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Abstract

RNA-binding proteins (RBPs) can act as stem cell modulators and oncogenic drivers, but have

been largely ignored by the pharmaceutical industry as potential therapeutic targets for cancer.

The MUSASHI (MSI) family has recently been demonstrated to be an attractive clinical target in

the most aggressive cancers. Therefore, the discovery and development of small molecule

inhibitors could provide a novel therapeutic strategy. In order to find novel compounds with MSI

RNA binding inhibitory activity, we have developed a fluorescence polarization (FP) assay and

optimized it for high throughput screening (HTS) in a 1536-well microtiter plate format. Using a

chemical library of 6,208 compounds, we performed pilot screens, against both MSI1 and MSI2,

leading to the identification of 7 molecules for MSI1, 15 for MSI2 and 5 that inhibited both. A

secondary FP dose-response screen validated 3 MSI inhibitors with IC50 below 10μM. Out of the

25 compounds retested in the secondary screen only 8 demonstrated optical interference due to

high fluorescence. Utilizing a SYBR-based RNA electrophoresis mobility shift assay (EMSA), we

further verified MSI inhibition of the top 3 compounds. Surprisingly, even though several

aminoglycosides were present in the library, they failed to demonstrate MSI inhibitor activity

challenging the concept that these compounds are pan-active against RBPs. In summary, we have

developed an in vitro strategy to identify MSI specific inhibitors using an FP HTS platform, which

will facilitate novel drug discovery for this class of RBPs.
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INTRODUCTION

RNA-binding proteins (RBPs) are key components of RNA metabolism as they regulate

RNA biogenesis, maturation, stability, subcellular localization, translation and RNA

degradation [1]. Dysregulation of RBPs expression or activity has been reported in several

diseases and a few have been found to play relevant roles in the development and

maintenance of cancer, due to their oncogenic or tumor-suppressive function [2–4]. The

MSI gene family, consisting of the two closely related RBPs MUSASHI-1 (MSI1) and

MUSASHI-2 (MSI2), has been identified as translational regulators that are highly

expressed in the most aggressive solid cancers and hematopoietic malignancies [5]. Genetic

and functional studies have shown that the expression of MSI1 is upregulated in pediatric

brain tumors and metastatic breast cancer; and, accordingly, knockdown of MSI1 in an

adenocarcinoma cell line reduces tumor burden in vivo [6, 7]. Additionally, MSI2 is highly

expressed in gliomas and medulloblastoma [8]. The MSI2 gene has also been found

amplified and overexpressed by deep sequencing of an aggressive prostate adenocarcinoma

and in metastatic prostate cancer [9]. In addition to its role in aggressive solid tumors [5],

MSI2 fusions have been found in several patients with blast crisis Chronic Myeloid

Leukemia (CML-BC), where chromosomal translocations fused MSI2 and HOXA9 [10].

Recent studies have reported that MSI2 overexpression occurs in a variety of hematopoietic

malignancies including CML-BC, AML and B-Cell Acute Lymphoblastic Leukemia, and

can contribute as a negative prognostic marker [3, 11, 12]. Moreover, recent studies have

demonstrated a functional role in which MSI2 can maintain self-renewal and control of

hematopoietic differentiation in human myeloid leukemia cell lines [3].

The MSI gene family is normally expressed in stem and progenitor cells by regulating the

switch between symmetric and asymmetric cell division and altering cellular fate [13].

Consistent with its role as a modulator of self-renewal, our laboratory has determined that

MSI2 maintains hematopoietic stem cells [14]. Furthermore, the aberrant expression of the

MSI family in aggressive cancers results in a gain of self-renewal properties [3, 15]. MSI1

and MSI2 are characterized by the presence of two tandem RNA recognition motifs (RRMs)

[13, 16]. Mechanistically, MSI1 has been shown to interact with the 3′UTRs of target

mRNAs and block translation initiation by interfering with the poly A binding protein

(PABP) and its association with the elongation initiation complex [16]. The minimal binding

sequence of mammalian MSI1 has been identified and corresponds to [(G/A) Un AGU, n=1–

3] [17]. Although the specific targets for human MSI proteins remain to be fully

characterized, studies from our laboratory and others have demonstrated that they control

many essential oncogenic pathways including cell cycle, proliferation, metabolism, c-MYC

and TGF-b signaling [3, 14, 15]. Thus, we reasoned that blocking MSI function with small

molecule inhibitors would have a great therapeutic potential in a variety of tumor settings

and hematological malignancies, and will represent a proof of concept for targeting RBPs

for cancer therapeutics.

