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Abstract
Background: There is increasing evidence of a pivotal role for regulated mRNA translation in control of
developmental cell fate transitions. Physiological and pathological stem and progenitor cell self-renewal is
maintained by the mRNA-binding protein, Musashi1 through repression of translation of key mRNAs encoding cell
cycle inhibitory proteins. The mechanism by which Musashi1 function is modified to allow translation of these
target mRNAs under conditions that require inhibition of cell cycle progression, is unknown.
Results: In this study, we demonstrate that differentiation of primary embryonic rat neural stem/progenitor cells
(NSPCs) or human neuroblastoma SH-SY5Y cells results in the rapid phosphorylation of Musashi1 on the evolutionarily
conserved site serine 337 (S337). Phosphorylation of this site has been shown to be required for cell cycle control
during the maturation of Xenopus oocytes. S337 phosphorylation in mammalian NSPCs and human SH-SY5Y cells
correlates with the de-repression and translation of a Musashi reporter mRNA and with accumulation of protein from
the endogenous Musashi target mRNA, p21WAF1/CIP1. Inhibition of Musashi regulatory phosphorylation, through
expression of a phospho-inhibitory mutant Musashi1 S337A or over-expression of the wild-type Musashi, blocked
differentiation of both NSPCs and SH-SY5Y cells. Musashi1 was similarly phosphorylated in NSPCs and SH-SY5Y cells
under conditions of nutrient deprivation-induced cell cycle arrest. Expression of the Musashi1 S337A mutant protein
attenuated nutrient deprivation-induced NSPC and SH-SY5Y cell death.
Conclusions: Our data suggest that in response to environmental cues that oppose cell cycle progression, regulation
of Musashi function is required to promote target mRNA translation and cell fate transition. Forced modulation of
Musashi1 function may present a novel therapeutic strategy to oppose pathological stem cell self-renewal.
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Background
The extensive efforts directed towards identification of
the gene transcription mechanisms controlling stem
and progenitor cell differentiation have yielded a wealth
of relevant information ([1-5] and references therein).
Much less is known about the complimentary mRNA
translation mechanisms that contribute to control of
stem cell differentiation. The mRNA-binding protein,
Musashi has been demonstrated to play a critical role in
promoting stem cell self-renewal [6-8]. Musashi has
been implicated in the progression of numerous cancers
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including glioma, medulloblastoma and neuroblastoma,
where it has been proposed to promote the self-renewal
of cancer cells with stem cell–like properties [9-19].
Musashi promotes both physiological and pathological
stem cell self-renewal through the repression of translation of target mRNAs encoding proteins that mediate
cell cycle arrest and differentiation e.g. p21WAF1/CIP1,
Numb and others [10,20-24]. Musashi target mRNAs
are de-repressed and translated in response to environmental signals that require cell cycle arrest, indicating
that a mechanism exists to reverse the inhibitory action
of Musashi [25-28]. However, the mechanism by which
Musashi-mediated translational control function is regulated to effect a context-specific response in mammalian neural stem cells has not been determined [28].
Characterization of the mechanism controlling cell fate
transition in maturing oocytes of the frog, Xenopus laevis,

© 2015 MacNicol et al.; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
unless otherwise stated.

MacNicol et al. BMC Developmental Biology (2015) 15:15

has suggested a candidate Musashi regulatory strategy. In
this model, progesterone-stimulated oocyte maturation, like
differentiation of neural stem and progenitor cells, requires
the translation of Musashi target mRNAs [29,30]. Musashi1
is present in immature oocytes but does not direct translational activation until after progesterone stimulation. The
functional switch to activate translation of Musashi1 target
mRNAs in progesterone-stimulated oocytes requires regulatory phosphorylation that is mediated through cyclindependent kinase and extracellular-signal-regulated kinases
(ERK/MAP kinase) signaling [31]. The sites of regulatory
phosphorylation are conserved in the mammalian Musashi1 protein (corresponding to serine 312 and 337) [31].
Based on these observations, we hypothesized that regulatory phosphorylation of Musashi1 may be relevant to control of cell fate transitions in mammalian neural stem cells.
In this study, we report that regulatory serine 337 phosphorylation of mammalian Musashi1 occurs concomitant
with de-repression and translation of target mRNAs. Inhibition of this regulatory Musashi phosphorylation attenuates the initiation of differentiation of NSPCs and of
transformed SH-SY5Y neuroblastoma cells. We further
demonstrate that Musashi1 is regulated in response to cell
death signals and that inhibition of Musashi1 phosphorylation promotes aberrant survival of primary and transformed neural progenitor cells under conditions of nutrient
deprivation. Together, our findings indicate a critical requirement for site-specific phosphorylation in the regulation of Musashi1 function during neuronal cell fate
transitions.

