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Abstract

Tuberculosis

Human [TPase (encoded by the ITPA gene) is a protective enzyme which acts to exclude noncanonical (deoxy)
nucleoside triphosphates ((d)NTPs) such as (deoxy)inosine 5™-triphosphate ((d)ITP), from (d)NTP pools. Until the last
few years, the importance of ITPase in human health and disease has been enigmatic. In 2009, an article was
published demonstrating that [TPase deficiency in mice is lethal. All homozygous null offspring died before
weaning as a result of cardiomyopathy due to a defect in the maintenance of quality ATP pools. More recently, a
whole exome sequencing project revealed that very rare, severe human /TPA mutation results in early infantile
encephalopathy and death. It has been estimated that nearly one third of the human population has an [TPA status
which is associated with decreased [TPase activity. [TPA status has been linked to altered outcomes for patients
undergoing thiopurine or ribavirin therapy. Thiopurine therapy can be toxic for patients with /TPA polymorphism,
however, ITPA polymorphism is associated with improved outcomes for patients undergoing ribavirin treatment.
ITPA polymorphism has also been linked to early-onset tuberculosis susceptibility. These data suggest a spectrum of
[TPA-related disease exists in human populations. Potentially, /TPA status may affect a large number of patient
outcomes, suggesting that modulation of ITPase activity is an important emerging avenue for reducing the number
of negative outcomes for [TPA-related disease. Recent biochemical studies have aimed to provide rationale for clinical
observations, better understand substrate selectivity and provide a platform for modulation of [TPase activity.
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Background

Inosine triphosphate pyrophosphatase (ITPase) has a
critical role in sanitizing nucleotide pools by removing
(deoxy)nucleoside triphosphates ((d)NTPs) containing
noncanonical purines [1-7]. ITPase is a pyrophosphohy-
drolase and converts noncanonical purine (d)NTPs, such
as (deoxy)inosine 5'-triphosphate ((d)ITP), into their
corresponding nucleoside monophosphate ((d)NMP); re-
leasing pyrophosphate (PP;) [8] (Fig. 1). Noncanonical
purine (d)NTPs spontaneously arise in cells. In the pur-
ine biosynthesis pathway, phosphorylation of inosine
5’-monophosphate (IMP), a precursor to adenosine 5’-
monophosphate (AMP) and guanosine 5’-monopho-
sphate (GMP), can produce both ITP and dITP [9, 10].
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Additionally, oxidative deamination of adenine contain-
ing nucleosides/nucleotides or deamination of guanine
containing nucleosides/nucleotides results in the for-
mation of inosine containing nucleosides/nucleotides
[11]. In general, evidence supports that ITPase, and its
orthologs, prevent the accumulation of noncanonical
purine (d)NTPs and are conserved throughout the
three domains of life and are even found in viruses [2—
4, 12-16]. Research with bacterial, yeast and murine
systems has demonstrated that ITPase deficiency and/
or polymorphism can result in sensitivity to noncanoni-
cal purines, increased mutation rates, delayed cell cycle
progression, DNA damage and chromosomal abnor-
malities such as double-strand breaks [17-21].

ITPase is expressed in all major adult human tissues
[5]. Results from Northern blot and ¢cDNA microarray
data indicate the highest expression is in the heart, liver,
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Fig. 1 [TPase reaction scheme

thyroid and thymus [5]. Likewise, mouse Itpa is
expressed in all major tissues, however the highest ex-
pression levels were found to be in the testis, brain and
thymus [22]. Mouse Itpa expression is driven by a
TATA-less promoter which has characteristics that
suggest it is a ubiquitously expressed housekeeping
gene whose expression can be amplified under certain
conditions [22].

Studies in a mouse model suggest that the role of
ITPase is highly pronounced in cardiac tissues [6]. Car-
diomyopathy in ITPase knock-out mice appears to result
from the accumulation of ITP in the nucleotide pools
and subsequent utilization of the contaminated pool.
Analysis of the nucleotide content of total heart RNA re-
vealed high levels of IMP which were roughly equivalent
to 1 % of the AMP level whereas IMP was undetectable
in wild-type total RNA samples [6]. Similarly, increased
levels of dIMP were observed in DNA harvested from
embryos deficient in [TPase [18]. The structural similar-
ities between adenine, guanine and hypoxanthine (hypo-
xanthine is the nucleobase of ITP) (see Fig. 2), make it
plausible that ITP can act as an improper substrate and
replace canonical nucleotides in some processes. One
study has shown that actomyosin binding of ITP in place
of ATP reduces the shortening velocity and rate of force
recovery and results in disordered striation during acti-
vation [23]. Therefore, an increase in ITP levels could
affect actomyosin function, leading to disorganization of
sarcomere structure in the developing heart. It is likely
that the accumulation of (d)IMP in heart nucleic acids
leads to the production of DNA lesions, defective pro-
teins, nonfunctional RNAs and reduced cell proliferation
[6, 18]. Because organ development among mammals is
very similar [24], these observations should be highly
relevant to humans. The critical role for ITPase in the
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heart is underscored by the observation that the heart is
among the four tissues with the highest /TPA expression
in humans [5].

For any cell in any organism one can imagine that
genetic polymorphism could modulate purine metabol-
ism and alter the amount of: hypoxanthine entering the
purine salvage pathway, IMP produced from de novo
purine biosynthesis, or phosphorylation/reduction of
IMP to (d)ITP [25]. In any of these cases, proper func-
tion of ITPase would be vital to insure that inosine is ex-
cluded from the nucleic acids and nucleotide pools.
Concurrent polymorphism in ITPase may lead to pleio-
tropic outcomes such as DNA damage, interference with
gene expression and RNA function, and altered activity
for nucleotide binding proteins [6, 17]. Additionally, it is
possible that conditions which exacerbate nitrosative
stress, such as inflammation, would result in increased
deamination of adenine and guanine containing nucleo-
sides and nucleotides; resulting in increased concentra-
tions of (d)ITP [26]. Support for these ideas stem from
data we published in 2012 showing that perturbation of
purine metabolism in Escherichia coli leads to substan-
tial incorporation of (deoxy)inosine in nucleic acids [17].
Furthermore, an association between ITPA polymorph-
ism and mitochondrial dysfunction has been reported,
suggesting nucleotide imbalances may alter mitochon-
drial function [27]. Altogether, ITPase is an essential
protector of homeostasis in the cell, and most likely
reduces the occurrence of genome instability, cancer,
ageing, and disease in humans.

Below I will summarize several recent studies concern-
ing ITPase biochemistry and clinical outcomes associ-
ated with ITPA polymorphism or mutation. The goal of
this review is to: (1) strengthen the connection between
basic science and clinical studies; (2) summarize the
many disparate clinical outcomes that have recently
been linked to ITPA polymorphism/mutation; (3) argue
in favor of viewing ITPA variation as a disease spectrum;
and (4) suggest rationale for modulation of I'TPase activity
in an effort to reduce the number of negative outcomes
for ITPA-related disease.
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Fig. 2 Structure of purine bases. Hypoxanthine is the nucleobase of inosine
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Biochemistry

ITPase is a pyrophosphohydrolase that excludes nonca-
nonical purines from the (d)NTP pools by hydrolyzing
the acidic anhydride bond between the alpha and beta
phosphates of the incoming (d)NTP (Fig. 1) [8, 28, 29].
A key step in the enzyme mechanism appears to be sub-
strate binding, and ITPase only has high affinity for
NTPs containing noncanonical purines (ITP, dITP and
xanthosine 5'-triphosphate) [2, 5, 8]. Tight binding of
the noncanonical nucleobase in the nucleobase binding
pocket of the enzyme allows proper alignment of distal
catalytic residues to catalyze hydrolysis of the phosphoan-
hydride bonds, while interactions with NTPs containing
canonical bases result in improper alignment of the pro-
posed catalytic residues and the scissile phosphoanhydride
bond, and a much lower rate of catalysis [2—4].

ITPase is an a/p homodimeric protein [4]. Each mono-
mer consists of 194 amino acid residues and the protein
forms a 45 kDa dimer [5]. The protein has a central
elongated mixed -sheet which forms a platform to sup-
port two globular lobes [4]. ITP binds in a cleft, between
the lobes, adjacent to the dimer interface. The specificity
pocket is buried deep within the dimerization lobe of
each monomer while the catalytic site is toward the per-
iphery, close to the dimer interface in the N-terminal lobe
[4]. Catalysis requires Mg”* [28, 30], and is thought to
occur via acid-base chemistry [3, 4], although the specific
mechanism has not been elucidated. Maximal activity has
been observed with alkaline pH and in the presence of
reducing agent such as dithiothreitol (DTT) [5, 28] (see
reference [7] for a review of biochemical studies).

