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ABSTRACT

The precise spatial and temporal regulation of gene expression orchestrates the many intricate processes
during brain development. In the present study we examined the role of the brain-enriched microRNA-
338 (miR-338) during mouse cortical development. Reduction of miR-338 levels in the developing mouse
cortex, using a sequence-specific miR-sponge, resulted in a loss of neuronal polarity in the cortical plate
and significantly reduced the number of neurons within this cortical layer. Conversely, miR-338
overexpression in developing mouse cortex increased the number of neurons, which exhibited a
multipolar morphology. All together, our results raise the possibility for a direct role for this non-coding
RNA, which was recently associated with schizophrenia, in the regulation of cortical neuronal polarity and

layer placement.

Introduction

The cerebral cortex executes key brain functions, including the
processing of sensory information, cognitive function and con-
sciousness. Proliferation, migration, and differentiation of cor-
tical progenitor cells during development generate functionally
relevant neural networks for these critical tasks."” The forma-
tion of these neural structures is tightly regulated and depends
on the coordinated expression of a large number of genes.’
Moreover, accumulating evidence has implicated aberrant tem-
poral or spatial gene expression patterns underlying the ethol-
ogy of various neurodevelopmental disorders, such as autism
spectrum disorder, schizophrenia and intellectual disability.*®
MicroRNAs (miRs) have emerged as an important class of
small non-coding RNAs (ncRNAs) that bind to complementary
sequences within target transcripts followed by post-transcrip-
tional regulation of mRNA stability and/or translation. miRs
are expressed at high levels in the developing nervous system,
and their expression is essential for the proper development of
the brain, including the cortex.” 1% Indeed, miR-dependent reg-
ulation of gene networks in the brain has been shown to affect
a wide set of cellular processes, which are important for cortical
neurogenesis, neuronal survival and differentiation.'' "
Previous studies have identified the CNS-enriched miR-
338 as a regulator of oligodendrocyte maturation and
differentiation by repressing the transcription factors SOX6
and HES5.'® Furthermore, miR-338 controls axonal out-
growth in cortical and superior cervical ganglion (SCG)
neurons through the regulation of axon guidance and

ARTICLE HISTORY
Received 9 January 2017
Revised 20 April 2017
Accepted 26 April 2017

KEYWORDS

Epigenetic gene regulation;
in utero electroporation;
neurodevelopment; neuronal
migration; schizophrenia

nuclear-encoded mitochondrial genes, respectively.'”'® miR-

338 is encoded within the intron of the AATK gene. Previ-
ously, we showed that miR-338 has the capacity to regulate
the mRNA levels of its host-gene by binding to the AATK
3’ untranslated region (3’ UTR)."” Interestingly, AATK was
identified as a regulator of axon growth, as well as dendrite
formation and arborisation in cortical neurons.”’>*' A recent
study has linked this miR to neurodevelopmental deficits.
The 22ql1 deletion syndrome, which is associated with
early-life behavioral abnormalities, and affecting individuals
at high risk for the development of schizophrenia symp-
toms, is associated with age-related declines in miR-338-3p
in the auditory thalamus. Levels of miR-338-3p were lower
in the thalamus of individuals with schizophrenia compared
with individuals of the same age and sex without the diag-
nosis. The decline was associated with an increase in Drd2
and reduced signaling in the circuit that links the thalamus
and auditory cortex, a brain region implicated in auditory
hallucination.*?

Since miR-338 is abundantly expressed within the central
nervous system, including the cortex,” we aimed at delineating
the in vivo function of miR-338 in early corticogenesis by mod-
ulating miR-338 expression using in utero electroporation
(TUE)-mediated cortical gene transfer. Using this approach, the
outcome of our investigation suggests that miR-338 overex-
pression results in an enhanced number of multipolar neurons
within the upper layers of the cerebral cortex, whereas
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inhibition of miR-338 decreased the number of upper cortical
layers neurons, which displayed a non-polar phenotype. Collec-
tively, these findings support the notion that miR-338 functions
as a novel regulator of early cortical neurodevelopment.

