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Abstract: The main objectives of this review are to survey the current literature on the role of
epigenetics in determining the fate of stem cells and to assess how this information can be used to
enhance the treatment strategies for some neurodegenerative disorders, like Huntington’s disease,
Parkinson’s disease and Alzheimer’s disease. Some of these epigenetic mechanisms include DNA
methylation and histone modifications, which have a direct impact on the way that genes are
expressed in stem cells and how they drive these cells into a mature lineage. Understanding how
the stem cells are behaving and giving rise to mature cells can be used to inform researchers on
effective ways to design stem cell-based treatments. In this review article, the way in which the basic
understanding of how manipulating this process can be utilized to treat certain neurological diseases
will be presented. Different genetic factors and their epigenetic changes during reprogramming of
stem cells into induced pluripotent stem cells (iPSCs) have significant potential for enhancing the
efficacy of cell replacement therapies.
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1. Introduction

All cells in an organism are derived from pre-existing cells, beginning with the fertilized egg,
which forms the blastocyst, which, in turn, gives rise to the cells of the entire organism [1]. These
stem cells have the unique property of being totipotent, meaning they can give rise to any type of
cell in the organism, including a placenta. The two major properties of stem cells are proliferation
and differentiation. Stem cells can proliferate and differentiate into appropriate lineages to form
specialized cells. The potential for each type of stem cell to become specialized depends on its
plasticity, or the degree to which it is, or can become, totipotent, pluripotent (able to become any cell
other than placenta) or multipotent (able to become many, but not all cell types) [2]. Owing to their
plasticity, stem cells are very useful in the field of regenerative medicine, especially as a potential
cell-replacement therapy for many diseases. For example, the bone marrow-derived mesenchymal
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stem cells have the potential to secrete brain-derived neurotrophic factor (BDNF), vascular endothelial
growth factor (VEGF), nerve growth factor (NGF) and insulin-like growth factor 1 (IGF-1) as a
therapy for neurodegenerative disorders and spinal cord injury [3–5]. Within the context of treatments
for neurodegenerative disorders, stem cells have enormous therapeutic potential, particularly: (1)
mesenchymal stem cells (MSCs), which can be derived from bone marrow (BM-MSCs); (2) neural stem
cells (NSCs), derived from embryonic mouse brain tissues (eNSCs); and (3) induced pluripotent stem
cells (iPSCs). In particular, the iPSCs can be derived from fibroblasts and then driven into a neuronal
lineage, differentiating into what appears to be mature neurons, which may be able to replace lost
nerve cells. An added advantage of using exogenous stem cells for treatment strategies is that they can
be genetically modified to overexpress certain proteins that become downregulated in certain brain
diseases [6–8]. As discussed above, the MSCs can be genetically modified to overexpress brain-derived
neurotrophic factor (BDNF), which is one of the major trophic factors that is downregulated in
Huntington’s disease (HD), a neurodegenerative disorder characterized by loss of medium spiny
neurons in the striatum [7]. Similarly, MSCs can be altered to express glial-derived neurotrophic factor
(GDNF) to promote dopaminergic neuronal sprouting to treat Parkinson’s disease (PD). In addition,
these MSCs can also be used to overexpress nerve growth factor (NGF) to alleviate memory deficits
in Alzheimer’s disease (AD) [9]. However, one of the drawbacks of stem cell transplantation is the
immune response that arises during allogenic transplantation [10]. However, at least one study has
demonstrated that adult stem cells, when used in their undifferentiated form, can escape immune
rejection and do not pose any adverse effects [11].

Given the relative ease of manipulation, exogenously-administered stem cells can be differentiated
into a particular cell lineage to secrete specific proteins. However, the precise mechanism(s) whereby
stem cells normally proliferate and differentiate into specific lineages, or even what determines the
fate of these stem cells, is not yet understood. Gaining new insights into these endogenous processes
may assist researchers with how exogenous stem cells may be more efficiently manipulated in ways
that would optimize their therapeutic efficacy for treating neurodegenerative diseases.

Manipulation of stem cells involves epigenetic regulation, which can be used to drive these
stem cells towards the lineage of interest, preparing them for subsequent use as a cell replacement
therapy [12]. Several recent studies have indicated that epigenetic processes play an essential role in
normal gene expression and cell differentiation [13,14]. Understanding the role of these epigenetic
processes should help successful stem cell reprogramming in the creation of iPSCs, which require
several genetic factors [15]. In culture, some of the stem cells undergo epigenetic changes, while others
remain unchanged during passaging or reprogramming. Knowing why certain cells utilize epigenetic
processes during differentiation, both in vitro and in vivo, may help us devise new ways in which the
epigenetic process can be used to enhance or control proliferation and differentiation of stem cells. In
this context, our current understanding of the molecular mechanisms involved in epigenetic control of
stem cell differentiation into various cell lineages, with special attention as to how these mechanisms
can be leveraged as therapeutic tools for various neurological diseases, will be reviewed.

2. Epigenetics Regulate Cell Differentiation

It is strongly believed that there are some signals at the epigenetic level that regulate the fate of
the stem cells [14,16]. Though all of the cells in our body contain the same genetic makeup, these genes
are not necessarily active at all times, rather they are expressed at times when needed, in a highly
controlled fashion. This tightly-regulated gene expression in our body is governed by epigenetics. The
mechanism of gene regulation does not depend on the DNA sequences [17], but is perpetuated as
a “memory” that is carried on from one cell to another during cell division [18]. For example, liver
stem cells and neuronal stem cells are derived from the same precursor cells. Obviously, their genetic
makeup is expected to be the same, but during differentiation, they are able to form into either mature
liver cells or neurons. As illustrated in Figure 1, a particular fate of a cell is determined by their specific
pattern of gene expression [19].
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Figure 1. Epigenetic memory at the cellular level. Epigenetic memory is maintained during 
differentiation of neurons and liver cells from the precursor embryonic cells (adopted from [19] 
Copyright 2013 with permission from Elsevier). 

Hence, the cellular memory is retained in these stem cells and pushes them to become either 
neurons or liver cells, rather than any other type of cell. However, the classical way of explaining 
“epigenetics” has been revised, due to the understanding that the epigenetic mechanisms of cellular 
“memory inheritance” are somewhat different in neurons, given their inability to divide beyond their 
initial post-mitotic divisions [19,20]. For unknown reasons, the epigenetic mechanisms and memory 
recall have become permanently entrenched in neurons, preventing their proliferation. Hence, cell 
division is no longer thought to be a requisite for the transfer of epigenetic signals, as exemplified by 
non-dividing neurons [19]. 

The epigenetic analysis of the stem cell fate dates back to early 1900s, when biologist Conrad Hal 
Waddington proposed the “epigenetic landscape”, an image that depicts how various epigenetic 
mechanisms determine what these stem cells become in the end. Waddington’s landscape consists of 
troughs and crests (or ridges and valleys) that branch out downhill through which the pluripotent 
cells roll down. The surface of the landscape represents the genes that have undergone epigenetic 
modifications [21,22] (see Figure 2). 

 
Figure 2. Waddington’s epigenetic landscape. This image provides an analogy of how the pluripotent 
stem cells give rise to specialized cells as they undergo epigenetic changes, such as methylation, 
acetylation and phosphorylation (adopted from [23] Copyright 2010 with permission from Elsevier). 

Figure 1. Epigenetic memory at the cellular level. Epigenetic memory is maintained during
differentiation of neurons and liver cells from the precursor embryonic cells (adopted from [19]
Copyright 2013 with permission from Elsevier).

Hence, the cellular memory is retained in these stem cells and pushes them to become either
neurons or liver cells, rather than any other type of cell. However, the classical way of explaining
“epigenetics” has been revised, due to the understanding that the epigenetic mechanisms of cellular
“memory inheritance” are somewhat different in neurons, given their inability to divide beyond their
initial post-mitotic divisions [19,20]. For unknown reasons, the epigenetic mechanisms and memory
recall have become permanently entrenched in neurons, preventing their proliferation. Hence, cell
division is no longer thought to be a requisite for the transfer of epigenetic signals, as exemplified by
non-dividing neurons [19].

