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Abstract

Tightly regulated gene expression is essential for normal development and maintenance
of tissue homeostasis. RNA-binding proteins (RBPs) are essential facilitators of spatiotemporal
gene expression control by regulating post-transcriptional activity of target RNAs. Of particular
interest to our lab is the RBP Musashil (Msil), which displays aberrant expression in multiple
cancer types, including colorectal cancers. Msil controls translation, stability, and alternative
splicing of developmentally relevant target mRNAs. Previous in-vitro studies in our lab
implicated Msil in the regulation of intestinal tissue homeostasis. To elucidate functions of Msil
in the intestinal epithelium, our lab generated a mouse model that allows conditional and
inducible Msil overexpression. In this dissertation, | report that young mice ubiquitously
overexpressing Msil (Msi1®F) had an overall stunted growth phenotype and experienced
premature death. These Msi1°E mice failed to maintain normal organ proportions, with
particular organs either too small or too large when compared to control mice. For example, the
small intestine tissue of Msi1®E mice was smaller, whereas the brain was larger. Therefore, my
work suggests a potential role of Msil in regulating postnatal development of various mouse
organs.

Focusing on the intestinal tissue, | demonstrate that ubiquitous Msi1®F mice had
decreased proportions of proliferating intestinal epithelial cells (IECs) and reduced growth of
small intestine villi and colon crypts. These findings were consistent with the shortened
intestinal tissue phenotype. Furthermore, | show that dampened Cdc20 expression could
underlie the intestinal growth defects and diminished IEC proliferation. Most importantly, | report
novel results showing that Msil controls IEC differentiation in a region-specific manner. The
ileum sections of Msi1®E mice displayed more pronounced alterations in IEC differentiation and
Notch signaling when compared to the jejunum and colon sections. In addition, | observed

enhanced expression of intestinal ion transporters in Msi1l®E mice. These ion transporters



regulate movement of ions across the intestinal epithelia and facilitate reabsorption of water into
IECs. Taken together, my findings implicate Msil in intestinal tissue development, and
homeostasis, as well as highlight distinct roles of Msil along the intestinal tract.

Using an intestine-specific Msil overexpressing mouse line (Vil-Msil1®), | show that our
novel mouse model is a versatile tool that can be utilized to elucidate developmental and
pathological functions of Msil in any tissue of interest. Notably, the Vil-Msi1%F mice had a
greater longevity than ubiquitous Msi1®E mice. This finding suggests that the early premature
death observed in ubiquitous Msi1®E mice might be due to contributions from tissues or cell
types distinct from intestinal epithelia. Furthermore, the greater longevity of Vil-Msi1®E mice
indicates that this model will be a useful tool in studies which require mice to be viable for a
longer time, such as those focusing on tumor formation and screening of new therapeutics.

Lastly, Msil is an attractive therapeutic target due to its enhanced expression in various
cancer types and association with tumor progression. In this dissertation, | tested several small
molecule inhibitors of Msil in tissue culture and identified three compounds that were effective

at pharmacologically-relevant concentrations.
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CHAPTER 1: INTRODUCTION

Regulation of gene expression and disease

Precise spatiotemporal gene expression is essential for normal tissue development and
functioning. Biological events such as gastrulation, organogenesis and tissue self-renewal
require proper coordination of cellular processes in response to internal and environmental
cues. These processes include cell growth, proliferation, differentiation, movement and death
(1-3). The internal and environmental cues can be biochemical or biophysical, and examples
include growth factors, hormones, cytokines or changes in the extracellular matrix composition
(4,5). When a cell receives a signal, it triggers specific intracellular signaling pathways that can
alter gene expression and ultimately modify cellular activity. Thus, gene expression changes in
response to activation and deactivation of signaling pathways must be tightly regulated to allow
appropriate cellular behavior.

Aberrant gene expression and cellular activity is implicated in many diseases and
disorders. Cleft palate, one of the most common human birth defects, is caused by improper
fusion of the upper facial prominences as a result of disrupted cell movement (6,7). Other birth
defects with underlying genetic factors include microcephaly (8), congenital heart defect (9),
congenital short-bowel syndrome (10), and Down syndrome (11). Although the severity differs
among individuals, birth defects can have profound immediate and long-term effects on a child’s
development and quality of life. For example, if not surgically corrected, cleft palates can
adversely affect speech and auditory development in children (12,13).

In addition to birth defects, dysregulated gene expression is associated with
tumorigenesis. Tumors arise when a cell acquires mutations that promote cell proliferation or
inhibit cell death, and this causes the cell to become unresponsive to mechanisms that normally
regulate tissue cell numbers. Cancer is the second leading cause of mortality after heart

disease in both men and women in the United States (14). It is estimated that more than



600,000 cancer deaths will occur nationally in 2020 (15). Like birth defects, cancer poses
significant health and financial challenges at both individual and societal levels (16,17). As
such, identifying and characterizing molecular factors that regulate gene expression could

elucidate potential therapeutic targets for genetic diseases.

RNA-binding proteins in gene expression control

Eukaryotic gene expression is a dynamic and intricate process with regulation at the
transcriptional, RNA processing, translational and posttranslational levels. Each regulatory step
involves multiple molecular factors that work cooperatively to determine when, where and to
what extent a gene is expressed. RNA-binding proteins (RBPS) represent a unique group of
essential regulators that function mostly at the post-transcriptional level. The human genome
encodes at least 1,600 RBPs with diverse roles (18). RBPs bind to sequence-specific motifs in
target RNAs, and modulate all aspects of RNA metabolism including splicing, 5’-capping,
polyadenylation, stability, transport, and translation (19). Furthermore, emerging evidence
suggests that RBPs can function at the transcriptional level by interacting with transcriptional
factors and active gene promoters (20).

Given that RBPs are crucial regulators of gene expression, it is hot surprising that
perturbations in their regulatory mechanisms are linked to many diseases. For example,
aberrant RBP expression and function is observed in cancer (21), birth defects (22),
neurodegenerative disorders (23), and autoimmune diseases (24). One such RBP is Musashil
(Msil), which displays altered expression in many cancers, including colorectal (25), brain (26),
lung, prostate and breast cancers (27). In addition to tumorigenesis, Msil is also involved in the
pathogenesis of Alzheimer’s disease (23) and Zika virus-induced microcephaly (28). The
involvement of Msil in such a diverse range of diseases is possibly due to its large pool of
target mMRNAs that play central roles in many processes such as cell cycle (29), differentiation

(30) and metabolism (21). The best characterized role of Msil is translational regulation through



binding to specific sequences in the 3’-untranslated region (3’-UTR) of target mRNAs and

repressing translation initiation (31).

The discovery of Musashi

The musashi (msi) gene was first identified in Drosophila melanogaster as an RBP that
is required for proper development of the adult external sensory organ (32). During normal
mechanosensory bristle development, a sensory organ precursor (SOP) cell divides
asymmetrically to generate two progenitor precursors: a non-neuronal lla cell and a neuronal Ilb
cell (Fig. 1.1A). Then the lla precursor cell further divides asymmetrically into a socket cell and a
shaft cell that eventually make up the external part of the bristle. Two successive asymmetric
divisions of the Ilb cell produce a neuron, a glia, and a sheath cell. Nakamura et al. (1994)
generated flies with a loss-of-function msi mutation by excising part of the msi coding sequence
using the P-transposable element system. Unlike wild-type flies, the msi’- mutants developed
external sensory organs that had two lla cells, but lacked the IlIb cell (Fig. 1.1B). This resulted in
flies with two mechanosensory bristles originating from a single SOP cell. Consequently, the
gene responsible for this double-bristled phenotype was named “musashi” after Miyamoto
Musashi, a famous Japanese samurai who initiated the use of two swords when fighting, in
favor of the traditional single-sword style.

Initial predictions for potential targets of D. melanogaster msi (d-msi) came from studies
that showed similar or opposite phenotypes to the msi loss-of-function mutants. Tramtrack (ttk)
is a zinc finger-containing transcriptional repressor that functions downstream of Notch signaling
during fate determination of the SOP cell (33). Unlike msi mutants, loss of ttk expression
resulted in the duplication of the llb cell at the expense of the lla cell. In contrast, ttk
overexpressing mutants had a similar phenotype to msi loss-of-function mutants (33,34). Msi
and ttk expression do not overlap during development of the adult external sensory organ as

indicated by immunohistochemistry staining. Ttk is expressed in the non-neural lla, socket and
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Figure 1.1: Msil is required for proper development of the external sensory organ in
Drosophila melanogaster. (A) Normal asymmetric division of the sensory organ precursor
cell (SOP) produces two progenitor precursor cells (lla and IIb), which divides further,
asymmetrically, to produce 5 different daughter cell types. [Socket cell = So, Shaft cell= Sf,
Glia = G, Sheath cell = Sh, Neuron = N] (B) Loss of msi results in duplication of lla cells at
the expense of llb cell, and the resulting flies have 2 socket and 2 shaft cells. Adapted with

permission from Okano et al., (2002) J Cell Sci. (104)

Shaft cell




shaft cells, but is not expressed in the neural 1lb cell or its daughter cells (34). While, msi is
expressed in the nuclei of neural progenitor cells (32). Therefore, the staining pattern and
phenotypes of mutant flies suggested that msi and ttk have antagonistic roles in sensilla
development, possibly through post-transcriptional processing of ttk mMRNA by msi.

A possible regulatory role of msi on ttk expression was later revealed in a study that
investigated the role of msi in D. melanogaster eye development (35). Msi is expressed in the
nuclei of all developing photoreceptor cells. Additional analysis showed that msi functions
cooperatively and redundantly with seven in absentia (sina) to ensure proper neural
differentiation in photoreceptor cells. Eyes from msi and sina double loss-of-function mutants
had severe differentiation and morphological abnormalities as well as enhanced ttk protein
expression when compared to individual mutants. Reducing ttk expression significantly rescued
these developmental defects. Thus, this study implied that sina and msi negatively regulate ttk
expression at the post-transcriptional level during neurogenesis of photoreceptor cells.

These early studies in D. melanogaster suggested that msi could be involved in
regulating translation or stability of target mMRNAs. Since the discovery of msi almost two and
half decades ago, much effort has been put forward to characterize msi expression, protein

structure, target MRNAs, and regulatory mechanism using various model organisms.

Identification of Msi in other organisms

D-msi has orthologs in several species including human (36), mouse (37), rat (38),
Xenopus laevis (39), and zebrafish (40). Two MSI protein family members have been identified
thus far, and they are encoded by genes located within different chromosomes. Mouse-Msil (m-
Msil) and mouse-Msi2 (m-Msi2) share a 69% amino acid sequence identity, and an overall 75%
charge identity (41). Although the expression of the two proteins overlaps in brain, intestines
and other tissues, they also have distinct tissue distributions (37,41). Msi2 is expressed in more
tissue types than Msil. Functional redundancy of m-Msil and m-Msi2 has been reported in the
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intestinal epithelium (21) and brain (42). However, the two proteins also have distinct roles even
in cells or tissues where their expression overlaps, such as in the ovaries (43) and pancreatic B-
cells (44). Human MSI1 and MSI2 share similar expression patterns as their mouse orthologs
(NCBI gene).

The Neufeld group has historically focused its research efforts on the tumor suppressor
Adenomatous Polyposis Coli (Apc). More recently, we began studying Msil because Msil
expression was highly upregulated (~13-fold) in mouse intestinal epithelium tissue upon loss of
Apc (45). Elevated Msil protein levels were also observed in mouse intestinal tumors

expressing truncated, loss-of-function Apc (46).

Characterization of mammalian Msil and determinants for binding to mRNA targets

Human MSI1 and m-Msil genes encode 362-amino acid (39 kDa) protein products that
have 99.4% (360/362) and 99.7% (361/362) amino acid sequence and charge similarities,
respectively (UCSC genome browser and NCBI protein blast). Msil has two tandem RNA
recognition motifs (RRM1 and RRM2), also known as RNA-binding domains, (Fig. 1.2A)
(36,37,47). RRMs are conserved 80-90 amino acid domains that are ubiquitously present in
RBPs, albeit in different numbers (48,49). These RRMs facilitate interaction between an RBP
and its target RNAs through binding to sequence-specific motifs within the RNA. The two Msil
RRMs are highly homologous with 45% sequence and 65% charge identities (50). Their
structures are shown in Fig. 1.2B (50-53).

The B-strands in the RRMs provide a surface for Msil to interact with a target mMRNA
(52). RRM1 B-strands are more positively charged than RRM2 3-strands, and this charge
difference makes it more favorable for RRM1 to interact with the negatively-charged mRNA. The
significance of RRM1 in target recognition and binding was highlighted by studies in which the
substitution of three RRM1 phenylanine residues with leucines obliterated Msil binding to

targets (30,54). These phenylanine residues (F23, F63 and F65; Fig. 1.2B) stabilize the protein-
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Figure 1.2: Structure of Msil protein and RNA-recognition motifs. (A) Linear
representation of human and mouse Msil showing the two RNA-recognition motifs (RRM1
and RRM2) and the poly(A)-binding protein domain (PABD).m(B) Structures of Msil RRMs.
Side chains of three phenylanine residues (F23, F63 and F65) that are essential for RRM1
binding to targets are shown. lllustrations for RRMs were modified from deposited structures
(PDB 2RS2 and 2MSS) in the NCBI Structure Summary MMDB database. Adapted from
Miyanairi et al., 2003.



MRNA complex by providing aromatic-aromatic stacking interactions with specific nucleotide
bases in the mRNA (50,55). In addition, the B1- and p3-strands in RRM1 are more flexible than
those in RRM2; thus, provide ideal flexibility which facilitates induced fit interactions between
Msil and a target mMRNA as well as better conditions for robust stacking interactions (52). As a
result, RRM1 has a higher binding affinity to target RNAs than RRM2 (30,47).

The binding specificity of Msil to targets is determined by RRM1 (52,55). This is
probably due to the higher binding affinity of RRM1. Although RRM2 provides additional binding
affinity, it does not alter the specificity to mRNA targets. As such, RRM1 has been proposed as
a potential therapeutic target for small-molecule inhibitors that are designed to compete with
MRNA for binding to Msil. Chapter 7 describes results from a project in which | screened

several small-molecule Msilinhibitors that were designed and synthesized by our collaborators.

Mouse Numb mRNA is a target of Msil protein

The first sequence-specific binding motif for m-Msi was identified as (G/A)U1sAGU via
an in vitro SELEX assay (Systematic Evolution of Ligands by Exponential enrichment) (30).
Numb mRNA was used to validate the sequence motif because Numb had been proposed as a
likely Msil target based on evidence that Numb is required for neural differentiation, and both
Msil and Numb are expressed in undifferentiated D. melanogaster and mouse neural progenitor
cells (32,37,56). Numb protein, a Notch signaling antagonist, is localized asymmetrically to the
SOP cell membrane, and is differentially proportioned to one of the intermediate progenitor cells
following SOP cell division (56). Sequence analysis revealed that the 3’-UTR of m-Numb mRNA
contains the consensus sequence motif, and Msil can bind to m-Numb both in vitro and in vivo
(30). Mutating the motif abolished binding of Msil to targets, indicating that the sequence is
essential for Msil activity (26,29,30,54). Later studies confirmed the Msil SELEX-motif and
showed that a conserved UAG trinucleotide forms the core of the Msil binding site and
underlies the binding specificity of Msil to mRNA targets (27,50,55,57).

8



Mechanism for translational inhibition by Msil

To elucidate the post-transcriptional regulatory role of Msil, Imai et al. (2001) analyzed
effects of ectopic expression of Msil on m-Numb mRNA and protein levels in NIH 3T3 cells that
do not express endogenous Msil. There were no significant alterations in m-Numb mRNA
levels. However, a 78% reduction in endogenous m-Numb protein quantity was observed.
These findings indicated that Msil negatively regulates Numb translation without affecting its
MRNA stability.

It was later shown that Msil regulates target mRNA translation by competing with the
eukaryotic translation initiation factor elF4G for binding poly(A)-binding protein (PABP) (31).
Msil can be immunoprecipitated with PABP, and RNase treatment does not disrupt this
association, implying a direct interaction between the two proteins. The C-terminus of Msil
contains a PABP-binding domain (PABD) (Figure 1.2A), and Msil also binds to the same region
within PABP as elF4G. Addition of incremental amounts of Msil decreases the amount of PABP
that can be immunoprecipitated with elF4G in a dose-dependent manner. These results
suggested that Msil represses translation initiation of targets by inhibiting the PABP-elF4G
interaction. Supporting this analysis, immunostaining showed discrete cytoplasmic puncta of
Msil in addition to a more diffuse cytoplasmic staining. Strong colocalization of Msil with PABP,
elF4G, elF4E, and markers for mRNA processing bodies indicated that the puncta were stress
granules that contained stalled translation initiation complexes as a result of Msil inhibiting 80s
ribosomal complex formation. Lastly, recombinant Msil without the PABD does not inhibit

translation; thus, the interaction between Msil and PABP is required for Msil regulatory activity.

Identification of additional Msil targets
Other validated mammalian Msil targets that were identified using the SELEX motif
(G/A)U1.3AGU include APC (54), the cycle inhibitor p21/CDKN1A/WAF1 (29), and Tensin3

(TNS3), a negative regulator of cell migration (26). Similar to Numb, the Msil-binding motif is
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located within the 3’-UTRs of APC, p21, and Tns3 mRNAs, and Msil overexpression reduced
APC, p21, and Tns3 protein levels. However, unlike p21, Numb, and Tns3, overexpressing Msil
increased the amount of APC mRNA in a dose-dependent manner (54). These results
suggested that Msil could also be involved in regulating the stability of specific targets.
However, it remains to be determined how Msil can stabilize certain targets while not affecting
others.

Four major studies have been conducted thus far to identify additional direct targets of
Msil. First, an in vitro study that utilized HEK293T cells, a human embryonic kidney-derived cell
line, and ribonucleoprotein immunoprecipitation followed by microarray analysis (RIP-Chip)
identified 64 mRNAs that were preferentially associated with MSI1 (58). 62 out of the 64 mMRNAs
have at least one MSI1 consensus binding motif in their 3’-UTRs. Two additional large scale in
vitro studies also employed the unbiased RIP-Chip, and individual-nucleotide resolution cross-
linking and immunoprecipitation (iCLIP) techniques to identify multiple direct mRNA targets of
Msil in two brain cancer-derived cell lines (57,59). Uren et al., (2015) found multiple intronic
binding sites in direct targets, suggesting that Msil could have other post-transcriptional
regulatory roles. Furthermore, the enrichment of the UAG trinucleotide sequence in Msil
binding sites raised the possibility that Msil could target stop codons and interfere with
translation termination. However, the iCLIP results showed that Msil rarely binds to UAGs that
serve as stop codons; thus, Msil is likely not involved in translation termination (57).

Recently, 2,371 endogenous wild-type Msil targets were identified in a large scale CLIP-
Seq study that utilized cells isolated from mouse intestinal epithelium (21). Pten (Phosphatase
and tensin homolog) and S-catenin, an antagonist of the mTOR pathway and a transcriptional
effector of the canonical Wnt signaling pathway, respectively, were the only targets of Msil that
were validated in this study. Msil overexpression repressed translation of both targets. Although
the majority of targets that were identified in these four studies have yet to be fully validated,
gene ontology analyses revealed that the proteins encoded by the targets are involved in the

10



regulation of many cellular processes including cell proliferation, cell differentiation, cell cycle,
apoptosis, cell metabolism, post-translational protein modification, protein localization, and cell

movement.

Other post-transcriptional regulatory functions of Msil

Similar to previous findings (57), Li et al., (2015) identified additional binding motifs for
Msi1 in the 5’-UTRs, coding sequences, introns and 3’-UTRs (Fig. 1.4G). Interaction of Msil
with non-3’-UTR motifs suggested additional RNA regulatory functions of Msil. Although Msil
was originally identified as a translational repressor, several studies have shown that Msil can
enhance translation of direct targets such as Robo3 (Roundabout guidance receptor 3) (60),
cMet (61), Pdgfra (Platelet-derived growth factor receptor alpha), Egfr (Epidermal growth factor
receptor), and Igflr (Insulin-like growth factor 1 receptor) (57). Msil binding sites are present in
the 3’-UTRs of all five targets. The protein expression of these targets increases when Msil is
overexpressed in cultured cells or mouse models, and diminishes upon the knockdown or
knockout of Msil. It is not clearly understood how Msil promoted translation of Robo3, Pdgfra,
Egfr, and Igflr because the increase in protein amounts was not accompanied by upregulated
MRNA levels (57,60).

