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Proper dendritic elaboration of neurons is critical for the for-
mation of functional circuits during brain development. Defects
in dendrite morphogenesis are associated with neuropsychiatric
disorders, and microRNAs are emerging as regulators of aspects
of neuronal maturation such as axonal and dendritic growth,
spine formation, and synaptogenesis. Here, we show that miR-
214 plays a pivotal role in the regulation of dendritic develop-
ment. Overexpression of miR-214 increased dendrite size and
complexity, whereas blocking of endogenous miR-214-3p, a
mature form of miR-214, inhibited dendritic morphogenesis.
We also found that miR-214-3p targets quaking (Qki), which
is implicated in psychiatric diseases such as schizophrenia,
through conserved target sites located in the 3�-untranslated
region of Qki mRNA, thereby down-regulating Qki protein lev-
els. Overexpression and knockdown of Qki impaired and
enhanced dendritic formation, respectively. Moreover, overex-
pression of Qki abolished the dendritic growth induced by miR-
214 overexpression. Taken together, our findings reveal a cru-
cial role for the miR-214-Qki pathway in the regulation of
neuronal dendritic development.

Neurons are highly polarized cells composed of the following
two structurally and functionally distinct processes: the axon,
which relays information to other neurons, and the dendrites,
which receive information inputs from other neurons (1). The
dendrites are the primary site in neurons where synapse forma-
tion and signal integration occur, with dendrite size and the
extent of arborization determining the number and distribu-
tion of innervating axons and functional synapses (2, 3).
Because dendrites play a critical role in defining the synaptic
input, regulation of their growth is profoundly important for
the establishment of functional neuronal networks (4, 5). Con-
sequently, impaired dendritic growth is associated with a
broader class of neurodevelopmental disorders, including psy-

chiatric diseases (6). However, the mechanisms governing den-
dritic growth remain to be fully elucidated.

MicroRNAs (miRNAs)3 are small noncoding RNAs that
function as modulators of gene expression at the post-tran-
scriptional level and thereby influence many biological pro-
cesses, including cellular proliferation, differentiation, and apo-
ptosis. Primary miRNAs (pri-miRNAs) are transcribed from
DNA and are processed into precursor miRNAs (pre-miRNAs)
by the Drosha complex in the nucleus. The pre-miRNAs are
transported from the nucleus to cytoplasm and are processed
into mature miRNAs by Dicer. Mature miRNAs bind to the
3�-untranslated region (3�UTR) of target mRNAs and nega-
tively regulate gene expression by inhibiting translation or
mRNA degradation (7, 8). Recent studies have shown that
miRNAs act as regulators of neurodevelopment and dysregula-
tion, which may contribute to neurological disorders (9, 10).
For example, miR-9 negatively regulates axonal growth and
branching by targeting microtubule-associated protein 1b
mRNA (11), and miR-138 restricts the size of dendritic spines
through the regulation of acyl protein thioesterase 1 (12),
whereas miR-137 inhibits dendritic morphogenesis by regulat-
ing the level of Mind bomb1 protein translation (13).

miR-214 functions in various cell types, promoting myogenic
differentiation of C2C12 cells by targeting N-ras (14) and up-
regulating the expression level of Nanog by targeting p53 to
regulate ovarian cancer cell stemness (15). miR-214 has also
been shown to act as a regulator of cardiomyocyte Ca2� home-
ostasis and survival (16) and to promote neurite outgrowth dur-
ing differentiation of neuroblastoma cells (17). However, the
role of miR-214 in neuronal development remains elusive.

In this study, we show that miR-214 plays a key role in den-
dritic morphogenesis of hippocampal neurons. Overexpression
and blocking of miR-214 promoted and inhibited dendrite
development, respectively. In addition, we identified the mRNA of
the quaking gene, called quaking homolog, KH domain RNA
binding (Qki), which is implicated in psychiatric disorders (18,
19), as a direct target of miR-214-3p. Furthermore, we show
that Qki perturbs dendrite formation and that Qki expression
abolishes the dendritic phenotypes caused by miR-214 overex-
pression. These findings reveal a critical role for the miR-214-
Qki pathway in the regulation of neuronal development.
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Experimental Procedures

Animals—All aspects of animal care and treatment were car-
ried out according to the guidelines of the Experimental Animal
Care Committee of Kyushu University. Timed-pregnant ICR
mice (Japan SLC) were used in this research.

Cell Culture—Hippocampal neuronal cultures were estab-
lished as described previously (20). Briefly, hippocampi were
dissected from embryonic day 17.5 (E17.5) mice and were
digested in S-MEM (Gibco) containing 0.1% papain (Sigma)
and triturated with 60 mg/ml DNase I (Sigma) and 10% fetal
bovine serum (FBS). Dissociated cells were plated on poly-L-
lysine (10 �g/ml, Sigma)-coated culture dishes at densities of
1 � 104 cells/cm2 and 5 � 104 cells/cm2 for immunocytochem-
istry and immunoblotting, respectively. When neurons had
adhered (after 3– 4 h), the medium was replaced with serum-
free neuronal maintenance medium, consisting of Neurobasal
(Invitrogen) medium supplemented with B27 (Invitrogen) and
0.5 mM GlutaMAX (Invitrogen). Cytosine �-D-arabinofurano-
side hydrochloride (Sigma) was added 1 day after plating to
eliminate proliferating undifferentiated and glial cells. The
medium was changed every 3 days. HEK293T cells were cul-
tured in DMEM containing 10% FBS and gentamicin (Nacalai
Tesque).

