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Abstract

A variety of human neurologic diseases are caused by inherited defects in DNA repair. In many
cases, these syndromes almost exclusively impact the nervous system, underscoring the critical
requirement for genome stability in this tissue. A striking example of this is defective enzymatic
activity of polynucleotide kinase-phosphatase (PNKP), leading to microcephaly or
neurodegeneration. Notably, the broad neural impact of mutations in PNKP can result in markedly
different disease entities, even when the inherited mutation is the same. For example microcephaly
with seizures (MCSZ) results from various hypomorphic PNKP mutations, as does ataxia with
oculomotor apraxia 4 (AOA4). Thus, other contributing factors influence the neural phenotype
when PNKP is disabled. Here we consider the role for PNKP in maintaining brain function and
how perturbation in its activity can account for the varied pathology of neurodegeneration or
microcephaly present in MCSZ and AOA4 respectively.
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1. Introduction

Genome stability is essential for normal development and function of an organism.
Unrepaired DNA lesions can lead to various pathologic states, including developmental
defects, degenerative disease, cancer and aging (Jackson and Bartek, 2009; Madabhushi et
al., 2014; McKinnon, 2009; Roy et al., 2012; Vijg and Suh, 2013). DNA lesions are a
constant cellular threat and can occur spontaneously via DNA replication or transcription, or
can be generated endogenously by reactive oxygen species (ROS) produced during oxidative
metabolism (Dizdaroglu and Jaruga, 2012; van Loon et al., 2010). Exogenous agents, such
as radiation and chemotherapy can also produce DNA damage. To correct the many types of
potential DNA lesions, distinct repair pathways are available that function independently or
in concert. The operative pathway depends not only on the particular type of DNA lesion,
but also on the cell type replicative status of the cell. Detailed recent reviews of the five
major DNA repair pathways and the types of damage that utilizes these pathways are
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available: Mismatch repair (Kunkel and Erie, 2015; Pena-Diaz and Jiricny, 2012), single
strand break repair (SSBR)/base excision repair (BER) (Caldecott, 2008; Krokan and Bjoras,
2013), nucleotide excision repair (Marteijn et al., 2014), crosslink repair (Deans and West,
2011; Kim and D’Andrea, 2012) and double strand break repair (DSBR), which occurs via
two independent pathways, homologous recombination (HR) (Heyer et al., 2010; Jasin and
Rothstein, 2013) that functions in replicating cells, or non-homologous end-joining (NHEJ),
which operates in either dividing or non-dividing cells (Chapman et al., 2012; Lieber, 2010;
Ochi et al., 2014; Symington and Gautier, 2011; Williams et al., 2014).

The most frequent DNA damage in cells arises from ROS and mostly results in DNA single
strand breaks (SSBs), a lesion that is repaired by the XRCC1-based SSBR/BER pathway
(Almeida and Sobol, 2007; Caldecott, 2008; De Bont and van Larebeke, 2004). Inherited
defects in SSBR almost exclusively affect the nervous system, leading to neurodegeneration
(Caldecott, 2008; McKinnon, 2013; Reynolds and Stewart, 2013). This may relate to the
high oxygen consumption of this tissue and the substantial energy requirement and
metabolism of neural cells (Magistretti and Pellerin, 1996; Raichle and Gusnard, 2002).
Neurons have high transcription rates and ROS and DNA damage accumulation can result in
R-loops to block transcription and promote genome instability, which can lead to direct
neuronal dysfunction (Aguilera and Garcia-Muse, 2012; Mischo et al., 2011; Sollier and
Cimprich, 2015; Yuce and West, 2013). The long life of neural cells and their high
transcriptional activity means it is imperative to maintain their genome free from detrimental
DNA lesions throughout their lives. Despite the frequency and potential consequences of
SSBs, other types of DNA damage also impact the nervous system. For example, unrepaired
DNA double strand breaks (DSBs), particularly during neurogenesis can result in
neurodevelopmental defects including microcephaly (a condition in which the head
circumference is reduced three or more standard deviations below the norm). DSBs can be
repaired by either HR, which requires a sister chromatid as a template for repair, and is
therefore active in S/G2 phase in replicating cells, or by NHEJ, which promotes direct DNA
end ligation and is active throughout the cell cycle (Chapman et al., 2012). While both
pathways are important during neurogenesis, NHEJ is critical for DSBR in mature (non-
cycling) neurons (Shull et al., 2009). However, the broad spectrum of neurologic disease that
can occur from DNA repair deficiency in each of the DNA repair pathways indicates that a
variety of DNA lesions can impact the nervous system (Table 1).

