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miR-196a enhances polymerization of neuronal
microfilaments through suppressing
IMP3 and upregulating IGF2 in Huntington’s disease
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Huntington’s disease (HD) is one of the inheritable neurode-
generative diseases, and these diseases share several similar
pathological characteristics, such as abnormal neuronal
morphology. miR-196a is a potential target to provide neuro-
protective functions, and has been reported to enhance poly-
merization of neuronal microtubules in HD. While microtu-
bules and microfilaments are two important components of
the neuronal cytoskeleton, whether miR-196a improves
neuronal microfilaments is still unknown. Here, we identify in-
sulin-like growth factor 2 mRNA binding protein 3 (IMP3),
and show that miR-196a directly suppresses IMP3 to increase
neurite outgrowth in neurons. In addition, IMP3 disturbs neu-
rite outgrowth in vitro and in vivo, and worsens the microfila-
ment polymerization. Moreover, insulin-like growth factor-II
(IGF2) is identified as the downstream target of IMP3, and
miR-196a downregulates IMP3 to upregulate IGF2, which
increases microfilamental filopodia numbers and activates
Cdc42 to increase neurite outgrowth. Besides, miR-196a in-
creases neurite outgrowth through IGF2 in different HD
models. Finally, higher expression of IMP3 and lower
expression IGF2 are observed in HD transgenic mice and
patients, and increase the formation of aggregates in the
HD cell model. Taken together, miR-196a enhances polymeri-
zation of neuronal microfilaments through suppressing
IMP3 and upregulating IGF2 in HD, supporting the neuropro-
tective functions of miR-196a through neuronal cytoskeleton
in HD.
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INTRODUCTION
Huntington’s disease (HD) is an inheritable and autosomal dominant
disease, and is caused by an expansion of CAG trinucleotide repeats in
exon 1 of the Huntingtin (HTT) gene.1 The expanded HTTs are pro-
teolysed and misfolded to form aggregates, and lead to cellular cyto-
toxicity and neuronal degeneration in the cortex and striatum regions
of brains of HD patients.2–4 Until now, there has been no cure for HD,
and physicians can only alleviate clinical symptoms using different
treatments, with the result that HD patients suffer unimaginable
pain before death.
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MicroRNAs (miRNAs) are non-coding RNAs, and their function is to
downregulate the translation of target genes, further influencing
physiological and pathological conditions in different species. In
HD, miRNAs are involved in disease progression and pathological
phenotypes,5,6 suggesting that miRNAs might be potential therapeut-
ical targets in this disease. Based on previous studies, one specific
miRNA, miR-196a, has been reported to play roles in the pathogen-
esis or potential therapy for different neurodegenerative diseases,
including spinal and bulbar muscular atrophy, Alzheimer’s disease,
and HD.4,7–11 In HD, miR-196a was predicted to modify several bio-
functions, such as apoptosis signaling, immune system, cytoskeleton,
tissue remodeling, wound repair, etc.12 Especially, miR-196a has been
confirmed to improve neuropathological and behavioral phenotypes
in HD, and also has increased neurite outgrowth through enhancing
b-tubulin polymerization to provide neuroprotection.4,13,14 These re-
sults suggest that neuronal cytoskeletons or neurite outgrowth are
important factors for miR-196a with regard to beneficial functions
in HD.

Neurite outgrowth is organized through cytoskeleton arrangement, in
particular microtubules and actins, to facilitate neuronal development
and regeneration.15 Microtubules dominantly include a-tubulin and
b-tubulin, which polymerize to form cell shape, and further are
responsible for axon specification, intracellular trafficking, neuronal
migration, etc. The actin structure composes G-actin monomers to
polymerize into F-actin, known as actin filament, and forms lamelli-
podia, filopodia, and stress fibers to process morphogenesis.16 Espe-
cially, actin assembly is necessary for neurite outgrowth at the initial
step and dendrite and dendritic spine formation at later stages,17

further facilitating synaptic functions in neurons.18 In HD, several re-
ports have shown deficits in neuronal morphology during disease
progression,13,19–23 suggesting that enhancement of the neuronal
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Figure 1. miR-196a directly suppresses the

expression of IMP3 in vitro and in vivo

(A and B) N2a cells were co-transfected with miR-196a

and a reporter construct to determine the direct binding

of miR-196a on 30 UTR of IMP3. (A) 30 UTR of IMP3 with

the wild-type (WT) or mutant (Mut.) target site was in-

serted into the 30 end of the luciferase gene for the re-

porter assay. (B) The luciferase reporter assay shows

that miR-196a binds to the 30 UTR of IMP3 to suppress

the expression of luciferase activity compared with those

of IMP3 mutant 30 UTR and miR-196a non-relative

control (NC) groups. N = 5. N2a cells transfected with

miR-196a (C and D) and the brains of miR-196a trans-

genic mice (E and F) were used to determine the effects

of miR-196a on endogenous IMP3. (C) Western blotting

shows the expression of IMP3 after the treatments of

miR-196a mimics and NC in N2a cells. (D) Quantitation

results show the suppression of IMP3 after treatments

with miR-196a mimics in N2a cells. N = 3. (E) Western

blotting shows the expression of IMP3 in the brains of

non-transgenic (N-Tg) and miR-196a transgenic mice.

(F) Quantitation results show the lower expression of

IMP3 in miR-196a transgenic mice (N = 3 for N-Tg mice;

N = 4 for miR-196a mice). *p < 0.05, **p < 0.01,

***p < 0.001.
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cytoskeleton is a potential direction to alleviate the neuropathogenesis
in these neuronal diseases.

The insulin-like growth factor 2 mRNA binding protein (IGF2BP
or IMP) family includes IGF2BP1, IGF2BP2, and IGF2BP3, and all
of them contain conserved RNA recognition motifs and hnRNP K
homology domains to interact with specific RNAs, such as insulin-
like growth factor-II (IGF2).24–26 IGF2BP3, as known as IMP3, is
usually expressed only during fetal development, and abnormal
expression of this protein in adulthood often leads to malignant
tumorigenesis, especially metastasis.27,28 Based on previous review
articles, IMP3 is involved in actin dynamics, and dynamics of G/F
actin equilibrium are highly related to cell adhesion and migra-
tion.29,30 In addition, a Drosophila homolog of IMP3, dIMP, has
been shown to be a modulator of neuronal differentiation.31,32

These imply that expression of IMP3 in neurons may influence
the cytoskeleton and neuronal morphology to further affect
neuronal functions.

