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Abstract: Maternal diabetes has been associated with a greater risk of neurodevelopmental disorders
in offspring. It has been established that hyperglycemia alters the expression of genes and microRNAs
(miRNAs) regulating the fate of neural stem cells (NSCs) during brain development. In this study,
the expression of methyl-CpG-binding protein-2 (Mecp2), a global chromatin organizer and a crucial
regulator of synaptic proteins, was analyzed in NSCs obtained from the forebrain of embryos of
diabetic mice. Mecp2 was significantly downregulated in NSCs derived from embryos of diabetic
mice when compared to controls. miRNA target prediction revealed that the miR-26 family could
regulate the expression of Mecp2, and further validation confirmed that Mecp? is a target of miR-26b-
5p. Knockdown of Mecp2 or overexpression of miR-26b-5p altered the expression of tau protein and
other synaptic proteins, suggesting that miR-26b-5p alters neurite outgrowth and synaptogenesis
via Mecp2. This study revealed that maternal diabetes upregulates the expression of miR-26b-5p in
NSCs, resulting in downregulation of its target, Mecp2, which in turn perturbs neurite outgrowth
and expression of synaptic proteins. Overall, hyperglycemia dysregulates synaptogenesis that may
manifest as neurodevelopmental disorders in offspring from diabetic pregnancy.
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1. Introduction

Diabetes during pregnancy and the increased risk of neurodevelopmental disorders
in offspring have been well established through recent meta-analyses [1-4]. The offspring
of diabetic mothers show poor cognitive functions [5], language [6] and developmental
delays [7], and thus it is crucial to understand the molecular basis of maternal diabetes-
induced neurodevelopmental deficits. The development and function of the nervous system
are regulated by genetic and epigenetic mechanisms, including DNA methylation. Methyl-
CpG binding domain (MBD) containing proteins dynamically regulate gene expression
and function in the brain [8], by binding to methylated DNA. Methyl-CpG-binding protein-
2 (Mecp2), a multi-functional protein that is implicated in several neurodevelopmental
disorders, including Rett syndrome, a type of autism spectrum disorder (ASD) [9,10], was
the first MBD to be identified. Further, Mecp2 plays a significant role during neurogenesis
and synaptogenesis by regulating a wide network of neurodevelopmental genes and
microRNAs (miRNAs) [11,12], as well as mediating other epigenetic mechanisms [13,14].

Mecp2 has been shown to determine dendritic morphology and synaptic plasticity.
Further, loss or gain of function of Mecp?2 is associated with neurological and behavioral
deficits [15], suggesting that precise levels of Mecp2 are crucial for proper brain wiring and
neuronal connectivity. The spatio-temporal expression pattern of Mecp2 has been attributed
to the regulatory potential of its 3’UTR. The 3'UTR is well conserved and extraordinarily
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long, comprising 10.2kb, and contains binding site for several miRNAs, suggesting that
miRNAs fine-tune Mecp2 expression. To date, only seven miRNAs have been shown to
regulate Mecp2 [16].

miRNAs have diverse functions in brain development and diseases. The cell-type-
specific, time-specific and developmental-stage-specific expression of miRNAs regulate the
expression of crucial neurodevelopmental genes and biological pathways. Of the known
miRNAs, 70% are reported to be ubiquitously expressed in all layers of the brain, emphasiz-
ing their role in the central nervous system [17]. We have previously shown that maternal
diabetes alters the global miRNA expression profile in mouse embryonic neural stem cells
(NSCs) [18]. In this study, the miRNA-26 family (namely, miR-26a-5p and miR-26b-5p)
was selected for further analysis as it was predicted to target Mecp2 by bioinformatics
analysis. Further, the miR-26 family showed increased expression in NSCs from embryos
of diabetic pregnancy (fold change = 1.4 to 1.6) and is implicated in proliferation [19],
neurogenesis [20,21] and neuronal differentiation [21,22] during brain development.

We hypothesize that maternal hyperglycemia results in dysregulation of miRNAs, miR-
26a-5p and miR-26b-5p in NSCs, which alter the expression of proteins involved in brain
development. In vitro culture of NSCs obtained from the forebrain of embryos from control
or diabetic pregnant mice was performed [18]. Further validation revealed an increase
in the expression of miR-26b-5p and decreased expression of Mecp2 in mouse embryonic
NSCs from diabetic pregnancy. Overexpression of miR-26b-5p or knockdown of miR-26b-
5p in NSCs altered the expression of Mecp2, suggesting that miR-26b-5p regulates Mecp2.
Moreover, miR-26b-5p overexpression or Mecp2 knockdown in NSCs altered neurite
outgrowth and synaptogenesis in differentiated cells, suggesting that miR-26b-5p regulated
synaptogenesis via Mecp2. Overall, our results suggest that maternal diabetes alters neurite
outgrowth and synaptogenesis via deregulation of the miR-26b-Mecp2 pathway, which
may form the basis for structural and functional defects in developing brains from the
offspring of diabetic pregnant mice.

2. Materials and Methods
2.1. Animals

The animal procedure was performed as previously described [18,23]. The procedures
pertaining to animal usage were approved by the Institutional Animal Care and Use
Committee, National University of Singapore (Protocol Numbers: R14-0154, R15-0030).

2.2. In Vitro Culture of NSCs

The culture of NSCs from the forebrain of E13.5 mouse embryos was carried out as
previously described [18,23]. Briefly, the forebrain was dissected out from embryos and
dissociated. The dissociated cells were washed with PBS and seeded in T-75 flasks (Greiner,
Kremsmunster, Austria) containing a 1:1 ratio of DMEM and F12 media (Thermo Fisher
Scientific, Waltham, MA, USA) with 10 mM/L D-glucose and other supplements. The flasks
were maintained at 37 °C and 5% CO; for 3 to 4 days, after which the neurospheres formed
were dissociated and re-plated. The cells were used for different experiments following
two passages.

2.3. Differentiation of NSCs

Neurospheres were harvested, trypsinized using TryPLE Select and resuspended in
DMEM/F12 medium containing all supplements (listed in Section 2.2) except the growth
factor, EGF. FBS (at a final concentration of 2%) was added to the media to induce differ-
entiation of NSCs. The trypsinized cells were cultured in differentiating media at 37 °C
and 5% CO, for 72 h before using them to observe the expression of synaptic proteins. For
immunofluorescence analysis, the dissociated neurospheres were seeded on 24-well plates
containing ornithine-coated coverslips and incubated for 72 h.
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2.4. Total RNA Extraction

The Qiagen miRNEASY kit (Qiagen GmbH, Hilden, Germany) was used to extract
total RNA. The extracted RNA was quantified and used for mRNA or miRNA analysis.
2.5. cDNA Synthesis and mRNA Analysis

The cDNA synthesis and gene expression analysis were performed as described
previously [18,23]. The delta-delta Ct method was used to determine the fold change in
gene expression [24]. The primers used and their sequences are detailed in Table 1.

Table 1. List of gPCR primers.

Gene Left Primer Right Primer
Mecp?2 GGAAGGGACTGAAGACCTGC  TGGTGGTGATGATGGTGCTC
B Actin GAAGAGCTATGAGCTGCCTGA  GGATTCCATACCCAAGAAGGA
Cltc GCTCCAGAACCTGGGTATCA CAGGATTCATGATGGCACTG
Shank?2 TTCCCCCACCACATACAACT  GTCCAGGGAAAATCTGTCCA
Neurexinl AGGACATTGACCCCTGTGAG  TGGCATAGAGGAGGATGAGG
Neurexophilinl AAGTCACGTGTCCTGGCTCT TTAACTCCGCAGGCTTCAGT

2.6. cDNA Synthesis and miRNA Analysis

cDNA was synthesized using the Universal cDNA synthesis kit II (Exigon, Woburn,
MA, USA). The expression levels of miRNA-26a or miR-26b-5p were determined using
specific primers (primer sequences are listed in Table 2) and ExXILENT SYBR Green Master
Mix (Exigon) by qRT-PCR (7900 HT, Applied Biosystems). We used the U6 snRNA (Exiqon)
as the internal control. The fold change in miRNA expression was calculated by the
delta-delta Ct method.

