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Development/Plasticity/Repair

The MicroRNA-17-92 Cluster Enhances Axonal Outgrowth
in Embryonic Cortical Neurons

Yi Zhang,'* Yuji Ueno,"* Xian Shuang Liu,' Benjamin Buller,' Xinli Wang,' Michael Chopp,'2 and Zheng Gang Zhang!
Department of Neurology, Henry Ford Hospital, Detroit, Michigan 48202, and 2Department of Physics, Oakland University, Rochester, Michigan 48309

MicroRNAs (miRNAs) regulate dendritogenesis and plasticity. However, the biological function of miRNAs in axons has not been
extensively investigated. Here, using rat primary cortical neurons cultured in a microfluidic chamber, we found that the distal axons of
the neurons expressed the miR-17-92 cluster, and proteins that regulate production and activity of mature miRNAs, Dicer and Argonaute
2, respectively, were present in the distal axons. Overexpression of the miR-17-92 cluster in cortical neurons substantially increased
axonal outgrowth, whereas distal axonal attenuation of endogenous miR-19a, a key miRNA of the miR-17-92 cluster, with the miRNA
hairpin inhibitor suppressed axonal outgrowth. Moreover, overexpression of the miR-17-92 cluster reduced phosphatase and tensin
homolog (PTEN) proteins and elevated phosphorylated mammalian target of rapamycin (mTOR) in the distal axons. In contrast, distal
axonal attenuation of miR-19a increased PTEN proteins and inactivated mTOR in the axons, but did not affect these protein levels in the
cell bodies. Overexpression of PTEN and attenuation of endogenous PTEN prevailed over the enhancement and inhibitory effects of the
miR-19a on axonal outgrowth, respectively. Axonal application of LY294002, a phosphoinositide3-kinase inhibitor, or rapamycin, an
mTOR inhibitor, abolished axonal outgrowth enhanced by overexpression of the miR-17-92 cluster. Collectively, these findings demon-
strate that axonal alteration of miR-17-92 cluster expression regulates axonal outgrowth and that local modulation of PTEN protein

levels by miR-19a likely contributes to the axonal outgrowth.

Introduction

MicroRNAs (miRNAs), a family of short noncoding RNA mole-
cules of ~22 nt, are crucial molecules regulating the magnitude of
gene expression (Bartel, 2004; Kim, 2005; Krol et al., 2010). Dicer,
a ribonuclease I11, cleaves the pre-miRNA into double-stranded
RNAs of ~22 nt (Bartel, 2004; Kim, 2005; Krol et al., 2010). One
strand of these double-stranded RNA intermediates is incorpo-
rated into RNA-induced silencing complex (RISC) that includes
the Argonaute (Ago) protein family (Hammond et al., 2001).
Studies in synaptic development indicate that miRNAs control
dendritogenesis, synapse formation, and synapse maturation by
locally regulating mRNA translation such as small Rho GTPases
in synapses and dendrites (Vo et al., 2005; Yu et al., 2008; Schratt,
2009) Emerging data show that neuronal axons contain miRNAs
and miRNA biogenesis proteins including Dicer and Ago
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(Hengst et al., 2006; Aschrafi et al., 2008; Natera-Naranjo et al.,
2010), suggesting that axons can locally synthesize miRNAs
(Aschrafi et al., 2008; Natera-Naranjo et al., 2010). Using supe-
rior cervical ganglia neurons, Aschrafi et al. (2008) reported that
brain-specific miR-338 locally regulates mitochondrial activity in
axons. Recently, Dajas-Bailador et al. (20120 showed that atten-
uation of axonal endogenous miR-9 in the embryonic cortical
neurons augments axonal outgrowth and that miR-9 targets the
microtubule-associated protein 1b. These findings suggest that
axonal miRNAs locally mediate axonal outgrowth by regulating
their targeted proteins localized to the axon, which is important
for the response of the growth cone to guidance cues (Hengst et
al., 2006; Aschrafi et al., 2008; Natera-Naranjo et al., 2010). The
miR-17-92 cluster, a single polycistronic unit, is present in the
distal axons of the superior cervical ganglia neurons (Natera-
Naranjo et al., 2010). Phosphatase and tensin homolog (PTEN) is
one of the putative target genes of the miR-17-92 cluster (Olive et
al., 2009). Deleting the gene that encodes PTEN protein enhances
regeneration of axons in adult corticospinal neurons after spinal
cord injury (Liu et al., 2010). However, little is known about the
biological function of the miR-17-92 cluster and its effect on
PTEN proteins in axons of cortical neurons. In the present study,
we investigated whether the miR-17-92 cluster locally regulates
axonal outgrowth. In addition, we examined axonal PTEN pro-
teins after alteration of miR-17-92 cluster expression. Our data
demonstrate that axonal alteration of miR-17-92 cluster expres-
sion regulates axonal outgrowth and that local modulation of
PTEN protein levels by miR-19a likely contributes to the axonal
outgrowth of the embryonic cortical neurons.
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Materials and Methods

All experimental procedures were performed in accordance with the NTH
Guide for the Care and Use of Laboratory Animals and approved by the
Institutional Animal Care and Use Committee of Henry Ford Hospital.

Cell culture of primary cortical neurons and use of a microfluidic cham-
ber. Cortical neurons were harvested from embryonic day 18 Wistar rats
(either sex; Charles River Laboratories). Cultures were prepared accord-
ing to a previously described procedure with some modifications (Ueno
et al., 2012). Briefly, embryos were removed, and the cerebral cortex
dissected, stripped of meninges, and dissociated by a combination of
Ca®"- and Mg*" -free HBSS containing 0.125% trypsin digestion for 15
min, then mechanically triturated for ~20 times. The triturated cells
were passed through a 40 um cell strainer and counted to obtain a con-
centration of 3 X 107 cells/ml.

