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SUMMARY

The mRNA translational control protein, Musashi, plays a critical role in cell fate determination
through sequence-specific interactions with select target MRNAs. In proliferating stem cells,
Musashi exerts repression of target mMRNAS to promote cell cycle progression. During stem cell
differentiation, Musashi target mMRNAs are de-repressed and translated. Recently, we have
reported an obligatory requirement for Musashi to direct translational activation of target MRNAs
during Xenopus oocyte meiotic cell cycle progression. Despite the importance of Musashi in cell
cycle regulation, only a few target mMRNASs have been fully characterized. In this study, we report
the identification and characterization of a new Musashi target mMRNA in Xenopus oocytes. We
demonstrate that progesterone-stimulated translational activation of the Xenopus Musashil mRNA
is regulated through a functional Musashi binding element (MBE) in the Musashil mRNA 3’
untranslated region (3" UTR). Mutational disruption of the MBE prevented translational activation
of Musashil mRNA and its interaction with Musashi protein. Further, elimination of Musashi
function through microinjection of inhibitory antisense oligonucleotides prevented progesterone-
induced polyadenylation and translation of the endogenous Musashil mRNA. Thus, Xenopus
Musashi proteins regulate translation of the Musashil mRNA during oocyte maturation. Our
results indicate that the hierarchy of sequential and dependent mRNA translational control
programs involved in directing progression through meiosis are reinforced by an intricate series of
nested, positive feedback loops, including Musashi mRNA translational autoregulation. These
autoregulatory positive feedback loops serve to amplify a weak initiating signal into a robust
commitment for the oocyte to progress through the cell cycle and become competent for
fertilization.
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INTRODUCTION

The mRNA translational control protein Musashi plays a critical role in promoting
physiological stem cell self-renewal, and has been implicated in the development and
progression of neural, colon, breast, and hematopoietic cancers (Kanemura et al., 2001;
Toda et al., 2001; Hemmati et al., 2003; Okano et al., 2005; Sureban et al., 2008; Ito et al.,
2010; Kharas et al., 2010; Wang et al., 2010). In mammalian stem and progenitor cells,
Musashi represses translation of the mRNA encoding Numb, an inhibitor of Notch,
Hedgehog and p53 signalling pathways, and of the mRNA encoding p21WAF, an inhibitor
of cyclin-dependent kinases (Imai et al., 2001; Jafar-Nejad et al., 2002; Le Borgne et al.,
2005; Battelli et al., 2006; Di Marcotullio et al., 2006; Colaluca et al., 2008; Ito et al., 2010;
Kharas et al., 2010). By repressing the translation of these inhibitory proteins, Musashi
functions to maintain cells in an undifferentiated state capable of self-renewal. The de-
repression and translation of Numb and p21WAF mRNAs induces cell differentiation (Yan
and Ziff, 1995; Erhardt and Pittman, 1998; Hughes et al., 2000; Battelli et al., 2006; Ito et
al., 2010). In fully differentiated cells, Musashi protein levels are very low, suggesting that
target mMRNASs are de-repressed simply through the loss of Musashi protein (Sakakibara and
Okano, 1997). Analysis of the kinetics of target MRNA de-repression, however, indicates
that de-repression precedes loss of Musashi protein (MacNicol et al., 2011). The molecular
basis for this functional switch in mammalian Musashi activity has not yet been elucidated.

In immature, stage-V1 Xenopus laevis oocytes, a number of mMRNAs encoding proteins
necessary for maturation are repressed and are subsequently translationally activated in
response to progesterone-induced meiotic cell cycle resumption (Radford et al., 2008). We
recently demonstrated that, in addition to a role in stem cell self-renewal, Musashi is critical
for the meiotic maturation of Xenopus oocytes, where it functions to promote rather than
repress target mRNA translation (Charlesworth et al., 2006; Arumugam et al., 2010).
Hormone-stimulated polyadenylation and translational activation of Xenopus maternal
mRNAs occurs in a distinct, temporal pattern and are classed as “early” (prior to germinal
vesicle (nuclear) breakdown (GVBD), e.g. Mos) or “late” (coincident with, or after, GVBD
e.g. cyclin B1; Ballantyne et al., 1997). The strict temporal order of early- and late-class
mMRNA translation is mediated through mMRNA-binding proteins that are sequentially
activated by progesterone-stimulated signal transduction pathways, and are directed to short
sequence elements that are generally located within the target mRNA 3’ untranslated region
(3" UTR; MacNicol and MacNicol, 2010). Musashi function is essential to mediate
progesterone-dependent, early-class mRNA translational activation whereas the cytoplasmic
polyadenylation element binding protein (CPEB) directs late-class mRNA translation
(Charlesworth et al., 2006; Arumugam et al., 2010). Interestingly, Musashi function is
required for progesterone-dependent CPEB activation (Charlesworth et al., 2006;
Arumugam et al., 2010), consistent with prior observations that late-class mRNAs were
dependent upon prior translational activation of early-class mRNAs (Ballantyne et al., 1997;
de Moor and Richter, 1997).

