Genetics and Molecular RESE s

Onhie Jout_‘n.;:_l 5

|
|

Genetic diversity of stem cells and their functional
impact on the development of neural tube defects
in Eastern population of India

A.K. Saxenal, S. Pandey’ and L.K. Pandey?

"Department of Pathology and Lab Medicine,

All India Institute of Medical Sciences, Patna, Bihar, India
“Department of Obstetrics and Gynecology, Faculty of Medicine,
Institute of Medical Sciences, B.H.U., Varanasi, India

Corresponding author: A.K. Saxena
E-mail: draksaxenal @rediffmail.com

Genet. Mol. Res. 12 (3): 2380-2390 (2013)
Received August 1, 2012

Accepted December 7, 2012

Published July 15, 2013

DOI http://dx.doi.org/10.4238/2013.July.15.1

ABSTRACT. Anencephaly and myelomeningocele are the 2 most
common forms of neural tube defects (NTDs). During embryogenesis
large numbers of extrinsic and intrinsic factors are responsible for
the closing of the neural tube. “Stem cells” maintain the pluripotency
during differentiation of 3 germ layers, including the neural ectoderm.
We examined the role of Oct4, Nanog3, and Sox2 genes in the
etiopathology of NTDs in an eastern Indian population using PCR-
based DNA analysis. The highest frequency (16%) of complete loss
of the Sox2 gene was found in NTDs. The highest frequency (48%)
of overexpression (upregulation) was found for Nanog3, while 40%
was observed for Oct4 and Sox2. The odds ratio for cases versus
controls was from 0.132 at 95% confidence interval = 0.005-1.298
for Nanog3 to 2.316 (0.424-13.812) for Oct4. The highest frequency
(77%) of overexpression for Nanog3 and Sox2 was observed in
encephalocele and anencephalic patients, while in the comparison of
regional variation, i.e., cephalic to caudal regions of NTDs, the highest
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frequency of downregulation (regression) of Nanog3 and Sox2 was
found in lumbosacral myelomeningocele patients. However, cervical
myelomeningocele patients had the highest frequency of overexpression
in all 3 genes, suggesting that the mutational spectra of stem cells
influence the cells of the neural crest in NTDs.
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INTRODUCTION

Since the discovery of stem cell marker in 2003, special attention has been given in
how to maintain the pluripotency for the development of germ layers including neuronal pro-
liferation (Seller, 1990; Eric et al., 2005). Embryonic stem cells are derived from the inner cell
mass of the developing blastocyst and are capable of differentiate into a variety of specific cell
lineages, i.e., ectoderm, mesoderm, and endoderm, to form a hollow dorsally placed neural
tube - a derivative of the neuroectoderm. In vertebrate embryos, after neural tube closure, the
neural crest cells (NCC) detach from the ectoderm at the periphery region to multiply and in-
filtrate in mesoderm to form central nervous system (Tada and Tada, 2001). During differentia-
tion of the central nervous system, NCC are the consequence of a combination of both extrin-
sic and intrinsic factors that arise from the embryonic niche. These factors later characterized
as “stem cell markers” associated with transcriptional factor maintaining pluripotency during
preimplantation of embryo. The original progenitor cells disappear along with their birthplace
as the neural tube closes and matures. The NCC generally form neurons, glial cells of the
peripheral nervous system, pigment, and endocrine cells. In cephalic region they give rise to
tendons, cartilage, bone, dermis, vascular smooth muscle, and adipocytes (Rosner et al., 1990;
Partington and McLone, 1995; Couly et al., 2002). However, the dorsal root ganglia, hair fol-
licle, tooth, and even the bone marrow are the derivatives of neural crest-derived stem cells
(Le Lievre and Le Douarin, 1975; Nichols et al., 1998; Kruger et al., 2002; Fernandes et al.,
2004; Sieber-Blum et al., 2004; Li et al., 2007; Motohashi et al., 2007; Takashima et al., 2007).

