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Abstract

Myelination is a recent evolutionary addition that significantly enhances the speed of transmission
in the neural network. Even slight defects in myelin integrity impair performance and enhance the
risk of neurological disorders. Indeed, myelin degeneration is an early and well-recognized
neuropathology that is age associated, but appears before cognitive decline. Myelin is only formed
by fully differentiated oligodendrocytes, but the entire oligodendrocyte lineage are clear targets of
the altered chemistry of the aging brain. As in neurons, unrepaired DNA damage accumulates in
the postmitotic oligodendrocyte genome during normal aging, and indeed may be one of the
upstream causes of cellular aging - a fact well illustrated by myelin co-morbidity in premature
aging syndromes arising from deficits in DNA repair enzymes. The clinical and experimental
evidence from Alzheimer's disease, progeroid syndromes, ataxia-telangiectasia and other
conditions strongly suggest that oligodendrocytes may in fact be uniquely vulnerable to oxidative
DNA damage. If this damage remains unrepaired, as is increasingly true in the aging brain, myelin
gene transcription and oligodendrocyte differentiation is impaired. Delineating the relationships
between early myelin loss and DNA damage in brain aging will offer an additional dimension
outside the neurocentric view of neurodegenerative disease.
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1. Introduction

Research into neurological disorders, particularly the age-associated dementias, focuses
heavily on the nerve cell. For example, the most common age-associated dementia is
Alzheimer's disease (AD), whose hallmark pathologies of amyloid plaque formation and
neurofibrillary tangles have typically been studied primarily for their impact on the neurons
of the brain. Indeed, the very name, neurodegenerative disease, draws attention towards the
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striking loss of neuronal cell bodies and processes, and away from the roles of a variety of
other brain cells in disease pathogenesis. With the failure of clinical trials based on this
neurocentric outlook and the importance of developing alternative disease models, this
perspective is beginning to broaden. Neuroinflammation and the role of the microglial cell
are increasingly recognized as important players in AD (Heneka et al., 2015). Vascular
problems and the participation of the endothelial cells is also gaining attention (ladecola,
2013; Marchesi, 2011) as is the role of astrocytes (Rodriguez et al., 2009). In this review, we
focus on the role of yet another cell type that is a likely contributor to the appearance of
dementia, the oligodendrocyte (OL).

White matter (WM) degeneration and abnormalities in the aging brain have been well
established over the years, if not fully appreciated. Evidence for the involvement of myelin
abnormalities in the process of aging is compelling. Indeed the initial WM decline in the
aging brain begins at about ~45 years of age (Bartzokis et al., 2001; Bartzokis et al., 2003;
Sperling et al., 2014). This puts WM changes as a strong correlate of aging, and certainly as
strong as the modest decline found in neuron numbers during normal healthy aging (Mortera
and Herculano-Houzel, 2012). The changes may also be one of the earliest events in AD
pathogenesis. The significance of the oligodendrocyte to aging and neurodegenerative
disease is further emphasized by its unusual sensitivity to DNA damage, in particular
oxidative lesions. Exploring such intriguing temporal correlations and the clinical
relationship between WM abnormalities and cognitive decline (Provenzano et al., 2013),
may reveal important and early facets of the underlying neurobiology of prodromal late life
dementias such as Alzheimer's.

2. The life cycle of OLs and myelin formation

During human development, the development of the OL lineage begins at about nine weeks
of gestation, when OL progenitor cells (OPC) first appear (Jakovcevski et al., 2009). These
OPC, also known as NG2 cells, proliferate and become the dominant myelin-related cell
type in the telencephalon until 18 weeks of gestation (Jakovcevski et al., 2009). Then, until
about 27 weeks of gestation, the OPC differentiate into late OL progenitors or PreOLs by
extending their cellular processes to enwrap multiple axons. The number of preOLs
subsequently increases and as they mature, they begin to lose their OPC markers to become
immature OL (Back et al., 2001). Myelin is formed by the wrapping of a ‘finger' of OL
cytoplasm around nearby neuronal axons. The cytoplasm within this ‘finger' is expelled, the
membranes of sequential wraps become adherent leading to the deposition of a multilayered
lipid-rich myelin sheath.

The life cycle of the OPC is highly regulated by multiple transcription factors.
Developmentally, the early stages of the OL lineage is specified by the expression of
SOX10, Olig2 and Nkx2.2 (Liu et al., 2007b), which orchestrate the life cycle of OLs
(Hernandez and Casaccia, 2015). The proliferation of OPC is promoted by mitogens, while
differentiation is induced upon mitogen withdrawal and the availability of thyroid hormone,
retinoic acid and cortisol (Barres et al., 1994; Schoonover et al., 2004). Cell cycle
progression is inhibited by the cooperation between Olig2/SOX10 with the transcription
inhibitors, ID2 and ID4 (Chen et al., 2012; Samanta and Kessler, 2004). During
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proliferation, these inhibitors are counteracted by the actions of E2F1 (Magri et al., 2014) or
Yin Yang 1 (YY1) (He et al., 2007a).

These transcription factors are further controlled by the epigenetic remodeling of the
chromatin structure by histone acetylation and methylation. Class | histone deacetylases
(HDAC1 and 2), but not class Il or class 111, are particularly important, for the differentiation
of OL (Liu et al., 2015; Shen et al., 2005). The absence or pharmacological inhibition of
HDAC1/2 will prevent the differentiation of OPC into mOL in rodent (Marin-Husstege et al.,
2002) and in human (Conway et al., 2012). Inhibition of HDAC1 in the OPC will maintain
OL progenitor cells status through the activation of genes like Nestin, ID2, ID4 and Sox2
(Lyssiotis et al., 2007). Expression of these genes is the consequence of interactions between
HDAC1/2 and OL-specific transcription factors. For instance, HDACs cooperate with YY1
to promote the chromatin remodeling required for cell cycle exit and OPC differentiation
(He et al., 2007b). The histone acetylation and methylation marks on the chromatin have
been hypothesized as the epigenetic memory that allows the OPC lineage to differentiate and
myelinate in proper spatial and temporal order (Liu et al., 2007a; Shen et al., 2008a). In both
developmental and disease models, the activities of HDAC1/2 dictate the timing of WM
development as well as remyelination after injury (Liu et al., 2012b; Shen et al., 2005).

Myelin gene regulatory factor (MyRF) is expressed exclusively by postmitotic OLs (Cahoy
et al., 2008). To induce differentiation, MyRF partners with SOX10 to induce transcription
of myelin-related genes including myelin basic protein (MBP), proteolipid protein (PLP),
myelin associated glycoprotein (MAG) and myelin OL glycoprotein (MOG) (Bujalka et al.,
2013; Koenning et al., 2012), all of which contain MyRF binding motifs in their promoters.
MyRF is thus essential for the function of postmitotic OLs (Emery et al., 2009; McKenzie et
al., 2014).

