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Musashi-mediated mRNA trans-
lational control has been impli-

cated in the promotion of physiological 
and pathological stem cell proliferation. 
During self-renewal of mammalian stem 
cells, Musashi has been proposed to act to 
repress the translation of mRNAs encod-
ing inhibitors of cell cycle progression. By 
contrast, in maturing Xenopus oocytes 
Musashi activates translation of target 
mRNAs that encode proteins promot-
ing cell cycle progression. The mecha-
nisms directing Musashi to differentially 
control mRNA translation in mamma-
lian stem cells and Xenopus oocytes is 
unknown. In this study, we demonstrate 
that the mechanisms defining Musashi 
function lie within the cellular con-
text. Specifically, we show that murine 
Musashi acts as an activator of transla-
tion in maturing Xenopus oocytes while 
Xenopus Musashi functions as a repres-
sor of target mRNA translation in mam-
malian cells. We further demonstrate 
that within the context of a primary 
mammalian neural stem/progenitor cell, 
Musashi can be converted from a repres-
sor of mRNA translation to an activator 
of translation in response to extracellu-
lar stimuli. We present current models of 
Musashi-mediated mRNA translational 
control and discuss possible mecha-
nisms for regulating Musashi function. 
An understanding of these mechanisms 
presents exciting possibilities for devel-
opment of therapeutic targets to control 
physiological and pathological stem cell 
proliferation.
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Musashi Promotes Stem Cell  
Self Renewal

The Musashi mRNA-binding protein 
plays a critical role in the promotion of 
stem cell self-renewal by repressing the 
translation of mRNAs encoding pro-
teins that inhibit cell cycle progression.1,2 
Musashi was originally identified as a 
critical regulator of asymmetric cell divi-
sion in Drosophila sensory organ precur-
sor cells and subsequently, mammalian 
Musashi isoforms have been implicated 
in the self-renewal of neural, epithelial 
and hematopoietic stem and progenitor 
cells.2-8 Musashi has been also impli-
cated in proliferative pathologies in 
various tissues where Musashi may be 
acting to promote self-renewal of tumor 
cells with stem cell-like properties.2,7,9-19 
Despite indications of a pivotal role in 
physiological and pathological stem cell 
proliferation, little is known about the 
mechanisms by which Musashi regu-
lates mRNA translation or how Musashi 
function is regulated. Recent findings 
have demonstrated that Musashi can 
unexpectedly act as an mRNA trans-
lational activator, rather than a trans-
lational repressor, in promotion of cell 
cycle progression in Xenopus oocytes.20,21 
This study attempts to reconcile these 
apparently opposing roles for Musashi 
function in mRNA translational con-
trol during cell cycle progression and 
previews areas of promising research 
into the mechanism and regulation of 
Musashi function.
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breakthrough demonstrated that Musashi 
exerts mRNA translational repression 
through association with the poly [A] 
binding protein (PABP) to preclude 
PABP interaction with the eIF4G initia-
tion factor.29 As a consequence, Musashi 
is thought to disrupt recruitment of the 
large ribosomal subunit and prevent target 
mRNA translation. Consistent with this 
inhibitory role, a Musashi mutant protein 
deleted for the identified PABP interaction 
domain was shown to be compromised for 
mRNA translational repression in a rabbit 
reticulocyte lysate reporter assay.29 Future 
studies will be necessary to access the con-
tribution of this mechanism to control of 
Musashi target mRNAs in stem cells.