Musashi has been shown to regulate the translation of target mMRNAs through a Musashi
binding element (MBE) within the 3" UTR of transcripts. The general consensus sequence of
the MBE is (G/A)U1_3AGU (Imai et al., 2001), although tolerance for substitution of either
flanking nucleotide has been reported (Ohyama et al., 2012). Musashi plays an
evolutionarily conserved role in mRNA translational regulation from Drosophila to
mammalian stem cells (Imai et al., 2001; Okabe et al., 2001; Okano et al., 2002, 2005;
Battelli et al., 2006; Charlesworth et al., 2006). To date, four mammalian (Numb, p21, dcx
and APC) and two Xenopus (Mos and cyclin B5) mRNAs have been shown to be direct
targets of Musashi regulation (Imai et al., 2001; Battelli et al., 2006; Charlesworth et al.,
2006; Horisawa et al., 2009; Arumugam et al., 2010; Spears and Neufeld, 2011). A number
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of mMRNAs have been also implicated as targets based on co-immunoprecipitation with
Musashil or on their behaviour after attenuation of Musashi function (Charlesworth et al.,
2006; de Sousa Abreu et al., 2009). An important issue is to determine whether these are
direct or indirect targets, as well as the relative importance of Musashi-dependent regulation
of the mRNA to the control of cellular physiology.

In addition to the Mos and cyclin B5S mRNAs, translation of endogenous Musashi mMRNA is
also important for Xenopus meiotic cell cycle progression (Arumugam et al., 2010).
Injection of antisense oligonucleotides that prevent translation of the Musashil (Nrpl) or
Musashi2 (Xrpl) mRNAs delayed progesterone-stimulated maturation, while combinatorial
attenuation of both Musashi1 and Musashi2 mRNAs blocked maturation. In this study, we
investigated the regulation of Musashi mRNA translation in response to progesterone
treatment. We report that the Musashil mRNA 3" UTR contains a functional MBE, and that
translational activation of the endogenous Musashil mRNA is dependent on functional
Musashi activity. Our results indicate that translation of the Xenopus Musashil mRNA is
subject to autoregulation in response to meiotic cell cycle progression.

The Translation of the Xenopus mRNA Encoding Musashil Is Activated During Oocyte

Maturation

Downregulation of Musashil function through antisense oligonucleotide treatment delays
progesterone-stimulated oocyte maturation (Arumugam et al., 2010). This treatment was
shown to reduce Musashil protein accumulation in progesterone-stimulated oocytes,
suggesting that translation of Musashil mRNA may be required to mediate normal
progression through oocyte maturation. To examine this possibility directly, we performed
Western blot analyses to assess Musashil protein levels during progesterone-stimulated
oocyte maturation. We reproducibly observed an approximate 1.4-fold increase of Musashil
protein in progesterone-stimulated oocytes when normalized to tubulin protein levels in the
same lysates (Fig. 1A). Consistent with our earlier work (Arumugam et al., 2010), Musashi
antisense oligonucleotides attenuated Musashil protein accumulation in response to
progesterone stimulation (Fig. 1B; 21 + 2% SEM n = 3, inhibition of maximum levels seen
in control progesterone-stimulated oocytes). Since the antisense oligonucleotides block
translation of the Musashil mRNA, we conclude that synthesis of Musashil protein, rather
than enhanced stability, account for the progesterone-dependent accumulation. Examination
of the Xenopus Musashil mRNA 3" UTR revealed the presence of a consensus MBE and a
cytoplasmic polyadenylation element (CPE) in addition to a canonical polyadenylation
hexanucleotide element (Fig. 2A). The CPE does not overlap the polyadenylation
hexanucleotide, suggesting that the upstream MBE would act dominantly to the late-acting
CPE to direct early, pre-GVBD polyadenylation in response to progesterone stimulation
(MacNicol and MacNicol, 2010). Consistent with this interpretation, the endogenous
Xenopus Musashil mRNA undergoes progesterone-stimulated polyadenylation prior to
oocyte GVBD (Fig. 1C; 3,5 and 7 hr [-GVBD] time points). By contrast, the late-class,
CPE-controlled endogenous cyclin AL mMRNA (Charlesworth et al., 2004) undergoes
polyadenylation after GVBD in the same RNA samples (Fig. 1C, 7 hr [+GVBD] time point).
We conclude that Musashil mRNA polyadenylation and translation is activated early in
response to progesterone stimulation.

The Xenopus Musashil Protein Interacts Specifically With the MBE in the Musashil mRNA