In our previous studies, we identified that miR-196a enhances as-
sembly of b-tubulin to improve neurite outgrowth, and further ac-
celerates intracellular transportation, synaptic plasticity, neuronal
activity, and learning and memory in different models in vitro
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and in vivo.13 While microtubules and actins are
two important cytoskeleton components for
neuronal morphology, whether miR-196a could
provide neuroprotective functions through ac-
tins in HD is still unclear. In this study, we
demonstrate the regulatory effects of miR-196a
on target genes related to actin dynamics, and further identify the
potential neuroprotective mechanisms of miR-196a in HD.

RESULTS
miR-196a directly suppresses the expression of IMP3 to

increase neurite outgrowth

Based on previous studies, we have shown that miR-196a increases
neurite outgrowth through the increase ofb-tubulin polymerization.13

Since microtubules and microfilaments are two important compo-
nents of neuronal cytoskeleton, we attempt to demonstrate the role
ofmicrofilaments in neurite outgrowth induced bymiR-196a.We firs
screened the predicted targets of miR-196a via the TargetScan website
(http://www.targetscan.org/vert_72/), and identified one direct target
IGF2BP3 (as known as IMP3)whose binding site of the 30 untranslated
region (UTR) for miR-196a is highly conserved among different spe-
cies (Figure S1). According to previous studies, IMP3 has been re-
ported to be involved in actin dynamics during tumorigenesis.29,30

To examine whether miR-196a directly binds to the 30 UTR o
IMP3, we cloned the 30 UTR of IMP3 (accession number
NM_023670.3) into a luciferase reporter construct, and mutated the
miR-196a target site to examine the binding specificity as well (Fig-
ure 1A).13 These constructs were then cotransfected with miR-196a
or non-relative control miRNA (miR-NC) into N2a cells, and direc
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Figure 2. miR-196a suppresses the expression of IMP3 and further increases neurite outgrowth in N2a cells and primary neurons

(A–C) N2a cells were transfected with EGFP or miR-196a-EGFP plasmids, cultured for 48 h, and then subjected to immunostaining using an IMP3 antibody. (A) Repre-

sentative images show the morphology of transfected cells. Yellow arrows indicate the transfected cells, and white arrows indicate non-transfected cells. Hoechst staining

indicates the cell nucleus in blue. Green indicates cells transfected with EGFP or miR-196a-EGFP. Red indicates the expression of IMP3. (B) Quantitation results show the

suppression of IMP3 intensity after treatments with miR-196a. (C) Quantitation results show the increase of neurite outgrowth after treatments with miR-196a. (D -F) Primary

neurons at 5 days in vitro (DIV) were transfected with EGFP or miR-196a-EGFP plasmids, cultured for 48 h, and then subjected to immunostaining using IMP3 and bIII-tubulin

antibodies. (D) Representative images show the morphology of transfected cells. Yellow arrows indicate the transfected cells, and white arrows indicate non-transfected

cells. Hoechst staining indicates the cell nucleus in blue. Green indicates cells transfected with EGFP or miR-196a-EGFP. Purple indicates the expression of IMP3. Red

indicates the expression of bIII-tubulin. (E) Quantitation results show the suppression of IMP3 intensity after treatments with miR-196a. (F) Quantitation results show the

increase of neurite outgrowth after treatments with miR-196a. ***p < 0.001.
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binding of miR-196a with the 30 UTR of IMP3 was evaluated via the
expression of luciferase activity. Based on the luciferase assay, miR-
196a suppresses 33.2% ± 11.54% and 35.4% ± 6.79% of luciferase ac-
tivity compared with those of IMP3 mutant 30 UTR and NC miRNA
control groups, respectively (Figure 1B). We further determined the
effects of miR-196a on endogenous IMP3 in N2a cells in vitro and
miR-196a transgenic mice in vivo. As miR-196a was transfected into
N2a cells, endogenous IMP3 was significantly reduced by 20.4% ±

7.40% compared with that of miR-NC (Figures 1C and 1D). In miR-
196a transgenic mice in vivo, we examined brain cortex at 8 days of
age because IMP3 does not express in adult stage,33 showing that
miR-196a transgenic mice display 35.0% ± 3.82% lower levels of
endogenous IMP3 compared with those of non-transgenic (N-Tg)
mice (Figures 1E and 1F). In addition, we also performed immuno-
staining in N2a cells and primary neurons transfected with miR-
196a carrying a green fluorescent protein (GFP) (Figure 2). Under
the same staining and exposure conditions, miR-196a suppresses
17.0% ± 2.60% and 28.4% ± 2.66% of the fluorescent intensity of
endogenous IMP3, respectively (Figures 2A, 2B, 2D, and 2E), and in-
creases 50.13 ± 10.80 and 263.2 ± 77.29 mm of neurite outgrowth in
N2a cells and primary neurons, respectively (Figures 2A, 2C, 2D,
and 2F), which is consistent with our previous study.13 Taking these
results together, they suggest that miR-196a directly binds to the 30

UTR of IMP3 to suppress protein expression in vitro and in vivo.
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IMP3 worsens neurite outgrowth in vitro and in vivo

Since miR-196a increases neurite outgrowth, we wonder whether
IMP3, which relates to cellular microfilaments, affects neurite
outgrowth. To examine the role of IMP3 in neurite outgrowth, we con-
structed an IMP3-Flag plasmid containing IMP3 (accession number:
NM_026670.3) under control of a human ubiquitin promoter. After
delivering into N2a cells, exogenous IMP3 was overexpressed based
on western blotting (Figure S2A). To demonstrate the effects of IMP3
on neurite outgrowth, we transfected IMP3 into N2a cells and primary
neurons (Figure 3), and then performed immunostaining to determine
neurite outgrowth. In the cells transfected with GFP control plasmids,
the morphology of neurite outgrowth was similar between cells trans-
fected with or without GFP (Figures 3A and 3C, top panels). However,
as cells were transfected with IMP3, the neurite outgrowth of these cells
was decreased by 31.22 ± 5.492 mm in N2a cells (white arrows in
Figures 3A, bottom panel, and 3B) and 185.2 ± 46.92 mm in primary
neurons (white arrows in Figures 3C, bottom panel, and 3D), respec-
tively.We further generated IMP3 transgenicmice, and showedexpres-
sion of exogenous IMP3 in the cortex of mouse brains (Figure S2B).
However, these IMP3 transgenic founders could not have germline
transmission to offspring for unknown reasons. Therefore, we collected
brains from two IMP3 transgenic founders, and then performed Golgi
staining to stain neurons. In non-transgenic mice, there are more
extended axons of pyramidal neurons to the fifth–sixth layers in cortex