Results
We have recently demonstrated that regulatory phosphorylation of Musashi1 is required to allow the target mRNA
translation that mediates cell cycle control during maturation of Xenopus oocytes [31]. To determine if Musashi1 is
similarly regulated in neural stem and progenitor cells, we
examined the phosphorylation state of the conserved serine
337 (S337, the equivalent of the Xenopus S322 site) in primary embryonic rat NSPCs using a phospho-specific antiserum that recognizes mammalian S337 [31]. A basal level
of Musashi1 S337 phosphorylation was observed in control,
proliferating neurosphere cultures that rapidly increased
upon exposure to differentiation conditions (culture on adherent substrate in the presence of retinoic acid, Figure 1A).
Over three independent experiments, the normalized ratios
of phosphorylated Musashi1 were significantly increased
(relative to levels of GAPDH in the same sample); 1.16,
1.38 and 1.32, respectively with a mean of 1.28 (95% confidence interval: 1.03 to 1.61; p = 0.041, one sample t-test). A
similar increase in the level of Musashi1 S337 phosphorylation was observed in transformed human SH-SY5Y neuroblastoma cells upon exposure to differentiation conditions
(Figure 1B). Over three independent experiments, the
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Figure 1 Musashi undergoes regulatory phosphorylation in
response to neural differentiation. (A) Primary embryonic rat neural
stem/progenitor cells (NSPCs) were maintained as neurospheres in
proliferation media (prolif) or plated on adherent substrate in
differentiation media for 2 hrs (diff). Protein lysates were processed for
western blotting with the indicated antibodies. (B) Human neuroblastoma
SH-SY5Y cells were maintained as neurospheres in proliferation media
(prolif), or under differentiation conditions (diff) for the indicated times and
analyzed by western blotting with the indicated antibodies.

normalized ratios of phosphorylated Musashi1 were significantly increased (relative to levels of GAPDH in the same
sample); 1.41, 1.34 and 1.58, respectively with a mean of
1.44 (95% confidence interval: 1.17 to 1.78; p = 0.017, one
sample t-test).
Based on these findings, we hypothesized that the modest
but significant increase in Musashi1 regulatory phosphorylation may facilitate the de-repression of the Musashi target
mRNAs that are required to mediate cell cycle control during neural differentiation. The p21WAF1/CIP1 mRNA is a target of Musashi1 [20] that must be de-repressed to facilitate
neural differentiation [25-27]. Musashi1 phosphorylation
was coincident with an increase in p21WAF1/CIP1 protein
levels, consistent with de-repression and translation of the
p21WAF1/CIP1 mRNA (Figure 1B). As p21WAF1/CIP1 protein
levels are influenced by multiple regulatory mechanisms
[32], we utilized a Musashi-specific reporter mRNA to
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confirm that Musasahi1 regulatory phosphorylation correlated with target mRNA translation. The reporter mRNA
encoded the Firefly luciferase gene under control of an
mRNA 3′ untranslated region containing a Musashi-specific
regulatory element (Musashi Binding Element, MBE) [28].
Translation of the reporter Firefly luciferase mRNA was repressed in proliferating SH-SY5Y cells (Figure 2A). Over six
independent experiments, the levels of Firefly luciferase
were significantly decreased (relative to levels expressed
from a control reporter lacking an MBE); 82, 76, 76, 72, 74
and 82%, respectively with a mean of 77% (95% confidence
interval: 73 to 81%; p < 0.0001, one sample t-test). Similar repression of this Musashi target reporter mRNA has been
previously demonstrated in proliferating primary NSPCs
[28]. Exposure of the SH-SH5Y cells to differentiation conditions for 24 hours resulted in the de-repression of the Musashi reporter mRNA back to levels indistinguishable from the
control reporter lacking an MBE (Figure 2A); 104.5, 103, 98,
103, 91.6 and 87.6%, respectively with a mean of 97.7% (85%
confidence interval 90.6 to 105.4%, p > 0.47, one sample
t-test). The de-repression of the Musashi reporter mRNA
is consistent with the increase in p21WAF1/CIP1 protein
levels seen during SH-SY5Y differentiation (Figure 1B).
The reporter mRNA was expressed at equivalent levels