Table 2. List of miRNA primers and their sequence.

miRNA Primers Sequence
Ub6(hsa/rna/mus) CACGAATTTGCGTGTCATCCTT
hsa-miR-26b UUCAAGUAAUUCAGGAUAGGU
hsa-miR-26a UUCAAGUAAUCCAGGAUAGGCU

2.7. Western Blot

Total protein was isolated from NSCs using M-PER extraction reagent (Thermo Fisher
Scientific, Waltham, MA, USA) and quantitated. A 30ug amount of denatured protein was
resolved by SDS-PAGE and transferred to PVDF membranes, and non-specific binding was
reduced by blocking in 5% non-fat milk. Primary antibodies rabbit anti-Mecp2 (1:1000, ab2829,
Abcam, Cambridge, UK), rabbit anti-PSD-95 (1:1000, ab18258, Abcam, Cambridge, UK), rabbit
anti-Synaptophysin (1:1000, ab32127, Abcam, Cambridge, UK), mouse anti-tau (1:1000, Tau46
#4019, Cell Signaling, Danvers, MA, USA), mouse anti-Clathrin1HC (1:1000, SC12734, Santa
Cruz, TX, USA) or mouse anti-beta actin (1:5000, A1978, Sigma-Aldrich, St. Louis, MO, USA)
was added to the PVDF membrane overnight at 4 °C. The next day, HRP-conjugated anti-mouse
or anti-rabbit secondary antibodies (1:1000, anti-mouse HRP-31430; anti-rabbit HRP-31460,
Thermo Fisher Scientific) were added. Chemiluminescence signals were captured on X-ray
films, and the bands were quantified (GS-800 densitometer, Bio-Rad, Hercules, CA, USA).

2.8. Transfection of miRNA and siRNA

NSCs obtained from embryos of control mice were trypsinized and seeded in 6-
well plates (1 x 10° cells/well) in Opti-MEM. The cells were transfected with SiGenome
SMARTpool Mecp2 (M-044034-01-0005, Dharmacon, Lafayette, CO, USA) or SiGenome
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Control pool (Table 3, D-001206-13-05, Dharmacon) using DharmaFECT1 (Dharmacon) for
Mecp2 knockdown.

Table 3. List of SMARTpool probes used in the study.

Gene SMARTpool Probes Sequence
D-044034-01 CGAGGAGGCUCACUGGAAA
Mecp? D-044034-02 ACACGAAAGCUUAAACAAA
D-044034-03 GGACUGAAGACCUGCAAGA
D-044034-04 CAGCUAAGACUCAGCCUAU
UAGCGACUAAACACAUCAA

UAAGGCUAUGAAGAGAUAC
AUGUAUUGGCCUGUAUUAG
AUGAACGUGAAUUGCUCAA

siGENOME Non-targeting siRNA pool #1

A 10 nM amount of miR-26b-5p mimics (Ambion, Thermo Fisher Scientific) or in-
hibitors of miR-26b-5p and the appropriate negative control probes (Table 4, Ambion,
Thermo Fisher Scientific) were transfected in NSCs using lipofectamine RNAiMAX (Thermo
Fisher Scientific). siRNA-lipofectamine complexes in opti-MEM medium were changed
to NSC culture media or differentiation media 6h post-transfection. RNA extraction was
performed 48 h post-transfection while protein was extracted 72 h post-transfection.

Table 4. List of miRNA mimics and inhibitors.

Catalog No. miRNA Mimics Sequence
MC12899 hsa-miR-26b-5p UUCAAGUAAUUCAGGAUAGGU
4464058 Negative control TAACACGTCTATACGCCCA
Catalog No. miRNA inhibitors Sequence
199006-001 Negative control TAACACGTCTATACGCCCA
4104759-001 hsa-miR-26b-5p ACCTATCCTGAATTACTTGA

2.9. Immunofluorescence Analysis

Neurospheres or differentiated NSCs were seeded in poly-L-lysine or poly-L-ornithine-
coated coverslips respectively. The cells were fixed with ice-cold 4% paraformaldehyde (PF)
and permeabilized with 0.1% Triton-X 100 in PBS. Subsequently, 3% normal goat serum
was added to block non-specific binding before incubating with rabbit anti-Mecp2 (1:500,
ab2829, Abcam, Cambridge, UK), rabbit anti-PSD-95 (1:500, ab18258, Abcam, Cambridge,
UK)), rabbit anti-Synaptophysin (1:500, ab32127, Abcam, Cambridge, UK) or mouse anti-
tau (1:500, Taud6 #4019, Cell Signaling, MA, USA) overnight at 4 °C. Subsequently, cells
were washed and incubated with an anti-mouse or anti-rabbit IgG antibody tagged with
a fluorophore (1:100, Chemicon, Temecula, CA, USA) for 1h at room temperature. DAPI
(1:5000, D-1306, Sigma, MI, USA) was used to counterstain the nucleus. Finally, fluorescent
mounting medium (DAKO, Santa Clara, CA, USA) was used to mount the coverslips onto
the glass slides and the images were captured on a confocal microscope (Olympus FV1000).

2.10. Neurite Outgrowth Assay

Neurite outgrowth assay was carried out in NSCs transfected with miR-26b-5p mimics
or negative control using the neurite outgrowth assay kit (Chemicon, NS220) according to
the manufacturer’s instructions. Cell culture inserts (pre-coated with laminin) containing a
permeable membrane with pores that are 3 um wide were used to culture the transfected NSCs
in differentiation media. After 48 h of differentiation, the inserts containing the cell bodies on
the top surface and the neurites on the lower surface were fixed and washed. Neurite staining
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solution in the kit was used to stain the neurite, following which the cell bodies were removed
using wet cotton swabs before imaging. The images were taken using an SMZ1500 Zoom
Stereomicroscope (Nikon). The stain extraction solution was used to extract the stain from
inserts and was collected in a 96-well plate. Spectrophotometer Tecan (Infinite F200 PRO) was
used to quantify the neurites, and the absorbance was read at 595 nm.

2.11. Statistical Analysis

The data are represented as mean £ SD from 3-5 independent experiments. Student’s
t-test was performed, and data were considered significant when p < 0.05.

3. Results
3.1. Maternal Diabetes Downregulates the Expression of Mecp2 in Mouse Embryonic NSCs

Firstly, the mRNA and protein expression levels of Mecp2 were quantified in NSCs
from embryos of control and diabetic pregnancies by performing quantitative RT-PCR and
Western blot, respectively. There was a significant decrease in the expression of Mecp2
gene (Figure 1A) and protein (Figure 1B,C) in NSCs from embryos of diabetic mice when
compared to controls. In addition, immunofluorescence analysis confirmed the reduction in
the expression of Mecp2 (arrows) in NSCs from embryos of diabetic mice when compared
to controls (Figure 1D).
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Figure 1. (A) qRT-PCR analysis revealed decreased expression of Mecp2 gene in NSCs from embryos of
diabetic mice (closed bars) when compared to controls (open bars). n = 4, * p < 0.05. (B) Representative
blot showing decreased expression of Mecp2 protein in NSCs from embryos of diabetic pregnancy
when compared with controls. 3 actin was used as an internal control. (C) Quantification of bands by
densitometry shows significant downregulation of Mecp2 protein in NSCs from embryos of diabetic mice
(closed bar) when compared to controls (open bar). n =4, * p < 0.05. (D) Representative confocal images
show decreased expression of Mecp2 protein (arrows) in NSCs from embryos of diabetic pregnancy (right
panel) when compared with controls (left panel). Nuclei are stained blue with DAPI. Scale bar, 50 pm.