It is possible that, even though these are direct targets of Msil, the translational
enhancement observed is an indirect effect of Msil on protein stability. It has been shown that
Msil indirectly downregulates expression and activity of the 26S proteasome subunit in breast
cancer and glioblastoma cells by binding to and inhibiting translation of Nuclear transcription
factor Y subunit alpha (NF-YA), a transcription factor which is required for expression of human
proteasome genes (62,63). Thus, the enhanced protein expression observed could be due to
decreased proteasome activity.

In some cases, heightened mRNA stability of direct targets is linked to enhanced protein
levels upon upregulation of Msil. In vivo overexpression of Msil in the intestinal epithelium
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resulted in increased mRNA and protein expression of Cyclin D1 (Ccnd1l), Cyclin-dependent
kinase 6 (Cdk6), and SRY-Box transcription factor 4 (Sox4) (64). The increase in both mRNA
and protein levels was due to slower mRNA transcript decay rates in the presence of Msil.
Similar findings of increased mMRNA stability and translation were observed for tachykinin
(TAC1) (65), and intercellular adhesion molecule-1 (ICAM1) (66) in breast cancer and
glioblastoma cells, respectively. Furthermore, Ccndl, Cdk6, Sox4, and TAC1 have Msil binding
sites in their 3’-UTRs. It is poorly understood how Msil can use conserved sequence motifs to
bind to the same region of MRNA targets and either promote or inhibit translation, and also have
selective effects on mMRNA stability. It is possible that there are additional sequences that have
not been identified yet which allow Msil to regulate the stability and/or enhance translation of a
specific set of targets.

The binding of Msil to intronic sequences facilitates alternative splicing of mMRNA targets
in mouse retina (67). Msil binding sites are enriched downstream of exons of various genes
that are alternatively spliced during photoreceptor cell development, and in vitro experiments
showed that Msil expression increases the inclusion of specific exons of the photoreceptor
genes. It is important to note that the direct regulatory role of Msil on alternative splicing
requires nuclear localization of Msil and is also cell-type dependent. Endogenous Msil is
expressed in both nuclei and cytoplasm of mouse intestinal epithelial cells, although the
cytoplasmic expression is higher (21). mMRNA targets that showed Msil-intronic interactions in
the wild-type state had increased exon inclusion following Msil overexpression when compared
to transcripts that did not have intronic binding sites. Thus, this result implies that Msil is
involved in alternative splicing in mouse intestinal epithelial cells. Although a considerable
number of intronic binding sites for Msil were identified in U251 glioblastoma cells (57), further
analysis revealed a modest direct effect of Msil on alternative splicing. This modest role in

regulating alternative splicing could be due to the predominant cytoplasmic-localization of Msil
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in neural cells (27). Taken together, these studies suggest that Msil has context-dependent

regulatory effects on stability, translation, and alternative-splicing of direct mRNA targets.

Msil expression: roles in development and disease

Msil expression is enriched in stem and progenitor cells of various mammalian tissues
including brain (37), mammary (68), hair (69), stomach (38), pancreas (44), testis (70), and
intestine (71). The expression pattern of Msil and its large pool of developmentally relevant
target mMRNAs implicate Msil in tissue development and in the renewal of adult tissues. For
example, targeted Msil disruption in the developing mouse brain resulted in obstructive
hydrocephalus, improper cell proliferation and differentiation (42), and impaired neural cell
motility (60). Moreover, Msil deficiency diminished regeneration of the intestinal epithelial tissue
following irradiation-induced injury in adult mice (72). The importance of Msil in early
development is further emphasized by findings that Msil expression is higher in some
embryonic tissues; for example, in mouse brain, but decreases as the organism matures (37).

Aberrant Msil expression has been implicated in the pathogenesis of several human
cancers, including glioblastoma (26,57,59,73), colorectal (21,25), breast (62,74), lung and
prostate cancers (27). Most of these tumors exhibit Msil levels higher than that of uninvolved
tissue, implicating upregulated Msil expression and activity in driving oncogenesis. The
potential oncogenic effects of Msil were supported by evidence that Msil overexpression can
transform normal cells. Exogenous Msil expression in cultured primary rat intestinal cells
enhanced cell proliferation, activated Wnt and Numb signaling pathways, and induced tumors in
a xenograft mouse model (75). In contrast, the knockdown of Msil impaired growth of
xenografts derived from different cancer cell lines (25,59,73,74), indicating that Msil
upregulation is essential for sustaining cancer cell proliferation and growth. Furthermore, high
Msil expression increased the growth of mouse intestinal organoids (21,64). In addition,
elevated Msil promoted cell migration (64,76,77), and augmented chemoresistance (76,78) of
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various cancer cell types. Taken together, these studies show that independent manipulation of

Msil expression can alter cell biology and thus, implicate Msil as a potential therapeutic target.

Regulation of Msil expression

Given that Msil is upregulated in a wide-variety of cancers, several studies have sought
to identify molecular factors that regulate Msil expression. At the transcriptional level, Msil is
positively regulated by Notch (79), and Wnt (75) signaling pathways in the intestinal epithelium.
The promoter region of Msil contains two binding sites for Tcf/Lefl, the downstream
transcription activators of Wnt signaling, and overexpression of the ligand Wnt3a in primary rat
intestinal epithelial cells resulted in increased Msil mMRNA and protein levels. These findings
suggested that Msil is a Wnt target gene (75). Furthermore, our group previously showed that
APC, through its role as a Wnt signaling antagonist, can repress the Wnt-induced expression of
MSI1 in human colonocytes (54). In contrast, no alterations in Msil expression were observed
when Wnt3a was overexpressed in breast cancer cells, despite increased expression of other
well-established Wnt target genes (80). This discrepancy implies that the effect of Wnt3a on
Msil expression is tissue- and context- dependent. More work in other tissues is needed to
further elucidate the relationship between Msil and Wnt signaling pathway.

With regards to Notch signaling, Msil expression is positively regulated in colorectal
cancer cells by Notch3 and Delta-like ligand 4 (DIl4), a Notch receptor and ligand, respectively
(79). In contrast, the knockdown of Notch3 diminished Msil expression and the Dll4-induced
expression of Msil. Taken together, these studies suggest that Notch and Wnt signaling
pathways co-operatively control the transcriptional expression of Msil in intestinal epithelial
cells.

Additional factors that modulate the transcriptional expression of Msil include thyroid
hormone (T3), Tenascin C (TNC), and Regulatory Factor X (Rfx) transcription factors. T3

regulates Msil transcription in developing rat brain, and the ectopic expression of T3 restored
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Msil mRNA and protein expression in hypothyroid brains (81). The sixth intron of the Msil gene
contains a regulatory region for Rfx transcription factors, and is essential for positive regulation
of Msil expression in mouse neural stem and progenitor cells (82,83). Lastly, the extracellular
matrix protein TNC enhances Msil expression in breast cancer cells (80). These studies further
emphasize the notion that Msil expression is regulated by various factors in a cell- and context-
dependent manner.

Positive post-transcriptional regulation of Msil is provided by HUR and HuD, two
members of the highly conserved ELAV family of RBPs. ELAV proteins are involved in almost
all aspects of mMRNA metabolism, and are neuronal-specific RBPs, with the exception of the
ubiquitously-expressed HuUR (84). Msil mRNA has a very long 3’-UTR which has conserved
regulatory binding sites for HUR and HuD (85,86). HUR and Msil expression patterns are
positively correlated in glioblastoma tumors, and HuUR stabilizes Msil mMRNA and promotes its
translation (86). Similarly, HuD significantly reduced the degradation rate of Msil mRNA in
neural stem and progenitor cells (85). HUR and HuD are overexpressed in neuronal tumors and
this could explain the upregulation of Msil in the same cancer types.

Several tumor suppressor microRNAs (miRNAs) have been identified as negative post-
transcriptional regulators of Msil mRNA stability and translation. These miRNAs include miR-
34a, miR-101, miR-128, miR-137, miR-138, and miR-331 (87—89). miRNAs are small, single-
stranded, and non-coding RNAs that bind to target mMRNAs and either repress translation or
promote mMRNA degradation. Msil expression is inversely correlated to that of the miRNAs, with
Msil expression being higher in tumors, whereas that of the miRNAs is downregulated (87,88).
Induced expression of miRNA mimics in glioblastoma cells significantly reduced Msil mRNA
levels, and almost completely obliterated Msil protein expression (88). Moreover, the
downregulation of Notch and Wnt signaling by miR-137 in colorectal cancer cells could add to

the diminished Msil expression that is observed upon the overexpression of miR-137 mimics
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(87). It has also been shown that the repression of Msil by miR-137 during neurogenesis
promotes neural cell differentiation in favor of the self-renewal effect of Msil (90).

Taken together, these studies suggests that Msil is a proto-oncogene whose expression
is tightly regulated by tumor suppressor miRNAs and APC during normal homeostasis. In
addition, loss-of-function mutations in APC and/or downregulation of these miRNAs could

underlie the aberrant expression and activity of Msil in tumors.

Signaling pathways that are directly influenced by Msil

The most characterized pathway that is directly regulated by Msil is the evolutionary
conserved canonical Notch signaling pathway, which controls cell differentiation (91) and
epithelial-mesenchymal transition (EMT) (92,93) in various cell types. Overexpression of Msil in
primary cells from mouse (30) and rat (75) potentiated Notch signaling through translational
inhibition of Numb. Remarkably, the effects of Msil on Numb and Notch signaling seem to be
cell-context dependent. Instead of enhanced Numb protein levels, diminished amounts were
observed in gastric cells of Msil-knockout mice (94). Furthermore, Numb translation efficiency
was not significantly altered in neural stem cells that were isolated from a Msil-overexpressing
mouse model (27). These differential effects of Msil on Numb translation have been suggested
to be due to alternative splicing of Numb mRNA transcripts in a cell-specific manner (94).
Another member of Notch signaling which is influenced by Msil is Jaggedl (Jagl) (27), a ligand
and inducer of Notch. Activation of Notch by Jagl is necessary for EMT and metastasis of
breast cancer cells (95). Msil translationally repressed Jagl expression and restricted EMT in
mammary epithelial cells via inhibition of Notch signaling (27). Thus, these studies imply that
Msi1’s effect on Notch signaling greatly depends on the cell and tissue type.

Whnt signaling is another pathway that has been proposed to be regulated by Msil. In
addition to stimulating Notch signaling, the overexpression of Msil promoted growth and

proliferation of primary rat intestinal cells through activation of Wnt signaling (75). Furthermore,
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our identification of APC mRNA as a MSI1 target suggested that MSI1 could potentiate Wnt
signaling through repression of APC translation (54). Supporting these two independent in vitro
studies, were results from a Msil-overexpressing mouse model showing upregulated
expression of a few Wnt target genes in the intestinal mucosae (64). In contrast, no alterations
in Wnt signaling or expression of Wnt target genes were observed in two mouse models that
either overexpressed Msil (21) or had a complete Msil knock-out (72). This discrepancy in Wnt
signaling could be due to differences between in vitro and in vivo models, and the use of
different promoters to induce or knockout Msil. This topic will be discussed further in Chapter 2
where | describe the various Msil mouse models that have been generated and characterized
thus far.

Another pathway that is directly regulated by Msil is the PI3K/Akt/mTOR signaling
cascade, consisting of Phosphatidylinositide-3 kinases, their downstream mediator Akt, and
mammalian target of rapamycin (mTOR). The PI3K/Akt/mTOR signaling regulates many cellular
processes including cell survival, growth, proliferation and metabolism (96,97). Msil knockdown
in glioblastoma cells resulted in decreased cell proliferation and survival partly due to increased
protein levels of PTEN (Phosphatase and tensin homolog), an inhibitor of PI3K/Akt/mTOR
signaling (73). Furthermore, transgenic overexpression of Msil in a mouse model activated
PI3K/Ak/mTOR signaling through direct translational inhibition of Pten (21). This activation was
necessary for enhanced intestinal epithelial cell proliferation and crypt growth that was observed
in the Msil overexpressing mouse. Given that most mRNA targets of Msil reported in literature
(21,57-59) have yet to be fully validated, it is possible that Wnt, Notch, and PI3K/Akt/mTOR
pathways represent a very small subset of signaling pathways that are directly regulated by

Msil.
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The use of mouse models in studying Msil

Most of our knowledge regarding MSI1 has been generated from studies performed in
animal models, including mouse models. Given the high homology between human MSI1 and
m-Msil, it is not surprising that findings from mouse studies have mostly recapitulated results
from human-derived cells. Thus, experiments in mouse models have enhanced the general
understanding of the pathogenesis of human cancers and neurological diseases that display
altered MSI1 expression. The main types of mouse models that have been used to study Msil
are xenograft and genetically engineered mice.

The term xenograft refers to the transplant of an organ, tissue or cells to an individual of
another species. The main types of xenograft models are cell-derived xenograft (CDX) and
patient-derived xenograft (PDX) mice. CDX models involve the injection of normal or cancer
cells, from established cell lines, into a mouse. Whereas, the PDX models involves the use of
human tumor samples. PDX models are a useful tool in pre-clinical trials because they provide a
medium for testing the efficiency and potential toxicity of drugs before they are tested in humans
(98). For example, a therapy targeting Msil inhibited pancreatic cancer cell growth in a PDX
model (61). Although xenograft models are useful in this sense, they have a huge disadvantage
in that the xenografts are transplanted into immunocompromised mice, namely SCID (severe
combined immune deficient) or athymic Nude mice (99,100). These mice lack immune cells and
therefore, do not reject transplanted cells or tissue. However, the lack of immune cells in the
injected tumor cell’s microenvironment can severely limit findings because immune cells can
recognize tumor cells and eliminate them (101-103). Thus, because the immune system can
affect tumor growth and survival, results from studies performed in Nude and SCID mice are not
completely translatable to immune-competent patients. Therefore, genetically engineered
mouse models, also known as transgenic models, have become more popular for studies that
seek to understand the basic characterization of a gene, whether in development or the
progression of a disease.
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Aims of my dissertation research

The main focus of my dissertation was to characterize a novel mouse model that can be
induced to overexpress Msil in tissues of interest at a desired developmental stage. Several
mouse models for Msil were generated and reported during the course of my project. These
mice have been used to investigate functions of Msil in tissue development, homeostasis,
oncogenesis, and neurological disorders. | review and compare the genetic modifications and
findings from these models in Chapter 2.

The design, generation, verification, and growth phenotype of our inducible and
ubiquitous Msil-overexpressing mice are discussed in Chapter 3. Given that our group had
previously reported a potential role of Msil in the maintenance of intestinal homeostasis (54),
the rest of my dissertation project was focused on characterizing the intestinal phenotype of
these ubiquitous Msil-overexpressing mice. Results from analyses that were performed in the
intestinal epithelium tissue are reported in Chapter 4. In addition, | investigated the role of Msil
in regulating expression of intestinal ion transporters. The preliminary results from this
investigation are described in Chapter 5.

Following detailed analyses of the intestinal phenotype of our inducible, ubiquitous Msil-
overexpressing model, | transitioned my studies to an inducible, intestine-specific mouse model.
| discuss preliminary results from this investigation in Chapter 6.

Lastly, another part of my dissertation was to test small molecule inhibitors for potential
therapy in cancers that display elevated Msil expression. This project was a collaborative study
that involved two other groups led by Dr. Liang Xu and Dr. John Karanicolas who designed,
synthesized and further tested these inhibitors. | used bioluminescence cell-based assays to
screen the small molecule inhibitors. In addition, | analyzed potential Msil inhibitor compounds
for dose-dependent effects on Msil activity. Experimental results from these cell-based assays

are described in Chapter 7.
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CHAPTER 2: REVIEW OF MOUSE MODELS FOR MSI1

INTRODUCTION

In this chapter | review transgenic mouse models for Msil that have been reported in the
literature. Given that mouse Msil and human MSI1 share 99.4% and 99.7% amino acid
sequence and charge similarities, respectively, mouse models provide a highly translatable tool
for elucidating expression patterns and functions of MSI1. Msil mouse models can be divided

into three categories; reporter, knockout, and knock-in overexpressing models.

Reporter mice for Msil

To generate a reporter mouse, a fluorescent or non-fluorescent reporter gene is inserted
into a target gene for use in analyzing the endogenous expression pattern of the target gene. In
addition, reporter mice can be used for cell lineage tracing and cell sorting studies (1,2). Four
reporter mice for Msil have been described thus far, and these are Msil-CreERT™ (3), Msil-
eGFP (4), Msi1eYFP* (5), and Msi1CERT2 () (Table 2.1). Enhanced green fluorescent protein
(eGFP) and its derivative enhanced yellow fluorescent protein (eYFP) are commonly used as
expression reporters in both in vitro and in vivo studies. CreERT is Cre-recombinase fused with
a mutant ligand-binding domain of the estrogen receptor, and is active when bound to tamoxifen
(TAM) (7). A reporter mouse expressing CreER™ can be used for either fluorescent or non-
fluorescent reporter expression by breeding with a mouse carrying the reporter transgene.
Examples of fluorescent reporters include GFP, YFP, and RFP (red fluorescent protein), while

LacZ which encodes B-galactosidase is frequently used for non-fluorescent analysis.

For the Msi1-CreER™ and Msil®YFP* mice, the CreER™ and eYFP sequences were
inserted downstream of the first ATG start codon in exon 1 of Msil and their expression is

dependent on the endogenous Msil promoter (3,5). Similarly, eGFP expression in Msil-eGFP
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Table 2.1: Reporter mouse models for Msil. 2 Main tissue studied.

Mouse Tissue
. Notes
model expression
Msil- aBrain, retina,  Tamoxifen inducible. Can be bred with mice harboring loxP-
CreERT™ testis flanked reporter genes for expression and lineage tracing
3) analysis. Embryonic stage: administered tamoxifen at E10.5 in
pregnant Msil-CreERT ;Rosa26-Isl-LacZ mice. Revealed strong
LacZ expression in the entire nervous system (analysis at E12.5),
in olfactory epithelium (analysis at E17.5), and in differentiated
cells of the forebrain cortex, cerebellum, and brain stem cells
(analysis at E17.5). Postnatal: administered at 4 weeks of age.
High LacZ expression in the retina photoreceptor cell layer in
Msil-CreERT ;Rosa26-Isl-LacZ reporter mice. LacZ reporter-
expressing neural stem cells (NSCs) in the subventricular zone
(SVZ2). Lineage tracing analysis at 60 days after tamoxifen
showed LacZ-positive cells in the SVZ, olfactory bulb and rostral
migration system. Using Rosa26""P reporter mice for lineage
tracing, YFP expression was observed in NSCs of SVZ (2 months
post-tamoxifen), in precursor cells for dentate granule cells of the
hippocampus (2 months post-tamoxifen), and common progenitor
cells of the olfactory receptor neurons and sustentacular cells (8
months post-tamoxifen).
Msil-eGFP  2Small Not inducible. 8-12-week old mice analyzed. Actively-cycling
4) intestine, intestinal stem cells (crypt basal columnar, CBC) express low
brain, lung, Msil-eGFP, while slow-cycling “+4” intestinal stem cells express
colon, heart, high Msil-eGFP.
ovary, skin,
muscle, liver,
pancreas, JP,
ID
Msi18YFP/* aPancreas, Not inducible. YFP-reporter expression observed in brain neural
(5) brain neural cells, and in pancreatic cancer stem cells. This mouse line can be
cells used to analyze Msil-reporter expression pattern in other tissues

MSi10reERT2

(6)

Small intestine

that normally express Msil.

Tamoxifen inducible. Analysis at 15 hours after tamoxifen
administration, showed high Msi1C®ERT2_expressing cells at the
“+4” position and these cells have multipotent stem cell properties.
Instead of being quiescent, the “+4” Msil-expressing intestinal
stem cells are actively cycling, and are resistant to radiation-
induced DNA damage, which enables them to repopulate the
intestinal epithelium following radiation. Can be bred with mice
harboring loxP-flanked reporter genes for expression and lineage
tracing experiments. This paper used R26M-0x-Stop-Lox-LacZ gngd
R26™MTMC mice.
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mice is driven by the Msil promoter (4), but it is not clear whether it utilizes the same ATG start
codon in exon 1 as the Msi1l-CreER™ and Msil®YFP* mice. Insertion of a reporter gene at the
start codon can result in truncation or inactivation of the target gene. For example, there was no
Msil protein expressed from the Msil-CreER™ allele, only the CreER™ was translated (3). This
suggests that the modified allele behaved as a knock-out. In fact, homozygous Msil-CreERT?
mice had a similar hydrocephalus phenotype to that of a previously reported Msil knockout
mouse (8). Thus, heterozygous reporter mice are often used to avoid unintended phenotypes

which can result from the complete inactivation of a target gene.