The epigenetic analysis of the stem cell fate dates back to early 1900s, when biologist Conrad
Hal Waddington proposed the “epigenetic landscape”, an image that depicts how various epigenetic
mechanisms determine what these stem cells become in the end. Waddington’s landscape consists of
troughs and crests (or ridges and valleys) that branch out downhill through which the pluripotent
cells roll down. The surface of the landscape represents the genes that have undergone epigenetic
modifications [21,22] (see Figure 2).
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As the pluripotent cell rolls down “the differentiation hill”, the path it takes depends on the
conformation of the surface, which represents the presence of various epigenetically-modified genes
that the cell encounters in its downward path, which ultimately determines the fate of the cell [22,24].
In reality, the epigenetic modifications that the pluripotent cells experience during their proliferation
determine what type of specialized cell will be created.

The major molecules involved in regulating gene expressions are the histones or the DNA-binding
proteins that undergo various modifications, such as methylation, acetylation, ubiquitination and
phosphorylation [25] (Table 1). In short, DNA methylation involves methylation of cytosine at the 5’
position to give rise to 5’ methyl-cytosine, which is mediated by the enzyme DNA methyltransferases
(DNMT). Usually, DNA methylation is associated with the silencing of genes, but there are some
exceptions to this rule. Methylation of histone 3 at lysine at position 4 (H3K4me3) activates the gene,
whereas the lysine at position 27 (H3K27me3) silences the gene [26]. Similarly, histone acetylation
involves adding an acetyl group to the lysine residue at the N-terminal of the histone. This reaction is
regulated by the histone acetyltransferase (HAT) and histone deacetylase (HDAC) enzymes. These
two enzymes have opposing actions on each other [27]. HDACs remove an acetyl group from the
lysine amino acid residue, maintaining a positive charge on the amino acid, whereas HATs regulate
the transfer of acetyl group, neutralizing the charge on the lysine. With acetylation and deacetylation
occurring at various sites on the histone, the stability maintained by the electrostatic interaction is
disrupted, thereby regulating the gene expression. [27,28]. Histone phosphorylation involves the
addition of phosphate groups to the amino acids, such as serines, threonines and tyrosines. The histone
phosphorylation is catalyzed by kinase and phosphatase enzymes, thereby adding and removing
phosphate to and from the amino acids, respectively [29]. Similar to the histone acetylation process,
gene regulation by histone phosphorylation involves modifying the charge on the amino acid. For
example, the kinase enzyme adds a phosphate to the amino acid side chain, making the histone
negatively charged and modifying the chromatin structure [27].

Table 1. Epigenetic regulations of gene expression by histones. Summary of the type of modifications
that histones undergo to regulate gene expression by repressing or enhancing gene transcription,
thereby silencing and activating them, respectively.

Molecules
Regulate Gene

Expression
Types of Modification Examples Outcomes

Histones

Methylation [30]
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Table 2. Epigenetic regulations of gene expression by micro-RNAs. Description of the effects of
methylated mRNAs that are associated with gene repression.

Molecules that Regulate
Gene Expression

Types of
Modification Examples Outcome

Micro-RNA Methylation

miR9 Associated with cancer metastasis by gene repression [37].

miR-34b/c Affects the gene expression of miR-34: miR-34a, miR-34b and
miR-34c; and it is associated with colorectal cancer [38].

miR-124 Associated with brain tumor by transcription repression [39].

Apart from histones, there are other types of DNA binding proteins, such as polycomb group
proteins (PcG), heterochromatin protein (HP1) and DNA-binding zinc finger protein (ZnFn), that
regulate gene expression. These proteins are very specific to a particular DNA sequence on the genome
and modify the chromatin structure to regulate gene expression [40] (Table 3).

Table 3. Epigenetic regulations of gene expression by DNA binding proteins. Summary of the gene
expression regulations by methylated DNA binding proteins, such as polycomb group proteins,
heterochromatin proteins and DNA binding zinc finger proteins.

Molecules Regulate
Gene Expression

Type of
Modification Examples Outcomes

DNA-binding proteins Methylation

Polycomb group
proteins (PcG)

Play a role in cellular differentiation by
repressing transcription [41].

Heterochromatin
protein (HP1)

Include many functions, like repressing genes by
heterochromatin formation, regulates binding of

complexes to centromere and maintains
chromatin integrity [42].

DNA binding zinc
finger protein (ZnF)

Regulates transcription processes,
such as C2H2 ZnFs [43].

These epigenetic modifications play a role in stem cell proliferation and differentiation, which will
be discussed in detail in the upcoming sections of this review. Interestingly, exercise and diet can also
have an impact on epigenetic modification and gene expression. During exercise, the body releases
exosomes containing miRNA, which plays a role in gene expression. Similarly, intake of vitamins
(B6 and B12) has an impact on the homocysteine, which is a by-product obtained from DNA/RNA
methylation. However, the roles of diet and exercise are beyond the focus of this review [44].

As mentioned earlier, the differentiation of MSCs, NSCs and iPSCs into neuronal lineages
constitutes a major interest for researchers who are searching for potential therapies for
neurodegenerative disorders.

Hence, epigenetic mechanisms have a role in determining how successfully the MSCs, NSCs
and iPSCs can differentiate into neuronal and glial lineages and to what extent they are able to exert
therapeutic effects for treating various neurodegenerative disorders.

3. Epigenetic Mechanisms in Mesenchymal Stem Cells and Huntington’s Disease

Huntington’s disease is an autosomal dominant, late-onset neurodegenerative disease
characterized by the degeneration of medium spiny neurons in the striatum of the brain [7]. The
main cause of the disease is the CAG repeat expansion on the Huntingtin gene (HTT), giving rise to
abnormal huntingtin protein characterized by an extended polyglutamine tract (poly Q). This leads to
intracellular aggregation of the abnormal protein, which then becomes toxic to the neurons [45,46].
Another characteristic observed in HD is a downregulation of trophic factors. Use of MSCs, which
can be engineered to overexpress these factors, may offer a potential treatment for HD. Use of MSCs
for clinical applications has enormous potential in the field of neuroscience. MSCs can maintain
tissue homeostasis, have very low immune responses and are abundantly present in the bone marrow
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(BM) [47]. During the last few years, our lab has focused considerable effort on modifying BM-MSCs to
secrete increased levels of neurotrophic factors. When these modified BM-MSCs are transplanted into
animal models of HD, they create a more suitable environment in the brain by reducing inflammation
and restoring lost neurotrophic support to help compensate the neurons that are lost through the
disease process. Previous work conducted by the present authors has indicated that MSCs, which have
been modified to overexpress BDNF, which, in turn, is downregulated in the brains of the HD patients,
can ameliorate deficits in a rodent model of HD [7]. Since BDNF is required for maintaining healthy
neurons, MSCs overexpressing BDNF can compensate for the deficient levels in HD brains, thereby
reducing the number of lost neurons in the degenerated regions of the HD brain [9].

Given that BM-derived MSCs are multipotent and can differentiate into three lineages (osteogenic,
adipogenic and chondrogenic), depending on the molecular mechanisms of the genes [48], these cells
can provide a useful tool for studying the epigenetic processes in cellular differentiation. Osteopontin
(OPN), peroxisome proliferator-activated receptors gamma 2 (PPAR-γ2) and fatty acid binding
protein 4 (FABP4) are the genes associated with osteogenic and adipogenic pathways [49]. To push
these MSCs away from their traditional lineages into a neuronal lineage, they must be forced to
undergo epigenetic changes. This is achieved by expanding them in culture or passaging them, during
which time some of the genes of these cells undergo methylation and acetylation [50]. As these MSCs
expand in culture, the epigenetic status of OPN, PPAR-γ2 and FABP4 undergoes changes, and the
fate of the cells becomes different, as they are driven towards a neuronal lineage. Using the analogy
of Waddington’s epigenetic landscape, during cell passaging, these MSCs take a different route on
the surface of the landscape. Specifically, the levels of the marker, H3K9Ac (acetylation of lysine
at the ninth position on histone 3, which is associated with gene activation), are decreased in the
promotor regions of OPN, PPAR-γ2 and FABP4, suggesting that these genes are less likely to become
activated [51]. In such a scenario, these MSCs are less likely to attain a bone or bone-marrow lineage,
allowing for a shift towards a neuronal lineage.

