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ABSTRACT

RNA binding proteins have emerged as critical oncogenic factors and potential targets in cancer therapy.
In this study, we evaluated Musashil (Msi1) targeting as a strategy to treat glioblastoma (GBM); the most
aggressive brain tumor type. Msi1 expression levels are often high in GBMs and other tumor types and
correlate with poor clinical outcome. Moreover, Msi1 has been implicated in chemo- and radio-resis-
tance. Msi1 modulates a range of cancer relevant processes and pathways and regulates the expression
of stem cell markers and oncogenic factors via mRNA translation/stability. To identify Msi1 inhibitors
capable of blocking its RNA binding function, we performed a ~ 25,000 compound fluorescence
polarization screen. NMR and LSPR were used to confirm direct interaction between Msi1 and luteolin,
the leading compound. Luteolin displayed strong interaction with Msi1 RNA binding domain 1 (RBD1).
As a likely consequence of this interaction, we observed via western and luciferase assays that luteolin
treatment diminished Msi1 positive impact on the expression of pro-oncogenic target genes. We tested
the effect of luteolin treatment on GBM cells and showed that it reduced proliferation, cell viability,
colony formation, migration and invasion of U251 and U343 GBM cells. Luteolin also decreased the
proliferation of patient-derived glioma initiating cells (GICs) and tumor-organoids but did not affect
normal astrocytes. Finally, we demonstrated the value of combined treatments with luteolin and
olaparib (PARP inhibitor) or ionizing radiation (IR). Our results show that luteolin functions as an inhibitor
of Msi1 and demonstrates its potential use in GBM therapy.
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Introduction splicing, poly-adenylation, mRNA decay and translation,
RBPs contribute quantitatively and qualitatively to the protein
profile of a cell. RBPs are particularly relevant in the nervous
system where they function as key players in neurogenesis,
brain  development,  synaptogenesis and  memory.
Additionally, a growing number of RBPs have been implicated
in neurological disorders, neurodegenerative diseases and
tumorigenesis [7,8]. Thanks to their broad regulatory nature,
‘onco-RBPs’ can contribute to cell transformation and to the
acquisition of multiple phenotypes required for tumor growth
[9]. The idea of targeting onco-RBPs is starting to be explored
in cancer therapy. In contrast to strategies that focus on a
specific signaling pathway, RBP targeting could potentially
affect multiple oncogenic pathways simultaneously [10].
Musashil (Msil) is an evolutionarily conserved RBP that
regulates the balance between self-renewal and differentiation
[11,12]. In cancer, Msil functions as a pro-tumorigenic factor
in GBM, medulloblastomas, colon cancer, breast cancer, lung
cancer and many more tumor types [13]. High Msil expres-
sion is prevalent in high-risk medulloblastoma subgroups 3
and 4 and correlates with poor prognosis [14]. A similar

Glioblastoma (GBM), the most common and aggressive brain
tumor type, is associated with an extremely poor prognosis
[1]. Due to its diffusely infiltrative nature, tumor relapse is
very frequent even after total surgical resection [2].
Temozolomide (TMZ), an alkylating agent, is the standard
of care for GBM but only improves 2-year survival in 27% of
patients [3]. TMZ- and radio-resistance are the greatest ther-
apeutic challenges in GBM [4]. In recent years, many targeted
anti-cancer drugs, such as small-molecule inhibitors and
monoclonal antibodies have been evaluated in preclinical
research or clinical trials. Unfortunately, only a single anti-
angiogenic agent, bevacizumab, which disrupts the VEGF-
VEGEF-Receptor interaction, has been approved for the treat-
ment of recurrent GBM [5]. Therefore, novel targeted drugs
and efficient combination strategies are greatly needed to
advance GBM therapy.

There are over 1,500 RNA binding proteins (RBPs) in the
human genome [6] and these have a massive impact on gene
expression. By regulating numerous processes including RNA
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scenario is observed in gliomas [15]. Msil regulates transla-
tion, mRNA decay and poly adenylation by binding to specific
motifs located mainly in the 3'UTR of its target transcripts
[16-18]. Genomic analyses identified more than 1,000 Msil
targets whose biological functions supports its involvement in
apoptosis, cell cycle, proliferation, adhesion, invasion, migra-
tion, DNA-repair and glioma cell survival [14,17]. Msil levels
also impact chemo- and radio-resistance in tumor cells [13].
Importantly, neurosphere cultures from Msil knockout mice
are similar to the ones from wild type mice, suggesting that
‘stem-like cells’ in tumor tissue are much more sensitive to a
decrease in Msil levels than normal cells [19].

We proposed to use Msil targeting as an alternative
approach to treat GBM patients. To find compounds that
interfere with Msil-RNA binding capacities, we conducted a
high-throughput screen (HTS) using biochemical fluorescence
polarization. We identified luteolin as the leading candidate;
its interaction with Msil RNA binding domain 1 was vali-
dated by NMR and LSPR and this interaction was shown to
impact Msil regulatory activity. Finally, assays in GBM cells
and organoids showed that luteolin has anti-tumorigenic
capacity and could potentiate the effect of radiation and
anti-cancer agents.