In this study, we have developed, optimized and miniaturized into a1536-well format an FP

assay to identify novel small molecules inhibitors of MSI RNA binding activity. With a total

assay volume of 10μL, a pilot HTS assay was run with a 6,208 compound library obtaining

an optimal Z′ factor of 0.6 and a very low overall percentage of dual MSI positive hits
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(0.08%). We further validated the list of initial hits by performing dose-response studies;

and for those hits with an IC50 value less than 10 μM, we performed an orthogonal assay

using an EMSA approach to confirm their activity. Of note, this effective and reliable

strategy provides the tools to identify specific MSI inhibitors. It represents the first steps

toward obtaining novel chemical species for targeting RNA binding proteins.

MATERIALS AND METHODS

RNA oligos and chemicals

The RNAse free HPLC purified single-stranded RNA (ssRNA) oligos were purchased from

Integrated DNA Technologies (Coralville, IA). The optimal ssRNA oligo [8 nucleotides,

r(GUAGUAGU)] for the FP assay, determined by SYBR-based RNA EMSA, was obtained

Cy3-labelled with a 9 carbon (C9) spacer between the RNA and the fluorophore (Integrated

DNA Technologies). Other chemical reagents were purchased from Fisher Scientific

(Pittsburgh, PA).

Cloning of MSI1, MSI2, LIN28A and p53 into protein expression vectors

The ORF mRNA sequences of human MSI1 and MSI2 (accession numbers NM_002442.3

and NM_138962.2, respectively) were subcloned into pGEX6P-3 (GE Healthcare, Port

Washington, NY) from pcDNA3.1-MSI1 and -MSI2 (as previously reported [3]), by

introducing a 5′FLAG sequence (5′-ATGGATTACAAGGATGACGACGATAAG-3′) and

using BamHI and NotI (MSI1) or two EcoRI (MSI2) restriction sites. Similarly, human

LIN28A mRNA full-length (accession number NM_024674.4)and human P53 mRNA

(accession number NM_000546.5) were subcloned into pGEX6P-3 from pBABE-LIN28A

and pGEX2TK-P53 introducing a 5′FLAG sequence and using two EcoRI restriction sites.

The resulting plasmids (pGEX6P-3-MSI1, pGEX6P-3-MSI2, pGEX6P-3-LIN28A,

pGEX6P-3-P53) were sequence verified anda plasmid DNA stock was prepared by

MaxiPrep (QIAgen, Germantown, MD) and quantified by NanoDrop 8000 (Thermo

Scientific, Waltham, MA).

Expression and purification of GST tagged MSI1, MSI2, LIN28A and p53 recombinant
proteins

To produce the GST tagged recombinant proteins, 2μL of pGEX6P-3-MSI1, -MSI2,-

LIN28A or -p53 were transformed into BL21 (DE3) competent cells (Agilent Technologies,

Santa Clara, CA). Transformed bacteria were inoculated in 100 mL LB Broth Miller media

containing 100 μg/mL ampicillin and grown overnight at 225 rpm and 37°C. The overnight

culture was diluted 1:40 in 4L of fresh LB (100 μg/mL ampicillin) and grown until the

optical density measured at 600 nm reached 0.4–0.7. Induction was then started by addition

of 1mM IPTG followed by an overnight incubation at 20°C. Cells were harvested by

centrifugation at 5000 rpm for 30 min and the obtained cell pellet was kept at −80°C until

use. Each cell pellet (obtained from 2L culture) was re-suspended in 25 mL final volume of

PBS containing 2.5 mL of 10X protease inhibitor cocktail prepared from FAST protease

inhibitor tablets (Sigma Aldrich) and lysed by passing 2–3 times through a French Press.

The resultant cell lysate was centrifuged at 15,000 rpm for 1 hour and the supernatant was

applied to a XK16/20 column pre-packed with Glutathione Sepharose 4 Fast Flow (GE
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Healthcare) connected to an AKTA Prime FPLC (GE Healthcare). The collected fractions,

eluted in a 50 mM Tris-HCl, 20 mM reduced L-glutathione buffer, were analyzed by gel

electrophoresis and the ones containing the GST-tagged proteins were pooled and dialyzed

at 4°C against PBS (pH 7.4) (for EMSA analysis) or 100 mM sodium phosphate, 0.001%

BSA (w/v), 0.01% glycerol (w/v), 1 mM TCEP (pH 8.0) (for FP assay). After dialysis, the

protein concentration was measured by BCA assay (Pierce, Rockford, IL). Up to 12.5mg of

GST-protein was obtained per liter of bacterial cell culture.