3'UTR

In order to determine if the MBE was capable of interacting with Musashil protein, the last
100 nucleotides of the Musashil 3" UTR were cloned with either a wildtype MBE (Msil
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WT) or with a mutationally disrupted MBE [Msi1 mut, where the sequence AUAGU was
changed to AUccU (Charlesworth et al., 2006)], and assayed by RNA electrophoretic
mobility shift assay (EMSA,; Fig. 2). The Mos 3' UTR MBE has been shown previously to
bind specifically to the N-terminus of Musashil (N-Msi) but not to an RNA-binding mutant
of this protein (N-Msi bm; Charlesworth et al., 2006). We reproduce these findings here as
positive and negative controls, respectively, for our analysis of the Musashil mRNA 3' UTR
MBE (Fig. 2C, lanes 1 and 2, respectively). The Musashil 3" UTR mRNA constructs were
used as unlabelled competitors against a biotin-labelled Mos 3" UTR in a reticulocyte lysate
containing either N-Msil or N-Msi bm proteins (Fig. 2B). The unlabelled, wildtype
Musashil 3' UTR, like the wild-type Mos 3" UTR, efficiently competed with the labelled
Mos 3" UTR to prevent formation of a specific complex with N-Msil (Fig. 2C; lanes 4 and
3, respectively). By contrast, the MBE-disrupted Musashil 3" UTR failed to compete for
complex formation (Fig. 2C, lane 5). We conclude that the Musashil protein binds
specifically to the MBE in the Musashil mRNA 3’ UTR.

The MBE Is Necessary for the Translational Activation Exerted by the Musashil 3' UTR

To directly address if the MBE was responsible for early translational activation of the
Musashil mRNA, the wildtype or MBE mutant Musashil 3' UTR constructs were fused to a
luciferase reporter and injected into immature oocytes (Fig. 3A). Progesterone stimulation
induced a significant increase in luciferase activity associated with wildtype Musashil UTR,
normalized to a co-injected Renilla luciferase control mMRNA (Fig. 3B). By contrast, the
Musashi-binding mutant 3" UTR (Msi1 mut) did not significantly increase luciferase
activity, and was similar to the activity of the unregulated, control B-globin UTR in either
untreated or progesterone-treated oocytes (Fig. 3B). We see no evidence of MBE-exerted
translational repression in immature oocytes (Fig. 3B). The stability of the MBE mutant 3’
UTR was similar to the wildtype 3" UTR (Fig. 3C), indicating that the difference in
luciferase activity is a consequence of reporter mMRNA translation. Our data indicate that the
early translational activation of the Musashil mRNA requires the MBE and is independent
of the CPE in the 3' UTR.

Consistent with the requirement for the MBE for translational activation of the Xenopus
Musashil mRNA, we found that progesterone-stimulated polyadenylation of the Musashil
3" UTR was dependent upon the MBE (Fig. 4A). In addition to a functional cis MBE
element in the Musashil mRNA 3" UTR, Musashi protein function is required for the early
progesterone-dependent polyadenylation of the endogenous Musashil mRNA. In contrast to
control oligonucleotide-injected oocytes, those injected with antisense oligonucleotides
targeting both Musashil and Musashi2 mRNAs failed to mature and failed to mediate early-
class polyadenylation of the endogenous Musashil mRNA (Fig. 4B, Msi AS-). It should be
noted that the antisense oligonucleotides target nucleotides 20-44 in the 5’ end of Musashil
mMRNA, and result in cleavage but not degradation of the larger mMRNA fragment (see
below). We have previously demonstrated the specificity of this inhibition by demonstrating
that ectopic expression of wildtype Xenopus Musashil protein could reconstitute
progesterone- dependent mRNA translational activation and overcome the block to cell
cycle progression (Arumugam et al., 2010). We recapitulate these findings, and extend them
to demonstrate that the inhibitory effect of oligonucleotide treatment on endogenous
Musashi1 mRNA polyadenylation was reversible through ectopic expression of GST-
tagged, wildtype Musashil (Fig. 4B). Thus, while effectively blocked for translation, the
larger cleaved Musashil mRNA fragment retains 3" UTR MBE responsiveness to cues
triggering progesterone-dependent polyadenylation. Indeed, early-class Musashil mRNA
polyadenylation was observed prior to GVBD in the rescue experiment (Fig. 4B, Msi AS +
GST Msi WT). The timing of and dependence upon Musashi function for translational
control of the endogenous Musashil mRNA is similar to what we observed with
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translational activation of the early-class Mos and cyclin B5 mRNAs (Charlesworth et al.,
2006; Arumugam et al., 2010) and indicate that translational activation of the Musashi
mRNA is mediated through activation of pre-existing Musashi protein.

DISCUSSION

We report that the polyadenylation and translational activation of the Xenopus Musashil
mRNA is regulated by a MBE within the Musashil 3' UTR. Further, we show that
translational activation of endogenous Musashil mRNA is dependent on functional Musashi
activity. Taken together, our results indicate that the translation of the Xenopus Musashil
mMRNA is subject to autoregulation in response to meiotic cell cycle progression. The MBE
sequence and position is conserved within the Xenopus tropicalis Musashil mRNA 3’ UTR
(Accession NM_001011470), suggesting that autoregulation may be a shared control
mechanism between the two amphibian species. The possible contribution of autoregulation
to the control of mammalian Musashi mMRNA translation will be an interesting avenue for
future study.