Results

Identification of luteolin as a Msi1-RNA interaction
inhibitor

We conducted a small molecule HTS to identify compounds
capable of blocking the RNA binding surface of Msil,
thereby inhibiting Msil function. A fluorescence polariza-
tion assay was used to monitor binding of a recombinant
Msil RBD1 to a short RNA oligonucleotide containing a
Msil binding sequence and labeled with a fluorescent tag
(5Cy3-iSp9-rGrUrArGrUrArGrU). Upon binding to Msil,
polarization of the Cy3-RNA fluorescence signal increased
from 30mP (free oligonucleotide) to 150mP (Msil-RNA
complex). The addition of excess unlabeled RNA
(rGrUrArGrUrArGrU) displaced the fluorescent probe
resulting in reduction of polarization back to the 30mP
baseline. Cy3-RNA probe bound to purified Msil RBD1
with a K4 of 1.5nM - Figure Sl(a). The assay performed
very well in the high-throughput format with a Z’ factor of
0.72. The collected data were calculated as % activity with
Msil plus RNA-probe set to 100% and RNA-probe alone set
to 0% activity. 25,588 compounds from several libraries were
screened- Figure 1(a-b). Using a cut-off of 50% inhibition, 55
compounds were identified and rescreened in a 7-point dose
response with concentrations ranging from 8nM to 60uM.
As a result, 32 compounds were reconfirmed to inhibit Msil
binding to the Cy3-RNA probe with ICs, values ranging
from 1.0uM to 20pM. Six of these compounds were con-
firmed to directly disrupt Msil-RNA interaction.
Association curves for these six compounds are displayed
in Supplementary Table 1. Luteolin, morin, aurincarboxylic
acid and myricetin were identified as strong interactors
while tryphostin-51 and piceatannol were classified as weak
interactors. Direct binding of the compounds to the Msil
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RBD1 was also confirmed by NMR analysis. Compound
binding was observed to shift and/or broaden NMR signals
of protein residues previously shown to be involved in RNA
binding - Figure 1(c).

We chose luteolin for further studies as it showed strong
interaction with Msil and the best overall results in prelimin-
ary studies with GBM cells. We further corroborated the
interaction of Msil RBD1 with luteolin using LSPR. The
LSPR data clearly showed that luteolin interacts with Msil
to form a stable 1:1 complex with an equilibrium dissociation
constant (Ky) of ~ 3.2 £ 0.02uM. The LSPR data also sug-
gested high association (K., ~ 6.16 X 10° + 42 M7 's7}) and
dissociation (Ko ~ 1.97 X 1072 + 2.93 X 1077 s7') rates for
this interaction — Figure 1(d).

Luteolin inhibits Msi1 regulatory functions

We tested if luteolin treatment can disrupt Msil regulatory
functions. U251 and U343 cells were treated with luteolin for
48 hours and the effect on the expression levels of Msil targets
(PDGFRa, IGF-IR, EGFR, CCNDI1 and CDK6) was evaluated
by western blot. CLIP analyses identified multiple Msil binding
sites in the 3’UTR of these transcripts. Moreover, Msil knock-
down was shown to reduce their expression levels [17,18]. We
observed a dose-dependent decrease in protein levels of all
Msil targets tested — Figures 2(a) and S1(c,f).

To corroborate luteolin’s impact on Msil regulatory activ-
ities, we checked if luteolin treatment impairs the positive effect
Msil has on PDGFRa expression via its 3'UTR. CLIP results
indicated that Msil has multiple binding sites on PDGFRa -
Figure S1(g), and Msil knockdown decreases its translation
[17]. Binding of Msil to PDGFR. 3’UTR was corroborated
via RNA pulldown - Figure S1(g). We cloned the 3’UTR of
PDGFRa into a luciferase reporter vector. The resulting luc-
3’UTR PDGFRa clone and a Msil expression vector or control
(GST) were transfected into HeLa or HT1080 cells. As expected
based on Msil positive effect on PDGFRa translation [17], co-
transfection with Msil produced an increase in luciferase activ-
ity. We then repeated this assay, this time adding luteolin or
DMSO to the media 12 hours post-transfection. Luteolin treat-
ment prevented Msil-driven luc-3’UTR PDGFRa reporter
expression — Figure 2(b) and S1(d). A control experiment
performed with a luciferase reporter construct containing the
3’'UTR of a non-Msil target (Prohibitin, PHB) shows that co-
transfection of plasmids expressing Msil or GST have the
similar impact on reporter activity in the presence or absence
of luteolin - Figure S1(e).

Luteolin inhibits proliferation, colony formation,
migration and invasion of glioblastoma cells

Msil silencing inhibits multiple cancer relevant phenotypes
and abolishes growth of multiple tumor types including glio-
blastoma [14,15,17,20-22]. We evaluated if luteolin treatment
could produce similar results in GBM cells. We selected U251
and U343 cells for analysis since these cells display high Msil
expression and respond to its knockdown [17]. First, an Essen
Bioscience IncuCyte automated microscope system was used
to measure GBM proliferation over time and over a range of
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Figure 1. High throughput screen and identification of luteolin as an inhibitor of Msi1. a) Scatterplot displaying the screening results. 25,539 compounds were
assayed in a high throughput screen targeting Msi1-RNA interaction. Compounds were tested for inhibition in 7-point dose response study with compounds ranging
from 60uM to 8nM. The resulting data were expressed as % activity or the % of bound probe compared to untreated positive control (Msi1 plus Cy3-RNA probe). A
50% activity cutoff was employed to identify potential Msi1 inhibitors. b) Dose-response of luteolin. c) Validation of HTS hits by NMR spectroscopy. >N HSQC spectra
of free Msi1 (green) and Msi1 in the presence of 0.25mM myricetin or luteolin (blue). Chemical shift perturbations affect a subset of Msi1 residues previously shown
to be involved in RNA binding. d) Msil-luteolin interaction by localized surface plasmon resonance (LSPR). Representative sensograms for a series of luteolin
concentrations (cyan, 0.5uM; yellow, 1TuM; green, 2uM; blue, 3uM; red, 4uM) show both the association and dissociation phases of Msi1-luteolin interaction. The black

lines represent the fitting of data to 1:1 binding model.

