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Abstract 

MicroRNAs (miRNAs) play important roles in several neurobiological processes, including the 
development and progression of diseases. Previously, we identified that one specific miRNA, 
miR-196a, provides neuroprotective effects on Huntington’s disease (HD), although the detailed 
mechanism is still unclear. Based on our bioinformatic analyses, we hypothesize miR-196a might 
offer neuroprotective functions through improving cytoskeletons of brain cells. Here, we show 
that miR-196a could enhance neuronal morphology, further ameliorating intracellular transport, 
synaptic plasticity, neuronal activity, and learning and memory abilities. Additionally, we found that 
miR-196a could suppress the expression of RAN binding protein 10 (RANBP10) through binding 
to its 3’ untranslated region, and higher expression of RANBP10 exacerbates neuronal 
morphology and intracellular transport. Furthermore, miR-196a enhances neuronal morphology 
through suppressing RANBP10 and increasing the ability of β-tubulin polymerization. Most 
importantly, we observed higher expression of RANBP10 in the brains of HD transgenic mice, and 
higher expression of RANBP10 might exacerbate the pathological aggregates in HD. Taken 
together, we provide evidence that enhancement of neuronal morphology through RANBP10 is 
one of the neuroprotective mechanisms for miR-196a. Since miR-196a has also been reported in 
other neuronal diseases, this study might offer insights with regard to the therapeutic use of 
miR-196a in other neuronal diseases. 

Key words: miR-196a, Neuronal morphology, RANBP10, Huntington’s disease, β-tubulin polymerization, 
Neuroprotection. 

Background 
Huntington’s disease (HD) is a human 

inheritable autosomal dominant disease, and this is 
caused by a mutation of CAG trinucleotide repeats in 
the exon 1 region of Huntingtin (HTT) gene [1]. The 
clinical symptoms of HD include cognitive 
dysfunction, emotional changes, mental deterioration, 
motor deficits, chorea and dystonia [2, 3]. To date, 

there is no cure, and thus HD patients suffer 
unimaginable pain until death. Mutant HTT is 
involved in abnormal gene regulation, and 
post-transcriptional regulation of non-coding RNAs, 
especially microRNAs (miRNAs), has been 
extensively attracted in the field of HD. Previously, 
we found miR-196a improves neuropathological and 
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behavioral phenotypes in HD [4, 5], suggesting that 
miRNA-mediated pathways should contribute to this 
neurodegenerative disease, and that alteration of 
miRNAs might provide neuroprotective effects in 
HD.  

Neuroprotective effects can function in the brain 
through improvements with regard to neurogenesis, 
anti-apoptosis, anti-inflammation, neuronal 
morphology and mitochondria functions. In 
particular, neuronal morphology is one of the most 
important effects, as this influences intracellular 
trafficking, synaptic development, plasticity and brain 
circuitry, further affecting motor, memory and 
cognitive functions in the brain [6-9]. In addition, 
neuronal morphology is also highly regulated by 
miRNAs, leading to the establishment of functional 
neurons [10, 11]. These results suggest 
neuroprotection might be regulated by miRNAs 
through enhancement of neuronal morphology. 

In our previous study, we found one specific 
miRNA, miR-196a, provides beneficial effects on HD 
via cell, transgenic mouse and HD patient-derived 
induced pluripotent stem cell (HD-iPSC) models [4]. 
Moreover, we further showed that miR-196a 
putatively provides beneficial functions through the 
alteration of brain cell cytoskeleton structures in HD 
[5]. In this study, we investigated the roles of 
miR-196a in neuronal morphology, and demonstrated 
the regulatory mechanisms through modification of 
the cytoskeleton structures. Furthermore, we also 
addressed the related mechanisms in HD, and 
anticipate that the results of this work will provide 
some directions for the development of novel 
therapeutic strategies. 

Materials and methods 
DNA constructions 

The DNA transgenes used in this study include 
Ds-Red, miR-196a-DsRed, RANBP10, 
RANBP10-dsRed, shRANBP10, G19Q and G84Q. 
Ds-Red contains a red fluorescence protein (RFP) gene 
under control of a human ubiquitin promoter. 
miR-196a-DsRed carries the precursor hsa-miR-196a-2 
(accession number: MI0000279) under control of a 
human ubiquitin promoter and a RFP gene for 
observation. RANBP10 contains RAN Binding Protein 
10 gene (accession number: NM_145824) under control 
of a human ubiquitin promoter. RANBP10-dsRed 
carries RANBP10 under control of a human ubiquitin 
promoter and a RFP gene for observation. 
shRANBP10 contains CCGGCCAGTAGGTCATCAG
CTTGATCTCGAGATCAAGCTGATGACCTACTGG
TTTTTG in a pLKO.1 vector. G19Q and G84Q 
contains a green fluorescence protein gene fused with the 

exon 1 region of the Huntingtin gene carrying 19 and 
84 CAG repeats, respectively, under control of a 
human ubiquitin promoter. All these transgenes are 
inserted into a lentiviral vector (a gift from Dr. David 
Baltimore; Addgene plasmid: #14883). In addition, a 
RANBP10 3’UTR construct is used for a luciferase 
reporter assay. The RANBP10 3’UTR construct 
contains 3’ untranslated region (3’UTR) of RANBP10 
(accession number: NM_145824) flanking to the 3’ end 
of a luciferase gene in a PIS2 vector (Addgene plasmid: 
#12177). 