The mechanism by which Musashi 
directs mRNA translational activation, 
rather than translational repression, in 
Xenopus oocytes is currently unknown. 
The Xenopus and mammalian Musashi1 
protein sequences are highly conserved 
overall (94% amino acid identity), sug-
gesting that the differential activity is not 
likely to be due to species-specific differ-
ences in the proteins. We sought to verify 
the functional conservation of Musashi 
protein from Xenopus and mouse by 
experimentally reconstituting Musashi 
activity in the appropriate heterologous 
system. In Xenopus oocytes, endogenous 
Musashi function was knocked down 
through injection of antisense oligonucle-
otides targeting the mRNAs encoding 
both the Musashi1 and Musashi2 protein 
isoforms as described in reference 20. We 
have previously demonstrated that this 
knockdown strategy caused failure to 
polyadenylate and subsequently translate 
Musashi target mRNAs and that both 
target mRNA polyadenylation (a require-
ment for translational activation) and 
cell cycle progression can be rescued by 
ectopic expression of wild-type Xenopus 
Musashi1 protein.20 Expression of mouse 
Musashi1 rescued cell cycle progres-
sion (Fig. 2A) and polyadenylation of 
the Musashi-regulated cyclin B5 mRNA  
(Fig. 2B) and Mos mRNA (data not 
shown) in Musashi antisense oligonucle-
otide knock-down Xenopus oocytes. 
These findings indicate that the mam-
malian Musashi1 protein can function to 
activate mRNA translation in Xenopus 
oocytes. The rescue of activation of 

of cell cycle progression, promote cell 
cycle exit and commitment of progenitor 
cells to differentiate.26,27 By repressing 
the translation of the mRNAs encoding 
these inhibitory proteins, Musashi func-
tions to maintain cells in an undifferenti-
ated state capable of self-renewal (Fig. 1).

In oocytes of the frog Xenopus laevis, 
Musashi has been shown to direct the acti-
vation of the mRNAs encoding the MAP 
kinase kinase, Mos and cyclin B5 result-
ing in MAP kinase- and CDK-mediated 
promotion of cell cycle progression.20,21 
Inhibition of Musashi function in oocytes 
demonstrates that Musashi is a master 
regulator of oocyte maternal mRNA 
translational recruitment and functions 
upstream of subsequent mRNA transla-
tion controlled by cytoplasmic polyad-
enylation elements (CPEs) and the CPE 
binding protein, CPEB.28 Thus, in stem 
cells and oocytes Musashi acts by exerting 
opposite control on target mRNA transla-
tion to promote cell cycle progression. It 
is unclear at this time whether Musashi 
functions in mRNA translational control 
in differentiating stem cells or in imma-
ture oocytes (Fig. 1).

Musashi-Directed Repression 
versus Activation of Target mRNA 

Translation

Very little is known concerning the 
mechanisms by which Musashi exerts 
mRNA translational control. A recent 

Musashi Cell Context-Specific 
mRNA Targets

Two Musashi isoforms are present in ver-
tebrates, Musashi1 and Musashi2. While 
Musashi2 is ubiquitously expressed, 
Musashi1 shows more restricted expres-
sion with particular enrichment in 
embryonic and adult neural stem cells.1 
The Musashi proteins contain two 
N-terminal RNA recognition motifs 
(RRMs) that bind to target mRNAs 
through a Musashi binding element 
(MBE, (G/A)U

1-3
AGU) in the mRNA 3' 

untranslated region.22,23 The Musashi1 
and Musashi2 isoforms are highly related 
in sequence within the RRM domains 
(>90% similarity at the amino acid level), 
suggesting they may interact with the 
same target mRNAs. Although very few 
Musashi-target mRNA have been defini-
tively identified, a recent microarray 
analysis of co-associated mRNAs indi-
cate that Musashi may regulate a range 
of mRNAs encoding proteins involved in 
cell proliferation, cell differentiation and 
apoptosis.24 Musashi2 has been shown to 
repress translation of the mRNA encod-
ing the Notch signaling inhibitor Numb, 
in malignant hematopoietic cells and 
Musashi1 can repress Numb in NIH3T3 
cells.18,22 In P19 embryonal carcinoma 
cells Musashi1 represses translation of the 
mRNA encoding the cyclin-dependent 
kinase (CDK) inhibitor, p21WAF-1.25 Both 
Numb and p21WAF-1 enforce inhibition 

Figure 1. Musashi regulates cell cycle progression through distinct translational control mecha-
nisms in oocytes and in stem/progenitor cells. Musashi promotes cell cycle progression in mam-
malian stem cells by repression of mRNA translation (top). Similarly, Musashi promotes cell cycle 
progression in Xenopus oocytes, although by activation rather than repression of mRNA transla-
tion (bottom). It is unclear whether Musashi plays a role in during arrest of cell cycle progression in 
either differentiating stem cells or in immature oocytes.
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mMsi and xMsi proteins (data not shown). 
We conclude that the differential activity 
of Musashi in Xenopus oocytes and in 
mammalian cells is not due to species-spe-
cific differences in the protein. Moreover, 
these findings reveal that the mamma-
lian Musashi protein is capable of trans-
lational activation in the correct cellular  
context.

