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Abstract

Proper growth of the mammalian cerebral cortex, which is determined by expansion and survival of neural progenitors and
mature neurons, is crucial for cognitive functions. Here, we show a role of the dosage of microRNA miR-9 in controlling brain
size. Cortical-specific upregulation of miR-9 causes microcephalic defects in mice, due to apoptosis, reduced neural progenitor
pool, and decreased neurogenesis. Glial cell-derived neurotrophic factor (GDNF) is a target of miR-9, and protects neural
progenitors from miR-9-induced apoptosis. Furthermore, Zika virus (ZIKV) infection in embryonic mouse cortex causes reduced
numbers in neural progenitors and newborn neurons, and results in upregulation of miR-9, downregulation of its target GDNF.
Our studies indicate an association of altered levels of miR-9 and its target GDNF with microcephaly and ZIKV infection in mice.
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Introduction

Microcephaly is a neonatal brain malformation defined as
small brain in size [1]. During normal cortical development,
a fraction of neural progenitors and mature neurons undergoes
apoptosis. Altering expression levels of genes that regulate
cell survival and programmed cell death affects cortical size.
For example, EphA7 knockout mice display enlarged cortex
due to reduced apoptosis [2]. Glial cell-derived neurotrophic
factor (GDNF) has been proven to play a crucial protective
role against neuronal apoptosis under normal and damaged
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conditions [3, 4]. Therefore, a balanced regulation of survival
and apoptosis is essential for controlling proper numbers of
neural progenitors and postmitotic neurons, and in turn brain
size.

Previously, the outbreak of Zika virus (ZIKV) in Brazil and
its potential association with neurological disorders such as
microcephaly and Guillain—Barré syndrome (GBS) have
drawn global attention [5, 6]. Severe apoptosis and develop-
mental defects have been detected in human neural progeni-
tors, suggesting the link of ZIKV to microcephaly in humans
[7-14]. Mouse models infected with ZIKV have confirmed
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the association of ZIKV and microcephaly [12, 15-18].
Screening drugs that inhibit ZIKV infection has been per-
formed in 3-D-cultured organoids of human neural progeni-
tors and human pluripotent stem cell-derived cortical neural
progenitor cells [19, 20]. Moreover, molecular mechanisms
that are associated with ZIKV infection and microcephaly
are beginning to be revealed [21-25]. However, the mecha-
nisms that regulate normal cell survival and apoptosis, and
ZIKV-responding genes in the developing cortex are unclear.

Recent studies have shown that microRNAs (miRNAs)
regulate development of the central nervous system (CNS)
by controlling target gene expression [26, 27]. The RNase
[T member Dicer is responsible for miRNA biogenesis by
cleaving precursor miRNA into mature miRNA [28].
Increased cell death has been detected in the mouse cortex
by ablating Dicer expression [29, 30]. Knockdown or overex-
pression of miRNAs results in abnormal expression levels of
their target genes that usually regulate survival and cell death,
and causes cortical apoptosis [31]. However, which specific
miRNAs play roles in regulating cell survival and cell death in
the developing cortex remains unclear.

Here, we show that upregulation of miR-9 causes neuronal
apoptosis, a great reduction of neural progenitors and newborn
neurons, and results in smaller cortex. We find that expression
level of miR-9 is increased, while GDNF, a putative target for
miR-9, is downregulated after ZIKV infection in the cortex.
Our results indicate that miR-9 and GDNF respond to ZIKV.
Our studies further suggest an association of ZIKV infection,
miR-9 upregulation, and microcephalic defects in mice.

Results

miR-9 Is Expressed in the Mouse Developing
and Adult CNS

To determine functions of miR-9 in CNS development, we
examined miR-9 expression patterns in the mouse CNS using
in situ hybridization. DIG-labeled locked nucleic acid (LNA)
probe for miR-9 was used. In a sagittal section of embryonic
day 12.5 (E12.5) mouse whole embryo, miR-9 expression was
mostly detected in the CNS, including the ventricular zone
(VZ) in the cerebral cortex, midbrain, hindbrain, and the spi-
nal cord, but not in the non-CNS tissues (Fig. 1a). Since E12.5
mouse cortices consist of neural stem cells (NSCs) and neural
progenitors, high miR-9 cortical expression at this stage sug-
gests its role in NSC and progenitor development. CNS-
specific expression of miR-9 was maintained in the E15.5
embryo (Fig. 1b). In E15.5 brains, miR-9 was highly
expressed in the cortical plate (CP) that contains newborn
neurons, but not in neural progenitors resided in the VZ. In
E18.5 brains, miR-9 displayed high expression in the CP, and
its expression in the VZ and subventricular zone (SVZ) was

low (Fig. S1A). In postnatal day 5 (P5) and 8-week-old adult
brains, miR-9 had high expression levels in the olfactory bulb,
cortex, and cerebellum but low expression in the subcortical
region such as the striatum (Fig. 1c, d). Notably, miR-9 was
expressed in hippocampus, with strong expression in the den-
tate gyrus (Fig. 1c, d). Our results indicate that miR-9 displays
dynamic and region-specific expression in the developing and
adult mouse CNS.