To separate axons from neuronal soma, a microfluidic chamber (Stan-
dard Neuron Device, catalog #SND450, Xona Microfluidics) was used
(Taylor et al., 2005, 2009). The small dimension of the microgrooves in
the chamber allows axons to sprout from the cell-seeded compartment
into the other compartment of the chamber, but prevents the passage of
cell bodies (Taylor et al., 2005, 2009). Briefly, cleaned, sterilized, and
dried chambers were affixed to poly-p-lysine-coated (Sigma-Aldrich)
dishes (35 mm, Corning). The cortical neurons were plated at a density of
6 X 10°cells/chamber in DMEM with 5% FBS and, incubated for an
initial 24 h. After 24 h, cell culture was initiated with the addition of
neurobasal growth medium (Invitrogen), 2% B-27 (Invitrogen), 2 mm
GlutaMax, and 1% antibiotic-antimycotic. On day in vitro (DIV) 3, one-
half of the medium was replaced with culture medium containing 20 pum
5-fluorodeoxyuridine. The growth media was changed every other day
thereafter.

Construction of pCAG-green fluorescent protein miR-17-92 cluster vec-
tor and cell transfection. A primary rat miR-17-92 cluster (786 bp, miR-
Base) was amplified by PCR. The following primers were used for
amplification: forward, 5'-CGGAATTCGTCAGGATAATGTCAAAGT-
GCTTACA; and reverse, CGGGTACCACCAAACTCAACAGGCCG, with
EcoRIand Kpnl at 5" ends. A pCAG-green fluorescent protein (GFP)-miR-
17-92 cluster vector was constructed by cloning the primary miR-17-92
cluster fragment into the EcoRI and Kpnl sites in the pCAG-GFP vector
(Addgene plasmid 11150) (Matsuda and Cepko, 2004). The pCAG-GFP-
miR-17-92 vector (2 ug) was introduced into cultured primary neurons
(~10 X 10° neurons) by electroporation using a Nucleofector kit (Mirus).
An empty pCAG-GFP vector was used as a negative control.

For overexpression of PTEN, pcDNA3-EGFP-PTEN (2 ug) (Addgene
plasmid 13039) was introduced into primary neurons by electropora-
tion. An empty GFP vector was used as a negative control. For attenua-
tion of endogenous PTEN, the neurons were transfected with Silencer
Select siRNA-PTEN (5132220, Invitrogen) or a Silencer Select Negative
Control (4390843, Invitrogen).

For attenuation of endogenous miRNAs, neurons were transfected
with miRNA hairpin inhibitors against rat miR-18a (mature sequence:
UAAGGUGCAUCUAGUGCAGAUAG), miR-19a (mature sequence:
UGUGCAAAUCUAUGCAAAACUGA), and Caenorhabditis elegans
miR-67 (cel-miR-67 mature sequence: UCACAACCUCCUAGAAAGA-
GUAGA), which lacks homologs in mammals and was used as a negative
control (Dharmacon). Briefly, 200 pmol/well miRNA inhibitors were
mixed with 100 ul of Nucleofector solution (Mirus), and cell-miRNA
mixtures were transferred into a cuvette and electroporated using the
program O-03.

For axonal transfection, the N-TER Nanoparticle siRNA Transfec-
tion System (Sigma-Aldrich) was used to perform the localized trans-
fection in microfluidic chambers. Briefly, on DIV3, when all of the
microgrooves were fully filled with axons, the fluidic isolation envi-
ronment was provided by the microfluidic chambers, the miR-19a
hairpin inhibitor (20 nm) along with nanoparticles packed in N-TER
peptide in Neurobasal Medium was applied into the axonal compart-
ment for 72 h. After that, the total RNAs and proteins were extracted
from the cell body and axonal compartments. At the same time, cells
cultured in additional chambers were used for time-lapse micro-
scopic experiments.
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In situ hybridization and immunocytochemistry. Locked nucleic acid
(LNA) probes, specifically against rat miR-18a and miR-19a, and scram-
ble probes (Exiqon) were used for hybridization to detect mature miR-
NAs according to a published protocol with some modifications (Pena et
al., 2009). Briefly, cultured cells were fixed with 4% paraformaldehyde.
Digoxigenin-labeled LNA probes at 0.25 um in hybridization buffer were
used. Signals were detected by incubation of the cells in solution contain-
ing NBT/BCIP or Fluorophore Amplification Reagent Working Solution
(TSA PLUS Fluorescence Kits, PerkinElmer). After in situ hybridization,
either single- or double-immunofluorescent staining was performed
with a monoclonal antibody against phosphorylated high-molecular-
weight neurofilament (pNFH; 1:500; SMI31, Covance), rabbit anti-
PTEN (1:200; Cell Signaling Technology), and chicken anti-GFP (1:800;
Aves Labs).

Immunofluorescent staining was performed as previously described
(Liu et al., 2009). The following primary antibodies were used in the
present study: a monoclonal antibody against pNFH (1:500; SMI31, Co-
vance); rabbit anti-PTEN (1:200; Cell Signaling Technology); rabbit anti-
Ki67 (1:200; Neo Markers); and chicken anti-GFP (1:800; Aves Lab).
After washing with PBS twice, the microfluidic chamber devices were
incubated with the primary antibodies listed above for either 1 or 2 nights
at 4°C, and with Cy3, Cy5, or FITC-conjugated secondary antibodies for
2 h at room temperature. Nuclei were counterstained with DAPI (1:
10,000; Vector Laboratories) for 15 min at room temperature. TUNEL
staining was performed, as previously described (Buller et al., 2010).

Time-lapse microscopy. Primary cortical neurons cultured in microflu-
idic chambers were incubated on a stage top chamber with 5% CO, at
37°C (Live-Cell Control Unit), which was placed on the stage of a
TE2000-U inverted microscope equipped with a motorized z-stage
(Nikon). To track axonal growth, a 40X objective with 1.5X zoom was
used for acquiring images in the axonal compartment. Bright-field im-
ages were acquired at 30 ms exposure times, whereas fluorescent-field
images were obtained at 485 nm excitation at 300 ms exposure times. A
stack of images (30 images of 1 um steps of the z-axis) was acquired only
in bright-field view at 5 min intervals for a total of 60 min using a CCD
camera (CoolSNAP 5000) and MetaView software (Universal Imaging)
(Zhang et al., 2007a, 2009). To minimize phototoxicity on axons,
fluorescent-field images were taken only at the beginning and end of the
experiment. In preliminary experiments, we performed time-lapse im-
aging from 0.5 to 4 h and found that a time point longer than 1 h resulted
in considerable evaporation of culture medium within both compart-
ments that contained only 500 ul of culture medium. Therefore, the 1 h
time point was selected. We selected four to five individual long axons
with healthy growth cones for the time-lapse imaging.