SYBR-based RNA Electrophoresis Mobility Shift Assay

EMSAs were performed to measure the RNA-binding ability of GST-MSI1, GST-MSI2 and

GST-LIN28A to different RNA oligos (in length and number of binding consensus sequence

repeats). The ssRNA oligos characteristics and binding affinities of the three proteins tested

are listed in Table 1. The RNA-binding consensus repeats were previously determined for

MSI1 as [(G/A) Un AGU, n=1–3] [17]. In short, different quantities of GST-proteins (500 to

2500 ng) were incubated in EMSA buffer (10 mM Tris-HCl, 150 mM KCl, 0.1 mM EDTA,

0.5 mM DTT, pH 7.4) with a fixed ssRNA oligo quantity (200 pmols) in a final volume of

20μL for 30 min at room temperature. When confirming activity of compounds identified in

the pilot screen using the EMSA assay, we made use of a non-specific inhibitor oleic acid to

abrogate all RNA binding activity to achieve total inhibition instead of 1% sodium dodecyl

sulfate (SDS) to avoid bubbles generation during pipetting as we had used in other projects

performed at the HTS Core Facility. As such, the GST-protein was pre-incubated either in

1% DMSO (v/v) to achieve 100% binding activity or 10 μM oleic acid in 1% DMSO (v/v) to

abolish binding activity for 30 min at room temperature. After this period, the ssRNAoligo

was added and incubated during 30 additional min. Then, the EMSA reaction was loaded in

ssRNA running buffer (New England BioLabs, Ipswich, MA), onto a native 10%

polyacrylamide gel (in 1X Tris-Borate-EDTA, TBE) (BioRad, Hercules, CA) and

electrophoresis was carried out in chilled 0.5X TBE buffer at 4°C for up to 2.5 hours at 50–

75V (until the bromophenol blue dye migrated approximately 3/4 down the length of the

gel). The gel was then washed twice in MilliQ H2O and incubated for 30 min in 2X SYBR

safe solution (Invitrogen, Grand Island, NY) in 1X TBE and the results were visualized and

analyzed using a BioRad Gel DocTM XR+ imager (BioRad). RNA band intensity was

quantified using ImageJ (v10.2) software.

Chemical Libraries

The library screened combines 6,208 chemicals obtained from MicroSource, Prestwick,

Tocris, and other commercial sources as previously described [18]. The MicroSource library

contains 2,000 known drugs, natural products, and other bioactive components, such as

enzyme inhibitors, receptor blockers, membrane-active compounds, and cellular toxins. The

Prestwick chemical library is a collection of 1,119 clinically approved drugs, selected for

their high chemical and pharmacological diversity, as well as known bioavailability and

safety in humans. The Tocris library represents a unique and diverse collection of high

purity compounds with known activity in kinases, ion channels, nuclear receptors, and

transporter assays.
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Fluorescence Polarization (FP) control run and pilot screen

For the control run and pilot screen, the assay was conducted in 1536-well format (black

polystyrene, Corning #3724) and automated on a previously described linear track robotic

platform [19] (CRS F3 Robot System, Thermo Scientific) with integrated Flexdrop and

LEADseeker, according to the following protocol. The control run consisted of two 1536-

well microtiter plates assayed in the presence of 1% of DMSO (v/v) vehicle only as High

Control (HC) or 1 mM oleic acid in 1% DMSO (v/v) as Low Control (LC). Tested

compounds or controls were added to the wells at a volume of 1 μL using a custom designed

384 head on a PP-384-M Personal Pipettor (Apricot Designs, Covina, CA). The pilot screen

was performed in duplicate and compounds were tested at a final concentration of 10 μM in

1% DMSO (v/v). GST-MSI1 or GST-MSI2 recombinant protein preparations were diluted

in the assay buffer (10 mM Tris-HCl, 150 mM KCl, 0.1 mM EDTA, 0.005% Tween 20

(v/v), 1 mM TCEP, pH 7.4, vacuum-degassed for 2 hours) were dispensed at a volume of 4

μL for a final concentration of 1 μM using a FlexDrop IV (Perkin Elmer, Waltham, MA).

After 1 hour pre-incubation, 5 μL probe in solution in assay buffer were added to the wells

for a final concentration of 10 nM. After additional 1 hour incubation at room temperature,

the FP was read using the GE Healthcare LEADseeker Multimodality Imaging System

equipped with Cy3 excitation/emission filters and Cy3 FP epi-mirror as previously reported

[20]. Screening data files from LEADseeker were loaded onto the HTS Core Screening Data

Management System, a custom built suite of modules for compound registration, plating and

data management powered by ChemAxon Cheminformatic tools (ChemAxon, Hungary).

The percentage inhibition for the tested compounds was calculated as follows: % inhibition

= (high control average − read value)/(high control average − low control average) × 100

based on the average of the high and low controls. Z′ values and FP measurements

subtracting the buffer background were performed as previously described [20].

