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Abstract
MicroRNAs are important in central nervous system development, functioning, and
pathophysiology. Here we demonstrate that increasing levels of microRNA 320 (miR-320) for 3
days markedly increases neurite length and at 4 days reduces total cell number in N2A cells. In
silico analysis of possible miR-320 targets identified cAMP-regulated phosphoprotein-19 kDa
(ARPP-19) and semaphorin 3a (Sema3a) as potential targets that could be involved. ARPP-19 was
validated by demonstrating reduced mRNA and protein levels when miR-320 was overexpressed,
while miR-320 had no effect on Sema3a expression. ARPP-19 is known to inhibit protein
phosphatase-2A (PP2A) activity, which inhibits mitosis and induces neurite outgrowth, making
this the likely mechanism. Thus increased levels of miR-320 leads to decreased levels of
ARPP-19, increased neurite length, and fewer total cells. These data suggest that miR-320 could
play a role in neuronal development and might be a target to enhance neuronal regeneration
following injury.
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Introduction
The role of microRNAs in axonal growth during differentiation and injury is a new area of
research. Sciatic nerve compression increases expression of miR-188 and miR-500 [1] and
decreases expression of miR-320 [2]. Several microRNAs induce neurite outgrowth: miR-21
in dorsal root ganglion cells [3], miR-34a in neural stem cells [4], miR-124 in differentiating
P19 cells [5], miR-133b following zebrafish spinal cord injury [6], and both miR-214 [7]
and miR-125b [8] in SH-SY5Y cells, while knockdown of miR-541 induces neurite
outgrowth in PC12 cells [9]. Although miR-320 is altered in sciatic nerve injury [2], diabetic
renal injury [10], and prion disease [11], its role in axonal growth has not been studied. Here
we report that overexpression of miR-320 robustly increases neurite length by 3 d and
decreases total cell number after 4 d in neuronal Neuro-2A (N2A) cells. Potential targets of
miR-320 include Sema3a, an inhibitor of neurite outgrowth [12] and the cAMP-regulated
protein ARPP-19, previously shown to inhibit the activity of protein phosphatase (PP2A)
[13], an inducer of neurite growth [14]. Although miR-320 overexpression did not attenuate
Sema3a expression, miR-320 decreased ARPP-19 mRNA and protein levels. Thus miR-320
decreases ARPP-19 and likely exerts its effects on neurite length and cell number by
disinhibiting PP2A activity.
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Materials and Methods
Cell culture

N2A cells (a kind gift from Drs. Kurt Lucin and Tony Wyss-Coray at Stanford University)
passage 5–20 were grown in high-glucose (25 mM) DMEM (Invitrogen, Carlsbad, CA) with
8% fetal bovine serum (Hyclone, Logan, UT) and Penicillin-Streptomycin Solution (50U/ml
penicillin, 50 μg/ml Streptomycin; Invitrogen).

miR-320 overexpression
Cells were transfected using FugeneHD (Promega, Madison, WI) with the MXW-PGK-
IRES-GFP plasmid (a kind gift from Dr. Chang-Zheng Chen at Stanford University) with or
without the pri-miR-320 sequence. DNA containing the pri-miR-320 and ~250 nt flanking
sequence on each side were cloned downstream of the PGK promoter in MWX-PGK-IRES-
GFP using the forward primer GTAATAGAAGTGGGTGTTGCTG and the reverse primer
CGTAGTCTAAGCCACAGTTCTATG. In other experiments, N2A cells were transfected
with a control miRNA or miR-320 mimic (10 pM; Applied Biosystems, Carlsbad, CA).

Measurement of neurite outgrowth
One day after plating in 24-well plates (50,000 cells/well), each well was treated with 0.25
μg control or pri-miR-320 plasmid and 1 μl of Fugene HD. Three days after transfection,
cells were visualized with a Zeiss AxioVert inverted microscope. Fluorescence images of
transfected cells were acquired at 20x magnification using the Zeiss Axiovision software.
For each image, the 5 longest neurites were measured using NIH ImageJ and were averaged
to give a single value for each well. Using the same images, the percent of transfected cells
with neurites and the number of neurites per cell were manually counted.