3.2. Maternal Diabetes Alters the Expression of miR-26 Family in NSCs from Embryos of
Diabetic Pregnancy

We have previously shown that hyperglycemia deregulates miRNA expression in mouse
embryonic NSCs. From the 104 differentially expressed miRNAs [18], miRNA-26 family
(miR-26a-5p and miR-26b-5p) was selected for further analysis, and Mecp2 was predicted by
TargetScan (mouse) software (version 7.1) to be one of the putative targets of miR-26 family
(Supplementary Figure S1A). Quantitative RI-PCR was carried out to validate the expression
of miR-26a-5p and miR-26b-5p in NSCs from embryos of control and diabetic pregnancies.
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There was a significant increase in the expression of miR-26b-5p (but not miR-26a-5p) in NSCs
from diabetic pregnancy when compared with controls (Figure 2A).
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Figure 2. (A) gRT-PCR analysis shows upregulation of miR-26 family in NSCs from embryos of
diabetic pregnancy compared to that of controls. There is a significant upregulation of miR-26b-5p in
NSCs from embryos of diabetic pregnancy (closed bars) when compared to that of control pregnancy
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(open bars). However, the upregulation of miR-26a-5p expression in NSCs from diabetic pregnancy
was not statistically significant, when compared to that of control pregnancy. n > 3, student t-test,
*p < 0.05. (B) qRT-PCR analysis shows >1000-fold upregulation of miR-26b-5p following miR-26b-5p
overexpression. n = 4, student t-test, * p = 0.05. (C) qRT-PCR shows downregulation of Mecp2 gene
following miR-26b-5p overexpression in NSCs from embryos of control pregnancy. n = 4, student
t-test, ** p < 0.01. (D) Representative blot shows decrease in Mecp2 protein expression following
miR-26b-5p overexpression in NSCs from embryos of control pregnancy. 3 actin was used as an
internal control. (E) Densitometry analysis shows significant decrease in Mecp2 protein expression
following miR-26b-5p overexpression (closed bar) when compared to negative control (open bar).
n = 4, student t-test, ** p < 0.01. (F) miR-26b-5p mimics were used to overexpress miR-26b in NSCs
from embryos of control pregnancy. Confocal images show decrease in Mecp?2 protein (arrows)
following miR-26b-5p overexpression (right panel), when compared to that of negative control (left
panel). Nuclei are stained with DAPI. miR-26b-5p OE: miR-26b-5p overexpression. Scale bar, 5 um.
(G) Representative blot shows increase in Mecp2 protein expression following miR-26b-5p inhibition
in NSCs from embryos of control pregnancy, when compared to that of negative control. 3 actin
was used as an internal control. (H) Densitometry analysis shows significant increase in Mecp2
protein expression (closed bar) following miR-26b-5p inhibition in NSCs from embryos of control
pregnancy, when compared to that of negative control (open bar). n =4, * p < 0.05. Nc—Negative
control, miR-26b-5p OE—Overexpression of miR-26b-5p.

3.3. miR-26b-5p Regulates Mecp2 in NSCs

To estimate the role of miR-26b in NSCs, loss- and gain-of-function analysis using
LNA-modified miR-26b-5p inhibitors or mimics were carried out respectively. miR-26b-5p
was overexpressed in NSCs using miR-26b-5p mimics and the expression was quantified
by gRT-PCR (Figure 2B). Further analysis showed that miR-26b-5p overexpression resulted
in a significant downregulation in both mRNA (Figure 2C) and protein levels of Mecp2
(Figure 2D,E). Immunofluorescence analysis further confirmed the decrease in Mecp2
protein expression following overexpression of miR-26b-5p in NSCs (Figure 2F). On the
other hand, inhibition of miR-26b-5p in NSCs resulted in a significant upregulation of
Mecp2 protein (Figure 2G,H). Taken together, the results suggest that Mecp?2 is a target
of miR-26b-5p.

3.4. miR-26b-5p Perturbs Synaptic Milieu via Mecp2 in NSCs

The formation of synapses is crucial for the establishment of neuronal network and
brain circuitry [25]. The miR-26 family has been found to regulate neurite outgrowth and
the synaptic plasticity [26], while Mecp2 expression levels have been shown to influence
the structure of dendrites and number of synapses [27-30]. Thus, we explored the role
of miR-26b-5p and its target gene Mecp2 in neurite outgrowth (the first step during the
formation of axons and dendrites) and synaptogenesis (by examining the expression of
specific synaptic markers).

Firstly, we analyzed the effects of miR-26b-5p overexpression on the expression of
Synaptophysin, a pre-synaptic marker and post-synaptic density protein-95 (PSD-95, also
known as Disks large homolog 4 (DLG4)). PSD-95, a member of the PDZ scaffolding
protein family, is a well-established post-synaptic protein that stabilizes young synapses
and anchors other synaptic proteins to post-synaptic densities [31,32]. Synaptophysin is a
pre-synaptic vesicle protein present in the neurites during brain development and regulates
synaptic vesicle cycling [33,34]. miR-26b-5p was overexpressed in NSCs and the cells
were allowed to differentiate for 72h. Our results showed that miR-26b-5p overexpression
resulted in a significant increase in Synaptophysin and a significant decrease in PSD-95
protein expressions in differentiating cells (Figure 3A,B). In addition, immunofluorescence
analysis confirmed a moderate increase in Synaptophysin protein (Figure 3C) and the
decrease in PSD-95 (Figure 3D) in differentiating cells following miR-26b-5p overexpression.
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Figure 3. (A) Representative blots showing the expression of Mecp2, PSD-95 and Synaptophysin in NSCs

following miR-26b-5p overexpression. {3 actin was used as an internal control. (B) Densitometry analysis

shows significant downregulation in Mecp2 and PSD-95 proteins, and upregulation in Synaptophysin

protein in NSCs following miR-26b-5p overexpression (closed bars) compared to that of negative control
(open bars). Ne—Negative control, miR-26b OE—Overexpression of miR-26b-5p. n =3, * p < 0.05.
miR-26b-5p was overexpressed in NSCs from embryos of control pregnancy, and immunoexpression of
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Synaptophysin and PSD-95 was observed using confocal microscopy. (C,D) Confocal images show
an increase in expression of Synaptophysin (C) and a decrease in expression of PSD-95 (D) in NSCs
following miR-26b-5p overexpression (right panel) when compared to that of negative control (left
panel). Scale bar, 10 pum. Nuclei are stained with DAPI. (E) Representative blots showing expression
of Mecp2, PSD-95 and Synaptophysin in NSCs following Mecp2 knockdown. (3 actin was used as an
internal control. (F) Densitometry analysis shows significant downregulation of Mecp2 and PSD-95
protein expression and upregulation of Synaptophysin protein expression in NSCs following Mecp2
knockdown. Nc—Negative control, Mecp2 KD—Knockdown of Mecp2. n =4, ** p <0.01, * p < 0.05.
(G) Confocal images show an increase in Synaptophysin in NSCs following Mecp2 knockdown (right
panels) when compared to that of negative control (left panels). Nuclei are stained with DAPIL. Scale
bar, 10 pm.

In order to verify that miR-26b-5p alters the expression of synaptic proteins via Mecp2,
siRNA-mediated knockdown of Mecp2 in NSCs from embryos of control mice were per-
formed and the expression of synaptic proteins, PSD-95 and Synaptophysin were analyzed
upon differentiation of NSCs. The knockdown efficiency of Mecp2 in NSCs was found
to be nearly 40%. Knockdown of Mecp2 in NSCs resulted in significant upregulation of
Synaptophysin protein and significant downregulation of PSD-95 following differentiation
(Figure 3E,F), which correlated with the results obtained following miR-26b-5p overexpres-
sion. Moreover, immunofluorescence analysis of differentiating cells revealed an increase
in Synaptophysin protein (Figure 3G) following Mecp2 knockdown when compared to
negative control.

3.5. miR-26b-5p Enhances Neurite Formation via Mecp2 in NSCs

During brain development, neuritogenesis (formation of neuronal processes, such as
axon and dendrites) is an important step as it forms the basis for synaptogenesis [35]. In
view of this, a neurite outgrowth assay was performed in which NSCs overexpressed with
miR-26b-5p were seeded on cell culture inserts and allowed to differentiate for 48 h. Our
results showed significantly increased neurite outgrowth in differentiating cells overex-
pressed with miR-26b-5p when compared to that of negative control (Figure 4A,B).

During neurite outgrowth, there is an increase in the expression of Tau protein, which
determines the polarity of neurons [36]. Since Tau protein decides the fate of neurites (to
become an axon or a dendrite) and neurites are important components of synaptogenesis,
the expression of Tau in differentiating cells following miR-26b-5p overexpression and
Mecp2 knockdown was analyzed. There was a significant decrease in the expression of
Tau protein upon differentiation (Figure 4C,D) in miR-26b-5p overexpressed NSCs when
compared to negative control. Furthermore, the confocal immunofluorescence images
revealed a decrease in Tau-positive axonal projections (Figure 4E, right panels) in differenti-
ated cells following miR-26b-5p overexpression when compared to that of negative control
(Figure 4E-left panels).

Similarly, there was a significant downregulation of Tau protein in differentiating cells
following Mecp2 knockdown (Figure 4E,G). In addition, immunofluorescence analysis of
NSCs revealed the decrease in Tau-positive axonal projections (Figure 4H, right panels)
in differentiated cells following Mecp2 knockdown when compared to negative control
(Figure 4H, left panels). Taken together, the findings suggest that miR-26b mediates
the process of neurite outgrowth and tau expression by regulating the expression of its
target Mecp2.