Cortical Upregulation of miR-9 Causes Microcephaly

Region-specific miR-9 expression in the CNS led us to spec-
ulate that miR-9 expression levels are critical for normal CNS
development. To test this prediction, we generated a transgen-
ic mouse model in which miR-9 expression is conditionally
increased when the transgenic mouse is bred with a Cre line
(Fig. 2a). Two loxP sites were cloned upstream of the miR-9-1
precursor, which is processed into mature miR-9 that displays
the same sequence as processed from miR-9-2 and miR-9-3
precursors. In between the loxP sites, a Neo cassette and three
poly-A repeats, which will generate a transcription stop signal,
were cloned. In this transgenic line, called miR-9-TG in this
study, miR-9 can be conditionally upregulated in any tissues
and cells when crossed with tissue- or cell type-specific Cre
mice (Fig. 2a).

To investigate the effect of increased miR-9 expression in
cortical development, miR-9-TG mice were bred with a
cortical-specific EmxI-Cre line [32], to generate conditional
miR-9 overexpression mice, called Emx/-miR-9 in this study.
To test whether the transgene is expressed, we extracted RNA
from the E12.5 cortices of EmxI-miR-9 and control mice.
Real-time reverse transcription PCR (RT-PCR) was per-
formed using primers that are specific for the miR-9 trans-
gene. The miR-9 expression level was significantly increased
in the Emx1-miR-9 cortex, indicating a successful Cre exci-
sion and an upregulation of miR-9 (Fig. 2b).

Strikingly, the cerebral cortex of EmxI/-miR-9 mice was
significantly reduced compared to control litter mates at P1,
while the other brain regions such as the cerebellum did not
show obvious changes (Fig. 2c, d). Moreover, the wild-type
and miR-9-TG mice without Cre did not show any detectable
brain defects, thus, all were called the control group in this
study. In E12.5 brains, while miR-9 upregulation did not alter
the overall size of the cortex, the thickness of the cortical wall
was greatly reduced in coronal brain sections with Nissl stain-
ing (Fig. 2e). The cortical wall of E15.5 Emx/-miR-9 mice
also was significantly reduced and the cortical plate was al-
most undetectable (Fig. 2f, h). In coronal sections of P1 Emx1-
miR-9 brains, a gap was detected between two hemispheres,
the corpus callosum was not developed, and the cortical wall
remained thinner than the control (Fig. 2g, h). These results
show that increased miR-9 expression has a great impact on
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Fig. 1 miR-9 is expressed in the
mouse developing and adult
central nervous system. a, b In
sagittal sections of mouse E12.5
and E15.5 embryos, miR-9 was
expressed in the cerebral cortex
(cx), midbrain (mb), cerebellum
(cb), hindbrain (hb), and spinal
cord (sc). In situ hybridization
was performed using LNA probes
for miR-9. ¢ In the P5 brain, miR-
9 expression was detected in the
olfactory bulb (ob), cortex,
hippocampus (hp), and
cerebellum. d In an 8-week-old
adult brain, high expression of
miR-9 was observed in the
olfactory bulb and cerebellum.
miR-9 expression in the cortex,
particularly in subcortical region
such as the striatum (st), was
decreased. Scale bar = 20 pm

early cortical development, notably resulting in a smaller
cortex.

Increased miR-9 Expression Causes Neuronal
Apoptosis

One mechanism of reduced cortical size is caused by in-
creased apoptosis in neural progenitors and/or newborn neu-
rons [33]. We thus analyzed whether the thinner cortical wall
is associated with cell death due to miR-9 upregulation. In
E12.5 EmxI-miR-9 cortices, a significant apoptosis was de-
tected in the VZ using a terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) assay (Fig. 3a, b). After
DAPI nuclear staining, the number of healthy cells with round
nuclei also was significantly reduced, suggesting a loss of
normal cortical cells in E12.5 Emx[-miR-9 cortices (Fig. 3¢).
Moreover, apoptosis was detected in E15.5 and P1 cortices,
mostly in the cortical plate, not in the intermediate zone (IZ)
and VZ/SVZ, suggesting more cell death in newborn neurons
after E15.5 (Figs. SIB-E).

We next examined neural progenitor development. While
BrdU labels cells in the S-phase, Ki67 labels cells in the G1-,
S-, G2-, and M-phase. We found a great reduction in the per-
centages of BrdU" and Ki67" progenitors in E12.5 EmxI-
miR-9 cortex, compared to controls (Fig. 3d, g). Similarly,
the percentages of Pax6- and Tbr2-expressing neural progen-
itors were significantly reduced in the EmxI-miR-9 cortex
(Fig. 3e—g). Our results indicate that upregulation of miR-9
results in a great reduction of proliferating cortical neural
progenitors.

