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Abstract

Aberrant gene expression that drives human cancer can arise from epigenetic dysregulation. While
much attention has focused on altered activity of transcription factors and chromatin-modulating
proteins, proteins that act post-transcriptionally can potently affect expression of oncogenic
signaling proteins. The RNA-binding proteins (RBPs) Musashi-1 (MSI1) and Musashi-2 (MSI2)
are emerging as regulators of multiple critical biological processes relevant to cancer initiation,
progression, and drug resistance. Following identification of Musashi as regulators of progenitor
cell identity in Drosophila, the human Musashi proteins were initially linked to control of
maintenance of hematopoietic stem cells, then stem cell compartments for additional cell types.
More recently, the Musashi proteins were found to be overexpressed and prognostic of outcome in
numerous cancer types, including colorectal, lung, and pancreatic cancers, glioblastoma, and
several leukemias. MSI1 and MSI2 bind and regulate the mRNA stability and translation of
proteins operating in essential oncogenic signaling pathways, including NUMB/Notch, PTEN/
mTOR, TGF-B/SMAD3, MYC, cMET, and others. Based on these activities, MSI proteins
maintain cancer stem cell populations and regulate cancer invasion, metastasis and development of
more aggressive cancer phenotypes, including drug resistance. While RBPs are viewed as difficult
therapeutic targets, initial efforts to develop MSI-specific inhibitors are promising and RNA
interference-based approaches to inhibiting these proteins have had promising outcomes in
preclinical studies. In the interim, understanding the function of these translational regulators may
yield insight into the relationship between mRNA expression and protein expression in tumors,
guiding tumor profiling analysis. This review provides a current overview of Musashi as a cancer
driver and novel therapeutic target.
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Introduction

The Drosophila musashi (msi) gene was first described in 1994 by Makoto Nakamura and
colleagues (1), based on its role in regulating asymmetrical division of Drosophila sensory
organ precursor (SOP) cells. Whereas SOPs normally undergo a program of cell division
that culminates in production of neuronal precursors, a bristle shaft and a socket cell, loss of
msi leads to a double-bristle phenotype. The gene name reflects similarity of this phenotype
to martial portrayals of the two-sword fighting style originated by the Japanese national hero
Miyamoto Musashi. The msigene is evolutionarily conserved: as a consequence of earlier
gene duplication, humans have two related genes, Musashi-1 (MSI1) and Musashi-2 (MSI2).
MSI1 and MSI2 share roughly 75% amino acid identity in overall structure and like msi,
belong to a family of RNA-binding proteins (2). Since their first identification, the Musashi
genes have attracted considerable interest as regulators of stem and progenitor cell
characteristics. Subsequent study of msi demonstrated that it post-transcriptionally regulated
expression of genes such as numb, a component of the Notch signaling cascade, a critical
regulator of asymmetric cell division in cell progenitors (3). Further studies in Drosophila
demonstrated roles for msiin development of spermatogenesis and germline stem cells (4—
6).

Following the identification of murine and human MSI1 (7,8) and MSI2 (2), profiling of
gene expression and direct functional assessments in mouse models first demonstrated an
evolutionarily conserved role in guiding the appropriate differentiation of neuronal
progenitor cells (7,9,10). This was followed by additional studies showing roles for the
Musashi proteins in regulating normal cell differentiation and organ development for other
tissue types (5,11-15), emphasizing the essential nature of this protein signaling over great
evolutionary distance. For example, in early studies in mice, Msil was found to be highly
expressed in the brain, and Msil deficiency caused hydrocephaly (16). MSI2 is critical
regulator of hematopoietic stem cells, where it plays a function distinct from MSI1 (11,12).
While MSI2 deletion leads to decrease in hematopoietic stem cells, overexpression of MSI2
leads to an increase in progenitor and stem cells (11,12). MSI2 also regulates
spermatogenesis and embryogenesis (4-6,15).