Feedback mechanisms play a crucial role during meiotic maturation, especially in
maintaining the kinetics necessary for the temporal hierarchy of progesterone-induced
signalling events. Active maturation promoting factor (MPF) can attenuate the function of
the cyclin-dependent kinase inhibitor Myt1 and target other kinases that can activate MPF,
thus generating an auto-amplification loop that leads to the robust activation of MPF
(Nebreda and Ferby, 2000; Karaiskou et al., 2001). Such activation is necessary to generate
a bi-stable, on/off switch wherein all of MPF is active upon progesterone stimulation,
compared to no active MPF in immature oocytes (Ferrell, 2008). Computational analyses
have shown that in the presence of a noisy stimulus, a “slow” feedback loop (translational
stimulation) in association with a “fast” feedback loop (phosphorylation/ dephosphorylation)
provides a robust on/off switch for MPF activation (Brandman et al., 2005). In this regard,
mitogen-activated protein (MAP) kinase signalling attenuates Myt1 function (Palmer et al.,
1998). While Mos is the primary activator of MAP kinase signalling in oocytes, the
polyadenylation and translational activation of the Mos mRNA was attenuated upon
inhibition of MAP kinase (Howard et al., 1999; Gross et al., 2000). Thus, MAP kinase
provides a positive feedback loop for a robust Mos mRNA translation that contributes to
subsequent MPF activation. Another example of a Xenopus mRNA translation feedback
loop is exemplified by GLD2, an evolutionarily conserved, non-canonical poly(A)
polymerase (Wang et al., 2002; Barnard et al., 2004; Rouhana et al., 2005; Nakanishi et al.,
2006; Benoit et al., 2008). GLD2 acquires substrate specificity by interacting with sequence-
specific RNA binding proteins, and so is only recruited to a subset of mMRNAs (Wang et al.,
2002; Barnard et al., 2004; Rouhana et al., 2005; Suh et al., 2006). Recently, GLD-2 protein
was shown to autoregulate the activation of GLD-2 mMRNA during Xenopus oocyte
maturation, and this mechanism was also implied to play a role in the rapid accumulation of
GLD-2 protein in the mammalian brain during synaptic stimulation (Rouhana and Wickens,
2007). In addition, mMRNA translational autoregulation has also been described for the
Drosophila CPEB family member, Orb2, which stimulates translation of the Orb2 mRNA in
the developing oocyte (Tan et al., 2001).

Musashi proteins have been predominantly thought to act to promote self-renewal and to
oppose differentiation by repressing select MRNA target translation in mammalian stem and
progenitor cells (reviewed in Okano et al., 2005; MacNicol et al., 2008; Nishimoto and
Okano, 2010). In the immature, stage-VI Xenopus oocyte, however, we find no evidence for
Musashi-dependent repression of the MusashilmRNA(Fig. 3B), nor the previously
characterized Musashi-target mMRNA encoding Mos (Charlesworth et al., 2006). The
molecular basis for the differential ability of Musashi to mediate repression remains to be
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elucidated. Translational activation, on the other hand, may be a common feature of Musashi
function in both stem cells and oocytes. Indeed, we have recently found that Musashi
converts from a repressor to an activator of target mMRNA translation as mammalian stem/
progenitor cells initiate neuronal differentiation (MacNicol et al., 2011). The progesterone-
stimulated activation of Musashi-dependent mRNA translation in Xenopus oocytes would
appear to parallel the differentiation-induced switch in mammalian Musashi function, and
similar regulatory mechanisms may underlie these translation-promoting responses to
extracellular cues (Arumugam et al., 2012).

Our findings indicate that Musashil autoregulates translation of its own mRNA, resulting in
a progesterone-stimulated increase in Musashil protein that is required for timely
progression through oocyte maturation. Presumably, the pre-existing pool of Musashi
protein in the immature oocyte is targeted by progesterone signalling to activate translation
of Musashi target mMRNAs (Fig. 5). Injected Musashi antisense DNA oligonucleotides do not
appear to eliminate the pre-existing Musashil protein (Arumugam et al., 2010; and Fig. 1B),
suggesting that the inhibitory effect on cell cycle progression may be a consequence of
reducing functional Musashi below a critical threshold for cell cycle progression and
disrupting the feedback amplification pathways.

We have recently demonstrated that Musashil function is regulated in response to
progesterone stimulation through phosphorylation of two conserved serine residues in the C-
terminal domain, serine-297 and serine-322 (Arumugam et al., 2012). Specifically,
progesterone triggers phosphorylation and activation of Musashi-dependent, early-class
mMRNA translation via Ringo/cyclin-dependent kinase (CDK) signalling. Initial Ringo/CDK
activation is mediated by translational control independent of Musashior CPEB-dependent
mechanisms. Ringo mRNA is translationally repressed by the Pumilio proteins, Pumiliol
and/or Pumilio2, in immature oocytes (Padmanabhan and Richter, 2006; Cao et al., 2010;
Ota et al., 2011). An immediate-early response to progesterone stimulation (within 15-30
min) is the inactivation of Pumilio as a repressor protein and translation of the Pumilio target
mRNA encoding Ringo/Speedy, an atypical activator of cyclin-dependent kinases 1 and 2
(Cdk1 and Cdk2) (Lenormand et al., 1999; Ferby et al., 1999; Karaiskou et al., 2001;
Padmanabhan and Richter, 2006). Phosphorylation and activation of Musashil then allows
the polyadenylation and translation of direct Musashi target mRNAs, including Mos, cyclin
B5 and Musashil (which typically occur 2-3 hr after stimulation). Musashil
phosphorylation and activation is subsequently augmented by MAP kinase signalling, a
downstream effector of Musashi-dependent Mos mRNA translation (Arumugam et al.,
2012). Thus, Ringo/CDK phosphorylation of Musashil initiates two nested feedback loops
to positively reinforce Musashi activation: (i) autoregulation of endogenous Musahsi1
MRNA translation (as reported in this study); and (ii) Mos-dependent activation of MAP
kinase signalling leading to further activation of Musashil protein via serine-297 and
serine-322 phosphorylation.