To further test whether apoptosis is specifically caused by
miR-9, another CNS-enriched miRNA miR-124, which has
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been reported to promote neuronal differentiation [34], was
ectopically expressed in the mouse embryonic cortex using
in utero electroporation. Embryos were electroporated at
E13.5 and brains were analyzed by anti-Caspase3 (Casp3)
antibodies at E14.5. Similarly, miR-9 was electroporated in
the E13.5 mouse cortex. While miR-9 ectopic expression
caused increased apoptosis, which is consistent with the ob-
servation in Emx{-miR-9 cortices, ectopic expression of miR-
124 did not affect cell survival (Fig. S2). Our results suggest a
specific effect of the miR-9 upregulation on neuronal cell
death.

Upregulation of miR-9 Causes Decreased Cortical
Neurogenesis

To test whether neurogenesis also is affected by increased
miR-9 expression, we analyzed neuronal production in the
cortex using markers for newborn neurons in the deep layer
(Tbrl, Ctip2) and upper layer (Satb2) in E15.5 and P1 corti-
ces. Numbers of cells positive for each marker and those
stained with DAPI within a fixed column in the cortical wall
were counted in control and EmxI-miR-9 cortices. The per-
centages of numbers of these markers were significantly re-
duced in E15.5 and P1 EmxI-miR-9 cortices, compared to
those in controls, which were normalized to 100% for each
marker (Fig. 4b, d, f; Fig. S3). Moreover, a percentage of the
cell number for each marker versus that for DAPI was calcu-
lated and normalized to 100% for the control. The percentages
of Tbr1* and Satb2™ cells versus DAPI* cells were also re-
duced, indicating decreased cortical neurogenesis (Fig. 4b, d,
f; Fig. S3). The percentage of Ctip2-expressing neurons did
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Fig. 2 Cortical specific upregulation of miR-9 results in a smaller cortex.
a The transgene of miR-9-1 precursor was driven by the CAG promoter
followed by a floxed poly-A stop cassette. Conditional activation by
breeding with the cortical-specific Emx/-Cre mouse line permitted
overexpression of miR-9 in the cortex. a miR-9 upregulation was
detected in EmxI-miR-9 transgenic cortices, with higher expression
levels than the wild type control (C#rl), as detected by real-time reverse
transcription PCR. Values represent mean + SEM. n =3 different brains,
*#*P <0.001. Student’s 7 test was used. ¢ The cortex of P1 EmxI-miR-9
mice was greatly reduced. The arrowheads show the most rostral and
caudal regions in the cortex. The dashed lines show measurement of the
cortical length. d The cortical length was greatly reduced in P1 EmxI-
miR-9 mouse brains than those in controls. e The cortical wall was thinner

not display significant reduction, suggesting a selective alter-
ation of neuronal population by increased miR-9 expression.
Our results indicate that miR-9 upregulation causes decreased
neurogenesis.

f Ctrl

Ratio of cortical
thickness
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than controls in E12.5 EmxI-miR-9 mice, detected by Nissl staining. f
The cortex of EmxI-miR-9 mice was smaller and the cortical wall was
thinner than controls at E15.5. While the cortical plate (arrowheads) was
undetectable in Emx/-miR-9 mice, the subcortical region (arrow)
appeared normal. The squared regions are shown in high-power views.
g The cortex of P1 Emx/-miR-9 mice was greatly reduced. The corpus
callosum (arrowheads) was not developed, compared to controls. The
cortical wall was thinner than controls, detected by Nissl staining. h
Quantification of the thickness of the E15.5 and P1 cortical wall, the
thickness of the control cortical wall was normalized to 1. Values
represent mean+ SEM. n =3 different brains, each brain had two
sections. ***P < 0.001. Student’s ¢ test was used. Scale bar = 20 pm

Gdnf Is a Target for miR-9

miRNAs normally function through silencing target mRNAs.
To analyze the mechanism of miR-9 regulation on apoptosis,
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Fig. 3 Cortical upregulation of |
miR-9 causes apoptosis and
reduced neural progenitors. a, b
Increased apoptosis was observed
in E12.5 Emx1-miR-9 cortices
compared to controls (C#rl), as
detected by TUNEL assays (a)
and the number of TUNEL" cells
in a fixed area in the section under
the microscope (b). ¢
Quantification of cells with round
nuclei after DAPI staining, shown
as percentage compared to all
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The numbers of BrdU*, Ki67",
Pax6", and Tbr2* neural
progenitors were greatly reduced
in E12.5 Emx1-miR-9 cortices,
compared to controls. g The
percentages of the numbers of
BrdU™, Ki67*, Pax6", and Tbr2*
neural progenitors versus those of
DAPI" cells in a fixed area in the
section under the microscope
were greatly reduced in E12.5
Emx1-miR-9 cortices. Values
represent mean + SEM. n=3
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we examined predicted targets that are related to cell survival.
By searching a well-established miRNA target prediction tool
TargetScan database (www.targetscan.org), we found that the
3'UTR in glial cell-derived neurotrophic factor (Gdnf) con-
tains a miR-9 targeting site (Fig. 5a). To test whether Gdnf'is
a target, the 3'UTR of Gdnf was cloned into a luciferase vec-
tor. miR-9 but not miR-9 mutation had a significant silencing
effect on Gdnf'3'UTR, as demonstrated by reduced luciferase
activity (Fig. 5b). Furthermore, the luciferase activity of the
construct containing mutations in the miR-9 targeting site
within the Gdnf 3'UTR was not affected by miR-9 co-expres-
sion, indicating that Gdnf'is a specific target for miR-9 (Fig.
5b).

