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Abstract
Cancer stem cells (CSCs) or tumor-initiating cells, similar to normal tissue stem cells, rely on
developmental pathways, such as the Notch pathway, to maintain their stem cell state. One of the
regulators of the Notch pathway is Musashi-1, a mRNA-binding protein. Musashi-1 promotes
Notch signaling by binding to the mRNA of Numb, the negative regulator of Notch signaling, thus
preventing its translation. Cancer stem cells have also been shown to down-regulate their 26S
proteasome activity in several types of solid tumors, thus making them resistant to proteasome-
inhibitors used as anti-cancer agents in the clinic. Interestingly, the Notch pathway can be
inhibited by proteasomal degradation of the Notch intracellular domain (Notch-ICD), therefore
down-regulation of the 26S proteasome activity can lead to stabilization of Notch-ICD. Here we
present evidence that the down-regulation of the 26S proteasome in CSCs constitutes another level
of control by which Musashi-1 promotes signaling through the Notch pathway and maintenance of
the stem cell phenotype of this subpopulation of cancer cells. We demonstrate that Musashi-1
mediates the down-regulation of the 26S proteasome by binding to the mRNA of NF-YA, the
transcriptional factor regulating 26S proteasome subunit expression, thus providing an additional
route by which the degradation of Notch-ICD is prevented, and Notch signaling is sustained.
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Introduction
Cancer cells in solid tumors are heterogeneous with respect to their ability to initiate or
regrow tumors and their capability to produce progeny that reflects all cancer cell types
found within the tumor. Cells with higher tumorigenicity are often called tumor-initiating
cells or cancer stem cells (CSCs) 1. It is important to note that the term CSC does not
necessarily imply that CSCs derive from normal tissue stem cells. In breast cancer and
glioma, these cells can be prospectively identified based on cell surface marker
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expression 2, 3, ALDH1 activity 4, or lack of 26S proteasome function 5. For the latter, we
have developed an imaging system that allows for prospective identification and tracking of
CSCs/tumor-initiating cells. It is based on the stable expression of a fusion between a green
fluorescent protein, ZsGreen, and the C-terminal degron of ornithine decarboxylase. In cells
with intact proteasome activity the fusion protein is degraded immediately after translation.
In CSCs/tumor-initiating cells, the lack of proteasome activity results in the accumulation of
the fluorescent fusion protein, and thus in the identification of CSCs/tumor-initiating cells
without further manipulation 5.

CSCs/Tumor-initiating cells in solid tumors are thought to be mostly quiescent 5, 6 and in a
less energetic metabolic state than their non-tumorigenic progeny 7. Consequently protein
turnover in slow cycling, or quiescent CSCs/tumor-initiating cells is expected to be low 8, 9.
Therefore, CSCs/tumor-initiating cells are not required to maintain high activities of the 26S
proteasome, a multicatalytic protease that requires large amounts of ATP for its assembly
and function 10, which is responsible for the targeted degradation of proteins involved in cell
signaling and serves as a key protease in protein quality control 11.

Interestingly, key stem cell factors like BMI-1, Oct-4, Sox-2, Nanog and Klf4 12–15, as well
as effector proteins in Wnt 16, Notch 17, and Hedgehog 18 signaling are substrates of the 26S
proteasome and consequently, low proteasome activities in CSCs/tumor-initiating cells will
stabilize these proteins and thus enable sustaining a stem cell state.

Among others, the Notch pathway regulates self-renewal in breast cancer and glioma stem
cells 19–21. Activation of the Notch pathway relies on cell-cell interaction, which ultimately
leads to nuclear translocation of the intracellular domain of the Notch receptor (Notch-ICD)
where it binds to CBF-1 and turns the latter from a transcriptional repressor into a
transcriptional activator 22. Notch-ICD can be inhibited by Numb, which in turn is regulated
by binding of Musashi-1 to a conserved motif in the 3’-UTR of Numb mRNA, thereby
preventing its translation.

In search for a link between low-proteasome activity in CSCs/tumor-initiating cells and the
CSC phenotype, we hypothesized that developmental pathways, such as the Notch pathway,
down-regulate proteasome activity in order to maintain the stem cell phenotype through
stabilization of stem cell factors. We report here, that in CSCs/tumor-initiating cells the
RNA-binding protein Musashi-1 binds mRNA of NF-YA (Nuclear transcription factor Y
subunit alpha), a subunit of the trimeric master regulatory transcription factor of proteasome
subunit expression 23, thereby decreasing NF-YA protein levels and NF-YA DNA-binding
activity. As a consequence 26S proteasome subunit expression is down-regulated, thus
linking Notch signaling and the CSC state with low proteasome activity.

