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Abstract

Genomic stability is extremely important for developing or maintaining normal
neurological functions, as the nervous system is constantly suffering from endogenous
DNA damage. To maintain such stability, living cells are protected by several different
DNA repair pathways. Polynucleotide kinase/phosphatase (PNKP) is a bifunctional DNA
repair enzyme that possesses both the DNA 3’-phosphatase and DNA 5’-kinase
activities. It is involved in several different repair pathways including the single strand
break repair and the non-homologous end joining pathways. Mutations in PNKP have
been found to be responsible for different neurological diseases, including
Microcephaly, seizures and developmental delay (MCSZ), and Ataxia-ocular motor

apraxia 4 (AOA4).

Our focus was directed towards three different PNKP mutations reported in clinical
cases. The first two mutations were found in a 3-year-old male MCSZ patient with
cerebellar glioblastoma. Genetic screening for mutations associated with his clinical
features showed that he carried 2 germline point mutations in PNKP, which caused two
different single amino acid alterations in the protein (P101L and T323M). This is the first
report of human cancer found in a patient with MCSZ. While the latter mutation has
recently been identified in an MCSZ patient, the P101L mutation has not been
previously reported. We have investigated the consequences of these mutations at the

biochemical and cellular levels. Biochemically, the P101L variant retains relatively



robust DNA kinase and phosphatase activity, but the alteration at T323 significantly
diminishes both enzymatic activities, especially the phosphatase activity. This is due in
part to the reduced affinity for DNA substrates. Expressing the mutated proteins in HelLa
PNKP-knockout cells revealed that the P101L PNKP variant localizes primarily to the
cytoplasm rather than the nucleus. We established that this is the result of the creation
of a novel nuclear export signal. An increase in cytoplasmic PNKP was also observed in
tissue from the patient. Further analysis indicated that cells expressing P101L and
T323M variants have a slower repair of radiation-induced DNA single strand breaks
than cells reconstituted with the wild-type protein, and that the repair of radiation-
induced double strand breaks is particularly slow in T323M-expressing cells. We also
observed a significant increase in cellular transformation by the cells expressing the
mutant proteins using the soft agar assay, which may reflect an increased propensity for

oncogenic transformation.

To expand the spectrum of PNKP mutations and understand the molecular basis of
AOA4, we picked one of the most frequently identified PNKP mutations associated with
AOA4, G1123T, which gives rise to a G375W change in the protein. In vitro kinase and
phosphatase assays revealed that the G375W PNKP mutant lacks kinase but retains
near normal phosphatase activity. Furthermore, our results indicate that the loss of
kinase activity can be attributed to near elimination of ATP binding, while DNA binding
affinity remained unchanged. Cellular studies showed that the G375W-PNKP has the
same subcellular localization as the wild type PNKP. It partially rescues radiation

sensitivity in mutant cells compared to the PNKP knockout cells. Interestingly, G375W-



PNKP increases paraquat sensitivity more than PNKP knockout cells. Further study
showed mitochondria in G375W cells are more sensitive to paraquat treatment,
indicating mitochondria in the mutant cell lines could be the main target during the

disease’s development.

Together, our study explored the consequences of different PNKP mutations found in
MCSZ and AOA4, and provided evidence for different mechanisms underlying the
development of these diseases. Understanding these consequences could lead to more

targeted treatment in the future.



Preface

Chapter 1 provides an introduction about different pathways of DNA damage and
repair, neurological diseases linked with mutations of DNA repair genes, characteristics
and functions of PNKP, neurological diseases caused by PNKP mutations, and pediatric
glioblastoma.

Chapter 2 is collaborative work among the University of Alberta, Seattle Children’s
Hospital, University of Washington, Tulane University, University of California Los
Angeles, and University of Texas. A manuscript describing this work entitled “Mutations
of the DNA repair gene PNKP in a patient with Microcephaly, Seizures, and
Developmental Delay (MCSZ) presenting with a high-grade brain tumor” was recently
submitted to Scientific Reports. The clinical components of the study were provided by
Seattle Children’s Hospital and the University of Washington. Most of the experiments
and manuscript preparation were designed and conducted by Bingcheng Jiang under
the supervision of Dr. Michael Weinfeld. Rajam S. Mani conducted the DNA binding
assays and circular dichroism analysis. Cameron Murray in Dr. Mark Glover’s laboratory
conducted the XRCC4 peptide binding assays.

Chapter 3 encompasses original work by Bingcheng Jiang. Most of the experiments
and manuscript preparation were designed and conducted by Bingcheng Jiang under
the supervision of Dr. Michael Weinfeld. Rajam S. Mani conducted the DNA binding

assays and circular dichroism analysis.



Chapter 4 summarizes the main topics of this thesis, discusses the related areas in
neurological diseases and cancer development. Finally, we discuss future experimental
procedures required to optimize the work done in this thesis.

Appendix includes the published paper by Bingcheng Jiang, Mark Glover, and Michael
Weinfeld. “Neurological disorders associated with DNA strand-break processing

enzymes” on Mechanisms of Ageing and Development 161 (2017) 130-140.
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1 Chapter 1: Introduction



1.1 DNA damage and repair

DNA, the central repository of genetic information in a living cell, is essential to life. Even
without exogenous agents such as ionizing radiation, ultraviolet (UV) light, and genotoxic
chemicals, DNA is continuously under attacks from endogenous agents (1). As the most
common endogenous DNA damaging agent, reactive oxygen species (ROS) are formed
continuously in the course of cellular metabolism. ROS can directly interact with DNA
bases or the backbone to generate various oxidative DNA lesions (2), for example 8-
hydroxydeoxyguanosine (8-oxo-dG), the most common oxidatively modified DNA
nucleoside, ranging from 0.1 to 100 per 10° guanines (3). Besides ROS, reactive
metabolites can also trigger DNA lesions. S-adenosylmethionine (SAM) is a reactive
methyl group donor required for physiological enzymatic DNA methylation (4). However,
intracellular SAM may also generate mutagenic DNA adducts such as 7-methylguanine
and O®-methylguanine (5). In addition to direct modification, the DNA alterations induced
by endogenous agents could also lead to further damage to DNA during attempted repair.
For example, in the course of repairing modified DNA bases, abasic sites are generated
by cleavage of glycosidic bonds in DNA. The abasic sites caused by such a process are
estimated to occur 10,000 lesions/human cell/day (6). The plethora of DNA lesions arising
from all the scenarios can compromise the integrity of cellular DNA. To maintain genetic
stability, living cells are equipped with a signaling network, termed the DNA damage

response (DDR).



1.1.1 Base excision repair (BER)

Smaller DNA base modifications, such as those produced by ROS and smaller alkylating
agents, constitute one of the most common classes of lesions. BER is the repair pathway
that actively responds to such damages throughout the cell cycle (Fig. 1.1). The first step
is initiated by a damage-specific DNA glycosylase that detects the damaged base (7).
There are two main groups of DNA glycosylases: monofunctional and bifunctional
glycosylases. Monofunctional DNA glycosylases will flip the base out of the double helix
and cleave the N-glycosylic bond that links the DNA base to the sugar-phosphate
backbone to generate an abasic site (8). The abasic site will then be cleaved by
Apurinic/apyrimidinic (AP) endonuclease 1 (APE1) to create a DNA single-strand break
(SSB) harboring a 5’-deoxyribose phosphate (5’-dRP) residue (9). Bifunctional DNA
glycosylases possess N-glycosidic bond cleaving activity and an additional AP lyase
activity. There are two types of AP lyase eliminations by human bifunctional DNA
glycosylases: [-elimination and [3,0-elimination. [(-elimination is carried out by
glycosylases such as Endonuclease Ill homolog 1 (NTH1) and 8-Oxoguanine DNA
glycosylase (OGG1), generating a 3’-a,B unsaturated aldehyde (3’-PUA), which will then
be removed by APE1, resulting in a strand break with a 3’-OH terminus. 3,6-elimination
glycosylases, such as Endonuclease VlllI-like 1 (NEIL1) and Endonuclease VllI-like 2
(NEIL2), generate strand breaks with 3’-phosphate termini, which cannot be processed
by APE1 and require the action of Polynucleotide kinase/phosphatase (PNKP) to convert

them into 3’-OH termini (10).



Overall, BER utilizes multiple proteins, and goes through different routes, to convert base
damage into indirect SSB. Both indirect SSB and those generated directly by attack on
the sugar-phosphate backbone are repaired either by the short-patch single-strand break

repair (spSSBR) or the long-patch single-strand break repair (IpSSBR) pathways.

1.1.2 spSSBR and IpSSBR

spSSBR starts with the involvement of poly(ADP-ribose) polymerase | (PARP1). After
PARP1 binds to the specific DNA end structure with its zinc finger domain (Zn1 to the 5'-
end, Zn2 to the 3’-end), PARP1 undergoes allosteric activation and catalyzes poly (ADP-
ribose) synthesis: PARylation (11). The PARylation occurs on several acceptor proteins,
such as histones (12), DNA topoisomerase | (TOP1) (13), and itself: auto-PARylation (14).
The accumulation of negatively charged PAR polymers facilitates chromatin
decondensation, allowing the accession to damage sites by downstream repair proteins
(15). The PAR chain also flags the damage sites for recruiting repair proteins such as X-
ray repair cross-complementing protein 1 (XRCC1) (16). XRCC1 acts as a scaffold for
other SSBR proteins, such as PNKP (17), DNA polymerase 3 (Pol 8) (18), and DNA ligase
3 (LIG3) (19). PNKP converts the 3’-phosphate and 5’-OH termini into 3’-OH and 5’-
phosphate (20). Pol B, with its intrinsic dRP-lyase activity, removes the blocking 5’-dRP
generated by APE1 (21). Once all the termini have the correct chemical form, Pol Badds
one nucleotide to replace the damaged nucleotide (22). Finally, LIG3 seals the nick to

complete the repair process in spSSBR (23).
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Figure 1.1 Graphical representation of BER, spSSBR and IpSSBR.
Graphical representation of major steps involved in BER, spSSBR and IpSSBR. Details

are outlined in 1.1.1 and 1.1.2.



In contrast to the spSSBR, the IpSSBR incorporates multiple nucleotides ranging from 2
to 12 during the DNA synthesis step. This synthesis step is carried out by DNA
polymerase & (Pol 8) and DNA polymerase € (Pol €), with the help of proliferating cell
nuclear antigen (PCNA) (24). The synthesized strand displaces the downstream 5’-DNA
end to form a flap intermediate. As a structure specific nuclease, Flap endonuclease 1
(FEN1) excises the displaced oligonucleotides (25). DNA ligase | (LIG1) then seals the
nick to finish the IpSSBR process (26). The decision to go through IpSSBR instead of
spSSBR appears to be influenced by multiple factors. For example, IpSSBR occurs if
termini, such as X-ray damage generated 2-deoxyribonolactone, cannot be processed
by spSSBR (27). IpSSBR also occurs more frequently at low ATP concentration, where
the ATP dependent ligation process cannot immediately proceed (28). In addition, cell
cycle and differentiation also contribute to the choice between [pSSBR and spSSBR

(29).

1.1.3 Non-homologous end joining (NHEJ)

A DNA double-strand break (DSB) arises when two SSB occur on the opposing strand
simultaneously within 10-20 bp (30). Similar to other forms of DNA damage, DSB can
arise from a wide range of exogenous and endogenous factors. Unlike other DNA lesions,
DSBs directly disrupt the genome’s physical continuity and integrity (31). DSBs are mainly
repaired by two different pathways, non-homologous end joining (NHEJ) and homologous

recombination (HR).
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NHEJ (Fig. 1.2) is active throughout the cell cycle and is the major double-strand break
repair pathway being responsible for approximately 75% of DSB repair while HR handles
approximately 25% in proliferating cells (32). One of the primary sensing proteins in NHEJ
is the Ku70/Ku80 heterodimer (Ku). By binding to the broken DNA termini, Ku aligns both
strands and protects them from degradation while still allowing access of other
downstream repair proteins (33). The scaffold created by Ku recruits and activates DNA-
dependent protein kinase catalytic subunit (DNA-PKcs) (34). After Ku loads onto DNA
strand break termini, it moves inward by one helical turn to allow DNA-PKcs to bind to the
10-bp region at both broken termini (35). The recruited DNA-PKcs initiates a cascade of
phosphorylation targeting itself and Ku, followed by phosphorylation of multiple
participating proteins, such as Artemis, X-ray repair cross-complementing protein 4
(XRCC4), XRCC4-like factor (XLF), and DNA ligase IV (LIG4) (36). Similar to the BER
and SSBR process, compatible DNA termini (3’-OH and 5’-phosphate) can be directly
used for DNA synthesis and ligation. However, incompatible DNA termini require the
termini to be processed as well. Two key NHEJ end-processing enzymes are PNKP(37,
38) and the Artemis endonuclease. Once activated by DNA-PKcs, Artemis removes
single-stranded overhanging DNA ends containing damaged nucleotides to generate
blunt or near-blunt ends DSB (39, 40). Once the correct termini are formed, the gap-filling
process is completed by DNA polymerase A (Pol A) (41) and/or DNA polymerase y (Pol
M) (42). The final step in NHEJ is carried out by the XRCC4-LIG4-XLF complex.
Interaction with XRCC4 stabilizes LIG4 (43) and stimulates its activity (44). The binding

between XLF and XRCC4 facilitates the stabilizing of broken DNA ends (45). XLF also



helps the synthesis process of Pol A and Pol y by aligning DNA termini in the repair
complex (46).

Overall, NHEJ utilizes multiple proteins to repair DSBs without the requirement of a sister
chromatid template. Thus, NHEJ has been regarded as “error-prone” in the past since it
“simply” cleans up the damaged termini and ligates them. However, the majority of
autosomal genes are biallelically expressed, and a recent study indicated that nascent
RNA transcribed from the other (undamaged) allele can provide the template for NHEJ,

thereby mediating error-free repair (47).

1.1.4 Homologous recombination (HR)

In contrast to NHEJ, HR requires the sister chromatid as a template to repair DSBs (Fig.
1.3). Thus, it only occurs during the late S/G2 phase of the cell cycle. HR can be divided
into three stages: presynapsis, synapsis, and postsynapsis (48). Presynapsis is made up
of the damage recognition and end resection process, achieved by multiple proteins
including the MRE11/RADS0/NBS1 (MRN) protein complex, Exonuclease 1 (EXO1), and
Replication protein A (RPA). The MRN complex plays the key structural role of binding
broken DNA termini (49). In addition, MRE11 carries out the endonuclease activity to
create the initial nicked sites for the ensuing bidirectional resection (50) mediated by the
3’-5" exonuclease activity of MRE11 and the 5-3’ exonuclease activity of EXO1 (51).
During presynapsis, the MRN complex also recruits Ataxia Telangiectasia Mutated (ATM)
(52). As a major serine/threonine protein kinase, ATM phosphorylates various DNA repair

proteins, including MRN and EXO1. The phosphorylation of MRN and EXO1 by ATM
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determines the extent of resection to prepare an optimal substrate for subsequent steps
(53). The resection process creates two 3’- ssDNA overhangs, which bind to RPA to
prevent possible secondary structure or degradation (54). RPA is then replaced by the
RADS1 recombinase (RAD51) to form a RAD51-ssDNA filament, referred to as the
presynaptic complex (55). During the synapsis stage, the presynaptic complex is
responsible for searching DNA homologous to the 3’-overhang. Once it has located the
template, the protein-coated 3’-overhang invades the homologous DNA to form a
displacement loop (D-loop). DNA polymerase n then copies the genetic information from
the template to extend the 3’ strand (56). During the postsynapsis stage, the second DSB
end can become involved in the D-loop to form a DNA intermediate that contains two
Holliday junctions, referred to as double-strand break repair (DSBR). Alternatively, the
extended single-strand end can be annealed, followed by the other strand’s gap-filling
DNA synthesis and ligation, referred to as synthesis-dependent strand annealing (SDSA)
(57). The repair products of SDSA are always non-crossover, while the products of DSBR

can be either crossover or non-crossover (58-60).

1.2 Nuclear import and export machinery

DNA replication and protein synthesis are separated by the double membranous
nuclear envelope in eukaryotic cells. It is important to have selective and regulated
machinery to transport proteins between the nucleus and cytoplasm. Proteins enter and
exit the nucleus through the nuclear pore complexes (NPC). In mammals, NPC is a 125

MDa macromolecular complex inserted in the nuclear envelope (61). Proteins that are
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smaller than 40 kDa can pass through the NPC’s 10-nm diameter single transport
channel by passive diffusion. At the same time, the active transport channel of NPC can
expand to 35 nm, allowing rapid translocation of larger proteins with appropriate signals
(62). Efficient active transport requires nuclear transport receptors that bind to proteins
and mediate their translocation, in particular, the karyopherins family (63). Karyopherins
weigh 95 to 145 kDa and can interact with NPC proteins. So far, 14 karyopherins have
been identified in yeast and at least 20 have been found in mammals (64). Karyopherins
mediate the import or export process via recognition of the nuclear localization signal

(NLS) or nuclear export signal (NES) in the cargo proteins (65).

The nuclear import process starts with the interaction between the cargo protein’s NLS
motif and import karyopherins (importins). The classical NLS is a lysine/arginine-rich
sequence that falls into two categories: monopartite NLS, such as PKKKRKVE from
simian virus 40 large T antigen (66), or bipartite NLS, such as KRPAATKKAGQAKKKK
from Xenopus nucleoplasmin (67). Once the cargo protein is bound by its NLS,
importins can then interact with NPC and translocate the cargo protein to the nucleus.
The interactions between cargo protein and importins are regulated by the GTPase
Ran. Ran cycles between Ran-GTP and Ran-GDP bound states. Once in the nucleus,
the importins will associate with Ran-GTP and dissociate from the cargo protein, thus
finishing the transportation process (68). Similar to the import process, the nuclear
export process starts with the interaction of the cargo protein’s NES sequence and
export karyopherins (exportin). The most common NES is a conserved leucine-rich

motif, such as LPPLERLTL in human immunodeficiency virus type 1 (HIV-1) Rev protein
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(69). In contrast to importin, the association between exportin and cargo protein
requires the interaction with Ran-GTP. After the recognition step, the exportin-cargo-
Ran-GTP complex will then transport from the nucleus to the cytoplasm. After the Ran-
GTP is hydrolysed to Ran-GDP in the cytoplasm, the complex is dissociated and the
export process is completed (70). It is worth noting that there is signal-independent
transportation machinery as well. For example, -catenin, which contains no NLS, is
imported into the nucleus by directly binding to NPC without the help of karyopherins

(71).

The nuclear transportation machinery is a prerequisite for the functions of DNA repair
proteins. Many DNA repair proteins contain classical or putative NLS, such as XRCC1
(SPKGKRKLDLNQEEKKTPSKPPAQLSPSVPKRPKLP) (16, 72), PNKP
(LPKKRMRKSNP) (73, 74), and XRCC4 (PSRKRRQRM) (75). DNA repair proteins that
do not contain an NLS sequence can be translocated through the co-import mechanism.
For example, mismatch repair protein MSH2 does not contain a classical NLS
sequence, but it forms a complex with EXO1 (IVKRPRSA) containing an NLS to
facilitate the import process (76). The NER protein XPD also lacks an NLS sequence

and be imported into the nucleus in association with other NLS-containing proteins (77).
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1.3 Neurological diseases linked with DNA instability

The nervous system constantly suffers from endogenous DNA damage arising from
neurogenesis (78), physiologic activities (79), and the aging process (80). Thus, genome
stability is extremely important for maintaining normal neurological functions. Various
neurological symptoms can arise from DNA instability and affect different nervous system

regions at different life stages.

Neurodevelopmental disorders are a group of disorders caused by the disruption of the
nervous system’s normal development, leading to the inability to acquire motor, cognitive,
or emotional functions (81). A large number of neurodevelopmental disorders are found
associated with DNA instability. For example, Nijmegen breakage syndrome (NBS) is a
rare autosomal recessive disorder characterized by developmental defects, including
microcephaly and retardation, immunodeficiency, and cancer predisposition (82). NBS
has been linked to mutations in the NBN gene, which codes for the protein Nibrin (NBS1)
(83). NBS1 is part of the MRN protein complex, which plays an important role in initiating
double-strand DNA break repair (84). Ataxia telangiectasia and Rad3-related protein
(ATR) is a serine/threonine-specific protein kinase that participates in sensing single-
strand DNA breaks and stalled replication forks, activating cell cycle arrest and DNA
repair (85). Mutations in ATR are linked to one form of Seckel syndrome, an autosomal
recessive disorder characterized by microcephaly, mental retardation, and growth defect

(86).

15



Unlike the early onset of neurodevelopmental disorders, the neurodegenerative diseases
usually occur at later ages. Neurodegenerative diseases are disorders resulting from
progressive deterioration of selected neurons in the nervous system (87). Ataxia
telangiectasia, an autosomal recessive syndrome, is characterized by progressive
cerebellar degeneration, premature aging, telangiectasia, immunodeficiency, and
predisposition to cancer (88). Ataxia telangiectasia is caused by mutations in ATM (89).
ATM belongs to the phosphoinositide 3-kinase (PI3Ks) superfamily, the same family as
ATR. As discussed above, ATM is recruited by the MRN complex and involved in double-
strand DNA break repair (52). Spinocerebellar ataxia with axonal neuropathy (SCAN1) is
also an autosomal recessive disorder. Its symptoms include slowly progressing cerebellar
ataxia, loss of reflexes, and peripheral neuropathy. SCAN1 is caused by mutations in
TDP1 gene, which encodes tyrosyl-DNA phosphodiesterase 1 (TDP1), a DNA strand-
break processing enzyme (90). TDP1 acts on the covalent TOP1-DNA dead-end
complexes formed by incomplete reaction of TOP1 with DNA (91). It also releases a
variety of 3’-adducts to generate a 3’-phosphate terminus for further DNA repair

processing (92).

The road from DNA defects to neurological disorders is still not clear. It is interesting that
proteins that act in the same DNA repair pathway, like NBS1 and ATM, or proteins from
the same superfamily, like ATM and ATR, could lead to different symptoms, while similar
symptoms, such as progressive cerebellar degeneration, are caused by mutations in

proteins from different DNA repair pathways, like ATM and TDP1.
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1.4 PNKP

PNKEP is a bifunctional DNA repair enzyme that possesses both the DNA 3’-phosphatase
and DNA 5-kinase activities (Fig. 1.5) required to process both 3’-phosphate and 5’-

hydroxyl strand break termini in DNA (93-95).
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Figure 1.5 The enzymatic activities of PNKP.

The activities of PNKP including both DNA 3’-phosphatase and DNA 5’-kinase activities.
PNKP catalyzes the phosphorylation of 5'-OH termini, using ATP as the phosphate donor,

and the dephosphorylation of 3'-phosphate termini (96).
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Figure 1.6 Structure of murine PNKP.

Structures of murine PNKP, with kinase domain in yellow, phosphatase domain in blue,
FHA domain in green. Catalytic residues (Asp170 and Asp396 in the phosphatase and
kinase, respectively) are in pink, the ATP binding P loop is in navy blue, and the sulfate
bound at the P loop is in orange and red spheres (97).
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PNKP protein is conserved through different organisms. The amino acid sequence of
murine PNKP shares over 80% similarity to human PNKP (97), and even the homologs
of PNKP in Caenorhabditis elegans and Schizosaccharomyces pombe share ~30%
similarity to the human protein (95). So far only the structure of murine PNKP has been
crystallized, as shown in Figure 1.6. Human PNKP is a 57.1-kDa multidomain protein that
consists of an N-terminal forkhead-associated (FHA) domain and a catalytic subunit,
attached to each other by a flexible linker region (97). The FHA domain selectively binds
to acidic casein kinase 2 (CK2)-phosphorylated regions of the scaffold proteins XRCC1
(98) and XRCC4 (37), key components of BER and NHEJ, respectively. Such interactions
facilitated by the FHA domain help direct PNKP to the DNA damage site (20, 97). The
catalytic subunit includes the phosphatase domain and the C-terminal kinase domain.
Although named independently, the phosphatase and kinase domains are tightly
associated with each other in structure and function. The crystal structure of murine PNKP
(97) shows the kinase and phosphatase domain tightly associate with each other through
a large interface and cannot be separated by proteolysis. Moreover, the two catalytic
active sites (Asp 170 and Asp 396 in the phosphatase and kinase domain, respectively)
in murine PNKP are positioned on the same side of the protein. One study showed that
in human PNKP, mutated phosphatase active sites (D171A or D173A) disrupts both
phosphatase and kinase activities while mutated kinase active site (K378A) does not
affect the phosphatase activity (99).

As a key DNA terminus processing protein, PNKP is involved heavily in BER, SSBR, and
NHEJ (17, 38, 100) but is not required for HR (101, 102). Strand breaks with 3’-phosphate

and 5’-hydroxyl termini can arise directly when exposing cells to damaging agents such
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as hydroxyl radicals and ionizing radiation (103, 104). During different DNA repair
processes, 3’-phosphate and 5’-hydroxyl termini can also be produced as intermediate
products. A large number of PNKP substrates arise as the products of DNA glycosylases
or endonucleases, as mentioned above in 1.1.1. The end product of TDP1 also requires
processing by PNKP prior to ligation. Topoisomerase | poison such as camptothecin
prevent the DNA nick rejoining by TOP1, leaving a TOP1-DNA “dead-end” complex.
Hydrolysis of this complex by TDP1 creates a DNA nick with 3’-phosphate and 5-OH
termini. Another important role of TDP1 is converting 3’-phosphoglycolate (PG) into 3'-
phosphate (105). 3'-PG is produced by ionizing radiation, bleomycin, and enediyne
compounds such as neocrazinostatin (20). PNKP, in combination with TDP1, can

efficiently process 3’-PG, especially at 3’-overhangs and blunt-ends (106).