Starting at 28 weeks of human gestation until birth, immature OLs begin to dominate the
myelin forming cell population and start to produce vast quantities of glycolipid-rich
membrane in order to form the premyelin sheath (Back et al., 2001). Myelin-related proteins
including MBP, PLP, MAG and MOG are then inserted enabling the formation of the
multiple compact layers of myelin (Back et al., 2002b). This is the situation of OL lineage at
birth, but the development of OLs continues throughout adult life. In the adult brain,
approximately 3-6% of the total cells are NG2-positive OPC in both rodent (Dawson et al.,
2003; Peters, 2004) and humans (Scolding et al., 1998). These adult OPCs reside in the brain
as a mitotically quiescent progenitor pool, but in response to injury they can re-enter the cell
cycle. An additional layer of regulation is added by the local neuronal population as OPC
can also be induced differentiate into mature OLs in response to neuronal activity (Dawson
et al., 2003) — an event that is crucial for learning (McKenzie et al., 2014). As explained in
latter sections, many transcriptional steps of this multi-stage process tie the OL development
to the DNA repair mechanism, see Figure 1.

3. Myelination is uniquely expanded in human cortex

Myelination is a relatively recent evolutionary development that greatly enhances neural
transmission in vertebrates. The conduction velocity of myelinated fibers is estimated to be
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at least 10-fold faster than that of unmyelinated fibers of the same diameter (Salami et al.,
2003). Further, despite the classical dichotomy of white matter versus gray matter (GM),
myelination is found in both (Krimer et al., 1997). Nonetheless in the human brain (the
prefrontal lobe in particular) it is the volume of WM rather than GM that appears to grow
disproportionately larger than in other primates. (Schoenemann et al., 2005). Correlated with
this dramatic expansion in WM volume, the OLs of the human show an extensively delayed
maturation relative to non-human primates (Miller et al., 2012). Indeed, it had been
suggested that myelination is the last step in the entire maturation of the human brain, and
does not reach its peak (by volume) until 45 to 47 years of age, after which it progressively
declines (Bartzokis et al., 2001). Plus, the accumulated evidence makes it highly likely that
the late maturation of myelination has considerable importance for brain function. For
example intracortical myelination in the prefrontal cortex is crucial for higher cognitive
performance in humans and other primates (Grydeland et al., 2013; Peters and Sethares,
2002).

The myelination of the prefrontal cortex is hit hardest by the aging process, showing more
significant degeneration than any other region (Raz et al., 2005). The suggestion is that these
types of association tracts are somehow unusually fragile. Thus, not only are they late
evolutionary additions, they are the last to mature during brain development but the first to
degenerate with age (Bender et al., 2016). Strikingly, at a systems neuroscience level, loss of
function in these very same networks of association fibers — those connecting the
heteromodal cortex, limbic and paralimbic regions — is tightly correlated with the advance of
AD (Douaud et al., 2014). The thinking that has emerged out of the totality of this data is a
“last in, first out” hypothesis of normal white matter aging (Raz, 2000, 2001).

While the death of neurons will inevitably stop the action potential activity in any neural
network, network modeling exercises make it clear that even a slight defect in myelination
(i.e. enough to cause a conduction delay of just 1 millisecond) will significantly impact the
synchrony of a neural networks and cause cognitive impairment (Pajevic et al., 2014). As
would be predicted from this modeling, cognitive functions gradually decline in primary
demyelinating disease such as multiple sclerosis (Calabrese et al., 2009). It is a bit more of a
speculation, but given its importance to cognitive function, it would not be unreasonable to
assume that the myelin loss may underlie at least some of the cognitive signs of dementing
illnesses such as Alzheimer's disease. And while it is more speculative still, since we know
so little about the biology of dementing illnesses (Herrup, 2015), it cannot be ruled out that
myelin defects (or cell biological deficiencies in the constituent OLs) actually serve to
initiate the processes of neuronal cell death. Indeed, this could be viewed as an explanation
of why;, in spite of the presence of amyloid deposition, there is no tau pathology or
neurodegeneration observed in older non-human primates (Heuer et al., 2012). In this view
(Haroutunian et al., 2014; Raz, 2000), the initial cognitive decline as well as the enhanced
neuronal vulnerability in degenerative diseases such as AD derives from the uniquely human
extended dependence of the brain networks on an intact system of myelination. This line of
thinking is fully consistent with the observation that it is the WM of the frontal lobes that is
the most affected region in severe AD cases (Sjobeck et al., 2006). Therefore, it is the late
maturation of myelination and its heightened sensitivity to the process of aging that arguably
put humans at elevated risk for cognitive decline in aging.
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4. Loss of myelination is a pathological hallmark of the aging and AD brain

The seminal observations in this area are the pioneering MRI studies by Bartzokis et al
showing that the developmental curve of WM volume in healthy human brain resembles an
inverted-U shape (Bartzokis et al., 2001). The WM volume in the frontal and temporal lobe
increases at the beginning of adolescence and peaks at 45 years of age, before beginning a
slow decline. Such a pattern of WM change is the inverse of that of the gray matter, which
begins to reduce in the second decade of life (Bartzokis et al., 2001). These findings were
confirmed by independent groups who observed the inverted U-shape myelination
development not only in the cerebral WM, but also in cerebellum and hippocampus
(Walhovd et al., 2005). Importantly, Bartzokis et al confirmed that such aging-associated
decline in WM is significantly accelerated in AD subjects (Bartzokis et al., 2003).

The loss of WM in aging is accompanied with an increased appearance of WM
hyperintensities (WMHs) in MRI. WMHs are discrete foci or confluent areas with enhanced
signals detected by T2- weighted MRI scans, and are suggested to be WM lesions. These
lesions are commonly located in the periventricular, or subcortical WM and can be found in
healthy aging or in subjects with dementia attributed to a number of different causes (Barber
et al., 1999; Holland et al., 2008). Higher densities and/or sizes of WMH are associated with
attenuated level of global cognitive function, reduced speed of processing, poorer
immediate-recent memory and loss of executive functioning. As might be expected from the
foregoing, they are more frequently found in MCI and AD than in individuals with normal
cognition (Gunning-Dixon and Raz, 2000).

In a longitudinal cohort study of MCI subjects, high WMH volume is predictive of
entrorhinal cortex atrophy as well as the progression of MCI to AD within 3 years. It has
been suggested from this data that WMHSs, by interacting with tau abnormalities, may exert
direct pathological influence on the development and progression of dementia (Tosto et al.,
2015). The pathology underlying WMHs is traditionally associated with cerebrovascular
changes and compromised integrity of the blood brain barrier, which together result in a
region of poor perfusion and thus enhanced MRI signals (Black et al., 2009; Young et al.,
2008). Nevertheless, postmortem histopathologcial studies of MRI-scanned brains shows
patchy loss of myelin, or myelin pallor, in the regions where WMHs were visualized, but not
in WM that appeared normal in the MRI (Erten-Lyons et al., 2013; Gouw et al., 2008). Thus
while the WMH may have multiple origins, one of them is likely to be frank myelin
pathology.

