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Involvement of miR-9/MCPIP1 axis in PDGF-BB-mediated
neurogenesis in neuronal progenitor cells

L Yang'?, J Chao'?, YH Kook', Y Gao', H Yao' and SJ Buch*'

Highly conserved microRNA-9 (miR-9) has a critical role in various cellular processes including neurogenesis. However,
its regulation by neurotropins that are known to mediate neurogenesis remains poorly defined. In this study, we identify platelet-
derived growth factor-BB (PDGF-BB)-mediated upregulation of miR-9, which in turn downregulates its target gene monocyte
chemotactic protein-induced protein 1 (MCPIP1), as a key player in modulating proliferation, neuronal differentiation as well as
migration of neuronal progenitor cells (NPCs). Results indicate that miR-9-mediated NPC proliferation and neuronal
differentiation involves signaling via the nuclear factor-kappa B (NF-xB) and cAMP response element-binding protein (CREB)
pathways, and that NPC migration involves CREB but not the NF-xB signaling. These findings thus suggest that miR-9-mediated

downregulation of MCPIP1 acts as a molecular switch regulation of neurogenesis.
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New dentate granule cells are continuously generated from
neural progenitor cells and are integrated into the existing
hippocampal circuitry in the adult mammalian brain by a
process termed as neurogenesis." Neurotropic family of
growth factors have key roles in maintaining neuronal home-
ostasis via regulation of neurogenesis.?>® Growth factors
belonging to the platelet-derived growth factor (PDGF) family
are composed of products of four gene products (A-D) that
can dimerize and bind to two receptor tyrosine kinases,
PDGF-oR and -fR.*® Our previous study has implicated
PDGF-BB as a crucial factor in the regulation of neuronal
progenitor cell (NPC) proliferation.”

In keeping with the emerging interest in the molecular
mechanisms controlling neurogenesis in the central nervous
system (CNS), a new and exciting aspect of gene regulation
has gained attention in recent years with the discovery of
mammalian microRNAs (miRNAs).2"® miRNAs are small,
evolutionarily conserved noncoding RNAs that are derived
from much larger primary transcripts. MicroRNA-9 (miR-9),
a highly conserved microRNA, is expressed predominantly in
the CNS of the developing embryo exhibiting a prodifferentia-
tion function embryo.'''® MiR-9 has been shown to regulate
axonal extension and branching via targeting Map1b in mouse
cortical neurons.'® Moreover, recent studies have also
implicated the role of miR-9 in controlling stability of the Notch
target mRNA-Hes1 that is critical for Hes1 ultradian oscilla-
tions.' Although miR-9 has been documented to promote
proliferation of neuronal progenitors by targeting stathimin, 2

whether miR-9 has a role in growth factor (PDGF-BB)-
mediated regulation of neurogenesis is not well understood.

Using computational algorithms such as the TargetScan,
monocyte chemotactic protein-induced protein 1 (MCPIP1)
gene (ZC3H12A), known to control inflammation'®'® was
identified as the predicted target of miR-9. MCPIP1 has been
identified to promote glial differentiation in NT2 neuroprogenitor
cells treated with monocyte chemotactic protein-1 (MCP-1).2°
Furthermore, it has also been implicated as a negative
regulator of macrophage activation.'® Whether MCPIP1 has
a role in PDGF-BB-mediated regulation of neurogenesis
however remains an enigma.

In the present study, we sought to understand the signaling
pathways involved in PDGF-BB-mediated regulation of NPC
proliferation, neuronal differentiation and migration with the
involvement of miR-9 and its targeted suppression of
MCPIP1. We further demonstrated distinct downstream
activation of the nuclear factor-kappa B (NF-xB) in NPC
proliferation and differentiation while activating the cAMP
response element-binding protein (CREB) pathway in all of
the neurogenesis processes.

Results

PDGF-BB-mediated upregulation of miR-9 in NPCs. Our
previous study demonstrated that PDGF-BB has a critical role
in the regulation of NPC proliferation.” In addition, miR-9 has
also been implicated in NPC proliferation and migration. '
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However, very little is known about the mechanism by which
PDGF-BB exerts its action through miR-9. In the present
study, NPCs were exposed to PDGF-BB (100ng/ml) for
varying time points. As an initial screen to identify which of
the miR-9 precursors were regulated in response to PDGF-BB,
mRBNA levels of miR-9-1, miR-9-2 and miR-9-3 were
determined by real time-PCR. Compared with the expression
of pre-miR-9-1 (Figure 1a), miR-9-2 mRNA was upregulated
(2.36- and 4.08-fold) at 6 and 12 h, respectively (Figure 1b).
The level of miR-9-3 was not detectable (data not shown).
Consistent with this finding and as shown in Figure 1c, NPCs
cultured in the presence of PDGF-BB demonstrated upregula-
tion of mature miR-9 in a time-dependent manner. Having
determined that PDGF-BB mediated increased expression of
miR-9 by real-time PCR, the next step was to confirm the
increased miR-9 expression by using fluorescence in situ
hybridization (FISH). Compared with control, PDGF-BB
treatment resulted in increased miR-9 expression in NPCs
(Figure 1d). Cumulatively, these data clearly demonstrate
PDGF-BB-mediated induction of miR-9 in NPCs.

