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DNA Damage and Repair,
Neurodegeneration and the Role
of Pura in DNA Repair

Abstract

A numerous endogenous and exogenous agents can cause DNA damage which
would affect the integrity of genomic materials inside the body. The response
to DNA damage is the activation of DNA damage sensing protein ATM and ATR
which trigger the cascade reactivation of repair system to fix the damaged DNA.
If the damaged DNA was not completely repaired or the ability of DNA repair was
deficient in the neuron, it would cause a series of fateful consequences such as cell
death, apoptosis or oncogenesis. The deficiency in DNA repair also causes many
neurodegenerative diseases. Pura is a ubiquitous nucleic acid-binding protein that
was originally purified from the mouse brain based on its ability to bind to a DNA
sequence derived from the promoter of the mouse myelin basic protein gene. It is
reported that Pura also played an important role in DNA repair. In this review, we
will discuss the importance of DNA damage and repair in central nervous system,
the relationship between the DNA damage and neurodegeneration as well as the
function of Pura, especially, the role it played in the DNA repair.
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Introduction

Neurodegeneration is the common feature of many diseases
of the central nervous system (CNS) [1-3], most notably in
Alzheimer’s disease (AD) [4]. However, the molecular mechanism
underlying the development and progression of the disease is
poorly understood [5-7]. Deficiency in the processes controlling
DNA repair and genomic integrity is among the potential
biological events that can influence neuronal cell survival and
differentiation under normal cell conditions, and its degeneration
may contribute to the development of the disease [3]. In post-
mitotic neurons, breaks occurring in DNA are mainly removed by
the single-strand break repair (SSBR) pathway [8], or, in the case
of double strand breaks (DSB), by non-homologous end-joining
(NHEJ) pathway [9]. There are several cellular factors including
PARP-1 [10], DNA ligase [11], polynucleotide kinases [12], Ku70
and Ku80 [13,14], whose function in DNA repair have been well
studied. The ataxia telangiectasia (AT) mutated (ATM) kinase,
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which plays a role as a sensor for DSB [15] and activates DNA
repair and signaling for cell cycle checkpointsin G1, S, and G2, has
drawn much attention as a key player in the control of genomic
stability, apoptosis and cell survival [16,17].

Among the recently discovered cellular proteins that have
captured people’s attention is Pura whose role in neuronal cell
survival and differentiation has been demonstrated in an animal

model. As a transcriptional factors, Pura could bind to the
purine-rich sequences of DNA in a special way by which it can
identify the specific sequences like (GGN) in the DNA sequences
[18]. The model of Pura knock out transgenic mice has been
successfully established and it provided a perfect model for the
research of the biological functions of Pura in many disciplines
[19]. The Pura deficient mice exhibited noticeable neurological
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defects and showed severe neuronal cell abnormalities with
fewer neurons presented in regions of the hippocampus and
the cerebellum [19]. It is interesting that another transgenic
Pura knock out mouse model created by Hokkanen et al. [20]
is not consistent with the results reported by Khalili et al. [19],
they disputed the results reported by Khalili et al. and they
reported that lack of Pura prolonged the postnatal proliferation
of neuronal precursor cells both in the hippocampus and in the
cerebellum, however, without affecting the overall number of
post-mitotic neurons. Independent of these findings, they also
declared that they observed alterations in the expression and
distribution of the dendritic protein MAP2, the translation of
which has been proposed previously to be Pura-dependent.
Both of these two research groups observed the phenomenon
that mice lack of Pura generated a continuous tremor which
persisted throughout lifetime. But the most important is that
they reported in their model that Pura-/- mice displayed a
megalencephaly and histopathological findings including axonal
swellings and hyperphosphorylation of neurofilaments, but not
as reported by Khalili research group that the Pura-/- mice
would die at the fourth week after birth. It was hard to tell why
the two groups presented the different research results on
Pura knock out mice, but in Hokkanen S’ paper, although they
presented plentiful immunohistochemical pictures to affirm
their findings in Pura-/- mice brain, but the most fatal weakness
of this paper was that they did not present any western blotting
result to prove that Pura gene has really been knocked out
and this is the Achilles’ heel of their work. Perhaps it was just a
truncated knock out model of Pura.