Recently, multiple distinct human syndromes have been linked to inherited mutations in the
DNA repair factor polynucleotide kinase phosphatase (PNKP) (Table 2). These include,
microcephaly with seizures (MCSZ), which is characterized by microcephaly, early-onset,
intractable seizures and developmental delay (Shen et al., 2010), progressive cerebellar
atrophy and polyneuropathy (Poulton et al., 2013), and ataxia with oculomotor apraxia type
4 (AOA4), characterized by neurodegeneration (Bras et al., 2015). PNKP is a
multifunctional DNA repair enzyme important for both the SSBR/BER and NHEJ pathways
(Weinfeld et al., 2011). The dual functionality of PNKP in SSBR and DSBR potentially
explains the presence of both microcephaly and neurodegeneration in patients with certain
inherited PNKP mutations. However, substantial variation exists amongst affected
individuals with PNKP mutations, as individuals diagnosed with MCSZ show no
neurodegeneration, while individuals with AOA4 show pronounced neurodegeneration
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without microcephaly (Bras et al., 2015; Shen et al., 2010). More puzzling in understanding
these different clinical entities is that individuals with either syndrome can harbor identical
PNKP mutations (Table 2). Although some cases involve consanguinity, this does not appear
to clearly explain the phenotypic range, although this is suggestive of genetic modifiers
impacting PNKP function. However, the underlying reason for phenotypic variability
amongst syndromes with PNKP mutations remains uncertain. In this review we will consider
the role for PNKP in DNA repair in the brain, and how PNKP mutations impact brain
function. Understanding how PNKP prevents human neuropathology will delineate the close
relationship between DNA repair and neural homeostasis. This knowledge might be used in
the clinic to alleviate neuropathology present in various DNA repair deficiency syndromes.

2. PNKP function during DNA repair

PNKP is a DNA processing enzyme in which the C-terminal catalytic domain contains a
fused bimodal phosphatase and kinase domain, with a forkhead-associated (FHA) domain at
its N-terminus (Weinfeld et al., 2011). Accordingly, PNKP has dual biochemical
functionality during DNA repair to provide a 3’-phosphatase and a 5’-kinase activity for
modifying the ends of a DNA break (Jilani et al., 1999). Multiple types of damage generate
3’-P and 5’-OH termini at a DNA break that require PNKP to produce ends that are
compatible for ligation (i.e. those containing 3’-OH and 5’-P). This enzymatic activity of
PNKEP is utilized for both SSBR and DSBR (Chappell et al., 2002; Karimi-Busheri et al.,
2007; Koch et al., 2004; Shimada et al., 2015; Whitehouse et al., 2001; Zolner et al., 2011).
The FHA domain of PNKP is important for interaction with either the XRCC1 or XRCC4
scaffold proteins, which are required for assembling SSBR or DSBR (NHEJ) components
respectively (Ali et al., 2009; Bernstein et al., 2005; Koch et al., 2004; Li et al., 2013;
Loizou et al., 2004; Lu et al., 2010). SSBs are the most common type of endogenous DNA
damage, and PNKP is required for processing of the bulk of these SSBs as most contain 3’-P
termini. DNA damage resulting form abortive topoisomerase-1 activity and intermediates
formed during the repair of oxidative damage also require PNKP to process 3’-P and 5’-OH
termini (Plo et al., 2003; Weinfeld et al., 2011; Wiederhold et al., 2004).

