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MicroRNA miR-9 Modifies Motor Neuron Columns by a
Tuning Regulation of FoxP1 Levels in Developing Spinal

Cords
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The precise organization of motor neuron subtypes in a columnar pattern in developing spinal cords is controlled by cross-interactions
of multiple transcription factors and segmental expressions of Hox genes and their accessory proteins. Accurate expression levels and
domains of these regulators are essential for organizing spinal motor neuron columns and axonal projections to target muscles. Here, we
show that microRNA miR-9 is transiently expressed in a motor neuron subtype and displays overlapping expression with its target gene
FoxP1. Overexpression or knockdown of miR-9 alters motor neuron subtypes, switches columnar identities, and changes axonal inner-
vations in developing chick spinal cords. miR-9 modifies spinal columnar organization by specifically regulating FoxP1 protein levels,
which in turn determine distinct motor neuron subtypes. Our findings demonstrate that miR-9 is an essential regulator of motor neuron
specification and columnar formation. Moreover, the overlapping expression of miR-9 and its target FoxP1 further illuminates the
importance of fine-tuning regulation by microRNAs in motor neuron development.

Introduction

In developing spinal cords, motor neurons (MNs) and interneu-
rons (INs), which are specified from progenitor cells, construct
accurate connections to target muscles and other neurons (Jes-
sell, 2000; Dasen, 2009; Goulding, 2009). The spinal MNs are
organized into distinct columns that project axons to different
peripheral regions along the rostrocaudal axis (Dasen, 2009).
Median motor column (MMC) neurons innervate axial muscles,
hypaxial motor column (HMC) neurons innervate body wall
muscles around the rib cage, preganglionic motor column (PGC)
neurons innervate sympathetic ganglia, and lateral motor col-
umns (LMC) innervate limb muscles (Fetcho, 1992; Gutman et
al., 1993; Landmesser, 2001). LMC neurons occur only in the
brachial and lumbar regions in spinal cords, which are aligned
with the forelimbs and hindlimbs, respectively, in mammals and
wings and legs in birds. In the chick, preganglionic autonomic
motor neurons, termed Column of Terni (CT) neurons, are po-
sitioned in the dorsomedial spinal cord at thoracic levels and
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project axons to sympathetic targets (Prasad and Hollyday, 1991;
Gutman et al., 1993; Cornbrooks et al., 1997).

Spinal motor neurons are organized in columns in a segmen-
tal manner, which is controlled by Hox proteins and cofactors
(Dasen et al., 2003, 2005; Shah et al., 2004; Wu et al., 2008; Jung et
al., 2010). A Forkhead domain transcription factor FoxP1 dis-
plays high expression in LMC MNs at the brachial and lumbar
levels but low expression in PGC MNs at the thoracic level. Al-
tered FoxP1 levels switch MN columnar organization and axonal
projections, implying the importance of expression dosage and
domains of FoxP1 in MNs (Dasen et al., 2008; Rousso et al.,
2008). However, the mechanisms behind FoxP1 expression level
regulation in MN’s remain unclear.

The discovery of microRNAs (miRNAs) has revealed a new
mechanism of gene regulation during development. miRNAs are
~22 nt endogenous noncoding small RNAs (Lee et al., 1993;
Wightman et al., 1993). A mature miRNA recognizes the 3" un-
translated region (UTR) of its target mRNA and affects mRNA
stability and/or silences protein translation (Carthew and
Sontheimer, 2009; Kim et al., 2009). Because miRNAs silence
target proteins, it is likely that an miRNA and its target display
nonoverlapping expression (Bartel and Chen, 2004; Hornstein et
al., 2005; Stark et al., 2005). However, recent work has shown
overlapping expression of miRNAs and target mRNAs in the
same cells (Karres et al., 2007). It appears that miRNAs function
by optimizing protein output in cells, which indicates miRNA as
fine-tuned regulators of the expression levels of their targets
(Hobert, 2007; Karres et al., 2007; Biryukova et al., 2009; Shku-
matava et al., 2009).

Here, we show that miR-9 is expressed in MNs in the LMC,
overlapping with FoxP1, but not in the MMC of developing chick
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Figure1.

Dynamic expression of miR-9in chick developing spinal cords. A-D, miR-9 expression patters in chick spinal cords from stage (St.) 11 to stage 29, as detected by in situ hybridization.

miR-9 was highly expressed in the VZ (arrowhead) and transiently in MNs (arrows). E, A schematic summary of miR-9 expression. F, High-power view of miR-9 expression in MNs (highlighted) in the
ventral horn of stage 24 chick spinal cords. G-J, Merged images of miR-9 expression with motor neuron markers FoxP1, Is11/2, Lhx3, and HB9 in MNs. Higher expression of Lhx3 and HB9 in the MMC
islabeled (arrowheads). K, Summary of miR-9 expression in motor neuron columns. miR-9is expressed in MNs in the LMCin which FoxP1 and IsI1/2 are expressed but notin MNs in the MMCin which
Lhx3 and HBI are expressed. miR-9 may negatively regulate FoxP1 and/or Isl1/2 expression levels and define the LMC.

spinal cords. Overexpression of miR-9 switches LMC into MMC
and subsequently alters MN axonal projections to their targets.
miR-9 functions through regulating expression levels of its target
protein FoxP1 in LMC and in CT neurons. Our findings reveal a
fine-tuning regulation of miR-9 in modifying MN columnar or-
ganization in the spinal cord.

