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Abstract: Abstract: Stem cells are undifferentiated cells with the ability to proliferate and convert
to different types of differentiated cells that make up the various tissues and organs in the body.
They exist both in embryos as pluripotent stem cells that can differentiate into the three germ lay-
ers and as multipotent or unipotent stem cells in adult tissues to aid in repair and homeostasis. Per-
turbations in these cells’ normal functions can give rise to a wide variety of diseases. In this re-
view, we discuss the origin of different stem cell types, their properties and characteristics, their
role in tissue homeostasis, current research, and their potential applications in various life-threaten-
ing diseases. We focus on neural stem cells, their role in neurogenesis and how they can be exploit-
por: ed to treat diseases of the brain including neurodegenerative diseases and cancer. Next, we explore
10.2174/1574888X15999200831160710  cyrrent research in Induced Pluripotent Stem Cells (iPSC) techniques and their clinical applications

@ in regenerative and personalized medicine. Lastly, we tackle a special type of stem cells called Can-
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cer Stem Cells (CSCs) and how they can be responsible for therapy resistance and tumor recur-
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rence and explore ways to target them.

1. INTRODUCTION: STEM CELLS IN HEALTH AND
IN DISEASE

1.1. Types of Stem Cells

For the past two decades, and ever since the derivation
of the first human embryonic stem cell in 1998 [1], the scien-
tific community has witnessed an exponential increase in re-
search related to human stem cells [2], from embryonic de-
velopment throughout adulthood, exploring their roles in
physiological growth and homeostatic regeneration, and
their potential therapeutic importance in fields of regenera-
tive medicine. A stem cell may be defined as an undifferenti-
ated unit in a multicellular organism, that retains the ability
to self-replicate indefinitely, and from which multiple cells
of a specific function may arise by downstream differentia-
tion [3, 4]. In general, stem cells can be characterized by
their self-replication ability, as well as their potency. As op-
posed to somatic cells, embryonic stem cells, derived from
inner cell mass of mouse or human blastocysts and cultured
in vitro — maintain their long-term ability of self-renewal
(survival), under special conditions, while retaining their
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ability to give rise to a variety of functional differentiated
cells (potency) [1, 3, 5, 6].

The potential in which each stem cell is capable of giv-
ing rise to a variety of differentiated cells defines its potency
[3, 7]. Pluripotent stem cells represent the most primitive
form of stem cells, generally derived from embryonic blasto-
cysts, and further differentiate throughout the course of em-
bryonic development into three germ layers (mesoderm, ec-
toderm and endoderm) [7]. While these cells are able to dif-
ferentiate into cells of the embryo proper, they fail to gener-
ate extra-embryonic tissues, such as the trophoblastic layers
of the placenta, which are produced by a state of totipotency
at the level of the fertilized egg. The placenta itself carries a
subpopulation of self-renewing multipotent cells, trophoblas-
tic stem cells, that give rise to all heterogeneous subtypes of
placental cells and provide an in vifro model to study placen-
tal diseases [8]. Notably, pluripotency can be restored by re-
programming somatic cells into an earlier developmental
state, through activating key genes highly expressed in earli-
er lineages, and generating “Induced Pluripotent Stem
Cells” (iPSCs).

Multipotent cells, like hematopoietic stem cells, and
unipotent cells, like satellite cells of skeletal muscles, are
characterized by lineage specificity and limited differentia-
tion profiles [7]. Virtually, all adult tissues contain a subpop-
ulation of self-renewing, clonal, undifferentiated adult stem
cells, that maintain tissue homeostasis and orchestrate dam-
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age repair following injury [9, 10]. Such cells were identi-
fied in specific “niches” within the bone marrow [11], skin
[12], muscle [13], intestine [14], heart [15], and brain [16],
among other tissues and organs. Following somatic cellular
senescence, cell death, or injury, these cells receive trophic
factors from their niches and surrounding structures to regen-
erate the damaged tissues and maintain its integrity. This ef-
ficacy of the repair mechanism is highly variable across dif-
ferent organs: whereas the complete homeostatic regenera-
tion of the intestinal monolayer from basal stem cells takes
place every 4-5 days [17], the primitive cardiac cells fail to
thrive and differentiate following cardiac ischemic damage
to the mammalian heart, despite their commitment to a cardi-
ac lineage differentiation [18].

1.2. Role of Stem Cells in Diseases and Cancer

Stem cells may not only disrupt the normal processes of
tissue homeostasis but may also lead to abnormal tissue for-
mation. In fact, in the past two decades, it has been estab-
lished that stem cells are also highly implicated in cancer
and play a key role in tumor formation and pathogenesis.
The discovery of tumor heterogeneity led to the identifica-
tion of a small subpopulation of cells within the tumor bulk
known as the Cancer Stem Cells (CSCs), defined by a
unique set of characteristics including self-renewal, allowing
long-term maintenance of tumors, and resistance to conven-
tional treatment, responsible for recurrence and relapse [19,
20]. Emerging studies have focused on finding specific
molecular markers characteristic of the CSC subpopulation
in different cancer types, such as in neuroblastoma [21] and
pediatric brain tumors, including low-grade gliomas and me-
dulloblastomas [22-24], and on assessing the ability of spe-
cific targeted therapies in eradicating these cells responsible
for tumor resistance to treatment, such as in neuroblastoma
and glioblastoma [25, 26], lung adenocarcinoma [27], pros-
tate cancer [28-31], and bladder cancer [32].

Alterations in the process of adult neurogenesis have
been postulated to play a role in the pathogenesis of neurode-
generative diseases, such as Parkinson’s disease and
Alzheimer’s Disease (AD), with each disease exerting a dif-
ferent effect on the population of Neural Stem Cells (NSCs)
leading to their dysfunction [33, 34]. Studies have shown
that in AD, the most common cause of adult dementia, key
molecular players involved in the pathogenesis and progres-
sion of the disease also play a role in modulating adult neuro-
genesis [33]. However, the precise mechanisms underlying
the pathophysiology of different neurodegenerative diseases
remain unclear. Recent techniques involving Induced
Pluripotent Stem Cells (iPSCs) have allowed their explora-
tion in vitro using representative models of various diseases
[34].

Perturbations and deviations in NSC development have
also been suggested to be correlated with neuropsychiatric
diseases, such as Autism Spectrum Disorders (ASDs), in
which neurons of the cerebral cortex were found to have a
disrupted architecture due to an abnormal process of neuro-
genesis [35, 36]. In other instances, it is the inhibition of neu-
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rogenesis that underlies the pathogenesis of the disease, such
as during episodes of depression, hence the possibility that
anti-depressive medications may exert their effect by increas-
ing neurogenesis in the adult brain [37, 38].

2. STEM CELLS AND NEUROGENESIS

2.1. What is Neurogenesis?

Neurogenesis is the process of continuous generation of
new neurons from limited quiescent niches in the brain. Dur-
ing development and in postnatal life, neurogenesis is very
crucial as it gives rise to all components of the Central Ner-
vous System (CNS). Differentiated neurons can re-enter the
cell cycle in response to pathological insults. However, neu-
rons that re-enter the cell cycle usually die through apoptosis
[39]. In Alzheimer’s Disease (AD) [40], Parkinson’s disease
(PD) [41, 42], and amyotrophic lateral sclerosis (ALS) [40,
43, 44], neurons that are primed to re-enter the cell cycle are
more susceptible to cell death [39, 45]. It is established that
the only way that the adult brain can regenerate and create
new neurons is through neurogenesis. Unfortunately, in
adults, newly formed cells are difficult to maintain and are
more likely to be lost than the cells born during develop-
ment [46]. Thus, researchers were interested in discovering
molecules and therapies that would induce and enhance neu-
rogenesis especially in cases of neurodegeneration.

The adult human brain retains a limited capacity for neu-
rogenesis [47-49], where it has been preserved in two main
quiescent niches; the subventricular zone of the lateral ventri-
cle and the dentate gyrus of the hippocampus. These two pre-
served reservoirs are thought to harbor the neurogenic capac-
ity of the adult brain and carry out functions related to cogni-
tion, memory encoding, learning and a debatable role in neu-
ronal replacement in damaged brain sites [50].

2.2. Role of Stem Cells in Neurogenesis

The stem cell niches are specialized microenvironments
that dynamically influence the replication, differentiation,
and self-renewal of their residing stem cells. In the brain,
niches carrying neural stem cells are localized exclusively in
the Subventricular Zone (SVZ) and the Dentate Gyrus (DG)
of the hippocampus; neuronal precursors from both niches
migrate further as they differentiate to their terminal loca-
tions in the olfactory bulb and deeper layers of the hippocam-
pus, respectively [16, 51]. Despite technical limitations that
relatively restrict our ability to study adult neural stem cells,
this field has seen major breakthroughs over the past years
about key factors that regulate this phenomenon, and impor-
tant behavioral associations across healthy and diseased
states.

2.2.1. Neurogenic Niches

The adult brain comprises two primary regions which
contain adult Neural Stem/Progenitor Cells (NSPCs) respon-
sible for the generation of these new neurons. The first re-
gion lines the lateral ventricles and is called the subventricu-
lar zone (SVZ), while the other lies in the Dentate Gyrus
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(DG) of the hippocampus [52]. These NSPCs are quiescent,
self-renewing and multipotent stem cells that undergo prolif-
eration upon activation by niche-derived and/or intrinsic sig-
nals to give rise to new neurons. The newborn cells predomi-
nantly differentiate into neuronal cells that eventually ma-
ture and integrate into pre-existing circuitries after several
weeks [53, 54].

2.2.2. Dentate Gyrus Niche

Quiescent NSPCs or type-1 cells of the dentate gyrus are
radial glia-like cells that pass through different developmen-
tal stages to generate new integrated and functional neurons
[55, 56]. These are activated to generate non-radial prolifer-
ating cells called the Transit Amplifying cells (TAPs) which
amplify the neurogenic cell pool of type-2 cells [57]. These
cells generate immature neurons which will migrate into the
granule cell layer and mature after three weeks into granule
cell neurons. These neurons branch out processes as they ma-
ture, and, by the end of the maturation state, the processes
will develop into a large dendritic arbor that will project into
the adjacent molecular layer and axons that will innervate
target cells of the hilus and area 3 of the Cornu Ammonis
[58, 59].

There are two types of neuronal stem cells in the Sub-
granular Zone (SGZ) of the dentate gyrus that can be dis-
cerned by the differential expression of markers as well as
their proliferation dynamics and their differentiation apti-
tudes [60]. Proliferating horizontal type 1 cells that are most-
ly quiescent in state and express the following markers:
Nestin (Nes), Glial Fibrillary Acidic Protein (GFAP), Brain
lipid-binding protein (Blbp), Glutamate transporter (Glast),
and Sox2. Type 2 cells are highly active proliferative NSCs
that express the proliferating cell nuclear antigen (Pcna) and
continue to express Nestin and Sox2 as they stem from type
1 cells which are identified by a 1-day BrdU exposure [60].
Sox-2 is a transcription factor that is essential for pluripoten-
cy and maintaining self-renewal, while Nestin is an interme-
diate filament protein that is extensively used as a marker
for NSCs. BrdU is a synthetic analog of thymidine that inter-
calates into replicating DNA and is thus used to detect and
tract proliferating NSCs [61].

This indicates that functionally different groups of active
and quiescent stem cells coexist in the hippocampus and it is
rather the depletion of the active NSCs than quiescent NSCs
that lead to impaired neurogenesis in aged mice. External sti-
muli can activate the quiescent state of NSCs. Running, for
example, specifically recruits quiescent NSCs into the active
NSC pool. In addition, Seizures can act like a stimulus to re-
activate the quiescent NSCs in aged mice. One study demon-
strated that the quiescence of SGZ NSCs is specifically main-
tained by Bone Morphogenic Protein (BMP) signaling such
that the inhibition or ablation of BMP signaling results in a
temporal rise in progenitor proliferation and subsequent de-
crease of neurogenesis due to exhaustion of the stem cell
pool [62]. Furthermore, previous studies reported that the
Wingless related integration site (Wnt) signaling pathway,
which plays a role in regenerative tissue processes, is, to
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some extent, involved in the regulation of active NSCs in
the SGZ. The pathway’s activation in the SGZ progenitors
and in coordination with Sox2 promoted the proliferation
and neuronal differentiation of hippocampal progenitors
through inducing the expression of Neurodl. Therefore, it
might be that Wnts act as a key signal to activate NSCs in
the hippocampus [63].