Unlike the reporter genes in Msil-CreER™, Msil-eGFP, and Msil¢YFP* mice, the
CreER™ gene in the Msi1€®ERT2 model was inserted just before the endogenous Msil stop
codon (6). Insertion of a 2A peptide (P2A) sequence between the last exon of Msil and the
CreERT™ transgene allowed expression of both genes from the Msil promoter. A process known
as ribosome skipping occurs during translation of a transcript that has two gene sequences
linked by the P2A sequence (9—11). For example, in the Msi1l-P2A-CreER™ RNA transcript, a
hydrolysis process occurs when a ribosome encounters the last P2A codon. This results in
release of the Msil-P2A polypeptide and allows the ribosome to “skip” and start translating the

CreER™ sequence.

Given that expression of a reporter gene is controlled by the promoter of the
endogenous target gene, the cell and tissue expression pattern of the reporter are considered to
be equivalent to the expression pattern of the target gene. RNA expression of the Msil-CreER™
reporter transcript was detected in the eyes, brain, and testis (3). There was no Msil-CreER™
expression in the stomach, small intestine, colon, liver, kidney, muscle, ovary or uterus. This
expression pattern differed significantly from that of the Msil-eGFP RNA transcript, which was
expressed in the brain, lung, colon, heart, ovary, skin, muscle, liver, and pancreas (4). A

possible explanation for this discrepancy in expression of the reporters could be due to tissue-
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specific expression of different isoforms of Msil. Two splice variants of the Msil gene have
been identified in both mouse and human (12,13). The Msil-CreER™ mice utilized the first
transcription start codon in exon 1, whereas the isoform expressed in the intestine lacked exon
1 (3). This suggests that the intestine isoform uses an alternate start codon which was likely
inactivated by the insertion of the CreER™ sequence. | am unable to fully compare the reporter
expression for all four models because expression of YFP in MsileY "+ mice was analyzed in
neuronal cells only, while the Msi1¢ERT2 model was used for intestinal epithelial tissue analysis
only. However, the difference in tissue expression patterns between the Msil-eGFP and Msil-
CreER™ models suggests caution should be used when analyzing expression of a reporter gene

in tissues where a target gene is alternatively spliced.

The Msil reporter mice are great tools for investigating expression and functions of Msil
in various tissue types. Using the Msil-CreER™ mice for lineage tracing experiments, Takeda
and colleagues showed that Msil is expressed in embryonic and adult brain neural stem and
progenitor cells (3). In addition, this study showed that Msil-CreER-expressing neural stem
cells can produce differentiated cells in the forebrain cortex, cerebellum, and brain stem in
mouse embryos. Analysis of the intestinal tissue of Msil-eGFP mice showed that Msil is
expressed in both active and quiescent intestinal stem cells (ISCs). This expression pattern in
ISCs has also been shown using antibody staining (6,14). The authors found that the
expression level of GFP was higher in quiescent ISCs than in active ISCs, and that the ISCs
with varying GFP levels had different gene signatures. Supporting these findings, were
experiments using the Msi1¢"®ERT2 mice which detected enriched Msil expression in quiescent
ISCs (6). Results from Msil-eGFP and Msil1¢"®ERT2 mice suggest that quiescent ISCs are not
completely dormant, but cycle slowly, at a much lower rate than active ISCs. Further studies
using Msil1CERT2 mice revealed that ISCs expressing elevated Msil contribute to intestinal

regeneration following irradiation-induced injury. Although the reporter genes in Msil-eGFP and
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MsilCeERT2 mice were inserted at different sites in the endogenous Msil locus, the mice had a

similar expression pattern for Msil in the quiescent ISCs.

Another major application for reporter mice is in the investigation of the role of Msil in
tumorigenesis. The Msil¢Y* mouse provided a model for analyzing Msil functions in the
pathogenesis of pancreatic cancer by crossing them with mice that had p53-inactivating and
Kras-stabilizing mutations (5). These two mutations are necessary for the initiation and
progression of pancreatic cancer (15-17). The authors identified rare pancreatic tumor cells
which co-expressed high levels of YFP and aldehyde dehydrogenase (ALDH), a pancreatic
cancer stem cell marker (5). In addition, the rare tumor cells formed more spheroids in tissue
culture than non-YFP expressing tumor cells. Taken together, findings from this study implied

that Msil could be used as a marker of pancreatic cancer stem cells.

Msil-deficient mice

Three models with reduced Msil expression have been reported; Msil” (8), MsiZ1flox/flox
(or Msi1KO) (18,19), and Msil" (5) (Table 2.2). Deletion of Msil in C57BL/6 strain mice did not
cause embryonic lethality; however, the majority of the Msil”- mice died within one to two
months after birth (8). This early postnatal lethality was due to hydrocephalus, which was likely
caused by improper axon guidance and midline crossing in the forebrain of Msil” mice. Further
studies that utilized the Msil” line used them in the outbred CD-1 background (20,21). This
choice of outbred mice was possibly a way to overcome the lethal effects of knocking out Msil
in the inbred C57BL6/J line (8). Inbred and outbred stocks are maintained by sibling and non-
sibling mating, respectively. As a result, CD-1 mice are more genetically diverse than C57BL/6
mice, and can tolerate genetic manipulations due to their allelic variation (22,23). The CD-1
Msil” mice have been used to study additional functions of Msil in the brain and stomach

tissues (20,21). It was shown that Msil binds to Roundabout homolog 3 (Robo3) mRNA and
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Table 2.2: Msil-deficient mouse models. 2 Main tissue studied.

Mouse
model

Tissue
expression

Notes

Msil™
(5, 8, 20, 21)

Msi 1f|ox/f|ox
(Msi1KO)
(18,19)

Msi1"
()

aBrain,
pancreas,
stomach

Intestine

Pancreas

Not inducible. No severe phenotype during embryogenesis,
except for agenesis of the corpus callosum due to errors in
axon guidance and midline crossing at E17. Hydrocephalus in
adult brain characterized by abnormal brain morphology
including dilated ventricles, intracerebral hemorrhage, and
hypoplastic septa (8). Msil promotes Robo3 protein
expression, and are both required for midline crossing of
precerebellar neurons (20). Decreased m-Numb protein levels
in the gastric epithelium of Msil” mice after ethanol-induced
injury resulted in delayed regeneration of the gastric lining (20).
This decrease in m-Numb expression was not observed in
brain, colon, liver, lung or testis of Msil”- mice.

Tamoxifen inducible. 8-12-week old mice analyzed. No effect
on intestinal cell proliferation, differentiation or tissue
homeostasis observed in tamoxifen-injected Villin-
CreER;Msi1KO mice. However, Villin-CreER;Msi1KO mice had
delayed regeneration after irradiation injury, indicating that
Msil expression is required for proper repopulation of the
intestinal epithelium.

Tamoxifen inducible. Used for studying Msil contribution to
pancreatic cancer progression and effects on mouse survival in
a pancreatic cancer mouse model with deleted Msi2.
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increases Robo3 protein levels (20). Robo3 is essential for proper neuronal migration and
axonal midline crossing of precerebellar neurons in the mouse brain (24,25). Thus, Msil
regulation of Robo3 translation mediates these two neuronal cell processes during
development. In the stomach, it was shown that Msil is required for proper regeneration of the
stomach lining following ethanol-induced mucosal injury (21). Delayed repair of the gastric
epithelium in Msil”- mice was attributed to diminished Numb protein expression. It had
previously been shown that Msil inhibits Numb translation (26); thus, the decrease in Numb
protein levels in the gastric epithelium was unexpected (21). However, further studies, including
from our lab (Figure 4.7), have shown that Msil has differential effects on Numb mRNA and

these effects seem to be tissue- and context-dependent (21,27,28).

The Msil” mice have also been used in pancreatic cancer studies; however, it is not
clear whether they were in the CD-1 or C57BL/6 background (5). Deletion of Msil in mice
expressing truncated p53 and stabilized Kras (necessary for pancreatic tumor development),
resulted in decreased pancreatic tumor volume, increased survival of mice, and impaired
progression of tumors to the adenocarcinoma stage. These phenotypes could partially be
attributed to reduced expression of c-MET, a receptor tyrosine kinase, in Msil’ pancreatic
tumors. Binding of c-Met to its ligand hepatocyte growth factor results in activation of a signaling
pathway which promotes cell proliferation, survival and migration. Overexpression of c-Met and
aberrant HGF-c-Met signaling have been implicated in invasion and metastasis of several
cancer types (29,30) . Identification of c-Met RNA as a target of Msil and the reduced c-MET
protein levels seen in Msil” cells imply that Msil mediates pancreatic cancer progression

possibly by regulating c-Met translation, among other many targets.

Deletion of Msil using the Cre-inducible and LoxP system allows targeted deletion of
Msil in adult mice in a tissue-specific manner. Mice with floxed-Msil alleles can be bred to mice

expressing Cre or Cre-ER™ recombinase under the control of a desired promoter. Msi1KO mice
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were generated by breeding the Msilfo¥flox mice with the Villin-CreER mice, resulting in
intestine-specific deletion of Msil (19). The intestinal phenotype of MsilKO mice was not
different from that of controls, suggesting that Msil is not essential for intestinal tissue
proliferation, differentiation, and homeostasis. However, regeneration of the intestinal epithelial
tissue after radiation-induced injury was impaired in Msil-deficient mice. This result agrees with
findings from the Msi1¢"®ERT2 reporter mice which showed that high Msi1¢®ERT2-reporter
expressing “+4” ISCs promote intestinal regeneration (6). Lastly, MsilKO mice have be used to
show the functional redundancy between Msil and its closely-related family member Musashi2
(Msi2) in intestinal tissue. Deletion of both Msil and Msi2 was required to reduce tumor growth
and burden in mice expressing truncated Adenomatous polyposis coli (Apc) (18). In addition,
loss of both proteins severely impaired intestinal regeneration following radiation-induced injury
when compared to individual deletion of either protein (19). Taken together, findings from Msil
knockout mice highlight essential roles for Msil in tissue development and regeneration. These

studies also show that Msil promotes growth of tumors originating from different tissue types.

Mouse models with enhanced Msil expression

In addition to my studies, three mouse models overexpressing Msil have been
described thus far. These are v-Msil (31), Tre-Msil (18), and TgMsil (32) (Table 2.3). The v-
Msil and Tre-Msil mice were used to investigate the functions of Msil in the intestinal
epithelium and in tumorigenesis. The v-Msil model is a knock-in mouse that constitutively
overexpresses Msil cDNA under the control of the villinl (Vill) promoter specifically in the
intestinal epithelium starting from embryonic day 11. The Tre-Msil model utilized the ubiquitous
doxycycline-inducible collagen (Collal) promoter to drive Msil expression in all adult mouse
cells. A detailed comparison of these two mouse models is provided in the discussion section of

Chapter 4.
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Table 2.3: Mouse models with enhanced Msil expression

Mouse
model

Tissue
expression

Notes

v-Msil
(24)

Tre-Msil
(18, 19)

TgMsil
(27, 31)

Small intestine,
colon

Small intestine,
colon

Testis

Not inducible.  Wnt signaling pathway was not strongly
upregulated in v-Msil mice. Enhanced c-Myc, Cyclin D1 and
activated B-catenin protein levels in v-Msil intestinal epithelium.
Msil binds to and stabilizes Cdk6 and Cyclin D1 mRNAs resulting
in increased protein levels.

Doxycycline inducible. 2-3 month old mice were analyzed.
Intestinal epithelial cells were used in CLIP-Seq experiments.
2,425 and 9,827 Msil mRNA targets were identified from control
and Tre-Msil intestinal epithelial cells respectively. Pten and £
catenin were validated as Msil targets, and Msil represses their
translation. No activation of Wnt signaling following Msil induction.

Not inducible. Abnormal spermatozoa morphology. Identified Erh
as atarget of Msil. Also showed that Importin-5 (IPO5) is a binding
partner of Msil and it facilitates Msil the translocation of Msil to
the nucleus.
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TgMsil is a testis-specific Msil-overexpressing mouse model in which the lactate
dehydrogenase C (LDHC) promoter drives expression of the Msil transgene (32). TgMsil mice
had reduced testicular size, abnormal sperm morphology, delayed germ cell differentiation, and
increased apoptosis during spermatogenesis. Analysis of Msil expression in human seminoma
and testicular cancer cell lines in the same study suggested that Msil could be involved in the
development of testicular cancer. However, the absence of germ cell tumors in TgMsil mice
indicated that Msil overexpression alone is not enough to induce testicular cancer. Further
studies using the TgMsil model revealed that Msil regulates translation of RNA targets which
encode proteins involved in spermatogenesis, such as Msi2 and Enhancer of rudimentary

homology (Erh) (28).

Summary

Msil mouse models provide invaluable tools for analyzing expression patterns and
elucidating functions of Msil in normal and diseased tissues. Most of the Msil mouse models
described in this chapter were published after the Neufeld lab had generated its own inducible
Msil knock-in transgenic model (Rosa26Ms/Msi1) | describe the generation and characterization

of our Rosa26Ms/Msil mouse in Chapters 3, 4, and 5.
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CHAPTER 3: GENERATION AND GROWTH PHENOTYPE OF UBIQUITOUS

MSI1-OVEREXPRESSING MICE

The data and opinions in this chapter were published previously and reformatted for this
dissertation:

Chiremba TT, Neufeld KL. Constitutive Musashil expression impairs mouse postnatal
development and intestinal homeostasis. Mol Biol Cell. 2020 Nov 11. Ahead of print. Available:
https://www.molbiolcell.org/doi/abs/10.1091/mbc.E20-03-0206#

ABSTRACT

The RNA-binding protein Musashil (Msil) is involved in post-transcriptional regulation of
developmentally-relevant RNAs, and has been implicated in tumorigenesis. Our lab previously
identified a mutual-inhibitory relationship between Msil and the tumor suppressor Adenomatous
polyposis coli (Apc) in cell culture studies. We hypothesized that the interaction between Msil
and Apc regulates homeostasis in the intestinal epithelium tissue. To test this hypothesis in vivo,
we generated a versatile mouse model that facilitates Cre-inducible and tissue-specific
overexpression of Msil. Here, | show that ubiquitous Msil induction in ~5 week old mice delays
overall growth, alters organ-to-body proportions, and causes premature death. This work
implicates Msil in mouse postnatal development of multiple organs, including the intestinal

tissue.

INTRODUCTION

Evolutionary conserved RNA-binding protein Msil can regulate developmentally relevant
genes. In addition, enhanced Msil expression is observed in various cancer types including
glioblastoma (1-4), colorectal (5,6), breast (7,8) lung and prostate cancers (9). Over 80% of

colorectal cancers have inactivating mutations in the Adenomatous polyposis coli (Apc) gene,
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which encodes a tumor suppressor and Wnt signaling antagonist. Msil is highly upregulated in
mouse intestinal tissue upon Apc loss (10) and in intestinal tumors expressing mutated Apc (11)
These results, together with the identification of Msil as a Wnt target gene (12), led us to
consider if a functional relationship exists between Msil and Apc. Our previous in vitro studies
demonstrated that APC mRNA is a target of MSI1, and revealed a mutual-inhibitory relationship
between MSI1 and APC in human colonocytes that express wild-type APC (13). We proposed
that this relationship is critical for maintaining a balance between proliferation and differentiation

of intestinal epithelial cells, and is disrupted in intestinal tumors expressing truncated Apc.

Our original intention of generating an inducible Msil gain-of-function mouse model was
to characterize the oncogenic properties of Msil in an in vivo setting. Given the broad range of
cancers that exhibit upregulation of Msil, we also aimed to develop a mouse model that could
be a valuable tool to the field as whole in delineating the pathological functions of Msil in
cancers originating from different tissues. Unexpectedly, | identified altered organ and animal
size in our tamoxifen-inducible ubigquitous Msil-overexpressing mice and therefore, embarked
on a study to determine effects of Msil overexpression on postnatal development. Here | report
that young transgenic mice ubiquitously expressing Msil failed to thrive and died prematurely.
My data show that these mice had stunted body and organ sizes indicating that ectopic Msil

expression disrupted their normal postnatal development.

RESULTS

Generation of conditional and inducible Msil-overexpressing mice
Upregulated Msil levels have been detected in tumors originating from many tissues
including colon and brain (4,5,9). To study the consequences of Msil upregulation in a living

organism, we developed a double-transgenic mouse model that enabled conditional and
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inducible overexpression of Msil, dependent on Cre-recombinase activity (Figure 3.1). Briefly, a
Msil transgene, controlled by a strong promoter, but with a loxP-flanked transcription
termination sequence blocking expression, was inserted into the Rosa26 locus (Figure 3.1A,
Figure 3.2A). When these “Rosa26Ms¥Msil” mice are bred with mice that express active Cre-
recombinase, Msil overexpression is induced.

For the current study, homozygous Msil transgenic mice were bred with hemizygous
UBC-CreER™ mice which express an inactive form of Cre-recombinase in all cells under control
of the ubiquitin promoter (Figure 3.1B; (14)). We utilized a whole-body mouse model for Msil
overexpression because we were interested in the potential for tumorigenesis in any tissue.
Following Cre activation with a single tamoxifen TAM) injection, double-transgenic mice
(Rosa26Ms+:UBC-CreER™) overexpressed Msil ubiquitously. Littermate control mice
(Rosa26Msi1+) were heterozygous for the Msil transgene (Figure 3.1, C and D), but were UBC-
CreER™ null; therefore, they expressed only endogenous Msil even after TAM injection. Single-
and double-transgenic mice were phenotypically indistinguishable before TAM administration.
For simplification, TAM-injected Rosa26Ms* and Rosa26Msi'*;UBC-CreER™ mice will be
referred to as control and Msil9E (Msil-overexpressing) mice, respectively.

To test for mutations that might have occurred in the Rosa26Msi! transgene which were
potentially acting on the Msil wild-type alleles in a dominant negative manner, we verified the
sequence of the Rosa26Ms transgene. The Msil transgene locus was PCR-amplified from
genomic DNA extracted from tail biopsies of Rosa26MsitMsil pyps (Figure 3.2, B-D) and
sequenced. | found no mutations in the transgene, and the sequence of the isolated locus was
100% identical to the published coding sequence of mouse Msil isoform 1 (Figure 3.2E).

For our initial analysis, mice were given one intraperitoneal injection of TAM at 4-5
weeks of age, and then sacrificed 3 days later (days post-injection, dpi). Immunofluorescence

analysis showed elevated Msil protein levels in lung, heart, liver, kidney, small intestine, and
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Figure 3.1: A knock-in mouse model for inducible Msil overexpression. (A) Schematic
representation of CAG-loxP-STOP-loxP-MsilCDS-STOP transgene insertion into a modified
Rosa26 locus equipped with F3/FRT-RMCE docking sites. Binding sites for primers used in
genotyping are shown. (not to scale) (B) Strategy for Cre-mediated recombination of the
Rosa26 Msil conditional knock-in allele. Genotyping analysis by PCR and gel
electrophoresis for (C) Msil knock-in and (D) Cre recombinase transgenes. For blank
controls, nuclease-free water was added to the PCR mix in place of mouse genomic DNA.
(E) Representative immunofluorescence images for Msil (Gray, Red) and DAPI (Blue) in
various tissues harvested from 3-dpi mice. Scale bars, 50 um.
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Figure 3.2: Generation of inducible Msil-overexpressing mice. (A) Schematic
representation of the Recombination-Mediated Cassette Exchange vector used for targeted
transgenesis of the Msil knock-In allele. (not to scale). (B) lllustrates the position of primers
that were used for sequencing the Msil transgene. Primers PF; and PR; were also used for
isolating a PCR product containing the Msil CDS. (C) Verification of the Rosa26Msit
transgene product that was isolated from genomic DNA by PCR using primers PF; and PR;.
The 1,174 bp PCR amplicon included 1,089 bp of mouse Msil CDS, and 61 bp upstream
and 24 bp downstream of the transgene. The Rosa26** sample served as a negative control
as primers PF; and PR; annealed to regions that are not present in the endogenous Rosa26
locus. (D) Agarose gel electrophoretic analysis of purified PCR product. (E) Analysis of
sequencing results. Sequencing results generated using PFi1, PR1, and PF, were compared
to the mus musculus Msil CDS isoform 1 sequence (NM_008629.2, NCBI). Results
generated from PF3, PF4, PFs, and PR1 (not shown) revealed no mutations in the transgenic
Msil CDS. Key for alignment: Black bases = high consensus for all 4 sequences, Red bases
= consensus for 3 of the 4 sequences, Blue bases = low consensus (2 sequences match or 1
sequence is different from the other sequences).
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colon tissues of Msi1®E mice when compared to controls (Figure 3.1E). Ubiquitous upregulation
of Msil was more pronounced in the kidney, small intestine, and colon epithelia of Msi1°E mice
relative to other tissues. Taken together, these results indicate efficient Msil induction as early

as 3 days following TAM administration and show the successful generation of an inducible

Msil knock-in transgenic mouse.