1.5 Neurological diseases caused by PNKP mutation

Mutations in PNKP have been found to be responsible for three different neurological
diseases: the autosomal recessive neurodevelopmental disorder Microcephaly, seizures
and developmental delay (MCSZ) (OMIM 613402) (107), the autosomal recessive
neurodegenerative disease Ataxia-ocular motor apraxia 4 (AOA4) (OMIM 616267) (108),
and the hereditary peripheral neuropathy Charcot-Marie-Tooth disease subtype 2B2

(CMT2B2) (OMIM 605589) (109).

1.5.1 Microcephaly, seizures and developmental delay (MCSZ)

20



In 2010, Shen et al. reported a previously unknown autosomal recessive disease in seven
unrelated kindreds with Middle Eastern and European origin. Brain magnetic resonance
imaging scans (MRIs) showed the signature feature of this disorder to be primary
microcephaly without apparent structural abnormalities or degeneration (107). Primary
microcephaly is characterized by reduced skull circumference with corresponding
reduced brain volume at birth, in the absence of environmental or maternal aetiologies.
The degree of microcephaly is correlated with the risk and severity of mental retardation
(110). So far, there are two groups of protein malfunctions related to microcephaly. The
first group is comprised of autosomal recessive primary microcephaly (MCPH) proteins,
all of which are involved in centrosome function. Disruption of MCPH proteins can delay
centrosome maturation or spindle orientation, thereby depleting the progenitor pool and
limiting the total number of neurons that can be generated (111). Another group of
proteins that contributes to microcephaly is involved in the DNA damage response.
Besides PNKP, mutations in several DNA repair genes are responsible for microcephaly,
such as ATR mutation, which causes Seckel syndrome 1 (OMIM 210600) (86); Breast
cancer type 2 susceptibility protein (BRCA2) mutation causing Fanconi anemia
complementation group D1 (OMIM 605724) (112); NBS1 mutation causing Nijmegen
breakage syndrome (OMIM 251260) (83); and LIG4 mutation responsible for LIG4

syndrome (OMIM 606953) (113).

In addition to the microcephaly, MRI showed a preserved or slightly simplified gyral
pattern and proportionately reduced cerebellum, indicating an absence of neuronal

migration or other structural abnormalities. In contrast to other diseases featuring
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microcephaly, the affected MCSZ individuals showed several different traits: (a) MCSZ
patients did not develop ataxia or any other neurological symptom; (b) clinical evidence
of immunodeficiency was not observed, with normal frequency of common or uncommon
infections; (c) all the individuals showed development delay, seizures (first onset ranging

from 1 to 6 months) and variable behavioral problems, particularly hyperactivity (107).

In the original seven families discovered to have MCSZ individuals, two kinds of point-
mutations and two kinds of frame-shift mutations in PNKP were identified. PNKP mutation
types include homozygous and compound heterozygous mutations in MCSZ individuals.
The mutation patterns include different combinations in the PNKP’s catalytic domain: (a)
homozygous mutations only in the phosphatase domain (E326K + E326K); (b)
homozygous mutations only in the kinase domain (T424Gfs48X + T424Gfs48X); (c)
compound heterozygous mutations in the kinase domain (T424Gfs48X + Exon15Afs4X);
(d) compound heterozygous mutations in both domains (L176F + T424Gfs48X) (107).
Later, several studies of individuals with MCSZ from the Middle East, Europe, East Asia,
and South Asia revealed eight other mutations (114-121). Mutations in PNKP associated
with MCSZ are shown in Figure 1.7. All the MCSZ individuals showed similar clinical
phenotypes with different ranges of severity. Like the first seven families, PNKP mutations
identified later in the MCSZ patients appear mostly in the catalytic domain. Only three
PNKP-FHA domain mutations have been found before our study, which will be discussed

later in 1.5.4.
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p. T424GfsX48

MCSZ 0. Ad29Trsxa2—, © 12992 A>G
Exon15Afs4X
c. 1295_1298+6del
p. 121HfsX37 p. G292R
p. A55S p. L176F p. E326K p. TGZP

hPNKP 1 FHA — Phosphatase | Kinase 521

‘ ‘ p. P343L L p. 438-439 Del

p. P20S p. T323M
p. K378Y p- R433fs

+—— ¢.1298+33_1299-24 del

c.1299-1G>T

Figure 1.7 Mutations associated with MCSZ.

Black mutations only have been found in homozygous mutation form. Red ones have
been found only in compound heterozygous mutation form. Blue ones have been found

in both homozygous and heterozygous forms.
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The most direct consequences of mutations in the catalytic domain could be alterations
in PNKP’s enzymatic activities. To test PNKP’s enzymatic activities, a few biochemical
studies have been performed using recombinant PNKP engineered with MCSZ mutations
or extracts from patient-derived lymphoblastoid cells or fibroblasts (116, 122). All the
PNKP

mutations that have been tested did affect the PNKP enzymatic activities. Some of the
consequences are predictable, such as two kinase domain mutants (T424GfsX48 and
Exon 15 del), exhibit near-normal phosphatase activities and greatly reduced kinase
activities. However, as predicted by PNKP’s tightly intertwined phosphatase-kinase linker
region (97), the affected enzymatic functions are not always limited to one activity only.
Two phosphatase domain mutants, L176K and E326K, showed disruption in both
phosphatase and kinase activities (122). Extracts from patient-derived fibroblasts
harboring compound heterozygous mutation (121HfsX37 in FHA domain + part of
exon/intron 14 del in the kinase domain) reduced both phosphatase and kinase activities

as well (116).

Importantly, although the biochemical studies of recombinant PNKP showed direct
impacts due to mutation, the altered enzymatic activity in cells could also be affected by
the total cellular PNKP protein level. Indeed, Epstein-Barr virus (EBV)-transformed
lymphocytes derived from affected MCSZ individuals (E326K and T424GfsX48) showed
decreased PNKP protein content (107) in the cell extract. Low PNKP protein levels were
also observed in the patient-derived fibroblasts carrying the 121HfsX37 + part of

exon/intron 14 del mutations (116). Thus, although the exact reason for the
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neurodevelopmental disorder is still not clear, it could arise from the combination of

reduced protein activities and protein levels.

Animal-based study of MCSZ mutation is limited. Like some other key DNA repair proteins
such as XRCC1 (123), inactivation of PNKP in mice results in embryonic death. Even
PNKP inactivation restricted to the nervous system resulted in early neonatal lethality.
Interestingly, these prematurely deceased mice showed a reduced cortex and cerebellum
size, similar to MCSZ patients. In contrast to the lifespan of human MCSZ patients, it has
not been possible to extend the lifespan of MCSZ mouse models. Homozygous MCSZ
mutation (T424GfsX48) in mice induced similar embryonic death to total PNKP
inactivation (124). It seems that while low/mutant PNKP protein is still able to support the
survival of MCSZ human individuals, PNKP plays more critical roles in murine

development.

1.5.2 Ataxia-oculomotor apraxia 4 (AOA4)

In 1988, Aicardi et al. found a progressive neurological syndrome in 14 patients from 10
families (125). The syndrome is similar to Ataxia-Telangiectasia with progressive
neurodegeneration and loss of Purkinje cells (126), but without extra-neurological
features such as telangiectasia, immunodeficiency, and susceptibility to malignancies
(125, 127). This syndrome was then termed as Ataxia-ocular motor apraxia (AOA).
Symptoms included progressive ataxia, choreoathetosis, and ocular motor apraxia (125).
Since then, four subtypes of AOA disorder have been identified, each associated with
mutations in different genes: AOA1 (OMIM 208920) is linked to mutations in Aprataxin

25



(APTX) (128, 129), AOA2 (OMIM 606002) is linked to mutations in Senataxin (SETX)
(130), AOA3 (OMIM 615217) is linked to mutations in Phosphoinostitide-e-kinase
regulatory subunit 5 (PIK3R5) (131), and AOA4 (OMIM 616267) is linked to mutations in

PNKP (108).

AOA4 was first identified in eight Portuguese families. It affects nearly 40% of the
identified Portuguese AOA population (108). None of the AOA4 individuals showed the
signature symptoms of MCSZ patients, such as microcephaly and epilepsy. The age of
onset ranged from 1 to 9 years instead of at birth. The first and most prominent symptom
of most AOA4 patients is dystonia. Dystonia is a movement disorder featuring sustained
muscle contractions, repetitive twisting movement, and abnormal postures (132). In all
the patients, dystonia attenuated with the progression of the disease. The second
common symptom among AOA4 patients is ataxia, characterized as impairment of gait.
Individuals with severe disease could not stand or walk without assistance (133). Another
signature symptom is oculomotor apraxia. Oculomotor apraxia is a rare oculomotor
disturbance characterized by the inability to initiate horizontal eye movement; head
rotation is usually needed to fix the gaze (134). Other symptoms of AOA4 include

polyneuropathy and cognitive impairment. Brain MRIs revealed cerebellar atrophy.

In the eight families identified with AOA4 initially, G375W mutation is the most common
mutation, present both in homozygous and compound heterozygous mutation forms. All
the other PNKP mutations identified in the eight families are all present as compound

heterozygous mutation forms. Mutations include frameshift (T424GfsX48, Q517LfsX24,
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R439GfsX51, G442AfsX27) and deletion (T408del). Later, several studies of AOA4
patients from Europe and the Middle East revealed more PNKP mutation types (135-141),
as shown in Figure 1.8. In contrast to MCSZ, almost all the AOA4 mutations identified
are limited to the kinase domain. The only FHA domain mutation will be discussed later

in 1.5.4.

Interestingly, among all the identified PNKP mutations, T424GfsX48 frameshift mutation
showed up in both MCSZ and AOA4 cases. All the T424GfsX48 frameshift mutations
found in AOA4 patients are present in compound heterozygous mutation form,
accompanied by another AOA4 specific point mutation (G375W, Y515X, or L399P) (108,
135, 138). However, T424GfsX48 mutations found in MCSZ patients are presented in
both homozygous (107, 118, 120, 142) and compound heterozygous (107, 114, 142)

forms.

Based on the mutation locations, the AOA4 mutant might only disrupt the kinase activity
of PNKP. However, so far, the only AOA4 mutation that has been biochemically studied

is the T424GfsX48 mutation, which was observed more frequently in MCSZ individuals.

1.5.3 Charcot-Marie-Tooth disease subtype 2B2 (CMT2B2)

Unlike MCSZ and AOA4, Charcot-Marie-Tooth (CMT) disease is one of the commonest
inherited neuromuscular disorders. Also known as hereditary motor and sensory

neuropathy (HMSN), it was first described in 1886 (143).
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c. 1189-15_1191del18

Figure 1.8 Mutations associated with AOA4.

Black mutation only has been found in homozygous mutation form. Blue mutation has
been found in both homozygous and heterozygous form. Red ones have been found only

in compound heterozygous mutation form.
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Before the availability of genetic testing, CMT was classified into two subtypes based on
their causes: CMT1, also known as “demyelinating” CMT, is caused by damage to the
myelin sheath covering nerves. CMT2, also known as “axonal” CMT, is caused by
damage to the nerve axons themselves (144). In 1991, Peripheral myelin protein 22
(PMP22) became the first causative gene identified in CMT, linked with subtype CMT1A,
the most common CMT type (60%-90% of CMT1) (145, 146). Since then, more than 30
genes linked with CMT have been identified. CMT’s complexity is not limited to numerous
causative genes but also various inheritance patterns: Both CMT1 and CMT2 subtypes

include autosomal dominant, autosomal recessive, and X-linked forms (147).

Classic CMT patients usually present with muscle weakness and atrophy, leading to lower
limb symptoms such as ankle sprains and foot deformity. Sensory loss is another
signature symptom, also commonly seen in the lower limb (148). Due to the differences
of damage sites, motor and sensory nerve conduction velocities are different between
CMT1 and CMT2: CMT1 subtypes usually have slower motor nerve conduction velocities
(MNCV) compared to CMT2 patients. Although not always accurate, a cut off value of 38
m/s in the MNCYV test is widely used to distinguish CMT1 from CMT2 (149). Additionally,
the onset age is usually later, and sensory loss is less severe in CMT2 (150). It is
noticeable that various CMT subtypes are often accompanied by specific phenotypes
besides the classic symptoms. However, it is hard to distinguish different subtypes based
solely on the symptoms because of the degree of overlap. The current diagnosis of CMT

combines both clinical and genetic approaches (147).
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In comparison to the high incidence of some CMT subtypes such as CMT1A, reports of
CMT2B2 are quite rare. In 2001, Leal et al. identified CMT2B2 for the first time in a large
consanguineous Costa Rican family comprising 18 affected individuals out of 31 family
members, with a mean age of onset at 33.8 years (151). Although correctly mapped to
chromosome 19qg13, the causative gene of CMT2B2 was erroneously identified as a

homozygous mutation in Mediator Complex Subunit 25 (MED25) (152). In 2015, Pedroso
et al. reported a 17-year-old Brazilian male presenting CMT symptoms. A homozygous
T408del mutation in PNKP was mapped in this patient. The T408del mutation has been
found among AOA4 cases in a compound heterozygous form (108). However, it
presented in a homozygous form in this CMT individual. Unlike AOA4 patients, this
individual never had oculomotor apraxia symptoms, but an electrophysiologic
examination was consistent with CMT2’s axonal neuropathy (153). In 2018, a re-
evaluation of the original Costa Rica families led to the identification of a homozygous
Q517X mutation in PNKP instead of MED25. And five unrelated Costa Rican CMT2
individuals initially identified as MED25 mutations were found to be compound
heterozygous for PNKP (Q517X + T408del) as well (109). In 2019, Gatti et al. reported
three patients with novel PNKP mutations, one of them showed CMT-like symptoms with
new compound heterozygous PNKP mutation, expanded the mutation map of CMT2B2

(120). All the mutations associated with CMT2B2 so far are shown in Figure 1.9.
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p. T408del b. Q517X

CMT2B2

p. C409W
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c. 1127-2A>G

Figure 1.9 Mutations associated with CMT2B2.

Red ones have been found only in compound heterozygous mutation form. Blue one has

been found in both homozygous and heterozygous form.
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1.5.4 Diseases associated with PNKP mutations in the FHA domain

Because of the low incidence of neurological disorders linked with PNKP mutation, it is
worth mentioning a few special mutations in the FHA domain. As mentioned above, most
PNKP mutations are located in the catalytic domain. There are four recorded PNKP-FHA
domain mutations that have been identified to date. Two of them are homozygous forms,

and the other two are compound heterozygous forms.

In 2014, a targeted resequencing study of 500 patients with a range of epileptic
encephalopathy phenotypes revealed a PNKP homozygous FHA domain mutation (121).
This patient was carrying a homozygous P20S mutation in PNKP and was diagnosed as
unclassified epileptic encephalopathy. Although categorized as MCSZ, this patient’'s
symptoms did not entirely fit with MCSZ. He did not have microcephaly or developmental
delay but did have multiple seizure symptoms. In 2020, another homozygous PNKP-FHA
domain mutation Q50E was found in a patient categorized as AOA4 (154). Similar to the
P20S patient mentioned above, the symptoms of this patient did not completely fit with
AOA4 either. He did not show any dystonia, and the age of onset was over 50 years old.
In contrast, most AOA4 patients have an early onset age ranging from 1 to 9 years old.

Both of the PNKP-FHA homozygous mutations showed mild symptoms.

The other two compound heterozygous PNKP-FHA mutations were both identified in
MCSZ patients. In one case, the patient was carrying a A55S mutation in the FHA domain

accompanied by a G292R mutation in the phosphatase domain (117). The other patient
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harboured a 121HfsX37 mutation in the FHA domain together with part of exon14 and
intron 14 deletions in the kinase domain (c. 1295_1298+6del) (116). It is likely the other
mutations in the catalytic domain play a bigger role in resulting symptoms. Due to limited
clinical evidence and biochemistry study, it is still unclear how FHA domain mutation

impacts the individual.

1.5.5 Other neurological diseases associated with impaired PNKP function

Besides MCSZ, AOA4, and CMT2B2, impaired PNKP function has been observed in
other neurological disorders. Similar to AOA4, Spinocerebellar ataxia type3 (SCA3) is an
autosomal dominant neurodegenerative disease. It is also the most common inherited
ataxia worldwide. SCA3 is caused by mutant Ataxin 3 (ATXN3) involving the expansion
of C-terminal polymorphic CAG repeats, causing poly-glutamine aggregation (155).
Interestingly, deleting Atxn3 does not create neurological abnormalities in mice, indicating
it might not be essential for neurological development and function (156). The prevalent
hypothesis is that not ATXNS itself, but the changes of ATXN3'’s interacting proteins
contribute to the pathology of SCAS3, either by aberrant interaction or loss of function (157).
In 2015, PNKP was found to be one of ATXN3’s native interacting proteins and in the
poly-glutamine aggregates in the SCA3 mouse brain (158). The same group noticed that
both wild type and mutant ATXN3 associate with PNKP in cells and brain tissues in mice
and humans. However, while wild type ATXN3 stimulates, mutant ATXN3 leads to the

inactivation of PNKP’s phosphatase activity, resulting in the accumulation of DNA
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damage (159). Further study using nuclear extracts confirmed PNKP’s activity is

abrogated in SCA3 mice and patients’ brain (160).

A few years after the linkage between SCA3 and PNKP was discovered, another poly-
glutamine aggregation related disease was also found associated with PNKP.
Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease caused
by CAG repeat expansion in Huntingtin (HTT). Similar to SCA3, the mechanism of how
mutant HTT causes HD is still not clear (161). A recent study showed that HTT forms a
transcription-coupled DNA repair (TCR) complex with PNKP and facilitates DNA repair
during transcriptional elongation. The mutant HTT with an extended poly-glutamine tail
impairs such interaction, resulting in inefficient DNA repair (162). Interestingly, ATXN3 is
part of this TCR complex as well (160, 162). As mentioned earlier in 1.1.3, a recent model
of NHEJ indicated that the transcription process could improve the accuracy of NHEJ
repair machinery by providing the RNA template (47). The precise machinery of this
transcription coupled NHEJ pathway is still under study. However, it is clear that PNKP
could contribute to neurological diseases not just by genetic mutations, but also by altered

interactions with its associated proteins in DNA repair pathways.

1.6 Mutations of DNA repair genes and cancer initiation

As mentioned in 1.3, neurological diseases are not the only problem caused by the
mutations of DNA repair genes: it also plays a vital role in cancer initiation. Although

mutations in DNA repair genes are not frequently termed “driver” mutations, the term
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typically describes mutations that render a growth advantage to the cells carrying them
(163). Mutated DNA repair genes play more of an invisible role during cancer initiation.
The intact DNA repair machinery is essential for cells to cope with endogenous and
exogenous DNA damage, thus avoiding the starting point of carcinogenesis, i.e.,
oncogene activation or tumor suppressor gene deactivation. However, DNA lesions
indirectly caused by impaired DNA repair machinery could quickly accumulate, leading to
activation of key “driver” mutations, thus driving cells to carcinogenic transformation (164,

165).

The first linkage between the mutations of DNA repair genes and cancer initiation was
recognized in Xeroderma pigmentosum (XP), an autosomal recessive syndrome caused
by impaired nucleotide excision repair (NER) pathway (166). Mutations in several NER
proteins render them unable to remove UV-induced photodimers in DNA, which creates
the particular skin cancer predisposition observed in XP patients, who have a 1000 fold
increased chance of developing skin cancer(167). After that, more mutated DNA repair
genes were found associated with cancer predisposition. Mutations in DNA mismatch
repair genes, such as MutL homolog 1 (MLH1) and MutS homolog 2 (MSH2), were
associated with Lynch syndrome (168, 169). Lynch syndrome, also named Hereditary
nonpolyposis colorectal cancer, is associated with a high risk of colon cancer and
endometrial, gastric, ovarian, and pancreatic cancers (170). Mutations in the HR pathway
gene BRCAZ2 are found associated with Fanconi anemia, which is also strongly

associated with cancer development, especially acute myelogenous leukemia (171).
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Interestingly, many of the genetic mutations associated with neurological diseases, as
mentioned in 1.3, are also linked to cancer predisposition. For example, NBS patients
(linked with NBS1 mutation) have a higher risk of cancer, especially B cell lymphoma
development during childhood (172). Ataxia telangiectasia patients (linked with ATM
mutation) have a higher lifetime risk of cancers, particularly lymphomas, leukemia, and
breast cancer (173). Although PNKP is a prominent player in the DNA repair arena and
a gene linked with neurological diseases, so far only two cases have been found linked
with cancer development. One patient with AOA4 was diagnosed with cerebellar pilocytic
astrocytoma (low grade brain tumor) at the age of 23 years (138) and a second AOA4
patient developed a cerebellar hemangioblastoma resulting from a concurrent mutation
in the von Hippel-Lindau gene (142), but until now no cancer has been reported in an

MCSZ patient.

1.7 Pediatric GBM

Glioblastoma multiforme (Glioblastoma, GBM) is the most aggressive malignant primary
brain tumour. Based on prognostic and survival correlates, GBM is classified as grade IV
tumours of the central nervous system (CNS) according to the World Health Organization
(WHO) (174). GBM is the most common CNS tumour in the USA and Europe (175).
Primary GBM, which usually develops in a short time without a precursor lesion or clinical
signs, contributes to 95% of all GBM, also known as de novo GBM (176). Secondary
GBM only accounts for 5% of all GBM, usually developing from low-grade gliomas such

as diffuse astrocytoma or anaplastic astrocytoma (176, 177). The mean age of primary
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GBM patients is 62 years, while the mean age of secondary GBM is 45 years (178).
However, the incidence of all GBM increases with age (peak age between 75 and 84
years). It is rare to see GBM in younger patients. Only 0.8 per 100,000 children (aged
below 19) are estimated to develop high-grade gliomas (HGG) each year compared with
7.2 per 100,000 adults (179). In a 14-year study, pediatric GBMs accounted for only 3.1%
of all GBM patients (180), and pediatric GBMs only constitute 8.8% of all childhood CNS

tumours (181).

There are several genetic events and signaling pathways that are important to the
initiation and progression of GBM. Frequently mutated genes in adult GBM include
phosphatase and tensin homolog (PTEN), tumour protein 53 (TP53), epidermal growth
factor receptor (EGFR), platelet-derived growth factor receptor-a (PDGFRA),
neurofibromin 1 (NF1), and retinoblastoma protein 1 (RB1) (182). Also, two promoter
mutations are frequently observed in GBM adult patients, telomerase reverse
transcriptase (TERT) promoter and O°%-methylguanine methyltransferase (MGMT)
promoter. Although pediatric GBMs show similar histological features as adult GBMs, the
patterns of genetic alterations appear to be different. Most of the above mutations are
uncommon in pediatric GBM, except for TP53 and PDGFRA. In fact, both TP53 and
PDGFRA mutations are more common in pediatric GBM than adult GBM (183, 184). TP53
mutation is especially prevalent in patients younger than three years old (185). Another
common feature in pediatric GBMs is mutation of the somatic histone H3. While histone
H3 mutation only shows up in less than 3% of adult GBM patients, specific H3 mutations

such as H3F3A K27M can be observed in up to 43% of pediatric GBM patients (183).
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ATP-dependent helicase (ATRX), as a major histone H3 chaperone protein, is also

commonly mutated in pediatric GBM (186).

Although impaired DNA repair pathways have been heavily associated with both adult
and pediatric GBM (187), the link between PNKP and brain tumour is extremely limited.
As mentioned above, the only reported linkage between PNKP mutation and cancer was
observed in a German AOA4 patient, who was later diagnosed with a cerebellar pilocytic
astrocytoma, a WHO grade | brain tumour (138). In 2016, a male MCSZ patient with GBM
was identified, making it the first linkage between PNKP mutation in MCSZ and cancer,
in particular childhood GBM. This clinical case forms the basis of one of the chapters in

this thesis.

1.8 Mitochondria and neurological diseases

Besides DNA repair related malfunction, information from many sources strongly supports
a linkage between mitochondria and neurological diseases. Mitochondria are the
organelles responsible for producing and supplying ATP for various cellular activities,
including the neurological system (188). Mitochondrial DNA (mtDNA) are circular
genomes within the mitochondrial matrix that contain 16569 base pairs (189). Mammalian
mtDNA lacks introns and is, therefore, more sensitive to mutagenesis than nuclear DNA
(190). Although mtDNA only encodes 13 proteins, proteomic analysis revealed more than
3300 proteins in mitochondria and mitochondria-associated fractions (191). Most

mitochondrial proteins are encoded by nuclear DNA, synthesized on cytosolic ribosomes,
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and imported through the mitochondrial membrane (192). A large number of DNA repair
proteins are also found in both locations (193), including PNKP (194). Although those
proteins are common to both nuclei and mitochondria, their functions and contributions
could be different. For example, the human DNA ligase Il gene encodes both nuclear
and mitochondrial proteins (195). By disruption and reintroduction of multiple ligase IlI
variants, a study revealed that mitochondrial, but not nuclear ligase lll, is required for

cellular viability in mouse embryonic stem cells (196).

