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Abstract !

Despite the Embryonic stem cells (ESC's) having the potential to provide unlimited
cells and tissues for regenerative medicine, their use is difficult because most of them
will be rejected by the patient’s immune system unless officially immunomatched.
Although pluripotent stem cells are genetically identical to a patient, they can be
established by reprogramming of somatic cells. Limitations remain high cost and they
are required to produce clinical grade cells for each kind of patient. The ESC's derived
from parthenogenetic embryos (pESC) which are homozygous for HLA 'S may serve
as an alternative for immunomatched therapies for a large number of patients. Since
multiple parthenogenetic embryos can be developed by a single ovarian stimulation
protocols large amounts of pESC's can be developed and a bank developed cutting on
the cost and since no sperm involved in fertilization ethical concerns regarding use of
human embryos for deriving ESC's is obviated. Also this has given insight into patients
having failure to fertilize oocyte by combining artificial activation of oocytes arrested
in meiosis with strontium chloride along with ICSI. Further Byrne et al. showed
how we may be at the threshold of trying to treat neurodegenerative diseases like
Alzheimer's disease with the recent proof given by Blurton Jones that neural stem
cells can effectively therapeutically deliver disease modifying proteins like neprilysin
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throughout the brain areas in rat models of AD with the advantages over large scale
window of delivery as compared to viral vectors along with recent advances in human
nuclear programming, stem cell research, highly customized genetic engineering may
provide a revolutionary approach which could ameliorate/slow down the progression
of AD.
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Introduction

Embryonic stem cells (ESC’s) are a set of pluripotent cells unique
in character which are obtained from preimplantation blastocyst
stage embryos. They can either undergo asymmetric divisions
whereby they either duplicate themselves or differentiate
into another cell type. Adult stem cells on the other hand are
undifferentiated cells found around differentiated cells in a tissue

oranorgan. While they are multipotent they can differentiate into
a limited number of cell types. ESC’s can proliferate indefinitely
in an undifferentiated state [1]. They express specific markers or
characteristics like stage specific embryonic antigens, enzymatic
activities like alkaline phosphatase and telomerase, ‘stemness’
genes which are rapidly downregulated upon differentiation
including Octamer (Oct 4) and Nano g. On the other hand they
can differentiate in vivo in teratomas in cells representing the

© Under License of Creative Commons Attribution 3.0 License | This article is available in: www.stemcells.imedpub.com/ 1



three major germ layers; endoderm, ectoderm, mesoderm or
they can be directed into differentiation in vitro into any of the
200+cell types present in the adult body. Many human diseases
result from defects in a single cell type, the potential to replace
defective cells by cells or tissue replacement therapy involving
differentiated human ESC (hESC) provides a possible cure or
at least the alleviation of symptoms of various degenerative
diseases or into the production of substantia nigral dopaminergic
neuronal phenotype with potential application in the treatment
of Parkinson’s disease. Other potential applications of stem cell
therapy include strokes, Alzheimer’s disease, heart disease,
osteoporosis, insulin dependent diabetes, leukemia, burns, spinal
cord injury. Currently the ongoing safety and therapeutic efficacy
of parthenogenetic derived stem cells has begun, with food and
drug administration approving the use in macular degeneration
in humans [2,3]. In this review we describe the characterisation
of ESC, cloned ES cells —advantages and disadvantages of using
ESC’S from conventional embryos, and role of parthengenetic
ESC’S derived by artificial activation of oocytes left redundant
due to failed fertilization or chromosomal abnormalities. This
offers enormous advantages and obviates the ethical issues
involved along with recent studies in primate where probably
immunogenicity may have been overcome with no need of
HLA typing. A brief report on germ cell development from
spermatogonial stem cells to develop gametes in prepubescent
boys where cryopreservation may not be possible before the
exposure to gonadotoxic chemotherapy is also discussed. Further
the recent advances in use of neural stem cells by induced
pluripotent stem cells In Alzheimer’ disease is also discussed.

Derivation and Culture of ES cells

ES cells were first established from preimplantation murine
embryosi.e.in1942. They were derived from inner cell mass (ICM)
of expanded blastocyst. For establishing ES cells, ICM is isolated
by immunosurgery to remove trophoblasts cells. After several
day in culture isolated ICM cells form a colony which can be
expanded by disaggregating and reseeding on non-proliferative
mitomycin C treated/irradiated fibroblasts(STO cells or primary
mouse embryonic fibroblasts [4,5]. To prevent spontaneous
differentiation, ES cells must be maintained by repeat passages on
feeder layers, usually a feeder layer generally required to isolate
ES cells and to support their successive passages [6]. Main role of
feeder cells is probably to provide growth factors necessary for
proliferation and inhibition of spontaneous differentiation. The
principal differentiation inhibitory factor is leukemia inhibitory
factor (LIF), as demonstrated by the fact that LIF-defective
fibroblasts cannot maintain ES cells in undifferentiated state [7]
and LIF in the medium can support ES cells without feeder cells
[6,8]. LIF is a pleiotropic cytokine similar to ciliary neutrotrophic
factor [9], oncostatin M [10], and other related cytokines acting
through gp130 like interleukin 6 [11]. Standard culture conditions
contain fetal bovine serum although it is not well characterized
and is susceptible to batch-to-batch consistency.