GDNF Protects Neuronal Apoptosis Induced by miR-9
Previous studies have shown that GDNF protects neurons

from apoptosis [3, 4]. To test whether GDNF is a survival
factor for neural progenitors in the developing cortex, we used
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short hairpin RNA (shRNA) for Gdnf (shGdnf) to knock down
its expression level. The control pCAGIG construct and the
scramble shRNA were used to examine the knockdown effect
of shGdnf. Neither the control construct nor the scramble
shRNA showed activity (Fig. S4). ShGdnf was electroporated
into E13.5 cortices and analyzed at E14.5. While the control
PCAGIG construct did not cause apoptosis, shGdnf induced
severe cell death, as demonstrated by Casp3 immunohisto-
chemistry, indicating a positive role of GDNF in cell survival
in the developing cortex (Fig. 5c—¢).

If Gdnf'is a functional target of miR-9, ectopic expression
of the 3'UTR of Gdnf should make miR-9 bind to its 3'UTR
and reduce miR-9 silencing activity. As a result, apoptosis
induced by increased miR-9 expression should be rescued
by the Gdnf 3'UTR. We thus cloned the Gdnf 3'UTR and
co-electroporated it together with miR-9 in E13.5 cortices
and analyzed at E14.5. The Gdnf'3'UTR significantly rescued
apoptosis defects caused by increased miR-9 expression (Fig.
51, g, 1). However, mutations of the miR-9 targeting site within
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Fig. 4 Cortical upregulation of a
miR-9 causes decreased neuronal
production at E15.5. a, b miR-9
upregulation in E15.5 Emx[-miR-
9 cortices caused a reduction in
the percentage of the number of
Tbrl-expressing neurons and the
percentage of Tbrl-expressing
neurons versus DAPI positive
cells, compared to those controls
(Ctrl) that was normalized to
100%. ¢, d The percentage of the
number of Ctip2-expressing
neurons but not the percentage of
Ctip2-expressing neurons versus
DAPI positive cells was reduced
in EmxI-miR-9 cortices. e, f miR-
9 upregulation in E15.5 Emx1-
miR-9 cortices caused a reduction
in Satb2-expressing neurons.
Values represent mean + SEM.

n =3 different brains, each brain
had at least three sections.

*##%P < 0.001; ns not significant.
Student’s ¢ test was used. Scale
bar = 100 um
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the Gdnf 3'UTR failed to rescue apoptosis defects caused by
increased miR-9 expression (Fig. 51, h, 1). These results sug-
gest that GDNF plays a protective role in neuronal survival by
serving as a specific target for miR-9.

ZIKV Causes Reduction of Neural Progenitors
and Newborn Neurons

The microcephalic defects in miR-9 overexpression mice re-
sembled those of ZIKV-infected mice. We speculated that
miR-9 expression might be associated with ZIKV infection.
We first examined development of neural progenitors and
newborn neurons in ZIKV-infected mouse embryonic cortex.
ZIKV SZ01 was injected in one side of the ventricle in E13.5

Tbr1/DAPI

Ctrl miR-9

H

O

Ctrl miR-9

C e

Ctip2/DAPI Satb2/DAPI

1§

miR-9

Ctrl miR-9 Ctrl

*kk ns *kk

.

Ctrl miR-9 Ctrl miR-9

mouse cortex. Brains were analyzed at E18.5, 5 days after
infection (Fig. 6). In the injected side, the cortical wall and
the ventral cortical region were severely infected by ZIKV, as
detected by a ZIKV antibody made from a convalescent pa-
tient serum, suggesting that ZIK'V can effectively replicate in
the mouse embryonic cortex (Fig. 6a, b).