Results

Sequence-specific miR-sponge reduces endogenous
miR-338 levels

To investigate the ability of miR-338 to modulate cortical
development we used genetic tools to alter endogenous miR-
338 expression levels. Previously, a miR-338 overexpression
vector was used to enhance cellular miR-338 expression lev-
els.'”” To examine miR-338 overexpression following TUE, we
introduced the precursor-miR-338 vector into the lateral ven-
tricular wall of E13.5 mouse brains by IUE and analyzed the
levels if this miR in the cortical tissue of electroporated brains
at E17.5 using qRT-PCR. Introduction of miR-338 overexpres-
sion vector resulted in a 15.7% increase in the levels of mature
miR-338 levels in developing mouse cortex, as compared with
the levels of this miR in the mCherry control vector injected
mouse cortex (Fig. 1A, mean 1.0 & 0.0369 versus 1.158 =+
0.03743 relative expression; p = 0.016).

To inhibit miR-338 function, we used a mCherry-tagged
miR-338 sponge vector, aimed at repressing mature
miR-338-3p levels and function in developing cortex.
The miR-338 sponge encoded a sequence comprising 4 par-
tially complementary miR-338-3p binding sites and was
embedded within the 3’ untranslated region (UTR) of the
mCherry ¢cDNA (Fig. 1B). To examine the functional selec-
tivity of this sponge to sequester miR-338, we performed a
miR-338 competition experiment in B35 rat neuroblastoma
cell lines using synthetic miR-338 mimic and scramble con-
trol probes. B35 neuroblastoma cells were transfected with
the control empty vector or the miR-338-sponge vector, co-
transfected with either a non-targeting control or a miR-
338 mimic, respectively, to verify the sensing capacity of
the sponge for miR-338-3p activity (Fig. 1C). Cells co-
transfected with the miR-338-sponge and miR-338 mimic
showed reduced fluorescence signals as compared with the
fluorescent signals observed in cells transfected with the
sponge vector or the control vector. Relative quantification
of the mCherry fluorescent signal as a mean of the total
number of cells revealed a 50% decrease in the fluorescent
signal in cells expressing the mCherry-tagged miR-338
sponge along with the miR-338 mimic, suggesting a high
selectivity of the sponge to bind and repress miR-338
(Fig. 1D).

To examine the ability of the miR-338 sponge to repress
miR-338-3p levels in neurons, dissociated primary cortical
neurons were electroporated with the mCherry control or
the miR-338 sponge vector. qQPCR was used to examine the
expression of miR-338 levels at 4 d in vitro (DIV). Electro-
poration of the miR-338 sponge resulted in a ~40%
decrease in mature miR-338 levels relative to the miR-338
levels in the mCherry eletroporated control cells (Fig. 1E,
mean 1.0 = 0.1160 vs. 0.6244 + 0.04687 relative expression;
p = 0.017). These results are in agreement with previous
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Figure 1. Characterization of the miR-338 overexpression vector and the
miR-338-inhibiting sponge construct. (A) Analysis of miR-338 overexpres-
sion on mature miR-338 levels following IUE. Bars represent mean relative
values to control with error bars + s.e.m. Two-tailed unpaired student’s
t test, n = 6-7 samples; *P < 0.05. (B) The cytomegalovirus (CMV) pro-
moter-driven miR-338-inhibiting sponge design. The 4 partially-comple-
mentary miR-338-3p binding sites are depicted as green blocks within the
3" UTR of the mCherry gene. The sequence of both the miR-338 sponge
(Sp) and mature miR-338-3p is shown, containing a central bulge to
increase the efficiency of miR inhibition and a 4 nucleotide arbitrary linker
sequence between each binding site. (C) Representative images of B35
neuroblastoma cells transfected with a control empty vector or the miR-
338-sponge, co-transfected with a NT control or a miR-338 mimic to show
the sensing capacity of this sponge for miR-338-3p activity. (D) Quantifica-
tion of the percentage of cells displaying a fluorescent signal normalized
to the total number of cells relative to the mCherry transfected control.
Figure shows an expected decrease in the number of bright fluorescent
cells under increasing levels of miR-338. Data represents mean percentage
with error bars + s.e.m. One-way ANOVA with Bonferroni multiple
comparison test, average cell numbers collected from n = 3 experiments;
***P < 0.0001. (E) qPCR analysis of DIV 4 primary cortical neurons electro-
porated at DIV 1 with the miR-338 sponge or a GFP control vector. Bars
represent mean relative values to control with error bars £ s.e.m. Two-
tailed unpaired student’s t test, n = 5 samples from independent experi-
ments; *P < 0.05.