5. DNA damage in oligodendrocytes is commonly found in WM lesions

The cellular pathology underlying WMH is best illustrated by the pathology of the well-
known demyelinating disease, multiple sclerosis (MS). MS is characterized by foci of
demyelinating plaques which are commonly imaged as WMH in MRI studies (West et al.,
2014). Postmorterm analysis of MS brain found that these WMH are plaques with loss of
myelin, heavy astrogliosis and strong microglia activation (Moll et al., 2011; Schmierer et
al., 2007). In these WMH forming, demyelinating lesions, oxidative DNA damage was
found in the nuclei of OLs, which appeared to be undergoing apoptosis (Haider et al., 2011).
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DNA damage is clearly one of the more consistent cellular anomalies in OLs in
demyelinating lesions. The relationship with age-related dementias has recently illustrated
by a correlation between OL pathology in WMH and the appearance of AD (Al-Mashhadi et
al., 2015; Wharton et al., 2015). In the postmortem AD brain, there is a significant reduction
in the number of OLs; and the survivors suffer from enhanced levels of oxidative DNA
damage. A subset of the OL in the WMH regions actually enter a senescent state in response
to the resulting genomic stress with increased p53 expression and the appearance of a
senescent phenotype (Al-Mashhadi et al., 2015). In our lab we also find a significant
increase of yH2AX immunoreactivity in the Olig2-positive population of the AD brain,
indicative of DNA damage in the OL lineage (Tse et al, in preparation). Importantly, we
found DNA damage in the oligodendrocytes of both plaque-free subjects diagnosed with
dementia as well as in AD subjects.

These observations begin to tie the problems of age related myelin loss to the genomic
integrity of the oligodendrocytes, and suggest the hypothesis that OL may suffer from a long
period of oxidative stress and DNA damage prior to the more extensive loss of myelination
that is required to produce a WMH on imaging. This pattern is quite similar to that seen in
neurons with compromised genomic integrity during brain aging where genomic instability
is elegantly balanced by an array of DNA repair mechanisms (Chow and Herrup, 2015). This
comparison naturally raises the question of whether, in OLs as in neurons, mutations in
proteins that contribute to the DNA damage response and produce symptoms of premature
aging also compromise the biology of the OL and might serve as a root cause of WM loss in
the aging brain. In fact the clinical evidence from a number of inherited progeroid
syndromes strongly supports the concept that WM degeneration is indeed a prominent
pathology of many different DNA repair deficits.

6. Oligodendrocytes and myelin are vulnerable to genetic deficits in DNA

repair

6.1 Defects in single strand break repair

Bulky lesions are dangerous modifications to the DNA,; they disrupt transcription and often
lead to single strand breaks (SSBs). These SSBs are usually repaired by processes known as
base excision repair (BER), nucleotide excision repair (NER) or mismatch repair (MMR).
BER is responsible for most oxidative or alkylation DNA damage. NER is most commonly
used to repair SSB occur after UV irradiations. In mitotic cells, genomic errors formed
during DNA replication are repaired by MMR. Mutations in the genes encoding these repair
proteins lead to a variety of conditions, virtually all of which are characterized by
neurological defects and premature aging.

6.1.1 Cockayne Syndrome—Cockayne Syndrome (CS) is a rare autosomal recessive
disease with mutation in either of the two DNA repair genes, CSA or CSB (also known as
ERCC8 and ERCCS6, respectively) (Stevnsner et al., 2008). About 80% of the CS patients
present with mutation in the CSB gene (Mallery et al., 1998), which participate in both the
NER and BER pathways. First described by E.A. Cockayne, CS patients are characterized
by deafness and a loss of motor skills, even though their social skills are well-preserved
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(Cockayne, 1936). In the CS brain, the loss of myelination in the cerebrum, midbrain,
cerebellum and brain stem is a prominent pathology (Soffer et al., 1979). These lesions are
characterized by patchy loss of myelinated fibers with a remarkable disappearance of OLs
(Houston et al., 1982; Soffer et al., 1979). Compared to the WM, individuals with CS retain
a cortex of normal thickness, which suggests that the gray matter is largely preserved
(Houston et al., 1982). Given their importance in more classical age-associated dementias, it
is noteworthy that neither amyloid plaques nor neurofibrillary tangles are found in these
brains despite the presence of accelerated aging. The implication is that the loss of OL in CS
is unlikely to be the consequence of amyloid or tau-dependent events and further that OL
deficits can be associated with, and even a primary cause of, cognitive problems (Houston et
al., 1982; Woody et al., 1991). WMHs are found scattered throughout the subcortical WM of
the cerebrum of affected CS individuals (Adachi et al., 2006; Sugita et al., 1992). A larger
cohort study with 19 CS patients, found WM atrophy to be the earliest neuroradiological
finding — present as early as four months of age. Equally noteworthy, the extent of
myelination never developed beyond the equivalent of a normal six month old infant in any
affected individual (Koob et al., 2010). In a subtype of CS with mutations in ERCC1 and
ERCC4 (or XP-F), myelination delay is not observed until later, but still as early as 3 years
of age with visible WMHSs (Kashiyama et al., 2013).

6.1.2 Xeroderma pigmentosum—Xeroderma pigmentosum (XP) is another progeroid
syndrome that is closely related to CS. It was first described by De Sanctis and Caccion and
the subjects are clinically characterized by skin sensitivity to sunlight, cognitive impairment
in childhood and accelerated aging (Anttinen et al., 2008). Like CS, XP is caused by
autosomal recessive mutations in one of a family of the seven DNA repair genes for NER
(XP-A to XP-G), with XP-A and XP-C being the most common forms. It has long been
recognized that the peripheral nerves of XP patients are poorly myelinated (Hakamada et al.,
1982; Kanda et al., 1990), and estimates are that about 70% of XP patients also develop
neurological deficits early in life (Kassubek et al., 2012). For example, patients with XP-A
mutations develop neurological symptoms before eight years age, and their cognitive decline
is proportional to the overall cerebral and cerebellar atrophy, where WMHs are found
(Anttinen et al., 2008). Apart from WMHSs, MRI-diffusion tensor imaging (DTI) of the WM
tracts clearly showed that the volume and directionality of individual myelinated tracts were
critically reduced in the corticospinal pathway, thalamus and corpus callosum, regardless of
the XP mutation variants (Kassubek et al., 2012). Myelin pallors were found in the temporal
lobe, frontal lobe of the cerebrum, basal ganglia as well as in the cerebellum (Lai et al.,
2013).

Apart from individual cases of XP and CS, there are reports of rare cases of XP/CS complex
disease, in which myelination is severely reduced in both the central and peripheral nervous
systems in the presence of mutation in both CSA/CSB and XP. The loss of myelination was
accompanied by OL abnormalities including hyperchromatic nuclei that resembled the
morphology of proliferating cells (Lindenbaum et al., 2001; Rapin et al., 2000; Rapin et al.,
2006).
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6.1.3 Trichothiodystrophy—Trichothiodystrophy (TTD) is another progeroid syndrome
that is related to both CS and XP. Genetically, the condition is associated with mutations in
the XPD and XPB subunits of TFIIH as well as a third form caused by mutations in the
trichothiodystrophy group A (TTDA) protein. Clinically, TTD presents as a syndrome
consisting of brittle sulfate deficient hair, mental retardation and infertility. TTD differs from
XP, as only half of the cases demonstrate UV sensitivity and none show increased risk to
skin cancer (Chen et al., 1994; Yoon et al., 2005). But like CS and XP, hypomyelination and
WNMHs are found throughout the cerebrum in TTD patients as young as 2.5 years of age
(Chen et al., 1994; Harreld et al., 2010; Toelle et al., 2001). Myelination is progressively lost
in TTD with one 19 year old patient reported with completely unmyelinated WM in the
cerebrum and cerebellum but remarkably intact cortical gray matter (Yoon et al., 2005).

