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Abstract

The intestinal epithelium is very peculiar for its continuous cell renewal, fuelled by multipotent
stem cells localized within the crypts of Lieberklhn. Several lines of evidence have established the
evolutionary conserved RNA-binding protein Musashil as a marker of adult stem cells, including
those of the intestinal epithelium, and revealed its roles in stem cell self-renewal and cell fate
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determination. Previous studies from our laboratories have shown that Musashil controls stem
cell-like features in medulloblastoma, glioblastoma and breast cancer cells, and has pro-
proliferative and pro-tumorigenic properties in intestinal epithelial progenitor cells in vitro. In
order to undertake a detailed study of Musashil’s function in the intestinal epithelium in vivo, we
have generated a mouse model, referred to as v-Msi, overexpressing Musashil specifically in the
entire intestinal epithelium.

Compared with wild type litters, v-Msil mice exhibited increased intestinal crypt size
accompanied by enhanced proliferation. Comparative transcriptomics by RNA-seq revealed
Musashil’s association with gut stem cell signature, cell cycle, DNA replication and drug
metabolism. Finally, we identified and validated three novel mMRNA targets that are stabilized by
Musashil, Ccndl (Cyclin D1), Cdké and Sox4.

In conclusion, the targeted expression of Musashil in the intestinal epithelium in vivo increases
the cell proliferation rate and strongly suggests its action on stem cells activity. This is due to the
modulation of a complex network of gene functions and pathways including drug metabolism, cell
cycle and DNA synthesis and repair.

Keywords
Intestinal epithelium; Musashil; RNA binding protein; stem cells

Introduction

The intestinal epithelium is characterized by a rapid and continuous renewal throughout life.
This process depends on multi-potent stem cells located in the intestinal crypts [1]. These
adult stem cells self-renew and give rise to undifferentiated progenitors that proliferate,
differentiate while migrating, die by apoptosis and finally shed into the lumen. In mice, this
whole process lasts 3 to 4 days [1]. Given the recent characterization of a certain number of
bona fide gut stem cell markers, a growing amount of data is now available concerning
intestinal stem cell physiology. Several reports suggest that two pools of stem cells exist
within the crypts. The first pool is located at the very bottom of the crypts and is constituted
by the actively cycling crypt basal columnar (CBC) stem cells that express Lgr5 and Ascl2
markers [2, 3]. The second pool is located at the “+4” position from the crypt bottom, is
considered quiescent and more resistant to irradiation [4-6], and is characterized by the
expression of Bmil, m-Tert and Lrigl markers [5-8]. Despite the observation of distinct
stem cell populations, other studies have shown that the best-characterized stem cell markers
are expressed in a gradient throughout a “stem zone”, and not exclusively in a single stem
cell pool [9, 10]. The RNA binding protein Musashil (MSI1) was proposed several years
ago as an intestinal epithelial stem cell marker [4, 11] and confirmed in a more recent study
[10]. We also recently corroborated this observation and demonstrated that Msi 1-expressing
cells of the intestinal crypts correspond to Lgr5 and m-Tert populations of stem cells [12].

MSI1 was initially characterized in neural precursor sensory cells of Drosophila where it
regulates asymmetric cell division [13]. Other studies in this same organism have shown that
MSI1 is implicated in the maintenance of stemnesss [14] and in cell fate control [15]. In
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mammals, in addition to intestinal epithelium, MSI1 has been described as a marker of adult
stem cells and progenitors in the central nervous system [16], hair follicle [17] and
mammary gland [18]. However, its function and repertoire of targets in these organs is not
well known.

MSI1 exists at the intersection of stem cell function and tumor development; its participation
in tumor initiation has been previously posited (reviewed in [19]). Supporting this notion,
we previously determined that MSI1 is highly expressed in and required for the survival of
tumor-spheroids which are enriched in “stem-like” cells; similar results have been obtained
with medulloblastoma, breast and lung cancer cultures [20-22], where knockdown of MSI1
affected the expression of stem cell markers [20, 21]. High MSI1 expression is clearly
required for tumor development and growth, as its knockdown affected the size of tumors
generated by xenografted intestinal adenocarcinoma, medulloblastoma, glioblastoma and
breast cancer cell lines [21, 23-25]. In agreement with this observation, high MSI1
expression has been reported in several solid tumors [25-37] and correlated with poor
prognosis [25, 30, 36, 38]. Our recent studies in intestinal epithelial primary cultures and
normal crypt cell lines revealed that cells with increased MSI1 expression acquire tumor-
inducer potential. More specifically, we showed that MSI1 overexpression promoted
progenitor cell proliferation via an action on Wnt and Notch pathways and induced tumoral
growth of xenografted cells [39]. Despite all we have learned about MSI1 in recent years,
we still lack detailed information concerning its function in the intestinal epithelium and the
mechanisms governing its action. Towards this goal, here we have developed a murine
model of targeted Msi1 expression in the intestinal epithelium, the v-Msil mice, and
examined the impact of MSI1 ectopic expression on intestinal physiology. We observed an
increased size of the progenitor compartment, enhanced proliferation and augmented ex vivo
crypt growth, strongly suggesting an action of high MSI1 expression on stem cell activity.
RNA sequencing (RNA-seq) analysis of v-Msil intestinal mucosa positioned MSI1 as a
regulator of the stem cell signature and revealed numerous alterations in genes associated
with cell cycle, DNA replication and drug metabolism. Finally, we determined that Msil
regulates Ccndl/CCND1 (Cyclin D1), Cdk6/CDK6 and Sox4/SOX4 expression through
stabilization of their mRNAs, thus identifying them as novel MSI1 targets.

