mutant CRC cell lines Colo320DM, SW403, HCT-15, DLD-
1, SW480, and SW620, a significant cytoplasmic stabilization of
Axin2 was observed upon TNKS inhibition, accompanied by a
reduction of nuclear active -catenin. In the CRC cell lines Colo205
and HT-29, cytoplasmic Axin stabilization was seen but without an
apparent effect on nuclear B-catenin. In the B-catenin mutant cell
line LS174T, Axin stabilization was observed but nuclear B-catenin
was increased. Understanding the engagement of TNKS in CRC
cells is important as about 80% of all colon cancers show function-
ally relevant mutations in Wnt/B-catenin signaling pathway compo-
nents comprising either inactivating truncations of the APC protein
[123], loss-of-function mutations in Axin [124], or activating muta-
tions in B-catenin [125].

In addition to colon carcinomas, which are seen as classic Wnt
dependent tumors, a correlation between TNKS and B-catenin was
reported in a variety of further tumors. In 51 patient astrocytomas a
significant association was claimed between TNKS1 up-regulation,
a positive B-catenin immunostaining, and the pathological grade
[29]. Also in a subset of castration resistant prostate cancer cell
lines an over-expression of B-catenin was observed by immunohis-
tochemistry, and in the androgen-independent LNCaP-AlI cell line
the TNKS inhibitor XAV939 reduced growth [126]. Furthermore, a
correlation between components of the Wnt/B-catenin signaling
pathway and TNKS was found in cyclin E-expressing murine trans-
genic Non-small-cell lung carcinoma (NSCLC) models and a panel
of 12 human lung cancer cell lines. In a subset of these NSCLC
models TNKS1 and TNKS2 siRNA treatment, as well as XAV939
and IWR-1 treatment, increased cellular Axinl and TNKS levels. In
particular, XAV939 and IWR-1 treatments of the human lung can-
cer cell lines A549, Hop62, and H522 decreased proliferation of
each of these lines, although high doses were needed [25]. Bao and
co-workers showed in multiple breast cancer cell lines that TNKS
inhibition by XAV939 or siRNA-mediated abrogation of TNKS
expression increased Axinl and Axin2 protein levels and attenuated
Wnt-induced transcriptional responses but lead to growth reduction
only in the serum deprived basal-like triple-negative breast cancer
cell line MDA-MB-231 [36].

An interesting observation that was made by Tenbaum and co-
workers is that PI3K or Akt inhibitor treatment leads to the nuclear
accumulation of the transcription factor FOXO3a and induced me-
tastasis in patient derived primary colon carcinoma that showed
high nuclear B-catenin. This effect could be reversed by the TNKS
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inhibitor XAV939 [127]. Another interesting inhibitor connection
has been established in NSCLC where it was shown that the Wnt/(3-
catenin pathway contributes to the maintenance of NSCLC cells
during EGFR inhibition, while inhibition of TNKS by either
XAV939 or IWR-1 in cell lines H322C (only XAV939 sensitive)
and HCC4006 significantly increased the efficacy of EGFR inhibi-
tors on growth inhibition and colony formation [37].

4.2. Tankyrase and GLUT4 Vesicles

TNKS and Axin interact not only in the context of Wnt/B-
catenin signaling. In 3T3-L1 adipocytes, an Axin/KIF1a/TNKS
complex has been implicated in an insulin dependent transport of
GLUT4 vesicles from the Golgi apparatus to the cell surface. At the
cell surface, the GLUT4 protein contributes to glucose transport
into cells. GLUT4 exocytosis is dependent on the inhibition of
PARsylation by TNKS through insulin induced Akt signaling [82].
In the absence of insulin-Akt signaling, Axin is PARsylated and the
tertiary complex disintegrates, preventing GLUT4 from being
passed to the cell surface [82]. How Akt signaling affects the terti-
ary complex has not been mapped. Insulin also modulates GLUT4
recycling from endosomes during insulin exposure [128]. In accor-
dance with a role of TNKS in GLUT4 exocytosis, TNKS knock-out
mice show altered insulin action and glucose metabolism and re-
duced epididymal white fat pads [7].

In human body, GLUT4 is expressed in select somatic cells
such as muscle cells and adipocytes. Tumor cells exhibit elevated
levels of glucose metabolism and a key rate-limiting step in glucose
utilization is the transport of glucose across the plasma membrane.
It has been shown that multiple myeloma cell lines exhibit depend-
ence on GLUT4 [129]. However, a comprehensive analysis of the
involvement of GLUT transporters and in particular GLUT4 in
tumors is still lacking.

