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Mutations in the FOXP2 gene cause speech and language impairments, accompanied by structural and functional abnormalities in brain
regions underlying speech-related sensory-motor processing, including the striatum and cerebellum. The sequence and expression
patterns of FOXP2 are highly conserved among higher vertebrates. In the zebra finch brain, FoxP2 is expressed in Area X, a striatal nucleus
required for vocal learning, and reduced FoxP2 expression impairs dendritic development and vocal learning. The FoxP2 gene encodes a
transcription factor that controls the expression of many downstream genes. However, how FOXP2 gene expression is regulated is not
clearly understood. miRNAs regulate gene expression post-transcriptionally by targeting the 3�-untranslated regions (UTRs) of mRNAs,
leading to translational suppression or mRNA degradation. In this study, we identified miR-9 and miR-140-5p as potential regulators of
the FoxP2 gene. We show that both miR-9 and miR-140-5p target specific sequences in the FoxP2 3�-UTR and downregulate FoxP2 protein
and mRNA expression in vitro. We also show that the expression of miR-9 and miR-140-5p in Area X of the zebra finch brain is regulated
during song development in juvenile zebra finches. We further show that in adult zebra finches the expression of miR-9 and miR-140-5p
in Area X is regulated as a function of the social context of song behavior in males singing undirected songs. Our findings reveal a
post-transcriptional mechanism that regulates FoxP2 expression and suggest that social vocal behavior can influence the basal ganglia
circuit controlling vocal learning via a miRNA-FoxP2 gene regulatory network.

Introduction
Mutations in the human FOXP2 gene cause speech and lan-
guage impairments characterized by core deficits in coordi-
nating and sequencing complex orofacial movements
underlying speech production (Vargha-Khadem et al., 1998;
Lai et al., 2001; MacDermot et al., 2005; Feuk et al., 2006;
Zeesman et al., 2006). The FOXP2 gene encodes a transcrip-
tion factor that regulates the expression of many downstream
genes, which in turn have important roles in nervous system
development and function (Shu et al., 2001; Spiteri et al., 2007;
Vernes et al., 2007, 2011; Konopka et al., 2009). One current
hypothesis suggests that an adequate amount of functional
FOXP2 is required for the proper development of the cortico-
striatal and/or cortical-cerebellar circuits responsible for
learning and execution of motor sequencing underlying
speech (Fisher and Scharff, 2009).

Similarly to speech and language development in humans,
zebra finches learn to sing by imitating songs of an adult tutor
(usually the father) early in life (Immelmann, 1969; Eales, 1985;
Doupe and Kuhl, 1999; Tchernichovski et al., 2001) and they
devote a set of interconnected brain nuclei to vocal learning and
production (Nottebohm et al., 1976; Bottjer et al., 1989). The
sequences and expression patterns of the FOXP2 gene are highly
conserved between humans and zebra finches (Lai et al., 2001,
2003; Haesler et al., 2004; Teramitsu et al., 2004). In the zebra
finch brain, FoxP2 is expressed in Area X, a striatal nucleus re-
quired for vocal learning (Scharff and Nottebohm, 1991; Haesler
et al., 2004; Teramitsu et al., 2004; Doupe et al., 2005), and reduc-
ing FoxP2 expression in Area X impairs dendritic development
and vocal learning in juvenile zebra finches (Haesler et al., 2007;
Schulz et al., 2010). Adult male zebra finches sing two types of
songs depending on the social context: a “directed” courtship
song toward a female zebra finch, or an “undirected” song when
singing alone. These two types of songs trigger distinct neuronal
firing activities and gene expression patterns in Area X (Jarvis et
al., 1998; Hessler and Doupe, 1999; Teramitsu and White, 2006;
Kojima and Doupe, 2011). FoxP2 expression in Area X is down-
regulated in males singing undirected songs, but not in males
singing female-directed songs (Teramitsu and White, 2006).

MicroRNAs (miRNAs) are small nonprotein-coding RNA
molecules that regulate gene expression post-transcriptionally by
targeting specific sequences in the 3�-UTRs of messenger RNAs
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(mRNAs), leading to translational suppression or mRNA degra-
dation (Lee et al., 1993; Reinhart et al., 2000; Bartel, 2004). In this
study, we present evidence that miR-9 and miR-140-5p, two
miRNAs known to be expressed in the striatum of mammals
(Landgraf et al., 2007; Pena et al., 2009), target FoxP2 3�-UTR and
downregulate FoxP2 protein and mRNA expression. We also
show that the expression of miR-9 and miR-140-5p in Area X of
the zebra finch brain is regulated during vocal development. We
further show that in adult zebra finches, the expression of miR-9
and miR-140-5p in Area X is regulated by song behavior in a
social context-dependent manner.

Materials and Methods
Nomenclature. Following the convention for the nomenclature of the
forkhead family of genes (Kaestner et al., 2000), we refer to proteins as
FOXP2 in humans, Foxp2 in rodents, and FoxP2 in other species, and the
corresponding genes and mRNAs in italics.

Animals. Animal usage was approved by the Louisiana State University
Health Sciences Center Institutional Animal Care and Use Committee.
For developmental studies, juveniles with documented birth date were
obtained from our breeding colony.

Cloning of the zebra finch FoxP2 3�-UTR. Total RNA was extracted from
embryonic zebra finch brain and mRNA was purified as described previously
(Li et al., 2007). mRNA was reversely transcribed (SuperScript Choice Sys-
tem; Invitrogen) into cDNA using an oligo-dT primer [5�-atat-GCGGC-
CGCNotI-AG-T18-(A, C, G)-3]. Based on the homology to the human
FOXP2 3�-UTR sequence obtained from the NCBI database (variant II, ac-
cession No. NM148898), we extracted the zebra finch FoxP2 3�-UTR se-
quence (3846 bp) from the zebra finch genome (reference assembly 3.2.4),
and designed PCR primer. We amplified two overlapping cDNA fragments,
and ligated the two fragments to obtain a full-length FoxP2 3�-UTR. The
following primers were used: fragment 1 forward primer: 5�-TTCAGCGA
TCGCAAAGGGACTTGAGAAACCTCAAAATG-3� (a Sgf1 restriction site
is underlined) and fragment 1 reverse primer: 5�-GCTTTCAGAAAGCCT
TTTGGGTAAGTGGGAAAACCC-3�; fragment 2 forward primer: 5�-TT
CCCCCAACCAAGGGACCTCATAACCTG-3� and fragment 2 reverse
primer: 5�-ATTGCGGCCGCTTATAAATGGATCAAAAAGAATTATATT
TTTTAT-3� (a NotI restriction site is underlined). The overlapping se-
quence between these two fragments contained an NdeI restriction site. PCR
conditions were as follows: 1 min at 95°C and 35 cycles of 30 s at 95°C, 30 s at
55°C, and 2 min at 72°C, followed by 10 min at 72°C. PfuUltra High-Fidelity
DNA Polymerase (Agilent) was used and the PCR products were gel puri-
fied. Fragment 1 was inserted into the TOPO PCR cloning vector (Invitro-
gen) to create the plasmid TOPO-FoxP2 3�-UTR-1. Fragment 2 was digested
by restriction enzymes NdeI and NotI and inserted into the NdeI and NotI
sites of the TOPO-FoxP2 3�-UTR-1 to generate the TOPO-FoxP2 3�-UTR 1
� 2 construct. Finally, the complete 3846 nt zebra finch FoxP2 3�-UTR
sequence was excised from the TOPO-FoxP2 3�-UTR 1 � 2 plasmid (NotI
and SgfI) and inserted into the psiCHECK-2 vector (Promega) to obtain the
psiCHECK-2-FoxP2 3�-UTR plasmid construct. At each stage of cloning, all
plasmids were sequence validated.