Methods
Cell culture

Human SUM159PT breast cancer cell line was purchased from Asterand (Detroit, MI).
Human MCF-7 and T47D breast cancer cell lines were purchased from American Type
Culture Collection (Manassas, VA). GBM146, GBM176, and GBM189 cells were obtained
from the UCLA Intellectual and Developmental Disability Research Center Human Cell
Core. The U87MG glioma cell line was a kind gift from Dr. P. Michel (Department of
Pathology, UCLA, CA). SUM159PT-ZsGreen-cODC, MCF-7-ZsGreen-cODC, T47D-
ZsGreen-cODC, U87MG-ZsGeen-cODC and GBM146-ZsGreen-cODC, GBM176-
ZsGreen-cODC, and GBM189-ZsGreen-cODC were obtained as described in Vlashi et al. 5.
SUM159PT was cultured in log-growth phase in F12 Medium (Invitrogen, Carlsbad, CA)
(supplemented with 5% fetal bovine serum [Sigma Aldrich, St Louis, MO] and penicillin
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(100 units/ml) and streptomycin (100 μg/ml) cocktail [Invitrogen], insulin (5µg/mL) and
hydrocortisone (1 μg/ml)), MCF-7 and T47D were cultured in log-growth phase in
Dulbecco's Modified Eagle Medium (DMEM) (Invitrogen) (supplemented with 10% fetal
bovine serum and penicillin and streptomycin cocktail), and glioma cells were cultured in
DMEM/F12 (1:1) (supplemented with 10% fetal bovine serum and penicillin and
streptomycin cocktail). All cells were grown in a humidified incubator at 37°C with 5%
CO2.

shRNA against Musashi-1
Cells were plated in 6-well plates and incubated (37°C with 5% CO2) until cells reached
70% confluence. Cells were then transfected with shRNA vectors with Lipofectamine
2000® (Invitrogen) according to the manufacturer’s instructions. Briefly, 1 µg of plasmids
(shRNAs targeting Msi-1 or scramble shRNA control, Origene) were diluted in 250 µl of
OptiMEM (Invitrogen). Lipofectamine 2000® (5 µl) was also diluted in 250 µl of OptiMEM
(no serum, no antibiotic), incubated for 5 min at room temperature and then mixed with the
plasmid solution. The mixture was incubated for 20 min at room temperature. Cells were
rinsed twice with PBS and 500 µl of OptiMEM (no serum, no antibiotic) were added. The
plasmid-lipofectamine 2000® mix was added to the cells, and incubated for 5h at 37°C with
5% CO2. Two milliliters of FBS/antibiotic-containing media were added. Cells were
incubated for 24 to 48h before experiments.

Sphere-forming capacity
SUM159PT, GBM146, GBM176, or GBM189 cells were transfected with shRNA against
Musashi1 or scrambled control shRNA. After 48 hours, cells were plated at a density of 50
cells/ml into ultra-low adhesion 96-well plates in 200µl DMEM/F12, supplemented with
0.4% BSA (Sigma), 10 ml/500ml B27 (Invitrogen) 5 µg/ml bovine insulin (Sigma), 4 µg/ml
heparin (Sigma), 20 ng/ml fibroblast growth factor 2 (bFGF, Sigma) and 20 ng/ml epidermal
growth factor (EGF, Sigma)). After 15 days in culture mammospheres or neurospheres with
diameters larger that 100µm were counted. In parallel, the same cells were seeded into 15
cm suspension dishes at 1,000 cells/ml into the same media to generate enough primary
spheres for secondary sphere formation. Primary spheres were mechanically dissociated and
counted and used for secondary sphere formation. Tertiary spheres were obtained using the
same protocol using cells derived from secondary spheres.

Flow cytometry
We had previously shown that breast cancer and glioma stem cells/tumor-initiating cells
could be identified via their low proteasome activity 5,6, which can be assessed by analyzing
ZsGreen-cODC protein accumulation by flow cytometry. Cells were defined as "ZsGreen-
cODC positive" if the fluorescence in the FL-1H channel exceeded the fluorescence level of
99.9% of the empty vector-transfected control cells.