Primary cortical neurons 
The animal protocol performed in this study was 

approved by the Institutional Animal Care and Use 
Committee at National Cheng Kung University, 
Taiwan. FVB mouse embryos were collected at 17.5 
days post coitum (dpc), and primary neurons were 
isolated from the cortex tissues of these embryos and 
cultured in Neurobasal Medium (Gibco) 
supplemented with 1X B27 (Gibco) and 2mM 
L-glutamine (Gibco) in an incubator. To perform 
transfection, primary cortical neurons were cultured 
for three days, and then transfected with foreign 
transgenes using lipofectamineTM 2000 (Invitrogen). 
Transfected cells were kept culturing for four days, 
and neuronal morphology was evaluated. 

Neurite outgrowth 
Evaluation of neurite outgrowth was performed 

in N2a mouse neuroblastoma cells and primary 
neurons according to the previous study [5]. In N2a 
cells, cells were transfected with different transgenes, 
and differentiated via culture medium with 10 μM 
retinoic acid (Sigma) and 2% fetal bovine serum 
(Hyclone) for 48 hours. In primary cortical neurons, 
the transfected cells described above were used for 
analyses. The images of neurite outgrowth were 
captured under a DM2500 fluorescent microscope 
(Leica) and analyzed though the Neurite Outgrowth 
Application Module of the MetaMorph software 
(Molecular Devices). 

Golgi stain 
 An FD Rapid GolgiStainTM Kit (FD 

Neurotechnologies, Inc) was used for Golgi staining 
following the manufacturer's protocol. In brief, brains 
were stained using Solution A and Solution B, 
transferred to Solution C, and then subjected for 
cryosectioning using a cryostat (Thermo). Slides with 
a thickness of 140 μm were stained using the mix of 
Solution D and E, and fixed for analyzing neurite 
outgrowth. Neuronal morphology was captured 
every 2 μm along the z axis from these stained slides 
using a DMi8 microscope (Leica), and then images 
were staged into two-dimensional images using 
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MetaMorph software (Molecular Devices). The staged 
images were quantitated by NeuronJ, which is an 
ImageJ plugin (NIH), and then subjected to statistical 
analyses.  

Intracellular transport 
The examination of intracellular transport was 

modified and conducted according to a previous 
study [12]. N2a cells were contransfected by Ds-Red, 
miR-196a-DsRed or RANBP10-dsRed with the amyloid 
precursor protein-yellow fluorescent protein (APP-YFP) 
fusion gene for 18 hours. Cells were then cultured on 
a heating stage (Live Cell Instrument) with a DMi8 
microscope (Leica), and fluorescent images were 
recorded every 0.44 seconds for 66 seconds via the 
control of MetaMorph, which was also used to 
analyze the moving distance and velocity of the 
APP-YFP fusion protein.  

Microtubule polymerization 
Microtubule depolymerization and 

repolymerization were determined according to the 
method developed in a previous study [13]. N2a cells 
were transfected with Ds-Red, miR-196a-DsRed or 
RANBP10-dsRed, cultured at 37℃ for 48 hours, and 
some cells were fixed using 4% paraformaldehyde as 
the control stage. Other transfected N2a cells were 
kept incubated on ice (4℃) for 15 minutes, and then 
fixed as the depolymerization stage. Some cells were 
kept culturing at 37℃ for 24 hours, and then fixed at 
the repolymerization stage. These fixed cells at 
different stages were subjected to immunofluorescent 
staining using a β-tubulin antibody (GenTex, 
GTX101279), and total neurite outgrowth was 
determined using MetaMorph.  

Luciferase reporter assay  
A RANBP10 3’UTR construct in a PIS2 vector 

was used for luciferase reporter assay as described in 
DNA constructs above. Site-directed mutagenesis of 
the miR-196a binding site in RANBP10 3’UTR was 
generated using PCR amplification as shown in 
Figure 2a. 293 FT cells were co-transfected with 
RANBP10 3’UTR/ a cytomegalovirus-driven β-gal 
reporter system/ miR-196a mimics or non-relative 
controls using lipofectamineTM 2000 (Invitrogen) for 
24 hours, and cell pellets were subjected to a 
Luciferase reporter assay according to the 
manufacturer’s instructions (Progema). β-gal reporter 
system was used as an internal control. The miR-196a 
mimics used in this study were annealed by 
5’-UAGGUAGUUUCAUGUUGUUGGG-3’ and 
5’-CAACAACAUGAAACUACCUAUU-3’, and 
non-relative controls were annealed by 
5’-UUCUCCGAACGUGUCACGUTT-3’ and 
5’-ACGUGACACGUUCGGAGAATT-3’ (MD Bio, 

Inc.). The luciferase activities in different groups were 
quantitated and subjected to statistical analyses. 