Since passaging these MSCs has an impact on determining their fates, work in the lab of the
present authors has been conducted to assess the effects of the number of passages (three to eight
versus 40 to 50 passages) on the characteristics and efficacy of BM-MSCs. Both groups of passaged
cells were then transplanted (allotransplants) into the R6/2 mouse model of HD. The outcomes of
this study demonstrated that the BM-MSCs with a higher number of passages in the brain were more
effective in reducing the behavioral deficits observed in this mouse model of HD [52]. This indicates
that passaging the BM-MSC for 40 to 50 times induced them to generate a sub-population of cells that
created an environment that produced more trophic factors, like BDNF. This may have created a more
suitable microenvironment for the host cells to function more effectively than did the MSCs that were
passaged only three to eight times.

Teven and colleagues in 2011 [53] showed that the role of H3K27me3 (methylation of lysine at
the 27th position on histone 3) is associated with gene repression in the thyroid hormone receptor
interactor-10 gene (Trip10) promoter, in vitro. This leads to methylation of MSCs and reduces the
expression of the Trip10 gene, thereby directing the MSCs to take on osteogenic and neuronal lineages.

In addition to these epigenetic changes, there are various other epigenetic regulators and markers
that occur in various genes of MSCs that determine the cell fate. These are discussed in detail
elsewhere [54].

4. Epigenetic Mechanism in Adult Neural Stem Cells and Alzheimer’s Disease

Alzheimer’s disease is a neurodegenerative disorder characterized by the accumulation of
hyperphosphorylated tau, which forms neurofibrillary tangles (NFTs) in the intracellular spaces, and
amyloid beta protein (Aβ), which constitutes the amyloid-plaques in extracellular spaces [55,56].
The major candidate genes involved in AD are Presenilin 1 and 2 (PS1 and PS2) and amyloid
precursor protein (APP) [56,57]. Differentiated neural stem cells could be used as a potential treatment
for AD. Neural stem cells (NSCs) are precursors for the mature neurons and are present in niche
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microenvironment areas of the brain [58]. The majority of the NSCs in the brain are present in the
sub-ventricular zone (SVZ) and the sub-granular zone (SGZ). The NSC niche areas in the central
and the peripheral nervous systems are different from each other, but the signals from these niches
coordinate to form the final fate of the NSCs. The NSC population in the niche and its differentiation
are regulated by genetic factors, such as growth and transcription factors, as well as environmental
factors, such as stress, depression and anxiety [59]. These NSCs undergo epigenetic changes that
control both the intrinsic and extrinsic signals, before they become specialized. The three types of
epigenetic changes associated with NSCs are DNA methylation, histone modifications and miRNAs.
These epigenetic changes interact and depend on each other to push the NSCs into mature neurons
and glial cells [60].

4.1. DNA Methylation

Mature neurons are usually derived from neurospheres, which are maintained in the presence of
growth factors (epidermal and fibroblast growth factors). This ensures that the neurospheres proliferate
and do not differentiate, but once the neurospheres enter a different environment that does not have
these growth factors, they start to differentiate, producing mature neurons and glial cells from their
progenitors. These supplements, which alter the environment of the neurospheres, help to determine
their fate [61]. It was discovered that the NSCs in the neurospheres express DNA methyltransferase
enzyme, confirming that these NSCs, in their undifferentiated form, undergo DNA methylation. The
absence of growth factors triggers epigenetic mechanisms, which reduce the amount of DNMT and
DNA methylation [62]. Reduction in DNA methylation leads to the activation of the genes that are
necessary for the induction of differentiation and transformation of NSCs into neurons.

4.2. Histone Modifications

Adult neurogenesis involves histone acetylation and histone methylation of the genes that are
mediated by histone acetyl transferase, deacetylase and histone demethylase enzymes, respectively [63].
Histone deacetylation by HDAC is essential for these cells to undergo neurogenesis, for both neuronal
and glial lineages [64]. Inhibition of deacetylase enzyme leads to reduced proliferation of cells, and the
“stemness” of the glial cells is lost, resulting in a lesser number of oligodendrocytes and astrocytes
that can be formed. Interestingly, it has been shown that the neuronal lineage was not affected by this
mechanism [65]. In a similar way, there is other evidence that suggests that histone-3 acetylation leads
to increased neuronal cell fate and decreased glial cell fate [66]. This could be induced by using valproic
acid, which is a well-known inhibitor of the HDAC enzyme [13]. The environment, particularly the
type of supplementations that are available for the neurospheres or the NSCs, can play a vital role in
determining the path taken in Waddington’s landscape.

DNA methylation, again, has a prominent role in neurogenesis [13]. Two antagonistic complexes
modulate the epigenetic regulation of NSCs: the polycomb group of protein complex (PcG) and
the trithorax protein complex (TrxG). Previous studies have looked at these complexes in detail,
as discussed below. These complexes lead to gene repression and activation by associating with
H3K27me3 and H3K4me3, respectively. The TrxG, member of mixed-lineage leukemia-1 (Mll-1), is
associated with the activated histone, H3K4me3, which activates the genes required for the NSC
differentiation. On the other hand, the PcG consists of the B-lymphoma Mo-MLV insertion region-1
homolog (BMI1-1), which is associated with the repressive histone H3K27me3 (Table 4). Therefore,
increase in the repressive histones elevate levels of BMI-1, resulting in decreased NSC proliferation
(Figure 3). In order to rescue neurogenesis caused by repressive histones, DNA methyltransferase-3a is
vital. This enzyme is an antagonist to PcG and the repressive histone, H3K27me3, allowing for the
activation of histone H3K4me3, which can lead to successful neurogenesis [13,60,67].
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4.3. Micro-RNAs

Micro-RNAs constitute a small, non-coding RNA of about 25 nucleotides in size that can inhibit
the expression of developmental genes at the post-transcriptional level. There are about 2000 different
types of miRNAs found in the human brain [69]. These miRNAs, in particular, miRNA-9, along with Tlx
(orphan nuclear receptor homologue of the Drosophila tailless gene), form a feedback mechanism and
regulates neurogenesis. Similarly, the miRNA, Let b, interacts with Tlx and cyclinD and induces NSC
differentiation by suppressing proliferation [13,70]. Another interesting miRNA, which is associated
with neurogenesis, is miRNA-124. This miRNA is very specific to the brain and plays a major role in
controlling the rate at which the neurogenesis takes place. These miRNAs interact with JAG1, SOX9
and DLX2 genes present in the SVZ and promote neural progenitor renewal, glial cell renewal and the
production of inter-neurons, respectively [13,71] (see Table 4).

Table 4. Epigenetic regulations of gene expression by micro-RNAs. Different miRNAs are involved in
gene expression, which are associated with differentiation, proliferation and neurogenesis of neuronal
stem cells [13,70,71].

miRNAs Gene Regulatory Mechanism(s) Outcome(s)

miRNA-9 Interacts with Tlx Controls NSC neurogenesis
Let-b Interacts with Tlx and cyclinD Represses NSC proliferation and increases differentiation

miRNA-124
Interacts with JAG1 Induces neural progenitor renewal
Interacts with SOX9 Controls glial cell renewal
Interacts with DLX2 Produces inter-neurons

Research on the DNA methylation status of PS1, PS2 and APP genes has yielded inconsistent
results [72–74], with variable amounts of DNA methylation found in these genes, when compared
to the severity of the disease. Some researchers have found no evidence of DNA methylation in the
above-mentioned genes at all. However, evidence does exist that suggests that there are epigenetic
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dysregulations in the AD brain that may impact neurogenesis in any one of the ways described above.
For example, there is a decreased amount of acetylation in histone 4 (H4K12Ac) that causes cognitive
impairment, one of the major symptoms of AD [60]. Further, downregulation of miR-15, miR-16,
miR-132 and miR-497 is also associated with the accumulation of phospho-tau, whereas miR-106a,
miR-106b, miR-107, miR-124, miR-137, miR-153, miR-195 and miR-520c are linked to deposition of
Aβ-plaques in AD [75–77]. Therefore, the expression profile of miRNAs can contribute significantly to
the inhibition of neurogenesis, as well as the initiation of AD-like symptoms. Hence, upregulation of
these miRNAs or identifying and restoring the status of the DNA-methylation might be a promising
way to approach AD therapy.