Co-Immunoprecipitation of Musashi-1 and NF-YA mRNA
mRNAs bound by Musashi-1 were isolated and detected following an adapted protocol
described by Peritz 22. Cells from 7-days old spheres were washed two times with PBS (1X)
and lysed with polysome lysis buffer (100 mM KCl, 5 mM MgCl2, 10 mM HEPES, pH 7.0,
0.5% Nonidet P-40, 1 mM DTT, 100 U/ml RNAse OUT (Invitrogen), 2 mM vanadyl
ribonucleaside complexes solution (Sigma-Aldrich), 25 μl/ml protease inhibitor cocktail for
mammalian tissues (Sigma-Aldrich). Lysates were transferred to a tube on ice and
centrifuged at 16,000 × g for 15 min at 4°C.
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150 μl of protein A-agarose beads (Invitrogen) per 1 ml of lysate were equilibrated by two
washes with 0.5 ml of polysome lysis buffer and the initial volume of beads was restored
with polysome lysis buffer. The lysate was pre-cleaned with 50 μl of protein A-agarose
beads by incubating for 1h at 4°C, and then centrifuged to pull down the beads. The pre-
clearing step was repeated a second time with the supernatant. Cleaned supernatant was
divided into 1 ml aliquots, 3 aliquots per sample (Musashi-1 or isotype control [Rabbit
Polyclonal IgG], IP-control without antibody; all antibodies were from Abcam). Antibodies
were added to the lysates and incubated overnight at 4°C with gentle agitation. 50 μl of
protein A-agarose beads were added to each aliquot, the samples rotated at 4°C for 4 hours,
and collected by brief centrifuging. Beads were washed 4 times with 0.5 ml of polysome
lysis buffer by rotating for 5 min at 4°C, and then washed four more times with polysome
lysis buffer including 1 M urea. Beads were re-suspended in 100 μl of polysome lysis buffer
with 0.1% SDS and 30 μg proteinase K, and incubated for 30 min at 50°C in a heating
block. 0.5 ml of Tri-Reagent (Sigma-Aldrich) were added and incubated for 5 min at room
temperature. 0.2 ml of chloroform was added, shaken vigorously, and incubated for 10 min
at room temperature. Aliquots were centrifuged for 15 min at 12,000 × g. Aqueous phases
were recovered and the pellets (beads) were re-suspended in 100 μl of polysome lysis buffer
with 0.1% SDS and 30 μg proteinase K for a second RNA extraction. RNA extraction steps
and reverse transcription (RT) with Superscript III were performed according to the
manufacturer’s instructions. 1 μl of RT was used to perform a first Real-Time PCR for 35
cycles using specific primers for NF-YA. Specific primers for Numb were used as a positive
control for Msi-1 immunoprecipitation. A second Real-Time PCR was performed for 40
cycles using 1 μl of the first PCR product.

Quantitative Reverse Transcription-PCR
Quantitative PCR was performed in the My iQ thermal cycler (Bio-Rad, Hercules, CA)
using the 2× iQ SYBR Green Supermix (Bio-Rad). Ct for each gene was determined and
∆∆Ct was calculated relative to the designated reference sample. Gene expression values
were then set equal to 2−∆∆Ct as described by the manufacturer of the kit (Applied
Biosystems). PCR primers were synthesized by Invitrogen and designed for the human
sequence of human of NF-YA (Forward primer: 5’-GAGTCTCGGCACCGTCAT-3’, and
Reverse primer: 5’-TGCTTCTTCATCGGCTTG-3’) and the human proteasome subunits X
(Forward primer: 5’-ACGTGGACAGTGAAGGGAAC-3’, and Reverse primer: 5’-
CTGCATCCACCCTCTTTCAG-3’), Y (Forward primer: 5’-
AGGAGAAAGATGGCGGCTAC-3’, and Reverse primer: 5’-
AGGACCCAGTGGTTGTTCTG-3’), Z (Forward primer: 5’-
GGAGGAGGAAGCCAAGAATC-3’, and Reverse primer: 5’-
CTTCCAGCACCTCAATCTCC-3’), PA28a (Forward primer: 5’-
AGACAAAGGTCCTCCCTGTG-3’, and Reverse primer: 5’-
CTGGACAGCCACTCCAAAAT-3’), PA28b (Forward primer: 5’-
ACTCCCTCAATGTGGCTGAC-3’, and Reverse primer: 5’-
GCAGGGACAGGACTTTCTCA-3’), LMP2 (Forward primer: 5’-
GCAATAGCGTCTGTGGTGAA-3’, and Reverse primer: 5’-
ATGCTGACTCGACAGCCTTT-3’), LMP7 (Forward primer: 5’-
ATGTCAGTGACCTGCTGCAC-3’, and Reverse primer: 5’-
CTGCTGAGCCCGTACTCTCT-3’), PSMC1 (Forward primer: 5’-
GACCCCGATGTCAGTAGGAA-3’, and Reverse primer: 5’-
GGATCCGTGTCATCCATCAG-3’), PSMD4 (Forward primer: 5’-
CAACGTGGGCCTTATCACAC-3’, and Reverse primer: 5’-
ATTGTCCTCCACTGGGCTTC-3’), and MECL1 (Forward primer: 5’-
GTGCTAGAAGACCGGTTCCA-3’, and Reverse primer: 5’-
CTCTGTGGGTGAGCTCAGTG-3’). GAPDH (Forward primer: 5’-
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CGATCAACTCACCGCCAACA-3’, and Reverse primer: 5’-
GTGGCTTCATCTGCTTCCTGTC-3’) or RPLP0 (Forward primer: 5’-
GTGATGTGCAGCTGATCAAGACT-3’, and Reverse primer: 5’-
GATGACCAGCCCAAAGGAGA-3’) were used as loading control.