luteolin concentrations. Luteolin inhibited proliferation of
both U251 and U343 cells - Figures 3(a) and S2(a). U343
cells appeared to be more resistant to treatment. This trend
was observed in all assays we performed and may be expected
since U343 cells display much higher levels of Msil expression
than U251 - Figure S1(b). Next, we conducted a MTS assay to
evaluate the impact of luteolin treatment on cell viability in
GBM and normal astrocytes in parallel to evaluate any possi-
ble side effects of luteolin treatment. Differentiated cells dis-
play no or barely detectable levels of Msil expression [11].
Luteolin treatment decreased the viability of both U251 and

U343 cells but not normal astrocytes at similar concentrations
- Figures 3(b,c) and S2(b). In a colony formation assay,
luteolin-treated cells also formed fewer and smaller colonies
when compared to control - Figures 3(e) and S2(c). Since
luteolin was identified straight from a screening, it is unrea-
listic to expect that it binds exclusively to Msil. To determine
how much Msil inhibition contributes to the impact luteolin
has on glioblastoma cells, we treated U251 Msil knockout
cells and conducted a cell viability assay. Once compared to
the results obtained in U251 cells, we observed that Msil KO
cells are a lot less sensitive to luteolin, supporting the idea that
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Figure 2. Luteolin impacts the expression of Musashi1 target genes. a) Western blot showing the impact of luteolin treatment on the expression of Msi1 target genes
(PDGFRa, IGF-IR, EGFR, CCND1 and CDK6) 48 hours post-treatment. Msi1 functions as a positive regulator of these transcripts by increasing their translation or
stability. Tubulin was used as loading control. b) We used a luciferase reporter containing the 3'UTR of PDGFRa to corroborate that luteolin treatment disrupts Msi1
regulatory functions. Msi1 is a positive regulator of PDGFRa translation. HT1080 cells were co-transfected with plasmids expressing either GST or Msil. Msil
expression affected the expression of the reporter, resulting increased luciferase activity. The effect was largely diminished when luteolin was added after
transfection. Experiments were done in triplicate. A representative western is shown. Statistical significance was calculated by multiple t test. All data are shown

as means * s.d. (*P < 0.05, ***P < 0.005).

Msil inhibition is a critical component of luteolin’s effect on
GBM cells - Figure 3(b,c).

Target analysis and subsequent biological assays in GBM
cells have shown Msil mediated regulation of adhesion,
migration and invasion [17]. We therefore asked if luteolin
treatment inhibit GBM migration and invasion. We first per-
formed in-vitro scratch assays with the IncuCyte system and
determined that luteolin treatment impairs the ability of cells
to close a wound - Figures 3(f) and S2(d). Next, transwell
assays (Corning) were used to evaluate the effect of luteolin
on migration and invasion. Optical density (ODsgpnm) Was
measured to determine cell density. We observed a dose-
dependent decrease in the number of cells able to migrate or
invade the basement membrane in response to luteolin -
Figure 3(g-i) and S2(e-g).

Finally, we evaluated the effect of luteolin on patient-derived
GIC cultures [23] and GBM organoids. Two GIC lines, 19NS
and 84NS [24], which express high level of Msil (Figure S1(b))
were used. Luteolin treatment significantly decrease prolifera-
tion and viability of the two cell lines - Figures S3(a-d). Patient
derived three-dimensional cultures (tumor organoids) recapi-
tulate features of in vivo cell growth, differentiation and hetero-
geneity and serve as an excellent model to test anti-cancer
drugs [25]. GBM528 and CCF1914 GBMs organoids were
grown for > 2 months and then treated with DMSO or 30uM
luteolin for 7 days. We found a dramatic reduction in 3-
dimensional proliferation as measured by mitotic marker phos-
pho-Histone H3 using immunohistochemistry in luteolin trea-
ted samples compared to control — Figure 4(a,b).

Luteolin sensitizes glioblastoma cells to radiation and
PARP inhibition

Glioblastoma is refractory to most treatments, suggesting that
single agent therapies are unlikely to be effective alone. We have
implicated Msil in radio-resistance and regulation of DNA
replication and repair [11]. Similarly, we and others have

shown that Msil levels influence chemo-sensitivity [13]. We
therefore tested the value of luteolin in combined treatments.

We first asked if luteolin at low concentration could potenti-
ate the effect of IR treatment. U251 and U343 cells were first
treated with DMSO or 1.5 uM luteolin. At this concentration,
luteolin produces a small effect on cell proliferation and viabi-
lity. After 48 hours, cells were exposed to radiation from
0-10Gy. Subsequently, the treated cells were seeded for prolif-
eration and colony formation assays. Dual treatment with
luteolin clearly enhanced the effects of radiation on U251
proliferation compared to controls — Figure 5(a,b). To better
illustrate the differences, we have plotted side by side the results
of single and dual treatments at a 108-hour time point -
Figure 5(c). Colony formation assay showed similar results -
Figure 5(d,e). The benefit of dual treatment is particularly
notable at high dosages of radiation. In U343 cells, the positive
effects of dual treatment were also observed but less dependent
on radiation dosage — Figure S4. To measure any synergistic
effects of dual treatment, we calculated the combination index
(CI) [26], in which CI < 1, = 1 or > 1, indicates that the
treatments have synergistic effect respectively. Synergy was
observed at all radiation doses, with the greatest synergistic
effects at higher doses — Table S2.