Western blotting analysis  
Cell and brain samples were lysed using a 

sonicator (Qsonica), and were subjected to Sodium 
dodecyl sulfate polyacrylamide gel electrophoresis 
(Bio-Rad). Separated proteins were transferred onto 
PVDF membranes (Bio-Rad) for Western blotting, and 
then hybridized with the primary antibodies, 
including P-ERK (Cell Signaling; 1:1,000 dilution), 
T-ERK (Cell Signaling; 1:2,000 dilution), P-GAP43 
(Abcam; 1:1,000 dilution), T-GAP43 (Genetex; 1:5,000 
dilution), PSD95 (Abcam; 1:5,000 dilution), 
Synaptophysin (Abcam; 1:5,000 dilution), VAMP1 
(Abcam; 1:5,000 dilution), RANBP10 (Proteintech; 
1:2,000), Flag M5 (Sigma; 1:2,000 dilution), mEM48 (a 
gift from Dr. Xiao-Jiang Li, Emory University, USA; 
1:50 dilution), MAB2166 (Millipore; 1:2,000 dilution) 
and γ-tubulin (Sigma; 1:10,000 dilution) antibodies. 
Protein expression levels were determined by an 
Amersham ECL kit (PerkinElmer) through an 
imaging system (ChampGel), and expression 
profiling was quantitated by an ImageJ system (NIH).  

Immunohistochemical staining  
Transfected cells were fixed, blocked and 

hybridized with primary antibodies, including 
P-GAP43 (Abcam; 1:500 dilution), RANBP10 
(Proteintech; 1:500) and β -tubulin (Sigma; 1:1,000 
dilution) antibodies. The cells were then reacted with 
secondary antibodies conjugated with Alexa fluor 488, 
594 or 647 (Invitrogen), and cellular nuclear were 
stained by 1μg/mL Hoechst 33342 (Sigma). 
Fluorescence images were captured using a DM2500 
fluorescent microscope (Leica) for analyses. For 
3,3'-Diaminobenzidine (DAB) immunohistochemical 
staining, brain sections were blocked, incubated with 
c-Fos (Cell signaling; 1:250) and examined with a 
Vectastain Elite ABC kit (Vector Laboratories) and 
DAB (Vector Laboratories). The intensity of c-Fos was 
quantitated using ImageJ (NIH), and results were 
subjected to statistical analyses.  

Electrophysiology 
Mouse brains were subjected for horizontal 

sectioning, and subjected to extracellular recordings 
of field excitatory postsynaptic potentials (fEPSPs) 
using a recording electrode in the CA1 region of the 
hippocampus and a stimulating electrode in the CA3 
region. The baseline of fEPSP was monitored, and 
then high-frequency stimulation (HFS) at 100Hz was 
applied. Evoked fEPSPs were recorded via an 
AxoClamp-2B amplifier (Molecular Devices), and 
analyzed using pClamp 10.5 software (Molecular 
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Devices). The long-term potentiation (LTP) of CA1 
was calculated via the averaged changes of fEPSP 
slopes at 0 and 40 minutes after HFS. 

Transgenic mice 
The transgenic mice used in this study include 

miR-196a, RANBP10, R6/2 and RANBP10-R6/2. The 
animal protocol performed in this study was 
approved by the Institutional Animal Care and Use 
Committee at National Cheng Kung University, 
Taiwan. MiR-196a transgenic mice carry the precursor 
hsa-miR-196a-2 (accession number: MI0000279) under 
control of a human ubiquitin promoter, as described 
before [4, 5]. RANBP10 transgenic mice carry 
RANBP10 gene (accession number: NM_145824) 
under control of a human ubiquitin promoter. R6/2 
mice are HD transgenic mice carrying truncated 
exon1 with expanded polyQ under control of a HTT 
promoter [14]. The RANBP10-R6/2 transgenic mice 
were double transgenic mice (D-Tg) obtained through 
breeding RANBP10 transgenic mice with R6/2 
transgenic mice.  

Behavioral examinations 

T-maze test 
A T-maze with three arms, including two 

goal-arms and one stem-arm plumb to goal-arms, was 
used in this study. Mice were fasted for 18 hours 
before the tests, and training and testing parts were 
conducted. During the training period, food with 
condensed milk was placed in one goal-arm, and one 
mouse was trained to memorize the location of the 
goal-arm with food for four minutes, three times, with 
one-minute intervals. During the testing period, food 
was removed completely, and one mouse was placed 
into the T-maze for four minutes. The movement of 
this mouse was monitored by video-recording, and 
the resulting videos were examined using TopScan 
LITE software (Clever Sys Inc.) to analyze the time 
spent in the two different goal-arms.  

Novel object recognition test 
A hollow box was used, and the test includes 

training and testing parts. During the training part, 
two identical objects were set in the field and one 
mouse was trained to memorize these for 4 minutes, 
three times, with one-minute intervals. During the 
testing period, one of the objects was replaced by a 
new and different item, and the trained mouse was 
then placed into the same field for four minutes. The 
movement of this mouse was monitored by 
video-recording, and the videos were examined using 
TopScan LITE to analyze the time spent with the two 
different objects. 