Materials and Methods

Transgenesis, animal breeding and sample preparation

Mouse Musashil-V5 cDNA followed by SV40 polyadenylation signal was cloned into a
pGEMT-easy vector (Promega) (Figure S1A). After verification by DNA sequencing, the
fragment was inserted into the vector pVill-Aatll [40], excised by Xhol, and purified with
the QlAexII extraction kit (Qiagen). The microinjection of the vector was performed at the
Plateau de Biologie Expérimentale de la Souris, Ecole Normale Supérieure de Lyon (Lyon,
France) and nine founders were obtained. The transgenic lines were backcrossed into the
C57BL6 genetic background. Genotyping and expression analysis were done by PCR or RT-
PCR; primers are described in Table S1A.

Animals received standard mouse chow and water ad libitum. They were euthanized at the
indicated ages and the intestine was quickly removed, flushed with cold PBS and fixed in
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4% paraformaldehyde for paraffin embedding, or immediately frozen in liquid nitrogen for
DNA, RNA and protein extraction.

The transgenesis protocol, mouse housing and experimentation were approved from the
animal experimental committee of the Ecole Normale Supérieure de Lyon (Lyon, France),
the Comités d’Ethique en Experimentation Animale de I’Université de Lyon (C2EA55 and
C2EA15; registration number DR2013-55) and in accordance with European legislation on
animal care and experimentation.

Studies on animals

Histological analysis, Immunolabeling and Western blot—Fragments of the
intestinal mucosa were fixed in 4% PFA for histology and immunohistochemical studies.
For the different studies at least six animals per genotype have been analyzed. Paraffin
sections (5 um thickness) were used for indirect immunostaining; whole-protein extracts
were obtained by homogenizing intestinal samples in RIPA buffer. Whole protein extracts
(50 pg/lane) from WT or v-Msil animals were analyzed. We used the following antibodies
for immunofluorescence (IF) and western blots (WB): anti-MSI1 (Abcam, WB; Chemicon,
IF); anti-Ki67 (Labvision, IF); anti-CCND1 (Labvision, IF and WB); anti-activated j-
catenin (Upstate, WB), anti-c-MYC (Santa Cruz, WB); anti-SOX4 (Santa Cruz, IF); anti-
CDKG6 (Santa Cruz, IF); anti-Actin (Sigma, WB). For immunolabeling experiments, we used
appropriated fluorescent secondary antibodies (Jackson Laboratories and Life Technology).
All nuclei were counter-stained with Hoechst (Sigma). For western blot analysis, we used
secondary IgG-horseradish peroxidase conjugated antibodies (Promega). The signal was
then analyzed using the enzymatic chemiluminescence detection kit (LumiLight, Roche).

RNA extraction, RT-PCR, RT-gPCR and RIP-RT-qPCR—Tissue fragments were
lysed using a Precellys 24 homogenizer (Bertin); cultured 2D epithelium and 3D organoids
were lysed by several passages through micropipette tips. Total RNA was extracted with the
QIAGEN RNeasy kit (Qiagen). To avoid the presence of contaminating DNA, DNase
digestion (Qiagen) was performed in all preparations. Reverse transcription was performed
using MMLYV reverse transcriptase (Promega) on 1 g of total RNA according to the
manufacturer’s instructions, using random hexanucleotide primers (Invitrogen). PCR and
gPCR analysis were performed to amplify specific cDNAs, by using Euroblue Taq
(Eurobio) or SYBR Green (Takara) and a BioRad thermocycler or a BioRad CFX Connect
system, respectively. The RIP-RT-gPCR protocol used for detection of MSI1 targets is the
same as described for 293T cells (see below). Primers and probes information are reported
in Table S1B, C.