Construction of Vectors—Lentivirus vectors used to express
short hairpin RNA for Qki (pLLX-shQki) and FLAG-tagged
Qki (pLEMPRA-Qki and pLEMPRA-Qki-3�UTR) were gener-
ously provided by Drs. Z. Zhou and M. E. Greenberg. pLLX and
pLEMPRA are dual-promoter lentivirus vectors constructed by
inserting the U6 promoter-driven shRNA cassette 5� into the
ubiquitin-C promoter in the FUIGW plasmid (21, 22). Plasmid
pLLX-primary-miR-214 was constructed by inserting a PCR-
amplified fragment from mouse genomic DNA into the HpaI
and XhoI sites of pLLX. shRNA for Qki and sponges against
miR-214 –5p- or -3p-expressing lentivirus plasmids were con-
structed by inserting the following oligonucleotides into the
HpaI and XhoI sites of pLLX: sh-Qki-1-Fw, 5�-tCCCTACCA-
TAATGCCTTTGATttcaagagaATCAAAGGCATTATGGTA-
GGGtttttttgaac-3�, and sh-Qki-1-Rv, 5�-tcgagttccaaaaaaCCC-
TACCATAATGCCTTTGATtctcttgaaATCAAAGGCATTA-
TGGTA-3�; sh-Qki-2-Fw, 5�-tGACGAAGAAATTAGCAGA-
GTAttcaagagaTACTCTGCTAATTTCTTCGTCtttttttgaac-3�,
and sh-Qki-2-Rv, 5�-tcgagttccaaaaaaGACGAAGAAATTA-
GCAGAGTAtctcttgaaTACTCTGCTAATTTCTTCGTCa-3�;
sh-Qki-3-Fw, 5�-tGGACTTACAGCTAAACAACTTttcaagag-
aAAGTTGTTTAGCTGTAAGTCCtttttttgaac-3�, and sh-Qki-
3-Rv, 5�-tcgagttccaaaaaaGGACTTACAGCTAAACAACTTt-
ctcttgaaAAGTTGTTTAGCTGTAAGTCCa-3�; sponge-miR-
214 –5p-Fw, 5�-gacgttaacGCACAGCAATGACAGACAGG-
CAGCACAGCAATGACAGACAGGCAGCACAGCAATGA-
CAGACAGGCAttttttctcgaggtc, and sponge-miR-214 –5p-Rv,
5�-gacctcgagaaaaaaTGCCTGTCTGTCATTGCTGTGCTGC-
CTGTCTGTCATTGCTGTGCTGCCTGTCTGTCATTGC-
TGTGCgttaacgtc-3�; sponge-miR-214-3p-Fw, 5�-gacgttaac-
ACTGCCTGTAGTCGCCTGCTGTACTGCCTGTAGTCG-
CCTGCTGTACTGCCTGTAGTCGCCTGCTGTttttttctcgag-
gtc-3�, and Sponge-miR-214-3p-Rv, 5�-gacctcgagaaaaaaACA-
GCAGGCGACTACAGGCAGTACAGCAGGCGACTACAG-

GCAGTACAGCAGGCGACTACAGGCAGTgttaacgtc-3�. Qki,
Nptxr, Crkl, Hdgf, and Ldoc1 cDNA fragments and their
3�UTR-containing fragments were amplified by PCR using
KOD polymerase (Toyobo) and subsequently cloned into the
EcoRI and AscI sites of pLEMPRA-MeCP2 (22). The luciferase
reporter plasmids pmir-GLO-Qki-3�UTR-nat, pmir-GLO-
Crkl-3�UTR-nat, and pmir-GLO-Hdgf-3�UTR-nat were con-
structed by inserting the genomic DNA fragments of Qki
3�UTR (�1 to �2452), Crkl 3�UTR (�1 to �2000), and Hdgf
3�UTR (�1 to �1224) into the PmeI and XhoI sites of pmir-
GLO (Promega). The each mutated luciferase reporter con-
struct was obtained by inserting the mutated 3�UTR of Qki,
Crkl and Hdgf with the seed regions of miR-214 into the PmeI
and XhoI sites of pmir-GLO.

Lentivirus Production—Lentiviruses were produced as
described previously (23). Briefly, lentiviruses were generated
by co-transfecting HEK293T cells with the lentivirus vector
constructs pCMV-VSV-G-RSV-Rev and pCAG-HIVgp using
polyethyleneimine (Polysciences). The culture supernatants were
collected 48 h after transfection, and virus was introduced into
neurons by adding these supernatants to the culture media.

In Utero Electroporation—To evaluate dendritic growth in
vivo, in utero electroporation was performed on E14 mouse
embryos as described previously (24). Briefly, plasmid DNA (0.1
�g/�l in PBS containing 0.1% Fast-Green) was injected (0.5–1
�l) into the lateral ventricle of the embryonic brain from out-
side the uterus with a glass micropipette (GD-1, Narishige).
Holding the embryo in the uterus with forceps-type electrodes
(NEPA GENE), 50-ms electric pulses of 45 V were delivered five
times at intervals of 950 ms using a model CUY21 Single Cell
Electroporator (Nepa Gene). Glass micropipettes were pre-
pared using a P-1000IVF (Sutter). Animals were perfused with
4% paraformaldehyde at postnatal day 10 (P10). Collected
brains were postfixed with 4% paraformaldehyde overnight at
4 °C and then equilibrated in 30% sucrose. Brains were frozen at
�80 °C after embedding in optimal cutting temperature com-
pound (Sakura Finetek) and serially sectioned at 40-�m
thickness.

Immunocytochemistry—Cells were fixed at the indicated
day(s) in vitro (DIV) with 4% paraformaldehyde in phosphate-
buffered saline (PBS), washed with PBS, permeabilized, and
blocked with blocking buffer (3% FBS and 0.1% Triton X-100 in
PBS) at room temperature. The cells were then incubated with
primary antibody solution at room temperature for 3 h. After
being washed with PBS, the cells were incubated with second-
ary antibody solution at room temperature for 1 h, and after
further washing with PBS, they were mounted on glass slides.