findings that miR-338 sponge efficiently reduces endogenous
miR-338 levels in cortical neurons.'®

In vivo modulation of miR-338 levels affects neuronal
migration in the developing cortex

Since previous studies suggested that miR-338 might have the
capacity to modulate axonal development in neurons, we aimed
at determining the effects of miR-338 expression changes on
cortical development. To examine the expression profile of
miR-338 during brain development, total RNA was isolated
from brain tissue obtained at several developmental time
points, namely, embryonic (E) day E10.5, E13.5, E14.5, E15.5,
El6.5, E18.5, and at postnatal day (P) 0, followed by qRT-PCR
quantification of mature miR-338 levels at these time points.
Levels of mature miR-338 were elevated 16-fold from E10.5 to
E15.5, and remained at significantly high levels at later stages
(Fig. 2A).

Subsequently, the role of miR-338 in cortical development
was examined by targeting ventricular proliferating cells in
the somatosensory cortex with either a precursor miR-338
vector or a miR-338 sponge vector using IUE. As controls,
corresponding empty precursor and sponge vectors were
used. Mouse embryos were electroporated with vectors
encoding control, miR-338-precursor or miR-338-sponge
vectors at E14.5, and killed at E17.5 followed by coronal
cryo-sectioning and GFP immuno-labeling (Fig. 2B, C). The
number of fluorescently labeled cells in the intermediate
zone (IZ) and in the cortical plate (CP) was quantified to
assess the role of miR-338 in modulating the radial neuronal
migration (Fig. 2D). This investigation revealed a modest
increase in the number of neurons migrating toward the 1Z
when overexpressing miR-338. In mouse embryos with an
attenuated miR-338 function, fewer neurons moved toward
the 1Z (Fig. 2E). Quantification of the number of GFP-posi-
tive cells that localized in the CP suggested a significant
increase in the number of neurons overexpressing miR-338
(mean 2.840 + 0.3756 vs. 4.188 £ 0.3788; p = 0.0449),
whereas sponge-mediated miR-338 repression resulted in a
significant decrease in the number of migrating cortical neu-
rons toward the CP (mean 2.840 £ 0.3756 vs. 1.704 =+
0.2634; p = 0.0380) (Fig. 2E). This outcome raises the possi-
bility that miR-338 expression can either modulate the num-
ber of neurons or affect the neuronal migration rate within
the upper layers of the cerebral cortex.

To specifically examine if the changes in the number of cells
seen in the CP are due to changes in the number of neurons,
we used an antibody against NeuN, a neuronal biomarker, and
monitored the co-localization of GFP-positive cells with NeuN
(Fig. 2F, G). Quantitation of the cells revealed that over 80% of
GFP-positive cells are immunostained for NeuN, suggesting
that the majority of the electroporated cells are of neuronal ori-
gin. However, miR-338 overexpression failed to alter the per-
centage of cells that were positively labeled for the
incorporation of NeuN in the CP. Moreover, overexpression of
this miR did not result in changes in the number of neurons in
the IZ and SVZ/VZ, as examined by NeuN immune-staining
(Fig. 2H). Collectively, this analysis suggests that alteration of
miR-338 level have no gross impact on the number of neurons.
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miR-338 affects neuronal morphologies
and polarity in vivo