3.6. miR-26b-5p Deregulates Synaptic Vesicle Cycling in NSCs

Next, we examined the expression of several synaptic proteins that are predicted
targets of miR-26b-5p. Using the TargetScan (mouse) software, Shank2, Clathrin HC-1,
Neurexophilinl and Neurexinl were predicted as targets of miR-26b-5p (Supplementary
Figure S1B). qRT-PCR was performed to analyze the expression of the synaptic genes in
NSCs from embryos of control and diabetic mice (primers are listed in Table 1). The mRNA
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expression levels of Neurexophilinl (Nxphl) and Clathrin HC-1 (Cltc) were significantly
upregulated in NSCs from embryos of diabetic pregnancy when compared to controls
(Figure 5A). Furthermore, the mRNA expression of Nxphl and Clfc were analyzed in
NSCs following overexpression of miR-26b-5p. Cltc gene was found to be significantly
upregulated (nearly 15 folds), while Nxphl was downregulated in NSCs following miR-
26b-5p overexpression when compared with negative control (Figure 5B).
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Figure 4. (A) Microscopic images showing increased number of neurites in NSCs overexpressed
with miR-26b-5p (right panel) following differentiation, when compared to that of negative control
(left panel). (B) The optical density was measured at absorbance 595 nm following extraction of the
stain using stain extraction solution. There was a significant increase in optical density in NSCs
following miR-26b-5p overexpression (closed bar) when compared to that of negative control (open
bar). (C) Representative blots showing the expression of Tau protein in NSCs following miR-26b-5p
overexpression. 3 actin was used as an internal control. There was a marked downregulation in Tau
protein in NSCs following miR-26b-5p overexpression. (D) Densitometry analysis shows significant
downregulation of Tau protein (closed bar) in NSCs following miR-26b-5p overexpression, when
compared to that of negative control (open bar). Nc—Negative control, miR-26b-5p OE—miR-26b-5p
overexpression. n = 4, ** p < 0.001. (E) Confocal images showing decrease in Tau-positive axonal
projections in NSCs following miR-26b-5p overexpression ((right panels), arrows) when compared
to that of negative control (left panels). Nuclei are stained with DAPI. Nc—Negative control, miR-
26b-5p OE—miR-26b-5p overexpression. n =3, * p < 0.05. Scale bar 10 um. (F) Representative
blots showing expression of Tau protein in NSCs following Mecp2 knockdown. (3 actin was used
as an internal control. (G) Densitometry analysis shows significant decrease in Tau expression in
NSCs following Mecp2 knockdown (closed bar) when compared to that of negative control (open
bar). Nc—Negative control, Mecp2 KD—Mecp2 knockdown. n = 4, * p < 0.05. (H) Confocal images
showing decrease in Tau-positive axonal projections (arrows) in differentiated cells following Mecp2
knockdown (right panel) when compared to negative control (left panels). Nuclei are stained with
DAPI. Scale bar: upper panels, 20 um; lower panels, 50 um.



Cells 2023, 12, 1516 12 0f 18

A S 25 - O Control m Diabetic "
cC = *
= 8 2
59
58 15 -
o T
&) 1 4
z<
S 05 -
E 0 T T T
Neurexin 1 Neurexophilin1 Shank 2 Cltc
B
S 25 - ONc *
c.9 i
o 2 = miR-26b-5p OE
c 5 15 -
©
53 10 -
O < *
s3 |
°g °
E O . e e——— 1
Neurexophilin 1 Cltc
C D
‘ s 27 *
Clathrin HC1 | %48 WM | 180kDa € =2, 5 |
ST o
—— sEs '
B actin : Bl 12k0a  © T 05 -
[ — % oL
= %) w9
2 3 s 0 ' '
5 R Control Diabetic
© A
E F
e
c5 1'2 ] *
Clathrin HC1 180kDa £ 2 1.4 -
N o
O s 1.2 A
s 14
Bactin | NS e |i2kDa g c 08 -
[}
Nc  Mecp2 55 041
KD o 021
O O T
L
Nc Mecp2 KD

Figure 5. (A) The mRNA expression level of Neurexinl, Neurexophilinl, Cltc and Shank2 were
quantified in NSCs from embryos of control and diabetic pregnancy. Out of the four genes analyzed,
Neurexophilinl and Cltc genes showed a significant increase in NSCs from diabetic pregnancy (closed
bars) when compared to that of control pregnancy (open bars). n =4, * p < 0.05. (B) NSCs were trans-
fected with miR-26b-5p mimics and negative control probes and the expression levels of Neurexophilinl
and Cltc were analyzed using gRT-PCR. The mRNA expression of Cltc showed a significant increase in
NSCs following miR-26b-5p overexpression (closed bar) when compared to negative control (open bar).
Nc—Negative control, miR-26b-5p OE—miR-26b-5p overexpression. n = 4, * p < 0.05. (C) Representa-
tive blot showing expression of CLH1 protein in NSCs from embryos of control and diabetic pregnancy.
There is an increase in expression of CLH1 protein in NSCs from diabetic pregnancy when compared
to that of control. 3 actin was used as an internal control. (D) Densitometry quantification revealed
that CLH1 expression is significantly increased in NSCs from diabetic pregnancy (closed bar) when
compared to control (open bar). C-Control, D-Diabetic. n =3, * p < 0.05. (E) Representative blot showing
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expression of CLH1 protein in NSCs following Mecp2 knockdown. {3 actin was used as an internal
control. There is an increase in CLH1 expression in NSCs following Mecp2 knockdown when
compared to that of negative control. 3 actin was used as an internal control. (F) Densitometry
analysis shows significant increase in CLH1 protein expression in NSCs following Mecp2 knockdown
(closed bar) when compared to that of negative control (open bar). Nc—Negative control, Mecp2
KD—Mecp2 knockdown. n =4, * p < 0.05.

The Cltc gene encodes the Clathrin Heavy Chain 1 (CLH1) protein, which forms
the major part of coating pits and vesicles involved in receptor-mediated endocytosis
and is important for various neurodevelopmental processes such as cell fate specification,
determining neuronal polarity, migration, axonal guidance and outgrowth [37]. Since
Cltc gene was observed to be significantly upregulated in NSCs from embryos of diabetic
pregnancy, the expression of the encoded protein CLH1 was analyzed. Western blot analysis
revealed significant upregulation of CLH1 in NSCs from diabetic pregnancy (Figure 5C,D).

Furthermore, recent proteomic studies suggest dysregulated Clathrin-mediated en-
docytosis in Mecp2 mutant models [38]. Since it is possible that upregulation of CLH1
in NSCs of embryos from diabetic pregnancy and in NSC following miR-26b-5p overex-
pression is mediated via Mecp2, we examined the expression of CLH1 following mecp2
knockdown. We observed that the expression of CLH1 was upregulated significantly in
NSCs following Mecp2 knockdown (Figure 5E F), indicating that miR-26b-5p may regulate
CLH1 via Mecp2.

4. Discussion

The maternal environment influences normal brain development and function during
embryogenesis [39]. Metabolic alterations such as hyperglycemia during pregnancy have
been found to result in a spectrum of congenital neurological defects, including structural and
long-term functional defects [40], which determine the health and behavior of the offspring.
Though early diagnosis and appropriate management of diabetes during pregnancy have
reduced the incidence of structural defects such as neural tube defects (NTDs) in humans to a
greater extent, infants of diabetic mothers are at risk of neurofunctional deficits later in life [41].
A recent meta-analysis showed a significant association between maternal diabetes and the
risk of neurodevelopmental disorders, including autism in offspring [1,2,42]. Therefore, it
is important to identify and understand the molecular mechanisms underlying maternal
diabetes-induced changes in brain development and function.

The normal development of the brain begins with neurulation, and diverse processes
such as proliferation, migration, differentiation, synaptogenesis, synaptic pruning and
myelination are critical determinants of brain function since they mediate precise wiring in
the brain [43,44]. These processes have been shown to be regulated by several molecules,
including Mecp2. Altered Mecp2 expression has been implicated in many neurodevel-
opmental disorders such as Rett syndrome, mental retardation, epilepsy and Angelman
syndrome [45]. Specifically, loss of Mecp?2 is associated with defective synaptogenesis [45].
Mecp2 is a highly complex protein and its transcript generates two protein isoforms, namely
Mecp2-el and e2 that are 498 and 486 amino acids long in humans (501 and 484 amino
acids long in mice) and have differences in the N-terminal [46]. The longer isoform (i.e.,
Mecp-el) has been shown to be the predominant isoform in the brain of humans and
mice [47]. Mecp2 is known to be regulated by microRNAs and DNA methylation, as well as
post-translational modifications such as phosphorylation, sumoylation and acetylation. To
date, at least seven microRNAs (miR-7b, miR-22, miR-124a, miR-132, miR-212, miR-483-5p,
and miR-511) [16] have been found to target and regulate the expression of Mecp2 in the
brain. However, it is predicted that Mecp2 has complementarity to several more miRNAs
as it has a large 3’'UTR [48].