Intestinal epithelium 2D primary cultures—Intestinal epithelial primary cultures were
derived from 4-6 day old neonatal mice [41] and the isolated epithelial fragments were
prepared and plated on culture surfaces coated with Matrigel™ Basement Membrane Matrix
(BD Biosciences) as previously described [39]. For immunolabeling experiments, cover-
slips were inserted in the wells before coating and the following primary antibodies were
used: anti-Msil (Chemicon); anti-GFP (Millipore); anti-Ki67 (Labvision, IF).
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Crypt isolation and 3D cultures—Crypt isolation was performed according to Sato et
al. [42]. Briefly, mouse small intestine (<10 cm) was excised, opened longitudinally, and
washed with ice-cold PBS. The intestine was cut into small pieces (<4- to 5-mm diameter)
and incubated in ice-cold PBS containing 2 mM EDTA for 30 minutes. After one wash with
ice-cold PBS, the intestinal fragments were suspended four successive times in ice-cold PBS
(10 ml) by repeated and vigorous pipetting. After each re-suspension the tissue fragments
were recovered by sedimentation on ice, the supernatant from the first two rounds was
discarded while that from the last two re-suspensions was collected and filtered through a 40
um cell strainer (BD Bioscience) to remove large tissue fragments. After filtration, the
crypts were separated from single cells by centrifugation (200 g, 5 minutes at 4°C),
suspended with cold DMEM/Ham’s F12 (1:1 vol/vol) and then mixed 1:1 vol/vol with
Matrigel (BD Bioscience) for plating (100 pl in 35mm dish or 40 ul in 20mm well). After
polymerization of the Matrigel, culture medium composed of DMEM/Ham’s F12 containing
2% penicilline/streptomycine (Life Technology), 1% glutamax (Life Technology), 1% B27
(Life Technology), 50 ng/ml Noggin (PreProTech), 250 ng/ml R-spondinl (R&D Systems),
50 ng/ml EGF (Sigma) and 10 ng/ml FGF (Sigma) was added and changed every 2 days.
Note that the concentration of R-spondinl and Noggin are 50% of those used in the method
by Sato et al. [41] to slow the organoid development. After 7 days in culture, the dishes were
washed twice with ice-cold PBS before addition of the cell recovery solution (BD
Bioscience) for 10 minutes on ice. The organoids within the cell recovery solution were then
collected from the dishes and transferred to 1.5 ml tubes for a further 30-min incubation on
ice. They were finally centrifuged at 200 g (5 min at 4°C), and the crypt-containing pellet
washed once with ice-cold PBS (<1 ml), centrifuged and frozen for RNA extraction.

Lentiviral infections—For ShRNA experiments, primary 2D cultures or crypt 3D
cultures were infected 24h after seeding or from the beginning of the culture respectively,
with Sh viral supernatant at a 3:2 ratio with culture medium for 72h. ShRNA lentiviral
vectors were Mission-shRNA (derived from pLKO.1-puro, Sigma). Lentiviral particles
expressing Sh-Scr (scrambled control), Sh1-1 and Sh1-4 (targeting Msil mRNA) were
obtained from the Vectorology Facility at IFR128 Lyon-Biosciences. At the end of the
culture, dishes were washed twice with phosphate-buffered saline and frozen at —80°C for
RNA extraction, or alternately, fixed in 2% paraformaldehyde for immunostaining
experiments.

Studies on 293T cell line

RIP-RT-gPCR—293T were maintained at 37°C, 5% CO, and grown in DMEM
supplement with 10% fetal bovine serum, penicillin and streptomycin. RIP experiments
were performed according to established protocols using rabbit anti-MSI1 from Millipore
and normal rabbit 1gG from R&D as a negative control. Briefly, cell extracts were prepared
from 293T cells in polysomal lysis buffer, diluted in NT2 buffer and incubated for 3 hours
with antibody coated protein A-sepharose 4Fast flow from GE. After immuno-precipitation,
the RNA was extracted using acid phenol:ChCl3 from Ambion. cDNA was prepared from
experimental and control samples with high capacity cDNA reverse transcription kit; RT-
gPCR with specific probes (Table S1 C) was done with a Tagman assay kit (Applied
Biosystems). To normalize the data, we spiked in identical amounts of cDNA from DH5a in
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each sample and conducted amplification with specific bacterial probe. Experiments were
conducted in triplicate. Primers and probes information for the different approaches are
reported in Table S1B, C.

Transfection—293T cells were transfected using GeneJammer (Agilent Technologies)
with either a pcDNA3.1 plasmid (Life Technologies) containing Msil coding sequence or
GST coding sequence (negative control). Cells were harvested for western analysis, using
protocols described bellow, 72 hours post-transfection.

RT-gPCR—RNA was extracted with Trizol (Invitrogen). The cDNA synthesis and RT-
gPCR were performed using Tagman small RNA assays kit (Applied Biosystems).

Musashil siRNA knockdown—siM3 1 and siControl were transfected into 293T using
Lipofectamine RNAiMax reagent (Invitrogen) by reverse transfection according to the
manufacturer’s instructions. Transfection complexes were prepared and added directly to the
cells at a final concentration of 25nM; cells were then incubated for 72 hours. Finally, cells
were collected, resuspended and sonicated in SDS Laemmli sample buffer.

Western Blot—12% SDS-PAGE gels with a 4% stocking gel were run in Tris-glycine-
SDS buffer. A wet transfer procedure was carried out on to PVDF membrane. After transfer,
membrane were blocked in TBS with Tween-20 and 5% milk or 5% BSA. The membranes
were probed with mouse monoclonal anti-CDK®6 (Cell Signaling), mouse monoclonal anti-
SOX4 (Santa Cruz), rabbit monoclonal anti-MSI1 (Millipore), rabbit monoclonal anti-
CCND1 (Millipore), or mouse monoclonal anti-a-TUBULIN (Sigma). HRP-conjugated goat
anti-rabbit antibody (Santa Cruz Biotechnology) was used as a secondary antibody for MSI1
and CCND1 and HRP-conjugated goat anti-mouse antibody (Zymed Laboratories) was used
as a secondary antibody for CDK6, SOX4 and a-TUBULIN. Proteins were detected by
using Immobilon Western chemiluminescent HRP substrate (Millipore).

RNA-seq study

RNA preparation—RNA samples from wild type and v-Msil intestinal mucosae were
prepared with Trizol (Life Technologies) followed by further purification with RNAeasy
(Qiagen). RNA quality and concentration were checked with Nanodrop and Bioanalyzer.