TNKS interacts also with IRAP, which co-localizes with
GLUT4 in exocytotic vesicles [S9]. IRAP has been described as the
principal trimming aminopeptidase in endosomes and phagosomes,
involved in MHC-I ligands presentation, but it is unclear whether
TNKS would affect MHC-I cross presentation [130]. Insulin has a
regulatory role in the IRAP/TNKS complex, and a stoichiometric
phosphorylation of TNKS by MAPK has been shown upon insulin
stimulation [59].

4.3. Tankyrases at Spindles and Centrosomes

The described locations and interactions of TNKS and Axin
change during the M phase when TNKS re-localize to the spindles
and centrosomes where the assembly and function of mitotic spin-
dles require TNKS mediated PARsylation of spindle components
[98]. Axin2 is also found in spindles. Furthermore, GSK3f, which
is frequently associated with Axin, is recruited to the spindles and
phosphorylates TNKS1 during mitosis [98]. It is not known how the
GSK3p mediated phosphorylation affects the activity and binding
properties of TNKS during mitosis but it has been speculated that it
may affect TNKS interaction with NuMA [98]. Interestingly, an-
other ARTD, ARTD3, also interacts with NuMA but the differential
roles of both ARTD3 and TNKS has not been determined in the
context of mitosis [13, 131, 132]. Nevertheless, both TNKS1 and
ARTD3 are functionally required for mitotic progression and are
co-precipitated with NuMA in COS-1 cells [11, 132]. PARsylation
of TNKS1 and NuMA were found to be strongly enhanced in the
presence of functional ARTD3 [132], and it has been speculated
that their malfunction may lead to aneuploid cancer cell survival
[133]. PARsylation of NuMA by TNKSI is controlled through
phosphorylation by Plkl, which colocalizes with TNKSI1. Phos-
phorylation increases TNKS1 stability and TNKS1 catalyzed
PARsylation [97]. Centrosome clustering that is regulated by
NuMA is an important process in cell cycle progression, and cen-
trosomes are frequently altered in tumors [134].
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4.4. Tankyrases and Telomeres

Tankyrases have been associated with telomeres. Based on
work in human HeLa cells, TNKS has initially been suggested to be
involved in telomere homeostasis. Recently TNKS has shown to
been linked to the regulation of telomere cohesion during mitosis
[9, 11, 97]. Telomeres consist of repetitive TTAGGG nucleotide
sequences that protect the chromatid ends and prevent fusion to
other chromosomes during mitosis. Telomere repeats associate with
a six-protein complex termed shelterin that includes TRF1, TRF2,
the TRF1 interacting protein 2 (TIN2), the protection of telomeres 1
protein (POT1), the TIN2 and POT1 interacting protein TPP1, and
the transcriptional repressor/activator protein RAP1 [135]. Through
its ankyrin binding sites [18], TNKS associates with TRF1 and
PARsylation of TRF1 by TNKS has been proposed to open the
shelterin complex [9, 10]. While it is not clear whether the
TNKS/TRF1 interactions occur during interphase - tankyrase lacks
a nuclear localization signal [102] - TNKS has shown to be neces-
sary for the resolution of sister chromatid association at mitosis. A
knock down of TNKS1 leads to a mitotic arrest with unresolved
sister-chromatid cohesion resulting in prolonged anaphase, and
abnormal chromosome distribution and spindle morphology [11,
13, 136, 137].

The TNKS1/TRF1 interaction can be enhanced by Plk1 medi-
ated phosphorylation of TNKS, increasing TNKSI1 stability at the
telomeres [97]. The Plk1 mediated phosphorylation appears to be a
central regulatory process as TNKS that contains mutated Plk1
phosphorylation sites shows a sharply reduced presence at the te-
lomeres and spindle poles [97]. As a consequence, Plk1 inhibitor-
treated HeLa cells show abnormal telomeric fusions [97]. TNKS
function can also be altered by the Fanconi anemia protein
FANCD?2, which has recently been demonstrated to inhibit TNKS1
mediated PARsylation at telomeres in human transformed fibro-
blasts [76]. Conversely, FANCD2 deficiency leads to increased
TRF1 PARsylation [76]. Somatic inactivation of the Fanconi ane-
mia (FA)/BRCA pathway by mutation or epigenetic silencing has
been observed in several different types of sporadic cancers [138].

Recently, a further process through which TNKS impacts te-
lomeres was revealed. In human tumors, telomeres are often main-
tained at a constant length by a telomerase dependent process [139]
and telomerase is activated in the majority of advanced human car-
cinoma [140]. However, some tumors utilize a telomerase inde-
pendent mechanism to maintain telomere length. This process is
based on telomere-sister chromatid exchange (T-SCE) through
recombination, a process that is commonly repressed by the shel-
terin complex. Removal of TNKS1 in human lymphoblast cells has
been shown to significantly elevate the recombination within te-
lomeres, leading to increased levels of T-SCE. This process is ac-
companied by a proteasome mediated degradation of DNA-PKc
(the catalytic subunit DNA-dependent protein kinase), a component
of the non-homologous end joining (NHEJ) pathway [141]. One
consequence of this interaction was that reduced levels of TNKS1
resulted in increased sensitivity to ionizing radiation suggestive of a
role for TNKS1 in DNA repair [141].

