Medical Hypotheses 127 (2019) 105-111

.
-

Contents lists available at ScienceDirect

medical hypotheses

Medical Hypotheses

journal homepage: www.elsevier.com/locate/mehy

Genetic reprogramming of somatic cells into neuroblasts through a co- R

Check for

induction of the doublecortin gene along the Yamanaka factors: A promising | %
approach to model neuroregenerative disorders

a,b,e,:

Mahesh Kandasamy , Ajisha Yesudhas®, G.P. Poornimai Abirami®,

Risna Kanjirassery Radhakrishnan®, Syed Aasish Roshan®, Esther Johnson®,
Vijaya Roobini Ravichandran®, Abir Biswas®, Sellathamby Shanmugaapriya“,
Muthuswamy Anusuyadevi®™, Ludwig Aigner“*

2 Laboratory of Stem Cells and Neuroregeneration, Department of Animal Science, School of Life Sciences, Bharathidasan University, Tiruchirappalli, Tamil Nadu, India
b School of Life Sciences, Bharathidasan University, Tiruchirappalli, Tamil Nadu, India

 Molecular Gerontology Laboratory, Department of Biochemistry, School of Life Sciences, Bharathidasan University, Tiruchirappalli, Tamil Nadu, India

d Department of Bio-Medical Science, Bharathidasan University, Tiruchirappalli, Tamil Nadu, India

€ UGC-Faculty Recharge Programme (UGC-FRP), University Grants Commission, New Delhi, India

f Institute of Molecular Regenerative Medicine, Paracelsus Medical University, Salzburg, Austria

8 Spinal Cord Injury and Tissue Regeneration Center, Salzburg, Paracelsus Medical University, Salzburg, Austria

ARTICLE INFO ABSTRACT

Keywords: Neural stem cell (NSC) mediated adult neurogenesis represents the regenerative plasticity of the brain. The
iPSCs functionality of the neurogenic process appears to be operated by neuroblasts, the multipotent immature neu-
Doublecortin ronal population of the adult brain. While neuroblasts have been realized to play a major role in synaptic
Neuroblasts

remodeling and immunogenicity, neurodegenerative disorders have been characterized by failure in the terminal
differentiation, maturation, integration and survival of newborn neuroblasts. Advancement in understanding the
impaired neuroregenerative process along the neuropathological conditions has currently been limited by lack of
an appropriate experimental model of neuroblasts. The genetic reprogramming of somatic cells into pluripotent
state offers a potential strategy for the experimental modeling of brain disorders. Thus, the induced pluripotent
stem cell (iPSC) based direct reprogramming of somatic cells into neuroblasts would represent a potential tool to
understand the regenerative biology of the adult brain. Therefore, this concise article discusses the significance
of iPSCs, the functional roles of neuroblasts in the adult brain and provides a research hypothesis for the direct
reprogramming of somatic cells into neuroblasts through the co-induction of a potential proneurogenic marker,
the doublecortin (DCX) gene along with the Yamanaka factors. The proposed cellular model of adult neuro-
genesis may provide us with further insights into neuropathogenesis of many neurodegenerative disorders and
will provide a potential experimental platform for diagnostic, drug discovery and regenerative therapeutic