mt was observed with either mMsi or 
xMsi, demonstrating the requirement for 
interaction of Musashi with the MBE 
in the 3' UTR. Semi-quantitative PCR 
analysis of the samples confirmed that 
the different Fluc reporter mRNAs were 
expressed at equivalent levels (Fig. 3B)  
and western blotting with GST antibody 
confirmed equivalent expression of the 

mRNA translation by ectopic mamma-
lian Musashi1 required progesterone stim-
ulation indicating that the mammalian 
Musashi1 protein is regulated through 
the same progesterone-stimulated mecha-
nisms that control Xenopus Musashi.

In a complementary experiment, we 
sought to determine whether the Xenopus 
Musashi1 protein could function to 
repress translation of a target mRNA in 
mammalian NIH3T3 cells. NIH3T3 cells 
do not express endogenous Musashi and 
thus offer a null background to reconsti-
tute and test Musashi-dependent mRNA 
translational regulation.22 To address the 
role of Musashi-mediated translational 
control in mammalian cells, we have 
developed a mRNA reporter by linking a 
β-globin 3' UTR containing the Xenopus 
Mos mRNA MBE21 to the Firefly lucifer-
ase coding sequence within the mamma-
lian pcDNA expression vector (designated 
Fluc-MBE). As specificity controls, a 
reporter containing mutational disruption 
of the consensus Musashi binding element 
(AUAGU mutated to AUccU; Fluc-MBE 
mt21,22) or the 3' UTR lacking the MBE 
(Fluc-Con) were utilized. NIH3T3 cells 
were transiently co-transfected with a 
plasmid expressing one of the Fluc reporter 
mRNAs, a plasmid expressing either GST 
tagged murine Musashi1 (mMsi) or GST 
tagged Xenopus Musashi1 (xMsi), as well 
as a plasmid encoding Renilla luciferase 
under the control of the unregulated SV40 
3' UTR (designated Rluc). Following 
24 hours of culture, cells were lysed and 
assayed for Firefly and Renilla luciferase 
activity using the Dual-luciferase assay kit 
(Promega) with a Turner Biosytems 20/20 
luminometer. Measurement of Renilla 
luciferase activity allows normalization 
of transfection efficiency (Fluc/Rluc) 
between different samples. Expression of 
Xenopus Musashi resulted in a selective 
inhibition of translation of the Fluc-MBE 
reporter compared to the translation of the 
control Firefly luciferase reporter (Fig. 3A; 
9% of control reporter ±2% SEM, n = 3, 
p < 0.001). Under the same experimental 
conditions expression of murine Musashi1 
in NIH3T3 cells also resulted in efficient 
repression of the MBE reporter (8% of 
control reporter ±1% SEM, n = 3, p < 
0.001), consistent with prior findings.22 
No significant repression of the Fluc-MBE 

Figure 2. Mammalian Musashi1 functionally compensates for Xenopus Musashi in mediating 
cell cycle progression in Xenopus oocytes. (A) Progesterone-stimulated cell cycle progression is 
assayed as percent of oocytes that undergo germinal vesicle breakdown (maturation). Knock-
down of Musashi function in Xenopus oocytes, through injection of antisense oligonucleotides 
targeting the mRNAs encoding endogenous Musashi1 and Musashi2 isoforms, results in inhibition 
of cell cycle progression (Msi AS). All procedures have been previously described in reference 20. 
Injection of mRNA (23 ng/oocyte) encoding mammalian Musashi1 rescues cell cycle progression 
in Musashi antisense-treated oocytes (Msi AS + mMsi). Over 50 oocytes were scored for each 
condition and error bars represent SEM from three independent experiments. Injection of control 
antisense oligonucleotide did not block cell cycle progression (Con AS). The rescue of cell cycle 
progression was highly significant (p < 0.005, Student’s t-test). (B) Control antisense (Con AS) or 
Musashi antisense (Msi AS) oligonucleotide injected oocytes were treated with (+) or without (-) 
progesterone and analyzed for polyadenylation of endogenous cyclin B5 mRNA by RNA ligation-
coupled PCR as described in reference 20. A progesterone-dependent heterogeneous increase in 
the size of the mRNA population in Con AS oocytes and Msi AS oocytes injected with mammalian 
Musashi1 (Msi AS + mMsi) is indicative of polyadenylation and translational activation (bracketed).
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These observations suggest that trans-
lation of Musashi target mRNAs can 
occur via modification of Musashi func-
tion, independently of Musashi protein 
degradation.