Statistical analyses 
Data are presented as the mean ± standard error 

of mean (SEM). Student's t-test was used to compare 
differences between two different groups. On some 
occasions, differences among different groups were 
analyzed using one-way analysis of variance using 
commercial statistical software (GraphPad Prism 4.02; 
GraphPad Software, San Diego, CA). Tukey's 
procedure was used to test differences among 
different groups. Statistical significance was set at P < 
0.05. 

Results 
Our previous studies showed that miR-196a 

improves the molecular, neuropathological and 
behavioral phenotypes of HD in different models [4] 
and miR-196a might putatively regulate the 
cytoskeletons of brain cells in HD [5]. Here, we 
attempt to further demonstrate the neuroprotective 
functions of miR-196a through neuronal morphology 
in HD.  

First, we examine whether miR-196a could 
enhance neurite outgrowth in primary neurons in 
vitro or transgenic mice in vivo. We determined the 
branches and total neurite length in the transfected 
primary neurons (Supplementary Figure 1A and 1B), 
showing significantly more branches and longer 
neurite length in miR-196a neurons (Figure 1A). 
Furthermore, the neurons in the frontal cortex of 
miR-196a transgenic mice displayed significantly 
more branches and longer neurite length compared to 
those of non-transgenic mice (Supplementary Figure 
1C and 1D; Figure 1B). These results suggest that 
miR-196a could enhance the neuronal differentiation 
and morphology in vitro and in vivo. 

Several cellular signals have been reported to be 
involved in the regulation of neuronal morphology, 
such as extracellular signal-regulated kinase (ERK) 
and Growth Associated Protein 43(GAP-43) [15]. We 
examined the expression profiling of two critical 
proteins, ERK and GAP-43, in miR-196a transgenic 
mice, and the expression levels were significantly 
increased in miR-196a transgenic mice 
(Supplementary Figure 2A and 2B), suggesting 
miR-196a could enhance neuronal morphology via 
increases in ERK and GAP43 signaling. 

Neuronal morphology plays an important role in 
intracellular transport, and well-established neurites 
provide better effects with regard to this function [16]. 
Here, amyloid precursor protein-yellow fluorescent protein 
(APP-YFP) was used as a reporter cargo for recording 
intracellular transport [12]. We confirmed the 
expression of APP-YFP with DsRed or miR-196a DsRed 
in N2a cells (Supplementary Figure 3A), and recorded 
the serial live images for intracellular transport of 
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APP-YFP (Supplementary Figure 3B). As shown in 
Figure 1C, we observed increased velocity of 
intracellular transport during anterograde but not 
retrograde transport in N2a cells overexpressing 
miR-196a compared to that of DsRed control, 
suggesting miR-196a could enhance not only neuronal 
morphology but also intracellular transport. 

Intracellular transport is a critical factor affecting 
synaptic plasticity and neuronal activity in neuronal 
cells [17]. Therefore, we further investigated the 
effects of miR-196a on synaptic plasticity/functions, 
First, we determined the expression of synaptic 
proteins in transgenic mice, showing that the 
expression of PSD95 and Synaptophysin between 
miR-196a and non-transgenic mice was not 
significantly different, but VAMP1 was significantly 
increased in miR-196a transgenic mice (Figure 1D and 
1E). Additionally, we also determined neuronal 
activity in the brains of these transgenic mice via the 
detection of c-Fos [18], showing miR-196a transgenic 
mice had increased intensity of c-Fos signals in the 
brains using immunohistochemical staining and 
Western blotting (Figure 1F, 1G, 1H and 1I). We also 

examined the expression profiling of CalbindinD-28k, a 
marker related to neuronal activity and synaptic 
plasticity [19], and found higher expression levels of 
CalbindinD-28k in miR-196a transgenic mice 
(Supplementary Figure 4). Most importantly, 
electrophysiology was applied to determine the 
long-term potentiation (LTP) of CA1 in these mice, 
and we did observe the trend of stronger LTP in 
miR-196a transgenic mice (P=0.09; Figure 1J). 
Furthermore, because neuronal activity and synaptic 
plasticity are highly related to learning and memory, 
we performed T-maze and novel object recognition 
tests to examine the ability of learning and memory in 
these mice. As a result, miR-196a transgenic mice 
showed significantly better abilities of learning and 
memory in the T-maze test (Figure 1K), but not in the 
novel object recognition test (Supplementary Figure 
5). Taken together, these results suggest that miR-196a 
could enhance neuronal morphology, intracellular 
transport, neuronal activity, synaptic plasticity and 
learning and memory ability in transgenic mice in 
vivo. 