Library construction and sequencing—RNA-seq libraries were prepared according to
Illumina protocols and sequenced in a HiSeq 2000 (50bp, single reads) at the Greehey CCRI
Genome Sequencing Facility.

Read mapping and gene expression analysis—The libraries were mapped to the
mouse reference genome (mm10, downloaded from UCSC Genome Browser) using Tophat
[43] version 2.0.8b and Ensembl (release #71) to the transcriptome annotations. Only
uniquely mapping reads with mapping quality (Q) > 20 were used. The set of expressed
genes from each library was defined counting reads falling within each transcript using
Cufflinks [44] pipeline.
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The identification of differentially expressed genes from RNA-seq was performed using
edgeR [45], DESeq [46] and Cuffdiff2 [47]. In order to select only high-confidence
differentially expressed genes, we selected only those up- or down-regulated genes indicated
by at least two out of three methods. Only differentially expressed genes presenting a g-
value < 0.05 were selected. Detailed sequencing information can be obtained from ENA
(https://www.ebi.ac.uk/ena) number: ERP006988.

Cellular pathway annotations—All expressed genes (23,387) in WT sample were used
as background of expression. The set of up- and down-regulated genes in Msil-transgenic
samples were analyzed for enrichment in KEGG pathways with DAVID (http://
david.abcc.ncifcrf.gov/). Only pathways enriched (adjusted p-value < 0.05, Benjamini
correction) were selected. Drug metabolism and Cell cycle pathways analysis was
performed with Cytoscape (http://www.cytoscape.org/). Adult stem cell-enriched genes
were obtained from [10].

Other methods used in the data analysis—Circos was used for visualization of
KEGG data [48]. Custom Perl scripts (http://perl.org), Linux shell scripts, BioPerl (http://
www.bioperl.org), samtools (http://samtools.sourceforge.net), bedtools (http://
bedtools.readthedocs.org), and R (http://www.r-project.org/) were also used to perform data
analyses.

Generation and intestinal phenotype of v-Msil animals

Musashi1-V5 cDNA was cloned downstream of the Villin promoter (scheme Figure S1A),
leading to the expression of Msi1 specifically in gut endoderm/intestinal epithelium starting
from E11 [40]. The presence of the transgene in the genome and the corresponding mRNA
expression were verified by PCR and RT-PCR respectively in F5, F7 and F9 v-Msil lines
(Figure S1B, C). Figure S1C shows in particular the presence of an amplified cDNA only in
the intestine of v-Msil animals compared to wild type littermates, while Figure S1D
demonstrates that the transgene was absent from the other organs analyzed of both v-Msil
and WT litters. It has been reported that the Villin promoter in transgenic mice can be active
also in kidney (rate of one out five transgenic lines) [40]. However, none of the v-Msil lines
(Figure S1D and not shown) showed expression of Msi1 in this organ. Given that all
transgenic lines presented similar features (not shown), further in depth analyses were
performed using the F7 line.

Next, we performed MSI1 immunostaining experiments on small intestine and colon
sections. As expected only few cells were positive for MSI1 at the bottom of the WT crypts
(Figure 1A, C), while specific over- and ectopic MSI1 expression all along the intestinal
epithelium in both intestines was observed in v-Msil mice (Figure 1B, D). Western blots
and RT-gPCR of whole intestinal lysates further confirmed the increased MSI1 protein and
MRNA expression respectively in v-Msil intestines (Figures 1E, S1E).

Analysis of the intestinal features of transgenic adult animals showed a slight but significant
increase of crypt depth, due to an enhanced number of cells per crypt axis in both proximal
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and distal small intestine compared to WT (Figures 2A-C, S2A), while the whole crypt-
villus height looked unchanged in size. In the colon however, we could not observe any
clear difference in morphology (Figure S2C). As Msi1 overexpression has been shown to
enhance proliferation, we performed immunostaining for the proliferation marker Ki67 on
sections of small and large intestine in both v-Msil and WT mice (Figures 2D-G, S2B, D).
Interestingly, the percentage of proliferative Ki67-positive cells was significantly increased
in both proximal and distal small intestine of mutant compared to WT animals. Furthermore,
Ki67 positive nuclei were present in the villi of some v-Msil mice (arrows in Figure 2F). In
the colon no clear hyperproliferative phenotype was observed, according to the generally
unaltered morphology (Figure S2D). We also conducted Msi1-knockdown experiments by
transducing Sh-interfering viral particles in intestinal epithelial primary cultures from the
small intestine as previously described [39]. Interestingly, we observed a significant
reduction of proliferating Ki67-positive cells in Sh-Msi1 (Sh1-1 and Sh1-4) condition
compared with controls (GFP-infected or Sh-Scrambled infected cells). The decrease
paralleled the expression levels of Msil mRNA in the cells maintained in the different
culture conditions (Figure S3A-C). Finally, given the role described for MSI1 in cell fate
determination (reviewed in [49]) we also analyzed the major epithelial differentiation
markers, but found no major defects (data not shown).

In summary, MSI1 ectopic expression in the intestinal epithelium is responsible for
increased intestinal crypt size and increased cell proliferation, consistent with its function
highlighted in other systems (reviewed in [19]) and in our previous in vitro studies [25, 39].