During their radial migration phase, cortical neurons undergo
extensive shape remodelling: while neurons within the IZ typi-
cally have a multipolar morphology, neurons located within the
CP change their morphology to a bipolar state.***° It was pre-
viously shown that neuronal migration defects can affect the
multipolar-bipolar transition of cortical neurons which is
important for correct placement of these cells within the cor-
tex.”” Due to the finding that miR-338 has the capacity to influ-
ence the migration of neurons toward the CP, we examined
whether modulation of miR-338 expression alters the morphol-
ogy of neurons within the CP. Using the same IUE protocol
described above, morphological analysis of targeted cells was
performed. This study revealed that miR-338 overexpression
led to an increase in the total cell area (mean 98.08 =+
2.514 um?* vs. 138.3 £ 4.239 um’ p < 0.0001), whereas miR-
338 repression decreased the cell area (mean 98.08 &+ 2.514 vs.
64.20 £ 1.630; p < 0.0001) (Fig. 3A, B). Further analysis of
these neurons suggested that miR-338-mediated changes
resulted in altered neuronal polarity. miR-338 overexpression
caused significantly more multipolar neurons (mean 0.07227 +
0.01387 vs. 0.2301 % 0.04054; p = 0.0021), with an increased
number of neurons having 4-5 neurite endpoints (mean
0.05678 £ 0.01596 vs. 0.1518 £ 0.01341; p = 0.0006). miR-338
inhibition produced more rounded, nonpolar neurons (mean
miR-338 Sp, 0.1119 + 0.03104 vs. control, 0.3108 % 0.02257;
p = 0.0006) exhibiting fewer process endpoints (mean 0 end-
points 0.1094 £ 0.03701 vs. 0.2984 £ 0.01957; p = 0.0013)
(Fig. 3C, D). These observations suggest that miR-338 mediated
morphological differences in the cortical neurons were not due
to an increase in apoptosis, since neurons in which miR-338
was either overexpressed or repressed were not immune-posi-
tive for cleaved Caspase-3 (data not shown). Collectively, the
outcome of these studies raise the possibility that miR-338 is
capable of modulating both neuronal morphologies and
increases the number of neurons within the CP, suggesting a
post-transcriptional regulatory role in the developing cortex.

Discussion

miR-338 is an evolutionarily conserved RNA and its expression
is strongly increased at early neurodevelopmental stages. Over-
expression of miR-338 in targeted cortical cells during early
mouse brain development resulted in an increased number of
neurons within the CP, whereas inhibition of miR-338 led to a
reduced number of neurons within the CP. Since neurons
divide and radially migrate from the deeper cortical layers (VZ
and SVZ), the changes in the number of neurons within the
upper cortical layers may indicate that miR-338 acts to modu-
late either the neuronal cell division or their radial migration
toward the CP. Morphological analysis of the targeted neurons
within the CP revealed morphological changes, as cortical neu-
rons overexpressing miR-338 manifested a multipolar pheno-
type within the CP and an increase in the number of neurite
protrusions. Conversely, inhibition of miR-338 resulted in an
increase in the number of non-polar neurons highlighted by a
lack of neurite processes. Moreover, these morphological
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Figure 2. miR-338 affects neuronal migration within the developing cortex. (A) Expression level of mature miR-338 in the whole mouse brain from embryonic day 10.5
(E10.5) up to postnatal day 0 (P0). Data represents the relative fold change to E10.5 &+ s.e.m. One-way ANOVA with Bonferroni multiple comparison test, n = 3 samples
collected from independently isolated brains; ** P< 0.01, ***P < 0.001. (B) Outline of the performed IUE experiment and a graphic illustration of a cortical slice with the
red box denoting the analyzed cortical area. (C) Representative micrographs of control GFP, miR-338 overexpression and miR-338 sponge in electroporated cortical slices
with 300 m wide masks highlighting the cortical layers ventricular zone (VZ); subventricular zone (SVZ); intermediate zone (1Z); subplate (SP); cortical plate (CP); marginal
zone (MZ). The IUE targeted cells are depicted in green and DAPI nuclear staining is shown in blue. (D) Representative analysis of miR-338 overexpression and inhibition
compared with the control with each dot defining a single neuron. (E) Quantification of IUE neurons within 100 zm? IZ and CP corrected for the total number of cells.
Bars represent mean relative numbers to control with error bars + s.e.m. Two-tailed unpaired student’s t test, n = 4-5 brains per condition from independent experi-
ments; “P < 0.05 and ***P < 0.001. (F-G) Representative images of cortical slices electroporated with (F) a control GFP vector or (G) the miR-338 overexpresssion vector
with DAPI in blue, GFP in red and NeuN depicted in red. The dotted white box illustrates the zoomed in areas on the right. The white arrows highlight electroporated cells
which are positive for NeuN. (H) Quantification of the percentage of GFP-positive control or miR-338 electroporated cells within the CP, IZ and VZ/SVZ, which are positive
for NeuN. The error bars represent + s.e.m, n = 3 brains per condition from independent experiments.
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Figure 3. Modulation of miR-338 levels leads to alteration of neuronal morphologies within the cortical plate. (A) Representative images of neurons electroporated at
E14.5 with either the control, miR-338 overexpression or the miR-338-sponge vector and analyzed at E17.5. The manipulated neurons are shown in green and the DAPI
nuclear staining is shown in blue. Corresponding traced neurons within the CP are highlighted with a white asterisk within each image. (B) The total cellular area in um?.
Mean values with error bars =+ s.e.m. One-way ANOVA with Bonferroni multiple comparison test; “**P < 0.001. (C) Neuronal polarity classified in the percentage of nonpo-
lar, unipolar, bipolar and multipolar cells. (D) The percentage of neurons having no, 1, 2-3 or more number of neurite endpoints. Graphs represent mean values with error
bars + s.e.m. One-way ANOVA with Bonferroni multiple comparison test, average of 150 cells measured collected from n = 3 brains per condition from independent