Dose-Response Studies

To assess compound potency and confirm activity of identified positives, compounds were

assessed in dose-response study using 12 doubling dilutions in duplicate with 10 μM

concentration as the upper limit, unless stated otherwise. Control and compound dilutions

were made in an intermediate 384-well polypropylene plate (ABgene, Thermo Fisher

Scientific), and 1μL were transferred to the assay plates (Low volume, black polystyrene,

round bottom 384-well, Corning #3676) with a custom-designed 384 head on a PP-384-M

Personal Pipettor (Apricot Designs). The enzyme and the probe were subsequently

dispensed in 5 μL assay buffer using FlexDrop and the plates were read using LEADseeker

as described above. Dose-response data files were uploaded onto the HTS Core Screening

Data Management System for curve fitting and IC50 calculation. Curves presented in this

article were fitted as a logistic 4-parameter sigmoid using SigmaPlot 9.0 (Systat Software,

Inc.).

Optical interference and solubility assessment

To assess any potential compound optical interference, resupplied positives were tested in

dose response as described above, but in absence of protein. Compounds affecting

fluorescence polarization and/or fluorescence intensity (FI) in a dose-dependent manner in
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these conditions were flagged as optically interfering in the assay. To identify any non-

specific activity due to low solubility in the assay conditions, compound solubility limit was

assessed in dose response in triplicate using laser nephelometry in 384-well format as

previously described [20].

RESULTS

MSI specific RNA probe and EMSA assay optimization

In order to develop an in vitro binding assay to be used for chemical screening, we first

assessed the best sequence and length of the ssRNA probe using different oligos (5–15 nt

length) containing different repeats of the previously determined MSI1 consensus RNA

binding site [(G/A) Un AGU, n=1–3] [17] (Table 1 and Fig 1). We tested binding activities

of each oligo using the RNA SYBR-based EMSA assay against the following GST-tagged

recombinant proteins: MSI1, MSI2, LIN28A and p53. LIN28A and p53 were used as

orthogonal controls for non-specific RNA and DNA oligo binding, respectively. The binding

affinity of MSI1, MSI2 and LIN28A increased in accordance with the number of consensus

RNA binding site [considering r(GUAGU) as the shortest sequence for binding]. Thus, the

15-nt oligo containing 4 MSI binding motifs (MSI Oligo #4) displayed the highest affinity.

However, a 15-nt oligo containing 2 MSI motifs (MSI Oligo #2) had very similar binding

affinity compared to the 2 MSI motifs and 8-nt oligo (MSI Oligo #5) (Fig 1 and Table 1). As

the longer oligos could form secondary structures reducing the robustness of our screen, we

selected the MSI Oligo #5 [r(GUAGUAGU), 8-nt, 2 overlapping binding motifs] as the

optimal shortest oligo to be used in the FP assay. Most importantly, LIN28A lacked

specificity to the different ssRNA oligos tested (binding with high affinity to the non-

specific ssRNA Oligo #8, Table 1) suggesting that it would allow us to distinguish from

identifying general RNA-protein inhibitors from MSI sequence specific inhibitors.

Development of a specific MSI FP RNA binding assay

The FP assay provides a quantitative and scalable in vitro system to identify small molecules

with the ability to block RNA binding activity. To avoid typical interference (either direct or

indirect) of many compounds with tracers such as fluorescein [21], we labeled our RNA

probe with Cy3 (red-shifted dye with an excitation wavelength of 550 nm and emission

wavelength of 570 nm). Additionally, Cy3 labeling provides a photostable, pH insensitive

and generally results in less background than most other fluorophores [22]. The optimal

probe for the FP assay was generated from the selected ssRNA oligo (MSI Oligo #5) from

the SYBR-based EMSA that was then chemically coupled with Cy3 through a 9-carbon (C9)

linker in the 5′ end to form the MSI FP oligo [Cy3-labelled ssRNA probe; Cy3-C9-

r(GUAGUAGU), 8-nt, 2 overlapping MSI motifs].

Using recombinant MSI1, MSI2 and LIN28A, we generated plots that measured the binding

affinity for the MSI specific FP probe in a 384-well format (Fig 2A). By plating increasing

concentrations of GST-protein with a fixed concentration of 10 nM MSI FP oligo we

confirmed a high-affinity binding for MSI1 and MSI2 (~1 μM) compared to LIN28A (~2.5

μM). p53 lacked any measurable binding suggesting our FP probe was not binding non-

specifically to a DNA binding protein. To understand the reversibility of this RNA binding
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activity and feasibility for inhibitor screens, we performed a probe displacement assay with

MSI1, MSI2 (at 1 μM, fixed concentration) and LIN28A (at 2.5 μM). Interestingly, the non-

labeled MSI FP oligo successfully competed off the fluorescent labeled one in a

concentration dependent manner with IC50 values of ~5 μM (5.6 μM for MSI1 and 4.6 μM

for MSI2) (Fig 2B). LIN28A also showed a reversible binding to the MSI RNA oligo with a

lower IC50 (0.5 μM) due to a weaker binding affinity. Overall, these experiments suggested

that we had successfully developed a MSI specific FP based assay.