Cancer is a disease characterized by changes in cell symmetry, differentiation, and self-
renewal capacity. Unsurprisingly, for a number of genes originally identified as regulators of
stem and progenitor cell capacity, altered function has been linked to cancer. The Musashi
proteins were first linked to cancer in 2001 based on studies demonstrating the elevated
expression of MSI1 in gliomas (17), medulloblastomas (18), and hepatomas (19). In 2003,
MSI2 was identified as part of a translocation event with HoxA9 in chronic myeloid
leukemias (CMLs) that preserved MSI2 RNA binding motifs (20), also implicating this
paralogue in cancer development. The past several years have been marked by a surge of
reports elucidating the frequency and mechanisms of involvement of the Musashi proteins,
and particularly MSI2, in multiple forms of human cancer. This review focuses on these new
findings, including the potential for drugging MSI2 as a therapeutic target. For
comprehensive summaries of Musashi biology, the reader is directed to recent excellent
articles, including (14,21,22).
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Elevated Musashi protein expression characterizes solid and liquid tumors:
evidence for prognostic biomarker status

Since the first implication of MSI1 and MSI2 as potential contributors to cancer pathology,
elevated expression of these proteins has been identified in many types of solid tumor (Table
1), arising from organ sites including the brain, breast, pancreas, colon, lung, ovary, bladder,
and others (17,23-33). In addition, elevated expression of Musashi proteins has been found
in chronic myelogenous leukemia (CML), acute myelogenous leukemia (AML), and acute
lymphoblastic leukemia (ALL) (11,12,34-36). For both Musashi proteins, expression is
typically recognized as higher in tumor cells referenced to matched normal tissues, and
associated with low differentiation status, poor prognosis, lymph node invasion and
metastasis for solid tumors, and expression of additional markers of stem cells.

Control of Musashi protein expression

Our current knowledge regarding upstream signals/pathways regulating MSI proteins
expression is limited. Some factors currently defined as influencing Musashi expression are
represented in Figure 1. The studies summarized above tie expression of MSI1 and MSI2, at
least indirectly, to factors linked to maintenance of stem cell characteristics or induction of
cancer. These include loss of APC and induction of TCF/LEF binding in colon cancer
(37,38), and repression by KLF4 in pancreatic cancer (24). MSI1 expression, along with
other stem cell markers, was negatively regulated in GBM xenografts and in depleted stem-
like GBM cells treated with the c-MET inhibitor crizotinib (39). In colon cancer, both
stimulation by the NOTCH ligand DLL4 and expression of activated NOTCH3 increased
MSI1 levels, whereas silencing of NOTCH3 by short hairpin RNA reduced MSI1 levels in
cancer cells and tumor xenografts (40). In lung-infiltrating breast cancer cells, upregulation
of MSI1 was dependent on expression of tenascin C (TNC), an extracellular matrix
component that protects stem cells(31).

Post-transcriptionally, the MSI1 3" UTR is regulated by direct interaction with another
important RNA-binding protein (RBP), HUR, which positively regulated Msil expression in
glioblastoma: expression of both proteins was correlated in primary GBM tumor samples
(41). The Msil 3"UTR region is also potentially targeted by several tumor suppressor
miRNAs in glioblastoma and neuroblastoma (miR-34a, -101, -128, -137, and -138) (41).
The finding of regulation by the tumor suppressive miR-137 was independently made in
CRCs (42).

Finally, in insights from non-cancer models that may be relevant to suggesting cancer-
relevant changes, in osteoclast precursors, MSI2 expression is upregulated by receptor
activator of NF-xB ligand (RANKL) during osteoclast differentiation (43). Intriguingly, in
mouse spermatogonia cells, MSI2 expression appears to be directly targeted and negatively
regulated by MSI1 at the post-transcriptional level before nuclear translocation, suggesting
cross-regulation between the two paralogues (6). These and other factors controlling
Musashi expression are discussed at length in Fox et al (21).
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Demonstration of driver roles for Musashi expression in oncogenesis