experiments; *P < 0.05, “*P < 0.01 and ***P < 0.001.

alterations were not due to changes in the apoptotic state of the
cells, since the levels of cleaved Caspase 3 were unaltered.

From embryonic day 10 onwards, a time period critical for
genesis and further development of the cortical neuronal cell
population,”®?** miR-338s expression levels increase steadily,
suggesting its role in neuronal migration and further develop-
ment of cortical neurons during this neurodevelopmental
period. Indeed, miR-sponge mediated inhibition of endogenous
miR-338 at these time points raises the possibility that it affects
the number of neurons within the upper cortical layers. This
observation raises the possibility that miR-338 acts upon down-
stream gene transcripts involved in the radial migration of neu-
rons from deeper cortical layers. Alternatively, miR-338 could
modulate the cell-cycle of the neural stem cells (NSCs) within
the VZ and SVZ. Enhancing the number of neurons exiting the
cell cycle may lead to an increase in the number of neurons pre-
maturely moving up toward the upper cortical layers.

The outcome of the studies also suggested that an
increased number of neurons overexpressing miR-338 main-
tained their multipolar morphology, while inhibition of miR-
338 led to non-polar neuronal appearance with fewer neurite
extensions. During migration from the IZ to the CP, neurons
transit from a multipolar state to a bipolar state. This multi-
polar-to-bipolar transition is important for the formation of
the various cortical layers and ultimately affects the proper
functioning of the cortex.’>*' Changes in morphology could
be due to an altered differentiation state of the neurons, lead-
ing to extended maintenance of their multipolar state under
increased miR-338 expression. The altered differentiation
state could be a direct consequence of the aberrant migration
pattern of the neurons in which miR-338 levels were manipu-
lated. Indeed, previous studies have revealed that miRs are
capable of controlling the migration and polarity of cortical
neurons through direct regulation of critical downstream

genes (Reviewed in****°). For example, miR-22 and miR-

124 co-jointly control the expression of components of the
CoREST/REST transcriptional repressor complex, regulating
the migration and polarity of cortical neurons.”® miR-9 post-
transcriptionally regulates the expression of the nuclear
receptor TLX, resulting in altered cell proliferation of the
NSCs residing within the VZ, and increasing the number of
neurons within the CP."* Furthermore, miR-134 controls the
proliferation, migration and differentiation of cortical neu-
rons depending on the neurodevelopmental state of these
cells through regulation of Dcx and/or Chrdl-1.°° Interest-
ingly, the above-mentioned miRs directly or indirectly con-
trol similar neurodevelopmentally critical genes. miR-338
target analysis in primary cortical neurons raised the possibil-
ity that miR-338 could similarly modulate the expression of
many genes fitting in pathways critical for programming neu-
ronal development.'®