In the cortex, while Sox2 is mostly expressed in radial glial
cells (RGCs), Tbr2 is expressed in intermediate progenitors
(IPs) [35, 36]. We quantified numbers of neural progenitors
and found that the percentages of Sox2- and Tbr2-expressing
progenitors are significantly reduced in the ZIKV-infected
side, compared to the opposite side, in the E18.5 cortex (Fig.
6¢—f). Moreover, we examined the expression of markers of
newborn neurons such as Tbrl and Satb2 [36]. The
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Fig.5 Gdnfis a putative target for miR-9 and protects neuronal apoptosis
caused by miR-9 upregulation. a The 3'UTR of Gdnf contained one miR-
9 binding site. b Activity of luciferase containing the 3'UTR of Gdnf'was
reduced when co-expressed with miR-9. miR-9 had no silencing effects in
the Gdnf'3'UTR containing mutations in the miR-9 binding site. n=3.
*P <0.05; ns not significant. Student’s ¢ test was used. c—e While the
pCAGIG vector had no effects on causing cell death, knocking down
GDNF expression using shGdnf using in utero electroporation in wild-

percentages of Tbrl- and Satb2-expresssing neurons were
greatly reduced, compared to the uninjected control side
(Fig. 6g—j). These results indicate that ZIKV infection reduces
the neural progenitor population and decreases neurogenesis,
which may lead to microcephaly.

miR-9 and Its Target GDNF Respond to ZIKV

Reduced neural progenitors and neurons after ZIKV infection
suggest that genes regulating neurogenesis might be affected
by ZIKV. Because miR-9 upregulation also caused micro-
cephaly, we tested whether miR-9 responds to ZIKV. ZIKV
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Ratio of Casp3+GFP+/GFP+

type mouse cortices resulted in apoptosis, as detected by Casp3-
expressing cells (arrows). f—i Ectopic expression of the 3'UTR of Gdnf
(Gdnf-3'UTR) that contains the miR-9 binding site was able to block miR-
9 effect of inducing apoptosis. However, mutations of miR-9 binding sites
in the Gdnf-3'UTR failed to rescue apoptosis caused by miR-9 expression.
Values represent mean + SEM. n =3 different brains, each brain had at
least three sections. ***P < 0.001; ns not significant. Student’s ¢ test was
used. Scale bar = 50 um

was injected into the ventricle of E13.5 mouse embryonic
cortex, and brain tissues were analyzed at E16.5. miR-9 con-
sists of three isoforms: miR-9-1, miR-9-2, and miR-9-3 with
highly conserved seed sequence in mice (Fig. 7a). Depending
on directions of miRNA biogenesis, mature miR-9 is proc-
essed as miR-9-5p and miR-9-3p. Thus, expression levels of
miR-9-5p and miR-9-3p were quantified by real-time RT-PCR
(Fig. 7b). Compared to that of control brains injected with
culture medium, expression of both miR-9-5p and miR-9-3p
was upregulated upon ZIKV injection (Fig. 7b). These results
suggest that miR-9 responds to ZIKV infection in the devel-
oping cortex.
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Fig. 6 ZIKV causes reduction of neural progenitors and newborn
neurons. a, b Infection of ZIKV in the embryonic cortex, injected at
E13.5 and analyzed at E18.5. ¢—f The percentages of Sox2- and Tbr2-
expressing progenitors were significantly reduced in the ZIKV-infected
side, compared to the opposite side, in the E18.5 cortex. g—j The

Because ZIKV caused an increased expression of miR-9, if
Gdnf'is a target for miR-9, expression level of GDNF should
be downregulated after ZIKV infection. We thus examined
GDNF expression in E16.5 cortices that was infected with
ZIKV at E13.5. GDNF expression was mostly detected in
the intermediate zone and deep layers of the cortical plate in
E16.5 control cortex (Fig. 7c). In the cortex infected with
ZIKYV, the expression pattern of GDNF was not changed, the
expression level of GDNF in the IZ and CP was decreased,
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percentages of Tbrl- and Satb2-expresssing neurons were greatly
reduced, compared to the uninjected control side. Values represent
mean £ SEM. n =3 different brains, each brain had two sections.
#4%P < (0.001. Student’s ¢ test was used. Scale bar = 50 pm
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compared to the control cortex (Fig. 7c, d). Moreover, Gdnf’
mRNA level also was reduced in ZIKV-infected cortex, as
detected by real-time RT-PCR (Fig. 7e). These results suggest
that miR-9 target gene Gdnf also responds to ZIKV.
Furthermore, to test whether other known miR-9 target
genes also were affected by miR-9 upregulation due to
ZIKV infection, we examined expression levels of Bcl2l11,
Rest, Hesl, Hdac5, and Foxp2 using real-time RT-PCR.
Except Hdac5, expression levels of Bcl2l11, Rest, Hesl, and
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Fig.7 miR-9 and its target gene GDNF respond to ZIKV. a Biogenesis of
mature miR-9 is processed as miR-9-5p and miR-9-3p. b Expression
levels of mature miR-9-5p and miR-9-3p were upregulated after ZIKV
injection. The mouse embryonic cortex was injected with ZIKV at E13.5
and analyzed at E16.5. ¢, d GDNF expression was mostly detected in the
intermediate zone (IZ) and deep layers of the cortical plate (CP) in E16.5
control (Ctrl) cortex. In the cortex infected with ZIKV, the expression

Foxp2 were decreased (Fig. SSA—E). On the other hand, ex-
pression levels of Vegfa and Mecp2, which are not predicted
targets for miR-9, displayed increased expression (Fig. S5G,
H). Consistent with immunohistochemistry on brain sections,
expression of Sox2 mRNA also was decreased (Fig. S5F).
These results suggest that upregulation of miR-9 in ZIKV-
infected brains causes increased expression of miR-9 target
genes, and might in turn affect neural progenitor development.