More generally, SSBR involves multiple components that are assembled by XRCC1, a key
scaffold factor in this pathway (Almeida and Sobol, 2007; Caldecott, 2008). Amongst these,
poly(ADP-ribose) polymerase (PARP) is an enzyme that activates signaling by multiple
ADP-ribosylation events (Caldecott, 2008; D’ Amours et al., 1999; Kim et al., 2005). SSBs
are detected by poly(ADP-ribose) polymerase (PARP), which recruits XRCC1 and other
DNA-processing enzymes necessary for SSBR, such as PNKP, Aprataxin (APTX), tyrosyl
DNA phosphodiesterase 1 (TDP1) or DNA polymerase beta, amongst others that process the
DNA break. APTX and TDP1 participate in the modification of specific DNA lesions, such
as adenylation intermediates or trapped topoisomerase-1 complexes (Ahel et al., 2006;
Pommier et al., 2006). Other central components include apurinic/apyrimidinic
endonuclease 1 (APEL) to initiate repair of oxidative DNA lesions, and PNKP for processing
DNA ends prior to DNA ligation (Ahel et al., 2006; lyama and Wilson, 2013; Weinfeld et
al., 2011). Human inherited disorders that disrupt SSBR lead to pathology that is mostly
restricted to the nervous system (Fig.1). Examples include; ataxia with oculomotor apraxia-1
(AOAL1) caused by mutations in APTX, spinocerebellar ataxia with axonal neuropathy-1
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(SCANL1) caused by mutated TDP1 and recently, progressive cerebellar atrophy and AOA4,
caused by specific mutations in PNKP (see later for details) (Bras et al., 2015; Date et al.,
2001; Poulton et al., 2013; Shen et al., 2010; Takashima et al., 2002). These syndromes
underscore the importance of SSBR for normal neural function.

PNKEP is also required for DSBR and loss of PNKP directly impacts this pathway via
disruption of NHEJ (Chappell et al., 2002; Karimi-Busheri et al., 2007; Koch et al., 2004;
Shimada et al., 2015). Similar to SSBR, there are core NHEJ factors required for
recognition, processing and repair of DSBs. The Ku70/80 heterodimers bind to DNA ends
and recruits the DNA-PKcs kinases, XLF and other processing factors such as Artemis, with
ligation to repair the break completed by the Xrcc4/DNA ligase 1V complex (Lieber, 2010).

3. PNKP-associated neurological syndromes

Defective PNKP compromises repair of endogenous DNA lesions leading to increased
genomic damage. This is a particular issue in the nervous system as a variety of
neuropathology can arise from PNKP dysfunction (Table 2). Unexpectedly, similar
mutations of this repair enzyme can result in dissimilar pathology, although the basis for
varied clinical presentation remains unclear. In the following, we will examine and discuss
the diverse disease-related phenotypes arising from PNKP dysfunction.

3.1. Microcephaly with seizures (MCSZ)

Microcephaly is a common feature of several human syndromes caused by mutations in
DNA DSB repair factors (McKinnon, 2013; O’Driscoll and Jeggo, 2006). Note that while
microcephaly can be caused by defects in DSB signaling, the etiology of this disease is
varied and can involve defective neural progenitor cell cycle regulation or as a result of more
diverse agents such as viral infection (Kaindl, 2014; Mahmood et al., 2011; Manicklal et al.,
2013; Morris-Rosendahl and Kaindl, 2015; Noyola et al., 2001; Tang et al., 2016; Woods et
al., 2005). For example, hereditary mutations in the NHEJ factors LIG4 and XLF or
hypomorphic mutations in Nijmegen breakage syndrome 1 (NBS1) and certain mutations of
MRE11, both components of the MRN complex that is essential for HR and DSBR, also
results in microcephaly (Frappart and McKinnon, 2006; Matsumoto et al., 2011; O’Driscoll
and Jeggo, 2006; Stracker and Petrini, 2011). Additionally, hypomorphic mutation of ATR
(ATM and Rad3 related), a DNA-damage response kinase that plays a central role in
replication-stress signaling leads to Seckel syndrome, a neurodevelopmental disorder
characterized by microcephaly (McKinnon, 2012; O’Driscoll and Jeggo, 2006; O’Driscoll et
al., 2003; Zeman and Cimprich, 2014).