Identification of miRNA binding sites. The miRNA target prediction
software TargetScan was used to identify miRNA binding sites in the
FoxP2 3�-UTR. One hundred and ninety-three zebra finch miRNAs,
which were recently annotated by profiling miRNA expression in zebra
finch brain and other tissues (Luo et al., 2012), were included in the
binding site search. Sequence elements within the FoxP2 3�-UTR that
matched perfectly to the “seed sequences” of miR-9 and miR-140-5p
were accepted as putative binding sites for these miRNAs. Since miRNA
binding sites are often conserved in vertebrates, we performed similar
sequence analysis of the 3�-UTRs of the FOXP2 genes in chicken, mouse,
chimpanzee, and human.

Mutagenesis of the miR-9 and miR-140-5p binding sites. Mutagenesis
was performed using the QuikChange II XL Site-Directed Mutagenesis
Kit (Agilent) following the manufacturer’s instructions. To modify the
two miR-9 binding sites in the FoxP2 3�-UTR, we made three mutant
constructs containing mutations in binding site 1, binding site 2, and
binding sites 1 � 2 (psiCHECK-FoxP2-3�-UTR-miR-9mb1, psiCHECK-

FoxP2-3�-UTR-miR-9mb2, and psiCHECK-FoxP2-3�-UTR-miR-9mb1
� 2). Specific PCR primers were designed using the QuikChangePrimer
Design tool and synthesized by BioBasic. For each miR-9 binding site, we
mutated 3 nt in two rounds of PCR-based mutagenesis. For example, we
mutated 2 nt in the first round and used the mutated plasmid as a tem-
plate for the second round of PCR to mutate a third nucleotide. The
miR-140-5p binding site was mutated similarly in two rounds of PCR
mutagenesis. The final mutated plasmids were sequence validated.

Cloning of the zebra finch FoxP2 coding region for protein and mRNA
expression. For expression assays, we cloned the full-length zebra finch
FoxP2 protein-coding region and the 3�-UTR into the expression vector
pcDNA3. We first divided the entire clone into three segments with
lengths of 1.6, 2.4, and 2.1 kb. Each segment was individually PCR am-
plified using the following primers: segment 1 forward primer: 5�-AAGC
TAGCAGAAAAAGACTTTCCCACGCACAGC-3�(NheIsiteunderlined)and
segment 1 reverse primer: 5�-ATTGGATCCTCTGAATGTCTTCTTCGAA
TGGCTCC-3� (BstbI and BamHI sites underlined); segment 2 forward
primer: 5�-GGAGCCATTCGAAGAAGACATTCAGAC-3� (BstbI site un-
derlined) and segment 2 reverse primer: 5�- ATTGGATCCACCATCACAT
GGAACTGGTACATATGT-3� (BamHI and NdeI sites underlined); and
segment 3 forward primer: 5�-GGCTGCTAGAGCTTAACATATGTAC-3�
(NdeI site underlined) and segment 3 reverse primer: 5�-ATTGGATCCTT
ATAAATGGATCAAAAAGAATTATATTTTTTAT-3� (BamHI site under-
lined). Primers in the coding regions were designed based on previously
published sequences (Haesler et al., 2004; Teramitsu et al., 2004), and prim-
ers in the 3�-UTR region were designed based on our own results. cDNAs
made from zebra finch embryonic brains were used as template for segments
1 and 2, and the psiCHECK-2-FoxP2 3�-UTR plasmid was used as template
for segment 3. Notably, the overlapping region between segments 1 and 2
contains a BstbI restriction site, and the overlapping region between seg-
ments 2 and 3 contains an NdeI restriction site. Thus, BstbI and NdeI sites
were used as junction sites to ligate segments 1, 2, and 3. The final product
was inserted into the NheI and BamHI sites of the pcDNA3.1 expression
vector and sequence verified. To make expression plasmid constructs con-
taining mutated FoxP2 3�-UTR, we replaced the wild-type 3�-UTR with
3�-UTRs carrying mutated miR-9 or miR-140-5p binding sites as described
above.

Dual luciferase assays. SH-SY5Y cells were grown in Dulbecco’s Mod-
ified Eagle Medium/F12 supplemented with 10% fetal bovine serum.
Plasmid constructs carrying wild-type or mutant FoxP2 3�-UTRs in the
psiCHECK vector (100 ng) were cotransfected with miR-9 or miR-
140-5p mimics or a control miRNA duplex (100 nM final concentration)
into SH-SY5Y cells using Lipofectamine 2000 (Invitrogen). Cells were
harvested 48 h later and luciferase activity was assayed using the Dual-
Luciferase Reporter 1000 System (Promega) following the manufactur-
er’s protocol. Renilla luciferase (R-Luc) activity was normalized to the
internal control firefly luciferase (f-Luc) activity to control transfection
efficiency. Each transfection was performed in triplicate (three wells),
and the luciferase activities in the three wells were averaged; this averaged
result was used as the value for that transfection. The transfection was
independently performed three times; thus, for the experiment, n � 3.
The following miRNA duplexes used in the luciferase reporter assays and
in FoxP2 protein and mRNA assays (see below) were purchased from
GenePharma: 5�-UUCUCCGAACGUGUCACGUTT-3�, 5�-ACGUGA
CACGUUCGGAGAATT-3� (negative control miRNA); 5�-UCUUUG
GUUAUCUAGCUGUAUGA-3�, 5�-AUACAGCUAGAUAACAAAGA
UU-3� (miR-9); 5�-CAGUGGUUUUACCCUAUGGUAG-3�, 5�-ACCA
UAGGGUAAAACCACUGUU-3�(miR-40 –5p);and5�-UAAGGCACGC
GGUGAAUGCC-3�, 5�-CAUUCACCGCGUGCCUUAUU-3� (miR-124).

Western blot. Plasmid constructs containing the FoxP2 protein-coding
region with wild-type or mutant 3�-UTRs (2 �g) and miR-9 or miR-
140-5p or a control miRNA duplex (100 nM final concentration) were
cotransfected into SH-SY5Y cells using Lipofectamine 2000 (Invitrogen).
Cells were harvested 72 h later and proteins were isolated for Western
blot. Protein samples (40 �g per lane) were separated by SDS-PAGE
(12%) and then transferred to PVDF membranes (Bio-Rad). The mem-
branes were probed with a goat anti-Foxp2 antibody (Santa Cruz Bio-
technology, sc-21069) and signals were detected using an ECL detection
system (GE Healthcare). As an internal control, �-actin was probed with
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a mouse anti-�-actin antibody (Santa Cruz Biotechnology, sc-47778).
Transfection and Western blots were performed three times for each
miRNA. Quantification was performed using the NIH ImageJ software.