6.1.4 Role of SSB repair in myelination — experimental evidence—Transgenic
mouse models of CS, XP and TTD have been developed. These mice roughly recapitulate
the human myelin phenotypes with a few exceptions. For example, the hypomyelination
phenotype of CS was not reproduced in mice that carried only a CSB mutation (van der
Horst et al., 1997), but when XP-C was simultaneously knocked out, the brains of the double
mutants revealed a significant loss of myelination in the sensorimotor cortex and corpus
callosum at birth, despite normal neuronal and axonal development (Revet et al., 2012). In
ERCC1 (XP-F) knockout mice, WM abnormalities were found in corpus callosum,
cerebellum and spinal tract, with vacuolation and splitting of myelin lamellae. Abnormal
myelin structures were also found in peripheral nerves accompanied by slower conduction
velocity (Goss et al., 2011; Lawrence et al., 2008). XP-D mutation in mice results ina TTD
phenotype which is not only characterized by microcephaly, but also by hypomyelination in
the striatum, corpus callosum, and thalamus (Compe et al., 2007). Taken as a group, these
animal models suggest that the myelin abnormalities induced by deficits in DNA repair
proteins are gene-dose dependent, quantitatively different in mouse and human brain and not
restricted by the subtypes of DNA repair enzyme. They also strongly suggest that WM and
the OL lineage are selectively susceptible to deficits in DNA repair of the ERCC family.

NER-associated enzymes play a role in transcription-coupled repair (TCR) as well as in
transcription itself. For example, CSB, is not only required for strand repair during
transcriptional repair, but is also an essential co-factor of RNA polymerase Il (van den Boom
et al., 2004; van der Horst et al., 1997). In turn, RNA polymerase Il was found to bind to the
promoter of genes essential for myelination, including MBP and PLP (Compe et al., 2007).
CSB and p53 are both involved in aging but reciprocally regulate each other. This was
shown by the finding that elevated levels of p53 suppress CSB from entering the nucleosome
(Lake et al., 2011). Indeed, p53 activation was observed in OL of the CSA~~CSB~/~ and
XP-D mutant mice (Jaarsma et al., 2011), which display prominent myelin deficits. Further
there is evidence that activation of p53 in the OL lineage is associated with DNA damage
and cellular senescence in the aging human brain (Al-Mashhadi et al., 2015). Therefore, age-
related p53 activation may obstruct myelin gene expression through the suppression of CSB
(Rufini et al., 2013).

Similarly, XP-B and XP-D that are commonly mutated in TTD, are not only members of
NER pathway, but also subunits of transcription factor 11 H (TFIIH) (Compe and Egly, 2012;
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Hashimoto and Egly, 2009). Mutation of XP-D in mice results in a TTD phenotype which is
not only characterized by microcephaly, but also by hypomyelination in the cerebrum and
cerebellum (Compe et al., 2007). These myelin deficits in TTD mice are caused by the
failure of TFIIH to stabilize transcription of MBP and PLP triggered by thyroid hormone —
the endocrine trigger of myelin gene transcription in OLs. (Barres et al., 1994; Schoonover
et al., 2004).

Like NER, BER can also repair global genomic damage; therefore, it would be predicted
that deficits in BER-specific enzymes such as XRCC1 will cause an age related
neurodegenerative phenotype. Experiments to examine myelin and OL pathology in these
models are just beginning to emerge (Akbari et al., 2015; Sykora et al., 2013). Furthermore,
evidence suggests that BER and NER act in competition during repair of oxidative DNA
damage at guanine residues (Shafirovich et al., 2016), and NER-related enzymes, such as
CSB, are also found to promote BER-mediated repair of the genome (Tuo et al., 2001).
Deficits in either the BER or NER pathway may similarly lead to loss of OLs.

6.2 Defects in double strand break repair

As compelling as this evidence might be for the vulnerability of myelin to the NER capacity
of its constituent cells, the evidence goes beyond this single DNA repair system. A second
major type of DNA lesion that cells must defend against is complete rupture of the double
helix. These are known as double strand breaks (DSBs) and they are particularly hazardous
as the two ends, if not rapidly reconnected, can become separated leading to significant
problems in genomic integrity. DSBs are best repaired by a process known as homologous
recombination (HR) repair. This mechanism is only available during cell division, however,
as it requires access to the paired sister chromatid to ensure sequence preservation. Neurons
are non-mitotic cells; therefore they (and presumably mature oligodendrocytes) make use of
an alternative DSB repair process is known as non-homologous end joining (NEHJ). In
NEHJ, the broken ends of the helix are bound by a complex known as the MRN complex
(Mrell, Rad50, NBS1). The ATM protein (ataxia-telangiectasia mutated) binds to the
complex, triggering its autophosphorylation and activation, thus facilitating DNA repair (Lee
and Paull, 2005). Mutations in three of the four proteins of the NEHJ process lead to
syndromes with prominent neurological symptoms, and two of these are explicitly found to
have significant myelin pathology as well.

6.2.1 Ataxia telangiectasia—Ataxia telangiectasia (A-T) is a hereditary disease with
loss-of-function of the A-T-mutated (ATM) protein. It is clinically characterized by
cerebellar atrophy and the gradual loss of motor function. A-T is closely associated with
neuronal dysfunction. While this may be due in part to persistent DNA damage, additional
neuron-specific ATM functions might be involved as well. Cerebellar Purkinje cell death is
preceded by their aberrant cell cycle re-entry (Yang and Herrup, 2005). More recent studies
suggest that the more direct cause of this unscheduled cell cycling might be the nuclear
accumulation of histone deacetylase 4, HDAC4 (Li et al., 2012), stabilization of the EZH2
histone methyltransferase (Li et al., 2013) and/or the decrease in Purkinje cell DNA
hydroxymethylation (Jiang et al., 2015). But neuronal degeneration is not the only pathology
observed in A-T. WMHs are found in A-T patients as early as 17 months of age, well before
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any clinical symptoms of A-T are detected (Chung et al., 1994). Similarly, a reduction of
large myelinated fibers was observed in the sural nerve of two A-T siblings (Serizawa et al.,
1994). Additional MRI studies have identified hypomyelinated foci in the cerebrum
(Ciemins and Horowitz, 2000), as well as in the cerebellum in A-T patients of different ages
(Firat et al., 2005). Indeed, MRI-DTI study on a larger cohort of young patients found that
the WM tracts projecting to the cortex, including corticomotor, corticospinal and
somatosensory pathways, undergo degeneration (Sahama et al., 2015; Sahama et al., 2014).
These clinical findings provide evidence that wide-spread defects in myelination and most
likely OL function are part of the A-T phenotype that can be found in additional to the
neuronal cell death.