The first demonstrations of driver activity for Musashi overexpression in cancer etiology
emerged in 2010, coupled with initial identification of Musashi-relevant cancer targets that
suggested mechanisms of action. Ito et al used mouse models of CML to demonstrate that
levels of MSI2 increased in CML blasts at the stage of blast crisis (11). This work linked
directly back to the earlier observation that s/ negatively regulated numbin Drosophila (3),
as in CML. Ito and colleagues demonstrated that expression of the NUP98-HOXAJ fusion
protein, an oncogene typically expressed at blast crisis, induces MSI2 expression, and that
MSI2 expression is essential for Numb suppression and the cellular dedifferentiation that
characterizes blast crisis. In the same year, Kharas and colleagues independently confirmed
the specific role of MSI2, but not MSI1, in human myeloid leukemia cell lines and a BCR-
ABL driven mouse model of CML and AML, and showed that MSI2 expression was
required to support proliferation and depress apoptosis in these models (12). Also in 2010,
Rezza and colleagues investigated MSI1 in the context of intestinal progenitor stem cells and
colorectal cancer (CRC). This work also confirmed a functional requirement for a Musashi
protein in supporting proliferation and inducing tumorigenic growth in xenograft assays.
Mechanistically, this analysis demonstrated upregulation of MSI1 in cancer was induced by
the WNT pathway (strongly linked to etiology of CRC), through direct transcriptional
activation of MSI1 mediated by the WNT-dependent transcriptional activators Tcf/Lef. It
also demonstrated that MSI1 was responsible for inducing the Notch pathway, and
sustaining activity of the WNT pathway, suggesting a “feedforward” signaling function(44).
These studies were followed by a number of others, similarly identifying activity of MSI1
and MSI2 in supporting proliferation and apoptosis of cancers of various types: for example,
studies of MSI1 in medulloblastoma, glioblastoma and breast cancer identified a large
number of potential targets that support oncogenesis, and others validated a role for MSI1 in
metastasis and stemness in breast and colon cancer (31,41,45-48) (Table 2, Figure 1).

For most solid tumors, a critical transition from localized to invasive or metastatic involves a
transition in cell state in which epithelial features and lateral cell-cell connections are lost,
replaced by mesenchymal features that support cell migration. This epithelial-mesenchymal
transition (EMT) is a target of much study (49), and is closely linked not only to higher
stage, but also to stem cell status and drug resistance (50). In 2014, studies of hepatocellular
carcinomas (HCC) showed upregulation of MSI2 in invasive tumors of poor prognosis, and
demonstrated that knockdown of MSI2 reduced HCC cell invasion and repressed expression
of biomarkers of EMT: results echoed in analysis of clinical samples (51). This work was
subsequently confirmed and extended in an independent study of hepatitis B virus (HBV)-
dependent HCC (38). Importantly, two groups performed transcriptome and/or ribosomal
profiling to identify genes regulated by the Musashi proteins, followed by extensive
functional analysis (52-54). These studies demonstrated direct Musashi-dependent
regulation of expression of genes in transforming growth factor beta (TGFp) signaling
pathways, linking Musashi for the first time to a major regulator of EMT transitions,
independent of its role in regulation of Numb. They also demonstrated direct support by
Musashi of EMT processes in cultured mammary tumor cells and in mammary growth in
vivo (54), and in support of stem-like properties of hematopoietic stem cells (HSCs)(13).
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The years 2015 and 2016 have been marked by a great expansion in studies that have both
emphasized the central role of Musashi proteins as oncogenic drivers, and have elucidated
mechanisms through the integration of transcriptomic and other profiling techniques, and
use of sophisticated in vivo models. Two elegant 2015 studies expanded on the role of
Musashi proteins in the intestinal epithelium, demonstrating that either MSI1 or MSI2 can
act as an oncogenic driver and is induced by the loss of the tumor suppressor Apc, and
identifying these proteins as regulators of the central PDK-AKT-mTORCL signaling axis,
which was defined as essential for Musashi-dependent transformation (37,55). In other work
in solid tumors, MSI2 (but not MSI1) was identified as upregulated in, and a driver of,
metastasis in non-small cell lung cancer (NSCLC), with activity in directly supporting
expression of the TGFp receptor TGFBR1, and TGFp effector SMADS3, and indirectly
downregulating tight junction—associated claudins to increase tumor cell invasion and
metastasis (26). MSI2 targets were found to include many genes associated with cell
adhesion and motility and Musashi proteins to promote cell migration in multiple cell types
(45,56). Both MSI1 and MSI2 were identified as drivers of pancreatic cancers, responsible
for the transition from pancreatic intraepithelial neoplasias (PanINs) to overt pancreatic
adenocarcinoma, and required for aggressive disease (23,24). KLF4 was identified as a
transcriptional repressor of MSI2 in pancreatic tumors, and loss of expression of KLF4
results in overexpression of MSI2, promoting PDAC progression and metastasis (24). MSI2
was found to promote aggressive breast cancer in part by supporting the protein expression
of the estrogen receptor, ESR1, by indirect regulation of WNT and NOTCH in part by
downregulation of Jagged1, and by induction of proliferin and tachykinin (TAC1) and
inhibition of DKK3 (30,33,46,54,57), and to promote migratory and invasive behavior of
bladder cancers in part by stimulating signaling through the JAK2/STAT3 signaling
pathway(28). MSI1 was found to drive an extensive program of genes associated with
proliferation and cell adhesion controls in glioblastoma (45) and BRD4, cMET, and
HMGAZ2, and others, in pancreatic cancer (21).