Area X tissue dissection and RNA isolation. Frozen zebra finch brains
were cut into 100 �m sagittal sections using a cryostat. Each section
(attached to a glass slide) was semifixed (70% ice-cold ETOH/PBS, 30”)
and examined under a dissecting microscope. Area X, a round structure
�1 mm in diameter, visibly stands out from the surrounding areas. We
used a syringe needle to carve and pick out Area X tissue and quickly
transfer it into lysis buffer for total RNA isolation. In general, Area X of
adult male zebra finches can be easily visualized. The youngest juveniles
included were 20 d old, an age at which we can confidently distinguish
Area X from surrounding tissues. As needed, cresyl violet-staining of
serial sagittal sections was performed to help define the medial and
lateral edges of Area X. If there was any doubt, a section was not used.
For each section, an area adjacent to Area X was also collected as a
control. Total RNA was isolated from dissected tissues using TRIZOL
reagent (Invitrogen). The quality of RNA samples was determined on
an Agilent Bioanalyzer 2000 and RNA was quantified using a Nano-
drop spectrophotometer.

Quantitative real-time PCR. To quantify miRNA, reverse transcription
and quantitative PCR (qPCR) were performed using the TaqMan @ mi-
croRNA assay Kit following the manufacturer’s protocol (Applied Bio-
systems). Briefly, reverse transcription was performed in a 15 �l reaction
mix containing 10 ng of total RNA, 3 �l of miRNA primer mix, 1 mM

dNTP, 50 U reverse transcriptase, and 3.8 u. RNase inhibitor. Reactions
were incubated at 16°C for 30 min, 42°C for 30 min followed by 85°C for
5 min. The PCR was performed in a 10 �l reaction volume containing 0.5
�l of miRNA primer and TaqMan probe mix, 1.33 �l of RT product
(diluted fivefold), and 10 �l of TaqMan Universal PCR Master Mix.
Cycling conditions were as follows: 10 min at 95°C followed by 40 cycles
of 15 s at 95°C and 1 min at 60°C. U6 small RNA was used as an internal
control following the manufacture’s recommendation. We confirmed
that U6 expression levels did not change during development or as a
function of singing behavior. Specificities of U6 small RNA and miRNA
primers have been extensively tested and established by the manufac-
turer. Sequences of U6 small RNA, miR-9, and miR-140-5p are 100%
conserved among zebra finch, human, and mouse. The Catalog Numbers
of reagents are as follows: miR-9: #4427975, 000583; miR-140-5p:
#4427975, 001187; and U6: #4427975, 001973. To measure FoxP2 and
ZENK mRNA levels, reverse transcription was performed using 50 ng of
total RNA with the iScript Reverse Transcription Supermix kit (Bio-
Rad). qPCR was performed using the iQ SYBR Green Supermix (Bio-
Rad) with the following primers: FoxP2 forward primer: 5�-GACTCATT
TCCATCCCACC-3� and reverse primer: 5�-GGTCTAGCCCTCCATG
TTTA-3� (NCBI sequence ID: NM_001048263); ZENK forward primer:
5�-CGCACAGCGTATTCTTC-3� and reverse primer: 5�-TAGCCACT
TGGGTTTGA-3� (NCBI sequence ID: EF052676.1); and GAPDH for-
ward primer: 5�-ATGGCATCCAAGGAGTAA-3� and reverse primer:
5�-GGAGACAAGGGAACAGAAC-3� (NCBI sequence ID: NM_001198610).
For all samples, reverse transcription and qPCR were performed two
times and qPCR was performed in triplicate. GAPDH was used as a
reference gene after determining that it did not change expression during
development or as a function of song behavior. The specificity of the PCR
products of FoxP2, ZENK, and GAPDH were validated by three methods:
(1) dissociation curve analysis showed a single peak for each PCR prod-
uct; (2) gel electrophoresis showed that each PCR resulted in a single
band of the correct size: 153 nt for FoxP2, 124 nt for ZENK, and 145 nt for
GAPDH; and (3) PCR products recovered from the gel were sequenced,
and all exhibited correct sequences (data not shown). Relative gene ex-
pression levels between experimental groups were determined using the
comparative Ct (2 ���Ct) method after normalizing to reference genes
(Livak and Schmittgen, 2001).

In situ hybridization. Perfused brains were cut into 12 �m sagittal
sections and sections were treated with proteinase K for 20 min, fixed in
4% paraformaldehyde (PFA) for 10 min, followed by acetylation. Brain
sections were hybridized with digoxigenin-labeled locked nucleic acid
(LNA) modified miRNA detection probes (Exiqon) in 40 �l of hybrid-
ization buffer (50% formamide, 4�SSC, 5� Denhardt’s, 0.25 �g/�l

tRNA, 0.5 �g/�l salmon sperm DNA, 20 �g/�l blocking reagent, 2.5 mM

chaps and 0.1% Tween-20) at 38�45°C overnight. Slides were then
washed two times in a wash solution (50% formamide, 1�SSC, and 0.1%
Tween 20) 30 min each, at 35°C followed by washing in 0.2�SSC for 15
min at RT. After incubating in a 3% hydrogen peroxide solution for 30
min at RT, sections were rinsed three times (PBS, 0.1% Tween 20), 1 min
each. Sections were then incubated with an antibody blocking solution
[0.1 g of block reagent (Roche), 5% serum, and 0.1%Tween 20 in TBS]
for 1 h at room temperature (RT), and then incubated with the anti-
digoxigenin antibody in blocking solution (1:500 dilution, Roche) for 1 h
at RT, followed by washing twice, 15 min each in TNT buffer (10 mM

Tris-HCl, 150 mM NaCl and 0.1% Tween-20). The sections were incu-
bated in TSA Plus Cy3 System (PerkinElmer) working solution for 10
min, and then washed three times, 5 min each, with TNT buffer and were
mounted (Vector Laboratories) for microscopic analysis. miRNA detec-
tion probes used were as follows: a negative control probe (5�-
GTGTAACACGTCTATACGCCCA-3�, Exiqon, 99004-01); a miR-9
detection probe (5�-TCATACAGCTAGATAACCAAAGA-3�, Exiqon,
88078-05); a customer designed miR-9 detection probe with four nucle-
otides mutated (5�-TCATAGAGCTACATAACCATACA-3�, underlined
are mutated nucleotides); and a double-digoxigenin labeled miR-
140-5p detection probe (5�-CTACCATAGGGTAAAACCACT-3�, Ex-
iqon, 21309-15).

Song behavior. Adult male zebra finches (120 –150 d old) were used.
Following methods used previously by other groups (Jarvis et al., 1998;
Teramitsu and White, 2006; Kojima and Doupe, 2011), song behavior of
birds was observed individually, one at a time, for a 2 h time period in the
morning (between 8:00 A.M. and 10:00 A.M. right after lights were
switched on). The nonsinging control birds either did not sing naturally
or sang �10 bouts during the observation time. If a control bird started
to sing, an observer sitting nearby waved a hand at them to interrupt
singing. Prior work has shown that distracting birds from singing does
not significantly alter gene expression in Area X compared with birds that
do not sing naturally (Hilliard et al., 2012). To quantify song production,
an observer sitting nearby counted the number of song bouts produced
by each bird and a bird that sang 100 –150 song bouts per hour during a
2 h observation time was accepted into the singing groups. For the undi-
rected song group, male birds were observed individually during the 2 h
observation period in the absence of any special treatment; they sang
alone and sang spontaneously. Since no other birds were around, songs
of this group were 100% undirected songs. For the directed song group,
female-directed singing was encouraged by presenting several females to
a male in turn (10 –15 min each) in a nearby cage over the 2 h period.
Birds that sang 	90% songs toward females accompanied with typical
male courtship behaviors including body posture and orientation were
accepted into the directed-song group. After behavioral observation,
birds were killed, and brains were collected and frozen immediately for
subsequent processing.