Genetic reprogramming
Neurodegenerative disorders

strategies.
Introduction disturbances and dementia due to progressive degeneration of selective
neuronal subpopulation in the defined regions of the brain [1]. The
Neurodegenerative disorders result in motor disabilities, psychiatric global incidence of neurodegenerative disorders appears to increase
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exponentially every year [2]. Among them, Alzheimer’s disease (AD),
Parkinson’s disease (PD), Huntington’s disease (HD), Spinocerebellar
ataxias (SCAs), Spinal muscular atrophy (SMA) and Amyotrophic lat-
eral sclerosis (ALS) represents a great challenge to the elderly popula-
tion and to the health care systems [1,3-7]. While there is an unmet
need in the development of therapeutic cure for these devastating dis-
eases, the stage-specific alterations contributing to the complex sequels
of neuropathogenesis have not been fully revealed. Thus, deciphering
the underlying mechanisms of neurodegenerative disorders has been
the major task in the field of preclinical neuroscience. In the physio-
logical state, neural stem cell (NSC) mediated adult neurogenesis
through the generation of neuroblasts signify the self-regenerative
plasticity of the adult brain [8,9]. Adult neurogenesis is an imperious
cellular process of the effective maintenance of neuroplasticity that has
generally been known to occur in the hippocampus and subventricular
zone (SVZ)-rostral migratory stream (RMS)-olfactory bulb (OB) system
of the adult brain [10-12]. Recently, occurrence of neurogenesis has
also been noticed in the non-neurogenic regions such as the cortex,
amygdala, hypothalamus and the striatum of the adult brain [13-16].
The generation of new neurons has been identified as an underlying
cellular mechanism of cognitive functions [9,16]. It has clearly been
evident that neuroblasts need to be integrated into the existing neural
circuit of the brain for the replacement of degenerating neurons or for
creating new connections to ensure the functional outcome of neuro-
plasticity including learning and memory functions [12,16]. However,
the regulation of neurogenic process and mechanism for the synaptic
integration of newly generated neurons in the adult brain remain un-
clear. Notably, the neurogenic process has been known to be regulated
by various genetic, metabolic, physiological and environmental factors
[16,17]. However, the neurogenic process in the hippocampus and in
the SVZ appears to be differently regulated by different factors. The
occurrence of hippocampal neurogenesis has been demonstrated in
most adult mammalian brains including human [15,16,18,19]. How-
ever, the available reports on neurogenesis in the human brain has been
a subject of debate [18,20,21]. Recently, there have been some con-
founding reports that suggest that the ongoing adult neurogenesis in the
olfactory bulb and the hippocampus in human is highly limited [20,22].
The undetectable levels of adult neurogenesis in human have been
proposed to be the result of methodological differences, chronic stress
and some unknown pathogenic events [9,23]. Moreover, many neuro-
degenerative disorders have been characterized by impaired adult
neurogenesis resulting from the quiescence of NSCs, reactive neuro-
blastosis, ectopic migration of neuroblasts followed by their integration
failure into the existing neuronal circuit and degeneration of new
neurons [15,23-27]. While reactive neurogenesis has previously been
assumed to be the part of neuropathogenesis [28,29], recent reports
support the idea that reactive neuroblastosis may contribute to neu-
roregenerative plasticity, immunogenicity and functional recovery in
neurological diseases [9,15,28,30]. However, the molecular mechan-
isms underlying neuroblastosis and the terminal fate of reactive neu-
roblasts have been obscure. Indeed, neuroregenerative failure in the
adult brain has been proposed to play a key role in the development of
the neurocognitive syndromes including dementia [9,17,31]. Thus,
understanding the functional significance and fate of reactive neuro-
blasts in brains of neurocognitive disorders require a great scientific
attention. However, there has presently been no potential experimental
model to recapitulate the molecular and cellular events of neuro-
blastosis and to trace the terminal fate of neuroblasts along the ab-
normal neurogenic process seen in neurological disease.