While TNKS has been shown to be up-regulated in selected
tumors and correlates in some but not all tumors with poor progno-
sis [9, 12, 25-27, 29-34, 142, 143], TNKS expression in the context
of telomerase activity has only been addressed in a few studies on
tumor samples. Gao and co-workers reported up-regulation of
TNKS in gastric cancerous tissue and statistically correlate in-
creased TNKS expression with increased telomerase activity and
tumor stage, although it is unclear whether telomerase activity is
functionally linked to TNKS levels [26]. In astroglial tumors, te-
lomerase activity significantly correlates with the WHO grade of
the analyzed tissue, but only in anaplastic astrocytomas a concomi-
tant up-regulation of TNKS1 has been observed [28]. Clearly pos-
sible links between TNKS expression and telomerase activity await
further scrutiny.
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Nevertheless, a possible therapeutic role of TNKS inhibitors in
the context of telomeres, either as single agent or in combination
with telomerase inhibitors has been proposed [144]. Recently, inhi-
bition of TNKS1 was shown to play a synergistic role with telom-
erase inhibition in the gastric cancer cell line SGC-7901 [35]. Fur-
thermore, apoptosis was promoted when antisense oligonucleotides
towards TNKS were combined with antisense oligonucleotides for
telomerase in the human lung adenocarcinoma cells A549. The
observed effect was linked to the cell leukemia-1 (MCL-1) protein
which can directly interact with TNKS [83, 145].

Curiously, while the TNKS/TRF1 interaction has been observed
in human cells, it does not appear to be of relevance in mice where
TRF1 lacks the Tankyrase binding motif (TBM) [8], nor in Droso-
phila, where telomeres are structured differently and consist of
transposons in place of telomeric repeats [146].

4.5. Tankyrases in Stress Granule Assembly

Stress granules (SG) can form in the cytoplasm as a response to
oxidative, osmotic, hypoxic, thermal, viral, and genotoxic stress
[147]. SGs contain mRNA and RNA binding proteins but also
TNKSI1, PARG99, PARG102, and mARTDs 12, 13, 14, and 15
have been shown to co-localize in the SGs. Interestingly, PARsyla-
tion of SG associated proteins appears to enable the formation of
SGs and Argonaute 2 (Ago2) (miRNA binding protein), G3BP1
(RNA decay factor), TIA-1 (translational suppressor), and PABP
(poly(A)-binding protein) have been found PARsylated in SGs.
Conversely, PARGs cause the disassembly of SGs [148]. It has
been proposed that the suppression of miRNA through Ago2, which
is bound in SGs, may contribute to dynamic stress responses in
cancer cells [133, 149]. Interestingly, in the chondrosarcoma cell
line U20S, TNKS inhibitor reduced growth and induced differen-
tiation accompanied by an increase of let-7 miRNA [150].

5. TANKYRASE INHIBITORS

The first tankyrase-selective inhibitors were discovered through
Wnat-responsive luciferase reporter assay screening [15, 151]. The
inhibitor of Wnt Response (IWR) compounds, which belong to a
class of endo bridged phthalimides connected to a quinolinyl group
with a benzoyl linker, were found to inhibit Wnt signaling by pro-
moting the degradation of B-catenin, which was accredited to an
increased stability of the DC [151]. Similarly, a compound named
XAV939 has been shown to block the accumulation of B-catenin by
increasing the activity of the DC. Subsequently, both XAV939 and
IWR-1 were found to act through TNKS inhibition [15] and
XAV939 also inhibited the proliferation of P-catenin dependent
cancer cells [15].

The crystal structures of XAV939 in complex with TNKS1 and
TNKS2 revealed that the compound binds to the nicotinamide sub-
site in the catalytic domain (Fig. 4A) [42, 152]. This was the known
conserved binding site of all the ARTD inhibitors studied to that
date. XAV939 also shared the typical interactions of other ARTD
inhibitors binding to the pocket; the hydrogen bonds with Gly and
Ser (Gly1032 and Ser1068 in TNKS2) by the carboxamide group of
XAV939 and a n-n stacking interaction with a Tyr at the active site
(Tyr1071 in TNKS2) (Fig. 4A). Despite being the first reported
TNKS-specific inhibitor, XAV939 inhibits also other ARTDs, es-
pecially ARTD2 with reported ICs, values between 110 - 480 nM
[15, 68] (Fig. 5).