ITPase does not discriminate between the ribose and
deoxyribose carbohydrate moiety, and hydrolyzes phos-
phoanhydride bonds in noncanonical NTPs and dNTPs
with equal activity [2, 5]. One study has reported strong
positive cooperativity for the E. coli ITPase ortholog,
RdgB [13], however, cooperativity has not been reported
elsewhere. Human ITPase is competitively inhibited by
inosine 5'-diphosphate, but not NMPs or any nucleoside
tested [8]. Interestingly, strong substrate inhibition
has been observed in multiple studies using purified
ITPase in the presence of elevated levels of ITP or
dITP [2, 5, 28]. The enzyme has also been shown to
be inhibited by Cd**, Co®* and Ca** ions [29].

ITPase has been studied for over 40 years [28], how-
ever, the mechanism employed by ITPase to discriminate
between canonical and noncanonical (d)NTPs is not
fully understood. X-ray crystal structures of the protein-
substrate complex have been solved [3, 4], and several
evolutionarily conserved residues have been shown to
govern substrate selectivity [31], but rigorous bio-
chemical validation of the predictions have not been
performed. The ITPase substrate specificity pocket is
shown in Fig. 3.
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Fig. 3 Model of [TPase substrate binding pocket. CPK coloring. Hx,
hypoxanthine base of inosine; R, sugar (ribose) ring. Dashed lines
indicate putative hydrogen bonds. Image reproduced from

reference [31] with permission

An initial site-directed mutagenesis screen of the sub-
strate specificity pocket supported several assertions
based on the crystal structure [4, 31]. Experimental de-
sign of this screen allowed differences in specific activity
to reflect differences in Ky; and provide surrogate mea-
surements of substrate binding [31]. Based on these
measurements it seems that [TPase favors NTPs con-
taining electronegative atoms at the 6-position, such as
ITP and GTP over NTPs containing electropositive
atoms such as the 6-position amine of ATP. Indeed, x-
ray crystallography data suggest that three binding
pocket residues have potential for making favorable
hydrogen bonding interactions with the electronegative
6-postion carbonyl of ITP or GTP [4], however, biochem-
ical data indicates Arg-178 as the most crucial residue for
this discrimination [31]. X-ray data places Arg-178 within
3 A (hydrogen-bonding distance) of both the 6-positon
carbonyl oxygen and 7-position ring nitrogen atoms of the
nucleobase in ITP. In this position Arg-178 would form
favorable hydrogen bond interactions with ITP or GTP,
but not ATP, which may account for its essential role in
ITP detoxification and substrate selectivity [4]. Add-
itionally, mutation of Arg-178 to alanine, or even the
conservative arginine to lysine substitution (R178K),
prohibits complementation of ITPase defects in E. coli
in two in vivo tests. Hence, Arg-178 has been classified
as essential for ITPase activity [31]. A substitution to
cysteine at this position was identified in a patient
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suffering from infantile encephalopathy [32] and will be
discussed below.

The ITPase nucleobase binding pocket adopts a topog-
raphy that is exquisitely complementary to the incoming
hypoxanthine base of ITP [3, 4]. While the mechanism
for discrimination against adenine containing nucleo-
tides lies primarily in hydrogen bonding capacity, dis-
crimination against guanine containing NTPs appears to
be governed by steric hindrance [4, 31]. Phe-149 is the
major determinant for excluding GTP from the binding
pocket. Mutation to alanine results in a roughly 6-fold
increase in hydrolysis of GTP, and a lower level of com-
plementation for ITPase defects in E. coli. Phe-149 is po-
sitioned in close proximity to the 2-positon ring carbon
of the nucleobase. In GTP, this position is bonded to an
exocyclic amine, which is absent in ITP. Thus Phe-149
actively excludes GTP from entering the binding site,
and prevents proper alignment of the catalytic residues
with the scissile phosphoanhydride bond [4, 31]. Overall,
site-directed mutation experiments indicate that modifi-
cations which cause slight enlargements of the nucleo-
base binding site, reduce the level of discrimination
afforded by the enzyme.

To date, ITPase biochemistry remains understudied;
however, some advances have been made concerning
substrate selectivity [31] and a clinically relevant variant
[33-35]. Knowledge gaps exist in the biochemical under-
standing of ITPase and its specific role in purine metab-
olism [36]. For example, it is unknown if ITPase has
protein-binding partners, if the enzyme is posttransla-
tionally modified, or if it is allosterically regulated. Add-
itionally, the role of substrate inhibition [2] in cellular
function is vastly unknown and may serve to modulate
the intracellular concentration of ITP, IMP or even in-
osine. Support for this idea lies in the discrepancy
among data obtained from assays using either purified/
recombinant ITPase or whole-cell extracts. For example,
Bakker et al. found that ITPase is not subject to

Table 1 Clinically relevant /TPA polymorphism
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substrate inhibition when erythrocyte cell extracts are
used as the protein source [37], whereas enzymology
studies using purified/recombinant ITPase as the source
of protein reported substrate inhibition [2, 5, 28]. Taken
together, these results hint that the level of substrate in-
hibition for ITPase may be modulated in vivo. Overall, a
better understanding of substrate inhibition may serve
as a fruitful avenue for therapeutic modulation of ITPase
activity (see below). Importantly, for one clinically signifi-
cant variant, ¢.94C > A (p.Pro32Thr), a clear biochemical
rationale for decreased enzyme activity is known (see
below) [33-35].

Clinically relevant ITPA variants/mutants

Over the last decade the pharmacogenetic significance
of ITPA variation has been established. In humans, at
least thirty polymorphisms have been identified in the
ITPA gene [32, 38—-44]. To date, seven of the variants
have been shown to be clinically relevant (see Table 1)
[32, 40-42, 44]. Multiple reports have demonstrated that
ITPA status affects outcomes of hepatitis C treatment
[45, 46] and thiopurine therapy [36, 47]. Additionally,
ITPA mutation has been shown to cause early infantile
encephalopathy [32] and variation has been linked to
young-onset tuberculosis susceptibility [44]. Therefore,
the spectrum of phenotypes related to ITPA status is full
range and spans improved therapeutic outcomes to in-
fantile death.

In 2004 it was estimated that about 5 % of the world
population harbors the ¢.94C>A (p.Pro32Thr) ITPA
variation with the highest penetrance, 14 to 19 %, in
Asian populations [48]. Since then several more poly-
morphisms have been identified [32, 40, 44] (see Table 1)
and recent reports suggest that nearly a third of the
population may harbor /TPA polymorphism that is asso-
ciated with decreased ITPase activity [49-51]. In fact,
even heterozygous variation which results in overall
ITPase activity that is 60 % of the homozygous wild-type

Location SNP ID variation biological significance Clinical Reference
significance
c94C > A (p.Pro32Thr) rs1127354 SNP reduced expression, stability, catalysis ADR [40]
c124+21A>C rs7270101 SNP poor splicing efficiency ADR [40]
€.264-607_295 + 1267del 1906 NA deletion 1,874 bp deletion, frameshift, nonfunctional encephalopathy  [32]
protein

€.359_366dupTCAGCACC 1s863225424 duplication Frameshift, nonfunctional protein encephalopathy  [32]
(p.Gly123Serfs)

452G > A (p.Trp151Stop) NA nonsense  Nonsense RNA-mediated decay encephalopathy  [32]
c532C>T (p.Arg178Cys) NA SNP Altered substrate specificity, poor solubility® encephalopathy  [32], NEB?
g.19176G > A rs13830 SNP 3'UTR variation; altered mRNA metabolism/ TB susceptibility [44]

translation

ADR adverse drug reaction, NA not available
“unpublished results
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level can be clinically significant [49, 51-54], however,
pathological mutations are very rare [32].

Genotype status can result in a varying degree of re-
duction in ITPase activity. Most studies have focused on
ITPase activity in erythrocytes for the more common
polymorphisms, ¢94C>A (p.Pro32Thr) and c.124 +
21A>C, and the results between studies are in good
agreement [38—40]. For example, in Caucasian popula-
tions, the ¢.94C > A (p.Pro32Thr) polymorphism results
in severe reduction of ITPase activity and the mean ac-
tivity for heterozygous individuals is about 25 % of the
wild-type levels while homozygous individuals retain less
than 1 % of the wild-type levels [39]. The c.124 + 21A >
C variant results in a more moderate reduction in
ITPase activity, and heterozygotes retain about 60 % of
the wild-type levels while homozygous individuals retain
about 30 % of the wild-type levels. Consequently,
¢.94C > A (p.Pro32Thr) and c¢.124 + 21A > C compound
heterozygosity results in severe reduction of ITPase ac-
tivity and these individuals retain about 8 % of the wild-
type levels [39]. It is important to underscore that these
data are obtained from erythrocytes, and that the level
of activity observed may be different for different cell
types within the same individual.