Birth defects are the combination of both genetic and epigenetic factors (Finnell et
al., 2002; Cabrera et al., 2002; Detrait et al., 2005; Beaudin and Stover, 2009). In a develop-
ing country such as India, neural tube defects (NTDs) are in central nervous system including
brain and spinal cord, where neural tube fails to close during early embryogenesis. Anenceph-
aly and myelomeningocele (MMC) are the most common forms of NTDs and a large number
of genetic variants in a single gene vary in population between different racial/ethnic groups.
Earlier studies clearly reveal that periconceptional folic acid supplementation may reduce risk
factor up to 75% (Anonymous, 1991; Van der Put et al., 1995; Botto and Yang, 2000). The
incidence of NTDs is highly variable (0.2-3.5 per 1000 births) depending on racial, ethnic, and
geographical aspects. MMC is the most severe form of spina bifida and carriers have difficult
to survive because of dysplastic spinal cord with lack of neuronal function. In MMC, both
meninges and the spinal cord protrude through a gap in the vertebral column and the lesion
is not covered by the skin. These anomalies can occur at any point along with the developing
neural tube, although lumbosacral lesions are the most common form of NTDs (Hunter et al.,
1996). Most children with MMC survive after surgical intervention with lifelong disabilities
(Abzhanov et al., 2003). NTDs include MMC (spina bifida aperta), in which the brain remains
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open and the skull vault fails to develop. Babies with spina bifida have little chance to survive
postnatally, but often suffer neurological deficit below the level of the lesion and demonstrate
associated problems such as hydrocephalus.

The etiologies of NTDs are exceedingly complex due to interaction of extrinsic or
intrinsic factors such as stem cell during organogenesis. Considerable interest has been gener-
ated to determine how genetic components of stem cell diversity may be used as a “marker”
for regenerative source of medicine. In human, Oct4 and Sox2 are the prime stem cell markers
required for cell proliferation to maintain pluripotency. Similarly, Nanog3, a newly identified
protein, acts as a transcription factor to maintain pluripotency in embryonic stem cell (Pesce
and Scholer, 2001; Mitsui et al., 2003; Chambers and Smith, 2004; Levasseur et al., 2008).
The over-expression of Sox2 in combination with Oct4 play an imperative role in carcinogen-
esis (Henderson et al., 2002; Pardal et al., 2003) but their functional role in NTDs has not been
defined in literature.

However, genetic diversity of stem cells in NTDs and how to maintain pluripotency
still require a comprehensive study including sequential use of stem cell markers - Oct 4,
Nanog3, and Sox2. Our efforts have been to gain new insight into the understand genetic and
epigenetic factors regulating neural tube folding during neurogenesis. Hence, our aim was to
reveal genetic components of stem cell identification, their characterization, and to correlate
them in different types of clinically diagnosed NTDs with the ultimate goal of create a “regen-
erative source” for stem cell therapy in modern medicine.

MATERIAL AND METHODS

Blood samples (1.0 mL) were collected from clinically diagnosed NTD (N = 75)
outpatients in the hospital in different age groups (less than 1 week to 3 months) after written
consent from patients/guardians and equal number of age- and gender-matched (N = 75)
controls. The criteria for inclusion of an individual were based on clinically diagnosed NTDs.
The study was approved by the Ethics Committee of the Institute. Genomic DNA was isolated
from whole blood using a Bioner kit (Korea) and samples were kept at -20°C until further
analysis.

In the present study of NTDs, cases were randomly selected for the characterization
of stem cell markers namely Oct4, Nanog3, and Sox2 using specific upstream/downstream
amplicons (primers) as detailed in Table 1.

Table 1. Selected stem cell markers and their specific primer sequences used for PCR strategy in neural tube
defect cases and controls.