Emerging technological advancements in the next generation gene
sequencing (NGS), omics and system biological tools have enabled the
recognition of many cellular, genetic, epigenetic, metabolic and mole-
cular abnormalities underlying human diseases. Further, the gene
editing technologies like Zinc Finger Nucleases (ZFNs), Transcription
Activator-Like Effector-Based Nucleases (TALEN) and the clustered
regularly interspaced short palindromic repeats (CRISPR) offer the
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scientific caliber to rectify the defective genes [32,33]. Moreover, the
recent trend in the generation of disease-specific human iPSCs using
genetic reprogramming of somatic cells has created a dramatic scien-
tific insight into the neurobiology of diseases and neuroregenerative
medicine [34-37]. Eventually, many human iPSC lines have been suc-
cessfully created from individuals with neurodegenerative disorders
[38-40]. Conversion of the patient-specific iPSCs into neurons and glia
has been referred to reveal the genetic defects, differential gene ex-
pression profiling, epigenetic modifications, and cellular and molecular
abnormalities underlying the neurodegenerative process [41]. There-
fore, the generation of iPSCs has been considered a bona fide tool to
investigate the underlying basis of brain disorders in a personalized
manner [42]. However, the heterogeneous characteristics of iPSCs,
improper differentiation efficiency, malignancy, trans-differentiation
and dedifferentiation resulting from the genetic reprogramming,
maintenance and storage have been the main limitations of modeling
these brain disorders [43-45]. Despite the availability of many proto-
cols for neuronal differentiation of iPSCs, the prolonged differentiation
period, heterogeneous lineage, inadequate neuronal differentiation and
their improper electrophysiological attainments tend to be the major
drawbacks in understanding the neuropathogenic events [46-48]. Ap-
parently, difficulties in achieving experimental reproducibility due to
clonal variations of iPSCs have become a subject of major concern
[49,50]. Thus, it demands the implication of a potent neurogenic de-
terminant in converting the somatic cells into a dynamic, homogenous
neural population and maintaining them as subcultures to monitor the
disease progression.

Expression markers of neuroblasts and possible roles of
doublecortin (DCX) gene in the adult brain

In the stem cell niches of the brain, the transformation of NSCs into
new immature neurons has been known to be determined by the gen-
eration of neuroblasts by a process called neuroblastosis [8,9]. The
migration and homeostatic regulation of neuroblasts appear to be
controlled and determined by the expression of certain cellular markers
[8,51-53]. The neurogenic characteristics and molecular signatures of
neuroblasts has been known to be associated with the expression of the
DCX gene [8,52], NeuroD [54], Achaete-Scute Family BHLH Tran-
scription Factor 1 (Ascll) [55], Polysialylated-neural cell adhesion
molecule (PSA-NCAM) [56], Prospero homeobox protein 1 (Prox1) [57]
and calretinin [58]. Among them, the expression of the DCX protein has
been extensively characterized, as it represents a prominent marker for
neuroblasts reflecting the ongoing neurogenic process in the adult brain
[8,52,59,60]. DCX is a microtubule-associated protein that appears to
be indispensable for the development of mammalian brain [61-63].
Though the expression of the DCX gene has been widespread in the
migrating neuroblasts throughout the developing brain [59,62,64,65],
the presence of the DCX positive neuroblasts appears to be restricted to
neurogenic niches of the normal adult brain [8,52,66,67]. However, the
circulation of neuroblasts in non-neurogenic niches including piriform
cortex in the adult brain has also been recognized [9,15,60]. Notably,
the DCX-positive neuroblasts have been shown to display a multipotent
capacity similar to NSCs, thereby playing a decisive role in the steady
state of neuroregenerative process in the healthy adult brain
throughout the lifespan [8,66]. Importantly, the functional role of
neuroblasts in the adult brain has been attributed to the motor, learning
and memory functions [9,31,69,70]. The DCX positive neuroblasts have
been shown to possess electrophysiological properties [70,71], thereby
contributing to the synaptic remodeling of the adult brain. Recently,
neuroblasts have been recognized to play a crucial role in mediating the
sensorimotor inputs in the adult brain [15,60,72]. While the experi-
mental estimates of the DCX-expressing neuroblasts have been known
to positively be modulated by physical activity, enriched environment
and various neuromodulators in the adult brain [73-75], the reduction
in the neuroblast population has been evident in response to ageing,
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chronic stress, drug abuse and neuropathologies [68,76,77]. At an early
stage, many neurodegenerative disorders have been characterized by
reactive neuroblastosis, a process of aberrant generation of neuroblasts
and ectopic migration of neuroblasts towards the affected areas of the
diseased brain [15,24,27,78-81]. However, the terminal fate of the
reactive neuroblasts remains unknown in the diseased brain.