In the context of liquid tumors, MSI2 induction of tetraspannin3 (Tspan3), a cell membrane
protein that coordinates multiple signaling cascade, was found to be essential for
pathogenesis of AML, with deletion of Tspan3 eliminating cell responsiveness to CXCL12/
SDF1 chemokine signaling (36). MSI2 was for the first time linked to roles in supporting
stem cell gene signatures and disease progression in myelodysplastic syndromes (MDS)
(58). Overall, these and other studies have identified a large number of targets of Musashi-
dependent expression, which besides those mentioned above include Hoxa9, Myc, 1kzf2
(53), NF-YA, a regulator of the proteasome (59), and Jaggedl (54). Musashi proteins have
also recently been reported influence expression of 1in28A, joining other studies connecting
these proteins to control of cancer-associated micro-RNAs (miRs) (60,61). Factors of
general interest for many cancers are summarized in Table 2.

Mechanisms of post-transcriptional regulation by Musashi proteins

Understanding how Musashi proteins regulate the expression of targets in cancer versus
under physiological growth conditions, and potentially therapeutic targeting of Musashi
proteins, depends on accurate understanding of the biochemical function of the protein
structure. The Musashi proteins have been classified as members of class A/B heterogeneous
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nuclear ribonucleoproteins (hnNRNPs) (2). For each Musashi protein, two N-terminal RNA
recognition motifs (RRM) mediate Musashi binding to a group of target mMRNASs (Figure
2A). Biochemical and structural studies have suggested that RRM1 contributes the majority
of the binding energy and specificity, while RRM2 has a more supportive role. The RRMs
are the most highly conserved part of the Musashi sequence, with 85% sequence identity
between MSI1 and MSI2 in mice, and are highly conserved across species (2). In Musashi-
targeted genes, RRM1 and RRM2 recognition sequences are found in a close proximity at
the 3"-end of the MRNAs (7). MSI1 specifically recognizes motifs (Figure 2B, 3A) variously
defined as [(G/A)U(N)AGU (n =1-3)] (3), r(GUAG) and r(UAG) (62), (UAG) (54,63) and
other poly-U motifs(55). MSI2 has been suggested to preferentially interact with an
ACCUUUUUAGAA" motif, and other poly-U sequences(37), UAG motifs(63) and UAG
containing motifs +/— additional flanking nucleotides(56). In general, it is thought that both
proteins recognize similar sequences and thus likely regulate similar mMRNA targets (2,62).
Several groups have performed high throughput studies of MSI1 or MSI2 binding targets,
with results confirming partial but incomplete overlap (13,23,41,53,54,56,64) (Table 3).