Results
Characterization of the FoxP2 3�-UTR and identification of
miRNA binding sites
Northern blot analysis detects several FoxP2 transcripts, including a
major transcript of 6.5 kb, in the zebra finch brain and other tissues
(Haesler et al., 2004). However, the zebra finch FoxP2 protein is
�710 aa long (Haesler et al., 2004; Teramitsu et al., 2004), raising the
possibility that the FoxP2 gene may have a long 3�-UTR, and, there-
fore, it might be regulated post-transcriptionally by miRNAs. To
clone and characterize the full-length sequence of the zebra finch
FoxP2 3�-UTR, we used an approach combining bioinformatic
sequence analysis with PCR-based cDNA amplification. By
searching the National Center for Biotechnology Information
(NCBI) database, we obtained a partial sequence of 327 nt, im-
mediately downstream from the zebra finch FoxP2 stop codon
(Haesler et al., 2004; Teramitsu et al., 2004). Based on this se-
quence, we designed a FoxP2 3�-UTR 5� PCR primer. Other PCR
primers were designed based on genomic sequences downstream
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from the protein coding region, taking advantage of the fact that
segments of the zebra finch sequence are highly homologous to
the sequence of the last exon (exon 17) of the human FOXP2
gene. We performed PCR amplification using cDNA templates
made from embryonic zebra finch brains and assembled a cDNA
fragment of 3846 nt (see Materials and Methods). This cDNA
fragment mapped to the zebra finch FoxP2 locus, from the first
nucleotide immediately downstream of the stop codon and con-
tinuing downstream without interruption, and contained a poly-
adenylation signal at the 3�-end. The 5�-most portion of this
fragment aligned perfectly with the first 327 nt of the FoxP2 3�-
UTR reported previously (Haesler et al., 2004). This 3846 nt
cDNA fragment shared �96% sequence identity with the 3�-UTR
portion of exon 17 of the human FOXP2 gene. We also searched
for, but did not find, sequences of exon-intron junctions in the
3846 nt sequence segment. Thus, this 3846 nt sequence likely
represents the zebra finch FoxP2 3�-UTR. We used this sequence
for subsequent miRNA binding site analysis.

Binding of an miRNA to its target genes requires complemen-
tary base pairing between specific sequence elements in a 3�-UTR
and nucleotides 2– 8 of the 5� region of an miRNA, commonly
referred to as the seed sequence (Lewis et al., 2003; John et al.,
2004; Brennecke et al., 2005; Krek et al., 2005; Bartel, 2009). We
searched the FoxP2 3�-UTR for sequences complementary to seed
sequences of miRNAs using the commonly used target prediction
software package Targetscan (Friedman et al., 2009). One hun-
dred and ninety-three zebra finch miRNAs, which were recently
annotated by profiling miRNA expression in zebra finch brain
and other tissues (Luo et al., 2012), were included in the binding
site search. Sequence analysis revealed numerous miRNA bind-
ing sites in the 3846 nt FoxP2 3�-UTR, including two binding sites
for miR-9 and one binding site for miR-140-5p, respectively,
located 826, 1472, and 51 nt downstream from the stop codon of
the protein coding region (Fig. 1A). Both miR-9 and miR-140-5p
are known to be expressed in the striatum of mammals, a region
where FOXP2 is expressed (Lai et al., 2003; Landgraf et al., 2007;
Pena et al., 2009). Because conserved base pairing between
miRNA seed sequences and their binding sites are often used to
eliminate false-positive predictions (Krek et al., 2005; Lewis et al.,
2005) and the sequence of the FOXP2 gene is highly conserved
through evolution, we also searched for binding sites for miR-9
and miR-140-5p in the 3�-UTRs of the FOXP2 genes of chickens,
mice, chimpanzees, and humans. As expected, the two miR-9
binding sites and the miR-140-5p binding site and their sur-
rounding sequences were conserved in the FOXP2 3�-UTRs at
orthologous positions in these vertebrate species (Fig. 1B,C).
Together, this molecular cloning and sequence analysis results
suggest that FoxP2 is a likely target of miR-9 and miR-140-5p.
The conservation of miR-9 and miR-140-5p binding sites in the
FOXP2 3�-UTRs among higher vertebrates provides further evi-
dence that the regulatory relationships between FOXP2 and
miR-9 and miR-140-5p are likely to be authentic and biologically
functional.

miR-9 and miR-140-5p target specific sequences in the
FoxP2 3�-UTR
We used luciferase reporter assays to experimentally determine
whether miR-9 and miR-140-5p target their predicted binding
sites in the FoxP2 3�-UTR. We inserted the 3846 nt zebra finch
FoxP2 3�-UTR sequence downstream of the luciferase gene in a
dual luciferase reporter plasmid vector, which allowed us to as-
sess the effects of miR-9 or miR-140-5p on the FoxP2 3�-UTR
based on luciferase activity in transfected cells (Fig. 2A). SH-

SY5Y cells were used because these cells do not endogenously
express FOXP2 (data not shown). We found that miR-9 had no
effect on a control construct that did not contain the FoxP2 3�-
UTR. In contrast, when co-transfected with the construct con-
taining the FoxP2 3�-UTR (Luc-FoxP2 3�-UTR), miR-9 repressed
luciferase activity by 40% compared with the negative control
miRNA (t(4) � 18.33, p � 0.001, Student’s t test) (Fig. 2C). To
determine whether the downregulatory effect of miR-9 was
sequence-specific, we made three mutant luciferase reporter con-
structs (see Materials and Methods), carrying mutations in
miR-9 binding site 1 (miR-9mb1), binding site 2 (miR-9mb2),
and binding sites 1 plus 2 (miR-9mb1 � 2) (Fig. 2B), and tested
these mutant constructs in SH-SY5Y cells. The targeting effects of
miR-9 were partially relieved when either binding site 1 or bind-
ing site 2 was mutated (t(4) � 9.38, p � 0.001 for binding site 1
mutant; t(4) � 16.5, p � 0.001 for binding site 2 mutant, Student’s
t test). The targeting effect was completely abolished when both
binding sites were mutated (p � 0.445) (Fig. 2C). In a similar
experiment, we found that when co-transfected with a construct
containing a wild-type FoxP2 3�-UTR, miR-140-5p repressed lu-
ciferase activity by 27% compared with the control miRNA
(t(4) � 10.79, p � 0.001, Student’s t test). This downregulatory

Figure 1. The zebra finch FoxP2 3�-UTR contains two miR-9 binding sites and one miR-
140-5p binding site. A, The two miR-9 binding sites are 826 and 1472 nt downstream from the
stop codon and the miR-140-5p binding site is 51 nt downstream from the stop codon. B, C, The
sequences of the miR-9 binding sites and the miR-140-5p binding site are conserved in higher
vertebrates. The seed sequences of miR-9 and miR-140-5p and their corresponding binding
sites are highlighted in blue.
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effect was completely abolished when the miR-140-5p binding
site was mutated (p � 0.65) (Fig. 2D).