Discussion

Accumulating evidence has shown that miRNAs play crucial
roles in many aspects of neural development, such as
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pattern of GDNF was not changed, the expression level of GDNF in
the 1Z and CP was decreased, compared to the control cortex, detected
by immunohistochemistry. ¢ Gdnf mRNA level was reduced in ZIKV
infected cortex, as detected by real-time RT-PCR. Values represent
mean £ SEM. n =3 different brains, each brain had two sections.
##P < (0.01; ***P<0.001; Student’s ¢ test was used

proliferation of neural progenitors, neuronal survival, and cell
fate choices for neurons and glia [37—39]. We here show that
transgenic mice with miR-9 overexpression in the developing
cortex display a smaller cortex, and ZIKV infection induces
the upregulation of miR-9. We further demonstrate that GDNF
is a specific target for miR-9, and ectopic expression of the 3’
UTR of Gdnfbut not its mutation is sufficient to block miR-9-
induced apoptosis in vivo. Our results suggest a protective
role of GDNF from cell death by damping miR-9 apoptotic
effect.

miR-9 is involved in various processes of CNS develop-
ment in different organisms. In zebrafish, miR-9 was shown to
control the formation of the midbrain—hindbrain boundary
(MHB) and the timing of neurogenesis [40, 41]. In Xenopus,
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miR-9 knockdown causes apoptosis in the forebrain [42]. In
chick embryos, miR-9 controls specification of distinct motor
neuron subtypes in the developing spinal cord [43, 44]. In the
mouse brain, miR-9 specifically targets prelamin A but not
lamin C [45]. miR-9 is highly expressed in the cortical hem
and promotes generation of Cajal-Retzius neurons [46]. miR-
9 function is required for regulating cortical size, since miR-9
ablation results in a smaller cortex [47]. miR-9 also functions
in radial migration of cortical projection neurons [48]. In sum-
mary, miR-9 plays distinct roles in proliferation, survival, and
migration of neural progenitors and mature neurons in a spe-
cific cell-context manner [49, 50]. Therefore, the level of miR-
9 expression appears to be critical to normal neurogenesis in
the CNS. Here, we have uncovered an unexpected role of
miR-9 dosage regulation—neuronal apoptosis caused by
miR-9 upregulation.

In the developing cortex, apoptosis is a precisely controlled
event that ensures proper numbers of neural progenitors and
mature neurons, and in turn, the cortical size [33]. A major
defect in brains of Dicer conditional knockout mice, in which
miRNA biogenesis is blocked in the CNS or specifically in the
cortex, is apoptosis, indicating a critical role of miRNAs in
neuronal survival [30, 31]. Our studies here have shown that
increased miR-9, similar to miR-9 knockdown, causes neuro-
nal apoptosis, suggesting that proper miR-9 expression level is
crucial for cell survival. We cannot rule out the side effect of
overexpressing miR-9 in the cortex, which might also result in
cell death due to mis-targeting other genes by miR-9 upregu-
lation. Nevertheless, we have found that overexpression of
another brain-enriched miRNA miR-124 has no effect on cell
survival, the apoptotic effect is likely to be miR-9 specific.

The recent emergence of Zika virus in the Americas has
coincided with increased reports of babies born with micro-
cephaly. ZIKV has been detected in the placenta and amniotic
fluid of two women with microcephalic fetuses [51, 52], and
in the brain tissue of aborted microcephalic fetus and retinas of
microcephalic infants [53, 54]. Furthermore, mouse models
infected with ZIKV have been shown to display microcepha-
ly, mostly caused by apoptosis defect and reduced neural pro-
genitors [12, 15, 16]. However, downstream target genes af-
fected by ZIKV infection are not clear [24, 25, 55]. Our study
has shown an association between increased miR-9 expres-
sion after ZIKV infection, and apoptosis in neural progenitors
and newborn neurons caused by miR-9 upregulation. Our data
suggest that miR-9 is likely one of the downstream genes that
mediate cortical defects caused by ZIKV infection, which
eventually leads to microcephaly.

Furthermore, we have found that the neurotrophic factor
GDNEF is a putative target of miR-9, and GDNF responds to
ZIKV and is downregulated by ZIKV infection in the embry-
onic cortex. Previous studies have demonstrated neuroprotec-
tive roles of GDNF in neural injuries, particularly spinal cord
injuries [56-58]. While miR-9 function is required for proper

proliferation and differentiation of cortical neurons, one side
effect of increased miR-9 expression is perhaps to induce ap-
optosis. The maintenance of GDNF expression in the devel-
oping cortex might be to protect neurons from miR-9-induced
apoptosis by serving as its target gene. Moreover, because one
miRNA can have many target genes, our studies here only
demonstrate one major target for miR-9 in apoptotic effects.
More targets for miR-9 in specific cells and in a specific func-
tional event are required to be established in the future, in
particular in ZIK V-infected brains.