In our study, we used NSCs differentiated for 72h to examine the early changes in
neurite formation and expression of synaptic markers. It has been shown that rat NSCs
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can express low levels of pre-synaptic and post-synaptic genes. Further these studies
showed that, on Day 5 post-differentiation, the expression of synaptic proteins such as
Synaptophysin was localized to the perinuclear region (similar to our immunostaining re-
sults), suggesting that immature differentiating neurons also express synaptic proteins [49].
Moreover, both Synaptophysin and PSD-95 are known to be associated with Mecp2, and the
expression patterns of these proteins have been shown to be Mecp2 dependent [30,50,51].
Synaptophysin is an early synaptic vesicle protein that is found in abundance in both
inhibitory and excitatory synapses during synaptogenesis, and mediates synaptic stabil-
ity [33]. In humans, Synaptophysin expression has been reported in developing brains since
mid-gestation until early adulthood [51,52]. Furthermore, Synaptophysin also has diverse
roles such as calcium binding, channel formation, exocytosis and recycling of synaptic
vesicles by endocytosis [52], and an increase in Synaptophysin expression is attributed
to an increase in synaptic activity [53,54]. PSD-95 is a membrane protein that is a potent
scaffolder during development and aids in maintaining the structure and strength of the
post-synaptic densities in excitatory synapses [55,56]. PSD-95 is localized to dendritic
spines, an important component of synapses, and found to alter their morphology and
stability [57]. Deregulation of PSD-95 expression is associated with neurological disorders,
including schizophrenia and Fragile X syndrome [58-60]. Moreover, PSD-95 is essential for
the maturation and stabilization of excitatory synapses [61]. In our study, the expression
of PSD-95 was downregulated, while Synaptophysin was upregulated in NSCs following
miR-26b-5p overexpression or Mecp2 knockdown, suggesting that Mecp2/miR-26b-5p
may regulate the maturation of synapses [62].

Neurites are vital components in synaptogenesis as they mature into either axons or
dendrites [63]. Since axons and dendrites are inevitable components in a synapse, assessing
the ability of differentiating NSCs to form neurites following miR-26b-5p overexpression is
deemed necessary to understand the role of miR-26b-5p in synaptogenesis. The significant
increase in neurite number (as observed by optical density value) in NSCs overexpressed
with miR-26b-5p, when compared to negative control, emphasizes the role of miR-26b-5p in
inducing neurite formation. Primarily, the stabilization of Tau protein is essential for a neurite
to mature into an axon or dendrite. Tau determines the polarity of NSCs as the neurite that
expresses Tau becomes the axon while the other neurites become dendrites [36]. Furthermore,
Mecp2 has also been shown to regulate the expression of Tau [64]. In the present study, the
expression of Tau protein was found to be downregulated in NSCs following miR-26b-5p
overexpression, and in NSCs following Mecp2 knockdown. Thus, the reduced Tau expression
impedes the polarization of differentiating NSCs, i.e., the axonal and dendritic compartments
are not well defined, and hence the neurites fail to attain maturity. Taken together, the
inverse expression pattern between Synaptophysin and PSD-95 proteins, downregulated Tau
expression and the presence of increased immature neurites suggest the presence of increased
immature synapses in NSCs following miR-26b-5p overexpression.

Among the putative targets of miRNA-26b, Cltc showed a stark increase in NSCs
following miR-26b-5p overexpression (~15-fold increase). Generally, living cells internalize
molecules from their environment using a process called endocytosis. Endocytosis can
occur by five mechanisms of which Clathrin-mediated endocytosis is a classical model
of internalization [65]. During embryogenesis, the prime function of Clathrin-dependent
machinery in the embryonic cells is to deliver the extracellular cues that are essential for
proper synaptic formation, axonal outgrowth and dendritic maintenance [66]. Synapses
are enriched with Clathrin, a predominant vesicular coat protein, and the synaptic vesicle
cycling is pivotal for the normal function of a synapse [67]. An increase in Clathrin-
coated vesicles (CCV) and Clathrin expression was observed in the brains of Auxillin (a
co-chaperone protein required for Clathrin uncoating) knockout mice, in which the process
of Clathrin-dependent endocytosis was impaired, leading to postnatal mortality [68]. In
the present study, CLH1 protein expression was observed to be increased in NSCs from
embryos of diabetic pregnancy and in NSCs following miR-26b overexpression. Further,
upregulation of CLH1 in NSCs following Mecp2 knockdown indicates that there is im-
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pairment in the Clathrin-dependent endocytic machinery in differentiated NSCs, which
may lead to stagnation of CCVs in the synapse and thus disrupt synaptogenesis [68]. So
far there is no direct evidence showing Mecp2-mediated regulation of Clathrin. Recent
proteomic studies suggest that Clathrin-mediated endocytosis is dysregulated in Mecp2
mutant Rett syndrome models [38]. The current results suggest a potential interaction
between Mecp2 and Clathrin, since CLH1 was upregulated upon knockdown of Mecp2 as
well as in NSCs from diabetic pregnancy (in which Mecp2 expression was downregulated).
However, further studies are required to validate the interaction between Mecp2 and CLHI.
Overall, maternal diabetes appears to disrupt Mecp2-mediated synaptic plasticity, and
Clathrin-mediated endocytosis that is required for recycling synaptic vesicles [69].

Several studies have demonstrated that altered synaptogenesis and synaptic functions
underlie several neurological diseases (reviewed in [70,71]) since proper synaptic commu-
nication is required for precise brain function. From the results obtained, it appears that
maternal diabetes perturbs synaptogenesis and synaptic functions in differentiated cells
via miR26b and its target Mecp2, which may contribute to neurodevelopmental disorders
in offspring.

5. Conclusions

In this study, we showed that Mecp2 expression is epigenetically regulated during
brain development via miR-26b, and that deregulation of miR-26b-Mecp2 in NSCs and
synaptogenesis in differentiating neurons derived from embryos of diabetic pregnancy
may underlie neurodevelopmental disorders associated with maternal diabetes (Figure 6).

Maternal Diabetes

4

Upregulates miR-26b-
5p expression in
neural stem cells

4

Downregulates Mecp2
expression

4

Alters expression of
synaptic proteins in
differentiating NSCs

$

Neurodevelopmental
disorders

Figure 6. Overall summary. Maternal diabetes increased the expression of miR-26b-5p, which targets
Mecp2 in NSCs, resulting in defective synaptogenesis and thus leading to neurodevelopmental disorders.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cells12111516/s1, Figure S1. Bioinformatic prediction showing
that (A) miR-26 family targets Mecp2 and (B) miR-26b-5p targets synaptic genes.

Author Contributions: Conceptualization, S.T.D.; methodology, S.R.; validation, S.S. and S.R.; formal
analysis, S.S. and S.R.; resources S.T.D.; data curation, S.R.; writing—original draft preparation, S.S.
and S.R.; writing—review and editing, S.S., S.R., D.K,, D.K.S,, B.H.B., S.A.A. and S.T.D.; supervision,
S.S. and S.T.D.; project administration, S.T.D.; funding acquisition, S.T.D. Collaboration B.H.B., D.K.S.
and S.A.A. All authors have read and agreed to the published version of the manuscript.