Proteasome Function Assays
Chymotryptic, tryptic, and caspase-like proteasome activities were measured as described
previously 23 with a few minor modifications. Cells were washed with PBS, and pelleted by
centrifugation. Glass beads and homogenization buffer (25 mM Tris, pH 7.5, 100 mM NaCl,
5 mM ATP, 0.2% (v/v) Nonidet P-40 and 20% glycerol) were added and tubes were
vortexed for 1 minute. Beads and cell debris were removed by centrifugation at 4°C. Protein
concentration was determined by the Micro BCA protocol (Pierce, Rockford, IL) with BSA
(Sigma) as standard. To measure 26S proteasome activity, 100 µg of protein from crude
cellular extracts of each sample was diluted with buffer I (50 mM Tris, pH 7.4, 2 mM DTT,
5 mM MgCl2, 2 mM ATP) to a final volume of 1 mL in quadruplicates. The fluorogenic
proteasome substrates Suc-LLVY-AMC (chymotryptic substrate, Biomol, Plymouth
Meeting, PA), Z-ARR-AMC (tryptic substrate, Calbiochem, San Diego, CA), and Z-LLE-
AMC (caspase-like substrate, Biomol), were dissolved in DMSO and added to a final
concentration of 80 µM in 1% DMSO. Proteolytic activities were continuously monitored by
measuring the release of the fluorescent group, 7-amido-4-methylcoumarin (AMC), in a
fluorescence plate reader (Spectramax M5, Molecular Devices, Sunnyvale, CA) at 37° C, at
excitation and emission wavelengths of 380 and 460 nm, respectively.

NF-YA Transcription factor DNA-binding activity assays
ZsGreen-cODC-positive CSCs/tumor-initiating cell and ZsGreen-cODC-negative non-
tumor-initiating cells were sorted from SUM159PT-ZsGreen-cODC and U87MG-ZsGreen-
cODC monolayer and sphere cultures, respectively. Total nuclear protein extracts were
obtained using the Nuclear Extraction Kit (ActiveMotif, Carlsbad, CA) and protein content
was measured using the ProStain™ Protein Quantification Kit (ActiveMotif). DNA-binding
activity of NF-YA was assessed using the TransAM® Transcription Factor ELISA
(ActiveMotif) following the manufacturer’s instructions. The assay measures the binding of
active NF-YA transcription factor to its consensus binding sequence on a short DNA
oligonucleotide. The latter is immobilized onto an ELISA plate. After incubation and
washing, NF-YA bound to its consensus binding motif can be detected with a specific
antibody against NF-YA and quantified using a spectrophotometer. The specificity of the
binding reactions is shown in competition experiments using excess non-immobilized
double-stranded DNA containing the wild-type or a mutated binding sequence for NF-YA.

Western Blotting
Cells were lysed on ice using RIPA buffer. The lysate was centrifuged at 10,000 × g for 10
min, and the protein concentration in the supernatant was determined using the microBCA
protocol (Pierce, Thermo Scientific, Rockford, IL). The protein lysate was separated by
SDS-PAGE and then transferred to PVDF membranes (BioRad). The membranes were
blocked with 5% BSA/TBS-0.1% Tween20 and then probed with rabbit anti-Musashi1
primary antibodies (Abcam ab52865, Cambridge, MA, 1/2,000) or rabbit anti-NF-YA
primary antibodies (Abcam ab6558, Cambridge, MA, 1/1,000) for 1 h at room temperature.
After washing, the blots were incubated with an anti-rabbit horseradish peroxidase-
conjugated secondary antibody (SigmaAldrich, 1/50,000) and visualized by ECL plus
Membrane Blotting Detection System (GE Healthcare) using a laser scanner (Typhoon
9410, GE Healthcare).
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Statistics
Unless reported otherwise all results were derived from 3 biologically independent
experiments. A p-value equal to or smaller than 0.05 in a Student’s t-test was considered
statistically significant.

Results
The RNA-binding protein Musashi-1 binds the regulatory transcription factor of
proteasome subunit expression, NF-YA mRNA

We had previously reported that breast cancer and glioma stem cells/tumor-initiating cells
have low proteasome activity 5, 6, 24 and that proteasome subunit mRNAs were down-
regulated in glioma CSCs/tumor-initiating cells 5. In order to analyze if the proteasome
subunits are also down-regulated at the mRNA level in breast cancer, we sorted
SUM159PT-ZsGreen-cODC+ CSCs/tumor-initiating cells and SUM159PT-ZsGreen-cODC−

non-tumorigenic cells, and performed qRT-PCR for the proteasome subunits X, Y, Z,
PA28a, PA28b, LMP2, LMP7, PSMC1, PSMD4, and MECL1. When we compared
proteasome subunit mRNA expression levels in non-tumorigenic cells with high proteasome
activity and CSCs/tumor-initiating cells with low proteasome activity, mRNA expression of
all subunits tested was significantly down-regulated in CSCs/tumor-initiating cells (Figure
1).