 

 
Figure 1. miR-196a enhances neuronal morphology, intracellular transport, synaptic plasticity, neuronal activity and learning and memory. (A) Primary cortical neurons 
were transfected with Ds-Red or miR-196a-DsRed, and Quantitation results show increased branches (left) and total neurite length (right) after miR-196a treatment. Primary neurons from 
three batches were examined. (B) The brains of non-transgenic (NTG) and miR-196a transgenic mice were subjected to Golgi staining, and quantitation results show the increased branches 
(left) and total neurite length (right) in the brains of miR-196a transgenic mice. Three mice from each group were examined. The number of examined neurons is indicated. (C) N2a cells 
cotransfected with Ds-Red & APP-YFP or miR-196a-Ds-Red & APP-YFP were used for examining intracellular transport, and quantitated results show the significantly faster velocity of 
APP-YFP movement during anterograde but not retrograde transport in miR-196a-Ds-Red cells. The number of examined neurons is indicated. (D-J) Brains of miR-196a transgenic mice were 
used for Western blotting, immunohistochemical staining and electrophysiological examination. Non-transgenic (NTG) and miR-196a transgenic mice were subjected to behavioral tests. (D) 
Western blotting results show the expression levels of PSD95, Synaptophysin and VAMP1 in miR-196a transgenic and NTG mice. γ-tubulin was used as an internal control. (E) Quantitation 
results show the increase of VAMP1/γ-tubulin in miR-196a transgenic mice. (F) Immunohistochemical staining shows the expression profiling of c-Fos in hippocampal regions of miR-196a 
transgenic and NTG mice. The top panel shows lower magnification images, and the bottom panel shows higher magnification of CA2-CA3 regions. (G) Quantitation results show the 
significant increase in c-Fos+ cells, which carry a higher intensity of c-Fos signal, in miR-196a transgenic mice. (H) Western blotting shows the expression of c-Fos in the brains of wild-type 
(WT) and miR-196a transgenic mice. γ-tubulin was used as an internal control. (I) Quantitation results from (H) show the significant increase of c-Fos/γ-tubulin expression in miR-196a 
transgenic mice. (J) fEPSP in CA1 regions was determined at different time points, and the long-term potentiation (LTP) at 40 minutes after high-frequency stimulation (HFS) is also shown. The 
top two graphs show the representative fEPSP. Black lines indicate traces before HFS, and red lines indicate traces at 40 minutes after HFS. (K) Quantitation results of the T-maze test show 
a significant difference between the two groups. * indicates a significant difference with P<0.05; ** indicates a significant difference with P <0.01. ***indicates a significant difference with 
P<0.001. 
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Since miRNAs predominantly function through 
binding to the 3’ untranslated region (3’UTR) of target 
genes to process the miRNA machinery, we are more 
interested in identifying the direct targets of miR-196a 
that are involved in above functions of morphological 
alterations. To achieve this, we used an on-line tool, 
TargetScan (http://www.targetscan.org/), to predict 
one specific target gene, Ran-binding protein 10 
(RANBP10), because this has been shown to regulate 
microtubule equilibrium in platelets [13, 20]. In order 
to confirm whether miR-196a could bind to 3’UTR of 
the RANBP10 gene, we cloned wild-type and mutant 
3’UTR of RANBP10 flanking to the 3’ end of the 

luciferase gene to form a reporter construct (Figure 
2A), and observed that miR-196a could bind to 3’UTR 
of RANBP10 to significantly suppress the expression 
of luciferase activity in the wild-type group, not in 
mutant one (Figure 2B). We further examined the 
expression level of endogenous RANBP10 in vitro and 
in vivo after overexpression of miR-196a, showing a 
significant decrease of endogenous RANBP10 in 
miR-196a transfected cells (Figure 2C and 2D) and 
miR-196a transgenic mice (Figure 2E and 2F). These 
results suggest miR-196a could bind to 3’UTR of 
RANBP10 to suppress the expression of RANBP10. 

 

 
Figure 2. miR-196a suppresses the expression of RANBP10 through binding to 3’UTR of RANBP10. N2a cells were co-transfected with miR-196a and a 
reporter construct to determine the direct binding of miR-196a on 3’UTR of RANBP10. N2a cells transfected with miR-196a and the brains of miR-196a transgenic 
mice were used to determine the suppression of endogenous RANBP10. (A) Wild-type or mutant (mut.) 3’UTRs of RANBP10 was constructed into the 3’ end of 
luciferase gene for the reporter assay. (B) Luciferase reporter assay shows miR-196a binds to 3’UTR of RANBP10 to suppress the expression of luciferase activity 
compared to those in the miR-196a non-relative control (NC) or mutant 3’UTR of RANBP10 (Mut. RANBP10 3’UTR). N=3. (C) Western blotting shows the 
expression of RANBP10 after treatment of miR-196a mimics and NC in N2a cells. (D) Quantitation results show the suppression of RANBP10 after treatment of 
miR-196a mimics in N2a cells. N=8. (E) Western blotting shows the expression of RANBP10 in the brains of miR-196a transgenic and non-transgenic (NTG) mice. 
(F) Quantitation results show the lower expression of RANBP10 in miR-196a transgenic mice. *indicates a significant difference with P<0.05. **indicates a significant 
difference with P<0.01. 
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To examine whether miR-196a functions on the 
above phenotypes through RANBP10, an 
overexpression construct of RANBP10 under control 
of an ubiquitin promoter was generated and 
confirmed (Supplementary Figure 6A and 6B). 
Additionally, RANBP10 transgenic mice were 
generated for in vivo studies (Supplementary Figure 
6C) [21]. Since miR-196a suppresses the expression of 
RANBP10 and also provides beneficial functions in 
the above studies, we hypothesize that RANBP10 
might exacerbate neuronal morphology and 
functions. Conducting similar examinations, 
overexpression of RANBP10-DsRed resulted in 
significantly less branches and shorter neurite 
outgrowth in N2a (Supplementary Figure 7A and 7B) 
and primary neurons (Supplementary Figure 7C and 
7D). Furthermore, RANBP10 transgenic mice showed 
the decreased total neurite length (Supplementary 
Figure 7E and 7F). Moreover, RANBP10 significantly 
decreased the transport velocity of APP-YFP during 
retrograde but not anterograde transport 
(Supplementary Figure 8). These results suggest 
RANBP10 did exacerbate neuronal morphology and 
intracellular transport. 

