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1. Introduction 

Musashi1 (Msi1) is an evolutionary conserved RNA-binding protein that plays important 
roles in neural stem cell maintenance, nervous system development, and tumorigenesis. In 
glioblastoma, Msi1 is found to be highly expressed and to control a network of cancer-
related genes. In this chapter, we will review the participation of RNA-binding proteins in 
tumorigenesis and the role of Msi1 in stem cells and in glioblastoma. Furthermore, we will 
discuss the results of a study done with The Cancer Genome Atlas (TCGA) dataset to map 
genes highly correlated in expression with Msi1 as an avenue to understand its function in 
gliomagenesis.  

2. Musashi1 and RNA-binding proteins 

2.1 RNA-binding proteins 

RNA-binding proteins (RBPs) are instrumental in RNA metabolism, from biogenesis to 

degradation affecting molecular processes associated with mRNA capping, 3’ end 

formation, splicing, transport, localization, stability, and translation (Figure 1). RNA-

binding proteins associate with target RNA ligands forming the so-called ribonucleoprotein 

complexes (RNPs). Changes that affect RBP expression and/or function, either temporally 

or spatially, can have a profound impact on the fate of their target RNAs. 

Recent genomic analyses suggest that RNA-binding proteins target mRNAs that code for 

proteins of similar function, forming the so-called RNA operon (Keene, 2007). In this 

scenario, RNA-binding proteins coordinate the expression of newly synthesized transcripts 

in order to ensure the needs of the cells are met. This relationship is not linear and any 

particularly mRNA may be bound by many different RNA-binding proteins thus forming a 

higher order of regulation termed the RNA regulon. Since RNA-binding proteins regulate 

large subsets of mRNA, it is conceivable that changes in expression or function can have a 

profound impact on human disease.    
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Fig. 1. RNA-binding proteins have diverse functions in RNA metabolism. A schematic of the 
life cycle of an mRNA and various functions, in black boxes, where RNA-binding proteins 
participate is shown. m7G denotes the 7-methylguanosine cap and poly(A) denotes the 
poly(A) tail of mRNAs.  

2.2 RNA-binding proteins and cancer 
 

RNA-binding proteins can regulate operons formed by mRNAs involved in cell 
proliferation, apoptosis, growth, angiogenesis, and invasion/metastasis, processes which, if 
dysregulated can lead to or potentiate cancer (Lukong et al., 2008). In recent times, the 
recognition of the impact RNA-binding proteins have on tumorigenesis has been emerging. 
For example, eIF4E is an important RNA-binding protein that acts downstream of the 
mTOR pathway (Wendel et al., 2007). This protein functions normally as a component of the 
translation initiation complex. When elevated, eIF4e contributes to tumor formation by 
increasing the translation of oncogenes and genes involved in cell proliferation.  
It is estimated that the human genome encodes ~1000 different RNA-binding proteins. A 
recent study from our lab utilized a comprehensive in silico approach to analyze the 
expression pattern of RNA-binding proteins in normal and tumor tissues (Galante et al., 
2009). In this study, we analyzed 383 RNA-binding proteins in 12 different tissue/tumor 
types. 53 proteins have been shown to be aberrantly expressed in at least two tumor types, 
with the majority of them being upregulated, suggesting that RNA-binding proteins may be 
oncogenic or potentiate certain characteristics in cancer. One example is Musashi1, whose 
increased expression pattern has been shown in malignancies such as glioblastoma, 
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medulloblastoma, breast, and colon cancer (Kanemura et al., 2001; Toda et al., 2001; Sureban 
et al., 2008; Wang et al., 2010).  

2.3 The Musashi1 RNA-binding protein 

Musashi (Msi) is an evolutionarily conserved RNA-binding protein (RBP) that controls 

translation through its interaction with specific motifs located in the 3’ untranslated region 

of target messenger mRNAs (Okano et al., 2005). Msi1 represses the translation of Numb 

(Imai et al., 2001), a negative regulator of Notch, p21Cip1, an inhibitor of cyclin-dependent 

kinases (Battelli et al., 2006), and doublecortin (Dcx), a microtubule-binding protein 

involved in neural stem cell migration (Horisawa et al., 2009), but promotes the translation 

of Robo3, a receptor involved in axonal guidance (Kuwako et al., 2010). Additional targets 

for Msi1, many of which pertain to the cell cycle, apoptosis, proliferation and differentiation 

were identified by RIP-chip analysis (de Sousa Abreu et al., 2009). The ability of Msi1 to 

either positively or negatively control protein expression suggests the duality of its function 

in translation. Musashi1 inhibits translation through its interaction with poly (A)-binding 

protein (PABP), thus disrupting the formation of an active translation complex (Kawahara et 

al., 2008). The mechanism by which Msi1 activates translation is not yet known.  
Msi1 was identified in Drosophila as a protein involved in sensory organ development and 
asymmetric cell division (Nakamura et al., 1994). In Drosophila, mutations in Musashi results 
in a double sensory shaft. The name Musashi is a tribute to the famous 17th century samurai, 
Miyamoto Musashi, who developed the two sword technique. In metazoans, Musashi has 
two paralogs, Msi1 and Msi2, which have similar RNA-binding properties (Sakakibara et al., 
1996; Sakakibara et al., 2001; Sakakibara et al., 2002). Although Msi1 and Msi2 have differing 
patterns of expression and roles within the cell (Aubert et al., 2003; Chan et al., 2006; Siddall 
et al., 2006; Sugiyama-Nakagiri et al., 2006; Sgubin et al., 2007; Kharas et al., 2010), both Msi1 
and Msi2 are required for brain stem cell self-renewal (Sakakibara et al., 2002). In 
mammalian cells, Msi1 denotes multipotent stem cells in the brain (Sakakibara et al., 1996; 
Keyoung et al., 2001; McGuckin et al., 2004; Uchida et al., 2004), intestine (Kayahara et al., 
2003; Nishimura et al., 2003; Sakatani et al., 2005) , breast (Clarke, 2005; Wang et al., 2008), 
and hair follicles (Sugiyama-Nakagiri et al., 2006). 