6.2.2 Nijmegen Breakage Syndrome—Nijmegen Breakage Syndrome (NBS) is an
autosomal recessive disease with a clinical presentation similar to A-T (Van de Kaa et al.,
1994). Mutation of the gene encoding NBSL1 is the genetic cause of the disease. Recall that
NBS1 coupled with Mrelland Rad50 forms the MRN complex which can sense DNA DSBs
in the genome. Clinically, NSB patients commonly present with microcephaly, but without
the progressive cerebellar atrophy and ataxia that is seen in A-T (Van de Kaa et al., 1994).
Importantly, agenesis of the corpus callosum was found in an NBS fetus at 33 weeks of
gestation by ultrasound examination suggesting abortive proliferation and differentiation of
OLs (Maraschio et al., 2001). Such hypoplasia of the corpus callosum is found in about 30%
of NSB patients (Bekiesinska-Figatowska et al., 2004; Bekiesinska-Figatowska et al., 2000).

6.2.3 Role of DSB repair in myelination — experimental evidences—L.ike the
progeroid syndromes, A-T and NSB were modeled in transgenic mice. In AbsZ™~ but not
At~ mice, a partial loss of the corpus callosum was observed (Stracker and Petrini,
2011). In Nbs1~ At~ double mutants, the development of the cerebellum was severely
delayed at two weeks postnatal, and the OL lineage in the cerebellar cortex was completely
abolished (Dar et al., 2011). ATM and NSB are also implicated in the cell biology of OL
differentiation. In CNS-specific Nibsz™~ ; Arm’~ double knockout mice, a near complete
aplasia of the corpus callosum coupled with demyelination of the optic nerve are found
(Baranes et al., 2009; Dar et al., 2011). In these mice, the development of the cerebellum is
severely retarded at two weeks of age, despite the survival of some Purkinje cells (36%) and
a few granule cells (5%). This loss of myelination is also seen in AbsZ~/~ mutants
accompanied by the loss of orientation of the WM tracts and the reduction of the density of
MBP or GalC positive mature OLs, without any detectable changes in the gray matter (Assaf
et al., 2008). Curiously, these WM pathologies are absent in single mutant A#m knockouts
(Dar et al., 2011). These findings suggests that the MRN complex is not only a major
regulator of ATM in DNA repair, but also maybe required in OL development (Stracker and
Petrini, 2011).

Indeed, OPC derived from NbsI-CNS-A~'~ or At~ failed to differentiate into mature OL
in culture (Allen et al., 2001; Carlessi et al., 2009; Carlessi et al., 2013; Liu et al., 2014b). In
Vivo, as early as seven days postnatal, the number of proliferating OPC is significantly
reduced and apoptotic OPC increased in the AbsI-CNS-A~'~ brain with a resulting loss of
myelin proteins including MBP, MOG and PLP in the corpus callosum (Liu et al., 2014a, b).
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The mechanisms behind this relationship are still being sought, but it has been shown that
the increased DNA damage and oxidative stress in NSB1-deficient OPC inhibits ATR-Chk1
and activates ATM-Chk2 (Liu et al., 2014a). As a result of ATM-Chk2 signaling, p53 is
activated, potentially inducing defective proliferation of the OPC and increased apoptosis in
mature OLs (Liu et al., 20144, b). Importantly, the p53 activation in mature OLs is
accompanied by the attenuation of HDAC1 and MyRF expression, which are crucial for
myelin formation (Liu et al., 2014b). The overlapping function of various DNA repair
enzymes in the OL developmental program indicates that their function in differentiation
maybe attenuated when the OL lineage accumulates DNA damage during aging, as depicted
in Figure 2.

CS, XP, CS/XP, TTD, A-T and NSB are all naturally occurring genetic diseases with loss of
function in different DNA repairing genes. The common findings of myelination deficits and
neurological impairment among these diseases and in the AD brain suggests that DNA
damage is a common cause of oligodendrocyte degeneration. A key remaining question
therefore is what is it about the biology of the oligodendrocyte that makes it vulnerable to
early degeneration in DNA repair deficiencies and in the aging brain? The answer may lie
within the highly specialized developmental program of OL.

7. The aging OL is a selective target of global oxidative stress

7.1 Oxidative stress is the ultimate cause of DNA damage to OL

DNA damage of OLs in WM can be caused by the chronic oxidative stress of the AD brain
(Al-Mashhadi et al., 2015). This linkage between oxidation and DNA damage is best
illustrated, however, by the pathology of multiple sclerosis (MS). MS is a progressive and
irreversible demyelination triggered by an excessive autoimmune reaction to largely
unknown antigens. Apoptosis with DNA fragmentation of cells in the OL lineage is frequent
in MS plaques (Ozawa et al., 1994) where high levels of reactive oxidative species (ROS)
are generated by the inflammatory cells as they attack the myelin. The consequences of the
excess ROS are predictable. OLs in the plaque suffer extensive oxidative damage to their
DNA as detected by enhanced levels of 8-hydroxyguanine, the most common DNA
oxidative lesion (Haider et al., 2011). The damage is apparent in both mitochondrial (Lu et
al., 2000) and nuclear DNA (Vladimirova et al., 1998). Cortical demyelination distant from
the plaques was also found in patients suffering from progressive, but not acute MS, arguing
that chronic oxidative stress may allow the demyelinating damage to spread to intact
myelinated regions over the years of the disease pathogenesis, as in the AD brain
(Kutzelnigg et al., 2005).

The full pathological picture of the MS brain underscores the unique vulnerability of the
cells of the OL lineage. In the MS cerebellum, for example, the neurons surrounding the
demyelinating OLs are largely preserved. The interpretation is that the OL lineage is least
able to repair the DNA damage caused by the oxidative chemistry of this autoimmune
disease (Kutzelnigg et al., 2007). The high susceptibility of OL to oxidative stress is
correlated with, and probably caused by, a remarkably low antioxidant content. Compared to
astrocytes, OLs are estimated to endure a six fold higher oxidative stress during brain
function (Thorburne and Juurlink, 1996), while only possessing 50% of the intracellular
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antioxidant glutathione (Juurlink et al., 1998). The relative paucity of glutathione would be
expected to render the OL, especially the preOL, vulnerable to free radical damage and cell
death (Back et al., 1998). This situation should also worsen with age as the overall level of
glutathione producing enzyme, y-glutamylcysteine synthetase, declines as the brain ages.
Though the examples listed here are from MS, it is easy to imagine that with their high
susceptibility to oxidative stress and the resulting DNA damage OL death would be a
common early symptom in different neurodegenerative disease.

7.2 Oxidative stress in the Alzheimer’s brain

An example of such a disease is Alzheimer's disease (AD). While aging and the formation of
plaques are proposed to be the prominent cause of AD (Hardy and Selkoe, 2002), WMHSs
are detectable well before any major plaque deposition (Grimmer et al., 2012). This suggests
either that the myelin abnormalities are independent of amyloid plaque or that the OL
lineage is vulnerable to the earliest stages of the amyloidosis. It is worth recalling that the -
amyloid peptide is known to possess oxidative properties and has been shown to cause OL
apoptosis accompanied by oxidative injury and mitochondria dysfunction (Xu et al., 2001).
The oxidative stress brought by excessive level of amyloid-p may be responsible for the
significant loss of myelinated axons in the aggressive mouse models of AD (Behrendt et al.,
2013; Desai et al., 2009). The genetically engineered mice generate a high level of amyloid-
mediated oxidative stress that can kill OL in both the undifferentiated and differentiated state
(Desai et al., 2010). However, these aggressive mouse models contain at least two copies of
either presenilin-1 (PS1), amyloid precursor protein (APP) or tau transgenes with pathogenic
mutations — a situation that is unlikely to be naturally found in subjects with sporadic AD.