Figure 2 De-repression of a Musashi-dependent reporter mRNA
during differentiation of SH-SY5Y cells. (A) SH-SY5Y cells were
transfected with plasmids encoding luciferase reporter mRNAs under
control of a Musashi binding element (MBE) or a control 3′ UTR (Control)
and luciferase activity was assessed, relative to a co-transfected Renilla
luciferase standard, following culture under proliferation or differentiation
conditions for 24 hours. The dot plot shows the relative luciferase activity
of six independent experiments as a percent of the 3′ UTR control (100%)
for both proliferation and differentiation, as indicated. Luciferase expression
was repressed in proliferating cells (mean of 77% with a 95% confidence
interval: 73 to 81%; p < 0.0001, one sample t-test) but not in differentiated
cells (mean of 97.7% with a 85% confidence interval 90.6 to 105.4%,
p > 0.47, one sample t-test). (B) Western blot demonstrating persistence of
Musashi1 in SH-SY5Y cells 24 hours after induction of differentiation. In this
experiment, 10, 20 and 30 μg total protein (as indicted) were analyzed for
Musashi1 and GAPDH protein levels from proliferating neurosphere
culture (Prolif) or cells cultured in neuronal differentiation media for
24 hours (Diff). A representative experiment is shown.
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under each culture condition (data not shown) and importantly, the level of Musashi1 protein was not significantly decreased during early differentiation (24 hr, Figure 2B). While
de-repression of target mRNAs could be mediated through
degradation of the repressing mRNA-binding proteins, our
findings indicate that the de-repression and translation of
Musashi target mRNAs during initiation of differentiation
can occur in the presence of Musashi protein. Musashi1
protein has been similarly shown to persist during the early
phases of differentiation of P19 embryonic carcinoma cells
[20], again suggesting that Musashi1 activity is regulated independently of protein degradation.
We next wished to determine if regulation of Musashi1
was required to mediate differentiation of neural stem and
progenitor cells. To address this issue, we sought to inhibit
Musashi1 regulation through expression of competitive,
phospho-inhibitory mutant Musashi1 protein (where
serine 337 was mutated to a non-phosphorylatable alanine, Musashi1 S337A). The mutant Musashi S337A was
fused to eGFP for visualization and utilized to assess the
role of regulatory phosphorylation in differentiation of
NSPCs and SH-SY5Y cells. Control, eGFP-transfected
NSPCs exhibited a high level of neurite extension after
culture in differentiation conditions, (68% +/− 3 SEM cells
with neurites > 2 cell body length; n = 3, Figure 3A and D).
Initiation of differentiation was scored in transfected versus untransfected cells after 2 days of differentiation conditions, a time point when the cell density remained low
enough to clearly distinguish morphological differentiation of isolated cells. Under these conditions, the level of
control cells exhibiting differentiation was similar to the
level of non-transfected cells exhibiting differentiation in
the same culture dish. Expression of Musashi1 S337A resulted in a dramatic reduction in number of cells exhibiting phenotypic differentiation. Similarly, over-expression
of the wild-type Musashi1 also inhibited differentiation, although to a somewhat lesser extent (Figure 3B and D,
Musashi1; 18.7% differentiation +/− 3.3, Figure 3C and D,
Musashi1 S337A; 9.3% differentiation +/− 2.7; SEM n = 3).
An inhibitory effect of expression of Musashi1 S337A and
wild-type Musashi1 was also observed upon initiation of
differentiation by SH-SY5Y cells (Figure 3E and H, Control; 73% +/− 5% SEM neurite extension, Figure 3F and H,
Musashi1; 1% +/− 1% SEM neurite extension, Figure 3G
and H, Musashi1 S337A; 11.5% +/− 1.5% SEM neurite extension; n = 3). Taken together, our data indicate that attenuating the regulation of Musashi function interferes
with initiation of neural differentiation.
During the course of the differentiation experiments, we
noticed that expression of the mutant Musashi1 S337A resulted in the survival of more transfected cells than seen
with expression of either the wild-type Musashi1 or the control eGFP tag alone. To examine a possible stimulatory effect upon cell survival caused by inhibition of Musashi1
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Figure 3 Overexpression of Musashi1 blocks neural differentiation. NSPCs (panels A-D) and SH-SY5Y cells (panels E-H) were transfected with a
plasmid encoding the eGFP moity alone (A and E), wild-type Musashi1 (B and F) or Musashi1 encoding a non-phosphorylatable S337A mutation
(C and F) fused to a C-terminal eGFP epitope tag and incubated at low cell density under differentiation conditions for 4 days (NSPCs) or 7 days
(SH-SY5Y) and scored for initiation of differentiation phenotype (hypertrophic cells with neurites > 2 soma lengths). Representative photos shown.
Some variations in the intensity and subcellular distribution of Musashi1 or Musashi1 S337A were noted in transfected cells within the same
experiment. Over the course of three experiments, a total of 70 NSPC cells (A) or 136 SHSY5Y cells (E) transfected with eGFP alone were counted.
(D and H) represent histograms showing quantitation of the differentiation data (mean of three experiments with SEM) at 14 days (D) or 7 days
(H). ****,p < 0.0001 for (D); **,p < 0.01 for (H)) as assessed by one-way ANOVA.