5. Epigenetic Mechanisms in Induced Pluripotent Stem Cells

Epigenetics not only helps in stem cell proliferation and their maturation into specialized cells,
but it also plays an important role in converting the already mature cell into another cell of a different
lineage. Takahashi and colleagues [78] took advantage of this fact and modified Waddington’s
landscape by inducing the already existing specialized cells into other somatic cell lineages, by the
process of lineage conversion. In other words, the specialized cells moved from their determined path
to another path on the landscape (Figure 4).
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The reprogramming of cells into iPSCs or other somatic cell lineages by manipulating several
genetic factors has been attempted by several scientists. However, the seminal pioneering work in this
area was conducted by Shinya Yamanaka, who initially started with expressing 24 genes to induce the
reprogramming process [79]. Through an exhaustive screening method to identify and isolate which
genes play the critical role for this reprogramming process, Yamanaka and colleagues were able to
focus their efforts on likely candidate genes, which included Oct3/4, Sox2, Klf4, c-Myc , Nanog and
Lin-28 [80] (Table 5). Ultimately, out of the original 24 genes, Yamanaka and colleagues came to the
conclusion that four of them (Oct4, Sox2, Klf4 and c-Myc) are necessary and sufficient to change a cell
lineage. These factors are known as Yamanaka factors, and cells produced by this reprogramming
method are known as induced pluripotent stem cells (iPSCs) [81].
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Table 5. Role of different genetic factors involved in stem cell reprogramming. Summarizes the
different genetic factors and their roles including the Yamanaka factors in reprogramming the stem
cells into iPSCs.

Genes of
Induction Outcome(s) in the Presence of the Factor YamanakA

Factors Outcome(s) in the Presence of the Factor

Sox family
(Sox1, Sox2, Sox3,

and Sox15)

Mainly associated with maintaining the
pluripotency of the cell. Functions of Sox2
are dosage dependent. Associated with

early embryonic development
(tissues and organ formation) [82].

Oct4 Associated with pluripotency and silenced
when cells undergo differentiation [87].

Klf family
(Klf1, Klf2, Klf4,

and Klf5)

Associated with cell proliferation,
differentiation and maintains tissue

homeostasis and apoptosis [83].
Sox2 Associated with maintaining the embryonic

stem cells in an undifferentiated state [82].

Myc family
(c-myc, L-myc,

and N-myc)

Associated with tumor or cancer
formation [84]. Klf4 They are required for reprogramming and

self-renewal of embryonic stem cells [83].

Nanog Similar to Oct-3/4, they maintain
pluripotency [85].

c-Myc

Associated with early reprogramming and
cell proliferation. They are also associated

in the process of the transcriptional activity
of some of the genes that undergo

de-differentiation and proliferation [15].
LIN28

Associated with maintaining
pluripotency by regulating

miR let 7 [86].

Interestingly, it was found that when iPSCs are produced from embryonic stem cells (ESCs), the
epigenetic profile and gene expression profile were maintained with minimal differences. However,
the iPSCs derived from fibroblasts had about 3349 different methylated regions, but the iPSCs derived
from the blood had only about 516 methylated regions [80]. Hence, these markers are initially not
active, but become activated during reprogramming of the cells. In one study, DNA methylation status
was compared between different ESCs, iPSCs and somatic cell lines, and it was found that about 90%
of the regions had the same epigenetic status, while the remaining 10% were responsible for all of
the differences between these cells [88]. Similar comparisons were made between MSCs, ESCs and
iPSCs, and it was found that the methylation status was about 50% for MSCs and 70% for iPSCs that
were derived from either MSCs or ESCs. Hence, reprogramming of the iPSCs from any of these cells
requires changes of epigenetic status, namely converting the un-methylated regions to methylated
regions [89].

Due to the variable expression of the methylation status, there is a shift in the way these iPSCs
behave. For example, the iPSCs derived from mouse blood cells or the skin cells will have different
methylation profiles, which influence how well these cells are reprogrammed to become hematopoietic
or osteogenic lineages, respectively [90]. It has also been noted that decreased, or insufficient, DNA
methylation affects the efficacy of the iPSCs that are derived from hepatocytes, fibroblasts and
melanocytes [80]. As such, epigenetic memory, in the form of the methylation profile, plays an
important role in reprogramming the cells and their characteristics. Some of the factors that have
an influence on the epigenetic memory are the media used in the iPSC culture, the supplements
and the nutrients (vitamin C and trichostatin, respectively), as well as the levels of O2 and CO2.
Interestingly, unlike MSCs, the passage number does not appear to play a critical role in differentiation.
The methylation status remains the same during higher and lower passages. The somatic cells from
which iPSCs are derived have a noticeable impact on the epigenetic mechanism, whereas the number
of passages does not [91]. In vitro reprogramming of these cells involves loss of repressive markers
(H3K27me3) and the gain of activation markers (H3K4me3). Hence, when there is a transition from
somatic cells back to pluripotent cells, another epigenetic marker, H3K4me2, is involved, which is lost
in the somatic genes, but gained in the pluripotent cells. Similar to adult NSCs, iPSC reprogramming
and maturation depends on epigenetic mechanisms and the efficiency by which cells transform into a
different lineage. Manipulating the desired lineage for therapeutic purposes depends on controlling
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these specific epigenetic mechanisms. These also include mechanisms other than DNA methylation
(for a review, see Paap and Plath, 2013) [92].

6. Conclusions

Understanding the epigenetic mechanisms influencing the differentiation of stem cells, in
terms of passage number and culture conditions, including the use of appropriate supplements,
are important variables for creating the type of cells that will provide the most effective treatment
for neurodegenerative diseases. The use of MSCs, NSCs and iPSCs provides a promising tool for
therapeutic treatments of such disorders. The “Holy Grail” for devising the most effective treatments
for neurodegenerative diseases involves replacing lost neurons. Therefore, differentiation of MSCs,
NSCs and iPSCs into neurons requires a thorough understanding of the epigenetic status of these cells
at the time of their transplantation. Being able to manipulate these cells to a desired epigenetic status
for transforming them into the appropriate neuronal lineages could provide the critical means for
developing optimal cell therapies for neurodegenerative disorders.

Acknowledgments: Support for this study was provided by the College of Medicine at Central Michigan
University, the Field Neurosciences Institute, and the John G. Kulhavi Professorship in Neuroscience at Central
Michigan University.

Author Contributions: Bhairavi Srinageshwar, Panchanan Maiti, Gary L. Dunbar and Julien Rossignol
coordinated and helped to draft the manuscript. Gary L. Dunbar and Julien Rossignol performed the final
proof of the manuscript. All authors read and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sell, S. Stem Cells Handbook, 2nd ed.; Humana Press: New York, NY, USA, 2013.
2. Lakshmipathy, U.; Verfaillie, C. Stem cell plasticity. Blood Rev. 2005, 19, 29–38. [CrossRef] [PubMed]
3. Gu, W.; Zhang, F.; Xue, Q.; Ma, Z.; Lu, P.; Yu, B. Transplantation of bone marrow mesenchymal stem cells

reduces lesion volume and induces axonal regrowth of injured spinal cord. Neuropathology 2010, 30, 205–217.
[CrossRef] [PubMed]

4. Song, C.H.; Honmou, O.; Ohsawa, N.; Nakamura, K.; Hamada, H.; Furuoka, H.; Hasebe, R.; Horiuchi, M.
Effect of Transplantation of Bone Marrow-Derived Mesenchymal Stem cells on Mice Infected with Prions.
J. Virol. 2009, 83, 5918–5927. [CrossRef] [PubMed]

5. Prockop, D.J.; Gregory, C.A.; Spees, J.L. One Strategy for Cell and Gene Therapy: Harnessing the Power of
Adult Stem Cells to Repair Tissues. Proc. Natl. Acad. Sci. USA 2003, 100, 11917–11923. [CrossRef] [PubMed]

6. Blurton-Jones, M.; Spencer, B.; Michael, S.; Castello, N.A.; Agazaryan, A.A.; Davis, J.L.; Müller, F.J.; Loring, J.F.;
Masliah, E.; LaFerla, F.M. Neural stem cells genetically-modified to express neprilysin reduce pathology in
Alzheimer transgenic models. Stem Cell Res. Ther. 2014, 5, 46. [CrossRef] [PubMed]