It is worth remembering that as aggressive mouse as these mouse models may seem from the
standpoint of amyloid pathology, they are in fact exhibiting only very early stages AD
pathogenesis and cognitive decline, while the human subjects analyzed were in more
advanced stages that the mouse never reaches. Given the failure of anti-amyloid therapy to
slow cognitive decline, amyloid-independent mechanisms would seem to certainly be
involved in the loss of OL and the resulting impact on the symptoms of AD. Indeed, the
oxidative stress mediated by multiple age-associated changes, including but not limited to B-
amyloid or its insoluble aggregates, had been proposed to be the fundamental pathological
cause of AD (Butterfield et al., 2007; Markesbery, 1997). The amyloid-independent nature
of this oxidative stress hypothesis is well exemplified by the adverse effect of chemotherapy
on cognition (Ahles and Saykin, 2007; Ricard et al., 2009). Conventional chemotherapy
drugs, such as adriamycin (doxorubicin), do not cross the blood brain barrier, but can
nonetheless cause peripheral inflammation and transfer the subsequent oxidative stress in the
brain (Joshi et al., 2010; Keeney et al., 2015).

AD is also characterized by a chronic innate immune response that can induce neuronal
apoptosis through microglia-mediated inflammation and oxidative stress (Combs et al.,
2001). Activated microglia have been shown to cause the death of OPC through nitric oxide-
dependent oxidative stress, and these OPCs are unable to develop to the stage where they
become MBP-expressing mOLs (Pang et al., 2010). This chronic inflammatory state is likely
to induce excessive DNA damage in the OLs, who, as we have seen, are ill-prepared to deal
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with a sustained oxidative challenge. In fact, clinically the presence of inflammation in MS
patients is significantly correlated with the cortical demyelination (Lucchinetti et al., 2011).

7.3 Age-associated vascular pathology meets high metabolic rate in myelinating OLs

Pathological changes of the vasculature are commonly found in myelin, especially in WMH,
in the aging brain. These changes include arteriolar tortuosity, loss of endothelial
intercellular junctions, loss of capillaries, and ultimately the breakdown of blood brain
barrier (Black et al., 2009; Brown et al., 2007; Young et al., 2008). These changes in the
vasculature, which begin around 50 years of age, coincide well with the appearance of WM
pathology (Brown et al., 2007; Thore et al., 2007). Over time, the changes likely create an
ischemic/hypoperfused microenvironment surrounding the WM. This presents a significant
problem for the OL since, to make the lipid-rich myelin layers during differentiation and
maintain them during adult life, a large amount of cholesterol is required and cholesterol
synthesis is an energy intensive process. While the OLs synthesize cholesterol de novo via
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) mediated metabolism (Saher et al.,
2005), the transfer of cholesterol from astrocyte to oligodendrocyte also contributes
significantly, especially in aging when the levels of HMG-coA drop (Clement et al., 2009;
Thelen et al., 2006). On top of the metabolic demands created by the production of
cholesterol esters, the OLs also play a major role in providing trophic support for the
neurons they interact with. Mature OLs provide glycolic support to the axons by transporting
lactate via the monocarboxylate transporter-1 (MCT-1) expressed at the node of Ranvier
(Funfschilling et al., 2012; Lee et al., 2012). Genetic knockdown of MCT-1 in OL causes
neuronal loss as well as axonal injury (Lee et al., 2012). With the need to provide glycolytic
support to the neuron (cell soma and axons) as well as to itself, it is not surprising to learn
that the metabolic rate in OLs is consistently high. With the high energy demand of creating
and maintaining myelin, providing metabolic supports to the neurons, a hypoperfused or
frankly ischemic microenvironment will likely result in extreme metabolic stress to the
resident OLs. Add to this, their heightened vulnerability to oxidative stress the cells of OL
lineage quickly become primary targets of any hypoxic/ischemic microenvironment (Back et
al., 2002a). And it is mostly likely the OLs that are just begin to differentiate and synthesize
myelin that are the most vulnerable of all (Behrendt et al., 2013; Cai et al., 2006).

7.4 Stage-specific vulnerability of the OL lineage in the ageing brain

OL at different developmental stages reside simultaneously in the adult brain (Fig 1). While
the postmitotic, myelinating OL are undoubtedly the primary cell-type to degenerate during
demyelination, their immature OL predecessors are also subjected to the same hostile
microenvironment of aging. In the adult brain, OPC (or NG2) cells are part of a proliferative
OL population whose numbers remain relatively stable throughout aging. The adult OPCs
remain mitotically competent, persistently undergoing self-renewal and differentiation into
mature myelinating OL. They thus serve as a stable source of cell replacement for myelin
segments that are lost during the life of the mature brain (Rivers et al., 2008). However,
while the number of actively proliferating OPC remains constant in the ageing brain, the cell
cycle time of each OPC division is significantly increased in old animals (Lasiene et al.,
2009; Psachoulia et al., 2009). The OPCs that are generated in the old brain preferentially
retain progenitor status rather than undergo OL differentiation (Boda et al., 2015). As a
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consequence, the time required for these OPC to differentiate into mature OL is more than
doubled in the old brain (Zhu et al., 2011). Further, when these adult-born OPC do
differentiate, the resulting premyelinating OL (or immature OL), are slow to transit through
the specific stage of their lineage that is the most susceptible to age-associated insults such
as free radical damage and vascular changes (see 7.3) (Back et al., 1998; Back et al., 20023;
Back et al., 2001; Back et al., 2002b). Thus, it would appear to be intrinsic vulnerabilities of
the OPCs that are present only during the differentiation process that are the greatest
contributors to the delayed or failed remyelination in the aging brain.

In summary, oxidative stress is highly likely to produce DNA damage during aging, and it is
the actively differentiating, postmitotic OPC that show the greatest vulnerability to this
oxidative-induced damage. Thus, the OL lineage is a clear target of the reactive oxygen
species generated by inflammation, vascular changes, metabolic stress and other amyloid-
dependent or -independent mechanisms in the aging brain (see Figure 2). These chronic
oxidative stress will ultimately cause oxidative DNA damage in the OL genome.

8. Aging OLs and their lineage-specific dependence on components of the

DNA repair pathway

The aforementioned intrinsic properties of OL differentiation are predictably tied to the
developmental program of myelination. Here we speculate that the special requirement for
intact DNA repair pathways during OL development confers such additional cell type-
specific risks to the OL lineage in the aging brain. These specific risks have resonance with
dynamic aspects of OL development because of the possibility of activity-dependent, and
DNA repair-dependent transcription of myelin-related genes for continuous myelin
remodeling, and also because of the overlapping functions of proteins involved in both DNA
repair and OL-differentiation, as illustrated in Figure 3.