Besides mouse models isolation of ES cells has been attempted
on rats, mink, rabbits, hamster, primates, sheep, cattle and pigs.
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In 1998, human ESC were first isolated from in vitro fertilized
blastocysts [12], using mouse embryonic feeder cells and serum
containing medium. Human ESC is typically cultured with animal
derived serum or serum replacement in mouse feeder cells.
Culturing human ESC’s with serum replacement on mouse
feeder cells are the sources of the nonhuman Salic acid Neu5Gc
as demonstrated, which could induce an immune response
upon transplantation of hESC into patients [13]. The use of
feeder free systems such as Matrigel or other components of
the extracellular matrices have been explored [14,15]. However,
matrix components used for feeder free culture are still from
animal source and the medium also contains animal derived
products. More hESC lines are being established with the numbers
growing abruptly [16]. Derivation of immune-compromised
hESC cells using somatic cell nuclear transfer was considered a
breakthrough in hESC cell research in 2004 [17].

Therapeutic Cloning

Cibelli et al. tried development of cloned human embryos to
8-10 cell stage but failed to develop blastocysts for derivation
of human cloned ES cells [18]. Dr Hwang’s lab in 2004 derived
the first successful human ESC from cloned blastocyst, after
optimizing the nuclear transfer protocol to obtain a cloned
human blastocyst with the development rate of 29% [17].
They started from scratch with no previous successful human
parameters to work with, they allowed fused donor cell nucleus
to reprogram on side of the enucleated oocyte for 2 hrs activated
with 10 uM ionophore x 5’/DMAP cultured x 4 h then cloned
embryo for 48 h in G1. 2, media and then transferred them into
human modified synthetic oviductal fluid (SOF supplemented
with amino acids-SOFaa) for the rest of their in vitro development
[17]. Dr. Hwang besides these used very fresh oocytes, donated
from fertile women, and barely allowed them to mature prior
to enucleation, utilizing a very gentle squeezing technique, to
cause less damage as compared to typical aspiration [17]. With
this improved technique, he could obtain significant quantities of
cloned blastocyst, deriving ntESC lines from, the overall efficiency
of which was very low with 242 oocytes used to derive one ntESC
line [17]. To improve ntESC derivation efficiency Dr. Hwang made
sincere efforts by optimization of experimental protocol, which
included using human feeder cells limiting trypsin exposure of
donor cells to 30 seconds while monitoring for cellular damage
and keeping the oocyte hylaluronidase to a minimum, and thus
deriving ESC’s directly from the nuclear transfer blastocysts
rather than using immune surgery and performing large amounts
of practice nuclear transfer (typically using non-human oocytes
to improve his technicians micromanipulations skills [19]. With
this superior protocol Dr. Hwang managed to get on average 1
ntESC line/every 12 human oocytes used. He also showed that
each ntESC line he derived was pluripotent, chromosomally
normal and expressed the exact immunologically identical MHC
antigens as the donor patients [19]. Although with these many
advances the issues which need to be resolved are 1) Humphrey
et al. showed that cloned mice show significant aberrant
gene expression as compared to IVF ES cells, and if so by how
much [20]? Human ntESC demonstrated same morphology,
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stem cell markers as IVF ESC [19]. 2" ntESC possess the same
nuclear gene as donor but express mitochondrial epitopes from
enucleated oocyte’s mitochondrial DNA. That mitochondrial
heteroplasmy could influence ntESC’s ability and differentiation
[21], and hence further research is required. Although Lanza et
al. could not find any rejection of bovine differentiated ntESC
following transplantation-even though they expressed allogenic
mitochondrial alleles [22], which suggests that mitochondrial
heteroplasmy does not have significant negative effect. Other
factors to be investigated include the presence of lack of
sperm induced centrosome, in ntESC’s, effect of non-random X
inactivation in ntESC and the possibility of shortened telomeres
of their somatic donor source [19].

Can Therapeutic Cloning be Used
Medically?