In addition to direct early-class mRNA targets, Musashi also indirectly regulates subsequent
late-class, CPE-dependent mRNASs (Charlesworth et al., 2006; Arumugam et al., 2010; and
Fig. 5). This indirect dependence may be mediated in part by Mos-dependent MAP kinase
activation. Indeed, activation of CPEB requires permissive MAP kinase phosphorylation
followed by phosphorylation of serine-174 by a MAP kinase-independent mechanism
(Keady et al., 2007). The characterized CPEB serine-174 kinase, Aurora A, is activated after
GVBD in an MPF-dependent manner (Frank-Vaillant et al., 2000; Castro et al., 2003; Maton
et al., 2003; Keady et al., 2007).

Collectively, these studies illuminate a complex regulatory hierarchy involving the
sequential activation of distinct mRNA translational control programs (Pumilio, Musashi
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and CPEB, respectively) during progesterone-stimulated, Xenopus oocyte maturation (Fig.
5). Within this schema, Musashil is a critical component of both the initiation and the
subsequent signal amplification step. While the role of Musashi has not been addressed,
recent work has revealed a sequential hierarchy involving CPEB and deleted in
azoospermia-like (DAZL) translational control programs during murine oocyte maturation
(Chen et al., 2011). The emerging logic is that the translational control programs operate
sequentially in response to distinct signalling pathways as a means to select and enforce the
correct temporal order of MRNA translation necessary for meiotic cell cycle progression
(MacNicol and MacNicol, 2010). As evidenced by the work presented in this study, the
sequential translational control programs employ a series of nested, positive feedback loops
that serve to amplify the initial weak trigger and thereby generate a robust output that
commits the oocyte to progress through meiosis and to become competent for fertilization.

MATERIALS AND METHODS

Plasmid Constructions and RNA Synthesis

The Firefly luciferase vector pPGEM_luc2 was constructed by cloning the luciferase 2 gene
from pGL4.20[luc2/Puro] (Promega, Madison, WI) into the pGEM-4Z vector (Promega), as
previously described (Arumugam et al., 2010). The pGEMFIluc Xenopus B-globin 3" UTR
reporter has been previously described (Arumugam et al., 2010).

pGEMFluc Xenopus Musashil wt 3" UTR reporter—PCR primers were designed to
amplify the last 100 nucleotides of NRP-1B (Xenopus Musashil) mRNA 3’ UTR, with a 5’
Sacl site (5'-CGGAGCTCCAATACTGCAATGTACAATGTACTGC) and a 3' BamHI site
(5'-GCGGGATCCTGAATAAAATTCAATTTATTTTG). cDNA was prepared using RNA
extracted from immature Xenopus oocytes using the reverse PCR primer and Superscript 11
(Invitrogen, Carlsbad, CA). The 100-nucleotide portion of NRP-1B 3" UTR was amplified
using Platinum Taqg (Invitrogen), the PCR product digested with Sacl and BamHlI, and
ligated into Sacl/BamHI-digested pGEM _luc2.

pGEMFluc Xenopus Msil mbm 3" UTR reporter—The Musashi-binding mutant of
NRP-1B 3' UTR (AUAGU - AUccU) was made by site-directed mutagenesis of the
pGEMFIluc Musashil wt 3' UTR reporter.

pGEMGST xMsil wt 3' UTR reporter—The Musashil wt UTR was cloned by cutting
the pGEMFIluc Musashil 3" UTR construct at the 5" EcoRlI site and a 3' BamH] site,
isolating the Musahsi1 3" UTR, blunting with Klenow and ligation into a Xbal digested,
Klenow-treated pGEM GST vector.

PGEMGST Musashil mbm 3" UTR reporter—The Musashi-binding mutant Musashil
3’ UTR was cloned by cutting it from the pGEMFluc xMsi1 mbm 3" UTR construct, and
cloned into the pGEM GST vector as described for the Musashi1 wt construct above.

RNA Electrophoretic Mobility Shift Assay Competition Constructs—For
Electrophoretic Mobility Shift Assay competition assays, the pPGEMFluc Musashil wt UTR
(Msi1 wt) and Musashi-binding mutant UTR (Msi1 mbm) constructs were digested with
EcoRl to excise the luciferase gene, re-ligated, and used to generate unlabelled competitor
RNA. The Mos UTR probe has been described previously (Charlesworth et al., 2006).