miR-9 and miR-140-5p directly regulate FoxP2 protein and
mRNA expression
We tested whether miR-9 and miR-140-5p directly regulate zebra
finch FoxP2 protein and mRNA expression in cell culture. We
cloned the full-length zebra finch FoxP2 protein coding region
(isoform I) by PCR amplification using cDNA templates made
from embryonic zebra finch brains and primers designed based
on previously published sequences (Haesler et al., 2004; Tera-
mitsu et al., 2004). We inserted the protein coding region se-
quence together with the 3846 nt wild-type 3�-UTR into the
pcDNA3 expression vector to obtain a plasmid construct
pcDNA3-FoxP2-3�-UTRwt, containing the full-length cDNA.
When this plasmid was transfected into SH-SY5Y cells, a FoxP2
protein of �80 kDa was detected using an anti-human FOXP2
antibody by Western blot analysis. Using the same antibody, a
protein of the same size was also detected in tissue lysates ob-
tained from Area X of a 45-d-old male zebra finch (Fig. 3A),
consistent with previous findings by others (Haesler et al., 2004;
Miller et al., 2008). We co-transfected the plasmid pcDNA3-
FoxP2-3�-UTRwt with miR-9 into SH-SY5Y cells, and found that
miR-9 significantly downregulated zebra finch FoxP2 protein ex-
pression compared with a control miRNA duplex (t(4) � 35.69,
p � 0.01, Student’s t test) (Fig. 3B,D). We also made a plasmid
construct, pcDNA3-FoxP2-miR-9mb1 � 2, in which both miR-9
binding sites in the FoxP2 3�-UTR were mutated. When this plas-
mid was co-transfected with miR-9 into SH-SY5Y cells, the

downregulatory effect of miR-9 on FoxP2 protein expression was
completely abolished (p � 0.944) (Fig. 3B,D). In a similar exper-
iment, miR-140-5p downregulated FoxP2 protein expression
when co-transfected with a construct containing a wild-type 3�-
UTR (t(4) � 7.73, p � 0.01, Student’s t test), and the downregu-
latory effect was completely abolished when the miR-140-5p
binding site was mutated (p � 0.56) (Fig. 3C,E). Additionally, in
separate experiments run in parallel, we tested miR-124, a widely
expressed brain-specific miRNA that does not have a binding site
in the FoxP2 3�-UTR. We found that miR-124 had no effect on
FoxP2 protein expression compared with the control miRNA
whether the expression construct contained a wild-type or a mu-
tant 3�-UTR (p � 0.774 for wild-type 3�-UTR; p � 0.776 for
miR-9 binding site mutant; p � 0.61 for miR-140-5p binding site
mutant, Student’s t test) (Fig. 3B–E).

We also performed real-time qPCR (RT-qPCR) to measure
the effects of miR-9 and miR-140-5p on FoxP2 mRNA expression
in SH-SY5Y cells. We found that miR-9 downregulated FoxP2
mRNA expression when it was co-transfected with the plasmid
construct containing a wild-type FoxP2 3�-UTR (pcDNA3-
FoxP2-3�-UTRwt) compared with a control miRNA (t(4) �
10.39, p � 0.01, Student’s t test) (Fig. 3F). The ability of miR-9 to
downregulate FoxP2 mRNA expression was abolished when both
miR-9 binding sites in the FoxP2 3�-UTR were mutated (p �
0.769) (Fig. 3F). Similarly, we found that miR-140-5p downregu-
lated FoxP2 mRNA expression when it was co-transfected with
the plasmid construct containing a wild-type FoxP2 3�-UTR
(pcDNA3-FoxP2-3�-UTRwt) compared with a control miRNA
(t(4) � 6.70, p � 0.01, Student’s t test), and the downregulation

Figure 2. miR-9 and miR-140-5p target specific sequences in the FoxP2 3�-UTR. A, Luciferase reporter constructs containing no FoxP2 3�-UTR, a wild-type FoxP2 3�-UTR, and FoxP2 3�-UTRs with
miR-9 binding site 1, binding site 2, or binding sites 1 � 2 mutated. B, Mutated binding sites of miR-9 and miR-140-5p (mutated nucleotides in red). C, miR-9 significantly repressed luciferase
activity when co-transfected with a luciferase reporter construct containing a wild-type FoxP2 3�-UTR compared with a control miRNA duplex (***p � 0.001). Repression was partially abolished
when miR-9 binding site 1 (miR-9mb1) or binding site 2 (miR-9mb2) was mutated (***p � 0.001 for both mutants), and repression was completely abolished when both binding sites (miR-9mb1
� 2) were mutated ( p � 0.445). D, miR-140-5p repressed luciferase activity when co-transfected with a luciferase reporter construct containing a wild-type FoxP2 3�-UTR compared with a control
miRNA duplex (***p � 0.001), and repression was abolished when the miR-140-5p binding site (miR-140-5pmb) was mutated ( p � 0.65). Transfection was performed three times, thus n � 3 for
each experimental group. To control for transfection efficiency, R-Luc activity was normalized to the internal control f-Luc activity. Data are mean 
 SEM. Statistical analysis was performed with
Student’s t test.
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effect was abolished when the miR-140-5p binding site in the
FoxP2 3�-UTR was mutated (p � 0.085) (Fig. 3G). Again, in these
co-transfection assays, miR-124 had no effect on FoxP2 mRNA
expression regardless of whether the expression construct con-
tained a wild-type or a mutant 3�-UTR (p � 0.825 for wild-type
3�-UTR; p � 0.365 for miR-9 binding site mutant; p � 0.9225 for
miR-140-5p binding site mutant, Student’s t test) (Fig. 3F,G).

The expression of miR-9 and miR-140-5p in Area X of the
zebra finch brain is regulated during vocal development
In the zebra finch brain, Area X is a song nucleus located in the
dorsal–medial striatum. It is part of the cortico-striatal-thalamo-
cortical loop that processes song related sensory-motor learning
in juvenile zebra finches (Sohrabji et al., 1990; Scharff and Not-
tebohm, 1991; Doupe et al., 2005). To establish functional roles
of miR-9 and miR-140-5p in the zebra finch brain, we performed
in situ hybridization on brain sections of adult male zebra finches
(120 d of age or older) using LNA-modified miRNA detection
probes. We found that miR-9 was abundantly expressed in most
brain regions, including the cortical regions, striatum, dorsal
thalamus, and the cerebellum (Fig. 4A–O). Notably, the expres-
sion pattern of miR-9 overlapped, but was distinct from that of
FoxP2. In the zebra finch brain, FoxP2 is prominently expressed
in the striatum, dorsal thalamus, and the Purkinje cell layer of the
cerebellum (Haesler et al., 2004; Teramitsu et al., 2004). In addi-
tion to these regions, miR-9 is also expressed in regions where low
or little FoxP2 is expressed. Within the song control circuit,
miR-9 is expressed in major song system nuclei including Area X,
HVC (used as a proper name), the vocal motor nucleus robustus

arcopallialis (RA), and the lateral magnocellular nucleus of the
anterior nidopallium (LMAN). In Area X, a large majority of cells
exhibited miR-9 expression (Fig. 4L,M). Despite the fact that we
used a LNA-modified probe labeled with digoxygenin at both 5�
and 3�-ends, we could not reliably detect miR-140-5p signal in
Area X or the cerebellum, probably due to its low expression.