Figure 3. IMP3 significantly worsens neurite outgrowth in vitro and in vivo

(A and B) N2a cells were transfected with EGFP or IMP3-EGFP plasmids, cultured for 48 h, and then subjected to immunostaining using an IMP3 antibody. (A) Representative

images show the morphology of transfected cells. Yellow arrows indicate the non-transfected cells, and white arrows indicate transfected cells. Hoechst staining indicates

the cell nucleus in blue. Green indicates cells transfected with EGFP or IMP3-EGFP. Purple indicates the expression of IMP3. (B) Quantitation results show the decrease of

neurite outgrowth after treatments with IMP3 in N2a cells. (C and D) Primary neurons at DIV 5were transfectedwith EGFP or IMP3-EGFP plasmids, cultured for 48 h, and then

subjected to immunostaining using IMP3 and bIII-tubulin antibodies. (C) Representative images show the morphology of transfected cells. White arrows indicate the

transfected cells, and yellow arrows indicate non-transfected cells. Hoechst staining indicates the cell nucleus in blue. Green indicates cells transfected with EGFP or IMP3-

EGFP. Purple indicates the expression of IMP3. Red indicates the expression of bIII-tubulin. (D) Quantitation results show that IMP3 suppresses neurite outgrowth in primary

neurons. (E and F) Golgi staining were performed by using brain samples from non-transgenic (E) and IMP3 transgenic (F) mice at age 2 months. ***p < 0.001.
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regions (Figure 3E, left panel) compared with those of IMP3 transgenic
mice (Figure 3F, left panel). In addition, relatively more neurites were
observed in neurons in non-transgenic mice (Figure 3E, right panel)
compared with those of IMP3 transgenic mice (Figure 3F, right panel).
Taking these results together, they suggest that IMP3 significantly
worsens neurite outgrowth in vitro and in vivo.

miR-196a increases neurite outgrowth through IGF2

Since we hypothesize that miR-196a may increase neurite
outgrowth through suppressing the expression of IMP3, we further
demonstrate the critical role of IMP3 in this miR-196a regulatory
pathway via the blockage of suppressed IMP3. We overexpressed
miR-196a and IMP3 together to block this regulation, and
then observed the neurite outgrowth in N2a cells. Because
miR-196a carries EGFP and IMP3 carries dsRed, we compared
the neurite outgrowth of transfected cells overexpressing miR-
196a-EGFP with dsRed (Figure 4A, top panel) or with IMP3-
DsRed (Figure 4A, bottom panel). As cells overexpress miR-196a
with IMP3, IMP3 worsens neurite outgrowth induced by miR-
196a by 40.56 ± 7.225 mm (Figure 4B), suggesting the critical
Molecular Therapy: Nucleic Acids Vol. 30 December 2022 289
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Figure 4. Overexpression of IMP3 disrupts neurite outgrowth induced by miR-196a

(A and B) N2a cells were co-transfected miR-196a-EGFP with dsRed or IMP3-DsRed plasmids, cultured for 48 h, and then subjected to immunostaining using an IMP3

antibody. (A) Representative images show themorphology of transfected cells. Yellow arrows indicate cells co-transfected miR-196a-EGFPwith dsRed or IMP3-DsRed, and

white arrows indicate cells transfected with miR-196a-EGFP only. Green indicates cells transfected with miR-196a-EGFP. Red indicates cells transfected with dsRed or

IMP3-DsRed. Purple indicates the expression of IMP3. (B) Quantitation results show that IMP3-DsRed decreases neurite outgrowth induced by miR-196a-EGFP. (C and D)

N2a cells were cotransfected with Lifeact-GFP and with dsRed (C) (left panel) or IMP3-DsRed (C) (right panel) plasmids, and then the length of Lifeact-GFP was traced in

same cells at 48 and 60 h after transfection. (C) Representative images show the signals of Lifeact-GFP (green) in cotransfected cells (red) at 48 and 60 h after transfection.

Artificial yellow indicates the traced cells and length of Lifeactin-GFP identified byMetaMorph software. (D) Quantitation results show that IMP3-DsRed decreases the relative

length of Lifeact-GFP between 48 and 60 h. *p < 0.05, ***p < 0.001.
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role of IMP3 in this miR-196a regulatory pathway for neurite
outgrowth.

According to previous studies, IMP3 is involved in actin dy-
namics,29,30 which is related to the microfilament of the cytoskeleton.
Since we have shown that miR-196a enhances polymerization of
neuronal microtubules,13 another important component of the cyto-
skeleton, we further demonstrate the effects of IMP3 on actin dy-
namics. Taking advantage of the fact that Lifeact-GFP, which could
trace actin organization and cellular morphology,34 we cotransfected
Lifeact-GFP with IMP3-DsRed or dsRed plasmids into N2a cells, and
then traced neurite length in same cells at 48 and 60 h after transfec-
tion. As shown in Figures 4C and 4D, the Lifeact-GFP signals in the
same cells were determined by the MetaMorph software at different
time points (Figure 4C), and overexpression of IMP3-dsRed signifi-
cantly decreases the length indicated by Lifeact-GFP by 24.08 ±

12.03 mm between 48 and 60 h (Figure 4D). These results suggest
that IMP3 worsens the actin dynamics and that miR-196a might in-
crease neurite outgrowth by improving actin polymerization.