phosphorylation, we exposed the transfected cells to nutrient deprivation in the absence of trophic factors (see
Methods). Cell counting indicated that a similar number of
Musashi1- or Musashi1 S337A-transfected cells were
present, relative to control eGFP-transfected cells, one day
after transfection, prior to nutrient deprivation (Figure 4A).
However, upon examination of the cells following fourteen
days of nutrient deprivation, that resulted in the death of the
majority of transfected and un-transfected NSPC cells,
we observed that significantly more Musashi1 S337Atransfected cells were present compared to the eGFP control
transfected cultures (Figure 4A, Musashi1 S337A; 318.6%
number of control cells +/− 6.6% SEM; n = 3). Similarly,
after 4 days of nutrient deprivation of SH-SY5Y cells, significantly more Musashi1 S337A-transfected cells survived relative to eGFP-transfected control cells (Figure 4B, Musashi1
S337A; 473% number of control cells +/− 21% SEM;
n = 3). Notably, expression of the wild-type Musashi1 protein did not provide a statistically significant survival
advantage under the same conditions for either cell type
(Figure 4A and B). These results suggest that inhibition of
Musashi1 regulatory phosphorylation specifically promotes
cell survival under conditions of nutrient deprivation. Consistent with a requirement for Musashi1 regulatory phosphorylation in controlling the cellular response to nutrient
deprivation, we observed that Musashi1 S337 phosphorylation increased significantly under conditions of nutrient deprivation (Figure 4C). Over three independent

experiments, the normalized ratios of phosphorylated
Musashi1 were significantly increased in serum starved
over control cells (relative to levels of α-tubulin in the
same samples); 1.53, 1.58 and 1.31, respectively with a
mean of 1.47 (95% confidence interval: 1.14 to 1.88;
p = 0.022, one sample t-test). Consistent with starvationinduced translation of the p21WAF1/CIP1 mRNA [33],
p21WAF1/CIP1 protein levels also increased in SH-SY5Y
subject to nutrient deprivation (Figure 4C).

Discussion
In this study, we show that differentiation and nutrient
deprivation modulate Musashi1 function in primary rat
NSPC cells. Regulatory phosphorylation of Musashi1 on
S337 is correlated with a switch in function from repression to activation of translation of target mRNAs. We
show that de-repression of Musashi target mRNAs occurs in the absence of overt loss of Musashi1 protein,
indicating that Musashi function is regulated through
protein modification rather than degradation, during
the initiation of cell fate transitions. Our findings
support a model in which Musashi regulation is required for both physiological and pathological neural
progenitor cell differentiation and responses to nutrient
deprivation. These studies contribute to a growing literature that describes a pivotal role for regulated control of mRNA translation in mediating cell fate
transitions [34-36].
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Figure 4 Inhibition of Musashi phosphorylation promotes cell survival. (A) NSPCs and (B) SH-SY5Y cells were transfected with the eGFP tagged
Musashi proteins described in Figure 3 and fluorescent cells were photographed and counted 1 day after transfection then maintained under conditions
of serum deprivation for 14 days (NSPC) or 4 days (SH-SY5Y) and counted relative to cell expressing the control, eGFP tag alone. Histogram represents the
mean of the three experiments with SEM. The difference in surviving cell numbers were significant (**,p < 0.01 for NSPCs; ****,p < 0.0001 for SH-SY5Y cells).
(C) SH-SY5Y cells were maintained as neurospheres in control proliferation media (Con) or plated on adherent substrate under conditions of serum starvation
for 3 days (SS). Protein lysates were processed for western blotting with the indicated antibodies.