The C-terminal region of Musashi proteins harbor additional protein-protein interaction
sequences, which have been best defined through studies of MSI1, and allow the proteins to
both induce and repress protein translation (Figure 2A) (21,62,65-67). A poly-A binding
protein (PABP)-interaction domain immediately C-terminal to RRM2 disrupts the ability of
PABP to interact with the eukaryotic translation initiation factor 4 gamma (elF4G) binding,
and thus represses initiation of translation of a subset of Musashi targets. Separately, studies
in Xenopus and mouse models have identified binding between the C-terminal domain of
MSI1 and the poly-(A) polymerase GLD2 (PAPD4) (68-70). This results in increased
polyadenylation, mRNA stabilization, and higher protein expression in GLD2-rich oocytes.
In contrast, overexpression of either Xenopus or mouse MSI1 in the context of GLD2-
depleted mouse cells led to translational inhibition. Connecting Musashi proteins to control
of miRS, discrete LIN28-binding motif has been identified in the C-terminus of MSI1 (9):
while this motif is absent in MSI12, recent studies have nevertheless shown biological activity
of MSI2 in regulating Lin28A (23,61). Additionally, both MSI1 and MSI2 have been
described to regulate alternative splicing in mouse retinal photoreceptor and neural stem
cells, with mechanisms still to be exactly defined (54,71). Understanding how the protein
structure and signaling downstream of MSI1 and MSI2 are linked to their function in
different cellular contexts remains an important area for future work.

Perhaps because the dual ability to stimulate and repress translation, and differences in the
abundance of as yet undefined additional partner proteins, the activity of Musashi proteins to
regulate specific MRNAs differs depending on cellular context. For example, several groups
reported that both MSI1 and MSI2 bound NUMB mRNA in vivo and in vitro (3,72-74).
However, while Musashi proteins repressed NUMB consistently in CNS tumors and some
hematologic malignancies, HSCs lacking Msi2 have unchanged levels of the Numb
protein(13). Katz et al. did not identify significant MSI1-dependent changes in NUMB RNA
expression by ribosome profiling in neural stem cells upon MSI1 manipulation (54), and no
consistent pattern of change in NUMB protein levels was detected upon MSI2
overexpression or depletion in human and murine NSCLC cells (26).
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Musashi proteins in tumor responses to chemotherapy and radiation
therapy

As expected for proteins shown to control stem cell identity and EMT, overexpression of
Musashi proteins has increasingly been linked to therapeutic resistance in cancer. As some
examples, elevated expression of MSI2 induced resistance to paclitaxel in ovarian cancer
cells in vitro (27). MSI2 silencing in AML cells sensitized these cells to treatment with
daunorubicin, accompanied by induction of cell cycle arrest and induction of apoptosis,
mediated by downregulation of BCL2 and upregulation of BAX (35). MSI1 was recently
described as a regulator of response to radiation therapy in glioblastoma. In this study,
depletion of MSI1 led to decreased expression of the catalytic subunit of DNA-PK. This
resulted in an increase in DNA damage due to reduced capacity for non-homologous end-
joining (NHEJ)-based repair (75). These and other studies have increased interest in
regulating the expression and biological activities of the Musashi proteins, to potentially
achieve therapeutic benefit.

Musashi proteins as therapeutic targets in cancer

The important role of both MSI1 and MSI2 in various cancers has motivated three
independent groups to attempt to develop small-molecule inhibitors of these proteins (76—
78). All three groups used similar fluorescence polarization (FP) competition assays to
search for compounds that would disrupt the binding of Musashi proteins to a short
fluorescein-labeled RNA, and all three identified compounds in pilot screens that inhibit
RNA-binding; the compounds themselves are quite distinct, however, reflecting the
composition of the screening libraries selected by each group.