Olaparib, is a poly (adenosine diphosphate [ADP]-ribose)
polymerase 1 (PARP1) inhibitor, capable of suppressing activities
of PARP1 in single-strand break (SSB) repair [27]. PARP inhibi-
tors have been shown in several studies to control glioblastoma
growth in combination with different agents [28,29] and are
currently being evaluated in six different clinical trials.
Importantly, the catalytic subunit of ribonucleotide reductase
M2 (RRM2) which we determined to be regulated by Msil,
protects GBM cells from replication stress, DNA damage and
apoptosis. Treatment with RRM2 inhibitor increased radio-sensi-
tivity, prevented tumor growth and sensitized GBM cells to PARP
inhibition [30]. Therefore, we decided to test the potential use of
combined luteolin-olaparib treatment in GBM therapy. We first
tested different concentrations of olaparib on a cell proliferation
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Figure 3. Luteolin impact on cancer relevant phenotypes. a) The Essen Bioscience IncuCyte automated microscope system was used to follow proliferation of U251
glioblastoma cells over a period of 96 hours. Treatment with luteolin produced a reduction in cell proliferation. b) MTS assay shows a decrease in viability of U251
cells after treated with luteolin. ¢) To determine possible side effects of luteolin treatment, we analyzed its impact on the viability of astrocytes by MTS assay. The
results indicate that astrocytes tolerate luteolin even at high concentrations. d) To determine if Msi1 is a key target of luteolin in glioblastoma cells, we conducted an
MTS assay with U251 Msi1 knockout cells. The results show that luteolin has stronger effects on viability of U251 cells (B) in comparison to U251 Msi1 knockout cells.
e) After treated with luteolin or diluent (DMSO), U251 cells were seeded and their capacity to form colonies was evaluated. Cells exposed to luteolin formed less and
smaller colonies compared to control. f) An in vitro scratch assay was used to evaluate the impact of luteolin on the migration of U251 cells. The Essen Bioscience
IncuCyte automated microscope system recorded the cell density of the wound over a period of 96 hours. The graph shows an obvious decrease in wound density of
the luteolin-treated cells. g-i) Two kinds of chambers from Corning were used to measure the effect of luteolin on migration and invasion of U251 cells. After
treatment with luteolin for 48 hours, cells were plated onto the upper chamber (containing serum-free medium). 24 hours later the invaded or migrated cells in the
lower chamber (containing 10% FBS medium) were stained and extracted with acetic acid. The relative ODsg,m Was used to quantify the relative cell invasion or
migration. The graph shows that fewer cells migrated and invaded from the upper chamber to the lower chamber after treatment with luteolin; the relative ODsgonm
was proportional to the concentration of luteolin. DMSO was used as control in all biological assays. All experiments were performed in triplicate. Statistical
significance was calculated by one-way ANOVA and t test. All data are shown as means + s.d. (*P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001).

assay and defined an effective concentration range from 0 to Luteolin analogs and interaction with Msi1
20pM. As above, proliferation and colony formation assays were
used to evaluate the benefit of combined treatment. Combined
luteolin and olaparib-treatment of U251 cells displayed a stronger
inhibition of proliferation than olaparib alone — Figure 6(a,b). To
better illustrate the gains obtained with the addition of luteolin, we
plot side-by-side the results of single and dual treatments at time
point 90 hours - Figure 6(c). The results obtained in the colony
formation assay show a similar trend - Figure 6(d,e). In U343
cells, the positive effects of dual treatment were also observed but
less dependent on olaparib concentration — Figure S5. As above,
we determined that luteolin and olaparib have synergistic effect -
Table S3.

Inhibitors identified in a screening require further analysis and
rounds of modifications to prepare them for clinical applications,
these include alterations to enhance binding, specificity and
‘drug-like” properties. We examined nine luteolin analogs using
our fluorescence polarization competition assay as a first attempt
to identify molecular features required for interaction with Msil -
Table S4. Only quercetin and myricetin interacted with Msil
RBD1. We tested then their impact on the proliferation of U251
and U343 cells in comparison to luteolin. Although, both reduced
proliferation of GBM cells, the effect was less dramatic compared
to the results obtained with luteolin - Figure S6.
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microscope system was used to follow proliferation of U251 glioblastoma cells over a period of 100 hours. Graphs show that comparatively, cells exposed to radiation
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at 108 hours. d) Graph shows the result of colony formation assay. Colonies were extracted with acidic solution and relative absorbance was measured at 560nm.
Combined treatment showed a more pronounced effect on colony formation. e) Colony formation plates were stained with violet blue. Cells treated with radiation
and luteolin produce fewer and smaller colonies in comparison to the ones just exposed to radiation. All experiments were done in triplicate. The combination
treatment of luteolin and radiation showed synergistic effect both in proliferation and colony formation, which was judged by the Combination Index (Cl) (##Cl< 0.9,
###Cl< 0.7). Statistical significance was calculated by one-way ANOVA and multiple t test. All data are shown as means + s.d. (**P < 0.005, ***P < 0.0005,
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Discussion data revealed a large number of mutations in RBPs and dra-
matic alterations in their expression levels across tumor types
[31,32]. These studies helped with the identification of a
RNA-binding proteins modulate gene expression in multiple growing number of RBPs involved in tumor initiation and
ways, from RNA processing to translation. Analysis of TCGA  development and paved the way to explore them as targets in

Targeting RNA-binding proteins in cancer therapy



1426 (&) C YIETAL

a b
Proliferation U251 (Olaparib)

1007 — Control

Proliferation U251 (Olaparib+Luteolin)

- _ — Control
¥ .gg| — Gl05M = — Lut. 1.5uM
g el Ola. 0.75uM g — Lut. 1.5uM+Ola. 0.5uM
5 — Ola. 1uM g F — Lut. 1.5uM+Ola. 0.75uM
£ 40 £ — Lut. 1.55M+Ola. 1M
o o
3 0 3
"o 0 60 90 120
Hours Hours
c d
Proliferation U251 (90h) Colony Formation (U251)
120+
Y 1.2
S 1001 m Control 1.0- = Control
S ™ Lut 1.5uM g * ™ Lut. 1.5uM
© 801 M Ola. 0.5uM 2 0.8 M Ola. 0.5uM
3 B Ola. 0.5uM+Lut. 1.5uM . B Ola. 0.5uM+Lut. 1.5uM
| ##