MCSZ is an autosomal recessive disorder due to defective PNKP and is characterized by
microcephaly associated with seizures, hyperactivity and developmental delay (Shen et al.,
2010). An OMIM link to MCSZ is available: http://www.omim.org/entry/613402. While
PNKEP participates in both DSBR and SSBR, the microcephaly in MCSZ, by analogy with
other syndromes, implicates defective DSBR. The absence of neurodegenerative changes
also suggests defective SSBR does not account for neuropathology. MCSZ was described in
seven families that have either homozygous (five families) or compound heterozygous
PNKP mutations (two families) (Shen et al., 2010). Three Palestinian families were
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consanguineous and shared the same homozygous PNVKP mutation (exon 11; 975G>A),
which result in a non-conservative amino acid change (E326K) in the phosphatase domain.
A homozygous mutation caused by a 17bp duplication in exon 14, which results in frame-
shift T424GfsX48 in the kinase domain was found in members of two separate non-
consanguineous families from Saudi Arabia and Turkey respectively, also with a shared
common haplotype, potentially indicating a founder mutation. The remaining two European
families were compound heterozygotes containing the same T424GfsX48 mutation together
with other PNKP mutations; a point mutation resulting in L176F in the phosphatase domain,
or a 17bp deletion in intron 15 that disrupts mMRNA splicing. Analysis of PNKP protein
levels showed all mutations resulted in reduced protein, indicating these MCSZ mutations
are hypomorphic. Thus, a range of mutations in PNKP located in both the phosphates and
kinase domains lead to MCSZ (Figure 1).

Ensuing biochemical studies using both recombinant PNKP engineered with MCSZ
mutations, and also lymphoid cells derived from the MCSZ individuals revealed that the
mutant PNKP protein is unstable at physiologic temperature (Reynolds et al., 2012).
Recombinant PNKP protein from the T424GfsX48 and exon15Afs4X kinase region
mutations lacked kinase activity towards an oligomer substrate, as did the L176F mutation
but not the E326K mutation despite these being in the phosphatase domain (Reynolds et al.,
2012). Conversely, only the E326K mutations had a significant impact on PNKP
phosphatase activity. Despite the data using recombinant protein, analysis of all MCSZ
cellular extracts resulted in compromised phosphatase activity towards both single and
double-stranded DNA oligomers. Importantly, in all tested MCSZ-derived lymphoid lines
PNKP protein expression was very low, which compromises available enzymatic activity,
and all lines showed a DNA repair defect (Reynolds et al., 2012). The efficient repair of
DNA lesions resulting from oxidative damage is dependent upon the 3’-phosphatase
function of PNKP, via its interaction with XRCC1 (Breslin and Caldecott, 2009). Thus,
rather than specific individual kinase or phosphatase defects, the contributing effect of
PNKP mutations to MCSZ is the generation of an unstable protein resulting in marked
reduction of the needed enzymatic activity.

3.2 Microcephaly associated with neurodegeneration and polyneuropathy

In a subsequent report (Poulton et al., 2013), the same homozygous PNKP mutation in
MCSZ, T424GfsX48, was identified in two affected Dutch siblings with microcephaly, but
as distinct to MCSZ, these individuals also developed ataxia and progressive cerebellar
degeneration (Figure 1 and Table 2). Why identical PNKP mutations give rise to two
different phenotypes isn’t clear, although the most likely explanation points to genetic
modifiers. These two affected individuals are siblings from an isolated community in the
Netherlands and were born to consanguineous parents. Therefore, its likely there are one or
more other genetic or epigenetic modifiers (beside the homozygous T424GfsX48 PNKP
mutation) that the two brothers share. This may lead to a shift of the phenotype from
classical MCSZ to microcephaly associated with neurodegeneration and polyneuropathy.
Thus, PNKP function may be susceptible to genetic modifiers, either as a mechanism to
modulate PNKP function, or as an inadvertent consequence of additional mutations arising
from consanguinity.s
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An additional individual with PNKP mutations presenting with microcephaly and seizures
born to non-consanguineous parents was identified in Japan (Nakashima et al., 2014). The
particular PNKP mutations present were an A55S (163g>T), and a G292R (874G>A), which
are distinct to those found in MCSZ, thus expanding the range of PNKP mutations leading
to this syndrome. However, this case was more complex as the individual additionally
harbored a PCDH15 mutation known to result in Usher syndrome, which is characterized by
hearing loss, a clinical feature also found in this patient.