To examine the effect of phosphoinositide 3-kinase (PI3K) and
mammalian target of rapamycin (mTOR) on axonal outgrowth, phar-
macological inhibitors of LY294002 (Calbiochem) and rapamycin
(Sigma-Aldrich), respectively, were applied in the axonal compartment.
In preliminary experiments, we found that rapamycin at concentrations
=500 nM suppressed axonal growth, while rapamycin at 200 nm did not
inhibit axonal outgrowth under control condition. To examine whether
rapamycin specifically blocks miR-17-92 cluster-increased axon growth,
we selected the concentration of 200 nm. A dose (20 um) of LY 294002
was selected based on our published study (Ueno et al., 2012).

Light and fluorescent microcopy. To further examine the effect of LY
294002 on axonal outgrowth, LY294002 at 20 um was freshly added into
the axonal compartment for consecutive days from DIV1, and axonal
outgrowth was recorded at DIV3 to DIV5.

Image acquisition and quantification. For measurements of axonal
elongation outgrowth from DIV3 to DIV5, the distal axons in the axonal
compartment were imaged under a 10X objective of an IX71 microscope
(Olympus) using a CCD camera (CoolSNAP 5000) and MetaView soft-
ware (Universal Imaging). Five images per compartment, which encom-
passed the majority of the compartment, were acquired. The lengths of
the 15 longest axons in each compartment were measured by manually
tracing individual axon using an MCID system.

For analysis of time-lapse images, 20—25 axonal lengths acquired from
six individual chambers of each experimental group were measured with
MetaMorph software (Universal Imaging) at different time points. Two
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Figure 1. Distribution of the miR-17-92 cluster in axons of cultured primary cortical neurons. A-C, Representative double

immunofluorescent images acquired with the confocal microscope show that primary cortical neurons cultured in the compart-
mentalized microfluidic chamber exhibited MAP2-positive (A, green) and pNFH-positive (4, red) soma and processes in the cell
body compartment (A, soma), and pNFH- positive fibers in the axonal compartment (4, axon). B and € are high-magnification
images of the boxed areas in A somatic and axonal compartments, respectively. D, Real-time RT-PCR analysis shows relative
expression of individual members of miR-17-92 clusters in the axons and cell soma. E, Representative images of in situ hybridiza-
tion and immunofluorescent staining show the presence of miR-18a (bright field) and miR-19a (bright field) signals in pNFH-
positive axons (pNFH and merged), and the absence of miRNA signals with the control probes (bright field) in pNFH-positive axons
(pNFH and merged). F, G, Representative immunofluorescent images show Ago2 (F) and Dicer (G) immunoreactive axons. Values
in D are given as the mean == SE from three different experiments with each experiment having three replicates. *p << 0.05 and

**¥p <0.001. Scale bars: 4, ¢, 50 wm; E, G, 20 um.

Table 1. Relative values of individual members of the miR-17-92 cluster in axons
and soma after overexpression of the miR-17-92 cluster

Member Axon Soma

miR-17 3.27 & 0.43** 1.99 + 0.10%
miR-18a 2.05 = 0.56 093 £0.14
miR-19a 2.06 = 0.36* 212 +132
miR-19b 5.88 = 0.87** 0.96 = 0.07
miR-20a 37.43 +7.34%* 1.63 = 0.03*
miR-92 5.82 = 1.18* 0.52 £ 0.01

RT-PCR data were compared between neurons transfected with the GFP-miR-17-92 cluster and the GFP-empty
vector. Data are presented as fold changes compared with the GFP-empty vector as 1. The numbers are mean of four
replicates (+=SE). * p << 0.05, ** p << 0.01 miR-17-92 cluster compared with empty vector.

of 50 and 4 of 48 axons acquired from the miR-17-92 cluster and empty
vector groups, respectively, grew <2 pum during the 1 h experimental
period. These axons were excluded from data analysis.

The cell bodies and axons of the cortical neurons were imaged under a
40X objective after the immunocytochemistry staining or immunocyto-
chemistry staining in combination with in situ hybridization using a
laser-scanning confocal microscope (LSM 510 NLO, Carl Zeiss) (Zhang
et al., 2007b, 2009). Intensity of immunoreactive signals in distal axons
was analyzed using the NIH Image analysis program Image], as previ-
ously described (Ueno et al., 2012).

Western blot analysis. Total proteins in the cell body and axonal com-
partments were extracted. To minimize contamination from the cell
body compartment, 100 ul of PBS was added into the cell body compart-
ment, which prevents any buffer in the axonal compartment from flow-
ing back to the cell body compartment. Then, 10 ul of lysis buffer was
applied to the axonal compartment for 10 min. During the entire period,
the chamber was placed on the ice. To obtain sufficient amount of pro-
teins used for blotting, axonal samples from four to six chambers were
pooled for one blot. The protein concentration of the supernatants of the
cell body and axonal extracts was determined using a bicinchoninic acid
protein assay kit (Pierce Biotechnology). Western blots were performed
according to published methods (Ueno et al.,, 2012). Briefly, equal
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amounts of total protein for each sample were
loaded on 10% SDS-polyacrylamide gels. After
electrophoresis, the protein was transferred to
nitrocellulose membranes, and the blots were
subsequently probed with the following pri-
mary antibodies: rabbit polyclonal anti-PTEN
(1:1000; Cell Signaling Technology); rabbit
polyclonal anti-phosphorylated mTOR (Ser
2448, 1:1000; Cell Signaling Technology); rab-
bit polyclonal anti-phosphorylated GSK-38
(Ser 21/9, 1:1000; Cell Signaling Technology);
rabbit polyclonal anti-PI3K p85 (1:1000; Milli-
pore); and mouse monoclonal anti B-actin (1:
10000; Abcam). For detection, horseradish
peroxidase-conjugated secondary antibodies
were used (1:2000) followed by enhanced
chemiluminescence development (Pierce Bio-
technology). Protein levels of B-actin and PI3K
subunit p85 were used as the internal controls
for somata and axons, respectively (Andreassi
et al., 2010). Western blots were performed
from at least three individual experiments. The
optical density of protein signals was quanti-
fied using an image processing and analysis
program (Scion Image).