7. Crane, A.T.; Rossignol, J.; Dunbar, G.L. Use of Genetically Altered Stem Cells for the treatment of
Huntington’s Disease. Brain Sci. 2014, 4, 202–219. [CrossRef] [PubMed]

8. D’Anglemont de Tassigny, X.; Pascual, A.; López-Barneo, J. GDNF-based therapies, GDNF-producing
interneurons, and trophic support of the dopaminergic nigrostriatal pathway. Implications for Parkinson’s
disease. Front. Neuroanat. 2015, 9. [CrossRef]

9. Wyse, R.D.; Dunbar, G.L.; Rossignol, J. Use of genetically modified mesenchymal stem cells to treat
neurodegenerative diseases. Int. J. Mol. Sci. 2014, 15, 1719–1745. [CrossRef] [PubMed]

10. Schu, S.; Nosov, M.; O’Flynn, L.; Shaw, G.; Treacy, O.; Barry, F.; Murphy, M.; O’Brien, T.; Ritter, T.
Immunogenicity of Allogeneic Mesenchymal Stem Cells. J. Cell. Mol. Med. 2012, 16, 2094–2103. [CrossRef]
[PubMed]

11. Bifari, F.; Pacelli, L.; Krampera, M. Immunological properties of embryonic and adult stem cells. World J.
Stem Cells. 2010, 2, 50–60. [CrossRef] [PubMed]

12. Boquest, A.C.; Noer, A.; Collas, P. Epigenetic programming of mesenchymal stem cells from human adipose
tissue. Stem Cell. Rev. 2006, 2, 319–329. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.blre.2004.03.001
http://www.ncbi.nlm.nih.gov/pubmed/15572215
http://dx.doi.org/10.1111/j.1440-1789.2009.01063.x
http://www.ncbi.nlm.nih.gov/pubmed/19845866
http://dx.doi.org/10.1128/JVI.00165-09
http://www.ncbi.nlm.nih.gov/pubmed/19297502
http://dx.doi.org/10.1073/pnas.1834138100
http://www.ncbi.nlm.nih.gov/pubmed/13679583
http://dx.doi.org/10.1186/scrt440
http://www.ncbi.nlm.nih.gov/pubmed/25022790
http://dx.doi.org/10.3390/brainsci4010202
http://www.ncbi.nlm.nih.gov/pubmed/24961705
http://dx.doi.org/10.3389/fnana.2015.00010
http://dx.doi.org/10.3390/ijms15021719
http://www.ncbi.nlm.nih.gov/pubmed/24463293
http://dx.doi.org/10.1111/j.1582-4934.2011.01509.x
http://www.ncbi.nlm.nih.gov/pubmed/22151542
http://dx.doi.org/10.4252/wjsc.v2.i3.50
http://www.ncbi.nlm.nih.gov/pubmed/21607122
http://dx.doi.org/10.1007/BF02698059
http://www.ncbi.nlm.nih.gov/pubmed/17848719


Int. J. Mol. Sci. 2016, 17, 199 12 of 15

13. Ariff, I.M.; Mitra, A.; Basu, A. Epigenetic Regulation of Self-Renewal and Fate determination in Neural Stem
Cells. J. Neurosci. Res. 2012, 90, 529–539. [CrossRef] [PubMed]

14. Lunyak, V.V.; Rosenfeld, M.G. Epigenetic regulation of stem cell fate. Hum. Mol. Genet. 2008, 17, R28–R36.
[CrossRef] [PubMed]

15. Schmidt, R.; Plath, K. The roles of the reprogramming factors Oct4, Sox2 and Klf4 in resetting the somatic
cell epigenome during induced pluripotent stem cell generation. Genome Biol. 2012, 13, 251. [CrossRef]
[PubMed]

16. Meissner, A. Epigenetic modifications in pluripotent and differentiated cells. Nat. Biotechnol. 2010, 28,
1079–1088. [CrossRef] [PubMed]

17. Isles, A.R.; Wilkinson, L.S. Epigenetics: What is it and why is it important to mental disease. Br. Med. Bull.
2008, 85, 35–45. [CrossRef] [PubMed]

18. D’Urso, A.; Brickner, J.H. Mechanisms of epigenetic memory. Trends Genet. 2014, 30, 230–236. [CrossRef]
[PubMed]

19. Sweatt, J.D.; Nestler, E.J.; Meaney, M.J.; Akbarian, S. An Overview of the Molecular Basis of Epigenetics.
In Epigenetic Regulation in the Nervous System—Basic Mechanisms and Clinical Impact; Elsevier: San Diego, CA,
USA, 2013; pp. 3–33.

20. Bird, A.P. Perceptions of epigenetics. Nature 2007, 447, 396–398. [CrossRef] [PubMed]
21. Waddington, C.H. An Introduction to Modern Genetics. Proc. R. Entomol. Soc. Lond. Ser. A 1939, 14, 82.
22. Stern, C.D.; Conrad, H. Waddington’s contributions to avian and mammalian development, 1930–1940.

Int. J. Dev. Biol. 2000, 44, 15–22. [PubMed]
23. Barth, T.K.; Imhof, A. Fast signals and slow marks: The dynamics of histone modifications. Trends Biochem. Sci.

2010, 35, 618–626. [CrossRef] [PubMed]
24. Bhattacharya, S.; Zhang, Q.; Andersen, M.E. A deterministic map of Waddington’s epigenetic landscape for

cell fate specification. BMC Syst. Biol. 2011, 5, 85. [CrossRef] [PubMed]
25. Strahl, B.D.; Allis, C.D. The language of covalent histone modifications. Nature 2000, 403, 41–45. [CrossRef]

[PubMed]
26. Voigt, P.; Tee, W.W.; Reinberg, D. A double take on bivalent promoters. Genes Dev. 2013, 27, 1318–1338.

[CrossRef] [PubMed]
27. Bannister, A.J.; Kouzarides, T. Regulation of chromatin by histone modifications. Cell. Res. 2011, 21, 381–395.

[CrossRef] [PubMed]
28. Delcuve, G.P.; Khan, D.H.; Davie, J.R. Roles of histone deacetylases in epigenetic regulation: Emerging

paradigms from studies with inhibitors. Clin. Epigenet. 2012, 4, 5. [CrossRef] [PubMed]
29. Hans, F.; Dimitrov, S. Histone H3 phosphorylation and cell division. Oncogene 2001, 20, 3021–3027. [CrossRef]

[PubMed]
30. Ghavifekr Fakhr, M.; Farshdousti Hagh, M.; Shanehbandi, D.; Baradaran, B. DNA methylation pattern as

important epigenetic criterion in cancer. Genet. Res. Int. 2013. [CrossRef] [PubMed]
31. Guillemette, B.; Drogaris, P.; Lin, H.H.; Armstrong, H.; Hiragami-Hamada, K.; Imhof, A.; Bonneil, E.;

Thibault, P.; Verreault, A.; Festenstein, R.J. H3 lysine 4 is acetylated at active gene promoters and is regulated
by H3 lysine 4 methylation. PLoS Genet. 2011, 7, e1001354. [CrossRef] [PubMed]

32. UK Essays. Targeting The Prostate Cancer Epigenome Biology Essay. Available online: http://www.
ukessays.com/essays/biology/targeting-the-prostate-cancer-epigenome-biology-essay.php?cref=1
(accessed on 19 December 2015).