3.2. AOA4 (Ataxia with Oculomotor Apraxia type 4)

The phenotypic spectrum resulting from PNKP dysfunction was expanded further by the
recent identification of an additional clinical syndrome, ataxia with oculomotor apraxia 4
(AOA4), which is characterized by neurodegeneration but not microcephaly. An OMIM link
to AOA4 is available: http://www.omim.org/entry/616267. The T424GfsX48 (and other)
PNKP mutations were again identified in this cohort of patients (Figure 1 and Table 2).
Thus, in quite striking contrast to MCSZ, this syndrome is characterized by
neurodegeneration, and microcephaly does not occur.

Ataxia with Oculomotor Apraxia (AOA) comprises a group of at least four separate diseases
(for an overview of this group of syndromes see: http://ghr.nlm.nih.gov/condition/ataxia-
with-oculomotor-apraxia). These syndromes impact cerebellar function and result in a
profound loss of motor control and are characterized by cerebellar degeneration, oculomotor
apraxia (abnormal saccadic eye movement) and often dystonia and peripheral neuropathy
(Anheim et al., 2012; Barbot et al., 2001). AOA4 is an autosomal recessive ataxia recently
identified in 11 Portuguese patients (from 8 different families), caused by PNKP mutation
and represents the most common AOA in Portugal (Bras et al., 2015). Amongst the other
AOA subgroups, AOAL1 is also associated with DNA repair defects, as mutations in the
DNA-end processing enzyme APTX underpin this disease (Moreira et al., 2001). Both
diseases have early onset, with AOA4 being the earliest (mean age onset 4.3 vs. 6.9 years for
AOAL). Extra-neurologic features are also similar as half of the AOA4 cases have low
albumin and high cholesterol, features found consistently in older AOAL patients (Barbot et
al., 2001; Bras et al., 2015; Moreira et al., 2001; Yokoseki et al., 2011). A clinically related
syndrome AOAZ2, is caused by mutations in Senataxin (Anheim et al., 2009; Hammer et al.,
2012; Le Ber et al., 2004; Moreira et al., 2004), a helicase, which is associated with DNA
damage responses, transcriptional control and possibly a SSBR defect (Bennett and La
Spada, 2015; Hamperl and Cimprich, 2014; Richard et al., 2013; Suraweera et al., 2007).
AOAZ2 has an older age onset (mean 14.6 years) and affected individuals rarely manifest
dystonia and have normal albumin and cholesterol values, but consistently have increased
alpha-fetoprotein (Anheim et al., 2012; Schieving et al., 2014). In contrast, AOA3 is
reported to result from mutations in the phosphoinositide-3-kinase regulatory subunit 5
(PIK3R5) gene, and cell lines from these patients have been linked to defective DNA
damage signaling (Al Tassan et al., 2012; Gueven et al., 2007; Kobayashi et al., 2015). Like
AOA2, AOA3 also occurs in the second decade of life and is characterized by normal serum
cholesterol and albumin, but elevated alpha-fetoprotein (Al Tassan et al., 2012; Anheim et
al., 2012).
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In addition to the syndromes above, other neurodegenerative diseases also occur after
defective single strand break repair, notably defective TDP1 results in spinocerebellar ataxia
with axonal neuropathy (SCAN1). TDP1 is required for the repair of DNA strand breaks
arising from abortive topoisomerase-1 activity, and also other damage such as oxidative
stress that produces 3’ termini containing phosphate or phosphoglycolate ends (EI-Khamisy
et al., 2005; Interthal et al., 2005; Katyal et al., 2007; Yang et al., 1996). Similar to AOA1
and AOA4, SCANL1 patients have ataxia with cerebellar atrophy, low or normal albumin
levels and high cholesterol; however, the onset of the disease is later (around 14 years old)
and oculomotor apraxia and cognitive defects are not reported (Takashima et al., 2002). The
presence of a common SSBR defect signature is a unifying theme in the etiology of these
neurodegenerative syndromes (McKinnon, 2013).