2.4 Function of Musashi1 in normal and cancer stem cells 

In breast cancer cells, Musashi1 maintains the expression of the embryonic stem cell (ESC) 
markers c-Myc, Nanog, Sox2, Bmi1 and Oct4 (Wang et al., 2010). These markers when 
collectively expressed in differentiated cells were able to reprogram cells, conferring them 
stem-like characteristics (Yu et al., 2007; Gonzalez et al., 2009; Yu et al., 2009; Stadtfeld et al., 
2010). An embryonic stem cell signature in breast cancer is associated with a lower five-year 
survival rate (Wang et al., 2010). The expression of embryonic stem cell markers are usually 
found in other malignant tumors such as cervical cancer, retinoblastoma, poorly 
differentiated lung cancer, medulloblastoma, glioblastoma, bladder cancer, and basal-type 
breast cancer, and predicts lower overall survival (Ben-Porath et al., 2008; Hassan et al., 
2009; Hemmati et al., 2003; Seigel et al., 2007; Stevenson et al., 2009; Ye et al., 2008).  
Msi1 expression is particularly important for the proper development of the brain as 
suggested by a genetically engineered msi1-/- in a C57BL6 background which results in a 
mouse with obstructive hydrocephalus and ependymal abnormalities (Sakakibara et al., 
2002). Additionally, Msi1 is known as a neural stem cell marker useful for studying the 
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migration and biology of neural stem/progenitor cells during development (Kaneko et al., 
2000; Chan et al., 2006). In a recent study, Msi1 was shown to be required for neuronal 
migration of precerebellar neurons via its target gene, Robo3 (Kuwako et al., 2010). Robo3 is 
a receptor found on astrocytes and is required to receive signals from migrating neurons 
through the secretion of the Slit1 diffusable protein. Slit1 signals the change of astrocyte 
morphology to create astrocytic tunnels, allowing migrating neurons to navigate through 
the dense meshwork of the adult brain (Kaneko et al., 2010).   
Consistent with its role in self-renewal, Msi1 expression is positively correlated with a label-
retaining and side population human breast epithelial cells enriched in ERα, p21Cip1, CK19 
and double-positive CK14/CK18 progenitor cells (Smalley and Clarke, 2005; Clarke et al., 
2005). When Msi1 is overexpressed in murine mammary epithelial cells, CD24hi/Sca-1+, 
CD24hi/CD29+, CK14+/CK18+ and CK6+ and CK19+ expression is enhanced in mammary 
stem and progenitor cells (Glazer et al., 2008; Wang et al., 2008). Msi1 acts in a unique 
autocrine pathway which consists of increased secretion of the growth factor Proliferin, loss 
of the Wnt inhibitor DKK3, activation of Wnt and Notch signaling (Glazer et al., 2008; Wang 
et al., 2008). This results in a gene expression profile indicative of the cell cycle, growth 
factor signaling, invasion, adhesion, survival and embryonic stem cells. In addition, 
CD24+/CD29hi mouse mammary cells contain multipotent self-renewing mammary stem 
cells which can reconstitute a complete mammary gland from a single mammary stem cell 
and represent a cancer stem cell population in tumors from MMTV-Wnt1 and p53-null in 
murine breast cancer models (Shackleton et al., 2006; Zhang et al., 2008). CD24 expression is 
controlled through the IGF2 receptor which binds to Proliferin and coexpressed in Msi1-
positive cells (Glazer et al., 2008; Wang et al., 2008). In colon cancer, high expression of Msi1 
is observed as a result of increased IGF2 expression in intestinal crypt cells due to loss of 
imprinting, thus predisposing the crypt cells to become malignant (Sakatani et al., 2005; Cui 
et al., 2006). Loss of imprinting of IGF2 is observed in other cancers such as 
medulloblastoma (Corcoran et al., 2008). In studies done in our lab using the cross-linked 
and immunoprecipitation, or CLIP analysis in U251 glioblastoma cells, IGF2 was identified 
as a potential target of Musashi1 (Penalva lab, unpublished results), suggesting a potential 
mechanism by which Msi1 may control tumor progression. 

3. Musashi1 as a critical regulator in brain tumors 

Musashi1 expression has been seen to be elevated in brain tumors such as glioma and 
medulloblastoma. In gliomas, high Msi1 expression was identified as a poor prognostic 
factor (Kanemura et al., 2001). In in vivo xenograft models, silencing of Musashi1 by small 
interfering RNAs caused a reduction in tumor growth of both glioblastoma and 
medulloblastoma cells (Penalva lab, unpublished results). We summarized below the 
connections between Msi1 and brain tumor-related pathways. 

3.1 Notch pathway 

Musashi1 and Notch 1 expression correlate in areas of tumor proliferation and infiltration 
(Kanemura et al., 2001). Furthermore, suppression subtractive hybridization experiments 
established an association between Msi1 and Notch pathway activation in medulloblastoma 
cells (Yokota et al., 2004). Notch is a well-conserved signaling pathway that regulates cell 
fate, cell proliferation, and cell death during development (Artavanis-Tsakonas et al., 1999).  
Upon binding, cleavage of the Notch receptor occurs in two separate events. The first event 
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is catalyzed by the ADAM-family of metalloproteinases. The second event is catalyzed by 
the γ-secretase protein complex; this complex consists of four proteins, presenilin, nicastrin, 
PEN2, and APH2 (Fortini, 2002). Cleavage by the γ-secretase protein complex releases the 
Notch intracellular domain, or NICD, which then localizes in the nucleus and transactivates 
transcription (Schweisguth, 2004). Musashi1 interacts with the Notch pathway via post-
transcriptional regulation of the negative Notch regulator, Numb. Upon binding to the 3’ 
untranslated region of Numb, Musashi1 causes translational repression, thus effectively 
releasing Notch inhibition (Imai et al., 2001). 