The potential involvement of mitochondria in Alzheimer’s disease (AD) was proposed
after the finding of reduced oxygen metabolism in AD patients (197). Altered
mitochondrial morphology was also observed in AD patients: The shapes of most
mitochondria are either small and rounded, or elongated, with disruption of the cristae,
especially in neurons (198). Mitochondrial enzymes, such as cytochrome oxidase, were
also found with greatly reduced activity in AD patients (199). The linkage between
mitochondria and Parkinson’s disease (PD) was discovered when a significant and
specific reduction of mitochondrial complex | activity in the substantia nigra in PD patients
was observed (200). The most crucial genetic evidence of the involvement of
mitochondria in PD is Parkin (201) and PINK1 (202), whose mutations are responsible
for hereditary (autosomal recessive) early-onset PD. Down-regulation of both Parkin and
PINK1 in human neuroblastoma cells (SH-SY5Y) causes mitochondrial morphology
changes such as mitochondrial fragmentation (203). Several other studies have shown a
linkage between increased mtDNA mutations and PD (204, 205). However, controversial

results have been reported as well. For example, analysis of mitochondrial DNA in
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monozygotic twins found no significant differences between PD patients and non-affected
siblings (206). Perhaps paradoxically, the cerebrospinal fluids of PD and AD patients have
been shown to contain significantly less cell free circulating mtDNA (207, 208). The
authors posited that the low level of circulating mtDNA reflected low neuronal mtDNA
copy number in the neurons of these patients and further suggested that low circulating
mtDNA in cerebrospinal fluid could be used as an early biomarker for AD and PD and
perhaps other neurological diseases. In this regard, it would be interesting to determine

if AOA4 shows the same mtDNA characteristics.

In addition to neurodegenerative diseases, mitochondrial involvement has also been
associated with other neurological conditions. Epilepsy is a group of different neurological
syndromes characterized by recurrent unprovoked seizures, which can be triggered by
multiple factors (209). In addition to mitochondrial gene mutations linked with epilepsy
(210), a large number of nuclear genes involved in mitochondrial function have also been
found linked with epilepsy (211). Mitochondrial dysfunctions have been shown linked with
brain tumours as well. Brain tumor initiating cells (BTICs) isolated from GBM patient-
derived tumor cell populations displayed fragmented mitochondrial morphology
compared to non-BTICs (212). The copy number of mtDNA was also found to increase in
glioma patients, and patients with high mtDNA content had a significantly longer survival

time than the patients with low mtDNA content (213).
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1.9 Hypotheses and scope of the thesis

Due to the rarity of neurological diseases caused by PNKP mutation, it is still unclear how
PNKP, a versatile DNA repair protein, can trigger different neurological consequences.
As mentioned in 1.5.1 and 1.5.2, MCSZ and AOA4 show apparent differences in mutation
patterns. How the specific mutations in PNKP contribute to the development of different
neurological diseases is also a mystery. In addition, the discovery of the first cancer
patient with MCSZ indicates a possible linkage between the PNKP mutation and
carcinogenesis. This primary aim of this thesis is to study the consequences of several
specific PNKP mutations associated with MCSZ, AOA4, and GBM. We have used
different approaches, including biochemical and cellular studies, to tackle the mystery

behind those PNKP mutations.

The overarching hypothesis of this thesis is that selective PNKP mutations can disrupt
the enzymatic and cellular functions of PNKP, which causes cells to malfunction or
undergo transformation, thus leading to the development of neurological diseases and
cancer. The specific hypotheses are as follows:

1) Specific mutations in PNKP will affect its DNA 3’-phosphatase and/or DNA 5’-kinase
activities.

2) To fulfill the DNA repair process, PNKP must bind and interact with DNA substrates
and other proteins. We hypothesize that the mutant PNKP will affect its binding affinity

with DNA or other proteins.
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3) Given the rarity of both MCSZ and pediatric GBM, we hypothesize that the specific
PNKP mutations found in the patient under study can act as driver mutations leading to
carcinogenesis.

4) Cells with mutant PNKP will be more sensitive to DNA damaging agents or neurotoxins.

In chapter 2, we focused on the MCSZ patient that developed GBM. We purified the
recombinant mutant PNKP and performed a range of biochemical assays on the mutant
protein. While these assays revealed several distinct features of the mutant PNKP protein,
we also developed stable transfected cell lines harboring the mutant PNKP. The cellular
experiments unveiled several unique features of the mutant cell lines, which matched our

collaborators’ clinical observations.

We expanded our study of mutant PNKP to AOA4 in chapter 3. We focused on the most
frequent PNKP mutation found in AOA4. By approaching the case through biochemical
and cellular studies, we observed several different characteristics of that mutant PNKP

on its enzymatic, binding, and cellular functions.

The data we present in this thesis show that the mutant PNKPs found in the clinic feature
several alterations in their protein and cellular functions. We also observed several
features that have not been seen before in PNKP-related neurological diseases. Our
study demonstrates the central role of mutant PNKP in causing different neurological
diseases, expanded the spectrum of roles of PNKP in maintaining normal cellular function,

and provided valuable insights in overcoming challenges in those diseases.
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2.1 Introduction

Polynucleotide Kinase/Phosphatase (PNKP) is a bifunctional enzyme that possesses
both DNA 3’-phosphatase and DNA 5’-kinase activities, which are required for processing
termini of single- and double-strand breaks generated by reactive oxygen species (ROS),
ionizing radiation and topoisomerase | poisons. (20, 95)The central nervous system (CNS)
is particularly susceptible to defective enzymatic activity of PNKP, giving rise to
neurological syndromes such as microcephaly, seizures and developmental delay (MSCZ)
and Ataxia-ocular motor apraxia 4 (AOA4). Even though PNKP is central to DNA repair,
there have been no reports linking PNKP mutations in an MSCZ patient to cancer. Here,
we characterized the biochemical significance of 2 germ-line point mutations in the PNKP
gene of a 3-year-old male with MSCZ who presented with a high-grade brain tumor
(glioblastoma multiforme or GBM) within the cerebellum. A novel mutation at C302T,
causes a proline to leucine change at position 101 (P101L) in the forkhead-associated
domain, while the other previously described mutation C968T causes a threonine to
methionine change at residue 323 (T323M) in the phosphatase domain of PNKP protein.
Functional and biochemical studies demonstrated these PNKP mutations significantly
diminished DNA kinase/phosphatase activities, altered its cellular distribution, caused
defective repair of DNA single/double stranded breaks, and were associated with a higher
propensity for oncogenic transformation. Our findings indicate that specific PNKP
mutations may contribute to tumor initiation within susceptible cells in the CNS by limiting
DNA damage repair and increasing rates of spontaneous mutations resulting in pediatric

glioma associated driver mutations such as ATRX and TP53.
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Mutations in PNKP have been found to be responsible for three different relatively rare
neurological diseases: an autosomal recessive neurodegenerative disease Ataxia-ocular
motor apraxia 4 (AOA4), (108, 136, 137, 139, 214, 215) a variant of the hereditary
peripheral neuropathy Charcot-Marie-Tooth disease (CMT2B2)(109) and the autosomal
recessive neurodevelopmental disorder Microcephaly, seizures, and developmental
delay (MCSZ).(116, 118, 121, 215-217) To date MCSZ has been diagnosed in fewer than
30 families worldwide. It has the following clinical features: microcephaly, infantile-onset
seizures, developmental delay and behavioral problems.(116, 118, 121, 215-217)
Mutation sites of PNKP have been found in all three domains - FHA, phosphatase and
kinase — in these cases of MCSZ. (116, 118, 121, 215-218) One patient with AOA4 was
diagnosed with cerebellar pilocytic astrocytoma (low grade brain tumor) at the age of 23
years (214) and a second AOA4 patient developed a cerebellar hemangioblastoma
resulting from a concurrent mutation in the von Hippel-Lindau gene (142), but until now

no cancer has been reported in an MCSZ patient.

Here we report on a male MCSZ patient with glioblastoma multiforme (GBM) who was
identified at the Seattle Children’s Hospital. The patient had presented with MCSZ at birth.
A cerebellar glioblastoma (GBM) was found when he was 3 years old. Genetic screening
for mutations associated with his clinical features showed that he carried 2 newly
discovered somatic PNKP point mutations. The two PNKP mutations found in the patient
are C302T, which causes a proline to leucine change at position 101 (P101L) in the FHA

domain and C968T, which causes a threonine to methionine change at position 323
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(T323M) in the phosphatase domain of PNKP protein. While the latter mutation has
recently been identified in a Dutch MCSZ patient (142), the other PNKP mutation has not
been found in any reported MCSZ/AOA4/CMT2B2 patients before. Both mutations are
found in highly conserved regions of PNKP. Furthermore, this is the first reported case of
an MCSZ patient to develop cancer. The primary focus of our study was to determine the

biochemical and cellular consequences of these PNKP mutations.

2.2 Material and methods

2.2.1 Tumor sample template preparation, gene capture and massively parallel

sequencing

Tumor DNA sequencing was preformed using UW-OncoPlex version 5, a clinically
validated method as previously reported.(219) Briefly, after DNA extraction, sequencing
libraries were prepared using KAPA HyperPrep (Roche, Wilmington, MA) and hybridized
to a custom set of complementary RNA (cRNA) biotinylated oligonucleotides targeting the
exons of 262 genes and select intronic regions for a total of ~2Mb of targeted DNA
sequenced. NGS was performed using a NextSeq500 sequencing system (lllumina, San
Diego, CA) and data analysis was performed using custom bioinformatics developed by

the UW NGS Analytics Laboratory.
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Table 2.1 Primers for site mutagenesis

Primer name Primer Sequence (5’ to 3’)

P101L Sense 5-AATGGCCTCCACCTACTGACCCTGCGC-3
P101L Antisense 5-GCGCAGGGTCAGTAGGTGGAGGCCATT-3
T323M Sense 5-CCTGCCCTTCGCCATGCCTGAGGAG-3’
T323M Antisense 5-CTCCTCAGGCATGGCGAAGGGCAGG-3’

Table 2.1. Primers for site mutagenesis. Primers for site-directed mutagenesis to
generate desired single point mutants. The double mutant was generated by using T323M

primers on the P101L plasmid.
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2.2.2 Expression plasmids and site-directed mutagenesis

For the production and purification of PNKP protein, pET-16b (Novagen Inc., Madison,
WI) bacterial expression plasmid harboring the full-length human PNKP cDNA was
generated following previously reported procedures.(95, 220) To generate fluorescently
tagged wild-type and mutant PNKP proteins in mammalian cells, the full-length cDNA was
subcloned into the pCMV6-AC-mGFP (Origene, Rockville, MD) mammalian expression
plasmid as described before.(221) To generate the desired PNKP single point mutants
(C302T and C968T), the QuickChange |l site-directed mutagenesis kit (Stratagene, La
Jolla, CA) was used, following the manufacturer’s protocol and using the mutagenic
primers shown in Table 2.1. The PNKP double mutant (DM) was generated by using the
C968T primers with the C302T-mutated cDNA in a similar procedure. Finally, the mutants
were sequence validated by the Applied Genomics Core at the University of Alberta.
Besides the site directed mutagenesis sites (C302T for P101L mutation; C968T for
T323M mutation), the PNKP and GFP sequences among all constructs are full length and
identical. However, we found a small difference in the linker that connects PNKP and
GFP: the WT-PNKP codes for 4 more amino acids in the linker than P101L and T323M-
PNKP constructs, the linkers between P101L and T323M PNKP are identical. This
explains the slightly shorter size of the P101L and T323M proteins seen on western blots
(Fig S2A). However, it is important to note that this change in the linker would not affect

PNKP enzymatic activity or localization or change our interpretation of the results.
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2.2.3 Expression and purification of mutant PNKPs

The PNKP wild-type and mutant bacterial expression plasmids were transfected into E.
coli bacterial strain BL21 (DE3) (NEB). The bacteria were grown at 37°C in 4 L of lysogeny
broth (LB) containing ampicillin (50 ug/mL) to reach an ODeoo of 0.6. Protein expression
was then induced by overnight incubation at 18°C in the presence of 100 yM isopropyl-
B-D-1-thiogalactopyranoside (IPTG, Sigma, St. Louis, MO). After induction, the bacteria
were harvested by centrifugation at 10000g for 10 min at 4°C and resuspended in 50 mL
of lysis buffer (150 mM NaCl, 50 mM Tris-HCI, pH 8.0, 1 mM ethylenediaminetetraacetic
acid (EDTA), 0.1 % B-mercaptoethanol, 0.5 mM phenylmethylsulfonyl fluoride (PMSF),
0.5 mg/mL lysozyme). After stirring on ice for 30 min, the bacteria were disrupted by
sonication. The soluble fraction was separated by centrifugation at 15000g for 30 min at
4°C. To precipitate nucleic acids, 10% polyethyleneimine was added dropwise to the
soluble fraction to a final concentration of 0.3 %, the sample was then stirred on ice for
20 min and centrifuged at 150009 for 20 min at 4°C. Protein in the supernatant was then
precipitated by addition of ammonium sulfate to a final concentration of 50%, and then
centrifuged at 15000g for 30 min at 4°C. The protein pellet was resuspended in solution
and purified through a HiPrep 16/10 Butyl FF column (Amersham Pharmacia BioTech,
Baie d’'Urfe, PQ), SP Sepharose Fast Flow cation-exchange column (Amersham
Pharmacia BioTech, Amersham, UK) and HiLoad 16/60 Superdex 75 gel filtration column
(Amersham Pharmacia BioTech) as described before.(220) The purity and integrity of the
protein were confirmed by gel electrophoresis and Coomassie Brilliant Blue staining (Fig.

2.1).

49



2.2.4 PNKP Kinase Assay

The 5’-kinase activities of wild-type and mutant PNKP proteins were measured by a
kinase assay modified from procedures described before.(95) Briefly, PNKP (500 ng) was
added to a reaction mixture (40 yL total volume) containing kinase buffer (80 mM succinic
acid, 10 mM MgCl2 and 1 mM Dithiothreitol (DTT), pH 5.5), 0.5 mM 24-mer

oligonucleotide substrate (5-GGCGCCCACCACCACTAGCTGGCC-3’) with 5’-OH
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Figure 2.1 Coomassie blue stain of purified recombinant PNKP proteins.

From left to right lanes: wild-type (WT), P101L, T323M and double mutant (DM).
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termini, 5 mM unlabeled ATP, and 5 pCi of [y-32P] ATP (3000 Ci/mmol, Amersham
Pharmacia Biotech). The reaction mixture was incubated at 37°C for 0.5, 1, 2, 5, 10 and
20 min. 5 pL of the sample was mixed with 2.5 yL of 3 X sequencing gel loading dye
(Fisher Scientific, Edmonton, AB), boiled for 10 min to stop the reactions then run on a
12% polyacrylamide gel containing 7 M urea at 200 V for 30 min. The gel was scanned
on a Typhoon 9400 Variable mode imager (GE Healthcare Life Sciences, Mississauga,
ON) and quantified using ImageQuant 5.2 (GE Healthcare Life Sciences). In the
experiment to test the stability of the mutant proteins in vitro, all the purified wild-
type/mutant PNKP proteins were pre-heated at 37°C for 10 minutes before being added

into the reaction mixture.

2.2.5 PNKP Phosphatase Assay

The 3’-phosphatase activities of the wild-type and mutant PNKP proteins were measured
by a phosphatase assay modified from previous studies.(100, 222) Briefly, PNKP (50 ng)
was added to a reaction mixture (20 uL total volume) containing phosphatase buffer (70
mM Tris-HCI, 10 mM MgClz, 5 mM DTT, pH 7.6), 4 uM 24-mer oligonucleotide substrate
(5-GGCGCCCACCACCACTAGCTGGCC-3’) bearing a 3?P-label at the 5-terminus as
well as a 3’-phosphate. The reaction was carried out at 37°C for 0.5, 1, 2, 5 and 10 min.
3 UL of the sample was mixed with 1.5 pL of 3 X sequencing gel loading dye, boiled for
10 min to stop the reaction then run on a 12% polyacrylamide gel containing 7 M urea at
1800 V for 3 hours. The gel was then scanned on a Typhoon 9400 Variable mode imager

and quantified using ImageQuant 5.2.
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2.2.6 Steady-state fluorescence spectra study

The affinity of mutant PNKP protein for DNA substrates was measured using steady-state
fluorescence as previously described.(97, 220) Binding affinities (Ks) were obtained for
double-stranded DNA substrates containing two different strand break termini (Table 2.2).
The fluorescence titration with the Gap1 substrate was carried out at room temperature.
The titration with Gap2 was performed at 5°C to avoid removal of the 3’-phosphate

terminus.

2.2.7 Circular Dichroism Spectroscopy

Far-UV circular dichroism (CD) measurements were performed with an Olis DSM 17 CD
spectropolarimeter (Bogart, GA, USA), calibrated with a 0.06% solution of ammonium d-
camphor-10-sulfonate. The temperature in the sample chamber was maintained at 20°C.
The CD spectra of wild-type and T323M-PNKP were measured as described previously

(223) and the results were analyzed according to the method of Chen et al.(224)

2.2.8 Fluorescence polarization

For direct binding by fluorescence polarization (FP), 20 nM of fluorescent-labeled XRCC4
peptide (GGYDES-pT-DEESKK) was mixed with different concentrations of PNKP, 6.8

nM to 13.9 M for P101L-PNKP and, 7.4 nM to 15.2 yM for wild-type PNKP, in a reaction

53



volume of 20 uL. The final buffer conditions were 22.5 mM Tris pH 8.0, 50 mM KCI, and
1 mM DTT. The fluorescence was recorded on a Perkin Elmer Envision plate reader
(Waltham, MA, USA) at 538 nm with an excitation at 458 nm. The Ky values were
determined using a plot of the polarization as a function of the log of protein concentration.
Experiments were performed in duplicate or triplicate and plotted with error bars of one

standard deviation.

2.2.9 Cell culture

Human HelLa cells were obtained from Dr. David Murray (University of Alberta) and
validated by ATCC cell line authentication service using short tandem repeat (STR)
analysis. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)-F12 media
supplemented with 5% fetal calf serum and 2 mM L-glutamine, incubated at 37°C under
5% CO2 in a humidified incubator. All culture supplies were purchased from

Invitrogen/Thermo Fisher Scientific (Waltham, MA).

2.2.10 Quantitative real-time reverse transcription-polymerase chain reaction (QRT-

PCR)

Whole RNA was extracted from the transient transfected cell lines (24 hours after
transfection) using the RNeasy Plus Mini Kit (Qiagen, USA) following the manufacturer’s
protocol. Primers targeting the desired mRNA were designed through Primer-BLAST

(NCBI).
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GAPDH forward: 5-GTCTCCTCTGACTTCAACAGCG-3’,

reverse: 5-ACCACCCTGTTGCTGTAGCCAA-3’;
PNKP forward: 5-ATCCCAGCCAGATACTCCGC-3,,

reverse: 5-CTGCGGTGAACACTAGCAACT-3'.

cDNA was reverse-transcribed with the High-Capacity cDNA Reverse Transcription kit
(Applied Biosystems, USA). BrightGreen 2X qPCR MasterMix-Low ROX (Abm, Richmond,
BC) was used to perform the quantitative PCR process on QuantStudio 6 Flex Real-Time
PCR Systems (Thermo Fisher Scientific, USA). The 222°: method (30) was applied by
using GAPDH as the reference gene to calculate the PNKP mRNA level in all the transient

transfected cell lines, compared with HeLa PNKP-- + WT-PNKP.

2.2.11 Western blotting analysis

Western blotting was performed following a standard protocol with modifications (31).
Antibodies used included PNKP antibody (sc-365724, Santa Cruz Biotech, USA), beta-
actin antibody (sc-47778, Santa Cruz Biotech, USA), IR dye 800CW goat anti-mouse
secondary antibody (926-32210, Li-COR Biosciences, USA). Results were visualized
using an Odyssey Fc Imaging System (Li-Cor Biosciences, USA). Protein expression

levels were calculated using beta-actin level as the reference protein.

2.2.12 Establishment of transiently- and stably-transfected cells
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The generation of PNKP-knockout Hela cells by CRISPR technology has been
previously described.(225) HeLa PNKP’ cells were plated in 60-mm dishes and
transfected with plasmid constructs of interest using Turbofectin 8.0 following the
manufacturer’s protocol. Transfected cells were incubated at 37°C under 5% CO2 in a
humidified incubator. Transiently-transfected cells were established after 24 hours of
transfection. Stably-transfected cells were established as follows: 24 hours after
transfection, cells were trypsinized and passaged at a 1:10 dilution in selective medium
containing 800 pg/ml G418 (Thermo Fisher Scientific). Cells were expanded in selective
media and GFP-positive cells were selected by fluorescence-activated cell sorting (FACS)
(BD BioSciences, USA). Single cells with high to medium GFP intensity were picked and
seeded into 96-well plates. After expanding selected single cells in G418 selective
medium for one week, a high-content automated microscopy imaging system
(MetaXpress Micro XLS, software version 6, Molecular Devices, Sunnyvale, CA) was
used to select GFP positive single colonies. Positive individual colonies were later

expanded in selective medium containing 800 ug/ml G418.

2.2.13 Cellular localization of PNKP

For image acquisition, cells were plated on coverslips and fixed with 4% formaldehyde
the next day. Immunofluorescence staining with tubulin antibody was performed to
distinguish the cytoplasmic area. Nuclei were stained with DAPI. Cells were then placed
on the stage of the Zeiss confocal LSM710 microscope. Images were acquired using

40X/1.3 NA oil immersion objective.
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2.2.14 High-content screening

Widefield fluorescence images were taken with a high-content automated microscopy
imaging system (MetaXpress Micro XLS, software version 6). Transient-transfected cells
were plated in Greiner 96-well plates one day before imaging. Before acquiring images,
cells were incubated with Hoechst 33258 (Sigma, cat. No. 94403) to a final concentration
of 1 pg/ml for 20 min and then fed with fresh growth medium. At least 30 images (covering
an area of ~2 mm?/image) per group were taken with a 10X objective equipped with a
siCMOS camera using bandpass filters (447-460 nm for Hoechst and 559-634 nm for
GFP respectively). The images were analyzed with the MetaXpress Cell scoring module
to compare each cell’s ratio between the area of the GFP protein distribution and the area
of the nucleus (Hoechst staining). Each group yielded 4000-6000 cells with both Hoechst

and GFP positive signals.

2.2.15 Leptomycin B treatment

Stably-transfected HeLa PNKP”- cells were seeded on coverslips 24 hours before
treatment. In the leptomycin B treatment group, the growth medium of all cell lines was
changed to medium containing 1 nM leptomycin B for 3 hours. Control groups were
changed with regular growth medium. After 3 hours, the medium was removed and the

cells washed with PBS 3 times. The cells were then fixed with 4% formaldehyde and
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stained with DAPI. Images were acquired using a 40X/1.3 NA oil immersion objective on

a Zeiss confocal LSM 710 microscope.

2.2.16 Crystal violet based viability assay

A crystal violet based assay was used for determining the viability of mutant cell lines
after DNA damage as previously described (226) with minor modifications. Briefly, 1 x 10*
cells were seeded in a 96-well plate and incubated for 24 hours to enable adhesion. Cells
were then exposed to 5, 10 or 15 Gy y radiation, incubated for 24 hours, washed with
PBS, and stained with 0.5% crystal violet staining solution on a bench rocker. After 20
min, the plates were washed and air-dried. Methanol (200 pl) was added to each well and
kept for 20 min at room temperature. The optical density of each well was measured at
570 nm (ODs70) using a FLUOstar Omega microplate reader (BMG Labtech, USA), setting
the average ODs7g of the wells without cells as background, which was subtracted from
each well. The average ODs7o from the unirradiated cells was set as 100%. Cells were
treated in quintuplicate in each group in each experiment; the experiment was performed

three times independently.

2.2.17 Alkaline single cell gel electrophoresis

Untransfected wild-type HeLa and HeLa PNKP’ cells, and stably transfected HelLa
PNKP-- cells were exposed to 5 Gy y radiation. 0, 1, 24 hours after irradiation, 1 X 10°

cells were trypsinized and mixed with molten (37°C) Comet LMAgarose (Trevigen,
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Gaithersburg, MD) at a volume ratio of 1:10. A 50-ul mixture was immediately pipetted
onto comet slides (Trevigen). The slides were kept flat at 4°C in the dark to allow the
mixture to solidify, and then immersed in a 4°C lysis solution (Trevigen) for 60 min. After
that, the slides were immersed in a freshly made alkaline solution (300 mM NaOH, 1 mM
EDTA) for 60 mins at 4°C. Slides were then placed in an electrophoresis apparatus filled
with a freshly made alkaline solution before being subjected to electrophoresis at 1 V/cm
and 300 mA for 40 min. The slides were then gently washed twice in distilled water for 5
min, immersed in 70% ethanol for 5 min and dried at 37°C for 15 min. The slides were
stained with 20 ug/ml ethidium bromide for 5 min then washed in distilled water. Images
were acquired using an AxioSkop 2 Upright Fluorescence Microscope (Zeiss). For each
time point, a minimum of 300 random cells from each group was analyzed using Comet

Score 2.0 (TriTek Corp, Sumerduck, VA).