Materials and Methods

miR-9 expression constructs. The 88 nt precursor hairpin sequences of
miR-9-1 and miR-9-2 and 100 nt of genomic sequences flanking each
side of the hairpin sequence were amplified by PCR from the genomic
loci of chick miR-9-1 and miR-9-2. The following primers were used:
chick miR-9-1 amplification primers, forward, 5'-ctcacggtacggggatgg-3’
and reverse, 5'-gacaaaaccctgtgcagtg-3’; chick miR-9-2 amplification
primers, forward, 5'-gctcctggaggagacage-3' and reverse, 5'-gctgtaaaageg-
ttcggtg-3'.

To generate miR-9 expression constructs, the 290 nt DNA fragment
was inserted into an expression vector pCAGIG for in ovo electropora-
tion and in pcDNA3.1 for transfection in cell lines. The pCAGIG vector

contains a reporter gene green fluorescent protein (GFP), which allows
us to trace the electroporated cells. For the control expression construct,
the wild-type miR-9-1 seed sequence 5'-CUUUGGU-3" was mutated to
5'-CCUUAGG-3'".

Luciferase reporter constructs. For the luciferase reporter constructs,
DNA fragments encoding the chick and mouse FoxPI 3" UTR were am-
plified using the following primers: chick FoxPI 3" UTR, forward, 5'-
tatcggggaggggttaaaag-3' and reverse, 5'-acgatcccgaaacagaagtg-3'; mouse
FoxP1 3" UTR, forward, 5'-agtggacgacctttttgcac-3' and reverse, 5'-
ccagaggataaatgccagga-3'. DNA fragments were subcloned into a
pGL4.13 Luciferase vector (Promega).

Asa control, chick Is/1 3" UTR was amplified using the following primers:
forward, 5'-catccagagttttgatgttg-3'; reverse, 5'-ctattccaaacgcttatttagtg-3'.

Endogenous miR-9 knockdown constructs. For endogenous miR-9 inhi-
bition, the 22 nt miR-9 binding site 1 in the chick FoxP1 3’ UTR and 85 nt
of genomic sequences flanking the site 1 were amplified by PCR using the
following primers: forward, 5’-gtcactcatttatttatgtag-3'; reverse, 5'-
ctectttgatcaacaataagag-3'. Two copies of the PCR product were sub-
cloned into the pCAGIG vector.
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A

Sequences for mature miR-9 and miR-9-Mut

miR-9:

5-UCUUUGGUUAUCUAGCUGUAUGA-3’
miR-9-Mut: 5’-UCCUUAGGUAUCUAGCUGUAUGA-3’

(1:30; Developmental Studies Hybridoma
Bank), Neurofilament (NF) (1:20; Develop-
mental Studies Hybridoma Bank), Lhx1 (1:20;
Developmental Studies Hybridoma Bank), HB9
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Figure 2.

expression of FoxP1 and/or Is1.

In ovo electroporation. Hamburger and Hamilton (HH) stage 10—12
chick embryos were electroporated unilaterally (five 50-ms pulses at 25
V) with 1-3 ug/ul DNA using an ECM830 electro-squareporator (BTX).
Embryos were analyzed after 24, 48, and 96 h of incubation.

Tissue preparation and immunohistochemistry. Spinal cord tissues from
the chick embryos were fixed in 4% paraformaldehyde (PFA) in PBS
overnight, incubated in 25-30% sucrose in PBS, embedded in OCT, and
stored at —80°C until use. The spinal cords were sectioned (14—18 pum)
using a cryostat.

For antigen recovery, sections were incubated in heated (95-100°C)
antigen recovery solution (1 mm EDTA and 5 mum Tris, pH 8.0) for 15-20
min and cooled down for 20—30 min. Before applying antibodies, sec-
tions were blocked in 10% normal goat serum in PBS with 0.1% Tween
20 for 1 h. Sections were incubated with primary antibodies at 4°C over-
night and visualized using goat anti-rabbit IgG Alexa Fluor 488, goat
anti-mouse IgG Alexa Fluor 594, or anti-guinea pig IgG Alexa Fluor 594
(1:350; Invitrogen) for 1 h at room temperature. Images were captured
using a Leica digital camera under a fluorescent microscope (Leica) or
using a confocal microscope (Carl Zeiss).