Severe growth retardation in Msil-overexpressing mice

After confirming efficient Msil overexpression in various tissues of our TAM-injected
double-transgenic mice, we set up a long-term experiment to determine whether Msil
overexpression could induce tumor development in tissues that display elevated Msil
expression during human tumorigenesis. Unexpectedly, ubiquitous Msil upregulation resulted in
lethality in 15% of the mice by 14-dpi at which time all mice were euthanized because many had
lost ~20% of their body weight and appeared morbid. The 14-day period from TAM injection to
tissue harvesting was too short for analysis of potential tumor formation; therefore, we examined
consequences of ubiquitous Msil overexpression on overall postnatal development of mice.

Although all mice had positive growth during the initial week following TAM-
administration, weights of the Msi1®%E mice lagged behind their littermate controls (Figure 3.3A).
Unexpectedly, we observed growth retardation in Msi1®F mice starting at 2-dpi, with drastic
weight loss from 10-dpi onwards. When compared to controls, Msi1®E mice had significantly
lower body weights and shorter body lengths at 14-dpi (Figure 3.3, B and C). This stunted
growth phenotype was further emphasized by significantly shorter intestines at 7- and 14-dpi
(Figure 3.3, D and E), and significantly smaller organs at 14-dpi (Figure 3.3F).

Although Msi1°E mice showed a global decrease in body size, the reduction was not
uniform as seen by their differentially altered organ proportions (Figures 3.3G, 3.3H and 3.4).
When organ weights were normalized to body weights and then expressed as a percentage of

similarly normalized organ proportions in wild-type mice; the spleen and lung proportions were
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Figure 3.3: Gross morphology of Msil-overexpressing mice. (A) Daily growth curve of
mice from 0 to 14-dpi. Control (blue circle), n = 9, Msi1°E (red diamond), n = 8. (B) Body
weight, (C) body length, (D) small intestine length, (E) colon length, and (F) organ weights at
7- and 14-dpi. For B-F, each mouse is shown as individual blue circle (Control) or red
diamond (Msi19F). (G, H) Normalized organ proportions of Msi1®€ mice at 7- and 14-dpi as
percentage of control littermate proportions. Dashed line at 100% represents normalized
organ proportions of control mice. Graphical data represent mean + SEM for each genotype
(7-dpi, n = 11-26, 14-dpi, n = 11-20 mice). All data were analyzed using an unpaired two-
tailed t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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significantly lower in the Msi1®E mice by 14-dpi (Figure 3.3H). In contrast, Msil overexpression
resulted in increased relative brain size. There were no differences in normalized sizes of heart,
kidney and thymus. Compared to control mice, small intestinal length to body length proportions
of Msi1®E mice were significantly reduced at both 7- and 14-dpi (Figure 3.3G). The colon
proportions also trended to be reduced in Msi1®E mice, but were not statistically different from
littermate controls. Notably, only the liver and small intestine proportions were significantly
altered in Msi1®E mice at 7-dpi; with the liver proportion being larger (Figure 3.3H).

TAM toxicity and mere activation of Cre recombinase have each been linked to various
phenotypes in mice (15,16). To investigate this possibility, | analyzed body and organ sizes of
TAM-injected C57BL/6 wild-type mice either with or without the UBC-CreER™ transgene. No
significant differences in body weight, body length, intestinal lengths or organ weights were
observed at 14-dpi; indicating that TAM administration or Cre expression alone was not
sufficient to cause the stunted growth pattern | observed in Msi1®& mice (Figure 3.5). Therefore,
I conclude that the ubiquitous overexpression of Msil in developing mice results in severe

growth retardation that is characterized by altered body and organ sizes.

DISCUSSION

In this study, | characterized a novel Cre-inducible mouse model that facilitates
conditional transgenic overexpression of Msil. Our main aim for generating this transgenic
mouse was to investigate the oncogenic properties of Msil in vivo. The second goal was to
provide the Msil research field with a valuable resource that can be used to further the overall
understanding of the pathological roles played by Msil in tumors originating from different
tissues. | utilized a tamoxifen-dependent UBC-CreER™ strain to drive whole-body expression of
our Msil knock-in transgene in order to identify tissues that were altered by Msil

overexpression and could be characterized further.
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Figure 3.5: Tamoxifen or activation of Cre recombinase alone in C57BL/6 WT mice
does not cause growth retardation or premature death by 14-dpi. (A) Daily growth curve
of tamoxifen-injected Msil** and Msil**;UBC-CreERT2 mice from day 0 to 14-dpi.
Comparison of (B) body weight, (C) body length, (D) small intestine length, (E) colon length,
and (F) organ weights at 14-dpi. Sample size: Msil** = 4, Msi1**;UBC-CreERT2 = 5. Mean *
SEM. Unpaired two-tailed t-test analysis. *p < 0.05.

51



Here | report that Msil expression was upregulated in various tissues, including kidney,
lung, liver and intestinal epithelium, at 3 days after activation of Cre recombinase. However, the
ubiquitous overexpression of Msil in juvenile mice (4-5 weeks old) resulted in a failure to thrive
and premature death. Two weeks after Msil induction, the Msi1°E mice had smaller body and
organ weights, as well as shorter intestinal lengths when compared to littermate controls. Mouse
pups are not fully developed when they are born and it has been shown that neonatal organs,
including the intestines grow rapidly during the early postnatal period (~6 weeks) (17,18).
Therefore, my findings suggest that whole-body overexpression of Msil severely impairs the
postnatal development process in mice. However, this stunted growth phenotype of Msi1%E
mice was not seen in every tissue, but rather, showed selective alterations in organ proportions.
It is possible that this selectivity was due to unequal organ sensitivities to upregulated Msil or
differences in normal baseline Msil levels in different organs.

In summary, we have successfully developed a conditional and Cre-inducible Msil
knock-in line by targeting the Rosa26 locus. Msil overexpression appears to have a global
inhibitory effect on mouse postnatal development, with prominent phenotypes observed in

intestines, liver, spleen, lung and brain.

MATERIALS AND METHODS

Mouse husbandry

Mouse use was approved by the Institutional Animal Care and Use Committee at the University
of Kansas. All mouse experiments adhered to federal regulations and institutional guidelines.
Mice were maintained in the Animal Care Unit at the University of Kansas under the animal use
statement 137-02 and were housed in cages with sex-matched littermates, except for breeding

purposes, and fed ad libitum water and chow (ENVIGO, Teklad global #2918).
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Generation of a Msil knock-in transgenic mouse

A conditional and tamoxifen-inducible Msil knock-in transgenic mouse was generated in
collaboration with Taconic Artemis using Recombination-Mediated Cassette Exchange (RMCE)
targeted transgenesis. The RMCE vector (pMsilFinal RKL20014, Figure S1A) contained a
strong synthetic CAG promoter (Cytomegalovirus early enhancer element, chicken B-Actin
promoter and rabbit B-Globulin first exon and intron), a loxP-flanked polyadenylated
transcription termination (STOP) cassette, and mouse Msil open reading frame followed by a
STOP cassette. This targeting vector was transfected into Taconic Artemis C57BL/6 embryonic
stem (ES) cells equipped with F3/FRT-RMCE docking sites in the Rosa26 locus. Successful
recombinant clones containing the conditional Msil knock-in allele were selected using positive
Neomycin resistance. Blastocysts isolated from impregnated BALB/c females were each
injected with 10-15 positively-selected ES cells and subsequently transferred into
pseudopregnant NMRI females to produce chimeric offspring (G0). Highly chimeric mice were
backcrossed into wild-type C57BL/6 females. The presence of black, strain C57BL/6, offspring
(G1) indicated successful germline transmission. To genotype G1 mice, PCR was performed on
genomic DNA from tail snips and PCR amplicons were analyzed using a Caliper LabChip GX
device. Homozygous and heterozygous Msil knock-in mice will be referred to as Rosa26Msit/Msit

and Rosa26MsiY*, respectively.

Mice breeding and genotyping

Hemizygous B6.Cg-Tg(UBC-Cre-ERT2)1Ejb/2J (14) male breeders were purchased from The
Jackson Laboratory (# 008085). RosaMsiMsil females were crossed with the UBC-CreERT2
males to produce pups that were single transgenic RosaVs*, or double transgenic
RosaMsiV+;:UBC-CreERT2. Additional control mice were obtained from breeding a C57BL/6 wild-
type female with a UBC-CreERT2 male. Tail-snips from 3-weeks old pups were digested in
0.2mg/ml Proteinase K (ThermoFischer, #£00491) at 55°C overnight and heat-inactivated at
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95°C for 10 min to extract genomic DNA. Primers used to genotype for Msil were: Msil WT
Forward (WTg) 5°- CTCTTCCCTCGTGATCTGCAACTCC-3’; Msi1 WT Reverse (WTR) 5’-
CATGTCTTTAATCTACCTCGATGG-3’; Msi1 knock-in Forward (Klg) 5'-
TGGCAGGCTTGAGATCTGG-3’; Msi1 knock-in Reverse (Klr) 5’-
CCCAAGGCACACAAAAAACC-3. PCR conditions, using OneTaq DNA polymerase (NEB,
#M0482S), were 95°C for 5 min, 35 cycles (95°C for 30 sec, 60°C for 30 sec, 72°C for 1 min)
and 72°C for 10 min. Msil WT primers amplified a 299 bp sequence of the endogenous Rosa26
locus (see Figure 1A). The binding sites for WT primers were also in the Rosa26 knock-in allele,
but there was no amplification due to the large transgenic vector inserted between the primer
binding sites. The Msil knock-in primers amplified a 492 bp fragment. Primers used to identify
Cre were: Crer 5-CACCGCAGGTGTAGAGAAGG-3 and Crer 5'-
CCAGAGTCATCCTTAGCGCC-3'. PCR conditions were 94°C for 3 min, 35 cycles (94°C for 30
sec, 59°C for 1 min, 68°C for 30 sec) and 68°C for 5 min and the Cre fragment size was 225 bp.
To confirm the DNA quality of Rosa26Ms* mouse samples analyzed for Cre, an internal control

fragment (492 bp) was amplified using the Msil knock-in primers.

Sequencing the Rosa26Ms'! transgene

The transgenic Msil coding sequence (CDS) was isolated from genomic DNA by PCR using
primers PF1 and PR; (Figure S1B). Primers PF; and PR, amplified a 1,174 bp product which
included 61 bp upstream and 24 bp downstream of the transgenic Msil CDS (1,089 bp). The
genomic DNA was extracted from tail-snips of 3-week old pups as mentioned above, and PCR
was performed on samples from 3 independent Rosa26Ms/Msi1 fransgenic mice, and 1 negative
control Rosa26** (Msil wild-type) mouse. Primer sequences were: PF; 5'- CTCCGTCGAC
CTATAACTTCGTATAG-3’ and PR; 5-CTTAAAATCTTAAGCTAGCACGCGTC-3'. PCR
conditions, using Q5 High-Fidelity DNA Polymerase (NEB, #M0492S), were 98°C for 2 min 30
sec, 35 cycles (98°C for 10 sec, 68 °C for 30 sec, 72°C for 45 sec) and 72°C for 2 min. The PCR
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product was then purified using a QIAquick PCR Purification Kit (Qiagen, #28104). Agarose gels
were run before and after purification of the PCR product to verify the amplicon size. In addition
to PF1and PRy, primers PF», PF3, PF4, PFs, and PR (Figure S2B) were used to sequence the
purified PCR product (Genewiz, NJ). Primer sequences were: PF,5- GAAAGAGTGTCT
GGTGATGC-3’; PF3 5-GATGCCATGCTGATGTTCG-3’; PF4 5- CTGGTTACACCTACC
AGTTC-3’; PF5 5-CTTCCTAGGGACCACAAG-3’; and PR 5- GATTGCGCCAGCACT TTATC-
3'. Sequencing results were analyzed and compared to the NCBI reference sequence for mouse
Msil CDS isoform 1 (NM_008629.2); Assessed on 07/30/2020). Sequence alignment was

performed using the MultAlin software (19).

Administration of Tamoxifen

4-5-week old mice, both sexes, were given intraperitoneal injections with a single dose of
75mg/kg body weight tamoxifen (TAM) solution (MP Biomedicals, #156738). TAM was prepared
under sterile conditions by dissolving in 10:1 sunflower oil/ethanol mixture. 10% of the mixture
was evaporated before administration into mice. Both control (RosaMsi¥*) mice and the Cre
containing (Rosasi¥*;UBC-CreERT2) mice were injected with TAM. Mice were euthanized by
CO; asphyxiation followed by cervical dislocation at 3, 7 or 14 days post-tamoxifen injections.

Age-matched littermates were used for all experiments.

Body weight, organ weights and length measurements

Mice were weighed daily at approximately the same time. Final body weights were measured
immediately after mouse sacrifice. To obtain total body lengths, mice were laid face-down on a
flat surface and body length was measured from the base of the skull to the anus. Organs were
promptly excised and weighed, or their lengths measured. Organ to body weight proportions for
liver, kidneys, thymus, spleen, lungs and brain were calculated by dividing the weight of the
organ by the body weight of the mouse. Intestinal length to body length proportions were also
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determined for the small intestine and colon. For comparison, organ proportions for each mouse

were normalized to the average organ proportion of RosaMsi¥* control mice.

Tissue sample preparation and Msil immunofluorescence

The small intestine and colon tissues were flushed with 10% saline-buffered formalin, cut
lengthwise, individually rolled into “Swiss rolls”, and fixed in 10% saline-buffered formalin for 24
hr. Mouse heart, lung and kidney that were harvested at 3 days post-tamoxifen injections were
fixed in 10% saline-buffered formalin for 24 hr, whereas liver samples were fixed for 48 hours.
The tissue was then stored in 70% ethanol before paraffin embedding. In brief, 4um tissue
sections were deparaffinized 3x in xylene-substitute for a total of 30 min, rehydrated in a graded
ethanol series (100, 95, 80, 70, 50%) for 5 min each, and permeabilized in methanol (0.1%
Tween20) for 15 min on a shaker. Slides were washed 2x in absolute methanol for 5 min each,
followed by a PBS wash. Antigen-retrieval was achieved by incubating slides in 0.01M citrate
buffer (0.05% Tween20, pH 6.2) in a 90-95°C water bath for 40 min. Slides were incubated for 2
hr in a PBS-blocking buffer containing 2% normal goat serum, 0.1% Triton X-100, 0.05%
Tween20, 5% cold-fish skin gelatin, and 10% BSA (w/v). Sections were then incubated with
primary antibodies overnight at 4°C. A Msil (1:1000 Millipore, #MABE268 clone 7B11.1) primary
antibody was used., Slides were rinsed 3x in PBS for 15 min total, incubated with Alexa Fluor
secondary antibodies (1:1000 Invitrogen) for 1 hr at room temperature, and rinsed 3x in PBS

before counterstaining with DAPI (Invitrogen, #P36962).

Microscope image acquisition and analysis

Immunofluorescence images were acquired using a Zeiss (Axiovert 135) microscope and
Hamamatsu (C10600) digital camera. A Nikon (Eclipse 80i) microscope equipped with a
ProgRes C3 (Jenoptik) digital camera was used to capture immunohistochemistry, H&E and
Alcian blue images. RNA in situ hybridization images were acquired using a Leica (MZFLIII)
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dissecting microscope and a Leica DFC 320 camera. Slides were assigned coded IDs and
images were taken by an investigator who was blinded to sample genotype. Image brightness
and levels were adjusted in Photoshop (Adobe), using identical settings for matched

experiments

Statistical analysis

All data analysis was performed using GraphPad Prism 8 software. Data for body and organ
weights, lengths or proportions, and RT-gPCR data were analyzed using an unpaired two-tailed
t-test. Nested t-tests were used to analyze data for experiments where multiple technical
measurements were taken from each mouse. These experiments included analysis of cell
proliferation, morphological measurements and cell differentiation staining. Sample sizes for

mice, crypts and villi analyzed are given in figure legends.
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CHAPTER 4: CONSTITUTIVE MUSASHI1 EXPRESSION IMPAIRS MOUSE

INTESTINAL HOMEOSTASIS

The data and opinions in this chapter were published previously and reformatted for this
dissertation:

Chiremba TT, Neufeld KL. Constitutive Musashil expression impairs mouse postnatal
development and intestinal homeostasis. Mol Biol Cell. 2020 Nov 11. Ahead of print. Available:
https://www.molbiolcell.org/doi/abs/10.1091/mbc.E20-03-0206#

ABSTRACT

In this Chapter, | describe the intestinal phenotype of our novel ubiquitous Msil-
overexpressing mice. | show that Msil-overexpressing mice had diminished intestinal epithelial
cell (IEC) proliferation, and decreased growth of small intestine villi and colon crypts. Although
Lgr5-positive intestinal stem cell numbers remained constant in Msil-overexpressing tissue, an
observed reduction in Cdc20 expression provides a potential mechanism underlying the
intestinal growth defects. | further demonstrate that Msil overexpression affects IEC
differentiation in a region-specific manner; with ileum tissue being influenced the most. llea of
mutant mice displayed increased expression of enterocyte markers, but reduced expression of
the goblet cell marker Muc2 and fewer Paneth cells. A higher Hes1:Math1 ratio in ilea from
Msil-overexpressing mice implicated Notch signaling in inducing enterocyte differentiation.
Together, this work implicates Msil in mouse postnatal development of intestinal tissue, with
Notch signaling alterations contributing to intestinal defects. This new mouse model will be a

useful tool to further elucidate the role of Msil in other tissue settings.

INTRODUCTION
Msil is expressed in mouse and human intestinal epithelial cells (1,2). It has been

shown that Msil facilitates regeneration of the intestinal epithelial tissues following irradiation-
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induced injury in adult mice (3). However, no studies have investigated the role of Msil in the
intestinal tissue during mouse postnatal development. Msil expression is upregulated in a
considerable subset of colorectal cancers (4,5). Previously our lab identified a mutual-inhibitory
relationship between MSI1 and APC, a tumor suppressor and Whnt signaling antagonist
Adenomatous Polyposis Coli (6). We showed that APC mRNA is a target of MSI1, and MSI1
inhibits APC translation. Given that Msil is a Wnt target gene (7), my findings suggested a
potential role for Msil in the regulation of intestinal epithelial cell (IEC) functions.

Using our inducible Msil knock-in model, | observed that mice ubiquitously
overexpressing Msil (Msi1®E mice) had smaller organs than control mice (Figure 3.3 and 3.4).
Unexpectedly, the small intestines of Msi1°E mice were the only tissues that showed
significantly altered sizes at both 7- and 14-dpi. Therefore, | focused the rest of my study on

analyzing effects of Msil overexpression in the intestinal epithelium.

RESULTS

Analysis of transgene expression and function in Msi19Eintestinal epithelia

TAM and its active metabolite, N-desmethyltamoxifen, are cleared out of mouse brain at
7-dpi (8). To avoid confounding results that could be caused by residual TAM or CreERT™
genome toxicity (9,10), | did not analyze the intestinal phenotype at time points earlier that 7-dpi.
Furthermore, the gut-brain axis can influence intestinal functioning and pathology (11,12) and
since Msil is expressed in the central nervous system of postnatal and adult mice (13), the 7-
day wait period was essential for accurate comparison of the intestinal phenotypes of control
and Msil19E mice.

It is well established that there is heterogeneity in tissue morphology, cell populations

and gene expression along the proximal-to-distal axis of mouse intestinal tissue. Therefore,
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| examined effects of Msil overexpression on the jejunum, ileum and colon as separate entities.
First, | analyzed Msil RNA and protein expression in the intestinal epithelial tissue. Elevated
Msil mRNA levels were confirmed in IECs isolated from jejunum, ileum and colon segments of
Msil®E mice compared to their injected control littermates (Figure 4.1, B and C). Furthermore,
immunofluorescent staining showed increased Msil protein levels in intestinal tissue sections of
Msil°E mice (Figure 4.1A). Bright fluorescent signal in the villi stroma of both control and
Msil®E mice was due to nonspecific tissue autofluorescence (white arrows, Figure 4.1D) and
absent from the intestinal epithelium.

| observed that recombination of the Msil knock-in transgene approached but did not
reach 100% efficiency. | provide as an example, an image of small intestinal tissue of Msi1°F,
which displayed some areas of low Msil protein expression (within dashed-white line, Figure
4.1E) comparable to endogenous Msil levels in control tissue. This mosaicism was not
surprising, given recombination efficiencies reported for other Cre-LoxP systems (14).