In contrast, IWR-1 and IWR-2 do not contain the characteristic
nicotinamide motif of the most ARTD inhibitors. The crystal struc-
tures of the compounds in complex with Tankyrases revealed a
novel binding mode to the adenosine sub-site of the donor NAD"
binding groove in the catalytic pocket [62, 153] (Fig. 4B). In
TNKS2, IWR-1 forms hydrogen bonds with the backbone amides
Aspl045 and Tyrl050 of the D-loop and backbone amide of
Tyr1060. The quinoline moiety of the compound stacks between an
a-helix and His1048 from the D-loop and the norbornyl binds in the
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middle of a tyrosine triangle formed by Tyr1050, Tyr1060, and
Tyrl071.

In recent years TNKS inhibitor development has increased sub-
stantially as Tankyrases show initial promise as drug targets against
various conditions, including selected tumors. In the following
sections we will summarize the latest advances and perspectives of
TNKS inhibitor development.

Y1050
-y
Y1060
D1045
p . \E1138
H10484 y
& // “yiom1
e

_E1035 P =pyosTS ¢ '\ fo S1D68

F G1032

Fig. (4). The binding of canonical TNKS inhibitors to the donor NAD"
binding site. A) Binding of XAV939 to TNKS2 nicotinamide subsite (PDB
ID 3KR8). B) Binding of IWR-1 to the adenosine subsite of TNKS2 (PDB
ID 3UA9).

5.1. Targeting the Nicotinamide Subsite

Most of the ARTD and TNKS inhibitors target the nicotinamide
subsite and this was also the sole binding site of ARTD inhibitors
since 1970s until very recently. An exception to this was Ini-
parib/BSI-201, which progressed to clinical trials as ARTD1 inhibi-
tor, but later turned out not to inhibit ARTDs [154, 155]. The
nicotinamide site inhibitors usually contain a nicotinamide mimic,
which anchors the inhibitors at the bottom of the pocket (Fig. 4A).
Small inhibitors mimicking nicotinamide, such as TIQ-A and phe-
nanthridinone function as general ARTD inhibitors lacking isoen-
zyme specificity [63, 156]. The extension of the scaffold towards
the opening of the subsite allows the introduction of interactions
leading to TNKS selectivity (Fig. 5). The nicotinamide subsite in
Tankyrases is more hydrophobic and restricted compared to other
structurally characterized ARTDs [156, 157]. The hydrophobicity
of the site is mainly due to Pro1034 and Phel035 situated in the F-
loop lining the site, and I1le1075 in the G-loop, which points toward
the binding pocket (Fig. 3B, 6A). This region is poorly conserved in
ARTDs and especially Pro1034 and Phel1035 are often replaced by
hydrophilic residues. In addition, the extension of the G-loop con-
taining [1e1075 is unique to Tankyrases.

Two XAV939-like, TNKS-specific inhibitor scaffolds, namely
flavones and 2-phenyl-3, 4-dihydroquinazolin-4-ones bind to the
nicotinamide subsite and extend towards the opening of the site [68,
157] (Fig. 6A). The 2-phenyl-3, 4-dihydroquinazolin-4-one deriva-
tives have also been independently discovered and preliminary
characterized by others [156, 158, 159]. These scaffolds take ad-
vantage of the TNKS-specific features of the binding site. Accord-
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ingly, hydrophobic substituents at the para position of the scaffolds
highly increase the potency of the inhibitors and the profiling of
inhibitors against several ARTDs revealed that hydrophobicity of
the substituents is important for compound selectivity (Fig. 5).
These studies have demonstrated that it is possible to design highly
selective TNKS inhibitors binding to the nicotinamide subsite de-
spite the high conservation of the site among ARTDs. The best
inhibitors from these studies (MN-64 and CMPS8) (Fig. 5) had
nanomolar potencies against Tankyrases and displayed under 100
nM activities in a cell-based p-catenin reporter assay.

Other selective compounds have also been discovered that
make use of the hydrophobic character of the binding site. One
interesting set of compounds was identified through fragment-based
ligand design. Expansion of a hit fragment resulted in a series of
potent inhibitors that, despite not exactly mimicking nicotinamide,
still shared the interactions found in XAV939 (Fig. 6B) [160].
Compound 11 (CMP11) of the series was demonstrated to be highly
selective over several ARTDs but had considerably lower potency
towards TNKSI1 than for TNKS2 (Fig. 5).