We sought to directly assess Musashi 
function during early phases of neuronal 
differentiation. Primary rat neural stem/
progenitor cells (NSPCs) were transiently 
co-transfected with a plasmid encoding 
the Renilla luciferase reporter and one the 
Firefly luciferase reporters described for 
Figure 3. In cells maintained in prolifera-
tive media for 24 hours, we observed that 
translation of the Fluc-MBE reporter was 
significantly repressed (63% compared to 
translation of the control reporter, ±5% 
SEM n = 3, p < 0.005, Fig. 4A). This 
observation indicates that endogenous 

there is evidence that ELAV proteins 
stabilize the Musashi1 mRNA result-
ing in increased Musashi1 protein levels 
during early neuronal differentiation of 
human neuroblastoma cells.32 Further, 
neuronal differentiation of mouse P19 
embryonal carcinoma cells is accompa-
nied by an initial transient increase in 
Musashi1 protein at a time coincident 
with endogenous p21WAF-1 mRNA transla-
tion.25 The observation that knockout of 
Musashi1 influences the ratio of differen-
tiated neural cell types from multipotent 
progenitors also supports an active role 
for Musashi in differentiation.4 In addi-
tion, Musashi-dependent activation of 
Robo3/Rig-1 mRNA translation during 
axonal midline crossing in precerebel-
lar neurons has recently been reported.33 

Flipping the Switch: Mammalian 
Musashi can Convert from a  
Repressor to an Activator of 

Target mRNA Translation during 
Differentiation of Neural  
Stem/progenitor Cells

The available evidence suggests that the 
Musashi target mRNAs p21 and Numb 
are de-repressed in differentiating neu-
rons.25,30 However, the mechanism by 
which Musashi function may be altered in 
response to extracellular cues is unknown. 
The observations that Musashi1 protein 
levels are downregulated during neuronal 
differentiation and absent in mature neu-
rons31 suggested that de-repression of tar-
get mRNAs could occur simply through 
degradation of Musashi protein. However, 

Figure 3. Xenopus Musashi1 represses target mRNA translation in mammalian cells. (A) Mammalian NIH3T3 cells were transiently co-transfected 
with plasmids encoding Renilla luciferase; a Firefly luciferase fused to either a control 3' UTR (Con), a 3' UTR containing a MBE or a 3' UTR containing a 
mutant MBE (MBEmt); and either a GST tagged mammalian Musashi1 (mMsi) or GST tagged Xenopus Musashi1 (xMsi) protein. 24 hours after transfec-
tion, the cells were lysed and samples prepared for both protein and total RNA analyses. For each protein sample, luciferase activity was measured in 
triplicate with the Dual-Luciferase assay system and the values normalized as previously described in reference 20. Values are shown relative to the 
Firefly luciferase fused to the control 3' UTR, arbitrarily set to 100%. Error bars represent SEM from three independent experiments. Repression of the 
Fluc-MBE reporter by mMsi and xMsi was significant (p < 0.001, Student’s t-test). (B) The levels of Firefly luciferase reporter mRNA were determined 
using semi-quantitative PCR. Total RNA was prepared from the same samples used in (A) and Firefly reporter mRNA was PCR-amplified for different 
cycle numbers as indicated. The PCR products were visualized after separation through a 2% agarose gel. No significant differences in stability of the 
Fluc-Con, -MBE or -MBEmt constructs were detected in either mMsi (left) or xMsi (right) co-transfected cells. m, indicates DNA marker lane.
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it is possible that the switch from trans-
lational repressor to translational activator 
may involve dissociation of Musashi from 
PABP or modification of PABP function 
in differentiating NSPCs. Irrespective of 
the precise underlying molecular regula-
tory mechanisms, it is clear that the func-
tion of Musashi is determined not just by 
the cell type, but also by exposure to envi-
ronmental signals.