Stem cell markers Sequences (forward and reverse) Length (bp) Annealing temperature References

Oct4 F: 5-GACCATCTGCCGCTTTGAG-3' 577 60°C/1 min Henderson et al., 2002
Oct4 R: 5-CCCCCTGTCCCCCATTCCTA-3'

Nanog3 F: 5-CTGTGATTTGTGGGCCTG AA-3' 151 56°C/30 s Nettersheim et al., 2011
Nanog3 R: 5“TGTTTGCCTTTGGGACTGGT-3'

Sox2 F: 5-GGCAGCTACAGCATGATGC-3" 236 60°C/30 s Bhatia et al., 2011
Sox2 R: 5-TCGGACTTGACCACCGAAC-3'

We developed 3 different PCR-specific strategies for the identification and character-
ization of stem cells namely Oct4, Nanog3, and Sox2 gene markers using forward and reverse
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primers in a total volume of 25 pL containing 50-100 ng DNA, 20 pmol of each primer, 200
uM of each dANTP with Taq buffer (10 mM Tris-HCI, pH 8.3, 50 mM KCI), 3.0 mM MgCl,,
and 3 U Taq polymerase (New England Biolabs). Cycling conditions were 1 min for Oct4
(577 bp), 4 min for Nanog3, and 2 min for Sox2 at 94°C for initial denaturation, 60°C/1 min,
56°C/30 s and 60°C/30 s of annealing for Oct4, Nanog3, and Sox2, respectively, followed by
a final extension of 35 cycles at 72°C for 5 min for all 3 stem cell markers used. PCR products
were separated on 1.5% agarose gel, stained with ethedium bromide and bands were visual-
ized on the Gel Doc system (SR Biosystem).

Statistical analysis was carried out using the x* test for comparison of controls and
NTD patients to determine the level of significance. The odds ratio (OD) at 95% confidence
interval (95%CI) were calculated to determine the risk factor between NTD cases, NTD moth-
ers, and their respective controls.

RESULTS
Evaluation of genetic diversity of stem cell in NTDs

In human, stem cell markers were used to screen mutational spectra in NTDs and their
optimal condition for amplification of DNA-coding region of exon having different length of
the primers with annealing temperature used for the exploration of Oct4, Nanog3, and Sox2 as
documented in Table 1. Our findings were quite convincing regarding stem cell regulation in
NTDs. The observations were based on the appearance of bands and their signal intensity help
to characterize specific amplicons for overexpression (upregulation), regression (downregula-
tion), and complete disappearance of band (null) in NTD cases, when compared to the same
in controls. The findings of this study were repeated 3 times to confirm the genetic diversity of
stem cell as documented in Table 2.

Table 2. Stem cell markers showing variable (%) frequency, odds ratio (OR) and 95% confidence interval
(95%CI) between neural tube defect cases and controls.

Types of stem cell markers Case Control OR (95%CI) cases vs controls P
Frequency (%)
Oct4
Upregulation 40 20 2.667 (0.644-11.495) 0.123
Downregulation 8 12 2.316 (0.424-13.812) 0.269
Null/Absent 4 4 0.219 (0.009-2.397) 0.157
Nanog3
Upregulation 48 36 1.641 (0.457-5.967) 0.390
Downregulation 24 28 0.132 (0.005-1.298) 0.747
Null/Absent 4 24 0.0812 (0.191-3.416) 0.042%*
Sox2
Upregulation 40 20 2.667 (0.644-11.495) 0.123
Downregulation 24 40 0.638 (0.066-5.396) 0.637
Null/Absent 4 16 1.000 (0.025-39.336) 1.000

*Statistical analysis showing significant differences at P < 0.05 using the chi-square test.

Oct4 gene regulation in NTD cases and controls

The overexpression (upregulation) and regression (downregulation) of Oct4 gene
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(577 bp) in NTD cases and controls are shown in Figure 1A and B. Apparently Figure 2 shows
a significant decreasing trend of Oct4 gene mutation whereas the highest frequencies were
observed in upregulation (40%) as shown in Figure 2A, downregulation (8%), and complete
disappearance (4%) in Figure 2B and C, respectively, between cases and controls. OR and
95%CI also showed the highest value of overexpression (upregulation): OR = 2.667 (95%CI
0.644-11.495) with P=0.123.