Pura is essential for the control of cell growth and may play
an important role in maintenance of the genomic integrity in
central nervous system [21,22]. The mutations in Pura caused
a profound neonatal hypotonia, seizures, and encephalopathy
in 5931.3 microdeletion syndrome [23,24]. So it is important
to understand the roles that Pura plays in the central nervous
system, especially the function of Pura in maintenance of the
stability of genomic DNA and to clarify the association with
neurodegenerative diseases.

In this review, we present an overview of the current
understanding of the molecular basis for neuronal DNA repair
deficiencies associated with neurodegeneration. And also,
the function of human transcriptional activator, Pura, in the
maintenance of stability of genomic integrity in the central
nervous system was also discussed in this mini review.

Neurodegeneration and DNA damage

Neurodegeneration is the common hallmark of many nervous
system and aging diseases, such as Ataxia Telangiectasia (A-
T) [25], Nijmegen breakage syndrome (NBS) [26], Huntington
Disease (HD) [27], Parkinson’s disease (PD) and Alzheimer’s
disease (AD) [28]. Furthermore, deficiency in repair of nuclear
and mitochondrial DNA damage has been linked to several
neurodegenerative disorders. Many recent experimental results
indicate that the post-mitotic neurons are particularly prone
to accumulation of unrepaired DNA lesions and potentially
lead to progressive neurodegeneration. All of these suggest
that maintenance of genomic stability is critical for neuronal

2

2015

Vol.7 No. 4:5

ARCHIVES OF MEDICINE

development and functions [29-31]. DNA damage induced
diseases in the nervous system can be caused by mutations in
the genes involved in the DNA damage response, and a number
of these genes are required for the normal development of the
nervous system. Lalani et al. reported that human transcriptional
activator Pura, which is considered as one of cellular factors
closely associated with nervous development, its mutation
results in 5931.3 microdeletion syndrome, which is characterized
by neonatal hypotonia, encephalopathy with or without epilepsy
and severe developmental delay, and the minimal critical deletion
interval harbors three genes. They described 11 individuals with
clinical features of 5931.3 microdeletion syndrome and de novo
mutations in PURA, encoding transcriptional activator protein
Pura, within the critical region. These data implicated causative
PURA mutations responsible for the severe neurological
phenotypes observed in this syndrome [23]. The research by Hunt
et al. with whole exome sequencing in family trios revealed de
novo mutations in PURA as a cause of severe neurodevelopmental
delay and learning disability, further confirmed that these findings
provided definitive evidence for the role of PURA in causing
a variable syndrome of neurodevelopmental delay, learning
disability, neonatal hypotonia, feeding difficulties, abnormal
movements and epilepsy in humans, and help clarify the role
of PURA in the previously described 5g31.3 microdeletion
phenotype [24]. Combining the results of Pura knock out mice and
the findings in 5931.3 microdeletion syndrome, it is not difficult
to conclude that the mutation of the factors associated with
nervous development would disturb the stabilities of genomic
integrity and cause the severe defects in nervous system.

After completing the normal development processes, neurons
enter a post-mitotic state and stay in a resting status. When
damaged genomic DNA was not completely repaired or the
ability of repair was deficiency, the unrepaired DNA would be
accumulated in the neuron which will be provoked to reenter into
cell cycle. When post-mitotic neuron reentered into cell cycle,
since they lacked the necessary cellular cycle proteins such as
relative cyclins and CDKs, it could not complete the all cell cycles.
Reactivation of the cell cycle in neurons would lead to apoptosis.
Neurons are coming out from GO to G1, at the G1/S checkpoint,
neurons are either coming back in GO by differentiation or entering
apoptotic process. At these circumstances, they expressed a few
markers including cyclin D1 and E2F-responsive gene products.
The phenomenon of reactivation of the cell cycle in neurons was
reported in Alzheimer’s disease, neurons are coming out from
GO to G1, both G1/S and G2/M checkpoint markers have been
found in neurofibrillary tangles which suggests that neurons
bypass the classical neuronal apoptosis [32] (Figure 1). The
association between the cell cycle activity and DNA damage
have been observed in neurons in association with various
neurodegenerative conditions [33]. While there is strong evidence
for a causative role for these events in neurotoxicity, it is unclear
how they are triggered and why they are toxic. Generally speaking,
the two events may be triggered in common by deregulation of
fundamental processes, such as chromatin modulation, which are
required for maintaining both DNA integrity and proper regulation
of cell cycle gene expression [33].
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Figure 1 Neurofibrillary degeneration of the Alzheimer-type: an alternate pathway to neuronal apoptosis [32].