33. Kwon, S.J.; Park, J.H.; Park, E.J.; Lee, S.A.; Lee, H.S.; Kang, S.W.; Kwon, J. ATM-mediated phosphorylation of
the chromatin remodeling enzyme BRG1 modulates DNA double-strand break repair. Oncogene 2015, 34,
303–313. [CrossRef] [PubMed]

34. Banerjee, T.; Chakravarti, D. A peek into the complex realm of histone phosphorylation. Mol. Cell. Biol. 2011,
31, 4858–4873. [CrossRef] [PubMed]

35. Sawicka, A.; Seiser, C. Sensing core histone phosphorylation—A matter of perfect timing. Biochim. Biophys. Acta
2014, 1839, 711–718. [CrossRef] [PubMed]

36. Saetrom, P.; Snøve, O., Jr.; Rossi, J.J. Epigenetics and microRNAs. Pediatr. Res. 2007, 61, 17R–23R. [CrossRef]
[PubMed]

http://dx.doi.org/10.1002/jnr.22804
http://www.ncbi.nlm.nih.gov/pubmed/22183977
http://dx.doi.org/10.1093/hmg/ddn149
http://www.ncbi.nlm.nih.gov/pubmed/18632693
http://dx.doi.org/10.1186/gb-2012-13-10-251
http://www.ncbi.nlm.nih.gov/pubmed/23088445
http://dx.doi.org/10.1038/nbt.1684
http://www.ncbi.nlm.nih.gov/pubmed/20944600
http://dx.doi.org/10.1093/bmb/ldn004
http://www.ncbi.nlm.nih.gov/pubmed/18281695
http://dx.doi.org/10.1016/j.tig.2014.04.004
http://www.ncbi.nlm.nih.gov/pubmed/24780085
http://dx.doi.org/10.1038/nature05913
http://www.ncbi.nlm.nih.gov/pubmed/17522671
http://www.ncbi.nlm.nih.gov/pubmed/10761841
http://dx.doi.org/10.1016/j.tibs.2010.05.006
http://www.ncbi.nlm.nih.gov/pubmed/20685123
http://dx.doi.org/10.1186/1752-0509-5-85
http://www.ncbi.nlm.nih.gov/pubmed/21619617
http://dx.doi.org/10.1038/47412
http://www.ncbi.nlm.nih.gov/pubmed/10638745
http://dx.doi.org/10.1101/gad.219626.113
http://www.ncbi.nlm.nih.gov/pubmed/23788621
http://dx.doi.org/10.1038/cr.2011.22
http://www.ncbi.nlm.nih.gov/pubmed/21321607
http://dx.doi.org/10.1186/1868-7083-4-5
http://www.ncbi.nlm.nih.gov/pubmed/22414492
http://dx.doi.org/10.1038/sj.onc.1204326
http://www.ncbi.nlm.nih.gov/pubmed/11420717
http://dx.doi.org/10.1155/2013/317569
http://www.ncbi.nlm.nih.gov/pubmed/24455281
http://dx.doi.org/10.1371/journal.pgen.1001354
http://www.ncbi.nlm.nih.gov/pubmed/21483810
http://dx.doi.org/10.1038/onc.2013.556
http://www.ncbi.nlm.nih.gov/pubmed/24413084
http://dx.doi.org/10.1128/MCB.05631-11
http://www.ncbi.nlm.nih.gov/pubmed/22006017
http://dx.doi.org/10.1016/j.bbagrm.2014.04.013
http://www.ncbi.nlm.nih.gov/pubmed/24747175
http://dx.doi.org/10.1203/pdr.0b013e318045760e
http://www.ncbi.nlm.nih.gov/pubmed/17413846


Int. J. Mol. Sci. 2016, 17, 199 13 of 15

37. Song, Y.; Li, J.; Zhu, Y.; Dai, Y.; Zeng, T.; Liu, L.; Li, J.; Wang, H.; Qin, Y.; Zeng, M.; et al. MicroRNA-9
promotes tumor metastasis via repressing E-cadherin in esophageal squamous cell carcinoma. Oncotarget
2014, 5, 11669–11680. [CrossRef] [PubMed]

38. Xie, Y.; Zong, P.; Wang, W.; Liu, D.; Li, B.; Wang, Y.; Hu, J.; Ren, Y.; Qi, Y.; Cui, X.; et al. Hypermethylation
of potential tumor suppressor miR-34b/c is correlated with late clinical stage in patients with soft tissue
sarcomas. Exp. Mol. Pathol. 2015, 98, 446–454. [CrossRef] [PubMed]

39. Garg, N.; Vijayakumarm, T.; Bakhshinyan, D.; Venugopal, C.; Singh, S.K. MicroRNA Regulation of Brain
Tumour Initiating Cells in Central Nervous System Tumours. Stem Cells Int. 2015, 2015. [CrossRef] [PubMed]

40. Bonifer, C.; Cockerill, P.N. Chromatin mechanisms regulating gene expression in health and disease. Adv. Exp.
Med. Biol. 2011, 711, 12–25. [PubMed]

41. Shao, Z.; Raible, F.; Mollaaghababa, R.; Guyon, J.R.; Wu, C.T.; Bender, W.; Kingston, R.E. Stabilization of
chromatin structure by PRC1, a Polycomb complex. Cell 1999, 98, 37–46. [CrossRef]

42. Norwood, L.E.; Grade, S.K.; Cryderman, D.E.; Hines, K.A.; Furiasse, N.; Toro, R.; Li, Y.; Dhasarathy, A.;
Kladde, M.P.; Hendrix, M.J.; et al. Conserved properties of HP1(Hsalpha). Gene 2004, 336, 37–46. [CrossRef]
[PubMed]

43. Najafabadi, H.S.; Mnaimneh, S.; Schmitges, F.W.; Garton, M.; Lam, K.N.; Yang, A.; Albu, M.; Weirauch, M.T.;
Radovani, E.; Kim, P.M.; et al. C2H2 zinc finger proteins greatly expand the human regulatory lexicon.
Nat. Biotechnol. 2015, 33, 555–562. [CrossRef] [PubMed]

44. Archer, T. Epigenetic Changes Induced by Exercise. J. Reward Defic. Syndr. 2015, 1, 71–74.
45. Zuccato, C.; Valenza, M.; Cattaneo, E. Molecular mechanisms and potential therapeutical targets in

Huntington’s disease. Physiol. Rev. 2010, 90, 905–981. [CrossRef] [PubMed]
46. HD Collaborative Research Group. A novel gene containing a trinucleotide repeat that is expanded and

unstable on Huntington’s disease chromosomes. Cell 1993, 72, 971–983.
47. Valtieri, M.; Sorrentino, A. The mesenchymal stromal cell contribution to homeostasis. J. Cell. Physiol. 2008,

217, 296–300. [CrossRef] [PubMed]
48. Wagner, W.; Feldmann, R.E., Jr.; Seckinger, A.; Maurer, M.H.; Wein, F.; Blake, J.; Krause, U.; Kalenka, A.;

Bürgers, H.F.; Saffrich, R.; et al. The heterogeneity of human mesenchymal stem cell preparations–Evidence
from simultaneous analysis of proteomes and transcriptomes. Exp. Hematol. 2006, 34, 536–548. [CrossRef]
[PubMed]

49. Phinney, D.G. Functional heterogeneity of mesenchymal stem cells: Implications for cell therapy.
J. Cell. Biochem. 2012, 113, 2806–2812. [CrossRef] [PubMed]

50. Li, Z.; Liu, C.; Xie, Z.; Song, P.; Zhao, R.C.H.; Guo, L.; Liu, Z.; Wu, Y. Epigenetic Dysregulation in
Mesenchymal Stem Cell Aging and Spontaneous Differentiation. PLoS ONE 2011, 6, e20526. [CrossRef]
[PubMed]

51. Guo, L.; Zhou, Y.; Wang, S.; Wu, Y. Epigenetic changes of mesenchymal stem cells in three-dimensional (3D)
spheroids. Cell. Mol. Med. 2014, 18, 2009–2019. [CrossRef] [PubMed]

52. Rossignol, J.; Fink, K.D.; Crane, A.T.; Davis, K.K.; Bombard, M.C.; Clerc, S.; Bavar, A.M.; Lowrance, S.A.;
Song, C.; Witte, S.; et al. Reductions in behavioral deficits and neuropathology in the R6/2 mouse model
of Huntington’s disease following transplantation of bone-marrow-derived mesenchymal stem cells is
dependent on passage number. Stem Cell Res. Ther. 2015, 6, 9. [CrossRef] [PubMed]

53. Teven, C.M.; Liu, X.; Hu, N.; Tang, N.; Kim, S.H.; Huang, E.; Yang, K.; Li, M.; Gao, J.L.; Liu, H.; et al.
Epigenetic regulation of mesenchymal stem cells: A focus on osteogenic and adipogenic differentiation.
Stem Cells Int. 2011, 2011. [CrossRef] [PubMed]

54. Huang, B.; Li, G.; Jiang, X.H. Fate determination in mesenchymal stem cells: A perspective from
histone-modifying enzymes. Stem Cell. Res. Ther. 2015, 6, 35. [CrossRef] [PubMed]