MCSZ and AOA4 are characterized by profound affects towards the nervous system with a
notable lack of defects in other tissue/organs. In general terms, loss of DSBR integrity
results in microcephaly, while neurodegeneration is the outcome when SSBR is
compromised (Table 1). Given that PNKP functions during both DSBR and SSBR, one
would expect that compromised PNKP function lead to both microcephaly and
neurodegeneration. While this is the situation in one cohort of patients with PNKP mutation
(Poulton et al., 2013), MCSZ and AOA4 reflect different neuropathology, with MCSZ being
similar to the phenotype arising from DSBR deficiency and AOA4 from SSBR defects.
Although the occurrence of different phenotypes after PNKP mutations is surprising, each
disease phenotype is nonetheless consistent with a role of PNKP during NHEJ and SSBR/
BER. For instance, during development there may be an increased abundance of specific
types of DSBs (e.g. with specific DNA termini) that require PNKP during NHEJ, which
could result from replication-related damage, oxidative load or transcriptional stress.
Accumulated damage would lead to cell death in neural progenitors resulting in
microcephaly. Similarly, since PNKP mutations also compromise SSBR, a higher level of
unrepaired SSBs associated with oxidative and transcriptional damage would lead to cell
loss in the brain appearing as neurodegeneration. Because of the high mitochondrial activity
in the nervous system, excess SSBs will be generated during oxidative metabolism relative
to other organs, emphasizing the brain-specific nature of PNKP loss?

4. Modeling PNKP mutations in the mouse

The mouse can be a useful adjunct for analysis of the importance of DNA damage response
pathways in the nervous system. The consequences of PNKP loss in the developing murine
nervous system was recently reported, revealing that PNKP is an essential enzyme for
mouse embryonic development and necessary for normal development of the nervous system
(Shimada et al., 2015). In a scenario related to the human syndromes MCSZ and AOA4, a
series of mouse Pnkp mutant alleles were examined including the 7424Gfs48X mutation
and attenuated PNKP levels similar to the situation in MCSZ. Inactivation of PNKP in
specific neural compartments was also examined.

In the setting of mouse development, complete loss of PNKP in the nervous system
substantially impacts neural development and resulted in early postnatal lethality,
underscoring the fact that PNKP mutations are hypomorphic in the human diseases. To more
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effectively mirror the human situation, an attenuated Pnkp allele was developed in which
expression was decreased to around 10% of the normal situation. After PNKP loss, DNA
damage accumulation during neural development resulted in apoptosis, predominantly in
progenitors, accounting for the emergence of a microcephalic phenotype. However, there
were also degenerative effects with widespread cell loss. Thus, this model encapsulated both
the neurodevelopmental microcephaly in MCSZ and the cerebellar atrophy in AOA4. This
mouse model also clearly demonstrated that the primary consequence of PNKP loss is a
DNA repair deficiency that impacts the nervous system in a manner consistent with
generation of the phenotypes in MCSZ and AOA4. Further, mice in which XRCC1 is deleted
throughout the nervous system undergo seizures reflective of MCSZ, suggesting that
seizures can arise from compromised SSBR (Lee et al., 2009). One caveat to modeling
PNKP deficiency in the mouse is that an attempt to generate the germ-line 7424Gfs48X
mutation to model the human syndrome led to early embryonic lethality. This suggests that
the PNKP requirements in the mouse are more stringent than that of humans. Perhaps this
reflects the genetic background requirements that may contribute to the phenotypic
differences between MCSZ and AOA4?

Additionally, the relative impact of PNKP loss was also assessed by restricting deletion of
PNKEP after birth, and in a cell- or tissue-specific manner utilizing inducible deletion of
PNKP in young postnatal mice or in the glial compartment using an inducible GFAP
promoter to drive cre recombinase. These models showed a particular sensitivity of the
myelin-producing oligodendrocytes to PNKP loss and DNA damage accumulation (Shimada
et al., 2015), consistent with myelin/white matter defects present in MCSZ and AOA4 (Bras
et al., 2015; Poulton et al., 2013; Shen et al., 2010). Moreover, a requirement for PNKP to
prevent widespread DNA damage accumulation in the mature brain is also apparent
(Dumitrache et al, unpublished observation). Thus, the mouse provides important insight
into the specific cellular impact of PNKP dysfunction and illustrates the developmental and
maintenance function of this DNA repair enzyme in the nervous system.