2.2.18 Imaging of 53BP1 foci

Untransfected wild-type and PNKP” HelLa cells, as well as stably transfected HelLa
PNKP-- cells were exposed to 5 Gy y radiation. 1, 6, 24 hours after irradiation, cells were
fixed and underwent immunofluorescence staining with 53BP1 antibody (Santa Cruz #sc-
517281). Z-stack images were acquired using a Zeiss confocal LSM710 microscope. For
each time point, 120-200 cells from each group were analyzed using Imaris 9.5 software

(Bitplane, Belfast, GB).
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2.2.19 Soft agar colony-forming assay

The protocol used was based on a published procedure (227) with minor modifications.
Briefly, the bottom layer added to wells in a 6-well plate consisted of melted 1% noble
agar in pre-warmed 2X medium (1:1 v/v), which was then allowed to set. 10* untreated
cells (un-transfected wild-type and PNKP’- HelLa cells, and stably transfected HelLa
PNKP-/- cells) were suspended in melted 0.6% agarose and pre-warmed 2X medium
mixture (1: v/v) to form the upper layer. After 14 days, 1 ml of 0.02% crystal violet was
added to each well to stain the colonies. Four independent experiments were performed

with at least 3 replicates each time.
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2.3 Results

2.3.1 Developmental history

The patient was a 3-year-old male with a history of known PNKP mutation resulting in
medically intractable epilepsy, global developmental delay and microcephaly presenting
with worsening seizures, difficulty feeding and failure to thrive. The patient was followed
by the University of Washington genetics team since birth. Developmentally, at age 2, he
had not yet crawled or pulled to a stand. He was able to sit independently and roll to get
on his hands and knees. At 3 years, he had not yet spoken any words and did not

understand any words spoken to him.

2.3.2 Initial imaging and treatment

A head computed tomography (CT) scan demonstrated a 2.5-cm hyper-dense lesion
within the right cerebellum with evidence of obstructive hydrocephalus (Fig. 2.2a). An
MRI of the brain demonstrated a 3 x 2.4 cm contrast enhancing lesion within the right
cerebellum with a large 3.3 x 2.7 cm peri-tumoral cyst (Fig. 2.2b). Upon arrival to hospital,
the patient received an external ventricular drain (EVD) for treatment of hydrocephalus.
On hospital day 3, the patient was taken to the operating room for a near-total resection
(NTR) of the cerebellar mass via a sub-occipital craniotomy (Fig. 2.2¢-d). The procedure
went without any complications and he was admitted to the pediatric intensive care unit

post-operatively.
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Figure 2.2 CT and MRI images of the patient.

(@) CT scan of the head demonstrating large cerebellar tumor causing obstructive
hydrocephalus. (b) T1-weighted MRI scan of the brain with contrast showing a
heterogenous lesion (red arrow) alongside large cyst (yellow arrow) within the cerebellum.
(c-d) T2-weighted (c) and T1-contrast enhanced MRI scan (d) of the brain post-surgery

showing near total resection of the tumor.
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Figure 2.3 Tumor Histology images of the patient.

(a) Lower magnification hematoxylin and eosin (H&E) stain of tumor tissue showing
expansion and infiltration of normal cerebellum (left) by tumor cells (right). (b) Higher
magnification H&E stain of tumor demonstrating nuclear pleomorphism (aggressive tumor
feature). (c) Higher magnification H&E stain (of dashed box in b) showing nuclear
pleomorphism (black arrows). (d) The tumor also demonstrates pseudopallisading
necrosis (black arrows), a histopathological feature of glioblastoma multiforme. (e-f)
Immunohistochemistry showing glial origin for tumor based on glial fibrillary acid protein
(GFAP) expression (i) and a highly proliferative lesion based on approximately >30-40%

Ki-67 antigen expression in tumor cells imaged at medium power (j).
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2.3.3 Pathology

Histological sections of the tumor tissue demonstrated a highly cellular neoplastic
proliferation of intermediate to large sized pleomorphic cells (Fig. 2.3a-c). There are also
areas of pseudopallisading necrosis indicating the highest grade of glioma (Fig. 2.3d).
Immunohistochemistry demonstrated GFAP positivity suggesting glial tumor (Fig. 2.3e)
and a Ki67 proliferative index of 30-35% (Fig. 2.3f). The final pathology was a

glioblastoma multiforme (WHO Grade V).

2.3.4 PNKP mutation analysis

Following institutional review board (IRB) approval and parental consent, we profiled
blood samples from the patient and both parents. Using a sequencing panel for
microcephaly, the blood-derived patient and parental DNA were sent for sequencing at
the University of Chicago Genetic Services, Chicago, lllinois. The results revealed two
changes in the PNKP gene. The first change, NM_007254.3:c.968C>T, abbreviated as
968C>T, converts a highly conserved threonine to methionine (T323M) in the functional
domain of PNKP. The second change, NM_007254.3:¢c.302C>T, abbreviated 302C>T,
converts a moderately conserved amino acid in the FHA domain (P101L) that has not
been previously reported. Therefore, this mutation was of unknown significance.

Mutational analysis of his parents, however, showed that they both carried the 302C>T
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mutation. Further sequencing analysis of the tumor sample revealed deletions of ATRX,

mutations in TP53 and NF1, copy loss of BRCA2 and RB1, and amplification of CDK4.

2.3.5 PNKP mutants have weaker DNA kinase and phosphatase activities

For analysis of the biochemical consequences of the PNKP mutations we expressed and
purified the P101L and T323M proteins arising from the 302C>T and 968C>T mutated
cDNA, respectively (Fig. 2.4). We also generated a double-mutant (PNKP-DM) containing

both the P101L and T323M altered amino acids (Fig. 2.4).

The T323M mutant displayed a markedly reduced kinase activity, while the activity of the
P101L mutant was only slightly lower than the wild-type protein (Fig. 2.5). In contrast,
PNKP-DM completely lost activity. In the case of the T323M mutant, it was noticeable
that although it exhibited significant activity at the start of the reaction, the activity
plateaued after 10 min only achieving ~50% reaction (Fig. 2.5a). One possibility for this
is protein instability. This possibility was examined by pre-incubation of the protein at 37°C
for 10 min prior to addition of the substrate and adenosine triphosphate (ATP; Fig. 2.5b).
Although the wild-type and P101L proteins retained residual activity, the T323M mutant
exhibited almost complete heat inactivation. An examination of the phosphatase activity
revealed that the P101L mutant retained significant activity albeit slower than the wild-
type protein (Fig. 2.5¢). In contrast, the activity of the T323M protein was severely

curtailed, while PNKP-DM exhibited almost no phosphatase activity (Fig. 2.5¢).
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Figure 2.4 The structures of mutant PNKP constructs

The structures of mutant PNKP constructs designed to monitor the effects of the PNKP
mutations found in the MCSZ patient. FHA represents the forkhead-associated domain
of PNKP. His- indicated histidine tag (a) and GFP indicates the green fluorescent protein
tag (b).
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Figure 2.5 Measurement of enzymatic activities of wild-type and mutant PNKPs

Measurement of 5’-kinase and phosphatase activities of wild-type and mutant PNKPs (a)
Kinase assay: a 24mer oligonucleotide bearing a 5’-hydroxyl terminus was incubated with
wild-type or P101L, T323M, and the double mutant (DM) variant PNKP proteins in the
presence of a 10-fold molar excess of radiolabelled ATP and then analyzed by gel
electrophoresis. (b) To examine the temperature-dependent destabilization of wild-type
and mutant forms of PNKP, the proteins were preincubated at 37°C before carrying out
the kinase assay. (c) Phosphatase assay: a 5-labelled 24mer oligonucleotide bearing a
3’-phosphate group was incubated with wild-type or variant PNKP protein and then

analyzed by gel electrophoresis.

67



2.3.6 Decreased binding affinity between mutant PNKP and DNA and XRCC4

To determine if reduced enzyme activity was due to lower substrate binding, we examined
the affinities (Ky) of the mutant enzymes towards two double-stranded substrates
containing a single-nucleotide gap with strand break termini reflecting the need for kinase
(5’-OH) and both kinase and phosphatase (5’-OH and 3’-P) activity using steady-state
fluorescence. The binding affinities between P101L PNKP and the DNA substrates does
not differ markedly from those of the wild-type protein (Table 2.2). This is expected since
P101L still retains relatively strong kinase and phosphatase activities. In contrast and
consistent with their respective enzymatic activity, the T323M and PNKP-DM showed
significantly reduced binding affinities (Table 2.2). Previous studies have indicated that
the DNA-binding surfaces of PNKP reside in the catalytic domain.(226) It is therefore
reasonable that the P101L mutation in the FHA domain would not substantially change
the DNA binding affinity. The crystal structure of PNKP revealed that there is an intimate
association between the phosphatase and kinase subdomains(97), therefore, it is not
surprising that the T323M mutation, although located within the phosphatase domain, can

reduce the binding affinity for the 5’-OH substrate (GAP1).

Analysis of the protein structure by circular dichroism, however, did not reveal a gross
deformation caused by the T323M mutation (Fig. 2.6a and Table 2.3). Since the P101L
mutation lies in the FHA domain, which interacts with the phosphorylated scaffold proteins
XRCC1 and XRCC4, we employed fluorescence polarization to examine the binding of

the wild-type and mutant PNKP protein to a peptide sequence based on XRCC4 that
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Table 2.2 PNKP DNA binding activity.

GAP1® GAP2 (5°C)p
WT 200+10 300+10
P10IL 230+10 40020
T323M 33020 750430
DM 30020 55030

Table 2.2. Binding affinity (Ks value, nM) between wild-type (WT) and mutant PNKPs
and DNA substrates. The binding affinities (Kq) values were obtained by steady-state

fluorescence. The determination with the GAP1 substrate was carried out at room

temperature while determination with the GAP2 substrate was carried out in 5°C.

Substrate sequence:

5'-pATTACGAATGCCCACACCGC GGCGCCCACCACCACTAGCTGGCC-3
3-TAATGCTTACGGGTGTGGCGGCCGCGGGTGGTGGTGATCGACCGGp-5

a8GAP1 carried 3’- and 5’-OH termini at the gapped site.

bGAP2 carried 3’-phosphate and 5’-OH termini at the gapped site.
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Table 2.3 Secondary structural analysis.

Sample a-Helix B-Structure Random structure
(%) (%) (%)

Wild type PNKP 39 31 30

T323M PNKP 37 33 30

Table 2.3. Secondary structural analysis of wild-type PNKP and T323M PNKP
variant. The CD spectra of wild-type and T323M-PNKP were measured as described

previously (223) and the results were analyzed according to the method of Chen et al.(224)
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Figure 2.6 Structural analysis of mutant PNKP.

(a) Far-UV-CD spectra of wild-type (Wt) and T323M PNKP. The concentration of PNKP
was 0.5 mg/ml dissolved in 50 mM Tris, pH 7.5, 100 mM NaCl and 1 mM DTT. (b)
Interaction of wild-type and P101L PNKP with an XRCC4-based peptide. The interaction
was monitored by fluorescence polarization of the fluorescent-dye labeled XRCC4-based
phosphopeptide (GGYDES-pT-DEESKK) in the presence of increasing concentrations of
wild-type murine and human wild-type or P101L PNKP. In each case the data represent
the mean + SEM of three independent experiments. Ordinary one-way ANOVA followed
by Tukey’s multiple comparisons test was performed using GraphPad Prism 7.0,
GraphPad Software. *P<0.05, **P<0.01, ****P < 0.0001.
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contains the key phospho-threonine residue (97). The results indicate that the P101L
alteration causes a significantly reduced binding affinity to the phosphopeptide compared

to the wild-type PNKP (Fig. 2.6b).

2.3.7 Influence of PNKP mutation on cellular protein levels

Low cellular levels of PNKP appear to be a common feature of mutants associated with
cases of MCSZ.(116, 217) Due to the unavailability of live cells from the patient, the
influence of the P101L and T323M mutations was investigated at the cellular level using
PNKP knock-out HelLa cells (HeLa PNKP-) (225) transfected with vectors encoding either
the wild-type or mutant GFP-tagged PNKP proteins. Western blot analysis following
transient transfection revealed that the cellular levels of the mutant proteins were lower
than those of the transfected wild-type PNKP, ~50% in the case of the P101L mutant and
only ~10% for the T323M mutant (Fig. 2.7a and b). We therefore asked if the reduced
protein levels arose from reduced transcription or if the reduction was purely at the protein
level. Transcription of the cDNAs with the 302C>T and 968C>T mutations was ~50% and
~60% lower, respectively, than the wild-type cDNA (Fig. 2.7¢). Thus, the lower level of
the P101L protein could be accounted for by reduced transcription, but although there
was a marked reduction in the transcription of the 968C>T cDNA, this cannot fully explain
the low level of T323M-PNKP observed in the western blot, suggesting that either the
translation process producing T323M-PNKP is less efficient, or that T323M-PNKP protein

is less stable.
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Figure 2.7 Protein and mRNA levels of PNKP in transiently transfected cells

(a) Western blot of transiently transfected cells, K - HeLa PNKP”, W - HeLa PNKP-"
expressing wild-type PNKP, P - HeLa PNKP-- expressing P101L PNKP, T - HeLa PNKP-
I~ expressing T323M PNKP. (b) Relative levels of PNKP in transiently transfected cell lines
were determined using beta-actin as the reference protein and normalizing the level of
the PNKP in the HeLa PNKP- cells expressing wild-type PNKP to 1. Data represent the
mean + SEM of three independent experiments. (c) Left: Relative PNKP mRNA levels in
transiently transfected cell lines. mRNA levels were calculated using GAPDH level as the
reference with the level of the PNKP mRNA in the HeLa PNKP”- cells expressing wild-
type PNKP normalized to 1. Data represent the mean + SEM of three independent
experiments. Right: DNA gel of the plasmid DNA (circular and linearized) used in the

transfection showing equal quantities of the DNA constructs were used for the
transfection.
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Figure 2.8 Western blot of stably transfected cells.

C: wild-type Hela cells; K: HeLa PNKP-- cells; W: HeLa PNKP-" cells transfected with
wild-type PNKP cDNA; P: HeLa PNKP cells transfected with cDNA coding for P101L
mutant PNKP; T: HeLa PNKP-" cells transfected with cDNA coding for T323M mutant

PNKP.
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Therefore, to overcome the disparity of PNKP expression in transiently transfected cells,
we established and utilized clonally-derived stably transfected cell lines expressing similar

levels of wild-type and mutant PNKP (Fig. 2.8).

2.3.8 Influence of PNKP mutation on protein localization

Next, we examined the cellular localization of the mutant PNKP proteins following
transfection of cDNA for GFP-tagged PNKP. The wild-type PNKP stably re-expressed in
HeLa PNKP” cells predominantly localized to the nucleus (Fig. 2.9a). Similarly, the
T323M PNKP-GFP mutant localized to the nucleus, although these cells appeared to
have a slightly higher cytoplasmic signal relative to wild-type PNKP (Fig. 9a). The P101L
PNKP-GFP mutant, however, was predominantly cytoplasmic (Fig. 2.9a). A western blot
analysis verified that P101L PNKP-GFP maintained its full length with no degradation
(Fig. 2.8), implying that the cytoplasmic signal arose from the PNKP-GFP full length
protein rather than a GFP-tagged cleavage fragment. These localization patterns were
observed in both transiently and stably transfected cells. To quantify the distribution
pattern and exclude the possible bias from the selection of stably-transfected cell lines,
we used high content screening to analyze over 2000 transiently-transfected cells in each
group. The ratio between the area of the GFP signal and the area of the nucleus (Hoechst)
within each cell was determined and it confirmed that the P101L mutation significantly
changed the PNKP distribution pattern, with most cells having a GFP/Hoechst area ratio

larger than 2 (Fig. 2.10). Similar to wild-type HelLa cells, wild-type PNKP is restricted to
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Figure 2.9 Cellular localization of PNKP
(a) HeLa PNKP” cells were stably transfected with indicated GFP-tagged PNKP

constructs (green), tubulin immunofluorescence (red) indicates the cytoplasmic area,
Hoechst staining (blue) indicates the nuclear area. Images were captured using an
LSM710 confocal microscope. (b-c) PNKP protein expression is restricted to the nucleus
in normal tissue (b-Testes, c-Cerebellum. i-Molecular layer, ii-Purkinje layer, iii-granular
layer). (d-e) PNKP expression in the patient derived tumor tissue is nuclear and
cytoplasmic (higher magnification image with back arrows in e).
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Figure 2.10 High content analysis of PNKP cellular localization.

(a) Nuclear vs cytoplasmic distribution of PNKP. The ratios were obtained by high-content
analysis as described in Material and Methods. Whiskers indicate Min to Max ratio of
GFP/Hoechst area in each group. 2% outliers were excluded by ROUT method, **** P <
0.0001.
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the nucleus in normal human testes and cerebellum (Fig. 2.9b-c). Consistent with the
localization of mutant PNKP-GFP in the HeLa PNKP-- cells, the patient’s tumor showed

both nuclear and aberrant cytoplasmic distribution of PNKP (Fig. 2.9d-e).

The transportation of protein through the nuclear membrane is bi-directional. Previously
our group discovered a bipartite nuclear localization signal (NLS) located in the flexible
linker between the FHA domain and catalytic domain (K130, R131 + KKRMRK,137-142)
(74), which has recently been confirmed by others (73). While the P101L may potentially
impact the NLS, another possible reason for the altered localization pattern is that the
mutation created a novel nuclear export signal (NES) in PNKP. The NES signal is a
leucine-rich peptide region first discovered in cAMP-dependent protein kinase inhibitor
(PKI) (228) and human immunodeficiency virus type 1 (HTV-1) Rev protein (69). Export
protein exportin 1 (CRM1) has been identified as the export receptor for proteins that
harbor an NES signal and transports them from the nucleus to the cytoplasm (69, 229-
231). We used two different NES prediction software programs to analyze the wild-type
and mutant PNKP protein sequence. Both NetNES (232) and LocNES (233) indicate the
P101L mutation creates a new NES signal in the FHA domain while T323M does not
create any NES signal (Table 2.4). To confirm this prediction, we monitored the influence
of leptomycin B (LMB), an inhibitor of exportin 1(230, 234) on PNKP localization. The
results showed LMB treatment significantly changed the localization pattern of P101L

PNKP with nearly all PNKP-GFP being retained in the nucleus (Fig. 2.11).
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Table 2.4 Identifying PNKP mutation induced novel nuclear export signals

a. Analysis of mutant PNKP by NetNES

Amino Acid and Location | ANN HMM NES

P101 (Wt) 0.132 0.002 0.000
L101 (Mut) 0.433 0.008 0.195
T323 (Wt) 0.073 0.002 0.000
M323 (Mut) 0.082 0.010 0.000

b. Analysis of mutant PNKP by LocNES

Position Sequence LocNES Score
88-102 (Wt) GVGDTLYLVNGLHPL 0.500
90-104 (Wt) GDTLYLVNGLHPLTL 0.650
87-101 (Mut) LGVGDTLYLVNGLHL 0.663
88-102 (Mut) GVGDTLYLVNGLHLL 0.628
90-104 (Mut) GDTLYLVNGLHLLTL 0.768
315-329 (Wht) LNLGLPFATPEEFFL 0.008
309-323 (Mut) ADRLFALNLGLPFAM 0.015
315-329 (Mut) LNLGLPFAMPEEFFL 0.011

Table 2.4. Identifying PNKP mutation induced novel nuclear export signals (a).
Individual scores of two mutation sites of PNKP by NetNES program (232). ANN: Artificial
Neural Network; HMM: Hidden Markov Models; NES: NES scores based on ANN and
HMM value. (b). Possible NES candidates around the mutation sites, calculated by
LocNES program (233). P101L mutation increased the numbers of possible NES
candidates from 2 to 3 with higher NES score; T323M mutation increased the numbers
of possible NES candidates from 1 to 2 with similar low NES score.
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Figure 2.11 Inhibition of exportin 1 leads to nuclear retention of P101L PNKP.

Stably-transfected PNKP-knockout Hela cells expressing GFP-tagged wild-type and
mutant PNKP were treated with leptomycin B (LMB) for 3 hours and then stained with
DAPI and imaged at 40x magnification.
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2.3.9 Influence of PNKP mutations on radiation sensitivity

Hydroxyl radicals produced endogenously or by ionizing radiation generate strand break
termini containing a high percentage of 3’-phosphate and to a lesser extent 5’-OH termini
(235, 236). To carry out an examination of the influence of the PNKP mutations on cellular
response to oxidative DNA damage and repair, the wild-type and stably transfected HelLa
PNKP-- cells were subjected to increasing doses of y radiation. The un-transfected wild-
type Hela cells showed the most radiation-resistant phenotype, while the HeLa PNKP--
cells displayed the greatest radio-sensitivity, similar to our previous observations(20) (Fig.
2.12). The re-expression of wild-type PNKP in HeLa PNKP” cells re-established
resistance to radiation. The P101L mutant cells exhibited slightly increased radio-
sensitivity, while the T323M mutant cells showed similar radio-sensitivity to the knockout

cells (Fig. 2.12).

To further examine the relevance of mutant PNKP after radiation, we monitored the
capacity of the cells to repair radiation-induced DNA damage. The alkaline single cell gel
electrophoresis (comet) assay primarily detects DNA single-strand breaks and alkali-
labile sites in the DNA. (223, 224) All cell lines repaired most of the DNA damage within
24 hours (Fig. 2.13). However, a significant difference was observed at early times (1
hour), with the HeLa wild-type cells and the HeLa PNKP-" cells transfected with wild-type
PNKP both displaying a rapid reduction in tail moment (indicating efficient repair), while
HelLa PNKP- cells showed the slowest repair progress (Fig. 2.13). The two mutant cell

lines displayed intermediate repair efficiency (Fig. 2.13).
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Figure 2.12 Viability of wild-type and mutant cell lines.

Viability of wild-type and mutant cell lines at different radiation dosages. Plots represent
mean +SD. Ordinary one-way ANOVA was performed to compare each cell line with the
wild-type HelLa at the same radiation dose using GraphPad Prism 7.0.
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Figure 2.13 Single-strand break repair of wild-type and mutant cell lines.

Single-strand break repair measured by the single cell gel electrophoresis assay. DNA

tail moments of cell lines were measured at 1 and 24 hrs after irradiation. Each column

includes data from at least 300 cells. Plots represent mean + SEM. At each time point,

one-way ANOVA was performed to compare each group with the wild-type un-transfected

Hela cells at the same time point using GraphPad Prism 7.0.
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PNKP participates in the non-homologous end joining pathway (NHEJ) but is not involved
in the homologous recombination (HR) pathway(237), therefore to determine the
influence of mutant PNKP in NHEJ repair we monitored the formation and disappearance
of 53BP1 foci (238) following cell irradiation. HeLa PNKP-- cell lines exhibited the highest
number of foci at 1- and 4-hr post-radiation but returned to background levels by 24 hr
(Fig. 2.14). This is similar to our previous observations monitoring the yH2AX signal
(another marker of double-strand breaks) in PNKP knockdown A549 lung cancer cells.
(222) A recent paper reported the existence of a yet unidentified alternative 3’-
phosphatase that can act at DSB(234), which may explain the eventual repair of radiation-
induced DSB in HeLa PNKP” cells. The cell lines complemented with wild-type and
P101L mutant displayed similar foci levels at each time point, indicating that the P101L
expressing cells repair double-strand breaks with near normal kinetics and that sufficient
PNKP is retained in the nucleus to carry out the repair. In contrast, cells expressing the
T323M PNKP failed to return to background level by 24 hr (Fig. 2.14). This suggests that
mutant T323M PNKP is inefficient at repairing DSB, likely due to a combination of its
intrinsically poor enzymatic capacity and by impeding access of the alternative, yet to be

identified, backup repair enzyme(s) to the damaged termini.(225)
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Figure 2.14 Repair of DNA double strand breaks by the NHEJ pathway.

Results are based on 53BP1 foci numbers observed in the wild-type and stably
transfected cell lines at different times after irradiation, n indicates the measured cell
numbers in each group. The plots represent mean + SD. In each graph, one-way ANOVA
was performed to compare 53BP1 foci at each time point with the number of foci in
unirradiated cells using GraphPad Prism 7.0, GraphPad Software. P***<0.001,
P****<0.0001.
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2.3.10 Anchorage-independent growth raised in mutant cell lines

Anchorage-independent growth is frequently used as an indicator of pro-oncogenic
transformation.(239) The soft agar colony formation assay is a well-established method
for characterizing anchorage-independent growth capacity and is one of the most
stringent tests for malignant transformation in cells.(240) The higher concentration of agar
in the growth environment prevents cells from adhering yet allows transformed cells to
form visible colonies.(227) HeLa PNKP- cells demonstrated increased transformation
frequency approximately 4-fold over wild-type Hela cells (Fig. 2.15). HeLa PNKP" cells
transfected with wild-type PNKP reduced the number of transformants similar to the
parental HeLa cell line. Expression of the P101L and T323M mutant PNKP in HeLa PNKP-

I cells, however, increased the transformation frequency 2-3 fold (Fig. 2.15).
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Figure 2.15 Influence of PNKP mutation on cell transformation.

The plot indicates the number of colonies generated by each cell type in soft agar two

weeks after plating. Four independent experiments were performed with at least 3

replicates each time. Whiskers indicates Min to Max number of colonies per 10* cells.

One-way ANOVA was performed to compare each outcome with the wild-type un-
transfected HelLa cells using GraphPad Prism 7.0, GraphPad Software. P***<0.001,

pP****<0.0001.
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2.4 Discussion

Several DNA repair disorders, such as Ataxia telangiectasia, are known to be associated
with both neurological dysfunction and elevated cancer risk. MCSZ is an extremely rare
autosomal recessive disorder and to date there has been no indication of elevated cancer
risk associated with MCSZ, although one case of a lower-grade cerebellar pilocytic
astrocytoma was diagnosed in a patient with AOA4.(214) The occurrence of primary CNS
tumors in children in the US is ~5.3 cases per 100,000 children, of which the high-grade
brain tumor, glioblastoma multiforme (GBM) accounts for 3-15% (241, 242). Although not
definitive, these cases of relatively rare brain tumors in AOA4 and MCSZ strongly suggest
a link between PNKP mutation and elevated cancer risk. However, since complete loss
of PNKP is likely to be embryonic lethal (102), some residual activity is required for
survival(243) and so it is important to characterize the mutant proteins in terms of their

enzyme activity and cellular impact.