Previously we have used anti-miR-338 with a relatively
short half-life, and provided evidence that this miR attenu-
ates neuronal outgrowth by locally regulating axonal mito-
chondrial function."” Our studies suggested that the
repressing effect of miR-338 on axonal outgrowth dimin-
ished over time as axonal outgrowth grew near the length
of unaltered control neurons within 5-6 d (unpublished
observation). Increased miR-338 levels during neuronal dif-
ferentiation could outweigh the limited number of anti-miR
molecules and weaken their impact. Since the present study
revealed that the expression of miR-338 incrementally
increased during different time courses of cortical develop-
ment (Fig. 2A), we decided to use a miR-338-sponge to
achieve a long-lasting repression of this miR throughout
development. This approach raises the possibility that the
constitutive overexpression or sponging of miR-338 by
means a cDNA vector would decisively modulate miR levels
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over a longer period and alter the final positioning and
morphology of these manipulated neurons at later stages.

Previous studies have identified several developmental
roles for miR-338 within various nervous systems. Increased
miR-338 expression within mouse tissue promoted oligo-
dendrocyte maturation and differentiation, while inhibition
of miR-338 in Zebrafish spinal cord reduced the number of
cells positive for oligodendrocyte makers.'® Moreover, miR-
338 modulates the expression of the nuclear-encoded mito-
chondrial genes CoxIV and Atp5gl within the growing
axons of SCG neurons, resulting in reduced mitochondrial
ATP production, reduced axon outgrowth and diminished
presynaptic function.'”*”** In cortical neurons, this miR
was identified as a potential regulator of axon development
and dendrite growth, through expression regulation of sev-
eral critical genes governing different steps of cortical out-
growth®>*": monitoring axon outgrowth in cortical cells
revealed that miR-338 overexpression decreased, whereas
inhibition of miR-338 increased axonal length. To identify
gene targets mediating the observed phenotype, miR-338
was inhibited in dissociated primary cortical neurons, and
whole-transcriptome analysis was performed. Pathway anal-
ysis revealed that miR-338 modulates a subset of transcripts
involved in the axonal guidance machinery by means of
direct and indirect gene targeting.'® Interestingly, the mouse
models of 22ql11.2 deletion syndrome, which constitutes
one of the strongest genetic risks for schizophrenia and
exhibits an age-dependent reduction of miR-338 levels, also
suffer from mitochondrial dysfunction, which raises the
possibility that mitochondrial dysfunction in this mouse
model may be one of the many consequences of an aberrant
miR-338 levels.”**

In Conclusion, the outcome of this investigation suggests
a direct role for miR-338 during early cortical development.
Our finding raises the possibility that spatio-temporal
expression of miR-338 is critical for proper cortical devel-
opment. Future studies will aim at identifying novel gene
networks, which act down stream of this miR during the
critical periods of neuronal migration and placement, result-
ing in the identification of novel mechanisms critical for
these developmental processes.

Materials and methods
Animals

For the IUE experiments, timed-pregnant C57BL/6 JolaHSD
mice (Harlan Laboratories B.V., Boxmeer, The Netherlands)
were used. Embryonic day 18 (E18) embryos from timed-preg-
nant Wistar rats (Harlan laboratories B.V., Boxmeer, The Neth-
erlands) were used for the isolation of primary cortical neurons.
Animals were housed 2-3 per cage with ad libitum food and
water access with a 12 hr light cycle at controlled ambient tem-
perature (21 £ 1°C). All animal use, care and experiments were

Table 1. pmCherry miR-338 sponge oligonucleotides.

performed according to protocols approved by the Committee
for Animal Experiments of the Radboud university medical
center, Nijmegen, The Netherlands.