In search for a link between Notch signaling and down-regulation of proteasome subunit
mRNA expression, we performed an in-silico analysis to test if the 3’-UTR of NF-YA
mRNA, the regulatory transcription factor of proteasome subunit expression, contains
binding motifs for Musashi-1 comparable to the sequence of the known Musashi-1 target
numb (Fig. 2a and Suppl. Fig. 1). We found several of the putative binding motifs currently
discussed for Musashi-1: 3 repeats of the G/AU1–3AGU motif 25, 15 repeats of the
GU3–5(AG/G) motif 26, and 5 repeats of the recently proposed minimal binding motif
UAGX/GUAGX1–50GUAG 27 (Figure 2a, Suppl. Figure 2 and 3). This suggested that post-
transcriptional regulation of NF-YA could be linked to Notch signaling.

We addressed this possibility experimentally by first analyzing if breast CSCs/tumor-
initiating cells with low proteasome activity expressed Musashi-1. When we sorted
ZsGreen-cODC− non-tumorigenic cells and ZsGreen-cODC+ CSCs/tumor-initiating cells
from SUM159PT breast cancer cells, we found that Musashi-1 mRNA was up-regulated
5590-fold (± 2820, p<0.05, two-sided Student’s t-test) in ZsGreen-cODC+ CSCs/tumor-
initiating cells (Figure 2b).

To test if Musashi-1 actually binds NF-YA mRNAs in cells, we immunoprecipitated
Musashi-1 from breast cancer and glioma cell lysates using established breast cancer
(SUM159PT, T47D) and U87MG glioma cell lines and the primary glioma patient line
GBM189 and subjected the co-precipitated mRNA to two rounds of qRT-PCR using
specific primers for NF-YA mRNA. We used specific primers for Numb as a positive
control and an isotype control antibody and a precipitation without antibodies as negative
controls. Consistent with our in-silico analysis, mRNA of NF-YA co-precipitated with
Musashi-1 and binding levels were comparable to binding levels of Numb mRNA (Figure
3).

NF-YA DNA-binding activity is down-regulated in cancer stem cells
In order to compare the DNA-binding activity of NF-YA in CSCs/tumor-initiating cells and
non-tumorigenic cells, we sorted SUM159PT-ZsGreen-cODC and U87MG-ZsGreen-cODC
cells as well as cells from three primary glioma patient lines (GBM146-ZsGreen-cODC,
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GBM176-ZsGreen-cODC, GBM189-ZsGreen-cODC) based on proteasome function.
Nuclear protein extracts of CSCs/tumor-initiating cells and non-tumorigenic cells of both
lines were analyzed using a NF-YA-specific transcription factor ELISA-assay. The
specificity of the assay was confirmed in control experiments in which unbound
oligonucleotide containing either the consensus binding motif or a mutated binding motif
was added to the reaction in excess (Suppl. Fig 3a).

CSCs/Tumor-initiating cells with low proteasome activity (ZsGreen-cODC+) showed
significantly reduced DNA-binding activity of NF-YA (SUM159PT-ZsGreen-cODC+ 28.65
± 7.7%, n=6, p<0.0001; U87MG-ZGreen-cODC+ 32.5 ± 12.4%, n=4, p=0.0016; GBM146-
ZsGreen-cODC+ 41.3 ± 12.3 %, n=6, p=0.0066; GBM176-ZsGreen-cODC+ 5.3 ± 2.1 %,
n=6, p<0.0001; GBM-189-ZsGreen-cODC+ 27.1 ± 2.2 %, n=6, p<0.0001; two-sided
Student’s t-test (Figure 4). Western blotting using extracts from SUM159PT non-
tumorigenic cells and CSCs/tumor-initiating cells confirmed down-regulation of nuclear NF-
YA protein in CSCs/tumor-initiating cells (Supplementary Figure 3b).