Despite Dr. Hwang’s production of ntESC’s can help in treating
a patient with diabetes type 1 as cloned ntESC’'s would be
producing same defective insulin gene, hence ntESC’s would
have to undergo a round of gene therapy to correct the genetic
defect in question. In this type 1 DM the ntESC would need an
insertion (via homologous recombination of functioning insulin
gene before being differentiated and transplanted back into
the diabetic patient. Therapeutic cloning with gene therapy has
been successfully performed in mouse model [23]. Rag2-/-mice
are severely immunodeficient due to their inability to produce
lymphocytes. Rideout et al.; produced murine ntESC from Rag2-
/-immunodeficient mice and then replaced the defective Rag 2
allele in the ntESC with a functional Rag2 allele via homologous
recombination. These genetically corrected ntESC s were then
differentiated into haematopoietic precursors and transplanted
back into Rag2-/-mice [23]. This gives evidence for treatment
of certain genetic diseases using a combination of therapeutic
cloning and gene therapy. Similarly, murine ntESC’s have also
been used to cure murine equivalent of Parkinson’s diseases [24].
Barberi et al. differentiated murine ntESC-derived dopaminergic
neurons into Parkinson’s mice. The mice showed a significant
alleviation of their Parkinsonism phenotype with no aberrant
differentiation and no teratocarcinoma formation was observed
[24]. Thus, both Rideout and Barberis study demonstrate that
therapeutic cloning along with gene therapy if needed can be
used to cure diseases in murine models. This lays foundation for
treatment of human regenerative diseases.

Role of Parthenogenetic Embryonic
Stem Cells

Parthenogenesis is a reproduction strategy in which no sperm
is involved to trigger embryonic development from the oocyte
and the female generates an offspring without any paternal
inheritance [25] with parthenogenesis coming from the Greek
word virgin birth and examples of it being in whiptail lizard
and virgin birth of shark in captivity [26]. Although in animals
parthenogenesisis is not a natural form of reproduction, genetic
modification technologies have made it possible for the creation
and birth of fertile animals from mouse parthenogenetically
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activated oocytes [27]. Interest has developed in parthenogenetic
activation of mammalian oocytes because 1) Experimental
work that involves parthenogenetically developed embryos
circumvents ethical and legal problems concerning use of human
embryos which are generated for reproductive purposes. 2)
These parthenotes may be involved for various ART related
research studies, on human pluripotent stem cells or basic
science, which command human embryonic development as
well as cloning experiments using somatic cell nuclear transfer in
mammalian oocytes. 3) The creation of graded parthenogenetic
human ESC (hpESC) lines has the potential to benefit a vast
number of patients, when used in cell therapies, with a reduced
chance of transplant rejection. However this will only be possible
if clinicians participate in such research projects and enough
clinical grade hESC lines for use in cell/tissue therapies are there,
if research laboratories obtain enough biological material from
ART centres to evaluate activation strategies, derivation, culture
media are adequate for future therapeutic use of phESC lines.

Techniques Used for Pathenogenetic
Activation

Oocyte activation

Non-fertilized metaphase Il oocyte will remain arrested in this
stageftill a stimulus, either in the form of a fertilizing spermatozoan
or some artificial agent triggers increase in intracytoplasmic
Ca* rises and initiates meiosis resumption. These intracellular
Ca*oscillations inhibit the action of metaphase promoting factor
(MPF) as well as the cytostatic factor (CSF) and lead to metaphase/
anaphase transition, segregation of sister chromatids, along with
extrusion of the second polar body. On preventing the elevation
of intracellular Ca? after sperm penetration by preloading the
oocytes with Ca?* chelator BAPTA1AM [28]. In the absence of
intracellular Ca?* increase, and activation, embryo development
failed to occur highlighting the importance of these calcium
transients. In mammals it is the specific phospholipace C zeta
(plc-zeta) or the post acrosomal sheath WW domain binding
protein(PAWP)released by the sperm during the normal
fertilization process [29]. Activating agents used may mimic
the sperm bound stimuli to release Ca from the endoplasmic
reticulum and exit from meiotic arrest and start embryonic
development.

Agents used

Except for strontium (Sr**) [27], all other artificial agents studied
do not produce repetitive Ca? oscillations, normally observed
during fertilization. Although the single rise in intracellular Ca*,
produced by agents like ionomycin or ethanol is adequate for
triggering meiotic resumption along with cortical granule release.
Specific oocyte activation protocols using strontium chloride
(SrCl,) to induce continuous Ca** oscillations during exit from 2"
meiotic and first embryonic mitosis events seem to have a role in
long term embryonic events, such as number of cells in the inner
cell mass (ICM )and trophectoderm of the resulting blastocyst
[29].



Three possible parthenenotes may result

¢ Treatment with an activating agent like SrCl2, ethanol,
Ca?*ionophore orionomycin is followed by a protein synthesis
inhibitor like dimethylaminopurine (DMAP-a broad protein
synthesis inhibitor) or cytochalasin B or D (inhibitors of actin
filaments polymerization) to block the second polar body
extrusion. Hence, the parthenote will be a pseudodiploid
heterozygote embryo, which contains two sister chromatids
of each maternal chromosome present in the MlIl oocyte.

e Second methodology may allow extrusion of second polar
body, with the existing parthenote containing a single copy
of the sister chromatids, which undergoes spontaneous
diploidizationand henceresultingina completely homozygous
diploid parthenote.

* Activating agent induces exit from MII and without second
polar body extrusion, without diploidization, leading to
a haploid zygote, developing into a haploid parthenote.
Unfortunately, in this instance, embryo development into
blastocyst stage is very low.