Since miR-196a enhances neuronal morphology, 
miR-196a directly targets to RANBP10 and RANBP10 
worsens neuronal morphology, we speculate whether 
overexpression of RANBP10 leads to blockage of 
miR-196a functions on neuronal morphology. We 
contransfected miR-196a-GFP with RANBP10-dsRed 
into N2a cells, and observed neurite outgrowth, 
showing RANBP10 significantly blocks the function 
of miR-196a on total neurite length (Figure 3A), but 
not on branch numbers (Figure 3B). This suggests 
RANBP10 is a critical regulator of miR-196a on 
neuronal morphology. Furthermore, based on 
previous studies RANBP10 has been shown to 
regulate β-tubulin equilibrium in platelets [13, 20], 
suggesting miR-196a might suppress RANBP10 to 
enhance cellular morphology through improving the 
organization of β-tubulin. We thus co-immunostained 
endogenous RANBP10 and β-tubulin in N2a cells 
transfected with DsRed or miR-196a-dsRed, and 
showed that a decreased intensity of RANBP10 and 
increased intensity of β-tubulin were observed in cells 
transfected with miR-196a-dsRed compared with the 
results found for the non-transfected ones (Figure 3C, 
3D and 3E), suggesting that miR-196a suppresses 
RANBP10 to enhance cellular morphology through 
better organization of β-tubulin. Furthermore, the 
good organization of β-tubulin might due to its 
stabilization or the enhancement of β-tubulin 
polymerization. To examine this issue, N2a cells 
transfected with DsRed, miR-196a-dsRed or 
RANBP10-DsRed were serially cultured at different 

temperatures, and then fixed and stained using a 
β-tubulin antibody to determine β-tubulin 
organization (Figure 3F). Similar to the earlier studies 
noted above, better β-tubulin polymerization in 
miR-196a-dsRed cells and worse β-tubulin 
polymerization in RANBP10-DsRed cells at 37℃ were 
observed compared to that seen in DsRed cells (Figure 
3F top panel; 3G). When treated at 4℃ to disrupt the 
β-tubulin polymerization, less total neurite outgrowth 
was observed, except in the RANBP10-DsRed cells 
(Figure 3F, middle panel; 3G). Moreover, the cells 
were re-cultured at 37℃ to examine the ability of 
repolymerization, and only miR-196a-dsRed cells were 
significantly better in this regard (Figure 3F, bottom 
panel; 3G). These results suggest that miR-196a 
enhances neuronal morphology through increasing 
the ability of β-tubulin polymerization. 

Finally, since we previously reported the 
protective effects of miR-196a in different HD models 
[4], we are also interested in the role of RANBP10 in 
HD. To examine this question, we first attempted to 
alter the expression of RANBP10 in N2a cells 
transfected with mutant HTT, and detected the 
aggregation of mutant HTT via Western blotting. We 
confirmed the functions of RANBP10 or RANBP10 
short hairpin RNA (shRANBP10) constructs in vitro 
(Supplementary Figures 6 and 9), and found that less 
aggregated HTT was observed at a high molecular 
weight in stacking gel when RANBP10 was knocked 
down, whereas more aggregated HTT was found 
stacked at a high molecular weight when RANBP10 
was overexpressed (Figure 4A and 4B; Supplementary 
Figure 10). In addition, we wonder whether 
overexpression of RANBP10 also exacerbates 
pathological aggregates using HTT with normal CAG 
repeats. We overexpressed RANBP10 and HTT with 
19 CAG repeats (G19Q), and found RANBP10 does 
not lead to aggregates and abnormal expression of 
HTT (Supplementary Figure 10). In in vivo research, 
the expression profiling of RANBP10 was examined 
in R6/2 HD transgenic mice [14], showing a greater 
trend of RANBP10 expression in R6/2 transgenic mice 
(Figure 4C and 4D). To further confirm the harmful 
effects of RANBP10 in HD, we detected the aggregate 
profiling in brains of R6/2-RANBP10 double 
transgenic mice (D-Tg) overexpressing mutant HTT 
and RANBP10, and aggregates of mutant HTT were 
displayed in both D-Tg and R6/2 mice (Figure 4E). 
Further quantitating the aggregates in separating and 
stacking gels, although there was no significant 
difference between these two groups, higher trends of 
mutant HTT expression were measured in D-Tg 
compared to those seen in R6/2 mice (Figure 4F and 
4G). In addition, we determined the effects of 
RANBP10 on endogenous HTT in vivo using a 
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MAB2166 antibody, which only recognizes the mouse 
endogenous HTT in this study, and we found the 
expression level of endogenous mouse HTT was not 
affected by the overexpression of RANBP10 in brains 
of transgenic mice (Figure 4e and Supplementary 
Figure 11), suggesting overexpression of RANBP10 
does not influence the expression of endogenous HTT 
in vivo. Moreover, the neurons in the frontal cortex of 
D-Tg transgenic mice displayed significantly shorter 
neurite length compared to those of R6/2 mice 
(Figure 4H). Taken together, these results suggest that 
RANBP10 might exacerbate the pathological 
aggregates in HD.  