In screening against MSI1, Clingman and colleagues (76) used a traditional compound
library augmented by a set of known bioactive compounds. While the traditional library did
not yield useful hits, the latter collection yielded oleic acid as an initial hit. Further studies
showed that several other w-9 monounsaturated fatty acids also inhibit Msil binding to
RNA, with ~1 uM Ki values. Oleic acid was shown to bind the Musashi RRM (Figure 3B)
and to inhibit proliferation of a cell line expressing Msil, though the mechanism of action
was not fully established. Most interestingly, these studies pointed to potential feedback
between Msil activity and fatty acid biosynthesis, potentially positioning these compounds
as useful probes to discover new biology.

Minuesa and colleagues performed parallel small pilot screens of a 6208 compound library
against Msil and Msi2 (77). Of the small number of compounds that were identified as hits
in one screen, most did not emerge from the other, suggesting either different structural
requirements for disrupting MSI1 and MSI2 RNA binding, or issues with false discovery
rate. However, three dual-activity compounds were ultimately validated through secondary
screen, each with ~5 pM IC50 values. The activity of these compounds in cells has not yet
been explored.

Lan and colleagues used only the RRM1 of MSI1 to carry out their screen of the NCI
diversity set of 2000 compounds, including natural products and approved oncology drugs
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(78). Among the top hits in this screen was (—)-gossypol, a natural product extracted from
cottonseed that has already completed Phase I1b clinical trials for prostate cancer. This
compound also inhibited RNA binding by full-length MSI1, with a Ki value ~500 nM, and
via a direct interaction with the RNA-binding groove of RRM1 (Figure 3C). (-)-gossypol
was shown to reduce Notch/Wnt signaling in colon cancer cell lines, and suppress tumor
growth in a mouse xenograft model, which may be relevant to its control of MSI1 activity.
The basis for earlier clinical development of (-)-gossypol, however, was primarily for its
known inhibition of the anti-apoptotic Bcl-family proteins (Bcl-xL, Bcl-2, and Mcl-1)
(79,80); additional targets may exist, confounding efforts to identify Musashi-specific
activities. Disappointingly, (-)-gossypol showed only minimal activity in combination with
prednisone against prostate cancer and no activity in combination with docetaxel in NSCLC
in Phase I/11 studies (81,82); however, explicit optimization of (=)-gossypol to target
Musashi may provide new avenues for development of this compound.

While attempts to develop Musashi inhibitors are thus still in the early stages, these three
studies support the druggability of Msi1l/Msi2 via small molecules. The potential utility of
Msil as a therapeutic target, meanwhile, is strongly supported by recent proof-of-principle
studies demonstrating that antisense oligonucleotides targeting Musashi effectively block
tumor growth in preclinical models of pancreatic cancer (23). Collectively then, these
studies position the Musashi proteins as tractable and valuable therapeutic targets for further
drug discovery efforts.

Conclusions and Perspectives

The Musashi proteins are now firmly established as modulators of oncogenic initiation,
progression, and therapeutic response, for many clinically intractable cancers. While
inhibitors of the Musashi proteins are still years from the clinic, such agents may prove
valuable in cancer therapy, or as regulators of responses to chemotherapy, targeted therapy
and potentially radiation and other treatment modalities. Technical approaches such as PAR-
CLIP, which utilizes a photoactivatable nucleoside for more efficient and specific
crosslinking, may help provide insight into specific direct targets regulated by MSI
proteins(83). In the interim, the Musashi proteins serve as valuable indicators of stem cell
reservoirs within tumors, and can be used to gain sophisticated insights into the activity of
these populations: for example, a MSI2-based reporter system has recently been useful as a
probe for in vivo imaging of HSC dynamics and movement (84). In addition, considering the
expression and activity of MSI1 and MSI2 in individual tumors may yield insight into the
relationship between transcriptomic signatures and the actual protein signaling networks
operative in tumor cells. For example, in comparing two lung tumors with comparable
SMAD3 mRNA expression, the tumor that also has high MSI2 mRNA expression is perhaps
more likely to have abundant SMAD3 protein available to support metastasis than is the
tumor lacking MSI2. As with the epigenetic regulatory machinery, proteins such as MSI1
and MSI2 that operate post-transcriptionally are only now emerging as valuable hubs for
broad-based control of oncogenic signaling networks. Finally, beyond cancer, manipulation
of the Musashi proteins may be useful in other clinical applications. For example, it may be
useful to transiently enhance Musashi function when enlarging stem or progenitor pools for
therapeutic purposes, such as bone marrow replacement. As other examples, MSI1 is
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induced as part of the damage response process in models for arthritis(85), elevated in
atherosclerotic plaques(86), and critical for survival of photoreceptors and appropriate cell
function in the retina (71,87). Clearly, more work is needed to refine the role of MSI
proteins in these and other tissues, with the goal of ameliorating pathologic conditions. The
next several years promise to be fruitful for research discovery.
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Figure 1. Musashi protein organization and signaling networks
Selected cancer-relevant MSI1 and/or MSI2 regulatory proteins, and direct downstream