ITPA variation/mutation: effects on protein structure and
expression

Clinically relevant ITPA variants are listed in Table 1. Of
the seven variants, four are single nucleotide substitu-
tions, one a nonsense mutation, along with a duplication
and a deletion. The later three instances are very rare
and can be considered mutations as opposed to variants.
These three mutants were identified in a cohort of
homozygous patients suffering from infantile encephal-
opathy [32]. These mutants are predicted to have the
greatest effect on protein structure/function by changing
the length of the 194 residue protein and most likely re-
sult in a nonfunctional protein. The nonsense mutation
(452G > A) introduces a premature stop codon at amino
acid position 151, resulting in a C-terminal truncated pro-
tein, which would lack the highly conserved specificity
pocket containing the SHR signature sequence at positions
176-178. For the duplication mutant (c.359_366dupTCAG-
CACC), an 8 bp duplication is introduced which results in
a frameshift starting at amino acid positon 123. This muta-
tion is predicted to produce a 225 amino acid polypeptide
with altered amino acid sequence. Concerning the deletion
mutation (c.264-607_295 + 1267del), a deletion of 1,874
base pairs was identified which completely spans exon 5
and is predicted to result in an out of frame transcript.
ITPase activity in erythrocyte or fibroblast cells derived
from patients homozygous for each of these three muta-
tions was severely diminished, indicating significant loss of
activity for the protein [32].

Page 5 of 13

Of the four single nucleotide variants/mutants that are
clinically relevant, two affect protein structure. Among
these the ¢.94C > A (p.Pro32Thr) variant is the most
studied. This common point mutation is thought to
affect the protein in three different ways: decreased ex-
pression of the full length transcript, reduced catalytic
activity and decreased stability [33-35, 55]. This vari-
ation has been shown to alter mRNA splicing events
such that exon 2 and 3 are misspliced; an activity which
presumably results in a nonfunctional protein. While
this missplicing event happens in wild-type cells to some
extent, the level of missplicing increases over three-fold
for homozygous variants [55]. Additional studies have
shown that substitution of proline with threonine at pos-
ition 32 results in a protein with nearly two-fold less
catalytic activity and reduced stability [33-35]. This pos-
ition in the polypeptide chain is located in an exterior
loop that is adjacent to the protein-dimer interface and
close to residues that are thought to be involved in en-
zyme catalysis [3, 4]. Proline at this position is thought
to have a role in restricting flexibility of the external
polypeptide chain, which reduces ability of solvent to
infiltrate the protein interior and helps maintain proper
positioning of catalytic residues [33, 34]. Hence, this
single nucleotide polymorphism (SNP) results in poor
expression of an unstable, catalytically compromised
protein.

The ¢.532C > T (p.Argl78Cys) mutant is very rare and
has been recently identified in a patient suffering from
infantile encephalopathy [32]. Arg-178 is a highly con-
served position in the ITPase structure and is one of the
residues that form the SHR signature sequence for
ITPase. It is thought to have a major role in substrate se-
lectivity as it is postulated to interact with the nucleo-
base of incoming (d)ITP at two positions [4] (see above).
This particular variant has been predicted to result in a
nonfunctional protein by multiple software programs
[32]. Additionally, a site-directed mutagenesis study has
identified this position as essential for ITPase activity
both in vitro and in vivo [31].

The two additional single nucleotide variants do not
affect protein structure. The common c.124 +21A>C
variant is an intronic substitution that prevents the ca-
nonical spliceosome reaction [55]. Substitution of aden-
ine at this position is thought to destroy the preferred
branch point in the splicing reaction, resulting in an
alternative splicing event that is less efficient, therefore
reducing expression of the ITPA gene [55]. The recently
identified g.19176G > A variant is also thought to alter
ITPA expression [44]. This particular variant is located
in the 3'-untranslated region (3'-UTR) of the ITPA tran-
script. It has been hypothesized that this variant affects
mRNA metabolism and/or translation resulting in a
higher level of ITPase expression [44].
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Clinical effects of ITPA variation/mutation

Role of ITPase in drug metabolism

ITPase is thought to have a direct role in metabolism of
thiopurine drugs [36]. Thiopurines such as azathioprine
and 6-mercaptopurine are prodrugs and require enzym-
atic bioactivation to undergo ribosylation and phosphor-
ylation to become the active nucleotide form. In the
active form, thiopurines are antimetabolites which act by
replacing guanosine containing nucleotides in physio-
logical processes. Hence, thiopurines can disrupt mul-
tiple biologic pathways such as DNA and RNA
metabolism, purine metabolism, and stimulate pro-
apoptotic pathways (see references [56, 57] for review).
One intermediate in this pathway, 6-thio-inosine 5'-tri-
phosphate (6-TITP), has a structure nearly identical to
ITP (see Fig. 4 for comparison of nucleobases). 6-TITP
has been shown to be a substrate for ITPase [36]. This
result suggests that the drug may enter a futile cycle of
phosphorylation by kinase enzymes to the triphosphate
form, and hydrolysis by ITPase back to the monopho-
sphate form. Therefore, the end result is that the [TPase
enzyme acts to reduce an intermediate in the pathway,
and subsequently the amount of active form of the drug
present in human cells (Fig. 5a).

Ribavirin is also activated by intracellular kinases to
form a nucleoside triphosphate (Fig. 5b) [52, 58]. In this
case, the ribonucleoside triphosphate becomes a sub-
strate for the replicative RNA-dependent RNA polymer-
ase and it is incorporated into the viral genome.
Incorporation into the viral genome is thought to lead to
chromosomal degradation and a reduced viral load for
the host. To date, ITPase has not been demonstrated to
have a direct role in ribavirin metabolism (although evi-
dence suggests it may [50]), however it is thought to
modulate overall nucleotide pools and ITPA status can
affect treatment outcomes as discussed below [52].

ITPA variation affects outcome of thiopurine treatment

Several groups have shown that ITPA variation corre-
lates with increased toxicity to thiopurines [53, 54, 56,
59-61]. Thiopurine therapy is widespread. Thiopurines,
such as azathioprine or 6-mercaptopurine, are immuno-
suppressants that are commonly administered to organ
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transplant recipients [62], and patients undergoing treat-
ment for inflammatory bowel disease [63], ulcerative col-
itis [64], Crohn’s Disease [65] and a variety of cancers
[66—-68]. For patients harboring ITPA variation, common
side effects included rash, flu-like symptoms, pancrea-
titis, life threatening myelosuppression, and hepatotox-
icity. Toxicity presumably occurs due to an increase of
thiol-containing N'TPs. Because these side effects can be
quite devastating to the patient, dosage alteration or dis-
continuation of treatment is common for individuals
with ITPA polymorphism [53, 59] (see references [36,
56, 57] for review). As a result, researchers have sug-
gested including pre-therapeutic screening of patients
for ITPA polymorphism to minimize the occurrence of
drug toxicity [69-71]. Importantly, not all /TPA poly-
morphism is associated with thiopurine toxicity. For
example, one group found that heterozygosity for the
c.94C > A (p.Pro32Thr) allele was associated with ad-
verse drug reactions, but both hetero- and homozygosity
for the ¢.124 + 21A > C allele was not [59].

An alternative approach to alleviating thiopurine toxicity
is to prescribed 6-thioguanine in place of azathioprine or
6-mercaptopurine. Bioactivation of 6-thioguanine pro-
ceeds via a thio-GMP intermediate (6-TGMP), rather than
a thio-IMP intermediate (6-TIMP), thus by-passing the
ITPase reaction (see Fig. 5a) [59]. Substitution with
6-thioguanine has been used successfully in a cohort
of Crohn’s disease patients who demonstrated resist-
ant to 6-mercaptopurine therapy [72].

One caveat to the involvement of ITPase in thiopurine
toxicity is that some studies have not found a correlation
between ITPA variation and thiopurine toxicity [73-76].
The conflicting data underscores the fact that many dif-
ferent gene products have a role in thiopurine metabol-
ism (at least 20), and phenotypic variation among
patients may mask effects of ITPA variation in certain
studies [70]. Indeed, studies that do not find a correl-
ation between ITPA variation and drug toxicity identify
small sample size, ethnicity, drug interactions and the
retrospective nature of their studies as shortcomings [73,
74, 76, 77]. In 2014, Matimba et al. used a “three-tiered”
experimental strategy to overcome some of the short-
comings associated with clinical studies. This allowed
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them to positively identify and functionally validate an
association between ITPA variation and an altered thio-
purine response phenotype [70].

ITPA variation affects outcome of hepatitis C treatment
In 2010 and following studies, the ¢.94C>A
(p.Pro32Thr) variant was shown to delay the develop-
ment of anemia in patients treated for chronic hepatitis
[52, 78, 79]. For the 170 million people affected with
hepatitis C worldwide, one of the potential side effects
for the standard treatment of pegylated interferon alpha
and ribavirin is hemolytic anemia [80]. In a follow up
study, researchers found that individuals harboring ei-
ther the ¢.94C > A (p.Pro32Thr) or ¢.124 + 21A > C vari-
ations not only had delayed development of anemia, but
also had a decreased need for ribavin dose reduction
[51]. Recently, methods have been developed to use
ITPase activity as an accurate predictor for the develop-
ment of anemia during ribavirin treatment [81]. Based
on these findings, it has been suggested that status of
the ITPA locus, or ITPase activity, should be considered
for patients beginning hepatitis C therapies which in-
clude ribavirin [51, 81-83]. In fact, an ITPA SNP-based
index has been developed to advise healthcare workers
in maximizing the tolerability of treatment regimen for
patients with chronic hepatitis C [84].