Based on the location of the mutation, the P101L alteration did not significantly affect
either the phosphatase or kinase activities since the altered amino acid residue lies in the
FHA domain rather than the catalytic domain. In contrast, the T323M alteration severely
curtailed the PNKP kinase activity and to a lesser extent the phosphatase activity. Studies
on the biochemical and cellular consequences of PNKP mutation causing MCSZ are
limited. Understandably, substantial structure loss such as frameshifts, e.g. T424Gfs,
could reduce protein stability and enzymatic activities. But it is interesting that single

mutations, such as L176F, also showed reduced enzymatic activities (218). Both
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mutations found in our patient are one amino acid replacements. The purified mutant
PNKPs retained their full size and the circular dichroism analysis suggested that the
structure of the more affected T323M mutant did not appear to be grossly altered by the
change in amino acid despite the larger size of methionine compared to threonine. This
is probably due to a pocket that the extended amino acid can fit into with relatively minor
clashes predicted with Glu 326 and Arg 293. We show the structure for the highly
conserved 300s loop within mouse PNKP (97) in which the equivalent amino acids are
Glu 325 and Arg 292 (Fig. 16a-b). However, the mutation to methionine does remove a
hydrogen bond between the main chain nitrogen of Glu 326 and the hydroxyl of Thr 323.
The clashes with Glu 326 and Arg 293, along with the missing hydrogen bond, could
disrupt the loop between residues 291 and 307 (300s loop), which has been shown to be
important in binding double stranded DNA substrates (226) which in turn may explain the
reduced affinity of the T323M mutant for the double stranded DNA substrates (Table 2.2).
The fact that this mutation appears minimally disruptive and yet causes such a
pronounced phenotype speaks to the necessity and sensitivity of the PNKP phosphatase

domain.

While the P101L mutation did not significantly affect its affinity for DNA substrates or its
enzymatic activity, it did reduce its affinity for the XRCC4-based phosphopeptide. This
reduction in affinity is likely due to conformational changes caused by the mutation and
resulting clashes with Y94. A conformational change in the P101/ Y94 loop will likely affect
the pThr binding interface through residues H100 and N97 (Fig. 2.16¢). However, the

degree of reduced binding to the phosphopeptide may not entirely reflect reduced binding
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Figure 2.16 Local structures within PNKP at the sites of the amino acid changes.

(a-b) Images taken from murine PNKP surrounding T322 (T323 in human PNKP). The
mutation T322M appears to be minimally disruptive despite the larger size of methionine,
due to the presence of a pocket that can accommodate the extended amino acid.
However, potential clashes can occur with Glu 325 and Arg 292 (Glu 326 and Arg 293 in
human PNKP). (c) An alignment of the FHA domain of human PNKP with the
phosphopeptide binding site of XRCC4. The PNKP FHA domain is shown in orange and
the XRCC4 pThr/pSer peptide is shown in red (PDB: 2W30). A disruption in the P101/Y94
loop that causes a conformational change will affect His 100 which would affect the pThr
binding interface through packing with V41 and D43. Additional movement in the
P101/Y94 loop would affect direct binding to the pThr peptide through N97’s hydrogen
bonds.
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to full-length phosphorylated XRCC4 since other protein-protein interactions are involved
in the binding between the two full-length proteins and there is also an interaction between
the two proteins that is not dependent on XRCC4 phosphorylation (244). It is also
noticeable that DSB repair, as judged by 53BP1 foci, was not significantly different in the
cells expressing the P101L mutant protein compared to cells complemented with the wild-
type protein. An unanticipated consequence, however, of the novel P101L mutation is the
alteration of its cellular localization. To date there are no other PNKP mutations that have
been reported to contribute to localization changes. Similar to the result we observed with
the cells expressing mutant P101L PNKP-GFP, the IHC result of the patient showed
cytoplasmic localization of PNKP. The NES analysis and LMB treatment indicate that the
P101L mutation creates a new nuclear export signal that enables binding to exportin 1
and export into the cytoplasm. Although it is not uncommon for disease-associated
mutations to alter the cellular localization of proteins, to our knowledge there is only one
other report of a gain-of-function mutation that results in the formation of a new NES (245).
In the latter case a mutation in the nucleophosmin gene, NPM, linked to acute myeloid
leukemia was found to generate an additional NES responsible for relocalizing NPM to
the cytoplasm. Interestingly, in our transfected cell lines (both transient and stable), the
T323M mutant also displayed a low level of cytoplasmic localization. However, neither
NetNES nor LocNES programs indicated the production of a novel NES signal. We and
others (73) have previously identified a bipartite NLS signal in PNKP (K130, R131 + 137-
142, KKRMRK). The T323M amino acid change is unlikely to interfere with this signal
directly, so the cause for an increased presence of the T323M in the cytoplasm remains

to be determined.
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Expression of mutant PNKP proteins revealed several consequences that together raise
the possibility that PNKP mutations could lead to tumorigenesis as well as MCSZ. As
seen with other PNKP mutations, the level of the mutant proteins, particularly the T323M
PNKP, was significantly depressed. Taking this into account together with its severely
curtailed level of enzymatic activity would imply that this variant of the protein will provide
extremely limited DNA repair capacity. Indeed, even in cells expressing artificially high
levels of the T323M variant the repair of radiation-induced double-strand breaks is far
from complete after 24hr (Fig. 2.14). Another important consequence of defective DNA
repair is increased spontaneous mutation frequency. Spontaneous mutations continually
arise from endogenous genotoxic agents in live cells such as ROS. (246) We have
previously shown that shRNA-mediated knockdown of PNKP in human A549 lung cancer
cells led to a 7-fold increase in the spontaneous mutation frequency.(222) Sequence
analysis of the proband’s tumor sample showed that it carried multiple molecular
alterations in addition to the PNKP mutations, including deletion of ATRX, mutations with
corresponding loss of heterozygosity in TP53 and NF1, copy loss of BRCAZ2 and RB1,
and amplification of CDK4. TP53 and ATRX mutations are commonly found in pediatric
GBM (247), and a recent study revealed that inactive ATRX in Trp53 deficient murine
neuroepithelial progenitors (MNPCs) altered the transcriptional patterns strongly
correlated with several glioma signatures (248). Through the mutual exclusivity analysis
of all listed studies on cBioPortal (including data from the cancer genome atlas; TCGA),
all 6 genes mentioned above showed certain levels of co-occurrence tendency with PNKP

mutations (Table 2.5). Since the entire genome of the patient was not sequenced, the
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mutation time of different genes are difficult to determine. However, it is possible that in
our patient, mutant PNKP induced impairment in DNA damage repair, preceded and
synergized with pediatric glioma associated mutations such as ATRX and TP53 resulting

in brain tumor initiation and progression.

In conclusion, although functional studies in a mouse model are needed to characterize
the influence of both the novel P101L and previously described T323M PNKP alterations
on brain tumor initiation, we speculate that mutant PNKP-driven impaired DNA damage
response and higher spontaneous mutation rates contributed to the generation of
pediatric glioma associated driver mutations such as TP53 and ATRX in the clinical case

described.
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Table 2.5 Analysis of PNKP’s co mutated genes by cBioPortal

a. Mutual exclusivity between PNKP and candidate mutations in TCGA Pan
Cancer Atlas studies

A B Neither A Not B B Not A Both Log2 Odds Ratio p-Value g-Value Tendency

PNKP BRCA2 9520 97 546 28 2.331 <0.001 <0.001 Co-occurrence
PNKP ATRX 9394 101 672 24 1.732 <0.001 <0.001 Co-occurrence
PNKP NF1 9274 102 792 23 1.401 <0.001 <0.001 Co-occurrence
PNKP RB1 9320 103 746 22 1.416 <0.001 <0.001 Co-occurrence
PNKP TP53 6258 63 3808 62 0.694 0.005 0.007 Co-occurrence
PNKP CDK4 9787 120 279 5 0.548 0.269 0.283 Co-occurrence

b. Mutual exclusivity between candidate mutations in CNS/brain studies

A B Neither A Not B B Not A Both Log2 Odds Ratio p-Value g-Value Tendency

ATRX TP53 2692 92 734 822 >3 <0.001 <0.001 Co-occurrence
RB1 BRCA2 4054 272 71 33 2.792 <0.001 <0.001 Co-occurrence
TP53 RB1 2744 1381 98 207 2.069 <0.001 <0.001 Co-occurrence
TP53 BRCA2 2809 1517 33 71 1.994 <0.001 <0.001 Co-occurrence
ATRX BRCA2 3375 864 51 50 1.937 <0.001 <0.001 Co-occurrence
NF1 RB1 3724 401 237 68 1.414 <0.001 <0.001 Co-occurrence
NF1 BRCA2 3881 445 80 24 1.388 <0.001 <0.001 Co-occurrence
TP53 CDK4 2619 1419 223 169 0.484 0.001 0.002 Co-occurrence
BRCA2 CDK4 3946 92 380 12 0.438 0.206 0.221 Co-occurrence
ATRX RB1 3193 852 233 62 -0.004 0.527 0.527 Mutual exclusivity
TP53 NF1 2525 1436 317 152 -0.246 0.055 0.064 Mutual exclusivity
ATRX NF1 3046 840 380 74 -0.502 0.004 0.005 Mutual exclusivity
ATRX CDK4 3096 869 330 45 -1.041 <0.001 <0.001 Mutual exclusivity
NF1 CDK4 3586 452 375 17 -1.475 <0.001 <0.001 Mutual exclusivity
RB1 CDK4 3738 300 387 5 -2.635 <0.001 <0.001 Mutual exclusivity

Table 2.5. Mutual exclusivity analysis of PNKP and candidate mutations that were
found in the patient’s tumor sample. (a) Mutual exclusivity between PNKP and
candidate mutations in TCGA PanCancer Atlas studies in cBioPortal. (b) Mutual
exclusivity between candidate mutations in all CNS/brain studies in cBioPortal. Neither:
Numbers of samples with alterations in neither A or B. A Not B/ B Not A: Numbers of
samples with alterations in only gene A / B. Both: Numbers of samples with alterations in
both gene A and B. Log2 Odds Ratio: Quantifies how strongly the presence or absence
of alterations in A are associated with the presence or absence of alterations in B in the
selected samples. Log2 Odds Ratio = (Neither * Both) / (A Not B * B Not A). Log2 odds
ratio > 0: Tendency towards co-occurrence. Log2 odds ratio <= 0: Tendency towards
mutual exclusivity. p-value: derived from one-side Fisher Exact Test. g-Value: derived
from Benjamini-Hochberg FDR correction procedure.
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3 Chapter 3: Mutation of PNKP in Ataxia
with ocular motor apraxia type 4 (AOA4)
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3.1 Introduction

In 1988, the first cases of Ataxia with ocular motor apraxia (AOA) were identified in 14
patients from 10 families (125). Signature symptoms of AOA include progressive ataxia,
choreoathetosis, and ocular motor apraxia (125). The clinical features of AOA are similar
to Ataxia-Telangiectasia (AT), i.e. progressive neurodegeneration and loss of Purkinje
cells (126) but AOA patients do not have the additional AT neurological features such as
telangiectasia, immunodeficiency, and susceptibility to malignancies (125, 127). So far,
four subtypes of AOA have been identified, each associated with mutations in different
genes. AOA1 is linked to mutations in Aprataxin (APTX) (128, 129), AOAZ2 is linked to
mutations in Senataxin (SETX) (130), AOAS is linked to mutations in Phosphoinostitide-
3-kinase regulatory subunit 5 (PIK3RS5) (131), and AOA4 is linked to mutations in the DNA

repair protein Polynucleotide phosphatase/kinase (PNKP) (108).

As a bifunctional enzyme, PNKP possesses both DNA 3’-phosphatase and DNA 5’-kinase
activities (94, 95). Human PNKP protein comprises of three domains, the N-terminal
forkhead-associated (FHA) domain, phosphatase domain, and C-terminal kinase domain
(249). Besides AOA4, mutations in PNKP have been found to be responsible for the
autosomal recessive neurodevelopment disease Microcephaly, seizures, and
developmental delay (MCSZ) (114-116, 118, 121, 215-217), and hereditary peripheral
neuropathies Charcot-Marie-Tooth disease (CMT2B2) (109). While the mutations related
to MCSZ are located in all three domains of PNKP, the mutations linked with AOA4 are

almost all located in the kinase domain of PNKP (108, 135-139, 215) (108, 135-137, 139,
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140, 214), except for one recently published report without signature AOA symptoms (154)

as shown in Fig. 3.1.

Interestingly, most of the AOA4-associated mutations are compound heterozygous forms.
The only mutation that has been found in both heterozygous and homozygous forms is
G375W resulting from DNA point mutation G1123T. In addition, in the initial eight families
identified with AOA4, the G375W mutation occurred with the highest frequency, in six out
of eight families (108). Although additional PNKP mutations were found associated with

AOA4 in later studies, no other mutation has shown up with such a high frequency.

To date, almost all the biochemical and cellular studies of PNKP mutations have focused
on the MCSZ-associated mutations. The only AOA4 associated mutation that has been
studied at the biochemical level is T424GfsX49, which is also observed in some MCSZ
patients (116, 218). Considering its unique inheritance and high frequency (108, 140), we
decided to examine the biochemical and cellular consequences of the G375W alteration

to PNKP in order to gain more knowledge of the underlying causes of AOA4.
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Figure 3.1 Mutations associated with AOA4.

Mutations marked in black have only been found in homozygous mutation format.
Mutations marked in red have been found only in compound heterozygous mutation
format. Mutations marked in blue have been found in both homozygous and heterozygous

formats.
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3.2 Material and methods

3.2.1 Expression plasmids and site-directed mutagenesis

To produce and purify the PNKP protein, pET-16b (Novagen Inc., Madison, WI) bacterial
expression plasmid harboring the full-length human PNKP cDNA was generated following
previously reported procedures (95, 220). To generate fluorescent-tagged versions of
PNKPs in mammalian cells, the full-length human PNKP cDNA was subcloned into the
pCMV6-AC-mGFP (Origene, Rockville, MD) mammalian expression plasmid as

described before (221).

The desired PNKP single point mutant (PNKP G365W) was generated using the
QuickChange Il site-directed mutagenesis kit (Stratagene, La Jolla, CA) and following the
manufacturer’s protocol. The following mutagenic primers were used to generate the
G375W plasmid:

Forward: 5-GCAGTGGGATTCCCTTGGGCCGGG-3

Reverse: 5-CCCGGCCCAAGGGAATCCCACTGC-3’

Finally, the mutants were sequence validated in The Applied Genomics Core at the

University of Alberta. The maps of mutant PNKP constructs are shown in Fig. 3.2.
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Figure 3.2 The structures of wild-type and mutant PNKP constructs.

All constructs are designed to monitor the effects of the G375W-PNKP mutations found
in the AOA4 patients. FHA represents the forkhead-associated domain of PNKP, GFP
represents the green fluorescent protein tag. The red line represents the location of the

mutation site.
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3.2.2 Expression and purification of mutant PNKPs

The PNKP wild-type and PNKP-G375W bacterial expression plasmids were transfected
into E. coli bacterial strain BL21 (DE3) (NEB). The bacteria were grown at 37°C in 4 L of
lysogeny broth (LB) medium containing ampicillin (50 pug/mL) to reach an ODgoo of 0.6.
Protein expression was then induced at 18°C with overnight incubation in the presence
of 100 uM isopropyl-p-D-1-thiogalactopyranoside (IPTG, Sigma, St. Louis, MO). The
bacteria were then harvested by centrifugation at 10000g for 10 min at 4°C and
resuspended in 50 mL of lysis buffer (150 mM NaCl, 50 mM Tris-HCI, pH 8.0, 1 mM
ethylenediaminetetraacetic acid (EDTA), 0.1 % B-mercaptoethanol, 0.5 mM
phenylmethylsulfonyl fluoride (PMSF), 0.5mg/mL lysozyme. The bacteria were then
disrupted by sonication after stirring on ice for 30 min. The soluble fraction was separated

by centrifugation at 150009 for 30 min at 4°C.

The 10% polyethylenimine was added dropwise to the soluble fraction to a final
concentration of 0.3 % to precipitate nucleic acids. The sample was then stirred on ice for
20 min and centrifuged at 15000g for 20 min at 4°C. Protein in the supernatant was
precipitated by a final concentration of 50% ammonium sulfate and centrifuged at 15000g
for 30 min at 4°C. The protein pellet was resuspended in solution and purified through
three different columns as described before (220): HiPrep 16/10 Butyl FF column
(Amersham Pharmacia BioTech, Baie d’Urfe, PQ), SP Sepharose Fast Flow cation-

exchange column (Amersham Pharmacia BioTech) and HiLoad 16/60 Superdex 75 gel
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filtration column (Amersham Pharmacia BioTech). The purity and integrity of the protein
were confirmed by Coomassie Brilliant Blue staining (Fig. 3.3).

3.2.3 PNKP Kinase Assays

After obtaining the purified wild-type and mutant PNKPs, the 5’-kinase activities of the
PNKP proteins were measured by a kinase assay modified from procedures described
before (95). Briefly, PNKP (500 ng) was added to a reaction mixture (40 pL total volume)
containing kinase buffer (80 mM succinic acid, 10 mM MgCl2 and 1 mM DTT, pH5.5), 0.5
mM 24-mer oligonucleotide substrate (5-GGCGCCCACCACCACTAGCTGGCC-3’) with
5’-OH termini, 5 mM unlabeled ATP and 5 pCi of [y-32P] ATP (3000 Ci/mmol, Amersham
Pharmacia Biotech). The reaction mixture was incubated at 37°C for 0.5, 1, 2, 5, 10 and
20 min. 5 pL of the sample was mixed with 2.5 yL of 3 X sequencing gel loading dye
(Fisher Scientific, MA, USA) and frozen immediately in dry ice to stop the reaction. The
samples were then run on a 12% polyacrylamide gel containing 7 M urea at 200 V for 30
min. The gel was scanned on a Typhoon 9400 Variable mode imager (GE Healthcare Life
Sciences, IL, USA) and quantified using ImageQuant 5.2 (GE Healthcare Life Sciences,

IL, USA).

3.2.4 PNKP Phosphatase Assays

The 3’-phosphatase activities of PNKP proteins were measured by a phosphatase assay
modified from previous studies (100, 222). Briefly, PNKP (50 ng) was added to a reaction

mixture (20 pL of total volume) containing phosphatase buffer (70 mM Tris-HCI, 10 mM
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Figure 3.3 Coomassie Brilliant Blue staining of purified protein fractions post gel
filtration.

The size of Purified PNKP is marked in the arrow.
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MgCl,, 5 mM DTT, pH 7.6), 4 pM 24-mer oligonucleotide substrate (5'-
GGCGCCCACCACCACTAGCTGGCC-3’) bearing a fluorescein moiety (FAM) at the 5'-
terminus and a phosphate at the 3’-terminus (IDT, IA, USA). The reaction was carried out
at 37°C for 0.5, 1, 2, 5 and 10 min. 3 pL of the sample was mixed with 1.5 pyL of 3 X
sequencing gel loading dye, frozen on dry ice to stop the reaction, then run on a 12%
polyacrylamide gel containing 7 M urea at 1800 V for 3 hours. The gel was then scanned

on a Typhoon 9400 Variable mode imager and quantified using ImageQuant 5.2.

3.2.5 Steady state fluorescence spectra

Steady-state fluorescence spectra were measured at 25°C on a PerkinElmer Life
Sciences LS-55 spectrofluorometer with 5 nm spectral resolution for excitation and
emission using purified wild-type PNKP and G375W-PNKP as described in our previous
studies (250). Protein fluorescence was excited at 295 nm, and fluorescence emission
spectra were recorded in the 300-400 nm range. To study the ATP binding affinity, 0.1
MM purified protein was monitored first in the buffer (50 mM Tris, pH 7.5, 100 mM NaCl,
5 mM MgClz, and 1 mM DTT), and ATP (Sigma, MO, USA) was then added into the
reaction mixture at a 1:1 molar ratio. The fluorescence emission spectra were recorded
in the 300-400nm range. Changes in fluorescence were usually monitored at the emission
maximum (340nm). To study the ssDNA binding affinity, 0.4 uM purified protein was
titrated against increasing concentrations of 20-mer oligonucleotide substrate (5'-
ATTACGAATGCCCACACCGC-3') (IDT, IA, USA) in the buffer (50 mM Tris, pH 7.5, 100

mM NaCl, 5 mM MgClz, and 1 mM DTT). Fraction of bound (i.e., relative fluorescence
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quenching) versus free oligonucleotide concentration was plotted, and the Kg value

determined as previously described (220).

3.2.6 Circular Dichroism Spectroscopy

Far-UV circular dichroism (CD) measurements were performed with an Olis DSM 17 CD
spectropolarimeter (Bogart, GA, USA), calibrated with a 0.06% solution of ammonium d-
camphor-10-sulfonate. The temperature in the sample chamber was maintained at 20°C.
The CD spectra of wild-type and G375W-PNKP were measured as described previously

(223) and the results were analyzed according to the method of Chen et al.(224)

3.2.7 Cell culture

Human HelLa cells were obtained from Dr. David Murray (University of Alberta) and
validated by ATCC cell line authentication service using short tandem repeat (STR)
analysis. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)-F12 media
supplemented with 5% fetal calf serum and 2 mM L-glutamine, incubated at 37°C under
5% CO2 in a humidified incubator. All culture supplies were purchased from

Invitrogen/ThermoFisher Scientific, MA, USA.

3.2.8 Western-Blotting
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Western blot was performed following a standard protocol with modifications (251).
Antibodies used included PNKP antibody (sc-365724, Santa Cruz Biotech, TX, USA),
GFP antibody (ab290, Abcam, UK), beta-actin antibody (sc-47778, Santa Cruz Biotech,
TX, USA), IR dye 800CW goat anti-mouse secondary antibody (926-32210, Li-COR
Biosciences, NE, USA) and IR dye 800CW goat anti-rabbit secondary antibody (926-
32211, Li-COR Biosciences). Results were visualized using an Odyssey Fc Imaging

System (Li-Cor Biosciences).

3.2.9 Stably transfected cells

To exclude the possible influence from endogenous wild-type PNKP in Hela cells,
CRISPR-Cas9-generated HeLa PNKP cells (225) were complemented with the wild-
type and mutant proteins. The HeLa PNKP- cells were plated in 60-mm dishes and
transfected with the plasmid constructs carrying the cDNA for the wild-type and mutant
proteins using Turbofectin 8.0 (OriGene, Rockville, MD) following the manufacturer’s
protocol. 24 hours after transfection, cells were trypsinized and passaged at a 1:10
dilution in selective medium containing 800 pug/ml G418 (Thermo Fisher Scientific, MA,
USA). After expansion in the selective medium for one week, GFP-positive cells were
selected through fluorescence-activated cell sorting (FACS) (BD BioSciences, NJ, USA).

The positive cells were then expanded again in selective medium with 800 ug/ml G418.

3.2.10 Cellular localization of PNKP
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For image acquisition, cells were plated on coverslips and fixed with 4% formaldehyde
the next day. Immunofluorescence staining with Tubulin antibody (sc-53646, Santa Cruz
Biotech, TX, USA) was performed to distinguish the cytoplasm. Nuclei were stained with
DAPI (MilliporeSigma, MA, USA). Cells were then placed on the stage of a Zeiss confocal
LSM 710 microscope (ZEISS, Germany). Images were acquired using 40X/1.3 NA oil

immersion objective.

3.2.11 Cell viability measurement

Cell viability was measured by a crystal violet staining assay. The experiment was
performed as described (252) with minor modifications. Briefly, 1 x 10* cells were seeded
in a 96-well plate, and incubated for 24 hours to enable adhesion. For radiation treatment,
cells were exposed to 5, 10, or 15 Gy y radiation, and then incubated for 24 hours, washed
and stained cells with 0.5% crystal violet staining solution on a bench rocker. After 20 min,
the plates were washed and air-dried. Methanol (200 ul) was then added to each well and
left for 20 min at room temperature before measuring the optical density of each well at
570 nm (ODs70) with a FLUOstar Omega microplate reader (BMG Labtech, Germany).
The average ODs7o of the wells without cells was set as background and subtracted from
each well. The mean ODs7 of unirradiated cells was normalized to 100% for comparison
to the irradiated cells. Paraquat treatment was performed with a similar protocol
employing paraquat doses based on previous publications (253, 254). Cells were treated

with 100, 200, 400 uM paraquat dichloride for 24 hours before staining. In both radiation
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and paraquat treatment, cells were treated in quintuplicate in each group in each

experiment, and the experiment was performed three times independently.

3.2.12 Assessment of mitochondria morphology

Cells were plated in 35-mm glass-bottom dishes. After 24 hours, cells were treated with
or without 400 uM paraquat dichloride for 12 hours. After the treatment, cells were washed
with standard medium and stained with Mitotracker Red and Hoechst 33258 (Sigma, MO,
USA) followed by the manufacturer’s protocol. Cells were then placed on the stage of the
Zeiss confocal LSM 710 microscope. Images were acquired using 40X/1.3 NA oil
immersion objective. On the basis of previously published criteria (255), mitochondrial
morphology was scored as either normal, i.e. longer than 5 ym, filamentous with network
formation, or fragmented, i.e. shorter than 1 pm, rounded, without fusion to other

mitochondria. At least 250 cells were counted in each group.