Immunohistochemistry—Sections were washed with PBS,
permeabilized, and blocked with blocking buffer at room tem-
perature. The sections were incubated with primary antibody
solution overnight at 4 °C. After being washed with PBS, the
sections were incubated with secondary antibody solution at
room temperature for 2 h. After being washed with PBS, the
sections were mounted on glass slides. Fluorescence images
were acquired using a Zeiss LSM 700 confocal microscope with
a �20 objective lens. Z series of 20 images were taken at 1-�m
intervals at a 1024 � 1024-pixel resolution.
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Immunoblotting—Cells were lysed with a buffer containing
0.5% Nonidet P-40, 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, and
1% protease inhibitor mixture (Nacalai Tesque). Lysates were
sonicated and centrifuged at 20,000 � g for 15 min at 4 °C. Total
cell lysates were subjected to SDS-PAGE and transferred to a
PVDF transfer membrane (GE Healthcare). The blots were
blocked with 0.3% skim milk in TBST (50 mM Tris-HCl, pH 7.5,
150 mM NaCl, 0.1% Tween 20), and after incubation with a
primary antibody, they were washed with TBST and incubated
with a peroxidase-conjugated secondary antibody. Immunore-
active bands were detected by enhanced chemiluminescence
using ECL Prime Western blotting detection reagent (GE
Healthcare).

Antibodies—For immunocytochemistry and immunohisto-
chemistry, the following primary antibodies were used: chicken
anti-green fluorescent protein (GFP) (1:1000; Aves Labs);
guinea pig anti-microtubule-associated protein 2 (MAP2)
(1:1000; Synaptic Systems); mouse anti-Tau-1 (1:1000; Milli-
pore); and rabbit anti-�-III tubulin (Tuj-1) (1:1000; Covance).
The following secondary antibodies were used: CF488A donkey
anti-chick IgY (IgG) (H � L) highly cross-adsorbed (1:500;
Biotium); CF555 donkey anti-guinea pig IgG (H � L) highly
cross-adsorbed (1:500; Biotium); CF555 donkey anti-rabbit IgG
(H � L) highly cross-adsorbed (1:500; Biotium); and CF647
donkey anti-mouse IgG (H � L) highly cross-adsorbed (1:500;
Biotium). Nuclei were stained using bisbenzimide H33258 flu-
orochrome trihydrochloride (Nacalai Tesque).

For immunoblotting, the following primary antibodies were
used: rabbit anti-QKI (1:250; Proteintech) and mouse anti-�-
actin (1:1000; Cell Signaling Technology). The following sec-
ondary antibodies were used: anti-mouse IgG, HRP-linked
whole antibody from sheep (1:5000; GE Healthcare), and anti-
rabbit IgG, HRP-linked whole antibody from donkey (1:5000;
GE Healthcare).

Luciferase Reporter Assay—Hippocampal neurons were co-
transfected with control (pLLX) or miR-214 expression vector
and pmir-GLO-Qki-3�UTR-nat, pmir-GLO-Qki-3�UTR-mut,
pmir-GLO-Crkl-3�UTR-nat, pmir-GLO-Crkl-3�UTR-mat, pmir-
GLO-Hdgf-3�UTR-nat, or pmir-GLO-Hdgf-3�UTR-mat using
Lipofectamine 2000 (Life Technologies, Inc.). After transfec-
tion, the cells were incubated for 3 days and lysed with Reporter
Lysis Buffer. Luciferase activity of the lysates was measured
with the Dual-Glo Luciferase Assay System (Promega) accord-
ing to the manufacturer’s protocol. Firefly luciferase activities
were determined by three independent transfections and nor-
malized by comparison with the Renilla luciferase activities of
the internal control.

Morphological Analysis of Cultured Hippocampal Neurons—
For analysis of neurite development, hippocampal neurons
were subjected to immunocytochemistry using anti-Tuj-1 and
anti-GFP antibodies at 3DIV. Tuj-1-positive neurite length was
measured using ImageJ software.

To analyze axon development, hippocampal neurons were
subjected to immunocytochemistry using anti-Tau-1 and anti-
GFP antibody at 3DIV. Neurites with a strong Tau-1 signal at
their proximal end were counted as axons. Axon length and
branch number were measured using ImageJ.

For analysis of dendrite development in vitro, hippocampal
neurons were subjected to immunostaining with antibodies
against MAP2 and GFP at 6DIV. Dendrites were defined as
MAP2-positive neurites. Sholl analysis and quantification of
dendritic length and branch number were performed using
ImageJ software. For Sholl analysis, concentric circles having
10-�m increments in radius were defined from the center of the
cell body. The number of MAP2-positive dendrites crossing
each circle was counted. The total number of crossings for each
cell was measured as an index for total dendritic complexity as
described previously (25).

For in vivo dendrite analysis, brain sections were subjected to
immunohistochemistry with anti-GFP antibody. Total den-
dritic length and branch number of GFP-positive neurons in
layer 4 were measured using ImageJ. For Sholl analysis, concen-
tric circles having 10-�m increments in radius were defined
from the center of the cell body. The number of GFP-positive
dendrites crossing each circle was counted. The total number of
crossings for each cell was calculated as an objective measure-
ment of total dendritic complexity.

qRT-PCR—qRT-PCR analysis was performed to measure the
expression levels of primary and mature miRNAs, as described
previously (26). In brief, total RNAs were extracted with TRIzol
(Invitrogen) and subjected to reverse transcription with the
SuperScript VILO cDNA synthesis kit (Invitrogen) according
to the manufacturer’s protocol. qRT-PCR was performed with
the StepOne real time PCR system (Applied Biosystems). To
detect primary and mature miRNAs, a TaqMan microRNA
assay kit (Applied Biosystems) was used in accordance with the
manufacturer’s protocol. Data analysis was performed using
the comparative Ct method. Results were normalized to Gapdh
or U6 snRNA.