While the mechanism for the protective effect of ITPA
polymorphism is under debate, it seems likely that
modulation of nucleotide pools plays a role. Ribavirin-

induced anemia is thought to result from decreased
erythrocyte ATP levels, which in turn affects ATP-
dependent oxidative metabolism [85] and reduces the
levels of GTP in the cell [25]. However, it has been specu-
lated that for individuals with reduced ITPase activity, a
rise in intracellular ITP concentrations might allow I'TP to
replace GTP as a cosubstrate for the adenylosuccinate
synthetase reaction, thus allowing ATP biosynthesis to
continue [25]. The rise in ATP levels subsequently allows
GTP biosynthesis to continue. Therefore, an increased
ITP concentration may allow erythrocyte nucleotide pools
to maintain a more normal level which lowers the inci-
dence of hemolytic anemia [86]. One caveat to this hy-
pothesis is that adenylosuccinate synthetase activity has
not been demonstrated in erythrocytes [81].

The mode of action of ribavirin requires bioactivation
to the nucleotide ribavirin 5'-triphosphate (RBV-TP),
which is subsequently incorporated in the viral genome
and interferes with replication [52, 58]. Individuals with
variant ITPA phenotypes have increased levels of RBV-
TP in their red blood cells [50]. Importantly, the level of
RBV-TP in cells corresponded to ITPA status, i.e. geno-
types predicted to have lower ITPase activity had greater
levels of RBV-TP [50]. Ribavirin has an electronegative
oxygen (carbonyl) in approximately the same location as
the 6-position carbonyl in inosine [31] (see Fig. 4). Taken
together, it is likely that RBV-TP is a substrate for
ITPase, but this has not been directly demonstrated in
the current literature.
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Overall, it appears that ITPA variation would alter the
monophosphate to triphosphate ratio of ribavirin con-
taining nucleotides. Consequently, it is possible that the
mechanism for the observed delay in onset of anemia
for patients with ITPA variation may involve a reduction
in the level of the monophosphate form, or an increase
in the level of the triphosphate form of ribavirin. Fur-
thermore, the role of nucleoside diphosphate kinase
should be considered. This enzyme is active in erythro-
cytes [87] and its reversible and promiscuous ping-pong
mechanism essentially allows any NTP to provide the
phosphorylation power to quickly convert any NDP into
its corresponding NTP [25]. Therefore, in the case of
ITPA variation, the rise in ITP and RBV-TP levels is ex-
pected to contribute to the pool of ATP equivalents in
the cell.

ITPA variation has also been associated with reduced
relapse risk and achieving sustained virological response
(SVR) for hepatitis C patients [49]. Rembeck et al. found
that for patients receiving a conventional 800 mg daily
ribavirin dose and peginterferon-2«, those that had an
ITPA status which was predicted to result in [TPase ac-
tivity that was 60 % or less than wild-type, both relapse
rate and SVR were favorably impacted. Importantly, the
researchers observed no statistical difference in
hemoglobin levels among patients achieving or not
achieving SVR, suggesting that protection against onset
of anemia is not related to an improved rate of SVR. For
patients harboring ITPA variation, the authors suggested
that imbalances in the NTP pools such as increased
levels of ITP, along with decreased levels of GTP (due to
inhibition of inosine monophosphate dehydrogenase by
ribavirin) may result in increased incorporation of ITP
into the viral genome. In turn, the increased level of in-
osine in viral RNA may trigger reduction of the viral
load via an innate immune response [49].

ITPA mutation causes infantile encephalopathy

Kevelam et al. recently identified recessive ITPA muta-
tion as a cause of early infantile encephalopathy [32].
The researchers used magnetic resonance imaging
(MRI) and whole exome sequencing (WES) to link very
rare, recessive mutation of the ITPA gene to a unique
MRI pattern. Seven patients were identified who pre-
sented severe progressive microcephaly, seizures and de-
velopmental delays shortly after birth. Sadly, six of the
seven patients died before 2.5 years of age. Cardiac ab-
normalities and severely reduced erythrocyte and fibro-
blast ITPase activity was observed, but purine and
pyrimidine urine profiles were normal [32]. These phe-
notypes are consistent with high levels of brain and car-
diac ITPA expression [5]. The homozygous genetic
variation observed included gene deletions, as well as
nonsense, frameshift and missense mutations [32]. All
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but the latter was predicted to significantly alter the pri-
mary structure of the resulting protein. In the case of
the missense mutation, a nonfunctional protein with a
substitution of Arg-178 with cysteine was predicted. An
R178C substitution would alter a key residue in the sub-
strate specificity pocket and this substitution is predicted
to affect the ability of this residue to hydrogen bond
with the 6-position keto oxygen of ITP (see above and
Fig. 3) and would most likely reduce affinity for ITP
[32]. Alternatively, because this point mutation intro-
duces an additional cysteine residue into the primary
protein structure, it is possible that improper disulfide
bonds could form with one of the seven other cysteine
residues during protein maturation. Perusal of x-ray
crystallographic data [4] suggests that native ITPase qua-
ternary structure does not contain any disulfide bonds,
however, position 178 is in close proximity to Cys-116 in
a neighboring beta strand (personal observation). Pre-
liminary work with the R178C mutant ITPase indicates
this protein has a low level of solubility when overex-
pressed in E. coli cells (unpublished data), however the
occurrence of disulfide bond formation is not known.
Because ITPase has been shown to be activated with
DTT [5, 28], it is possible cysteine redox chemistry has a
role in the enzyme structure and/or chemistry.

ITPA variation affects onset of tuberculosis

Recently, the ITPA gene has been identified as a suscep-
tibility gene for young-onset tuberculosis (TB) [44].
Here, the researchers used next-generation sequencing
(NGS) to identify single nucleotide polymorphisms in
young TB patients from multi-case families and found
two ITPA polymorphisms (g.19176G > A and ¢.94C > A
(p.Pro32Thr)) to be associated with young TB patients.
The g.19176G > A variant showed the strongest associ-
ation. This variant is located in the 3'-UTR of the ITPA
gene and it is hypothesized to modulate ITPA expression
at the posttranscriptional level. In silico eQTL analysis
using lymphoblastoid expression profile data indicates
an increased level of expression for the minor 'A’" allele
form of this variant. Subsequently, it was hypothesized
that a lower level of expression for the major 'G" allele
may render individuals harboring this allele more
susceptible to TB infection. Similarly, c¢.94C>A
(p.Pro32Thr) polymorphism, which would cause re-
duced ITPase activity (see above), is also linked to in-
creased susceptibility. Considering that the thymus is
among the human tissues with highest /TPA expres-
sion [5], these results suggest that ITPase may have a
role in the host immune system upon onset and pro-
gression of TB [44]. Therefore, this study introduces
the idea that overexpression of the ITPA gene may
have a protective effect.
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A disease spectrum for ITPA variation

Vanderheiden first identified patients with an abnormal
accumulation of erythrocyte ITP in the 1960s and sug-
gested that these patients were ITPase deficient [88, 89].
In 2002 a report indicated that erythrocytes from
c.94C > A (p.Pro32Thr) homozygous individuals showed
0 % ITPase activity, and, it was noted that there ap-
peared to be no biological consequence of this absence
[40]. Today it is clear that ITPase has an essential role in
purine metabolism [32]. This is underscored by the fact
that ITPase is so highly conserved among all branches of
biology [12], and expressed in all mammalian tissues
assayed [5]. The role of the protein in specific tissues ap-
pears to differ and measurement of activity in one spe-
cific tissue does not necessarily reflect activity of the
whole organism. For instance, one study determined that
low erythrocyte ITPase activity did correlate with lower
activity in white blood cells and platelets, but the overall
level of activity was considerably higher for these cells
[90]. Over time, more and more reports revealed signifi-
cant relationships between ITPA variation and altered
drug regimen outcomes [52, 59-61, 78, 79]. Today, with
two examples of lethality due to severe homozygous
ITPA defects (Itpa knockout mouse data [6] and infant-
ile encephalopathy data [32]), along with an example of
increased fitness due to potential /TPA overexpression
(TB susceptibility data [44]), it seems more likely that
there is a spectrum of ITPA-related disease as Kevelam
et al suggested [32]. Hence, most ITPA variation results
in modulated ITPA expression/activity, rather than ab-
sence of ITPase, therefore, use of term “ITPase defi-
ciency” in the literature to describe the majority of ITPA
polymorphism appears to be a historical inaccuracy.