Miniaturization and quality control for a 1536-well plate MSI FP RNA binding assay

To provide a platform for screening of large compound libraries, we wanted to determine if

our MSI FP RNA binding assay could be miniaturized down to a 1536-well format (Fig 3).

Additionally, we wanted to identify a non-specific control for the assay other than SDS,

since the latter tends to generate bubbles rendering the FP measurements problematic. We

opted to use an alternative non-specific compound like oleic acid to abolish all binding

activity of the probe to the proteins. We thus compared the oleic acid potency to the

unlabeled MSI FP oligo in a dose response utilizing a 1536-well plate format. This resulted

in a displacement of MSI2 binding at an IC50value of 1.3 ± 0.2 μM and IC50 value of 29 ±

1.7 μM with the unlabeled probe and oleic acid, respectively; suggesting that oleic acid

could indeed be used as a low control for our screening efforts (Fig 3). Taken together, our

data demonstrated the development of a scalable and robust assay amenable for further high

throughput screening.

To assess that the recombinant MSI proteins were stable and maintained their activity

throughout the duration of the screen (~4 hours), we tested three different protein

concentrations (0.5, 1 and 3 μM) of MSI1 and MSI2 in the presence of 1% DMSO (v/v)

(HC) or 1 mM oleic acid in 1% DMSO (v/v) (LC) and pre-incubated them at room

temperature for 1 or 4 hours. After this period, the MSI FP oligo, at a concentration of 10

nM, was added and then further incubated for an additional hour. Importantly, the

incubations at room temperature did not significantly alter the dose dependence or the

differential polarization values (ΔmP = 150–200) (Fig 4). We then evaluated the

miniaturized assay performance under screening conditions by automated plating of two

1536-well plates with the MSI proteins and probe in the presence of HC or LC (Fig 5). The

dynamic range (differential between FP values for HC and LC) was calculated at ~180 mP

and the Z′ values were greater than 0.5 (0.58 for MSI1 -Fig 5A, 0.61 for MSI2 -Fig 5B)

suggesting that our automated screening window would allow us identify inhibitors for MSI

RNA binding activity (Fig 5C).

Pilot screen using the MSI FP RNA binding assay

Based on the performance from our feasibility studies, we performed a pilot screen against a

library of 6,208 compounds, which included known drugs, experimental bio-actives and

natural products. Each compound was screened in duplicate across two separate sets of

plates (Set 1 and Set 2) at a final concentration of 10μM in 1% DMSO (v/v). HC and LC

were also included in each plate as internal references for the assay. Both data sets exhibited

Z′ values greater than 0.5 suggesting a robust and reproducible assay. We then compared the

percentage inhibition (%inh) values from all the pilot screen compounds in Set 1 and Set 2
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for both MSI1 and MSI2 and found a linear correlation between the replicates suggesting

that the screen demonstrated reproducibility (Fig 6). We defined positives as compounds

with an average inhibition greater than 50%. We identified a total of 17 compounds with an

initial hit rate of 0.27%, five of which inhibited both MSI1 and MSI2 (Table 2 and Fig 6).

MSI1 screening resulted in 7 compounds (0.11%) and 15 compounds were identified as

MSI2 inhibitors (0.24%), with an overall initial hit rate of 0.08% from the total number of

compounds screened that scored as dual MSI inhibitors (Table 2). We flagged 37

compounds due to high FI and discarded 4 small molecules known as commonly identified

false positives in FP assay (internal screening data; e.g. brazilein). Among the list of

compounds that were inhibiting MSI binding activity, 5 were anthracyclines used in cancer

chemotherapy such as idarubicin, daunorubicin, rutilantinone, aklavine or doxorubicin and

two more were nucleotide analogs. Most interestingly, the classical RNA-protein disruptive

molecules (23 compounds from different vendors including 12 unique aminoglycoside

antibiotics, e.g. streptomycin) lacked significant MSI inhibition activity (see red circles, Fig

6A–B and Table 4).

Compound validation and secondary screening

We determined the optical interference with the top 28 compounds that were identified for

secondary screening (inhibitors #1–3 are shown in Fig 7A–B and data not shown) by adding

the compounds alone at different concentrations in a 384-well plate and assessing the optical

interference with the FP and the FI values (Fig 7A–B). Inhibitors #2 and #18–25 decreased

the FP values and increased the FI when the concentration of the molecule was increased

(Table 3 and Fig 7A–B). Furthermore, we confirmed the solubility of the compounds by

measuring the turbidity of the solution up to 10 μM (Fig 7C). Of note, none of the tested

compounds showed increased turbidity, confirming an optimal solubility at the

concentrations used in our assay. We then performed dose-response curves with 12 serial

dilutions up to a concentration of 10 μM with 28 compounds. Of the 25 compounds tested,

only 3 validated in the dose-response secondary screen with IC50 values below 10 μM (Fig 8

and Table 3). Of note, MSI1 demonstrated a slightly higher potency than MSI2 for these

three validated hits.