Involvement of miR-9 in PDGF-BB-mediated NPC
proliferation, differentiation and migration. As miR-9
expression was increased in the NPCs in the presence of
PDGF-BB, we next sought to explore the role of miR-9 in
PDGF-BB-mediated NPC proliferation, differentiation and
migration. NPCs were transduced with the lentivirus-expressing
anti-miR-9 and assessed for cell proliferation. As shown in
Figure 2a, PDGF-BB increased NPC proliferation, which was
significantly inhibited by anti-miR-9.

Newly generated neural cells undergo differentiation before
they mature and become functional. Having determined
the role of PDGF-BB in proliferation, it was of interest to
investigate the role of miR-9 in the differentiation of NPCs.
As shown in Figure 2b, exposure of NPCs to PDGF-BB
resulted in a time-dependent increase in the expression of the
neuronal marker (f-lll-tubulin), with a concomitant decrease
in the expression of astrocyte marker (glial fibrillary acidic
protein, GFAP), indicating thereby that PDGF-BB stimulated
neuronal differentiation while inhibiting astrocyte differentiation.
This was further confirmed by immunostaining the cells with
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Figure 1 PDGF-BB-mediated upregulation of miR-9 in NPCs. Total RNA isolated from NPCs was subjected to real-time PCR analysis using primer sets specific for
pre-miR-9-1 (a), pre-miR-9-2 (b) and mature miR-9 (c). PDGF-BB markedly upregulated pre-miR-9-2 mRNA expression compared with the expression of pre-miR-9-1.
(d) FISH analysis of mature miR-9 in primary NPCs. Nestin: green; miR-9: red; 4’,6-diamidino-2-phenylindole (DAPI): blue. Scale bar =5 um. All the data are indicated as
mean + S.D. of four individual experiments. *P<0.05, ***P<0.001 versus control group
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Figure 2 Involvement of miR-9 in PDGF-BB-mediated NPC proliferation, differentiation and migration. (a) Transduction of primary NPCs with anti-miR-9 precursor
resulted in amelioration of PDGF-BB-mediated increase in NPC proliferation. (b) PDGF-BB increased neuronal while decreasing astrocyte differentiation as demonstrated by
western blotting (WB) analysis. Lysates of NPCs exposed to PDGF-BB for 0-7days were assessed for neuronal and astrocyte-specific markers such as f-Ill-tubulin and
GFAP, respectively, by WB analysis. Representative figures are shown from four individual experiments. (c) Immunostaining of f-lll-tubulin and GFAP in NPCs.
Representative images of f-lI-tubulin- (upper panel) and GFAP- (lower panel) positive cells in NPCs. Scale bar = 20 um. (d) Transduction of primary NPCs with anti-miR-9
resulted in abrogation of PDGF-BB-mediated increase in neuronal differentiation and a concomitantly opposing effect on GFAP expression. (e) Transduction of primary NPCs
with anti-miR-9 resulted in decreased NPC migration induced by PDGF-BB using Boyden chamber. (f) Transduction of primary NPCs with anti-miR-9 resulted in decreased
NPC migration induced by PDGF-BB using the 3-D cell culture system. All the data are indicated as mean + S.D. of four individual experiments. *P<0.05, **P<0.01,
***P.< 0,001 versus control group or NPCs transduced with anti-control lentivirus in control group; *P<0.05, *#*P < 0.001 versus NPCs transduced with anti-control lentivirus
in PDGF-BB-treated group

anti-miR-control in the presence of PDGF-BB. These findings
thus suggest the involvement of miR-9 in PDGF-BB-mediated
neuronal differentiation.

the respective cell-specific markers (Figure 2c). Next,
we sought to examine the role of miR-9 in PDGF-BB-mediated
differentiation of NPCs. As shown in Figure 2d, transduction

of NPCs with anti-miR-9 resulted in decreased expression of
p-lll-tubulin with a concomitant increase in the expression
of GFAP compared with cells that were transduced with the

In additon to NPC proliferation and differentiation, NPC
migration is also a critical aspect of neurogenesis. We next sought
to explore the role of miR-9 in PDGF-BB-mediated migration.
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Using Boyden chambers, it was demonstrated that there
was increased migration of NPCs in the presence of
PDGF-BB (Figure 2e). Intriguingly, transduction of cells with
anti-miR-9 lentivirus resulted in inhibition of PDGF-BB-
mediated induction of NPC migration, thus underpinning the
role of miR-9 in the process. Further validation of these
findings was carried out by monitoring NPC migration in a
3-dimensional (3-D) cell culture system. As shown in
Figure 2f, there was increased migration of NPCs in response
to PDGF-BB and this effect was inhibited in cells transduced
with anti-miR-9 compared with anti-miR control vector.