All constructs were transcribed with SP6 RNA Polymerase (Promega), as previously
described (Melton et al., 1984).
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Oocyte Culture and Microinjections

Immature, stage-V1 Xenopus oocytes were isolated and cultured as described previously
(Machaca and Haun, 2002). Oocytes were injected with 23 ng RNA/oocyte, unless
otherwise noted. Oocytes were induced to mature with 2 pg/ml progesterone. Animal
protocols were approved by the UAMS Institutional Animal Care and Use committee, in
accordance with Federal regulations.

Luciferase Reporter Assays

Stage-V1 oocytes were injected with 0.1 ng of Firefly luciferase MRNA and 0.35 pg of
Renilla luciferase control MRNA (Minshall et al., 2001), and incubated at 18°C for 18 hr.
Injected oocytes were split into two pools, where one was left untreated while the other was
stimulated with progesterone. Three pools of five oocytes were lysed when progesterone
samples reached GVBDs5g along with three pools of five oocytes of the time-matched,
untreated samples. For each experimental point, the oocytes were lysed in 50 pl of Passive
lysis buffer (Promega). A 10-pul portion of lysate was analysed for Renilla and Firefly
luciferase activity using the Dual-Luciferase Assay System (Promega) on a TD-20/20
Turner Designs luminometer. Mean values and standard deviation were determined for each
experimental point, with the ratio of Firefly to Renilla luciferase for each construct
normalized to the values obtained with the Firefly B-globin 3" UTR reporter construct (set to
1.0).

RNA Electrophoretic Mobility Shift Assays

GST fusion proteins were in vitro transcribed/translated using TNT SP6-coupled
Reticulocyte Lysate System (Promega). A 5' biotin-labelled, Mos UTR RNA
oligonucleotide probe was synthesized by Integrated DNA Technologies, as previously
described (Charlesworth et al., 2006). Unlabelled competitor mRNAs were transcribed in
vitro. An 80 fmol portion of labelled probe was incubated with 1 pl of reticulocyte lysate
and 200 molar excess of unlabelled mRNA in binding buffer [50mM Tris pH 7.5, 20mM
KCI, 150mM NaCl, 2mM EGTA, 0.05% NP-40, 6mM DTT, 8U RNaseOUT (Okabe et al.,
2001)] in a final volume of 20 pl. The binding reaction was incubated at room temperature
for 20 min, and then 1 pl of 20 mg/ml heparin was added and incubated for a further 20 min.
A 5-ul volume of the binding reaction was run on a 6% DNA retardation gel (Invitrogen)
and transferred to Biodyne B membranes (Pierce, Rockford, IL) according to the
manufacturer’s instructions. Biotinylated RNA was detected using Chemiluminescent
Nucleic Acid Detection Module (Pierce) according to the manufacturer’s directions, with the
modification that incubation with the streptavidin~HRP conjugate was for 40 min. Image
collection was performed using an Alphalnnotech Chemilmager (San Leandro, CA).

Antisense Oligodeoxynucleotide Injections

Antisense oligodeoxynucleotides 5'-GCGCTTCTGTCTCCATTCGGTCTCT and 5'-
CCCATCTGCCTCCATAGCCTTCTC were designed to target endogenous Xenopus
Musashil and Musashi2 mRNAs, respectively (Arumugam et al., 2010). For knockdown
experiments, oocytes were injected with 50 ng of Musashil and 50 ng of Musashi2 antisense
oligonucleotides, and the control oocytes were injected with 100 ng of control antisense
oligonucleotide 5'-TAGAGAAGATAATCGTCATCTTA (Ferby et al., 1999). Oocytes were
incubated at 18°C for 16 hr, followed by injection of mMRNA encoding GST-Musashil
wildtype rescue protein (Arumugam et al., 2010), as indicated, and/or progesterone
treatment.
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Western Blotting

Oocytes were lysed in NP40 lysis buffer containing sodium vanadate and a protease
inhibitor cocktail (Sigma, St. Louis, MO). The lysate was then spun, clarified and
transferred immediately to 1 x LDS sample buffer (Nupage). The lysates were run on a 10%
Nupage gel and transferred to a 0.2-um-pore-size nitrocellulose filter (Protran; Midwest
Scientific, Valley Park, MO). The membrane was blocked with5%non-fat, dry milk in Tris-
buffered saline with 0.1% Tween20 (TBST) for 60 min at room temperature. Abcam
antibodies to Msil (Ab33251) were used at 1:1,000; Sigma antibodies to Tubulin and
GAPDH were used at 1:20,000; and Santa Cruz Biotechnology (Santa Cruz, CA) antibodies
to GST were used at 1:5,000. The filters were visualized with horseradish peroxidase-
conjugated, anti-rabbit antibody using enhanced chemiluminescence in a Fluorchem 8000
Advanced Imager (Alpha Innotech Corp.).

Polyadenylation Assays

cDNAs for polyadenylation assays were synthesized using RNA ligation-coupled RT-PCR
as described previously (Charlesworth et al., 2004). For polyadenylation of reporter
constructs, oocytes were injected with reporter mMRNAS at a concentration of 1 ng/oocyte.
The primers used to analyse the GST reporters were targeted to the GST region, as described
previously (Charlesworth et al., 2004). The primer used to analyse endogenous Xenopus
Musashi1 mRNA polyadenylation was 5'-CAATACTGCAATGTACAATGTACTGC. The
primers for Weel and Cyclin Al have been described previously (Charlesworth et al.,
2004).