2.2.3. SVZ Niche

In the SVZ, the restricted neural progenitor cells will mi-
grate through the Rostral Migratory Stream (RMS) towards
the Olfactory Bulb (OB) through a glial cell scaffold [64].
The germinal region of the SVZ is composed of four differ-
ent cell types: Migrating neuroblasts (type A cells), slowly
proliferating B1 astrocytes (type B cells), rapidly dividing
immature precursors or transit amplifying NPCs (type C cell-
s) and ciliated ependymal cells that might correspond to
NSCs [65].While the NSPCs reside in the SVZ, neurogene-
sis continues in the OB, where the cells differentiate into dif-
ferent types of olfactory neurons and functionally integrate.
However, olfactory neurogenic niche and a rostral migratory
stream do not exist in humans. Rather in humans, the neuro-
genic niche of the SVZ is suspected to be involved in replen-
ishing certain types of neurons in nearby brain regions such
as the striatum [66].

2.3. Molecular Regulation of Adult Neurogenesis

The proper levels of NSPC proliferation as well as their
differentiation, migration and the integration of newborn
cells into the circuitry, are tightly controlled by niche-
derived and intrinsic mechanisms. Each step in the lineage
progression of the NSPCs in the DG and the SVZ is con-
trolled by transcriptional regulators of neurogenesis such as
Sox2, NeuroD1, Pax6, Gsx2, Sp8, Prox1, Ascll, TLX (the
nuclear receptor subfamily 2, group E, member 1 or NR2E1)
[53]. Levels of neurogenesis are also controlled by epigenet-
ic mechanisms such as histone modifications recognized by
MBDI, or through small non-coding RNAs like mir-124
[53]. Besides these intrinsic regulators, NSPC activity and
neuronal differentiation are controlled by different niche-
derived morphogens, neurotransmitters, growth factors and
some cytokines. These include vy-aminobutyric acid
(GABA), glutamate, brain-derived neurotrophic factor (BD-
NF), Epidermal Growth Factor (EGF), fibroblast growth fac-
tor 2 (FGF2), Wnt ligands, Sonic hedgehog (Shh), BMP, in-
terleukin 6 (IL6) and tumor necrosis factor alpha (TNFa),
among others [53].

2.3.1. Molecules and Therapies Inducing Neurogenesis

A main feature of neurogenesis is that it is sensitive to
modulation by intrinsic and/or extrinsic factors [47-49, 67,
68]. Intrinsic factors such as aging, neurodegenerative diseas-
es, oxidative stress, neuroinflammation, brain injury,
lifestyle changes, certain diets and alcohol consumption
have all been shown to substantially modulate adult neuroge-
nesis. Extrinsic factors include examples such as supple-
ments and vitamin consumption, anti-depressant drugs, deep
brain stimulation and exercise, which were implicated in reg-
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ulating adult neurogenesis as well. Thus, the newly formed
cells represent a malleable source to a variety of inputs, stim-
uli or factors offering a chance for additional functions and
roles in the brain.

Exercise, especially running, has shown to have a tre-
mendous effect in inducing neural stem cells and promoting
learning and memory formation and alleviating symptoms of
depression [69-72]. Exercise causes platelets in the blood to
release factors that boost the growth of neural precursor
cells in the hippocampus [73]. Hippocampal Brain Derived
Neurotrophic Factor (BDNF) is one important factor estab-
lished to mediate such effects [29]. In addition, the lactate
metabolite that is released during exercise has been shown
to cross the blood-brain barrier and exert its effects through
inducing SIRT1-dependent activation of BDNF [74, 75].
Aside from BDNF, Nerve Growth Factor (NGF) also medi-
ates an important role in inducing NSCs proliferation. In a
clinical trial on AD patients, NGF given as an Intracere-
broventricular (ICV) infusion was reported to have caused
an improvement in their cognitive function [76]. However,
such infusion albeit useful in boosting neurogenesis and im-
proving cognitive functions, it exerts some serious side ef-
fects such as hyper-innervation of cerebral blood vessels
[77], hypophagia [78], and neuropathic pain [76, 79].

Certain diets and dietary supplements can influence
adult neurogenesis, among other beneficial effects [80]. For
example, diets rich in poly-unsaturated fatty acids and po-
lyphenols, such as curcumin [81] and/or omega 3 fatty acids
[82], are known to induce adult neurogenic plasticity [79,
83, 84]. The flavonoids resveratrol in red grapes and antho-
cyanin in blueberries and some others like quercetin and
kaempferol were shown to boost neurogenesis and reverse
neuronal and behavioral impairment associated with aging
[85-87]. Interestingly such effects were also mediated
through BDNF.

In the past years, many existing drugs have been investi-
gated for potential additional role in boosting neurogenesis.
Anti-depressant drugs, especially Selective Serotonin Reup-
take Inhibitors (SSRIs) such as fluoxetine, have been found
to markedly boost neurogenesis [88-92]. In fact, such an ef-
fect is thought to be an important component in the drugs’ ef-
fectiveness. In addition, metformin, a drug commonly used
to treat diabetes type II, was found to have an additional ef-
fect in promoting neurogenesis and spatial memory [93]. Fur-
thermore, anti-inflammatory drugs have shown a positive im-
pact on boosting and restoring adult neurogenesis and cogni-
tive function through regulating microglial activation [94,
95]. However, long term usage of anti-inflammatory drugs
may govern significant side effects that need to be consid-
ered, especially that microglial cells have complex dual
roles in the brain. Chronically suppressing microglial activa-
tion may lead to aberrant neurogenesis as they have an im-
portant role in synaptic pruning, nurturing neural stem cells
and regulation of neurogenesis [96, 97].

Deep Brain Stimulation (DBS) has been shown experi-
mentally to induce neurogenesis in experimental animal
models of neurodegenerative diseases [98-100]. Interesting-
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ly, whether stimulating a region that has direct connections
to the hippocampus, such as the fornix or stimulating a re-
gion with no direct connections such as the prefrontal cor-
tex, has shown to enhance hippocampal neurogenesis and
memory retention [101]. DBS mechanism of action has yet
to be uncovered, but its applications nowadays have surely
extended from treatment of motor disorders to treatment of
depression and psychological disorders such as OCD (obses-
sive compulsive disorder) [102-104] and hippocampal neuro-
genesis might be one plausible mechanism of how DBS ex-
erts some of its effects.

Another interesting approach that was shown to boost
neurogenesis and exploratory behavior in rodents was ni-
trous oxide inhalation [67]. This could have some major im-
portant implications for humans, especially that it is non-in-
vasive and had been previously used by dentists. However,
such an application needs further investigation into dosages,
frequency, and potential side effects.

The ability to modulate and improve neurogenesis offers
a lot of potential for tackling many memory disorders and
neurodegenerative and psychiatric diseases that are associat-
ed with impaired neurogenesis. However, it should be noted
that there are several risks that could be associated with such
manipulation [105]. There is a potential risk for depleting
neural precursor cells within the preserved niche in humans.
Another risk is that the newly born cells would not make it
to the fully mature state or not become functionally healthy
neurons or even fail to properly integrate within pre-existing
circuitries and thus, this would underlie further pathologies
such as epilepsy [106, 107]. Such possible and plausible sce-
narios hinder the direct application of hippocampal-boosting
drugs or treatments in humans and suggest that much more
research is needed on the potential side effects of boosting
neurogenesis.

2.3.2. Epigenetic Mechanisms in Neurogenesis

The Neural Progenitor Cells (NPCs) have a unique prop-
erty of remaining in a quiescent state for a long time. Epige-
netic modulators play an important role in maintaining these
adult neural stem cells and dictating their fate and differentia-
tion. This is mainly performed by an accurate control over
spatial and temporal cues from key regulators in these neu-
rons’ lifetime. Epigenetic factors can be intrinsic key regula-
tors such as transcription factors, histone modifications, read-
ers, and erasers of DNA along with important secreted
growth factors, cytokines, hormones and neurotrophins.
Another form of epigenetic modification can be directed
through extracellular environmental cues [108].

DNA methylation simply means the production of 5-
methyl cytosine (5-Mc). Usually, dynamic DNA methyla-
tion occurs at the sites of repetitive CG dinucleotide se-
quences known as the CpG islands, which are usually hy-
po-methylated in mammals to ensure DNA stability in most
cases [109]. However, in rebellion to that dogma, recent evi-
dence has proven that methylation in neurons takes place in
low-density CpG regions [110]. Moreover, an active role of
de-methylation was found to be involved in neurogenesis.
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For example, the growth arrest and DNA-damage-inducible
protein 45 B (Gadd45[) was found to promote neurogenesis
through region-specific de-methylation. A study found that
this protein enhances promotor DNA demethylation and the
expression of BDNF and FGF1 B genes, which in turn in-
crease neuronal generation in the DG of adult mice hippo-
campus [111]. Therefore, DNA demethylation as well plays
a fundamental role in regulating the expression of key neuro-
nal genes. Moreover, the dynamics between histone methyla-
tion and demethylation are important in tailoring and con-
trolling certain gene expression levels involved in neurogene-
sis in the mammalian brain, as reviewed by Yao et al. [108].
As for histone acetylation and deacetylation, it was demons-
trated that KAT6B, a well-characterized acetyl transferase,
is highly enriched in the SVZ of the adult brain and that a
lack of KAT6B leads to the reduction of migrating neu-
roblasts through the RMS and subsequent reduction in the
generation of interneurons in the OB [112].

2.4. Neurogenesis Debate

In the last two decades, neurogenesis has been estab-
lished as a cellular mechanism in the adult mammalian
brain. Technological advancement in the field has further
served to add more studies and knowledge on the process of
neurogenesis and its dynamic regulation in response to
many factors. However, most studies on neurogenesis have
been conducted on rodents, birds, zebrafish, and monkeys.
Evidence of neurogenesis in humans come from a limited
number of studies that have used either carbon dating or bio-
markers on postmortem brain tissues. Making things more
complicated is the high variability in the results of these
studies. However, the differences among these limited
studies could be justified by the sample variation, the post-
mortem quality of the tissues and lack of reproducible tech-
niques [105].

3. INDUCED PLURIPOTENT STEM CELLS: ROLE
IN HEALTH AND DISEASES

3.1. What are iPSCs?

Is it possible to have a specialized cell revert to an em-
bryonic stem cell in the laboratory? Induced pluripotent
stem cells (iPSCs) are a relatively recent technology that re-
programs somatic cells into pluripotent cells by overexpress-
ing pluripotency associated transcription factors discovered
by Shinya Yamanaka, also called Yamanaka factors. In the
2006 landmark study by Takahashi and Yamanaka, pluripo-
tent cells were induced from mouse embryonic or adult fi-
broblasts by overexpressing four particular transcription fac-
tors Octamer-binding protein 3/4 (Oct3/4), SRY (sex deter-
mining region Y)-box 2 (Sox2), Kruppel-like factor 4
(K1f4), and cellular myelocytomatosis (c-Myc), called OS-
KM [113], which led to the reactivation of endogenous
pluripotency genes necessary for maintaining cells in an und-
ifferentiated state independent of the transgene [114]. Such
factors play a pivotal role in successful reprogramming and
inducing and maintaining pluripotency in somatic cells
through epigenetic remodeling, such as DNA demethylation
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of pluripotency genes [114]. High amounts of the transcrip-
tion factors are needed in the initial stages of generating iP-
SCs, however they have been shown to be harmful to self-re-
newal once acquiring pluripotency. For example, the c-Myc
protein has many downstream targets that enhance transfor-
mation and KIf4 has a function in repressing p53 directly
[113] and thus upregulating the expression of stem cell spe-
cific genes and silencing differentiation-associated genes
[113]. We speculate that c-Myc and K1f4 modify chromatin
structure so that Oct3/4 and Sox2 can bind to their targets
[115]. There are other gene combinations that are able to
establish stem cell phenotype, such as Nanog and Lin28
[114].

Human iPSCs are very similar to ESCs in morphology
(tightly packed, flat, and high nuclear to cytoplasm ratio),
surface protein markers, gene expression, epigenetics, telom-
erase activity, and differentiation potential in vitro and in
vivo [113]. Although the efficiency is low, transcription fac-
tors are introduced into somatic cells by transduction via a
viral vector (retrovirus, lentivirus, Sindai virus, efc.) under
embryonic stem cell culture conditions [113], which lead to
the epigenetic remodeling and endogenous activation of
pluripotency activators [116]. Some of the somatic cell types
that have been reprogrammed into iPSCs include fibroblasts,
peripheral blood and bone marrow mononuclear cells, adi-
pose cells, umbilical vein endothelial cells, melanocytes, ker-
atinocytes, and hepatocytes [117]. There are ways to gener-
ate integration-free iPSCs, including plasmids, Sendai virus,
adenovirus, synthesized RNAs, and proteins [118]. Retro-
virus vectors are the most favored method for generating pa-
tient-specific iPSCs for transgene expression. However, this
may be problematic since this transgene integration may
lead to “leaky expression” and disrupt endogenous transcrip-
tion factors and lead to differentiation failure [117]. Tumori-
genesis after transgene integration is a problem due to the c-
Myc gene, which is a known oncogene that can activate tu-
mor formation in chimeric mice, although removal of this
gene reduces tumor formation but also reduces the efficien-
cy of iPSC generation [117].