PDGF-BB-mediated downregulation of MCPIP1 in NPCs.
Having determined the role of miR-9 in PDGF-BB-mediated
NPC proliferation, differentiation and migration, we next
sought to investigate the mechanism(s) underlying these
effects. MCPIP1, a CCCH zinc-finger ribonuclease
(ZC3H12A) with conserved miR-9 binding site within its
3'-untranslated region (UTR) has been predicted as the
putative target of miR-9 using the TargetScan algorithm.
However, whether MCPIP1 was regulated by PDGF-BB
remains poorly understood. We thus initially examined the
effect of PDGF-BB on the transcription of MCPIP1. As shown
in Figure 3a, following PDGF-BB exposure, MCPIP1 mRNA
was time-dependently downregulated from 3 to 24h.
To further examine whether the mRNA downregulation
translated into decreased protein expression, the MCPIP1
expression at the protein level was examined. As shown in
Figure 3b, PDGF-BB downregulated MCPIP1 protein expres-
sion in a time-dependent manner. Interestingly, PDGF-BB-
induced regulation of miR-9 correlated inversely with the
expression of MCPIP1. These data thus suggested that
PDGF-BB via upregulation of miR-9 mediated downregula-
tion of MCPIP1 mRNA and protein in NPCs.

Involvement of MCPIP1 in PDGF-BB-mediated NPC
proliferation, differentiation and migration. Having deter-
mined the MCPIP1 expression was downregulated in the
NPCs in the presence of PDGF-BB, we next wanted to
assess the role of MCPIP1 in PDGF-BB-mediated NPC
proliferation, differentiation and migration. To determine
whether miR-9-mediated functional effects depend specifi-
cally on MCPIP1 suppression, an expression construct
encoding the entire MCPIP1 coding sequence but lacking
the 3'-UTR, yielding an mRNA resistant to miRNA-mediated
suppression was generated. NPCs were transduced with the
MCPIP1 construct lacking the UTRs (MCPIP1-A3'-UTR) that
was not targeted by miR-9. To examine the involvement of
the MCPIP1 in PDGF-BB-mediated NPC proliferation, cells
were transfected with either vector control or MCPIP1
overexpressing (OE)-A3'-UTR constructs followed by expo-
sure of cells to PDGF-BB. Intriguingly, PDGF-BB-mediated
increase of NPC proliferation was significantly inhibited in
cells transduced with the MCPIP1 OE -A3'-UTR construct,
but not in cells transduced with the control vector (Figure 4a).
Collectively, these findings underscore the role of MCPIP1 in
PDGF-BB-mediated increase of NPC proliferation.

Next, we examined the role of MCPIP1 in PDGF-BB-
mediated NPC differentiation. As shown in Figure 4b,
transfection of NPCs with MCPIP1 OE-A3'-UTR construct
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Figure 3 PDGF-BB-mediated downregulation of MCPIP1 in NPCs. (a) Total
RNA isolated from NPCs was subjected to real-time PCR analysis using primer sets
specific for MCPIP1. PDGF-BB markedly downregulated MCPIP1 mRNA
expression compared with control NPCs. (b) Whole-cell lysates from PDGF-BB-
exposed cells were subjected to western blotting (WB) analysis using antibodies
specific for MCPIP1. PDGF-BB exposure resulted in a time-dependent decrease in
MCPIP1 protein in NPCs. All the data are presented from three individual
experiments. All the data are indicated as mean+S.D. of four individual
experiments. *P<0.05, **P<0.01 and **P<0.001 versus control group
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resulted in decreased expression of f-lll-tubulin with a
concomitant increase in the expression of GFAP compared
with cells transduced with vector control, following treatment
with PDGF-BB. The next step was to dissect the role
of MCPIP1 in NPC migration in response to PDGF-BB.
As shown in Figures 4c and d, transfection of NPCs with
MCPIP1 OE-A3-UTR construct resulted in significant
abrogation of PDGF-BB-mediated NPC migration in both
Boyden chamber and 3-D matrix migration assays.

MCPIP1 overexpression antagonizes the effects of
miR-9. To examine whether the miR-9/MCPIP1 interaction
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Figure 4

Involvement of MCPIP1 in PDGF-BB-mediated NPC proliferation, differentiation and migration. (a) Transfection of primary NPCs with MCPIP1 OE-3'-UTR

construct resulted in amelioration of PDGF-BB-mediated increase in NPC proliferation. (b) Transfection of primary NPCs with MCPIP1 OE-3'-UTR construct resulted in
abrogation of PDGF-BB-mediated increase of neuronal differentiation and a concomitantly opposing effect on GFAP expression. (¢) Transfection of primary NPCs with
MCPIP1 OE-3'-UTR construct resulted in abrogation of PDGF-BB-mediated upregulation of migration using the Boyden chamber. (d) Transfection of primary NPCs with
MCPIP1 OE-3'-UTR construct resulted in abrogation of PDGF-BB-mediated upregulation of migration using the 3-D cell culture system. All the data are indicated as
mean + S.D. of four individual experiments. *P<0.05, **P<0.01, ***P<0.001 versus NPCs transfected with vector in control group; *P<0.05, *#*P<0.01, #*P<0.001

versus NPCs transfected with vector in PDGF-BB-treated group

modulates NPC proliferation, cells transfected with the
MCPIP1 OE-A3'-UTR construct were assessed for prolifera-
tion. Interestingly, there was a failure of miR-9 to induce NPC
proliferation in cells transfected with the MCPIP1 OE-A3'-
UTR construct (Figure 5a). Similarly, while miR-9 enhanced
neuronal differentiation, this effect was significantly sup-
pressed in NPCs transfected with MCPIP1 OE-A3-UTR
construct (Figure 5b). Furthermore, while transduction of
miR-9 promoted migration of NPCs in Boyden chamber
(Figure 5c) as well as in 3-D migration assay (Figure 5d),
transfection of cells with MCPIP1 OE-A3'-UTR construct
abrogated this effect. These findings thus indicate that
MCPIP1 is a key downstream target of miR-9.