A. Reactivation of the cell cycle in neurons leading to apoptosis. Neurons are coming out from GO to G1. At the G1/S
checkpoint, neurons are either coming back in GO by differentiation or entering apoptotic process. At that time, they express
a few markers including cyclin D1 and E2F-responsive gene products. GO: quiescent state; G1: the first gap phase of the cell
cycle; S: DNA replication phase; G2: the second gap phase of the cell cycle; M: mitosis.

B. Reactivation of the cell cycle in neurons in Alzheimer’s disease. Neurons are coming out from GO to G1. Both G1/S
and G2/M checkpoint markers are found in neurofibrillary tangles suggesting that neurons bypass the classical neuronal
apoptosis.
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Re-entry of post-mitotic neurons into the cell cycle and the endogenous genotoxic agents can continuously generate DNA
presence of unrepaired DNA damage can induce apoptosis, lead  single-strand breaks (SSB) and double strand breaks (DSB). The
to neuronal degeneration [31,34,35]. Amyloid beta peptide (AB)  consequence of defective DNA damage response are well studied
and tau are two characteristic lesions in the brains of AD patients.  in proliferating cells, especially with regards to the development
However, AB induces oxidative stress and stimulates neuron to  Of cancer, yet its precise role in the nervous system are relatively
reenter into the cell cycle [31]. The developing nervous system is poorly understood.

highly susceptible to DNA damage-induced apoptosis. All these  Among the fundamental processes, crucial for viability of
observations suggested that DNA repair plays an important role  grganisms, including humans, are appropriate cellular signaling
in the normal development and maintenance the stabilities of the  response to DNA damage and the ability to repair such damage.
demonic integrity of the nervous system [29,36,37]. Therefore,  To protect against this damage all cells have various DNA repair
information regarding the repair activities of cells of the nervous  pathways. The four major pathways for repairing damage to
system appears necessary for our mechanistic understanding of  bases are nucleotide excision repair (NER), base excision repair
several related diseases. (BER), mismatch repair (MMR) and double—strand break repair
(DSBR) (Figure 2). NER excises bulky helix-distorting DNA lesions
and BER repairs damage to a single nucleotide base, whereas
MMR corrects mismatches of the normal bases; such as failure
to maintain normal Watson—Crick base pairing. Breakage of
the DNA backbone also occurs, either in the form of a single-
strand break (SSB) or a double-strand break (DSB). SSBs are
handled by the BER pathway. The repair of DNA DSBs involves
one of two mechanisms: non-homologous end joining (NHEJ) or
homologous recombination (HR). NHEJ directly joins the broken
ends, whereas HR uses the intact sister chromatid as a template
for repair. In addition, a type of repair termed direct reversal
(DR) can reverse some forms of base damage without removing
DNA repair and neurodegeneration the base. Translesion DNA synthesis (TLS) uses specialized DNA
polymerases to replicate past lesions in the DNA, which although
more error-prone than BER, NER and MMR, may reduce the
immediate danger of DSBs [41].

In addition, it has been reported that terminally differentiated
neurons only repair the genes expressed by themselves and they
have lost the functions of global genomic repair [38,39]. Alsoin the
aging cortex, the ability of base-excision repair is reduced, which
leads to DNA damage in the promoters of genes with reduced
expression [40], and also, there are reports that non-homologous
end joining (NHEJ) has been reduced in the differentiated PC12
cells [21]. These results suggest that the effective treatment
measures for several relevant diseases of CNS could be developed
only after the operation of specific regulatory mechanisms for
DNA maintenance in neural cells was understood.

Theintegrity of our genetic materials is under constant attack from
numerous exogenous endotoxins, including ionizing radiation (IR),
UV light and chemotherapeutic agents, as well as endogenous
processes associated with oxidative metabolism, stalled DNA In response to DNA damage, cells activate several pathways
replication and V(D)J recombination. All these exogenous and of the DNA damage response including DNA repair, cell cycle

checkpoints, transcription and apoptosis [42,43]. Damaged
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and repairing the DNA lesions [3].
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DNA lesions and their repair by the four major DNA repair pathways in higher eukaryotes.

