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Nucleotide pyrophosphatase/phosphodiesterase 1
(NPP1) and its inhibitors+

Sang-Yong Lee* and Christa E. Muller

Ecto-nucleotide pyrophosphatase/phosphodiesterase 1 (NPP1, EC 3.1.4.1) is a metalloenzyme that belongs
to the NPP family, which comprises seven subtypes (NPP1-7). NPP1 hydrolyzes a wide range of
phosphodiester bonds, e.g. in nucleoside triphosphates, (cyclic) dinucleotides, and nucleotide sugars yield-
ing nucleoside 5'-monophosphates as products. Its main substrate is ATP which is cleaved to AMP and di-
phosphate. The enzyme is involved in various biological processes including bone mineralization, soft-
tissue calcification, insulin receptor signalling, cancer cell proliferation and immune modulation. Therefore,
NPP1 inhibitors have potential as novel drugs, e.g. for (immuno)oncology. In the last two decades several
inhibitors of NPP1 derived from nucleotide- or non-nucleotide scaffolds have been developed. The most
potent and selective NPP1-inhibitory substrate analog is adenosine 5'-a,-methylene-y-thiotriphosphate (K;
= 20 nM vs. p-Nph-5-TMP, human membrane-bound NPP1). Non-nucleotide-derived NPP1 inhibitors
comprise polysulfonates, polysaccharides, polyoxometalates and small heterocyclic compounds. The
polyoxometalate [TiW1;C0040]® (PSB-POM141) is the most potent and selective NPP1 inhibitor described
to date (K; = 1.46 nM vs. ATP, human soluble NPP1); it displays an allosteric mechanism of inhibition and
represents a useful pharmacological tool for evaluating the potential of NPP1 as a novel drug target.

Introduction

Extracellular nucleotides are important signaling molecules
which regulate a variety of biological effects via cell-surface
receptors termed purinergic receptors. There are two main

+ The authors declare no competing interests. families of purinergic receptors, P1 receptors activated by the
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nucleoside adenosine and P2-receptors - subdivided into
P2X- and P2Y receptors - activated by nucleotides (e.g. ADP,
ATP, UDP, and UTP)."? Purinergic signaling pathways play
crucial roles in many biological processes, e.g. neurotrans-
mission, neuroprotection in hypoxia and ischemia, regulation
of cardiovascular function, platelet aggregation, smooth mus-
cle contraction, secretion of hormones, modulation of im-
mune response, control of cell proliferation, differentiation,
and apoptosis.> Due to the relevance of nucleosides and nu-
cleotides in cell signaling, the extracellular levels of nucleo-
tides are tightly regulated by catalyzing their hydrolysis via
cell surface-bound ecto-nucleotidases, i.e., ecto-nucleoside tri-
phosphate diphosphohydrolases (NTPDases, EC 3.6.1.5),
ecto-nucleotide pyrophosphatases/phosphodiesterases (NPPs,
EC 3.1.4.1 and EC 3.6.1.9), alkaline phosphatases (APs, EC
3.1.3.1), and ecto-5"-nucleotidase (eN, CD73, EC 3.1.3.5), see
Fig. 1.°® The NTPDases hydrolyze nucleoside 5"
triphosphates (NTPs) to nucleoside 5'-diphosphates (NDPs),
as well as nucleoside 5'-diphosphates (NDPs) to nucleoside
5'-monophosphates (NMPs), releasing inorganic phosphate
(P;).° The NPPs degrade NTPs in a single step to NMPs releas-
ing diphosphate (previous nomenclature pyrophosphate;
PP;)."* In a subsequent hydrolyzing step, the extracellular nu-
cleoside 5-monophosphates (NMPs) are hydrolyzed by eN
(e.g. AMP to adenosine)."* Alkaline phosphatases are unique
enzymes, which can hydrolyze a broad variety of phosphoric
acid ester bonds, e.g. NTPs to NDPs, NDPs to NMPs, and
NMPs to nucleosides."?

As shown in Fig. 1, ecto-nucleotidases have a potential to
terminate purinergic signaling of certain P2X and P2Y recep-
tors by hydrolyzing nucleoside tri-, di- or monophosphates,
but on the other hand the newly formed nucleotides like
UDP or ADP can also activate certain P2Y receptors (e.g. acti-
vation of P2Y;, P2Y;, or P2Y,; by ADP; activation of P2Y, by
UDP), and the formed adenosine can further stimulate P1 re-
ceptors (A, Asa, Ay and A, receptor subtypes).'*'?
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Fig. 1 Metabolism of nucleotides by ecto-nucleotidases (modified
from Zimmermann®). NTPDases, ecto-nucleoside triphosphate
diphosphohydrolases; NPPs, ecto-nucleotide pyrophosphatases/
phosphodiesterases; APs, alkaline phosphatases; eN, ecto-5'-
nucleotidase (CD73); NTP, nucleoside triphosphate; NDP, nucleoside
diphosphate; NMP, nucleoside monophosphate; Nuc, nucleoside.
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Nucleotide pyrophosphatase/
phosphodiesterase 1 (NPP1)

The NPP family includes seven structurally related isoen-
zymes (NPP1-7) that are numbered according to their order
of discovery.'® Four members of this family are known to be
capable of hydrolyzing nucleotides: NPP1 (PC-1), NPP2
(autotaxin), NPP3 (CD203c) and NPP4.">® They can hydro-
lyze a variety of the nucleotides including, besides nucleoside
triphosphates, dinucleoside polyphosphates, cyclic (di-)nucle-
otides, and nucleotide sugars, releasing nucleoside mono-
phosphates (e.g. AMP and GMP) as products.”**"”"'® More-
over, it had been suggested that NPP1 can also hydrolyze ATP
to ADP and monophosphate (P;).”'° In contrast to NPP1, 3
and 4, NPP2 has only a weak nucleotide-metabolizing activ-
ity," and like some other members of the NPP family, i.e.,
NPP6 and NPP7 (alkaline sphingomyelinase), NPP2 preferably
hydrolyzes phosphodiester bonds of phospholipids; hence,
those subtypes can be characterized as phospholipases rather
than nucleotidases.”®>* A physiological substrate for NPP5
still remains to be identified. NPP1 is the most important
member of the NPP family, which was originally discovered
by Takahashi et al. as a plasma cell differentiation antigen 1
(PC-1) on the surface of mouse lymphocytes.> This
glycoenzyme is highly expressed in bone, cartilage and adi-
pose tissue,?® and moderately in heart, liver, placenta, and
testis.>”>°

Structure and function of NPP1

NPP1 is a homodimeric type II transmembrane glycoprotein
characterized by an N-terminal transmembrane domain, two
somatomedin-B-like domains, a catalytic domain and a
C-terminal nuclease-like domain (see Fig. 2).”'*'®3132 The