Primary antibodies against the following antigens were used: Lhx3
[mouse, 1:20 (Developmental Studies Hybridoma Bank); rabbit, 1:100
(kindly provided by Dr. T. Jessell, Columbia University, New York, NY)],
FoxP1 (1:100; kindly provided by Dr. B. Novitch, University of Califor-
nia, Los Angeles, Los Angeles, CA), bromodeoxyuridine (BrdU) (1:100;
Invitrogen), GFP (1:500; Millipore Bioscience Research Reagents), Pax6

Overexpression of miR-9 alters motor neuron subtypes in the spinal cord. 4, Sequences for mature miR-9 and the
mutation of miR-9 (red) in the seed sequence that can abolish miR-9 activities. B, Overexpression of miR-9 as detected by in situ
hybridization using anti-miR-9 probes. C-G, In brachial levels of stage 24 spinal cords, electroporated at stage 11, overexpression
of miR-9 but not miR-9 mutations (miR-9—-Mut), detected by GFP expression, decreased MNs expressing FoxP1 and Isl1/2 but
increased MNs expressing Lhx3 and HB9. H, Quantification of MN numbers affected by miR-9 overexpression.n > 5. FoxP1, *p <
0.0001; Lhx3, *p < 0.0001; HBY, *p << 0.008; Is|1/2, *p << 0.001. /, A prediction of miR-9 requlation: miR-9 may inhibit the

bridoma Bank); rabbit, 1:100 (kindly provided by
| Dr. T. Jessell)], neuronal-specific nuclear protein
(NeuN) (1:20; Developmental Studies Hybrid-
. oma Bank), Nkx6.1 (1:20; Developmental Stud-
2 \ ies Hybridoma Bank), and Chx10 (1:500; kindly
5 provided by Dr. C. Cepko, Harvard Medical
FoxP1—i Lhx3 School,' Boston, MA). ‘ S

In situ hybridization. Digoxigenin (DIG)-
. labeled sense and antisense mRNA probes were
mI|R-9 produced by in vitro transcription. The in situ
hybridization on sections was performed as de-
! scribed previously (Sun et al., 2000). Briefly,
4 the sections were hybridized at 65°C overnight
HB9 Isl1 and washed. After blocking for 2 h, sections
were labeled with anti-DIG antibody (1:1500;
Roche) at 4°C overnight, washed, and stained
with BM purple (Roche) at room temperature
until ideal intensity. The images of in situ hy-
bridization were collected using a Leica digital

0 - camera under a dissection scope (Leica).
5 In situ hybridization for microRNA detec-
tion was performed according to previously

miR-9
miR-9-Mut
pCAGIG

15 published methods with locked nucleic acid

(LNA) probes (Obernosterer et al., 2007).
The miR-9 LNA probes (Exiqon) were 3’ end

‘50 labeled with DIG-ddUTP with terminal

transferase using the DIG-3" end labeling kit
(Roche).

Western blotting analysis. Chick FoxP1 3’
UTR was cloned into the pCMV-SPORT6—
FoxP1 image clone to create the expression
vector pCMV-SPORT6-FoxP1-c-3" UTR.
After 48 h cotransfection with pcDNA3-miR-
9-1, pcDNA3-miR-9-2, pcDNA3-miR-9—
Mut, pcDNA3-miR-17, or pcDNA3 vector in
Neuro2a cells, 15 ug protein extracts were
fractionated by SDS-PAGE, immunoblotted,
probed with anti-FoxP1 antibodies (1:500;
kindly provided by Dr. B. Novitch), and subse-
quently probed with peroxidase-conjugated secondary antibodies
(1:20,000; Sigma). Actin expression was detected by anti-Actin antibod-
ies (1:200; Sigma). The signals were detected with Supersignal West Pico
Chemiluminescent Substrate (Pierce).

Luciferase assays. Neuro-2a cells, grown in MEM supplemented with
10% fetal bovine serum, were transfected with pGL4.13-FoxP1-c-3’
UTR and pcDNA3-miR-9-1, pcDNA3-miR-9-2, pcDNA3-miR-9—
Mut, pcDNA3-miR-17, or pcDNA3 vector itself, in a 1:2 ratio, using
Lipofectamine (Invitrogen). After 48 h, luciferase activity was measured
and normalized to renilla luciferase activity.

Spinal cord motor neuron axonal tracing. HH stage 27-29 chick em-
bryos were fixed in 4% PFA overnight at 4°C. Coronal sections (300 um)
of the spinal cord were collected using a vibratome. Single pieces of the
fluorescent carbocyanide dye Dil tissue (NeuroVue Red; Molecular Tar-
geting Technologies) were placed in the ventral horn and the medial
region on the spinal cord sections. To allow the Dil to diffuse, spinal cord
sections were kept in 4% PFA in the dark at 37°C for 3-5 d. Images of
Dil-labeled axons were captured using a Leica digital camera under a
fluorescent microscope.

The thickness of motor neuron projections was measured using the
NIH Image] software. Five or six points with an equal space along a
projection from the root of the axon were selected for the measurement.

Quantification of FoxP1 levels. Nuclear FoxP1 levels were determined
on sections using antibodies against FoxP1. Images were obtained by