3.3 Results

3.3.1 The G375W PNKP mutant lacks kinase activity and has a weaker ATP binding

affinity

As shown in Fig. 3.4, the G375W mutation effectively eliminates the PNKP kinase activity,
but has only a marginal effect on the phosphatase activity compared to wild-type PNKP.
Since G375 is a highly conserved residue within the ATP binding site of PNKP (249), we

next examined the binding affinity between G375W-PNKP and ATP. Steady-state
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Figure 3.4 Enzymatic activities of wild-type and mutant PNKPs.

Measurement of 5’-kinase activities and 3’-phosphatase activities of wild-type and mutant
PNKPs. Data are the mean = SEM of three independent experiments. T tests were
performed using GraphPad Prism 7.0, GraphPad Software. *P<0.05.
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fluorescence was used to monitor quenching of intrinsic fluorescence of the protein
(resulting from excitation of the tryptophan at 295 nm) in the presence of ATP (220). As
shown in Fig. 3.5, in the absence of ATP, wild-type PNKP displayed an emission
maximum around 340 nm, similar to what we observed before (220). When ATP was
added into the mixture, the fluorescence was quenched due to a binding-induced
conformational change. Although it contains an additional tryptophan residue, G375W-
PNKP exhibits a similar emission spectrum with a maximum of around 340 nm. In contrast,
adding ATP to G375W-PNKP did not change the spectrum significantly, indicating that
the binding affinity between ATP and G375W-PNKP is greatly reduced compared to the

affinity between ATP and wild-type PNKP.

3.3.2 G375W-PNKP did not affect the direct binding to oligonucleotide

To rule out the possibility that the loss of kinase activity was due to a failure of the G375W
mutant to bind to the substrate, we examined the binding affinity between PNKP and a
single-stranded nonphosphorylated oligonucleotide by steady state fluorescence. The
maximum quenching of fluorescence intensity was taken as 1, and the observed
quenching at different concentrations of the oligonucleotide was plotted as the fraction of
bound versus ssDNA concentration. As shown in the Fig. 3.6, the fraction bound between
ssDNA and PNKP is similar between the wild-type and G375W proteins. Nonlinear
regression analysis of the binding data revealed a Ky value of 340 = 10 nM for wild-type
PNKP and 390 + 10 nM for G375W-PNKP. In order to evaluate the protein structural

changes, far-UV-CD spectra of wild-type and G375W PNKP were generated. However,
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Figure 3.5 Fluorescence emission spectra.

The fluorescence emission spectra of A wild-type PNKP B wild-type PNKP +
ATPeG375W-PNKP ¥ G375W-PNKP + ATP. The excitation wavelength was 295nm.
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Figure 3.6 Fluorescence titration of PNKPs versus oligonucleotide.

The excitation wavelength of PNKPs was 295nm, intensities were monitored at 340nm.
The fraction bound versus ssDNA concentration is plotted.
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circular dichroism did not reveal a gross deformation caused by the T323M mutation, as

shown in Fig. 3.7.

3.3.3 G375W-PNKP has the same subcellular localization as the wild-type protein

After establishing the stably transfected cell lines, western blotting (Fig. 3.8) revealed the
stable expression of GFP-tagged PNKP without significant degradation with similar
expression levels between wild-type and G375W PNKP. Immunofluorescence also
confirmed that both the GFP-tagged wild-type and G375W PNKP retained the same

predominantly nuclear localization (Fig. 3.8).

3.3.4 G375W-PNKP partially rescues radiation sensitivity but increases paraquat

sensitivity

As shown in Fig. 3.9, compared to untransfected wild-type HelLa cells, the PNKP
knockout cells showed elevated sensitivity to y radiation, similar to previous reports with
other cell lines with depleted levels of PNKP (222, 256). Complementation of the knockout
cells with wild-type PNKP restored most of the resistance to the radiation. Interestingly,
the G375W-PNKP transfected cells showed a similar response to the those

complemented with the wild-type protein.

While ionizing radiation is deemed to exert its effects by damaging DNA in the nucleus,

paraquat is considered to be more effective at targeting mitochondrial DNA through its
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Figure 3.7 Far-UV-CD spectra of wild-type and G375W PNKP.
The concentration of PNKP was 0.5 mg/ml dissolved in 50 mM Tris, pH 7.5, 100 mM NaCl

and 1 mM DTT.
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Figure 3.8 Cellular localization of mutant PNKP.

G375W

Top: Western blot of cell extract from HelLa wild-type cells (C), HeLa PNKP-/- cells (K),
HelLa PNKP-/- cells re-expressing WT-PNKP (W) and HeLa PNKP-/- cells expressing
G375W-PNKP (G). The blot top left was probed with PNKP antibody, while the blot top
right was probed with GFP antibody. Bottom: Subcellular localization of PNKP in HelLa
PNKP-/- cells stably expressing GFP-tagged wild-type (WT) or G375W protein. PNKP
tagged constructs (green), tubulin immunofluorescence (red) indicates the cytoplasm,
DAPI staining (blue) indicates the nuclei.
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Figure 3.9 Viability assays of different cell lines.

Top: Viability measurement of cells after irradiation based on crystal violet staining assay.
Bottom: Viability measurement of cells after treatment with paraquat. Control represents
HelLa wild-type cells. Knockout represents HeLa PNKP-/- cells. WT represents HelLa
PNKP-/- + WT-PNKP. G375W represents HeLa PNKP-/- + G375W-PNKP. Plots
represent mean = SD. Ordinary one-way ANOVA was performed to compare each cell
line with the wild-type HelLa (Control) at the same treatment dosage by using GraphPad
Prism 7.0, GraphPad Software. P*<0.05, P***<0.001.
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stimulation of production of superoxide within mitochondria (257, 258). Since PNKP is
localized in mitochondria as well as nuclei, we examined the influence of the G375W

mutation in the response to cellular exposure to increasing concentrations of paraquat.

In contrast to the response seen following irradiation, the cells expressing G375W PNKP
displayed a marked sensitivity to 24-hour exposure to paraquat (Fig. 3.9). Surprisingly,
there was no significant difference in this short term assay between the wild-type and
knockout cells over the concentration range analyzed.

3.3.5 Mitochondria are more sensitive to paraquat treatment in G375W cell lines

Paraquat has been shown to alter the mitochondrial membrane permeability inducing
mitochondrial dysfunction (259). We, therefore, further examined the mitochondrial
morphology in the mutant cells. As shown in Fig. 3.10, all untreated HelLa cells display
typical mitochondrial filamentous networks, while paraquat treatment induces significant
mitochondrial fragmentation in a subset of cells manifesting as small (< 1 ym) rounded
independent bodies. Quantification of the data obtained from untreated cells and cells
treated with 400 uM paraquat for 12 hours (Table 3.1), indicated that with no treatment,
all four cell lines, including those expressing G375W PNKP, showed similar mitochondrial
morphology without fragmented mitochondria. However, after exposure to paraquat,
significantly more cells expressing G375W PNKP showed increased fragmented

mitochondria than cells expressing wild-type PNKP or the PNKP-knockout cells.
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Figure 3.10 Abnormal mitochondria in mutant cell lines after paraquat treatment.

Left: HelLa cells with no treatment, mitochondria show normal morphology status. Right:
Paraquat-treated HelLa cells show fragmented mitochondria. Lower panel are magnified

area of blue box from Upper panel.
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Table 3.1 Mitochondria morphology assessment.

No treatment

PQ-400 uM-12h

Numbers of | Total cell | Mt Fragmentation % Numbers of | Total cell | Mt Fragmentation %
cells with | number cells with | number
Fragmented Fragmented Mt
Mt
HeLa Wild-type 0 398 0 10 528 1.89
HeLa PNKP-/- 0 416 0 9 316 2.85
HeLa PNKP-/- + | 0 281 0 3 279 1.08
WT-PNKP
HeLa PNKP-/- + | 0 314 0 65 418 15.55
G375W-PNKP

Table 3.1 Mitochondria morphology assessment. Mitochondria morphology

assessment of cells with/without paraquat treatment. At least 250 cells were counted in

each group. On the basis of previously published criteria (255), normal mitochondria are

characterized as longer than 5 ym, filamentous with network formation, fragmented

mitochondria are characterized as shorter than 1 um, rounded, without fusion to other

mitochondria.

119




3.4 Discussion

To date studies of the biochemical consequences of mutant PNKPs found in patients,
including those with MCSZ, AOA4, and CMT2B2, have been limited. Two previously
tested mutations in the PNKP kinase domain (T424GfsX48 and Exon 15 del) both showed
near-normal phosphatase activities and significantly reduced kinase activities (218).
Considering the dramatic structural changes caused by these frameshift and deletion
mutations such results are not surprising. Our results, however, indicate that even a point

mutation in a specific location could cause similar biochemical consequences.

Located at the C terminus of PNKP, the kinase domain consists of five B sheets, seven a
helices, and one 310 helix (249). The crystal structure of murine PNKP (249) revealed
D396 (D397 in human PNKP) as the catalytic site of the kinase domain (F341 to E522
human PNKP). The ATP binding site is located around this catalytic site, containing the
conserved Walker A motif (G372 to S379 in human PNKP) and Walker B motif (centered

around D422 in human PNKP) (Fig. 3.11).

Any alterations in those conserved functional domains are likely to affect the kinase
activity. G375 is located within the Walker A box, in particular the P loop nest in which it
is the first glycine in the GAGK sequence. The nest forms a cavity that binds, via inward
facing amino groups, to the B- and/or y-phosphates of ATP (260). This cavity would clearly
be disrupted by the exchange of glycine for a bulky tryptophan residue, and hence it is

not surprising that binding of ATP and kinase activity is almost completely abolished in
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H 341 FDPRTVSRSGPLCLPESRALLSASPEVVVAV[GFPGAGKST
M 340 FDPRTISSAGPLYLPESSSLLSPNPEVVVAVGFPGAGKS
=

H 381 FLKKHLVSAGYVHVNRDTILGSWQRCVTTCETALKQGKRVA
M 380 FIQEHLVSAGYVHVNRDTILGSWQRCVSSCQAALRQGKRVV
H 421 TNPDAASRARYVQCARAAGVPCRCFLFTATLEQARHN
M 420 TNPDVPSRARYIQCAKDAGVPCRCFNFCATIEQARHN
H 461 NRFREMTDSSHIPVSDMVMYGYRKQFEAPTLAEGFSAILE
M 460 NRFREMTDPSHAPVSDMVMFSYRKQFEPPTLAEGFLEILE
H 501 IPFRL--WVEPRLGRLYCQFSEG 521

M 500 IPFRLQEHLDPALQRLYRQFSEG 522

Figure 3.11 Sequence comparison between human and mouse PNKP.

380
379

420
419

460
459

500
499

Sequence comparison of the kinase domain of human (H) PNKP and mouse (M) PNKP.

The conserved region is marked in yellow. The catalytic site is marked with a red rectangle,

ATP binding sites are marked with blue rectangles. Blue arrow points at G375.
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the G375W mutant PNKP (Fig. 3.4 and Fig. 3.5). In contrast, the binding affinity between
G375W-PNKP and DNA substrate is similar to wild-type (Fig. 3.6). PNKP contains a
bipartite DNA-binding surface within its kinase domain: surface 1 (contains R396, R404,
and R433) and surface 2 (R483 and K484) (261). Since the G375W mutation did not
affect the binding to DNA, it suggests that this mutation does not cause a gross
conformational change to the protein kinase domain, as confirmed by structural analysis
(Fig. 3.7). The unchanged gross structure is also supported by the normal phosphatase
activity displayed by the G375W mutant (Fig. 3.4), despite the fact that due to the intimate
association between the kinase and phosphatase domains (249), mutations in either

domain can sometimes affect the other domain (218, 262).

After exposure to y radiation, the cells expressing the G375W-PNKP mutant exhibited a
similar survival rate compared to the wild-type cells or wild-type PNKP transfected cells,
while the survival rate of the PNKP knockout cells was significantly reduced. This speaks
to the issue of the relative importance of the nature of the 5’ and 3’-termini generated by
ionizing radiation, as well as the possible existence of back up enzymes/pathways in the
absence of PNKP enzymatic activity. It is clear that the vast majority of radiation-induced
3’-strand-break termini possess either phosphoglycolate and phosphate residues (236),
which are removed by PNKP phosphatase activity, with or without the assistance of TDP1,
respectively (105). In contrast, <15% percent of radiation-induced 5’-strand-break ends
lack a 5’-phosphate group (263, 264) and so the requirement for a 5’-kinase is much more
limited. A second possible explanation for the absence of a radiosensitive phenotype for

the G375W- PNKP expressing cells could be the action of backup DNA kinases or an
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alternative pathway. Two potential alternatives to PNKP have been reported. The first is
a Polymin P-precipitable polynucleotide kinase that can phosphorylate DNA and RNA but
lacks phosphatase activity (265), and the second is BCL-3-binding protein (B3BP) (266).
An alternative pathway may require removal of the 5’-terminal nucleoside (or a short patch)

followed by gap filling DNA synthesis after ligation.

The G375W mutation has only been associated with AOA4 and not the more serious
MSCZ condition. Since the major defect in the mutated protein is the loss of kinase activity,
our data support the proposal by Kalasova et al., based on a study of cells derived from
patients with a 17 bp duplication in the kinase domain of PNKP (c.1250_1266dup), that
AOA4 is primarily associated with loss of PNKP 5’-kinase rather than 3’-phosphatase
activity (262). Also, in agreement with Kalasova et al. we did not observe that loss of 5’-

kinase activity significantly increased the radiosensitivity of the cells.

There has been continuing debate concerning the role of mitochondrial dysfunction in
neurological disorders. Indeed, Bermudez-Guzman and Leal recently speculated on a
mitochondrial role for the PNKP-associated neurological diseases (267) because of
PNKP’s involvement in mitochondrial DNA repair. As a result, we wanted to assess the
consequences of the G375W mutation in response to a neurotoxin that acts on the
mitochondria and through the production of reactive oxygen species (268, 269). In recent
years, paraquat has become a popular tool for studying neurodegenerative disorders
such as Parkinson’s disease (270, 271). Paraquat induced cell death has been reported

in several studies and several mechanisms have been identified including increased ROS
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production (272), decreased mitochondrial membrane potential, and release of
cytochrome C (273), all of which are focused on the effects of mitochondrial functions.
The dramatic structural changes of mitochondria from the typical tubular shape to
spheroid shape have been observed under different circumstances, including exposure
to osmotic stress reagents, such as the mitochondrial K*H* exchange inhibitor (274), and
agents such as rotenone and antimycin that that interfere with the electron transport chain
and stimulate ROS production (275). Paraquat has been shown to induce mitochondrial
fragmentation, which could be relieved by antioxidants, indicating that oxidative stress
triggers mitochondria fragmentation (276). Several recent studies have highlighted the
fragmentation of mitochondria in neurodegenerative diseases. Electron microscopy
analyses of patients with Alzheimer’s disease have shown reduced sizes of mitochondria
and disruption of the cristae (277, 278). A study of animal models of familial Alzheimer’s
disease and patients of Alzheimer's disease also noticed the transformation of
mitochondrial morphology: The uniformly elongated mitochondria network changed into
tear dropped mitochondria or tear dropped mitochondria connected by a thin double
membrane (279). Silencing of Parkinson disease-related protein (PINK1) significantly
increased the number of cells with truncated or fragmented mitochondrial morphology
(280). Similar observations have also been reported in the studies of amyotrophic lateral

sclerosis (281) and spinocerebellar ataxia type 3 (282).

We observed paraquat treatment to be more deleterious to the cells expressing the G375-
PNKP mutant protein than to wild-type cells or knock-out cells expressing wild-type PNKP,

both in terms of short term toxicity and mitochondrial fragmentation, suggesting that
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AOA4 may be more susceptible to damage to mitochondrial DNA and loss of
mitochondrial integrity. Unexpectedly, the PNKP-knockout cells exhibited a similar
response to paraquat as the wild-type cells. One possible explanation is that in the
complete absence of mitochondrial PNKP a back-up repair machinery can gain full
access to the mitochondrial DNA. This back-up pathway may be prevented from gaining
access to the damaged site by the presence of the mutant PNKP, which retains full
capacity to bind to 5’-OH termini (Fig. 3.6). Such a situation would be further exacerbated
in the mitochondria because of the absence of XRCC1 (283), which we have previously
found can enhance the displacement of PNKP from DNA (250). In this regard, it is worth
noting that a homozygous mutation of human tyrosyl-DNA phosphodiesterase 1 (TDP1)
responsible for the related neurodegenerative syndrome, spinocerebellar ataxia with
axonal neuropathy (SCAN1) causes the protein to be selectively trapped on mtDNA (284).
Furthermore, mutated TDP1 linked to mitochondrial DNA termini that block repair of
strand breaks may engender a vicious cycle in which blocking repair could lead to

increased ROS production (285).

A further consideration is the potential role of protein-protein interactions involving PNKP.
PNKP has been shown to interact with mitofilin, a transmembrane protein of the
mitochondria inner membrane (194). One possible benefit from such interaction is
bringing PNKP into the mitochondria similar to the interaction between PARP-1 and
mitofilin (286). Mitofilin plays a vital role in maintaining mitochondria inner membrane
organization and mitochondria protein biogenesis (287). Although the loss of mitofilin

does not directly affect mitochondrial fusion and fission, it results in altered cristae
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structure (288, 289). Thus, the mutant PNKP may affect the stability of the mitochondrial

structure through its interaction with mitofilin or other mitochondrial proteins.

In summary, our data show that G375W, the most common point mutation associated
with AOA4, lacks DNA 5’-kinase activity due to decreased ATP binding affinity.
Furthermore, we have shown that this mutation renders cells sensitive to paraquat, which
disrupts mitochondrial integrity, implicating mitochondrial dysfunction as a contributing

factor to the pathology of AOA4.
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4 Chapter 4: General Discussion and

Future Direction
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4.1 Overview

Based on the clinical case of MCSZ with GBM, we assessed two newly discovered PNKP

mutations. The two point-mutations corrupt PNKP’s function in different ways.

The P101L mutation showed almost normal enzymatic characteristics. However, since
the mutation is located in the FHA domain, the binding affinity between PNKP and XRCC4
decreased. In addition, cellular transfection showed a different cellular localization pattern.
Software analysis indicated that the cytoplasmic localization of the protein is due to a

newly formed NES signal, which was confirmed by inhibition of exportin.

In contrast to P101L, enzymatic activities of T323M revealed a significant reduction in
both kinase and phosphatase activities. The biochemical evaluation indicated that
reduced activity is driven, at least in part, by decreased DNA substrate binding affinity. In
addition, cellular transfection showed T323M increased anchorage-independent

transformation.

Further studies of cell lines expressing the mutant PNKP cDNAs revealed that both of
them displayed inefficient DNA repair. Our functional studies, combined with clinical
observation such as the PNKP localization in the patient’s sample and the identification
of other mutations in the GBM sample, suggested that the combination of the two PNKP
mutations will impair the DNA damage response and increase the frequency of

spontaneous mutations including driver mutations that induce pediatric GBM.
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We then broadened our investigation of PNKP mutations associated with neurological
disorders to examine a frequently observed PNKP mutation found in individuals with

AOA4, i.e. G375W.

In this case, the major biochemical deficiency was observed to be the loss of DNA kinase
activity due to the inability of the protein to bind ATP. When the mutant was protein was
expressed in cells, we observed an increased sensitivity towards the neurotoxin paraquat
coupled with increased morphology changes to the mitochondria. These observations led
us to propose that the G375 mutant PNKP has a deleterious effect on mitochondrial

homeostasis.

Due to the rarity of PNKP related diseases, studies on functional analysis of mutant PNKP
are limited. The functional studies of our study revealed different types of mechanisms
and their consequences, as shown in Figure 1. Understanding the biochemical and
cellular consequences of the mutations could lead to more targeted treatments in the

future. Below | will discuss different aspects in the related areas.
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Figure 4.1 The overview of our study on MCSZ and AOA4 mutations.

Red indicates the altered functions, blue indicates the unchanged functions, green

indicates clinical observations.
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4.2 The complexity between PNKP mutation and phenotype

Single gene disorders such as MCSZ and AOA4 are defined as diseases caused by
variants in one specific gene (290). However, it is not a new discovery that different
mutations on the same gene could exhibit different phenotypes. Since a particular gene
consists of thousands of base pairs that are potential targets for mutation, the phenotype
of one single gene disorder could manifest great complexity such as different symptoms,

severities, age of onset (291). This is not an uncommon feature of neurological diseases.

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease caused
by CAG repeat expansion in the Huntingtin (HTT) gene (161). Generally, the number of
trinucleotide CAG repeats is linked with the severity of the disease. Increased CAG
number indicates poor prognosis; while the normal range of CAG repeats is 26 or less
(292) for individuals with >40 repeats the disease is fully penetrant (293),. In addition,
there is also a strong correlation between age of onset and the length of CAG repeats:
when repeats increase from 45 to 60, the age of onset is expected to decrease from 41
to 23 years old (294). Because trinucleotide repeats represent the major mutation form in
HTT, the phenotype is easy to compare. Other neurological diseases arise from single
gene mutations with less predictable phenotypes. For example, the classic form of Ataxia
telangiectasia (AT) is induced by two truncating mutations in both alleles, leading to total
loss of the ATM protein. However, missense mutations in ATM usually lead to milder
symptoms as some residual activity of ATM is retained (295). Such complexity increases

when more clinical cases and mutation types evolve. Cystic fibrosis (CF) is caused by
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mutations in cystic fibrosis transmembrane conductance regulator (CFTR) (296). Over
2000 different mutations have been identified in CFTR with different disease severity. In
order to gain a better understanding between the genotype and phenotype, and provide
a better pharmacotherapy solution, the classification of these mutations is based on the
consequences of the mutation, such as protein expression level, protein stability, protein
interactions, etc. (297). Analysis of different CFTR mutations distinguishes them based
on their molecular pathology and therefore provides possible drug combinations for

treatment, an approach termed “theratyping” (298).

This complexity is pertinent to our study since the mutation map of PNKP is expanding
with more clinical cases with different severity showing up. It is necessary to assess the
mutations’ functional and clinical consequences to reveal their therapeutic susceptibility.
Although we have only explored a small part of the PNKP mutation map, alterations in
protein structure, protein function, and cellular localization have all been observed. These
multiple functional changes provide possible etiology for MCSZ and AOA4. A major
question is why different PNKP mutants contribute to different symptoms, such as
neurodevelopment related ones versus neurodegenerative related ones. One possible
reason is related to the enzymatic activities of PNKP, while T323M (MCSZ) affects
phosphatase activity more, and G375W (AOA4) only affects kinase activity. A recent
study also indicates similar consequences while using MCSZ/AOA4/CMT2B2 patients-
derived primary fibroblasts: The phosphatase activity of PNKP is lower in MCSZ cells
while its kinase activity is lower in AOA4/CMT2B2 cells (262). To confirm such a theory,

a complete enzymatic assessment of all diseases related to PNKP mutants is necessary.
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Another raised question is whether there’s an overlap between different PNKP related
diseases. Indeed, there have been reports that patients displayed mild or unorthodox
symptoms of MCSZ (121) or AOA4 (154). There are also cases that displayed both
symptoms from MCSZ and AOA4 (120, 215). It is possible that different symptoms are
related to different levels of protein functional changes. Our study did show MCSZ-related
mutants exhibit more functional alterations than AOA4-related mutant. Other studies also
indicate that milder phenotypes are related to less affected PNKP functions (267, 299).
However, other possibilities are worthwhile to explore as well, such as changes of related
proteins’ interactions, or mitochondria functions. We did observe the binding affinity
changes between P101L-PNKP and XRCC4 peptide and the altered mitochondria
homeostasis in G375W cells. It is necessary to expand these studies to understand the

full picture of different phenotypes.

4.3 PNKP mutation and cancer development

The frequency of germline mutations in humans is 1.2 x 10 mutations per base pair on
average (300). In contrast to germline mutations, somatic mutations constantly
accumulate throughout our lifetime. Exogenous factors such as UV light, ionizing radiation,
and chemicals, endogenous factors such as reactive oxygen species, endogenous
retrotransposons, DNA repair failure can all contribute to this process (1). The somatic
mutation frequency is considerably greater than the germline mutation frequency (301).

In fact, such differences are even evident in childhood. By using primary dermal
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fibroblasts from a 6-year-old male human, the median somatic mutation frequency was

found to be ~2.8 x 10~ mutations per base pair (300).

Like all the cells in the human body, cancer cells are also the product of numerous cell
divisions and genetic succession. Cancer cells gain their tumorigenic hallmarks through
constant somatic mutation and selection (302). Although mutations presumably occur by
the same processes, mutation frequencies differ among different cancer types. A study
of 27 cancer types showed that the median frequency of mutations varied by more than
1000-fold across cancer types (303). Pediatric cancer types, such as pediatric GBM and
medulloblastoma, are among those with the lowest somatic mutation frequency, which
means they usually require fewer rounds of mutations to gain certain driver mutation
advantages (304). DNA repair failure has been linked with increased mutation frequency
(246), and such an observation has been previously found for loss of PNKP as well (222).
In addition, PNKP plays a pivotal role in maintaining progenitor neural cells, differentiated
neurons, and glial homeostasis (124, 305). It is therefore not surprising that the cancers
identified to date in patients carrying PNKP mutations were cancers of the central nervous

system including a pilocytic astrocytoma in an AOA4 patient (214).