C.OOH C'OOH

~~~~~~~~~~~~~ Nuclease-like domain

~~~~~~~~~~~~ Catalytic domain

@ Active site

Intracellular

NPP1 dimer

Fig. 2 Structure of the NPP1 dimer, modified from Stefan et al.*®
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transmembrane domain dictates the subcellular localization
of the enzyme and is also essential for the dimerization be-
tween monomers via multiple disulfide bonds.>" NPP1 con-
tains two somatomedin-B (SMB) like domains, SMB1 and
SMB2 (see Fig. 2).'**"** Somatomedin-B is a serum peptide
which is proteolytically derived from vitronectin, a serum and
extracellular-matrix protein, that is involved in cell adhe-
sion.**** The function of somatomedin-B like domains are
largely unclear. It has been proposed that these domains con-
tribute to the stabilization between the transmembrane and
the catalytic domain.***® It is also notable that the SMB2 do-
main of NPP1 has been postulated to be the residue for the
interaction with the insulin receptor.”*> The catalytic domain
of NPP1 consists of about 400 amino acid residues and shar-
ing 24-60% identity between the different human NPP iso-
forms (NPP1-7).'%*”% This catalytic domain is homologous
to the family of alkaline phosphatases (APs).** NPPs belong
to the superfamily of phospho-/sulfo-coordinating meta-
lloenzymes.*" As in the APs, two Zn>" ions are tightly bound
in the active site by a set of six conserved Asp/His resi-
dues.*"** In addition, the catalytic domain is connected to
the nuclease-like domain by a “lasso loop™.*> Mutation of this
linker region in NPP1 abolishes catalytic activity and thus,
the interaction between the catalytic and nuclease-like do-
mains through the lasso-loop seems to be relevant for the
catalytic activity.*"** The nuclease-like domain reveals no cat-
alytic activity itself, but it is required for the translocation of
NPPs from the endoplasmic reticulum to the Golgi-apparatus
since it is required for the correct folding of NPPs.” Further-
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more, this domain contains a putative ‘EF-hand (a hand-
form helix-loop-helix structure with E- and F-helices)’ Ca”>*-
binding motif (DXD/NXDGXXD) and this is essential for the
catalytic activity of NPP1.*>*

Substrate specificity of NPP1

NPP1 accepts a remarkably broad range of substrates. The
main substrate of NPP1 is ATP (Fig. 3).** Besides, NPP1 me-
tabolizes other nucleotides, e.g. nicotinamide adenine dinu-
cleotide ~ (NAD'),  3'-phosphoadenosine-5'-phosphosulfate
(PAPS), diadenosine polyphosphates like diadenosine triphos-
phate (AP;A) or diadenosine tetraphosphate (AP,A), and UDP-
glucose.”?***%” Both, purine and pyrimidine nucleotides,
serve as substrates.® Adenosine 3',5-monophosphate (3’,5"-
cAMP) has been found to be a poor substrate of NPP1.** Re-
cently, the cyclic dinucleotide, cyclic guanosine-(2',5')-
monophosphate-adenosine-(3",5")-monophosphate (2,3"-
cGAMP), has been reported as a substrate of NPP1.*® 23"
c¢GAMP is known as an agonist of STING (stimulator of the
interferon gene), which plays a pivotal role in innate immu-
nity by inducing type I interferon production.*****° In con-
trast to 2',3"-cGAMP, the 3',3"-bridged cyclic dinucleotides
such as cyclic guanosine-(3',5')-monophosphate-adenosine-
(3",5")-monophospate (3',3"-cGAMP), cyclic guanosine-(3',5')-
monophosphate-guanosine-(3”,5")-monophosphate (3,3"-
c¢diGMP) and cyclic inosine-(3',5')-monophosphate-inosine-
(3",5")-monophosphate (3',3"-cdilMP) were found to be no
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Fig. 3 Natural substrates of NPP1. The site of hydrolysis is marked with a dashed red line.
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substrates of NPP1; thus, NPP1 displays specificity for 2',3"-
c¢GAMP (see Fig. 4).**

Moreover, a number of artificial substrates have been de-
scribed (Fig. 5). p-Nitrophenyl 5'-thymidine monophosphate
(p-Nph-5-TMP) is frequently used as a synthetic substrate for
NPP1.>"*> p-Nitrophenyl phenyl phosphate (p-NPPP) and
bis(p-nitrophenyl) phosphate (bis(p-NP)P) are other artificial
substrates for NPP1, but their application is now obsolete
due to its low binding affinity for the enzyme (K, > 800
uM).*® These artificial substrates allow colorimetric monitor-
ing of the enzymatic reaction through the formation of inten-
sively yellow-coloured p-nitrophenolate, which absorbs at 400
nm.”"*? The advantage of such artificial substrates is their
suitability for high-throughput screening of compound librar-
ies. Most recently, a new artificial substrate, p-nitrophenyl 5'-
adenosine monophosphate (p-Nph-5-AMP), has been pro-
posed as an alternative substrate instead of p-Nph-5-TMP,
since it is structurally more similar to the natural substrate
ATP than the latter.>® An unique artificial substrate, etheno-
diadenosine diphosphate (¢AP,A), was used for the bio-
chemical analysis of NPP1 activity in rat brain membranes.>*
Another unique artificial substrate, thiamine diphosphate
(TPP) was applied for the cytochemical analysis of NPP1 activ-
ity in diverse rodent tissues, i.e., murine brain, pancreas and
gastrointestinal tract tissues as well as rat liver.'"”

Except for the new artificial substrate p-Nph-5-AMP, the
other natural and artificial substrates are all commercially
available.

The kinetic parameters for a variety of substrates de-
scribed in the literature are listed in the Table 1. The sub-
strate specificity constants (k../Ky,) of natural and artificial
substrates of the human NPP1 increase according to the
following rank order: p-Nph-5-AMP < UTP < p-Nph-5-TMP
< 2',3"-cGAMP < AP,A < ATP.**** This indicates that ATP
is the best substrate for human NPP1 with the highest k ./
K,, value. Interestingly, dinucleotides like AP,A and 2',3"-
¢cGAMP are also well accepted as substrates with high k.,/
K., values. Enzyme kinetic studies on mouse and human
NPP1 showed that purine nucleotides (ATP and GTP) are
better substrates than pyrimidine nucleotides (CTP and
UTP).>>* K, values for p-Nph-5-TMP varied in different
species. While at bovine and rat NPP1 lower K,, values
were determined than at human NPP1,*>°°® mouse NPP1
displayed a similar K, for the artificial substrate as the hu-
man enzyme.”’
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Fig. 4 3',3"-Bridged cyclic dinucleotides which are not hydrolyzed by
NPP1.
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Several NPP1 inhibitors have been reported in the literature.
They have generally been investigated vs. different substrates
(e.g. p-Nph-5-AMP, p-Nph-5-TMP, p-NPPP, bis(p-NP)P, ATP,
[y-**P]ATP (ATP with a radioactive phosphorus atom at the
y-position of the triphosphate for radiodetection) or €AP,A)
and with different species and preparations of the enzyme
(e.g. human soluble NPP1, human membrane-bound NPP1 or
unspecified NPPs obtained from rat or human sources), so
that a comparison of their inhibitory potencies is often
difficult,**>3°*6%627%9 Among the different substrates, p-Nph-
5-TMP has been the most frequently used one for the moni-
toring of NPP1 enzyme reactions since it allows simple and
fast measurements with colorimetric detection of the
product.”*>%7°

The most intensively investigated inhibitors of NPP1 are
substrate analogs, namely adenine nucleotide analogs and
derivatives (see Fig. 6 and Table 2). They can be roughly di-
vided into six groups: (i) o,B-methylene analogs, (ii) B,y-meth-
ylene analogs, (iii) 2-methylthio-adenine derivatives, (iv) di-
aldehyde derivatives, (v) diadenosine derivatives and (vi)
2/(3")-0-benzoylbenzoyl derivatives. These nucleotide analogs
and derivatives generally exhibit — due to their structural sim-
ilarity with natural substrates - a competitive mechanism of
NPP1 inhibition.’****%7*"73  However, the nucleotide
dialdehydes such as adenosine 5'-diphosphate-2’,3'-dialdehyde
(dialADP) and adenosine 5'-triphosphate-2',3"-dialdehyde
(dialATP) are non-competitive (dialADP) or un-competitive
(dialATP) inhibitors, respectively.>>*>%7!