A requirement for Musashi regulation during neural
cell fate transitions is demonstrated by the inhibitory
effect of wild type Musashi1 or phospho-inhibitory
Musashi1 S337A mutant protein overexpression in
NSPCs and SH-SY5Y cells (Figure 3). Elevated Musashi1
levels are associated with a proliferative predisposition
and loss of differentiation potential in a wide variety of
tissue and cell types [8,9,11,13,15-17,20]. Conversely,
studies utilizing Musashi knockdown strategies have
demonstrated that loss of Musashi impedes cell growth
and/or survival and promotes differentiation [15,20,37].
Indeed, this is assumed to be the basis for translation of
Musashi target mRNAs in mature tissues where Musashi1 levels are very low. Taken together, our findings
support a model in which phosphorylation of Musashi,
like loss of Musashi protein through knockdown, serves
to de-repress and allow translation of target mRNAs.
Our contribution here is to reveal a mechanism for control of Musashi function in the absence of reduction in
Musashi1 protein levels. Based upon our findings we
propose that excess Musashi1 protein inhibits differentiation by functioning as a competitive inhibitor of
endogenous Musashi regulation, presumably by saturating
the capacity of upstream regulatory mechanisms. Although
our observations support a requirement for Musashi1 S337
phosphorylation in mediating differentiation, we cannot

exclude the possibility that overexpression of Musashi1
S337 also acts to inhibit differentiation by titrating additional
modifying events or essential co-factors [38-40].
A specific role for Musashi1 S337 regulatory phosphorylation was clearly indicated in mediating control of cell
growth under conditions of nutrient deprivation as overexpression of the phospho-inhibitory mutant Musashi1 S337A
protein specifically promoted survival and growth of both
NSPCs and SH-SY5Y cells (Figure 4). By contrast, overexpression of wild-type Musashi1 did not modulate cell
survival in nutrient deprived cells (Figure 4). It will be interesting to identify the molecular determinants that distinguish between the effects of wild-type and Musashi1 S337A
mutant protein in mediating cell survival. The observation
that differentiation, but not responses to nutrient starvation,
was inhibited by overexpression of the wild type Musashi1
protein in our system, suggests that a weaker, or more easily
competed cellular response drives differentiation compared
to nutrient availability.
Regulatory phosphorylation of Musashi1 is necessary for
translation of target mRNAs in oocytes and for target
mRNA de-repression in a NIH3T3 fibroblast reconstitution
assay [31]. We have previously reported that deletion of the
C-terminal region of Musashi1 prevents activation of target
mRNA translation, with the remaining N-terminal domain
acting as a dominant negative inhibitor of target mRNA
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translation [30]. We concluded that the N-terminal domain,
which contains the RNA binding functionality, targets the
protein to appropriate mRNA substrates, whereas the Cterminal domain serves to overcome repression and direct
translation of the mRNAs, presumably through recruitment
of necessary co-associated proteins. We propose that
phosphorylation of S337 within the C-terminal domain of
Musashi1 may be required to form the active translational
induction complex. It is thus anticipated that the nonphosphorylatable mutant Musashi1 acts to enforce repression of target mRNAs. Consistent with enforcement of
Musashi1 target mRNA repression promoting survival in
our study, Okano and colleagues have recently demonstrated that Musashi1 promotes the survival of human glioma cells through up-regulation of both Notch and PI3
kinase/Akt signaling pathways. This protective effect appears
to be mediated in part by repression of Numb and PTEN
(an inhibitor of PI3 kinase/Akt signaling) [37]. In addition to
p21WAF1/CIP1, Numb and PTEN, additional Musashi target
mRNAs may contribute to regulation of cell differentiation
and cell survival in neural stem and progenitor cell populations [20-22,37,41-43].
To date, the signaling pathways that regulate Musashi1
function in stem and progenitor cells have not been established. We note however, that the conserved regulatory
phosphorylation sites in mammalian Musashi1 lie within
consensus proline-directed kinase target sequences and both
cyclin-dependent kinase and MAP kinase signaling
pathways have been directly linked to Musashi1 regulation
in oocytes [31]. The highly related Musashi2 protein also
contains the sites of regulatory phosphorylation [31]. Since
Musashi1 and Musashi2 can act in a redundant manner in
neural stem and progenitor cells [44], it is likely that Musashi2 is subject to a similar phosphorylation-dependent regulation during neural differentiation. Together, Musashi1 and
Musashi2 have been implicated in the self-renewal of stem
and progenitor cells from a number of tissue types [6-8],
and we propose that cell fate transitions of multiple stem
cell populations may be dependent upon regulated phosphorylation for control of Musashi function.
We observe a low level basal phosphorylation of Musashi1
in proliferating NSPCs and SH-SY5Y cells (Figures 1 and 4).
This observation may reflect one of two non-exclusive possibilities: Musashi1 may exist in a dynamic equilibrium between regulated and unregulated function throughout the
cell cycle to allow flexibility in the control of target mRNA
translation; and/or Musashi1 may be subject to cell cycle
phase-specific regulation which appears as a low level basal
state in an asynchronous cell population. In either circumstance, the data suggest that even in proliferating cells, a
proportion of the Musashi1 protein is regulated and thus
promoting translation, rather than repression of target
mRNAs. Such a duality in translational control has been reported in proliferating K562 cells where the TGFβR1 mRNA
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is repressed by Musashi2 while the SMAD3 mRNA is
translationally activated by Musashi2 [24]. Taken together,
our results indicate that the ability of Musashi to exert repression of target mRNA populations is inversely correlated with site-specific regulatory phosphorylation within
the C-terminal domain of the protein. It will be interesting
to determine if Musashi mutations that prevent regulatory
phosphorylation are associated with loss of cell cycle control in any clinical proliferative disorders.