Male juvenile zebra finches begin to sing at �30 d of age; they
imitate their tutor’s song and use auditory feedback to guide their
vocal motor outputs. By 90 d, birds have reached sexual maturity,
and their songs become stabilized and resemble their tutor’s song
(Immelmann, 1969; Eales, 1985; Tchernichovski et al., 2001).
During this time, a cascade of molecular, cellular, and physiolog-
ical changes occur in the song system (for review, see Doupe et al.,
2004; Mooney, 2009; Kirn, 2010; White, 2010). We examined the
expression levels of miR-9 and miR-140-5p in Area X of male
zebra finches at 20, 30, 45, 60, and 100 d of age, as these ages
represent milestone stages during vocal development. Because
singing behavior may activate gene expression, to minimize po-
tential compounding effects, all birds were collected in the morn-
ing after room lights were switched on, but before onset of
singing. We dissected out Area X tissues (Fig. 5A–D), isolated
RNA, and performed RT-qPCR to quantitatively measure the
expression levels of miR-9 and miR-140-5p in Area X.

We found that the expression levels of miR-9 in Area X fol-
lowed a U-shaped pattern during vocal developmental. At 20 d of
age, when Area X is well formed but before juveniles begin to sing,
miR-9 was already prominently expressed in Area X; at 45 d of
age, when birds are actively learning to sing, miR-9 was at its
lowest. As birds practice their song, miR-9 expression increased

Figure 3. miR-9 and miR-140-5p downregulate FoxP2 protein and mRNA expression. A, Western blot detection of an �80 kd FoxP2 protein from Area X tissue of a 45-d-old male zebra finch and
from SH-SY5Y cells transfected with the plasmid pcDNA3-FoxP2-3�-UTRwt, which contained the FoxP2 protein coding region and a wild-type 3�-UTR. B, C, Representative Western blot images
showing that miR-9 and miR-140-5p downregulated FoxP2 protein expression in co-transfection assays. �-actin was used as a loading control. D, Quantification of Western blot experiments shows
that miR-9, but not miR-124, downregulated FoxP2 protein compared with a control miRNA duplex (**p � 0.01) and that downregulation was abolished when the two miR-9 binding sites in the
FoxP2 3�-UTR were mutated (miR-9mb1 � 2) ( p � 0.944). E, In similar transfection experiments, miR-140-5p downregulated FoxP2 protein (**p � 0.01), and downregulation was abolished
when the miR-140-5p binding site was mutated (miR-140-5pmb) ( p � 0.56). F, G, miR-9 and miR-140-5p also downregulated FoxP2 mRNA expression as measured by RT-qPCR (**p � 0.01 for
miR-9; **p � 0.01 for miR-140-5p), and downregulation was abolished when the binding sites of miR-9 or miR-140-5p were mutated ( p � 0.769 for miR-9; p � 0.085 for miR-140-5p). For
RT-qPCR, �-actin was used as an internal control. Transfection was performed three times, thus n � 3 for each experimental group. Data are mean 
 SEM; statistical analysis was performed with
Student’s t test.
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and reached its highest level when birds reach adulthood and
their songs become crystallized (F(4,27) � 7.35, p � 0.001, one-
way ANOVA) (Fig. 5E). The expression levels of miR-140-5p,
parallel to that of miR-9, decreased from 20 to 45 d of age, and
then increased, reaching its highest level in adults (F(4,27) � 26.79,
p � 0.001, one-way ANOVA) (Fig. 5F). We also examined FoxP2
mRNA expression in Area X of the same age groups. Consistent
with previous findings by others (Haesler et al., 2004), FoxP2
expression increased from 20 to 45 d of age and then decreased as
birds matured into adulthood (F(4,27) � 36.1, p � 0.001, one-way
ANOVA) (Fig. 5G). We further applied Tukey’s honest signifi-
cant difference (Tukey’s HSD) method for multiple comparisons
among different age groups. The expression level of miR-9 at 45 d
was significantly different from those for other ages (p � 0.01 for

45 d vs 20 d; p � 0.05 for 45 d vs 30 d; p � 0.01 for 45 d vs 60 d; and
p � 0.001 for 45 d vs adults, Tukey’s HSD). The expression levels
of miR-140-5p for the 45 d and the adult groups were signifi-
cantly different from those for other age groups (p � 0.001 for
comparisons between the 45 d and all other age groups; p � 0.01
for adults vs 20 d; p � 0.001 for adults vs 30 d; p � 0.01 for adults
vs 60 d, Tukey’s HSD). The expression levels of FoxP2 for the 45 d
and the adult groups were significantly different from those for
other age groups (p � 0.001 for 45 d vs 20 d; p � 0.05 for 45 d vs
30 d; p � 0.01 for 45 d vs 60 d; p � 0.001 for 45 d vs adults; p �
0.001 for comparisons between the adult and all other age groups,
Tukey’s HSD). The changes in the expression of miR-9 and miR-
140-5p in the opposite direction of that of FoxP2 during vocal
development support the roles of miR-9 and miR-140-5p in reg-

Figure 4. In situ hybridization showing the expression of miR-9 in Area X of adult male zebra finches. A, A sagittal brain section hybridized with an miR-9 detection probe (Cy3). B, The same brain
section as in A stained with DAPI. C, Cresyl violet staining of an adjacent brain section. D, A schematic diagram indicating the positions of Area X and HVC in a sagittal section of a zebra finch brain.
E, G, A mutated miR-9 detection probe and a negative control probe detected no miR-9 signal. F, H, DAPI staining of the same brain sections as in E and G. I–K, miR-9 signal in Area X, HVC, and
cerebellum Purkinje cell layer. L, A higher-magnification image showing miR-9 signal in Area X cells. M, The same section as in L showing DAPI-stained nuclei. Note the cytoplasmic localization of
the miR-9 signal. N, A higher-magnification image showing that no signal was detected using a mutated miR-9 probe. O, The same section as in N stained with DAPI. P, Area X region hybridized with
an miR-140-5p detection probe. Q, DAPI staining of the same section as in P. R, Area X hybridized with a negative control probe. S, DAPI staining of the same section as in R. In all images, Cy3
fluorescence signals are in red and DAPI signals are in blue. Scale bars: A–H, 1 mm; I–K, 100 �m; L–O, 5 �m; P–S, 10 �m.
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ulating FoxP2. We assessed the specificity of the RT-qPCR prod-
ucts by gel electrophoresis and found that all PCRs resulted in
single bands with correct sizes (153 nt for FoxP2, 124 nt for
ZENK, 145 nt for GAPDH, and 106 nt for U6) (Fig. 5H). We also
sequenced the PCR amplified DNA fragments corresponding to
FoxP2, ZENK, GAPDH, and U6, and obtained correct sequences
(data not shown).

The expression of miR-9 and miR-140-5p in Area X is
regulated as a function of the social context of singing
behavior
The higher expression of miR-9 and miR-140-5p in Area X of
adult male zebra finches compared with juveniles implicates
these miRNAs in the maintenance of the adult song circuit and in
song performance. Teramitsu and White have shown that FoxP2
is downregulated in Area X in adult males singing undirected
songs (2006). The molecular mechanism of this social context-
dependent FoxP2 downregulation is not known. Because miR-
NAs generally downregulate gene expression, we reasoned that if
FoxP2 downregulation is mediated by miR-9 and miR-140-5p,
these miRNAs should be upregulated as a function of the same
song behavior. To test whether this is the case, we examined the
expression of miR-9 and miR-140-5p in Area X of adult male
zebra finches singing directed or undirected songs.