For getting mouse oocytes activation, oocytes are exposed to
Ca* free medium supplemented with 1 mM SrCLX,h [27,30].
The same doesn’t work well with bovine oocytes, where high
activation rates achieved by exposing oocytes to ionomycin x
5 min followed by 2 mM 6-dimethylaminourine (DAMP) x 3 5h
[31]. This method has been used to get high rates of bovine pESC
colonies [32]. It is essential to give three broad protein synthesis
or kinase inhibitors like 6 DMAP, cycloheximide or roscovitine
[33], to maintain inactivation of meiotic kinases as although initial
decline in meiotic kinase activities occurs with Ca ionophores like
ionomycin MAP can soon recover leading to the oocyte entering
into meiotic arrest, which is known as metaphase Il [34].

Activation in Human Oocytes

Aim has been to generate blastocysts for creation of phESC
lines [35]. These parthenogenetic embryos and ESC deficiencies
parallel to those of sperm fertilized counterparts [36]. Right
after first phESC lines, these lines have been created using
Ca* ionomycin along with 6 DMAP [37], although Mai et al.
combined electrical and chemical stimuli using ionomycin and
6 DMAP for the artificial activation of the oocytes. Although
their parthenogenetic blastocyst rate was lower than the first
one in which 23 blastocysts, 50% were generated from 6 phESC
lines, i.e. they got only 21%, the ICM of 3 blastocysts got used
for successful derivation of new parthenogenetic stem cell lines.
Then one has to take into account that normally also in IVF /ART
cycles blastocyst formation Rates vary with patient to patient
protocols with patients age, sperm parameters, culture media
used, ovarian stimulation protocols, hence same is to be expected
regarding development of a Parthenogenetic blastocysts with
different protocols and donors of oocytes or oocyte conditions.

During an attempt to develop spindle transfer (ST) oocytes for
mitochondrial DNA replacement and develop ESC’s Tachibana et
al. found that unfertilized metaphase Il oocytes from mammals
are sensitive to mechanical/physical stimuli where pressure,
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osmolarity, flux or temperature changes can cause spontaneous
activation in  meiotic resumption and parthenogenetic
development [38,39].

Activation of Failure to Fertilize (FF)
Human Oocytes

Although recue ICSI has been commonly advocated within few
hours of detection as a treatment following failed fertilized
oocytes [40-43], risk of chromosomal abnormalities remains in
the resulting embryo with the oocyte ageing since the collection
time increases, markedly by the time ICSI is undertaken,
sometimes it may be as high as over 30hour or >after OPU, with
varying gestations attributed by various centres, although not
carried out by all centres.

However the Sneddon et al. studied the developmental
potential of these FF oocytes and developed 8 blastocysts from
579 clinically failed eggs-these 8 blastocysts originated from 2
abnormally fertilized and 6 FF, with 3 pronuclei stage (abnormally
fertilized, which were parthenogenetically activated by exposure
to ionomycin and followed by 6DMAP along with a protein
synthesis inhibitor cycloheximide. The gene expression profiling
and developmental potential was similar as the normally fertilized
ones [44,45] (Figure 1). This makes these unwanted artificially
activated oocytes an alternative source for the generation of
human ESC’s lines.

Kyono et al. obtained very high fertilization rates by using SrCl,
in patients having previous very low fertilization rates. They
exposed oocytes to SrCL, immediately after insemination by ICSI
and fertilization rates increased from 27% in previous cycles to
64%, with 6 pregnancies ensuing, of which 4 went to term. With 5
live children with this procedure no neurological/physical deficit
was found [46]. Similarly, he used a globozoospermic sperm and
a Ca* ionophore to generate zygotes [47]. Other groups have
replicated these findings for FF [48-52]. Still more studies that are
epigenetic are warranted, with long term follow up of children.

Epigenetics Imprinting and
Parthenogenesis

The reason why mammalian parthenogenesis is not supported
in contrast to other female vertebrates is that the mammalian
specific genome imprinting, is a deviation from Mendelian
inheritance where parents of origin leave epigenetic marks
which results in strictly paternal or maternal expression of
genes [53,54]. Parthenotes lack sperm alleles, hence paternally
expressed genes are functionally absent. On the otherhand
maternally expressed imprinted genes are transcribed from
both alleles which leads to overexpression and is associated with
developmental abnormalities. Sritanaudomchai et al. further
showed the down regulation of a novel paternally expressed
imprinted gene inosoitol phosphate phosphatase(INPPSC) in
PESC besides 12 highly downregulated putative paternal genes
[55]. Many imprinted genes are directly involved in fetal growth
pathway, the wide genome dosage imbalance serves as a barrier
for normal fetal development in parthenotes [53]. Surani et al.
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Trophectoderm
Figure 1 Courtesy ref no Sneddon et al. [45] Diagram indicating the stage specific or constitutive
expression of genes detected in this study and the role they play in cell fate specification
in the blastocyst. Based on Kimber et al. [46].
- J

studied hat monoallelic gene expression from paternal genome
is critical for extraembryonic tissue formation and function [56].
Like paternally expressed Igf2 and its maternal regulators Igfr2,
Grb10 and H19 are critical for placental growth and nutrient
diffusion [57-63].