Many optimized TNKS inhibitors of various scaffolds, contain
hydrophobic moieties near the F- and G-loops. Recently Novartis
opted a lipophilic efficiency (LipE) driven approach to optimize
compounds from hit identification to lead optimization stage and
this strategy lead to the identification of several new compounds
binding to the nicotinamide subsite [159, 161]. Interestingly, de-
spite the differences of the scaffolds, all the compounds anchor to
the nicotinamide pocket with similar interactions as seen with
XAV939. LipE driven optimization of an aminotriazole based high
throughput screening (HTS) hit resulted in a compound series that
had several favorable properties for a lead compound. Several com-
pounds in the series exhibited Axin2 stabilization indicating cellular
inhibition of Tankyrases. Compound 30 (CMP30) of the series
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demonstrated submicromolar Axin2 stabilization with low nanomo-
lar in vitro potencies against Tankyrases (Fig. 5). It was also dem-
onstrated to be selective over ARTD1/2 and against other off tar-
gets on a panel of 120 Novartis safety targets. However, the most
potent compounds of the series had low solubility that might have
led to somewhat inconsistent cellular activities of the compounds
[161].

An optimization of XAV939 by Novartis was driven on the
hypothesis that by reducing lipophilicity, the low selectivity, low
microsomal stability, and low solubility of the compound could be
improved. This optimization led to compound 18 (CMP18) with the
trifluorophenyl group of XAV939 replaced by a hydrophobic 2-
phenyl-2-propanol group. CMP18 displayed high potency (ICs
TNKS2: 22 nM) (Fig. 5), improved solubility over XAV939, and
good microsomal stability. The compound also possessed good
pharmacokinetic properties with good overall exposure, bioavail-
ability, and low clearance with indications of enterohepatic recircu-
lation. The selectivity of the compound to Tankyrases was not pro-
filed but a close analog showed a high selectivity over ARTD1
[159].

Taken together, various compounds binding to the nicotinamide
subsite have displayed low nanomolar potencies, high selectivity
towards Tankyrases, and in some cases good bioavailability and
moderate clearance both in vitro and in vivo. This binding site is
highly conserved in ARTDs and the compounds have rather typical
ARTD inhibitor pharmacophoric features (Fig. 6C). Despite this,
many of the compounds are more selective TNKS inhibitors than
XAV939, and should be better suited for studies where selective
TNKS inhibition is required. Especially the hydrophobic interac-
tions outside the most conserved nicotinamide binding pocket and
interactions with hydrophobic G-loop improve TNKS specificity of
the inhibitors targeting this site (Fig. 6C) [68, 157].
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Fig. (5). In vitro selectivity profile of selected TNKS inhibitors. No inhibitors have so far been profiled using activity assays with ARTDS, ARTD9, ARTD13,
ARTDIS5, or ARTD16. NI subsite, nicotinamide subsite; ADE subsite, adenosine subsite. ICsy values have been gathered from the literature [15, 23, 68, 157,

159-168].
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Fig. (6). The binding of selected inhibitors to TNKS1/TNKS2. Inhibitors binding to the nicotinamide subsite: A) CMP8 (PDB ID 4BUD), B) CMP11 (PDB ID
4IUE), and C) the general phramacophore of the inhibitors binding to this site. Hydrogen bond interactions of the compounds are shown in dashed lines. Hy-
drophobic features are shown as spheres and n-n stacking features are black discs. Inhibitors binding mainly to the adenosine subsite are shown in D) G007-
LK (PDB ID 4HYF) and E) WIKI4 (PDB ID 4BFP), together with F) showing the common pharmacophoric features at this site. Compounds spanning both
sites G) CMP4b (PDB ID 4I91) and H) NVP-TNKS656-analog (PDB ID 4LI8) are shown as well as I) the combined pharmacophoric features of the dual

binders.

5.2. Targeting the Adenosine Subsite

The adenosine subsite was only recently identified as a poten-
tial target for TNKS inhibitors [62]. So far inhibitors binding exclu-
sively to the adenosine subsite have not been described for other
ARTDs, providing exciting opportunities for achieving high selec-
tivity with these compounds. Indeed, inhibitors targeting this sub-
site have been shown to have remarkable selectivity towards Tan-
kyrases (Fig. 5).

The identification of a novel TNKS inhibitor from HTS, JW74
[120], lead to independent efforts by two groups to optimize the
compound properties [164, 168]. The JW74 derivative GO07-LK
[164] is a potent TNKS inhibitor with an excellent selectivity over
several other isoenzymes (Fig. 5), no inhibition of tested kinases,
phosphatases, and GPCRs, and a good activity in vitro. The com-
pound binds to the adenosine site utilizing similar interactions as
IWR-1 (Fig. 6D) but also extends towards the hydrophobic pocket
lined by the F- and G-loops, making extensive van der Waals inter-
actions with the region and giving a possible rationale for the high
selectivity of GO07-LK. GO07-LK showed a Super Top Flash (STF)
ICs¢ of 50 nM in selected colon cancer cell lines, accompanied by
an inhibition of cell cycle progression, reduction of colony forma-
tion, and induction of differentiation. Moreover, GO07-LK was

found to be stable in human liver microsomes and exhibited excel-
lent ip. and p.o. pharmacokinetics in mice [164]. In xenografts,
GO007-LK inhibited tumor growth in a dose dependent manner in
the colon cancer cell lines COLO-320DM and SW403. In contrast,
no growth inhibition was observed in the colon cancer cell lines
HCT-15 or DLD-1 [23].