These iPSCs have a transient expression of such essen-
tial transcription factors, and also have important properties,
such as their ability to be maintained indefinitely in culture
in a pluripotent state, as well as have the ability to be differ-
entiated directly into any cell type in the body, in order to
study a particular disease [116]. In particular, this will mim-
ic the primary human cell genome and genetic profile in an
undifferentiated state.

3.2. Role of iPSCs in Understanding the Pathophysiology
of Diseases and Cancer

iPSC based therapy is a valuable tool to model human
disease due to the capacity of these cells to self-renew and
give rise to all cell types in the body. This exciting technolo-
gy will give us an understanding of the molecular and cellu-
lar progression of the disease, drug response, and personal-
ized regenerative medicine and therapy [113].
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3.2.1. Modelling Diseases Using iPSCs

iPSC technology has been used to generate disease mod-
els for monogenic and polygenic diseases, hence forming a
better representation of disease-specific genetic defects. For
example, patients with end-stage liver disease suffer from
“the limited availability of donor livers” as well as immune
rejection secondary to transplantation. Thus, an alternative
method, such as transplanting hepatocytes that have
metabolic correction genes for acute liver failures, is a clini-
cal solution to the problem [117]. There have been advances
in hepatic stem cells, however isolating and expanding them
have been difficult on a large-scale, as well as problems in
immortalizing hepatocytes through transfection mechanism,
but they do not retain typical hepatocyte morphology and
function. That is why deriving human hepatocytes by differ-
entiating iPSC holds a great promise in this field [117].

Bahmad et al. noted various iPSC studies conducted in
neurodegenerative diseases [119], such as Parkinson’s dis-
ease (PD) [120] and Alzheimer’s disease (AD) [121]. As a
result of the limited improvement in drug specificity to AD
patients, cell-based therapies are a better alternative. In
essence, a study conducted by Fujiwara ef al. differentiated
iPSCs to cholinergic precursors, which were transplanted in
transgenic AD mice to help improve symptoms of spatial me-
mory [122].

This breakthrough technology has allowed for the study
of cancer, in terms of its initiation and formation of the tu-
mor, the discovery of biomarkers that contribute to tumor de-
velopment, the plasticity of cancer [123], and designing can-
cer specific drugs. Cancer cells are reprogrammed into
pluripotent cells, and thus the different stages of cancer are
observed through its differentiation [116]. It remains a chal-
lenge due to the difficulty of representing the cancer-specif-
ic epigenetic state and genetic mutations present [124]. iPSC
lines have been generated from existing human cancer cell
lines by optimizing the transduction of the virus vector and a
cocktail of pluripotency transcription factors, proving to be
less tumorigenic than the parent cell line [125]. For instance,
Miyoshi and colleagues were able to obtain iPSC-like cells
which express NANOG and were less tumorigenic relative
to their parental cell line [126]. The generation of iPSCs
from patient primary cancer cells has been limited to
leukemia and pancreatic cancer [125], due to the reduced re-
programming efficiency.

Unaffected (healthy) iPSCs and affected (cancer) iPSCs
provide a novel model system to compare the biology and
drug sensitivity of such cells secondary to differentiating the
clones into the particular cancer subtype [117]. Such studies
in iPSC technology are important because they address ques-
tions about the reversibility of the cancer phenotype by eras-
ing the epigenetic morphology through the reprogramming
process [116]. This will generate a library of cell lines that
are representative of the broad spectrum of the population.
The goal is to use this technology for cell therapy [117]. iP-
SC technology in cancer research gives rise to the possibility
of autologous transplantation, which involves genetically
correcting defective cancerous cells in vitro and reintroduc-
ing them into patients [124].
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Many groups have generated iPSC lines from cancer to
understand early driver events. Using a particular cell course
(such as fibroblasts or blood mononuclear cells), certain
viruses (Sindai, retrovirus, lentivirus, efc.) are designed to
be either integrative or non-integrative in the host cell
genome and express pluripotency genes that allow certain
clones to express and transform the cells into pluripotent
cells. Many experiments have been done to confirm the for-
mation of cancer iPSC cell lines in vitro, by detecting expres-
sion of factors of pluripotency at a single-cell level (im-
munofluorescence and flow cytometry) and also in vivo us-
ing teratoma formation assay [123, 127, 128].

iPSCs are self-renewing and pluripotent and have the ca-
pacity to be differentiated into several cell types. Its benefits
include allowing the generation of personalized human cells.
In essence, it is suitable for disease modeling and drug devel-
opment.

3.3. Role of iPSCs in Regenerative Medicine

The emergence of iPSCs has opened up countless possi-
bilities for new cell-based therapies in regenerative medicine
because of the derived cells’ intrinsic property to differenti-
ate into all known cell types [129]. They offer an autologous
or an HLA-matched allogeneic cell source for transplanta-
tion, minimizing the risk of rejection and the use of long-
term immunosuppression [129]. The original methods of iP-
SC derivation utilized retroviral or lentiviral transduction to
deliver the four Yamanaka factors “OKSM” [113]. The inte-
gration of these viral vectors into the genome of host cells
poses several major safety concerns for translational applica-
tions. There is a potential risk of insertional mutagenesis or
teratoma formation that could arise if transplanted cells are
contaminated with undifferentiated or unstable iPSCs [130].
Another major concern related to iPSC-based tumorigenicity
is the expression of two potent oncogenes, ¢-Myc and KIf4,
that are present in the original reprogramming cocktail. To
circumvent these issues, numerous studies have developed
various novel strategies focusing on transient integra-
tion-free delivery methods, including the use of adenoviral
or Sendai virus-based transductions, as well as non-viral vec-
tors such as piggyBac transposon, mRNA plasmids, episo-
mal vectors and direct protein delivery [131]. On the other
hand, several studies showed that the use of a different com-
bination of factors such as Nanog, Lin28 and others is able
to reprogram human somatic cells to pluripotent stem cells
without c-Myc and Kl1f4, making iPSCs safer for clinical use
[131]. Further challenges include improving the efficiency
of the reprogramming process and developing robust differ-
entiation protocols.

As such, the development of stem cell studies and the
novel discovery of iPSCs provided an important asset as uni-
versal sources in regeneration therapy of damaged or dis-
eased organs and tissues [119]. In 2010, Kazuki ef al. were
able to correct the Dystrophin deficiency in a patient suffer-
ing from Duchenne’s Muscular Dystrophy by reprogram-
ming his cells to express the gene. Firstly, fibroblasts from
the patient were reprogrammed into iPSCs, which were then
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transfected with a human artificial chromosome carrying the
Dystrophin gene using microcell-mediated chromosome
technology [132]. In the field of cardiovascular diseases, iP-
SC-derived cardiomyocytes (iPSC-CMs) have been shown
to restore myocardial tissue and improve cardiac function af-
ter acute myocardial infarction in mice [133]. Similarly, iP-
SC-CMs from patients with arrhythmogenic right ventricu-
lar cardiomyopathy showing atypical sodium channel muta-
tions were corrected using the CRISPR/Cas-9 system, thus
restoring normal channel activity and expression [132].

The first successful human transplant of iPSC derived
retinal cells was performed when retinal pigment epithelial
cells generated from autologous iPSCs were transplanted in-
to the eye of a 70- year-old woman suffering from advanced
macular degeneration [134]. More recently, a clinical trial in-
volving iPSC-derived dopaminergic neurons is being con-
ducted to evaluate their safety and efficacy in treating pa-
tients with Parkinson’s disease [135]. In the oncological
front, a clinical trial in the usage of an NK cell-based cancer
immunotherapy derived from a characterized iPSC line was
approved for the treatment of advanced solid tumours [135].
Many other iPSC clinical trials are being conducted around
the world, including studies targeting bone/cartilage, heart,
neural, immune/autoimmune, kidney, lung, liver, gastroin-
testinal, and metabolic diseases [136].

3.4. Role of iPSCs in Drug Discovery and Testing

The pluripotency and scalability of iPSC-based disease
model production have allowed for iPSC utilization in drug
screening applications [137]. Most current iPSC differentia-
tion protocols are readily scalable, meaning that they can be
used in a range of miniaturized tissue culture formats in high
throughput platforms to assess drug efficacy and toxicity
[14]. With the potential to accelerate the pace of drug discov-
ery and lower attrition rate, many drug screens have been
conducted using human iPSC models, and potential drug can-
didates have been identified using either phenotypic or tar-
get-based screening [137]. Overall, iPSC-based drug screen-
ing has been used to evaluate more than 1,000 compounds
from pre-existing drug libraries for several diseases such as
Alzheimer’s disease, Amyotrophic Lateral Sclerosis (ALS)
and motor neuron disease leading to the identification of sev-
eral clinical candidates [138-140]. For example, in an impor-
tant report of a large-scale drug screen using an iPSC-based
disease model, Burkhardt et al. derived iPSCs from sporadic
ALS patients’ fibroblasts. They identified de novo aggrega-
tion of TAR DNA-binding protein 43 (TDP43) in differenti-
ated motor neurons from these iPSCs and used it as a read-
out for a high-content chemical screen to identify small
molecule modulators that reduced TDP43 aggregation [138].

3.5. Pros and Cons of iPSCs

Patient-specific iPSCs provide opportunities in regenera-
tive medicine, drug discovery, cell replacement therapy and
other areas of the medical sciences. It also provides an ethi-
cal manner of using stem cell therapy that overrides any im-
mune rejection that might occur [141]. Previous research in

Bahmad et al.

cancer involved resecting primary tumors from patients and
comparing established cell lines to understand the progres-
sion of cancer and biomarkers in the later stages of the dis-
ease. However, it is not as effective as patient-derived iP-
SCs, which represent earlier stages in tumor initiation, since
early molecular events can be identified directly for the cell
type [125].

A disadvantage in acquiring skin fibroblasts from pa-
tients, which is the most common way to generate iPSCs, is
that it requires local anesthesia, incision, suturing, and it is
concerning if the starting fibroblasts contain chromosomal
aberrations due to UV exposure. Using peripheral blood is a
less invasive way to generate iPSCs, however it has a lower
induction efficiency than using fibroblasts, time-consuming
and expensive to isolate granulocyte colony stimulating fac-
tor (G-SCF) mobilized CD34" blood cells and transduce to
hiPSC [141].

4. CANCER STEM CELLS: MOLECULAR AND
THERAPEUTIC TARGETS

4.1. Origin of Cancer Stem Cells

Stem cells are an undifferentiated population of cells al-
most always found in every organ and tissue in the human
body with the potential to undergo self-renewal and differen-
tiation, maintaining the homeostasis of those tissues and or-
gans in an organized manner. Science studied the existence
of 3 types of stem cells: Embryonal, germinal, and somatic
stem cells. Embryonal cells arise from fertilized eggs and
serve as precursor cells for adult organs. Germinal stem
cells are reproductive cells giving rise to eggs and sperms.
Somatic stem cells are responsible for normal tissue renewal
by replacing old senescent cells or repairing damaged cells
in response to tissue injury [4, 142]. Multiple studies in the
scientific literature pustulated the presence of a subpopula-
tion of cells within the tumor bulk known as Cancer Stem
Cells (CSCs). A cancer stem cell is capable to renew itself
and give rise to several cellular lineages that compose the tu-
mor bulk and when compared to normal cells, it has uncon-
trollable mitosis and mutations in the genes controlling the
cell cycle, DNA repair and signal transduction [143, 144].

In the mid 1800s, Rudolf Virchow demonstrated a histo-
logic resemblance between teratocarcinoma and a develop-
ing fetus. Cancers are dedifferentiated when compared to
normal tissue, a pattern that is also seen in fetal tissue [145].
Julius Cohnheim formulated in 1877 that persistent embryon-
ic cells as a possible origin of tumors. These embryonic cells
are considered as reserve cells that remain unused during de-
velopment. The embryonic nature of these cells renders
them to proliferate uncontrollably when receiving an adequ-
ate blood supply [146, 147]. These hypotheses of cancer
stemness were initially evidenced by John E. Dick lab and
colleagues studied acute myeloid leukemia (AML) by isola-
tion and molecular characterization of a population of cells
that were able to generate malignant hematopoietic colonies
with CD34 expression [148-151].
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4.2. Role of CSCs in Treatment Failure and Cancer Re-
lapse

Researchers studied the presence of CSCs, at the functio-
nal and molecular level, in many tumors and their role in sti-
mulating the growth of cancer cells, tumor progression and
metastasis plus being a potential target for novel therapeutic
drugs and radiotherapy [152]. In the following, we denote
the role of CSCs that has been studied in various types of
malignancies.