M1 2 3458678 M1 2345678

<577 bp <577 bp

A B

Figure 1. A. Representative photograph of amplified product of the Oct4 gene consisting of a 577-bp band
analyzed on 1.5% agarose gel stained with ethidium bromide showing downregulation (lane 5) and upregulation
(overexpression) in lanes 3, 4, 6, 7, and & in neural tube defect cases. Lanes I and 2 =normal expression. B. Controls
showing equal expression of the Oct4 gene, and /ane 8 showing complete deletion of the amplified product. Lane M
= molecular marker; /anes I and 2 = downregulation.
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Figure 2. Bar diagram showing the decreasing trend of frequency (%) of the stem cell Oct4 marker gene mutation
upregulation (A), downregulation (B), and complete disapperance of band (C) in neural tube defect cases (black
columns) in relation to controls (gray columns).

Nanog3 gene regulation in NTD cases

Similarly, the overexpression (upregulation), downregulation, and complete disap-
pearance were evaluated for Nanog3 (151 bp) as depicted in Figure 3A and B. The variable
frequency of upregulation (48%), downregulation (24%), and complete disappearance (4%)
in Nanog3 were observed (Figure 4), which apparently showed significant decreasing trend of
gene mutation in NTD cases. OR and 95%CI showed significant differences (P < 0.05) using
the chi-square test for complete disappearance (null): OR = 0.0812 (0.191-3.416) with P =
0.042 between cases and controls.
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Figure 3. A. PCR product of the Nanog3 gene consisting of 151 bp showing overexpression in lanes 1, 4, and &,
and downregulation in /anes 2, 3, 5, 6, and 7. B. Controls showing downregulation in /anes I and 6. Lane M =
molecular marker.
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Figure 4. Bar diagram showing the decreasing trend of frequency (%) of the stem cell Nanog3 marker gene
mutation upregulation (A), downregulation (B), and complete disapperance (C) in neural tube defect cases (black
columns) in relation to controls (gray columns).

Sox2 gene regulation in NTDs cases and controls

The overexpression (upregulation), downregulation, and complete disappearance of
Sox2 (236 bp) amplicon was observed between NTD cases and controls as shown in Figure SA
and B. The Sox2 gene mutation showed decreasing trend as depicted in Figure 6, whereas the
highest frequency was observed in upregulation (40%), downregulation (24%) and complete
disappearance (4%) between cases and controls, but when statistically analyzed showed lack
of significant differences. OR again showed the highest value of overexpression (upregula-
tion) where OR = 2.667 (0.644-11.495) with P = 0.123 observed between cases and controls.

M1 2 3456 7 8 M1 2 3456 7 8
B

Figure 5. A. Sox2 gene mutation (236 bp) showing upregulation (lanes 4, 7, and 8) and downregulation (lanes 3
and 5) in neural tube defect cases. Lanes I, 2 and 6 = normal expression of the Sox2 gene in NTD cases. B. Controls
showing similar expression. Lane M = molecular marker.

Genetics and Molecular Research 12 (3): 2380-2390 (2013) ©FUNPEC-RP www.funpecrp.com.br



A K. Saxena et al. 2386

WL

ul Condroty

Fraguency (%) —>

A B -
Expression —

Figure 6. Bar diagram showing the decreasing trend of frequency (%) of the stem cell Sox2 marker gene mutation
upregulation (A), downregulation (B), and complete disapperance (C) in neural tube defect cases (black columns)
in relation to controls (gray columns).