MCPIP1 overexpression attenuates miR-9-mediated
signaling. Having determined that miR-9 and its target
MCPIP1 regulated NPC proliferation, differentiation and
migration, we next sought to determine the intracellular
signaling pathways involved in these processes mediated by
miR-9/MCPIP1. It has been previously demonstrated that
both the extracellular signal-regulated protein kinase (ERK)
and Akt and the downstream transcription factors NF-«B and

CREB have crucial roles in PDGF-BB-mediated proliferation
of NPCs. Extension of these studies to decipher the role of
MCPIP1 in miR-9-mediated activation of ERK and Akt in
NPCs. In the presence of miR-9, there was increased
activation of both the signaling mediators (ERK and Akt),
and this effect was abrogated in cells transfected with
MCPIP1 OE-A3'-UTR construct (Figure 6a). The next step
was to investigate the role of MCPIP1 in miR-9-mediated
activation of downstream transcription factors (NF-«xB &
CREB) in NPCs. Cells transduced with miR-9 exhibited
increased activation and nuclear translocation of NF-xB and
CREB, and reciprocally, overexpression of MCPIP1 attenuated
this effect (Figure 6b). Next logical step then was to
examine whether there existed a link that could tie together
the activation of ERK and phosphatidylinositol 3-kinase
(PI3K)/Akt with NF-xB and CREB. NPCs were pretreated
with mitogen-activated protein kinase (MEK), or PI3K
inhibitors followed by treatment with PDGF-BB and assessed
for expression of NF-xB or CREB. As shown in Figure 6c,
both MEK and PI3K inhibitors significantly inhibited PDGF-
BB-mediated NF-xB activation. Similar to NF-xB, CREB
activation was also dependent on ERK activation.
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Figure 5 MCPIP1 overexpression antagonizes the effects of miR-9. (a) Transfection of primary NPCs with MCPIP1 OE-3'-UTR construct resulted in amelioration of miR-
9-mediated increase of NPC proliferation. (b) Transfection of primary NPCs with MCPIP1 OE-3'-UTR construct resulted in abrogation of miR-9-mediated increase of neuronal
differentiation with a concomitantly opposing effect on GFAP expression. (c) Transfection of primary NPCs with MCPIP1 OE-3'-UTR construct resulted in abrogation of miR-9-
mediated increase in NPC migration using the Boyden chamber. (d) Transfection of primary NPCs with MCPIP1 OE-3'-UTR construct resulted in decrease in miR-9-mediated
migration using the 3-D cell culture system. All the data are indicated as mean + S.D. of four individual experiments. *P<0.05, **P<0.01, **P<0.001 versus NPCs
co-transfected with vector/miR-control group; *P<0.05, #P<0.01, #*P<0.001 versus NPCs co-transfected with vector/miR-9 group

Although Akt inhibition significantly downregulated CREB
expression, there was still residual activation of CREB,
leading to the idea that other alternative pathways might be
involved in the regulation of CREB activation by PDGF-BB.

Differential role of NF-xB and CREB pathway in miR-9/
MCPIP1-mediated NPC proliferation, differentiation and
migration. Previous study from our group has demonstrated
that exposure of NPC to PDGF-BB resulted in increased
proliferation through activation of NF-xB and CREB path-
ways.” The next logical step was to examine the functional
relevance of NF-«kB and CREB in differentiation and
migration of NPCs. Pretreatment of NPCs with IKK2 inhibitor
SC514 (5 uM) resulted in significant decrease in PDGF-BB-
mediated differentiation of NPCs (Figure 7a). This was
further confirmed by the fact that transfection of NPCs with
mutant 1xB resulted in abrogation of PDGF-BB-mediated
NPC differentiation (Figure 7b). To examine the role of
CREB, cells were pretreated with the protein kinase A (PKA)
inhibitor H89 (5 uM) and assessed for differentiation of NPCs.
As shown in Figure 7c, pre-treatment with the inhibitor
resulted in significant decrease in PDGF-BB-mediated NPC
differentiation. Interestingly, pre-treatment of NPCs with H89,

Cell Death and Disease

but not SC514, inhibited PDGF-BB-induced NPC migration
(Figure 7d). The role of NF-xB pathway in PDGF-BB-induced
NPC migration was further confirmed by transfection cells
with mutant IxB (Figure 7e). Taken together, these data
suggested that PDGF-BB/miR-9/MCPIP1/NF-xB pathway
was involved in miR-9-mediated NPC proliferation and
differentiation, whereas MCPIP1/CREB pathway regulated
miR-9-mediated NPC proliferation, differentiation and migration.