As we mentioned above, cancers stem cells were initial-
ly studied in leukemias. John Dick and his colleagues, using
SCID and NOD/SCID mice transplanted with leukemic
cells, isolated cells having stem cell properties with the abili-
ty to repopulate. Phenotypic heterogenicity was also ob-
served in the leukemic cell population, similar to that seen in
the original donor, indicating the differentiative capacity of
these cells. Molecular characterization of these cells had
shown to mimic normal HSC with CD34'/CD38 phenotype.
Experiments demonstrated the presence of leukemic stem
cells in acute myelogenous leukemia (AML), acute lympho-
cytic leukemia (ALL) and chronic myelogenous leukemia
(CML) [150].

Breast cancer stem cells were described in a study by
Al-Hajj et al. They identified a tumorigenic population of
cells with CD44'CD24 Lineage™ expression on flow cytome-
try, exhibiting the properties of cancer stem cells. This popu-
lation of cells had the capability to proliferate extensively
and generate phenotypic heterogenicity in the xenografted
NOD/SCID mouse model [153].

In a study by Singh ef al., molecular and cellular analy-
sis of various types of primary brain tumors identified a sub-
population of stem cells with nestin and CD133 expression.
CD133" cells showed stem cell properties with the self-rene-
wal capability, high proliferative activity and the ability to
form neurosphere like colonies plus the tendency to mimic
the phenotype of the tumor from which they were derived
[154, 155]. CD133" cells were also identified, as well as
other cells surface markers, in colorectal cancer [156], lung
cancer [157], liver cancer [158], and pancreatic cancer
[159].

A widely studied brain tumor in terms of cancer stem
cells was neuroblastoma, which is the most common ex-
tracranial solid tumor diagnosed in pediatric patients [160].
Multiple genetic aberrations, molecular markers and path-
ways have been studied in neuroblastoma cancer stem cells
as a cause of aggressiveness and invasiveness of the tumor
and being a potential target for novel chemotherapeutic
agents to achieve a better prognosis [21]. Some of those
molecular markers include DLK1 [161], HIF [162],
CD114/G-CSFR [163], CD24 [164], and ALDHI [165].

Genitourinary malignancies were also a part of the ongo-
ing research about cancer stem cells. Bladder cancer is the
most prevalent malignant tumor of the urinary tract [166].
Cancer stem cells residing within the tumor bulk of bladder
cancer have been related to metastasis, recurrence and resis-
tance to conventional treatments [32, 167]. Phylogenetic
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analysis of bladder cancer stem cells demonstrated their ori-
gin from bladder epithelial stem cells (BESCs) or bladder
cancer non-stem cells (BCNSCs) with clonal homogeneity
among BCSCs and BESCs or BCSCs and BCNSCs and iden-
tified 21 genetic alterations [168, 169]. Another genitouri-
nary tumor is prostate cancer, which is cancer with the high-
est estimate of newly diagnosed cases and the second most
common cause of death in men [166]. Prostate cancer stem
cells are thought to initiate the process of tumor cell differen-
tiation, tumor progression and metastatic invasion, possess-
ing self-renewal properties and genomic instability [170]. A
lethal subtype of prostate cancer known as Castration-Resis-
tant Prostate Cancer (CRPC) hypothesized to be caused by
cancer stem cells as well [171].

4.3. Targeting CSCs to Overcome Therapy Resistance

Tumor recurrence following treatment remains a major
clinical challenge. Cancer stem cells (CSCs) have been con-
sidered as the driving force of tumor recurrence and metasta-
sis for several decades [172]. Therefore, the development of
more targeted therapies is highly dependent on the identifica-
tion of the molecular signatures and genetic aberrations char-
acteristic to this subpopulation of cells.

CSCs have been reported in a variety of tumor types, in-
cluding those of leukemia, breast, brain, prostate, and lung,
and although the markers and driver pathways vary among
tumor types, the general stem cell characteristics and their
roles in therapy resistance appear conserved [21, 27, 150,
173, 174]. CSC specific therapies have long been proposed
in conjunction with a traditional chemotherapeutic regimen
to kill both differentiated and CSC populations and prevent
subsequent relapse [172]. Here, we describe various thera-
peutic approaches toward targeting CSC populations.

In prostate cancer, we showed that the synthetic atypical
retinoid, ST1926, is an effective anti-neoplastic agent that
could target PCa cell lines for apoptosis through a cas-
pase-dependent mechanism in a pS3-null setting [28]. Inter-
estingly, we demonstrated an enhanced ability of this agent
to target the stem/progenitor cell subpopulation in these
lines through inhibiting ALDH activity, which is upregulat-
ed in stem cells [28].

In another study, we investigated the anti-cancer activi-
ty, especially against CSCs, of Berberis libanotica extract
(BLE) [175]. Our data indicated that this extract inhibited
the proliferation of PCa cell lines by disrupting the cell cy-
cle and increasing reactive oxygen species production lead-
ing to cell death [175]. To our interest, repeated BLE treat-
ment abolished the sphere-formation ability of PCa CSCs
and inhibited metastasis [175]. Notably, this effect was con-
comitant with a reduction in the expression levels of Sox2,
Oct4, Nanog, CD44 and CDI166, all stem cell markers
known to be over-expressed in prostate cancer [175]. Thus,
BLE could prove an effective agent to target the resistant
CSC pool and ultimately prevent a recurrence.

In brain cancers, we highlighted the Akt/mTOR pathway
as a potential target for the treatment of glio- and neuroblas-
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toma via eliminating their CSC populations [25, 26]. We
showed that inhibiting mTOR or Akt via Rapamycin or Tri-
ciribine, respectively, was sufficient to eradicate the CSC
population of glio- and neuroblastoma cell lines [25]. Simi-
larly, Metformin and Ara-a, an adenosine monophos-
phate-activated protein kinase (AMPK) activator and inhibi-
tor respectively, were effective in suppressing these CSCs,
possibly through alternate pathways. Metformin inhibits the
mTOR and Akt pathways, both widely implicated in tumori-
genesis [26]. On the other hand, Ara-a-induced inhibition of
AMPK halts energy production in cancer cells [26]. Alterna-
tively, being a nucleoside analog, Ara-a could be exerting its
anti-cancerous effects through interfering with DNA synthe-
sis, which could explain its irreversible effect on the sphere
formation ability of treated cells [26]. Therefore, targeting
the Akt/mTOR signaling cascade may be a successful ad-
junct anti-cancer therapy capable of eliminating radio- and
chemoresistant CSCs in these aggressive brain tumors.

A growing body of evidence is shedding light on the tu-
mor-promoting roles of GSK3p in diverse cancers, and a re-
cent study has shown that it is involved in glioblastoma can-
cer stem cell self-renewal through inducing KDM1A deu-
biquitylation by USP22 [176, 177]. In one of our studies, we
found Gsk3p to be functionally activated in CSCs of Kras
mutant lung adenocarcinoma cells [27]. We demonstrated,
for the first time, that targeting this molecule using the irrev-
ersible GSK3p inhibitor tideglusib markedly inhibited the
growth of Kras mutant LUAD spheres and almost complete-
ly abolished their sphere forming capacity, whereas this ef-
fect was more subtle on cells grown in 2D [27]. Thus,
GSK3p inhibition could be worth considering for the treat-
ment of aggressive lung cancer and other diseases.

CONCLUSION AND FUTURE DIRECTIONS

The stem cells are present in the brain; it is just a matter
of releasing them from a quiescent stage and inducing their
proliferation, differentiation and exploiting them in the right
manner to resolve neuronal death issues. The new cells that
are born do not always differentiate into the cells that are be-
ing lost and that the patient needs. Boosting neurogenesis is
just the beginning; to make use of this precious reserve, our
brain has kept during development, controlling migration,
differentiation, axon guidance and synaptic formation is the
next step after the formation of new neurons. The majority
of the new neurons might eventually undergo apoptosis or
differentiate to astrocytes, microglia or oligodendrocytes.
Therefore, the research done in hippocampal neurogenesis is
so far like the brainstorming done before the actual writing
of a paper. The brainstorming is like writing down and figur-
ing out the possible agents that can manipulate the neurogen-
esis process and having an idea of what is known about the
link it has for such effect. All in all, the aim of neurogenesis
research is to be able at some point to employ and convert
present knowledge on the manner to effective drugs or thera-
peutic approaches that can combat neurodegeneration and
potentiate a milestone revolution in the overall brain health,
memory functions, cognition and stem cell research. Patient
specific cell brain transplantation therapy has become now
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more promising than ever [178], especially after the break-
through finding that embryonic transplanted cells have the
ability to integrate into the adult neocortical circuits and
pathways and become part of what has already established it-
self long ago [179]. It is not too late as our brain can encom-
pass new changes.

A giant leap in stem cell research was the establishment
of iPSCs as they carry the potential for having patient-perso-
nalized treatment without the controversial need of embryon-
ic stem cells. So far, it has demonstrated promising results in
several fields, from neurodegenerative diseases to spinal
cord injuries and diabetes mellitus. The next step for iPSCs
is the already ongoing controlled clinical trials that are using
iPSCs. However, the actual application of iPSCs on patients
needs thorough research and many considerations, such as
the risk of cancer. Thus, it might take a while before iPSC
therapies become widely acknowledged and established.

As for CSCs, we are still in short of information on their
characteristics and actual function and their contribution to
cancer recurrence and metastasis. Thus, research in the field
of CSCs offers the insight and potential to possibly halt me-
tastasis and cancer recurrence which are at the core of can-
cer patients’ suffering. Moreover, the emerging of novel
three-dimensional (3D) assays like spheroids and patien-
t-derived organoids enabled the modelling of different hu-
man diseases. Noticeably, these spheroids and organoids
mimic the in vivo tissue architecture much better than tradi-
tional cell lines and can grow “indefinitely” in culture while
remaining phenotypically and genetically stable since they
stem from a single multipotent stem or progenitor cell that is
capable of differentiation and self-organization to form struc-
tures morphologically and functionally resembling the corre-
sponding in vivo organ. Those near-physiological 3D model
systems can be used to define a vast range of biological pro-
cesses, including tissue renewal, stem cell/niche functions,
drug and genetic screening. Combining these new discov-
eries with the induced pluripotent stem cells (iPSCs) technol-
ogy has yielded the generation of iPSC-derived spheroids
and organoids that demonstrate the self-organization of sev-
eral body organs, and further serve as models to aid in the de-
velopment of regenerative medicine and autologous cell ther-

apy.
CONSENT FOR PUBLICATION
Not applicable.

FUNDING

None.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS

We would like to thank all members of the Abou-
Kheir’s Laboratory (The WAK Lab) for their help and sup-



Stem Cells: In Sickness and in Health

port in this work. A special thank you note to Dr. Elie Al-
Chaer for inspiring us to write this review.

REFERENCES

(1]

[2]

(3]

(4]

(3]

(6]

(71

(8]

]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Thomson JA, Itskovitz-Eldor J, Shapiro SS, e al. Embryonic stem
cell lines derived from human blastocysts. Science 1998;
282(5391): 1145-7.
http://dx.doi.org/10.1126/science.282.5391.1145 PMID: 9804556
Ludwig TE, Kujak A, Rauti A, et al. 20 years of human pluripo-
tent stem cell research: It all started with five lines. Cell Stem Cell
2018; 23(5): 644-8.

http://dx.doi.org/10.1016/j.stem.2018.10.009 PMID: 30388422
Melton D. ‘Stemness’: Definitions, criteria, and standards. Essen-
tials of Stem Cell Biology. (3" ed.). Boston: Academic Press
2014; pp. 7-17.
http://dx.doi.org/10.1016/B978-0-12-409503-8.00002-0

Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, can-
cer, and cancer stem cells. Nature 2001; 414(6859): 105-11.
http://dx.doi.org/10.1038/35102167 PMID: 11689955

Chen X, Ye S, Ying Q-L. Stem cell maintenance by manipulating
signaling pathways: Past, current and future. BMB Rep 2015;
48(12): 668-76.
http://dx.doi.org/10.5483/BMBRep.2015.48.12.215
26497581

Martin GR. Isolation of a pluripotent cell line from early mouse
embryos cultured in medium conditioned by teratocarcinoma stem
cells. Proc Natl Acad Sci USA 1981; 78(12): 7634-8.
http://dx.doi.org/10.1073/pnas.78.12.7634 PMID: 6950406

Singh VK, Saini A, Kalsan M, Kumar N, Chandra R. Describing
the stem cell potency: The various methods of functional assess-
ment and /n silico diagnostics. Front Cell Dev Biol 2016; 4: 134.
http://dx.doi.org/10.3389/fcell.2016.00134 PMID: 27921030
Latos PA, Hemberger M. From the stem of the placental tree: Tro-
phoblast stem cells and their progeny. Development 2016;
143(20): 3650-60.

http://dx.doi.org/10.1242/dev.133462 PMID: 27802134
Gurusamy N, Alsayari A, Rajasingh S, Rajasingh J. Chapter One -
Adult stem cells for regenerative therapy. Progress in molecular bi-
ology and translational science 160. Academic Press 2018; pp.
1-22.