Isl1/2
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Figure 3.  Overexpression of miR-9 alters columnar organization in the spinal cord. A-D, In brachial levels of stage 29 spinal cords, electroporated at stage 11, overexpression of miR-9 but not

miR-9 mutations (miR-9 —Mut) decreased MNs in the LMCI (FoxP1 /Lhx1 ™) and LMCm (FoxP1 */Isl1/2 *) but increased MNs in the MMC (HB9 */Lhx3 ™). SCIP-expressing MNs in the LMC was
also decreased (arrowheads). E-G, In thoracic levels of stage 29 spinal cords, electroporated at stage 11, overexpression of miR-9 decreased Is|1/2- and pSmad-expressing CT MNs (highlighted) but
not MMCMNs. + indicates the electroporated side in the spinal cord. H, Quantification of MN numbers in the LMCand MMCin brachial and thoracic levels in spinal cords electroporated with miR-9
and miR-9-Mut. n > 5. LMCl (FoxP1 * /Lhx1 ), *p < 0.008; LMCm (FoxP1 */Isl1/2 *), *p << 0.004; MMC (HB9 */Lhx3 ™), *p < 0.01; (T (Isl1/2 ™), *p << 0.0001. 1, Summary of miR-9 effects
on MN columnar organization. High levels of miR-9 inhibit MNs in the LMCand CT but promote MNs in the MMCin the brachial and thoracic levels.

fluorescence and confocal microscope using identical laser and gain con-
figurations. All analyses were performed on sections on the same slide.
Nuclear pixel intensity was determined using the NTH Image] software.

Motor neuron quantification. The total number of labeled motor neu-
rons was quantified from 14-16 um sections collected from multiple
embryos. The phenotype was determined by comparing the percentage
of changes in total number of a specific motor neuron subtype between
the electroporated and nonelectroporated side of the spinal cord. The
Student’s t test was applied to determine the statistic significance between
experimental and control groups.

Statistical analysis. At least five embryos electroporated with miR-9-1
or miR-9-2 or inhibition constructs and with miR-9-Mut or the pCA-
GIG empty vector were used for all statistical analyses. Data were shown
as mean = SEM. Statistic comparison was made by ANOVA (unpaired ¢
test or ANOVA).

Results

miR-9 is transiently expressed in motor neurons in
developing chick spinal cords

Recent studies and our own work have found that miR-9 is highly
expressed in the cortex, the hindbrain, and the spinal cord, im-
plying a potential role of miR-9 in the development of the CNS
(Darnell et al., 2006; Leucht et al., 2008). In this study, we exam-
ined miR-9 expression patterns in chick spinal cords at different
HH stages.

In brachial levels of stage 11 spinal cords, miR-9 expression
was detected in the ventricular zone (VZ), which contains divid-
ing cells, and in the floor plate (Fig. 1A). miR-9 was expressed in
the VZ throughout the stages examined, with reduced expression
at stage 29 (Fig. 1A-E). miR-9 expression in the ventrolateral
spinal cord in which MNs reside was weak at stage 20, increased

by stage 24, and undetectable by stage 29, suggesting a transient
expression in MN lineages (Fig. 1 B-D).

To determine which motor neuron subtypes express miR-9,
we compared miR-9 expression patterns with distinct MN mark-
ers in stage 24 spinal cords. The transcription factor FoxP1 is
highly expressed in LMC MNs in the mouse and chick (Dasen et
al., 2008; Rousso et al., 2008). In a superimposed image of adja-
cent sections of miR-9, detected by in situ hybridization, and
FoxP1, detected by immunohistochemistry, miR-9 expression
overlapped with most FoxP1-expressing (FoxP1") MNs (Fig.
1F,G). Similarly, miR-9 was detected in Isl1/2-expressing do-
main (Fig. 1 H). miR-9 expression overlapped with the low ex-
pression domain for HB9 and nonexpression region for Lhx3 but
not with high Lhx3 and HB9 expression regions, in which MMC
MN:ss reside (Fig. 11,]). Our results indicate that miR-9 is mostly
expressed in MNs of the LMC but not the MMC, implying a
potential role of miR-9 for MN differentiation (Fig. 1 K). Because
miRNAs usually silence target gene expression, the overlapping
expressions of miR-9, FoxP1, and Isl1/2 in LMC MN:s lead us to
examine whether miR-9 may negatively regulate FoxP1 and/or
Isl1/2 expressions (Fig. 1K).

miR-9 represses production of LMC MNs but promotes
differentiation of MMC MNs

To assess the function of miR-9 in MN specification, we exam-
ined the effects of miR-9 overexpression on MN development of
the chick neural tube using in ovo electroporation at stage 10—11.
We cloned two precursors for the chick miR-9, miR-9-1 and
miR-9-2, which would be processed into indistinguishable ma-
ture miR-9 sequences, into a pCAGIG expression vector. To test
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Figure 4.  Overexpression of miR-9 alters motor neuron axonal projections. A, B, In brachial levels of stage 29 spinal cords,
electroporated at stage 11, overexpression of miR-9 but not miR-9 mutations (miR-9 —Mut) reduced axonal fibers innervating the
wing (arrows) but increased fibers projecting to the axial muscle (arrowheads). €, D, In thoracic levels of stage 29 spinal cords,
electroporated at stage 11, overexpression of miR-9 but not miR-9 mutations (miR-9 —Mut) reduced nerve fibers projecting to
sympathetic ganglia (arrows). E-H, Schematic summaries of axonal projections altered by increased miR-9 expression. /, Quanti-
fication of the relative thickness of axonal projections when miR-9 and miR-9 —Mut are overexpressed.

the specificity of miR-9 overexpression, we generated a miR-9-1
mutant construct (miR-9—Mut) with 3 nt substitutions in the
seed sequence of miR-9, because the seed region of an miRNA has
been demonstrated to be responsible for the strongest silencing
activity (Bartel, 2009) (Fig. 2A). miR-9—Mut should be expressed
as miR-9 but will lose miR-9 silencing ability on its target protein
translation.