5. The correlation between PNKP mutation and phenotype

Could the different mutations present in MCSZ and AOA4 underpin the varied clinical
presentation in the respective diseases? The issue with this notion is the presence of
overlapping/common mutations shared between syndromes (Figure 1 and Table 2). The
T424Gfs48X mutation is present as a compound heterozygote in AOA4, rather than a
homozygous mutation found in MCSZ. In AOA4 the partner mutation is a G375W, which is
not found in MCSZ, although this mutation affects the kinase region, as do other causative
mutations in MCSZ (Table 2). Perhaps more detailed biochemical analysis in cells from
MCSZ and AOA4 individuals will address how specific mutations affect PNKP function?
However, the simplest explanation is that the PAVKP mutations present in AOA4 and MCSZ
have similar effects on PNKP function, which is generation of an unstable protein thereby
reducing needed enzyme activity.
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6. Overview, conclusion and further considerations

The clinical data for individuals with MCSZ and AOAA4 are clear about the absence of
coincident neuropathology. Careful evaluation of AOA4 individuals revealed no
microcephaly or seizure-related events, while MCSZ patients showed no signs of
degenerative pathology (Bras et al., 2015; Shen et al., 2010). An exception to the exclusive
neuropathology is the two affected siblings, which both contain the 7424Gfs48X
homozygous mutation, presenting with both microcephaly and neurodegeneration (Poulton
etal., 2013). In essence, these syndromes reflect two distinct features of perturbed neural
homeostasis. Microcephaly is a congenital birth defect that is the result of abnormal neural
development, and as such reflects malformations that occurred prior to birth (Kaindl et al.,
2010; Morris-Rosendahl and Kaindl, 2015; Woods et al., 2005). In contrast, the cerebellar
atrophy resulting from neurodegeneration, and the ongoing postnatal neural cell death that
eventually results in an individual being wheelchair bound, are events that manifest some
months or years after birth. These neurodegenerative events may reflect the increased
oxygen consumption that coincides with the commencement of respiratory metabolism and
increased oxidative stress and free radical production after birth. With regard to how similar
mutations in PNKP result in these two somewhat opposite scenarios is not clear from
considering only the mutation(s) that disrupts normal enzyme function. Given that the
disease-causing mutations in PNKP result in protein instability that reduces available
enzymatic activity, it is likely this feature rather than the specific mutation underpins both
microcephaly and neurodegeneration. Moreover, inspection of the mutational combinations
in MCSZ and AOA4 reveal a similar general occurrence in the kinase domain (although
mutations in MCSZ are also found in the phosphatase domain; Figure 1), and in regard to
the common T7424Gfs48X mutation, which occurs in compound heterozygous form in
AOA4, the partner mutation is also in the kinase region mutation, similar to MCSZ. In other
individuals, a homozygous 7424Gfs48X mutation was responsible for the Dutch siblings
that had both microcephaly and neurodegeneration, while the Japanese patient presenting
with MCSZ had PNKP mutations in the FHA and phosphatase domain (A55S and G292R).
An additional amino terminal homozygous PNKP mutation (P20S) has also been linked to
one individual with encephalopathy who has seizures but not microcephaly (Carvill et al.,
2013). Although unlikely, it is formally possibly that the different mutational combinations
might generate distinct phenotypes. However, the presence of the identical T424Gfs48X
mutation in both classes of neuropathology does support all indices of pathology linked to
diminished PNKP enzymatic activity.

It is not unusual for different mutations in the same gene to lead to clinically distinct
neurologic diseases. MRE11 mutations can result in the neurodegenerative syndrome ataxia
telangiectasia-like disease (ATLD), while microcephaly was present in two unrelated
Japanese individuals that had MRE11 mutation different to those found in ATLD
(Matsumoto et al., 2011). Furthermore, a recent report describes a Korean AOA1 individual
with compound heterozygous APT.X mutations, who lacked the typical oculomotor apraxia
(Lee et al., 2016). Mutations in the Senataxin helicase (responsible for AOA2) can result in a
spectrum of other neurologic disease ranging from juvenile onset amyotrophic lateral
sclerosis (ALS) to motor neuron disease and ataxia (Bennett and La Spada, 2015; Hirano et
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al., 2011; Rudnik-Schoneborn et al., 2012). A putative heterozygous dominant SETX
mutation leading to motor neuropathy was also identified in an unaffected parent and
grandparent, implying other genetic factors may contribute to the phenotype (Hirano et al.,
2011).