8.1 Activity-dependent transcription in OL may induce DNA damage

Mature oligodendrocytes are postmitotic and not subjected to DNA damage caused by the
replication of the genome. But myelination is a highly dynamic process that is regulated
extensively by neuronal activity (McKenzie et al., 2014; Wake et al., 2011). The myelination
of the nervous system is not complete at birth. As cited above in humans it does not peak
until well into the fifth decade of life. Not only does it continue throughout adulthood,
studies also show that it requires neuronal activity. Only 25% of the OL processes and
myelination are mature at birth in the vertebrate nervous system. This slow maturation takes
on extra significance because the fine details of the structure of the adult myelin sheet are
highly responsive to the electrophysiological activity of the neurons themselves. During /n
vivo imaging of the zebrafish nervous system, an increase of neuronal or synaptic activity
increases the thickness of myelination — even at the level of a single OL (Mensch et al.,
2015). A negative influence can also be seen as the myelin sheath is retracted from silent
axons (Hines et al., 2015). Myelination in the PNS and the CNS has been shown to require
neurotransmitters such as glutamate and ATP-induced calcium signaling, which then
respond to the increased neuronal activity of axons that frequently fire by increasing their
myelination (Stevens and Fields, 2000; Wake et al., 2011). Recently, the concept of activity-
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dependent myelination has been elegantly demonstrated by the impairment of myelination in
the prefrontal cortex of socially isolated mice (Liu et al., 2012a). Importantly, such activity
dependent OL plasticity was shown to be essential for motor-task learning in adult
(McKenzie et al., 2014). Activity-dependent myelination is thus analogous in many ways to
the mechanisms involved in the synaptic remodeling that underlies the processes of learning
and memory that occur throughout life.

Given the significant anabolic requirements of myelin production, myelin remodeling comes
at a significant energetic cost as well as enhanced risk of oxidative stress and mitochondrial
dysfunction (Gilman et al., 2003; Mattson and Liu, 2002). In neurons, activity-dependent
gene transcription is preceded by topoisomerase | or I13-induced DNA double strand breaks
(Madabhushi et al., 2015; Sordet et al., 2009). This transient DNA damage is hormally
efficiently repaired by ATM-dependent activity (Sordet et al., 2009); if not, the damage can
lead to neurodegeneration (Alagoz et al., 2013; Katyal et al., 2014). Importantly, in the
presence of oxidative stress, these topoisomerase-induced DNA lesions will be stabilized
and thus induce apoptosis (Daroui et al., 2004; Sordet et al., 2004). Like neurons, OLs are
transcriptionally activated in response to the environment (Liu et al., 2012a), and thus we
might speculate that they too are likely to be prone to activity-dependent DNA damage,
especially in the presence of oxidative stress, to which they are particularly vulnerable.

8.2 The competing demand of DNA repair and OL differentiation

A number of enzymes, while perhaps best known for their roles in DNA repair also play
critical roles in the differentiation of the OL lineage (see section 6). These enzymes may
help in the activity-dependent or thyroid dependent transcription of OL-specific genes. For
example XP-B and XP-D are components of TFIIH that is required to stabilize thyroid
hormone receptor on thyroxine-responsive myelin genes (Compe and Egly, 2012; Compe et
al., 2007). As a second example, CSB is a co-factor of RNA polymerase Il during TCR yet it
is also essential for SOX10 mediated myelin gene transcription (Arter and Wegner, 2015;
van den Boom et al., 2004). Additional examples include the DSB repairing enzymes ATM
and NSBL1. Both are required for DNA repair, but each is also necessary for successful OL
differentiation. The molecular mechanism behind this dual function may be related to MyRF
expression, but at present remains largely unknown (Liu et al., 20144, b). In the aging brain
with increased oxidative DNA damage in the OL, it is imaginable that the demand for the
repair function of these enzymes associated with myelin transcription and OL differentiation
is competing with the demand for their more native function in other types of DNA repair.
We speculate such competition is potentially catastrophic for overall myelin maintenance in
the brain.

Apart from transcription coupled DNA repair, OL differentiation and myelin-specific gene
transcription requires chromatin remodeling by class | HDACs (Conway et al., 2012; Marin-
Husstege et al., 2002). Importantly, the expression and activity of HDACL in WM is
significantly reduced with age. As would be predicted, OL differentiation inhibitors — Sox2,
ID4 and Hes5 — are re-expressed in the OL of old animals with low HDAC1 activity. The
age-related down-regulation of the OL differentiation activator, Olig2, also fits this pattern
(Shen et al., 2008a). Pharmacologically, treatment with HDAC inhibitor TSA also served to
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re-activate Sox2, ID4 and Hes5 in the OLs of the corpus callosum (Shen et al., 2008a; Shen
et al., 2008b). These unscheduled, dedifferentiations in the OL lineage resulted in a poor
remyelination after injury of older animals (Shen et al., 2008b). The lack of deacetylation of
histone H3 in the OPC is one likely cause of the defective differentiation of myelinating OLs
in old animals (Shen et al., 2005).

HDACSs perform pleiotropic functions in differentiated cells. For example, HDAC1 and
HDAC2 decline not only with aging but also in cells undergoing replicative senescence
(Place et al., 2005; Wagner et al., 2001). They also control p53 activation and caspase-3
mediated apoptosis (Rebbaa et al., 2006). The age-associated loss of HDAC activity would
then prevent OPC differentiation, and cause apoptosis in the myelinating OL. The exact
cause of the reduction in HDAC1 and HDAC2 with age is unknown. One plausible reason is
the increasing requirement their function in DNA damage repair (Di Micco et al., 2011).
HDAC1 and HDAC? are actively recruited to the DNA lesion site where they deacetylate
lysine 56 of histone H3 (Miller et al., 2010). The deacetylation by HDAC1 and HDAC?2 is
postulated to prevent defective transcription at the DNA damage site and, importantly, to
promote NHEJ of the DSB. In support of their importance for DNA repair, pharmacological
inhibition of HDAC1 and HDAC2 can induce DNA damage in primary cells (Lee et al.,
2010). HDAC1 and HDAC?2 may further facilitate DNA repair by modulating the ATM-
mediated response and activation of p53 (Thurn et al., 2013). Although a specific role for
HDAC1 and/or 2 in the DNA damage response of OL remains to be formally demonstrated,
itis likely that their expression is not only important for OL differentiation, but also OL
DNA repair. Further experiments are required to determine whether the differentiation
program and the DNA repair are subjected to the declining level of HDAC in the aging OL
(Shen et al., 2008a; Shen et al., 2008b), and resulted in the loss of myelination.