Funding: This original research was funded by the National University Health System (NUHS) seed
grants (R-118-00-154-112, A-0002131-00-00) and the NUHS Aspiration grant (Grant No. R-181-000-164-720).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1. Xu, G, Jing, J.; Bowers, K.; Liu, B.; Bao, W. Maternal diabetes and the risk of autism spectrum disorders in the offspring: A
systematic review and meta-analysis. ]. Autism Dev. Disord. 2014, 44, 766-775. [CrossRef] [PubMed]

2. Wan, H,; Zhang, C; Li, H.; Luan, S.; Liu, C. Association of maternal diabetes with autism spectrum disorders in offspring: A
systemic review and meta-analysis. Medicine 2018, 97, €9438. [CrossRef] [PubMed]

3. Xiang, A.H.; Wang, X.; Martinez, M.P.; Page, K.; Buchanan, T.A.; Feldman, R. Maternal type 1 diabetes and risk of autism in
offspring. JAMA 2018, 320, 89-91. [CrossRef] [PubMed]

4. Perea, V,; Urquizu, X.; Valverde, M.; Macias, M.; Carmona, A.; Esteve, E.; Escribano, G.; Pons, N.; Gimenez, O.; Girones, T.; et al.
Influence of Maternal Diabetes on the Risk of Neurodevelopmental Disorders in Offspring in the Prenatal and Postnatal Periods.
Diabetes Metab. J. 2022, 46, 912-922. [CrossRef]

5. Cai, S.; Qiu, A.; Broekman, B.EP,; Wong, E.Q.; Gluckman, P.D.; Godfrey, KM.; Saw, S.M.; Soh, S.-E.; Kwek, K.; Chong, Y.-S.; et al.
The Influence of Gestational Diabetes on Neurodevelopment of Children in the First Two Years of Life: A Prospective Study. PLoS
ONE 2016, 11, €0162113. [CrossRef]

6. Dionne, G.; Boivin, M.; Seguin, J.R.; Perusse, D.; Tremblay, R.E. Gestational diabetes hinders language development in offspring.
Pediatrics 2008, 122, €1073—e1079.

7.  Arabiat, D.; Jabery, M.A.; Kemp, V.; Jenkins, M.; Whitehead, L.C.; Adams, G. Motor Developmental Outcomes in Children
Exposed to Maternal Diabetes during Pregnancy: A Systematic Review and Meta-Analysis. Int. . Environ. Res. Public Health 2021,
18,1699.

8.  Jobe, EM.; Gao, Y.; Eisinger, B.E.; Mladucky, J.K.; Giuliani, C.C.; Kelnhofer, L.E.; Zhao, X. Methyl-CpG-Binding Protein MBD1
Regulates Neuronal Lineage Commitment through Maintaining Adult Neural Stem Cell Identity. J. Neurosci. 2017, 37, 523-536.
[CrossRef]

9. Gonzales, M.L.; LaSalle, ].M. The role of MeCP2 in brain development and neurodevelopmental disorders. Curr. Psychiatry Rep.
2010, 12, 127-134. [CrossRef]

10. Clouaire, T.; Stancheva, I. Methyl-CpG binding proteins: Specialized transcriptional repressors or structural components of
chromatin? Cell. Mol. Life Sci. 2008, 65, 1509-1522. [CrossRef]

11.  Kishi, N.; Macklis, ].D. MECP2 is progressively expressed in post-migratory neurons and is involved in neuronal maturation
rather than cell fate decisions. Mol. Cell. Neurosci. 2004, 27, 306-321. [CrossRef] [PubMed]

12.  Wu, H;; Tao, J.; Chen, PJ.; Shahab, A.; Ge, W.; Hart, R.P; Ruan, X.; Ruan, Y.; Sun, Y.E. Genome-wide analysis reveals methyl-CpG-
binding protein 2-dependent regulation of microRNAs in a mouse model of Rett syndrome. Proc. Natl. Acad. Sci. USA 2010, 107,
18161-18166. [CrossRef] [PubMed]

13. Nan, X,; Ng, HH.; Johnson, C.A.; Laherty, C.D.; Turner, B.M.; Eisenman, R.N.; Bird, A. Transcriptional repression by the
methyl-CpG-binding protein MeCP2 involves a histone deacetylase complex. Nature 1998, 393, 386-389. [CrossRef] [PubMed]

14. Jones, PL.; Veenstra, G.J.; Wade, P.A.; Vermaak, D.; Kass, S.U.; Landsberger, N.; Strouboulis, J.; Wolffe, A.P. Methylated DNA and
MeCP2 recruit histone deacetylase to repress transcription. Nat. Genet. 1998, 19, 187-191. [CrossRef] [PubMed]

15. Na, E.S.; Nelson, E.D.; Kavalali, E.T.; Monteggia, L.M. The impact of MeCP2 loss- or gain-of-function on synaptic plasticity.
Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 2013, 38, 212-219. [CrossRef]

16. McGowan, H.; Pang, Z.P. Regulatory functions and pathological relevance of the MECP2 3'UTR in the central nervous system.
Cell Regen. 2015, 4, 9. [CrossRef]

17. Lagos-Quintana, M.; Rauhut, R; Yalcin, A.; Meyer, J.; Lendeckel, W.; Tuschl, T. Identification of tissue-specific microRNAs from

mouse. Curr. Biol. 2002, 12, 735-739. [CrossRef]


https://www.mdpi.com/article/10.3390/cells12111516/s1
https://www.mdpi.com/article/10.3390/cells12111516/s1
https://doi.org/10.1007/s10803-013-1928-2
https://www.ncbi.nlm.nih.gov/pubmed/24057131
https://doi.org/10.1097/MD.0000000000009438
https://www.ncbi.nlm.nih.gov/pubmed/29480832
https://doi.org/10.1001/jama.2018.7614
https://www.ncbi.nlm.nih.gov/pubmed/29936530
https://doi.org/10.4093/dmj.2021.0340
https://doi.org/10.1371/journal.pone.0162113
https://doi.org/10.1523/JNEUROSCI.1075-16.2016
https://doi.org/10.1007/s11920-010-0097-7
https://doi.org/10.1007/s00018-008-7324-y
https://doi.org/10.1016/j.mcn.2004.07.006
https://www.ncbi.nlm.nih.gov/pubmed/15519245
https://doi.org/10.1073/pnas.1005595107
https://www.ncbi.nlm.nih.gov/pubmed/20921386
https://doi.org/10.1038/30764
https://www.ncbi.nlm.nih.gov/pubmed/9620804
https://doi.org/10.1038/561
https://www.ncbi.nlm.nih.gov/pubmed/9620779
https://doi.org/10.1038/npp.2012.116
https://doi.org/10.1186/s13619-015-0023-x
https://doi.org/10.1016/S0960-9822(02)00809-6

Cells 2023, 12, 1516 17 of 18

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

Ramya, S.; Shyamasundar, S.; Bay, B.H.; Dheen, S.T. Maternal Diabetes Alters Expression of MicroRNAs that Regulate Genes
Critical for Neural Tube Development. Front. Mol. Neurosci. 2017, 10, 237. [CrossRef]

Zhang, H.; Zhang, L.; Sun, T. Cohesive regulation of neural progenitor development by microRNA miR-26, its host gene ctdsp
and target gene Emx2 in the mouse embryonic cerebral cortex. Front. Mol. Neurosci. 2018, 11, 44. [CrossRef]

Han, J.; Denli, A.M.; Gage, FH. The enemy within: Intronic miR-26b represses its host gene, ctdsp2, to regulate neurogenesis.
Genes Dev. 2012, 26, 6-10. [CrossRef]

Sauer, M.; Was, N.; Ziegenhals, T.; Wang, X.; Hafner, M.; Becker, M.; Fischer, U. The miR-26 family regulates neural differentiation-
associated microRNAs and mRNAs by directly targeting REST. . Cell Sci. 2021, 134, jcs257535. [CrossRef] [PubMed]

Dill, H.; Linder, B.; Fehr, A.; Fischer, U. Intronic miR-26b controls neuronal differentiation by repressing its host transcript, ctdsp2.
Genes Dev. 2012, 26, 25-30. [CrossRef] [PubMed]

Shyamasundar, S.; Jadhav, S.P.; Bay, B.H.; Tay, S.5.W.; Kumar, S.D.; Rangasamy, D.; Dheen, S.T. Analysis of Epigenetic Factors in
Mouse Embryonic Neural Stem Cells Exposed to Hyperglycemia. PLoS ONE 2013, 8, e65945. [CrossRef] [PubMed]

Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative C(T) method. Nat. Protoc. 2008, 3, 1101-1108.
[CrossRef]

Stiles, J.; Jernigan, T.L. The Basics of Brain Development. Neuropsychol. Rev. 2010, 20, 327-348. [CrossRef]

Jiang, J.; Liu, C.; Zhang, B.; Wang, X.; Zhang, M.; Zhang, S.; Hall, P.; Hu, Y.; Zhou, F. MicroRNA-26a supports mammalian axon
regeneration in vivo by suppressing GSK3 (3 expression. Cell Death Dis. 2015, 6, €1865. [CrossRef]