3.2 Wnt pathway 

Wnt is an essential signaling pathway required for developmental processes such as body 

axis specification and morphogenic signaling (Cadigan and Nusse, 1997). Wnt is a family of 

secreted cysteine-rich glycoproteins that act in a paracrine-like fashion over short distances 

to activate signaling pathways. Msi1 influences Wnt pathway activation by repressing the 

translation of p21, a cyclin-dependent kinase inhibitor, required for the transition between 

the G1 and S phase of the cell cycle (Battelli et al., 2006). Additionally, p21 negatively 

regulates Wnt4 transcription, thus connecting cell cycle regulation with the Wnt signaling 

pathway (Devgan et al., 2005).  

3.3 Hedgehog pathway 

The Hedgehog pathway initiates with the secretion of Hedgehog ligand from different 

tissues during development (Ingham and McMahon, 2001). Upon binding, the Hedgehog 

ligand inactivates the Patched-1 Hedgehog receptor, leading to the release of the catalytic 

inhibition on the Smoothened G-protein-coupled receptor signal transduction molecule 

(Villavicencio et al., 2000; Chen et al., 2002). This event activates the Hedgehog signal 

transduction cascade with the subsequent activation of transcription by the glioma-

associated oncogene zinc finger transcription factor GLI2 and GLI3 of Hedgehog target 

genes (Dahmane et al., 2001). Msi1 interacts with the Hedgehog pathway by interfering with 

the expression of several key Hedgehog components such as SMO and GLI1. Morover, 

inhibition of Msi1 causes increased sensitivity to cyclopamine, a Hedgehog pathway 

inhibitor, resulting in a decrease in cell proliferation (Sanchez-Diaz et al., 2008).   

3.4 Mining through the cancer genome atlas 

To better understand the participation of Msi1 in glioblastoma, we conducted an expression 

correlation study to identify genes closely associated with Msi1. Glioblastoma (GBM) data 

from The Cancer Genome Atlas (TCGA) consortium was collected representing microarrays 

performed on GBM in nearly 500 patients (The Cancer Genome Atlas Research Network, 

2008). The microarray results were downloaded from 7 distinct batches of experiments and 

then filtered for only those tumors assayed by the Agilent 244K platform and then combined 

to form a single dataset comprising expression results for 17815 genes across all patients. 

Due to data access restrictions patients could not be stratified by age, gender, or race. The 

data were re-normalized using quantile normalization, and the correlation with Msi1 and all 

other genes was computed for each batch stratum. The mean correlation across batches was 

computed for each gene, and the absolute value of the correlation was used to sort the genes 

from most correlated to least correlated with MSI1. 
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The genes with significant expression correlation with Musahi1 (~250 genes) were then 
analyzed for ontological information pertaining to disease states (Figure 2 and 3), biological 
processes (Figure 4), and functional association using Ariadne Genomics Pathway Studio 
(Figure 5). Identified genes were not found to have significant change in correlation levels 
across the four known subtypes of glioblastoma tumors (Classical, Mesenchymal, Proneural, 
and Neural) as defined by the TCGA (Parsons et al., 2008). Approximately 10% of the genes 
were shown to have interactions with other genes within the group (Figure 5). Major nodes 
in this network include CSF3 (Granulocyte colony stimulating factor), GnRH 
(Gonadotropin-releasing hormone), RARA (Retinoic acid receptor alpha), and RELB. All of 
these genes have a strong positive correlation with MSI1 expression in the TCGA expression 
data.  
 
 

 

Fig. 2. Msi1-correlated genes are involved in disease processes. The table above shows the 
incidence of genes from the TCGA data set shown to be correlated with MSI1 in various 
diseases. Genes in red were positively correlated with MSI1 expression while genes in green 
were negatively correlated with MSI1 expression. 
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Fig. 3. Msi1-correlated genes have implication in important disease states. Genes and 
Disease were sorted by incidence count which is also given adjacent to or bellow each group 
respectively. Genes in red were positively correlated with MSI1 expression while genes in 
green were negatively correlated with MSI1 expression. 

3.5 Genes that correlate with Msi1 expression are important players in glioblastoma 

Among the genes identified in the TCGA analysis, a few should be highlighted based on its 
importance and role in gliomagenesis. We will summarize the functions of granulocyte 
colony stimulating factor 3 (CSF3), gonadotropin-releasing hormone (GnRH), retinoic acid 
receptor alpha (RARA), Notch3/4, DNA ligase IV (LIG4), excision repair cross-
complementing rodent repair deficiency, complementation group 2 (ERCC2), and (C-X3-C 
motif) ligand 1 (CX3CL1).  

3.5.1 Granulocyte colony stimulating factor 3 

Granulocyte colony stimulating factor (CSF3) is a cytokine that controls the production, 
differentiation, and function of granulocytes. In the central nervous system, CSF3 plays an 
important role by inducing neurogenesis, maintain neuroplasticity, halting tissue 
degradation through inhibition of apoptosis and promoting cell survival through the 
MAPK, PI3K, and Akt pathways (Schneider et al., 2005).  
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Fig. 4. Msi1-correlated genes are involved in many cancer-related processes. The table above 
shows the incidence of genes correlated with MSI1 in various pathways. Genes in red were 
positively correlated with MSI1 expression while genes in green were negatively correlated 
with MSI1 expression. 

3.5.2 Gonadotropin-releasing hormone 

Gonadotropin-releasing hormone (GnRH) is a tropic peptide hormone that facilitates the 

release of follicle-stimulating hormone and luteinizing hormone from the anterior pituitary. 

GnRH-mediated signaling may be important for the growth and maintenance of gliomas. 