Statistical Analysis—The results presented are the average of
at least three experiments, each performed in triplicate, with
standard errors. Statistical analyses were performed by one-
way ANOVA, followed by Tukey’s multiple comparison tests or
by Student’s t test, as appropriate, using Prism 5 (GraphPad
Software). Probabilities of p � 0.05 were considered significant.

Results

Structure and Expression of miR-214 —miR-214 is an intra-
genic microRNA encoded in the mouse dynamin 3 (Dnm3)
gene, located on the opposite strand in the 14th intronic region
(14). miR-214 is transcribed together with miR-199a-2 as an
antisense RNA of Dnm3 (Dnm3os) on mouse chromosome 1,
and the two mature forms of miR-214, miR-214 –5p and miR-
214-3p, are highly conserved across mammalian species (Fig.
1A). To explore possible roles of miR-214 in neuronal develop-
ment, we first investigated expression levels of miR-214 in the
mouse brain by qRT-PCR analysis. Although regional variation
was observed, substantial expression of miR-214 was confirmed
in P1 mouse brain (Fig. 1B). We also measured the level of
miR-214 in developing cultured neurons derived from E17.5
hippocampi. The expression level of primary miR-214 tran-
siently increased at an early stage in cultured hippocampal neu-
rons and then declined at later stages (Fig. 1C). However,
mature miR-214 levels gradually increased during neuronal
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maturation (Fig. 1D), suggesting that miR-214 plays some role
in neuronal development.

miR-214 Promotes Dendritic Development of Hippocampal
Neurons—To investigate the function of miR-214 in neurons,
we next expressed miR-214 in primary cultured E17 hippocam-
pal neurons by infecting them with lentiviruses expressing GFP
as control or GFP together with miR-214 (Fig. 2A), and we
evaluated axonal and dendritic morphologies. Overexpression
of miR-214 was confirmed by qRT-PCR (Fig. 2B). We found
that overexpression of miR-214 in hippocampal neurons signif-
icantly increased total dendrite length and dendritic branch
numbers compared with control (Fig. 2, C–E). We also per-
formed Sholl analysis by measuring the number of dendrites
that intersect concentric circles at different radial distances
from the cell body (Fig. 2F). The results revealed that miR-214-
expressing neurons exhibited enhanced dendritic complexity
compared with control neurons (Fig. 2G). In accordance with
this result, the total crossing number was significantly

increased by miR-214 overexpression in neurons (Fig. 2H).
However, miR-214-expressing neurons did not show any sig-
nificant change in axonal growth (Fig. 2, I and J). These results
suggest that miR-214 promotes dendritic but not axonal devel-
opment in hippocampal neurons.

miR-214-3p Functions in Dendritic Development—Precursor
miR-214 generates two mature miRNAs, miR-214 –5p and
miR-214-3p. Therefore, we next examined which mature form
of miR-214 regulates dendritic development of neurons. We
expressed an miRNA inhibitor (sponge) against each miR-
214 –5p and miR-214-3p (Fig. 3A) in hippocampal neurons and
evaluated dendrite formation. Blocking of endogenous miR-
214-3p significantly decreased both dendritic branch number
and length compared with control, although the inhibition of
miR-214 –5p did not affect dendritic development (Fig. 3,
B–D). Moreover, inhibition of miR-214-3p but not miR-
214 –5p markedly reduced dendritic complexity compared
with control (Fig. 3, E and F). We obtained almost the same

FIGURE 1. Genomic structure of miR-214 and its expression patterns in the developing brain and hippocampal neurons. A, diagram of the structure of
the mouse miR-214 locus and the sequence of miR-214 precursor. pri-miR-214 is transcribed as an antisense RNA of dynamin-3 (Dnm3os) with pri-miR-199a-2.
The nucleotide sequences of mature miR-214 –5p and -3p are highly conserved among mammalian species. Highlighted regions indicate the seed sequence. B,
mature miR-214 expression levels in P1 mouse brain tissues were measured by qRT-PCR. C and D, expression levels of primary (C) and mature (D) forms of
miR-214 were measured by qRT-PCR in cultured developing hippocampal neurons at 0, 1, 3, 6, and 10DIV.
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results by using another inhibitor for miR-214-3p with a differ-
ent sequence from Sponge-miR-214-3pi-1 (data not shown).
Consistent with the gain-of-function experiments, inhibition of
neither miR-214 –5p nor miR-214-3p influenced axonal
growth (Fig. 3, G and H). These results indicate that miR-
214-3p is important for dendritic development in hippocampal
neurons.

miR-214-3p Targets Qki in Hippocampal Neurons—To gain
further insight into the mechanisms by which miR-214 regu-
lates dendritic development, we attempted to identify down-
stream target genes of miR-214-3p. We first searched miR-
214-3p targets using the public databases miRDB, TargetScan,
and PicTar, and 24 candidate target genes, common to all three
databases, were identified. To further narrow down plausible

target genes, we sought candidate targets that have more than
three putative miR-214-3p seed sites in their 3�UTR and found
that five genes, quaking (Qki), neuronal pentraxin receptor
(Nptxr), v-crk avian sarcoma virus CT10 oncogene homolog-
like (Crkl), hepatoma-derived growth factor (Hdgf), and leucine
zipper, down-regulated in cancer 1 (Ldoc1), met this criterion
(Fig. 4A). We then performed functional screening for direct
miR-214-3p targets by expressing the five genes in hippocam-
pal neurons and evaluating neurite outgrowth after 3 days. To
function as a mediator of miR-214-dependent effects on den-
dritic formation, a downstream target of miR-214-3p should
negatively regulate neurite growth. Among the candidate
genes, we found that only Qki overexpression significantly sup-
pressed Tuj-1-positive neurite outgrowth (Fig. 4, B and C). To