binding targets are shown. Green, proteins positively regulated and red, genes negatively
regulated, as reported for MSI1 (1) MSI2 (2) or both (1/2).
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Figure 2. Musashi protein interactions
(A) Schematic representation of Musashi-1 and 2 molecular interaction domains for

interactions with RNA and with RNA-binding proteins. RRM - RNA recognition motif; LD,
LIN28 interaction domain; PABD - Poly-A binding domain. (B) Summary of recognition
motifs identified for MSI1 in 1) Imai T et al (3), 2) Li et al (55) or MSI2 in 3) Wang S et al
(37) and 4) Bennet CG et al (56). Sequence motifs are reprinted from original publications
by permission of the authors and publishers. Motifs are represented in the Selex format, with
size of letter reflecting preference for indicated nucleotides. (Adapted from Imai T et al.
“The neural RNA-binding protein Musashil translationally regulates mammalian numb gene
expression by interacting with its MRNA.” Mollecular and Cellular Bioliology, 2001 June;
Volume 21, Issue 12. Pages 3888-900; Copyright [2001] by permission from American
Society for Microbiology. Adapted from Cell Reports, Volume 13, Issue 11. Li N et al. “The
Msi Family of RNA-Binding Proteins Function Redundantly as Intestinal Oncoproteins.”
2015 December 22; Pages No. 2440-55, Copyright [2015], with permission from Elsevier.
Adapted by permission from Macmillan Publishers Ltd on behalf of Cancer Research UK:
Nature Communications (37), copyright [2015]. Adapted from Bennett CG et al. “Genome-
wide analysis of Musashi-2 targets reveals novel functions in governing epithelial cell
migration.” Nucleic Acids Research. 2016 May 5; Volume 44, Issue 8, pages 3788-800,
Copyright [2016] by permission of Oxford University Press.)
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C-terminus (-)-gossypol

Figure 3. The NMR structure of RRM 1 from mouse Msil
(A) The structure of this RRM domain (indicated as a green ribbon) was determined in

complex with a short segment of cognate RNA (sequence GUAGU, indicated as brown
sticks), PDB ID 2rs2 (62). The RRM domain is a conserved fold that packs two a-helices
against one face of a four-stranded B-sheet. As with other “canonical” RRMs (88), the
opposite face of this B-sheet is then used to bind a single-stranded segment of RNA, as
shown. The residues with the largest differences in NMR HSQC peak intensities upon
addition of RNA include Phe23, Trp29, Gly64, Phe65, and Lys93 (shown in spheres),
confirming the role of these residues in Msil binding to RNA (76,78). Structures of other
proteins containing tandem RRM domains often show these domains in an arrangement that
presents a single deep RNA-binding cleft (88,89). In this Msil-RRML1 structure, the C-
terminus of the RRM1 domain makes close contact with the RNA beyond simply the
canonical interactions on the p-sheet. Thus, the structural basis for Musashi-RNA
association may also be strongly affected by interactions between the two RRM domains
that are not captured in the complex shown here. (B) Upon addition of oleic acid to the
Musashi RRM domain, the NMR HSQC peak intensity for residues throughout the structure
exhibit diminished intensity (cyan sticks), suggesting extensive structural changes consistent
with allosteric inhibition (76). (C) Upon addition of (-)-gossypol to the RRM domain, the
NMR HSQC peak intensity is diminished primarily for residues involved in RNA binding
(cyan spheres), suggesting direct inhibition and supporting the docked model shown (78).
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MSI1 and M SI2 as prognostic biomarkersin human malignancies
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ALL, acute lymphocytic leukemia; CML, chronic myelogenous leukemia; HCC, hepatocellular carcinoma;
IHC, immunohistochemistry; MDS, myelodysplastic syndrome; NSCLC, non-small cell lung cancer; PDAC,
pancreatic adenocarcinoma; RT-gPCR, real-time quantitative polymerase chain reaction; SCLC, small cell
lung cancer; TCGA, The Cancer Genome Atlas; TMA, tissue Microarray; WB, western blot.