After expression of miR-9 at stage 11 and analysis at stage 24
when MN subtypes are specified, we detected ectopic miR-9 ex-
pression using in situ hybridization and the expression of the
reporter gene GFP in the pCAGIG vector (Fig. 2 B, C). In brachial
levels of the spinal cords, we found that the number of FoxP1 ™
and Isl1/2* neurons was reduced 70-75 and 25-30%, respec-
tively, whereas the number of Lhx3 ™ and HB9 * neurons was
increased 40 and 25%, respectively (Fig. 2D—H) (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).
However, miR-9-Mut and the pCAGIG empty vector did not
show significant alterations of MN subtypes. Similar effects of
miR-9 on MN populations were also observed in thoracic and
lumbar levels, suggesting a general role of miR-9 in altering spec-
ification of MN subtypes (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material) (data not shown). We
also found that miR-9-1 and miR-9-2 precursors displayed a sim-
ilar ability to alter the expression of MN markers, indicating that
both precursors are processed similarly into identical mature
miRNAs (supplemental Fig. 3, available at www.jneurosci.org as
supplemental material). Therefore, we used miR-9-1 for our
studies.

4

MN subtypes are attributable to changes
in MN progenitors. At both stages 20 and
24, dividing cells, labeled with a 30 min
pulse of BrdU, and Pax6- and Nkx6.1-
expressing MN progenitors, showed no
obvious changes when miR-9 was overex-
pressed (supplemental Fig. 4, available at
www.jneurosci.org as supplemental ma-
terial). Differentiated neurons, labeled
with NeuN and NF, were not obviously
affected, implying that the reduction of
FoxP1™ and Isl1/2 " MNs was not caused
by overall neurogenesis defects but MN
subtype changes (supplemental Fig. 5, available at www.
jneurosci.org as supplemental material). Loss of LMC MNs was
not caused by cell death, because no obvious dead cells were
detected in either LMC or MMC MNss (supplemental Fig. 6, avail-
able at www.jneurosci.org as supplemental material). Further-
more, interneuron precursors labeled by Irx3 and differentiated
interneurons labeled by Chx10 were not altered, suggesting that
miR-9 specifically affects MN differentiation (supplemental Fig.
5, available at www.jneurosci.org as supplemental material).

(Fig. 21).
2 MMC

We next questioned whether altered
—+—miR-9

—#—miR-9-Mut

5 1 2 3 4 5

Switches of MN columnar identities by miR-9
To understand miR-9 functions in the assignment of MN colum-
nar formation, we analyzed expression profiles of MN columnar
markers in spinal cords overexpressing miR-9 and miR-9-Mut.
In brachial spinal cords at stage 29, when MN columns are
evident, the LMC is defined by FoxP1-, Isl1/2-, Lhx1-, and SCIP
(suppressed cAMP-inducible POU)-expressing MNss (Kania and
Jessell, 2003; Sockanathan et al., 2003; Dasen et al., 2008; Rousso
et al.,, 2008), and the MMC is defined by Lhx3- and HB9-
expressing neurons (Sockanathan et al., 2003; Dasen et al., 2008;
Rousso et al., 2008). We found a >50% reduction of FoxP1 ™"/
Lhxl1 ™ MNs, which assemble the lateral LMC (LMCI), and
>65% reduction of FoxP1*/Isl1/2* MNs, which form the me-
dial LMC (LMCm), with overexpression of miR-9 but not miR-
9-Mut (Fig. 3A, B,H ). Consistently, SCIP-expressing MNs in the
LMC were also reduced (Fig. 3D). Furthermore, we found a
>45% increase of Lhx3 "/HB9 " MNs in the MMC by overex-
pression of miR-9 (Fig. 3C,H ). These results are consistent with
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increased Lhx3 © and HB9 * MNs and decreased Is11/2 © MNs in
stage 24 spinal cords (Fig. 2) (supplemental Fig. 6, available at
www.jneurosci.org as supplemental material). Thus, miR-9 over-
expression suppresses differentiation of LMC MNs, promotes
differentiation of MMC MNs, and switches spinal MN columnar
identities (Fig. 31).

In thoracic spinal cords, the CT MNs, marked by Isl1/2 and
pSmad (phosphorylated Sma- and Mad-related protein), were
greatly reduced by miR-9 overexpression, whereas there were no
significant changes of HB9 "/Lhx3 ™ MNs in the MMC when
miR-9 and miR-9-Mut were overexpressed (Fig. 3E-I). Our re-
sults suggest that miR-9 selectively affects columnar organization
in the chick spinal cord.

Altering miR-9 expression changes MN axonal projections
and MN pool differentiation

Because miR-9 overexpression affects MMC and LMC MN dif-
ferentiation, we examined whether MN axonal projections to
target muscles have been altered. In stage 29 brachial spinal cords,
Dil was placed into MN pools to trace MMC MNs, which inner-
vate axial muscles, and LMC MNs, which innervate wing muscles
in the chick. Axonal projections to the wing and axial muscle were
detected, suggesting that miR-9 overexpression does not disrupt
innervations of MNs to target muscles (Fig. 4A,B). However,
comparisons in the thickness of nerve fibers indicated that miR-9
overexpression tended to cause reduced axonal projections to the
wing but increased nerve fibers innervating axial muscles (Fig. 4).