Biparental reproduction is necessary because of parent specific
epigenetic modification of the genome during gametogenesis.
Unusual expression of imprinted genes from maternal and
paternal allelles results due to this. Kono et al. used reconstructed
oocytes, both mature as well immature containing 2 haploid sets
of maternal genome by appropriate expression of igf2 and h19
genes along with other imprinted genes using mutant mice with
a 13 kilobase deletion in h19 gene as non-growing donor. This
parthenote developed to adulthood with ability to reproduce
suggesting paternal imprinting prevents parthenogenesis
and ensuring that Paternal contribution is obligatory for the
descendant [27].

Viable bilateral mice the first sperm free mice were generated
by Kono et al. by combining genome of 2 unrelated oocytes,
surviving 293 days. An on-growing oocyte from a newborn mouse
having undergone complete imprint erasure without developing
established maternal imprint signatures [27]. Kawahara et al.
to mimic paternal silencing genes, the paternal igf2-H19 and
DIk1-Gtl2on chromosome 7 and 12-2 differentially methylated
regions deleted them in imprint free oocytes. This was followed
by nuclear transfer and fusing with mature imprinted oocytes
which allowed them to reconstruct nuclei from these imprint
free oocytes and then activate them subsequently artificially
allowing bimanual parthenogenetic embryos developing into
a live offspring [64]. Thus correcting few imprinted domains
could rescue parthenogenetic development. This was the reason
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given for the longevity of female is species because of regulating
longevity and energy conserving genes [65]. The offspring’s
produced thus were 30% lighter in weight but had a longer life
span [65]. Still though removal of 2 paternally imprinted regions
allowed normal development in mouse models but their maybe
other epigenetic aberrations in mammalian parthenote. In
humans e.g. children with uniparental imprinting developmental
disorders like Silver russel, Beckman-Wiedman, Angleman
syndrome display acute developmental defects varying from
mental retardation to physical abnormalities [66].

Trying to determine if genomic imprinting can be maintained
during process of ES cell derivation from pig blastocysts Uh
et al. analysed in 1 IVF and 3 PG established cells and found
expression of H19 gene was significantly greater In PG blastocyst
as compared to IVF blastocyst but IGF2 was greater in IVF
than PG blastocyst. Although mRNA varied in PG cell lines the
IGF2-H19 had a differentially methylated region (DMR)3, which
was typically unmethylated in all PG cells and hemimethylated in
IVF cells suggesting DNA methylation status is constant although
MRNA of H-19 and IGF2 gene is susceptible in vitro environments
during the process of ES cell derivation from blastocyst [67].

Potential Therapeutic Uses for
Regenerative Medicine

The uniparental origin of parthenogenetic SC was utilized to
develop PESC toward cardiac lineage and applied to tissue
engineered cardiac repair and proposed subsequently for human
myocardial tissue engineering in cases of myocardial infarction
after successful murine experiments using development of
PSC and then transformation into cardiomyocytes and in view
of acceptance of PSC in MHC matched allotransplantation.
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Further they proposed once human PSC are widely available
they presumed these PSC’s would be amenable to myocardial
tissue engineering just as hESC or iPSC are [68,69] as proven by
their murine experiments where they enriched cardiomyocytes,
to facilitate engineering of force generating myocardium and
enhancing regional myocardial function in Ml [70].

Although human ESC are derived from spare IVAF embryos,
they would be genetically divergent from any patient requiring
tissue transplantation and are likely to incite rejection unless
immunogenic drugs are used. Hence, till now current use is
limited to immune privileged sites like CNS or the eye. Nuclear
transfer, which intends to produce ESC’s genetically identical
to the patient by SCNT, may avoid immune rejection, which has
been recently achieved in primates [71]. But a very high cost
along with low efficiency makes one look for alternative sources
of histocompatible pluripotent cells. Diploid Monkey Parthenote
embryos have been generated by artificial activation of metaphase
Il arrested oocytes followed by retention of 2" polar body [34].
Although such embryos offer a potential source of pluripotent
cells and would be isogenic with the donor [72,73], the potential
of these fetuses to implant /complete development is debatable.
To form viable fetuses [74,56]. Although this overcomes the
ethical issue regarding derivation of human ESC ‘s Because of
Destruction of Potential life, some concerns remain regarding
aberrant genomic printing, high levels of homozygosity. For e.g.
disruption if imprinted genes or their inappropriate expression
is associated with certain severe syndromes/carcinogenesis in
humans [75]. Dighe et al. demonstrated in 5 rhesus monkeys that
PESC are genetically and epigenetically variable and carry some
lines which attenuate many of these concerns and lot of banks
can be considered to be practical and suitable for autologous
transplantation being cost effective [76]. Although PESC are
morphologically indistinguishable from biparental controls the
parthenogenetic embryos maintain aberrant imprints and thus
cannot develop to term but established PEC’s can correct some
of these defects and display normal gene expression [76,77].
One important characteristic of phESC is the fact that they show
frequent homozygosities in the major histocompatibility locus,
which may allow efficient immune matching [77].