The use of the GnRH agonist Zoladex results in inhibition of cell proliferation in two 

glioblastoma cell lines (U87MG and U373) thus presenting GnRH signaling as a potential 

therapeutic target (Marelli et al., 2009).   

3.5.3 Retinoic acid receptor alpha 

Retinoic acid receptor alpha (RARA) is a ligand-dependent nuclear receptor that upon 

binding to retinoic acid, can affect processes such as development, differentiation, apoptosis, 

and transcription of clock genes. Glioblastoma is extremely sensitive to retinoic acid, which 

flattens cell morphology, forming intercellular cross-bridges, and reduces anchorage-

independent growth (Mukherjee and Das, 1995). Treatment of glioblastoma cells in vitro 

results in growth arrest and induces differentiation through the Notch pathway (Ying et al., 

2011).    
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Fig. 5. Msi1-correlated genes interact in a wide network in glioblastoma. The image above 
shows the interactions amongst genes from the TCGA data set shown to be correlated with 
Msi1. Genes in red were positively correlated with Msi1 expression while genes in green 
were negatively correlated with Msi1 expression. The mitochondria, nucleus, and cell 
membrane are shown and genes are placed accordingly. Connections that involved positive 
changes in expression / up regulation are drawn with a "plus" symbol while those involving 
negative changes in expression / down regulation are shown with a bar. If no information 
was present or the effect was unclear only the direction of the connection was shown with 
an arrow. 
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3.5.4 Notch receptors  

Notch3 and Notch4 receptors have been previously implicated in association with Msi1. 
Msi1 has been previously demonstrated to negatively affect Numb expression, a negative 
effector of the Notch pathway. Notch3 and Notch4 have previously been demonstrated to 
play important roles in the tumorigenesis and glioblastoma biology. Enhanced Notch3/4 
expression is observed in astrocytomas and medulloblastomas in part due to the loss of the 
FBXW7, a Skp1-Cul1-F-box E2 ubiquitin ligase (Hagedorn et al., 2007; Xu et al., 2009). 
Notch3 activation has been implicated in gliomagenesis (Pierfelice et al., 2011).  

3.5.5 DNA repair enzymes 

A hurdle in treatment of glioblastoma with adjuvant chemotherapy or radiation therapy is 

the enhanced ability for the cell to repair DNA resultant of damage induced by the 

chemotherapeutic or radiation. Two genes, LIG4 and ERCC2, are found to be correlated 

with Msi1. LIG4, or DNA ligase IV, expression causes cells to be resistant to treatment by the 

nitrosourea chloroethylating agent, nimustine (ACNU) through the role of DNA ligase IV in 

nonhomologous end joining and siRNA silencing of LIG4 results in increased cell death 

when induced with ACNU (Kondo et al., 2010). In human genetic studies, polymorphisms 

of LIG4, particularly SNP2 rs3093739:T>C, was associated with increased risk for 

developing gliomas, probably due to increased DNA damage and the inability for the cell to 

repair the damage effectively, thus leading to tumor formation (Liu et al., 2008). ERCC2, or 

excision repair cross-complementing rodent repair deficiency, complementation group 2, is 

another DNA repair gene whose expression is associated with Msi1. ERCC2 is involved in 

transcription-coupled nucleotide excision repair through its binding to the basal 

transcription factor BTF2/TFIIH complex. Allelic loss of ERCC2 is associated with a 

younger age of diagnosis of glioma; however, the loss of the ERCC2 gene is not associated 

with a difference in response to therapy or survival (Liang et al., 1995). More recently, 

polymorphisms in the ERCC2 gene have been revealed. Particularly, homozygosity at codon 

156 for the silent AA allele results in high incidences of glioma (odds ratio 2.3), probably 

through an alteration in relationship with a currently unidentified gene and ERCC2 

(Caggana et al., 2001). In a follow up study, it was seen that a single nucleotide 

polymorphism, rs13181, for ERCC2 confers a significant, protective effect (McKean-Cowdin 

et al., 2009). 

3.5.6 Chemokine (C-X3-C motif) ligand 1 

Glioblastoma also have an enhanced ability to invade adjacent normal brain tissue; one gene 
that has been implicated in invasion is the chemokine ligand, CX3CL1 chemokine (C-X3-C 
motif) ligand 1 gene mediating the cross-talk between neurons and microglia. The 
chemokine receptor CX3CR1 and the ligand, CX3CL1, expression is increased in human 
glioblastoma samples and neural cancer stem cells at the mRNA and protein level (Erreni et 
al., 2010; Locatelli et al., 2010). The high expression levels are inversely correlated with 
patient overall survival (Erreni et al., 2010). CX3CL1 is localized in the outer layer of cells of 
glioblastoma tumorspheres, suggesting the involvement of the chemokine system in 
intracellular adhesion (Erreni et al., 2010). The high levels of CX3CL1/CX3CR1 results in the 
recruitment of glioma-infiltrating microglia, which displays high levels of adhesion and 
migration in vitro; this suggests an important role for the chemokine system in tumor 
promotion (Held-Feindt et al., 2010). 
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4. Conclusion 

Musashi1 plays a role in glioblastoma and other tumor types by affecting a complex 
network of genes implicated in numerous cancer-related processes and biological pathways. 
This is evident from the TCGA study we discussed in this chapter. Further wet-lab 
experimentation is required to understand the different branches of Musashi1 regulation 
and hopefully to provide insight for the development of novel glioblastoma therapeutics.  

5. Acknowledgement 

The work here is supported by grants from the Children's Brain Tumor Foundation and 
Association for Research of Childhood Cancer.  

6. References 

Artavanis-Tsakonas S, Rand MD, Lake RJ (1999) Notch signaling: cell fate control and signal 
integration in development. Science 284:770-776. 

Aubert J, Stavridis MP, Tweedie S, O'Reilly M, Vierlinger K, Li M, Ghazal P, Pratt T, Mason 
JO, Roy D, Smith A (2003) Screening for mammalian neural genes via fluorescence-
activated cell sorter purification of neural precursors from Sox1-gfp knock-in mice. 
Proc Natl Acad Sci U S A 100 Suppl 1:11836-11841. 