Consistent with the expansion of MMC MNs, altered miR-9 ex-
pression may misroute some axons, which usually project to the
wing, toward axial muscles normally targeted by MMC MNs.

In thoracic spinal cords, MMC MNs innervate axial muscles,
HMC MNs innervate body wall muscles, and CT MNs innervate
sympathetic ganglia (Sockanathan et al., 2003; Dasen et al., 2008;
Rousso et al., 2008; Agalliu et al., 2009). By placing Dil in ventral
and dorsomedial MN pools in stage 29 spinal cords, we found
that miR-9 overexpression reduced axons projecting to the sym-
pathetic ganglia but did not significantly affect nerve fibers to-
ward the axial muscle and body wall (Fig. 4).

We next assessed whether LMC MN pool differentiation is
affected by miR-9 overexpression. In stage 29 brachial spinal
cords, Lhx1-expressing MNs in LMCI were reduced by miR-9
overexpression (Fig. 3A). The reduced medial LMC MNss, partic-
ularly labeled by Isl1/2, were replaced by HB9 * MNs, causing a
displacement of HB9 * MNs in MN pools (Fig. 3B) (supplemen-
tal Fig. 7, available at www.jneurosci.org as supplemental mate-
rial). In addition, Nkx6.1 ¥ MNs in the LMC were absent, and
Cadherin20 expression in LMC MNs and Raldh2 expression, par-
ticularly in LMCm MNs, were greatly reduced (supplemental Fig.
7, available at www.jneurosci.org as supplemental material).
These results indicate that miR-9 overexpression affects LMC
motor pool differentiation and identity.

Moreover, altered MN projections and motor pool identity,
caused by miR-9 but not miR-9—-Mut overexpression, recapitu-
late the defects in FoxP1 mutant spinal cords (Dasen et al., 2008;
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Rousso et al., 2008), suggesting that miR-9 likely functions
through regulating FoxP1 expression levels (Figs. 2—4).

miR-9 affects MN columnar organization by a negative
regulation of FoxP1 expression levels

miRNAs regulate target gene expression levels by affecting the
stability of mRNAs and repressing target protein translation.
Bioinformatic approaches predicted FoxP1 as a target of miR-9,
which is consistent with the reduced FoxP1 levels when miR-9
was overexpressed (Figs. 2, 5A). We first compared expression
patterns of miR-9 with FoxP1 mRNA and protein in developing
chick spinal cords. At stages 11 and 17, miR-9 and FoxP1 were
detected in the VZ. Expression of miR-9 overlapped with FoxP1
mRNA and protein in MNs by stage 20 and was increased by stage
24 (Figs. 1, 5B—-G) (supplemental Fig. 8, available at www.
jneurosci.org as supplemental material). At stage 29, whereas
FoxP1 expression was maintained in LMC MNs, miR-9 expres-
sion was greatly reduced (Fig. 5H). These studies suggest that

miR-9 expression coordinates with FoxP1 in LMC MNs during
the critical time of MN columnar formation.

We next examined whether miR-9 represses FoxP1 expression
levels. The 3" UTR region of cFoxPI contains two miR-9 binding
sites with identical seed sequences, which are essential for miRNA
silencing effects (Fig. 5A). We cloned the entire 3' UTR sequences
for both mouse and chick FoxP1 into a luciferase construct. Al-
though control miRNAs (miR-17 and miR-128) had no effect on
luciferase activity, miR-9-1 and miR-9-2, but not miR-9-Mut,
significantly reduced luciferase activity of the constructs contain-
ing the 3" UTR for FoxP1I, suggesting that miR-9 directly targets
FoxP1 (Fig. 5I). To further confirm that miR-9 affects FoxP1
expression at a protein level, miR-9-1 and miR-9-2 were cotrans-
fected with FoxP1 cDNA sequences containing both the coding
region and the 3" UTR in Neuro2A cells. miR-9-1 and miR-9-2,
but not miR-9—-Mut, significantly reduced FoxP1 protein but not
FoxP1 mRNA (Fig. 5]) (data not shown). The overlapping ex-
pression of miR-9 and FoxP1 and the repressing function of
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miR-9 on FoxP1 suggest that miR-9 controls FoxP1 levels in the
LMC MNs with a tuning regulation.

Because overexpression of miR-9 also reduces Isl1 expression
levels (Fig. 2G,I) and the 3" UTR region of IslI contains one
miR-9 binding site (supplemental Fig. 9, available at www.
jneurosci.org as supplemental material), we examined whether
Isl1 is a potential target for miR-9. The luciferase assay revealed
no effects of miR-9 on the IslI 3" UTR, indicating FoxP1 as a
specific target for miR-9 silencing (supplemental Fig. 9, available
at www.jneurosci.org as supplemental material).