Zhou, Z.; Hong, E.J.; Cohen, S.; Zhao, W.N.; Ho, H.Y,; Schmidt, L.; Chen, W.G.; Lin, Y.; Savner, E.; Griffith, E.C.; et al. Brain-specific
phosphorylation of MeCP2 regulates activity-dependent Bdnf transcription, dendritic growth, and spine maturation. Neuron
2006, 52, 255-269. [CrossRef]

Palmer, A.; Qayumi, J.; Ronnett, G. MeCP2 mutation causes distinguishable phases of acute and chronic defects in synaptogenesis
and maintenance, respectively. Mol. Cell. Neurosci. 2008, 37, 794-807. [CrossRef]

Banerjee, A.; Castro, J.; Sur, M. Rett syndrome: Genes, synapses, circuits, and therapeutics. Front. Psychiatry 2012, 3, 34. [CrossRef]
Chao, H.T.; Zoghbi, H.Y.; Rosenmund, C. MeCP2 controls excitatory synaptic strength by regulating glutamatergic synapse
number. Neuron 2007, 56, 58—65. [CrossRef]

Taft, C.E.; Turrigiano, G.G. PSD-95 promotes the stabilization of young synaptic contacts. Philos. Trans. R. Soc. B Biol. Sci. 2014,
369, 20130134. [CrossRef] [PubMed]

Gray, N.W.; Weimer, R.M.; Bureau, I.; Svoboda, K. Rapid Redistribution of Synaptic PSD-95 in the Neocortex In Vivo. PLoS Biol.
2006, 4, €370. [CrossRef] [PubMed]

Tarsa, L.; Goda, Y. Synaptophysin regulates activity-dependent synapse formation in cultured hippocampal neurons. Proc. Natl.
Acad. Sci. USA 2002, 99, 1012-1016. [CrossRef] [PubMed]

Piret, G.; Perez, M.T.; Prinz, C.N. Neurite outgrowth and synaptophysin expression of postnatal CNS neurons on GaP nanowire
arrays in long-term retinal cell culture. Biomaterials 2013, 34, 875-887. [CrossRef] [PubMed]

Jacovina, A.T.; Zhong, F.; Khazanova, E.; Lev, E.; Deora, A.B.; Hajjar, K.A. Neuritogenesis and the nerve growth factor-induced
differentiation of PC-12 cells requires annexin II-mediated plasmin generation. J. Biol. Chem. 2001, 276, 49350-49358. [CrossRef]
Takano, T.; Xu, C.; Funahashi, Y.; Namba, T.; Kaibuchi, K. Neuronal polarization. Development 2015, 142, 2088-2093. [CrossRef]
Maycox, P.R.; Link, E.; Reetz, A.; Morris, S.A.; Jahn, R. Clathrin-coated vesicles in nervous tissue are involved primarily in
synaptic vesicle recycling. J. Cell Biol. 1992, 118, 1379-1388. [CrossRef]

Marballi, K.; MacDonald, J.L. Proteomic and transcriptional changes associated with MeCP2 dysfunction reveal nodes for
therapeutic intervention in Rett syndrome. Neurochem. Int. 2021, 148, 105076. [CrossRef]

De Felice, A.; Ricceri, L.; Venerosi, A.; Chiarotti, F.; Calamandrei, G. Multifactorial Origin of Neurodevelopmental Disorders:
Approaches to Understanding Complex Etiologies. Toxics 2015, 3, 89-129. [CrossRef]

Banik, A.; Kandilya, D.; Ramya, S.; Stiinkel, W.; Chong, Y.; Dheen, S. Maternal Factors that Induce Epigenetic Changes Contribute
to Neurological Disorders in Offspring. Genes 2017, 8, 150. [CrossRef]

ter Braak, EZW.; Evers, LM.; Willem Erkelens, D.; Visser, G.H. Maternal hypoglycemia during pregnancy in type 1 diabetes:
Maternal and fetal consequences. Diabetes Metab. Res. Rev. 2002, 18, 96-105. [CrossRef] [PubMed]

Rowland, J.; Wilson, C.A. The association between gestational diabetes and ASD and ADHD: A systematic review and meta-
analysis. Sci. Rep. 2021, 11, 5136. [CrossRef] [PubMed]

Tau, G.Z.; Peterson, B.S. Normal development of brain circuits. Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol.
2010, 35, 147-168. [CrossRef]

Budday, S.; Steinmann, P.; Kuhl, E. Physical biology of human brain development. Front. Cell. Neurosci. 2015, 9, 257. [CrossRef]
[PubMed]

Fukuda, T.; Itoh, M.; Ichikawa, T.; Washiyama, K.; Goto, Y. Delayed maturation of neuronal architecture and synaptogenesis in
cerebral cortex of Mecp2-deficient mice. . Neuropathol. Exp. Neurol. 2005, 64, 537-544. [CrossRef]

Liyanage, V.R.; Rastegar, M. Rett syndrome and MeCP2. Neuromol. Med. 2014, 16, 231-264. [CrossRef]

Kaddoum, L.; Panayotis, N.; Mazarguil, H.; Giglia-Mari, G.; Roux, J.C.; Joly, E. Isoform-specific anti-MeCP2 antibodies confirm
that expression of the el isoform strongly predominates in the brain. F1000Research 2013, 2, 204. [CrossRef]

Cheng, T.L.; Qiu, Z. MeCP2: Multifaceted roles in gene regulation and neural development. Neurosci. Bull. 2014, 30, 601-609.
[CrossRef]


https://doi.org/10.3389/fnmol.2017.00237
https://doi.org/10.3389/fnmol.2018.00044
https://doi.org/10.1101/gad.184416.111
https://doi.org/10.1242/jcs.257535
https://www.ncbi.nlm.nih.gov/pubmed/34151974
https://doi.org/10.1101/gad.177774.111
https://www.ncbi.nlm.nih.gov/pubmed/22215807
https://doi.org/10.1371/journal.pone.0065945
https://www.ncbi.nlm.nih.gov/pubmed/23776576
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1007/s11065-010-9148-4
https://doi.org/10.1038/cddis.2015.239
https://doi.org/10.1016/j.neuron.2006.09.037
https://doi.org/10.1016/j.mcn.2008.01.005
https://doi.org/10.3389/fpsyt.2012.00034
https://doi.org/10.1016/j.neuron.2007.08.018
https://doi.org/10.1098/rstb.2013.0134
https://www.ncbi.nlm.nih.gov/pubmed/24298137
https://doi.org/10.1371/journal.pbio.0040370
https://www.ncbi.nlm.nih.gov/pubmed/17090216
https://doi.org/10.1073/pnas.022575999
https://www.ncbi.nlm.nih.gov/pubmed/11792847
https://doi.org/10.1016/j.biomaterials.2012.10.042
https://www.ncbi.nlm.nih.gov/pubmed/23131535
https://doi.org/10.1074/jbc.M106289200
https://doi.org/10.1242/dev.114454
https://doi.org/10.1083/jcb.118.6.1379
https://doi.org/10.1016/j.neuint.2021.105076
https://doi.org/10.3390/toxics3010089
https://doi.org/10.3390/genes8060150
https://doi.org/10.1002/dmrr.271
https://www.ncbi.nlm.nih.gov/pubmed/11994900
https://doi.org/10.1038/s41598-021-84573-3
https://www.ncbi.nlm.nih.gov/pubmed/33664319
https://doi.org/10.1038/npp.2009.115
https://doi.org/10.3389/fncel.2015.00257
https://www.ncbi.nlm.nih.gov/pubmed/26217183
https://doi.org/10.1093/jnen/64.6.537
https://doi.org/10.1007/s12017-014-8295-9
https://doi.org/10.12688/f1000research.2-204.v1
https://doi.org/10.1007/s12264-014-1452-6

Cells 2023, 12, 1516 18 of 18

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Liebau, S.; Vaida, B.; Storch, A.; Boeckers, T.M. Maturation of synaptic contacts in differentiating neural stem cells. Stem Cells
2007, 25, 1720-1729. [CrossRef]

Na, E.S.; Monteggia, L.M. The role of MeCP2 in CNS development and function. Horm. Behav. 2011, 59, 364-368. [CrossRef]
Zhou, J.; Hamdan, H.; Yalamanchili, H.K.; Pang, K.; Pohodich, A.E.; Lopez, J.; Shao, Y.; Oses-Prieto, J.A.; Li, L.; Kim, W.; et al.
Disruption of MeCP2-TCF20 complex underlies distinct neurodevelopmental disorders. Proc. Natl. Acad. Sci. USA 2022, 119,
€2119078119. [CrossRef]