Isolation of total RNA and real-time reverse-
transcriptase PCR. To analyze miRNAs, cells
were lysed in Qiazol reagent, and total RNA
was isolated using the miRNeasy Mini kit (Qia-
gen). Quantitative RT-PCR was performed on
an ABI 7000 and ABI ViiA 7 PCR instrument
(Applied Biosystems). miRNAs were reversely
transcribed with the miRNA Reverse Transcrip-
tion kit (Applied Biosystems) and were amplified with the TagMan miRNA
assay (Applied Biosystems), which is specific for mature miRNA sequences.
The following specific primers were used: miR-17 (mature sequence: CAAA
GUGCUUACAGUGCAGGUAG); miR-18a (mature sequence: UAAGGU
GCAUCUAGUGCAGAUAG); miR-19a (mature sequence: UGUGCAAAU
CUAUGCAAAACUGA); miR-19b (mature sequence: UGUGCAAAUCCA
UGCAAAACUGA); miR-20a (mature sequence: UAAAGUGCUUAUAGU
GCAGGUAG); miR-92 (mature sequence: UAUUGCACUUGUCCCG
GCCUG); and U6 snRNA (mature sequence: GTGCTCGCTTCGGC
AGCACATATACTAAAATTGGAACGATACAGAGAAGATTAGCAT
GGCCCCTGCGCAAGGATGACACGCAAATTCGTGAAGCGTTCCA
TATTTT). Analysis of gene expression was performed by the 2 744
method (Livak and Schmittgen, 2001).

Statistical analysis. All statistical analysis was performed using the Sta-
tistical Package for the Social Sciences (SPSS, version 11.0 SPSS Inc.).
One-way ANOVA with post hoc Bonferroni tests was used when compar-
ing more than two groups. Student’s ¢ test was used when comparing two
groups. Values presented in this study are expressed as the mean = SE. A
p value < 0.05 was considered to be significant.

Results

Distribution of miR-17-92 cluster in axons and somata

To examine the relative expression of the miR-17-92 cluster in
axons and somata of cortical neurons, we cultured cortical neu-
rons in a microfluidic chamber (Standard Neuron Device, Xona
Microfluidics), which segregates axons from neuronal cell bodies
(Tayloretal., 2005,2009). Double-immunostaining revealed that
in the cell body compartment MAP2 * somata and dendrites and
pNFH * somata and processes were present (Fig. 1 A, B), whereas
in the axonal compartment there were only pNFH * processes
(Fig. 1A-C). Some pNFH * somata and processes were MAP2 *
in the somal compartment (Fig. 1B). These observations are con-
sistent with the fact that MAP2 is expressed in dendrites and
somata but not axons, whereas pNFH is expressed in axons and
dendrites (Shi et al., 2004; Mahad et al., 2009). Thus, our immu-
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Figure 2.
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Effect of miR-17-92 cluster overexpression on axonal outgrowth. A, Representative tiling immunofluorescent images acquired with the fluorescent microscope in the axonal

compartment show GFP-positive axons of the cortical neurons transfected with the GFP-empty vector (Empty) and the GFP-miR-17-92 vector (miR-17-92) on DIV3, DIV4, and DIV5 in the culture.
B, Quantitative data show the average length of GFP * axons in the axonal compartment during these 3 d. N = 6/group. *p << 0.05, **p < 0.01,and ***p < 0.001. , Representative bright-field
and fluorescent-field microscopicimages acquired with the time-lapse microscope in the axonal compartment show outgrowth of GFP * and GFP ~ axons of the cortical neurons transfected with
the GFP-empty vector (Empty GFP * and GFP ~) and GFP-miR-17-92 cluster vector (miR-17-92 GFP ™ and GFP ~) on DIV5. Numbers in each image indicate times at 0 and 60 min. White and red
arrows indicate a growth cone at time 0 and 60 min, respectively. D shows quantitative data of axonal outgrowth during 60 min. N = 20 GFP * and N = 20 GFP ~ axons for the GFP-miR-17-92
group; N =21GFP * and N = 22 GFP ~ axons for the GFP-empty vector group. *p << 0.05 versus the GFP-empty vector group and GFP ~ axons in the GFP-miR-17-92 group. Scale bars: 4, 100 um;

G, 20 um.

nostaining data confirm that neuronal fibers in the axonal com-
partment are axons. Using Tagman miRNA-specific primers, we
then examined levels of the miR-17-92 cluster in somato-
dendrites and -axons of the cortical neurons harvested from the
somal and axonal compartments, respectively, by means of real-
time quantitative RT-PCR (Liu et al., 2011). Six individual
members of the miR-17-92 cluster (miR-17, miR-18a, miR-19a,
miR-19b, miR-20a, and miR-92) were detected in the distal axons
and somato-dendrites with average C. (threshold cycle) values of
249 = 0.6 and 15.4 £ 0.5; 28.3 £ 0.5 and 20.1 = 0.3;28.6 £ 0.2
and 19.0 = 0.1;23.9 = 0.1 and 14.3 £ 0.2;25.3 £ 0.3 and 15.6 *
0.2;and 25.8 £ 0.1 and 17.6 £ 0.04, respectively. The C values in
the distal axons are much lower than 35, which indicates a low
copy number for mature miRNAs (Schmittgen et al., 2008) and
are comparable to the C values detected in axons of sympathetic
neurons (Natera-Naranjo et al., 2010). Relative levels of these
mature miRNAs in axons and somata were then calculated with
the formula —22°T after normalizing AAC values to a refer-
ence gene U6 (Natera-Naranjo et al., 2010). Compared with neu-
ronal somata, the distal axons had relatively abundant levels of
these six miRNAs (Fig. 1D). However, this comparison may un-
derestimate axonal miRNA levels because not all axons in the cell
body compartment entered into the axonal compartment (Fig.
1A, B). Thus, the total RNA isolated from the cell body compart-
ment was not a pure somal fraction and also included an RNA
fraction from axons. To further verify the presence of the miR-
17-92 cluster in axons, we assessed miR-18a and miR-19a, two
key miRNAs of the miR-17-92 cluster, in axons by in situ hybrid-
ization using LNA probes specific for miR-18a and miR-19a.
Strong signals of miR-18a and miR-19a were detected in axons,
while scramble probes did not detect any signals (Fig. 1E). These
data indicate the presence of the miR-17-92 cluster in axons of
cortical neurons.