Knocking down endogenous miR-9 expression increases
FoxP1 levels and affects MN columnar differentiation

To further examine whether FoxP1 level is regulated by miR-9 in
vivo, miR-9 binding sequences in the FoxPI 3’ UTR were overex-
pressed to knock down the endogenous miR-9. Duplicated site 1
binding sequences (200 bp each) for miR-9 in the cFoxP1 3" UTR
were cloned into the luciferase construct (Fig. 6A). Both miR-9-1
and miR-9-2, but not miR-9—Mut and control miR-17, significantly
decreased luciferase activities, which confirmed the direct targeting
effect of miR-9 on FoxP1 3’ UTR site 1 sequences (Fig. 6 B).

Next, duplicated cFoxP1 3" UTR site 1 sequences were cloned
into the pCAGIG vector for in ovo electroporation (Fig. 6C). We
predicted that ectopic expression of miR-9 binding sequences
from the FoxP1 3" UTR would reduce and saturate endogenous
miR-9 activity and in turn diminish miR-9 functions. In the elec-
troporated chick neural tube, we detected ectopic FoxP1 3" UTR
expression and reduced miR-9 expression levels in the VZ and
MNs in the ventral horn, indicating that ectopic expression of the
FoxP1 3’ UTR can be used to knock down endogenous miR-9
levels (Fig. 6 D, E).

We then examined expression patterns and levels of MN markers
when miR-9 was knocked down. In brachial levels of stage 24 spinal
cords, endogenous miR-9 downregulation caused increased FoxP1
levels and decreased HB9 intensity but did not alter expression levels
and patterns of Isl1/2 and Lhx3 (Fig. 6) (supplemental Fig. 8, avail-
able at www.jneurosci.orgas supplemental material). Because miR-9
and FoxP1 are mostly coexpressed in LMC MNs, downregulation of
miR-9 caused an increase of FoxP1 expression levels but did not alter
FoxP1-expressing LMC MN numbers or cause cell death (Fig. 6)
(supplemental Fig. 10, available at www.jneurosci.org as supplemen-
tal material). In thoracic levels, because CT MNs are FoxP1 dosage
sensitive (Dasen et al., 2008; Rousso et al., 2008), increased FoxP1
expression, caused by miR-9 knockdown, reduced the number of
CT MNs, as shown by decreased FoxP1-, Isl1/2-, and pSmad-
expressing MNs (Fig. 6 K-O).

Discussion

Hox genes and their accessory proteins, such as FoxP1, are major
determinants in motor neuron subtype specification, columnar
organization, and axonal connections to targets. We found that
microRNA-miR-9 plays an essential role in determining motor
neuron subtypes and organizing spinal motor columns through a
fine-tuning regulation of FoxP1 expression levels in motor neu-
ron pools. Our results have revealed a new mechanism of motor
neuron development that is mediated by microRNAs through a
posttranscriptional gene expression regulation.

miR-9 regulates motor neuron subtypes

miR-9 displays dynamic expression patterns in developing chick
spinal cords, with decreasing expression in the VZ and transient
expression in MNs. miR-9 expression in the VZ, likely in progen-
itor cells, implies its function in progenitor development in the
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neural tube. Previous studies have shown that miR-9 plays a role
in neural stem cell differentiation and Cajal-Retzius cell produc-
tion in developing brains (Shibata et al., 2008; Zhao et al., 2009).
Our studies show that overexpression of miR-9 does not signifi-
cantly affect MN and IN progenitors in the spinal cord. The effect
of miR-9 in neurogenesis appears to be region and cell type spe-
cific in the CNS.

We have found that miR-9 expression in MN lineages is dur-
ing the critical stages of MN subtype specification, from stage 20
to 24. In particular, miR-9 is positioned in MNs of presumptive
LMC but not MMC. Unlike miR-124, which has a general effect
on neurogenesis in the neural tube (Cao et al., 2007; Visvanathan
et al., 2007; Yoo et al., 2009), our studies show that miR-9 over-
expression promotes the generation of MMC MNs and represses
LMC MNs but does not affect overall neurogenesis. Moreover,
we found that miR-9 overexpression does not affect early produc-
tion of oligodendrocyte precursors (data not shown). Thus, we
have discovered a microRNA-miR-9 that regulates cell fate, par-
ticularly MN subtypes, in the neural tube.

miR-9 expression and the assembly of motor neuron columns
and projections

Previous studies have demonstrated Hox genes and accessory
factor FoxP1 as essential determinants in spinal MN columnar
organization (Dasen et al., 2003, 2008; Rousso et al., 2008). Here,
we find that miR-9 overexpression silences FoxP1 expression and
reduces FoxP1 levels in LMC MN:ss, resulting in a switch of LMC
MNs into MMC MNs (Fig. 7). Thus, in brachial levels of the
spinal cord, miR-9 plays an important role in the assembly of
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LMC and MMC MN columns. In the signaling cascade, miR-9,
perhaps in cooperation with Hox genes, regulates FoxP1 expres-
sion levels and defines MN columns (Dasen et al., 2008; Rousso et
al., 2008; Jung et al., 2010). miR-9 may also function primarily
during the early stages of MN columnar specification, because its
expression is greatly downregulated in MNs by stage 29. Once
MN columnar identity is established, miR-9 functions are no
longer critical.