Adenosine 5'-(a,p-methylene)diphosphate (o, p-metADP),
also known as AOPCP, an ADP analogue was reported to be
a weak inhibitor of human soluble and membrane-bound
NPP1 as well as unspecified NPPs in rat serum, determined
with  p-Nph-5-AMP, p-Nph-5-TMP or ATP as sub-
strates.”>**>*”! AOPCP was shown to be not selective for
NPP1, since it is known to be more potent as an inhibitor
of eN (CD73).”* Adenosine 5'-(a,B-methylene)triphosphate
(o,p-metATP) was also described as a weak inhibitor of hu-
man soluble NPP1 and unspecified NPPs isolated from rat
serum as well as from human 1321N1 astrocytoma cells, as
determined vs. p-Nph-5-AMP, p-Nph-5-TMP or ATP as sub-
strates.”>*®”172 Interestingly, replacement of one oxygen
atom in the terminal phosphate group by a sulfur atom (in
v-S-a,B-metATP derivative) significantly increased the inhibi-
tory potency at human membrane-bound NPP1 reaching the
low nanomolar range, when tested vs. p-Nph-5-TMP as a
substrate.”> Introduction of a sulfur atom into the
y-phosphate group may increase ionic interactions between
the triphosphate group and amino acids of the active site
by increasing the ionization grade of the triphosphate.”
This scaffold displayed high selectivity against various hu-
man ecto-nucleotidases including NTPDase1-3 and -8 and
NPP3.  6-N,N-Diethyl-p-f,y-dibromomethylene ~ATP  (ARL
67156), originally named FPL 67156, structurally belongs to
the group of B,y-methylene ATP analogs. ARL 67156 is

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c7md00015d

Published on 09 February 2017. Downloaded by RSC Internal on 06/06/2018 11:49:51.

MedChemComm

1
P
o)
o
p-NPPP bis(p-NP)P
O,N o H
2 o YN0
o 1 5
- P. 0. N
e (T
"o\ CH,
HO
p-Nph-5'-TMP

II.II
S Z\\O’?'\'Pl?

View Article Online

Review

OoN
\©\5 P I—P/©/ RN ﬁ/;j\/\ ?—P

HaC

/
>\——N
Hal TPP
QT !
NH
/\Q/ \2\\(
8 NN
HO e
p-Nph-5'-AMP
/=N
~riee
R NN
HO <

cAP,A

Fig. 5 Artificial substrates of NPP1. The site of hydrolysis is marked with a dashed red line.

Table 1 Kinetic parameters of nucleotide pyrophosphatase/phosphodiesterase 1 reactions with different substrates

K (1M) Kear (s7) kead/Km (x10° M s71)
Natural substrates
ATP 6.2 (ref. 60), 8.17 (ref. 44), 46 (ref. 32) 5.51 (ref. 44), 16 (ref. 32) 674 (ref. 44), 348 (ref. 32)
UTP 56.6 (ref. 44), 4300 (ref. 32) 1.96 (ref. 44), 200 (ref. 32) 34.6 (ref. 44), 46.5 (ref. 32)
GTP 4200 (ref. 32) 820 (ref. 32) 95 (ref. 32)
CTP 1200 (ref. 32) 8.7 (vef. 32) 7.25 (ref. 32)
AP;A 5.1 (ref. 61) n.d. n.d.
AP,A 20.5 (ref. 44) 5.65 (ref. 44) 276 (ref. 44)
NAD+ 330 (ref. 47) n.d. n.d.
UDP-glucose 270 (ref. 47) n.d. n.d.
PAPS 120 (ref. 47) n.d. n.d.
2/,3"-cGAMP 32.6 (ref. 44) 5.36 (ref. 44) 164 (ref. 44)
cAMP 114 (ref. 44) 2.16 (ref. 44) 18.9 (ref. 44)
Artificial substrates
p-NPPP 11100 (ref. 45) n.d. n.d.
bis(p-NP)P 850 (ref. 45) n.d. n.d.
p-Nph-5-TMP 43 (ref. 45), 61.8 (ref. 56), 22.3 (ref. 44) 100 (ref. 44)
91.4 (ref. 57), 101 (ref. 58),
210 (ref. 59), 222 (ref. 44),
280 (ref. 51), 281 (ref. 52)
p-Nph-5"-AMP 188 (ref. 53) 2.51 (ref. 53) 13.4 (ref. 53)
eAP,A 6.0 (ref. 54) n.d. n.d.
TPP n.d. n.d. n.d.

Note: the type of NPP1 used for the kinetic determination was as follows: Ref. 45: membrane preparations of bovine intestinal NPPs. Ref. 44
and 53: human soluble NPP1. Ref. 47, 52, 60 and 61: membrane preparations of human NPP1. Ref. 32: mouse soluble NPP1. Ref. 59:

preparations of mouse liver NPPs. Ref. 51: rat salivary gland cells. Ref.

54: preparations of rat brain NPPs. Ref. 56: preparations of rat serum

NPPs. Ref. 57: preparations of rat heart NPPs. Ref. 58: rat Walker 256 tumor cell line. n.d.: not determined.

known as a non-selective inhibitor of NTPDasel and -3,
and it inhibited weakly the activity of membrane-associated
NPP1 vs. p-Nph-5-TMP as a substrate.”*”” Another B,y-meth-
ylene analog, a-borano-f,y-metATP, in which a borano group
was introduced into the o-phosphate, was found to inhibit
human membrane-associated NPP1 more potently than ARL
67156 when tested vs. p-Nph-5-TMP as a substrate.”> One
reason for its better potency may be the removal of the
halogen atoms present at the ,y-methylene position in ARL
67156. One derivative of a-borano-f,y-metATP with two
chloro atoms at the B,y-methylene showed reduced inhibi-