= 60 xxx B Ola. 0.75uM O 0.6 ## ™ Ola.0.75uM
o B Ola. 0.75uM+Lu. 1.5uM @ kxRt ml Ola. 0.75uM+Lu. 1.5uM
o 401 2 0.4
2 U
5 20 T
] x 0.2
14

0 0.0-

Ola.0uM

0Ola.0.5uM Ola.0.75uM
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treatment at 90 hours. d) Graph shows the result of colony formation assay. Colonies were extracted with acidic solution and relative absorbance was measured at
560nm. Combined treatment showed a more pronounced effect on colony formation. e) Colony formation plates were stained with violet blue. Cells treated with
olaparib and luteolin produce fewer and smaller colonies in comparison to the ones just exposed to olaparib. All experiments were performed in triplicate. The
combination treatment of luteolin and olaparib showed synergistic effect both in proliferation and colony formation, which was judged by the Combination Index
(Cl) (##Cl< 0.9, ###Cl< 0.7). Statistical significance was calculated by one-way ANOVA and t test. All data are shown as means + s.d. (*P < 0.05, **P < 0.005,

***P < 0.0005, ****P < 0.0001).

cancer therapy [10]. Since Msil has been implicated in the
development of multiple tumor types [13], the use of luteolin
could be expanded to treat other malignances besides
glioblastoma.

Different approaches can be used to target onco-RBPs.
Perhaps the most cost-effective one is the use of small mole-
cule inhibitors as exemplified by our study. In this regard,
splicing regulators have been the center of attention with
multiple specific inhibitors developed in the past decade
[33]. Similar to our study, an HTS identified several com-
pounds able to block HuR-mRNA interaction [34]. Another
common strategy is the use RNA aptamers or modified RNA
oligos mimicking the consensus binding motif of the RBP to
be targeted. The efficiency of these methods depends on the
nature of the oligo and inclusion of RNA modifications that
can increase stability and delivery. The last resource to target
RBPs is to regulate their expression levels rather than func-
tion. For instance, intravenous injection of a specific antisense
oligonucleotide against eIF4E prevented tumor growth by
repressing the translation of oncogenic factors highly depen-
dent on elF4E expression levels [35].

Musashi1 as oncogenic factor in multiple tumor types

Since Musashil has been implicated in the development of
multiple tumor types [13], the use of luteolin could be
expanded to treat other malignances. In medulloblastoma,
we established that high Msil expression correlates with
poor prognosis and therapy response and is prevalent in
high risk sub-groups 3 and 4 [14]. Msil knockdown reduced
neurosphere formation and expression of stem cell markers,
proliferation and tumor growth and increased chemo-sensi-
tivity [14,36]. Msil has been well characterized in the context
cancers of the digestive system. In colorectal cancer, knock-
down of Msil suppressed cell proliferation, colony formation,
tumorsphere formation, G0/G1 arrest and tumor growth [37].
Msi gene deletion inhibited tumorigenesis in different mouse
models of intestinal cancer [38]. Msil contributes to tumor-
igenesis in colon cancer by activating multiple pathways such
as Notch and the PDK-Akt-mTORC1 axis [20,37,39].
Transgenic expression of Msil in the intestine increased cell
proliferation and expansion of the progenitor layer. RNAseq
analysis showed that genes affected by Msil induced expres-
sion are preferentially associated with cell cycle, DNA



replication and drug metabolism [18]. Msil has been shown
to be significantly upregulated in gastric cancer and to corre-
late with tumor size, tumor-node-metastasis (TNM) stage,
Lauren classification, depth of invasion, vessel invasion,
lymph node metastasis and distant metastasis. High levels of
Msil expression also correlate with poor patient survival [40].
Msil modulates cell growth and cell cycle in hepatoma by
activation of Wnt pathway via inhibition of APC and DKK1
[41]. In cervical cancer, silencing of Msil inhibited cell migra-
tion, invasion as well as epithelial-to-mesenchymal transition
(EMT) through activation of the Wnt signaling pathway [42].
In breast and lung cancers, Notch and Wnt pathways are also
Msil’s preferential routes of action [22,43].

Luteolin as an anti-cancer therapy agent

Luteolin (3’,4’,5,7-tetrahydroxyflavone), a common dietary
flavonoid, is well-known in Chinese traditional medicine
and used in the treatment of cardiac diseases [44], inflamma-
tory disorders [45] and cancer [46]. Recently, luteolin has
been explored more formally as a potential therapeutic
agent. In colon cancer, luteolin treatment inhibited tumori-
genesis through the regulation of multiple events including
antioxidant activity, EMT, COX-2 expression and modulation
of MAPK signaling pathway [47,48]. In gastric cancer, luteolin
treatment suppressed angiogenesis by blocking Notch1/VEGF
signaling [49] and reversed EMT by inhibiting Notch signal-
ing pathway [50]. In breast cancer, luteolin prevented lung
metastasis, and decreased cell migration, viability and secre-
tion of VEGF [51]. In prostate cancer, luteolin treatment
inhibited proliferation and migration by downregulating the
expression of Anoctamin 1 [52]. In glioblastoma, luteolin
decreased EGFR-mediated proliferation through Akt and
MAPK pathway [53], induced apoptosis by ROS/ER stress
and mitochondrial dysfunction [54], and reduced migration
via inhibition of p-IGF-1R/PI3K/AKT/mTOR signaling path-
way and downregulation of CDC42 expression [55,56].
Moreover, luteolin and silibinin showed synergistic effect on
migration, invasion and apoptosis in glioblastoma cells and
overexpression of miR-7-1-3p amplified their effects on apop-
tosis and inhibition of autophagy [57,58].