Wagers AJ, Weissman IL. Plasticity of adult stem cells. Cell
2004; 116(5): 639-48.
http://dx.doi.org/10.1016/S0092-8674(04)00208-9
15006347

Morrison SJ, Scadden DT. The bone marrow niche for haema-
topoietic stem cells. Nature 2014; 505(7483): 327-34.
http://dx.doi.org/10.1038/nature12984 PMID: 24429631

Gonzales KAU, Fuchs E. Skin and its regenerative powers: An al-
liance between stem cells and their niche. Dev Cell 2017; 43(4):
387-401.

http://dx.doi.org/10.1016/j.devcel.2017.10.001 PMID: 29161590
Yin H, Price F, Rudnicki MA. Satellite cells and the muscle stem
cell niche. Physiol Rev 2013; 93(1): 23-67.
http://dx.doi.org/10.1152/physrev.00043.2011 PMID: 23303905
Beumer J, Clevers H. Regulation and plasticity of intestinal stem
cells during homeostasis and regeneration. Development 2016;
143(20): 3639-49.

http://dx.doi.org/10.1242/dev.133132 PMID: 27802133

Scalise M, Marino F, Cianflone E, Mancuso T, Marotta P, Aquila
I, et al. Heterogeneity of adult cardiac stem cells. Stem Cells
Heterogeneity in Different Organs. Cham: Springer International
Publishing 2019; pp. 141-78.
http://dx.doi.org/10.1007/978-3-030-24108-7_8

Bergmann O, Spalding KL, Frisén J. Adult Neurogenesis in Hu-
mans Cold Spring Harb Perspect Biol 2015; 7(7): a018994-.
http://dx.doi.org/10.1101/cshperspect.a018994

van der Flier LG, Clevers H. Flier LGvd. Stem cells, self-renewal,
and differentiation in the intestinal epithelium. Annu Rev Physiol
2009; 71(1): 241-60.
http://dx.doi.org/10.1146/annurev.physiol.010908.163145 PMID:
18808327

Nurzynska D, Di Meglio F, Romano V, ef al. Cardiac primitive

PMID:

PMID:

[19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Current Stem Cell Research & Therapy, 2021, Vol. 16, No. 3 271

cells become committed to a cardiac fate in adult human heart
with chronic ischemic disease but fail to acquire mature pheno-
type: Genetic and phenotypic study. Basic Res Cardiol 2013;
108(1): 320.

http://dx.doi.org/10.1007/s00395-012-0320-2 PMID: 23224139
Nassar D, Blanpain C. Cancer stem cells: Basic concepts and ther-
apeutic implications. Annu Rev Pathol 2016; 11: 47-76.
http://dx.doi.org/10.1146/annurev-pathol-012615-044438 PMID:
27193450

Koren E, Fuchs Y. The bad seed: Cancer stem cells in tumor devel-
opment and resistance Drug resistance updates: Reviews and com-
mentaries in antimicrobial and anticancer chemotherapy 2016; 28:
1-12.

Bahmad HF, Chamaa F, Assi S, Chalhoub RM, Abou-Antoun T,
Abou-Kheir W. Cancer stem cells in neuroblastoma: Expanding
the therapeutic frontier. Front Mol Neurosci 2019; 12: 131.
http://dx.doi.org/10.3389/fnmol.2019.00131 PMID: 31191243
Bahmad HF, Elajami MK, El Zarif T, Bou-Gharios J, Abou-An-
toun T, Abou-Kheir W. Drug repurposing towards targeting can-
cer stem cells in pediatric brain tumors. Cancer Metastasis Rev
2020; 39(1): 127-48.
http://dx.doi.org/10.1007/s10555-019-09840-2 PMID: 31919619
Bahmad HF, Poppiti RJ. Medulloblastoma cancer stem cells:
Molecular signatures and therapeutic targets. J Clin Pathol 2020;
73(5)

http://dx.doi.org/10.1136/jclinpath-2019-206246

Malaeb W, Bahmad HF, Abou-Kheir W, Mhanna R. The sulfation
of biomimetic glycosaminoglycan substrates controls binding of
growth factors and subsequent neural and glial cell growth. Bio-
mater Sci 2019; 7(10): 4283-98.
http://dx.doi.org/10.1039/C9BM00964G PMID: 31407727
Bahmad HF, Mouhieddine TH, Chalhoub RM, ef al. The Akt/m-
TOR pathway in cancer stem/progenitor cells is a potential thera-
peutic target for glioblastoma and neuroblastoma. Oncotarget
2018; 9(71): 33549-61.
http://dx.doi.org/10.18632/oncotarget.26088 PMID: 30323898
Mouhieddine TH, Nokkari A, Itani MM, et al. Metformin and
Ara-a effectively suppress brain cancer by targeting cancer
stem/progenitor cells. Front Neurosci 2015; 9: 442.
http://dx.doi.org/10.3389/fnins.2015.00442 PMID: 26635517
Daouk R, Hassane M, Bahmad HF, et al. Genome-wide and
phenotypic evaluation of stem cell progenitors derived from Gpr-
cSa-deficient murine lung adenocarcinoma with somatic Kras mu-
tations. Front Oncol 2019; 9: 207.
http://dx.doi.org/10.3389/fonc.2019.00207 PMID: 31001473
Bahmad HF, Samman H, Monzer A, et al. The synthetic retinoid
ST1926 attenuates prostate cancer growth and potentially targets
prostate cancer stem-like cells. Mol Carcinog 2019; 58(7):
1208-20.

http://dx.doi.org/10.1002/mc.23004 PMID: 30883933

Bahmad HF, Cheaito K, Chalhoub RM, et al. Sphere-formation as-
say: Three-dimensional in vitro culturing of prostate cancer
stem/progenitor sphere-forming cells. Front Oncol 2018; 8: 347.
http://dx.doi.org/10.3389/fonc.2018.00347 PMID: 30211124

Tsai YC, Chen WY, Abou-Kheir W, et al. Androgen deprivation
therapy-induced epithelial-mesenchymal transition of prostate can-
cer through downregulating SPDEF and activating CCL2.
Biochim Biophys Acta Mol Basis Dis 2018; 1864 (5 Pt A):
1717-27.

http://dx.doi.org/10.1016/j.bbadis.2018.02.016 PMID: 29477409
Daoud G, Monzer A, Bahmad H, et al. Primary versus castra-
tion-resistant prostate cancer: Modeling through novel murine
prostate cancer cell lines. Oncotarget 2016; 7(20): 28961-75.
http://dx.doi.org/10.18632/oncotarget.8436 PMID: 27036046
Bodgi L, Bahmad HF, Araji T, ef al. Assessing radiosensitivity of
bladder cancer in vitro: A 2D vs. 3D approach. Front Oncol 2019;
9:153.

http://dx.doi.org/10.3389/fonc.2019.00153 PMID: 30941305
Horgusluoglu E, Nudelman K, Nho K, Saykin AJ. Adult neurogen-
esis and neurodegenerative diseases: A systems biology perspec-
tive American journal of medical genetics Part B, Neuropsychia-
tric genetics: The official publication of the International Society
of Psychiatric Genetics 2017; 174(1): 93-112.



272 Current Stem Cell Research & Therapy, 2021, Vol. 16, No. 3

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

http://dx.doi.org/10.1002/ajmg.b.32429

Gincberg G, Arien-Zakay H, Lazarovici P, Lelkes PI. Neural stem
cells: Therapeutic potential for neurodegenerative diseases. Br
Med Bull 2012; 104: 7-19.

http://dx.doi.org/10.1093/bmb/1ds024 PMID: 22988303

Sacco R, Cacci E, Novarino G. Neural stem cells in neuropsychia-
tric disorders. Curr Opin Neurobiol 2018; 48: 131-8.
http://dx.doi.org/10.1016/j.conb.2017.12.005 PMID: 29287246
Courchesne E, Mouton PR, Calhoun ME, ef al. Neuron number
and size in prefrontal cortex of children with autism. JAMA 2011;
306(18): 2001-10.

http://dx.doi.org/10.1001/jama.2011.1638 PMID: 22068992
Jacobs BL, van Praag H, Gage FH. Adult brain neurogenesis and
psychiatry: A novel theory of depression. Mol Psychiatry 2000;
5(3): 262-9.

http://dx.doi.org/10.1038/sj.mp.4000712 PMID: 10889528
Santarelli L, Saxe M, Gross C, ef al. Requirement of hippocampal
neurogenesis for the behavioral effects of antidepressants. Science
2003; 301(5634): 805-9.
http://dx.doi.org/10.1126/science.1083328 PMID: 12907793
Herrup K, Yang Y. Cell cycle regulation in the postmitotic neu-
ron: oxymoron or new biology? Nat Rev Neurosci 2007; 8(5):
368-78.

http://dx.doi.org/10.1038/nrn2124 PMID: 17453017

Ranganathan S, Scudiere S, Bowser R. Hyperphosphorylation of
the retinoblastoma gene product and altered subcellular distribu-
tion of E2F-1 during Alzheimer’s disease and amyotrophic lateral
sclerosis. J Alzheimers Dis 2001; 3(4): 377-85.
http://dx.doi.org/10.3233/JAD-2001-3403 PMID: 12214040
Burns KA, Ayoub AE, Breunig JJ, Adhami F, Weng WL, Colbert
MC, et al. Nestin-CreER mice reveal DNA synthesis by nonapop-
totic neurons following cerebral ischemia hypoxia. Cerebral cor-
tex (New York, NY : 1991) 2007; 17: pp. (11)2585-92.
http://dx.doi.org/10.1093/cercor/bhl164

Hoglinger GU, Breunig JJ, Depboylu C, ef al. The pRb/E2F cell--
cycle pathway mediates cell death in Parkinson’s disease. Proc
Natl Acad Sci USA 2007; 104(9): 3585-90.
http://dx.doi.org/10.1073/pnas.0611671104 PMID: 17360686
Nguyen MD, Boudreau M, Kriz J, Couillard-Després S, Kaplan
DR, Julien JP. Cell cycle regulators in the neuronal death pathway
of amyotrophic lateral sclerosis caused by mutant superoxide dis-
mutase 1. J Neurosci 2003; 23(6): 2131-40.
http://dx.doi.org/10.1523/INEUROSCI.23-06-02131.2003 PMID:
12657672

Ranganathan S, Bowser R. Alterations in G(1) to S phase cell-cy-
cle regulators during amyotrophic lateral sclerosis. Am J Pathol
2003; 162(3): 823-35.
http://dx.doi.org/10.1016/S0002-9440(10)63879-5
12598317

Frade JM, Ovejero-Benito MC. Neuronal cell cycle: The neuron it-
self and its circumstances. Cell Cycle 2015; 14(5): 712-20.
http://dx.doi.org/10.1080/15384101.2015.1004937
25590687

Spalding KL, Bergmann O, Alkass K, ef a/. Dynamics of hippo-
campal neurogenesis in adult humans. Cell 2013; 153(6):
1219-27.

http://dx.doi.org/10.1016/j.cell.2013.05.002 PMID: 23746839
Chamaa F, Bitar L, Darwish B, Saade NE, Abou-Kheir W. Intrac-
erebroventricular injections of endotoxin (ET) reduces hippocam-
pal neurogenesis. ] Neuroimmunol 2018; 315: 58-67.
http://dx.doi.org/10.1016/j.jneuroim.2017.12.013
29306407

Darwish B, Chamaa F, Al-Chaer ED, Saadé NE, Abou-Kheir W.
Intranigral injection of endotoxin suppresses proliferation of hippo-
campal progenitor cells. Front Neurosci 2019; 13: 687.
http://dx.doi.org/10.3389/fnins.2019.00687 PMID: 31333405
Ghazale H, Ramadan N, Mantash S, et al. Docosahexaenoic acid
(DHA) enhances the therapeutic potential of neonatal neural stem
cell transplantation post-Traumatic brain injury. Behav Brain Res
2018; 340: 1-13.

http://dx.doi.org/10.1016/j.bbr.2017.11.007 PMID: 29126932
Kuhn HG, Toda T, Gage FH. Adult Hippocampal Neurogenesis:
A Coming-of-Age Story. J Neurosci 2018; 38(49): 10401-10.