Following behavioral paradigms previously used by other
groups (Jarvis et al., 1998; Teramitsu and White, 2006; Kojima
and Doupe, 2011), we collected three groups of adult male zebra
finches: (1) nonsinging controls; (2) birds that sang female-
directed songs for 2 h; and (3) birds that sang undirected songs
for 2 h. Birds in Group 2 sang 	90% female-directed songs, and
birds in Group 3 sang 100% undirected songs. Because gene ex-
pression levels often correlate with the amount of songs produced
(Jarvis and Nottebohm, 1997; Li et al., 2000), to avoid confound-
ing effects introduced by variations in the amount of singing,
birds were only accepted into the singing groups if they sang
100 –150 bouts per hour during the 2 h observation period. After
behavioral observation, brains were collected and Area X tissues
were dissected out. We isolated total RNAs and performed RT-
qPCR to measure the expression levels of miR-9 and miR-140-5p.
We found that miR-9 expression increased significantly in Area X
of undirected singers compared with nonsinging controls (t(15) �
�4.40, p � 0.001, Student’s t test). In contrast, miR-9 expression
remained constant in female-directed singers (p � 0.82) (Fig.
6A). In the same set of birds, the expression of miR-140-5p in-
creased significantly in Area X of undirected singers compared
with nonsinging controls (t(15) � �7.82, p � 0.001, Student’s t
test), but did not change in female-directed singers (p � 0.40)
(Fig. 6B). In the same birds, consistent with previous findings

Figure 5. The expression of miR-9 and miR-140-5p in Area X is regulated during vocal development. A, B, Sagittal brain sections of an adult and a 20-d-old juvenile male zebra finch showing the
song nucleus Area X. C, D, The same juvenile brain section as in B before and after dissecting out Area X. E–G, The relative expression levels of miR-9, miR-140-5p, and FoxP2 in Area X in 20-, 30-,
45-, and 60-d-old and adult male zebra finches as measured by RT-qPCR. The relative expression levels in animals 30 d and older were normalized to the 20 d group. U6 small RNA was used as a
reference for miR-9 and miR-140-5p, and GAPDH was used as a reference for FoxP2. Neither U6 nor GAPDH changed expression during development. n � 6 for the 20 d, 45 d, and adult groups, and
n � 7 for the 30 d and 60 d groups. Data are mean 
SEM; p � 0.001 for miR-9, miR-140-5p, and FoxP2 (one-way ANOVA). H, Gel electrophoresis shows that all qPCRs resulted in single bands with
correct sizes of 153 nt for FoxP2, 124 nt for ZENK, 145 nt for GAPDH, and 106 nt for U6.
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(Teramitsu and White, 2006), FoxP2 mRNA expression in Area X
decreased significantly in undirected singers compared with
nonsinging controls (t(15) � 5.49, p � 0.001, Student’s t test), but
did not change in female-directed singers (p � 0.325) (Fig. 6C).

The immediate early gene ZENK is known to be highly acti-
vated in Area X of adult males upon singing undirected songs
(Jarvis et al., 1998). We also tested ZENK mRNA expression in
the same set of samples. Consistent with previous findings, ZENK
expression was upregulated in males that sang undirected songs
compared with nonsinging controls (t(15) � �12.64, p � 0.001,
Student’s t test), but was not upregulated in birds that sang
female-directed songs (p � 0.1396) (Fig. 6D). To further assess
whether singing-induced changes in miRNA expression were
specific to Area X, we tested whether miR-9 and miR-140-5p
were regulated in striatal tissues immediately adjacent to Area X
in the same set of birds. We found that the expression of miR-9
and miR-140-5p did not change whether the birds sang or not.
Similarly, neither the expression of FoxP2 nor the expression of
ZENK changed in striatal tissues adjacent to Area X upon singing
either directed or undirected songs (Fig. 6A–D).

Discussion
Our results highlight the importance of sequence motifs in the
FoxP2 3�-UTR and the roles of miRNAs in regulating FoxP2 ex-
pression. The binding sites of both miR-9 and miR-140-5p in the
FoxP2 3�-UTR are conserved in higher vertebrates, including
mice, chimpanzees, and humans, suggesting that the regulatory
relationships between miR-9 and miR-140-5p and FoxP2 are evo-
lutionarily conserved. The �4-kb-long FoxP2 3�-UTR provides
numerous opportunities for this gene to be regulated by multiple
miRNAs. Recently, Clovis et al. (2012) reported that miR-9 and
miR-132 regulate foxp2 expression in mouse embryonic brain. In

a separate study, we also found that miR-9 and miR-140-5p reg-
ulated the human FOXP2 gene (Li, unpublished data). In hu-
mans, a heterozygous missense mutation in the FOXP2 protein
coding region (e.g., R553H) results in a FOXP2 protein with
compromised DNA binding and transactivation activities. The
reduced functional dosage of the FOXP2 protein presumably is
the etiological basis underlying speech and language impair-
ments (Lai et al., 2001; Vernes et al., 2006). Our results and the
results of Clovis et al. (2012) demonstrating that FOXP2 expres-
sion can be quantitatively regulated by multiple miRNAs raise the
possibility that sequence variations in the FOXP2 3�-UTR, par-
ticularly in miRNA binding sites, contribute to dysregulation
and/or functional variations in FOXP2 expression.

The amino acid sequences of the FOXP2 protein are highly
conserved; the human FOXP2 protein differs from primate,
mouse, and zebra finch versions by two, three, and eight amino
acids, respectively (Lai et al., 2001; Zhang et al., 2002; Haesler et
al., 2004; Teramitsu et al., 2004). The two amino acid residues
that are unique to the human FOXP2 protein are thought to have
been evolutionarily selected, and are thought to contribute criti-
cally to the unique speech and language capacity of humans
(Enard et al., 2002, 2009; Enard, 2011). The nucleotide sequences
in the FOXP2 3�-UTRs in humans and zebra finches share 96%
sequence identity, but are less conserved compared with the
amino acid sequences. In addition to evolutionarily conserved
miRNAs (e.g., miR-9 and miR-140-5p), each animal species has
evolved its own unique set of miRNAs. Some of these may regu-
late the FOXP2 gene in a species-specific manner. Thus, subtle
sequence variations in the FOXP2 3�-UTRs and differences in
miRNA repertoires in combination may influence species spe-
cific vocal capabilities.