Battelli C, Nikopoulos GN, Mitchell JG, Verdi JM (2006) The RNA-binding protein Musashi-
1 regulates neural development through the translational repression of p21WAF-1. 
Mol Cell Neurosci 31:85-96. 

Ben-Porath I, Thomson MW, Carey VJ, Ge R, Bell GW, Regev A, Weinberg RA (2008) An 
embryonic stem cell-like gene expression signature in poorly differentiated 
aggressive human tumors. Nat Genet 40:499-507. 

Cadigan KM, Nusse R (1997) Wnt signaling: a common theme in animal development. 
Genes Dev 11:3286-3305. 

Caggana M, Kilgallen J, Conroy JM, Wiencke JK, Kelsey KT, Miike R, Chen P, Wrensch MR 
(2001) Associations between ERCC2 polymorphisms and gliomas. Cancer 
Epidemiol Biomarkers Prev 10:355-360. 

Chan C, Moore BE, Cotman CW, Okano H, Tavares R, Hovanesian V, Pinar H, Johanson CE, 
Svendsen CN, Stopa EG (2006) Musashi1 antigen expression in human fetal 
germinal matrix development. Exp Neurol 201:515-518. 

Chen JK, Taipale J, Cooper MK, Beachy PA (2002) Inhibition of Hedgehog signaling by 
direct binding of cyclopamine to Smoothened. Genes Dev 16:2743-2748. 

Clarke RB (2005) Isolation and characterization of human mammary stem cells. Cell Prolif 
38:375-386. 

Clarke RB, Spence K, Anderson E, Howell A, Okano H, Potten CS (2005) A putative human 
breast stem cell population is enriched for steroid receptor-positive cells. Dev Biol 
277:443-456. 

Corcoran RB, Bachar Raveh T, Barakat MT, Lee EY, Scott MP (2008) Insulin-like growth 
factor 2 is required for progression to advanced medulloblastoma in patched1 
heterozygous mice. Cancer Res 68:8788-8795. 

www.intechopen.com



 
Molecular Targets of CNS Tumors 

 

560 

Cui J, Han SY, Wang C, Su W, Harshyne L, Holgado-Madruga M, Wong AJ (2006) c-Jun 
NH(2)-terminal kinase 2alpha2 promotes the tumorigenicity of human 
glioblastoma cells. Cancer Res 66:10024-10031. 

Dahmane N, Sanchez P, Gitton Y, Palma V, Sun T, Beyna M, Weiner H, Ruiz i Altaba A 
(2001) The Sonic Hedgehog-Gli pathway regulates dorsal brain growth and 
tumorigenesis. Development 128:5201-5212. 

de Sousa Abreu R, Sanchez-Diaz PC, Vogel C, Burns SC, Ko D, Burton TL, Vo DT, 
Chennasamudaram S, Le SY, Shapiro BA, Penalva LO (2009) Genomic analyses of 
musashi1 downstream targets show a strong association with cancer-related 
processes. J Biol Chem 284:12125-12135. 

Devgan V, Mammucari C, Millar SE, Brisken C, Dotto GP (2005) p21WAF1/Cip1 is a 
negative transcriptional regulator of Wnt4 expression downstream of Notch1 
activation. Genes Dev 19:1485-1495. 

Erreni M, Solinas G, Brescia P, Osti D, Zunino F, Colombo P, Destro A, Roncalli M, 
Mantovani A, Draghi R, Levi D, Rodriguez YBR, Gaetani P, Pelicci G, Allavena P 
(2010) Human glioblastoma tumours and neural cancer stem cells express the 
chemokine CX3CL1 and its receptor CX3CR1. Eur J Cancer 46:3383-3392. 

Fortini ME (2002) Gamma-secretase-mediated proteolysis in cell-surface-receptor signalling. 
Nat Rev Mol Cell Biol 3:673-684. 

Galante PA, Sandhu D, de Sousa Abreu R, Gradassi M, Slager N, Vogel C, de Souza SJ, 
Penalva LO (2009) A comprehensive in silico expression analysis of RNA binding 
proteins in normal and tumor tissue: Identification of potential players in tumor 
formation. RNA Biol 6:426-433. 

Glazer RI, Wang XY, Yuan H, Yin Y (2008) Musashi1: a stem cell marker no longer in search 
of a function. Cell Cycle 7:2635-2639. 

Gonzalez F, Barragan Monasterio M, Tiscornia G, Montserrat Pulido N, Vassena R, Batlle 
Morera L, Rodriguez Piza I, Izpisua Belmonte JC (2009) Generation of mouse-
induced pluripotent stem cells by transient expression of a single nonviral 
polycistronic vector. Proc Natl Acad Sci U S A 106:8918-8922. 

Hagedorn M, Delugin M, Abraldes I, Allain N, Belaud-Rotureau MA, Turmo M, Prigent C, 
Loiseau H, Bikfalvi A, Javerzat S (2007) FBXW7/hCDC4 controls glioma cell 
proliferation in vitro and is a prognostic marker for survival in glioblastoma 
patients. Cell Div 2:9. 

Hassan KA, Chen G, Kalemkerian GP, Wicha MS, Beer DG (2009) An embryonic stem cell-
like signature identifies poorly differentiated lung adenocarcinoma but not 
squamous cell carcinoma. Clin Cancer Res 15:6386-6390. 

Held-Feindt J, Hattermann K, Muerkoster SS, Wedderkopp H, Knerlich-Lukoschus F, 
Ungefroren H, Mehdorn HM, Mentlein R (2010) CX3CR1 promotes recruitment of 
human glioma-infiltrating microglia/macrophages (GIMs). Exp Cell Res 316:1553-
1566. 