Orthogonal screen by SYBR-based EMSA analysis

To further confirm the identified 3 MSI inhibitors, we performed our previously described

orthogonal SYBR-based EMSA with MSI1, MSI2 and LIN28A. As expected, oleic acid at 1

mM (LC) inhibited the binding of all 3 RBPs significantly (>80 % inhibition, Fig 9A–B).

Most importantly, all three MSI inhibitors demonstrated activity against both MSI1 and

MSI2, but not against LIN28A. Inhibitor #1 demonstrated modest inhibition for MSI1

compared with its activity against MSI2, while Inhibitor #3 demonstrated increased potency

with MSI1 compared to MSI2. Although Inhibitor #2 scored with high FI in the optical

interference assay (Fig 7A–B), it retained inhibitory activity in the RNA EMSA and was the

molecule demonstrating the best inhibition for both MSI. Altogether we have performed a

6,208 compounds pilot screen, verified the top hits with a dose-response secondary screen

and then validated the 3 high potency (italic>10 μM) hits using an EMSA orthogonal assay

simultaneously testing their optical interference and solubility. We have identified 3 putative
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MSI-specific inhibitors using the strategy outlined in Fig 10. These results will be further

validated using in vitro cellular systems and MSI-dependent systems.

DISCUSSION

Oncogenic drivers that regulate the translational machinery can drive cancer pathogenesis.

The MSI gene family has been identified as a translational regulator that is highly expressed

and associated with some of the most aggressive solid cancers and hematopoietic

malignancies [5]. MSI1 has been mainly studied in the neural system and it is known to be a

key regulator in the maintenance of multi-potential neural progenitors in their proliferative

stem-like state and to influence cellular differentiation [13, 14, 22]. The MSI family has

been demonstrated to be dysregulated in cancer in a variety of tumors including in the brain,

prostate, breast, and colon [7, 23–25]. MSI2 is mainly expressed in the hematopoietic

system and it is an important modulator of proliferation and differentiation in normal

hematopoietic stem cells whereas its overexpression has been related to myeloid [3, 11] and

lymphoid malignancies [12].

Due to the inherent challenges of deciphering RBPs biology, pharmaceutical companies

have largely ignored them as putative therapeutic targets. Moreover, one of the major

challenges in developing selective inhibitors for RBPs is the lack of high-throughput in vitro

assays in which to rapidly screen small molecules targeting the interaction between RBP and

mRNA targets. Traditional methods such as EMSA assays cannot easily be adapted for high

throughput. Other biophysical methods such as surface plasmon resonance or circular

dichroism are most commonly used as validation methods to obtain information on protein-

RNA binding kinetics and the molecular mechanism of action [26, 27] rather than for

screening large chemical libraries.

Despite recent studies that have highlighted the importance of the MSI family as a

therapeutic target, there are currently no drugs or tool compounds available for this class of

RBPs. Other groups have previously reported the optimization of the protein production and

the development of similar assays for the eukaryotic translation initiation factor 4E (eIF4E)

binding to mRNA 5′ cap sequence [28] or the eukaryotic cap-binding complex CBP80/

CBP20 [29]. An FP assay has been developed to study the molecular mechanisms of RNA

binding to AU-rich elements with specificity RRMs found in Hu antigen R (HuR) protein

[30]. More recently, similar structure-binding studies using FP have shown conformational

changes in these RRMs during RNA binding [31]. Nevertheless, our study provides the first

developed platform for the identification of small molecules that block MSI in vitro binding

activity.

We have developed and optimized an FP based HTS strategy to target MSI interaction with

its RNA consensus binding sequence. We screened a 6,208 compound library obtaining 17

initial hits and then further validating 3 MSI-specific inhibitors. Our assay showed a great

reproducibility, robustness (Z′ factor = 0.6) and specificity against MSI proteins due to the

use of a very short MSI probe (8 nucleotides) containing 2 overlapping specific MSI motifs.

Of note, the low overall hit rate of our assay (0.27%, Table 2) and the lower hit rate for dual
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MSI inhibitors (0.08%) confirms it as a suitable experimental approach for large screens

with libraries of thousands of compounds to obtain more specific and potent MSI inhibitors.

Although our screen initially identified compounds that were specific to either MSI1 or

MSI2, the validated hits ended up inhibiting both. Moreover, the closely conserved RRMs of

both MSI might explain why this might be challenging. Nevertheless, it remains necessary

to screen a larger library to determine if MSI isoform specific inhibitors can be identified.