This journal is © The Royal Society of Chemistry 2017

tory potency, similar to the potency of ARL 67156.”° The o-
borano-f,y-metATP derivative showed high selectivity vs.
other ecto-nucleotidases (e.g. NTPDasel-3 and -8 and
NPP3). Both 2-methylthioADP (2-MeSADP) and
2-methylthioATP (2-MeSATP) are 2-methylthio-adenine deriva-
tives, which displayed weak inhibition of human soluble
NPP1 as well as unspecified rat NPPs, when tested vs.
p-Nph-5-AMP, p-Nph-5-"TMP or ATP as substrates.”®”" The
oxidized derivatives, dialADP and dialATP, showed low
micromolar potency for human soluble/memebrane-bound
NPP1 as well as unspecified rat NPPs, when tested with
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p-Nph-5-AMP, p-Nph-5-TMP or ATP as substrates.’>”*>%7
Diadenosine boranophosphate derivatives have a unique
scaffold among the nucleotidic inhibitors which is not
based on ATP or ADP, but rather on another natural sub-
strate diadenosine pentaphosphate (APsA). These dinucleo-
tide analogs were poor inhibitors for human membrane-
associated NPP1 when tested vs. p-Nph-5-TMP as a sub-
strate, but they were highly selective for NPP1 vs.
NTPDasel-3 and -8, NPP3 and eN.”® 2/3)-0-(4-
Benzoylbenzoyl)ATP  (bzATP) belongs to the 2/(3')-O-
benzoylbenzoyl derivatives and it was found to be a weak
inhibitor of human soluble/memebrane-bound NPP1 as well
as unspecified rat NPPs, when tested vs. p-Nph-5-TMP or
ATP as substrates.”>*®”" It was observed that some
nucleotide-derived inhibitors (e.g. o,f-metADP, o,f-metATP,
2-MeSATP, dialATP and bzATP) showed 2- to 8-fold higher
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Because the nucleotide-based inhibitors have similar
structures as the natural substrates their development is
straightforward. Many of the nucleotidic inhibitors are com-
mercially available. However, they are only moderately po-
tent and their selectivity for NPP1 vs. other
ectonucleotidases has not been fully investigated. Only re-
cently, nucleotide-based inhibitors with high inhibitory po-
tency and selectivity were described among the y-S-o,p-
metATP and the o-borano-f,y-metATP derivatives.”>’> The
most potent inhibitor was adenosine 5'-a,-methylene-y-thio-
triphosphate with a K; value of 20 nM tested vs. p-Nph-5'-
TMP as a substrate, represented in the Fig. 6.”° Nucleotide-
derived inhibitors may have limited applicability due to
their high acidity precluding peroral bioavailability, and
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Table 2 Nucleotide-based inhibitors of NPP1
Inhibitor Substrate Enzyme K; (M)  Inhibition type Selectivity Ref.
a,-Methylene analogs
o,p-metADP ATP Human, soluble 16.5, 24.3 Competitive More potent for eN (CD73) 53,71
p-Nph-5"TMP Human, membrane-bound 16.5 Competitive 52
Human, soluble 1.28 Competitive 53
Unspecified rat NPPs 9.6 Mixed 56
p-Nph-5-AMP Human, soluble 25.8 Competitive 53
o,f-metATP ATP Human, soluble 13.0, 26.9 Competitive Not determined 53,71
Unspecified NPPs in human ca.” Competitive 72
1321N1 astrocytes
p-Nph-5"TMP Human, soluble 3.32 Competitive 53
Unspecified rat NPPs 2.2 Competitive 56
p-Nph-5-AMP Human, soluble 8.19 Competitive 53
v-S-o,B-metATP derivative  p-Nph-5-TMP Human, membrane-bound 0.02-4.5 Competitive Selective vs. NTPDase1-3 and 75
-8, and vs. NPP3
p,y-Methylene analogs
ARL 67156 p-Nph-5-"TMP Human, membrane-bound 12.0 Competitive Non-selective vs. NTPDasel 77
and -3
a-borano-f,y-metATP p-Nph-5-"TMP Human, membrane-bound 0.5-56 Competitive Selective vs. NTPDase1-3 and 73
derivative -8, and vs. NPP3
2-Methylthio-adenine derivatives
2-MeSADP ATP Human, soluble 32.8, 23.7 Competitive Not determined 53, 71
p-Nph-5"TMP Human, soluble 2.18 Competitive 53
p-Nph-5-AMP Human, soluble 354 Competitive 53
2-MeSATP ATP Human, soluble 25.3, 21.3 Competitive Not determined 53, 71
p-Nph-5-TMP Human, soluble 4.47 Competitive 53
Unspecified rat NPPs 20.5 Competitive 56
p-Nph-5-AMP Human, soluble 39.9 Competitive 53
Dialdehyde derivatives
dialADP ATP Human, soluble 5.62, 5.14 Noncompetitive Not determined 53,71
p-Nph-5-"TMP Human, membrane-bound 3.42 Noncompetitive 52
Human, soluble 5.03 Noncompetitive 53
p-Nph-5-AMP Human, soluble 5.09 Noncompetitive 53
dialATP ATP Human, soluble 6.82, 6.96 Uncompetitive Not determined 53, 71
p-Nph-5"TMP Human, soluble 4.09 Uncompetitive 53
Rat NPPs, unspecified 9.8 Competitive 56
subtypes
p-Nph-5-AMP Human, soluble 5.08 Uncompetitive 53
Diadenosine derivatives
Diadenosine p-Nph-5-TMP Human, membrane-bound 9-51 Competitive Selective vs. NTPDase1-3 78
boranophosphate and -8, vs. NPP3 and vs. eN
derivative
2'(3')-0-Benzoylbenzoyl derivatives
bzATP ATP Human, soluble 14.6 Competitive Not determined 71
p-Nph-5-TMP Human, membrane-bound 2.96 Competitive 52
Unspecified rat NPPs 20.5 Competitive 56

¢ ICs, values.

because of their often moderate chemical and metabolic sta-
bility. Due to their structural similarity with the natural sub-
strates, they may also have additional biological effects, e.g.
activating P2 purinergic receptors. In summary, due to mul-
tiple drawbacks of the nucleotide-based inhibitors they may
not represent the ideal lead structures for the development
of NPP1 inhibitors as drugs.

Non-nucleotide-based NPP1
inhibitors

Several non-nucleotidic NPP1 inhibitors have been reported.
Their scaffolds are structurally largely different. They can be
widely divided into four categories: (i) polysulfonates, (ii)

This journal is © The Royal Society of Chemistry 2017

polysaccharides, (iii) polyoxometaletes and (iv) diverse small
heterocyclic compounds (see Fig. 7 and Table 3). Poly-
sulfonates such as reactive blue 2 and suramin are known as
P2 receptor antagonists.””* They also showed strong inhibi-
tion for human soluble/membrane-bound NPP1 with K;
values in a nanomolar to micromolar range, when used ATP,
p-Nph-5-AMP or p-Nph-5-TMP as substrates.”** Contrary to
this, both polysulfonates showed rather weak inhibition with
membrane preparations of unspecified NPPs in rat C6 glioma
cells (ICs, values in the range of 10 to 80 uM) vs. [y-**P]ATP
as a substrate.”” Reactive blue 2 was found to display a non-
competitive mechanism of NPP1 inhibition, while suramin
was characterized as an un-competitive inhibitor.>**° The se-
lectivity of reactive blue 2 and suramin for NPP1 was poor,
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since both compounds also inhibit NPP3 strongly as well as
various P2 receptors (reactive blue 2 additionally inhibits eN
(CD73)).6%7°81 The well-known anti-coagulant heparin was
reported to moderately inhibit human soluble NPP1 with an
IC5, value of ca. 100 uM vs. ATP as a substrate or ca. 1 uM vs.
p-Nph-5-TMP as a substrate,®® and unspecified rat NPPs with
a K; value of 25 uM vs. eAP,A as a substrate.”® Heparin is
non-selective for NPP1 considering its potency vs. its main
target thrombin (K; value 2.65 uM).** This polysaccharide was
reported to be a competitive inhibitor of NPP1.>*%3
Polyoxometalates are negatively charged inorganic cluster
compounds which contain heavy metal ions like tungsten
(W), molybdenum (Mo) or vanadium (V) as a central atom,
surrounded by oxygen atoms.**®** A polyoxotungstate
[TiW1;,C0040]°” (PSB-POM141) has been described as the
most potent inhibitor of human soluble NPP1 described so
far with a K; value of 1.46 nM vs. ATP as a substrate.®* PSB-
POM141 revealed a non-competitive mechanism of inhibi-

O NH, o
SO;H CH?YQ\NJ\N/@\fO
NH H IH HN

o HN\©iso3H
NH
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tion. Furthermore, this inorganic cluster complex was
shown to be highly selective vs. other human ecto-nucleotid-
ases, including NTPDase1-3, NPP2-3, eN and TNAP (tissue
non-specific alkaline phosphatase).®* However, an oral appli-
cation of such polyanionic cluster compounds is limited be-
cause of their negative charge and their high molecular
weight.

Diverse heterocyclic compounds have been also
reported to act as NPP1 inhibitors. Pyridoxalphosphate-6-
azophenyl-2',4'-disulphonic acid (PPADS) is known as a P2
receptor antagonist like reactive blue 2 or suramin, and it
inhibited moderately unspecified NPPs in rat C6 glioma
cells (ICs, value 12 uM) vs. [y-*’PJATP as a substrate.®
Oxadiazole (I and II) and biscoumarin derivatives were
weak non-competitive inhibitors of human membrane-
associated NPP1 vs. p-NPPP or p-Nph-5-TMP as substrates,
and of snake venom NPP1 vs. bis(p-NP)P as a sub-

strate.®>**%> Similarly to oxadiazole derivatives, triazole
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Fig. 7 A series of non-nucleotidic inhibitors of NPP1.

830 | Med. Chem. Commun., 2017, 8, 823-840

thiadiazolopyrimidone derivative

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c7md00015d

Published on 09 February 2017. Downloaded by RSC Internal on 06/06/2018 11:49:51.