Hemmati HD, Nakano I, Lazareff JA, Masterman-Smith M, Geschwind DH, Bronner-Fraser 
M, Kornblum HI (2003) Cancerous stem cells can arise from pediatric brain tumors. 
Proc Natl Acad Sci U S A 100:15178-15183. 

Horisawa K, Imai T, Okano H, Yanagawa H (2009) 3'-Untranslated region of doublecortin 
mRNA is a binding target of the Musashi1 RNA-binding protein. FEBS Lett 
583:2429-2434. 

www.intechopen.com



 
The Musashi1 RNA-Binding Protein: A Critical Regulator in Glioblastoma 

 

561 

Imai T, Tokunaga A, Yoshida T, Hashimoto M, Mikoshiba K, Weinmaster G, Nakafuku M, 
Okano H (2001) The neural RNA-binding protein Musashi1 translationally 
regulates mammalian numb gene expression by interacting with its mRNA. Mol 
Cell Biol 21:3888-3900. 

Ingham PW, McMahon AP (2001) Hedgehog signaling in animal development: paradigms 
and principles. Genes Dev 15:3059-3087. 

Kaneko N, Marin O, Koike M, Hirota Y, Uchiyama Y, Wu JY, Lu Q, Tessier-Lavigne M, 
Alvarez-Buylla A, Okano H, Rubenstein JL, Sawamoto K (2010) New neurons clear 
the path of astrocytic processes for their rapid migration in the adult brain. Neuron 
67:213-223. 

Kaneko Y, Sakakibara S, Imai T, Suzuki A, Nakamura Y, Sawamoto K, Ogawa Y, Toyama Y, 
Miyata T, Okano H (2000) Musashi1: an evolutionally conserved marker for CNS 
progenitor cells including neural stem cells. Dev Neurosci 22:139-153. 

Kanemura Y, Mori K, Sakakibara S, Fujikawa H, Hayashi H, Nakano A, Matsumoto T, 
Tamura K, Imai T, Ohnishi T, Fushiki S, Nakamura Y, Yamasaki M, Okano H, Arita 
N (2001) Musashi1, an evolutionarily conserved neural RNA-binding protein, is a 
versatile marker of human glioma cells in determining their cellular origin, 
malignancy, and proliferative activity. Differentiation 68:141-152. 

Kawahara H, Imai T, Imataka H, Tsujimoto M, Matsumoto K, Okano H (2008) Neural RNA-
binding protein Musashi1 inhibits translation initiation by competing with eIF4G 
for PABP. J Cell Biol 181:639-653. 

Kayahara T, Sawada M, Takaishi S, Fukui H, Seno H, Fukuzawa H, Suzuki K, Hiai H, 
Kageyama R, Okano H, Chiba T (2003) Candidate markers for stem and early 
progenitor cells, Musashi-1 and Hes1, are expressed in crypt base columnar cells of 
mouse small intestine. FEBS Lett 535:131-135. 

Keene JD (2007) RNA regulons: coordination of post-transcriptional events. Nat Rev Genet 
8:533-543. 

Keyoung HM, Roy NS, Benraiss A, Louissaint A, Jr., Suzuki A, Hashimoto M, Rashbaum 
WK, Okano H, Goldman SA (2001) High-yield selection and extraction of two 
promoter-defined phenotypes of neural stem cells from the fetal human brain. Nat 
Biotechnol 19:843-850. 

Kharas MG, Lengner CJ, Al-Shahrour F, Bullinger L, Ball B, Zaidi S, Morgan K, Tam W, 
Paktinat M, Okabe R, Gozo M, Einhorn W, Lane SW, Scholl C, Frohling S, Fleming 
M, Ebert BL, Gilliland DG, Jaenisch R, Daley GQ (2010) Musashi-2 regulates normal 
hematopoiesis and promotes aggressive myeloid leukemia. Nat Med 16:903-908. 

Kondo N, Takahashi A, Mori E, Noda T, Su X, Ohnishi K, McKinnon PJ, Sakaki T, Nakase H, 
Ono K, Ohnishi T (2010) DNA ligase IV is a potential molecular target in ACNU 
sensitivity. Cancer Sci 101:1881-1885. 

Kuwako K, Kakumoto K, Imai T, Igarashi M, Hamakubo T, Sakakibara S, Tessier-Lavigne 
M, Okano HJ, Okano H (2010) Neural RNA-binding protein Musashi1 controls 
midline crossing of precerebellar neurons through posttranscriptional regulation of 
Robo3/Rig-1 expression. Neuron 67:407-421. 

Liang BC, Ross DA, Reed E (1995) Genomic copy number changes of DNA repair genes 
ERCC1 and ERCC2 in human gliomas. J Neurooncol 26:17-23. 

www.intechopen.com



 
Molecular Targets of CNS Tumors 

 

562 

Liu Y, Zhou K, Zhang H, Shugart YY, Chen L, Xu Z, Zhong Y, Liu H, Jin L, Wei Q, Huang F, 
Lu D, Zhou L (2008) Polymorphisms of LIG4 and XRCC4 involved in the NHEJ 
pathway interact to modify risk of glioma. Hum Mutat 29:381-389. 

Locatelli M, Boiocchi L, Ferrero S, Martinelli Boneschi F, Zavanone M, Pesce S, Allavena P, 
Maria Gaini S, Bello L, Mantovani A (2010) Human glioma tumors express high 
levels of the chemokine receptor CX3CR1. Eur Cytokine Netw 21:27-33. 

Lukong KE, Chang KW, Khandjian EW, Richard S (2008) RNA-binding proteins in human 
genetic disease. Trends Genet 24:416-425. 

Marelli MM, Moretti RM, Mai S, Muller O, Van Groeninghen JC, Limonta P (2009) Novel 
insights into GnRH receptor activity: role in the control of human glioblastoma cell 
proliferation. Oncol Rep 21:1277-1282. 