All PNKP mutation-related patients are either homozygotes or compound heterozygotes
(96, 109, 120). While both PNKP allele mutations inevitably lead to a more deleterious
situation in patients, the risk to patients’ parents, who are usually heterozygotes with one
wild type PNKP (217), has not been discussed. In families with ataxia-telangiectasia (A-

T), which is also an autosomal recessive neurological syndrome like the PNKP-related
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diseases, A-T heterozygotes are predisposed to breast cancer (306). In addition, such
predisposition to cancer in A-T heterozygotes seems to be site-specific, as the relative
risk of other cancer types is not significantly increased (307). Studies also found
increased skin cancer risks in heterozygotes of xeroderma pigmentosum families (308),
increased melanoma, and other cancer types in heterozygotes of Nijmegen breakage
syndrome families (309, 310), both of which are also autosomal recessive diseases. Due
to the lack of symptoms, PNKP-heterozygotes (with one wild type allele) are often
neglected while they are in fact, a much larger group. It may therefore be worthwhile to
look for predisposition to cancer and neurological disorders in MCSZ/AOA4/CMT2B2

families in the future.

While we did observe the increased mutagenesis in T323M cells, it is still unknown what
specific kind of mutations could be induced by PNKP mutation. It is worthwhile to assess
the genetic background of MCSZ/AOA4/CMT2B2 patients to see if there are any hotspots
related to PNKP mutation, and if specific PNKP mutations render a higher mutagenesis
rate than other PNKP mutations. The expression of mutant PNKP in WT cells can also
be assessed in the cellular transformation to explore the possible effects of PNKP

mutations in the heterozygotes population.

4.4 Treatment for monogenic neurological disorders

So far, there is no cure for fetal microcephaly or ataxia with oculomotor apraxia (311, 312),

only occupational therapy, cognitive-behavioral therapy, and pain relief to improve quality
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of life. However, with the improvement of gene therapy technology, the treatment of

monogenic neurological disorders has become possible.

To make the corrected or newly introduced gene continue working, the modified gene has
to integrate into the patient’s DNA. Right now, gene therapy can proceed via in vivo or ex
vivo methods. In vivo gene therapy directly introduces a modified gene into the target
region using vectors, while ex vivo gene therapy genetically modifies cells in vitro, which
are then implanted into patients (313). One approach to alleviate the consequences of
the mutant gene is reducing the mutant gene expression. An animal study on HD mice
has shown that delivering shRNA targeting HTT mRNA can decrease mutant HTT
expression and improve behavior deficits (314). Interestingly, we observed that cells
expressing the G375W PNKP mutant found in AOA4 appeared to be more sensitive to
paraquat than the knockout cells, i.e. the mutant PNKP was more deleterious than no
PNKP. If the response to short term paraquat treatment is reflective of long term oxidative
damage (to mitochondria) it suggests that reducing the level of mutant PNKP mRNA may
hold a potential benefit. Directly targeting the mutant protein is another approach. Mutated
cellular surface protein gene, amyloid-beta precursor protein (APP) gene increases the
production of amyloid beta (AB) 42, which contributes to early onset familial AD (315). A
study showed that by using an adeno-associated virus (AAV) vaccine that targets AB42,
the cognitive behavior in APP transgenic mice improved significantly (316). Targeting
proteins that interact with the mutant protein could be effective too. Brain-derived

neurotrophic factor (BDNF) interacts with HTT, and mutant HTT decreases BDNF
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production. A study showed that overexpression of BDNF attenuates the behavioral

impairment in toxin-induced HD rats (317).

Although developing rapidly and promisingly, there are still many challenges for gene
therapy targeting monogenic neurological disorders. Potential toxic effects related to gene
modification, the uncertainty of immune response and durability, accurate delivery, and
controlled expression all need to be addressed in future studies (313, 318). Furthermore,
since the development of many neurological disorders can take place over decades, the

correct time point to intervene also needs to be carefully considered (318).

Instead of targeting the genetic mutation itself, targeting the consequences of mutations
could be another beneficial approach to alleviate the symptoms. Vitamin E, as an
antioxidant (319) and regulator of mitochondrial superoxide generation (320), has shown
protective effects for Parkinson’s disease (321). Mitochondrial-targeted antioxidants,
such as MitoQ, have also shown neuroprotective effects in a mouse model of traumatic

brain injury (322).

4.5 Future directions

Most studies on monogenic neurological disorders have focused on the clinical and
hereditary aspects. To date, there are very few publications examining the biochemistry

and cellular consequences of PNKP mutations (116, 124, 218, 262). Our study expands
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the spectrum of MCSZ and AOA4 related PNKP mutations and provides possible

mechanisms related to enzymatic, structural, and cellular functions.

Previous biochemical studies of PNKP mutations have primarily examined the protein’s
enzymatic activity (116, 218), but the underlying mechanisms for the reduced enzymatic
activity require further exploration. We have addressed this issue in our study, by
examining the effects of the mutations on protein structure and interactions with DNA,
ATP, and partner proteins. The alterations in the binding affinity between mutant PNKP
(T323M) and DNA, mutant PNKP (G375W) and ATP, or mutant PNKP (P101L) and
XRCC4 provide possible mechanisms for such enzymatic changes. However, as recent
studies of other neurological disorders have pointed out, PNKP’s interaction network is
much more complicated. For example, Gao et al. (158) found that in Spinocerebellar
ataxia type 3 (SCA3) wild type PNKP interacts with mutant ATXNS, resulting in inefficient
DNA repair and neuronal death. A similar interaction has also been observed between
wild type PNKP and wild type/mutant HTT which promotes the progress of HD (162). To
gain a better understanding of mutant PNKP’s role in neuro-homeostasis and
neurotoxicity, we need to establish a complete protein interaction map for PNKP

generated by a combination of mass spectrometry and computer-based modeling.

There are also gaps in our study that would benefit from further investigation. For example,
cells transiently expressing either of the mutations found in the MCSZ patient displayed
lower levels of the protein, particularly the T323M mutant. This is a common feature found

with MCSZ-associated PNKP mutations (116, 217), however, the mechanism(s)
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responsible for the low levels of PNKP protein remains to be elucidated. Part of the reason
could be sensitivity to heat and reduced protein stability, as we observed in the enzymatic
assay. However, we did not observe gross conformation changes in the CD study of the
protein itself. Parsons et al. (323) have shown that PNKP undergoes proteasomal
degradation catalyzed by Cul4A-DDB1 ubiquitin ligase, but ubiquitination can be blocked
by ATM-mediated phosphorylation of PNKP at serines 114 and 126 following oxidative
DNA damage. It would therefore be interesting to test if proteasomal inhibitors, such
MG132, can extend the lifetime of wild-type and mutant PNKP proteins and if the mutant

PNKP proteins fail to undergo ATM-dependent phosphorylation.

Although the most profound effect of the P101L mutation is the generation of a novel NES
signal and the consequent cytoplasmic localization of the protein observed both in our
mutant-expressing cells and in the patient’s tumour tissue, a recent study (released as a
preprint in MedRxiv) based on computer modeling indicated that the P101L mutation
would decrease the flexibility of the protein in this region. Further studies would be needed
to show if this affects interactions of the FHA domain with other proteins (e.g. full-length
XRCC1 and XRCC4) as we observed with the XRCC4-derived phosphopeptide, or the
linker region (e.g. phosphorylation by ATM). In addition, the GFP signal in our
overexpressed cell model still indicates there is a small fraction of P101L-PNKP located
in the nucleus. Whether these nuclei located proteins are enough to perform a normal

function needs to be assessed in the future.
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Our findings related to the G375W mutant raise two important issues. First of all, is the
loss of the 5-kinase activity of PNKP sufficient to cause AOA4? Similar to what we found
out, a recent study by Kalasova et al. (262) also implicated loss of PNKP kinase activity
to be causal for the neurodegenerative disorders, i.e. AOA4, and CMT, while loss of
phosphatase activity correlated with MCSZ. However, more PNKP mutations need to be
assessed to confirm such hypothesis. Secondly, what role does mitochondrial PNKP play
in the disorder? The potential involvement of mitochondrial PNKP requires further
confirmation but may imply that there is a backup kinase activity in the nucleus but not in
mitochondria. A potential role for mitochondria has also been reported for SCAN1, where
the authors noted that a mutation in TDP1 resulted in the trapping of the mutant protein
on mitochondrial DNA thereby promoting mtDNA damage and mitochondrial fission (284).
Another study on HD pointed out that mutant HTT, which has been found to interact with
mutant PNKP (162), interacts with the mitochondrial inner membrane and disrupts the
mitochondria proteome (324). More studies on the mtDNA damage and mitochondrial
protein/DNA interaction need to be carried out to provide explanations for our
observations. First of all, whether G375W-PNKP is located in mitochondria needs to be
confirmed. Secondly, we need to assess if the mutant PNKP is trapped in the mtDNA or
mitochondria protein complex. In addition, we could also assess the mtDNA damage level
or mitochondrial functionality such as membrane potential and superoxide production to

assess the influence of mutant PNKP on mitochondria.

It is also interesting that in the G375W study, mutant cells exhibit worse reactions than

the knockout cells during paraquat treatment. This brings up another question of whether
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certain mutant PNKP will render dominant effects on the cells. It will be worthwhile to
express the mutant PNKP in wild type cells and subsequent assessment of cellular
function and transformation. It will also be necessary to perform the PNKP activity assay
with increasing levels of mutant PNKP present. Such dominant effects could be linked to
specific mutations since we only observed in G375W, it will be interesting to explore the
other PNKP mutations and their consequences, such as DNA damage sensitivity or
cellular transformation, and whether the dominant effects of PNKP mutations can be a

common feature.

Another issue that needs to be addressed is that since we don’t have access to patient’s
cells, we were using cancer cells that are highly modified. It will be more suitable to use
patient derived cells such as primary fibroblasts or primary neuronal cells in future studies.
In order to solve the mystery between genetic mutation and disease development,
especially the tumorigenesis observed in our patient, animal model-based studies need
to be performed in the future. Although embryonic lethality and premature death are
induced by PNKP modification (124), tamoxifen-induced PNKP deletion in all tissues in
young mice was shown not to be lethal (305). In addition, CRISPR-engineered
neurological disease animal modeling can also be used (325). The recent improvement
in reducing off-target effects and tissue specific editing by the Cas9 system (326, 327)

makes such an approach more feasible.
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DNA ligase-catalyzed strand rejoining, that can be aborted prior to
completion (Andres et al., 2015; Caldecott, 2008). The maintenance
of the genome is therefore dependent on DNA repair pathways that
respond to single- and double-strand breaks. Since the chemical
makeup of the termini at many of these strand breaks precludes
simple religation, a key component in the repair process is the
restoration of the strand break chemistry to a form suitable for
DNA polymerases and ligases, i.e. 3’-hydroxyl and 5’-phosphate
termini (Andres et al., 2015). Several enzymes are now known to
each act on a subset of strand-break termini including tyrosyl DNA-
phosphodiesterase 1 (TDP1), aprataxin (APTX) and polynucleotide
kinase/phosphatase (PNKP) (Pommier et al., 2014; Schellenberg
etal,, 2015; Weinfeld et al., 2011).

In addition to the roles these enzymes might play in prevent-
ing carcinogenesis and response to cancer therapy, recent studies
have highlighted their importance in protection against neurolog-
ical disorders. Because of their relatively long life span, neuronal
cells may be especially sensitive to the deleterious consequences
of endogenous DNA damage. Mutations in the genes coding for
each of these enzymes are responsible for rare autosomal reces-
sive diseases with varying degrees of severity. A mutation in TDP1
gives rise to the neurodegenerative disorder Spinocerebellar ataxia
with axonal neuropathy (SCAN1) (Takashima et al., 2002), while
mutations in APTX are responsible for another neurodegenerative
disorder, Ataxia-ocular motor apraxia 1 (AOA1) (Moreira et al.,
2001). Mutations in PNKP underlie both a neurodevelopmental dis-
order, Microcephaly with seizures (MCSZ) (Shen et al., 2010) and a
neurodegenerative disease, Ataxia-ocular motor apraxia 4 (AOA4)
(Bras et al., 2015). Here we describe each of these enzymes includ-
ing the DNA lesions that they act on, their mechanism of action,
their role in DNA repair pathways in the nucleus and mitochondria,
and how the disease-associated mutations impair their function
and cause the observed neurological pathology.

2. Spinocerebellar ataxia with axonal neuropathy (SCAN1)
and TDP1

SCANT1 is a neurological autosomal recessive disorder charac-
terized by late childhood (13-15 years of age) onset of a series
of symptoms starting with slowly progressing cerebellar ataxia
causing unsteady gait, which ultimately leads to wheelchair depen-
dency, followed by areflexia (loss of reflexes) and peripheral
neuropathy. Additional symptoms include involuntary move-
ments of the eye (gaze nystagmus) and slurred speech (cerebellar
dysarthria). However, affected individuals retain normal intellect
and lifespan with no indication of a higher incidence of cancer.
Extra-neurological features of SCAN1 include hypoalbuminemia
and hypercholesterolemia. SCAN1 is caused by a mutation of TDP1,
the gene that encodes tyrosyl-DNA phosphodiesterase 1 (TDP1).
To date only one mutation in TDP1 has been linked to the disorder.
The mutation results in an amino acid residue change (His493Arg)
that disrupts a key active site of the enzyme (Davies et al., 2002;
Takashima et al., 2002).

2.1. Tyrosyl-DNA phosphodiesterase 1

Tyrosyl-DNA phosphodiesterase 1 (TDP1) is involved in the
repair of several DNA lesions either as the primary agent or in a
backup capacity. It has a major role in processing specific types of
DNA strand breaks in the nucleus and mitochondria and has more
recently been implicated in the repair of abasic sites and ribonu-
cleosides misincorporated into DNA (Andres et al., 2015; Pommier
etal, 2014).

Tdp1 was originally isolated from Saccharomyces cerevisiae as
an enzyme that hydrolyzed the bond between topoisomerase 1

(Top1) and DNA (Pouliot et al., 1999; Yang et al., 1996). During the
course of its action Top1 incises one strand of the DNA by form-
ing a transient covalent bond between a tyrosine residue (Y723
in human topoisomerase 1) and the 3’-phosphate terminus of the
cleaved DNA (Champoux, 1977). Following relaxation of the DNA,
the enzyme normally ligates the DNA. However, poisons such as
camptothecin, or its clinical derivatives irinotecan and topotecan,
can stall the process by preventing the second step and preserving
the protein-DNA complex, often termed the Top1 “dead-end” or
Top1 cleavage complex (Hsiang et al., 1985; Pommier et al., 2010).
The removal of the “dead-end” complex is achieved by partial pro-
teolysis of the trapped topoisomerase followed by Tdp1 cleavage of
the residual peptide-DNA bond (Debethune et al., 2002; Interthal
and Champoux, 2011). Processing by Tdp1 occurs in two steps
(Fig. 1A); Tdp1 first displaces the Top1 fragment to form a cova-
lent Tdp1-DNA intermediate, and then catalyzes the hydrolysis of
the Tdp1-DNA bond (Davies et al., 2003; Raymond et al., 2004).
The second step is driven by His493, which is the altered residue
responsible for SCAN1. Because the Tdp1-incised DNA retains 3'-
phosphate and 5’-hydroxyl termini, processing by PNKP is required
before ligation can occur (Plo et al., 2003).

Importantly from the perspective of neurological damage,
other, endogenous factors can also lead to stalling of topoiso-
merase 1. Preexisting lesions in the DNA in close proximity to
the sites of topoisomerase 1-mediated incision serve as the main
source preventing DNA religation by the enzyme. These lesions
include abasic sites, mismatches, nicks or gaps opposite the top1
cleavage site, and certain DNA oxidative base lesions such as 7,
8-dihydro-8-oxoguanine and 5-hydroxycytosine (Pourquier et al.,
1997a,b, 1999). In addition to preventing religation, 7, 8-dihydro-
8-oxoguanine and 5-hydroxycytosine in certain positions in close
proximity to the topoisomerase cleavage site can also enhance DNA
scission by the enzyme (Pourquier et al., 1999).

The action of Tdp1 is not confined to Top1 dead-end complexes
or to single-strand breaks (SSBs). It can release a variety of 3'-
adducts including 3’-terminal abasic sites (Interthal et al., 2005a)
and phosphoglycolates, which are strand-break termini generated
by ROS and ionizing radiation (Inamdar et al., 2002; Zhou et al.,
2009). While Ape1 efficiently removes 3’-phosphoglycolates from
SSBs, Tdp1 plays a critical role in their removal at double-strand
breaks (DSBs) by hydrolyzing the glycolic acid function. Tdp1 also
displays 3’-exonuclease activity. It can remove terminal deoxy- and
ribonucleotides leaving a 3’-phosphate terminus (Interthal et al.,
2005a). The importance of this function has yet to be fully explored.
TDP1 has also been shown to have AP endonuclease activity, and
may act in a backup capacity for APE1 (Lebedeva etal., 2013,2011).
Arole for TDP1 in the nonhomologous end-joining pathway (NHEJ)
for double-strand break repair (DSBR) has been proposed based on
the observation that it physically interacts with XLF in a TDP1-XLF-
DNA complex, which stimulates TDP1 activity at DSBs (Heo et al.,
2015). These investigators also observed that TDP1 promotes DNA
binding by Ku70/80.

There is mounting evidence that TDP1 may act on stalled
topoisomerase 2 cleavage sites, although this is still an area of
controversy. Topoisomerase 2 cleaves both strands of the DNA
through the formation of covalent phosphotyrosine bonds with the
5’-termini of the incised duplex DNA, thereby allowing changes to
DNA topology prior to catalyzing DNA religation by the topoiso-
merase (Roca and Wang, 1994). As with Top1, the action of Top2 can
be inhibited at the DNA cleavage stage by chemotherapeutic agents,
such as etoposide (Pommier et al., 2010), and by preexisting aba-
sic sites and nicks in the Top2 recognition sequence (Wilstermann
and Osheroff, 2001). The primary pathway for the repair of these
lesions involves 5'-tyrosyl phosphodiesterase activity of TDP2,
which hydrolyzes the bond between the 5'-phosphate and Top2,
followed by nonhomologous end-joining (Cortes Ledesma et al.,
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Fig. 1. Reactions catalyzed by DNA strand temini-processing enzymes. (A) TDP1 acts on stalled TOP1 cleavage complexes. Following partial proteolysis of TOP1 covalently
bound to the 3’-phosphate, TDP1 carries out nucleophilic attack of the TOP1-DNA phosphotyrosyl bond to form a transient covalent TDP1-DNA intermediate, which subse-
quently undergoes hydrolysis catalyzed by TDP1 itself. (B) APTX catalyzes the removal of 5'-AMP from abortive ligation intermediates. (C) PNKP catalyzes the phosphorylation
of 5'-OH termini, using ATP as the phosphate donor, and the dephosphorylation of 3'-phosphate termini.

2009; Gomez-Herreros et al., 2013). Biochemical analysis using a
variety of substrates bearing 5-phosphotyrosyl termini showed
that purified human TDP1 was capable of hydrolyzing the tyrosine
residue from a substrate bearing a 4-base overhang, which resem-
bles the break induced by Top2, but not a blunt-ended substrate
(Murai et al., 2012). Tdp1-depleted and overexpressing cells have
provided mixed answers. Cells from Tdp1 knockout mice and MEFs
showed no hypersensitivity to etoposide (Hirano et al., 2007b),
while down-regulation of TDP1 in HeLa cells did confer hypersen-

sitivity (Borda et al., 2015). Furthermore, overexpression of TDP1
in HEK293 cells induced resistance to etoposide (Barthelmes et al.,
2004).

2.2. Mitochondrial TDP1

Following up on the observation of a prominent TDP1 signal in
the cytoplasm of some human neurons (Hirano et al., 2007b), Das
et al. showed that a fraction of cellular human TDP1 localizes in
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Fig. 2. Protein alterations as a result of mutations in TDP1, APTX and PNKP responsible for SCAN1, AOA1, MCSZ and AOA4. FHA represents the forkhead associated domains
in APTX and PNKP, HIT and Znf represent the histidine triad and Zinc finger domains in APTX. Frameshifts are indicated by fs, nonsense mutations by an X and deletions by
del. The numbers on the righthand side of each protein indicate the size of each protein in terms of the number of amino acid residues. Not shown in the MSCZ figure is a
deletion of exon15 accompanied by a premature stop codon arising from a mutation in intron 15 that disrupts normal splicing. (Adapted from Schellenberg et al., 2015 and

Bras et al., 2015).

the mitochondria (Das et al., 2010). Further analysis by Das et al.
indicated that the mitochondrial protein appears to have a similar,
if not identical, molecular weight as the nuclear protein, suggest-
ing that mitochondrial TDP1 does not require post-translational
modification, such as the N-terminal truncation seen with mito-
chondrial APE1 (Chattopadhyay et al., 2006). Mitochondrial TDP1
possesses the same biochemical activities as the nuclear protein
and together with mitochondrial DNA ligase III plays a critical role
in the base excision repair pathway in response to oxidative dam-
age of mitochondrial DNA, and in the maintenance of mitochondrial
DNA integrity in vivo (Das et al., 2010). Subsequently, an extensive
histological analysis of human and mouse tissue revealed that Tdp1
is present in the nuclei and mitochondria of many tissues, although
interestingly, only cytoplasmic TDP1 was observed in human skele-
tal muscle (Fam et al., 2013). This group also observed a dramatic
increase in the cytoplasmic level of TDP1 in cultured human der-
mal fibroblasts in response to oxidative stress elicited by treatment
with menadione or hydrogen peroxide (Fam et al., 2013).

2.3. SCANT1 cells and model organisms

At the DNA level, a single mutation of the TDP1 gene (1478A>G)
is the cause of SCAN1. Importantly, the resulting His493Arg alter-
ation in TDP1 from SCANT1 patients (Fig. 2), prevents the second
step in the processing of the Top1-cleavage complex by TDP1, i.e.

the self-catalyzed hydrolysis of the TDP1-DNA complex, and as a
consequence TDP1 remains bound at the 3’-terminus of the strand
break (Interthal et al.,, 2005b). SCAN1 cells are defective in the
repair of transcription-dependent topoisomerase I cleavage com-
plexes (Miao et al., 2006) and single strand-break repair (SSBR)
(El-Khamisy et al., 2005), as well as the removal of phosphoglyco-
lates at DSBs (Akopiants etal., 2015; Zhou etal.,2005). Interestingly,
in contrast to its displacement of Top1 and aberrant formation of a
TDP1-DNA complex when handling Top1-DNA complexes, the fail-
ure of the mutant TDP1 to process phosphoglycolates is not due to
the formation of a stalled TDP1-DNA complex, but rather an inabil-
ity to initially displace the glycolate group (Hawkins et al., 2009;
Zhou et al., 2005).

Tdp1 has been knocked out in several organisms in order to
define the role of Tdp1 at the cellular level and model various
facets of SCAN1. Three groups generated Tdpl knockout mice
(Hawkins et al., 2009; Hirano et al., 2007b; Katyal et al., 2007).
All reported that cells derived from these Tdp—/~ mice display
a greatly reduced capacity to remove Top1-cleavage complexes.
Hawkins et al. observed a failure of extracts of their Tdp1-/~
cells to remove phosphoglycolates from double-stranded sub-
strates (Hawkins et al., 2009), but, perhaps surprisingly, neural cells
derived from Tdp1—/~ mice failed to show any measurable defect
in DSBRin response to ionizing radiation (Katyal et al., 2007). None
of the groups observed any overt physiological or behavioural dif-
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ferences between the Tdp1—/~ mice and their wild-type littermates
including their CNS system. One study did note a slow progressive
reduction of the cerebellum with age in the Tdp1—/— mice (Katyal
etal., 2007), but this was not observed in the knockout mice gener-
ated by Hawkins et al. even after 22 months (Hawkins et al., 2009).
In particular, the latter group found that the granule and Purk-
inje cells in the cerebellum were present in equal numbers and
appeared morphologically similar in the brains of the wildtype and
Tdp1-/- mice. The failure of the knockout mice to fully recapitulate
SCANT1, particularly the failure to develop ataxia, was attributed to
the difference between the obstruction to alternative repair pro-
cesses imposed by the H493R Tdp1-DNA complex compared to the
complete loss of Tdp1 (Hawkins et al., 2009; Hirano et al., 2007b).

Studies of glaikit (gkt), the Drosphila melanogaster ortholog of
Tdp1 resulted in starker inter-laboratory differences than observed
with Tdp1 knockout mice phenotypes (Dunlop et al., 2004; Guo
et al., 2014). The earlier report indicated that loss of gkt severely
impairs neuronal development (Dunlop et al., 2004), while the
more recent study noted a comparatively benign phenotype (only
in mutant females) consisting of shortened lifespan and a late
onset reduced climbing ability, both of which could be rescued by
expression of TDP1 (Guo et al., 2014). The reasons for the divergent
phenotypes have yet to be resolved.

2.4. Mechanism underlying SCAN1 neuronal atrophy

The question remains as to why inactivation of TDP1 gives rise
to the neurological symptoms of SCAN1. The question can be bro-
ken down into two components. First, why would neuronal cells be
the major target, and second, what is the underlying mechanism
responsible for their demise when TDP1 is mutated?