Figure 6. miR-9 and miR-140-5p are upregulated in Area X of adult male zebra finches singing undirected songs. A, B, Singing undirected but not singing directed songs upregulated the
expression of miR-9 (***p � 0.001 for the undirected song group; p � 0.82 for the directed song group) and miR-140-5p (***p � 0.001 for the undirected song group; p � 0.40 for the directed
song group) in Area X of adult male zebra finches. C, FoxP2 mRNA expression in Area X was downregulated in adult males singing undirected songs, but was unchanged in birds singing directed songs
(***p � 0.001 for the undirected songs group; p � 0.325 for the directed song group). D, The expression of the immediate early gene ZENK in Area X was upregulated in males singing undirected
songs (***p � 0.001 for the undirected song group; p � 0.325 for the directed song group). Note there was no change in the expression of miR-9, miR-140-5p, FoxP2, and ZENK in striatal tissues
immediately adjacent to Area X in the same set of birds (A–D). The relative expression levels of miR-9, miR-140-5p, FoxP2, and ZENK in all samples were measured by RT-qPCR. U6 small RNA was used
as an internal control for miR-9 and miR-140-5p, and GAPDH was used as an internal control for FoxP2 and ZENK. Neither U6 nor GAPDH changed expression by song behavior. n�8 for the undirected
song group; n � 9 for both the nonsinging and the directed song groups. Data are mean 
 SEM. Statistical analysis was performed using Student’s t test.
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miR-9 is one of the most abundantly expressed brain-specific
vertebrate miRNAs (Lagos-Quintana et al., 2001; Landgraf et al.,
2007; Luo et al., 2012), and it is prominently expressed in Area X
and other regions in the zebra finch brain (Fig. 4). In contrast, we
could not reliably detect miR-140-5p signal in Area X by in situ
hybridization, possibly due to its low expression. When RT-
qPCR was used to measure miR-9 and miR-140-5p expression
levels in adult Area X, the Ct values (defined as the number of
amplification cycles needed for reaching a detectable threshold)
for miR-9 and miR-140-5p were 22.11 
 0.02 and 28.78 
 0.04
(n � 9), respectively, indicating that the expression level of miR-
140-5p was much lower than that of miR-9. Similarly, when RNA-
sequencing (RNA-seq) was used to measure miRNA expression
levels in Area X, miR-9 and miR-140-5p were represented by 75,139
and 357 reads respectively (X. C. Li, unpublished results). The ex-
pression pattern of miR-9 overlaps but differs from the expression
pattern of FoxP2. For example, miR-9 is abundantly expressed in
HVC, where little FoxP2 mRNA is detected (Haesler et al., 2004;
Teramitsu et al., 2004), suggesting that functions of miR-9 are not
restricted to Area X or to regulating FoxP2. Rather, miR-9 (and pos-
sibly miR-140-5p) may have broad functions in the zebra finch brain
by regulating target genes in addition to FoxP2.

The expression levels of miR-9 and miR-140-5p in Area X are
opposite from that of FoxP2 (Haesler et al., 2004; Teramitsu et al.,
2004) (Fig. 5G): lower at 45 d and higher in adults, consistent with
their roles in downregulating FoxP2 in Area X. Experimentally
reducing FoxP2 expression in Area X impairs neuronal dendritic
development and song learning in juvenile zebra finches (Haesler
et al., 2007; Schulz et al., 2010). It is likely that miR-9 and miR-
140-5p, via regulating FoxP2 and possibly other genes, play a role
in modulating dendritic structure and vocal learning. Interest-
ingly, neither the expression of miR-9 and miR-140-5p nor the
expression of FoxP2 in Area X is linear during vocal development.
It appears that 45 d of age is a turning point, possibly reflecting
two overlapping but temporally distinct phases during the struc-
tural and functional development in Area X. We note that the fact
that the expression of miR-9 and miR-140 –5p is in the opposite
direction of the expression of FoxP2 is also consistent with the
possibility that miR-9 and miR-140-5p are negatively regulated
by FoxP2. Recent studies have indicated that miRNAs are among
the downstream genes regulated by FOXP2 (Vernes et al., 2011).
Further mapping of the promoter sequences of miR-9 and miR-
140-5p should reveal molecular mechanisms controlling the ex-
pression of these two miRNAs.

The decrease in FoxP2 expression when juveniles mature into
adulthood occurs relatively slowly (over weeks or months),
whereas the downregulation of FoxP2 in adult males singing un-
directed songs occurs relatively rapidly (within hours). These
different temporal patterns argue that FoxP2 might be regulated
by distinct molecular mechanisms in juveniles and adults, and
that the downregulation of FoxP2 in undirected singers may be
mediated via mRNA degradation rather than transcriptional re-
pression. The upregulation of miR-9 and miR-140-5p in the same
birds is consistent with their roles in downregulating FoxP2 post-
transcriptionally. Activity-dependent upregulation or down-
regulation of gene expression in the song system has been
observed when birds sing or hear songs (Mello et al., 1995; Jarvis
and Nottebohm, 1997; Kimpo and Doupe, 1997; Li et al., 2000;
Hilliard et al., 2012). While gene activation is often attributed to
Ca 2� influx triggered by neuronal firing (Finkbeiner and Green-
berg, 1998; Tao et al., 1998), the mechanisms of gene downregu-
lation are not clear. Song-induced miRNA-mediated mRNA

degradation provides a means to rapidly adjust gene expression
levels in response to behavioral or environmental changes.

Compared with a directed song, syllables in an undirected
song are more variable, and they are accompanied by increased
neural activities and more variable neuronal firing patterns in
Area X (Jarvis et al., 1998; Hessler and Doupe, 1999; Teramitsu
and White, 2006; Kojima and Doupe, 2011). Directed singing is
thought to represent a stereotyped “performance” of a learned
song, whereas undirected singing reflects “off-duty” practice of a
song with higher motor variability, which allows exploratory vo-
cal space (Jarvis et al., 1998; Kojima and Doupe, 2011). The
downregulation of FoxP2 in Area X during undirected singing is
postulated to relieve repression of downstream genes related to
exploratory vocal behavior (Teramitsu and White, 2006). Ex-
panding upon previous findings, our observations reveal a
miRNA-FoxP2 gene regulation network that is dynamically reg-
ulated each time birds sing a socially engaged song. miR-9 has
been implicated in vertebrate embryonic brain development in
several recent studies (Shibata et al., 2008; Gao, 2010; Clovis et al.,
2012). Broadening the roles for miR-9 and miR-140-5p in adult
brains, our results suggest that the functional state of a mature
neural circuit for a social vocal behavior is constantly influenced
by its ongoing behavioral output via miRNA-mediated gene reg-
ulation. We note that FoxP2 expression in Area X is higher in
juveniles when the song circuit is more plastic than in adults. It is
possible that as the song circuit matures, accompanied by dimin-
ished plasticity, the roles of FoxP2 transition from promoting
circuit plasticity to maintaining circuit stability. The miRNA-
FoxP2 regulatory network in adult Area X may be part of the
homeostatic maintenance of the dynamic, yet relatively stable,
mature circuit. This process, while replenishing cellular compo-
nents, may allow moderate circuit plasticity. Further work will be
needed to address why miR-9, miR-140-5p, and FoxP2 are regu-
lated as a function of undirected singing, but not directed singing,
and how the miRNA-FoxP2 regulatory network contributes to
variability in song and neuronal firing patterns.

In summary, our results reveal that two miRNAs, miR-9 and
miR-140-5p, regulate FoxP2 expression posttranscriptionally by
targeting its 3�-UTR. We also provide evidence, for the first time,
that the expression of these two miRNAs is regulated during vocal
development and is regulated as a function of the social context of
singing behavior in a basal ganglia nucleus required for vocal
learning in zebra finches. In mammals, both miR-9 and miR-
140-5p are known to be expressed in the striatum (Landgraf et al.,
2007; Pena et al., 2009), a region important for speech and lan-
guage in humans and where FOXP2 is expressed (Lai et al., 2003).
As the binding sites for both miR-9 and miR-140-5p in the
FOXP2 3�-UTR are evolutionarily conserved, these miRNAs are
likely to play a role, via regulating FOXP2, in the development
and function of speech and language in humans.
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