Conclusions
Our results reveal that a rapid regulation of Musashi1 function and de-repression and translation of Musashi target
mRNAs is required for cell fate transition in response to environmental signals. Our findings suggest that control of
physiological and pathological neural stem and progenitor
cell self-renewal may be affected by modulating the signaling
pathways that control Musashi regulation. Further elucidation of the molecular mechanisms that regulate Musashi
function in stem and progenitor cell populations may lead
to identification of targets for therapeutic intervention to
attenuate pathological Musashi function. Conversely, manipulation of Musashi function may also be employed to
maintain Musashi repressor function and promote selfrenewal of stem and progenitor cell populations for regenerative medicine.
Methods
Plasmid construction

The mouse Musashi-1 protein sequence (GenBank
NM_008629) was amplified by PCR from the IMAGE
OC29D08 clone. The product was cloned in-frame with
the downstream Enhanced Green Flourescent Protein
(EGFP) open reading frame using the Xho I and BamH I
sites of the pEGFP-N1 plasmid (Clontech) to generate
pEGFPN-Msi1. Phosphorylation mutant Musashi protein
was generated from pEGFPN-Msi1 as a starting template
using site directed mutagenesis (QuikChange, Stratagene, Agilent) to create the S337A mutant. The pcDNAFluc2 reporter plasmid was created through insertion of
a Hind III restriction site 128 bp downstream of the
BGH poly(A) site in pcDNA3.1(−) (Life Technologies)
using the QuikChange kit, followed by plasmid digestion
with Hind III and religation to form a modified vector.
The Firefly luc2 ORF (Promega) was isolated with Xho I
and Eco RI from pCR-Blunt (Life Technologies) and ligated into the Xho I and Eco RI-digested modified
pcDNA3.1(−). For luciferase mRNA translation reporter
assays we utilized the previously characterized Musashi
binding element (MBE) from the Xenopus Mos mRNA
3′ UTR [30]. This MBE sequence and a control mRNA
sequence from the Xenopus β-globin mRNA were PCR
amplified out of the pGEM GST β-globin/PRE/MBE and
pGEM GST β-globin plasmids, respectively with 5′

MacNicol et al. BMC Developmental Biology (2015) 15:15

BamH I and 3′ Hind III sites. The PCR products were
subsequently ligated into BamH I and Hind III-digested
pcDNAluc2 to generate pcDNA Fluc-MBE (Fluc-MBE)
and pcDNA Fluc β-globin (Fluc-con) respectively [28].
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the phospho-specific Musashi1 S337 antibody has been described previously [31]. Relative protein levels were quantitated as previously described [49-51] using AlphaEaseFC
software (Alpha Innotech). Representative western blots are
shown.