Discussion

New dentate granule cells are continuously generated from
neural progenitor cells and are integrated into the existing
hippocampal circuitry in the adult mammalian brain through an
orchestrated process termed as adult neurogenesis." Active
neurogenesis occurs throughout life and relies upon the
orchestrated processes involving proliferation, differentiation
and migration and is regulated by a variety of pathological as
well as physiological stimuli including neurotropic factors.?' 24
Although the neurotropic factors are known to impact
neurogenesis positively,?® the mechanism(s) underlying
regulation by these factors of the specific miRNAs and
their targets in this process remains less understood.
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Herein, we provide new insights into the novel roles of miR-9/
MCPIP1 in PDGF-BB-mediated regulation of NPC prolife-
ration, differentiation as well as migration via the common
suppression of miR-9 target, MCPIP1. Furthermore,
we demonstrated distinct downstream activation of NF-«B in
NPC proliferation and differentiation while the activation of
CREB pathway in all of the neurogenesis processes. In recent
times, much progress has been made in the development of
therapeutic strategies for treatment of various neuro-
degenerative disorders.?”'2 The findings on miR-9/MCPIP1
presented herein implicate it as a desirable target in PDGF-
BB-mediated cell signaling for regulation of neurogenesis,
with implications treatment of neurodegenerative disorders
associated with impaired neurogenesis.

Multiple lines of evidence have indicated that PDGF-BB has
a key role in neurogenesis.>” For example, our previous
studies have demonstrated PDGF-BB-mediated upregulation
of NPC proliferation. In addition, it was also shown that
PDGF-BB triggered differentiation of NPCs into neurons, and
also had the potential to increase NPC migration. As miR-9
is a highly conserved microRNA that is predominantly
expressed in the CNS of the developing embryo'" and that
has a vital role in neurogenesis, we rationalized that PDGF-
BB-mediated regulation of neurogenesis'>™'® could involve
miR-9-mediated functions. Among the other functions of
miR-9 in the CNS are its ability to mediate regulation of axonal
extension and branching via targeting Map1b in the mouse
cortical neurons.'® Recent studies have also implicated the role
of miR-9 in regulating the stability of the notch target gene
mRNA-Hes1, with implication in Hes1 ultradian oscillations."”
Although miR-9 is known to promote proliferation of neuronal

progenitors by targeting stathimin,'® the role of relevant
miRNA(s) and their target(s) critical in neurotropic factor
(PDGF-BB)-mediated regulation of neurogenesis have not
been identified thus far.

In this study, we demonstrate that exposure of NPCs to
PDGF-BB resulted in increased expression of miR-9 by both
real-time PCR and FISH assays (Figure 1), thus providing a
biological basis for interaction between PDGF-BB and
miR-9. Intriguingly, PDGF-BB-mediated upregulation of NPC
proliferation” was abrogated in NPCs transduced with
anti-miR-9 lentivirus construct, thereby implicating the role
of miR-9 as a downstream mediator of PDGF-BB-mediated
regulation of neurogenesis. Our findings on miR-9-mediated
increase in NPC proliferation are in agreement with a previous
report demonstrating a similar effect of miR-9 in human
embryonic stem cell-derived progenitors.'? In concordance
with the study of Zhao et al.'® that overexpression of miR-9 via
suppression of the expression of nuclear receptor TLX was
critical for neural stem cell fate determination, our results also
suggest the role for miR-9 in neuronal differentiation and NPC
migration. Similar to the study by these authors, we also
observed increased migration of NPCs following miR-9
overexpression.'® Our findings however are in contrast to
those published by Delaloy et al.,'®> wherein the authors
demonstrate that loss of miR-9 promoted migration of multi-
potent hNPCs during the early neurosphere stage. The
reason for this discrepancy could be attributed to the varying
cell culture conditions and the source of cells. In our study, we
used embryonic rat hippocampal neuronal progenitors
instead of rat cortical or human embryonic stem cell-derived
neuronal progenitors.'? Taking into account these findings,
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it can be speculated that the same miRNA has the capacity to
display distinct functions during different stages of develop-
ment of various NPCs, probably via differential spatial and
temporal regulation of the target genes. This could lead to the
speculation of yet another regulatory control mechanism by
the miRNAs.

Another novel finding of this study was that MCPIP1,
a newly identified molecule was a target of miR-9-mediated
NPC proliferation, differentiation and migration. TargetScan
algorithms and our experimental findings (unpublished data)
identified MCPIP1 as the target of miR-9. In keeping with
the function of miR-9 in PDGF-BB-mediated regulation of
neurogenesis, and that MCPIP1 is a target of miR-9,
transfection of NPCs with MCPIP1 OE-3-UTR construct
resulted in inhibition of PDGF-BB-mediated increase of
NPC proliferation. Previous studies have demonstrated that
MCPIP1 induced apoptosis in various cell types.'®2°
However, in the current study we failed to detect the apoptotic
effect of MCPIP1 overexpression in NPCs (data not shown),
thereby ruling out the possibility that MCPIP1-mediated
reduced NPC proliferation was due to apoptosis of cells.
In addition to impacting NPC proliferation, MCPIP1 over-
expression also reversed neuronal differentiation triggered by
PDGF-BB. Thus, by inference these results lend credence to
previous reports demonstrating the involvement of
MCPIP1 signaling in upregulating glial differentiation of NT2
neuroprogenitor cells.?® Herein, we have also provided a
novel role of MCPIP1 in cell migration as evidenced by the fact
that transfection of NPCs with MCPIP1-overexpressing
construct significantly inhibited PDGF-BB- or miR-9-induced
NPC migration.