55. Walsh, D.M.; Selkoe, D.J. Oligomers on the brain: The emerging role of soluble protein aggregates in
neurodegeneration. Protein Pept. Lett. 2004, 11, 213–228. [CrossRef] [PubMed]

56. Selkoe, D.J. The origins of Alzheimer disease: A is for amyloid. JAMA 2000, 283, 1615–1617. [CrossRef]
[PubMed]

57. De Strooper, B. Loss-of-function presenilin mutations in Alzheimer disease. Talking Point on the role of
presenilin mutations in Alzheimer disease. EMBO Rep. 2007, 8, 141–146. [CrossRef] [PubMed]

58. Jones, D.L.; Wagers, A.J. No place like home: Anatomy and function of the stem cell niche. Nat. Rev. Mol.
Cell Biol. 2008, 9, 11–21. [CrossRef] [PubMed]

http://dx.doi.org/10.18632/oncotarget.2581
http://www.ncbi.nlm.nih.gov/pubmed/25375090
http://dx.doi.org/10.1016/j.yexmp.2015.03.017
http://www.ncbi.nlm.nih.gov/pubmed/25773680
http://dx.doi.org/10.1155/2015/141793
http://www.ncbi.nlm.nih.gov/pubmed/26064134
http://www.ncbi.nlm.nih.gov/pubmed/21627039
http://dx.doi.org/10.1016/S0092-8674(00)80604-2
http://dx.doi.org/10.1016/j.gene.2004.04.003
http://www.ncbi.nlm.nih.gov/pubmed/15225874
http://dx.doi.org/10.1038/nbt.3128
http://www.ncbi.nlm.nih.gov/pubmed/25690854
http://dx.doi.org/10.1152/physrev.00041.2009
http://www.ncbi.nlm.nih.gov/pubmed/20664076
http://dx.doi.org/10.1002/jcp.21521
http://www.ncbi.nlm.nih.gov/pubmed/18615579
http://dx.doi.org/10.1016/j.exphem.2006.01.002
http://www.ncbi.nlm.nih.gov/pubmed/16569600
http://dx.doi.org/10.1002/jcb.24166
http://www.ncbi.nlm.nih.gov/pubmed/22511358
http://dx.doi.org/10.1371/journal.pone.0020526
http://www.ncbi.nlm.nih.gov/pubmed/21694780
http://dx.doi.org/10.1111/jcmm.12336
http://www.ncbi.nlm.nih.gov/pubmed/25090911
http://dx.doi.org/10.1186/scrt545
http://www.ncbi.nlm.nih.gov/pubmed/25971780
http://dx.doi.org/10.4061/2011/201371
http://www.ncbi.nlm.nih.gov/pubmed/21772852
http://dx.doi.org/10.1186/s13287-015-0018-0
http://www.ncbi.nlm.nih.gov/pubmed/25890062
http://dx.doi.org/10.2174/0929866043407174
http://www.ncbi.nlm.nih.gov/pubmed/15182223
http://dx.doi.org/10.1001/jama.283.12.1615
http://www.ncbi.nlm.nih.gov/pubmed/10735401
http://dx.doi.org/10.1038/sj.embor.7400897
http://www.ncbi.nlm.nih.gov/pubmed/17268505
http://dx.doi.org/10.1038/nrm2319
http://www.ncbi.nlm.nih.gov/pubmed/18097443


Int. J. Mol. Sci. 2016, 17, 199 14 of 15

59. Lazarov, O.; Marr, R.A. Neurogenesis and Alzheimer’s disease: At the crossroads. Exp. Neurol. 2010, 223,
267–281. [CrossRef] [PubMed]

60. Fitzsimons, C.P.; van Bodegraven, E.; Schouten, M.; Lardenoije, R.; Kompotis, K.; Kenis, G.; van den
Hurk, M.; Boks, M.P.; Biojone, C.; Joca, S.; et al. Epigenetic regulation of adult neural stem cells: Implications
for Alzheimer’s disease. Mol. Neurodegener. 2014, 9, 25. [CrossRef] [PubMed]

61. Caldwell, M.A.; He, X.; Wilkie, N.; Pollack, S.; Marshall, G.; Wafford, K.A.; Svendsen, C.N. Growth factors
regulate the survival and fate of cells derived from human neurospheres. Nat. Biotechnol. 2001, 19, 475–479.
[CrossRef] [PubMed]

62. Singh, R.; Shiue, K.; Schomberg, D.; Zhou, F. Cellular epigenetic modifications of neural stem cell
differentiation. Cell Transplant. 2009, 18, 1197–1211. [CrossRef] [PubMed]

63. Handel, A.E.; Ebers, G.C.; Ramagopalan, S.V. Epigenetics: Molecular mechanisms and implications for
disease. Trends Mol. Med. 2010, 16, 7–16. [CrossRef] [PubMed]

64. Jawerka, M.; Colak, D.; Dimou, L.; Spiller, C.; Lagger, S.; Montgomery, R.L.; Olson, E.N.; Wurst, W.;
Göttlicher, M.; Götz, M. The specific role of histone deacetylase 2 in adult neurogenesis. Neuron Glia Biol.
2010, 6, 93–107. [CrossRef] [PubMed]

65. Zhou, Q.; Dalgard, C.L.; Wynder, C.; Doughty, M.L. Histone deacetylase inhibitors SAHA and sodium
butyrate block G1-to-S cell cycle progression in neurosphere formation by adult subventricular cells.
BMC Neurosci. 2011, 12, 50. [CrossRef] [PubMed]

66. Hsieh, J.; Nakashima, K.; Kuwabara, T.; Mejia, E.; Gage, F.H. Histone deacetylase inhibition-mediated
neuronal differentiation of multipotent adult neural progenitor cells. Proc. Natl. Acad. Sci. USA 2004, 101,
16659–16664. [CrossRef] [PubMed]

67. Hsieh, J.; Eisch, A.J. Epigenetics, hippocampal neurogenesis, and neuropsychiatric disorders: Unraveling the
genome to understand the mind. Neurobiol. Dis. 2011, 39, 73–84. [CrossRef] [PubMed]

68. Jobe, E.M.; McQuate, A.L.; Zhao, X. Crosstalk among Epigenetic Pathways Regulates Neurogenesis.
Front. Neurosci. 2012, 6, 59. [CrossRef] [PubMed]

69. Griffiths-Jones, S.; Grocock, R.J.; van Dongen, S.; Bateman, A.; Enright, A.J. miRBase: MicroRNA sequences,
targets and gene nomenclature. Nucleic Acids Res. 2006, 34, D140–D144. [CrossRef] [PubMed]

70. Zhao, C.; Sun, G.; Li, S.; Lang, M.-F.; Yang, S.; Li, W.; Shi, Y. MicroRNA let-7b regulates neural stem cell
proliferation and differentiation by targeting nuclear receptor TLX signaling. Proc. Natl. Acad. Sci. USA 2010,
107, 1876–1881. [CrossRef] [PubMed]

71. Cheng, L.C.; Pastrana, E.; Tavazoie, M.; Doetsch, F. miR-124 regulates adult neurogenesis in the
subventricular zone stem cell niche. Nat. Neurosci. 2009, 12, 399–408. [CrossRef] [PubMed]

72. Brohede, J.; Rinde, M.; Winblad, B.; Graff, C. A DNA methylation study of the amyloid precursor protein
gene in several brain regions from patients with familial Alzheimer disease. J. Neurogenet. 2010, 24, 179–181.
[CrossRef] [PubMed]

73. Barrachina, M.; Ferrer, I. DNA methylation of Alzheimer disease and tauopathy-related genes in postmortem
brain. J. Neuropathol. Exp. Neurol. 2009, 68, 880–891. [CrossRef] [PubMed]

74. West, R.L.; Lee, J.M.; Maroun, L.E. Hypomethylation of the amyloid precursor protein gene in the brain of
an Alzheimer’s disease patient. J. Mol. Neurosci. 1995, 6, 141–146. [CrossRef] [PubMed]

75. Femminella, G.D.; Ferrara, N.; Rengo, G. The emerging role of microRNAs in Alzheimer’s disease.
Front. Physiol. 2015, 6, 40. [CrossRef] [PubMed]

76. Bicchi, I.; Morena, F.; Montesano, S.; Polidoro, M.; Martino, S. MicroRNAs and Molecular Mechanisms of
Neurodegeneration. Genes 2013, 4, 244–263. [CrossRef] [PubMed]

77. Maciotta, S.; Meregalli, M.; Torrente, Y. The involvement of microRNAs in neurodegenerative diseases.
Front. Cell. Neurosci. 2013, 7, 265. [CrossRef] [PubMed]

78. Takahashi, K.; Yamanaka, S. Induced pluripotent stem cells in medicine and biology. Development 2013, 140,
2457–2461. [CrossRef] [PubMed]

79. Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast
cultures by defined factors. Cell 2006, 126, 663–676. [CrossRef] [PubMed]

80. Vaskova, E.A.; Stekleneva, A.E.; Medvedev, S.P.; Zakian, S.M. “Epigenetic memory” phenomenon in induced
pluripotent stem cells. Acta Nat. 2013, 5, 15–21.