The optimization of the JW74 chemotype by Novartis led to
compound 24 (CMP24) (Fig. 5). Essentially, the compound has
similar binding mode and interactions as GO07-LK. CMP24 had
good selectivity over ARTD1/2, 20-fold higher potency (Fig. 5)
when compared to JW74, and exhibited similar level of Axin stabi-
lization, and higher level of Wnt signaling inhibition compared to
JW74. The microsomal stability of this compound series was very
low, and several potential metabolic soft spots were identified from
the compounds but unfortunately they were all required for effec-
tive TNKS inhibition. The compounds also had a rapid in vivo
clearance probably due to the low microsomal stability.

Another compound, WIKI4, was recently discovered with HTS
as a novel TNKS inhibitor. The compound was found to regulate -
catenin levels in several cancer cell lines and also in human embry-
onic stem cells [163]. Structural characterization revealed that
WIKI4 binds to the adenosine subsite of TNKS2 [162] (Fig. 6E). In
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addition to the typical hydrogen bonds to the backbone amides of
Aspl045 and Tyr1060, WIKI4 extends towards the hydrophobic
pocket similar to CMP24 and GO07-LK but also forms a hydrogen
bond with the backbone amide of Ile1075 in the pocket. WIKI4
showed high potency and selectivity towards Tankyrases but has
not yet been reported to be developed beyond the hit stage.

A structure-based design starting from IWR-1 to improve the
potency and pharmacokinetic properties led to the discovery of
compounds with highly improved potencies and pharmacokinetic
properties [165]. The compounds show similar binding modes as
IWR-1 and IWR-2 and the top lead compounds were selective over
ARTD1/2 (Fig. 5). Earlier compounds in the series suffered from
moderate cellular potencies and poor oral exposure but further op-
timization led to improvements, such as with compound 40
(CMP40), which had significantly improved cellular potencies and
when dosed orally in mice, had unbound exposure levels over their
cellular ICsy values. This compound series was further optimized by
combining features from a dual binder acquired from HTS [167].
The optimized compound (CMP4) added a hydrogen bond to a
glycine (Gly1196 in TNKS1). The compound had high potency
towards Tankyrases and exhibited excellent cellular potency in STF
assay (ICso 12 nM). The compound was also highly selective over
ARTD1/2 (Fig. 5), did not inhibit 13 GPCRs, hERG, and BSEP,
and exhibited only weak inhibitory activity when profiled against a
panel of kinases. Furthermore CMP4 showed no genotoxicity in
microAmes test. Pharmacokinetic studies in rats showed that the
compound had moderate clearance and volume of distribution with
an elimination half-life of 3.6 h upon intravenous administration.
When dosed orally in rats, CMP4 exhibited moderate plasma expo-
sure and bioavailability. In pharmacodynamic assay in DLD-1 hu-
man tumor xenograft mice CMP4 promoted accumulation of Axin
and showed Wnt/B-catenin signaling inhibition in STF assay and
the same dosing regime was well tolerated in naive athymic nude
mice for eight days.

The compounds binding to the adenosine subsite all share cer-
tain pharmacophoric features, although they were discovered using
different strategies. They all have two conserved hydrogen bond
acceptors, m-m stacking with a histidine of the D-loop and various
hydrophobic regions (Fig. 6F). Small variations and extensions to
the general pharmacophore exist and typically one or two hydro-
phobic interactions are shared between the TNKS selective adeno-
sine site and nicotinamide site binders (Fig. 6C, F).

5.3. Dual Binders

Using a substructure search with IWR-2 pharmacophore as a
model, Bregman and co-workers [166] recently identified a long
quinazolinone compound with low nanomolar potency against
TNKS1 (CMP4b) (Fig. 5). The crystal structure of the compound in
complex with TNKS1 revealed that instead of binding to the adeno-
sine subsite, the compound occupied both adenosine and nicotina-
mide subsites (Fig. 6G). The interactions made by the compound
with the nicotinamide subsite are similar to what have been seen
with nicotinamide binders. In the adenosine sub-site, the compound
makes conventional hydrogen bonds with Tyr1213 and Asp1198
(Tyr1060 and Asp1045 in TNKS2) (Fig. 6G).