Following PDGF-BB stimulation of miR-9/MCPIP1, multiple
signaling pathways are regulated and may intersect with
different transcription factors. In this study, we showed that
ERK MEKSs and PI3K/Akt pathways are coregulated in NPCs
cotransduced and transfected with miR-9 lentivirus/MCPIP1-
overexpressing constructs (Figure 5). Earlier reports have
demonstrated that both ERK and PI3K/Akt pathways are
required for NPC proliferation.?”2® MCPIP1 is known to exert
its action via inhibition of activation of NF-xB.2° Consistent
with this finding, transduction of NPCs with miR-9 increased
NF-xB translocation into the nucleus, which was reversed
by transfection of cells with MCPIP1 OE 3'-UTR construct
(Figure 6). Using both pharmacological and genetic
approaches, we demonstrated that NF-xB activation was
critical for PDGF-BB-mediated NPC proliferation and neuronal
differentiation but not in NPC migration. Our results are in
agreement with previous reports demonstrating the role of
NF-xB activation in NPC proliferation®*° and differentiation.®'
Although mounting evidence suggests that NF-xB not only
has a role in NPC proliferation but also is vital in the control of
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migration in stem cells treated with MCP-1,%2 our findings
failed to detect the role of NF-xB in PDGF-BB-induced NPC
migration. Overall these findings lead us to suggest that a
common signal-transduction pathway such as NF-«xB could be
critical in regulating diverse biological processes in the same
cell type and also that it could also display other additional
functions in other cell types.

Another interesting and novel finding herein was the
observation that inhibition of CREB signaling resulted in
abrogation of PDGF-BB-induced NPC proliferation, neuronal
differentiation and migration. On the basis of these findings,
it can be postulated that CREB that lies downstream of miR-9/
MCPIP1 has a critical role in PDGF-BB-mediated neurogene-
sis. Similar to NF-xB activation, transduction of NPCs with
miR-9 increased CREB translocation into the nucleus,
an effect that was reversed by transfection of cells with
MCPIP1 OE 3'-UTR construct. Our findings are in agreement
with a previous report demonstrating the role of CREB
activation in NPC proliferation in the embryonic zebrafish.®3
Similarly, another report has also demonstrated that recipro-
cally, inhibition of CREB signaling resulted in decreased NPC
proliferation.®* In addition to the critical role in NPC prolifera-
tion, our data are also consistent with another earlier report
that CREB activation played a role in neuronal differentiation
in adult neural progenitors,?® as evidenced by the fact that
PKA inhibitor H89 significantly decreased PDGF-BB-induced
neuronal differentiation in NPCs (Figure 6). In addition to NPC
proliferation and neuronal differentiation, our findings also
underpin the role of CREB in NPC migration. Our results
suggest that CREB signaling that lies downstream of miR-9/
MCPIP1 has a critical role in regulating NPC migration as
MCPIP1 OE-3'-UTR in NPCs resulted in abrogation of miR-9-
induced CREB activation as well as NPC migration. This
finding was consistent with the previous report that pharma-
cological blockade of CREB activation resulted in impairment
of neuronal migration.*® As MCPIP1 was involved in the
regulation of CREB activation, future elucidation of the
relationship between these two pathways needs to be
explored further.

In summary, miR-9 has a crucial role in NPC proliferation,
neuronal differentiation and migration via suppression of
MCPIP1 expression and subsequent downstream activation
of NF-xB and CREB pathways as summarized in Figure 7f.
Taken together, our findings suggest that the two distinct
pathways are critical for miR-9/MCPIP1-mediated signal
transduction involved in proliferation and differentiation while
CREB is uniquely critical for migration of NPCs. MiR-9/
MCPIP1 axis thus mediates a regulatory pathway critical for
eliciting neurogenesis. Development of therapeutic strategies
regulating miR-9/MCPIP1 axis could be considered as a
potential target for the boosting neurogenesis in the treatment

<

Figure 7 Differential roles of NF-xB and CREB pathways in PDGF-BB-mediated NPC differentiation and migration. (a) Effect of I«B kinase 2 (IKK2) inhibitor SC514 on
PDGF-BB-mediated NPC differentiation. (b) Effect of mutant 1xB on PDGF-BB-mediated NPC differentiation. NPCs were transfected with either WT or mutant |xB plasmids
for 4 days followed by assessment of NPC differentiation. (c) Effect of PKA inhibitor H89 on PDGF-BB-mediated NPC differentiation. (d) Pre-treatment of NPCs with SC514
but not H89 inhibitors abrogated PDGF-BB-mediated increase of NPC migration. (e) Effect of mutant IxB on PDGF-BB-mediated NPC migration. All the data are indicated as
mean % S.D. of four individual experiments. *P<0.05, **P<0.01 versus control group; *P<0.05, #P<0.01 versus PDGF-BB-treated group. (f) Schematic illustration
demonstrating the role of miR-9/MCPIP1 in PDGF-BB-mediated neurogenesis. PDGF-BB-mediated upregulation of miR-9 resulted in the activation of Akt and ERK pathways
via suppression of the miR-9 target MCPIP1, with subsequent activation of NF-xB and CREB transcription factors. MiR-9-mediated NPC proliferation and neuronal
differentiation involves both NF-xB and CREB pathways, whereas the NPC migration involves CREB but not the NF-xB pathway

o
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of various neurodegenerative disorders involving impaired
neurogenesis.