Future directions

Considering that the current data indicates the pheno-
typic spectrum of ITPA defects ranges from mild drug
toxicity to infantile death, it seems likely that therapies
will emerge to modulate ITPase activity. Advances in
DNA sequencing techniques, such as WES and NGS,
and reduced cost of sequencing is likely to identify an in-
creased number of instances where ITPA status contrib-
utes to neurological and cardiac disease as well as
complications associated with inflammation, the immune
system or other unknown ITPA-related diseases. Given
the widespread use of thiopurines, and magnitude of indi-
viduals infected with hepatitis C, while considering that
roughly one third of the world population has ITPA poly-
morphism, it seems plausible that development of these
therapies will be met with considerable need.

Above, I have outlined examples where ITPA poly-
morphism/mutation is detrimental to patient outcomes
(thiopurine toxicity/infantile death) and examples indi-
cating that ITPA polymorphism is beneficial to patient
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outcomes (reduced anemia in hepatitis C patients,
young-onset TB). Current treatment for the pharmaco-
logical related conditions includes dose modification,
treatment of the side effects or discontinuation of the
drug [54, 91]. Below, I will outline strategies which have
potential to prevent the occurrence of negative out-
comes for these patients. Therefore, ITPase serves as an
interesting drug target because there is a need for both
positive and negative modulation.

Positive modulation of ITPase activity

With the development of improved gene delivery sys-
tems, and gene editing tools one can envision a day
when a bioengineered ITPase (with increased activity
and improved substrate discrimination) or gene editing
system (to enhance/correct ITPase function), can be de-
livered to a patient suffering from cardiac or neuro-
logical maladies due to very rare and severe mutation, or
even possibly patients suffering from thiopurine toxicity
due to common polymorphism. In the cell, this scenario
would exacerbate existing ITPase activity and cause a
much greater increase in specificity for (d)ITP or 6-
TITP over the canonical (d)NTPs, thus reducing time
spent with the unproductive binding and catalysis of ad-
enine and guanine containing nucleotides. In E.coli cells,
ITP levels are about 200 pM, whereas ATP and GTP are
approximately 50- and 25-fold greater, respectively [92].
Ky values for ITPase with these substrates follow the
same trend [2, 12]. Therefore, alteration of kinetic con-
stants via protein engineering should result in improved
ability of ITPase to discriminate between canonical and
noncanonical purine containing nucleotides. This is ex-
pected to greatly enhance the ability of the enzyme to
clear cells of excess (d)ITP or drug metabolite.

Towards this goal, we have identified three gain-of-
function mutants [31]. Most notably, the E22A mutant
shows a nearly two-fold enhancement in ITP hydrolyz-
ing activity compared to wild-type, with a two- and five-
fold decrease in hydrolyzing activity with GTP and ATP,
respectively, compared to wild-type. Overall, we observe
a roughly 10-fold enhancement over wild-type for dis-
crimination between ITP and ATP. X-ray crystallography
data suggests Glu-22 does not directly interact with the
incoming nucleotide [4], but rather has an organizing
role in the specificity pocket such as orienting the essen-
tial Arg-178 as discussed above (Fig. 3). Unfortunately,
this protein has reduced stability in vivo and cannot
complement ITPase defects in E. coli. Similarly, the
K172A mutant exhibits a two-fold increase in ITP
hydrolyzing activity and a greater than two-fold decrease
in ATP or GTP hydrolyzing activity. In vivo, this mutant
is more stable than the E22A mutant and it does have
an ability to partially complement ITPase defects in E.
coli [31]. Detailed biochemical and modeling data with
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these mutants will provide a platform for protein engin-
eering experiments to continue improving ITPase activ-
ity and/or substrate discrimination with the aim of
developing therapies to reverse thiopurine toxicity,
neurological disorders, TB susceptibility and emerging
ITPA-related disorders in patients affected by ITPA
polymorphism.

In the case of the c.94C > A (p.Pro32Thr) ITPase, a
portion of the reduction in enzyme activity has been at-
tributed to reduced protein stability and rate of catalysis
[33-35] (see above). This substitution affects an exterior
loop of the protein, and substitution with an amino acid
that does not have a tertiary peptide amine, renders the
loop more flexible. Therefore, it has been speculated
that a small molecule could be designed which would
bind to this region of the protein and help stabilize
this exterior loop [7].

Negative modulation of ITPase activity

Because reduced ITPase activity results in improved out-
comes for patients undergoing ribavirin treatment [52],
it is plausible that competitive ITPase inhibitors could
be developed to help reduce anemia in individuals not
affected by ITPA polymorphism. Therefore, molecules
which inhibit ITPase activity are expected to have clin-
ical significance. Considering that that the substrate spe-
cificity pocket has exquisite complementarity to the
nucleobase of ITP and strongly favors electronegativity
at the 6-position [4], competitive inhibitor molecule de-
sign should focus on nucleotides or nucleobases where
the nucleobase has chemical properties similar to hypo-
xanthine. Alternatively, irreversible inhibitors could be
designed to have structures that covalently attach to res-
idues lining this pocket, or have such low dissociation
constants that they irreversibly bind to this pocket.
Because of the unique role ITPase has in the cell, the
landscape of the substrate specificity site is expected
to be unique, which would reduce the likelihood of
cross-reactivity with ATP- and GTPases. Noncleavable
substrates, such as inosine containing phosphoramidites,
may prove advantageous as well, but would have greater
difficulty entering the cell [25].

One confounding fact of ITPase biochemistry is that
substrate inhibition has been demonstrated for two
mammalian homologs with elevated concentrations of
substrate [2, 5, 28]. Although substrate inhibition was
first demonstrated over 45 years ago [28], the signifi-
cance of this mechanism remains unknown. It seems
likely this effect may be due to specific biochemical roles
for ITPase in purine metabolism in certain tissues at cer-
tain times. Currently there is at least one example which
indicates that ITPase is not subject to substrate inhib-
ition in vivo [37], suggesting that a cellular component
can reverse this phenomenon. To date this issue remains
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completely unresolved in the literature. Regardless, the
effect of substrate inhibition with purified/recombinant
ITPase is strong and renders mammalian ITPase nearly
inactive when ITP concentrations are in the high micro-
molar range [2]. In fact, substrate inhibition occurs at
elevated levels of ATP (unpublished observations) and
GTP [28] as well. Overall, the possibility of negative allo-
steric binding sites should be considered when designing
small molecule inhibitors for ITPase. Design of competi-
tive and noncompetitive inhibitory molecules awaits
more rigorous biochemical characterization and molecu-
lar modelling of ITPase.

Conclusions

Recent studies demonstrate disparate examples of dis-
ease related to ITPA polymorphism/mutation. Recent
biochemical studies have begun to elucidate the mech-
anism ITPase uses to discriminate between canonical
and noncanonical purine containing NTPs, and deter-
mine the underlying mechanism of disease state. In gen-
eral, ITPase is an understudied protein and a knowledge
gap exists in the basic science of ITPase biochemistry.
Currently, seven ITPA variants/mutants are known to
affect clinical outcomes. /TPA status can have beneficial
or detrimental consequences, depending on the clinical
setting. Drug toxicity occurs in patients with /TPA vari-
ation undergoing thiopurine therapy, whereas develop-
ment of anemia in the treatment of hepatitis C is
delayed for individuals with ITPA polymorphism. The
current understanding is that these individuals retain a
functional enzyme, however, the enzyme expression is
reduced (c.124 +21A >C), and in some cases catalysis
and stability is reduced as well (c.94C > A (p.Pro32Thr)).
To date, several preliminary reports have indicated a
need to determine ITPA status, or enzyme activity, prior
to treatment for conditions where ITPA status has been
shown to affect patient outcomes, however, no large
scale prospective cohort studies have been performed to
validate these results. ITPase enzyme activity is directly
related to ITPA status, and individuals harboring homo-
zygous ITPA variation experience the greatest effects.
Instances of mutation, where the protein length (c.264-
607_295 + 1267del1906, ¢.359_366dupTCAGCACC,
c452G>A  (p.Trpl51Stop)) and/or functionality
(c.532C>T (p.Argl78Cys)) is grossly altered are very
rare and homozygosity results in infantile encephalop-
athy and lethality. On the other hand, ITPA variation
which is predicted to increase protein expression is
thought to reduce susceptibility to tuberculosis. Consid-
eration of these examples suggests that there is a
spectrum of ITPA-related disease. Future studies con-
cerning both positive and negative modulation of ITPase
activity will meet the needs of patients suffering from
ITPA-related disease.