Molecular characterization of the v-Msil intestinal mucosa

To determine the signals regulated by MSI1 increased expression in the whole intestinal
epithelium, we compared the transcriptomic profile of v-Msil vs. WT animals using RNA-
seq. After stringent analyses (see Material and Methods), we identified a total of 1,365 genes
up-regulated in v-Msil animals relative to wild-type, and 1,018 genes down-regulated
(Figure S4, Tables S2, S3). Using a KEGG pathway enrichment analysis tool, we identified
drug metabolism as the top enriched pathway among down regulated genes (Figure S5,
Tables S4, Sb). Specifically, genes of the Cytocrome P450 super family of mono-
oxygenases (CYPs) and Glutathione-S-transferase families were down-regulated in v-Msil
mucosa (Figures S5, S6). Surprisingly, few genes of the canonical Wnt pathway were
differentially regulated (Figure S7A), and statistical analysis revealed no significant
association between MSI1-dependent differentially expressed genes and those in the
canonical Wnt pathway (14/148 genes corresponding to 9.4%; p-value, adjusted by
Benjamini correction = 0.98). However, we did observe increased activated p-catenin,
CCND1 and c-MYC protein levels in v-Msil intestinal mucosa compared with the WT
counterpart (Figure S7B), indicating an increased Wnt activity dependent on high MSI1
expression as previously shown [39, 50].

Among up-regulated genes, the top cellular pathways affected by MSI1 include cell cycle,
confirming the observed increased proliferation in v-Msil crypts (Figures 1 and S2), as well
as DNA replication and repair (Figure 3A). Network analysis established correlations among
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affected genes in these different pathways (Figure 3B). Some of these functional interactions
represented the focus of more in depth analyses.

Cdk6/CDK6 and Ccnd1/CCND1 mRNAs are direct targets of MSI1

Changes in MSI1 level of expression have been previously reported to influence the cell
cycle of mammary progenitor cells [51]. Among cell cycle genes up-regulated in v-Msil
mice, Cdk6 and Ccndl1 were determined to contain binding sites for MSI1 according to
iCLIP data obtained from U251 glioblastoma cells [52] (Figure 4A). To obtain the iCLIP
map, we conducted experiments in triplicate using the protocol described in [53]. More
details are provided in GEO — accession number GSE68800. We hypothesized that the
direct effect of MSI1 on the expression of these two genes functions as the initial driver to
boost cell cycle and cell proliferation. We conducted experiments to validate Cdk6 and
Ccend1 as targets of MSI1 and to evaluate its direct impact on their expression.

First, RIP-RT-qPCR analysis performed on intestinal mucosa of v-Msil showed that MSI1
preferentially associates with Ccnd1 and Cdkeé transcripts (Figure S8). Second, by RT-gPCR
we confirmed that Ccndl and Cdk6 mRNA expression were significantly increased in v-
Msil animals compared with WT (Figure S9A), and significantly down regulated in Msil-
KD primary 2D and 3D cultures (Figure S9B). Then, we performed immunostaining to
evaluate CCND1 and CDK®6 expression in v-Msil vs. WT animals. For both proteins, we
observed a clear increase in their expression and in the number of positive crypt cells
(Figure 4B). For an in depth analysis of MSI1 potential binding on CCND1 and CDK6
mRNAs we employed the human embryonic cell line 293T. First, we observed an increase
in both protein levels after MS 1 transient transfection (Figure S10). Binding of MSI1 to
CDK®6 and CCND1 mRNAs was confirmed by RIP-RT-gPCR. RNPs were immuno-
precipitated with either anti-MSI1 antibodies or control 1gG and presence of CDK6 and
CCND1 mRNAs were evaluated by RT-qPCR (Figure 4C). MSI1 knockdown experiments
showed a decrease in mMRNA and protein levels of CDK6 and CCND1 by RT-qPCR (Figure
4D) and western blot (Figure 4E). The results of an mMRNA-decay assay (Figure 4F)
confirmed that higher CDK6 and CCND1 expression upon increased MSI1 levels was due to
decreased transcript decay rates, suggesting that MSI1 binding acts to stabilize these
MRNAs.

Taken together these results demonstrate that Ccndl/CCND1 and Cdk6/CDK6 are MSI1
target mMRNAS and that there is a direct correlation between the expression levels of MSI1
and these two transcripts and proteins in both intestinal mucosa or epithelial primary
cultures from v-Msil mice and in 293T cells.