We found that the orthogonal assay for MSI is necessary to verify the hits in our screen as

Inhibitor #2 demonstrated bold>10μM activity and high FI in our validation screen. Previous

studies have identified inhibitors of protein RNA-binding activity with IC50 values in the

low micromolar range (with the exception of one compound inhibiting influenza NS1

binding to dsRNA at 300 nM) suggesting that the potency of our compounds were

comparable. By utilizing an additional RBP (LIN28A), we found that these inhibitors

retained their selectivity against MSI. However, to assess the specificity of these inhibitors

for MSI proteins, a larger panel of RBPs would need to be generated and tested. It would

have special interest to test MSI closely related RBPs containing RRMs with some sequence

similarity (e.g. HuR).

Most importantly, we did not identify any of the aminoglycoside antibiotics present in the

screen as putative MSI inhibitors (Table 4), suggesting that the binding pocket of our

proteins are unique and are not affected by these classical RNA-protein disruptive

molecules. This data bolsters our approach and provides additional evidence that selective

MSI inhibitors can be identified. Inhibitors for RNA-protein interactions have been targeted

in influenza [26], Rift Valley fever virus [32] or Hepatitis C virus [33] but have not been

explored in RNA-binding proteins involved in cancer yet. Our study provides a strategy for

the development of additional assays for identifying inhibitors for other RNA-binding

proteins.

In summary, our assay represents a novel high-throughput drug screen to identify inhibitors

for the MSI family of RNA binding proteins. We provide a platform for the discovery of

small molecules that can target these clinically relevant cancer targets. Moreover, we plan to

expand our studies in the context of a larger screen and to functionally validate our

identified MSI inhibitors in both cell based and animal models.
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ABREVIATIONS

RBP RNA-binding protein

MSI Musashi

GST Glutathione S-Transferase

SYBR N′,N′-dimethyl-N-[4-[(E)-(3-methyl-1,3-benzothiazol-2-ylidene)methyl]-1-

phenylquinolin-1-ium-2-yl]-N-propylpropane-1,3-diamine

EMSA Electrophoresis Mobility Shift Assays

HTS High Throughput Screening

BSA Bovine Serum Albumin

IPTG Isopropyl β-D-1-thiogalactopyranoside

DMSO Dimethyl Sulfoxide

EDTA EthylenediaminetetraaceticAcid

TCEP Tris(2-carboxyethyl)phosphine

FI fluorescence intensity
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Figure 1. SYBR-based Electrophoresis Mobility Shift Assay (EMSA) optimization of ssRNA
oligos for fluorescence polarization
(A)The GST-tagged protein MSI2 at the indicated concentrations (500 to 2000 ng) was

incubated for 30 min at room temperature in EMSA buffer with MSI Oligo #2

[r(UAGUAGUAAGUAGUA), 15 nucleotides, 2 MSI motifs] or MSI Oligo #5

[r(GUAGUAGUA), 8 nucleotides, 2 MSI overlapping motifs] at 200 pmols. After the

incubation, the reaction was run onto a native 10% polyacrylamide TBE gel in chilled 0.5X

TBE at 4°C at 100V for 2–2.5h. The controls consisted of RNA only and protein only

incubations and were run in the same gel. The gel was stained with 2X SYBR Safe and the

results were imaged by BioRadGel DocTM XR+ imager. (B) Quantification of SYBR RNA

bands intensity. Results are shown normalized to RNA only intensity band for both MSI

Oligo #2 and #5. Representative data from at least two independent experiments for each

oligo is shown.
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Figure 2. Fluorescence polarization assay in 384-well plate format
(A) Binding of the MSI FP oligo [Cy3-C9-r(GUAGUAGU) at 10 nM] to increasing

concentrations of GST-tagged proteins MSI1, MSI2, LIN28A and p53. The error bars

represent plus or minus one standard deviation from triplicate measurements; the protein

concentration chosen for following experiments was 1 μM (MSI1 or MSI2) and 2.5 μM

(LIN28A); (B) Displacement curves of the Cy3-MSI FP oligo (10 nM) from MSI1, MSI2

and LIN28A with the unlabeled MSI FP oligo; the IC50 values were: MSI1 (5.6 μM), MSI2

(4.6 μM) and LIN28A (0.5 μM).
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Figure 3. Displacement of MSI2 binding in 1536-well plate format fluorescent polarization assay
Displacement curves of the MSI FP oligo from MSI2, with the unlabeled MSI FP oligo and

oleic acid (Low Control, LC); IC50 values for displacement of two independent experiments

performed in triplicate are shown in the bottom table.
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Figure 4. Stability of MSI proteins in fluorescent polarization assay
(A) Stability of GST-MSI1 protein at three different concentrations (0.5, 1, and 3 μM) was

tested during binding to MSI FP oligo during1h and 4h incubation at room temperature in

1% DMSO (v/v) (High Control, HC; black bars) or 1 mM oleic acid in 1% DMSO (v/v)

(LC; grey bars); (B) Same as (A) with GST-MSI2 protein. In both (A) and (B), a control

with MSI FP oligo only is shown as a measure of FP (mP) background. The dynamic range