To determine whether the transgenic Msil protein in Msi1°E mice was functional, |
analyzed Jaggedl (Jagl) expression. Jagl mRNA is a validated Msil target; Msil binds to Jagl
MRNA and inhibits its translation, resulting in diminished Jagl protein levels (3). | performed
immunofluorescence staining for Jagl and observed a significant decrease in Jagl protein
expression and fluorescence intensity in colon epithelia at 7-dpi (Figure 4.2, A and B). These
results are consistent with Jagl response to Msil-overexpression in mouse neural stem cells

(3) and indicate that the Msil transgene is functioning as expected.

Msil overexpression results in subtle effects on intestinal crypt and villi architecture
To assess whether the shorter intestines in Msi1° mice were related to changes in the
overall structure of the intestinal epithelium, | analyzed crypt and villi morphology. Histological

analyses of hematoxylin and eosin-stained tissue showed no overt differences between control
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Figure 4.1. Upregulation of Msil expression in the Msil knock-in mouse model. (A)
Evaluation of Msil overexpression in isolated intestinal epithelial cells by RT-qPCR. Data
analyzed using an unpaired two-tailed t-test on AACt values. Expression was normalized to
Gapdh. Graphical data represent mean £ SEM for each genotype (7-dpi, Control jejunum, n
=4, ileum, n = 4, colon, n =5 ; Msi1®F, n = 5; 14-dpi, Control, n =5, Msi1®E, n = 4 mice).
Each mouse is shown as individual blue circle (Control) or red diamond (Msi1°). There
were 3 technical replicates assayed for each mouse. ***p < 0.001, ****p < 0.0001. (B)
Representative merged immunofluorescent images for Msil (Red) and DAPI (nuclei staining,
blue) in small intestine and colon epithelium tissues at 7- and 14-dpi. (C) Negative control
(no primary antibody, only secondary antibody) immunofluorescent images showing
autofluorescence (white arrows) in villi stroma. (D) Representative Msil immunofluorescent
images illustrate areas of incomplete Cre-induced recombination of the CAG-loxP-STOP-
loxP-Msi1CDS-STOP transgene. White-dashed outlines indicate cells expressing
endogenous Msil levels in tamoxifen-injected Msi1®E tissue.

Scale bars, 50 um.
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Figure 4.2: Decreased Jagl protein expression in 7-dpi colon epithelial tissue of Msil-
overexpressing mice. (A) Representative immunofluorescence staining images for Jagl
(Gray, Red) and DAPI (Blue) in colon tissue at 7-dpi. Scale bars represent 50 um. (B)
Quantification of Jagl immunofluorescence intensity. Each data point represents the mean
relative Jagl intensity in the crypt epithelia for a single mouse (5 mice per genotype). 13
images were analyzed for each mouse, and intensity was measured on the brightest four
150 um? regions within the bottom two-thirds of crypts per image. Mean + SEM. Nested two-
tailed t-test analysis. *p < 0.05
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and Msi-overexpressing mice (Figure 4.3A) indicating that normal gross crypt-villi architecture
was maintained in the intestinal epithelial tissue of Msi1®E mice.

Intestinal development during the first six weeks of postnatal life in wild-type C57BL/6
mice is characterized by a gradual increase in small intestine length, crypt depth and villus
height (15). Therefore, | measured these parameters, along with crypt width and density in order
to assess contributions of Msil to intestinal tissue development (Table 4.1). Analysis of size
changes between 7- and 14-dpi revealed that villi height, and crypt depth and width of control
mice had positive growth, while crypt density decreased (Figure 4.3, B-E). Although the overall
patterns of Msi1®E villi and crypt changes over the 7 day period tended to be similar to those of
control tissue, the mean sizes of these changes were smaller and we observed some notable
differences. For instance, the jejunum villi height and distal colon crypt depth of Msi1®E mice
had significant negative growth rates when compared to controls. Secondly, the proximal and
distal colon crypts of Msi1°E mice either changed in the opposite direction to that of control mice
or barely changed between 7- and 14-dpi. In summary, although there were no exaggerated
alterations in crypt-villi morphology of Msi1®E mice, the overall decrease in intestinal growth

observed was consistent with the shorter intestinal lengths.

Decreased proliferation in intestinal epithelia with Msil overexpression

To test the hypothesis that altered IEC proliferation could contribute to the shorter
intestines and reduced intestinal growth rates of Msi1°€ mice, we stained and scored intestinal
tissue for the proliferative cell marker Ki-67. Representative images of Ki-67
immunofluorescence at 7-dpi are shown in Figure 4.4A. The percentage of Ki-67-positive IECs
in crypts of the jejunum, ileum and colon did not differ between control and Msi1®& mice at 7-dpi
(Figure 4.4B). In contrast, by 14-dpi, there were significantly fewer proliferative IECs in all three

intestinal segments of Msi1®® mice compared to controls (Figure 4.4, C and D). This decrease
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Figure 4.3. Effects of Msil upregulation on intestinal crypt and villi architecture. (A)
Representative hematoxylin and eosin-stained images for small intestine and colon epithelia
at 7- and 14- dpi. Scale bar, 50um. Growth analysis as percentage change at 14-dpi relative
to size at 7-dpi for (B) villi height, (C) crypt depth, (D) crypt width, and (E) crypt density. Each
data point in the scatter plots indicates the mean percentage change for a single mouse (7-
dpi, Control = 5, Msi19F jejunum = 6, ileum = 5, colon = 5; 14-dpi, Control = 5, Msi1°&
jejunum = 6, ileum = 5, colon = 5). Technical replicates per mouse: n = 29 villi for height
measurements; n = 21 crypts for crypt depth and width measurements; n =2 15 images for
crypt density analysis. Mean + SEM. Nested two-tailed t-test analysis. *p < 0.05, **p < 0.01.
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Table 4.1. Msil upregulation has varying effects on intestinal crypt and villi
morphology. Mean measurements for crypt depth, width, density, and villi length are shown.

Data analyzed using a nested two-tailed t-test. Sample size, n, in table is for biological

replicates (7-dpi, Control = 5, Msi19E jejunum = 6, ileum = 5, colon = 5; 14-dpi, Control = 5,
Msil®E jejunum = 6, ileum = 5, colon = 5). For technical replicates: n =2 21 crypts per mouse
for crypt depth and width measurements; n = 15 crypts images per mouse for crypt density; n

= 29 villi per mouse for villi height. Mean + SEM. P-values for measurements that were

statistically different between Control and Msi1®E mice are in bold.

7-days post-induction 14-days post-induction
Control Msi19E p-value Control Msi1“ p-value
JEJUNUM
Crypt depth (um) 768+32 809+58 0.428 87.1+65 81.0+59 0.5032
Crypt width (um) 361+22 339+08 0.3445 413+13 30 x1.9 0.1615
Crypt density (crypts/mm) 216+11 240+07 0.1346 20110 221+08 0.1443
Villus height (um) 209.3+13.6 2324+52 0.1249 230.2+89 203.2+99 0.0754
n=5 n=6 n=5 n=6
ILEUM
Crypt depth (um) 81.7+65 73.0+34 0.2787 97.4+6.0 832+65 0.1471
Crypt width (um) 346+16 313+1.1 0.1419 392+12 336+1.1 0.0090**
Crypt density (crypts/mm) 236+1.3 25110 0.3728 202+06 226+08 0.0341*
Villus height (um) 148.3+838 158.7 +8.5 0.4254 1784+ 109 1749 +13.2 0.8422
n=5 n=5 n=5 n=5
PROXIMAL COLON
Crypt depth (um) 848+45 840+62 0.9195 934+ 69 809+42 0.1609
Crypt width (um) 287+06 306+0.7 0.0962 305+1.3 29009 0.4137
Crypt density (crypts/mm) 30.7+05 279+05 |0.0002*** 289+18 302+15 0.6034
n=5 n=5 n=5 n=5
DISTAL COLON
Crypt depth (um) 1242 +75 171.0+46 |0.0007*** 1457 +11.0 151.7+85 0.6752
Crypt width (um) 338+09 339+18 0.3614 380+19 34210 0.1262
Crypt density (crypts/mm) 253+10 263+15 0.6011 241+ 14 26617 0.2654
n=5 n=5 n=5 n=5
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Figure 4.4: Ubiquitous Msil overexpression results in decreased intestinal cell
proliferation. (A, C) Representative merged immunofluorescent images of Ki-67
(proliferative cell marker, red) and DAPI (nuclei staining, blue) for 7- and 14-dpi groups,
respectively. Scale bar, 50um. (B, D) Graphs of percentage of Ki-67-positive cells per crypt
for 7- and 14-dpi, respectively. Each data point in the scatter plots represents the mean of Ki-
67-positive cells per crypt for a single mouse (7-dpi, Control jejunum = 4, ileum and colon =
5, Msil9E jejunum = 9, ileum =7, colon = 7; 14-dpi, Control jejunum = 6, ileum = 6, colon = 7,
Msil9E jejunum = 9, ileum = 6, colon = 9). For each mouse, 25 or more crypts were scored.
Only those containing 230 total cells were analyzed. Mean + SEM. Nested two-tailed t-test
analysis. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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in the population of Ki-67-positive cells is consistent with the stunted intestinal lengths and

intestinal growth rates of Msi1®€ mice.

Increased goblet cell numbers in Msil-overexpressing intestines

A possible mechanism for decreased IEC proliferation in mice overexpressing Msil is
increased differentiation of transit-amplifying progenitor cells. To test this possibility, | first
utilized Alcian blue to label goblet cells. Intestinal tissue from both control and Msil-
overexpressing mice displayed a general distribution of goblet cells similar to previous reports,
with numbers increasing from jejunum to colon (Figures 4.5, A and B). Quantification revealed a
significantly higher proportion of goblet cells in villi from Msi1®E mouse ileum at 7-dpi, and both
jejunum villi, and ileum crypts at 14-dpi. | was unable to quantify Alcian blue-positive cells in the
colon segments due to the high percentage of goblet cells in that tissue (Figure 4.5B).

As a secondary method to evaluate goblet cells, | measured expression of Mucin2
(Muc2), a secretory mucin that is produced by goblet cells. In contrast to Alcian blue staining
results, Muc2 RNA levels were significantly reduced in IECs from Msil®F ileum compared to
controls at 14-dpi (Figure 4.5C). Significant differences in Muc2 expression in the other

intestinal segments were not observed.

Msil overexpression has region-specific effects on intestinal cell differentiation

Next, | examined Paneth and enteroendocrine cell differentiation by immunostaining for
lysozyme and Chromogranin A (Chga), respectively. Msi19 tissue had slightly fewer lysozyme-
stained Paneth cells per crypt in all segments, with significant decreases in 7-dpi ileum (Figure
4.6A). In contrast, enteroendocrine cells from 7-dpi jejunum segments showed an increase,
albeit insignificant, in Msi1®F mice (p=0.0698, Figure 4.6D).

To quantify differentiation into the absorptive enterocyte lineage, | measured RNA levels
of two enterocyte markers, sucrase-isomaltase (Sis) and Lactase (Lac) in IECs isolated from
different intestinal sections (16). Sis but not Lac expression, was significantly decreased in
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Figure 4.5: Altered goblet cell differentiation with Msil upregulation. (A) Representative
images for goblet cells stained using Alcian blue and Nuclear Fast Red (left), and
quantification of Alcian blue-positive cells in small intestine villi (right). (7-dpi, Control
jejunum, n =5, ileum, n = 6, Msi1®E jejunum, n = 5, ileum, n = 5; 14-dpi, Control jejunum, n
=5, ileum, n =5, Msi1°E jejunum, n = 6, ileum, n = 5). N = 30 villi per mouse. For crypts:
(Control jejunum =5, ileum = 5, Msi19E jejunum = 6, ileum = 4). N 2 27 crypts per mouse.
(B) Representative images of goblet cell staining in mouse colon tissue at 7- and 14-dpi. (C)
Analysis of Muc2 RNAs in IECs harvested from 7- and 14-dpi mice. (7-dpi, Control jejunum,
n =4, ileum, n = 4, colon, n = 5; Msi1°€, n = 5; 14-dpi, Control, n =5, Msi1°E, n = 4 mice).
There were 3 technical replicates assayed for each mouse. Expression was normalized to
Gapdh. Graphical data represent mean = SEM for each genotype. Each mouse is shown as
individual blue circle (Control) or red diamond (Msi1®®). Data in (A) analyzed using a nested
two-tailed t-test, and in (C) analyzed using an unpaired two-tailed test. *p < 0.05. Scale bars,
50 pm.
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Figure 4.6: Msil overexpression alters intestinal epithelial cell differentiation (A)
Representative merged immunofluorescent images for lysozyme (Paneth cell marker)
staining and quantification of positive cells in small intestinal epithelia. (7-dpi, Control
jejunum, n = 4, ileum, n =4, Msi1®E jejunum, n = 5, ileum, n = 4; 14-dpi, Control jejunum, n =
4, ileum, n = 4, Msil9E jejunum, n = 4, ileum, n = 4). N 2 25 crypts per mouse. Analyses of
(B) Sucrase-isomaltase, (C) Lactase, RNAs in IECs harvested from 7- and 14-dpi mice. (7-
dpi, Control jejunum, n = 4, ileum, n = 4, colon, n = 5; Msi1°%, n = 5; 14-dpi, Control, n = 5,
Msil®E n =4 mice). 3 technical replicates assayed for each mouse. Expression was
normalized to Gapdh. (D) Representative images of chromogranin A immunohistochemistry
and quantification of enteroendocrine cell in 7-dpi jejunum tissue. (Control = 5, Msi1°&
jejunum = 6). N = 57 villi per mouse.

Graphical data represent mean + SEM for each genotype. Each mouse is shown as
individual blue circle (Control) or red diamond (Msi1©F). Data in (A, C) analyzed using a
nested two-tailed t-test, and in (B, D-H) analyzed using an unpaired two-tailed test. *p < 0.05,
**p < 0.01. Scale bars, 50 um.
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jejunum IECs from Msil©E at 7-dpi (Figure 4.6, B and C). In contrast, both Sis and Lac RNA
levels were significantly higher (4.5-fold and 8-fold increase, respectively) in 14-dpi ileum of
mice overexpressing Msil (Figure 4.6, B and C). No changes were observed in the other
segments.

Collectively, these results suggest that Msil overexpression affects IEC differentiation,
but not in the same way for each intestinal region. lleum tissue at 14-dpi seemed the most
dramatically altered by Msil overexpression, showing significant decreases in goblet cell marker

RNA and increases in enterocyte marker RNAs.

Altered Notch signaling components in Msil-overexpressing IECs

Canonical Notch signaling is a major regulator of IEC differentiation and is predicted to
inhibit secretory cell differentiation and thus support an absorptive enterocyte cell fate (17). In
contrast, high expression of Notch antagonist mouse atonal homolog 1 (Mathl) promotes
commitment of progenitor cells to the secretory cell lineage (18). | hypothesized that the status
of Notch signaling would vary among the three intestinal tissue segments, with more Notch
signaling in 14-dpi ileum. To test this, | assessed expression of downstream Notch effector,
Hairy and enhancer of split 1 (Hes1) and its antagonistic target Math1. Though | expected Hesl
and Math1 expression to be inversely altered, | instead found that both antagonists were
significantly upregulated (67% and 76% increase, respectively) in 14-dpi Msi1°€ colon
compared to controls (Figure 4.7, A and B).

In contrast, 14-dpi ileum had significantly lower Math1 expression (70% reduction) and
also lower Hes1 expression (32% reduction, p=0.0547). No changes in Hesl and Mathl
expression were seen in any intestinal segments at 7-dpi or in jejunum at 14-dpi. Because Hesl
and Math1l act as antagonists to control IEC differentiation, we analyzed the ratio of Hes1-to-
Mathl RNA as a readout of Notch activity. Consistent with the reduced Muc2, and elevated

enterocyte marker RNA levels in 14-dpi ileum of Msi1®E mice, | also found a significantly higher
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Figure 4.7: Ubiquitous Msil overexpression does not alter Numb immunostaining.
Analyses of (A) Hesl, and (B) Mathl RNAs in IECs harvested from 7- and 14-dpi mice. (7-
dpi, Control jejunum, n = 4, ileum, n = 4, colon, n = 5; Msi1%E€, n = 5; 14-dpi, Control, n = 5,
Msil®E n =4 mice). There were 3 technical replicates assayed for each mouse. Expression
was normalized to Gapdh. (C) The ratios of Hes1-to-Mathl RNA levels were calculated from
data presented in F and G with p value determined using ACt values. Graphical data
represent mean = SEM for each genotype. Each mouse is shown as individual blue circle
(Control) or red diamond (Msi1°). Data in (A-C analyzed using an unpaired two-tailed test.
(D) Representative immunofluorescence images for Numb (Gray, Red) and DAPI (Blue) in
small intestine and colon tissue at 14-dpi. Scale bars represent 50 um. (E) Quantification of
Numb fluorescence intensity. Each data point represents the mean relative Numb
fluorescence intensity in the villus or crypt epithelia for a single mouse (4 mice per
genotype). For each mouse, 13 images were analyzed, and intensity was measured on the
brightest one or two 361um? epithelial sections per image. Scale bars, 50 um. Mean + SEM.
Nested two-tailed t-test analysis. *p < 0.05, **p < 0.01.
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Hes1-to-Mathl ratio (Figure 4.7C). The only other significant change was a lower Hes1-to-
Math1l ratio seen in 7-dpi colons of Msi1®& mice compared to their wild-type littermates. This
decreased Notch readout was consistent with observed trends of decreased enterocyte and
increased goblet cell marker RNAs. Taken together, my findings suggest that Msil regulates
IEC differentiation in a temporal and region-specific manner, potentially through modulation of
Notch activity in some regions.

To further investigate a potential mechanism underlying altered expression of Hes1 and
Math1l in 14-dpi ileal and colon epithelia, | analyzed the expression of Numb, an antagonist of
Notch signaling. It has been reported that Msil protein can bind to Numb mRNA and inhibit its
translation, resulting in reduced Numb protein amounts and in potentiation of Notch signaling
(19). I performed immunostaining for Numb (Figure 4.7D) and quantified Numb fluorescence
intensity in 14-dpi intestinal epithelial tissue (Figure 4.7E). The Numb expression pattern
revealed a decreasing gradient from the jejunum to the colon. In addition, | observed higher
Numb protein expression in jejunum and ileum villi than in crypts. However, my analysis showed
no significant differences in relative Numb protein fluorescence intensity between control and
Msi1©E intestinal epithelial tissue. Thus, these data suggest that altered Hes1 and Math1

expression in 14-dpi Msil1®E epithelia is not due to modified Numb protein levels.

Decreased Cdc20 expression in Msil-overexpressing ileum IECs

Another possible reason for the reduced IEC proliferation observed in mice with
overexpressed Msil is fewer intestinal stem cells (ISCs). Loss of ISCs has been correlated with
diminished cell proliferative abilities and villi shortening (20). Lgr5-positive cells represent
actively dividing ISCs in intestinal crypts. For ISC analysis, | focused on 14-dpi ileum because it
was the most severely affected tissue in terms of differentiation. | found that the number of ISCs

expressing Lgr5 RNA, as detected by in situ hybridization, did not differ between control and
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Msi1© tissue in 14-dpi ileum (Figure 8, A and B). Therefore, the decrease in IEC proliferation
that | observed was likely not a result of alterations in the population of Lgr5-positive ISCs.

To gain insight into the mechanism underlying the decreased proliferation observed
when Msi1 is overexpressed for 14 days, | looked at expression levels for “Cancer Pathway”
genes using a PCR Array. Of the 84 genes in the panel, 12 transcripts showed expression
changes greater than 25% in small intestine samples from three 7-dpi Msi1®& mice (Table 4.2).
Of these transcripts, the only gene classified as a cell cycle regulator was Cdc20. Cdc20 is
required for cell cycle exit and its downregulation has been shown to induce mitotic arrest (21).
RNA extracted from 14-dpi ileum was analyzed for Cdc20 expression levels using independent
primers for RT-qPCR. Notably, Cdc20 expression was significantly decreased (~70%) in Msi1°/&
IECs (Figure 4.8C), consistent with less proliferation also seen in this tissue.

Collectively my data suggest that whole-body induction of Msil disrupts the proliferative
capacity of IECs, resulting in a considerable reduction of transit-amplifying progenitors, region-
specific changes in differentiation and an overall decrease in intestinal growth and

consequently, shortening of small intestines and colons.