Increased Musashil expression has an impact on crypt 3D cultures

MSI1 has been proposed as a marker of gut stem cells [4, 10] and our previous study
indicated an association between Msi1 expression and the stem cell zone of the intestinal
crypts [12]. Furthermore, as increased MSI1 expression in v-Msil mice provoked a clear
expansion of the crypt compartment, we specifically checked for the impact of its increased
expression on the intestinal stem cell signature genes defined by Mufioz et al. [10] (Table
S6). Interestingly, out of the 510 signature genes, 142 showed differential expression in v-
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Msil compared with WT intestines, with 14 genes being down- and 128 up- regulated
(Figure 5). It is worth noting that the best-characterized markers of the crypt stem cells such
as Lgr5, Ascl2, Olfmd, Lrigl, Smoc2, are up-regulated in v-Msil mice. Among these stem
cells genes we focused in particular on Sox4 and investigated its potential direct regulation
by MSI1, also according to our CLIP data [52] (Figure 6A). Binding of MSI1 to the Sox4
transcript in v-Msil intestinal mucosa was corroborated by RIP-RT-gPCR (Figure S8).
SOX4 has well-described roles in stem cell biology [54, 55] and we speculated it could be
the main vector of MSI1’s role in intestinal stem cells. In fact, we looked for described
targets of SOX4 [56] and determined that 36 differentially expressed genes from our dataset
were characterized as SOX4 targets (Table S7), a result that is statistically relevant (p =
0.0072; 42 test 1-d.f.). By RT-qPCR we confirmed that Sox4 mMRNA expression was
significantly increased in v-Msil animals compared with WT (Figure S9A), and
significantly down regulated in Msi1-KD primary 2D and 3D cultures (Figure S9B).
Immunostainings for SOX4 protein in intestinal sections showed a clear increase in the
number and intensity of SOX4-expressing cells in v-Msil vs. WT crypts (Figure 6B).
Furthermore, using 293T cells we validated SOX4 as a direct target of MSI1 and determined
that MSI1 knockdown decreases SOX4 expression levels and influences its mMRNA decay
ratios (Figure 6C—F). We also observed an increase in SOX4 protein levels after MS1
transient transfection (Figure S10).

To further confirm that the increased expression of MSI1 in v-Msil animals has an impact
on crypt cell physiology and on their potentiality ex vivo, we grew 3D crypt cultures [42].
We speculated that an increase in the expression of MSI1, as well as the associated
increased expression of several stem cell signature genes, would impact the kinetics of
organoids formation. As illustrated in Figure 7A, the crypt cultures established from v-Msil
animals presented increased and faster budding, clearly visible after one or three days in
culture. At six days, when the cultures are fully established, the difference between WT and
v-Msil is less evident. We quantified the differences in the structures of the organoids over
the time in culture and counted the number of simple (sphere) or complex (simple organoids
or organoids bearing several buddings) conformations. As illustrated in Figure 7B, in WT
cultures there is a significantly higher number of spheres after one day in culture and a
slower appearance of organoids bearing more than three budded structures compared with
the v-Msil crypt cultures. In fact, the v-Msil cultures display a higher number of organoids
with several buddings at each time point and the differences are statistically significant. We
completed our study by analyzing the expression of several stem cell markers and that of the
three direct MSI1 mRNA targets Ccndl, Cdk6 and Sox4. We observed a significant positive
regulation of all the markers analyzed in v-Msil compared with WT organoid cultures
(Figure 7C), and that were down regulated in Msi1-KD primary 2D and 3D cultures (Figure
S9C).

In summary, high MSI1 levels in the intestinal crypts of v-Msil animals increase the
potentialities of growth ex vivo, strongly suggesting an increased stem cell activity.
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Discussion

MSI1 has long been described as a potential central actor in intestinal physiology (reviewed
in [57]). Although Msi1-KO mice have been developed [58], eventual intestinal-
developmental or adult-physiological abnormalities in those mice have never been reported.
Using the opposite approach, following our previous results in ex vivo models [39], we
developed a transgenic mouse model in which constitutively we expressed MSI1 in the
entire intestinal epithelium, representing a model of targeted ectopic- and over-expression.
Our data on the phenotypic analysis of the v-Msil mice indicate an increased cell
proliferation rate in the intestinal epithelium, confirming our previous in vitro data [39].
However, this defect was evident only in the small intestine despite the fact that the
transgene targets both the small intestine and the colon similarly. Some still unknown
mechanism might be responsible for protecting the colon epithelium from the consequences
of high Msil expression. Along the same lines, v-Msil young adult animals did not develop
intestinal cancers as expected from the literature (reviewed in [57]). Although this result
initially seems contradictory to our previous observations in primary cultures [39], a direct
comparison is misleading. In fact, the over- and ectopic expression of MSI1 in our model
was induced in a physiological context. It is likely that complex, still undefined mechanisms
are at-play in vivo that ameliorates the deleterious effects of MSI1 overexpression. These
results however do not dismiss MSI1 as a driver of tumor initiation in the intestine, but
rather suggest that an altered microenvironment and/or additional mutations might be
needed to boost MSI1 tumor-inducer potential. Nevertheless, our molecular analyses have
revealed that MSI1 overexpression affects several functions and pathways related to stem
cell physiology, drug metabolism, cell cycle and DNA synthesis and repair. Indeed, the
observed up-regulation of several actors involved in DNA repair in v-Msil intestine,
strongly suggests that this might be one of the protective mechanisms acting against
increased MSI1 expression in a physiological context.