We then examined axonal localization of Dicer and Argo2
proteins, which are involved in the generation and activity of
mature miRNAs, respectively (Schratt, 2009). Immunocyto-
chemistry analysis revealed that axons and growth cones of cor-
tical neurons were Dicer and Ago2 immunoreactive, exhibiting
punctate distribution (Fig. 1 F,G). The distribution was compa-
rable to axonal miR-18a and miR-19a signals detected by in situ
hybridization (Fig. 1E). These results indicate that the distal ax-
ons contain miRNA processing machinery, suggesting that ax-
onal Dicer and Ago2 could potentially play a role in local
regulation of miRNA syntheses and activity.

Effects of the miR-17-92 cluster on axonal outgrowth

We then examined whether overexpression of the miR-17-92
cluster mediates axonal outgrowth. The cortical neurons were
transfected by electroporation using a GFP vector carrying mouse
miR-17-92 cluster sequences (GFP-miR-17-92) and a control
vector, GFP-empty vector. After transfection, the cortical neu-
rons were cultured in the microfluidic chamber for 5 d and indi-
vidual members of the miR-17-92 cluster were measured in a
pure axonal RNA fraction from the axonal compartment by
quantitative real-time RT-PCR using Taqman primers. Com-
pared with neurons transfected with a GFP-empty vector, levels
of individual members of the miR-17-92 cluster were substan-
tially elevated in axons of the neurons transfected with the GFP-
miR-17-92 cluster (Table 1), indicating that the transfection is
effective. We then measured axonal outgrowth daily for 3 d start-
ing on DIV3 after the transfection. During the 3 d period, neu-
rons transfected with the GFP-empty vector exhibited axonal
outgrowth (Fig. 2A). However, axonal outgrowth increased by
32 +=10.9, 30 £ 7.6, and 51 = 6.4% at DIV3, DIV4, and DIVS5,
respectively, in neurons transfected with the GFP-miR-17-92
cluster compared with that in the GFP-empty vector group (Fig.
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GFP-empty vector (B, €, empty vector, red). Dis quantitative data of PTEN signals in the distal axons. N' = 24 axons/empty vector and 17 axons/miR-17-92 cluster vector. Scale bars: B, bottom left,
200 m; B, bottom right, 20 wm; €, 5 wm. *p << 0.01 versus the GFP-empty vector.
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5/group. **p << 0.01; ***p << 0.001. £, Western blot data show the effect of overexpression of the miR-17-92 cluster on TSP1 proteins in the cell body and axonal compartments, while p85 and 3-actin were
used as internal controls for the distal axons and cell bodies, respectively. N = 7/group. Scale bars: 4, 20 um; €, 200 um.

2A,B). To further test the effect of the miR-17-92 cluster on  axons of the neurons transfected with the GFP-miR-17-92 clus-
axonal outgrowth, we monitored axonal elongation over a 60  ter compared with GFP-expressing axons of the neurons trans-
min period on DIV5 using time-lapse microscopy. A substantial ~ fected with the GFP-empty vector (Fig. 2C,D). Furthermore,
increase in axonal outgrowth was detected in GFP-expressing  non-GFP-expressing axons of the neurons transfected with the
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a growth cone at time 0 and 60 min, respectively. *p << 0.05. N = 26 axons/cel-miR-67 and N = 22 axons/ anti-miR-19a inhibitor.

GFP-miR-17-92 cluster did not exhibit significant axonal elon-
gation compared with GFP-expressing and non-GFP-expressing
axons of the neurons transfected with the GFP-empty vector dur-
ing the same period (Fig. 2C,D). Collectively, these data indicate
that forced overexpression of the miR-17-92 cluster is associated
with enhancement of axonal outgrowth.

Because the PTEN/mTOR signaling pathway mediates axonal
regeneration (Park et al., 2008) and the miR-17-92 cluster targets
PTEN (Olive et al., 2009), we explored the possibility that eleva-
tion of the miR-17-92 cluster in the distal axons locally modu-
lates PTEN proteins. Extracts from the cell body and axonal
compartments on DIV5 were harvested, and protein levels were
analyzed by Western blots. Western blotting with an antibody
specific against PTEN showed that overexpression of the miR-
17-92 cluster reduced PTEN levels by 41% in the distal axons
compared with the GFP-empty vector (Fig. 3A). The axonal lo-
calization of PTEN was also assessed by immunocytochemistry
using the antibody against PTEN. Double-immunofluorescent
staining showed that axonal PTEN protein was present in GFP-
expressing axons and growth cones of the neurons transfected
with the GFP-empty vector (Fig. 3 B, C). In contrast, GFP-expressing
axons of the neurons transfected with the GFP-miR-17-92 cluster
exhibited many fewer axonal PTEN proteins (Fig. 3B—D). These im-
munocytochemistry results are consistent with our Western blot
data (Fig. 3A). Reduction of PTEN activates the PI3K/mTOR signal-
ing pathway (Park et al., 2008). Antibodies specifically against phos-
phorylated mTOR and phosphorylated GSK-3 3 have been used for

detecting activation of the mTOR pathway (Park et al., 2008; Shi et
al., 2011). Western blot analysis revealed that overexpression of the
miR-17-92 cluster substantially increased pmTOR and pGSK-3f3
levels in axons (Fig. 3A), which were inversely related to PTEN levels
(Fig. 3A), suggesting that diminishing PTEN activates the mTOR
signaling pathway. Overexpression of the miR-17-92 cluster also
altered protein levels of PTEN, pmTOR, and pGSK-3f in the cell
body fraction (Fig. 3A).