DISCUSSION

In this study, | characterized the intestinal phenotype of ubiquitous Msil-overexpressing
mice. While investigating the molecular basis underlying intestinal shortening in Msil-
overexpressing mice, | found a significant decrease in epithelial cell proliferation in the small
intestine and colon at 14-dpi. Further analysis revealed no difference in the number of Lgr5-
positive stem cells. However, | found reduced Cdc20 expression in ileum IECs at 14-dpi.
Knockout of Cdc20 in both young and adult mice has been reported to induce metaphase arrest

in proliferating IECs, as well as decrease Ki-67-positive cells (22). Thus, my results suggest that
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Figure 4.8: Msil overexpression does not alter Lgr5-positive stem cell numbers, but
leads to reduced Cdc20 expression in 14-dpi ileum tissue. (A) Representative Lgr5 in
situ hybridization staining in 14-dpi ileum tissue. Scale bar, 50 um. (B) Quantification of Lgr5-
positive stem cells per crypt. Each data point represents the mean number of positive stem
cells per crypt. n = 20-24 crypts per mouse (4 mice per group). Data analyzed using a
nested two-tailed t-test. Mean = SEM. (C) Relative RNA expression analysis of Cdc20 by
RT-gPCR in 14-dpi IECs. (Control, n = 5, Msi1°E, n = 4 mice). There were 3 technical
replicates assayed for each mouse. Expression was normalized to Gapdh. Unpaired two-
tailed t-test analysis. Mean + SEM. *p < 0.05
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Table 4.2: Differentially expressed targets in Msi1%F 7-dpi small intestinal epithelial
cells. Relative target fold change expression generated by RT-gPCR analysis of 7-dpi
jejunal RNA using the RT? Profiler™ PCR Array. Target expression data was analyzed using
the AACt method and normalized to the average Ct values of the five housekeeping genes
provided in the array. Expression changes greater or less than 25% of the control samples
were considered to be differentially expressed in Msi1®E samples. N = 3 mice per group.
Average fold change: Mean + SEM.

Relative fold change expression

Control Msi1%E Mean relative fold change Expression il
Pathway Gene  Mouse #1 Mouse #2 Mouse #3  Mouse #1 Mouse #2 Mouse #3 Control Msi1%E Msi1°E vs Cont
Angiogenesis Vegfc 1.122 0.928 0.951 1.224 1.536 1.187 1+006 132:0.11 Up
Angiogenesis Kdr 0.691 0.719 1.590 0.982 2.268 1.494 14030 1.58+037 Up
Apoptosis Casp9 0.935 1.239 0.826 1.256 1.354 1.409 1£012 1.341:0.05 Up
Apoptosis Xiap 1.362 0.780 0.857 1.349 1434 1.462 1+002 142+034 Up
Cellular senescence Map2k1  1.014 0.868 1.118 1.420 15673 1.294 14007 143+008 Up
DNA Damage and Repair Xrccd 1.178 0.830 0.992 1.224 1474 1.309 14010 1.34+0.07 Up
EMT Dsp 0.870 0.996 1.134 1.343 1.844 1.396 1+008 153+0.16 Up
Metabolism Gpd2 1121 1.051 0.828 1.330 1474 1.492 1+0.09 143+0.05 Up
Telomere and telemorase Tep1 1.143 0.978 0.879 1.364 1.749 1.160 1+008 142+017 Up
Apoptosis Bel2111 0977 0.974 1.049 0.744 0.660 0.823 1+030 0.74 £0.05 Down
Cell Cycle Cdc20 0.515 1171 1.314 0.615 0.676 0.685 1+025 0.66+0.02 Down
Metabolism Cox5a 1.106 0.909 0.985 0.369 0.607 0.677 1+0.06 055+009 Down
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the impaired IEC proliferation that | observed in Msil-overexpressing mice could be due to

downregulation of Cdc20.

The intestine increases in length and diameter during the early postnatal period,
resulting in a larger digestive and absorptive epithelial surface area. These changes are driven
by increased IEC proliferation, villi height and width, as well as crypt depth, density and
diameter (15,23). Our crypt morphology analysis revealed an overall, but marginal decrease in
growth between 7- and 14-dpi. Jejunum villi height and distal colon crypt depth were
substantially reduced by 14-dpi. Taken together, the shorter intestines, decreased crypt-villus
growth and altered cell proliferation suggest that the intestines of Msil-overexpressing mice
have reduced luminal surface area, which may compromise their nutrient acquisition and overall

health.

Here | show that Msil upregulation had region-specific effects on IEC differentiation; the
ileum of Msi1®E mice was more responsive to Msil upregulation than the jejunum and colon. |
detected enhanced enterocyte marker expression as well as increased Hesl1-to-Mathl
expression ratios in the ileum segments two weeks after Msil induction. These results indicate
that ubiquitous Msil overexpression promoted secretory cell differentiation, potentially through
modulating the activities of Math1 and Hes1. Consistent with a role for Notch in regulating IEC
differentiation, | saw decreased Paneth cell numbers in the ileum a week after Msil induction.
This finding agrees with in vitro studies that have shown inhibition of Paneth cell differentiation
in response to Msil overexpression (16). Inexplicably, there were no differences in Paneth cell
numbers in 14-dpi ileum tissue. Moreover, Muc2 was downregulated in the ileum at 14-dpi, but
there were no changes in Muc2 in the other intestinal segments. Contrary to expectations, there
were more goblet cells (Alcian blue) in the jejunum and ileum of Msi1®E mice. It is possible that
the goblet cells from Msil-overexpressing mice were making less Muc2 as a way to

compensate for the increased goblet cell numbers or as a result of the high Hes1-to-Mathl
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expression ratio. Additional RNA expression analysis of other goblet cell markers will be

required to test this compensation model.

Msil protein can bind to Numb mRNA and inhibit its translation (19). Consequently, Msil
overexpression has been shown to activate the Notch signaling pathway (7,19). In IEC
differentiation, high Notch signaling repressed the intestinal secretory cell lineage, resulting in
more enterocytes (17). Although my results from the 14-dpi ileum section were maostly
consistent with Notch activation, Numb was not differentially expressed between Msil®E and
control mice. In addition, | did not observe differences in Numb expression in 14-dpi jejunum
and colon sections. Thus, these findings show that Msil upregulation did not modulate Numb
expression in our Msi1®Emice, in contrast to the established Msil/Numb/Notch relationship.
However, this inconsistency between Msil and Numb expression patterns has been reported in
other mouse models. No significant changes in Numb translation were observed in neural stem
cells that were derived from tetracycline-Msil mice and treated with doxycycline to induce Msil
overexpression (3). In contrast, Msil deficiency in Msil-knockout mice resulted in the
downregulation of Numb protein expression and delayed gastric regeneration, indicating that
Msil is required for translational activation of Numb (24). Taken together, my results show that
the high Hes1-to-Math1 expression ratio in 14-dpi ileum IECs was not due to altered Numb

expression.

It is noteworthy that most phenotypes of our Msi1°E mice differ considerably from those
of other Msil-overexpressing mouse models (5,25). Whereas my study used a ubiquitous and
TAM-inducible model and focused on the early postnatal development stage, Li et al (2015),
utilized a doxycycline-inducible collagen promoter to drive Msil expression in adult mice (5). In
the Cambuli et al. (2015) study, Msil overexpression was intestine epithelial cell-specific, driven
by a non-inducible villin promoter from embryonic day 11 (25). In contrast to my findings, both

the inducible collagen promotor-driven adult mouse model and the villin-promoter driven model
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reported increased IEC proliferation in the small intestine, which correlated with enhanced stem
cell marker expression and numbers. However, similar to my 7-dpi findings, Cambuli et al.
showed no differences in colon IEC proliferation. In terms of IEC differentiation, Li et al. reported
a decrease in the overall number of differentiated cells, whereas, Cambuli et al., observed no
differences. Although Msil overexpression was lethal in our mice around two weeks after
induction, Msil driven by a collagen promoter resulted in lethality within three days (5).
Discrepancies between these three mouse models could be due to the age at which Msil
transgene expression was initiated and the tissue and cell type-specificity of the expression.
Another consideration is that our Msi1®E mice overexpress Msil in all cells and tissues. This
might be the reason that my study is the first to report differences in mouse body and organ

weights.

In summary, we have successfully developed a conditional and Cre-inducible Msil
knock-in line by targeting the Rosa26 locus. Msil overexpression appears to have a global
inhibitory effect on mouse postnatal development, with prominent phenotypes observed in
intestines, liver, spleen, lung and brain. My detailed analysis of intestinal tissue revealed roles
for Msil in maintenance of intestinal homeostasis which might be important for future therapies
that manipulate Msil activity. Msil upregulation for 14 days promoted enterocyte and inhibited
goblet cell differentiation marker expression in the ileum, consistent with a measured elevated
readout of Notch signaling. At earlier stages, the ileum showed depressed Paneth cell numbers,
also consistent with elevated Notch signaling. In addition to this analysis of intestinal
phenotypes, the Cre-inducible Msil model will be a useful tool for future investigations of the

regulatory functions of Msil in other tissues and cell types at different developmental stages.
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METHODS AND MATERIALS

Tissue sample preparation and Immunofluorescence

The small intestine was divided into three sections: duodenum, ileum and jejunum. The
duodenum was the most proximal 5cm and was not further analyzed. Jejunum and ileum
sections were the proximal two-thirds and distal third of the remaining small intestinal tissue,
respectively. The jejunum, ileum and colon tissues were flushed with 10% saline-buffered
formalin, cut lengthwise, individually rolled into “Swiss rolls”, and fixed in 10% saline-buffered
formalin for 24 hr.

In brief, for immunofluorescence staining, 4um tissue sections were deparaffinized 3x in xylene-
substitute for a total of 30 min, rehydrated in a graded ethanol series (100, 95, 80, 70, 50%) for
5 min each, and permeabilized in methanol (0.1% Tween20) for 15 min on a shaker. Slides
were washed 2x in absolute methanol for 5 min each, followed by a PBS wash. Antigen-retrieval
was achieved by incubating slides in 0.01M citrate buffer (0.05% Tween20, pH 6.2) in a 90-95°C
water bath for 40 min. Slides were incubated for 2 hr in a PBS-blocking buffer containing 2%
normal goat serum, 0.1% Triton X-100, 0.05% Tween20, 5% cold-fish skin gelatin, and 10%
BSA (w/v). Sections were then incubated with primary antibodies overnight at 4°C. Primary
antibodies used were Msil (1:1000 Millipore, #MABE268 clone 7B11.1), Jagl (1:50 Cell
Signaling Tech (D4Y1R), #70109), Ki-67 (1:400 Cell Signaling Tech, #D3B5), lysozyme (1:500
DakoCytomation, #EC 3.2.17), B-catenin (1:500 BD Transduction, #610154), and Numb (1:500
Cell Signaling Tech (C29G11), #2756) . Slides were rinsed 3x in PBS for 15 min total, incubated
with Alexa Fluor secondary antibodies (1:1000 Invitrogen) for 1 hr at room temperature, and

rinsed 3x in PBS before counterstaining with DAPI (Invitrogen, #P36962).

Immunoperoxidase staining
After deparaffinization, rehydration, permeabilization, and methanol washes; slides were
incubated in 3% H>0O, methanol (100%) for 20 min. Antigen retrieval, blocking, and primary
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antibody (SP-1 Chromogranin A, ImmunoStar, #20085), incubation steps were similar to those
for immunofluorescence staining. Goat anti-rabbit HRP-conjugated secondary antibody (1:1000
Bio-Rad, #172-1019) and 3,3’-diaminobenzidine tetrahydrochloride substrate (Invitrogen, #00-
2020) were used. Tissue sections were counterstained with Gill’'s Hematoxylin (American
MasterTech, HXGHELLT) for 5 min followed by a 2 min water rinse. Bluing was achieved by
dipping slides in 0.2% ammonia water for 30 sec. Slides were then rinsed in water for 2 min,
dehydrated in ethanol (50, 70, 80, 95, 100%) for a min each, and washed 2x in xylene-substitute

for 10 min total before application of mounting solution (Biocare Medical, EM897L).

Hematoxylin and eosin staining

Deparaffinized slides were rehydrated in ethanol (5 min in 100%, 2 min in 90%, 2 min in 70%)
2x for each concentration. Then slides were washed 2x in water for 2 min, stained with Gill’s
Hematoxylin for 8 min, washed in water for 2 min, and then blued as above. This was followed
by two rinses in water for a minute each, incubation in 95% ethanol for a minute, and staining
with Eosin Y (Fisher Scientific, 314-630) for a minute. After dehydration in ethanol (95%, 100%)
for 2 min with two changes for each concentration, slides were briefly washed in xylene-

substitute and then mounting solution (Biocare Medical, EM897L) was applied.

Alcian blue staining

For goblet cell staining, deparaffinized slides were rehydrated in ethanol (100, 95, 80, 70, 50%)
for 5 min each and then washed 2x in water for 5 min. Slides were stained in 1% (w/v) Alcian
blue solution (Sigma Aldrich, dissolved in 3% acetic acid, pH 2.5) for 30 min followed by two
washes in water for 5 min each. Counterstaining was achieved by incubating slides with Nuclear
Fast Read (Newcomer Supply, 1255A) for 5 min. Slides were then washed 2x in water for a total
of 4 min. This was followed by dehydration in ethanol (50, 70, 80, 95, 100%) for a min each,
three xylene washes for 5 min each, and application of mounting solution.
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RNA in situ hybridization

RNA in situ hybridization was performed using the RNAscope® 2.5 HD Detection Kit (ACD)
according to manufacturer’s protocol. Briefly, after deparaffinization and hydrogen peroxide
treatment (ACD, #322335), antigen retrieval on 4um tissue sections was achieved by boiling
slides in 1X Target Retrieval Reagent (ACD, #322000) in a 99-102°C water bath for 15 minutes.
Slides were dipped in 100% ethanol and air dried at room temperature. Then protease (ACD,
#322331) was performed at 40°C for 30 minutes. This was followed by hybridization using target
probes for Lgr5 (ACD, #312171) at 40°C for 2 hours. Mm-Polr2a (ACD, #312471) and dapB
(ACD, #310043) probes were used for the positive and negative control sections, respectively.
The signal was amplified and detected using the Red Detection Reagent (ACD, #322360).
Counterstaining was achieved by incubating slides in 50% Gill's Hematoxylin for 2 min at room
temperature and then blued in 0.02% ammonia water for 10 sec. After dehydration at 60°C for
15 minutes, slides were dipped in xylene before application of mounting solution (Biocare

Medical, EM897L).

Microscope image acquisition and analysis

Immunofluorescence images were acquired using a Zeiss (Axiovert 135) microscope and
Hamamatsu (C10600) digital camera. A Nikon (Eclipse 80i) microscope equipped with a
ProgRes C3 (Jenoptik) digital camera was used to capture immunohistochemistry, H&E and
Alcian blue images. RNA in situ hybridization images were acquired using a Leica (MZFLIII)
dissecting microscope and a Leica DFC 320 camera. Slides were assigned coded IDs and
images were taken by an investigator who was blinded to sample genotype. An additional
blinding step was performed, before image analysis, by renaming each acquired image with a
random 4-letter code (generated using Excel). Images and slides were decoded after
completion of measurements and/or counting analysis. Image brightness and levels were
adjusted in Photoshop (Adobe), using identical settings for matched experiments.
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Jagl and Numb immunofluorescence signal intensities were measured using ImageJ software.
For Jagl, signal intensities were measured on the brightest four 150 um? regions per image,
and for consistency purposes, these four regions were within the bottom two-thirds of crypts.
For Numb, measurements were taken on the brightest one or two 361 pm? regions per image, in
the villus and/or crypt epithelium. Intensity data were analyzed using the corrected total cellular
fluorescence method (CTCF). CTCF = Integrated fluorescence density — (Area of selected
tissue region X Mean fluorescence of background readings). The background readings were

measured from negative control (no primary antibody, secondary only) slides.

Isolation of mouse intestinal epithelial cells and RNA preparation

Jejunum, ileum and colon epithelial cells were isolated as previously described with minor
modifications (26,27). Intestinal tissue pieces were incubated in 0.04% sodium hypochlorite
solution for 5 min on ice, and then incubated in Solution B (2.7 mM KCI, 150 mM NacCl, 1.2 mM
KH2PO4, 68 mM NazHPO., 1.5 mM EDTA, 0.5 mM DTT) for 10 min on ice. The isolated cell
suspension was centrifuged at 1,000 rpm for 10 min at 4°C. Cell pellets were resuspended in
Trizol (Life Technologies, #15596-026), 4ml for Jejunum, 2ml for ileum, and 1ml for colon, for
total RNA extraction using the manufacturer’s protocol; with the isopropanol incubation step at
20°C overnight to optimize RNA precipitation. DNase | (NEB, #M0303S) digestion was
performed to remove genomic DNA contaminants from the resuspended RNA, followed by

further purification on RNeasy columns (Qiagen, #74104).

Differential target expression analysis using RT? Profiler™ PCR Array

Jejunum intestinal epithelium cells were isolated from mice 7 days after TAM administration.
Total RNA was extracted using Trizol (Life Technologies, #15596-026) and purified on RNeasy
columns (Qiagen, #74104). Then complementary DNA (cDNA) synthesis was performed using
1ug purified total RNA and the RT? First Strand Kit (Qiagen, #330401) following the
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manufacturer’s protocol. This kit included a gDNA elimination step. Prepared cDNA was mixed
with the RT? SYBR green (Qiagen, #330502) and dispensed in a 96-well RT? Profiler PCR Array
for the Mouse Cancer PathwayFinder™ (Qiagen, #330231 PAMM-033ZA) according to
manufacturer’'s recommendations. A single array was used for each individual mouse (3 mice
per genotype) and assayed in a DNA Engine Opticon 2 System (MJ Research). Target
expression was analyzed using the AACt method and normalized to the average Ct values of
the five housekeeping genes provided in the array. For the initial analysis, targets with an
expression change greater or less than 25% of the control samples were considered to be

differentially expressed in Msil-overexpressing samples.

Complementary DNA generation and Gene expression analysis

1ug purified total RNA was used to generate complementary DNA (cDNA). A 17ul reaction
mixture containing RNA, Random Primer 6 (NEB, #S1230S), dNTPs (NEB, #N0447S) and
nuclease-free water was incubated at 65°C for 5 min, and quickly put on ice. M-MLUV Reverse
Transcriptase (1ul NEB, #M0253S) and 2ul of enzyme buffer were added to the reaction
mixture. For negative controls, nuclease-free water was used instead of reverse transcriptase.
The final concentration was 6uM for Random Primer 6, and 0.75mM for dNTPs. PCR conditions
for cDNA generation were 25°C for 5 min, 42°C for 1hr, and inactivation at 65°C for 20 min. The
cDNA product was diluted 1:5 with nuclease-free water and stored at -20°C in aliquots to avoid
repeated freeze-thaw cycles. For RT-qPCR, 1.6 pl of 1:10 further diluted cDNA was mixed with
300nM of each target primer, and 1X SYBR Green (DyNAmo HS, ThermoFischer, # F-140; or
PowerUp, ThermoFischer, #A25742) in a 20 pl reaction mix and assayed in a DNA Engine
Opticon 2 System (MJ Research) according to manufacturer’'s recommendations. 4-5
independent RNA samples were used for each genotype and 3 technical replicates were
assayed for each mouse. Targets analyzed were Cdc20, Hes1, Lactase, Math1, Msil, Muc2,
and Sucrase-isomaltase (Sis). Cycle threshold (Ct) values for the housekeeping gene Gapdh
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were used as an internal control and for normalizing target Ct values. Primer sequences for
targets are shown in Table 4.3.

The PCR efficiency of each primer pair was determined by performing a standard curve
using 1:5 or 1:10 serial-diluted cDNA. To enhance precision, only raw Ct values of the triplicate
reactions that varied by < 0.6 were used to calculate the mean Ct value for each biological
sample. The AACt method was used to analyze expression levels for targets with primer
efficiencies that differed by less than +5% from the Gapdh primer efficiency. For those targets,
an unpaired two-tailed t-test was performed on grouped non-averaged AACt values to
determine statistical significance in expression levels between control and mutant samples. In
contrast, Cdc20 and Math1 efficiencies differed from Gapdh by > 5%; therefore, expression
levels were calculated according to the method described by (28) and data was analyzed using
an unpaired two-tailed t-test on grouped non-averaged fold change values.

Table 4.3: RT-qPCR Primer sequences and efficiencies. Primer efficiencies and

expression levels assayed using DyNAmo HS SYBR Green indicated by 2; whereas P
indicates assays that were performed using PowerUp SYBR Green.