We also show that knocking down miR-9 increases FoxP1
levels but does not switch MN fates in the LMC and MMC in
brachial spinal cords. First, miR-9 expression overlaps with
most FoxPl-positive cells in LMC MNs. Knocking down
miR-9 expression allows upregulation of its target FoxP1 only
in LMC MNs. Increased FoxP1 in the LMC should not switch
MN cell fates into other subtypes, such as MMC MNss (Dasen
et al., 2008; Rousso et al., 2008) (Fig. 7). Second, although
overexpression of FoxPI 3’ UTR sequences greatly reduces
endogenous miR-9, it does not completely abolish miR-9 ex-
pression and the low levels of miR-9 might continue to control
target gene expression levels.

We have detected reduced CT MNs in thoracic spinal cords
when miR-9 is either overexpressed or knocked down. Why does
raised or lowered miR-9 level cause similar phenotypes in CT
MNss? Previous work has shown that FoxP1 expression levels are
critical for the generation of PGC MNs in mice (CT MNs in
chick). CT MNs migrate dorsomedially and are sensitive to
FoxP1 dosage, and low levels of FoxP1 expression favor the pro-
duction of CT MNs (Dasen et al., 2008; Rousso et al., 2008) (Fig.
7). Overexpression or knockdown of miR-9 decreases or in-
creases FoxP1 levels beyond the low or high thresholds of CT MN
generation, respectively, and thus causes the reduction of CT
MN:ss (Fig. 7).

Assembled MN columns project axons to their targets to form
functional circuits. Consistent with observations in FoxP] mu-
tant mice (Dasen et al., 2008; Rousso et al., 2008), although miR-9
overexpression greatly reduces FoxP1 levels and LMC MN num-
bers, projections to the chick wing are still detectable. The envi-
ronmental factors in the local targets such as wing muscles
perhaps are sufficient to select proper axonal projections. Never-
theless, the trend of decreased nerve fibers to the wing and axons
to the sympathetic ganglia, caused by increased miR-9 expres-
sion, indicates that miR-9 plays an important role in MN axonal
innervations through the regulation of expression levels of mol-
ecules such as FoxP1.

Fine-tuning regulation of miR-9

miR-9 targeting effects on FoxP1 appear to be specific. We have
shown that miR-9 targets and silences FoxP1 by recognizing the
3" UTR of both chick and mouse FoxPI, indicating conserved
miR-9 targeting effects. Mutating the miR-9 seed sequence re-
lieves FoxP1 repression in either the spinal cord in vivo or cell
lines as detected by luciferase and Western blotting assays. In
addition, although Isl1/2-expressing cells are decreased when
miR-9 is overexpressed and the 3" UTR of IslI has a predicted
binding site for miR-9, miR-9 does not show silencing effects on
Isl1 expression. Decreased Isl1/2-expressing MNs are likely an
indirect effect of reduced FoxP1 * cells.

Recent studies have shown that the tuning regulation of
miRNAs in target gene expression is common in vertebrates
(Shkumatava et al., 2009). The advantage of the tuning regu-
lation is to ensure optimized protein outputs in cells through
overlapping expression of miRNAs and their targets (Hobert,
2007; Karres et al., 2007; Biryukova et al., 2009).

J. Neurosci., January 19,2011 - 31(3):809- 818 - 817

miR-9-positive cells overlap with most, if not all, FoxP1-
expressing MNs in the LMC in chick spinal cords at stages 20 and
24. Why is the miR-9 tuning regulation of FoxP1 important in the
differentiation of motor neuron pools? Previous studies have
shown that the dosage of transcription factors, particularly
FoxP1, is essential for specifying MNs in LMC, MMC, and PGC
(Dasen et al., 2008; Rousso et al., 2008) (Fig. 7). In brachial spinal
cords, the overlapping expression of miR-9 and FoxP1 and the
targeting effect of miR-9 on FoxP1 expression may optimize
FoxP1 levels in LMC MNs. Although higher amounts of miR-9
silence FoxP1 expression and reduce LMC MNs, lower levels of
miR-9 permit increased FoxP1 expression in the LMC. In tho-
racic spinal cords, FoxP1 dosage is essential for generating PGC
or CT MNss (Dasen et al., 2008; Rousso et al., 2008). Proper miR-9
expression levels perhaps ensure optimized FoxP1 dosage for the
migration and production of CT MNs. Therefore, a balanced
interaction between miR-9 and FoxP1, together with Hox gene
regulations, is essential for proper output of FoxP1 protein levels
in MNs and in turn defines spinal columnar organization and
axonal connections to their targets (Dasen et al., 2008; Rousso et
al., 2008) (Fig. 7).

Our studies reveal a fine-tuning regulation of FoxP1 expres-
sion levels by miR-9 during MN subtype specification and spinal
columnar formation. The tuning regulation of miRNAs perhaps
is a broadly applied mechanism for cell fate determination during
development (Shkumatava et al., 2009). The technical advances
in miRNA in vitro synthesis and delivery has made miRNAs
a promising means for gene therapies. Revealing functions of
miRNAs such as miR-9 in motor neuron specification may
provide new methods of stem-cell-based therapies for spinal
cord injuries.
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