FIGURE 2. miR-214 promotes dendritic development of cultured hippocampal neurons. A, diagrams of lentiviral vector constructs. miR-214 is
expressed as a short hairpin under the U6 RNA polymerase III promoter, and GFP is expressed under the ubiquitin promoter. B, expression levels of
miR-214 were measured by qRT-PCR in hippocampal neurons infected with lentiviruses expressing miR-214. Student’s t test, ***, p � 0.001. n � 3
independent experiments. C, representative images of hippocampal neurons, stained with anti-MAP2 (red) and anti-GFP (green) antibodies at 6DIV.
Scale bars, 50 �m. D and E, quantification of total dendrite length (D) and dendrite branch number (E) in C. Student’s t test, *, p � 0.05. n � 4 independent
experiments; at least 50 neurons were analyzed in each experiment. F, representative images of neurons subjected to Sholl analysis. G, quantification of
dendrite complexity by Sholl analysis of neurons infected with lentiviruses expressing miR-214 at 6DIV, as described in C. Student’s t test, *, p � 0.05; **,
p � 0.01; ***, p � 0.001. 50 neurons were analyzed in each condition. H, histogram of total number of crossings for miR-214-expressing neurons.
Student’s t test, ***, p � 0.001. I and J, quantification of total axon length (I) and axon branch number (J) in hippocampal neurons at 3DIV. Hippocampal
neurons were infected with lentiviruses expressing only GFP or GFP together with miR-214 and immunostained for Tau-1 and GFP at 3 days after
lentivirus infection. Total length and branch number of Tau-1-positive axons were measured. Student’s t test, n.s., not significant. n � 3 independent
experiments; at least 100 neurons were analyzed in each experiment.
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further investigate whether miR-214-3p targets Qki in neurons,
we generated miRNA reporter constructs in which a luciferase
reporter gene was placed under post-transcriptional control of
the native Qki 3�UTR or of a Qki 3�UTR harboring mutations in
all three miR-214-3p seed sites (Fig. 4D). These luciferase con-
structs were co-transfected with a miR-214-expressing plasmid
into hippocampal neurons, and luciferase activity was mea-
sured 3 days later. The luciferase activity of the native Qki
3�UTR construct was significantly decreased by miR-214
expression, whereas the reporter constructs with mutated seed
sequences showed no such sensitivity to miR-214 expression
(Fig. 4E, left). In contrast, when we performed luciferase assay
using the construct with 3�UTRs of Crkl and Hdgf, the lucifer-
ase activities were not altered by miR-214 expression, sug-

gesting that mRNAs of them are not targets of miR-214 (Fig.
4E, middle and right). To determine whether miR-214 regu-
lates expression levels of Qki, we expressed miR-214 and
assessed Qki protein levels in neurons by immunoblotting
analysis. The Qki gene generates three alternatively spliced
isoforms encoding Qki-5, Qki-6, and Qki-7 that differ in
their C-terminal 30 amino acids (27). We found that protein
levels of all Qki isoforms were significantly decreased in
miR-214-overexpressing cells (Fig. 4, F and G). From these
observations, we concluded that miR-214-3p directly targets
Qki in hippocampal neurons.

Overexpression of Qki Suppresses Dendritic Formation—Qki
is an RNA-binding protein belonging to the STAR (signal trans-
duction and activation of RNA) protein family, and it post-

FIGURE 3. miR-214-3p is required for dendritic development in hippocampal neurons. A, diagrams of lentiviral vector constructs expressing sponges
against miR-214 –5p and -3p. The sponges were expressed under the U6 RNA polymerase III promoter, although GFP is expressed under the ubiquitin
promoter. B, representative images of hippocampal neurons, stained with anti-MAP2 (red) and anti-GFP (green) antibodies at 6DIV. Scale bars, 50 �m. C and D,
quantification of total dendrite length (C) and dendrite branch number (D) in B. One-way ANOVA, Tukey’s post-test, *, p � 0.05; **, p � 0.01; n.s., not significant.
n � 3 independent experiments; at least 50 neurons were analyzed in each experiment. E, quantification of dendrite complexity by Sholl analysis of neurons
infected with lentiviruses expressing sponge against miR-214 –5p or -3p at 6DIV. One-way ANOVA, Tukey’s post-test, *, p � 0.05; **, p � 0.01; ***, p � 0.001. 50
neurons were analyzed in each condition. F, histogram of total number of crossing for sponges against miR-214 –5p- or miR-214-3p-expressing neurons.
One-way ANOVA, Tukey’s post-test, ***, p � 0.001; n.s., not significant. G and H, quantification of total axon length (G) and axon branch number (H) in
hippocampal neurons at 3DIV. Hippocampal neurons were infected with lentiviruses expressing sponge against miR-214 –5p or -3p and immunostained for
Tau-1 and GFP at 3 days after lentivirus infection. Total length and branch number of Tau-1-positive axons were measured. One-way ANOVA, Tukey’s post-test,
n.s., not significant. n � 3 independent experiments; at least 100 neurons were analyzed in each experiment.
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transcriptionally regulates its mRNA ligands (28). Functional
studies of mouse Qki have revealed its role in oligodendrocyte
development (28). In humans, QKI is located in a previously
identified schizophrenia susceptibility locus on chromosome 6
(29 –33). Furthermore, other studies showed reduced QKI
expression in psychiatric diseases such as schizophrenia (34 –
36) and major depressive disorders (37), suggesting that QKI
has an important role in the pathogenesis of psychiatric disor-
ders, especially of schizophrenia. However, the function of QKI
in neurons remains unexplored.