McGuckin CP, Forraz N, Allouard Q, Pettengell R (2004) Umbilical cord blood stem cells can 
expand hematopoietic and neuroglial progenitors in vitro. Exp Cell Res 295:350-
359. 

McKean-Cowdin R, Barnholtz-Sloan J, Inskip PD, Ruder AM, Butler M, Rajaraman P, Razavi 
P, Patoka J, Wiencke JK, Bondy ML, Wrensch M (2009) Associations between 
polymorphisms in DNA repair genes and glioblastoma. Cancer Epidemiol 
Biomarkers Prev 18:1118-1126. 

Mukherjee P, Das SK (1995) Action of retinoic acid on human glioblastoma-astrocytoma--14 
cells in culture. Neoplasma 42:123-128. 

Nakamura M, Okano H, Blendy JA, Montell C (1994) Musashi, a neural RNA-binding 
protein required for Drosophila adult external sensory organ development. Neuron 
13:67-81. 

Nishimura S, Wakabayashi N, Toyoda K, Kashima K, Mitsufuji S (2003) Expression of 
Musashi-1 in human normal colon crypt cells: a possible stem cell marker of human 
colon epithelium. Dig Dis Sci 48:1523-1529. 

Okano H, Kawahara H, Toriya M, Nakao K, Shibata S, Imai T (2005) Function of RNA-
binding protein Musashi-1 in stem cells. Exp Cell Res 306:349-356. 

Parsons DW et al. (2008) An integrated genomic analysis of human glioblastoma 
multiforme. Science 321:1807-1812. 

Pierfelice TJ, Schreck KC, Dang L, Asnaghi L, Gaiano N, Eberhart CG (2011) Notch3 
activation promotes invasive glioma formation in a tissue site-specific manner. 
Cancer Res 71:1115-1125. 

Sakakibara S, Nakamura Y, Satoh H, Okano H (2001) RNA-binding protein Musashi2: 
developmentally regulated expression in neural precursor cells and subpopulations 
of neurons in mammalian CNS. J Neurosci 21:8091-8107. 

Sakakibara S, Nakamura Y, Yoshida T, Shibata S, Koike M, Takano H, Ueda S, Uchiyama Y, 
Noda T, Okano H (2002) RNA-binding protein Musashi family: roles for CNS stem 
cells and a subpopulation of ependymal cells revealed by targeted disruption and 
antisense ablation. Proc Natl Acad Sci U S A 99:15194-15199. 

Sakakibara S, Imai T, Hamaguchi K, Okabe M, Aruga J, Nakajima K, Yasutomi D, Nagata T, 
Kurihara Y, Uesugi S, Miyata T, Ogawa M, Mikoshiba K, Okano H (1996) Mouse-
Musashi-1, a neural RNA-binding protein highly enriched in the mammalian CNS 
stem cell. Dev Biol 176:230-242. 

www.intechopen.com



 
The Musashi1 RNA-Binding Protein: A Critical Regulator in Glioblastoma 

 

563 

Sakatani T, Kaneda A, Iacobuzio-Donahue CA, Carter MG, de Boom Witzel S, Okano H, Ko 
MS, Ohlsson R, Longo DL, Feinberg AP (2005) Loss of imprinting of Igf2 alters 
intestinal maturation and tumorigenesis in mice. Science 307:1976-1978. 

Sanchez-Diaz PC, Burton TL, Burns SC, Hung JY, Penalva LO (2008) Musashi1 modulates 
cell proliferation genes in the medulloblastoma cell line Daoy. BMC Cancer 8:280. 

Schneider A, Kruger C, Steigleder T, Weber D, Pitzer C, Laage R, Aronowski J, Maurer MH, 
Gassler N, Mier W, Hasselblatt M, Kollmar R, Schwab S, Sommer C, Bach A, Kuhn 
HG, Schabitz WR (2005) The hematopoietic factor G-CSF is a neuronal ligand that 
counteracts programmed cell death and drives neurogenesis. J Clin Invest 115:2083-
2098. 

Schweisguth F (2004) Regulation of notch signaling activity. Curr Biol 14:R129-138. 
Seigel GM, Hackam AS, Ganguly A, Mandell LM, Gonzalez-Fernandez F (2007) Human 

embryonic and neuronal stem cell markers in retinoblastoma. Mol Vis 13:823-832. 
Sgubin D, Aztiria E, Perin A, Longatti P, Leanza G (2007) Activation of endogenous neural 

stem cells in the adult human brain following subarachnoid hemorrhage. J 
Neurosci Res 85:1647-1655. 

Shackleton M, Vaillant F, Simpson KJ, Stingl J, Smyth GK, Asselin-Labat ML, Wu L, 
Lindeman GJ, Visvader JE (2006) Generation of a functional mammary gland from 
a single stem cell. Nature 439:84-88. 

Siddall NA, McLaughlin EA, Marriner NL, Hime GR (2006) The RNA-binding protein 
Musashi is required intrinsically to maintain stem cell identity. Proc Natl Acad Sci 
U S A 103:8402-8407. 

Smalley MJ, Clarke RB (2005) The mammary gland "side population": a putative 
stem/progenitor cell marker? J Mammary Gland Biol Neoplasia 10:37-47. 

Stadtfeld M, Maherali N, Borkent M, Hochedlinger K (2010) A reprogrammable mouse 
strain from gene-targeted embryonic stem cells. Nat Methods 7:53-55. 

Stevenson M, Mostertz W, Acharya C, Kim W, Walters K, Barry W, Higgins K, Tuchman SA, 
Crawford J, Vlahovic G, Ready N, Onaitis M, Potti A (2009) Characterizing the 
Clinical Relevance of an Embryonic Stem Cell Phenotype in Lung Adenocarcinoma. 
Clin Cancer Res 15:7553-7561. 

Sugiyama-Nakagiri Y, Akiyama M, Shibata S, Okano H, Shimizu H (2006) Expression of 
RNA-binding protein Musashi in hair follicle development and hair cycle 
progression. Am J Pathol 168:80-92. 