Glioblastoma is a very aggressive tumor type and it is very
unlikely that a single treatment agent would lead to major
improvements in survival. In this regard, our results corrobo-
rate several studies showing luteolin’s potential in combined
therapy. Various studies have shown that luteolin combined
therapy decreased proliferation, apoptosis and autophagy;
drugs used include kaempherol in lung adenocarcinoma and
5-fluorouracil in hepatocellular carcinoma [58-60].

Ionizing radiation therapy is part of GBM standard-of-
care. DNA double-strand breaks (DSB) are the main cytotoxic
lesions induced by radiations. Our previous study has shown
that Msil plays an important role in DSB repair in glioblas-
toma via regulation of DNA-protein kinase catalytic subunit
[16]. In fact, our target analysis indicates that Msil impact on
DNA replication and repair is much more robust and it likely
modulates other repair mechanisms, relevant targets include
RRM2, GINS4, RBBP4, RBM14, Tipin, KIAA0101 and CDC6
[17]. As expected, Msil knockdown via siRNA increased
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GBM cells sensitivity to radiation [16]. Having these results
in mind, we tested and demonstrated the positive effects of
luteolin and radiation combined treatment. Similar to our
results, luteolin and radiation displayed synergistic effects on
invasiveness and clonogenicity of oral carcinoma cells via
inactivation of IL-6/STAT3 signaling [61].

In conclusion, we identified luteolin as an inhibitor of
Msil. We confirmed the direct interaction between Msil
RNA binding domain and luteolin and its ability to block
Msil positive effect on the expression of a few target genes.
Genomic analyses are still required to fully evaluate the
impact of luteolin on Msil regulatory functions. Luteolin
affected several cancer relevant phenotypes in GBM cells,
GICs and tumor-organoids and worked well in combined
treatments with PARP inhibitor and IR. We established
Msil targeting as a potential treatment option and paved the
way to explore other oncogenic RBPs as therapeutic targets.

Material and methods
Production of recombinant Musashi1 protein

pET-Msil plasmid encoding the sequence of RNA binding
domain of Msil (RBD1), was transformed into BL21(DE3)
competent cells. Colonies were cultured in M9 medium con-
taining carbenicillin, '>N-NH,Cl and glucose. Cells were
induced at ODgyy ~ 0.6 with 0.084mM IPTG and incubated
overnight at 37°C. Cells pellets were re-suspended in 50mM
Tris buffer (pH 8.0) with 1M NaCl and lysed by sonication.
Supernatant was subjected to Ni** affinity chromatography
and was further purified using Sephadex G75 gel filtration
chromatography. The purity of Msil RBD1 was checked on
SDS-PAGE gel.

Fluorescence polarization competition assay

We used a fluorescent RNA probe, 5Cy3-iSp9-rGrUrAr
GrUrArGrU, containing a Msil binding sequence to perform
a HTS to identify compounds interacting with Msil RBD1 [62].
The equilibrium dissociation constant (Ky) value was calculated
using a linear regression analysis for a one site binding iso-
therm. Through a series of optimization steps, a highly robust
and reproducible assay with a Z’ factor score of 0.72 was
developed. The change in polarization of the Cy3-RNA probe
ranged from 30mP (free unbound) to 150mP (bound to Msil).
Excess unlabeled RNA (rGrUrArGrUrArGrU) displaced the
probe, resulting in 100% free ligand and polarization of
30mP. The final assay conditions had the following compo-
nents: 40nM recombinant Msil protein, 10nM RNA-probe in a
50mM Tris buffer, pH 7.5, containing 50mM NaCl. Each plate
contained 320 distinct compounds at a final concentration of
20uM and the necessary controls. These controls included (1)
Cy3-RNA-probe alone, (2) Msil with the Cy3-RNA-probe and
(3) Msl with the Cy3-RNA-probe in an excess of unlabeled
RNA. In total 25,588 compounds from the Prestwick FDA-
approved (1,200 compounds), Library of Pharmacologically
Active Compounds (LOPAC, 1,280 compounds), Cambridge
NovaCORE (20,000 compounds) and the Life Chemical FSP3-
enriched (3,108 compounds) libraries were screened. The
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collected data were then recalculated as % activity with Msil
plus RNA-probe set to 100% and RNA-probe alone set to 0%
activity. Potentially, active compounds were cherry picked and
rescreened in a 7-point dose response with concentrations
ranging from 8nM to 60puM. As a result, compounds were
reconfirmed as inhibitors of Cy3-RNA probe binding with
ICsq values ranging from 1.0uM to 20uM.

Nuclear magnetic resonance (NMR)

Direct physical interaction of HTS hits with Msil was eval-
uated using solution NMR spectroscopy. Msil RBD1 was
expressed in M9 minimal media containing '°N-labeled
ammonium chloride as the sole nitrogen source as described
above. Msil NMR samples were prepared in 20mM MES pH
6.5, 100mM NaCl buffer at 0.1mM Msil concentration. >N
HSQC spectra of Msil with and without compounds were
collected using a 500MHz Bruker spectrometer equipped with
a 1.7mm cryoprobe. Compounds were added to Msil to yield
0.25mM final concentration. Spectra were processed using
NMR Pipe software package.

Localized surface plasmon resonance (LSPR)

To determine the kinetics of Msil-luteolin interaction, we
used LSPR method (openSPR XT, Nicoya Lifesciences, ON,
Canada). The purified Msil RBD1 was diluted to 3uM con-
centration into activation buffer. The protein was immobi-
lized on COOH sensor chip. All experiments were performed
using filtered and degassed HBS-EP buffer (10mM HEPES pH
7.5, 150mM NaCl, 3mM EDTA, 0.005% tween 20) at a con-
tinuous flow rate of 20ul/min at 20°C. The analyte (luteolin
0.5 - 4uM) was passed over the immobilized Msil protein.
The sensor chip surface was regenerated by flowing the run-
ning buffer for longer time periods. The association and
dissociation phases were recorded for 240 and 600 seconds,
respectively. The dissociation curves up to 400 seconds were
included in data analysis. We also passed the analyte over a
blank COOH sensor chip to measure background responses
upon luteolin binding to sensor chip. The background sub-
tracted data were analyzed and fitted with 1:1 binding model
using Trace Drawer software.