Functional relevance of reactive neuroblastosis in diseased brains

Reactive neuroblastosis has been proposed as a specific cellular trait
of many neurodegenerative disorders [9]. Strikingly, reactive neuro-
blastosis has been reported in the early stage of brain disorders, in-
cluding HD, PD, AD, ALS, stroke and epileptic seizure [15,28,82-84].
Reactive neurogenesis resulting from abnormal neuroblastosis and
unusual migratory pattern of neuroblasts towards the defective brain
areas has also been proposed to facilitate the brain repair and im-
munogenic functions [15]. Recently, reactive neuroblasts in diseased
brains have been reported to express proteins thought to be specific for
glial cells such as microglia and astrocytes, but the transdifferentiation
of reactive neuroblasts and their neuroimmunological roles along
neuropathogenesis remains unknown [9,20,85]. Thus, it can be
speculated that the DCX protein may be over-expressed in reactive
neuroblasts and contribute to the abnormal cell cycle events followed
by an aberrant neuronal migration or trans-differentiation into glial and
neuroimmune cells during the early stage of the disease. Therefore, the
effect of augmentation of the DCX gene on the cell cycle regulation and
fate of reactive neuroblasts needs to be investigated using an appro-
priate experimental system. Besides, the neurocognitive disorders that
display NSC quiescence, defects in neuronal differentiation, reactive
neuroblastosis and failure in their integration to the existing neural
network have recently been categorized as neuroregenerative disorders
[9]. Meanwhile, there are some reports suggesting that aberrant neu-
rogenesis may contribute to the progression of neuropathogenesis [28].
In addition, a different line of argument speculates that adult neuro-
genesis resulting from neuroblastosis might induce some adverse effects
leading to abnormal synaptic connections in the brain [16,86,87].
Therefore, the precise role of the DCX expressing neuroblasts in the
healthy brain needs to be determined further in comparison with DCX
cells from brains of neuroregenerative disorder subjects. Recently,
many in vivo experimental approaches have been developed for the fate
mapping of neuroblasts in the brain using a reporter-based DCX ex-
pression [88,89]. While the reporter-based DCX promoter transgenic
animal models have been highly instrumental in monitoring the phe-
notype and migratory pattern of neuroblasts in the adult brain, these in
vivo models may not help to determine the functional roles of the DCX
gene [88,89]. Moreover, the aforementioned animal models need to be
exploited for the invasive experimental procedures to mimic the neu-
rodegenerative disorders in order to correlate the regulation of neuro-
blasts in the adult brain. Therefore, the establishment of the patient
specific cellular model of neuroblast using an iPSC-based technique
might help in providing the best alternative to understand the neuro-
biology of disease at the levels of biochemical, metabolic, genetic and
cellular alterations.