As a first step toward understanding the function of Qki
in neurons, we performed a gain-of-function experiment by
expressing Qki in hippocampal neurons (Fig. 5A) and evaluat-
ing dendritic growth. Overexpression of Qki was confirmed by

immunoblotting using an anti-QKI antibody (Fig. 5B). In Qki-
overexpressing neurons, total dendrite length and branch num-
bers decreased compared with control neurons (Fig. 5, C–E). In
addition, Sholl analysis indicated that overexpression of Qki
reduced the dendritic arborization of neurons (Fig. 5, F and G).
These results indicate that Qki negatively regulates dendritic
formation in hippocampal neurons.

Knockdown of Qki Promotes Dendritic Formation—In light
of the above results, we next analyzed the effects of Qki
down-regulation on neuronal development. Hippocampal
neurons were infected with lentivirus expressing short hair-
pin RNAs (shRNAs) against Qki (sh-Qki-1, -2, and -3) (Fig. 6,
A and B), and dendritic formation was evaluated. We first
checked the knockdown efficiency of sh-Qki-1 by immuno-

FIGURE 4. miR-214-3p targets the qki 3�UTR in hippocampal neurons. A, flow chart of screening for downstream targets of miR-214-3p. B and C, quantification of
total neurite length (B) and neurite branch number (C) in treated hippocampal neurons at 3DIV. Hippocampal neurons were infected with lentivirus expressing only
GFP (control), Qki, Nptxr, Crkl, Hdgf, or Ldoc1 and immunostained using anti-GFP and anti-�-III tubulin (Tuj-1) antibodies at 3 days after lentivirus infection. Total length
and branch number of Tuj-1-positive neurites were measured. One-way ANOVA, Tukey’s post-test, *, p � 0.05; **, p � 0.01; ***, p � 0.001; n.s., not significant. n � 3
independent experiments; at least 50 neurons were analyzed in each experiment. D, luciferase reporter assays of the predicted miR-214-3p target gene Qki. Luciferase
constructs are illustrated, showing the miR-214-3p sequence, and the miR-214-3p target sequence of native type (nat) and its mutated sequence (mut). The 5� seed
sequences of miR-214-3p are marked by red boxes. E, luciferase activity of Qki 3�UTR was suppressed by miR-214 overexpression at 3 days after transfection (left).
Luciferase activity of Crkl- (middle) or Hdgf-3�UTR (right) was not altered by the expression of miR-214. Student’s t test, ***, p � 0.001; n.s., not significant. n � 3
independent experiments. F, Western blotting analysis showing that the levels of all three isoforms of Qki protein were decreased in miR-214-overexpressing neurons
at 6DIV. G, quantification of total Qki protein level in F. Student’s t test, **, p � 0.01. n � 3 independent experiments.
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blotting analysis and observed a marked reduction of Qki
protein levels following the expression of the shRNA (Fig.
6C). Knockdown of Qki increased dendritic numbers and
total dendrite length (Fig. 6, D–F). Dendritic complexity was
also increased by Qki knockdown (Fig. 6, G and H). We
repeated the same experiments with an additional two
shRNAs for Qki (sh-Qki-2 and -3) with different target

sequences and obtained almost the same results (Fig. 6, B
and I–N). These results suggest that Qki is important for
dendritic elaboration in neurons.

Qki Acts Downstream of miR-214 in Dendritic Devel-
opment—If miR-214 influences dendritic development by regulat-
ing Qki, expression of Qki should cancel the effects of miR-214. To
test this prediction, we co-expressed miR-214 with Qki, either pos-

FIGURE 5. Overexpression of Qki suppresses dendritic development in hippocampal neurons. A, diagrams of lentiviral vector constructs. GFP only or GFP
together with Qki are expressed under the ubiquitin promoter. B, representative immunoblots (left) and quantitative data (right) of Qki. Qki protein levels were
analyzed by immunoblotting with anti-Qki antibody in neurons infected with control or Qki-expressing lentiviruses. Student’s t test, **, p � 0.01. n � 3
independent experiments. C, representative images of hippocampal neurons, stained with anti-MAP2 (red) and anti-GFP (green) antibodies at 6DIV. Scale bars,
50 �m. D and E, quantification of dendrite number (D) and total dendrite length (E) in C. Student’s t test, **, p � 0.01. n � 3 independent experiments; at least
50 neurons were analyzed in each experiment. F, quantification of dendrite complexity by Sholl analysis of neurons infected with lentiviruses expressing Qki at
6DIV. Student’s t test, *, p � 0.05; **, p � 0.01; ***, p � 0.001. 50 neurons were analyzed in each condition. G, histogram of total number of crossing for
Qki-expressing neurons. Student’s t test, ***, p � 0.001.
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sessing or lacking its 3�UTR containing three miR-214 target sites,
in hippocampal neurons (Fig. 7A) and assessed dendrite morphol-
ogy. The expression levels of miR-214 and Qki in lentivirus-in-
fected neurons were confirmed by qRT-PCR and immunoblot-
ting, respectively (Fig. 7, B and C). We found that co-expression
with Qki abrogated the enhanced dendritic growth induced by the
expression of miR-214 (Fig. 7, D–F). The effects of miR-214 on
dendritic complexity were also diminished by Qki expression (Fig.

7G). The total number of dendrite crossings in Qki-co-expressing
neurons showed abrogation of the increased dendrite complexity
by miR-214 expression (Fig. 7H). When Qki possessing its 3�UTR
sequence (Qki-3�UTR) was co-expressed with miR-214, abroga-
tion of miR-214 function in dendritic formation was less effective
(Fig. 7, D–H). Together, these data indicate that Qki acts down-
stream of miR-214 in the regulation of dendritic development in
hippocampal neurons.