SCAN1 is a neurodegenerative disorder, rather than a neu-
rodevelopmental disorder, and is therefore considered a disease
of differentiated post-mitotic neuronal cells. Several key features
of neuronal cells may make them especially susceptible to death
arising from endogenous damage including (i) their longevity, (ii)
their high energy requirement and therefore elevated generation
of oxidative free radicals (Bolanos, 2016), (iii) their high transcrip-
tional activity, which would necessitate increased processing by
topoisomerases, and (iv) unlike most other non-cycling cells neu-
rons have a capacity to regenerate (Steward et al., 2013). Based
on these properties of neuronal cells a number of possible expla-
nations for their degeneration in SCAN1 have been put forward.
Not surprisingly, most are predicated on an inability to fully repair
DNA strand breaks, but a key issue has been the mechanism for
formation of DSBs in non-replicating cells and the subsequent sig-
naling leading to cell death. One source for the induction of DSBs in
neurons is transcription arrest by Top1-cleavage complexes (Sordet
etal., 2010, 2009), which instigates the formation of triple-stranded
DNA/RNA hybrid structures termed R-loops (Aguilera and Garcia-
Muse, 2012). These DSBs activate ATM (Cristini et al., 2016; Sordet
et al., 2009). While ATM is normally considered protective, it has
been shown that in response to damage by camptothecin, ATM in
post-mitotic neurons is phosphorylated by Cdk5 at Ser794, promot-
ing further ATM activity that triggers cell death, possibly as a result
of re-entry of the neurons into the cell cycle (Tian et al., 2009). Sup-
port for this proposed mechanism has been provided from studies
with Schizosaccharomyces pombe. Like SCAN1 neuronal cells, qui-
escent tdp1 mutated S. pombe cells accumulate strand breaks and
undergo cell death over a period of several days through ATM/Tel1-
dependent nuclear DNA degradation (Arcangioli and Ben Hassine,
2009; Ben Hassine and Arcangioli, 2009). In addition, since cell
death of the tdp1 S. pombe mutants is not dependent on topl
function, it implies that the toxic DNA lesions are most likely
strand breaks caused by reactive oxygen species (Ben Hassine and

Arcangioli, 2009). This led the authors to propose that mitochon-
drial respiration is responsible for the neuronal cell death in SCAN1
patients. Since the mitochondrial form of TDP1 appears to be iden-
tical to the nuclear protein (Das et al., 2010), the mitochondrial
TDP1 in SCANT is also mutated, which raises the possibility that
mitochondrial DNA damage contributes to SCAN1 (Sykora et al.,
2012).

3. Ataxia-ocular motor apraxia 1 (AOA1) and APTX

In 1988, Aicardi et al. reported a novel neurological syndrome
in 14 patients from 10 families (Aicardi et al., 1988). The syndrome,
whose symptoms included progressive ataxia, choreoathetosis
(irregular movements such as twisting and writhing) and ocular
motor apraxia (defective control of eye movement), was termed
Ataxia-ocular motor apraxia (AOA). Since then four distinct AOA
disorders have been identified, each associated with mutations in
different genes: AOA1 is linked to mutations in APTX (Aprataxin)
(Dateetal., 2001; Moreiraetal., 2001), AOA2 is linked to mutations
in SETX (Senataxin) (Moreira et al., 2004), AOA3 is linked to muta-
tions in PIK3R5 (Phosphoinositide-3-kinase regulatory subunit 5)
(Al Tassan et al., 2012), and AOA4 is linked to mutations in PNKP
(Polynucleotide phosphatase/kinase) (Bras et al., 2015).

The mean age of onset of AOAl is 4.3 years and addi-
tional symptoms include cerebellar atrophy, hypoalbuminemiaand
hypercholesterolemia. Unlike SCAN1, for which only a single muta-
tion has been observed in TDP1, over 20 distinct mutations in APTX
have been identified in different AOA1 individuals (Fig. 2), includ-
ing base substitution and frameshift mutations, and there is some
evidence that the nature and site of the mutation may influence
the severity of the disorder and age of onset (Le Ber et al., 2003).
For example, the A198V mutation is associated with a more choreic
phenotype (Le Ber et al., 2003).

3.1. Aprataxin

Following from an observation that APTX possesses an AMP-
lysine hydrolase activity (Seidle et al., 2005), Ahel et al. discovered
arole for APTX in the resolution of stalled DNA ligation intermedi-
ates that contain an adenosine monophosphate moiety covalently
linked to the 5-phosphate terminus of the strand break (Ahel
et al., 2006). These intermediates can arise when DNA lesions,
such as 8-oxoguanine or an abasic site, at the 3’-terminus of the
strand break prevent the second step of the ligation process, which
involves phosphodiester formation between the DNA 3’-OH and
5'-phosphate termini and displacement of the AMP (Harris et al.,
2009). Under normal circumstances, however, these lesions are
considered to be a rare occurrence, but recent evidence has shown
that 5’-adenylated termini frequently arise at ribonucleotide ter-
minated strand breaks induced by RNaseH2 incision at sites of
ribonucleotide misincorporation into DNA (Tumbale et al., 2014).
APTX may also have the capacity to act on 3’-phosphate and 3'-
phosphoglycolate termini (Takahashi et al., 2007), but this requires
further validation.

APTX is composed of three major domains: an N-terminal fork-
head associated (FHA) domain, and a histidine triad (HIT) domain
linked to a C-terminal Cys,His; Zn-finger (Znf) domain, which
together comprise the catalytic domain and DNA interaction scaf-
fold (Kijas et al., 2006; Rass et al., 2007a; Tumbale et al., 2011).
The FHA domain interacts with phosphorylated XRCC1 and XRCC4
(Ahel et al., 2006; Clements et al., 2004; Sano et al., 2004) and PARP
(Gueven et al., 2004; Harris et al., 2009), and mediates recruitment
of APTX to DNA SSBs (Harris et al., 2009; Hirano et al., 2007a).
The finding that the FHA domain also interacts with mediator of
DNA-damage checkpoint protein 1 (MDC1) suggests that APTX is
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involved in the repair of a subset of DSBs (Becherel et al., 2010), in
agreement with the observation that APTX hydrolyzes adenylated
DSBsinvitro (Rass etal., 2007a). APTX acts by initially displacing the
adenylate moiety from the 5'-terminus through nucleophilic attack
by the His260 residue to generate a transient covalent protein-AMP
complex, which is then hydrolyzed to release the free enzyme and
AMP (Fig. 1B) (Rass et al., 2008; Tumbale et al., 2014).

3.2. Mitochondrial APTX

At least one isoform of APTX, containing an N-terminal mito-
chondrial targeting sequence, has been shown to localize to
mitochondria (Sykora et al., 2011). Knockdown of APTX expression
resulted in mitochondrial dysfunction as indicated by altered ROS
production, reduced citrate synthase activity, and lower mitochon-
drial DNA copy number (Sykora et al., 2011). The knockdown cells
also accumulated a significantly higher level of strand breaks in
their mitochondrial DNA than in their nuclear DNA (Sykora et al.,
2011). The possibility that mitochondria, in comparison to nuclei,
do not possess an efficient backup pathway to handle adenylated-
DNA termini in the absence of APTX was recently confirmed (Akbari
etal,, 2015).

3.3. AOAT1 cells and APTX knockout mice

To date, the APTX mutations found in AOA1 patients are dis-
tributed in the HIT and Znf domain, including nonsense truncations,
frameshifts and missense mutations, as shown in Fig. 2. No muta-
tions linked to AOA1 have been found in the FHA domain. Using
their assay for lysine-AMP hydrolysis, Seidle et al. examined sev-
eral of the APTX mutations found in AOA1 (Seidle et al., 2005) and
found that the A198V, P206L, V263G, D267G, 689insT, W279X, and
840delT proteins to be functionally inactive, while the W279R pro-
tein retained a very low level of activity and the K197Q protein was
more active, possibly reflecting its milder phenotype (Tranchant
etal., 2003).

Cells derived from AOA1 patients have been widely used to
study the cellular role of APTX in response to a variety of genotoxic
agents, sometimes with seemingly contradictory results. There is
little evidence for sensitivity of AOA1 cells to ionizing radiation
(Clements et al., 2004; Gueven et al., 2004; Moreira et al., 2001;
Mosesso et al., 2005), although APTX colocalizes with XRCC1 and
MDCT1 along tracks induced by high LET radiation (Becherel et al.,
2010; Gueven et al., 2004). Several studies indicated that AOA1
cells are modestly hypersensitive to hydrogen peroxide (Clements
et al,, 2004; Gueven et al,, 2004) and methyl methanesulfonate
(MMS)(Clements et al., 2004 ) consistent with a role in base excision
and/or SSBR. However, AOAT1 cells bearing the 892C>T (GIn298X)
nonsense mutation do not display hypersensitivity to hydrogen
peroxide or MMS, but in both cases the repair of SSBs is much slower
than in normal cells, suggesting that alternative repair pathways
prevent toxicity by these agents (Crimellaetal., 2011).This has been
substantiated by recent findings showing that DNA polymerase 3
can remove 5'-adenylated-deoxyribose phosphate groups through
its lyase activity and that the long-patch SSBR enzyme flap endonu-
clease (FEN1) can also remove this end group together with one
or two additional nucleotides (Caglayan et al., 2014, 2015). Daley
et al. similarly suggested that long patch repair may serve as a
backup pathway for removal of 5'-adenylated strand-break termini
based on their observation that combined loss of HNT3 (Aprataxin
homolog) and rad27 (FEN1 homolog) in S. cerevisiae induces syn-
ergistic sensitivity to hydrogen peroxide and MMS (Daley et al.,
2011).

Aptx~/~ mice show no overt phenotype (Ahel et al., 2006),
although murine Aptx—/~ primary neural astrocytes respond sim-
ilarly to genotoxic agents as AOA1 human cells and depend on

long-patch SSBR as a back up to the loss of Aptx (Reynolds et al.,
2009). Murine Aptx—/~ embryonic fibroblasts (MEFs) cultured over
2 months showed reduced population doubling and a progressive
increase in senescence in comparison to wild-type MEFs, which
was ascribed to a progressive build up of DNA damage (Carroll et al.,
2015).In order to augment the chances of observing a more obvious
phenotype, Carroll et al. generated an Aptx~/~ mouse expressing a
mutant form of superoxide dismutase (SOD1%934) thereby reduc-
ing cellular antioxidant homeostasis to increase the constitutive
level of oxidative DNA damage (Carroll et al., 2015). Although this
model still did not recapitulate the neurological symptoms of AOA1,
spinal cord sections from the APTX~/~SOD1%934 mice exhibited a
reduction in motor neuron survival compared with sections from
SOD1%934 mice. Interestingly, the APTX~/~SOD1%93A mice also dis-
played down-regulation of insulin-like growth factor 1 indicative
of premature aging. The APTX~/~S0D1%93A MEFs were slightly more
sensitive to hydrogen peroxide than the APTX~/~ or SOD193A MEFs
and showed slower strand break repair.

3.4. Mechanism underlying AOA1

This still remains an open area of research, in part because of the
lack of a suitable animal model. At the molecular level, most atten-
tion has focused on the idea of a progressive accumulation of DNA
lesions due to mutations in the catalytic/DNA interacting domain
of APTX (Rass et al., 2007b; Schellenberg et al., 2015; Tada et al.,
2010). If this is the case, another question arises as to what form of
DNA damage is critical, single or double-strand breaks in nuclear or
mitochondrial DNA (Akbari et al., 2015; Ilyama and Wilson, 2013).
Aside from the mitochondrial targeting sequence, the mitochon-
drial isoform of APTX is essentially the same as the nuclear protein
and thus will carry the same mutations in AOA1, and so faulty
repair of mitochondrial DNA strand breaks may contribute to AOA1
(Sykora et al., 2012). A consequence of accumulated DNA damage
is its impact on transcription, which tends to be high in neuronal
cells (Sarkander and Dulce, 1978). Inhibition of transcription may
lead to apoptosis (Ljungman and Lane, 2004) or, potentially, altered
neuronal development and plasticity (Borquez et al., 2016).

Several groups have observed that cells derived from individuals
with the W279X stop-codon mutation of APTX also have markedly
reduced levels of the antioxidant and electron transporter coen-
zyme Q10(CoQqq) (Castellottietal.,2011; Le Beretal.,2007; Quinzii
et al, 2005). A detailed analysis of the underlying mechanism for
the diminished CoQ;( biosynthesis indicated that APTX depletion
leads to reduced levels of APE1, which in turn downregulates NRF1
and NRF2 and downstream biomolecules including CoQ;, and led
to the suggestion that this pathway, and not the lack of mitochon-
drial DNA repair, is responsible for the mitochondrial dysfunction
seen in AOA1 cells (Garcia-Diaz et al., 2015).

4. Microcephaly with seizures (MCSZ) and ataxia-ocular
motor apraxia 4 (AOA4) and PNKP

Mutations in the PNKP gene coding for polynucleotide
kinase/phosphatase are responsible for both MCSZ and AOA4. MCSZ
isarare autosomal recessive neurodevelopmental disorder. In addi-
tion to microcephaly and early-onset seizures, the children display
developmental delay and hyperactivity (Nakashima et al., 2014;
Shen et al., 2010). To date the disease has been recorded in 8
families. The disease can vary from severe microcephaly and dif-
ficult to control seizures to moderate microcephaly with seizures
that can be effectively controlled. Up to 21 years of age (the old-
est patient discussed in the literature) there was no indication of
ataxia,immunodeficiency or cancerin any affected individual (Shen
et al.,, 2010). One child with MCSZ was also found to carry muta-
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tions in PCDH15, the gene responsible for Usher syndrome type
1F, and the child showed symptoms of both disorders (Nakashima
et al,, 2014). Importantly, MCSZ patients do not show signs of
neurodegeneration. AOA4, on the other hand, is a rare autosomal
neurodegenerative disorder with onset between 1 and 9 years of
age (Bras et al., 2015). The symptoms include ataxia, oculomotor
apraxia, and peripheral neuropathy. Muscle weakness progresses
so that most individuals become wheelchair bound by the sec-
ond or third decade. Some patients suffer cognitive impairment,
and brain scans have revealed cerebellar atrophy in all patients
(Bras et al.,, 2015; Paucar et al,, 2016; Tzoulis et al., 2016).Two
brothers with a PNKP mutation appear to show compound symp-
toms encompassing both conditions, i.e. microcephaly, epileptic
seizures, progressive polyneuropathy and progressive cerebellar
atrophy (Poulton et al., 2013).

4.1. Polynucleotide kinase/phosphatase

PNKP is a bifunctional enzyme that catalyzes the phospho-
rylation of 5-hydroxyl termini and the dephosphorylation of
3’-phosphate termini (Fig. 1C) (Jilani et al., 1999; Karimi-Busheri
et al, 1999; Pheiffer and Zimmerman, 1982). It is a nuclear
and mitochondrial protein involved in SSBR, NHE] and Alt-NHE]
(Audebert et al., 2006; Chappell et al., 2002; Karimi-Busheri et al.,
1998; Whitehouse et al., 2001), but is not required for homolo-
gous recombination (Karimi-Busheri et al., 2007; Shimada et al.,
2015). Strand breaks with 5'-hydroxyl and 3’-phosphate termini
are commonly produced by hydroxyl radicals and ionizing radiation
(Dedon, 2008; Henner et al., 1983), and they are also the product
of Top1 dead-end complexes following removal of the covalently
bound Top1 by proteolysis and the action of Tdp1 (Plo et al., 2003).
In addition, strand breaks with 3’-phosphate termini are generated
after removal of the glycolate moiety from phosphoglycolate ter-
miniat DSB termini by TDP1 (Inamdaretal.,2002; Zhou et al., 2009),
and by several DNA glycosylases, such as NEIL1 and 2, that cleave
abasic sites by B,d-elimination (Hazra et al., 2002a,b; Rosenquist
et al,, 2003). The capacity of these glycosylases to act on abasic
sites provides an alternative base excision repair pathway to the
canonical APE1-dependent mechanism (Wiederhold et al., 2004).
Down-regulation of PNKP expression increases spontaneous muta-
tion frequency, indicating the importance of PNKP in protecting
the genome following endogenous DNA damage (Rasouli-Nia et al.,
2004). PNKP depletion also increases the sensitivity of cells to ion-
izing radiation, hydrogen peroxide and the topoisomerase 1 poison
camptothecin (Rasouli-Nia et al., 2004).

PNKP is composed of three domains, an FHA domain at the N-
terminus, similar to the APTX FHA domain, and the phosphatase
domain and C-terminal kinase domain that together constitute the
catalytic domain (Bernstein et al., 2005). The FHA domain is not
required for enzyme activity, but, as with the APTX FHA domain, it
binds to phosphorylated XRCC1 and XRCC4 for optimal response in
SSBR and NHE]J, respectively (Koch et al., 2004; Loizou et al., 2004).
Interaction of non-phosphorylated XRCC1 and XRCC4 with PNKP
also stimulates PNKP catalytic activity although the binding is to
the catalytic domain rather than the FHA domain (Lu et al., 2010;
Mani et al., 2007; Whitehouse et al., 2001).

The PNKP mutations identified in the MSCZ patients to date
appear mostly in the phosphatase and kinase domains (Fig. 2)
(Nakashima et al., 2014; Shen et al., 2010). The patient with
the 163G>T (p.A55S) mutation in the FHA domain also car-
ries a 874G >A (p.G292R) mutation in the phosphatase domain
(Nakashima et al., 2014). The mutations responsible for AOA4, in
contrast, all appear in the kinase domain (Bras et al., 2015; Paucar
et al.,, 2016; Tzoulis et al., 2016). Intriguingly, the mutation giving
rise to the T424G-frameshift was found in four of the MCSZ families
and in an AOA4 proband and in the brothers exhibiting the com-

bined symptoms of MSCZ and AOA4 (Bras et al., 2015; Poulton et al.,
2013; Shen et al., 2010). In addition, a homozygous recessive mis-
sense mutation in the FHA domain of PNKP (58G > A, p.P20S) was
identified in a proband with epileptic encephalopathy but with no
sign of microcephaly or developmental delay (Carvill et al., 2013).

4.2. Mitochondrial PNKP

PNKP localizes to mitochondria as well as the nucleus (Mandal
etal, 2012; Tahbaz et al., 2012). The mitochondrial PNKP appears
to be the same full-length isoform as the nuclear protein (Tahbaz
et al,, 2012) and thus any mutations in PNKP will affect the mito-
chondrial protein as well as the nuclear protein. In mitochondria
PNKP binds to NEIL2 and to DNA polymerase v, indicating a role
for PNKP in mitochondrial BER (Mandal et al., 2012). Depletion of
cellular PNKP increased the levels of SSBs in untreated as well as
hydrogen peroxide-treated cells (Mandal et al., 2012; Tahbaz et al.,
2012). Both the kinase and phosphatase activities were required
to fully restore the DNA in the hydrogen peroxide-treated cells
(Tahbaz et al., 2012).

4.3. MCSZ cells and PNKP knockout mice

Mutations in PNKP that give rise to neurological disorders are
shown in Fig. 2. An examination of Epstein-Barr virus-transformed
lymphocytes derived from affected MCSZ individuals indicated a
substantial decrease in their PNKP protein content, and their repair
of damage induced by either hydrogen peroxide or camptothecin
was severely impaired (Reynolds et al.,, 2012; Shen et al., 2010).
Analysis of the kinase activity of the mutated proteins revealed
that the frameshift mutations in the kinase domain abrogated
kinase activity, while the E326K protein had similar activity as the
wild-type protein (Reynolds et al., 2012). Interestingly, the L176K
protein showed reduced kinase activity despite being located in
the phosphatase domain. A similar analysis revealed that only the
L176K mutation resulted in a partial decrease in phosphatase activ-
ity (Reynolds et al., 2012). Skin fibroblasts isolated from the two
affected brothers exhibiting the combined symptoms of MSCZ and
AOAA4 also displayed reduced PNKP protein content and increased
apoptosis in response to stress induced by serum starvation fol-
lowed by treatment with dithiothreitol (Poulton et al., 2013).

Unlike Tdp1 and Aptx, embryo-wide knockout of Pnkp is embry-
onic lethal in mice, as is homozygous introduction of the murine
T424G-frameshift mutation (Shimada et al., 2015). However, Shi-
mada et al. were able to generate a Nestin-cre knockout just
targeting the nervous system that died 5 days after birth, and more
importantly, a viable hypomorphic conditional knockout with a
smaller brain that more closely mimics MCSZ (Shimada et al., 2015).
Analysis of neurogenesis in these mice revealed increased DNA
damage and apoptosis in the neocortex of E13.5 embryos and a
reduction in proliferating cells. Apoptosis was shown to be depen-
dent on p53. A less overt, but nonetheless discernable, response
was observed when the loss of PNKP commenced after birth. For
example, there was a significant reduction in the level of myelin
basic protein required for myelination of oligodendrocytes.

4.4. Mechanism underlying MCSZ and AOA4

Several mutations in PNKP give rise to MCSZ and AOA4. Those
responsible for MCSZ lead to a decrease in the cellular levels of
PNKP, down to 5-10% of wild-type levels in EBV-transformed lym-
phocytes (Reynolds et al., 2012; Shen et al., 2010). The reduction is
probably not due to lower transcriptional levels (Shen et al., 2010),
but more likely due to protein instability (Reynolds et al., 2012).
At this point it is understandable that the proteins produced by
the frameshift mutations would show reduced stability, but it is
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less clear why the L176F and E326K modified proteins should be
less stable than the wild-type protein. In addition, the L176F modi-
fied protein showed reduced phosphatase activity (Reynolds et al.,
2012).Leul76is packed in the hydrophobic core of the phosphatase
domain, and positioned immediately under the phosphatase active
site cleft. Mutation to the slightly larger phenylalanine residue
could introduce steric clashes that may distort the phosphatase
active site geometry (Reynolds et al., 2012). The E326K mutation
does not appear to interfere with the catalytic activity of recom-
binant PNKP and yet the severity of the resultant MCSZ is similar
to that arising from the other mutations. This may be due to an
intrinsic loss of stability, but we speculate that it is also possi-
ble that in the wild-type protein the Glu326, which is exposed
on the surface of the phosphatase domain distant from the active
site and DNA binding surface (Bernstein et al., 2005), may inter-
act with XRCC4-Lig4 in a way that modulates PNKP function. The
fact that the E326K MCSZ mutation is a charge swap is consistent
with an electrostatic interaction between this region and a part-
ner in XRCC4-Lig4. It is instructive that none of the mutations in
either MSCZ or AOA4 abolish the PNKP phosphatase activity, per-
haps indicating that complete loss of this function would be lethal
during neurogenesis as a result of the frequency of generating 3'-
phosphate termini and lack of an efficient backup pathway.

The murine Pnkp knockout model clearly established that loss
of Pnkp is considerably more detrimental than loss of either Tdp1
or Aptx and this may explain why mutations in PNKP give rise to a
severe neurodevelopmental disorder as well as a neurodegenera-
tive disorder. Mechanistically, this may be due to the important role
PNKP plays in both SSBR, the loss of which may underlie AOA4, and
NHE], which if partially abrogated may be the cause of MCSZ. In a
similar vein, Shen et al. suggested that the symptoms of MCSZ itself
reflected PNKP's participation in both repair pathways by pointing
out that mutations to the NHE] proteins LIG4 and XRCC4 also cause
microcephaly while mutations to the SSBR protein XRCC1 causes
seizure-like behavior (Shen et al., 2010). However, it is hard to rec-
oncile these ideas with the perplexing T424G-frameshift mutation
common to both MCSZ and AOA4 patients. It implies that factors
beyond the site of mutation in PNKP contribute to the disease pro-
cess. For example, it has recently been shown that exposure of cells
to cholesterol, which is abundant in the brain, stimulates PNKP
expression in a human lymphoblastic lymphoma cell line (Codini
etal,, 2016).

The hypomorphic Pnkp model was able to partially recapitu-
late the symptoms of MCSZ (Shimada et al., 2015). Importantly,
it revealed that the reduction of functional PNKP during neural
development led to increased DNA damage and p53-dependent
apoptosis in neural progenitor cells. Deleting PNKP postnatally also
caused progressive damage to post-mitotic neurons, although it
was not clear to what extent this mimics AOA4. Nonetheless, the
investigators suggested that the loss of oligodendrocytes might be
due to disruption of transcription in the DNA damaged cells.

5. Conclusions

Neurological problems are a common consequence of muta-
tions in genes encoding DNA repair proteins in several DNA repair
pathways. Here we have discussed the neurodegenerative and neu-
rodevelopmental diseases arising from mutations in genes coding
for proteins that process DNA strand-break termini. Many out-
standing issues remain before we obtain a complete picture of the
link between DNA damage and neurodegeneration and neurode-
velopment. From the perspective of molecular mechanism(s), we
still need to clarify the respective roles of single and double-strand
break repair and the relative importance of damage to nuclear vs
mitochondrial DNA. Most attention has focused on nuclear DNA,

but it is clear that mitochondria pathology contributes significantly
to neurodegenerative diseases including Parkinson’s disease (Ryan
et al,, 2015) and disorders involving epilepsy (Zsurka and Kunz,
2015). We then need to understand the consequences of unrepaired
damage - are the downstream consequences related to one or a
specific set of genes or proteins or are the responses driven by a
global effect such as inhibition of transcription? Next we have to
consider the subset of cells that appear to be affected by each of
the disorders discussed. This will require new tools such as murine
cerebellar organotypic cultures (Tzur-Gilat et al., 2013), and alter-
native animal models, especially for SCAN1, AOA1 and AOA4.
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