Cell culture

Human tumor cell lines HT-1080 and Hela were obtained
from ATCC. Glioblastoma lines U251 and U343 were obtained
from Uppsala University (Uppsala, Sweden). U251 Msil KO
lines was described in [16]. GIC lines 19NS and 84NS were
obtained from Dr. Ichiro Nakano and are described in [24].
Human astrocytes were established as described in [63]. HT-
1080 cells were cultured in EMEM medium (Lonza; Cat#
12662F). U251, U343, HeLa and astrocytes were cultured in
DMEM medium (HyClone; Cat# SH30243.01). 19NS and 84NS
cells were cultured in DME/F-12 medium (HyClone; Cat#
SH30023.01) with 2% B27 (Invitrogen; Cat# 17504044), 32ku
heparin (Sigma Aldrich; Cat# H3149110KU), 20ng/ml bFGF
(Peprotech; Cat# 100-18B) and 20ng/ml EGF (Peprotech; Cat#
AF-100-15). Media were supplemented with 10% FBS

(Corning; Cat# 35015CV) and 1% penicillin/streptomycin
(Gibco; Cat# 10378016).

Luteolin and Dimethyl sulfoxide (DMSO) were obtained
from Sigma Aldrich (Cat# 1L9283; Cat# D8418).

Organoid culture

Primary glioblastoma samples were obtained in accordance with
protocol #2559 (Cleveland Clinic Institutional Review Board)
and were cultured as tumorspheres in NBM complete media -
neurobasal medium supplemented with EGF (R&D Systems;
Cat# P01133), bFGF (R&D Systems; Cat# P09038), B27
(Invitrogen), glutamine (CCF media core; Cat# CCFGB002),
sodium pyruvate (Invitrogen; Cat# 11360070) and antibiotics
(Invitrogen; Cat# 15240062). Organoids were formed and pro-
pagated as previously described [25]. Organoids were formed by
suspending tumor cells in BD Matrigel and forming 20pl pearls
on parafilm molds prior to solidification and culture. Then,
organoids were cultured in bulk 10cm plates, shaking in NBM
complete media. Individual organoids were arrayed into 12-well
plates for luteolin treatment studies, shaking for 7 days. Treated
or control organoids were fixed in 4% paraformaldehyde and
embedding in paraffin. 7um sections were stained with phospho-
histone H3 (Ser10) (Cell Signaling Technology; Cat# 9701) and
detected with chromogenic DAB staining. Full high-resolution
slide scans were acquired using a Leica Aperio slide scanner and
multiple non-overlapping high-power fields were extracted for
quantification. Quantification of cell division rates was per-
formed using Image] (FIJI package) software and color-
threshold to define hematoxylin (marking total nuclei) and
DAB-pHH3 (dividing cells) in 3-6 high power fields per sample.

Western blotting

U251 and U343 cells were treated with luteolin at different
concentrations and incubated for 48 hours. Cells were har-
vested and lysed in Laemmli sample buffer. Cell extracts were
separated on an 8% SDS-PAGE gel, and transferred to PVDF
membranes, previously activated with methanol. Membranes
were blocked in Tris-buffered saline with Tween 20 and 5%
milk and probed with a collection of different antibodies, anti-
IGF-IR (Santa Cruz Biotechnology; Cat# sc-713), anti-EGFR
(Cell Signaling Technology; Cat# 2646), anti-PDGFRa (Cell
Signaling Technology; Cat# 5241), anti-CCND1 (Millipore;
Cat# EP272Y), anti-CDK6 (Cell Signaling Technology; Cat#
3136), and anti-a-tubulin (GeneTex; Cat# GTX12130).
Horseradish peroxidase (HRP)-conjugated goat anti-rabbit
antibody (Santa Cruz Biotechnology; Cat# sc-2030) or HRP-
conjugated goat anti-mouse (Santa Cruz Biotechnology; Cat#
sc-2005) were used as secondary antibodies. Immobilon
Western chemo-luminescence substrate (Millipore; Cat#
WBKLS0500) was used to detect selected proteins.

Luciferase reporter assay

Luciferase reporter assays were performed with Dual-
Luciferase Reporter Assay System according to manufacturer’s
instructions (Promega). HT-1080 cells were plated (96-well) at
a density of 6,500 cells/well and HeLa 4,000 cells/well.



GeneJammer Transfection Reagent (Agilent Technologies;
Cat# 204130) was used to transfect cells. A luciferase reporter
vector (pGLO-3’-UTR; Promega; Cat# E1330) containing the
3’UTR of PDGFRa (NM_001347830.1, 2987 nucleotides) was
co-transfected with pcDNA expression vectors (Invitrogen;
Cat# V79020) expressing either Msil or GST (negative con-
trol). Transfected cells were treated with either luteolin or
DMSO. Forty-eight hours post transfection, cells were har-
vested and firefly luciferase reporter and Renilla luciferase
activities were measured. Firefly luciferase reporter activity
was expressed as a fold change following normalization to
Renilla luciferase activity.