Burgis Journal of Biomedical Science (2016) 23:73

Abbreviations

(d)ITP: (deoxy)inosine 5*-triphosphate; (d)NMP: (deoxy)nucleoside 5™
monophosphate; (d)NTP: (deoxy)nucleoside 5™-triphosphate; 3-UTR: 3"-
untranslated region; 6-TITP: 6-thio-inosine 5-triphosphate; AMP: Adenosine
5"-monophosphate; AMPPNP: Adenylylimidodiphosphate; DTT: Dithiothreitol;
GMP: Guanosine 5-monophosphate; IMP: Inosine 5-monophosphate;
[TPase: Inosine 5™-triphosphate pyrophosphatase; MRI: Magnetic resonance
imaging; NGS: Next-generation sequencing; PP;: Pyrophosphate; RBV-

TP: Ribavirin 5"-triphosphate; SNP: Single nucleotide polymorphism;

TB: Tuberculosis; WES: Whole exome sequencing

Acknowledgements

This work was supported by the National Institute of General Medical
Sciences of the National Institutes of Health under Award Number
R15GM112121.

Funding

This work was supported by the National Institute of General Medical
Sciences of the National Institutes of Health under Award Number
R15GM112121.

Availability of data and materials
Data and materials related to this work are available upon request.

Authors’ contribution
NEB wrote the review. NEB read and approved the final manuscript.

Competing interests
The author declares that they have no competing interests.

Consent for publication
The author approves the manuscript for publication.

Ethics approval and consent to participate
Not applicable.

Received: 29 July 2016 Accepted: 19 October 2016
Published online: 22 October 2016

References

1. Sakumi K, Abolhassani N, Behmanesh M, lyama T, Tsuchimoto D,
Nakabeppu Y. ITPA protein, an enzyme that eliminates deaminated purine
nucleoside triphosphates in cells. Mutat Res. 2010;703:43-50.

2. Burgis NE, Cunningham RP. Substrate specificity of RdgB protein, a
deoxyribonucleoside triphosphate pyrophosphohydrolase. J Biol Chem.
2007;282:3531-8.

3. Porta J, Kolar C, Kozmin SG, Pavlov Yl, Borgstahl GE. Structure of the
orthorhombic form of human inosine triphosphate pyrophosphatase. Acta
Crystallogr Sect F: Struct Biol Cryst Commun. 2006;62:1076-81.

4. Stenmark P, Kursula P, Flodin S, Graslund S, Landry R, Nordlund P, Schuler H.
Crystal structure of human inosine triphosphatase. Substrate binding and
implication of the inosine triphosphatase deficiency mutation P32T. J Biol
Chem. 2007;282:3182-7.

5. Lin S, McLennan AG, Ying K, Wang Z, Gu S, Jin H, Wu C, Liu W, Yuan Y, Tang
R, et al. Cloning, expression, and characterization of a human inosine
triphosphate pyrophosphatase encoded by the ITPA gene. J Biol Chem.
2001;276:18695-701.

6. Behmanesh M, Sakumi K, Abolhassani N, Toyokuni S, Oka S, Ohnishi YN,
Tsuchimoto D, Nakabeppu Y. [TPase-deficient mice show growth retardation
and die before weaning. Cell Death Differ. 2009;16:1315-22.

7. Simone PD, Pavlov VI, Borgstahl GE. ITPA (inosine triphosphate
pyrophosphatase): from surveillance of nucleotide pools to human disease
and pharmacogenetics. Mutat Res. 2013;753:131-46.

8. Holmes SL, Turner BM, Hirschhorn K. Human inosine triphosphatase:
catalytic properties and population studies. Clin Chim Acta. 1979,97:143-53.

9. Galperin MY, Moroz OV, Wilson KS, Murzin AG. House cleaning, a part of
good housekeeping. Mol Microbiol. 2006;59:5-19.

10. Zalkin H, Nygaard P. Biosynthesis of purine nucleotides. In: Neidhardt FC,
editor. Escherichia coli and salmonella cellular and molecular biology, vol. 1.
2nd ed. Washington: ASM Press; 1996. p. 561-79.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

34.

Page 11 of 13

Friedberg EC, Walker GC, Siede W. DNA repair and mutagenesis.
Washington: American Society for Microbiology; 1995.

Hwang KY, Chung JH, Kim SH, Han YS, Cho Y. Structure-based
identification of a novel NTPase from Methanococcus jannaschii. Nat
Struct Biol. 1999;6:691-6.

Savchenko A, Proudfoot M, Skarina T, Singer A, Litvinova O, Sanishvili R,
Brown G, Chirgadze N, Yakunin AF. Molecular basis of the antimutagenic
activity of the house-cleaning inosine triphosphate pyrophosphatase RdgB
from Escherichia coli. J Mol Biol. 2007;374:1091-103.

Chung JH, Back JH, Park Y1, Han YS. Biochemical characterization of a novel
hypoxanthine/xanthine dNTP pyrophosphatase from Methanococcus
jannaschii. Nucleic Acids Res. 2001;29:3099-107.

Chung JH, Park HY, Lee JH, Jang Y. Identification of the dITP- and XTP-
hydrolyzing protein from Escherichia coli. J Biochem Mol Biol. 2002;35:403-8.
Mbanzibwa DR, Tian Y, Mukasa SB, Valkonen JP. Cassava brown streak virus
(Potyviridae) encodes a putative Maf/HAM1 pyrophosphatase implicated in
reduction of mutations and a P1 proteinase that suppresses RNA silencing
but contains no HC-Pro. J Virol. 2009;83:6934-40.

Pang B, McFaline JL, Burgis NE, Dong M, Taghizadeh K, Sullivan MR,
Elmquist CE, Cunningham RP, Dedon PC. Defects in purine nucleotide
metabolism lead to substantial incorporation of xanthine and hypoxanthine
into DNA and RNA. Proc Natl Acad Sci U S A. 2012;109:2319-24.
Abolhassani N, lyama T, Tsuchimoto D, Sakumi K, Ohno M, Behmanesh M,
Nakabeppu Y. NUDT16 and ITPA play a dual protective role in maintaining
chromosome stability and cell growth by eliminating dIDP/IDP and dITP/ITP
from nucleotide pools in mammals. Nucleic Acids Res. 2010;38:2891-903.
Burgis NE, Brucker JJ, Cunningham RP. Repair system for noncanonical
purines in Escherichia coli. J Bacteriol. 2003;185:3101-10.

Noskov VN, Staak K, Shcherbakova PV, Kozmin SG, Negishi K, Ono BC,
Hayatsu H, Pavlov YI. HAM1, the gene controlling 6-N-hydroxylaminopurine
sensitivity and mutagenesis in the yeast Saccharomyces cerevisiae. Yeast.
1996;12:17-29.

Waisertreiger IS, Menezes MR, Randazzo J, Pavlov V1. Elevated levels of DNA
strand breaks induced by a base analog in the human cell line with the
P32T ITPA variant. J Nucleic Acids. 2010. doi:10.4061/2010/872180.
Behmanesh M, Sakumi K, Tsuchimoto D, Torisu K, Ohnishi-Honda Y,
Rancourt DE, Nakabeppu Y. Characterization of the structure and expression
of mouse Itpa gene and its related sequences in the mouse genome. DNA
Res. 2005;12:39-51.

Burton K, White H, Sleep J. Kinetics of muscle contraction and actomyosin
NTP hydrolysis from rabbit using a series of metal-nucleotide substrates.

J Physiol. 2005;563:689-711.

Wolpert L, Tickle C. Principles of development. 4th ed. USA: Oxford
University Press; 2010.

Voet DJ, Voet JG. Biochemistry. 3rd ed. Hoboken, NJ, USA: John Wiley &
Sons, Inc.; 2008.

Dedon PC, Tannenbaum SR. Reactive nitrogen species in the chemical
biology of inflammation. Arch Biochem Biophys. 2004;423:12-22.

Zamzami MA, Duley JA, Price GR, Venter DJ, Yarham JW, Taylor RW, Catley
LP, Florin TH, Marinaki AM, Bowling F. Inosine triphosphate
pyrophosphohydrolase (ITPA) polymorphic sequence variants in adult
hematological malignancy patients and possible association with
mitochondrial DNA defects. J Hematol Oncol. 2013,6:24.

Vanderheiden BS. Human erythrocyte “ITPase”: an ITP
pyrophosphohydrolase. Biochim Biophys Acta. 1970;215:555-8.
Vanderheiden BS. Purification and properties of human erythrocyte inosine
triphosphate pyrophosphohydrolase. J Cell Physiol. 1979,98:41-7.
Liakopoulou A, Alivisatos SG. Distribution of nucleoside triphosphatases in
human erythrocytes. Biochim Biophys Acta. 1964;,89:158-61.

Gall AD, Gall A, Moore AC, Aune MK, Heid S, Mori A, Burgis NE. Analysis of
human [TPase nucleobase specificity by site-directed mutagenesis.
Biochimie. 2013;95:1711-21.

Kevelam SH, Bierau J, Salvarinova R, Agrawal S, Honzik T, Visser D, Weiss
MM, Salomons GS, Abbink TE, Waisfisz Q, et al. Recessive ITPA mutations
cause an early infantile encephalopathy. Ann Neurol. 2015;78:649-58.
Herting G, Barber K, Zappala MR, Cunningham RP, Burgis NE. Quantitative in
vitro and in vivo characterization of the human P32T mutant [TPase.
Biochim Biophys Acta. 2010;1802:269-74.