miR-196a increases neurite outgrowth by IGF2

To further investigate the downstream target regulated by miR-196a/
IMP3, we address IGF2, which may be a potential candidate based on
290 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
a previous study.26 Here, we hypothesize that miR-196a further func-
tions through IGF2 to increase neurite outgrowth. We first trans-
fected miR-196a mimics into N2a cells, and then determined the
expression level of IGF2 via western blotting. Results show that
11.8% ± 3.99% of IMP3 is suppressed by miR-196a (Figures 5A
and 5B, left panel), but 20.60% ± 7.12% of IGF2 is increased compared
with those of NC control (Figures 5A and 5B, right panel). We also
performed immunostaining, showing that miR-196a increases IGF2
by 102.32% ± 53.89% (Figure S3). In addition, we delivered IMP3
into N2a cells, and then examined the expression of IGF2 by western
blotting (Figure 5C). Due to an alternative start site, two exogenous
bands were detected, and the results show that IMP3 decreases
IGF2 by 15.7% ± 5.36% (Figure 5D). These results suggest that
miR-196a decreases IMP3 and increases IGF2 expression. Next, we
tried to determine the effects of IGF2 on neurite outgrowth.We trans-
fected IGF2-EGFP into N2a cells, and then observed neuronal
morphology (Figure 5E), showing that IGF2 increases total neurite
outgrowth by 55.67 ± 9.541 mm compared with that of the EGFP con-
trol (Figure 5F). Furthermore, we also examined the critical role of
IGF2 in the increase of neurite outgrowth induced bymiR-196a. Since
miR-196a increases the expression of IGF2 (Figures 5A and 5B), we
tried to determine the neurite outgrowth as miR-196a is overex-
pressed and IGF2 is suppressed simultaneously in N2a cells



Figure 5. miR-196a increases neurite outgrowth through IGF2 in N2a cells

N2a cells were transfected with different plasmids, cultured for 48 h, and then subjected to western blotting and fluorescent image analyses. (A) Western blotting shows the

expression of IMP3 and IGF2 after treatments with miR-196a mimics and NC in N2a cells. (B) Quantitation results show the decrease of IMP3 (left panel) and increase of IGF2

(right panel) in the miR-196a group compared with those of the NC group in N2a cells. N = 5. (C) Western blotting shows the expression of IMP3 and IGF2 after treatment with

IMP3 in N2a cells. (D) Quantitation results from (C) show that IMP3 decreases the expression of IGF2 compared with those of the vector control group in N2a cells. N = 4. (E)

Representative images show themorphology of cells transfected with IGF2-EGFP or EGFP (white arrows). Hoechst staining indicates the cell nucleus in blue. Green indicates

cells transfected with IGF2-EGFP or EGFP. (F) Quantitation results from (E) show that IGF2 increases neurite outgrowth in N2a cells. (G) Representative images show the

morphology of cells transfectedmiR-196a-EGFPwith shIGF2 or scramble (white arrows). Hoechst staining indicates the cell nucleus in blue. Green indicates cells transfected

miR-196a-EGFP with shIGF2 or scramble. (H) Quantitation results from (G) show that downregulation of IGF2 decreases the effects of miR-196a on neurite outgrowth in N2a

cells. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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(Figure 5G). As shown in Figure 5G, knockdown of IGF2 via shIGF2
shortens neurite outgrowth induced by miR-196a by 8.962 ±

3.556 mm compared with that of the sh-scramble group (Figure 5H).
Taking these results together, they suggest that miR-196a increases
neurite outgrowth by suppressing IMP3 and then overexpressing
IGF2.

IGF2 increases numbers of filopodia and active forms of Cdc42

Based on above results in Figure 4, we have figured out the role of mi-
crofilaments, especially actin dynamics, regulated by the miR-196a/
IMP3 pathway. Here, we further demonstrate the effects of IGF2 on
microfilaments since we have shown that miR-196a increases neurite
outgrowth through IGF2 (Figure 5). We transfected IGF2-EGFP into
N2a cells, and then stained these cells with Phalloidin, which binds to
F-actin specifically. Because filopodia are an important cellular struc-
ture dominantly formed by actin polymerization, we quantitated filo-
podia numbers and average length in these transfected cells using
MATLAB software from Perkins Lab.35 In Figure 6A, we defined
the filopodia upon the software, and the results show more detected
signals of filopodia in IGF2-EGFP cells compared with those in
EGFP cells. We quantitated these signals, and found that there are
significantly more numbers of filopodia (4.789 ± 1.428) in IGF2-
EGFP cells (Figure 6B, top panel). However, the average lengths of fi-
lopodia are similar between IGF2-EGFP and control groups (Fig-
ure 6B, bottom panel). Furthermore, because Cdc42 is responsible
for the regulation of actin cytoskeleton to form filopodia,36 we further
determined the active form of Cdc42 via a p21-activated kinase 1
(PAK)-p21 binding domain (PBD) pull-down assay.37 As shown in
Figures 6C and 6D, the active form of Cdc42 is significantly higher
in IGF2 cells (63.4% ± 20.01%) compared with that in EGFP cells.
Molecular Therapy: Nucleic Acids Vol. 30 December 2022 291
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Figure 6. IGF2 increases filopodia numbers and active

forms of Cdc42

N2a cells were transfected with IGF2-EGFP or EGFP

plasmids, cultured for 48 h, and subjected to determination

of the formation of filopodia and activity of Cdc42. (A)

Representative images show the detection of filopodia via

MATLAB software in transfected cells. Green indicates

filopodia, and red indicates IGF2 transfected cells. (B)

Quantitation results from (A) show that IGF2 increases

filopodia numbers, but not filopodia average length in N2a

cells. (C) Western blotting shows the expression of active

Cdc42 and total Cdc42 after treatments with IGF2. The

EGFP plasmid was used as a control. The HA antibody

detects the expression of exogenous IGF2 due to the

exogenous IGF2 fused with the HA tag. (D) Quantitation

results from (C) show that IGF2 increases the active form of

Cdc42 in N2a cells. N = 3. *p < 0.05, **p < 0.01.
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These results suggest that miR-196a upregulates IGF2 to activate
Cdc42, further enhancing actin filopodia to increase neurite
outgrowth.