Cell culture

Primary cortical neurons were isolated from E18 rat embryonic
brains. The cortical region was isolated and placed in ice-cold
Hanks’ Balanced Salt Solution (HBSS) containing 2 mmol/L
GlutaMAX (Life Technology, Grand Island, NY) supplemented
with Pen/Strep antibiotics (Life Technology, Grand Island,
NY). Cortical tissue was washed 2 times using supplemented
HBSS before adding 0.025% trypsin in HBSS solution followed
by incubation at 37°C for 15 minutes. After incubation, the tis-
sue was washed 3 times with the supplemented HBSS before
adding Neurobasal (NB) medium (Life Technology, Grand
Island, NY) supplemented with 10% fetal bovine serum (FBS)
(Life Technology, Grand Island, NY) and 2 mmol/L Gluta-
MAX. Cells were dissociated with a glass Pasteur pipette, this
treatment was repeated with a fire-polished glass Pasteur
pipette to obtain fully dissociated cells. Separated neurons were
seeded in cell culture plates, which were coated overnight with
0.1 g/L, mol wt 70,000-150,000 Poly-D-Lysine (PDL) (Sigma-
Aldrich, St. Louis, MO). For the first 5 hours, the neurons were
cultured in medium containing NB medium with 10% FBS and
2 mmol/L glutaMAX. Afterwards, the medium was replaced
with culturing medium containing NB with the serum free neu-
ral supplement B27 (Life Technology, Grand Island, NY) and
2 mmol/L glutaMAX. Neuronal cell preparations were main-
tained at 37°C and with 5% CO,.

DNA constructs and transfection

The mammalian miR-338 overexpression vector and its corre-
sponding control vector were described previously."” The miR-
338-sponge plasmid vector was generated by designing DNA
oligonucleotides (Sigma-Aldrich, St. Louis, MO) described pre-
viously.*** miR Sponge sequences were designed to contain 4
complementary artificial binding sites for miR-338-3p
(Table 1). Presynthesized DNA oligonucleotides were ligated 3’
to the stop codon of the cDNA mCherry. For cloning miR
sponges into the pmR-mCherry vector (Clontech, Mountain
View, CA), the restriction sites HindIII and BamHI were used.
All DNA constructs were sequenced to confirm their correct
sequence orientation and identity. Electroporation of primary
neurons was performed using the Amaxa Nucleofector II com-
bined with the Amaxa rat neuron Nucleofector kit (Lonza,
Basel, Switzerland) according to the manufacturers protocol.

RNA isolation, reverse transcription and real-time PCR

RNA was isolated using the miRNAeasy kit (Qiagen, German-
town, MD), according to the manufacturer’s manual, which
allows for the preservation of both the small RNA and mRNA

miR-338-sp-Fw
miR-338-sp-Rv

5'AGCTTCAACAAAATGGAGATGCTGGAATCGCAACAAAATGGAGATGCTGGAATCGCAACAAAATGGAGATGCTGGAATCGCAACAAAATGGAGATGCTGGAG 3
5'GATCCTCCAGCATCTCCATTTTGTTGCGATTCCAGCATCTCCATTTTGTTGCGATTCCAGCATCTCCATTTTGTTGCGATTCCAGCATCTCCATTTTGTTGA 37




fraction. RNA purity was determined using the Nanodrop
ND1000 (Thermo Scientific, Waltham, MA) UV-spectropho-
tometer. The 260/280nm ratios were measured and samples
with ratios of 2.0 &+ 0.05 were considered pure. This was fol-
lowed by RNA integrity assessment with a 1% agarose gel
imaged with the Gel doc XR system (Bio-Rad, Hercules, CA).
Samples showing clearly visible S28 and S18 rRNA bands were
considered to be intact. cDNA synthesis of small RNAs was
performed using the miScript reverse transcription kit (Qiagen,
Germantown, MD) according to the supplied protocol.
Following cDNA synthesis, samples were diluted 1:10 with
water. Quantitative real-time PCR (qRT-PCR) detection of
mature miRs was performed using the miScript SYBR green
PCR kit (Qiagen, Germantown, MD) according to the manu-
facturer’s instructions. Data was normalized to U6 housekeep-
ing gene and the relative expression differences were calculated
using the delta C; method.*’ The following PCR primer were
used: mature miR-338-3p forward, 5° TCCAGCATCAGT-
GATTTTGTTG 3'; reverse, universal reverse primer supplied
with the miScript PCR kit. SnoU6 forward, 3’ GCTTCGGCAG-
CACATATA 5'; reverse, 5 CGCTTCACGAATTTGCGT 3.