FIGURE 6. Knockdown of Qki promotes dendritic development in hippocampal neurons. A, diagrams of lentiviral vector constructs. shRNA is
expressed under the U6 RNA polymerase III promoter, and GFP is expressed under the ubiquitin promoter. B, schematic image for the location of shRNAs
for Qki-6. C, representative immunoblots (left) and quantitative data (right) of Qki. Qki protein levels were analyzed by immunoblotting with anti-Qki
antibody in neurons infected with lentivirus expressing shRNA against Qki (sh-Qki-1). Student’s t test, *, p � 0.05. n � 3 independent experiments. D,
representative images of hippocampal neurons, stained with anti-MAP2 (red) and anti-GFP (green) antibodies at 6DIV. Scale bars, 50 �m. E and F,
quantification of total dendrite length (E) and dendrite branch number (F) in D. Student’s t test, **, p � 0.01. n � 3 independent experiments; at least 50
neurons were analyzed in each experiment. G, quantification of dendrite complexity by Sholl analysis of neurons infected with lentiviruses expressing
shRNA against Qki at 6DIV. Student’s t test, *, p � 0.05; **, p � 0.01. 50 neurons were analyzed in each condition. H, histogram of total number of crossings
for shRNA against Qki-expressing neurons. Student’s t test, **, p � 0.01. I, representative immunoblots and quantitative data of Qki. Qki protein levels
were analyzed by immunoblotting with anti-Qki antibody in neurons infected with lentivirus expressing the other 2 shRNAs against Qki (sh-Qki-2 and
-3). One-way ANOVA, Tukey’s post-test, ***, p � 0.001. n � 3 independent experiments. J, representative images of hippocampal neurons, stained with
anti-MAP2 (red) and anti-GFP (green) antibodies at 6DIV. Scale bars, 50 �m. K and L, quantification of total dendrite length (K) and dendrite branch
number (L) in J. One-way ANOVA, Tukey’s post-test, **, p � 0.01; ***, p � 0.001. n � 3 independent experiments; at least 50 neurons were analyzed in
each experiment. M, quantification of dendrite complexity by Sholl analysis of neurons infected at 6DIV with lentiviruses expressing sh-Qki-2 and -3.
One-way ANOVA, Tukey’s post-test, *, p � 0.05; **, p � 0.01; ***, p � 0.001. 50 neurons were analyzed. N, histogram of total number of crossing for
sh-Qki-2- and -3-expressing neurons. One-way ANOVA, Tukey’s post-test, ***, p � 0.001.
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miR-214 and Qki Affect Dendritic Growth in Vivo—To con-
firm the effects of miR-214 and Qki on dendritic growth in vivo, we
introduced constructs expressing GFP alone (control) or GFP
together with miR-214 or Qki into embryonic cerebral cortices by
in utero electroporation at E14, and the brains were fixed at P10.
Almost all of the transduced cells were situated in layer 2/3–4 (Fig.
8A). Expression of miR-214 significantly increased total dendrite
length and branch number compared with control (Fig. 8, B–E).

Sholl analysis also revealed that overexpression of miR-214 pro-
moted dendritic arborization (Fig. 8F). In addition, the total num-
ber of crossings was increased in miR-214-expressing neurons
(Fig. 8G). In contrast, expression of Qki clearly suppressed den-
dritic formation compared with control (Fig. 8, B–E). Dendritic
complexity was also decreased by Qki expression (Fig. 8, F and G).
Taken together, these results suggest that the miR-214-Qki path-
way regulates dendritic development in vivo.

FIGURE 7. Overexpression of Qki abolishes the effect of miR-214 in hippocampal neurons. A, schematic diagrams of lentiviral vector constructs expressing
Qki and Qki fused with its 3�UTR containing miR-214 target sites (black bars). B, expression levels of miR-214 were measured by qRT-PCR in hippocampal
neurons co-infected with lentiviruses expressing miR-214 and either Qki or Qki fused with its 3�UTR. One-way ANOVA, Dunnett’s post-test, *, p � 0.05. n � 3
independent experiments. C, representative immunoblots (upper) and quantitative data (bottom) of Qki. Qki protein levels were analyzed by immunoblotting
with anti-Qki antibody in neurons infected with miR-214-expressing lentivirus together with lentivirus expressing Qki or Qki fused with its 3�UTR. One-way
ANOVA, Tukey’s post-test, *, p � 0.05; **, p � 0.01; ***, p � 0.001. n � 3 independent experiments. D, representative images of hippocampal neurons, stained
with anti-MAP2 (red) and anti-GFP (green) antibodies at 6DIV. Scale bars, 50 �m. E and F, quantification of total dendrite length (E) and dendrite branch number
(F) in D. One-way ANOVA, Tukey’s post-test, **, p � 0.01; ***, p � 0.001. n � 3 independent experiments; at least 50 neurons were analyzed in each experiment.
G, quantification of dendrite complexity by Sholl analysis of neurons infected at 6DIV with lentiviruses co-expressing miR-214 and either Qki or Qki fused with
its 3�UTR. One-way ANOVA, Tukey’s post-test, *, p � 0.05; **, p � 0.01; ***, p � 0.001. 60 neurons were analyzed in each condition. H, histogram of total crossing
number of neurons co-expressing miR-214 and either Qki or Qki fused with its 3�UTR. One-way ANOVA, Tukey’s post-test, *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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Discussion

As dendrites are the main site of synaptic input into neurons,
the structure of the dendrite branch and the targeting of den-
drites into appropriate territories are critical determinants of
the input properties of neurons. Therefore, the regulation of
dendritic morphogenesis is crucial for the establishment of
functional neuronal circuits, and dysregulation of dendrite for-
mation may be a cause of neurological diseases such as psychi-
atric disorders (4, 5, 38, 39).