Cell culture and transfection

Primary neural stem/progenitor cells (NSPCs) were cultured
from embryonic rat hippocampal/cortical tissue (Genlantis)
and were cultured on low-adhesion plates (Corning) in Neurobasal medium (all cell culture reagents from Life Technologies unless otherwise stated) with B-27 (−vitamin A),
0.5 mM glutamine and 10 μg/ml gentamycin, supplemented
with 10 ng/ml bFGF (PeproTech) and 10 ng/ml EGF
(PeproTech) to promote proliferation and formation of neurospheres [45]. Prior to use in either proliferation or differentiation experiments neurospheres were dispersed by
trypsin treatment and mechanical trituration to produce individual cells and small cell clusters. For differentiation, cells
were plated onto poly-D-lysine coated dishes in media lacking bFGF and EGF and supplemented with 1 μM retinoic
acid [46]. Extensive neurite extension was apparent within
24 hrs of differentiation. SH-SY5Y human neuroblastoma
cells (ATCC) were grown in DMEM, supplemented with
10% fetal calf serum and were induced to differentiate under
the same conditions as the NSPCs. Serum starvationinduced cell quiescence was achieved through incubation
of cells in DMEM with 0.5% fetal calf serum for three
days [47]. Transfections of were performed with Lipofectamine 2000 according to the manufacturer’s instructions.
Visualization of EGFP expressing (fluorescent) cells for
quantitation of cell number and extent of differentiation
was performed using an Olympus IX71 microscope and
MetaMorph image analysis software. For cell counting, 5
random fields in each well were photographed and analyzed
for cell fluorescence in each replicate experiment (averaging > 100 cells per well). For survival analysis, all fluorescent cells in the well were counted.
Western blotting

Total cell lysates were prepared in NP-40 lysis buffer supplemented with 1 mM DTT, 0.1 mM PMSF and protease
inhibitors [48]. Protein samples (30 μg of total lysates)
were denatured and resolved on 10% NuPage gels (Life
Technologies) and transferred onto Protran NC membrane (IscBioExpress). Western blots were dried at room
temperature for 1 h and blocked with 1% BSA in TBST
for 1 h. Primary antibody in 1% BSA and TBST was typically incubated overnight at 4°C (dilution 1:1000), washed,
incubated with Anti-rabbit or Anti-mouse IgG HRP conjugate secondary antibody (Promega), and exposed using
ChemiGlow substrate on the ChemiImager Imaging System
(Alpha Innotech). Antibodies were obtained from Abcam
(Musashi-1), Cell Signaling (GAPDH), Millipore (p21) and
Sigma (α-tubulin). The generation and characterization of

Luciferase reporter assays

SH-SY5Y cells were co-transfected with the Firefly Luciferase (Fluc) reporter constructs and control Renilla Luciferase plasmid (pRLTK, Promega) and cultured under
proliferation or differentiation conditions, as described
previously [28]. Luciferase activity was determined after
24 hours, using the Dual-Luciferase Reporter Assay System (Promega) and Turner Biosystems luminometer (Promega) according to the supplier’s protocol. The levels of
Firefly luciferase reporter mRNA were determined using
semi-quantitative PCR. No significant differences in stability of the Fluc-Con or Fluc-MBE mRNAs were detected
under the conditions employed.
Statistical analyses

Quantitated data are presented either as mean +/− SEM, or
as mean and 95% confidence interval (CI). The 95% CI is
simply calculated as the mean +/− t*SEM, where t is the
97.5 percentile from the appropriate t-distribution. Student’s
two tailed, paired t-tests were used to analyze the data,
where p < 0.05 was adopted for statistical significance.
Where indicated, statistical significance was also assessed by
one way ANOVA with Bonferroni multiple comparison test
and in each case a probability of p < 0.05 was adopted for
statistical significance.
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