For regenerative medicine, potential of human PESC’s is evident
by studies, which demonstrated that similar in vivo and in vitro
differential potential of ESC’s exists. Both human and non-
human primate PESC readily form teratomas, when injected
into immunodeficient mice, which are indistinguishable from
composition from biparental controls [37,55,73,76,78].

Espejel et al. demonstrated that PESC differentiated into
hepatocytes providing normal liver function in viable adult mice
in case with lethal liver failure due to fumaryl acetoacetate
hydrolase (Fas) [79]. In mice, PESC derivatives supported long-
term haematopoiesis as well [80]. While in primate models PESC
have been differentiated into cardiomyocytes as mentioned
earlier [70], as well as dopamine neurons which caused long
term survival once transplanted in to brain allografts without any
teratoma formation [81].
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Therapeutic Actions of iPS

Generating disease specific and patient specific iPS cells through
reprogramming has become routine. Mechanistic insights into a
variety of diseases to carry out in vitro drug screening to evaluate
potential therapeutic and to explore gene repair

* Lee et al. used iPS cells to demonstrate disease modelling
and drug screening for familial dyautonomia, caused by a
single point mutation in the gene encoding the inhibitor of
NFkB (IkB)-kinase complex associated protein (IKBKAP) which
manifest as an extensive defect of ANS and dysfunction in
small fibre sensory neurons. With the development iPS cells
from patients with familial dysautonomia, investigators
produced peripheral and central nervous system precursors
and found three disease related phenotypes. After screening
with multiple compounds, they showed that the kinetin could
partially normalize the abnormal phenotype, which is a plant
hormone [82].

e Several research groups have generated models of long
QT syndrome, a congenital disease with 12 types, each of
which is associated with abnormal ion channel function, a
prolonged QT interval on an ECG and a high risk of sudden
cardiac death due to ventricular fibrillation. In animal
models lot of work has been done to study the underlying
mechanisms of this syndrome, but cardiomyocytes having
distinct electrophysiological properties which differ between
species, lack of in vitro sources of human cardiomyocytes
along with difficulty in modeling patient specific variations
impeded studying this.

* Moretti et al. differentiated iPS cells from individuals with
type 1 long QT syndrome into cardiomyocytes and derived
long prolonged action potentials in the ventricular and atrial
cells as predicted [83]. With the use of this model they
uncovered a dominant negative trafficking defect associated
with particular mutation that causes this variant of long QT
syndrome. Further, these cardiomyocytes had increased
susceptibility to catecholamine induced arrhythmias, and
compounds which exacerbated the condition e. g. isoprenaline
were identified. Hence treatment of these cardiomyocytes
withB-adrenergic receptor blockers attenuated the long QT
phenotype.

e ltzhaki et al. modelled type 2 long QT Syndrome in
cardiomyocyes. They found that the long QT syndrome
phenotype was aggravated by blockers of ERG-type potassium
channels, whereas nifedipine, a calcium channel blocker
and pinaclidil, an agonist of the ATP sensitive potassium
channel, both ameliorated the long QT syndrome phenotype,
as shown by decreased duration of action potentials in
long QT syndrome cardiomyocytes, and eliminated early
after depolarizations and the abolishment of all triggered
arrhythmias. Limitation of this is excessive shortening of the
action potential duration, leading to short QT syndrome [84].

» Aggarwal etal. explored a condition of telomere maintenance,
known as dyskeratosis congenital, where they found, in its
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most severe form, dyskeratosis congenital is caused by a
mutation in the dyskerin gene (DKC1), is X-linked, leads to
shortened telomeres and premature senescence in cells and
ultimately manifesting as degeneration of multiple tissues.
Theinduction of iPS cells by reprogramming is accompanied by
the induction of gene telomere reverse transcriptase (TERT),
it did not limit the development and maintenance of iPS cells
from individuals with dyskeratosis congenital. Despite the
efficacy of iPS cells being poor, the authors could successfully
reprogram patient fibroblast. Although the telomere length
was immediately after reprogramming was shorter than that
of the parental fibroblast population, continuous passage of
some iPS cell lines has led to telomere elongation over time.
This was accompanied by upregulation of expression of TERC,
which encodes the RNA subunit of telomerase [85].