View Article Online

MedChemComm Review
Table 3 Non-nucleotidic inhibitors of NPP1
Inhibitor Substrate Enzyme K; (uM) Inhibition type  Selectivity Ref.
Polysulfonates
Reactive blue 2 ATP Human, 0.52 Not defined Selective vs. NTPDase1-3, but 60
membrane-bound non-selective vs. P2 receptors, vs. NPP3
Human, soluble  0.141 Noncompetitive and vs. eN 53
p-Nph-5-TMP Human, soluble  0.198 Noncompetitive 53
p-Nph-5-AMP Human, soluble  0.176 Noncompetitive 53
[v-**PJATP®  Unspecified NPPs 12” Not defined 62
in rat C6 glioma
cells
Suramin ATP Human, 0.26 Not defined Selective vs. NTPDase1-3, but 60
membrane-bound non-selective vs. P2 receptors and NPP3
Human, soluble  0.780 Uncompetitive 53
p-Nph-5-TMP Human, 8.67" Not defined 92
membrane-bound
Human, soluble  1.07 Uncompetitive 53
p-Nph-5-AMP Human, soluble  1.03 Uncompetitive 53
[y-**P]ATP®  Unspecified NPPs  72° Not defined 62
in rat C6 glioma
cells
Polysaccharides
Heparin ATP Human, soluble  ca. 100” Competitive Non-selective vs. thrombin 63
p-Nph-5-TMP Human, soluble  ca. 1.0° Competitive 63
€AP,A° Unspecified rat 25 Competitive 54
NPPs
Polyoxometalates
[TiW;1C00,40]* ATP Human, soluble  0.00146 Noncompetitive Selective vs. NTPDasel-3, vs. NPP2-3, vs. 64
eN and vs. TNAP
Diverse heterocyclic compounds
PPADS [y-**P]ATP®  Unspecified NPPs 12° Not defined Non-selective vs. P2 receptors and vs. 62
in rat C6 glioma NTPDase1-3
cells
Oxadiazole derivative I P-NPPP Human, soluble  150-850 Noncompetitive Not determined 65
bis(p-NP)PY  Snake venom 100-1400 Noncompetitive Not determined 65
Oxadiazole derivative II p-Nph-5-"TMP Human, 1.9-5.5” Noncompetitive Not selective vs. NPP3 85
membrane-bound
Biscoumarin derivative Pp-NPPP® Human, soluble  50-1000 Noncompetitive Not determined 66
bis(p-NP)PY  Snake venom 8-1150 Noncompetitive 66
Triazole derivative bis(p-NP)PY  Snake venom 132-1164”  Not defined Not determined 86
Quinazoline derivative ATP Human, soluble  0.215° Competitive Selective vs. NTPDase1-3, vs. NPP3, vs. eN 53
Not described 0.0362-5.98” Not defined and vs. TNAP, but non-selective vs. hERG 87
p-Nph-5-TMP Human, 0.0593-0.110 Noncompetitive potassium channels 67
membrane-bound Competitive
Human, soluble  0.0642" 53
p-Nph-5-AMP Human, soluble  0.420" Competitive 53
Thioacetamide derivative =~ ATP Human, soluble  5.34-89.7 Competitive Selective vs. NPP2-3 68
P-Nph-5-TMP Human, soluble  0.00500-11.0 Competitive 68
p-Nph-5-AMP Human, soluble  14.9% Competitive 53
Thiazolobenzimidazolone ATP Human, soluble  0.467-0.981 Uncompetitive  Selective vs. NTPDase1-3, vs. NPP2-3, vs. 69
derivative eN and vs. TNAP
Isoquinoline derivative p-Nph-5-TMP Human, 0.36-2.81° Competitive Not determined 91
membrane-bound
Thiadiazolopyrimidone p-Nph-5-TMP Human, 0.31-2.26" Competitive Selective vs. NTPDase1-3 and -8, and vs. 92

derivative membrane-bound

NPP3

“ [y-**P]ATP: ATP with a radioactive phosphorus atom at y-position of the triphosphate. ? IC5, values. ¢ eAP,A: etheno-diadenosine diphosphate.
 bis(p-NP)P: bis(p-nitrophenyl) phosphate. © p-NPPP: p-nitrophenyl phenyl phospahte. This value was determined with the most potent deriva-
tive of quinazolines, SAR 03004 (see the structural formula in Fig. 7).>* ¢ This value was determined with the most derivative of thioacetamides,

PZB08513136A (see the structural formula in Fig. 7).

derivatives were reported to be weak inhibitors of snake
venom NPP1 vs. bis(p-NP)P as a substrate.’® Its mecha-
nism of inhibition has not been investigated. A series of
quinazoline derivatives were shown to be potent inhibitors
of human soluble/membrane-bound NPP1 vs. p-Nph-5-

This journal is © The Royal Society of Chemistry 2017

AMP, p-Nph-5-TMP or ATP as substrates, the best inhibi-
tor (represented in the Fig. 7) displaying an ICs, value of
36.2 nM vs. ATP as a substrate and a K; value of 59.3 nM
vs. p-Nph-5-"TMP as a substrate.>**”*” The quinazoline
scaffold displayed high selectivity vs. other ecto-
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nucleotidases like NTPDase1-3, NPP3, eN and TNAP,*” but
it showed high affinity binding to hERG (human ether-a-
go-go related gene) potassium channels, which precluded
their development as drugs due to expected cardiovascular
side effects.’” The inhibition mechanism of quinazoline is
still controversial. While Shayhidin et al. described a non-
competitive ~mechanism of enzyme inhibition for
quinazolines vs. p-Nph-5-TMP as a substrate,’
studies showed a competitive mechanism of inhibition vs.
p-Nph-5-AMP, p-Nph-5-TMP and ATP as substrates.’® Thio-
acetamide derivatives have been reported to be highly po-
tent inhibitors of human soluble NPP1 vs. p-Nph-5-TMP
as a substrate with a competitive mechanism of inhibi-
tion.®® However, this class of compounds displayed signifi-
cantly lower inhibitory potency when determined vs. ATP
as a substrate of NPP1.>*® The structure-activity relation-
ship (SAR) results obtained with p-Nph-5-TMP as a sub-
strate can be summarized as follows: i) two methoxy sub-
stituents in the terminal aryl group are important for the
inhibitory activity; ii) further modification on the central
linker (ie., elongation by a methylene unit on either side
of the linker or branching of the methylene group) led to
a loss in activity; iii) removal of the pyridine ring or the
nitrogen atom at position 4 as well as methylation of the
nitrogen atom at position 3 of the imidazopyridine ring
led to a loss in activity; iv) introduction of electron-
donating groups like a methoxy group at position 5 dra-
matically increased the inhibitory potency; v) introduction
of electron-withdrawing groups like halogen atoms at posi-
tion 6 or electron-donating groups like a methyl group at
position 7 led to a slight increase in potency; vi) replace-
ment of the imidazopyridine ring by adenine, hypoxan-
thine or xanthine structures led to a large increase in po-
tency. However, the most potent inhibitor in this series
vs. ATP as a substrate was derived from the
imidazopyridine scaffold with a methoxy group at position
5 (showing a K; value of 5.34 uM), represented in the
Fig. 7. This compound showed high selectivity vs. human
NPP2 and NPP3.°® Gao et al have recently developed
carbon-11-labeled thioacetamide derivatives as new poten-
tial positron emission tomography (PET) tracers for the
imaging of NPP1.%®