Using axonal application of rapamycin, an mTOR inhibitor
(Park et al., 2008; Kobayashi et al., 2012), and time-lapse micros-
copy, we next assessed whether the miR-17-92 cluster-activated
axonal mTOR signaling pathway locally contributes to its axonal
outgrowth. Neurons transfected with the GFP-miR-17-92 clus-
ter were cultured in microfluidic chambers that permit the fluidic
isolation of axonal microenvironment from the cell body com-
partment (Taylor et al., 2009). On DIV5, axonal outgrowth was
recorded by time-lapse microscopy every 5 min over a 60 min
period and rapamycin (200 nM) was applied to the axonal or cell
body compartment at 30 min of the recording. An increased
axonal outgrowth was observed in GFP-expressing axons of the
neurons transfected with the GFP-miR-17-92 cluster compared
with axonal outgrowth in nontransfected neurons during the first
30 min period (Fig. 4A,B). Application of rapamycin into the
axonal compartment abolished miR-17-92 increased axonal out-
growth during the second 30 min, whereas addition of rapamycin
into the cell body compartment did not affect axonal outgrowth
increased by the miR-17-92 cluster (Fig. 4B). Treatment of axons
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miR-19a PTEN GFP TUNEL-positive cells (3 = 0.3%, total
1031 cells counted within seven individual
chambers) compared with the GFP-empty
vector (4 = 0.5%, total 768 cells counted
within seven individual chambers, p >
0.05). Proliferating neurons measured by

Ki67-positive cells (3 = 0.4, total 929 cells

-l e counted within seven individual chambers)

. were also not affected by overexpression of
— the miR-17-92 cluster compared with the
in | — GFP-empty vector group (3 = 0.4, total 884

cells counted within seven individual cham-
& ¢ bers, p > 0.05). These data suggest that neu-
& § ronal proliferation and survival do not
O cel-miR-67 contribute to the observed effect of the miR-
Wanti-miR-19a  17-92 cluster on axonal outgrowth.

The effect of miR-19a on

axonal outgrowth

Our in situ hybridization results showed
that miR-18a and miR-19a were localized
to axons (Fig. 1). These two miRNAs are
key members of the miR-17-92 cluster
FISH and immunofluorescent ~ (Olive et al., 2009; Tao et al., 2012). We
nctate miR-19a signals (4,8,  thus, asked whether endogenous miR-18a

PTEN pGSK3B pmTOR

blue, arrows) and PTEN immunoreactivity (4, B, red) along the length of GFP * axon (A, B, green) of the cortical neurons trans-  and miR-19a contribute to axonal out-

fected with the GFP-empty vector (4, Empty vector) and the GFP-miR-17-92 vector (B, miR-17-92).

levels of PTEN, pmTOR, and pGSK-3 3 in the distal axons (Axon) and cell bodies (Soma) of neurons transfected by electroporation
(€) or axonal transfection (D) with the miR-19a inhibitor, or cel-miR-67 inhibitor, while p85 and 3-actin were used as internal
controls for the distal axons and cell bodies, respectively. N = 3/group. *p << 0.05. Scale bar, 20 um.

of nontransfected neurons with rapamycin did not affect axonal
outgrowth (Fig. 4B). Time-lapse data also showed that axonal
application of LY 294002 (20 uMm), a PI3K inhibitor that inhibits
mTOR, completely blocked miR-17-92 cluster-increased axonal
growth (4.7 = 0.2 vs 16.4 £ 1.3 um in the miR-17-92 cluster
group, n = 20 axons/group, p < 0.01). To further examine the
effect of LY294002 on miR-17-92 cluster-induced axonal out-
growth, we applied LY294002 into the axonal compartment and
measured axonal outgrowth daily for 3 d. Consistent with time-
lapse data, axonal application of LY294002 abolished miR-17-92
cluster-induced increases in axonal outgrowth during a 3 d ex-
perimental period (Fig. 4C,D). Together, these data demonstrate
a function of miR-17-92 cluster in axonal outgrowth in a manner
dependent on axonal PI3K/mTOR signals.

Among putative targets, the miR-17-92 targets thrombos-
pondin 1 (Tspl) and connective tissue growth factor (CTGE),
and both of them regulate axonal outgrowth (Sandvig et al., 2004;
Christopherson et al., 2005; van Almen et al., 2011). However,
Western blot analysis did not detect any signals of CTGF in the
cell body and axonal fractions (data not shown), while overex-
pression of the miR-17-92 cluster did not significantly change
Tsp1 protein levels (Fig. 4E). These data suggest that the overex-
pressed-miR-17-92 cluster does not likely target these two pro-
teins in the cortical neurons.

The miR-17-92 cluster has been reported to inhibit apoptosis
and to enhance cell viability and proliferation in cancer cells
(Hayashita et al., 2005; Mi et al., 2010). To examine whether the
miR-17-92 cluster-increased axonal outgrowth is related to the
effect of the miR-17-92 cluster on neuronal survival and prolif-
eration, we measured the number of apoptotic and proliferating
cells. Overexpression of the miR-17-92 cluster did not signifi-
cantly affect the number of apoptotic neurons measured by

(D, Westernblotdatashow  growth. The cortical neurons were trans-
fected by electroporation using miRNA
hairpin inhibitors specifically against rat
miR-18a and miR-19a, which are comple-
mentary to the endogenous mature miR-
NAs. Neurons transfected with cel-miR-67, which lacks
homology in rat, were used as a control. After transfection, the
cortical neurons were cultured in the microfluidic chamber for
5 d and levels of miR-18a and miR-19a were measured in a pure
axonal RNA fraction from the axonal compartment by quantita-
tive real-time RT-PCR using Tagman primers. Inhibitors of
miR-18a and miR-19a substantially reduced axonal miR-18a and
miR-19a levels, respectively, compared with cel-miR-67 (Fig.
5A). Attenuation of endogenous miR-19a, but not miR-18a, sig-
nificantly reduced axonal outgrowth during DIV3 to DIV5 (Fig.
5B,C). Time-lapse microscopy analysis revealed that miR-19a
inhibitor suppressed axonal elongation by 50% during 60 min of
observation (Fig. 5D, E).