Simone PD, Struble LR, Kellezi A, Brown CA, Grabow CE, Khutsishwili I, Marky LA,
Pavlov VI, Borgstahl GE. The human ITPA polymorphic variant P32T is destabilized
by the unpacking of the hydrophobic core. J Struct Biol. 2013;182:197-208.


http://dx.doi.org/10.4061/2010/872180

Burgis Journal of Biomedical Science (2016) 23:73

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51

52.

53.

Stepchenkova El, Tarakhovskaya ER, Spitler K, Frahm C, Menezes MR, Simone
PD, Kolar C, Marky LA, Borgstahl GE, Pavlov YI. Functional study of the P32T
ITPA variant associated with drug sensitivity in humans. J Mol Biol. 2009;392:
602-13.

Bierau J, Lindhout M, Bakker JA. Pharmacogenetic significance of inosine
triphosphatase. Pharmacogenomics. 2007;8:1221-8.

Bakker JA, Lindhout M, Habets DD, van den Wijngaard A, Paulussen AD,
Bierau J. The effect of ITPA polymorphisms on the enzyme kinetic
properties of human erythrocyte inosine triphosphatase toward its
substrates ITP and 6-Thio-ITP. Nucleosides Nucleotides Nucleic Acids. 2011;
30:839-49.

Maeda T, Sumi S, Ueta A, Ohkubo Y, Ito T, Marinaki AM, Kurono Y,
Hasegawa S, Togari H. Genetic basis of inosine triphosphate
pyrophosphohydrolase deficiency in the Japanese population. Mol Genet
Metab. 2005,85:271-9.

Shipkova M, Lorenz K, Qellerich M, Wieland E, von Ahsen N. Measurement
of erythrocyte inosine triphosphate pyrophosphohydrolase (ITPA) activity by
HPLC and correlation of ITPA genotype-phenotype in a Caucasian
population. Clin Chem. 2006;52:240-7.

Sumi S, Marinaki AM, Arenas M, Fairbanks L, Shobowale-Bakre M, Rees DC,
Thein SL, Ansari A, Sanderson J, De Abreu RA, et al. Genetic basis of inosine
triphosphate pyrophosphohydrolase deficiency. Hum Genet. 2002;111:360-7.
D'Avolio A, De Nicolo A, Cusato J, Ciancio A, Boglione L, Strona S, Cariti G,
Troshina G, Caviglia GP, Smedile A, et al. Association of ITPA polymorphisms
rs6051702/rs1127354 instead of rs7270101/rs1127354 as predictor of
ribavirin-associated anemia in chronic hepatitis C treated patients. Antiviral
Res. 2013;100:114-9.

Tanaka Y, Kurosaki M, Nishida N, Sugiyama M, Matsuura K, Sakamoto N,
Enomoto N, Yatsuhashi H, Nishiguchi S, Hino K, et al. Genome-wide
association study identified ITPA/DDRGK1 variants reflecting
thrombocytopenia in pegylated interferon and ribavirin therapy for chronic
hepatitis C. Hum Mol Genet. 2011,20:3507-16.

dbSNP: Short Genetic Variations. National Center for Biotechnology
Information, Bethesda, MD. 2016. http://www.ncbi.nlm.nih.gov/projects/SNP/
snp_ref.cgi?showRare=on&chooseRs=doublehit&go=Go&locusld=3704.
Accessed 20 Oct 2016.

Nakauchi A, Wong JH, Mahasirimongkol S, Yanai H, Yuliwulandari R,
Mabuchi A, Liu X, Mushiroda T, Wattanapokayakit S, Miyagawa T, et al.
Identification of ITPA on chromosome 20 as a susceptibility gene for
young-onset tuberculosis. Hum Genome Var. 2016;3:15067.

D'Avolio A, Cusato J, De Nicolo A, Allegra S, Di Perri G. Pharmacogenetics of
ribavirin-induced anemia in HCV patients. Pharmacogenomics. 2016;17:925-41.
Pineda-Tenor D, Garcia-Alvarez M, Jimenez-Sousa MA, Vazquez-Moron S,
Resino S. Relationship between ITPA polymorphisms and hemolytic anemia
in HCV-infected patients after ribavirin-based therapy: a meta-analysis.

J Trans| Med. 2015;13:320.

Stocco G, Cheok MH, Crews KR, Dervieux T, French D, Pei D, Yang W, Cheng
C, Pui CH, Relling MV, et al. Genetic polymorphism of inosine triphosphate
pyrophosphatase is a determinant of mercaptopurine metabolism and
toxicity during treatment for acute lymphoblastic leukemia. Clin Pharmacol
Ther. 2009;85:164-72.

Marsh S, King CR, Ahluwalia R, McLeod HL. Distribution of [TPA P32T alleles
in multiple world populations. J Hum Genet. 2004;49:579-81.

Rembeck K, Waldenstrom J, Hellstrand K, Nilsson S, Nystrom K, Martner A,
Lindh M, Norkrans G, Westin J, Pedersen C, et al. Variants of the inosine
triphosphate pyrophosphatase gene are associated with reduced relapse
risk following treatment for HCV genotype 2/3. Hepatology. 2014;59:2131-9.
Jimmerson LC, Urban TJ, Truesdale A, Baouchi-Mokrane F, Kottilil S, Meissner
EG, Sims Z, Langness JA, Hodara A, Aquilante CL et al. Variant [TPA
phenotypes are associated with increased ribavirin triphosphate levels.

J Clin Pharmacol. 2016. http://dx.doi.org/10.1002/jcph.783.

Thompson AJ, Fellay J, Patel K, Tillmann HL, Naggie S, Ge D, Urban TJ,
Shianna KV, Muir AJ, Fried MW, et al. Variants in the ITPA gene protect
against ribavirin-induced hemolytic anemia and decrease the need for
ribavirin dose reduction. Gastroenterology. 2010;139:1181-9.

Fellay J, Thompson AJ, Ge D, Gumbs CE, Urban TJ, Shianna KV, Little LD, Qiu
P, Bertelsen AH, Watson M, et al. ITPA gene variants protect against
anaemia in patients treated for chronic hepatitis C. Nature. 2010;464:405-8.
von Ahsen N, Armstrong VW, Behrens C, von Tirpitz C, Stallmach A, Herfarth
H, Stein J, Bias P, Adler G, Shipkova M, et al. Association of inosine
triphosphatase 94C > A and thiopurine S-methyltransferase deficiency with

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

Page 12 of 13

adverse events and study drop-outs under azathioprine therapy in a
prospective Crohn disease study. Clin Chem. 2005;51:2282-8.

Shipkova M, Franz J, Abe M, Klett C, Wieland E, Andus T. Association
between adverse effects under azathioprine therapy and inosine
triphosphate pyrophosphatase activity in patients with chronic
inflammatory bowel disease. Ther Drug Monit. 2011;33:321-8.

Arenas M, Duley J, Sumi S, Sanderson J, Marinaki A. The ITPA c.94C>A and
glVS2+21A>C sequence variants contribute to missplicing of the [TPA gene.
Biochim Biophys Acta. 2007;1772:96-102.

Derijks LJ, Wong DR. Pharmacogenetics of thiopurines in inflammatory
bowel disease. Curr Pharm Des. 2010;16:145-54.

Sahasranaman S, Howard D, Roy S. Clinical pharmacology and
pharmacogenetics of thiopurines. Eur J Clin Pharmacol. 2008,64:753-67.
Derudas M, McGuigan C, Brancale A, Neyts J, Balzarini J. Application of the
phosphoramidate protide approach to the antiviral drug ribavirin. Antivir
Res. 2008;78:A55.

Marinaki AM, Ansari A, Duley JA, Arenas M, Sumi S, Lewis CM, el Shobowale-
Bakre M, Escuredo E, Fairbanks LD, Sanderson JD. Adverse drug reactions to
azathioprine therapy are associated with polymorphism in the gene
encoding inosine triphosphate pyrophosphatase (ITPase).
Pharmacogenetics. 2004;14:181-7.

Okada Y, Nakamura K, Hiromura K, Nojima Y, Horiuchi R, Yamamoto K.
Pro32Thr polymorphism of inosine triphosphate pyrophosphatase gene
predicts efficacy of low-dose azathioprine for patients with systemic lupus
erythematosus. Clin Pharmacol Ther. 2009;85:527-30.

Zelinkova Z, Derijks LJ, Stokkers PC, Vogels EW, van Kampen AH, Curvers WL,
Cohn D, van Deventer SJ, Hommes DW. Inosine triphosphate
pyrophosphatase and thiopurine s-methyltransferase genotypes relationship
to azathioprine-induced myelosuppression. Clin Gastroenterol Hepatol.
2006;4:44-9.