Discussion 
To date there is no cure for neurodegenerative 

diseases, such as Huntington’s disease, and it is 
important that work continues with regard to 
developing therapeutic treatments for these diseases. 
miR-196a has been shown to be a potential target to 
act against Huntington’s disease [4, 5], although the 
working mechanisms remain unclear. In this study, 
we show the miR-196 could enhance neuronal 
morphology, intracellular transport, synaptic 
plasticity and learning and memory. In addition, 
miR-196a could suppress RANBP10 to improve 

neuronal morphology through increasing the ability 
of β-tubulin polymerization. Furthermore, 
overexpression of RANBP10 harmed neuronal 
morphology and functions, even further leading to 
greater HTT aggregates. These results not only show 
the effects of miR-196a on neuronal morphology and 
the resulting phenotypes, but also show one 
neuroprotective mechanism of miR-196a in HD. 

miR-196a, a highly conserved miRNA, is located 
in the mammalian HOX clusters, and has been 
reported to be involved in the development of 
embryos and different organs [22-25]. Moreover, 
miR-196a is highly involved in cancer development, 
although both positive and negative effects have been 
shown for cancer progression [26-28]. These findings 
suggest that miR-196a plays an important role during 
the development and progression of various diseases. 
As a result, the side effects of the potential application 
of miR-196a are also considered. Based on previous 
studies, miR-196a could alleviate the progression of 
spinal and bulbar muscular atrophy and Huntington’s 
diseases without any side effects being reported [4, 
29]. In our miR-196a transgenic mice, normal life span 
and healthy appearance were observed, thus 
providing further evidence that miR-196a could have 
potential therapeutic applications. 

 

 
Figure 3. miR-196a enhances neuronal morphology through suppressing RANBP10 to enhance β-tubulin polymerization. N2a cells were transfected 196a-GFP and 
RANBP10-dsRed to determine neurite outgrowth in (A) and (B). N2a cells contransfected with DsRed, miR-196a-dsRed or RANBP10-dsRed, cultured at different temperature conditions and 
subjected to immunostaining using RANBP10 and β–tubulin antibodies in (C)-(G). (A) Overexpression of RANBP10 blocks the function of miR-196a on total neurite outgrowth, not number 
of branches in N2a cells (B). (C) Representative images show the expression profiles of RANBP10 and β–tubulin in N2a cells transfected with DsRed (top panel) or miR-196a-dsRed (bottom 
panel). Hoechst (blue) staining shows the location of the nuclei. (D) Quantitative results show the significantly lower expression level of RANBP10 in miR-196a treatment cells. (E) 
Quantitative results show the significantly higher expression level of β–tubulin in miR-196a treatment cells. (F) Immunostaining results show the expression profiles of β-tubulin (green) in N2a 
cells transfected with DsRed (left panel), miR-196a-dsRed (middle panel) or RANBP10-dsRed (right panel) at different temperature conditions. Hoechst staining (blue) shows the location of 
nuclei, and transfected cells are indicated by red fluorescence. (G) Quantitative results show miR-196a significantly enhances repolymerization of β-tubulin when cultured from 37℃ to 4℃, 
whereas RANBP10 disrupts the neuronal morphology at different temperatures. Three batches of experiments were performed in this study. * indicates a significant difference with P <0.05. 
*** indicates a significant difference with P <0.001. Different letters on different bars in (e) indicate a significant difference with P <0.05. 
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Figure 4. RANBP10 exacerbates pathological aggregates in vitro and in vivo in HD. For the in vitro study, N2a cells were cotransfected G84Q with 
shRANBP10 or RANBP10 for 48 hours, and cell samples were collected for Western blotting (A and B). For the in vivo study, the brains of non-transgenic (NTG), 
R6/2 HD or D-Tg transgenic mice at 1.5 months of age were subjected to Western blotting. (A) Western blotting shows the expression of mutant HTT using a 
mEM48 antibody after cotransfection of G84Q with shRANBP10(suppression), sh-lacZ (negative control) or sh-luc (negative control). γ-tubulin was used as an 
internal control. (B) Western blotting shows the expression of mutant HTT using a mEM48 antibody after cotransfection of G84Q with RANBP10 (overexpression) 
and FUW (empty vector control). γ-tubulin was used as an internal control. (C) Western blotting shows the expression of mutant HTT in brain tissues of NTG and 
R6/2 mice. mEM48 and RANBP10 antibodies were used to detect mutant HTT and endogenous RANBP10, respectively. (D) Quantitation results show lower 
expression of endogenous RANBP10 in NTG mice compared to those of R6/2 mice. (E) Western blotting shows the expression of mutant HTT in brain tissues of 
D-Tg and R6/2 mice. mEM48, Flag and MAB2166 antibodies were used to detect mutant HTT, exogenous RANBP10 and endogenous mouse HTT, respectively. (F) 
Quantitation results show higher expression of mutant HTT in separating gel in D-Tg compared to those of R6/2 mice. (G) Quantitation results show higher 
expression of mutant HTT in stacking gel in D-Tg compared to those of R6/2 mice. The number of examined mice is indicated inside different bars. (H) The brains 
of D-Tg and R6/2 mice were subjected to Golgi staining, and quantitation results show the decreased total neurite length in the brains of D-Tg transgenic mice. Three 
mice from each group were examined. The number of examined neurons is indicated. *** indicates a significant difference with P <0.001. 