For attenuated PNKP function to result in such different phenotypes suggests additional
factors influence the relative need for enzyme activity. All AOA4 individuals are from
Portugal, while those with MCSZ are from the Middle East, Turkey, Europe and the UK,
indicating a broad geographical distribution for PNKP mutations. The two Dutch siblings
presenting with both neurodegeneration and microcephaly had consanguineous parents,
suggesting that other genes can influence the requirements for PNKP. However, AOA4 and
MCSZ occurred in both consanguineous and non-consanguineous families, indicating that
this feature alone doesn’t explain the variable mutant PNKP phenotype. If genetic
background is an important factor, what might the genetic modifier be, and what evidence is
there for this possibility? Although speculative, there are examples of multiple gene loci that
might impact aspects of the MCSZ/AOA4 phenotypes. In particular, seizure related activity
has been linked to defects associated with multiple genes including sodium channels (e.g.
SCN1A), chromatin modifiers (e.g. CHD2) and synaptic proteins (e.g. SYNGAPI) (Carvill
etal., 2013). It is possible that combinatorial mutations in other genes (DNA repair or not)
can alter the specific requirements for PNKP function. For instance, polymorphisms or
specific haplotypes present in certain population groups may lead to an altered impact of a
PNKP mutation. Thus, the potential functional consequences of polymorphisms or missense
or silent mutations across the genome may have a larger effect on protein function than
predicted. In this regard, further genetic analysis (e.g. whole genome sequencing as more
cases are identified) of affected individuals with PNKP mutation may provide revealing
information to understand the diversity of disease phenotype.

Many DNA repair syndromes are known to be associated with transcriptional defects, and
perturbations in transcription could contribute to clinical variation as happens in subgroups
of xeroderma pigmentosum and related syndromes (Compe et al., 2007; Laine and Egly,
2006). PNKP has also been connected to the pathology of SCA3, due to inhibition of PNKP
phosphatase activity by the repeat expansion present in SCA3 (Chatterjee et al., 2015).
SCA3 is caused by CAG trinucleotide expansion and is a part of a group of SCAs
characterized by abnormal CAG repeat size, is caused by Ataxin 3 (ATXN3) mutation. If
this interaction is physiologically important, then PNKP function might be modified by
alteration in chromatin structure or specific grouping of repetitive DNA elements.

The diverse impact of PNKP mutations towards human disease provides important insights
for understanding how genome stability pathways control tissue homeostasis. The example
of variability in clinical presentation of PNKP mutations is likely relevant to other genome
instability syndromes. If genetic modifiers can influence the impact of repair defects then
experimental manipulation of ancillary factors (e.g. perhaps those that modulate DNA repair
activity such as ubiquitination or methylation) via small molecule inhibitors might be a
potential approach to ameliorate the impact of DNA repair mutations. Enhanced genome
data analysis will be useful to fully comprehend the impact of DNA repair-associated
mutations in human disease.
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Figure 1. Disease-causing mutationsin PNKP
The upper diagram shows the PNKP protein with the forkhead-associated domain (FHA),

and the phosphatase and kinase domains indicated. The numbering indicates specific amino
acid residues, and also the germline mutation changes found in PNKP in human syndromes.
MCSZ mutations are listed in black, AOA4 mutations are purple and blue are mutations
found in a compound heterozygote that showed an MCSZ phenotype. The P20S mutation in
green is from an individual who manifest only seizures, but not neurodegeneration or
microcephaly. The 7424GfsX48 common mutation is present in homozygous individuals
with MCSZ and also in siblings with both MCSZ, and in a compound heterozygous form in
AOAA4. The lower illustration indicates the effect of the T424GfsX48 change in the PNKP
protein, showing premature termination in the kinase domain.
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