Gene | Forward Primer (5' - 3" Reverse Primer (5' - 3') Efficiency

Cdc20 | TTCGTGTTCGAGAGCGATTTG | ACCTTGGAACTAGATTTGCCA 101.31%°

Gapdh | TGGCCTTCCGTGTTCCTAC GAGTTGCTGTTGAAGTCGCA 96.61% 2, 91.54% °

Hesl | CCAGCCAGTGTCAACACGA AATGCCGGGAGCTATCTTTCT 90.6%

Lac CTCTTCTCAGGGAGGAAAGC AGGAAATCCACGGAGCCCTT 90.29% P

Mathl | ATCCCGTCCTTCAACAACGAC | CTCTCCGACATTGGGAGTCTG | 100.08% °

Msil ATGCTGGGTATTGGGATGCT CGGGGAACTGGTAGGTGTAA 92.03% "
Muc2 | GATGCACTCATGGTGGAGCT TCAGGCTTGTTGATCTTCTGCA | 99.58% 2

Sis TGACTACCATACAGGGGAAGA | TCATATGTGTCTATCGACTCTC | 92.31% 2

Statistical analysis
All data analysis was performed using GraphPad Prism 8 software. Data for body and organ

weights, lengths or proportions, and RT-gPCR data were analyzed using an unpaired two-tailed
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t-test. Nested t-tests were used to analyze data for experiments where multiple technical
measurements were taken from each mouse. These experiments included analysis of cell
proliferation, morphological measurements and cell differentiation staining. Sample sizes for

mice, crypts and villi analyzed are given in figure legends.
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CHAPTER 5: MUSASHI1 AND INTESTINAL ION TRANSPORTERS

ABSTRACT

Normal transport of ions across the intestinal epithelium tissue is essential for
maintenance of electrolyte balance. Aberrant ion transporter function in the intestinal epithelium
can result in diarrhea and dehydration, which can be fatal if left untreated. Ubiquitous Msil-
overexpressing (Msil®F) mice exhibited similar phenotypes to mouse models with abnormal
expression of ion transporters. These phenotypes included drastic weight loss, failure to thrive,
and bloated intestines. | hypothesized that altered expression of intestinal ion transporters and
dehydration could underlie the impaired growth and premature death of Msi1®€ mice. Therefore,
| analyzed expression of intestinal ion transporters and performed dehydration studies in order
to determine whether the Msi1®E mice were dying from dehydration. Here | show that Msi1°&
intestinal tissue had enhanced expression of the ion transporters Slc26a3, Slc9a3, and Atpl2a.
However, | did not find evidence of excessive water loss in these Msi1®E mice. This result

suggests that Msi1l®E mice were not dying from dehydration.

INTRODUCTION

The small intestine absorbs nutrients and water from the food and drink that we ingest.
While the colon mainly absorbs water from the remaining food material and generates stool. In
addition to food and water absorption, the intestines are involved in the secretion and absorption
of ions, also known as electrolytes. These ions include sodium (Na*), chloride (CI-), hydrogen
(H), potassium (K*), calcium (Ca?*), and bicarbonate (HCO3’). The transport of ions across the
intestinal tissue is achieved by ion transporters and channels that are embedded within the
apical brush border and basolateral membranes of intestinal epithelial cells. Malfunctions of ion

transporters can cause gastrointestinal diseases with symptomatic diarrhea, which results in
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electrolyte imbalance (1). If left untreated, diarrhea can be life-threatening because it causes
excessive water loss and dehydration-related complications, such as low blood volume, fatigue,
and kidney failure (2). Thus, it is essential to identify molecular factors that control the
expression and functioning of intestinal ion transporters and channels.

The transmembrane protein DRA (Down-regulated in adenoma), also known as
SLC26A3 (Solute carrier family 26 member 3), is expressed on the apical membrane of
intestinal enterocytes. DRA was first isolated from normal human colon tissue (3). The
duodenum and colon tissues have higher DRA expression than jejunum and ileum sections (4).
DRA was initially predicted to be a tumor suppressor because its expression decreases in colon
adenocarcinomas (3,5). However, subsequent studies showed that the primary role of DRA is
as an anion exchanger which absorbs CI- into enterocytes and secretes HCO3™ into the intestinal
lumen (6,7). DRA expression in the intestinal epithelium is positively regulated by Caudal-type
homeobox 2 (CDX2), and Hepatocyte nuclear factors 1a and f (HNF1A and HNF1B) (8,9).
CDX2, HNF1A, and HNF1B are transcription factors that are involved in intestinal cell
differentiation and cell fate commitment (9—-11).

DRA is an essential transporter because its loss or reduced activity causes chloride-
losing diarrhea (CLD). Several genetic mutations in DRA have been linked to congenital CLD
(OMIM 2147000), a rare inherited autosomal disease (12,13). CLD is characterized by a high
fecal chloride concentration and increased water loss. Mice with reduced or complete loss of
Dra expression exhibit CLD symptoms, in addition to drastic weight loss, stunted growth, and
bloated intestines with watery contents (9,14). While analyzing ubiquitous Msil-overexpressing
(Msi1°) mice 14-days post-tamoxifen injection (14-dpi), | observed that the intestinal tissue
was pinkish, bloated, and had watery contents. In addition, phenotypes including fatality by 14-
dpi, enhanced goblet cell numbers, and decreased Muc2, Hes1, and Math1 expression in 14-dpi
ileum tissue (Chapter 4) were identical to those reported in Dra-knockout and Hnfla;Hnflb
double-knockout mice (9,14). Given the similarities between these mice and our Msi1®F model,
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| hypothesized that the Msi1®E mice had compromised Dra expression which would likely cause
dehydration, stunted growth, and possibly the early death that | observed. Here | report

preliminary findings from my analysis of ion transporter expression in Msi1°E mice.

RESULTS

Ubiquitous Msil-overexpression results in enhanced Nhe3 and Atpl2a expression

Fig 5.1A shows the distention and watery contents in Msil1®F intestinal tissue. Absorption of
sodium chloride (NaCl) into enterocytes is achieved by coupling Dra anion exchanger activity to
the Na*/H* cation exchange activity of Nhe3 (Sodium-hydrogen antiporter 3) (15). Nhe3, also
known as Slc9a3 (Solute carrier family 9 member 3), is expressed at the apical brush border of
enterocytes (Fig. 5.1B). It has been shown that dehydration and loss of chloride due to low Dra
expression and function can promote expression of Nhe3, possibly as a way to compensate for
the loss of the coupling between Nhe3 and Dra, and to increase Na* absorption (14). In addition
to Nhe3, compromised Dra activity also increases expression of Atpl2a (H*/K* transporting,
non-gastric, alpha polypeptide), and ENaC (Epithelial sodium channel) transporters (14).

To investigate potential alterations in expression patterns of ion transporters in Msi1°/&
mice, | analyzed expression of Nhe3 and Atpl2a in isolated intestinal epithelial cells (IECs) by
RT-gPCR. Atp12a mRNA levels were significantly higher (p = 0.0218) in 14-dpi Msi1%E colon
IECs than in control samples (Fig. 5.1C). Negligible or no Atpl2a expression was observed in
ileum IECs (data not shown). Although Nhe3 expression trended to be higher in Msi1®E jejunum
and colon samples from 7-dpi mice, it was not significantly different from control levels (Fig.
5.1D). In contrast, there was significantly more Nhe3 in Msi1®E ileum (p = 0.0003) and colon (p
= 0.0260) IECs when compared to controls at 14-dpi (Fig. 5.1E). Taken together, my results
show that Msil overexpression correlates with increased intestinal expression of Nhe3 and

Atpl2a by 14-dpi.
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Figure 5.1: Enhanced expression of intestinal ion transporters in Msil-overexpressing
mice. (A) Preliminary intestinal images from a Msi1®& mouse showing bloated and reddish-pink
colored intestines (B) lon transporters involved in the absorption and export of various ions in the
intestinal epithelial. Analyses of (C) Atpl2a and (D, E) Nhe3 mRNAs in IECs harvested from 7-
and 14-dpi mice (7-dpi, Control jejunum n = 4, colon n= 3; Msi1°E, jejunum n = 3, colon n = 4; 14-
dpi, Control n =5, Msi1®&  n = 4). There were 3 technical replicates assayed for each mouse.
Expression was normalized to Gapdh. Graphical data represent mean + SEM for each genotype.
Each mouse is shown as individual blue circle (Control) or red diamond (Msi1°). Data analyzed
using an unpaired two-tailed test. *p < 0.05, ***p < 0.001.
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Upregulation of Dra in Msi1%E colon

To investigate whether the elevated Nhe3 and Atpl2a expression in 14-dpi Msi1®E IECs was
due to decreased Dra expression, we performed immunofluorescence and RT-gPCR assays.
Representative images of Dra immunofluorescence in 14-dpi distal colon tissues at low and high
magnification are shown in Figures 5.2 A and B, respectively. Unexpectedly, enhanced Dra
protein levels were observed in images from Msil®E tissue. When quantified, the signal intensity
for Dra fluorescence was significantly higher (p-0.0193) in distal colons from Msi1®€ mice than
control mice (Fig. 5.2C). Furthermore, there was significantly (p = 0.0489) more Dra mRNA in
Msil9E colon IECs. Therefore, my results suggest that ubiquitous Msil overexpression results in

enhanced Dra expression at both the mRNA and protein levels.

Msil-overexpressing mice are not dehydrated

To determine whether dehydration in Msil overexpressing mice could underlie the
increased expression of intestinal ion transporters, | analyzed water content of mouse fecal
pellets. When mice are dehydrated and losing water due to diarrhea they have fluid-filled
intestines and watery fecal pellets. This results in increased fecal water content. Mice were
injected with a single tamoxifen dose at ~5 weeks, and weighed daily to ensure that their growth
phenotype was similar to that of previous litters (Chapter 3). As expected, the Msi1°F mice had
stunted growth and lagged behind their litermate controls (Fig. 5.3A). However, the Msi1°
mice in this group started losing weight on 12-dpi; that is, 2-days later than the initial litters
(Chapter 3). The percentage water content of the fecal pellets was relatively the same between
Msil®E and control mice for most of the experiment, and it ranged between 48 % and 56 % (Fig.
5.3B).

However, the mutant mice had significantly more water in their pellets than mutant mice
(54.31% vs. 50.74%, p = 0.0409) at 13-dpi. Although Msi1®E intestines was more transparent
and had yellowish fluid contents, they were not bloated and did not contain more fluid when
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overexpressing mice. Representative immunofluorescence staining images for Dra (Gray,
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bars represent 50 um. (C) Quantification of Dra immunofluorescence intensity. Each data
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Evaluation of Dra expression in isolated IECs by RT-gPCR. Expression was normalized to
Gapdh. Each mouse is shown as individual blue circle (Control) or red diamond (Msi1°).
There were 3 technical replicates assayed for each mouse (14-dpi, Control, n =5, Msil1®E n
= 4 mice). Data analyzed using an unpaired two-tailed test. ***p < 0.001, ****p < 0.0001.
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compared to control samples. Taken together, our results suggest that the Msi1®E mice are not
dehydrated during the majority of the experiment and their intestines do not show signs of

diarrhea that is associated with loss of Dra expression and function.

DISCUSSION

Based on phenotype similarities between Dra-knockout (9,14) and our Msi1®E mice, |
hypothesized that there was decreased Dra expression in Msi1©F intestinal epithelial tissue. |
also predicted that Nhe3 and Atpl2a expression would be upregulated in order to compensate
for the loss of Dra expression and activity. As expected, | observed enhanced Nhe3 and Atpl2a
expression in Msil®E colon tissue. In contrast, there was more Dra mRNA colon IECs and
elevated DRA protein in distal colon tissue of Msi1®E mice at 14-dpi. These findings contradict
our hypothesis.

Furthermore, my experiments failed to demonstrate prolonged dehydration in the Msi1%&
mice as | had predicted. The fecal pellets of Msi1°E mice had more water content than those of
control mice on 13-dpi, suggesting the onset of possible dehydration in these mice. In addition,
the yellowish watery-contents and increased transparency of the Msi1° intestines implied
absorption differences between mutant and control mice. However, the limited duration of my
experiment due to low survival of Msi1°E mice makes it difficult to extend the experiment and
study dehydration past 13-dpi.

Although the results did not support my hypothesis, it is interesting that Msil
overexpression resulted in elevated expression of the three ion transporters that were analyzed.
Enhanced Nhe3 was observed in an intestinal-specific gain-of-function mouse model for Msil
(16). However, upregulation of Dra and Atp12 following Msil overexpression has not been
reported before. It is possible that Msil binds to the mRNAs encoding these transporters and
positively regulates their translation. Dra and Nhe3 transcripts were bound to Msil in a
doxycycline-inducible mouse model that overexpressed Msil under the control of a collagenl
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promoter (17). However, the effect of Msil binding to these mRNAs is yet to be fully determined.
Another possible mechanism is that Msil influences expression of these targets indirectly by
controlling expression of transcription factors that regulate expression of genes encoding these
ion transporters. For example, Cdx2 and Hnflb transcripts were also identified as direct targets
of Msil in the doxycycline-inducible Msil mice. Given the essential role of Dra in chloride
absorption, it will be interesting to investigate the mechanism by which Msil regulates Dra

expression.

MATERIALS AND METHODS

Dra (Slc26a3) immunofluorescence

Colon tissues were flushed with 10% saline-buffered formalin, cut lengthwise, individually rolled
into “Swiss rolls”, and fixed in 10% saline-buffered formalin for 24 hr. The tissue was then stored
in 70% ethanol before paraffin embedding. In brief, 4um tissue sections were deparaffinized 3x
in xylene-substitute for a total of 30 min, rehydrated in a graded ethanol series (100, 95, 80, 70,
50%) for 5 min each, and slides were washed in PBS. Antigen-retrieval was achieved by
incubating slides in 0.01M citrate buffer (0.05% Saponin, pH 6.2) in a 90-95°C water bath for 20
min. Slides were cooled at room temperature for 20 min, washed 2 times in PBS for 3 min each,
and then incubated for 2 hr in a PBS-blocking buffer containing 2% normal goat serum, 0.05%
Saponin, 5% cold-fish skin gelatin, and 10% BSA (w/v). Sections were then incubated with
Dra/Slc26a3 (1:200 Invitrogen, #PA5-57508) primary antibody overnight at 4°C. Slides were
rinsed 3x in PBS for 15 min total, incubated with Alexa Fluor 568 secondary antibody (1:1000
Invitrogen) for 1 hr at room temperature, and rinsed 3x in PBS before counterstaining with DAPI

(Invitrogen, #P36962).
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Microscope image acquisition and analysis

Immunofluorescence images were acquired using a Zeiss (Axiovert 135) microscope and
Hamamatsu (C10600) digital camera. Slides were assigned coded IDs and images were taken
by an investigator who was blinded to sample genotype. An additional blinding step was
performed, before image analysis, by renaming each acquired image with a random 4-letter
code (generated using Excel). Images and slides were decoded after completion of
measurements and/or counting analysis. Image brightness and levels were adjusted in
Photoshop (Adobe), using identical settings for matched experiments. Dra immunofluorescence
signal intensities were measured using ImageJ software. Signal intensities were measured on
the apical membrane of the crypts. Intensity data were analyzed using the corrected total
cellular fluorescence method (CTCF). CTCF = Integrated fluorescence density — (Area of
selected tissue region X Mean fluorescence of background readings). The background

readings were measured from negative control (no primary antibody, secondary only) slides.

Gene expression analysis by RT-gPCR
Isolation of mouse intestinal epithelial cells, RNA preparation, generation of complementary

DNA, and gene expression analysis by RT-gPCR were performed as described in Chapter 3.

Table 5.1: RT-gPCR Primer sequences and efficiencies. Primer efficiencies and expression
levels assayed using PowerUp SYBR Green.

Gene Forward Primer (5' - 3) Reverse Primer (5' - 3") Efficiency
Atpl2a | ATGCGCCGGAAAACAGAAATC CTCCTCCTGACTCTTGTTGG 100 %

Dra CCATCGAACTCATCATGACTG GGGTTGAAATCCAAGACTCAT 99.42 %
Gapdh | TGGCCTTCCGTGTTCCTAC GAGTTGCTGTTGAAGTCGCA 90.66 %
Nhe3 ATGTCAGTGCTGTATGCCTGGA CGTGCCGACTATAGAGATGCTTG 99.09 %
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Measurement of water content in fecal pellets

1.5 mL microcentrifuge tubes were labelled and pre-weighed. Mouse fecal pellets were
collected at the same time that mice were being weighed. Mice usually produced a fecal pellet
when they were removed from the housing cages into an empty tip box that was used for their
weighing. The number of fecal pellets was recorded and pellets were transferred to a pre-
weighed and labelled tube. Then the wet pellets were measured and dried in an oven at 50°C
for 20 hours with the tube lid open. The dry pellets were measured and the percentage of water

content was calculated as: % Water content = ((Wet weight - Dry weight)/ Wet weight) * 100.

Statistical analysis
All data was analyzed using GraphPad Prism 8 software. RT-gPCR, mouse daily weights, and
fecal water content were analyzed using an unpaired two-tailed t-test. Immunofluorescence

signal intensities for Dra were analyzed using a nested two-tailed t-test.
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CHAPTER 6: AN INTESTINE-SPECIFIC MSI1-OVEREXPRESSING MOUSE

ABSTRACT

Previous work from our lab identified a mutual-inhibitory relationship between Musashi
(Msil) and the tumor suppressor Adenomatous polyposis coli (Apc) in human colonocytes. We
predicted that this relationship is essential for maintenance of homeostasis in the intestinal
epithelium. Moreover, my results from ubiquitous Msil overexpressing mice (Chapters 3-5)
suggested a role for Msil in regulating homeostasis of the intestinal epithelial tissue. Therefore,
I utilized an intestine-specific mouse model to further my analysis of the potential functions of
Msil in vivo. Here | report that intestine-specific overexpression of Msil results in shorter
colons, but is not enough to disrupt mouse postnatal growth. Unexpectedly, | observed

unilateral kidney enlargement in these intestine-specific Msil-overexpressing mice.

INTRODUCTION

In this chapter | describe preliminary results from experiments which were performed
using mice that overexpress Msil specifically in the intestinal epithelium. Given that our
ubiquitous Msil-overexpressing mice had a strong intestinal phenotype, we aimed to investigate
potential roles of Msil in early postnatal development using an intestine-specific inducible
mouse strain. Our long-term goal for this intestine-specific model will be to determine whether

overexpression of Msil is enough to induce formation of intestinal polyps.

RESULTS

Intestinal-specific Msil-overexpression does not impair early postnatal development
To generate intestine-specific inducible Msil mice, Rosa26MsVMsil (Figure 3.1A) mice
were bred with hemizygous Villin1-CreER™ mice (1). Our breeding scheme produced single-
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transgenic Rosa26Ms* and double-transgenic Vil-CreER™?; Rosa26Ms* pups. Expression of
the tamoxifen-inducible Cre recombinase in Vil-CreER™ mice was controlled by the intestinal
Villinl (Vill) promoter. For this study, 5-weeks old mice were given TAM injections for 5
consecutive days to induce Msil transgene expression in the intestinal epithelial of Vil-CreER™?;
Rosa26Ms* mice. Single transgenic Rosa26MsiV+ littermates also received TAM injections, but
they continued expressing endogenous levels of Msil due to the absence of the Vil-CreER™
transgene. For simplicity purposes, | will refer to TAM-injected Rosa26MsiY*, and Vil-CreER™?;
Rosa26Ms* mice as control and Vil-Msi1®E mice, respectively.

First, | analyzed the postnatal development of Vil-Msi1l®E mice by measuring their daily
body weights up to 14-days post-TAM injections (dpi) (Figure 6.1A). Both control and Vil-Msi1°&
mice gained weight steadily during the 14-day period and there were no significant differences
in their daily growth. Unlike the ubiquitous Msi1®& mice (Figure 3.3A), Vil-Msi1°E survived past

the 14-dpi time point.

No significant alterations in organ sizes at 15-weeks post-TAM injections

To investigate whether Msil could act as a proto-oncogene in the intestinal epithelial
tissue, | set up a 15-week long experiment after which TAM-injected mice were euthanized and
analyzed. Mice were weighed once a week after the 14-dpi time point and both groups showed
a gradual growth pattern up to 9-weeks post-TAM injections (wpi) (Figure 6.1B). There was a
sharp, but insignificant decrease in the growth pattern of Vil-Msi1®& mice at 10-wpi. Although
the Vil-Msi1®E mice resumed growth recovered by 11-wpi, their growth lagged behind that of
control mice for the rest of the experiment (Figures 6.1B and 6.2A).