Gene expression analyses, aimed at defining the impact of increased MSI1 expression on the
intestinal epithelium in vivo, revealed a strong influence on drug resistance pathways. MSI1
has been previously implicated in drug resistance due to its association with stem cells and
“cancer stem cells” [20, 69, 60]. In fact, these cells express high levels of the ABC
transporters (ATP binding cassette), which transport drugs outside the cell [61]. Moreover,
MSI1-expressing cells in the intestine increase dramatically in number after 5-FU treatment,
a routinely used anti-colon cancer drug [59]. MSI1-positive cells also express high levels of
the cytokine IL-4, the inhibition of which renders cells more sensitive to 5-FU, oxaliplatin,
and death ligand TRAIL treatments [60]. Intriguingly, our data suggests other associations
between MSI1 overexpression and drug resistance, offering potential new alternatives to
target tumor cells in colon cancer and/or in other tumors with high MSI1 expression. In
particular, genes of the Cytocrome P450 super family of mono-oxygenases (CYPS) were
down-regulated in v-Msil mucosa. CYPs have a large range of action, impacting the
metabolism of hormones, drugs and toxic chemicals [62]. Similarly several members of the
Glutathione-S-transferase family were down-regulated by MSI1 over-expression. These
proteins are detoxification enzymes which catalyze the conjugation of glutathione with
broad substrates including chemotherapeutic agents, and are involved in cell protection
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against apoptotic signals by inhibiting the stress-signaling cascade mediated by ASK1
(Apoptosis signal-regulating kinase)-JNK (c-Jun N-terminal kinase) [63].

Another cellular function highly affected by increased MSI1 expression was cell cycle. The
impact of MSI1 on the cell cycle was previously reported in the context of colon cancer cells
[23]. Several cyclins (B1, B2, D1, D2 and E1) along with CDK-1, -2 and -6, and CDC20,
CDC25c¢ and CDC45 were affected by MSI1-overexpression, suggesting an impact in all
three steps of the cell cycle. Interestingly, our data show that Ccndl/CCND1 and Cdk6/
CDK6 mRNA s are stabilized by MSI1, strongly suggesting one mechanism by which MSI1
is implicated in cell cycle control and cell proliferation. Increased cell cycle activity
demands a boost in DNA replication. All members of the mini-chromosome maintenance
(MCM) 2-7 helicase complex were shown to be up-regulated in v-Msil mice. This complex
has a role in both the initiation and the elongation phases of eukaryotic DNA replication,
specifically the formation and elongation of the replication fork [64]. Other major players in
DNA and RNA synthesis like POLE, POLR1B, POLE2, POLA1, POLD2, POLR2B,
POLD1, POLR1E were also up-regulated. Similarly, an increase in cell proliferation and
DNA synthesis requires more robust DNA repair mechanisms. The most relevant players
showing an increased expression in v-Msil intestine are two core checkpoint proteins (ATR
and CHK1). The ATR-CHKZ1 pathway is the principal direct effector of the DNA damage
and replication checkpoints and it is essential for the survival of many cell types [65]. Given
that the v-Msil mice did not display any obvious intestinal lesions, we can conclude that
these control mechanisms are efficiently working. We can also speculate that this
generalized overexpression of players involved in DNA repair might be responsible for
preventing intestinal cell transformation and tumor development.

One prominent result from our study is the strong up-regulation of the gut stem cell
signature in v-Msil mice, and the impact of MSI1 increased expression on ex vivo 3D
cultures, strongly suggesting an action on crypt stem cell activity. The association between
MSI1 and gut stem cells has already been established [4, 10, 66], but we lacked information
concerning its mechanism of action specifically in these cells. Interestingly, we showed that
MSI1-overexpression boosts the expression of a large group of stem cell related genes. In
particular, driven by MSI1 iCLIP data [52], we focused on the Sox4/SOX4 mRNA and
demonstrated that MSI1 directly stabilizes it. Of note, the expression of Sox4 is restricted in
mammals to embryonic structures and some adult tissues, such as lymphoid organs,
pancreas, intestine, and skin [67—74]. Indeed, SOX4 has well-described roles in stem cell
biology [54, 55] and we hypothesize that it could act as a main target for MSI1’s role in
crypt stem cell biology. This assumption is supported by the fact that a significant number of
SOX4 targets [56] are also up-regulated in v-Msil mice.

In conclusion, we have reported here the development and characterization of a new mouse
model in which we targeted Msi1 expression. Our results reveal that Msil overexpression
affects a network of genes and signaling pathways linked to cell cycle, proliferation and
stemness. Our study also led to the identification of three new important MSI1 mRNA
targets, Ccndl, Cdk6 and Sox4, representing a step to expand its functional repertoire and
define its multiple functions.
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Significance Statement

The evolutionary conserved RNA-binding protein Musashil is a marker of adult stem
cells, including those of the intestinal epithelium. With the aim to gain more insights into
its function, we generated a mouse model overexpressing Musashil specifically in the
intestinal epithelium. Detailed phenotypical analyses indicated that this targeted ectopic
and over-expression in vivo affects crypt cell physiology, including increased
proliferation rate. This is due to the modulation of a complex network of gene functions
and pathways such as gut stem cell signature, drug metabolism, cell cycle and DNA
synthesis and repair.
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Figure 1. Increased MSI1 expression in v-Msil intestine
Anti-MSI1 antibodies were used to analyze the expression pattern of MSI1 along the

epithelial axis of the small intestine (A, B) and colon (C, D) of v-Msil (B, D) and WT (A,
C) animals. Pictures show the merging of nuclear (blue) and MSI1 (red) staining.
Bar=15um. (E) Analysis of MSI1 protein levels by WB in v-Msil and WT animals. Actin
was used as the loading control. The Ctrl lane (positive control) corresponds to lysate from
Cos7 cells transfected with a Msi1-expressing vector.
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Figure 2. Morphological and proliferative properties of the v-Msil intestinal mucosa
A, B) Morphological analysis of the distal small intestine from WT (A) and v-Msil (B)