miR-196a increases neurite outgrowth through IGF2 in HD

Since miR-196a provides neuroprotective functions in HD, we further
demonstrate the above mechanisms under HD conditions. Here, we
used primary neurons isolated from R6/2 HD transgenic mice, which
is a well-defined HD transgenic mouse model,13 as an HDmodel. We
first confirm the neurite outgrowth of primary neurons from R6/2
transgenic mice is significantly decreased by 177.5 ± 31.38 mm
compared with that of non-transgenic mice (Figures 7A and 7B left
panel). As we delivered miR-196a into R6/2 primary neurons, miR-
196a significantly increased neurite outgrowth by 56.98 ± 23.48 mm
(Figures 7A and 7B right panel). Moreover, IGF2 also increases neu-
rite outgrowth by 36.81 ± 14.68 mm in R6/2 primary neurons
(Figures 7C and 7D). These results suggest the beneficial roles of
miR-196a and IGF2 for the neurite outgrowth in HD. We further
examine the critical role of IGF2 in neurite outgrowth induced by
miR-196a in R6/2 HD primary neurons. Twomodels of primary neu-
rons were used, including primary neurons from R6/2 HD transgenic
mice (Figure 7E) and miR-196a-R6/2 double-transgenic mice (Fig-
ure 7G). First, we delivered miR-196a-EFGP with shIGF2-dsRed or
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control plasmids into R6/2 HD primary neurons,
and then quantitated the neurite outgrowth,
showing that shIGF2 significantly suppresses
neurite outgrowth induced by miR-196a in HD
primary neurons by 69.12 ± 25.40 mm
(Figures 7E and 7F). In addition, we transfected
shIGF2-dsRed into primary neurons of miR-
196a-R6/2 double-transgenic mice, and showed
that shIGF2 significantly suppresses neurite
outgrowth in miR-196a-R6/2 double-transgenic
mice by 131.9 ± 16.44 mm as well (Figures 7G
and 7H). These results support not only the bene-
ficial effects of miR-196a and IGF2 on neurite
outgrowth in HD but also the critical role of IGF2 for neurite
outgrowth increased by miR-196a in R6/2 HD primary neurons.

Higher IMP3 or lower IGF2 increases HTT aggregates

Finally, we examined the expression profiling of IMP3 and IGF2 in
different HD models in vivo and in silico. We collected brain tissues
from R6/2 HD transgenic and non-transgenic mice at age 3 months,
which were then subjected to western blotting. As shown in
Figures 8A and 8B, R6/2 transgenic mice display aggregated HTT
upon mEM48 signals, and also show higher expression of IMP3
and lower expression of IGF2 (12.15% ± 5.24%) in brains. We further
analyzed one set of Gene Expression Omnibus (GEO) database
(GSE1767), which is the gene expression profiling from HD and con-
trol blood samples.38 We extracted raw data of IMP3 (Figure 8C) and
IGF2 (Figure 8E) from this GEO set, and performed statistical ana-
lyses. In HD patients, the expressions of IMP3 are significantly higher
(92.77% ± 13.88%) (Figure 8D) and the expressions of IGF2 are
significantly lower (51.84% ± 9.08%) (Figure 8F) in HD patients
than those of controls. We further determined the role of IMP3
and IGF2 toward mutant HTT (mHTT) aggregates in HD. We trans-
fected IMP3 and shIGF2withmHTT into N2a cells, and then detected
the mHTT by western blotting (Figures 8G and 8I). Results showed
that higher expression of IMP3 or lower expression of IGF2 increases



Figure 7. miR-196a increases neurite outgrowth

through IGF2 in HD cells

(A–H) Primary neurons from R6/2 transgenic mice were

transfected with different plasmids at DIV 5, cultured for 96

h, and then subjected to determination of neurite outgrowth.

(A) Representative images show the morphology of primary

neurons transfected with EGFP or miR-196a-EGFP (196a-

EGFP) plasmids. Primary neurons were from non-trans-

genic mice (N-Tg, left panel) and R6/2 transgenic mice

(middle and right panels). (B) Quantitation results from

(A) show R6/2 transgenic mice display significantly shorter

neurite outgrowth compared with that of N-Tg mice (left

panel). In addition, miR-196a-EGFP increases neurite

outgrowth compared with that of the EGFP control in HD

primary neurons (right panel). (C) Representative images

show the morphology of R6/2 primary neurons transfected

with IGF2-EGFP (left panel) or EGFP (right panel)

plasmids. (D) Quantitation results from (C) show IGF2-

EGFP increases neurite outgrowth compared with that of

the EGFP control. (E) Representative images show

the morphology of R6/2 primary neurons transfected

miR-196a-EFGP with shIGF2-dsRed (top panel) or

dsRed (bottom panel) plasmids. Arrows indicate the

cotransfected cells. (F) Quantitation results from (E) show

that shIGF2-dsRed decreases neurite outgrowth induced

by miR-196a-EGFP. (G and H) Primary neurons from miR-

196a-R6/2 double-transgenic mice were transfected with

shIGF2-dsRed or dsRed. (G) Representative images show

the morphology of miR-196a-R6/2 primary neurons

transfected with shIGF2-dsRed (left panel) or dsRed (right

panel) plasmids. (H) Quantitation results from (G) show

that shIGF2-dsRed decreases neurite outgrowth

compared with that of dsRed control. *p < 0.05,

**p < 0.01, ****p < 0.0001.
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mHTT aggregates (49.37% ± 6.43%, Figure 8H; and 44.42% ± 10.26%,
Figure 8J, respectively). These results not only show the importance of
IMP3 and IGF2 in HD in vivo, but also imply that IMP3 and IGF2
may also be involved in the formation or degradation of mHTT
aggregates.