Conclusions

In a sentiment often attributed to Don Cleveland, neurodegenerative diseases are, in reality,
diseases "of the neighborhood" (llieva et al., 2009). The meaning behind this statement is
that failure of nervous system function is as much a failure of the web of cell-cell
interactions as it is the demise of any one specific cell type. The value of this perspective is
that if we assume that it is the web that fails, then it is easier to imagine that the first step in
the decline can be taken by any of the elements of the network. Indeed, for complex
degenerative diseases of aging, this multifactorial origin idea fits comfortably with both the
clinical and experimental literature. In this review we summarize the evidence that the
oligodendrocyte and its myelin ensheathment of neuronal axons is a network element that is
well worth considering in this context. Like other cells of the body, their function declines
with age and the evidence suggests that their intrinsic cell biology makes them particularly
sensitive to two of the strongest correlates of the aging process — DNA damage and oxidative
lesions. Although the literature is less extensive for the oligodendrocyte, it would appear that
just as in neurons inadequate genomic maintenance is a factor in the slow loss of myelin that
is found with age and is greatly enhanced during the course of neurodegenerative diseases
such as AD.
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The importance of the genomic integrity of the oligodendrocyte is further emphasized by the
clinical presence of myelin loss in a wide range of progeroid conditions resulting from loss
of function of a wide variety of DNA repair enzymes. Different and overlapping DNA repair
mechanisms are necessary to maintain genomic integrity of postmitotic cells, and some of
these mechanisms are explicitly required for the proper maturation of myelinating
oligodendrocytes. With the ever growing number of sources identified that induce oxidative
stress during brain aging, excessive DNA damage in the OL would seem to be a nearly
inevitable result. As the decline of brain WM volume naturally begins in the mid-40s, even
slight defects in myelination may followed by a shifts in transmission speed and major
asynchrony of the neural network. Although speculative, the timing of such early WM
degeneration fits well with the “change of state” hypothesized to be the final step in the
initiation of AD cellular pathology (Herrup, 2010). This role of the oligodendrocyte in
cognition and aging has been appreciated for many years (Bartzokis et al., 2003;
Haroutunian et al., 2014), but largely ignored because of our intense focus on the neuron as
the ultimate source of cognitive failure and dementia. The time may be ripe to return to these
older ideas and integrate them more completely in our descriptions of age-related diseases of
the nervous system.

The life cycle of OL begins with glial-restricted precursor cells that are formed during
embryogenesis. OL-restricted transcription factors Olig2 and SOX10 are expressed as these
cells becoming specified for the OL lineage. The OPCs derived from this pool of cells are
characterized by surface markers of NG2 and A2B5. The expression of transcription factors
SOX2, Nestin and Hes5, needed to maintain the "stemness" of the cells, are downregulated
along with OL differentiation. The inhibitors of OL differentiation, such as YY1 and ID2/4,
are upregulated to promote cell cycle and proliferation in response to mitogens such as
PDGF or FGF. Upon the withdrawal of mitogens and the stimulation by thyroid hormone,
OPCs begin to withdraw from cell cycle, form contacts with surrounding axons and become
04/01 positive immature OLs. Coupled with neuronal activity, the transcription factor
MyRF is expressed to complete the differentiation program by binding to the promoter of
various myelin genes to induce myelination. These mature OL are characterized by cell
surface marker of MOG. The figure is highly simplified and does not include other
important, OL-related signaling pathways such as Wnt, Sonic hedgehog and BMP4, and
other transcription factors such as TCF7L2, Oligl, Nkx2.2/ Nkx6.2, Cdk5 or Brg. For a full
review of the developmental program and its epigenetic control of OL differentiation, the
readers are referred to comprehensive works of others (Hernandez and Casaccia, 2015;
Jakovcevski et al., 2009; Mitew et al., 2014). Factors contributing to OL proliferation are
shown in pink, OL differentiation are shown in deep purple.

Single strand breaks (SSB) and double strand breaks (DSB) are the main types of DNA
damage in the genome and are repaired by different strategies. SSBs are commonly restored
by TCR (pale orange box), NER (orange box) and BER (green box) through the XP, CS and
XRCC families of DNA repair proteins. DSBs are detected by the Mre-Rad-NBS1 complex
which activates ATM for NHEJ repairs (blue box). Genetic deficiency of these proteins
results in inadequate DNA damage repair and compromised genomic integrity as in
progeriod syndromes or congenital ataxia. Likewise, the chronic and accumulated assaults of
replicative senescence, vascular pathology, inflammation, metabolic stress in the normal
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aging brain result in cumulative oxidative DNA damage that overwhelms the repair
machinery. This irreparable DNA damage ultimately causes cell death of senesced OLSs,
myelin degeneration and WM lesions that are found in both progeriod syndrome and the
aging brain. TTD, Trichothiodystrophy, XP, Xeroderma pigmentosum;, CS, Cockayne
Syndrome; A-T Alaxia telangiectasia, NBS, Nijmegen Breakage Syndrome; AD,
Alzheimer’s disease, Dementia, all non-AD dementia without amyloid plaques Each genetic
disease is color-coded to match the DNA repair mechanism in deficits.

DNA repair enzymes are involved both in the restoration of DNA breaks and OL
differentiations. Left panel HDAC1/2 and ATM are recruited to the DNA lesions to facilitate
NMEJs in age-associated DSBs (Lee and Paull, 2005; Miller et al., 2010). But HDAC1/2
and ATM are also known to promote OL maturation by promoting myelin gene expression
(Shen et al., 2008a; Shen et al., 2008b), and OPC differentiation respectively (Allen et al.,
2001; Carlessi et al., 2009; Carlessi et al., 2013; Liu et al., 2014b). ATM may affect MyRF
expression but the underlying molecular mechanism remains unknown (Liu et al., 2014b).
Right panel Activity-dependent and thyroid hormone dependent transcription are important
to induce myelin gene transcription that requires the promoter binding by TFIIH complex
and mRNA elongation by CSB-associated RNA polymerase Il (Pol 1) (Barres et al., 1994;
Compe et al., 2007; Schoonover et al., 2004; van den Boom et al., 2004). During myelin
remodeling, the intensive neuron-mediated myelin gene expression may constantly produce
transcription-coupled DNA breaks that is also dependent on SSB repair function by TFIIH
and CSB. The overlapping function of HDAC1/2, ATM, TFIIH and CSB in both OL
differentiation, and their native function in DNA repair may be crucial for the continuous
remodeling of myelin during normal brain function (McKenzie et al., 2014), but these
competing functions are predictably exhausted by aging. Open arrow, pathway for OL
differentiation; closed arrow, pathway for DNA repair.
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Dedicated to the memory of Dr. George Bartzokis. We who have come late to this field
may not have known him, but we recognize the strength of the conceptual foundation that
he laid, and upon which many of the ideas of this review are built. We mourn his
untimely passing in August, 2014

Mech Ageing Dev. Author manuscript; available in PMC 2018 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tse and Herrup

Page 31

Highlights
1. Myelin loss is a robust pathology for the aging brain and progeriod
syndromes
2. White matter lesions are commonly tied with DNA damage in

oligodendrocytes (OLs)

3. OLs are highly vulnerable to oxidative stress and DNA damage in the aging
brain

4, DNA repair proteins are essential for genomic integrity and myelin formation
in OLs
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The life cycle of the oligodendrocyte lineage
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The relationship between DNA damage and myelin degeneration in brain aging
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Figure 3.

The overlapping functions of DNA repair proteins needed to maintain genomic integrity and

drive oligodendrocyte differentiation
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