Overall, our results suggest an association of ZIKV-
mediated upregulation of miR-9 expression and apoptosis in
the mouse cortex, which partly accounts for smaller cortex.
Moreover, ZIKV infection is also associated with other neu-
rological disorders [5, 6]. It would be interesting to investigate
downstream genes of ZIKV in these disorders in the future.

Experimental Procedures
Generating miR-9 Conditional Overexpression Mice

Transgenic mice were generated using the construct, called
here pCBR, which is based on the pBigT vector as a back-
bone. Three poly-A repeats that generate a transcription stop
signal was cloned at the 3’-end of a Neo cassette. The Neo-
poly-A DNA fragment was flanked by two loxP sites. The
precursor sequence of the mouse miR-9-1 was further cloned
at the 3'-end of the second loxP site. The loxP-Neo-poly-A-
loxP-miR-9-1 DNA fragment was subcloned at the 3"-end of
the cytomegalovirus (CMV) early enhancer element and
chicken beta-actin (CAG) promoter. The insert was purified
and injected into fertilized eggs to generate conditional miR-9
overexpression transgenic mice (miR-9-TG) at the Core facil-
ity of Weill Cornell Medical College. Three transgenic foun-
der lines were analyzed and only one line was focused in this
study. Moreover, the wild-type and miR-9-TG mice without
Cre did not show any detectable brain defects, thus, all were
called the control group in this study.

The miR-9 transgenic line was bred with the Emx-Cre line
to conditionally overexpress miR-9 only in the cerebral cortex
due to the EmxI enhancer activity [32]. Positive mice were
genotyped using primers for both Cre and Neo: Cre-F: 5'-
TAAAGATATCTCACGTACTGACGGTG-3' and Cre-R 5'-
TCTCTGACCAGAGTCATCCTTAGC-3"; Neo-F: 5-CAGA
TCATCCTGATCGACAAG-3" and Neo-R: 5'-GACC
TGCAGCCAATATGGGATC-3".

For staging of embryos, midday of the day of vaginal-plug
formation was considered as EQ.5; the first 24 h after birth
were defined as PO. Animal use was overseen by the Animal
Facility at Weill Cornell Medical College, and was performed
according to the institutional ethical guidelines for animal
experiments.
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Zika Virus Preparation and Animal Infection

The Asian lineage ZIKV strain SZ01 (GenBank accession
number: GEO KU866423) and the ICR mouse line were used
in this study. One microliter of Zika virus stock (6.5 % 105
PFU/ml) was injected into one side of the lateral ventricle of
ICR mouse brains at E13.5 through in utero injection, culture
medium (RPMI medium 1640 basic + 2% FBS) was injected
as mock controls. The injected brains were collected at E16.5
and E18.5. Total RNA was extracted from the dorsal cortical
region. At least three experimental pregnant animals and three
control pregnant animals were injected with virus and PBS,
respectively, in order to collect embryonic brains at each de-
velopmental stage. At least three infected brains from three
different pregnant mice were used for either real-time qRT-
PCR or immunohistochemistry. All experimental procedures
were performed according to protocols approved by the
Institutional Animal Care and Use Committee at Beijing
Institute of Microbiology and Epidemiology.

BrdU Pulse to Analyze Proliferation

To analyze proliferation of neural progenitor cells in develop-
ing cortex, one dose of BrdU (50 mg/g body weight) was
administrated by intraperitoneal (I.P.) injection to mice at 1 h
before sacrifice.

Tissue Preparation and Immunohistochemistry

Mouse brains were fixed in 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) over night, incubated in 25—
30% sucrose in PBS, embedded in OCT, and stored at — 80 °C
until use. Brains were sectioned (14-16 pm) using a cryostat.
For antigen recovery, sections were incubated in heated (95—
100 °C) antigen recovery solution (1 mM EDTA, 5 mM Tris,
pH 8.0) for 15-20 min, and cooled down for 20—30 min.
Before applying antibodies, sections were blocked in 10%
normal goat serum (NGS) in PBS with 0.1% Tween-20
(PBT) for 1 h. Sections were incubated with primary antibod-
ies at 4 °C overnight and visualized using goat anti-rabbit
IgG—Alexa-Fluor-488 and/or goat anti-mouse IgG—Alexa-
Fluor-546 (1:300, Molecular Probes) for 1.5 h at room tem-
perature. Images were captured using a Leica digital camera
under a fluorescent microscope (Leica DMI6000B) or a Zeiss
confocal microscope.