DISCUSSION
HD is a terrible neurodegenerative disease with no cure. Thus, it is
urgent to understand the detailed mechanisms of disease progression
Molecular Ther
to further provide therapeutical directions for
this disease. Based on our series studies, we
have shown that miR-196a provides neuroprotec-
tive functions against HD through different
mechanisms, including increase of neurite
outgrowth.12–14 In this study, we further demon-
strated the effects of miR-196a on actin microfil-
aments and identified the cellular mechanisms
through directly suppressing IMP3 and upregu-
lating IGF2 in different models. Combined
with our previous study,13 we show that miR-
196a enhances the polymerization of microtu-
bules and microfilaments to benefit the
neuronal cytoskeleton, further offering neuroprotective effects
against HD.13,14

Microfilaments, microtubules, and intermediate filaments are three
important cytoskeleton components in neuronal cells, and the posi-
tive interaction of these components could reveal physiological func-
tions, such as intracellular transport and synaptic plasticity, in neu-
rons.39 In neurodegenerative diseases, the neuronal cytoskeleton is
disrupted, resulting in degeneration and death of neurons.40 Thus,
apy: Nucleic Acids Vol. 30 December 2022 293
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Figure 8. Higher IMP3 or lower IGF2 increases HTT aggregates

(A and B) Brain tissues of R6/2 transgenic and non-transgenic mice at age 3 months were collected, and then subjected to western blotting. (A) Western blotting shows the

expression of mHTT (mEM48), IMP3, and IGF2 in non-transgenic (N-Tg) and R6/2 transgenic mice. (B) Quantitation results from (A) show significantly lower expression of

IGF2 in R6/2 transgenic mice. (C–F) In silico analyses were performed based on GSE1767 from the GEO database. (C) Raw expression level of IMP3 in HD patients and

controls was downloaded fromGSE1767. (D) Quantitation results from (C) show significantly higher expression of IMP3 in HD patients. (E) Raw expression levels of IGF2 in HD

patients and controls were downloaded from GSE1767. (F) Quantitation results from (E) show significantly lower expression of IGF2 in HD patients. (G–J) N2a cells were

transfected mHTT-84Q with IMP3 or shIGF2, cultured for 48 h, and then subjected to western blotting. (G) Western blotting shows the expression of mHTT after the

transfection of mHTT-84Q with IMP3 or control plasmids. The mEM48 antibody is used for detection of mHTT. The flag antibody is used for detection of exogenous IMP3.

g-Tubulin is used as an internal control. (H) Quantitation results from (G) show that IMP3 increases the expression of mEM48 comparedwith that of control. (N = 3). (I) Western

blotting shows the expression of mHTT after transfection of mHTT-84Q with shIGF2 or control plasmids. (J) Quantitation results from (I) shows that shIGF2 increases the

expression of mEM48 compared with that of control. N = 4. *p < 0.05, ***p < 0.001.
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enhancement of the neuronal cytoskeleton is considered as a potential
therapy against neurodegenerative diseases, and a number of re-
searchers are focusing on this direction.41–43 Based on our previous
study, we showed that miR-196a increases neurite outgrowth by
accelerating the assembly of b-tubulin.13 Since neurite outgrowth is
formed by polymerized microtubules and microfilament-rich growth
cones,39,44,45 this study further supports the importance of actin mi-
crofilaments for neurite outgrowth in the neuroprotective mechanism
of miR-196a. Because actin cytoskeleton is responsible for filopodia
formation, neuronal migration, synaptic functions, axonal develop-
ment, etc.,44 our series data support miR-196a offers several beneficial
functions related to actin cytoskeleton in neurons. Similar mecha-
nisms are echoed by studies in the field of cancer research,46,47

strongly supporting the important effects of miR-196a on neuronal
morphology.

IMP3, one of miR-196a target genes, dominantly expresses during
embryogenesis, and abnormal overexpression has been widely
demonstrated in cancer biology, showing IMP3 plays a malignant
role during tumor progression.27,28 However, there are relatively few
studies addressing on central nervous system. One study shows higher
expression of IMP3 inhibits neuronal differentiation in neuron-like
cells,33 suggesting the worse effects of IMP3 after mid-embryonic
294 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
stage. In this study, we did not observe the expression of IMP3 in
brains of N-Tg mice at adult stage; however, higher expression of
IMP3 was observed in HD mice with the same age (Figure 8A). In
addition, we observed higher expression level of IMP3worsens neurite
outgrowth in vitro and in vivo (Figure 3), and IMP3 is expressed higher
inHD transgenic mice and patients (Figure 8), indicating the ill role of
IMP3 for neurite outgrowth in HD. However, how mutant HTT in-
duces higher expression of IMP3 is still unknown, and further exper-
iments should be conducted to examine this mechanism. In addition,
IMP3 is a mRNA binding protein, and regulates gene expression
through binding to target mRNAs in cytoplasm. IGF2 is one of
IMP3 target mRNAs, but the IMP3 regulation on IGF2 is still contra-
dictory.26 In our study, we show higher expression of IMP3 leads to
lower expression of IGF2 in different neuronal models (Figures 5
and 8), suggesting IMP3 negatively regulates IGF2 expression in these
models. This result is not consistent to the expression profiling inmost
of cancer studies,48,49 but is similar to the studies related to embryo-
genesis.33,50 These imply that the different regulatory pathways of
IMP3 on IGF2 in different tissues or conditions, and the detailed reg-
ulatory mechanism in HD is deserved for further studies.

In this study, we show IMP3 and IGF2 affect the actin dynamics and
structures to influence neurite outgrowth (Figures 4 and 6). Since
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IMP3 has been reported to bind to not only IGF2 but also actin
mRNAs,30,51 these previous studies further support the critical roles
of IMP3 and IGF2 in miR-196a regulatory mechanism toward neurite
outgrowth. In addition, we show IGF2 activates Cdc42 (Figure 6),
which is one of key proteins regulating actin cytoskeleton to form fi-
lopodia. Therefore, the activity of other regulatory proteins related to
cellular actin dynamics, such as Rac1 and RhoA,52 should also be
further considered to address to this regulatory network. Cdc42 has
been shown to stimulate neurite outgrowth by the formation of filo-
podia,53 thus supporting the enhancement of actin dynamics is a
dominant mechanism for neurite outgrowth induced by miR-196a.
Since the actin cytoskeleton is also responsible for cellular migration,
synaptic connection, and axonal polarization, our results further sup-
port the neuroprotective roles of miR-196a against HD.