Down-regulation of Musashi-1 increases 26S proteasome activity and decreases self-
renewal capacity

Next we sought to study if down-regulation of Musashi-1 expression would alter the
cleavage activity of the 26S proteasome. SUM159PT breast cancer cells were stably
transfected with expression constructs for shRNA against Musashi-1 or a scrambled control
shRNA, and cultured as monolayer cultures or enriched for breast CSCs/tumor-initiating
cells by culturing them as mammospheres. Down-regulation of Msuashi-1 protein shRNA-
Musashi-1 was verified by Western blot (Supplementary Figure 4). For assessment of
proteasome function, cells were harvested, lysed, and all three cleavage activities of the 26S
proteasome were measured using a fluorogenic peptide assay. Suppression of Musashi-1
expression significantly increased the tryptic activity of the 26S proteasome in monolayers
and mammospheres (Figure 5a and Suppl. Figure 5) while the chymotryptic and caspase-like
activities were not affected. (Tryptic activity shRNA-Msi1: 139.9 +/-8.677%, p=0.0027;
Chymotrypic activity shRNA-Msi1: 76.54 +/-11.34%, p=0.0809; Capase-like activity
shRNA-Msi1: 94.48 +/-9.072%, p=0.7331).

Assessment of mammosphere or neurosphere formation from breast cancer or glioma cells
allows for the estimation of the self-renewal capacity of CSCs/tumor-initiating cells. When
SUM159PT cells were transfected with shRNA against Musashi-1, the number of ZsGreen-
cODC+ CSCs/tumor-initiating cells, as well as the mammosphere forming capacity
significantly decreased (Figure 5b and c). To further test the effect of Musashi-1 on the
CSCs/tumor-initiating cells population we suppressed Musashi-1 expression in three
primary glioma samples derived from 3 different patients, and observed a loss of
neurosphere formation and a reduction in the number of ZsGreen-cODC+ CSCs/tumor-
initiating cells (Figure 5d). Like in breast cancer, transfection with shRNA against
Musashi-1 lead to a loss in primary, secondary and tertiary sphere-forming capacity (Figure
5e). Conversely, when SUM159PT-ZsGren-cODC cells were infected with an expression
construct for Musashi-1, the number of CSCs/tumor-initiating cells with low proteasome
activity (ZsGreen-cODC+) increased significantly from 3.93 ± 1.23 % to 9.90 ± 0.68%
(p=0.013 Student’s t-test, n=3) (Figure 6).

Discussion
Maintenance of the CSC/tumor-initiating cells state requires activation and maintenance of
cellular pathways that differ from those required in transiently amplifying cells or
differentiated progeny. CSCs/tumor-initiating cells are thought to be mostly quiescent 6 and
thus do not constantly need to double their cellular mass during mitosis. Also, quiescent
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cells have been shown to have an altered turnover of proteins with lysosomal rather than
proteasome-dependent proteolysis as the predominant type of protein degradation 8, 9. While
inhibition of proteasome function usually leads to death of tumor cells 28, it seems safe to
assume that the 26S proteasome, the cellular machinery responsible for protein degradation
in signaling and protein quality control in growing cells 11, can be down-regulated during
quiescence without affecting the integrity of the cells. More importantly, down-regulation of
the 26S proteasome, which requires considerable amounts of ATP for its assembly,
maintenance, and function 29, could increase the metabolic efficiency of quiescent cells.
Differences in RNA quality were unlikely the cause for the lower proteasome subunit
mRNA expression levels in SUM159PT-ZsGreen-cODC+ CSCs/tumor-initiating cells since
expression levels of the ribosomal subunit mRNA RPLP0 did not differ between the two cell
populations, RPLP0 expression levels were used to normalized the data, and Musashi-1
mRNA levels were more than 5,000-fold higher in SUM159PT-ZsGreen-cODC+ CSCs/
tumor-initiating cells (Fig 2B). Furthermore, we had previously reported that SUM159PT-
ZsGreen-cODC+ CSCs/tumor-initiating cells have up-regulated mRNA levels for a large
number of stem cell-related genes (Fig. 4 and Suppl. 4 in 30).

We had recently described the lack of 26S proteasome function in breast and glioma CSCs/
tumor-initiating cells 5, 6 and others reported similar results in non-small cell lung cancer 31

and pancreatic cancer 32. Furthermore, in breast cancer 33 and glioma patients 7, low levels
of proteasome subunit expression in tumors correlates with reduced relapse-free survival and
overall survival, respectively.

We, and others have previously proposed that proteasome inhibitors could be a valuable
novel class of anticancer drugs. This was based on the observation that drugs, such as
MG-132 or bortezomib efficiently eliminated a broad spectrum of solid tumors in vitro and
in vivo 28, 34–36 and that established cancer therapies target the proteasome 37–39.
Furthermore, proteasome function in malignant cells was found to be up-regulated when
compared to normal cells of the same tissue of origin, thus indicating a possible therapeutic
window for proteasome inhibitors in the clinic. However, a large number of clinical trials
have shown that bortezomib, alone or in combination with radiation or chemotherapy has
very little -if any- clinical anticancer effect in solid tumors but instead induces considerable
normal tissue toxicity 40–45.