mice. C) Quantification of the number of cells per crypt axis, as indicated by the black
dotted double arrows in A and B. Approximately 40 axes were scored under the microscope
from at least four mice per genotype; histograms represent the mean = SD. **: P<0.01, in
comparison with WT, by Student’s t-test. (D—F) Ki67 immunolabeling of proliferating cells
in intestinal sections from WT (D) or v-Msil mice (E, F). Images show merged Ki67
immunolabeling (red) and nuclear staining (blue). G) Quantification of the percentage of
Ki67 positive cells per crypt. Approximately 40 crypts were scored under the microscope
from at least four mice per genotype; histograms represent the mean = SD. **: P<0.01, in
comparison with WT, by Student’s t-test. Bar=15um. Black double arrows in A and B define
the length of the vertical crypt-villus axis. Dotted double black arrows in A and B show the
size of the crypts. White bars in D and E define the limit of the proliferative Ki67-positive
cells and dotted double white arrows show the size of the proliferating zone. White arrows
in F indicate some Ki67-positive cells in villi.
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Figure 3. Pathways and functions affected by Msil altered expression
A) Enriched KEGG pathways for genes up-regulated in v-Msil samples. Only pathways

presenting adjusted P-value < 0.05 were selected. B) Increased expression of genes
implicated in cell cycle, DNA replication and repair in v-Msil compared with WT intestine.
Gene pathway data was obtained from DAVID (http://david.abcc.ncifcrf.gov/). Cytoscape
(http://www.cytoscape.org/) was used for pathway visualization.
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Figure 4. CCND1 and CDKG®6 are direct targets of MSI1
A) UCSC genome browser plots showing the position (x-axis) and count (y-axis) of iCLIP

reads overlapping the 3’ UTR of CCNDL1 (top) and CDKG6 (bottom). Highlighted are the
sequences of two regions in each UTR exhibiting particularly high density of iCLIP reads
and concordance between replicates. Each region shows the presence of several UAG and
GUAG oligomers, the known core of the Msil binding site. B) CDK6 and CCND1
immunolabeling in intestinal sections from WT or v-Msil mice as indicated. Images show
merged specific labeling (red) and nuclear staining (blue). Bar=15pum; insets in CDK6
panels=7pum. C) RIP-PCR performed with anti-MSI1 and control antibodies in 293T cells
showing that CCND1 and CDK6 mRNAs are highly associated with MSI1 protein. D) RT-
gPCR showing the impact of MS1 knockdown on CCND1 and CDK6 mRNA levels. E)
Representative western blot showing the impact of MS 1 knockdown on CCND1 and CDK6
protein levels. F) MS 1 knockdown affects CCND1 and CDK6 mRNA decay.
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Figure 5. Stem cell marker expression is affected in v-Msil mice intestine
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Stem cell gene markers defined by Mufioz et al. [10] show altered expression in v-Msil

mice according to RNA-seq analysis.
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Figure 6. SOX4 is a direct target of Msil

A) UCSC genome browser plot showing the position (x-axis) and count (y-axis) of iCLIP
reads overlapping the 3’ UTR of SOX4 mRNA. Highlighted are the sequences of two
regions exhibiting particularly high density of iCLIP reads and concordance between
replicates. Each region shows the presence of UAG and GUAG oligomers, the known core
of the Msil binding site. B) SOX4 immunolabeling in intestinal sections from WT or v-Msil
mice as indicated. Images show merged specific labeling (red) and nuclear staining (blue).
Bar=15um; insets=7um. C) RIP-qPCR performed with anti-MSI1 and control antibodies in
293T cells shows that SOX4 mRNAs are highly associated with MSI1 protein. D) RT-qPCR
showing the impact of MS 1 knockdown on SOX4 mRNA levels. E) Representative western
blot showing the impact of MS 1 knockdown on SOX4 protein levels. F) MS1 knockdown
affects SOX4 mRNA decay.
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Figure 7. Increased growth potentialities of v-Msil cultured crypts
A) Crypts were prepared from WT or v-Msil intestine as indicated and maintained in culture

for several days, allowing complex organoid development and structuration. Pictures in (A)
have been taken under inverted microscope at the indicated days after the start of the culture,
and are representative of two independent experiments, each conducted on six replicates.
Bar=50um. B) The number of simple structure (spheres) or organoids of increasing
complexity (1 or 2 buds, more than 3 buds) were scored under the inverted microscope
during the first four days of culture. Multilayered histograms in the upper panels represent
the mean £ SD, n=6, of each counted structure in the cultured crypts of indicated genotype.
Histograms in the lower panels show the direct comparison of the number of spheres and
that of complex organoids depending on the genotype. *: P<0.05, **: P<0.01, in comparison
with WT, by Student’s t-test. C) RT-qPCR analysis of indicated stem cell markers and MSI1
targets in organoids of different genotype. Values represent fold change + SD, n=4, after
normalization to WT organoids. *: P<0.05, **: P<0.01 and ***; P<0.001, in comparison
with WT, by Student’s t-test.
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