Cells have multiple DNA repair pathways that provide the capacity to repair many different types of DNA lesions. The figure
provides an overview of DNA damaging agents, the lesions they cause and the four main pathways responsible for removing
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DNA is sensed either by the ATM or ATR proteins to arrest the
progression of cell cycle in G1, S or G2 phase. These checkpoints
are regulated by the Chkl or Chk2 that inhibit the activation of
CDC25A or CDC25C and cause the inactivation of CDK/Cyclin
complex. Depending on the nature of damage, DNA lesions can be
removed by several DNA repair mechanisms as described above.
Double strand break (DSB) is repaired either by homologous
recombination repair (HRR) or non-homologous end-joining
(NHEJ). If unrepaired or if misrepaired, DSB can cause genomic
instability which leads to cancer, genetic diseases and premature
aging [42, 44-47]. Repair by homologous recombination requires
extensive homology and RAD52 epitasis group of genes (RAD50-
55), XRCC2 and XRCC3 [48-50]. NHEJ does not require homology
and is greatly facilitated by the DNA dependent protein kinase
(DNA-PKs), Ku and ligase IV/XRCC4 complex [51-53]. NBS1 forms a
complex with MRE11 and Rad50 called the MRN complex, which
plays a role in both NHEJ and HRR. ATM and ATR, act as a sensors
of DNA damage to induce specific signal transduction pathways.
BRCA1 and BRCA2 are also involved in homologous recombination
repair (HRR) [54-56]. Recent studies show that NHEJ and HRR are
probably also functioning in a coordinated manner to repair DSB
[57]. Genetic studies have demonstrated that deficiency of DNA
repair protein results in neurodegeneration. MRE11 is reduced
in neurons of the cortex of patients suffering from Alzheimer’s
disease (AD), which suggest that loss of MRE11 will be associated
with the pathogenesis of AD [38]. That deletion of DSB repair
proteins, such as Ku, XRCC4, DNA ligase IV and XRCC2, leads
to neuronal apoptosis suggest that DSB repair is critical for the
stability of the nervous system [58-61]. However, ablation of p53
or ATM restores neuronal development in mice deficient in DNA
repair proteins [62-65]. These observations suggest that DSB
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repair, particularly NHEJ, plays a critical role in the maintenance
of genomic integrity in the nervous system. The SSBR complex
includes poly(ADP-ribose) polymerase 1(PARP-1), XRCC1, DNA
ligase lll, polynucleotide kinase (PNK) and DNA polymerase
B. Hereditary spin-cerebellar ataxia has been associated with
mutation in genes involved in SSBR [66]. Since the DNA replication
in post-mitotic neurons ceased, DNA damages are repaired
predominantly by SSB and NHEJ in the nervous system (Figure 3).

The role of Pura in DNA damage and repair

Pura is a ubiquitous nucleic acid-binding protein that has been
originally purified from the mouse brain based on its ability to
bind to a DNA sequence derived from the promoter of the mouse
myelin basic protein gene [67,68]. Human Pura is characterized
by the ability to bind to a DNA sequence present upstream of
the human c-myc gene, its cDNA has been cloned from Hela
cells and sequenced already [69,70]. The sequence of mouse
Pura [71] and human Pura [69] are nearly identical with only
2 out of 322 amino acids residues differed. The DNA-binding
domain of Pura is strongly conserved throughout evolution.
Pura is a member of Pur family of proteins along with Purf and
Pury, for which two isoforms exist; that arise from the usage of
alternative polyadenylation sites. Pura is expressed virtually in
every metazoan tissue and it is a multifunctional protein that
can bind to both DNA and RNA and functions in the initiation of
transcription, DNA replication, DNA repair and RNA transport
[18,72]. Pura associates with DNA sequences that are close to
viral and cellular origins of replication (For the detail functions
and genetic information of Pura, please refer to the review
by Gordon J, et al. [73] and White Mk, [74]. Since initiation of
transcription and replication requires unwinding of duplex DNA,
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Figure 3 Structure of Pura.
A schematic representation of the structure of the Pura protein showing its modular structure is shown. The N-terminus
contains a glycine-rich domain that contains a stretch of 18 glycine residues interrupted only by a single serine. The central
DNA-binding domain containing 3 class | repeats and 2 class Il repeats. The “psycho” domain has homology to polyomavirus
large-T antigen from SV40, JCV or BKV and other proteins. Also shown are the C-terminal glutamine-rich and glutamate-rich
domains. The regions of Pura that are involved in interacting with other proteins have been experimentally determined in