Our observation that low proteasome subunit expression and low proteasome activity are
general phenomena in CSCs/tumor-initiating cells from breast cancer and glioma and the
apparent resistance of CSCs/tumor-initiating cells to proteasome inhibitors 5 may offer an
explanation for these clinical observations. However, it was unclear how the expression of
proteasomes and their proteolytic activity were down-regulated in CSCs/tumor-initiating
cells and how this related to the CSC phenotype. Therefore, we sought to search for a
possible link between developmental pathways activated in CSCs/tumor-initiating cells and
the transcriptional regulation of proteasome subunit expression. The regulatory pathways
underlying proteasome subunit expression are incompletely understood, but it appears that
in mammalian cells proteasome subunit genes are regulated as a gene cluster 46 under the
control of the transcription factor NF-YA 23, thereby maintaining the stoichiometry of all the
subunits required to assemble a functional 26S proteasome.

Among other developmental signaling pathways the Notch pathway is known to facilitate
self-renewal in breast cancer and glioma stem cells 19–21. Upon binding of its ligands Notch
receptors undergo three cleavage steps, which finally lead to nuclear translocation of the
intracellular domain of the receptor (Notch-ICD) where it binds to CBF-1, thereby turning
CBF-1 from a transcriptional repressor into a transcriptional activator. Notch-ICD itself is
inhibited by binding to Numb, which leads to ubiquitination of Notch-ICD, and subsequent
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targeting for proteasomal degradation. Numb expression levels on the other hand are
regulated by binding of Musashi-1 to the 3’-UTR of Numb mRNA, thereby preventing its
translation 47. The RNA binding protein Musashi-1 was first described in the context of the
Notch signaling pathway 47. But subsequently it became clear that Musashi-1 also binds to
the 3’-UTR of other mRNAs, including those coding for p21WAF-1 48. Using a systematic
search for Musashi-1 targets de Sousa Abreu et al. recently reported 64 additional mRNAs
involved in cell proliferation, differentiation, cell cycle control, apoptosis, and protein
modification to be controlled by Musashi-1 49. However, de Sousa Abreu et al. did not
identify NF-YA mRNA as a Musashi-1 target.

In our study we used a more direct strategy utilizing a monoclonal antibody against
Musashi-1 for immunoprecipitation. Subsequent quantitative RT-PCR analysis of
precipitates from glioma and breast cancer cells consistently amplified NF-YA mRNA
(Figure 3), which codes for the regulatory subunit of the trimeric master regulatory
transcription factor of proteasome subunit expression, NF-YA 23. Therefore, its binding to
Musashi-1 agrees with our finding that nuclear extracts from ZsGreen-cODC+ breast and
glioma CSCs/tumor-initiating cells with low proteasome activity showed reduced DNA-
binding activity of NF-YA (Figure 4a).

The role of NF-YA in the context of stem cells has so far mostly been studied in the
hematopoietic system. Interestingly, NF-YA was shown to be critical for the expansion of
Lin−/Sca+/c-Kit+ hematopoietic stem cells (HSCs) but was dispensable in quiescent
HSCs 50. This was consistent with our previous study in which we reported that more than
20% of breast cancer stem cells with low proteasome activity were indeed quiescent 6.
Likewise, in glioma, a comparable number of glioma stem cells stained negative for Ki67 5.
Similar to HSCs, this subpopulation of cells may not rely on NF-YA activity, however the
increase in activity of this transcription factor is required during early differentiation.

An early gain in 20S proteasome function has been described for embryonic stem cells 51 in
which the cells substantially increase the activity of the proteasome core particle upon
differentiation to remove oxidized proteins from the cell mass. However, in this study 51 26S
proteasome activity was not affected, and ES cells seem to rely on a different isoform of NF-
YA 52.

Conclusion and summary
Taken together we propose a circuitry between the already known relationship between the
Notch signaling pathway and Musashi-1 on one hand and the NF-YA and the regulation of
the proteasome on the other hand that supports maintenance of the cancer stem cell state. In
CSCs/tumor-initiating cells, which rely on Notch signaling, the stem cell marker Musashi-1
is expressed at high levels. In addiation to support maintenance of the stem cell phenotype
via the Notch pathway, Musashi-1 overexpression in CSCs/tumor-initiating cells also down-
regulates proteasome activity, via inhibition of NF-YA, a master regulatory hub for
proteasome subunit expression. As a consequence, proteasome levels and activity, which
require large amounts of ATP for its assembly and function 29 are low in CSCs/tumor-
initiating cells, thus making CSCs/tumor-initiating cells more energy efficient. Finally, our
results may explain why proteasome inhibition in solid cancers leads to excellent
experimental responses of bulk tumor cell population but spares CSCs/tumor-initiating cells,
thus limiting the clinical efficiency of this class of drugs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression analysis of 26S proteasome and immunoproteasome subunits by real-time
PCR
mRNA were extracted from sorted SUM159PT non-CSCs (ZsGreen-cODC−) and CSCs
(ZsGreen-cODC+). 1 µg of total RNA for each condition was treated with DNAse 1 and then
reverse-transcribed into cDNA. 1µl of cDNA was used for each reaction of the semi-
quantitative PCR. In CSCs mRNA expression levels for proteasome subunits were
consistantly down-regulated. Normalized means ± SEM from 3 independent experiments are
shown.
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Figure 2. Musashi-1 binding sites on NF-YA and Numb mRNA, and Musashi-1 expression
(a) Schematic representation of the NF-YA (P23511) and Numb mRNA (P47757)
sequences. Both mRNAs contain putative binding sequences for Musashi-1 in their 3’-UTR.
(b) Realtime RT-PCR for Musashi-1 mRNA in SUM159PT non-tumorigenic cells and
CSCs. The expression of Musashi-1 mRNA is significantly up-regulated in CSCs (5590-fold
± 2820, p<0.05, two-sided Student’s t-test). Normalized means ± SEM from 3 independent
experiments are shown.