Recently, thiazolobenzimidazolone derivatives have been
identified as potent un-competitive NPP1 inhibitors with
K; values ranging from 0.467 to 0.981 pM vs. ATP as a
substrate.®® SAR studies showed that the cis-configurated
isomers (Z-form) at the ethene linker - which is
connected to the thiazolobenzimidazolone scaffold at posi-
tion 2 - were generally more potent than the trans-
configurated isomers (E-form), see Fig. 7. Moreover, the
oxygen atom of the furanyl substituent at the ethene
linker seems to serve as an important hydrogen bond ac-
ceptor. The introduction of electron-donating groups like
methyl or N,N-dimethylamino at the 5’-position of the fu-
ran ring decreased the inhibitory potency, while the intro-
duction of large electron-withdrawing bromine or iodine

our kinetic
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atoms at the same position significantly increased the in-
hibitory potency. The compound with a 5-iodofuranyl sub-
stituent showed the highest inhibitory potency with a K;
value of 0.467 uM vs. ATP as a substrate (represented in
the Fig. 7). This class of compounds exhibited high selec-
tivity vs. diverse human ecto-nucleotidases, including
NTPDasel-3, NPP2-3, eN and TNAP.* Interestingly,
thiazolo-benzimidazolones featured all properties required
for peroral drugs according to Lipinski's rule of five (mo-
lecular weight < 500 g mol™, number of hydrogen bond
donors < 5, number of hydrogen bond acceptors < 10
and logP value (logarithm of the partition coefficient be-
tween octanol and water) < 5).°2%%°° However, there is
still the requirement of improving the hydrolytic stability
of this scaffold.®” Very recently, a series of isoquinoline
derivative has been shown to act as competitive inhibitors
of human membrane-bound NPP1 vs. p-Nph-5-TMP as a
substrate, the best inhibitor displaying an ICs, value of
360 nM (represented in the Fig. 7).”" However, selectivity
data vs. other ecto-nucleotidases have not been provided.
The SAR studies showed that two methoxy groups at the
2- and 3-positions of the isoquinoline scaffold are impor-
tant for the inhibitory activity. The methylation at the 12-
position of the isoquinoline scaffold and at the 3'-position
of the indol substituent seems to increase the inhibitory
potency. Molecular docking of the isoquinoline derivatives
into a homology model of human NPP1 - based on the
crystal structure of mouse NPP1*> - showed an important
n-n interaction of the indolo[2,1-alisoquinoline structure
with Tyr340.°" Furthermore, a series of thiadiazolopyrimid-
one derivatives have been reported to be competitive in-
hibitors of human membrane-bound NPP1 vs. p-Nph-5-
TMP as a substrate, the best inhibitor displaying an ICs,
value of 310 nM (represented in the Fig. 7).°> SAR studies
indicated that a fluorine atom at position 6 of the
thiadiazolopyrimidone core as well as 3',5'-dimethyl substi-
tution of the aryl residue were important for the inhibi-
tory activity. Molecular docking studies using a homology
model of human NPP1 - the same model as for the iso-
quinoline derivatives - revealed that the carboxyl group at
position 7 and the fluorine at position 6 formed hydrogen
bonds with amino acid residues Asn277 and Leu290, re-
spectively. The thiadiazolopyrimidone scaffold additionally
formed two m-cation interactions with Lys278.°> The best
inhibitor in this series (represented in Fig. 7) showed
high selectivity vs. human NTPDases1-3 and 8 and moder-
ate selectivity vs. human NPP3.%?

Some of the non-nucleotidic inhibitors (e.g. reactive blue
2, suramin, heparin, PPADS and the thiazolobenzimidazolone
derivatives) are commercially available, while the others are
not. Comparison of inhibitory potencies of non-nucleotidic
inhibitors at different species is currently not possible, be-
cause data for different species versus the same substrate
are not available. The most potent NPP1 inhibitor de-
scribed to date, [TiW;;C004,]*” (PSB-POM141, K; = 1.46 nM
vs. ATP), which is highly selective for NPP1 vs. other ecto-
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nucleotidases represents a useful pharmacological tool for
in vitro and in vivo studies. The quinazoline derivatives are
the most potent competitive inhibitors of NPP1 (the most
potent one is (N-[2-[1-(6,7-dimethoxyquinazolin-4-yl)piperidin-
4-yllethyl] sulfuric diamide, SAR 03004) showing a K; value
of 215 nM) when tested vs. the natural substrate ATP.>
Since the quinazolines display high selectivity vs. other
ecto-nucleotidases but were found to bind to hERG chan-
nels, their use is limited to in vitro studies. The
thiazolobenzimidazolones derivatives possess high poten-
tial to be perorally applicable, however, their hydrolytic
stability will have to be optimized to allow broader
application.

In conclusion, non-nucleotide based inhibitors of NPP1
are structurally highly diverse and their inhibitory poten-
cies vary from moderate to high. In addition, they display
different mechanisms of inhibition and different selectivity
profiles vs. other target structures. Due to their drug-
likeness they may serve as lead structures for the further
development and optimization of novel NPP1 inhibitors as
drugs.

Compounds lacking NPP1-inhibitory
potency

According to Grobben et al. a series of P1 receptor antago-
nists (e.g. 9-chloro-2-(2-furanyl)-{1,2,4]triazolo[1,5-c]quinazolin-
5-amine (CGS15943) and 8-cyclopentyl theophylline (CTP)),
theophylline and a non-specific inhibitor of cAMP and cGMP
phosphodiesterases like 3-isobutyl-1-methylxanthine (IBMX)
were shown to be no inhibitors for the unspecified NPPs in
rat C6 glioma cells, when tested vs. [y-">P]JATP as a sub-
strate.®> Moreover, levamisole, a potent and selective inhibi-
tor of TNAP (tissue non-specific alkaline phosphatase), was
reported to be no inhibitor for the unspecified NPPs obtained
from rat heart by using p-Nph-5-TMP as a substrate.>” Addi-
tionally, two inorganic compounds such as sodium azide
(NaNj3;) and gadolinium chloride (GdCl;), which was reported
to potently inhibit NTPDases,”® were shown to be not potent
as inhibitors of unspecified rat NPPs vs. p-Nph-5-TMP as a
substrate.””

Substrate dependence of inhibitory
potency of competitive NPP1
inhibitors

Several competitive inhibitors of NPP1 were found to show a
moderate to strong substrate dependence of their inhibitory
potency. Heparin had shown significantly higher potency vs.
the artificial substrate p-Nph-5-TMP as compared to the natu-
ral substrate ATP (ca. 100-fold more potent with the artificial
substrate), see Fig. 7 and Table 3.°* Also, several nucleotidic
inhibitors of NPP1 (e.g. o,p-metADP, a,B-metATP, 2-MeSADP
and 2-MeSATP) had been found to be significantly less potent

This journal is © The Royal Society of Chemistry 2017
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when investigated vs. the natural substrate ATP as compared
to the artificial substrate p-Nph-5-TMP (see Fig. 6 and
Table 2).”' Moreover, the non-nucleotide-derived thio-
acetamides were discovered to be much more potent vs. p-
Nph-5-TMP as a substrate than vs. ATP (>100-fold difference,
see Fig. 7 and Table 3).°® Further systematic evaluation of
several nucleotidic inhibitors (including o,f-metADP, o,f-
metATP, 2-MeSADP, 2-MeSATP, dialADP and dialATP) as well
as non-nucleotidic NPP1 inhibitors (e.g. SAR 03004 (the most
potent quinazoline derivative), reactive blue 2, suramin,
PZB08513136A (the most potent thioacetamide derivative)
and [TiW;Co04]°” (PSB-POM141)) revealed significant differ-
ences in the determined K; values for competitive, but not for
non- and un-competitive inhibitors, depending on the
employed substrate, the artificial substrate p-Nph-5-TMP
or the natural substrate ATP.>® Surprisingly, when the new
artificial substrate p-nitrophenyl 5’-adenosine mono-
phosphate (p-Nph-5-AMP) was used instead of p-Nph-5-
TMP, the differences in the inhibition constants deter-
mined between the artificial and natural substrates were
no longer observed (R> = 0.9742 (p-Nph-5-AMP) vs. 0.5722
(p-Nph-5-TMP)).>?