IGF2 has been shown to provide neuroprotective functions in different
neuronal diseases. For example, IGF2 has induced Akt phosphoryla-
tion, glycogen synthase kinase-3b phosphorylation, and b-catenin
levels against toxic aggregations in amyotrophic lateral sclerosis,54

and also has reduced b-amyloid plaques in the hippocampus to
improve memory in the mouse model of Alzheimer’s disease.55 These
results suggest that IGF2might have a potential role in the degradation
of disease-causing aggregates. Based on our previous studies, we report
that miR-196a significantly decreases the expression of aggregated
mHTT.4,14 In this study, we further show that higher expression of
IMP3 or lower expression of IGF2 increases mHTT aggregates
(Figures 8G–8J), suggesting that miR-196a/IMP3/IGF2 is a potential
pathway to degrade aggregated proteins. However, the related regula-
tion regarding protein degradation systems still needs to be clarified.
Since miR-196a has approximately 322 predicted targets, based on
the miRSystem website,56 we also found several targets that might be
involved in protein degradation systems, such as GABA(A) receptor-
associated protein, Baculoviral IAP repeat containing 6, Mitogen-acti-
vated protein kinase kinase kinase 1, and TNF receptor-associated fac-
tor 6. Because aggregationof disease-causingproteins is also a common
feature among different neurodegenerative diseases, it would be inter-
esting to further demonstrate the regulatory mechanisms of miR-196a
functioning on protein degradation in future.

In conclusion, we provide evidence that miR-196a increases neurite
outgrowth through microfilament polymerization in HD, and that
the working mechanism functions by directly suppressing IMP3
and upregulating IGF2. Taking our series studies together, they sup-
port that miR-196a enhances polymerization of both microtubules
and microfilaments to benefit the neuronal cytoskeleton, and further
offers neuroprotection against HD. We have not only identified the
related mechanisms but also provide a potential insight toward the
therapy of HD.

MATERIALS AND METHODS
DNA constructions

The DNA constructs used in this study include EGFP, miR-196a-
EGFP, IMP3-Flag, IMP3-EGFP, IMP3 30 UTR, IGF2-EGFP, and
shIGF2-dsRed. EGFP contains an enhanced green fluorescence protein
(EGFP) gene under control of a human ubiquitin promoter. miR-
196a-EGFP contains a precursor hsa-miR-196a-2 (accession number:
MI0000279) under control of a human ubiquitin promoter and an
EGFP gene for cellular detection. IMP3-Flag contains coding
sequence of insulin-like growth factor 2 mRNA binding protein 3
gene (also known as IGF2BP3 or IMP3; accession number:
NM_026670.3) flanking a FLAG tag at the 30 end under control of
a human ubiquitin promoter. The IMP3-EGFP construct contains
the above IMP3-Flag construct with an EGFP reporter gene under
control of a human ubiquitin promoter. All of the above constructs
are cloned into a lentiviral vector (Addgene plasmid: no. 14883).
Moreover, an IMP3 30 UTR construct (PIS2-IMP3 30 UTR) for a lucif-
erase reporter assay contains 30UTR of IMP3 (accession number:
NM_026670.3) flanking the 30 end of a luciferase reporter gene driven
by an SV40 promoter in a PIS2 vector (Addgene plasmid: no. 12177).
The IGF2-EGFP construct contains insulin-like growth factor 2 gene
(accession number: NM_000612.6) with HA and Flag tags at the 30

end with an EGFP reporter gene under control of a cytomegalovirus
(CMV) promoter. The shIGF2-dsRed contains the shRNA against
IGF2 gene (shIGF2) under the control of a U6 promoter with a red
fluorescence reporter gene (dsRed), and targets on the GTGGGCA
AGTTCTTCCAATAT of IGF2 sequence.

Cell culture, transfection, and differentiation

N2a mouse neuroblastoma cells and primary cortical neurons were
used in this study. N2a cells were cultured in MEM (Invitrogen) me-
dium with 10% fetal bovine serum (Hyclone) and 1X Penicillin-
Streptomycin (Invitrogen). To transfect and differentiate N2a cells,
lipofectamine 2000 (Invitrogen) was used to deliver different con-
structs, and differentiation was then performed using 10 mM retinoic
acid (Sigma) and 2% fetal bovine serum in culture medium for 48 h.
For primary neurons, primary cortical neurons were established with
the approval by the Institutional Animal Care and Use Committee at
National Cheng Kung University, Taiwan. All protocols and methods
for animal experiments were supervised with the relevant guidelines
and regulations. Simply, cortex tissues from mouse fetuses were
collected at 17.5–18.5 days postcoitum, and then digested with
0.05% Trypsin-EDTA (Gibco) to obtain mixed brain cells. These cells
were maintained in Neurobasal Medium (Gibco) with 1X B27
(Gibco) and 2 mM L-glutamine (Gibco) to increase neuronal popula-
tion. To transfect primary neurons, the above cells were cultured for
5 days, and then transfected with different DNA constructs using Lip-
ofectamine 2000 (Invitrogen). Transfected cells were cultured for an
additional 2 days (7 days in vitro), and neurite outgrowth of these pri-
mary neurons was evaluated.

Luciferase reporter assay

The binding activity of miR-196a on 30 UTR of IMP3 was assessed us-
ing a luciferase reporter assay. Simply, the PIS2-IMP3 30 UTR and
CMV-b-gal constructs were cotransfected with miR-196a or miR
NC mimics in N2a cells for 48 h, and these transfected cells were
analyzed using the Dual-Luciferase Reporter Assay System (Prom-
ega). b-Galactosidase activity produced from the CMV-b-gal
construct was concurrently used as an internal control for
Molecular Therapy: Nucleic Acids Vol. 30 December 2022 295
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transfection efficiency. The suppression ability of miR-196a on IMP3
was evaluated by determining luciferase activity normalized by
b-galactosidase activity.

Neurite outgrowth

Neurite outgrowth was evaluated in N2a cells and primary cortical
neurons.13 Simply, neurite outgrowth was observed using transfected
EGFP markers, and fluorescent images were captured using a
DM2500 fluorescent microscope (Leica). The Neurite Outgrowth
Application Module supported by MetaMorph software (Molecular
Devices) was used to detect cells and quantitate total neurite
outgrowth length (Figure S4). At least five regions of interest were
selected for analyses, and cells with neurite outgrowth length of at
least twice the length of the cell body were used for statistical ana-
lyses. Total neurite outgrowth is defined as the total length of skel-
etonized outgrowth (corrected for diagonal lengths) associated with
the cell.