Materials and Methods

Reagents. Recombinant PDGF-BB was purchased from R&D Systems
(Minneapolis, MN, USA). The specific PI3K inhibitor LY294002 and MEK1/2
inhibitor U0126 were purchased from Calbiochem (San Diego, CA, USA).
IKK2 inhibitor SC514 was purchased from Sigma Chemicals (St. Louis, MO, USA).
H89 was obtained from Tocris (Park Ellisville, MO, USA). The primary antibodies
used were: p-ERK/ERK, p-Akt/Akt, p-CREB/CREB, p65NF-xB, lamin B
(Cell Signaling, Danvers, MA, USA; 1:200) and f-actin (Sigma; 1:4000).

Isolation, differentiation and characterization of NPCs. NPCs
were derived from the hippocampus of embryonic day 18 fetus were cultured in
substrate-free tissue culture T75 flasks as reported previously by Tian et al”*
and our previous study.” NPCs were treated with PDGF-BB (100ng/ml).
Treatment of NPCs with pharmacological inhibitors (U0126: 20 uM; LY294002:
20 uM; SC514: 5 uM; H89: 5 uM) involved pre-treating cells with the respective
inhibitors for 1 h followed by exposure with PDGF-BB. Forty-eight hours later, cells
were examined for cell proliferation.

Cell proliferation. Cell proliferation was measured by CyQUANT cell
proliferation assay according to the manufacture’s protocol (Invitrogen, Grand
Island, NY, USA) and our previous report.” NPCs dissociated from neurosphere
with/without transduction or transfection with lentivirus miRNAs or plasmids were
seeded in 96-well plates at a density of 10* cells per well for 2 days and were
treated with PDGF-BB for 24 h. Then, 200 ul of the CyQUANT GR dye/cell lysis
buffer was added into each well and incubated in the CO, incubator for 15 min.
Fluorescence intensity of each well was obtained using a Dynatech MR5000 plate
counter (Chantilly, VA, USA) at excitation and emission wavelengths of 480 and
520 nm, respectively.

Immunocytochemistry. For immunocytochemistry, NPCs were plated onto
coverslips, fixed with 4% paraformaldehyde and permeabilized with 0.3% Triton
X-100 in phosphate-buffered saline (PBS). Cells were then incubated with a
blocking buffer followed by incubation with mouse anti-f-Ill-tubulin (1 : 500; Sigma)
and mouse anti-GFAP (1:1000; Sigma) antibodies overnight at 4 °C. Secondary
AlexaFluor 594 goat anti-mouse IgG was added at a 1:500 dilution for 2h to
detect f-lll-tubulin and GFAP, followed by mounting of cells with Vectashield onto
glass slides (Vector Laboratories, Burlingame, CA, USA). Fluorescent images
were acquired at room temperature (RT) on a Zeiss Observer. A Z1 inverted
microscope (Carl Zeiss, Thornwood, NY, USA) was used; images were
processed using AxioVs 40 Version 4.8.0.0 software (Carl Zeiss Microlmaging
GmbH). Photographs were acquired using an AxioCam MRm digital camera
(Carl Zeiss).

Plasmid transfection. NPCs were transfected with Flag/Flag-MCPIP1, wild
type (WT)/mutant 1xB plasmids using the rat stem cell Nucleofector Kit (Amaxa,
Gaithersburg, MD, USA) according to the manufacturer's instructions. Briefly,
dissociated cells from neurospheres were resuspended in the transfection
medium, mixed with respective plasmids (2.5 ug per well, 24-well plate) and
electroporated following which cells were quickly centrifuged, resuspended and
plated. Cells were treated with PDGF-BB and examined for proliferation,
differentiation or migration at 96 h following transfections.

Western blotting. Treated cells were lysed using the Mammalian Cell Lysis
Kit (Sigma-Aldrich, St Louis, MO, USA). Equal amounts of the proteins were
electrophoresed in a sodium dodecyl sulfate-polyacrylamide gel (12%) under
reducing conditions, followed by transfer to polyvinylidine fluoride membranes. The
blots were blocked with 5% non-fat dry milk in PBS. The westem blots were then
probed with antibodies recognizing the MCPIP1 (Santa Cruz, Dallas, TX, USA),
ERK, Akt, p65 NF-xB and CREB (1:200; Cell Signaling). The secondary antibodies
were alkaline phosphatase conjugated to goat anti-mouse/rabbit IgG (1:5000) as
described previously.*”