Genetic diversity of stem cell in clinically diagnosed NTDs

The data were further analyzed to evaluate the genetic diversity of stem cells on the
basis of severity of diseases in cases and to find out which stem cell marker promotes genetic
susceptibility towards development of NTDs. The finding reveals that encephalocele was the
most severe form of NTDs showing very high frequency in overexpression of Nanog3 and
Sox2. The decreasing trend was observed when findings were analyzed on the basis of af-
fected region or specific site of involvement, i.e., from caudal region to cephalic end including
thoracic and lumbosacral region. The cervical region showed the highest incidence of overex-
pression in Oct4 and Nanog3, while minimum for Sox2. Similarly, the prevalence (33.3%) of
downregulation (regression) of Nanog3 and Sox2 were observed in encephalocele and lumbo-
sacral MMC cases of NTDs. Lumbosacral MMC showed a variable trend in overexpression
of all 3 stem cell markers, i.e., maximum of 66.6% in Nanog3, 45.0% in Sox2, and 33.33% in
Oct4, as documented in Table 3.

Table 3. Genetic heterogeneity of stem cells in clinically diagnosed neural tube defect (NTD) patients on the
basis of their severity.

Types of NTDs Oct4 (%) Nanog3 (%) Sox2 (%)
Upregulation Downregulation Upregulation Downregulation Upregulation Downregulation

Anencephaly 66.6 333 66.6 333 66.6 333
Encephalocele 66.6 333 77.7 233 77.7 233
CMMC 100.0 00.0 100.0 00.0 50.0 50.0
LMMC 333 66.6 66.6 333 45.0 55.0
TMMC 66.6 333 333 66.6 333 66.6
Hydrocephalous 100.0 00.0 100.0 00.0 100.0 00.0
Open NTDs 100.0 00.0 25.0 75.0 25.0 75.0

CMMC, LMMC, and TMMC = cervical, lumbosacral, and thoracic myelomeningocele, respectively.
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DISCUSSION

Genetic diversity of stem cell becomes quite interesting because variable expression
in different types of clinically diagnosed NTDs has not been documented earlier. The specifi-
cation of cell lineages in the developing brain is thought to be regulated by either extrinsic or
intrinsic factors. In human, Oct4, Nanog3, and Sox2 genes are the key regulators of transcrip-
tional activity during organogenesis (Motohashi et al., 2007). It is evident that maintaining
pluripotency by sequential changes in the expression of stem cell gene, i.e., overexpression or
downregulation or complete disappearance (null) perhaps lead to modify the whole sequence
of differentiation of neural ectoderm, where the onset of neural tube defects fail to close due
to temporary or permanent gene mutation. This diversity of stem cell gene regulation in NTDs
is a unique phenomenon of pluripotency during development of central nervous system. An-
encephaly and encephalocele are recognized as being the highest degree of severity leading
to lethal condition of NTDs and affected individuals die in utero showing high incidence of
upregulation (overexpression) in Nanog3 and Sox2 gene mutation, suggesting either fail to
maintain pluripotency during early embryonic development or fail to neural crest responsible
for folding of neural tube. The present observations of overexpression (upregulation) in Oct4
have been observed in NTDs with lack of significant difference between cases and controls,
suggesting maintenance of autopluripotency in early embryonic development during forma-
tion of neural ectoderm either independently or synchronized with other stem cell gene such as
Nanog3/Sox2. The Oct4 gene is required during early embryonic development - it is a member
of mammalian POU family of transcriptional factor genes and its depletion or deletion (ab-
sent) in vivo/in vitro results in obstruction of differentiated extra-embryonic trophoectoderm
(Finnell et al., 2002; Cabrera et al., 2002; Beaudin and Stover, 2009). This implies that Oct4
acts as an important key regulatory molecule in deciding the fate of embryo during organo-
genesis as also evident from the present study. However, increasing expression of Oct4 in em-
bryonic stem cells leads to differentiate extra-embryonic endoderm. Oct4 plays a crucial role
during embryonic development, maintenance of both self-renewal ability and pluripotency of
embryonic stem cells. Maternally derived Oct4 expression in fertilized oocytes allows correct
formation of embryonic and extra-embryonic tissues such as neural tissue during differentia-
tion of central nervous system. This divergent role of Oct4 suggests that Oct4 transcriptionally
regulates those genes involved in coordinating multiple cellular functions (Deb-Rinker et al.,
2005; Levasseur et al., 2008).