Such substrate-dependent inhibitory potencies of competi-
tive enzyme inhibitors had been also noticed in several previ-
ous studies with various enzymes.®®”*7® For instance, cap-
topril, a competitive inhibitor of the angiotensin-I converting
enzyme (ACE), was shown to be significantly more potent
when the synthetic substrates N-[3-(2-furyl)acryloyl]-Phe-Gly-
Gly (FAPGG) or N-hippuryl-His-Leu hydrate (HHL) were used
instead of the natural substrate angiotensin-1.°*°* Such a dif-
ference in inhibitory potencies depending on the substrate
was also observed for NPP2 (autotaxin),”® which is an isoen-
zyme of NPP1, but preferentially hydrolyzes phospholipids
rather than nucleotides.**

A possible explanation for the observed discrepancy be-
tween assays obtained with p-Nph-5-TMP as compared to the
natural substrate ATP might be that p-Nph-5-TMP may act as
an allosteric modulator in addition to being a substrate (see
Fig. 8). A previous study with another nucleotide-
metabolizing enzyme, bacterial UDP-N-acetylglucosamine
2-epimerase, described such an allosteric modulation by its
substrate UDP-N-acetylglucosamine.”” The binding of p-Nph-
5-TMP to its allosteric binding site which may be near or
even distant from the active site, may modulate the confor-
mation of the active site, so that competitive inhibitors would
then interact better with the active site resulting in increased
affinity and accordingly in increased inhibitory potency
(Fig. 8). This hypothesis remains to be examined in future
studies.

Since p-Nph-5-TMP is still frequently used as an artificial
substrate for high-throughput screening, it is necessary that
the identified hit compounds are subsequently retested with
the natural substrate ATP. Alternatively, the new artificial
substrate p-Nph-5-AMP - which is, however, currently not
commercially available yet - may be applied instead of
p-Nph-5-TMP for high-throughput screening.
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Potential therapeutic applications of
NPP1 inhibitors

Bone mineralization and soft-tissue calcification

The main physiological function of NPP1 appears to be bone
mineralization. In this context, vascular smooth muscle cell
calcification has also been observed.”*?®'°> As shown in
Fig. 9, NPP1 produces diphosphate (PP;) by hydrolysis of ATP,
and PP; can be further converted to monophosphate (P;) by
tissue non-specific alkaline phosphatase (TNAP). Subse-
quently, monophosphate binds to extracellular calcium to
form a tissue mineralization matrix, hydroxyapatite (HA,
Ca,((PO,)s(OH),), which facilitates both, bone mineralization
and soft-tissue calcification.>®**® Further feedback response
exists to prevent ectopic mineralization; PP; acts as an inhibi-
tor of HA formation, by inducing the expression of osteopontin
(OPN), a suppressor of tissue mineralization, and simulta-
neously it reduces the expression of osteocalcin (OCN) and
TNAP, enhancers of tissue mineralization, which together lead
to the suppression of HA crystal precipitation and
growth.'**'% Several phenotypes of NPP1 knock-out mice with
respect to bone mineralization and soft-tissue calcification
have been described so far. They were hybrids of C57BL/6 x
129/J mouse strains.'**'” NPP1”~ mice displayed spontaneous
calcification of soft-tissue, particularly vascular cells and artic-
ular cartilage.”**'*"'%  Furthermore, the skull-bones of
NPP1 " mice have been reported to be hyper-calcified, and
calvarial osteoblasts derived from NPP1”~ mice reveal a de-
creased extracellular PP; concentrations that is associated with
hyper-calcification."® This phenotype could be rescued by
transfection with NPP1 but not with NPP3, which demon-
strated the isoenzyme specificity of this effect.'*® Additionally,
the ectopic calcification of soft-tissue could be also normalized
by double knockouts for NPP1 and TNAP.'”” NPP1-null mice
also showed significant defects in long-bone mineralization,
characterized by reduced trabecular bone mass and cortical
thickness of both the femur and tibia.'”" Recently, Nam et al.
reported that NPP1 expression is also critical for osteoblast
and chondrocyte differentiation, independently of its catalytic
activity.'®® That may be the reason why NPP1~~ mice display
moderate to severe hypo-mineralization in the long bones.

Calcium pyrophosphate dihydrate deposition (CPPD) disease

Increased expression of NPP1 in the chondrocytes, which is
age-related, leads to the over-production of diphosphate

allosteric binding site
for p-Nph-5'-TMP ‘7\ l_| active site
v

allosteric binding

of p-Nph-5'-TMP modulation
—_— —_—
o
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(PP;), see Fig. 10. Since the enzymatic activity of TNAP is lim-
ited, the excessive amounts of the formed diphosphate can
react with the extracellular calcium, which leads to a forma-
tion of nearly in-soluble calcium diphosphate. Gradually, this
calcium salt can accumulate in joints and cartilages,
resulting in the so-called calcium pyrophosphate dihydrate
deposition (CPPD) disease, which can result in inflammatory
arthritis and joint pain.'®'°>'%® Therefore, NPP1 inhibitors
have been suggested as novel drugs for the treatment of
CPPD diseases.®*>%® However, as described in the section
above, NPP1-null mice display spontaneous calcification of
soft-tissue, and moderate to severe hypo-mineralization in
the long bones. Thus, NPP1 inhibitors may be effective for
the treatment of CPPD disease, but chronic application may
be limited by their moderate to severe undesired side effects
in bones and soft-tissues.

Diabetes mellitus type 2

A role of NPP1 in insulin receptor signalling has been
reported.>>'°''* Elevated NPP1 expression was found in der-
mal fibroblast cultures from patients with non-insulin-
dependent diabetes mellitus type 2.''° Moreover, an
overexpression of NPP1 has been reported to result in defec-
tive insulin-stimulated insulin receptor (IR) autophosphoryl-
ation in type 2 diabetes patients.’® Transgenic mice that
overexpressed NPP1 in different tissues were insulin resistant
and diabetic.''® Abate et al. reported that NPP1 binds directly
to the a-subunit of the insulin receptor (Fig. 11)."*> This
interaction inhibits further signalling by decreasing its
B-subunit autophosphorylation which finally leads to the de-
sensitization of the insulin receptor and the occurrence of in-
sulin resistence.*>'"* It is well accepted that NPP1 inhibition
of the insulin receptor is independent of the phosphodiester-
ase activity of NPP1, and its regulation of the insulin receptor
results from simple protein-protein interaction.’®'>1¢
Moreover, the polymorphism K121Q of NPP1 was found to be
associated with insulin resistance in some human
populations.””**! However, these findings were not consis-
tently observed in some other populations.’?>™*** The pheno-
type Q121 of NPP1 was found to have a stronger physical
interaction in vitro with the insulin receptor than the more
common phenotype K121 of NPP1.'%® This K121 residue has
been reported to be located in the SMB2 domain of NPP1,
therefore, this domain probably represents the binding site
for the interaction with the insulin receptor.”*> Recently, an

v~
Y

enzyme

active site

‘/‘7

[ competitive inhibitor §/ p-Nph-5-TMP

Fig. 8 Hypothetical model of allosteric binding of p-Nph-5'-TMP. The artificial substrate p-Nph-5-TMP acts as an allosteric modulator in addition

to being a substrate.
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Fig. 9 Physiological role of NPP1 in bone mineralization and soft-tissue calcification, modified from Stefan et al.’® Red minus: negative feedback

of diphosphate (PP;).