Conclusions

The emerging mechanistic insights indi-
cate that Musashi is a complex multi-
functional protein that is dynamically 
regulated in response to extracellular 
stimuli. Musashi can promote cell cycle 

These findings indicate that Musashi 
can function both to repress and to 
activate mRNA translation in NSPCs 
depending on extracellular cues. The 
stimulus-dependent mechanism that 
converts Musashi from a repressor of tar-
get mRNA translation to an activator of 
mRNA translation during differentiation 
of NSPCs is not known. Musashi may 
switch from a repressor to an activator 
through post-translational modification of 
the Musashi protein and/or altered asso-
ciation with protein co-factors by analogy 
to the well characterized CPEB protein, 
which converts from a repressor to an acti-
vator of mRNA translation in response to 
extracellular cues in both Xenopus oocytes 
and mammalian neurons.34 In this regard, 

Musashi represses mRNA translation in 
proliferating primary NSPCs, similar to 
what has been observed in proliferating 
P19 embryonal carcinoma cells.25 By con-
trast, in NSPCs exposed to differentiation 
conditions for 24 hours, translation of 
the Fluc-MBE reporter was not repressed 
but rather was activated above the levels 
of the control (138% of control reporter 
±12.4 SEM, n = 3, p < 0.05, Fig. 4A). 
Thus, during early phases of neuronal 
differentiation, Musashi exerts stimulus-
dependent activation of target mRNAs, 
similar to the translational activation of 
Musashi target mRNAs during Xenopus 
oocyte maturation.20,21 The Fluc reporter 
mRNAs were expressed at equivalent lev-
els (Fig. 4B).

Figure 4. Musashi activates mRNA translation in differentiating neural stem/progenitor cells. Primary neural stem/progenitor cells (NSPCs) were cul-
tured from embryonic rat hippocampal/cortical tissue (Genlantis, San Diego) and proliferation of the NSPCs established through assay of neurosphere 
formation.35 Differentiation was induced by plating enzymatically and mechanically dispersed single cells on poly-ornithine/fibronectin-coated dishes 
in the absence of bFGF and EGF and in the presence of retinoic acid.36 Dispersed single NSPCs were co-transfected with plasmids encoding Renilla 
luciferase and either a Firefly luciferase fused to either a control 3' UTR (Con) or a 3' UTR containing a MBE (MBE). Cells were then cultured in either 
proliferative (Prolif) or differentiation-inducing (Diff) media. 24 hours after the transfection, the cells were lysed and samples prepared for both lucif-
erase activity and reporter mRNA expression as described in the legend to Figure 3. (A) Luciferase values are shown relative to the Firefly luciferase 
fused to the control 3' UTR, arbitrarily set to 100% for both proliferation and differentiation conditions (Prolif/Diff). Error bars represent SEM from three 
independent experiments. Repression of the Fluc-MBE reporter in proliferating NSPCs was significant (p < 0.005, Student’s t-test) as was the activation 
of the Fluc-MBE reporter in differentiating NSPCs (p < 0.05, Student’s t-test). (B) The levels of Firefly reporter mRNA were determined using semi-quan-
titative PCR and no significant differences in stability of the Fluc-Con or Fluc-MBE reporter mRNAs were detected in NSPCs. The Fluc-MBEmt reporter 
mRNA gave results indistinguishable from the Fluc-Con reporter (data not shown). m, indicates DNA marker lane.
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progression in a diverse range of cell 
types through various target mRNAs 
and in a context-dependent manner. A 
critical avenue for future investigation 
will be to elucidate the factors that deter-
mine whether Musashi acts to repress or 
to activate target mRNA translation and 
to determine how hormone and growth 
factor signals impinge upon the regu-
lation of these factors. Since Musashi-
mediated mRNA repression has been 
implicated in both physiological stem 
cell and pathological stem cell-like pro-
liferation, an understanding of how 
Musashi can switch from a repressor to 
an activator of mRNA translation may 
allow for development of therapeutic tar-
gets to control this regulatory switch in 
Musashi function.
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