Gene Cancer type Type of Evidence Reference
TMA of 203 patient specimens (110)
RNA-seq data for 26 paired tumor and normal tissue patient specimens (55)
Colon Cancer (TCGA) @7
WB analysis of 20 matched patient specimens (25)
MS1-1/2 TMA and IHC of 146 patient specimens (111)
SCLC IHC of 85 patient lung tumors specimens (112)
IHC of 14 paired patient NSCLC specimens (112)
NSCLC
TMA of 123 NSCLC versus 22 normal lung tissue patient specimens (26)
Barrett’s Esophagus and IHC and RTgPCR of metaplastic and dysplastic patient specimens vs normal (93)
Esophageal Adenocarcinoma esophagus and adenocarcinoma
Bladder Cancer RTQPCR of 70 patient specimens of bladder cancer vs normal tissue (94)
IHC 140 patient breast tumors; WB 20 breast cancer cell lines (32)
Breast Cancer Methylation, IHC in 91 breast tumors (33)
IHC and RTqPCR of 46 patient specimens (95)
Endometrial Cancer
RTQPCR of 35 tumor vs 15 normal tissue patient specimens (96)
Gastric Cancer IHC of gastric cancer vs normal tissue 97)
IHC of 241 patient specimens (98)
IHC and RTqPCR of 72 patient astrocytoma specimens vs normal brain (99)
Musashi-1 Gliomas . : :
RTQPCR of 32 tumor vs nonneoplastic patient specimens (100)
IHC of 73 patient glioma specimens; WB analysis 7 glioma and 8 a7
astrocytoma vs normal brain patient specimens
Hepatoma IHC of 24 matched patient specimens (101)
TMA of 259 tumor vs 10 normal cerebellar patient specimens (41)
Medulloblastoma RTQPCR of 25 medulloblastoma patient specimens (102)
RTqPCR for gene expression of patient brain tumor specimens (18)
: IHC analysis of 80 patient ovarian adenocarcinoma specimens vs normal
Ovarian Cancer ovarian tissue (103)
Retinoblastoma IHC of 3 human RB tumor specimens; ICH of Y79 and WER1-RB27 cells (104)
ALL RTQPCR 140 patient specimens with B-ALL (105)
Microarray of 16 AML patient specimens (12)
TMA of 120 AML patient specimens (106)
. AML
Musashi-2 RtqPCR 454 AML and 38 normal patient specimens (107)
Microarray of 363 patient specimens (53)
Bladder Cancer WB of bladder cancer cell lines, IHC of 167 patient bladder cancer specimens 28)

vs normal bladder tissue
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Gene Cancer type Type of Evidence Reference
RTgPCR of 152 CML patients comparing advanced disease versus chronic (108)
CML phase CML

RTQPCR of 90 patient specimens (11)
Hepatocellular Carcinoma IHC of 149 HCC vs 40 normal hepatic tissue specimens (51)
RTQPCR of low (19) and high (30) risk MDS vs AML (35) and normal (109)

MDS patient blood samples (19)
Microarray of 183 MDS vs 17 normal patient specimens (58)
Pancreatic Cancer Microarray of 130 PDAC vs 20 normal patient specimens (24)
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