Semi-Quantitative PCR

cDNAs for semi-quantitative PCR analysis were synthesized using RNA ligation-coupled
RT-PCR, as described previously (Charlesworth et al., 2004). For the PCR reaction, 2 ul
worth cDNA was used with 3mM MgCl,, 1mM Firefly luciferase primers (forward, 5'-
GAGTACTTCGAGATGAGC,; reverse, 5'-CACGAAGTCGTACTCGTT) and 0.25mM
cyclin B1 primers (forward, 5-GGCTTGAGACCTCGTACAGC,; reverse, 5'-
CAGGGAGGCAACCAGATG).
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Figure 1.
Xenopus Musashil mRNA is translationally activated in response to progesterone

stimulation. A: Immature, stage-VI oocytes were left untreated (Imm) or stimulated with

progesterone (+prog), and were analysed for endogenous Musashil (Msil) protein

accumulation by Western blot. When 50% of the progesterone-treated oocyte population

reached GVBD (GVBDsp), the oocytes were segregated and those that had not yet

completed GVBD were analysed as representative of early pre-GVBD events (Charlesworth
et al., 2002). Quantitations of fold-changes in Musashil levels (as indicated below Western

blot) were normalized to tubulin from the same sample, and levels in time-matched,

immature oocytes (Imm) were arbitrarily set to 1.0. The bar graph represents data from three
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independent experiments, with SEM indicated. Student’s t-test confirmed the significance of
the differences between the sample sets (P < 0.01). B: Immature, stage-VI oocytes were
injected with control antisense oligonucleotides (Con AS) or antisense oligonucleotides
targeting both endogenous Musashi1 and Musashi2 mRNAs (Msi AS), and cultured
overnight. Oocytes were then either left untreated (Imm) or stimulated with progesterone. In
this experiment, oocytes reached GVBDsg at 7.5 hr and were segregated based on whether
or not they completed GVBD. Those oocytes that had not completed GVBD were analysed,
along with oocytes harvested 2.5 hr earlier. Msi AS-injected oocytes did not mature in
response to progesterone, and time-matched samples were prepared at the Con AS 7.5 hr
time point. Levels of endogenous Musashil (upper panel) and GAPDH (lower panel) protein
were analysed by Western blot. Fold-change in Musashil protein between immature and 7.5
hr of progesterone is indicated. Similar results were seen in two additional experiments. C:
Oocytes treated with or without progesterone for the indicated times were analysed for
endogenous Musashil mRNA polyadenylation by RNA ligation-coupled PCR. In this
experiment, oocytes reached GVBD50 at 7 hr and were segregated into those that had not
(=) or had (+) completed GVBD. An increase in size of the PCR products is indicative of
polyadenylation (Charlesworth et al., 2002; Charlesworth et al., 2004). Polyadenylation of
the endogenous late class cyclin AL mRNA in the same samples occurred after completion
of GVBD, as expected.
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Figure2.

The Musashil protein binds specifically to the MBE in the Xenopus Musashil mRNA 3’
UTR. A: Schematic representation of the Mos and Musashil 3" UTR constructs employed.
Within the wildtype (wt) 3' UTRs, elements are indicated by a black square (consensus
Musashi binding site); white circle (consensus CPE); and grey hexagon (consensus
polyadenylation hexanucleotide). The disrupted mutant MBE (AUAGU - AUccU) in the
Musashi binding mutant (mut) UTR is shown as an “X”. B: The N-terminal mRNA binding
domain of Musashil (N-Msi) or an RNA binding mutant variant (N-Msi bm) were expressed
as GST fusion proteins in rabbit reticulocyte lysates for use in the EMSA reactions. A GST
Western blot of the programmed lysates confirmed that each protein was expressed to
comparable levels. C: RNA electrophoretic mobility shift assays using the indicated,
unlabelled RNA probes to compete Mos 3' UTR interaction with Musashil. The Mos 3’
UTR MBE has been shown previously to be bound specifically by the N-terminal domain of
Musashil (N-Msi) but not to an RNA-binding mutant of this protein (Charlesworth et al.,
2006) as reproduced here (lanes 1 and 2, respectively). The wildtype Musashil 3’ UTR (lane
4), like the wildtype Mos 3" UTR (lane 3), efficiently competed with the biotinylated Mos 3’
UTR probe to prevent formation of a specific complex with N-Msi. By contrast, the MBE
mutant Musashi 3" UTR (lane 5) was not able to efficiently compete for the biotinylated
Mos 3" UTR probe binding to N-Msi. Several non-specific complexes, detected with
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unprogrammed reticulocyte lysate are indicated by open arrowheads. A representative
experiment is shown.
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Figure 3.