Evaluation of Cell Number and Cell Death
To assess cell death, cells transfected with pri-miR-320 were stained with propidium iodide
(PI; 2.5 μg/ml, dead cells, Sigma, St. Louis, MO) and Hoechst 33342 dye (50 μg/ml, all
cells, Sigma #B2261) for 15 min 4 d following transfection, and fluorescence images (20x)
were acquired. The number of PI-and Hoechst-stained cells was manually counted and the
percentage of dead cells calculated. To assess total cell number cultures were fixed with 4%
paraformaldehyde 4 d after transfection and stained with 4′,6-diamidino-2-phenylindole
(DAPI; 1:500; Invitrogen). Fluorescence images were acquired at 2.5x magnification and the
number of DAPI-stained cells was counted using NIH ImageJ.

Reverse Transcription Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) for
miRNA and mRNA quantitation

Total RNA was isolated with TRIzol® (Invitrogen) 3 d (miRNA) or 4 d (ARPP-19) after
transfection. Reverse transcription of miRNA was performed using the TaqMan MicroRNA
Reverse Transcription Kit (Applied Biosystems). Equal amounts of RNA (200 ng) were
reverse-transcribed with 1.3 mM dNTPs (with dTTP), 50 U reverse transcriptase, 10 U
RNase inhibitor, and specific miRNA reverse transcriptase primers (Applied Biosystems) at
16°C for 30 min, 42°C for 30 min, and 85°C for 5 min. PCR reactions were conducted using
the TaqManR MicroRNA Assay Kit (0.75 μl of the reaction product and 5 μl 2x Taqman
Universal Master Mix in a total volume of 10 μl using the 7900 HT, Applied Biosystems) at
95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Predesigned
primer/probes for miR-320 and mouse U6 (internal control) were also from Applied
Biosystems. Measurements were normalized to U6 (ΔCt) and the comparison calculated as
the inverse log of ΔΔCt to give a relative fold change value. To measure ARPP-19 mRNA,
equal amounts of RNA (600 ng) were reverse-transcribed as above, except random primers
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were used at 25°C for 10 min, 37°C for 120 min, and 85°C for 5 min. Quantitation was
performed as described above, with ARPP-19 primer and GAPDH as the internal control
(Applied Biosystems).

ARPP-19 and Sema3a Immunoblotting
Cells were treated as described above and harvested for protein 4 d following transfection.
Immunoblotting was performed as previously described [15]. Briefly, equal amounts (10–20
μg) of protein were loaded and separated on a 4–12% (Sema3a) or 12% (ARPP-19)
polyacrylamide gel (Invitrogen), and electrotransferred to Immobilon polyvinylidene
fluoride membrane (Millipore Corp., Billerica, MA). Membranes were blocked and
incubated overnight with primary antibodies against Sema3a (1:100, sc-28867, Santa Cruz
Biotechnologies, Santa Cruz, CA), ARPP-19 (1:1000, G153, a kind gift from Dr. Angus
Naim, Yale University [16]), and β-actin (1:5000, A1978, Sigma), then washed and
incubated with anti-rabbit and anti-mouse antibodies (1:15000, LiCOR Bioscience, Lincoln,
NE). Bands were visualized using the LiCOR Odyssey infrared imaging system.
Densitometric analysis of bands was performed using NIH ImageJ and normalized to β-
actin.

DotBlot analysis
To measure secreted Sema3a, analysis with the Bio-Dot Microfiltration Apparatus (Biorad,
Hercules, CA) was performed. Four hundred μl of media collected 4 d following
transfection was loaded into the apparatus and proteins were bound to a nitrocellulose
membrane. The membrane was blocked and incubated for 1 h at room temperature with
rabbit anti-Sema3a (1:100, Santa Cruz Biotechnologies) then incubated with anti-rabbit
antibody (1:15000, LiCOR) for 1 hour at room temperature. Dots were visualized using the
LICOR Odyssey infrared imaging system and densitomteric analysis was performed using
NIH ImageJ.

Statistical Analysis
Data are expressed as mean +/− standard error of the mean. Student’s t-tests were used to
analyze all data. Differences were considered statistically significant for p-value of < 0.05.