Real-time PCR. For quantitative analysis of mRNA expression, comparative
real-time PCR was performed with the use of the SYBR Green PCR Master Mix
(Applied Biosystems, Grand Island, NY, USA). The sequences for the amplification
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of rat MCPIP were: 5-TGCCTATCACAGACCAGCAC-3' (forward) and 5'-TGT
CATTGGACACCACCACTC-3 (reverse). The sequences for the amplification of
rat pre-miR-9-1 were: 5-CAGAGAAGGGCAGTGGAGAC-3 (forward) and 5'-ACG
ACAGAGACCGAAAAAGG-3' (reverse); pre-miR-9-2 were: 5'-CTAACGCTGCCG
GAGATTAC-3' (forward) and 5-TACTTGCCGCGCTTAAGATT-3' (reverse);
pre-miR-9-3 were: 5'-GCGCTCGAGGCTCTCTAAG-3' (forward) and 5'-GAGGG
GATGGACAGACACAC-3' (reverse). The primer sequences for the amplification
of GAPDH were as follows: 5'-GCCAAAAGGGTCATCATCTC-3 (forward);
5-GGCATGGACTGTGGTCATGAG-3 (reverse). For the analysis of miR-9, total
RNA was isolated from cells as described above. Comparative real-time PCR was
performed using the Tagman Universal PCR Master Mix (Applied Biosystems).
Specific primers and probes for mature miR-9 and snRNA RNU6B were obtained
from Applied Biosystems. All reactions were run in triplicate. The amount of miR-9
was obtained by normalizing to snRNA RNU6B and relative to control as reported
previously.*®

In situ hybridization and immunostaining. Primary NPCs (d12
in vitro) were fixed and were prehybridized in hybridization buffer (50% formamide,
10 mM Tris-HCI, pH 8.0, 200 g/ml yeast tRNA, 1 x Denhardt's solution, 600 mM
NaCl, 0.25% SDS, 1 mM EDTA, 10% dextran sulfate) at a concentration of 9 pM
for the commercially available digoxigenin-labeled miR-9 probe (Exigon, Woburn, MA).
LNA-modified miR-9, labeled at both the 5" and 3’ ends with digoxigenin (Exigon),
were diluted to a final concentration of 2 pM in hybridization buffer, heated to 65 °C
for 5min and separately hybridized to the sections at 37 °C overnight. The slides
were then washed two times in hybridization buffer (without probe) at 37 °C,
followed by washing three times in 2 x saline-sodium citrate (SSC) and two times
in 0.2 x SSC at 42 °C. They were then blocked with 1% bovine serum albumin,
3% normal goat serum in 1xPBS for 1h at RT and incubated with
antidigoxigenin conjugated with horseradish peroxidase (1:100; Roche Diag-
nostics GmbH, Mannheim, Germany) and rat anti-nestin (1:100; Millpore,
Billerica, MA, USA) antibodies overnight at 4 °C. The slides were washed two
times with PBS and incubated with Alexa Fluor 488 goat anti-rat IgG (1:400;
Invitrogen) antibody for 1h at RT. This was followed by two PBS washes and
signal amplification (for the in situ, now labeled with horseradish peroxidase) using
TSA Cy5 kit (Perkin-Elmer, Waltham, MA, USA) according to the manufacturer's
protocol. The slides were mounted in Prolong gold anti-fade reagent with
4’ 6-diamidino-2-phenylindole (Invitrogen). The specificity of the miR-9 signal in
FISH experiments was confirmed when compared with a scrambled control. Unlike
the miR-9, the scramble probe showed no signal in NPCs.

Transduction of primary NPCs with miR-9 or anti-miR-9
lentivirus. Primary NPCs were transduced with miR-control, miR-9, anti-miR-
control, anti-miR-9 lentivirus with multiplicity of infection = 100, followed by gentle
swirling, incubation and replacement of fresh feed medium. Cells will be used for
experiments at four days post-transduction.

MiR-9 increased NPC migration in vitro. Migration of NPCs in vitro was
determined using Boyden Chamber (Millipore, Billerica, MA, USA) modified
according the previous report and our previous studies.***' Cells transduced with
miR-control or miR-9 were washed with PBS and fluorescently labeled with 10 M
cell Tracker Green (Molecular Probes, Grand Island, NY, USA) for 10 min at RT.
Labeled cells (2 x 10° cells) were added to the upper compartment of transwell
inserts in serum-free medium. The transwell plates were incubated for 3h at 37 °C
followed by quantification of NPC migration by measuring the number of migrated
cells following detachment of cells from the insert using a Synergy Mx
fluorescence plate reader (BioTek Instruments, Winooski, VT, USA).

3-D cell migration assay. The collagen matrix model was utilized as
described previously.*** Final matrix parameters were: volume=0.2ml;
diameter =12mm; collagen concentration =1.5mg/ml; and cell concentration
=10-20 neurosphere/matrix. Matrices were established in 24-well plates (BD;
n0.353047), and incubated with neuronal progenitor basal medium. Cell migration
was examined by measuring the distance from the edge of the neurosphere to the
nucleus of the most distant cell according the previous report.'

Statistical analysis. Data were expressed as mean + standard deviation
(S.D.). Significance of differences between control and samples treated with
various drugs was determined by one-way ANOVA followed by post hoc least
significant difference test. Values of P<0.05 were taken as statistically significant.
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