Experimental modeling of neurodegenerative disorders using
iPSCs

The existing knowledge on the pathogenesis of various neurode-
generative disorders has largely been obtained from the post-mortem
brain tissues and genetically modified organisms. Despite the fact that
the neuropathological alterations of the post-mortem brain tissues can
only symbolize the terminal stage of illness, the impact of post-mortem
delay may also affect the outcome of the results [23]. Moreover, genetic
models of the brain diseases in laboratory animals may not virtually
compensate the sequence of neuropathogenic events that occur in
human subjects. The existing reports on adult neurogenesis in human
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neurodegenerative brains and the corresponding transgenic animal
models and their interpretations are sometimes inconsistent, often due
to methodological and technical differences [11,20,90,91]. Moreover,
the available neuronal cell lines may represent molecular pathways and
abnormal cell cycle events of the malignant cells due to the process of
cellular immortalization and telomere abnormalities [92,93]. However,
the global recognition of genetic reprogramming of the adult somatic
cells into a pluripotent state offers a great opportunity to overcome the
aforementioned practical disadvantages [35,43,94]. The combined in-
duction of embryonic stem cell markers such as octamer-binding tran-
scription factor 4 (Oct4), SRY (sex determining region Y)-box 2 (Sox2)
and Kruppel-like factor 4(Klf4) along with mitotic inducer c-Myc has
been shown to stimulate a pluripotent signature in the adult somatic
cells [34,35]. The generation of patient-specific iPSCs has been con-
sidered as a highly promising strategy in modeling of human diseases
including neurodegenerative disorders [38,95]. Recently, iPSCs have
successfully been generated from human subjects of neurodegenerative
disorders including HD [95], SMA [96], AD [97], PD [98], and ALS
[99], and some neurodevelopmental [100] and neuropsychiatric dis-
orders [101]. However, the current genetic reprogramming protocols
that are available for the differentiation of iPSCs into neuronal phe-
notype appear to be highly laborious, time-consuming and expensive.
Further, the data on the degree of clonal nature, lifespan and survival
rate of the iPSC-derived neuronal phenotypes has been obscure
[102-104]. Taken together, the existing protocols for the derivation of
functional neurons from iPSCs and their subsequent maintenance in
culture condition have been known to have some drawbacks. Therefore,
the modeling of neurological and psychiatric disorders using iPSC-
based protocols has presently been a subject of modifications with re-
spect to neuronal differentiation, for which a suitable candidate factor
that involves the neuronal differentiation, migration and electro-
physiology would be highly relevant. Strikingly, iPSCs generated from
lissencephaly patients have been shown to display impaired cellular
differentiation, neuronal migration, and abnormal neurite outgrowth
[105]. Lissencephaly is a rare neuronal migration disorder that occurs
due to mutations in the DCX gene [106]. Considering the fact, the wild
type DCX gene can serve as a potential candidate for the direct repro-
gramming of somatic cells into neuroblasts and enhance the neuronal
differentiation of iPSCs. Though the data from knockout studies of the
DCX gene have revealed somewhat conflicting impression [107,108],
induction of the expression of the DCX gene in human iPSCs to study its
gain of function will provide a potential in vitro model in representing
the neuropathological and neurogenic pathways along the disease
progression. Thus, modeling of neuroblasts using iPSCs from healthy
donors and subjects of neurocognitive disorders may provide further
insight into the regulation of neuroblast-mediated neuroplasticity, sy-
naptic remodeling, the immunogenic role of neuroblasts, the terminal
fate of neuroblasts and the underlying pathomechanisms of dementia.

Proposed iPSC-based model to recapitulate neuroblasts through
the co-induction of the DCX gene along with Yamanaka factors

Based on the widespread existing evidence on the roles of DCX-
positive neuroblasts in the neuroregenerative process and synaptic
plasticity [8,9,52], the DCX gene may serve as an ideal intrinsic can-
didate and genetic determinant to develop a dynamic and homogeneous
neural cell line with multipotential capacity. Thus, it can be hypothe-
sized that the direct genetic reprogramming of fibroblast or peripheral
blood mononuclear cells through the co-induction of full-length wild
type DCX gene along with Yamanaka factors would yield a neuroblast
cell line with neurogenic, immunogenic and electrophysiological
properties. The co-induction of the DCX gene in somatic cells can be
achieved through a suitable expression vector such as an episomal iPSC
reprogramming vector [109,110]. This approach could be expected to
reduce the transmission latency of neuronal differentiation and mitigate
the clonal heterogeneity of the iPSC-derived neural population. Further,
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Fig. 1. The graphical representation of the proposed hypothesis on the generation of iPSC-based neuroblast cell line from fibroblasts. The illustration represents the
generation of electrophysiologically positive neuroblasts and neurons from fibroblasts using iPSC technique. The figure also suggests that the generated neuroblast
cells can be converted into different types of neurons using suitable differentiation condition (DC). Further, they can be implemented for various omics, gene editing

and cell transplantation procedures.