To further examine whether attenuation of axonal miR-19a
reduces axonal outgrowth, we used an N-TER Nanoparticle
siRNA Transfection System to selectively transfect the distal ax-
ons. When the microgrooves within the microfluidic chamber
were fully filled by axons on DIV3, miR-19a hairpin inhibitors
packed with nanoparticles were applied to the axonal compart-
ment for 72 h. Levels of miR-19a in the cell body and axonal
fractions were measured by quantitative RT-PCR using Tagman
primers. Axonal transfection resulted in a substantial reduction
of miR-19a in the axonal fraction (relative value: 0.42 + 0.01 vs 1
in normal neurons and vs 1.07 = 0.04 in neurons transfected with
cel-miR-67, n = 3, p < 0.05), but did not alter miR-19a levels in
the cell body fraction (1.03 = 0.13 vs 1 in normal neurons and vs
0.95 = 0.14 in cel-miR-67, n = 3, p > 0.05), indicating that
attenuation of mature miR-19a in the distal axons does not affect
miR-19a levels in the cell bodies. Axons with reduced-miR-19a
exhibited a substantial decrease of axonal elongation measured
by time-lapse microcopy compared with axons transfected with
cel-miR-67 during 60 min of recording (Fig. 5F,G). These data
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indicate that endogenous axonal miR-19a A
is essential to axonal outgrowth.

PTEN is a validated target of miR-19a
(Olive et al., 2009). Using fluorescence in
situ hybridization (FISH) in combination
with immunofluorescent staining to si-
multaneously detect miR-19a and PTEN,
we examined colocalization of miR-19a
and PTEN in the distal axons. Punctate ,
distribution of miR-19a signals and PTEN
immunoreactivity were detected along the
length of GFP-expressing axons of the
neurons transfected with the GFP-empty
vector (Fig. 6A), whereas GFP-expressing
axons of the neurons transfected with
GFP-miR-17-92 cluster showed increases

of 526
)

O GFP vector

Relative level (Mean:SE)
-

o

PTEN pGSK3B pMTOR

Axon
] oo
= o [
[ === =—] p85 | B-actin E&

W PTEN overexpressed

Zhang, Ueno et al. @ miR-17-92 Cluster and Axonal Outgrowth

B

Soma

—
[———

Soma

Axon
T —

[ =] P85 | B-actin | seme—

RN ey < ) o
NI 22NN '\ e & <
& Gt e S

3 O GFP vector 2 r Qcontrol 2  OcControl

@ PTEN overexpressed

WsiRNA-PTEN
X

@ siRNA-PTEN
X

~

Relative level (MeantSE:
-

Relative level (Mean+SE)
-

Relative level (Mean+SE)
-

o
S

PTEN

pGSK3B pMTOR

PTEN pGSK3B pMTOR PTEN

pGSK3B pMTOR

in miR-19a signals and marked reduction (3 B Mimic control D
. « - . W GFP vector Kkk
of PTEN immunoreactivity (Fig. 6B). 1000 = mik1%amimic ek 1000 ¢ M Inhibitor/siRNA controls
. . overexpresse g pahadel
These data suggest that miR-19a signals = Mimic control+GFP vector ek Rk 192 nibr
: ‘ i N m miR-19a mimic+PTEN overexpressed %k iR SainfibiofisRNAPTEN ik
are inversely associated with PTEN proteins ol ¥ miR-19a inhibitor+siRNA-
in the distal axons. We therefore investi- e
. o e, e *kk
gated whether inhibition of endogenous 500 | LS r 500
miR-19a increases PTEN levels. Using

Western blot, we assessed PTEN proteins in
protein extracts harvested from the cell
body and axonal compartments of the neu-
rons transfected by electroporation with the
miR-19a hairpin inhibitor. Inhibition of en-
dogenous miR19a significantly increased
PTEN proteins in the distal axons and cell
bodies (Fig. 6C). However, reduction of
pmTOR and pGSK-38 was not significant
(Fig. 6C). Because the transfection with elec-
troporation reduced endogenous miR-19a
levels in somata and axons, we next exam-
ined whether axonal attenuation of miR-
19a by the miR-19a inhibitor affects PTEN proteins. Total axonal
proteins were extracted from the axonal compartment on DIV5
after axonal transfection with the miR-19a hairpin inhibitor.
Western blot analysis showed that attenuation of endogenous
axonal miR-19a significantly elevated PTEN levels and reduced
levels of pmTOR and pGSK-3 in axons, but did not significantly
alter these protein levels in the cell body compartment (Fig. 6D),
suggesting that local miR-19a in axons modulates proteins in-
volved in the PTEN/mTOR signaling pathway. Subsequently, we
examined whether alteration of PTEN levels modifies the effect of
miR-19a on axonal outgrowth by PTEN overexpression in the
neurons transfected with a pcDNA3-EGFP-PTEN plasmid or at-
tenuation of endogenous PTEN by siRNA-PTEN. Western blot
analysis showed overexpression of PTEN reduced the level of
pmTOR and pGSK-3f3 in somata and axons (Fig. 7A). Con-
versely, the level of pmTOR and pGSK-3$ was decreased in
PTEN knock-down neurons (Fig. 7B), indicating that PTEN reg-
ulates mTOR and GSK-3f3 activity. Overexpression of PTEN led
to a >50% reduction of axonal outgrowth (Fig. 7C). Cotrans-
fection of PTEN and miR-19a mimics suppressed miR-19a-
enhanced axonal outgrowth (Fig. 7C). In contrast, attenuation
of endogenous PTEN by siRNA-PTEN robustly increased ax-
onal outgrowth and rescued the inhibitory effect of miR-19a-
siRNA on axonal outgrowth (Fig. 7D). Together, these data
support that the PTEN is a crucial factor in miR-19a-mediated
axonal outgrowth.

Average length of axons (um,Mean+SE)

DIV3

Figure7.

Average length of axons (um,Mean+SE)

DIV3

DIV4 DIVS5 DIV4 DIVS

The effect of PTEN on axonal outgrowth. 4, B, Representative Western blots and quantitative data show protein levels
of PTEN, pmTOR, and pGSK-33 in the distal axons (Axon) and cell bodies (Soma) of neurons transfected with the pcDNA3-EGFP-
PTEN plasmid (A, PTEN overexpressed), control vector (A, GFP-vector), siRNA-PTEN (B), or control vector (B, Control). N = 3/group.
*p < 0.05. Cis quantitative data showing the effect of overexpression of PTEN (PTEN overexpressed) on axonal outgrowth of
neurons with miR-19 mimics or mimic control during DIV3 to DIV5. D, Quantitative data of the effect of knock-down PTEN
(siRNA-PTEN) on axonal outgrowth of neurons transfected with miR-19a inhibitor during DIV3 to DIVS. N = 5/group. *p << 0.05,
**p < 0.01,and ***p < 0.001.