PMID:

PMID:

PMID:

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Bahmad et al.

http://dx.doi.org/10.1523/INEUROSCI1.2144-18.2018 PMID:
30381404

Bond AM, Ming GL, Song H. Adult mammalian neural stem cells
and neurogenesis: Five Decades Later. Cell Stem Cell 2015;
17(4): 385-95.

http://dx.doi.org/10.1016/j.stem.2015.09.003 PMID: 26431181
Gage FH. Mammalian neural stem cells. Science 2000;
287(5457): 1433-8.
http://dx.doi.org/10.1126/science.287.5457.1433
10688783

Zhao C, Deng W, Gage FH. Mechanisms and functional implica-
tions of adult neurogenesis. Cell 2008; 132(4): 645-60.
http://dx.doi.org/10.1016/j.cell.2008.01.033 PMID: 18295581
Song H, Stevens CF, Gage FH. Astroglia induce neurogenesis
from adult neural stem cells. Nature 2002; 417(6884): 39-44.
http://dx.doi.org/10.1038/417039a PMID: 11986659
Kempermann G, Jessberger S, Steiner B, Kronenberg G. Miles-
tones of neuronal development in the adult hippocampus. Trends
Neurosci 2004; 27(8): 447-52.
http://dx.doi.org/10.1016/j.tins.2004.05.013 PMID: 15271491
Forster E, Tielsch A, Saum B, et al. Reelin, Disabled 1, and beta 1
integrins are required for the formation of the radial glial scaffold
in the hippocampus. Proc Natl Acad Sci USA 2002; 99(20):
13178-83.

http://dx.doi.org/10.1073/pnas.202035899 PMID: 12244214
Zhang J, Jiao J. Molecular biomarkers for embryonic and adult
neural stem cell and neurogenesis. BioMed Res Int 2015; 2015:
727542.

http://dx.doi.org/10.1155/2015/727542 PMID: 26421301

Zhao C, Teng EM, Summers RG Jr, Ming GL, Gage FH. Distinct
morphological stages of dentate granule neuron maturation in the
adult mouse hippocampus. J Neurosci 2006; 26(1): 3-11.
http://dx.doi.org/10.1523/INEUROSCI.3648-05.2006
16399667

Toni N, Laplagne DA, Zhao C, et al. Neurons born in the adult
dentate gyrus form functional synapses with target cells. Nat Neu-
rosci 2008; 11(8): 901-7.

http://dx.doi.org/10.1038/nn.2156 PMID: 18622400

Suh H, Deng W, Gage FH. Signaling in adult neurogenesis. Annu
Rev Cell Dev Biol 2009; 25: 253-75.
http://dx.doi.org/10.1146/annurev.cellbio.042308.113256 PMID:
19575663

Eriksson PS, Perfilieva E, Bjork-Eriksson T, et al. Neurogenesis
in the adult human hippocampus. Nat Med 1998; 4(11): 1313-7.
http://dx.doi.org/10.1038/3305 PMID: 9809557

Mira H, Andreu Z, Suh H, et al. Signaling through BMPR-IA regu-
lates quiescence and long-term activity of neural stem cells in the
adult hippocampus. Cell Stem Cell 2010; 7(1): 78-89.
http://dx.doi.org/10.1016/j.stem.2010.04.016 PMID: 20621052
Wang YZ, Plane JM, Jiang P, Zhou CJ, Deng W. Concise review:
Quiescent and active states of endogenous adult neural stem cells:
identification and characterization. Stem Cells 2011; 29(6):
907-12.

http://dx.doi.org/10.1002/stem.644 PMID: 21557389

Lepousez G, Valley MT, Lledo PM. The impact of adult neurogen-
esis on olfactory bulb circuits and computations. Annu Rev Physi-
ol 2013; 75: 339-63.
http://dx.doi.org/10.1146/annurev-physiol-030212-183731 PMID:
23190074

Doetsch F, Caillé I, Lim DA, Garcia-Verdugo JM, Alvarez-Buylla
A. Subventricular zone astrocytes are neural stem cells in the adult
mammalian brain. Cell 1999; 97(6): 703-16.
http://dx.doi.org/10.1016/S0092-8674(00)80783-7
10380923

Ernst A, Alkass K, Bernard S, ef al. Neurogenesis in the striatum
of the adult human brain. Cell 2014; 156(5): 1072-83.
http://dx.doi.org/10.1016/j.cell.2014.01.044 PMID: 24561062
Chamaa F, Bahmad HF, Makkawi A-K, et al. Nitrous oxide in-
duces prominent cell proliferation in adult rat hippocampal den-
tate gyrus. Front Cell Neurosci 2018; 12: 135.
http://dx.doi.org/10.3389/fncel.2018.00135 PMID: 29867368
Chamaa F, Sweidan W, Nahas Z, Saade N, Abou-Kheir W. Thala-
mic stimulation in awake rats induces neurogenesis in the hippo-

PMID:

PMID:

PMID:



Stem Cells: In Sickness and in Health

[69]

[70]

[71]

[72]

(731

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

(84]

campal formation. Brain Stimul 2016; 9(1): 101-8.
http://dx.doi.org/10.1016/j.brs.2015.09.006 PMID: 26460201
Trinchero MF, Herrero M, Schinder AF. Rejuvenating the brain
with chronic exercise through adult neurogenesis. Front Neurosci
2019; 13(1000): 1000.

http://dx.doi.org/10.3389/fnins.2019.01000 PMID: 31619959
Kronenberg G, Bick-Sander A, Bunk E, Wolf C, Ehninger D,
Kempermann G. Physical exercise prevents age-related decline in
precursor cell activity in the mouse dentate gyrus. Neurobiol Ag-
ing 2006; 27(10): 1505-13.
http://dx.doi.org/10.1016/j.neurobiolaging.2005.09.016 PMID:
16271278

Marlatt MW, Potter MC, Lucassen PJ, van Praag H. Running
throughout middle-age improves memory function, hippocampal
neurogenesis, and BDNF levels in female C57BL/6J mice. Dev
Neurobiol 2012; 72(6): 943-52.
http://dx.doi.org/10.1002/dneu.22009 PMID: 22252978

Chae CH, Jung SL, An SH, ef al. Swimming exercise stimulates
neuro-genesis in the subventricular zone via increase in synapsin I
and nerve growth factor levels. Biol Sport 2014; 31(4): 309-14.
http://dx.doi.org/10.5604/20831862.1132130 PMID: 25609889
Leiter O, Seidemann S, Overall RW, et al. Exercise-induced acti-
vated platelets increase adult hippocampal precursor proliferation
and promote neuronal differentiation. Stem Cell Reports 2019;
12(4): 667-79.

http://dx.doi.org/10.1016/j.stemcr.2019.02.009 PMID: 30905740
El Hayek L, Khalifeh M, Zibara V, et al. Lactate mediates the ef-
fects of exercise on learning and memory through SIRT1-depen-
dent activation of hippocampal brain-derived neurotrophic factor
(BDNF). J Neurosci 2019; 39(13): 2369-82.
http://dx.doi.org/10.1523/INEUROSCI.1661-18.2019
30692222

Lev-Vachnish Y, Cadury S, Rotter-Maskowitz A, et al. L-lactate
promotes adult hippocampal neurogenesis. Front Neurosci 2019;
13: 403.

http://dx.doi.org/10.3389/fnins.2019.00403 PMID: 31178678
Eriksdotter Jonhagen M, Nordberg A, Amberla K, ef al. Intracere-
broventricular infusion of nerve growth factor in three patients
with Alzheimer’s disease. Dement Geriatr Cogn Disord 1998;
9(5): 246-57.

http://dx.doi.org/10.1159/000017069 PMID: 9701676

Isaacson LG, Saffran BN, Crutcher KA. Intracerebral NGF infu-
sion induces hyperinnervation of cerebral blood vessels. Neurobi-
ol Aging 1990; 11(1): 51-5.
http://dx.doi.org/10.1016/0197-4580(90)90062-5 PMID: 2183082
Williams LR. Hypophagia is induced by intracerebroventricular
administration of nerve growth factor. Exp Neurol 1991; 113(1):
31-7.

http://dx.doi.org/10.1016/0014-4886(91)90143-Z PMID: 2044677
Shohayeb B, Diab M, Ahmed M, Ng DCH. Factors that influence
adult neurogenesis as potential therapy. Transl Neurodegener
2018; 7: 4.

http://dx.doi.org/10.1186/s40035-018-0109-9 PMID: 29484176
Poulose SM, Miller MG, Scott T, Shukitt-Hale B. Nutritional fac-
tors affecting adult neurogenesis and cognitive function. Adv Nutr
2017; 8(6): 804-11.

http://dx.doi.org/10.3945/an.117.016261 PMID: 29141966
Conboy L, Foley AG, O’Boyle NM, et al. Curcumin-induced
degradation of PKC delta is associated with enhanced dentate
NCAM PSA expression and spatial learning in adult and aged Wis-
tar rats. Biochem Pharmacol 2009; 77(7): 1254-65.
http://dx.doi.org/10.1016/j.bcp.2008.12.011 PMID: 19161989
Matsuoka Y. Clearance of fear memory from the hippocampus
through neurogenesis by omega-3 fatty acids: A novel preventive
strategy for posttraumatic stress disorder? Biopsychosoc Med
2011; 5: 3.

http://dx.doi.org/10.1186/1751-0759-5-3 PMID: 21303552
Murphy T, Dias GP, Thuret S. Effects of diet on brain plasticity in
animal and human studies: Mind the gap. Neural Plast 2014;
2014: 563160.

http://dx.doi.org/10.1155/2014/563160 PMID: 24900924

Valente T, Hidalgo J, Bolea I, er al. A diet enriched in po-
lyphenols and polyunsaturated fatty acids, LMN diet, induces neu-

PMID:

(85]

[86]

[87]

[88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

Current Stem Cell Research & Therapy, 2021, Vol. 16, No. 3 273

rogenesis in the subventricular zone and hippocampus of adult
mouse brain. J Alzheimers Dis 2009; 18(4): 849-65.
http://dx.doi.org/10.3233/JAD-2009-1188 PMID: 19661617

Zhao YN, Li WF, Li F, ef al. Resveratrol improves learning and
memory in normally aged mice through microRNA-CREB path-
way. Biochem Biophys Res Commun 2013; 435(4): 597-602.
http://dx.doi.org/10.1016/j.bbrc.2013.05.025 PMID: 23685142
Joseph JA, Shukitt-Hale B, Denisova NA, ef al. Reversals of age-
related declines in neuronal signal transduction, cognitive, and mo-
tor behavioral deficits with blueberry, spinach, or strawberry die-
tary supplementation. J Neurosci 1999; 19(18): 8114-21.
http://dx.doi.org/10.1523/INEUROSCI.19-18-08114.1999 PMID:
10479711

Hou Y, Aboukhatwa MA, Lei D-L, Manaye K, Khan I, Luo Y. An-
ti-depressant natural flavonols modulate BDNF and beta amyloid
in neurons and hippocampus of double TgAD mice. Neuropharma-
cology 2010; 58(6): 911-20.
http://dx.doi.org/10.1016/j.neuropharm.2009.11.002
19917299

Segi-Nishida E. The effect of serotonin-targeting antidepressants
on neurogenesis and neuronal maturation of the hippocampus me-
diated via 5-HT1A and 5-HT4 receptors. Front Cell Neurosci
2017; 11: 142.

http://dx.doi.org/10.3389/fncel.2017.00142 PMID: 28559799
Micheli L, Ceccarelli M, D’Andrea G, Tirone F. Depression and
adult neurogenesis: Positive effects of the antidepressant fluoxe-
tine and of physical exercise. Brain Res Bull 2018; 143: 181-93.
http://dx.doi.org/10.1016/j.brainresbull.2018.09.002 PMID:
30236533

Boldrini M, Underwood MD, Hen R, Rosoklija GB, Dwork AJ,
John Mann J, et al. Antidepressants increase neural progenitor
cells in the human hippocampus Neuropsychopharmacology: Offi-
cial publication of the American College of Neuropsychopharma-
cology 2009; 34(11): 2376-89.
http://dx.doi.org/10.1038/npp.2009.75