 
RANBP10 is a cytoplasmic guanine nucleotide 

exchange factor (GEF), and binds to β-tubulin to 
provide GEF activity toward RAN, which regulates 
microtubule spindle assembly during mitosis [30]. In 
addition, RANBP10 is involved in microtubule 
equilibrium to maintain platelet shape [13, 20]. Our 
data also showed higher expression of RANBP10 
worsens the neurite outgrowth (Supplementary 

Figure 7), further supporting the role of RANBP10 in 
the organization of the cytoskeleton and resulting 
functions, such as intracellular transport 
(Supplementary Figure 8). More interestingly, our 
male RANBP10 transgenic mice displayed a lower 
germline transmission rate (less than 5%) when we 
bred these transgenic mice. This implies that 
RANBP10 might disrupt the cytoskeleton of sperm, 
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leading to a worse swimming ability of those carrying 
RANBP10. However, further investigation is still 
needed to demonstrate reproductive problems in 
these transgenic mice.  

Furthermore, RANBP10 functions as a 
coactivator for the androgen receptor and several viral 
genes [31, 32], so we speculate that miR-196a might 
act through not only the cytoskeleton, but also gene 
regulation. Most interestingly, the fact that spinal and 
bulbar muscular atrophy (SBMA) is also a 
polyglutamine disease, caused by expansion of CAG 
repeats in the androgen receptor gene, and miR-196a 
can ameliorate the SBMA phenotypes [29], is highly 
suggestive of the important role of RANBP10 in 
polyglutamine diseases, including Huntington’s 
disease. 

Moreover, another issue was raised when we 
detect the expression of RANBP10. We detected 
RANBP10 at approximately 55kD in N2a cells and 
mouse tails (Figure 2C and supplementary Figure 7C), 
but detected at approximately 70kD in other results of 
RANBP10. We were confused by this result. Based on 
the cDNA sequence we cloned, we expected the 
molecular weight of RANBP10 is approximately 
70kD. Therefore, we subjected the 55kD band to the 
analysis of mass spectrometry, and found the protein 
sequence did match to RANBP10 (Supplementary 
Figure 12). Therefore, although we do not exactly 
know why to form two different bands, we believe 
these bands are RANBP10. 

With regard to intracellular transport, increased 
velocity during anterograde transport was observed 
when cells were treated with miR-196a (Figure 1C; 
Supplementary Figure 3). In contrast, the decreased 
velocity during retrograde transport, but not 
anterograde, was shown in cells treated with 
RANBP10 (Supplementary Figure 8). These results 
suggest that miR-196a might not only accelerate 
anterograde transport, but also suppress the deficit in 
retrograde transport during intracellular transport. In 
addition, these results also imply that miR-196a might 
function through RANBP10 and other regulatory 
pathways during trafficking. As a result, different 
effects on anterograde and retrograde transport were 
observed when miR-196a or RANBP10 was 
overexpressed. Since the working mechanism of 
miRNAs is usually through several target genes, this 
suggests that other target genes might also be 
involved in intracellular transport. In particular, the 
neuroprotective effects of miR-196a were originally 
reported in HD [4], and a deficit in neuronal transport 
is a critical phenotype of HD [33]. It would thus be 
interesting to examine the miR-196a target genes 
related to the regulation of kinesin and dynein, which 

are two critical proteins responsible for anterograde 
and retrograde transport, respectively [34].  

Abnormal neuronal morphology has been 
reported in HD [5, 35]. In addition, miR-196a has been 
shown to improve the phenotypes of this disease [4, 
36]. In this study, a higher expression of RANBP10 not 
only showed exacerbation of neuronal morphology 
and related functions, but also led to more 
pathological aggregates in HD models. Since 
miR-196a has also shown beneficial functions with 
regard to other neuronal diseases [29] and miR-196a is 
anticipated to inhibit the expression of RANBP10 in 
different neuronal cells, this strongly indicates that 
enhancement of neuronal morphology is one of the 
neuroprotective functions provided by miR-196a 
through suppression of RANBP10 in different 
neuronal diseases. However, the neuroprotective 
roles of miR-196a in other neuronal diseases still 
require further examination.  

Supplementary Material  
Supplementary figures.  
http://www.thno.org/v07p2452s1.pdf   
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