Discussion
The present study demonstrates the presence of individual mem-
bers of the miR-17-92 cluster in the distal axons of embryonic
cortical neurons. Overexpression of the miR-17-92 cluster am-
plified axonal outgrowth, which was associated with reduction of
PTEN proteins in axons. In contrast, attenuation of endogenous
axonal miR-19a suppressed axonal outgrowth and elevated ax-
onal PTEN levels. These findings provide the first evidence that
axonal alteration of miR-17-92 cluster expression regulates ax-
onal outgrowth and PTEN protein levels in developing axons.
The miR-17-92 cluster has been extensively investigated in
the tumors (Hayashita et al., 2005; Mi et al., 2010). The miR-
17-92 cluster is a typical example of a polycistronic miRNA clus-
ter encoding the miR-17, miR-18a, miR-19a, miR-19b, miR-20a,
and miR-92, and functions as an oncogene (Hong et al., 2010). By
combining microarray expression profiling with miRNA-specific
real-time RT-PCR, Natera-Naranjo et al. (2010) recently showed
the presence of the miR-17-92 cluster within the axons of supe-
rior cervical ganglia neurons. However, biological functions of
this cluster in regulating axonal outgrowth have not been studied.
Our findings of axonally localized miR-17-92 members in the
cortical neurons are consistent with this published study. Fur-
thermore, we found that overexpression of the miR-17-92 cluster
in the cortical neurons elevated individual members of the cluster
in the distal axons and enhanced axonal outgrowth, whereas local
attenuation of endogenous miR-19a by the miRNA hairpin in-
hibitor in the distal axons markedly reduced axonal outgrowth.
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These findings suggest that the axonal miR-17-92 cluster medi-
ates axonal outgrowth. Several lines of evidence support that
miRNAs can function locally in axons. Following their export
from the nucleus, pre-miRNAs are subsequently processed into
mature miRNAs in the cytoplasm by Dicer (Schratt, 2009). Ma-
ture miRNAs are incorporated into RISC that includes Ago
proteins (Schratt, 2009). The presence of miRNA processing ma-
chinery, Dicer and RISC, in the distal axons of neurons has been
reported, although the mechanism by which miRNAs and pre-
miRNAs are shuttled from the cytoplasm into distal axons has
not been demonstrated (Hengst et al., 2006; Aschrafi et al., 2008).
The present study also shows that Dicer and Ago2 proteins are
present in the distal axons of embryonic cortical neurons.

The present study showed that miR-18a and miR-92 were
more enriched than other members of the miR-17-92 cluster in
axons. Enrichment of miR-92 has also been detected in distal
axons of sympathetic neurons (Natera-Naranjo et al., 2010).
Neuron navigator 2 is miR-18a putative target and regulates ax-
onal elongation (Muley et al., 2008). During development of hu-
man brain, neurons express miR-92 that has putative target genes
related to calcium signaling (Somel et al., 2011). Collectively,
these data imply a role of miR-18a and miR-92 in regulating
genes associated with axonal outgrowth, although the present
study did not find that attenuation of endogenous miR-18a af-
fected axonal outgrowth.

Overexpression of the miR-17-92 cluster appears to change
profiles of individual members of the cluster in axons, specifically
for miR-20a. The presence of Dicer and Ago2 in distal axons
could locally regulate miRNA biogenesis. However, we do not
know the mechanisms underlying alteration of a particular
miRNA profile after overexpression of the miR-17-92 cluster,
which warrants future investigation.

Among many miR-17-92 cluster putative target genes encod-
ing proteins, TSP1, CTGF, and PTEN have been indicated in
regulating axonal and synaptogenesis (Sandvig et al., 2004;
Christopherson et al., 2005; Chadborn et al., 2006; Park et al.,
2008). Our data demonstrate the presence of PTEN and TSP1,
but not CTGF, proteins in the distal axons, which is consistent
with other published findings of the presence of PTEN in axons
(Chadborn etal., 2006). Overexpression of the miR-17-92 cluster
markedly reduced axonal PTEN proteins and did not signifi-
cantly alter TSP1 protein levels. Moreover, the reduction of
PTEN proteins was associated with increases in pmTOR and
pGSK-38 proteins in axons. Reduction of PTEN activates the
PI3K/mTOR signaling pathway, and GSK-3f is one of the down-
stream targets of PTEN (Jiang et al., 2005). Furthermore, we
found that transfection of the miR-19a hairpin inhibitor selec-
tively into the distal axons resulted in substantial elevation of
axonal PTEN proteins and decreases of pmTOR and pGSK-383
proteins in axons, whereas these protein levels in cell bodies did
not change. PTEN has been verified as a target gene of miR-19a
(Olive et al., 2009; Hong et al., 2010). Thus, these data suggest
that endogenous axonal miR-19alocally regulates PTEN proteins
in axons. The PTEN is a primary antagonist of PI3K that is an
upstream activator of mTOR (Shietal., 2011). The PTEN/mTOR
signaling pathway regulates axonal regeneration after spinal cord
injury (Park etal., 2008; Christie et al., 2010). Phosphorylation of
GSK-3f inactivates GSK-33 (Hur and Zhou, 2010). GSK-3 acts
as a negative regulator of axon formation (Hur and Zhou, 2010).
We previously demonstrated that inhibition of GSK-3f8 pro-
motes axonal outgrowth in cortical neurons (Ueno et al., 2012).
The present study showed that overexpression and knockdown of
PTEN led to inactivation and activation of mMTOR and GSK-38,
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respectively, and overrode the effect of miR-19a on axonal out-
growth. Axonal inhibition of PI3K with LY294002 or mTOR with
rapamycin suppressed axonal outgrowth enhanced by overex-
pression of the miR-17-92 cluster. Collectively, these data suggest
that the PTEN/PI3K/mTOR signaling pathway in developing ax-
ons plays an important role in miR-17-92 cluster-mediated ax-
onal outgrowth.

The local regulation of gene expression and protein synthesis
in axons is required for axonal outgrowth and for the response of
growth cones to guidance cues (Martin, 2004; Jung et al., 2012).
Molecular mechanisms underlying the regulation are emerging.
The present study provides evidence that axonal miR-17-92 clus-
ter modulates PTEN proteins in axons of embryonic cortical neu-
rons, which are likely involved in axonal outgrowth.
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