The MBE is necessary for the Musashil 3" UTR to direct progesterone-dependent
translational activation. A: Schematic representation of 3" UTR constructs fused to a Firefly
luciferase reporter mMRNA. Symbols represent elements as described in the legend to Figure
2A. B: Oocytes were injected with mRNA encoding Renilla luciferase, and the indicated
Musashil (Msi1) 3" UTR Firefly luciferase reporter constructs and incubated for 16 hr.
Subsequently, time matched immature (=Prog) and progesterone treated (+Prog) oocytes
were lysed when progesterone-treated samples had reached GVBD and analysed for Renilla
and Firefly luciferase activity. The plot shows an average ratio of Firefly luciferase activity
derived from the Musashil 3" UTR reporter mRNAS relative to the co-injected Renilla
luciferase mMRNA, from three independent experiments. All ratios were normalized to the
Firefly reporter mRNA fused to the unregulated B-globin UTR without progesterone
(arbitrarily set to 1.0). Error bars indicate the SEM and differences were significant, as
assessed by a Bonferroni test (*P < 0.01). C: The levels of each Firefly reporter mMRNA
were determined using semi-quantitative PCR. PCR-amplification of Firefly luciferase and
cyclin B1 mRNA in the same samples was performed for different cycle numbers, as
indicated. The PCR products were visualized after separation through a 2% agarose gel. No
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significant differences in stability of the different constructs were detected with or without
progesterone treatment.
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Figure4.

The MBE is necessary for progesterone-dependent polyadenylation of the Musashil 3" UTR.
A: The indicated B-globin or Musashil 3' UTRs (see Fig. 3A) were fused downstream of the
GST open reading frame and in vitro transcribed mRNA prepared. The GST reporter
constructs were injected into immature oocytes and incubated overnight. Half of the injected
oocytes were stimulated with progesterone (+) for 6 hr. Progesterone-treated oocytes were
lysed at GVBD, total RNA prepared, analysed for polyadenylation of reporter mMRNA
constructs using RNA-ligation coupled RT-PCR, and compared to time-matched, untreated
samples (-). The forward primer targeted the GST coding region to specifically amplify the
reporter constructs. An increase in PCR product size above that seen in immature oocytes
(dotted reference line) is indicative of polyadenylation. Polyadenylation of the endogenous,
late class Weel mRNA(Charlesworth et al., 2000; Charlesworth et al., 2004) was used as a
control. B: Immature, stage-V1 oocytes were injected with control antisense
oligonucleotides (Con AS) or antisense oligonucleotides targeting both endogenous
Musashi1 and Musashi2 mRNAs (Msi AS), and cultured overnight. The next morning, a
portion of the Msi AS-injected oocytes were re-injected with RNA encoding a GST tagged
form of the wildtype Musashil (Msi AS + GST Msi WT). Oocytes were then either left
unstimulated (Imm) or treated with progesterone. When 50% of the progesterone-treated
population matured, oocytes were segregated into those that had not (=) or had (+)
completed GVBD, and total RNA was isolated. Time-matched samples were also prepared
from progesterone-stimulated Msi AS oocytes (no rescue), which did not mature, and from
immature oocytes. Samples were analysed for endogenous Musashil mMRNA
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polyadenylation by RNA ligation-coupled PCR. Uninjected (Ul) control oocytes were also

analysed as indicated. An increase in PCR product size above that seen in immature oocytes
(dotted reference line) is indicative of polyadenylation.
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Figure5.

Multiple feedback loops contribute to commitment and progression through meiotic cell-
cycle progression. A schematic representation of the hierarchy of translational regulatory
pathways and feedback loops that function sequentially to control commitment and
progression through Xenopus oocyte maturation. Major translational control proteins
(Pumilio, Musashi and CPEB) are represented by ovals while their specific target MRNAs
are represented by rectangles. These mMRNAS represent a selection of known target mRNAs,
and so should not be considered an inclusive list for each factor. Key signalling components
and their relative position with regard to activation timing are shown within the network.
MPF activation usually coincides with oocyte GVBD. Within this network, translation of
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Ringo and activation of Ringo/CDK trigger phosphorylation of Musashil on serine-297 and
-322 (5297 and S322, respectively) (Arumugam et al., 2012). Musashi then activates
translation of the endogenous Musashil mRNA to establish a positive feedback loop (this
study), as indicated. Musashi-dependent translation of the Mos mMRNA leads to activation of
MAP kinase signalling, which occupies a multi-nodal hub in the pathway. MAP kinase
signalling can trigger phosphorylation of additional Musashil protein in a positive feedback
loop (Arumugam et al., 2012), can phosphorylate CPEB to prime it for activation by a
serine-174 (S174) kinase (Keady et al., 2007), and can phosphorylate and inhibit Myt1,
leading toMPF activation (Palmer et al., 1998). MPF activation leads to activation of Aurora
A (Frank-Vaillant et al., 2000; Maton et al., 2003), which can further phosphorylate CPEB
S174 (Mendez et al., 2000). MPF has also been reported to phosphorylate and stabilize Mos
protein (Castro et al., 2001). For the sake of clarity, two additional pathways where Ringo/
CDK phosphorylates and inhibits Myt1 (Ruiz et al., 2008) and MPF phosphorylates and
targets degradation of CPEB (Mendez et al., 2002) have been omitted. See text for further
details.
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