Results
miR-320 increases neurite length and decreases total cell number

To determine if miR-320 increases neurite outgrowth, N2A cells were transfected with a
control plasmid or one encoding pri-miR-320, and neurite outgrowth of transfected cells was
quantified 3 d later. N2A cells transfected with control plasmid showed primarily stubby
neurite outgrowth, while those transfected with pri-miR-320 had greater neurite length,
230% that of control-transfected cells (Figure 1a,b). In contrast, the percentage of cells with
neurites did not change between groups (Control = 37.0% +/− 5.8 vs. pri-miR-320 = 44.8%
+/− 2.7, p = 0.25). The average number of neurites per cell was not significantly different
between groups, approximately 2 per cell (p = 0.13) (Figure 1c). To determine if pri-
miR-320 treatment induced cell death, PI and Hoechst staining was used to assess the cell
death in each group. The cell death rate was 6.0% in control transfected cells and 7.3% in
cells transfected with pri-miR-320 (p = 0.69) (Figure 1d,e). To assess the effect of miR-320
on cell number, cells treated with control or pri-miR-320 plasmid were stained with the
nuclear stain DAPI, showing 28% fewer cells with pri-miR-320 treatment (Figure 1f).
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ARPP-19 and Sema3a are potential targets for miR-320
Using the TargetScan website, likely targets of miR-320 were identified. Of the potential
targets, ARPP-19 had conserved binding sites in the 3′UTRs of 14 species, with 5 potential
binding sites in mouse (microrna.org). In addition, ARPP-19 was biologically relevant in
that it inhibits the activity of PP2A, which inhibits mitosis and encourages axonal outgrowth
[13]. Sema3a, an inhibitor of neurite outgrowth [12], exhibited 1 conserved binding site in
the 3′UTRs of 21 mammalian species.

miR-320 decreases ARPP-19 levels
First using RT-qPCR we confirmed that miR-320 levels were altered by transfecting N2A
cells with either pri-miR-320 (Figure 2a) or miR-320 mimic (Figure 2b). Pri-miR-320
increases miR-320 50-fold while miR-320 mimic increased miR-320 levels 250-fold. Since
miRNA can lead to reduced protein levels either by translational arrest or degradation of
mRNA, we assessed levels of ARPP-19 mRNA following transfection. Both pri-miR-320
(Figure 2c) and miR-320 mimic (Figure 2d) reduced ARPP-19 mRNA levels 20% and 48%,
respectively, consistent with message degradation. We then determined the level of
ARPP-19 protein in cells transfected with miR-320 mimic, as this had the greater effect on
miR-320 levels. Treatment of N2A cells with miR-320 mimic decreased ARPP-19 levels by
63% compared to control (Figure 3a,b), suggesting that miR-320 may affect neurite length
and cell number via ARPP-19 and PP2A (Figure 3c).

miR-320 does not decrease Sema3a levels
To determine if inhibition of Sema3a is an additional mechanism of miR-320-induced
neurite growth, cellular and secreted Sema3a were measured. Little cellular Sema3a was
detected in N2A cells, and levels did not significantly change with transfection with either
pri-miR-320 (Figure 4a,b) or miR-320 mimic (Figure c,d). Likewise, transfection of N2A
cells with miR-320 mimic had no effect on secreted Sema3a (Figure 4e,f).

Discussion
In this study we show that miR-320 increases neurite length and leads to lower numbers of
N2A cells, a likely result of decreased ARPP-19 and subsequent disinhibition of PP2A
activity. As no increase in cell death was observed with miR-320 overexpression, the lower
cell number was likely due to decreased cell division, an effect of PP2A activity. Thus far 3
targets have been verified for miR-320: the PTEN component ETS2 [17], histone
deacetylase 4 [18], and the transferrin receptor CD71 [19]. None of these targets have been
implicated in neurite outgrowth, but ETS2 is required for breast cell proliferation [20] and
CD71 enhances proliferation in B-cell lymphoma cells [21]. These studies suggest that
miR-320’s actions on either ETS2 or CD71 may contribute to the observed lower cell
number, but the importance of ETS2 and CD71 has not yet been explored in N2A cells.