Primary antibodies against the following antigens were
used: bromodeoxyuridine (BrdU) (1:50, Developmental
Studies Hybridoma Bank at University of lowa (DSHB)),
Ki67 (1:500, Abcam), Pax6 (1:500, Covance), Pax6 (1:15,
DSHB), Tbrl (1:500, Abcam), Tbr2 (1:500, Abcam), activat-
ed Caspase 3 (1:1000, R&D), Ctip2 (1:1000, Abcam), Satb2
(1:500, Abcam), GFP (1:1000, Abcam, chicken), GFP
(1:1000, Rockland, rabbit), and Activated-caspase3 Casp3
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(CST, 9664s, 1:500). Nuclei were stained with DAPI
(Invitrogen, 1:1000).

Cell Counting in Brain Sections

Cell counting in the mouse brain sections was performed on a
fixed width (200 um bin) of a representative column in the
cortical wall. All sections analyzed were selected from a sim-
ilar medial point on the anterior-posterior axis. Cell counting
was performed in minimal three chosen areas in each brain,
and at least three brains were analyzed in each group. Cell
counting in each chosen area was repeated manually at least
three times and a mean was obtained.

Moreover, the positive cells for each marker were normal-
ized to 100% in the control cortex and were then compared
with those in the Emxi-miR-9 cortex. Next, the percentage
was calculated by dividing the positive cell numbers for each
marker with the numbers of DAPI positive cells for either the
control or the EmxI-miR-9 cortex. To facilitate the compari-
son, the percentage of the control cortex was then set as 100%.

For ZIKV-infected brains, ZIK V-infected areas were ran-
domly chosen, the mirrored areas of un-infected side in the
cortex were selected accordingly. A fixed width (200 pm bin)
of the selected area in the cortical wall was used for cell
counting. Cell counting was performed manually in each brain
section, and at least three sections from each brain and at least
three brains were analyzed. Cell counting in each chosen area
was repeated manually at least three times and a mean was
obtained.

ZIKV Detection

To detect ZIKV expression, the primary ZIKV antibody
(1:100) was made from a convalescent patient serum [59].
Goat anti-human FITC was used as the second antibody.

Terminal Deoxynucleotidyl Transferase-Mediated
dUTP Nick End Labeling Assay

The terminal deoxynucleotidyl transferase dUTP nick end la-
beling (TUNEL) assay was described previously [60]. Briefly,
to identify apoptotic cells in the cortex, a TUNEL assay was
performed using an Apop Tag Fluorescein in situ Apoptosis
detection kit (Chemicon) on 14-um frozen sections according
to the manufacturer’s protocols.

In Utero Electroporation

In utero electroporation was performed in E13.5 embryos ac-
cording to the published protocol [61]. Briefly, plasmid DNA
was prepared using the EndoFree Plasmid Maxi Kit
(QIAGEN) according to manufacturer’s instructions, and di-
luted to 2 pg/ul. DNA solution was injected into the lateral
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ventricle of the cerebral cortex, and electroporated with five
50-ms pulses at 35 V using an ECM830 electrosquareporator
(BTX). Embryos were allowed to develop to E14.5. Animals
with the brains electroporated, as detected by the GFP fluo-
rescence under a fluorescent dissection scope (Leica,
MZ16F), were selected for further analyses. Cell counting
was performed in minimal three chosen areas in each brain,
and at least three electroporated brains for each construct were
analyzed. Cell counting in each chosen area was repeated at
least three times and a mean was obtained.

In Situ Hybridization

In situ hybridization for miRNA expression was performed on
frozen sections using locked nucleic acid (LNA) probes. Such
probes contain modified nucleotides that form a locked struc-
ture to stabilize LNA/RNA duplex, thus have been widely
used to detect miRNA expression. After fixation with 4%
paraformaldehyde (PFA), acetylation with acetylation buffer
(1.3% Triethanolamine, 0.25% Acetic anhydride, 20 mM
HCI), treatment with proteinase K (5 pg/ml, IBI Scientific),
and pre-hybridization (1 X SSC, 50% Formamide, 0.1 mg/ml
Salmon Sperm DNA Solution, 1 x Denhart, 5 mM EDTA, pH
7.5), brain sections were hybridized with DIG-labeled LNA
probes at Tm-22 °C overnight. After washing with pre-cooled
wash buffer (1 x SSC, 50% Formamide, 0.1% Tween-20) and
1 x MABT, sections were blocked with blocking buffer (1x
MABT, 2% Blocking solution, 20% heat-inactivated sheep
serum) and incubated with anti-DIG antibody (1:1500,
Roche) at 4 °C overnight. Brain sections were washed with
1x MABT and Staining buffer (0.1 M NaCl, 50 mM MgCl,,
0.1 M Tris-HCI, pH 9.5), stained with BM purple (Roche) at
room temperature until ideal intensity was reached. The miR-
9 LNA probes (Exiqon) were 3'- and 5’-end labeled with
DIG—ddUTP.

Statistics

All experiments were repeated at least with three biological
replicates. All results are presented as mean + standard error of
the mean (S.E.M.). P values were determined by unpaired
Student’s T test for assessing the significance of differences
between two groups. P values < 0.05 were considered signif-
icant. Significant differences were denoted as “*” P values <

0.05, “**” P values < 0.01, “***” P values < 0.001.
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