a number of cases: HIV-1 Tat, T-antigen, pRb, Cdk2, E2F-1, YB-1, Cdk9, and Cyclin T1 [74].
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this is consistent with evidence that Pura possesses DNA helix-
destabilizing activity [75]. Several lines of evidence suggest that
Pura is a major player in regulation of the cell cycle and oncogenic
transformation. Pura binds to several cellular regulatory proteins
including the retinoblastoma protein (pRB) [76], E2F1 [77], Spl
[78], YB1[79] and RhoA [80]. Pura also binds to the large T antigen
of JCV (T-Ag) [81]. The intracellular level of Pura varies during the
cell cycle, declining at the onset of S-phase and peaking during
mitosis [82] and G2/M checkpoints [83]. When expressed in Ras-
transformed NIH-3T3 cells, Pura inhibits their ability to grow in
soft agar [84]. Ectopic expression of Pura suppresses the growth
of several tumor cell lines including glioblastoma-origin cells
[85]. The growth-inhibitory effects of Pura are supported by the
observation that gene expression in chronic myeloid leukemia
patients is down-regulated by Pura. In addition, it has been
reported that there are deletions of Pura in the myelodysplastic
syndrome, a condition that can progress to acute myelogenous
leukemia, a result consistent with a haploinsufficiency role of
Pura in protecting against neoplasia. Thus Pura is an important
transcriptional factor that exerts a key role in the regulation of
cell proliferation.

Pura knockout (Pura-/-) mice were genetically engineered.
The mice were normally at birth, but at the 15th postnatal
day they develop neurological problems with severe tremor
and spontaneous seizures; they die by the 4th week after the
birth. There are severely lower numbers of neurons in regions
of the hippocampus and cerebellum of Pura-/- mice versus
those of age-matched Pur+/+ littermates, suggesting that Pura
plays a critical role in neurogenesis [19]. Immunohistochemical
analysis of the MCF7 marker for DNA replication reveals a lack of

© Copyright iMedPub

proliferation in precursor cells in this region, implying that Pura
developmentally regulates DNA replication in specific cell types in
the brain. Primary cultures of mouse embryo fibroblasts (MEFs)
derived from the Pura-/- and Pura+/+ control mice have been
used as a useful model to test the role of Pura in DNA repair and
checkpoints control [21,22]. This in vitro model system provided
a valuable approach in extending the mechanistic studies to
various relevant processes such as DNA repair and cell cycle
control although the adult Pura knockout mice could not be
generated.

The research work in Wang H’s group indicated that Pura-/- cells
are more sensitive to HU and CPT than wild type cells, and that
expression of wild type Pura abrogated this hyper-sensitivity
[21,22]. It also very interesting that HU triggers translocation of
Pura to the nucleus, where it co-localize with Rad51 and PARP.
Furthermore, caffeine, an inhibitor of ATM and ATR, diminished
the nuclear translocation. Therefore, it is likely that Pura impacts
on DNA repair and checkpoint regulation to maintain genomic
stability.