Recent studies have identified a key interaction between ARPP-19 and PP2A, with
downstream effects on cell proliferation and neurite growth. ARPP-19 is a cAMP-regulated
phosphoprotein that is a substrate for protein kinase C [13] and is expressed ubiquitously in
the cortex and striatum of the mammalian brain [16]. PP2A is a phosphatase responsible for
dephosphorylating mitotic proteins such as cdc2 [22]. Recently, Gharbi-Ayachi et al. [13]
demonstrated that ARPP-19 binds to PP2A and inhibits its activity [13]. Furthermore, a
study using N2A cells and primary hippocampal neurons showed that overexpression of
PP2A increased neurite length [14]. Thus our observations of increased neurite length and
reduced cell number with miR-320 overexpression are consistent with reduced ARPP-19,
allowing greater PP2A activity.

White and Giffard Page 4

Neuroreport. Author manuscript; available in PMC 2013 July 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Although in silico analysis reveals Sema3a as a potential target of miR-320, overexpression
of miR-320 in N2A cells did not affect Sema3a protein expression. This may be due to a
number of factors, including the modest baseline level of Sema3a in N2A cells, and cell-
specific differences in miRNA effects, shown in other model systems [23].

Neurodegenerative diseases and acute injuries are characterized by dysfunction in axonal
outgrowth or lack of regeneration of axons, for example amyotropic lateral sclerosis [24]
and spinal cord injury [25]. The current lack of clinical treatments that encourage axon
growth may reflect the possibility that manipulation of a single gene or protein may not be
sufficient for successful treatment. As microRNAs potentially regulate several related
targets, they are promising candidates for therapeutics. Indeed, clinical trials of miRNA-
based drugs have already begun. Here we have shown that miR-320 dramatically increases
neurite length. Future studies should examine the potential of miR-320 to enhance axonal
growth in vivo and look for additional targets that may also contribute to this effect.
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Figure 1.
pri-miR-320 increases maximum neurite length and limits cell number. (a) Fluorescence
micrographs showing representative images of N2A cells transfected with a control plasmid
(control) or plasmid containing pri-miR-320. Scale = 50 μm. (b–c) Quantification of
maximum neurite length (b) and the average number of neurites per cell (c) in transfected
cells (n = 5–6 cultures/group, p = 0.13). (d) Representative images of cells transfected with a
control plasmid (control) or a plasmid containing pri-miR-320 and stained with PI (red) and
Hoechst (blue). The green cells express GFP from the transfection plasmid. Note that few
cells stain with PI. Scale = 50 μm. (e) Quantification of cell death following transfection (n
= 4 cultures/group). (f) Quantification of DAPI+ cells after transfection with control or pri-
miR-320 plasmid (n = 4 cultures/group). **p < 0.01, ***p < 0.001 compared to control.
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Figure 2.
Increasing miR-320 decreases ARPP-19 mRNA levels. (a,b) RT-qPCR analysis of miR-320
levels after transfection with (a) pri-miR-320 (n = 6 cultures/group) or (b) miR-320 Mimic
(n = 4 cultures/group). RT-qPCR analysis of ARPP-19 mRNA levels after transfection with
(c) pri-miR-320 (n = 6 cultures/group) or (d) miR-320 Mimic (n = 4 cultures/group). *p <
0.05, **p < 0.01, ***p < 0.001 compared to control. Mimic induced much higher levels of
miR-320 and lower levels of mRNA for ARPP-19.
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Figure 3.
Increasing miR-320 levels decreases ARPP-19 protein levels. (a) Immunoblot of cells
transfected with control or pri-miR-320 plasmid, then probed with an antibody to ARPP-19.
(b) Quantification showing that transfection with miR-320 mimic decreases ARPP-19
expression 63%. **p < 0.01 compared to control after normalizatian to actin as the loading
control, n = 4 cultures/group. (c) Schematic showing potential signaling pathway by which
miR-320-induces neurite growth via inhibition of ARPP-19 and activation of PP2A.
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Figure 4.
miR-320 does not decrease Sema3a in N2A cells. Immunoblots of N2A cells treated with
either (a,b) pri-miR-320 (n = 6 cultures/group, p = 0.62) or (c,d) miR-320 mimic (n = 4
cultures/group, p = 0.12) and probed with an antibody against Sema3a. (e-f) Representative
image of a DotBlot (e) and quantification (f) of the levels of Sema3a in medium of cells
transfected with control or miR-320 mimic (n = 3 cultures/group, p = 0.64).
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