Lagadec et al. Page 14

Stem Cells. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Identification of NF-YA mRNA as a specific target for Musashi1
Immunoprecitation of total cellular lysates from (a) SUM159PT, (b) T47D, (c) U87MG, and
(d) GBM189 cells. Co-precipitated mRNA was extracted, reverse transcribed and amplified
using specific primers for human NF-YA (black bars). Numb mRNA amplification was used
as a positive control. Immuoprecipitations without antibody (white bars) and isotype control
antibody (grey bars) were used as negative controls. NF-YA mRNA could be consistently
co-precipitated with Musashi-1 in breast and glioma samples. Normalized means ± SEM
from 3 independent experiments are shown.
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Figure 4. Activity of the transcription factor NF-YA in non-tumorigenic cells and CSCs
Nuclear extracts from sorted SUM159PT, U87MG, GBM146, GBM176, and GBM189 non-
tumorigenic cells and CSCs were prepared and DNA-binding activity of NF-YA was
assessed using the competitive TransAM® Transcription Factor ELISA. DNA-binding
activity of NF-YA in CSCs was significantly down-reglated. SUM159PT CSCs 28.65 ±
7.7%, n=6, p<0.0001; U87MG CSCs 32.5 ± 12.4%, n=4, p=0.0016; GBM146 CSCs 41.3 ±
12.3 %, n=6, p=0.0066; GBM176 CSCs 5.3 ± 2.1 %, n=6, p<0.0001; GBM189 CSCs 27.1 ±
2.2 %, n=6, p<0.0001. Normalized means ± SEM from 3 independent experiments are
shown.
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Figure 5. Influence of Musashi1 expression on proteasome activity and the CSCs phenotype
(a) 26S Proteasome function was assessed in total cellular lysates from SUM159PT cells
transfected with control shRNA or shRNA targeteing Musashi-1. Suppression of Musashi-1
expression using shRNA significantly increased the tryptic cleavage activity of the 26S
proteasome. Tryptic activity shRNA-Msi1: 139.9 ± 8.677%, p=0.0027; Chymotrypic
activity shRNA-Msi1: 76.54 ± 11.34%, p=0.0809; Caspase-like activity shRNA-Msi1: 94.48
± 9.072%, p=0.7331. (b) Flow cytometry analysis of SUM159PT cells. Suppression of
Musashi-1 expression using shRNA decreases the number ZsGreen-cODC+ cells. (c)
Primary, secondary, and tertiary sphere formation in SUM159PT cells. Suppression of
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Musashi-1 expression using shRNA significantly reduces self-renewal capacity in primary
(170.2 ± 20.67 [n=5] vs. 37 ± 3.27 [n=4], p<0.0001, mean ± SD) and secondary spheres
(368 ± 16.02 [n=4] vs. 206.25 ± 23.34, p<0.0001, mean ± SD). (d) Sphere formation assay
in primary patient-derived GBM lines. Suppression of Musashi-1 expression reduces the
number of ZsGreen-cODC+ cells and abrogates self-renewal capacity. (e) Primary,
secondary, and tertiary sphere formation in GBM146 and GBM189 patient-derived
specimen after transfection with shRNA against Musashi-1. Los of Musashi-1 expression
reduced the sphere-forming capacity. Normalized means ± SEM (a), means ± SEM (b) from
3 independent experiments are shown. (c and e) means ± SD from 5 independent
experiments are shown.
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Figure 6. Effect of Musashi1 overexpression on cells with low proteasome activity
Overexpression of Musashi-1 in SUM159PT cells causes a significant increase in the
number of ZsGreen-cODC+ cells from 3.93 ± 1.23 % in control cultures to 9.90 ± 0.68% in
Musashi-1 overexpression cells (p=0.013 Student’s t-test, n=3). Means ± SEM from 3
independent experiments are shown.
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