IUE and tissue section preparation

IUE survival surgeries were performed as described previ-
ously.**** Timed pregnant (E14.5) mice were anaesthetized
with 100 mg/kg Ketamine and 10 mg/kg Xylazine. Following
laparotomy, a solution containing the plasmid DNA (2 pg/ul
of vector DNA of interest co-injected with pEBFP-N1 (Clon-
tech, Mountain View, CA) in Tris-buffered [pH 7.4] 0.02% Fast
Green was injected through the uterine wall into the lateral
ventricle of each embryo. Squarewave low voltage current
pulses (5 unipolar pulses of 0.0033V, 050ms with a 950ms
interval) were delivered across the embryonic head using Twee-
zertrodes (BTX, Harvard Apparatus, Holliston, MA). Embryos
were kept hydrated, placed back into the abdomen of the
mother and gestation was allowed to proceed for 3 d. Brains
were removed from the embryo and fixed in 4% paraformalde-
hyde (PFA) in phosphate-buffered saline (PBS), pH 7.4, for
1 hour. After fixation, the brains were placed in 30% sucrose
overnight, and frozen in Shandon M-1 Embedding Medium
(Thermo Scientific, Waltham, MA) on dry ice, and stored at
—80°C. Coronal 16 um thick cryostat sections were prepared,
mounted on Superfrost plus slides (Thermo Scientific, Wal-
tham, MA), air-dried and stored desiccated at —20°C. Only
embryos showing effective transfection, assessed by reporter
gene expression in the somatosensory (S1) cortex were
analyzed.

Immunolabeling and imaging

Immunohistochemistry on IUE brain slices was performed as
described previously by.** Slices were rehydrated in PBS and
incubated in blocking buffer (2.5% normal donkey serum, 2.5%
normal goat serum, 2.5% normal horse serum, 1% bovine
serum albumin (BSA), 1% glycine, 0.1% lysine, 0.4% Triton
X-100) for 30 minutes at room temperature (RT). Sections
were incubated in primary antibody diluted in blocking buffer
overnight (o/n) at 4°C in humidified chambers. Then, sections
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were washed 3 times, each 10 min in PBS at RT. Subsequently,
sections were incubated with species-specific Alexa-conjugated
secondary antibodies diluted in blocking buffer for 30 minutes
to 1 hour at RT. After 3 washes in PBS for a total of 30 min at
RT, sections were counterstained with DAPI (Sigma-Aldrich,
St. Louis, MO at 1:2000) in PBS, washed extensively in PBS and
embedded in 90% glycerol in PBS. Primary antibodies used
included chicken anti-GFP (Abcam, Cambridge, UK at 1:500),
rabbit anti-GFP (Molecular Probes, Life Technologies, Grand
Island, NY at 1:1000), rabbit anti-cleaved Caspase 3 (Cell Sig-
naling, Danvers, MA at 1:200), mouse anti-NeuN (Merck Milli-
pore, Darmstadt, Germany at 1:100). Secondary antibodies
included Alexa488 goat anti-chicken, Alexa488 goat anti-rabbit
and Alexa568 goat anti-rabbit (Molecular Probes, Life Technol-
ogies, Grand Island, NY at 1:500). Fluorescent images of brain
slices were obtained using a Leica DMRA fluorescence micro-
scope fitted with a DFC340 FX CCD camera (Leica, Wetzlar,
Germany) or a Leica TCS SP2 AOBS Confocal Laser Scanning
Microscope (CLSM) (Leica, Wetzlar, Germany).

Neuronal morphology and migration analysis

Fluorescent images were randomized and analyzed in a blinded
fashion. Imaging and analysis of the primary somatosensory
(S1) cortex IUE brain sections was performed at the same neu-
roanatomical level for all conditions. The images were loaded
into Adobe Hlustrator in which a mask was made to highlight
the various cortical layers identified on the basis of cell density
(Nuclear staining by DAPI). The quantified number of electro-
porated cells was normalized to the total number of cells within
the intermediate zone (IZ) and cortical plate (CP). Neuron out-
lines were traced using Adobe Ilustrator software. The digi-
tized neuronal tracings were analyzed using the Neuron] plugin
for Image].*®

Statistical analysis

Quantitative data are presented as the mean + s.e.m. Non-
paired 2-tailed Student’s t-test was used to determine signifi-
cant differences between 2 groups. One-way ANOVA with
Bonferroni multiple comparison testing was used to analyze
significant differences between multiple groups. P < 0.05 was
considered significant.
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