Glantz, L.A.; Gilmore, ].H.; Hamer, R M.; Lieberman, J.A.; Jarskog, L.F. Synaptophysin and postsynaptic density protein 95 in the
human prefrontal cortex from mid-gestation into early adulthood. Neuroscience 2007, 149, 582-591. [CrossRef]

Stroemer, R.P,; Kent, T.A.; Hulsebosch, C.E. Increase in synaptophysin immunoreactivity following cortical infarction. Neurosci.
Lett. 1992, 147, 21-24. [CrossRef] [PubMed]

Kim, H.J.; Cho, M.H.; Shim, W.H.; Kim, ].K; Jeon, E.Y.; Kim, D.H.; Yoon, S.Y. Deficient autophagy in microglia impairs synaptic
pruning and causes social behavioral defects. Mol. Psychiatry 2017, 22, 1576-1584. [CrossRef] [PubMed]

Chen, X.; Nelson, C.D.; Li, X.; Winters, C.A.; Azzam, R.; Sousa, A.A.; Leapman, R.D.; Gainer, H.; Sheng, M.; Reese, T.S. PSD-95 Is
Required to Sustain the Molecular Organization of the Postsynaptic Density. |. Neurosci. 2011, 31, 6329. [CrossRef] [PubMed]
Ehrlich, I.; Klein, M.; Rumpel, S.; Malinow, R. PSD-95 is required for activity-driven synapse stabilization. Proc. Natl. Acad. Sci.
USA 2007, 104, 4176. [CrossRef]

Woods, G.E; Oh, W.C.; Boudewyn, L.C.; Mikula, S.K; Zito, K. Loss of PSD-95 Enrichment is not a Prerequisite for Spine Retraction.
J. Neurosci. Off. J. Soc. Neurosci. 2011, 31, 12129-12138. [CrossRef] [PubMed]

Matosin, N.; Fernandez-Enright, E; Lum, J.S.; Engel, M.; Andrews, J.L.; Gassen, N.C.; Wagner, K.V.; Schmidt, M.V.; Newell, K.A.
Molecular evidence of synaptic pathology in the CA1 region in schizophrenia. npj Schizophr. 2016, 2, 16022. [CrossRef]

Chen, J.; Yu, S;; Fu, Y,; Li, X. Synaptic proteins and receptors defects in autism spectrum disorders. Front. Cell. Neurosci. 2014, 8,
276. [CrossRef]

Ifrim, M.E,; Williams, K.R.; Bassell, G.J. Single-Molecule Imaging of PSD-95 mRNA Translation in Dendrites and Its Dysregulation
in a Mouse Model of Fragile X Syndrome. J. Neurosci. 2015, 35, 7116. [CrossRef]

El-Husseini, A.E.; Schnell, E.; Chetkovich, D.M.; Nicoll, R.A.; Bredt, D.S. PSD-95 involvement in maturation of excitatory synapses.
Science 2000, 290, 1364—1368. [CrossRef] [PubMed]

Joanna, K.; Marcin, N.; Johannes, K.; Jiirgen, B.; Jiirgen, E.; Katharina, S.-B. Adipocyte-derived angiopoietin-1 supports neurite
outgrowth and synaptogenesis of sensory neurons. J. Neurosci. Res. 2006, 83, 1160-1169.

Jan, Y.-N.; Jan, L.Y. The Control of Dendrite Development. Neuron 2003, 40, 229-242. [CrossRef] [PubMed]

Montgomery, K.R.; Louis Sam Titus, A.S.C.; Wang, L.; D'Mello, S.R. Elevated MeCP2 in Mice Causes Neurodegeneration Involving
Tau Dysregulation and Excitotoxicity: Implications for the Understanding and Treatment of MeCP2 Triplication Syndrome. Mol.
Neurobiol. 2018, 55, 9057-9074. [CrossRef] [PubMed]

Royle, S.J. The cellular functions of clathrin. Cell. Mol. Life Sci. 2006, 63, 1823-1832. [CrossRef] [PubMed]

Schwartz, C.M.; Cheng, A.; Mughal, M.R.; Mattson, M.P,; Yao, PJ. Clathrin assembly proteins AP180 and CALM in the embryonic
rat brain. J. Comp. Neurol. 2010, 518, 3803-3818. [CrossRef]

Li, Y.C; Kavalali, E.T. Synaptic Vesicle-Recycling Machinery Components as Potential Therapeutic Targets. Pharm. Rev. 2017, 69,
141-160. [CrossRef]

Yim, Y.-L; Sun, T.; Wu, L.-G.; Raimondi, A.; De Camilli, P.; Eisenberg, E.; Greene, L.E. Endocytosis and clathrin-uncoating defects
at synapses of auxilin knockout mice. Proc. Natl. Acad. Sci. USA 2010, 107, 4412-4417. [CrossRef]

Milosevic, I. Revisiting the Role of Clathrin-Mediated Endoytosis in Synaptic Vesicle Recycling. Front. Cell. Neurosci. 2018, 12, 27.
[CrossRef]

Lepeta, K.; Lourenco, M.V.; Schweitzer, B.C.; Adami, P.V.M.; Banerjee, P.; Catuara-Solarz, S.; Revenga, M.d.L.F,; Guillem, A.M,;
Haidar, M.; [jomone, O.M,; et al. Synaptopathies: Synaptic dysfunction in neurological disorders—A review from students to
students. J. Neurochem. 2016, 138, 785-805. [CrossRef]

Qi, C,; Luo, L.D,; Feng, I.; Ma, S. Molecular mechanisms of synaptogenesis. Front. Synaptic Neurosci. 2022, 14, 939793. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1634/stemcells.2006-0823
https://doi.org/10.1016/j.yhbeh.2010.05.014
https://doi.org/10.1073/pnas.2119078119
https://doi.org/10.1016/j.neuroscience.2007.06.036
https://doi.org/10.1016/0304-3940(92)90765-Y
https://www.ncbi.nlm.nih.gov/pubmed/1480319
https://doi.org/10.1038/mp.2016.103
https://www.ncbi.nlm.nih.gov/pubmed/27400854
https://doi.org/10.1523/JNEUROSCI.5968-10.2011
https://www.ncbi.nlm.nih.gov/pubmed/21525273
https://doi.org/10.1073/pnas.0609307104
https://doi.org/10.1523/JNEUROSCI.6662-10.2011
https://www.ncbi.nlm.nih.gov/pubmed/21865455
https://doi.org/10.1038/npjschz.2016.22
https://doi.org/10.3389/fncel.2014.00276
https://doi.org/10.1523/JNEUROSCI.2802-14.2015
https://doi.org/10.1126/science.290.5495.1364
https://www.ncbi.nlm.nih.gov/pubmed/11082065
https://doi.org/10.1016/S0896-6273(03)00631-7
https://www.ncbi.nlm.nih.gov/pubmed/14556706
https://doi.org/10.1007/s12035-018-1046-4
https://www.ncbi.nlm.nih.gov/pubmed/29637441
https://doi.org/10.1007/s00018-005-5587-0
https://www.ncbi.nlm.nih.gov/pubmed/16699812
https://doi.org/10.1002/cne.22425
https://doi.org/10.1124/pr.116.013342
https://doi.org/10.1073/pnas.1000738107
https://doi.org/10.3389/fncel.2018.00027
https://doi.org/10.1111/jnc.13713
https://doi.org/10.3389/fnsyn.2022.939793

	Introduction 
	Materials and Methods 
	Animals 
	In Vitro Culture of NSCs 
	Differentiation of NSCs 
	Total RNA Extraction 
	cDNA Synthesis and mRNA Analysis 
	cDNA Synthesis and miRNA Analysis 
	Western Blot 
	Transfection of miRNA and siRNA 
	Immunofluorescence Analysis 
	Neurite Outgrowth Assay 
	Statistical Analysis 

	Results 
	Maternal Diabetes Downregulates the Expression of Mecp2 in Mouse Embryonic NSCs 
	Maternal Diabetes Alters the Expression of miR-26 Family in NSCs from Embryos of Diabetic Pregnancy 
	miR-26b-5p Regulates Mecp2 in NSCs 
	miR-26b-5p Perturbs Synaptic Milieu via Mecp2 in NSCs 
	miR-26b-5p Enhances Neurite Formation via Mecp2 in NSCs 
	miR-26b-5p Deregulates Synaptic Vesicle Cycling in NSCs 

	Discussion 
	Conclusions 
	References