Further it was shown that TERT, TERC as well as DKC1,2 were
expressed higher at higher levels in dyskeratosis-congenita-
derived iPS cells than in parental fibroblasts. The authors
determined that the genes encoding the components of the
telomerase pathway, including a cis element of the 3 regions
of the TERC locus, which is essential for a transcriptionally
active chromatin structure-were direct binding targets
of the pluripotency associated transcription factors. On
further analysis, they found that the transcriptional silencing
owing to a 3’ deletion in the TERC locus leads to autosomal
dominant form of dyskeratosis congenital by diminishing
TERC transcription. Though telomere length is restored in
dyskeratosis-congenita-derived iPS cells, differentiation into
somatic cells is accompanied by a return to pathogenesis
with low TERC expression and decay in telomere length. This
shows that TERC RNA levels are dynamically regulated and
that the pluripotent state of the cells is reversible, suggesting
that drugs which elevate or stabilize TERC expression might
rescue defective telomerase activity and provide therapeutic
benefit [85].

¢ In an independent study of reprogramming of cells from
patients with dyskeratosis congenital Batista et al. [86],
confirmed the general transcriptional upregulation of multiple
telomerase components and the maintenance of telomere
lengths in many clones [86], however In this study no clones
with elongated telomeres were identified. The different
outcomes in 2 studies show the limitations of iPS cell based
disease models which are imposed by clonal variation, due to
technical infidelity of reprogramming [87]. Further before a
given iPS cell model can be claimed truly representative of the
disease, how many patients must be involved, and how many
iPS cell lines must be derived from each patient. Hence, all
these issues need to be kept in mind while generating disease
models and making claims on results from these models.

¢ Besides using iPS cells for modeling diseases in vitro, the goal
of developing patient specific stem cells has been motivated
by the prospect of generating a ready supply of immune
compatible cells and tissues for autologous transplantation.
At present this clinical translation of iPS-cell based therapies
seems more futuristic than the in vitro use of iPS cells for
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drug development but two studies have provided the proofin
mouse models that the dream might one day be realized by
Jaerisch et al. who used homologous recombination to repair
the genetic defect in iPS cells derived from a humanized model
of sickle cell anaemia [88]. Directed differentiation of the
repaired iPS cells into haematopoietic progenitors followed
by transplantation of these cells into the affected mice led
to the rescue of the disease phenotype. The gene corrected
iPS cell derived haematopoietic progenitors showed stable
engraftment and correction of disease phenotype.

* In another study from Jaenish group Werniig et al. derived
dopaminergic neurons from iPS cells that, when implanted
in the brain, became functionally integrated and improved
rat model of Parkinson’s disease [89]. Thus these studies
provide proof of principle for using reprogramming with gene
repair and self-replacement therapy for treating disease.
This is not compounded by the use of immunosuppressive
drugs to prevent tissue rejection, while harnessing targeted
gene repair strategies e.g. homologous recombination and
zinc finger nucleases, to repair genetic defects. Unlimited
population of stem cells can be differentiated into desired
types by these strategies, for studying disease mechanisms,
screening and developing drugs or for developing a suitable
cell replacement therapy. It is still unclear if this would
completely evade immune response with immune rejection
of teratomas formed from iPS cells even in syngeneic mice
[90].

Byrne et al. reviewed the advances in neural stem cells (NSC)
as well as human induced pluripotent stem cells (iPSC’s) could
provide a cure for neurodegenerative diseases like Alzheimer’s
disease.

Recent discovery by Blurton Jones that NSC’'s can effectively
deliver disease modifying therapeutic proteins throughout
the brain in murine brain [91] of best of model of AD studied.
Other recent advances include that neprilysin, is a rate limiting
enzyme in the degradation of amyloid B (AB) which was tried by
a viral approach. In humans NSC'’s offer a potential advantage
to overcome this bottleneck of viral delivery by viral vectors.
However the problem is that commonly used human whole
fetal grafts [92] or NSC's derived from fetal tissue would require
immunosuppression, not being matched with the patient
immunologically. Immunosuppressive drugs are expensive,
inconvenient and not ideal. The alternate approach used is
autologous NSC’s from human iPSC’s which themselves have
been derived from suitable patient cells like skin cells (Figure
2). These cells could be modified in a manner similar to the NSC
modification process implemented by Burton Jones. Problem
of using these viral vectors is that they may induce insertional
mutagenesis in a subset of cells [93]. One solution for this is
use of flexible inexpensive genome editing techniques like
CRISPR/Cas9 systems for targeting hiPSC. Also recent reports
indicated that implanted iPSC derived NSC have demonstrated
the ability to survive, migrate and differentiate and restore lost
neurological function [94,95]. Thus, they summed up that with
the pace of stem cell based regenerative therapies soon all these
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Figure 2 Courtesy ref no [88]. The concept of using human isolated pluripotent stem
cells (Ipsc’s) and their neural stem cell (NSC) derivatives, alongside safe,
harbor targeted genetic engineering to develop a personalized cellular
therapy for Alzheimer’s disease. Clinically relevant human iPSC’s (passage
7) were derived from skin punch biopsies differentiated into NSC’s and as
shown on the right stained Pax 6 (green) and DAPI (blue). The figure is on
the basis of unpublished data of Kaitlin Ingraham, Patriac Phelps and James
Byrne [87].