Wang JW, David DJ, Monckton JE, Battaglia F, Hen R. Chronic
fluoxetine stimulates maturation and synaptic plasticity of adult-
born hippocampal granule cells. J Neurosci 2008; 28(6): 1374-84.
http://dx.doi.org/10.1523/INEUROSCI.3632-07.2008 ~ PMID:
18256257

Encinas JM, Vaahtokari A, Enikolopov G. Fluoxetine targets early
progenitor cells in the adult brain. Proc Natl Acad Sci USA 2006;
103(21): 8233-8.

http://dx.doi.org/10.1073/pnas.0601992103 PMID: 16702546
Potts MB, Lim DA. An old drug for new ideas: Metformin pro-
motes adult neurogenesis and spatial memory formation. Cell
Stem Cell 2012; 11(1): 5-6.
http://dx.doi.org/10.1016/j.stem.2012.06.003 PMID: 22770236
Monje ML, Toda H, Palmer TD. Inflammatory blockade restores
adult hippocampal neurogenesis. Science 2003; 302(5651):
1760-5.

http://dx.doi.org/10.1126/science.1088417 PMID: 14615545
Ekdahl CT, Claasen JH, Bonde S, Kokaia Z, Lindvall O. Inflam-
mation is detrimental for neurogenesis in adult brain. Proc Natl
Acad Sci USA 2003; 100(23): 13632-7.
http://dx.doi.org/10.1073/pnas.2234031100 PMID: 14581618
Sigkové Z, Tremblay ME. Microglia and synapse: Interactions in
health and neurodegeneration. Neural Plast 2013; 2013: 425845.
http://dx.doi.org/10.1155/2013/425845 PMID: 24392228

Wake H, Moorhouse AJ, Miyamoto A, Nabekura J. Microglia: Ac-
tively surveying and shaping neuronal circuit structure and func-
tion. Trends Neurosci 2013; 36(4): 209-17.
http://dx.doi.org/10.1016/j.tins.2012.11.007 PMID: 23260014
Stone SS, Teixeira CM, Devito LM, et al. Stimulation of entorhi-
nal cortex promotes adult neurogenesis and facilitates spatial mem-
ory. J Neurosci 2011; 31(38): 13469-84.
http://dx.doi.org/10.1523/INEUROSCI.3100-11.2011
21940440

Zhen J, Qian Y, Fu J, et al. Deep brain magnetic stimulation pro-
motes neurogenesis and restores cholinergic activity in a trans-
genic mouse model of Alzheimer’s disease. Front Neural Circuits
2017; 11: 48.

http://dx.doi.org/10.3389/fncir.2017.00048 PMID: 28713248

PMID:

PMID:



274 Current Stem Cell Research & Therapy, 2021, Vol. 16, No. 3

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Lv Q,Du A, Wei W, Li Y, Liu G, Wang XP. Deep brain stimula-
tion: A potential treatment for dementia in Alzheimer’s disease
(AD) and Parkinson’s disease dementia (PDD). Front Neurosci
2018; 12(360): 360.

http://dx.doi.org/10.3389/fnins.2018.00360 PMID: 29896085

Liu A, Jain N, Vyas A, Lim LW. Ventromedial prefrontal cortex
stimulation enhances memory and hippocampal neurogenesis in
the middle-aged rats. eLife 2015; 4: 4.
http://dx.doi.org/10.7554/eLife.04803 PMID: 25768425

Temel Y, Visser-Vandewalle V. Surgery in Tourette syndrome.
Mov Disord 2004; 19(1): 3-14.
http://dx.doi.org/10.1002/mds.10649 PMID: 14743354

Mallet L, Mesnage V, Houeto JL, et al. Compulsions, Parkinson’s
disease, and stimulation. Lancet 2002; 360(9342): 1302-4.
http://dx.doi.org/10.1016/S0140-6736(02)11339-0
12414208

Kuhn J, Griindler TO, Lenartz D, Sturm V, Klosterkotter J, Huff
W. Deep brain stimulation for psychiatric disorders. Dtsch Arztebl
Int 2010; 107(7): 105-13.

PMID: 20221269

Kempermann G, Gage FH, Aigner L, et al. Human adult neurogen-
esis: Evidence and remaining questions. Cell Stem Cell 2018;
23(1): 25-30.

http://dx.doi.org/10.1016/j.stem.2018.04.004 PMID: 29681514
Scharfman HE, Hen R. Neuroscience. Is more neurogenesis al-
ways better? Science 2007; 315(5810): 336-8.
http://dx.doi.org/10.1126/science.1138711 PMID: 17234934
Pechnick RN, Chesnokova V. Adult neurogenesis, cell cycle and
drug discovery in psychiatry Neuropsychopharmacology : Official
publication of the American College of Neuropsychopharmacolo-
gy 2009; 34(1): 244.

http://dx.doi.org/10.1038/npp.2008.164

Yao B, Christian KM, He C, Jin P, Ming GL, Song H. Epigenetic
mechanisms in neurogenesis. Nat Rev Neurosci 2016; 17(9):
537-49.

http://dx.doi.org/10.1038/nrn.2016.70 PMID: 27334043

Bird AP. CpG-rich islands and the function of DNA methylation.
Nature 1986; 321(6067): 209-13.
http://dx.doi.org/10.1038/321209a0 PMID: 2423876

Guo JU, Ma DK, Mo H, et al. Neuronal activity modifies the
DNA methylation landscape in the adult brain. Nat Neurosci
2011; 14(10): 1345-51.

http://dx.doi.org/10.1038/nn.2900 PMID: 21874013

Ma DK, Jang MH, Guo JU, ef al. Neuronal activity-induced Gad-
d45b promotes epigenetic DNA demethylation and adult neurogen-
esis. Science 2009; 323(5917): 1074-7.
http://dx.doi.org/10.1126/science.1166859 PMID: 19119186
Merson TD, Dixon MP, Collin C, ef al. The transcriptional coacti-
vator Querkopf controls adult neurogenesis. J Neurosci 2006;
26(44): 11359-70.
http://dx.doi.org/10.1523/INEUROSCI.2247-06.2006
17079664

Takahashi K, Yamanaka S. Induction of pluripotent stem cells
from mouse embryonic and adult fibroblast cultures by defined
factors. Cell 2006; 126(4): 663-76.
http://dx.doi.org/10.1016/j.cell.2006.07.024 PMID: 16904174
Hanna JH, Saha K, Jaenisch R. Pluripotency and cellular repro-
gramming: facts, hypotheses, unresolved issues. Cell 2010;
143(4): 508-25.

http://dx.doi.org/10.1016/j.cell.2010.10.008 PMID: 21074044
Takahashi K, Tanabe K, Ohnuki M, e al. Induction of pluripotent
stem cells from adult human fibroblasts by defined factors. Cell
2007; 131(5): 861-72.

http://dx.doi.org/10.1016/j.cell.2007.11.019 PMID: 18035408
Papaetrou EP. Author Correction: Patient-derived induced pluripo-
tent stem cells in cancer research and precision oncology. Nat
Med 2019; 25(5): 861.
http://dx.doi.org/10.1038/s41591-019-0435-1 PMID: 30944418
Chun YS, Byun K, Lee B. Induced pluripotent stem cells and per-
sonalized medicine: Current progress and future perspectives.
Anat Cell Biol 2011; 44(4): 245-55.
http://dx.doi.org/10.5115/acb.2011.44.4.245 PMID: 22254153
Yamanaka S. Induced pluripotent stem cells: Past, present, and fu-

PMID:

PMID:

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

Bahmad et al.

ture. Cell Stem Cell 2012; 10(6): 678-84.
http://dx.doi.org/10.1016/j.stem.2012.05.005 PMID: 22704507
Bahmad H, Hadadeh O, Chamaa F, et al. Modeling human neuro-
logical and neurodegenerative diseases: From induced pluripotent
stem cells to neuronal differentiation and its applications in neuro-
trauma. Front Mol Neurosci 2017; 10: 50.
http://dx.doi.org/10.3389/famol.2017.00050 PMID: 28293168
Byers B, Lee HL, Reijo Pera R. Modeling Parkinson’s disease us-
ing induced pluripotent stem cells. Curr Neurol Neurosci Rep
2012; 12(3): 237-42.
http://dx.doi.org/10.1007/s11910-012-0270-y PMID: 22538490
Mungenast AE, Siegert S, Tsai LH. Modeling Alzheimer’s disease
with human induced pluripotent stem (iPS) cells. Mol Cell Neuros-
¢i2016; 73: 13-31.

http://dx.doi.org/10.1016/j.men.2015.11.010 PMID: 26657644
Fujiwara N, Shimizu J, Takai K, Arimitsu N, Saito A, Kono T, et
al. Restoration of spatial memory dysfunction of human APP
transgenic mice by transplantation of neuronal precursors derived
from human iPS cells Neuroscience letters 2013; 557(Pt B):
129-34.

http://dx.doi.org/10.1016/j.neulet.2013.10.043

Marin Navarro A, Day K, Kogner P, Wilhelm M, Falk A. Genera-
tion of induced pluripotent stem cell lines from two Neuroblasto-
ma patients carrying a germline ALK R1275Q mutation. Stem
Cell Res (Amst) 2019; 34: 101356.
http://dx.doi.org/10.1016/j.scr.2018.11.017 PMID: 30605844

Pan XY, Tsai MH, Wuputra K, ez al. Application of cancer cell re-
programming technology to human cancer research. Anticancer
Res 2017; 37(7): 3367-77.
http://dx.doi.org/10.21873/anticanres.11703 PMID: 28668824
Kim JJ. Applications of iPSCs in Cancer Research. Biomark In-
sights 2015; 10 (Suppl. 1): 125-31.

PMID: 26279620

Miyoshi N, Ishii H, Nagai K, et al. Defined factors induce repro-
gramming of gastrointestinal cancer cells. Proc Natl Acad Sci
USA 2010; 107(1): 40-5.
http://dx.doi.org/10.1073/pnas.0912407107 PMID: 20018687
Kahounova Z, Slabakova E, Bino L, ef al. Generation of human iP-
SCs from human prostate cancer-associated fibroblasts IBPi002-
A. Stem Cell Res (Amst) 2018; 33: 255-9.
http://dx.doi.org/10.1016/j.scr.2018.11.006 PMID: 30481741
Griscelli F, Oudrhiri N, Feraud O, et al. Generation of induced
pluripotent stem cell (iPSC) line from a patient with triple nega-
tive breast cancer with hereditary exon 17 deletion of BRCALI
gene. Stem Cell Res (Amst) 2017; 24: 135-8.
http://dx.doi.org/10.1016/j.scr.2017.09.003 PMID: 29034880

Shi Y. Induced pluripotent stem cells, new tools for drug discov-
ery and new hope for stem cell therapies. Curr Mol Pharmacol
2009; 2(1): 15-8.
http://dx.doi.org/10.2174/1874467210902010015
20021441

Stadtfeld M, Maherali N, Breault DT, Hochedlinger K. Defining
molecular cornerstones during fibroblast to iPS cell reprogram-
ming in mouse. Cell Stem Cell 2008; 2(3): 230-40.
http://dx.doi.org/10.1016/j.stem.2008.02.001 PMID: 18371448
Liu G, David BT, Trawczynski M, Fessler RG. Advances in
pluripotent stem cells: History, mechanisms, technologies, and ap-
plications. Stem Cell Rev Rep 2019.