Transgenic mice

Three transgenic mouse lines were used in this study, including miR-
196a, IMP3, and R6/2 HD transgenic mice. The animal protocol of
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 sequence (acces-
sion number: MI0000279) driven by a human ubiquitin pro-
moter.13,14,57 These mice were genotyped via PCR using forward
primer GAGGCGTCAGTTTCTTTGGTC and reverse primer TAG
CGTAAAAGGAGCAACATAGT to detect the 465 bp amplicon.
IMP3 transgenic mice generated via lentiviral transgenesis57 carry
the IMP3 gene (accession number: NM_026670.3) driven by a human
ubiquitin promoter. These transgenic mice were genotyped by PCR
using forward primer GAGGCGTCAGTTTCTTTGGTC and reverse
primer CTCTGCCGTTTAGGGACCGA to detect the 490 bp ampli-
con. R6/2 HD transgenic mice carry truncated exon1 of HTT gene
with expanded polyQ under control of an HTT promoter.58 R6/2
transgenic mice were genotyped using forward primer GGCGAC
CCTGGAAAAGCTGA and reverse primer TGAGGAAGCTG
AGGAGGCGG to detect approximately 700–800 bp amplicons based
on various CAG repeat numbers.

Western blotting analysis

Raw proteins from cells or brains were extracted using RIPA lysis and
extraction buffer (Thermo Scientific), and these proteins were then
subjected to sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (Bio-Rad). The proteins on gels were transferred onto PVDF
membranes (Bio-Rad), and then subjected to western blotting. The
blotted membranes were blocked in 5% skimmed milk, and hybrid-
ized with the primary antibodies. The antibodies used in this study
included IMP3 (Abcam; 1:1,000 dilution), Flag-M2 (Sigma; 1:2,000
dilution), mEM48 (Sigma; 1:100 dilution), IGF2 (Abcam; 1:1,000
dilution), and g-tubulin (Sigma; 1:10,000 dilution). Then, the mem-
branes were hybridized with the secondary peroxidase-conjugated
antibodies (Jackson ImmunoResearch Laboratories), and protein
expression levels were detected using an Amersham ECL kit
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(PerkinElmer) using an automatic gel imaging system (ChampGel).
The quantitation of protein expression was conducted using ImageJ
software (NIH).

Immunohistochemical staining

Experimental cells were fixed using 4% paraformaldehyde, and
blocked in blocking buffer (0.2% Triton X-100, 3 mM sodium azide,
0.1% saponin, 2% BSA, 5% donkey serum, in phosphate-buffered sa-
line buffer) for 1 h. The cells were incubated with primary antibodies,
including IMP3 (Abcam; 1:100 dilution) and bIII-tubulin (Millipore;
1:1,000 dilution) antibodies, at 4�C overnight. After washing with
phosphate-buffered saline buffer, the cells were then incubated with
secondary antibodies conjugated with Alexa Fluor 488, 594, or 647
(Invitrogen) for 2 h. The nuclei of the cells were stained using
1 mg/mL Hoeschst 33342 (Sigma), and then fluorescence images
were captured using a DM2500 fluorescent microscope (Leica). The
intensity of IMP3 was determined using MetaMorph software (Mo-
lecular Devices).

Golgi stain

FD Rapid GolgiStain Kit (FD Neurotechnologies) was used to
determine the neurite outgrowth in vivo. Simply, mouse brains
were stained in mixed solution A and solution B at room
temperature for 10 days, and then transferred to solution C for
3 days. Treated brains were cryosectioned at 140 mm thickness,
and then exposed in the staining solution with solution D, solution
E, and double Milli-Q water (1:1:2 mix) for 10 min. These brain
sections were then dehydrated in 50%, 75%, and 95% ethanol,
respectively, and then fixed on slides. To analyze the neurite
outgrowth, the images of brain slides were captured every 2 mm
along the z axis, and these images were packed into 2D images us-
ing MetaMorph software (Molecular Devices). These images of
neurite outgrowth were then statistically quantitated by NeuronJ
(NIH).13

Actin polymerization

Lifeact-GFP plasmid was used to examine the actin polymerization.34

N2a cells were co-transfected with Lifeact-GFP and IMP3-dsRed
plasmids, and then cultured for 48 h. IMP3-dsRed cells with GFP sig-
nals were randomly chosen, and the positions of these cells were
located via MetaMorph software (Molecular Devices) under the auto-
matic plate of a DMi8 inverted microscope (Leica). The images of
GFP signals were captured to trace the actin polymerization. These
cells were cultured for 12 h (60 h after transfection), and the GFP sig-
nals were again captured in the cells. The relative length of Lifeact-
GFP was determined by subtraction of the GFP length between 60
and 48 h.

Analysis of filopodia

The transfected N2a cells were fixed using 4% paraformaldehyde, and
then stained with 1X CytoPainter Phalloidin-iFluor 594 Reagent (Ab-
cam) for 30 min. The Phalloidin fluorescent images were captured,
and then subjected to analyses of filopodia using the MATLAB
with an image process tool software. The input code was quoted
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from Perkins Lab,35 and the distance calibration was performed for
correction (mm/pixel). The numbers of filopodia and average lengths
were then detected and counted using the software, and the results
were subjected to statistical analyses.

Pull-down assay

Active forms of Cdc42 were analyzed using the Cdc42 Pull-Down
Activation Assay Biochem Kit (Cytoskeleton). Simply, raw proteins
from transfected cells were mixed with PAK-PBD beads to pull
down the active form of Cdc42 proteins, and then the bound-pro-
teins were purified and eluted out for western blotting using a
Cdc42 antibody. Raw proteins were used to detect the total Cdc42,
and the expression levels of active Cdc42 were normalized by total
Cdc42.

Bioinformatic analysis

The binding sites of miR-196a on IMP3 30 UTR was predicted via
TargetScan 6.2 (http://www.targetscan.org/). The expression profiling
of IMP3 in HD patients and controls was analyzed through the GEO
database (https://www.ncbi.nlm.nih.gov/geo/). The accession num-
ber used in this study is GSE1767.38

Statistical analysis

Data are represented as mean ± standard error of mean (SEM). Stu-
dent’s t test was used to compare differences between two different
groups. In some occasions, differences among different groups were
analyzed using one-way analysis of variance via a commercial statis-
tical 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.
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