- J

hurdles will be overcome and we will have answers for human
neurodegenerative diseases [96].

Role of Genome Editing Technologies
Including CASPR/Cas System

Clustered regulatory interspersed short palindromic repeats
(CRISPR/Cas) system is one of the genome editing technologies
besides zinc finger nuclease (ZFN), Transcription activator like
effector nucleases (TALEN). ZFN has gone upto clinical research
stage in AIDS therapy based on administration of human
chemokine like receptor5 (CCR5) modified T cells [97]. Gene
correction by ZFN’s has also been reported in iPSC derived
somatic cell biopsies in patients with sickle cell disease, al
antitrypsin deficiency and Parkinson’s disease [98-101]. CRISPR/
Cas9 has been used to correct mutation in intestinal stem cells
derived from patients with cystic fibrosis [102]. Two reports
further cited that microinjection of Cas9 and TALEN into 1 cell
stage embryos lead to efficient generation of targeted gene
modified from nonhuman primates (NHP). In genome editing
of mammals targeted gene modification is frequently carried
out by microinjecting of gene editing system which consists of

8

the nuclease mRNA, single guide RNAs (sgRNA’s for Cas9 and
a homology containing donor DNA template (if necessary) into
animal embryos made by IVF or ICSI [103-116]. Mammalian ESC's,
including human ESC’ shave been more efficiently modified by
genome editing [107,108,117-120]. Genome editing Otechnology
is more likely to come into use in medicine for preventing a
genetic disease if corrective genome editing is integrated into ART
including IVF and ICSI. One important difference is that genome
editing does not require cell donation e.g. oocyte donation as in
ooplasmic transfer and mitochondrial replacement.

Mechanism-Genome editing technologies is more efficient
genetic engineering which can directly modify a gene
within a genome in various organisms. This is obtained by a
microorganism—originated, engineered nuclease, which causes
double stranded breaks (DSB’s) at a targeted sequence and
induces DNA repair through non-homologous end joining
(NHEJ) or homology directed repair (HDR). The NHEJ is a DSB
repair pathway, which ligates or joins 2 broken ends together
without a homologous template for repair and thus leading to
the introduction of small insertions or deletions (indels) at the
site of the DSB. The HDR is a DNA template dependent pathway

This article is available in: www.stemcells.imedpub.com/



for DSB repair, using a technology containing donor template
along with a site specific genome editing nuclease, enabling
the insertion of single or multiple transgenes (gene addition)
in addition to single nucleotide substitutions in which an amino
acid substitution of a protein occurs (gene modification), or
a mutation is completely repaired in the resultant organism
genome (gene corrections). Indications of integrating corrective
genome editing into ART those with congenital anomalies, which
are caused by chromosomal, monogeneic, multifactorial, or
environmental/teratogenic factors [121]. Hence genome editing
would maybe beneficial for monogeneic disease since a genome
editing can efficiently repair such a small mutation in the human
germline. But, use of genome editing for preventing transmission
of a monogeneic disease should be limited to cases where the
medical benefits exceed the potential health risks associated with
the genetic intervention, implying definitive inheritance by the
offspring e.g. autosomal recessive disease in which both parents
are homozygous e.g. cystic fibrosis [122], phenylketonuria [123]
or an autosomal dominant disease, where at least one parent
is homozygous (e.g. Huntington’s disease, familial adenomatous
polyposis [124] is likely to be considered.

If one attempts to repaira mutation directly in oocytes or embryos
by means of an older homologous recombination technique,
this attempt is likely to fail because of its low efficiency. Hence

© Under License of Creative Commons Attribution 3.0 License

2016

Vol.2 No. 1:9

Insights in Stem Cells

genome editing mediated gene corrections in ESC’s which are
derived from a parents embryo made by IVF/ICSI could represent
an alternative approach. Advantage of self-renewal of ESC's, in
vitro expansion and cryopreservation of ESC’s helps to repeatedly
correct a mutation in a specific gene by genome editing. The
efficiency of indel and gene addition is 14% to 91% by Cas9 and
0-83. 49% by ZFN or TALEN’s respectively.

Role in Gamete Generation

Hendricks et al. reviewed the advances in generation of oocytes
and sperms by manipulation of the progenitor cells and somatic
cells in lieu of shortage of donor gametes and ethicality involved
[125]. Valli et al. further reviewed various modalities of obtaining
spermatogonial stem cells, SSC for transplantation, testicular
homografting organ culture in prepubertal boys where gametes
are not mature enough to be preserved by cryopreservation
before gonadotoxic chemotherapy in malignancies and various
procedures of generation of germ cells from pluripotent stem
cells iPSC’s though the function of resultant germ cells has not
been possible to test in human system although with ongoing
advances in technology days are not far when such men will have
their own gametes with the persistent shortage of gametes, both
oocytes and sperms [126].
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