Shortly thereafter, another dual binder was reported by Novar-
tis. NVP-TNKS656 was shown to be a highly potent TNKS inhibi-
tor (Fig. 5) with good pharmacokinetic properties [159]. This dual
binder shares the common interactions in both sub-sites and also
extends towards the hydrophobic pocket between the F- and G-
loops (Fig. 6H). In mice the compound had low clearance after
intravenous administration and good exposure and moderate
bioavailability after oral administration. Mice allografted with
mammary adenocarcinomas showed good plasma and tumor expo-
sures of NVP-TNKS656 and the tumors exhibited both Axinl stabi-
lization and reduction in the Axin2 mRNA levels.

Current Pharmaceutical Design, 2014, Vol. 20, No. 41 6483

Dual site binders are not unique to Tankyrases. Also ARTDI1
inhibitors binding to both sub-sites have been described. Olaparib,
an ARTD1 inhibitor currently in phase III clinical trials [169], util-
izes both sub-sites. Olaparib is a moderately weak TNKS inhibitor
(TNKS1 ICso = 1.5 pM) but shares similar hydrogen bonding pat-
tern as the long quinazolinone (CMP4b). The low potency of Ola-
parib towards TNKS1 can be explained by unfavorable interactions
of the compound with the TNKS binding pocket, especially by the
interaction of the fluorine of the fluorophenyl group with the D-
loop [62].

EB-47 is an ARTDI inhibitor (ICs, 45nM) designed as an
NAD" mimic [170] and it was recently verified to be a dual binder
[63]. The compound is also a potent TNKS inhibitor (ICso 410 nM
and 45 nM, for TNKSI and TNKS2, respectively). As an NAD"
mimic, the binding of EB-47 possibly resembles that of NAD" (Fig.
3D, E). In TNKS2 it makes the conventional interactions at the
nicotinamide subsite. In the adenosine subsite, the ribose hydroxyl
of the compound interacts with His1031 and Ser1033, which are
well-conserved in the ARTD family but not utilized by other inhibi-
tors. The adenosine moiety forms a hydrogen bond with the back-
bone amide of Aspl045 and main chain carbonyl of Gly1043,
which are also found in adenosine binders and other dual binders.
Also other ARTD1 dual binders have been described [171, 172] but
their selectivity towards Tankyrases has not been profiled.

5.4. Future Perspectives in Inhibitor Development

Clearly there is a need for validation of the selectivity of both
current and future TNKS inhibitors. To be useful as tools in proof-
of-concept in vivo studies inhibitors have to be selective for Tan-
kyrases over other ARTD isoenzymes. Although high specificity is
important for the analysis of the biological response, it may not be
clinically the most beneficial property of a drug candidate [173]. In
particular in a cancer context, inhibition of several ARTD enzymes
might be a more efficient strategy. Indeed, Rucaparib, an initially
optimized ARTDI inhibitor which is currently in phase II studies
was found to be a very potent TNKS inhibitor with 25 nM and 14
nM ICsq for TNKS1 and TNKS2, respectively [63]. Therefore,
some of the observed beneficial effects in clinical studies might be
due to inhibition of Tankyrases. Also for a number of other ARTD
inhibitors, possible inhibitory effects on Tankyrase have been
tested. Veliparib is a poor tankyrase inhibitor (ICso > 10 uM), Ola-
parib is inhibiting Tankyrases at high dose (IC5o 1.5 uM), and Ru-
caparib is an efficient tankyrase inhibitor [63]. Unfortunately,
specificity data are not routinely available for new compounds,
making a clear link between the reported effects and a particular
ARTD, or multiple ARTDs difficult. The same holds true for
TNKS inhibitors. XAV939 is often used in studies that are aimed to
reveal Tankyrase functions, even though it is also a potent ARTD2
inhibitor (Fig. 5). Careful analysis of inhibition profiles within the
ARTD family are needed as a prerequisite to evaluate the results of
studies done with ARTD inhibitors.

Currently all the TNKS inhibitors are targeting the donor NAD"
binding site. Two other druggable sites exist on Tankyrases, namely
the acceptor site and the ankyrin repeats. There are several reasons
why these sites have been overlooked in the inhibitor design. An-
kyrin repeat inhibitors are not found in in vitro enzyme activity
screening where automodification is used as a signal. Protein-
protein interactions are also difficult to target with inhibitors and
compounds binding to these interfaces are not commonly found in
HTS. Several projects start the inhibitor development from the ex-
isting pharmacophores binding to nicotinamide or adenosine sub-
sites. However, ankyrin repeats and the acceptor sites offer novel
avenues for selectively targeting Tankyrases as ankyrin repeats are
not present in other ARTDs (although they are present in several
other proteins) and acceptor sites are poorly conserved among
ARTDs.
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Some of the described TNKS inhibitors have up to ten fold
selectivity between the two TNKS isoforms indicating that it could
be possible to develop isoform selective inhibitors. However, as
Tankyrases have overlapping roles, an inhibitor may need to target
both isoforms to cause a measurable cellular response in most con-
texts. There are many unanswered questions in the roles of Tan-
kyrases in various processes as highlighted in the number of bind-
ing partners (Table 1) and therefore it may be that under certain
conditions one of the isoforms would be the preferred target. As the
donor binding sites are identical in the amino acid sequence, the
differences seen in the compound potencies are likely due to differ-
ent dynamics of the catalytic domain imparted by sequence diver-
gence outside the active site (Fig. 5) [41]. Apo crystal structures are
also different mainly due to the changes in the D-loop (Fig. 3B) and
further studies are needed to fully understand what causes these
differences in the catalytic domains.