Recent research has revealed that miRNAs act as regulators
of many aspects of neuronal development such as neuronal dif-
ferentiation, neuronal outgrowth, and dendritic spine morpho-
genesis (11, 40 – 42). Although it has recently been reported
that miR-137 negatively regulates aspects of neuronal matura-
tion, including dendritic formation (13), the role of miRNA in
dendrite development remains poorly understood.

In this study, we investigated the functional role of miR-214
in primary cultured hippocampal neurons. We observed a tran-

FIGURE 8. miR-214 and Qki affect dendritic growth in vivo. A, representative image of a transfected brain section stained with anti-GFP antibody. Mouse embryos
were transfected with plasmids expressing only GFP (control), or GFP together with miR-214 (miR-214) or Qki (Qki) by in utero electroporation at E14 and sacrificed at
P10. Scale bar, 200 �m. B, representative images of transfected neurons, stained with anti-GFP antibodies at P10. Scale bars, 50 �m. C, representative tracing images of
neurons transfected with the constructs as in B. Scale bars, 50 �m. D and E, quantification of total dendrite length (D) and dendrite branch number (E) in C. One-way
ANOVA, Tukey’s post-test, **, p � 0.01; ***, p � 0.001. Number of cells analyzed; control, 36 neurons from nine brains; miR-214, 22 neurons from five brains; Qki, 22
neurons from five brains. F, quantification of dendrite complexity by Sholl analysis of neurons in C. One-way ANOVA, Tukey’s post-test, *, p � 0.05; **, p � 0.01; ***, p �
0.001. Number of cells analyzed; control, 36 neurons from nine brains; miR-214. 22 neurons from five brains; Qki, 22 neurons from five brains. G, histogram of total
number of crossing for miR-214- or Qki-expressing neurons. One-way ANOVA, Tukey’s post-test, ***, p � 0.001.
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sient up-regulation of primary miR-214 expression at an early
stage in the development of hippocampal neurons in culture,
and its expression decreased at later stages. In contrast, the level
of mature miR-214 gradually increased during neuronal matu-
ration. These observations made us think that miR-214 might
play a role in neuronal maturation and also suggested that the
abundance of mature miR-214 is tightly controlled at the post-
transcriptional level during neuronal maturation. Here, we
demonstrated that overexpression of miR-214 increases total
dendritic length, branch numbers, and dendritic complexity.
We also showed that loss of miR-214 function inhibits dendritic
arborization. These data clearly indicate that miR-214 posi-
tively controls dendritic development.

Identifying downstream mRNA targets is essential to under-
stand the function of miRNAs. By performing database
searches and functional screening, we identified Qki as a candi-
date target gene of miR-214. Qki governs post-transcriptional
regulation of its mRNA ligands by regulating pre-mRNA splic-
ing (43, 44), mRNA turnover (45), and translation (46). Qki has
also been shown to regulate cellular processes, including apo-
ptosis, the cell cycle, and development (47, 48). In particular,
Qki is involved in oligodendrocyte development and myelina-
tion (49, 50) in the central nervous system. However, the func-
tion of Qki in neurons has not yet been investigated. In this
study, we demonstrated that overexpression and knockdown of
Qki impeded and enhanced dendritic morphogenesis, respec-
tively, suggesting that Qki negatively regulates dendritic forma-
tion. The finding that Qki abolishes dendritic phenotypes
induced by the expression of miR-214 further supports the neg-
ative effects of Qki on dendritic development and its role as a
downstream effector of miR-214. Although Qki clearly func-
tions downstream of miR-214, database searches identified
other predicted miR-214 targets, and we therefore cannot rule
out the possibility that miR-214 can modulate the expression of
these genes. Further experiments to identify additional miR-
214 targets will give us more insight into the molecular function
of miR-214 during neuronal development.

How does Qki regulate dendritic development? Previous
work has identified many putative mRNA targets of Qki, using
SELEX (systematic evolution of ligands by exponential enrich-
ment) and bioinformatic analysis (51). Interestingly, among
these candidate targets are Wnt2a and Rab5a. The Wnt-di-
shevelled pathway regulates dendrite morphogenesis in mam-
malian neurons, whereas Rab5, a component of the early endo-
cytic pathway, promotes dendritic branching of fly dendritic
arborization neurons (6). Thus, it is plausible that Qki controls
dendrite development by regulating these mRNAs. In addition,
because actin is one of the major structural components that
underlie dendrite morphology, regulators of actin are impli-
cated in dendrite morphogenesis. Another study showed that
Qki regulates actin-interacting protein-1 (AIP1) mRNA stabil-
ity during oligodendrocyte differentiation (52). Thus, it is pos-
sible that Qki also targets AIP1 in neurons, thereby regulating
dendritic morphogenesis. It will be of interest to determine how
Qki controls dendritic development in future studies.

Multiple studies have implicated QKI in schizophrenia (37,
53). Furthermore, it is known that altered dendritic morphol-
ogy contributes to various neurological disorders, including

schizophrenia (54 –56). Here, we described an important func-
tion of miR-214 in dendritic growth as a regulator of Qki
expression in hippocampal neurons. Thus, it is possible that
impairments of dendritic development by miR-214-Qki path-
way dysfunction lead to the abnormal dendritic phenotypes
observed in psychiatric diseases. Given our demonstration that
miR-214 targets Qki, it will be intriguing to explore further
whether miR-214 is a candidate susceptibility gene for major
mental illness, and whether miR-214 knock-out mice show any
of behavioral abnormalities associated with psychiatric
diseases.

Taken together, our findings uncover an important role for
the miR-214-Qki pathway in dendritic development (Fig. 9).
We anticipate that elucidating this pathway in more detail will
also contribute to a deeper understanding of the molecular
mechanisms underlying neuropsychiatric disorders such as
schizophrenia.
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