Cell proliferation assay

U251 and U343 cells were plated onto 96-well plates (800
cells/well for U251, 1,600 for U343). 19NS and 84NS cells
were ressuspended in Gibco versene solution (Thermo Fisher
Scientific; Cat# 15040066) and plated onto 96-well plates
(5,000 cells/well) coated with Gibco Geltrex'™ basement
membrane matrix (Thermo Fisher Scientific; Cat#
12760013). 24 hours later, cells were treated with luteolin or
DMSO. Plates were transferred to the IncuCyte automated
microscope system (Essen BioScience) and cells were counted
every 2 hours for 4-6 days.

MTS assay

U251, U343, 19NS, 84NS GSC and astrocytes were plated
onto a 96-well plate (2,000 cells/well for U251 and 19NS,
4,000 cells for U343, 84NS and astrocytes), treated with luteo-
lin or DMSO as described above and incubated at 37°C for
72 hours. Next, 20pl of MTS mixture (1,000ul MTS and 50ul
PMS) were added to each well and samples were incubated at
37°C for an hour. Optical density was measured at absorbance
490nm with a Synergy HT microplate reader (BioTek).

Colony formation assay

U251 and U343 cells were plated onto 12-well plates (1,000
cells/well for U251, 2,000 for U343). Luteolin or DMSO were
added at different concentrations the next day; medium con-
taining 2% FBS with luteolin or DMSO was refreshed every
three days. After 10-14 days incubation, colonies were fixed
with 4% formaldehyde and then stained with 0.5% crystal violet.
Stained cells were then extracted using 200pl of 33% acetic acid
solution and the optical density was measured at 560nm.

Cell migration analysis using the Incucyte system

U251 and U343 cells were plated onto 96-well plates (5,000 cells/
well for U251, 10,000 for U343). When cells reached 90-100%
confluence, a 96-pin WoundMaker (Essen BioScience) was used
to create precise and reproducible wounds. Then medium was
replaced and luteolin or DMSO was added. The software was set
to scan every 2 hours for 4 days. The data was analyzed by using
the relative wound density integrated metric.
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Cell migration and invasion by transwell assay

Cell invasion and migration were measured with the Corning
BioCoat chamber (Corning; Cat# 354480 and Cat# 354578) -
the basement membrane in the chamber for invasion contains
the Matrigel matrix while migration do not - using 24-well
plates. U251 and U343 cells were treated with luteolin or
DMSO for three days, then harvested and counted. A total
of 500ul of medium containing 10% fetal bovine serum was
added to the lower chamber and 200ul serum-free medium
with 5 x 10* cells were transferred to the upper chamber. Plate
was incubated at 37°C for 24-48 hours. The chamber was
fixed in 4% Formaldehyde, then stained with 4% crystal violet
and washed with deionized water. Images of the migrated or
invaded cells in the lower chamber was taken with a Nikon
Eclipse TS2000 inverted microscope equipped with a DS-L2
camera control unit at x 20 magnification. The stained cells
were then extracted using 200yl of 33% acetic acid and mea-
sured at absorbance 560nm with a microplate reader.

Combined treatment of luteolin with lonizing Radiation
(IR) or PARP inhibitor

For combined treatment with IR, U251 and U343 cells were
first plated onto 35mm dish and 24 hours later treated with
luteolin or DMSO. At 72 hours, cells were exposed to ionizing
radiation (IR) at a dose ranging from 1-10Gy using the CP-
160 Cabinet X-radiator (Faxitron X-ray Corporation). Next,
treated cells were incubated at 37°C for 2 hours to stabilize,
resuspended in fresh medium and plated onto 96-well plate
for proliferation assay and 12-well plate for colony formation
assay as described above.

For combined treatment with PARP inhibitor, U251 and
U343 cells were plated onto 96-well plate for proliferation
assay and 12-well plate for colony formation assay. 24 hours
later, cells were treated with PARP inhibitor (olaparib)
(Selleckchem; Cat# S1060) at several different concentrations
combined with a low concentration of luteolin or DMSO.
Proliferation and colony formation assays were done as
described above.

Statistical analysis

Prism software (Prism, 7.0; GraphPad), one-way ANOVA and
t-Test were used to analyze the data. A threshold of P < 0.05
was defined as statistically significant.

The synergistic effects of luteolin and radiation or PARP
inhibitor (olaparib) were determined via the combination
index (CI) [26]. CI = AB/ (A x B) where: AB = measured
value for combined treatment/value for the control (DMSO),
A and B = value for the single treatment/value for the control.
Thus, CI < 1, = 1 or > 1, indicates that the combination
treatments are synergistic, additive or antagonistic.

In vitro transcription assay

Nucleotides 716 to 1936 of PDGFRa 3’ UTR (both orientations)
were inserted into the pTZ57R/T vector (ThermoFisher) and
the resulting clones were digested and used as templates for in
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vitro transcription assays using T7 RNA Polymerase (Promega)
according to manufacturer. Synthesized RNAs were incubated
for 10 minutes with DNase TURBO and further precipitated
with 3M ammonium acetate (pH 5.3) and 2.5 volumes of
ethanol at —20°C for 24 hours. The tubes were then centrifuged
and RNA samples were washed with cold 70% ethanol, dried
and resuspended in water.

RNA pull down

175 pmol of transcribed RNA samples were Biotin-labeled
using the Pierce RNA 3° End Desthiobiotinylation Kit.
Labeled RNAs were extracted with Chloroform:isoamyl alco-
hol (24:1) and precipitated for 24 hours, centrifuged, washed
with cold 70% ethanol, dried and diluted in water. Pull down
assays were carried out by incubating 30pg of fusion proteins
GST-Msil or GST (negative control) with 50 pmol of labeled
RNA (sense or antisense) for 1 hour at 4°C. RNA-protein
complexes were pulled down with the Pierce Nucleic-Acid
compatible streptavidin magnetic beads, resolved in SDS-
PAGE and further analyzed by Western blotting by using an
anti-GST antibody (sc-138 ; Santa Cruz).
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