the neurogenic and immunological properties of neuroblast and their
terminal fate can be investigated and monitored using appropriate ex-
perimental designs in a real-time manner. The proposed model can be
directly generated from the human subjects as well as from animal
models with neurodegenerative disorders. Carrying out studies using
human-derived iPSC-neuroblasts would greatly minimize the use of
animal experiments and human embryonic stem cells which pose
ethical concerns. The proposed iPSC-neuroblast model will aid in re-
capitulating the neuropathogenesis and neurogenesis that would be
more relatable in human situations with neurodegenerative disorders.
Therefore, the previous reports can be validated and a new line of ex-
perimental evidence can be generated to identify valid therapeutic
targets directly using human-specific iPSC-neuroblasts. The proposed
DCX-based cell line can efficiently be propagated, maintained, sub-
cultured and converted into desired neuronal phenotype using specific
differentiation conditions (Fig. 1). The iPSC based neuroblasts can ad-
ditionally be implemented for the DCX promoter-based expression
system or chemically labeled with tracer magnetic nanoparticles. Thus,
the fate of these cells can be monitored using in vitro, organotypic, 3D-
organoid culture and in vivo engraftment procedures. The cellular, ge-
netic, genomic, proteomic and metabolomic profile of neurodegenera-
tive diseases can be assessed during the in vitro differentiation of the
proposed model using reporter based assays, fluorescence-activated cell
sorting (FACS), magnetic-activated cell sorting (MACS), NGS, protein
array and advanced chromatography-mass spectrometry techniques, in
which, the pathways that are related to functional neurogenesis, cell
survival and cell death can be investigated in comparison with control
cells. Eventually, the engraftment of the reporter-based iPSC-neuro-
blasts on hippocampal slice cultures from animals or human brain or-
ganoids would facilitate to monitor the fate of these cells using live
imaging techniques. Eventually, the proposed cell model itself can serve
as a potential tool in generating the human brain organoids to monitor
the development and progression of pathogenesis and fate of neuro-
blasts. The reporter based iPSC-neuroblasts can be transplanted to the
brains of experimental animals and the fate of these cells can be
monitored using 2-photon live imaging microscope. Taken together, the
iPSC based neuroblasts may represent a potential experimental model
of the brain disorders that can aid in identifying the pathomechanism
underlying the regenerative failure and neurodegeneration. Further, the
proposed iPSC-neuroblast model would serve as a potential cellular
alternate for the neural stem cell transplantation procedure (Fig. 1)

Conclusion

The progressive neurodegenerative diseases have collectively been
characterized by memory loss due to neurodegeneration and failure in
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neuroregeneration of the adult brain. In order to visualize the under-
lying molecular mechanisms of neurodegeneration and to establish
potential therapeutic strategies, different experimental animal and
cellular models have been generated to study the pathogenic course of
diseases. Among them, the emergence of patient-specific iPSCs re-
presents a powerful tool to investigate the complexity of the human
brain disorders. The reprogramming of somatic cells or directing the
iPSCs into neuroblasts by the DCX gene containing vectors might pro-
vide a greater strength to the in vitro studies to effectively monitor the
neurodegenerative and neuroregenerative processes. The proposed
iPSC-neuroblasts model could serve as an alternative of neurosphere
culture system, while neuroblasts can be maintained and propagated as
neuronal subcultures. Eventually, this cellular model can be im-
plemented for the high throughput screening of potential neuropro-
tective and proneurogenic agents. Besides, the iPSC-based DCX ex-
pressing neuroblast cell line may also serve in the eradication of the
defective gene mutations using gene-editing techniques followed by
autologous neural transplantation procedures. Taken together, the
proposed model would facilitate in elucidating the neurogenic and
immunogenic properties of neuroblasts. Moreover, the functional role
of reactive neuroblastosis observed to be elicited towards the acute and
progressive brain disorders might functionally be addressed using the
proposed cellular model. However, unknown adverse effects of induced
DCX gene expression in somatic cells related to abnormal cell cycle
events or aberrant synaptogenesis may not be completely excluded.
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