Pura is essential for the control of cell growth, presumably due
to its ability to interact with several cell cycle controls, as Pura
null cells exhibit a fast growth rate and display characteristics of
immortalized cells. Re-transfection of Pura gene back into Pura
knockout cells represses the observed phenotypes and restores
the normal cell growth, perhaps due to its ability to associate
with and modulate the function of various cell cycle regulators
such as pRb, E2fl, Cyclin A, Cyclin B and Cdk5. Curiously,
chromosomal abnormalities were detected in Pura null cells
upon treatment with genotoxic agents. As DNA damage has been
implicated in neurodegenerative disorders, one may envision a
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role of Pura, either dependent or independent from cell cycle, in
the maintenance of DNA integrity in neuronal cells. It has been
reported that Pura null cells are significantly more sensitive to
various DNA damaging agents than their wild type counterparts,
and that re-transfection the Pura back into Pura-/- MEFs can
reverse the phenotype. Furthermore, tagging of Pura with GFP
show that HU treatment triggers translocation of Pura to the
nucleus. Interestingly, caffeine, an inhibitor of ATM and a well-
known abrogater of DNA-damage-induced checkpoint responses,
inhibits the nuclear translocation of Pura. Irradiated Pur-/- MEF
cells fail to arrest in G1 but show a strong G2 checkpoint than
that in Pura+/+ MEF cells, suggesting that Pura regulates the G1
to S transition. Interestingly, treatment with hydroxyurea induced
poly (ADP-ribose) modification of a higher molecular weight
protein other than poly (ADP-ribose) polymerase 1 (PARP-1) in
Pura-/- MEF cells, but not in Pura+/+ MEF cells. A GST pull-down
assay shows that Pura interacts with PARP-1. These observations
led to the hypothesis that Pura is an important component of
DNA repair and cell cycle checkpoint whose activity is critical for
the maintenance of genomic integrity in neuronal cells [86].

The effects of Pura on DNA repair have been studied in our
laboratory recently and we constructed the lentivirus expression
plasmid with Pura RNAi and overexpression constructs [87].
We investigated the protective effects of Pura protein on rat
hippocampus DNA damage induced by epilepsy and the effects
of Pura protein on DNA damage and repair have also been
investigated. The high tittered lentivirion of Pura overexpression,
RNAi as well as lentivirus empty vector as control were separately
injected into rat hippocampus guided by stereotaxic apparatus.
The level of Pura expression and knock down were checked in
the 14th days after the virion injection with fluorescent slides and
western blotting to confirm that virus has already infected the
hippocampus tissues. Pilocarpine was used to induce epilepsy
by abdominal injection. The experimental animals were executed
1 hours after the epileptic onset and the hippocampus samples
were collected for immunohistochemical staining and western
blotting assay to examine the pertinent protein expression to
investigate the protective effects of Pura on DNA damage and
repair. The results demonstrated that pilocarpine can induce
epileptic onset, immunohistochemistry exhibited that yH2AX,
a landmark protein for DNA damage, has higher content in CA1
region of rat hippocampus. The damage became aggravated when
Pura protein has been knocked down, but in Pura overexpression
group, the damage became alleviated obviously. The results of
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western blotting illustrated that the proteins associated with DNA
damage such as Parp-1, Ku80, XRCC4 has higher expression level
when Pura was knocked down, but on the other hand, these
proteins have lower expression when Pura was overexpressed.
All these results indicate that Pura protein can protect the DNA
damage caused by epilepsy and also participated in the repair
process of DNA damage [88].

Conclusion

DNA damage is an inevitable processes in our body since the
genomic material is under a constant attack from numerous
exogenous and endogenous agents. To response to DNA
damage, a serious DNA damage repair pathway will be
activated and the damaged DNA will be repaired through
the different mechanisms. The damaged DNA is not repaired
or the ability of DNA repair is deficiency, the stability of the
genomic DNA will be disturbed and the post-mitotic neuron
will be provoked to reentry into cell cycle. Since lack of the
necessary cell cycle proteins, the reentry into the cell cycle
for the post-mitotic neuron will be lethal and the fate of the
reentry will be a disastrous event and the cells will undergo
death, apoptosis or mutation, in this way neurodegeneration
will be caused. Pura is a transcriptional factors that can
bind to DNA and RNA in a special way and involves in the
cell growth and proliferation, initiation of replication,
transcription, translation and RNA transportation. Pura is
also an important factors for maintenance of stability and
integrity of genomic DNA in nervous system. Pura knock
out mice have been genetically engineered and lack of Pura
exhibited a severe defects in brain development. Pura-/-
MEFs exhibited immortalized growth phenotype and prone
to genotoxic agents such as HU, CPT as well as the ion
radiation. Re-transfected Pura back into Pura-/- MEFs could
reverse these observed phenomenon. Pura also protects the
cells from genotoxic agent induced DNA damage as well as the
epilepsy induced DNA damage in rat hippocampus.
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