(differential between HC and LC) at 1h and 4h did not show significant differences and was

demonstrated to be optimal at 4h incubation (ΔmP > 150), the approximate time of the pilot
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screen. Values represent the average and standard deviation of two independent experiments

performed in triplicate.
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Figure 5. Control run plates of MSI1 and MSI2 in the pilot screen
MSI (1 μM) High Control wells were seeded with 1% DMSO (HC) and Low Control wells

(LC) with 1 mM oleic acid in 1% DMSO (v/v); (A) Box plot comparing MSI1 HC and LC

demonstrated an optimal dynamic range of 4.8-fold (ΔmP=183); (B) Box plot for MSI2

showing a dynamic range of 5.4-fold (ΔmP=200); (C) Fluorescence polarization (mP)

average (AVG) values, standard deviation (STDEV), coefficient of variation (CV)and Z′

factor of each control plate. Z′ values for both MSI1 and MSI2 were >0.5.
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Figure 6. High-throughput fluorescence polarization pilot screen for MSI1 and MSI2 inhibitors
A library of 6,208 compounds was screened in duplicate assay plates (Set 1 and Set2) to

determine the reproducibility of the HTS for both MSI1 (A) and MSI2 (B). The % inhibition

of each compound was determined and shown in blue circles. Signals generated from the

aminoglycoside antibiotics (known RNA disruptive molecules) present in the library are

depicted as red circles and positive hits (>50% average inhibition for Set1 and Set2) are

depicted as green circles [for either MSI1 (A) or MSI2 (B)]. The hit rate for MSI1 was

0.11%, for MSI2 0.24% and for dual MSI inhibition 0.08% (see Table 2).
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Figure 7. Fluorescence polarization, intensity and turbidity assessment
For the three top hits, the optical interference in the FP values (mP) (A) and fluorescence

intensity (pixel density) (B) were assessed up to 10μM concentration of the drugs. Of note,

inhibitor #2 interfered with the assay due to high fluorescence intensity of the compound

significantly decreasing mP values at concentrations >1 μM; (C) the 3 small molecules were

also tested for solubility by analysis of their turbidity in solution at different concentrations

up to 10 μM. Values represent the average and standard deviation of two independent

experiments performed in triplicate.
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Figure 8. Dose-response curves of the three top hits in HTS for MSI inhibition
(A) MSI1 binding curves with % inhibition (%inh) against a dose response of the inhibitors

#1–#3 up to 10μM; (B) same as (A) with MSI2. The IC50 values found are shown in Table

3. Inhibitor #2 showed a potential optical interference with the assay as the % inhibition of

FP was greater than 100% at concentrations >5 μM. Values represent the average and

standard deviation of two independent experiments performed in triplicate.
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Figure 9. SYBR-based Electrophoresis Mobility Shift Assay (EMSA) orthogonal validation of
MSI inhibitors
(A) The GST-tagged proteins MSI1, MSI2 and LIN28A (1000 ng) were incubated for 30

min at room temperature in the absence of 1% DMSO (v/v) or in the presence of 10 μM

inhibitors #1–#3 or 1 mM oleic acid) in EMSA buffer. After this period, 200 pmols of

ssRNA MSI Oligo #2 [r(UAGUAGUAAGUAGUA)] were added and incubated for an

additional 30 min. A final volume of 20μL reaction was run onto a native 10%

polyacrylamide TBE gel in chilled 0.5X TBE at 4°C at 100V for 2–2.5h. The gel was then

stained with 2X SYBR Safe and results were obtained by BioRadGel DocTM XR+ imager.

(B) Percentage inhibition (%) of RNA-binding activity with inhibitors same as in (A) against

MSI1, MSI2 and LIN28A. After quantification of RNA band intensity, results were graphed

as % of inhibited RNA-binding for MSI1 (black bars), MSI2 (grey bars) or LIN28A (white

bars) considering the RNA only band as the control (highest signal) and the DMSO control

as the highest binding (lowest signal). One representative gel of at least two repeats per

oligo and recombinant protein is shown.
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Figure 10. Strategy for the development of the fluorescence polarization (FP) assay to screen for
inhibitors of MSI RNA-binding proteins
The optimal ssRNA oligo for FP was obtained by testing GST-MSI1 and -MSI2 binding in

SYBR-based EMSA. FP validation was done in 384-well plates and then miniaturized and

optimized in 1536-well plates. A 6,208 chemical library was run as a pilot screen to validate

the assay and 17 total positive hits were found (5 common to both MSI). A secondary screen

by dose-response curves (IC50) was performed and 3 final chemical candidates, with

<10μM, were obtained. Finally, optical interference and solubility assays were
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simultaneously performed with the orthogonal screen against both MSI by SYBR-EMSA.

The three top hits were validated as putative MSI selective inhibitors.
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