Everitt MD, Hammond ME, Snow GL, Stehlik J, Revelo MP, Miller DV,
Kaza AK, Budge D, Alharethi R, Molina KM, et al. Biopsy-diagnosed
antibody-mediated rejection based on the proposed International
Society for Heart and Lung Transplantation working formulation is
associated with adverse cardiovascular outcomes after pediatric heart
transplant. J Heart Lung Transplant. 2012;31:686-93.

Pasternak B, Svanstrom H, Schmiegelow K, Jess T, Hviid A. Use of
azathioprine and the risk of cancer in inflammatory bowel disease. Am J
Epidemiol. 2013;177:1296-305.

Bean RH. The treatment of chronic ulcerative colitis with 6-mercaptopurine.
Med J Aust. 1962;49(2):592-3.

Brooke BN, Hoffmann DC, Swarbrick ET. Azathioprine for Crohn's disease.
Lancet. 1969,2:612-4.

Brem R, Karran P. Oxidation-mediated DNA cross-linking contributes to the
toxicity of 6-thioguanine in human cells. Cancer Res. 2012,72:4787-95.
Relling MV, Dervieux T. Pharmacogenetics and cancer therapy. Nat Rev
Cancer. 2001;1:99-108.

Elion GB. The purine path to chemotherapy. Science. 1989;244:41-7.

Azimi F, Mortazavi Y, Alavi S, Khalili M, Ramazani A. Frequency of ITPA gene
polymorphisms in Iranian patients with acute lymphoblastic leukemia and
prediction of its myelosuppressive effects. Leuk Res. 2015;39:1048-54.
Matimba A, Li F, Livshits A, Cartwright CS, Scully S, Fridley BL, Jenkins G,
Batzler A, Wang L, Weinshilboum R, Lennard L. Thiopurine pharmacogenomics:
association of SNPs with clinical response and functional validation of
candidate genes. Pharmacogenomics. 2014;15:433-47.

de Beaumais Adam T, Fakhoury M, Medard Y, Azougagh S, Zhang D,
Yakouben K, Jacgz-Aigrain E. Determinants of mercaptopurine toxicity in
paediatric acute lymphoblastic leukemia maintenance therapy. Br J Clin
Pharmacol. 2011;71:575-84.

Dubinsky MC, Hassard PV, Seidman EG, Kam LY, Abreu MT, Targan SR,
Vasiliauskas EA. An open-label pilot study using thioguanine as a therapeutic
alternative in Crohn's disease patients resistant to 6-mercaptopurine therapy.
Inflamm Bowel Dis. 2001;7:181-9.

Al-Judaibi B, Schwarz Ul, Huda N, Dresser GK, Gregor JC, Ponich T, Chande
N, Mosli M, Kim RB. Genetic predictors of azathioprine toxicity and clinical
response in patients with inflammatory bowel disease. J Popul Ther Clin
Pharmacol. 2016;23:e26-36.

Odahara S, Uchiyama K, Kubota T, Ito Z, Takami S, Kobayashi H, Saito K,
Koido S, Ohkusa T. A prospective study evaluating metabolic capacity of
thiopurine and associated adverse reactions in Japanese patients with
Inflammatory Bowel Disease (IBD). PLoS One. 2015;10:e0137798.


http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?showRare=on&chooseRs=doublehit&go=Go&locusId=3704
http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?showRare=on&chooseRs=doublehit&go=Go&locusId=3704
http://dx.doi.org/10.1002/jcph.783

Burgis Journal of Biomedical Science (2016) 23:73

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Steponaitiene R, Kupcinskas J, Survilaite S, Varkalaite G, Jonaitis L, Kiudelis G,
Denapiene G, Valantinas J, Skieceviciene J, Kupcinskas L. TPMT and ITPA
genetic variants in Lithuanian inflammatory bowel disease patients:
Prevalence and azathioprine-related side effects. Adv Med Sci. 2016;61:135-40.
Farfan MJ, Salas C, Canales C, Silva F, Villarroel M, Kopp K, Torres JP,
Santolaya ME, Morales J. Prevalence of TPMT and [TPA gene polymorphisms
and effect on mercaptopurine dosage in Chilean children with acute
lymphoblastic leukemia. BMC Cancer. 2014;14:299.

Stocco G, Franca R, Verzegnassi F, Londero M, Rabusin M, Decorti G.
Multilocus genotypes of relevance for drug metabolizing enzymes and
therapy with thiopurines in patients with acute lymphoblastic leukemia.
Front Genet. 2012;3:309.

Eskesen AN, Melum E, Moghaddam A, Bjoro K, Verbaan H, Ring-Larsen H,
Dalgard O. Genetic variants at the [TPA locus protect against ribavirin-
induced hemolytic anemia and dose reduction in an HCV G2/G3 cohort. Eur
J Gastroenterol Hepatol. 2012;24:890-6.

Birerdinc A, Estep M, Afendy A, Stepanova M, Younossi |, Baranova A,
Younossi ZM. Gene expression profiles associated with anaemia and [TPA
genotypes in patients with chronic hepatitis C (CH-C). J Viral Hepat. 2012;19:
414-22.

Lavanchy D. The global burden of hepatitis C. Liver Int. 2009;29 Suppl
1:74-81.

Peltenburg NC, Bakker JA, Vroemen WH, de Knegt RJ, Leers MP, Bierau J,
Verbon A. Inosine triphosphate pyrophosphohydrolase activity: more
accurate predictor for ribavirin-induced anemia in hepatitis C infected
patients than ITPA genotype. Clin Chem Lab Med. 2015;53:2021-9.

Kudo M. Tailor-made therapy for viral hepatitis: recent advances. Digestion.
2011;84 Suppl 1:1-4.

Ampuero J, Romero-Gomez M. Pharmacogenetics of ribavirin-induced
anemia in hepatitis C. Pharmacogenomics. 2016;17:1587-94.

Chen SH, Peng CY, Lai HC, Su WP, Lin CH, Li YF, Chuang PH, Chen CH. An
index to predict ribavirin-induced anemia in asian patients with chronic
genotype 1 hepatitis C. Hepat Mon. 2015;15:e27148.

De Franceschi L, Fattovich G, Turrini F, Ayi K, Brugnara C, Manzato F,
Noventa F, Stanzial AM, Solero P, Corrocher R. Hemolytic anemia induced
by ribavirin therapy in patients with chronic hepatitis C virus infection: role
of membrane oxidative damage. Hepatology. 2000;31:997-1004.

Hitomi Y, Cirulli ET, Fellay J, McHutchison JG, Thompson AJ, Gumbs CE,
Shianna KV, Urban TJ, Goldstein DB. Inosine triphosphate protects against
ribavirin-induced adenosine triphosphate loss by adenylosuccinate synthase
function. Gastroenterology. 2011;140:1314-21.

Karner S, Shi S, Fischer C, Schaeffeler E, Neurath MF, Herrlinger KR, Hofmann
U, Schwab M. Determination of 6-thioguanosine diphosphate and
triphosphate and nucleoside diphosphate kinase activity in erythrocytes:
novel targets for thiopurine therapy? Ther Drug Monit. 2010;32:119-28.
Vanderheiden BS. Genetic studies of human erythrocyte inosine
triphosphatase. Biochem Genet. 1969;3:289-97.

Vanderheiden BS. Inosine triphosphate in human erytbrocytes: a genetic
trait. Stockholm: Proc 10th Congr International Society Blood Transfusion;
1965. p. 540.

Verhoef VL, Fuller SA, Morris AJ. Individual variation of nucleoside
triphosphate pyrophosphohydrolase activity in human erythrocytes,
granulocytes, lymphocytes, and platelets. Biochem Genet. 1980;18:235-45.
Suzuki F, Suzuki Y, Akuta N, Sezaki H, Hirakawa M, Kawamura Y, Hosaka T,
Kobayashi M, Saito S, Arase Y, et al. Influence of ITPA polymorphisms on
decreases of hemoglobin during treatment with pegylated interferon,
ribavirin, and telaprevir. Hepatology. 2011;53:415-21.

Bennett BD, Kimball EH, Gao M, Osterhout R, Van Dien SJ, Rabinowitz JD.
Absolute metabolite concentrations and implied enzyme active site
occupancy in Escherichia coli. Nat Chem Biol. 2009;5:593-9.

Page 13 of 13

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central




	Abstract
	Background
	Biochemistry
	Clinically relevant ITPA variants/mutants
	ITPA variation/mutation: effects on protein structure and expression

	Clinical effects of ITPA variation/mutation
	Role of ITPase in drug metabolism
	ITPA variation affects outcome of thiopurine treatment
	ITPA variation affects outcome of hepatitis C treatment
	ITPA mutation causes infantile encephalopathy
	ITPA variation affects onset of tuberculosis
	A disease spectrum for ITPA variation

	Future directions
	Positive modulation of ITPase activity
	Negative modulation of ITPase activity


	Conclusions
	show [Abbre]
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contribution
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	References