During implantation Nanog3 is critically required for the maintenance of pluripo-
tency. Null mutation of the Oct4 and Sox2 genes results in lethality or severity in early em-
bryonic life as also observed in the present study in cases of anencephaly and encephalocele.
Oct4 and Sox2 molecules are required for transcriptional regulation of Nanog3 gene ex-
pression. During embryogenesis both Oct4 and Nanog3 are initially required for the main-
tenance of pluripotency. Hence, Nanog-null embryos seem to be able to initially give rise
to pluripotent cells, but these cells then immediately differentiate into the extra-embryonic
endoderm lineage. During gastrulation, cells start to migrate at the time of primitive streak
formation showing downregulation of Nanog3. Similar observations were also observed
in encephalocele and thoracic MMC cases (Hart et al., 2004). Although, Oct4 and Nanog3
act as key markers to regulate stem cell differentiation in NTDs, due to a high incidence of
overexpression they may be associated with the severity of the disease. However, upregula-
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tion of Nanog3 with Oct4 and Sox2 is associated with hypermethylation during neuronal
differentiation in human (Deb-Rinker et al., 2005). Thus, Nanog seems to play a crucial role
in decide the fate between early and late blastocyst and could be used as an important stem
cell marker for self-renewal leading to maintenance of undifferentiated extra-embryonic
endoderm.

The pluripotency of neural stem cells has been poorly described about the regulation
of the expression of Oct4, Nanog3, and Sox2, critical transcription factors in early embryonic
life (Seller, 1990). The mimicry of Sox2 gene regulation (down/overexpression) has been
well documented in cancer patients (Rosner et al., 1990; Couly et al., 2002). However, similar
findings for the Sox2 gene have been reported in case of encephalocele and hydrocephalus.
Since overexpression could be due to unbalanced genomic rearrangements or transcription
factors at the Sox2 locus, we could not rule out that Sox2 promoter represents an enrichment
of the positive transcription mark H3k4me3, which required further experiments to test this
hypothesis (pluripotency) that Sox2 is needed to maintain neural stem cell identity in the
developing brain. Constitutive expression of Sox2 inhibits neuronal differentiation and pre-
served neural progenitor characteristics, whereas, inhibition of Sox2 lead to an early onset of
neuronal differentiation (Bhatia et al., 2011). In the adult brain, Sox2 expression is retained
in the neural stem cell compartment. Perhaps this study will help to evaluate the sequential
changes in the expression of neuronal cell differentiation and stem cell genetic diversity in
clinically classified NTDs. However, Oct4, Nanog3, and Sox2 are required to maintain plu-
ripotency for neuronal differentiation by up- or downregulation in cerebellum of adult brain
and even in medulloblastoma of a child (Nettersheim et al., 2011). Finally, it is clear from
the present study that these stem cell markers are key determinants of self-renewal including
transcriptional regulation early embryogenesis, chromatin modification, genomic imprinting,
and maintenance of phenotypes.

CONCLUSION

In human, the exact cause of NTD is still unclear but is believed to involve multivari-
ant genes. The present study showed genetic heterogeneity of stem cell marker in clinically
diagnosed NTDs. The variation in stem cell gene mutation is due to the following 4 reasons
that could not be ruled out from the present study: a) heterogeneous group of population of
NTDs varying in age, gender, and different ethnicity, b) variation in the stem cell gene muta-
tion due to severity of disease recognizing specific region prone for genetic susceptibility,
¢) cervical region seems to be more prone due to involvement of all the selected stem cell
markers, d) anencephaly and encephalocele suggesting fail to maintain autopluripotency due
to sequential downregulation of Oct4, Nanog3, and Sox2 responsible for severity of diseases.
Hence, it is hypothesized that genetic diversity of the stem cell markers is associated with the
development of NTDs.
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