Fig. 10 The calcium pyrophosphate dihydrate deposition (CPPD) disease by increased expression of NPP1 in the condrocytes, modified from

Stefan et al.*°

animal study, in which NPP1 was knocked down with siRNA,
showed that this greatly increased insulin-stimulated phos-
phorylation of tyrosine kinase in HuH7 human hepatoma
cells."®” This study indicated that NPP1 malfunction may be
helpful to treat type 2 diabetes mellitus. However it is still un-
known, whether NPP1 inhibitors are useful for diabetes treat-
ment, since the phosphodiesterase activity of NPP1 is not re-
quired for stimulating the insulin receptor. This remains to
be clarified in future studies by investigating structurally di-
verse competitive and allosteric inhibitors.

extracellular

cellmembrane

intracellular

Fig. 11 Binding of NPP1 to the insulin receptor, modified from Abate

et al'*?

This journal is © The Royal Society of Chemistry 2017

Brain cancer and cancer immunotherapy

NPP1 expression has been reported to be increased in neural
brain tumors, e.g. in membranes of rat C6 glioma cells,'*®
human astrocytic brain tumors,"”® and human glioblastoma
stem-like cells,”** and its expression level was closely related
to the aggressiveness of astrocytic brain tumors."** %! NPP1
has also been reported to be expressed in N2a mouse neuro-
blastoma cells, its expression level substantially changing
with cells differentiating into a neuronal-like phenotype.™*
Lentiviral shRNA-knockdown of NPP1 expression in a human
glioblastoma cell line (NCH421k cells) reduced cell prolifera-
tion, increased accumulation of cells in the G1/G0 cell cycle
phase and induced cell death.'*® The mechanism for this ef-
fect may be based on the increased activation of cell apopto-
sis inducing P2X; receptor activation owing to the accumula-
tion of un-degraded ATP (the main substrate of NPP1) by the
knockdown of NPP1 function (see Fig. 12)."** Furthermore,
the reduced production of extracellular adenosine by a block-
ade of NPP1 function may also reduce the adenosine induced
angiogenesis as well as cell proliferation and differentiation
by stimulating P1 receptors.>'** Thus, NPP1 inhibitors may
have antineoplastic effects on neuronal tumor cells.

Many previous studies have demonstrated that the pres-
ence of inflammatory infiltrate is involved in tumor progres-
sion.**'3* particularly in gliomas, the presence of inflamma-
tory infiltrate is closely correlated with the tumor malignancy
grade.”*® One of the most important immunosuppressive
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regulatory pathways is the phosphohydrolysis of extracellular
ATP to adenosine by the high levels of ecto-nucleotidase
expressed by tumour cells (e.g. CD39, NPP1 and CD73), which
are therefore possible novel targets for cancer immunother-
apy."*” Since the expression of CD39 has been reported to be
negligibly low in gliomas,'*® and meanwhile the expression
of both NPP1 and CD73 has been shown to be increased in
gliomas,?*1*%13% the NPP1/CD73 pathway, not the CD39/
CD73 pathway, may be the immunosuppressive regulatory
pathway in many glioma cells. ATP is massively released in
the tumor microenvironment by stressed, damaged or dying
cells."®* Together with ecto-5"-nucleotidase (CD73) NPP1 can
hydrolyze ATP via AMP to produce immunosuppressive aden-
osine (see Fig. 12),"*” which is a critical regulator of both in-
nate and adaptive immune responses by stimulating
G-protein coupled P1 receptors (Ayx- and A,y receptors).' %4
Adenosine inhibits phagocytosis of macrophages and neutro-
phils, T- or B cell receptor (TCR or BCR) triggered NF-kB acti-
vation, and production of a series of cytokines like
interleukin-2 (IL-2), interleukin-4 (IL-4) or interferon-gamma
(INF-y) in diverse immune cells (e.g. natural killer T (NKT)
cells, dendritic cells (DCs) and T lymphocytes).'**4°44 1n
addition, extracellular adenosine promotes regulatory T cells
(Tyeg cells, CD4"), which leads to a drastically impaired anti-
tumor immune response.'**'*> Contrary to adenosine, extra-
cellular ATP is a proinflammatory signal molecule.” ATP
serves as a ‘find-me’ signal for the recruitment of DCs (den-
dritic cells), monocytes and macrophages (“chemotaxis”),
which present tumor antigens and thereby further participate
in the immune response against the cancerous lesion.'*® ATP
also activates NLRP3 (NACHT, LRR and PYD domains-
containing protein 3) inflammasome, a multiprotein complex
that triggers caspase-1 activation and secretion of the cyto-
kines (e.g. interleukin-1b (IL-1b) and IL-18), important activa-
tors of innate and adaptive immune responses.’*>'*® In the
tumor microenvironment, tumor-derived DNAs (likely re-
leased by dead cells) can access to the cytosol of intratumoral
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dendritic cells (DCs) and activate cGAS (2',3"-cGAMP
synthase) in DCs to generate 2',3"-cGAMP, which leads to the
activation of STING.'” Subsequently, STING promotes the
production of type I interferons (e.g. interferon o, interferon
B), which facilitates the innate immunity by activating cyto-
toxic T cells (CD8")."*"'*® NPP1 can also hydrolyze 2',3"-
cGAMP (see Fig. 12).***7° The activation of STING by 2',3"-
¢GAMP occurs in the intracellular space, but its hydrolysis
has been proposed to take place in the extracellular space by
the extracellular membrane-bound NPP1.*® It appears likely
that there is a specific transporter to import and export for
2',3"-cGAMP through the cell membrane, as observed for
other nucleotides.*®

The blockade of NPP1 can increase the concentration of
ATP and 2',3"-cGAMP, but at the same time it can decrease
the concentration of adenosine by reducing the concentration
of its precursor AMP (Fig. 12). This all can lead to an en-
hancement of the immune response in the body. Therefore,
NPP1 could be a promising target for cancer immunotherapy,
especially in gliomas.

Conclusions

NPP1 is of increasing interest as a potential therapeutic tar-
get for diabetes mellitus and cancer, including brain cancers.
NPP1 inhibitors are also expected to activate the immune re-
sponse. In the last two decades significant advances have
been made in the development of NPP1 inhibitors. The data
collected in the present review article demonstrate the cur-
rent state of the development of NPP1 inhibitors and pave
the way to gain novel and drug-like inhibitors for human
NPP1, which have potential as future drugs. Furthermore,
this review article highlights the discrepancy of the inhibitory
potencies determined in different assays; very different po-
tencies may be measured with the frequently used artificial
substrate p-Nph-5-TMP in comparison to the natural sub-
strate ATP. Therefore, we recommend particularly for

{T} NPP1 ( \ CD73 ( )
AMP |:> Ado

apoptosis of tumor cells

Y

ATP f\ mm) chemotaxis of macrophages, 1
\ neutrophils and DCs

activation of NLRP3 inflammasome

angiogenesis ‘
t proliferation and differentiation ‘
LN ’ of tumor cells

p
@0 § ) s activation of T,,, cells JJ
/

\ phagocytosis of macrophages 1t
l and neutrophils
activation of NKT cells, DCs and B- and T-cells t

y
Q’,?a"-cGAMP 1) mmp activation of STING 1§ mm) activation of CD8* cells 1

Fig. 12 NPP1 inhibitors for the potential treatment of (brain) cancer. CD73, ecto-5'-nucleotidase; Ado, adenosine; NKT cells, natural killer cells;
DCs, dendritic cells; T,eq cells, regulatory T cells (CD4"); NLRP3 inflammasome, NACHT, LRR and PYD domains-containing protein 3.
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investigating competitive inhibitors the re-evaluation of the
initial screening results obtained with p-Nph-5-TMP as a sub-
strate by using ATP as a substrate, and the use of the new ar-
tificial substrate p-Nph-5-AMP instead of p-Nph-5-TMP for
high-throughput screening.
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