Sureban SM, May R, George RJ, Dieckgraefe BK, McLeod HL, Ramalingam S, Bishnupuri 
KS, Natarajan G, Anant S, Houchen CW (2008) Knockdown of RNA binding 
protein musashi-1 leads to tumor regression in vivo. Gastroenterology 134:1448-
1458. 

The Cancer Genome Atlas Research Network (2008) Comprehensive genomic 
characterization defines human glioblastoma genes and core pathways. Nature 
455:1061-1068. 

Toda M, Iizuka Y, Yu W, Imai T, Ikeda E, Yoshida K, Kawase T, Kawakami Y, Okano H, 
Uyemura K (2001) Expression of the neural RNA-binding protein Musashi1 in 
human gliomas. Glia 34:1-7. 

Uchida K, Mukai M, Okano H, Kawase T (2004) Possible oncogenicity of subventricular 
zone neural stem cells: case report. Neurosurgery 55:977-978. 

www.intechopen.com



 
Molecular Targets of CNS Tumors 

 

564 

Villavicencio EH, Walterhouse DO, Iannaccone PM (2000) The sonic hedgehog-patched-gli 
pathway in human development and disease. Am J Hum Genet 67:1047-1054. 

Wang XY, Yin Y, Yuan H, Sakamaki T, Okano H, Glazer RI (2008) Musashi1 modulates 
mammary progenitor cell expansion through proliferin-mediated activation of the 
Wnt and Notch pathways. Mol Cell Biol 28:3589-3599. 

Wang XY, Penalva LO, Yuan H, Linnoila RI, Lu J, Okano H, Glazer RI (2010) Musashi1 
regulates breast tumor cell proliferation and is a prognostic indicator of poor 
survival. Mol Cancer 9:221-232. 

Wendel HG, Silva RL, Malina A, Mills JR, Zhu H, Ueda T, Watanabe-Fukunaga R, Fukunaga 
R, Teruya-Feldstein J, Pelletier J, Lowe SW (2007) Dissecting eIF4E action in 
tumorigenesis. Genes Dev 21:3232-3237. 

Xu P, Yu S, Jiang R, Kang C, Wang G, Jiang H, Pu P (2009) Differential expression of Notch 
family members in astrocytomas and medulloblastomas. Pathol Oncol Res 15:703-
710. 

Ye F, Zhou C, Cheng Q, Shen J, Chen H (2008) Stem-cell-abundant proteins Nanog, 
Nucleostemin and Musashi1 are highly expressed in malignant cervical epithelial 
cells. BMC Cancer 8:108. 

Ying M, Wang S, Sang Y, Sun P, Lal B, Goodwin CR, Guerrero-Cazares H, Quinones-
Hinojosa A, Laterra J, Xia S (2011) Regulation of glioblastoma stem cells by retinoic 
acid: role for Notch pathway inhibition. Oncogene. 

Yokota N, Mainprize TG, Taylor MD, Kohata T, Loreto M, Ueda S, Dura W, Grajkowska W, 
Kuo JS, Rutka JT (2004) Identification of differentially expressed and 
developmentally regulated genes in medulloblastoma using suppression 
subtraction hybridization. Oncogene 23:3444-3453. 

Yu J, Hu K, Smuga-Otto K, Tian S, Stewart R, Slukvin, II, Thomson JA (2009) Human 
induced pluripotent stem cells free of vector and transgene sequences. Science 
324:797-801. 

Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, Nie J, 
Jonsdottir GA, Ruotti V, Stewart R, Slukvin, II, Thomson JA (2007) Induced 
pluripotent stem cell lines derived from human somatic cells. Science 318:1917-
1920. 

Zhang M, Behbod F, Atkinson RL, Landis MD, Kittrell F, Edwards D, Medina D, Tsimelzon 
A, Hilsenbeck S, Green JE, Michalowska AM, Rosen JM (2008) Identification of 
tumor-initiating cells in a p53-null mouse model of breast cancer. Cancer Res 
68:4674-4682. 

www.intechopen.com



Molecular Targets of CNS Tumors

Edited by Dr. Miklos Garami

ISBN 978-953-307-736-9

Hard cover, 674 pages

Publisher InTech

Published online 22, September, 2011

Published in print edition September, 2011

InTech Europe

University Campus STeP Ri 

Slavka Krautzeka 83/A 

51000 Rijeka, Croatia 

Phone: +385 (51) 770 447 

Fax: +385 (51) 686 166

www.intechopen.com

InTech China

Unit 405, Office Block, Hotel Equatorial Shanghai 

No.65, Yan An Road (West), Shanghai, 200040, China 

Phone: +86-21-62489820 

Fax: +86-21-62489821

Molecular Targets of CNS Tumors is a selected review of Central Nervous System (CNS) tumors with

particular emphasis on signaling pathway of the most common CNS tumor types. To develop drugs which

specifically attack the cancer cells requires an understanding of the distinct characteristics of those cells.

Additional detailed information is provided on selected signal pathways in CNS tumors.

How to reference

In order to correctly reference this scholarly work, feel free to copy and paste the following:

Dat T. Vo, Devraj Sandhu, Jonathan A. Gelfond and Luiz O. Penalva (2011). The Musashi1 RNA-Binding

Protein: A Critical Regulator in Glioblastoma, Molecular Targets of CNS Tumors, Dr. Miklos Garami (Ed.),

ISBN: 978-953-307-736-9, InTech, Available from: http://www.intechopen.com/books/molecular-targets-of-cns-

tumors/the-musashi1-rna-binding-protein-a-critical-regulator-in-glioblastoma



© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed

under the terms of the Creative Commons Attribution-NonCommercial-

ShareAlike-3.0 License, which permits use, distribution and reproduction for

non-commercial purposes, provided the original is properly cited and

derivative works building on this content are distributed under the same

license.