6. CONCLUSION

Tankyrases are challenging drug targets. The rules at which
they engage in their functions in individual cells, healthy or dis-
eased, are still only partially understood, as is their systemic impact.

To be useful as tools for in vitro and in vivo proof-of-concept
studies, TNKS inhibitors have to be selective for Tankyrases over
other ARTD isoenzymes and recent advances in the design of
TNKS inhibitors have provided such specific tools. These tools are
now used to dissect the benefits and pitfalls of specific TNKS inhi-
bition in a variety of disease conditions including cancer, but also
systemic sclerosis, metabolic disease, virus infections, and others.
In some conditions, such as cancer, questions on the therapeutic
window have to be addressed as the TNKS inhibitor doses required
for achieving single agent efficacy may approach doses that lead to
toxicity. While a selected sub-set of cancer cell lines responds to
TNKS inhibition in a way that establishes a predictive link to
known TNKS dependent biomarkers such as p-catenin in Wnt/B-
catenin signaling, other cancer cell lines respond in a manner that is
not understood, demanding further biological characterization and
additional predictive biomarkers. Moreover, TNKS inhibition ap-
pears to be strongly context dependent and the biological conse-
quence of TNKS inhibition will be influenced by the activity of
other cellular pathways, cellular NAD" levels, hypoxia, and other
metabolic alterations; conditions that require further attention in the
context of cancer cells.

If a single agent regime will not be sufficient in the cancer
arena, the effect of other pathways inhibitors may be potentiated by
TNKS inhibition as has been shown with TNKS and PI3K or Akt
inhibitors and TNKS and EGFR inhibitors. It remains to be seen
whether selective TNKS inhibition can be established as a clinically
beneficial property for a drug candidate in the cancer arena. Simul-
taneous inhibition of several ARTD enzymes, as demonstrated for
the ARTD1 inhibitors, might be an attractive strategy. Despite the
pitfalls and open questions on the therapeutic benefits and applica-
tions of TNKS specific inhibitors, the recent flush of novel TNKS
inhibitors indicates a substantial interest both in the pharmaceutical
industry, and in academic research.
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LIST OF ABBREVIATIONS

ADE = Adenosine

ADP = Adenosine diphosphate

ADPr = ADP-ribose

Ago2 = Argonaute 2

APC = Adenomatous polyposis coli

ARC = Ankyrin repeat cluster

ARD = a-helical regulatory domain

ARH = ADP-ribosylhydrolase

ARTD = ADP-ribosyl transferase with Diphtheria
toxin homology

BRCA = Breast cancer susceptibility protein

CDKa = Casein kinase I isoform a

DC = B-catenin destruction complex

DNA-PKc = Catalytic subunit DNA-dependent protein
kinase

EGFR = Epidermal growth factor receptor

FANCD2 = Fanconi anemia protein 2

FIH = Hypoxia-inducible factor 1-alpha inhibitor

G3BP1 = Ras GTPase-activating protein-binding pro-
tein 1

GSK3p = Glycogen synthase kinase 3-8

HTS = High throughput screening

IRAP = Insulin-responsive aminopeptidase

LRP6 = Low-density lipoprotein receptor-related
protein 6

MAR = Mono(ADP-ribose)

mARTD = ARTD with mono ADP-ribosylation activity

MAPK = Mitogen-activated protein kinase

MDO = Macro domain

NHEJ = Non-homologous end joining

NI = Nicotinamide

NSCLC = Non-small-cell lung carcinoma

PARG = poly(ADP-ribose) glycohydrolase

pARTD = polymer forming ARTD

PAR = poly(ADP-ribose)

PARP = poly(ADP-ribose)polymerase

Plk1 = polo-like kinase-1

POT1 = Protection of telomeres 1 protein

RAP1 = Transcriptional repressor/activator protein

SAM = Steril alpha motif

SG = Stress granule

STF = Super Top Flash

USP = Ubiquitin specific protease

TARG = Terminal ADP-ribose protein glycohydrolase

TBM = Tankyrase binding motif

TGF-B = Transforming growth factor beta

TIN = TRF1 interacting protein

TPP1 = TIN2 and POT1 interacting protein

TRF = Telomeric repeat-binding factor

UPS = Ubiquitin-proteasome system
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