81. Stadtfeld, M.; Hochedlinger, K. Induced pluripotency: History, mechanisms, and applications. Genes Dev.
2010, 24, 2239–2263. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.expneurol.2009.08.009
http://www.ncbi.nlm.nih.gov/pubmed/19699201
http://dx.doi.org/10.1186/1750-1326-9-25
http://www.ncbi.nlm.nih.gov/pubmed/24964731
http://dx.doi.org/10.1038/88158
http://www.ncbi.nlm.nih.gov/pubmed/11329020
http://dx.doi.org/10.3727/096368909X12483162197204
http://www.ncbi.nlm.nih.gov/pubmed/19660178
http://dx.doi.org/10.1016/j.molmed.2009.11.003
http://www.ncbi.nlm.nih.gov/pubmed/20022812
http://dx.doi.org/10.1017/S1740925X10000049
http://www.ncbi.nlm.nih.gov/pubmed/20388229
http://dx.doi.org/10.1186/1471-2202-12-50
http://www.ncbi.nlm.nih.gov/pubmed/21615950
http://dx.doi.org/10.1073/pnas.0407643101
http://www.ncbi.nlm.nih.gov/pubmed/15537713
http://dx.doi.org/10.1016/j.nbd.2010.01.008
http://www.ncbi.nlm.nih.gov/pubmed/20114075
http://dx.doi.org/10.3389/fnins.2012.00059
http://www.ncbi.nlm.nih.gov/pubmed/22586361
http://dx.doi.org/10.1093/nar/gkj112
http://www.ncbi.nlm.nih.gov/pubmed/16381832
http://dx.doi.org/10.1073/pnas.0908750107
http://www.ncbi.nlm.nih.gov/pubmed/20133835
http://dx.doi.org/10.1038/nn.2294
http://www.ncbi.nlm.nih.gov/pubmed/19287386
http://dx.doi.org/10.3109/01677063.2010.503978
http://www.ncbi.nlm.nih.gov/pubmed/20919856
http://dx.doi.org/10.1097/NEN.0b013e3181af2e46
http://www.ncbi.nlm.nih.gov/pubmed/19606065
http://dx.doi.org/10.1007/BF02736773
http://www.ncbi.nlm.nih.gov/pubmed/8746452
http://dx.doi.org/10.3389/fphys.2015.00040
http://www.ncbi.nlm.nih.gov/pubmed/25729367
http://dx.doi.org/10.3390/genes4020244
http://www.ncbi.nlm.nih.gov/pubmed/24705162
http://dx.doi.org/10.3389/fncel.2013.00265
http://www.ncbi.nlm.nih.gov/pubmed/24391543
http://dx.doi.org/10.1242/dev.092551
http://www.ncbi.nlm.nih.gov/pubmed/23715538
http://dx.doi.org/10.1016/j.cell.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16904174
http://dx.doi.org/10.1101/gad.1963910
http://www.ncbi.nlm.nih.gov/pubmed/20952534


Int. J. Mol. Sci. 2016, 17, 199 15 of 15

82. Yamaguchi, S.; Hirano, K.; Nagata, S.; Tada, T. Sox2 expression effects on direct reprogramming efficiency as
determined by alternative somatic cell fate. Stem Cells Res. 2011, 6, 177–186. [CrossRef] [PubMed]

83. Shi, Y.; Ai, W. Function of KLF4 in Stem Cell Biology. In Pluripotent Stem Cells; Bhartiya, D., Ed.; Intech:
Rijeka, Croatia, 2013.

84. Tansey, W.P. Mammalian MYC Proteins and Cancer. N. J. Sci. 2014, 2014. [CrossRef]
85. Baker, M. What does Nanog do? Nat. Rep. Stem Cells 2009. [CrossRef]
86. Tsialikas, J.; Romer-Seibert, J. LIN28: Roles and regulation in development and beyond. Development 2015,

142, 2397–2404. [CrossRef] [PubMed]
87. Shi, G.; Jin, Y. Role of Oct4 in maintaining and regaining stem cell pluripotency. Stem Cell Res. Ther. 2010, 1,

39. [CrossRef] [PubMed]
88. Nishino, K.; Toyoda, M.; Yamazaki-Inoue, M.; Fukawatase, Y.; Chikazawa, E.; Sakaguchi, H.; Akutsu, H.;

Umezawa, A. DNA methylation dynamics in human induced pluripotent stem cells over time. PLoS Genet.
2011, 9, e153–e160. [CrossRef] [PubMed]

89. Shao, K.; Koch, C.; Gupta, M.K.; Lin, Q.; Lenz, M.; Laufs, S.; Denecke, B.; Schmidt, M.; Linke, M.;
Hennies, H.C.; et al. Induced pluripotent mesenchymal stromal cell clones retain donor-derived differences
in DNA methylation profiles. Mol. Ther. 2013, 21, 240–250. [CrossRef] [PubMed]

90. Kim, K.; Doi, A.; Wen, B.; Ng, K.; Zhao, R.; Cahan, P.; Kim, J.; Aryee, M.J.; Ji, H.; Ehrlich, L.I.; et al. Epigenetic
memory in induced pluripotent stem cells. Nature 2010, 467, 285–290. [CrossRef] [PubMed]

91. Polo, J.M.; Liu, S.; Figueroa, M.E.; Kulalert, W.; Eminli, S.; Tan, K.Y.; Apostolou, E.; Stadtfeld, M.; Li, Y.;
Shioda, T.; et al. Cell type of origin influences the molecular and functional properties of mouse induced
pluripotent stem cells. Nat. Biotechnol. 2010, 28, 848–855. [CrossRef] [PubMed]

92. Papp, B.; Plath, K. Epigenetics of reprogramming to induced pluripotency. Cell 2013, 152, 1324–1343.
[CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.scr.2010.09.004
http://www.ncbi.nlm.nih.gov/pubmed/21130722
http://dx.doi.org/10.1155/2014/757534
http://dx.doi.org/10.1038/stemcells.2009.118
http://dx.doi.org/10.1242/dev.117580
http://www.ncbi.nlm.nih.gov/pubmed/26199409
http://dx.doi.org/10.1186/scrt39
http://www.ncbi.nlm.nih.gov/pubmed/21156086
http://dx.doi.org/10.1371/journal.pgen.1002085
http://www.ncbi.nlm.nih.gov/pubmed/21637780
http://dx.doi.org/10.1038/mt.2012.207
http://www.ncbi.nlm.nih.gov/pubmed/23032973
http://dx.doi.org/10.1038/nature09342
http://www.ncbi.nlm.nih.gov/pubmed/20644535
http://dx.doi.org/10.1038/nbt.1667
http://www.ncbi.nlm.nih.gov/pubmed/20644536
http://dx.doi.org/10.1016/j.cell.2013.02.043
http://www.ncbi.nlm.nih.gov/pubmed/23498940
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Epigenetics Regulate Cell Differentiation 
	Epigenetic Mechanisms in Mesenchymal Stem Cells and Huntington’s Disease 
	Epigenetic Mechanism in Adult Neural Stem Cells and Alzheimer’s Disease 
	DNA Methylation 
	Histone Modifications 
	Micro-RNAs 

	Epigenetic Mechanisms in Induced Pluripotent Stem Cells 
	Conclusions 