Kazuki Y, Hiratsuka M, Takiguchi M, et al. Complete genetic cor-
rection of ips cells from Duchenne muscular dystrophy. Mol Ther
2010; 18(2): 386-93.

http://dx.doi.org/10.1038/mt.2009.274 PMID: 19997091

Mauritz C, Martens A, Rojas SV, et al. Induced pluripotent stem
cell (iPSC)-derived Flk-1 progenitor cells engraft, differentiate,
and improve heart function in a mouse model of acute myocardial
infarction. Eur Heart J 2011; 32(21): 2634-41.
http://dx.doi.org/10.1093/eurheartj/ehr166 PMID: 21596799
Mandai M, Kurimoto Y, Takahashi M. Autologous induced stem--
cell-derived retinal cells for macular degeneration. N Engl J Med
2017; 377(8): 792-3.

http://dx.doi.org/10.1056/NEJMc1706274 PMID: 28834478
Takahashi J. Strategies for bringing stem cell-derived dopamine
neurons to the clinic: The Kyoto trial. Prog Brain Res 2017; 230:

PMID:



Stem Cells: In Sickness and in Health

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

213-26.

http://dx.doi.org/10.1016/bs.pbr.2016.11.004 PMID: 28552230
Trounson A, McDonald C. Stem cell therapies in clinical trials:
Progress and challenges. Cell Stem Cell 2015; 17(1): 11-22.
http://dx.doi.org/10.1016/j.stem.2015.06.007 PMID: 26140604
Shi Y, Inoue H, Wu JC, Yamanaka S. Induced pluripotent stem
cell technology: A decade of progress. Nat Rev Drug Discov
2017; 16(2): 115-30.

http://dx.doi.org/10.1038/nrd.2016.245 PMID: 27980341
Burkhardt MF, Martinez FJ, Wright S, ef al. A cellular model for
sporadic ALS using patient-derived induced pluripotent stem
cells. Mol Cell Neurosci 2013; 56: 355-64.
http://dx.doi.org/10.1016/j.mcn.2013.07.007 PMID: 23891805
Hoing S, Rudhard Y, Reinhardt P, ef al. Discovery of inhibitors of
microglial neurotoxicity acting through multiple mechanisms us-
ing a stem-cell-based phenotypic assay. Cell Stem Cell 2012;
11(5): 620-32.

http://dx.doi.org/10.1016/j.stem.2012.07.005 PMID: 23064101

Xu X, Lei Y, Luo J, et al. Prevention of B-amyloid induced toxici-
ty in human iPS cell-derived neurons by inhibition of Cyclin-de-
pendent kinases and associated cell cycle events. Stem Cell Res
(Amst) 2013; 10(2): 213-27.
http://dx.doi.org/10.1016/j.scr.2012.11.005 PMID: 23305945
Yamanaka S. Patient-specific pluripotent stem cells become even
more accessible. Cell Stem Cell 2010; 7(1): 1-2.
http://dx.doi.org/10.1016/j.stem.2010.06.009 PMID: 20621038
Sell S. Stem cell origin of cancer and differentiation therapy. Crit
Rev Oncol Hematol 2004; 51(1): 1-28.
http://dx.doi.org/10.1016/j.critrevonc.2004.04.007
15207251

Baumann M, Krause M, Hill R. Exploring the role of cancer stem
cells in radioresistance. Nat Rev Cancer 2008; 8(7): 545-54.
http://dx.doi.org/10.1038/nrc2419 PMID: 18511937

Ebben JD, Treisman DM, Zorniak M, Kutty RG, Clark PA, Kuo
JS. The cancer stem cell paradigm: A new understanding of tumor
development and treatment. Expert Opin Ther Targets 2010;
14(6): 621-32.
http://dx.doi.org/10.1517/14712598.2010.485186
20426697

Archiv fiir pathologische Anatomie und Physiologie und fiir
klinische Medizin 1847.

Cooper M. Regenerative pathologies: Stem cells, teratomas and
theories of cancer. Med Stud 2008; 1(1): 55.
http://dx.doi.org/10.1007/s12376-008-0002-4

Macehle A-H. Ambiguous cells: The emergence of the stem cell
concept in the nineteenth and twentieth centuries. Notes Rec R
Soc Lond 2011; 65(4): 359-78.
http://dx.doi.org/10.1098/rsnr.2011.0023 PMID: 22332468

Moore MA, Williams N, Metcalf D. In vitro colony formation by
normal and leukemic human hematopoietic cells: characterization
of the colony-forming cells. J Natl Cancer Inst 1973; 50(3):
603-23.

http://dx.doi.org/10.1093/jnci/50.3.603 PMID: 4513522

Lapidot T, Sirard C, Vormoor J, et al. A cell initiating human
acute myeloid leukaemia after transplantation into SCID mice. Na-
ture 1994; 367(6464): 645-8.

http://dx.doi.org/10.1038/367645a0 PMID: 7509044

Bonnet D, Dick JE. Human acute myeloid leukemia is organized
as a hierarchy that originates from a primitive hematopoietic cell.
Nat Med 1997; 3(7): 730-7.
http://dx.doi.org/10.1038/nm0797-730 PMID: 9212098

Huntly BJP, Gilliland DG. Leukaemia stem cells and the evolu-
tion of cancer-stem-cell research. Nat Rev Cancer 2005; 5(4):
311-21.

http://dx.doi.org/10.1038/nrc1592 PMID: 15803157

Dawood S, Austin L, Cristofanilli M. Cancer stem cells: Implica-
tions for cancer therapy. Oncology (Williston Park) 2014; 28(12):
1101-1107, 1110.

PMID: 25510809

Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke
MEF. Prospective identification of tumorigenic breast cancer cells.
Proc Natl Acad Sci USA 2003; 100(7): 3983-8.
http://dx.doi.org/10.1073/pnas.0530291100 PMID: 12629218

PMID:

PMID:

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

Current Stem Cell Research & Therapy, 2021, Vol. 16, No. 3 275

Singh SK, Hawkins C, Clarke ID, et al. Identification of human
brain tumour initiating cells. Nature 2004; 432(7015): 396-401.
http://dx.doi.org/10.1038/nature03128 PMID: 15549107

Singh SK, Clarke ID, Terasaki M, et al. Identification of a cancer
stem cell in human brain tumors. Cancer Res 2003; 63(18):
5821-8.

PMID: 14522905

Dalerba P, Dylla SJ, Park I-K, ef al. Phenotypic characterization
of human colorectal cancer stem cells. Proc Natl Acad Sci USA
2007; 104(24): 10158-63.
http://dx.doi.org/10.1073/pnas.0703478104 PMID: 17548814
Eramo A, Lotti F, Sette G, et al. Identification and expansion of
the tumorigenic lung cancer stem cell population. Cell Death Dif-
fer 2008; 15(3): 504-14.

http://dx.doi.org/10.1038/sj.cdd.4402283 PMID: 18049477

Ma S, Chan K-W, Hu L, et al. Identification and characterization
of tumorigenic liver cancer stem/progenitor cells. Gastroenterolo-
gy 2007; 132(7): 2542-56.
http://dx.doi.org/10.1053/j.gastro.2007.04.025 PMID: 17570225
Hermann PC, Huber SL, Herrler T, et al. Distinct populations of
cancer stem cells determine tumor growth and metastatic activity
in human pancreatic cancer. Cell Stem Cell 2007; 1(3): 313-23.
http://dx.doi.org/10.1016/j.stem.2007.06.002 PMID: 18371365
Buhagiar A, Ayers D. Chemoresistance, cancer stem cells, and
miRNA influences: The case for neuroblastoma. Anal Cell Pathol
(Amst) 2015; 2015: 150634.
http://dx.doi.org/10.1155/2015/150634 PMID: 26258008

Kim Y, Lin Q, Zelterman D, Yun Z. Hypoxia-regulated delta-like
1 homologue enhances cancer cell stemness and tumorigenicity.
Cancer Res 2009; 69(24): 9271-80.
http://dx.doi.org/10.1158/0008-5472.CAN-09-1605
19934310

Holmquist-Mengelbier L, Fredlund E, Lofstedt T, ef al. Recruit-
ment of HIF-1alpha and HIF-2alpha to common target genes is dif-
ferentially regulated in neuroblastoma: HIF-2alpha promotes an
aggressive phenotype. Cancer Cell 2006; 10(5): 413-23.
http://dx.doi.org/10.1016/j.ccr.2006.08.026 PMID: 17097563

Hsu DM, Agarwal S, Benham A, ef al. G-CSF receptor positive
neuroblastoma subpopulations are enriched in chemotherapy-resis-
tant or relapsed tumors and are highly tumorigenic. Cancer Res
2013; 73(13): 4134-46.
http://dx.doi.org/10.1158/0008-5472.CAN-12-4056
23687340

Siapati EK, Rouka E, Kyriakou D, Vassilopoulos G. Neuroblasto-
ma cells negative for CD44 possess tumor-initiating properties.
Cell Oncol (Dordr) 2011; 34(3): 189-97.
http://dx.doi.org/10.1007/s13402-011-0022-z PMID: 21424816
Flahaut M, Jauquier N, Chevalier N, et al. Aldehyde dehydroge-
nase activity plays a Key role in the aggressive phenotype of neu-
roblastoma. BMC Cancer 2016; 16(1): 781.
http://dx.doi.org/10.1186/s12885-016-2820-1 PMID: 27724856
Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Can-
cer J Clin 2020; 70(1): 7-30.

http://dx.doi.org/10.3322/caac.21590 PMID: 31912902

Abdullah LN, Chow EK-H. Mechanisms of chemoresistance in
cancer stem cells. Clin Transl Med 2013; 2(1): 3.
http://dx.doi.org/10.1186/2001-1326-2-3 PMID: 23369605

Yang Z, Li C, Fan Z, et al. Single-cell sequencing reveals variants
in ARID1A, GPRC5A and MLL2 driving self-renewal of human
bladder cancer stem cells. Eur Urol 2017; 71(1): 8-12.
http://dx.doi.org/10.1016/j.eururo.2016.06.025 PMID: 27387124
LiY, Lin K, Yang Z, et al. Bladder cancer stem cells: Clonal ori-
gin and therapeutic perspectives. Oncotarget 2017; 8(39):
66668-79.

http://dx.doi.org/10.18632/oncotarget. 19112 PMID: 29029546
Skvortsov S, Skvortsova I-1, Tang DG, Dubrovska A. Concise re-
view: Prostate cancer stem cells: Current understanding. Stem
Cells 2018; 36(10): 1457-74.

http://dx.doi.org/10.1002/stem.2859 PMID: 29845679

Qin J, Liu X, Laffin B, et al. The PSA(-/lo) prostate cancer cell
population harbors self-renewing long-term tumor-propagating
cells that resist castration. Cell Stem Cell 2012; 10(5): 556-69.
http://dx.doi.org/10.1016/j.stem.2012.03.009 PMID: 22560078

PMID:

PMID:



276 Current Stem Cell Research & Therapy, 2021, Vol. 16, No. 3

[172]  Chang JC. Cancer stem cells: Role in tumor growth, recurrence,
metastasis, and treatment resistance. Medicine (Baltimore) 2016;

95(1) (Suppl. 1): S20-5.
http://dx.doi.org/10.1097/MD.0000000000004766
27611935

[173]  Bao L, Cardiff RD, Steinbach P, Messer KS, Ellies LG. Multipo-
tent luminal mammary cancer stem cells model tumor heterogenei-

ty. Breast Cancer Res 2015; 17(1): 137.

http://dx.doi.org/10.1186/s13058-015-0615-y PMID: 26467658
[174]  Sharifi N, Kawasaki BT, Hurt EM, Farrar WL. Stem cells in pros-

tate cancer: Resolving the castrate-resistant conundrum and impli-

cations for hormonal therapy. Cancer Biol Ther 2006; 5(8): 901-6.

http://dx.doi.org/10.4161/cbt.5.8.2949 PMID: 16855379

[175]  El-Merahbi R, Liu YN, Eid A, et al. Berberis libanotica Ehrenb ex-
tract shows anti-neoplastic effects on prostate cancer stem/progeni-

tor cells. PLoS One 2014; 9(11): e112453.

[176]

[177]

[178]

[179]

Bahmad et al.

http://dx.doi.org/10.1371/journal.pone.0112453 PMID: 25380390
Ocasio JK, Bates RDP, Rapp CD, Gershon TR. GSK-3 modulates
SHH-driven proliferation in postnatal cerebellar neurogenesis and
medulloblastoma. Development 2019; 146(20): dev177550.
http://dx.doi.org/10.1242/dev.177550 PMID: 31540917

Zhou A, Lin K, Zhang S, et al. Nuclear GSK3f promotes tumori-
genesis by phosphorylating KDM1A and inducing its deubiquityla-
tion by USP22. Nat Cell Biol 2016; 18(9): 954-66.
http://dx.doi.org/10.1038/ncb3396 PMID: 27501329

Mertens J, Marchetto MC, Bardy C, Gage FH. Evaluating cell re-
programming, differentiation and conversion technologies in neu-
roscience. Nat Rev Neurosci 2016; 17(7): 424-37.
http://dx.doi.org/10.1038/nrn.2016.46 PMID: 27194476

Falkner S, Grade S, Dimou L, ef al. Transplanted embryonic neu-
rons integrate into adult neocortical circuits. Nature 2016;
539(7628): 248-53.

http://dx.doi.org/10.1038/nature20113 PMID: 27783592



	Stem Cells: In Sickness and in Health
	Abstract:
	Keywords:
	INTRODUCTION: STEM CELLS IN HEALTH ANDIN DISEASE
	STEM CELLS AND NEUROGENESIS
	INDUCED PLURIPOTENT STEM CELLS: ROLEIN HEALTH AND DISEASES
	CANCER STEM CELLS: MOLECULAR ANDTHERAPEUTIC TARGETS
	REFERENCES