To further determine effects of intestinal-specific Msil overexpression on tissue growth, |
measured body length, intestinal length, and organ sizes at 15-wpi. The colons of Vil-Msi1°&
mice were significantly shorter than those of control mice (Figure 6.2D).Vil-Msi1°E mice also
were shorter than controls, but the difference was not significant (p = 0.0630) (Figure 6.2B).
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Figure 6.1: No significant difference in body weight between control and Vil-Msi1°E
mice. (A) Daily body weight analysis relative to weight on last TAM injection (total of 5X daily
injections). (B) Body weight analysis up to ~15 weeks post-TAM injections. N =5 mice per
group. Data analyzed using an unpaired student’s t-test. Error bars represent SEM.
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Figure 6.2: Body and organ size analysis in Vil-Msi1°Emice at 15 weeks post-TAM
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Furthermore, the length of the small intestinal tissue and weights of the liver, heart, kidney, lung,
brain, and spleen of Vil-Msi1®E mice did not differ significantly from those of control mice
(Figures 6.2C and E). Lastly, | observed no overt differences in intestinal-to-body length or

organ-to-body weight proportions between control and Vil-Msi1°E mice.

Increased kidney size in Vil-Msi1°E mice

Unexpectedly, | observed unilateral kidney enlargement in 2 Vil-Msi1°F female mice
(Figure 6.3). The right kidney in these two mice was bigger than the left kidney. Part of the right
kidney of Mouse #2 is missing in the image in Figure 6.3 because one-third of the kidney was
filled with fluid and accidentally burst during dissection. Kidneys were of normal size in the 3

male Vil-Msi1®E mice.

DISCUSSION

In this preliminary study, | showed that overexpressing Msil specifically in the intestinal
epithelial tissue of 5-week old mice does not disrupt their postnatal growth or viability. Unlike the
ubiquitous Msil®E mice that started dying at 14-dpi, the Vil-Msi1°E mice can be utilized in long-
term experiments to investigate potential proto-oncogenic effects of Msil.

A remarkable phenotype of Vil-Msi1®E mice which is similar to that of the ubiquitous
Msi®E mice is that they both have significantly shorter colons when compared to controls
(Figures 3.3E and 6.2D). In addition, their colon-to-body length proportions are not differently
from those of controls (Figures 3.4 and 6.2F). These results suggest that the colon tissue of
these two models is possibly responding to Msil upregulation in a similar manner even though
the total populations of cells overexpressing Msil are different between the two models. Future
experiments will focus on analyzing and comparing the colon tissue response to Msil

upregulation in Vil-Msi1®E and ubiquitous Msi1°E mice.
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Figure 6.3: Abnormal kidney size in Vil-Msi1°E mice at 15-weeks post-TAM injections.
Enlarged right kidneys in 2 female Vil-Msi1° mice.
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Lastly, the enlarged kidney phenotype in female Vil-Msi1°E mice suggest that Msil
overexpression has growth effects in the kidney tissue. Even though the Vill promoter was used
to drive intestine-specific transgene expression (1-5), patchy expression of reporter transgenes
was observed in non-intestinal tissues including the kidney (1,6). It is possible that our Vil-
Msil®E mice have upregulated Msil expression in the kidneys. However, a recent study
showed that Cre-ER™ reporter expression in the same Vil-CreERT strain that we utilized is
restricted to the small intestine, colon and seminiferous tubules in the testis (6). Therefore, other
factors might underlie the enlarged kidney phenotype in our female Vil-Msi1®E mice. These
other unknown factors could explain why the male Vil-CreER™ mice did not have enlarged

kidneys.

MATERIALS AND METHODS

Mouse husbandry

Mouse use was approved by the Institutional Animal Care and Use Committee at the University
of Kansas. All mouse experiments adhered to federal regulations and institutional guidelines.
Mice were maintained in the Animal Care Unit at the University of Kansas under the animal use
statement 137-02 and were housed in cages with sex-matched littermates, except for breeding

purposes, and fed ad libitum water and chow (ENVIGO, Teklad global #2918).

Mice breeding and genotyping

A hemizygous B6.Cg-Tg(Vill-cre/ERT223Syr/J) (1) male breeder was purchased from The
Jackson Laboratory (# 020282). Rosa26Ms/Msil females were crossed with the Vil-CreER™
males to produce pups that were single transgenic RosaVs*, or double transgenic
RosaMsiv*;Vil1-CreER™. Tail-snips from 3-weeks old pups were digested in 0.2mg/ml Proteinase
K (ThermoFischer, #2E00491) at 55°C overnight and heat-inactivated at 95°C for 10 min to
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extract genomic DNA. Primers used to genotype for Msil were: Msil WT Forward (WTg) 5'-
CTCTTCCCTCGTATCTGCAACTCC-3’; Msi1 WT Reverse (WTgr) 5-CATGTCTTTAATCTACCT
CGATGG-3’; Msi1 knock-in Forward (Klg) 5-TGGCAGGCTTGAGATCTGG-3’; Msi1 knock-in
Reverse (KIgr) 5-CCCAAGGCACACAAAAAACC-3'. PCR conditions, using OneTaqg DNA
polymerase (NEB, #M0482S), were 95°C for 5 min, 35 cycles (95°C for 30 sec, 60°C for 30 sec,
72°C for 1 min) and 72°C for 10 min. Msil WT primers amplified a 299 bp sequence of the
endogenous Rosa26 locus. The binding sites for WT primers were also in the Rosa26 knock-in
allele, but there was no amplification due to the large transgenic vector inserted between the
primer binding sites. The Msil knock-in primers amplified a 492 bp fragment. Primers used to
identify Cre were: VilCreT2-FW 5- CCAGTTTCCCTTCTTCCTCTG-3’ and VilCreT2-RV 5’-
CGGTTATTCAACTTGCACCA-3'. PCR conditions were 94°C for 3 min, 35 cycles (94°C for 30
sec, 53°C for 1 min, 68°C for 30 sec) and 68°C for 5 min and the Cre fragment size was 225 bp.
To confirm the DNA quality of Rosa26Msi** mouse samples analyzed for Vil-CreER™, an internal

control fragment (492 bp) was amplified using the Msil knock-in primers.

Administration of Tamoxifen

5-week old mice, both sexes, were administered intraperitoneal injections of 50 mg/kg body
weight tamoxifen (TAM) (MP Biomedicals, #156738) solution for five consecutive days. TAM
was prepared under sterile conditions by dissolving in 10:1 sunflower oil/ethanol mixture. 10% of
the mixture was evaporated before administration into mice. Both control and experimental mice
were injected with TAM. Mice were euthanized by CO; asphyxiation followed by cervical
dislocation at 15-weeks post-tamoxifen injections. Age-matched littermates were used for all

experiments.

Body weight, organ weights and length measurements
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Mice were weighed daily for the first 2 weeks after the TAM injections and then weekly up to 15
weeks. Final body weights were measured immediately after mouse sacrifice. To obtain total
body lengths, mice were laid face-down on a flat surface and body length was measured from
the base of the skull to the anus. Organs were promptly excised and weighed, or their lengths
measured. Organ to body weight proportions for liver, kidneys, thymus, spleen, lungs and brain
were calculated by dividing the weight of the organ by the body weight of the mouse. Intestinal

length to body length proportions were also determined for the small intestine and colon.

Statistical analysis
All data analysis was performed using GraphPad Prism 8 software. Data for body and organ

weights, lengths and proportions were analyzed using an unpaired two-tailed t-test.
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CHAPTER 7: MUSASHI1 AS A POTENTIAL THERAPEUTIC TARGET FOR

CANCER

ABSTRACT

Musashil (Msil) is upregulated in several cancer types, and has been implicated in
tumor growth and survival. The knockdown of Msil in cancer cells can result in tumor
regression. As such, we proposed that Msil is a potential therapeutic target for cancers that
exhibit elevated Msil expression. Here | describe results from a collaborative study which
focused on designing and testing small molecule inhibitors of Msil. | screened small molecule
inhibitors using an in vitro assay and identified three promising compounds that disrupted Msil

activity at low doses.

INTRODUCTION

Cancer is characterized by uncontrolled proliferation of cells that have acquired growth-
and survival-promoting mutations. Traditional chemotherapy involves the intravenous
administration of cytotoxic agents that target these rapidly dividing cells. Chemotherapy agents
can halt division of cancer cells in any phase of the cell cycle and also induce DNA damage
which can cause cell death (1). Consequently, the removal of cancer cells results in shrinking of
tumors. However due to the non-selective nature of cytotoxic agents, normal cells that are
constantly dividing, such as hair, blood, immune, and intestinal epithelial cells, are also targeted
and destroyed. This non-selectivity underlies side effects including hair loss, anemia, nausea,
and appetite changes that are usually experienced by patients undergoing chemotherapy (2).
As such, intensive research has focused on the development of more targeted therapies with

lower toxicity.

Targeted therapy for cancer involves the identification of molecular factors that underlie

the abnormal growth and survival of cancer cells. These molecular factors belong to signaling
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pathways that drive the hallmarks of cancer including the ability of cancer cells to generate their
own growth signals, evade programmed cell death, resist exogenous anti-growth signals,
proliferate limitlessly, undergo angiogenesis, invade and metastasize, and evade immune
system surveillance (3). The goal of targeted therapy is to develop drugs or molecules that can
interfere with one or more of these hallmarks and eliminate the self-sufficient growth of cancer
cells (4). Small molecule inhibitors are one of the main classes of targeted therapy for cancer,
and they are small compounds (< 500 Da) that can easily enter the cell (4,5). Due to their size,
small molecule inhibitors can be used to target extracellular and intracellular molecular factors,

as well as be administered orally (4,6).

Small molecule inhibitors interfere with binding or interaction of proteins with their normal
ligands. For example, the small molecule Gleevec (also known as Imatinib) competitively
inhibits the interaction of ATP with tyrosine kinases (7,8). This interaction is necessary for
phosphorylation of the kinase and the subsequent phosphorylation of downstream proteins that
promote cell growth, proliferation and survival (7,8). One of these tyrosine kinases is BCR-ABL,
a fusion protein that results from a translocation mutation between Breakpoint cluster region
(BCR) and Abelson tyrosine kinase (ABL) genes. The BCR-ABL mutation underlies the
pathogenesis of chronic myeloid leukemia (CML) (9-12). Gleevec is one of the successful small
molecule inhibitors approved for CML treatment by the Food and Drug Administration (FDA).
Given the success of Gleevec and other targeted therapies for cancer treatment, many studies
have been focused on identifying additional therapeutic targets and designing small molecule

inhibitors.

The RNA-binding protein Musashil (Msil) is overexpressed in several cancer types
including glioblastoma, colorectal, breast, lung and prostate cancers (13—-21). Enhanced Msil
expression has been shown to promote proliferation, migration, and chemoresistance in cancer

cells (15,16,18,22-24). Inversely, the knockdown of Msil in tumors or cancer cell lines results in
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growth inhibition and tumor regression (13,14,17-19). Msil binds to sequence-specific motifs in
the coding sequences, introns, and untranslated regions of target RNAs (15,18,21,25-27).
Binding of Msil to targets can result in translational inhibition (18,21,25,28,29), stabilization
(23,30), increased translation (15,31—-33) or alternative splicing (15,18,33) of specific mMRNA
targets. One way to target Msil in cancers that express elevated Msil would be to utilize small

molecule inhibitors that can compete and interfere with target RNA binding to Msil.

As such, Dr. Neufeld, Dr. Liang Xu and Dr. John Karanicolas collaborated on a project
that focused on designing and testing small molecule inhibitors for Msi. Here | describe results
from cell-based luciferase assays that were performed to test the effectiveness of these small

molecules in inhibiting Msil.

RESULTS

A cell-based bioluminescence assay for screening Msil small molecule inhibitors

To identify small molecule inhibitors that could effectively target and disrupt Msil activity,
| utilized a Firefly luciferase cell-based assay to test the inhibitors. Msil represses Numb
translation by binding to the Numb 3’'UTR (25) and interfering with translation initiation (34). For
the cell culture assays, a plasmid vector expressing Firefly Luciferase coding sequence (CDS)
and Numb 3’-UTR under the control of a strong SV40 (Simian Virus 40) promoter was
transfected into human colon cancer-derived HCT116B8W cells (Fig. 7.1A, B). Another set of
cells was transfected with a plasmid vector expressing only the Firefly Luciferase reporter gene.
Then the cells were treated with either dimethyl sulfoxide (DMSO) or with potential small
molecule inhibitors for 24 hours, after which time the cells were harvested and lysed. | then

measured the luciferase activity of the cell lysates (Fig. 7.1C).
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Figure 7.1: Schematic representation of the Firefly luciferase reporter assay for testing small
molecule inhibitors. HCT116BW cells are transfected with a luciferase reporter construct fused to the
Numb-3’-UTR (shown in B) or lacking a Numb-3’UTR insert (not shown in schematic). The transfected
cells are then treated with a potential inhibitor. (A) In the absence of a small molecule inhibitor (cells
treated with DMSO only), Msi1 binds to the 3'UTR of Numb and inhibits translation of the Luciferase
mRNA. This results in diminished luciferase protein levels, and consequently in low luciferase readout.
(B) Potent Msil inhibitors are expected to interfere with Msil binding to the Numb 3’-UTR and thus
allow translation of the Luciferase-Numb-3’-UTR mRNA. This results in increase luciferase activity
readout. (C) Reaction equation for the Firefly luciferase bioluminescence assay.
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The majority of small molecules tested are ineffective against Msil

Results of small molecule inhibitor testing are shown in Fig. 7.2. The black and gray bars
represent relative luciferase activity for samples transfected with the control (no Numb 3'UTR)
vector and the Luciferase-Numb-3-UTR vector, respectively. The luciferase assay had two
controls (1) control-transfected cells (plasmid vector expressing only the Firefly Luciferase
reporter without the Numb 3’UTR), and (2) DMSO-treated cells that were transfected with either
the control vector or the Firefly Luciferase-Numb-3’UTR fusion vector. All compounds were
resuspended in DMSO; thus, the DMSO-controls served as negative controls. Another negative
control was the small molecule R4 which had previously been shown to have no antagonistic
effect on Msil.

The positive control was (-)-gossypol, a natural phenolic compound that is derived from
cotton plant. It has been shown that -(-)gossypol binds to and inhibits Msil activity in colon
cancer cell lines (35). My experiments confirmed this inhibitory activity of -(-)gossypol on Msil.
There was higher relative luciferase activity in the -(-)gossypol-treated Numb-3-UTR-
transfected lysates (Fig. 7.2A). If a small molecule effectively inhibited Msil, | expected the
luciferase activity of the Firefly Luciferase-Numb-3’UTR cell lysate to be higher than the
activities of the DMSO and control-vector lysates.

Of the 44 inhibitors tested at a final concentration of 20 uM, only 9 had a higher relative
luciferase activity for the Numb 3’-UTR samples than controls. These inhibitors were TC1, TC4,
TC22, R13 (newly synthesized in Fig. 7.2B), CB3, CB4, CB5, CB6, and YA81. Out of these 9
small molecules, 4 (TC1, TC4, TC22, CB4) met the threshold (>0.8 units) above the control
sample activity. In addition to analyzing the luciferase activity of samples, | also examined the
morphology of cells before harvesting and lysing them. There were more detached, rounded,

and floating cells in the samples that were treated with TC1, TC4 and TC22.

116



-
o
1

H Control Numb 3'-UTR

w
5]
1

3.0- ] | J
2.5-
2.0-

1.5 I

1.0 ] P a7l e Ty T R P et 1 - I e

Relative luciferase activity

STV O Yo OANDO SN
NFFETEEETFEE

e,,he
7‘07
7'(_\‘?
7'03
7‘04
TCS
7'C7
Co

v oy
YN
LLL

4.0- mE Control Numb 3' UTR

w
(=]
1

N
(3]
1

Y
(5]
1

Relative luciferase activity
- N
=) =)
: 1

e
(3]
1

o
o
1

(o] > (<] o Q N ~ v lac) ' o © A o &) ~ ~ A &~
g ¢ X T VoD o 9 4 4 49 Q9 Ny S N 8 b o O
§ L A N S\ N - B\ R\

Figure 7.2: Luciferase reporter assay for small molecule Msil inhibitors. (A) First set of small
molecules tested. (B) Second set of inhibitors tested. R13 and R17 were freshly synthesized samples.
Positive control (-)-gossypol [(-)G] was tested at 5 pM, while the negative control R4 and the
remaining inhibitors were tested at 20 uM final concentration. Firefly luciferase activity was normalized
to Renilla luciferase activity in order to control for differences in transfection efficiencies between
samples. Then to calculate the relative luciferase activity, the average Firefly/Renilla value of each
sample was normalized to that of the DMSO sample. The DMSO-treated sample was the solvent
control; all compounds were resuspended in DMSO. Control (black bars) are samples that were
transfected with the pGL3-promoter plasmid that lacked the Num 3’-UTR. This control was for testing
the specificity of the small molecule inhibitors. Error bars represent SEM. Assays were performed two
independent times for the non-control small molecules in (A), except for the Drug store and TC20
molecules which were tested only once. For (B), each compound was tested at least 3 independent
times.
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Potential hits are effective at lower concentrations

To further investigate potential hits and determine whether they were effective at
concentrations below the initial screening concentration (20 uM), | performed dose-response
assays for TC1, TC4, and TC22. It is recommended that small molecules be used at
concentrations less than or equal to 10 uM in order to increase their specificity (36). Therefore, |
tested TC1, TC4, and TC22 at 0.5, 1, 2.5, 5, and 10 pM (Fig 7.3 A-C).

The relative luciferase activity of samples treated with TC1 increased steadily from to 2.5
to 10 uM (Fig. 7.3A). In contrast, TC4-treated samples did not show a continuously upwards
trend (Fig. 7.3B). Only the 0.5, 2.5, and 5uM treatments had more luciferase activity than the
control-transfected samples. Unexpectedly, both the control and Numb 3-UTR samples that
were treated with 10 uM TC4 had lower luciferase activity than the 2.5, and 5uM samples.
Lastly, TC22 gave similar luciferase activities for the 2.5, and 5uM samples and these were
lower than that of the 10 uM-treated cell lysates (Fig. 7.3C). Molecular structures for TC1, TC4,
TC22, and -(-)gossypol are shown in Fig. 7.3 D-G. Taken together, these results suggest that

TC1, TC4, and TC22 could potentially be effective at inhibiting Msil protein activity.

DISCUSSION

Using a cell-based luciferase assay, | identified 4 small molecules (TC1, TC4, TC22, and
CB4) that show potential effectiveness at inhibiting Msil activity. In addition, dose-response
analysis revealed that TC1, TC4, and TC22 were effective at low concentrations (< 10 yM). This
is an essential requirement when designing specific small molecules because the low
concentration reduces the probability of targeting other proteins (36). Although the compounds
were effective at these low concentrations, they were not as specific as expected. | predicted
that a specific inhibitor against Msil would only enhance luciferase activity of the Firefly
Luciferase-Numb-3'UTR sample and not affect the activity of the sample transfected with the

control-vector. However, all 3 compounds also increased the activity of the control sample,
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Figure 7.3: Dose-response analysis and molecular structures of potential hits. (A-C) Dose-
response analysis of TC1, TC4, and TC22 inhibitors that had more luciferase activity in lysate from
cells transfected with the Numb 3’-UTR-containing plasmid than in those with the control plasmid.
Error bars represent SEM. Sample size: n = 2 independent assays for 0.5 and 1.0 pM; n =3
independent assays for 2.5, 5, and 10 pM. (D) The positive control (-)-Gossypol (E) Molecule TC1
(CCT130193) (F) Molecule TC4 (CCT130155) (G) Molecule TC22 (CCT135153).
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suggesting that they were also altering the translation of the plasmid backbone sequence.
Strikingly, TC1 and TC4 do not affect the luciferase activity of control sample at 2.5 uM and 0.5
UM, respectively.

To test if the small molecules affect the control plasmid vector, in future studies | can
transfect cells with the control Firefly luciferase plasmid and treat the cells with different doses
of TC1, TC4, and TC22. Then | would analyze the amount of luciferase protein in each sample
using a Western blot. If the amount of the luciferase protein changes in a dose-dependent
manner, then | would need to redo the luciferase assays using a plasmid with a backbone

sequence which is not affected by the small molecules.

MATERIALS AND METHODS

Cell culture

HCT116BW colon cancer cells were seeded in a 12-well plate at ~40% confluency in media
consisting of 90% McCoy’s 5A (Corning, #10-050-CV) and 10% fetal bovine serum (FBS,
Atlanta biologicals, #S10350), and incubated at 37 °C for 20.5 hours. Media was then aspirated
from cells and replaced with fresh media for 3.5 hours. Cell transfections were performed when
cells were ~80% confluent (24 hours after seeding). GeneExpresso in vitro DNA transfection
Reagent (Excellgen, #EG-1031) was used for transfections as recommended by the
manufacturer. The amount of DNA used for transfections is shown in Table 7.1.

6 wells were transfected with the control transfection mixture, while the remaining 6 wells
were transfected with the pGVP2-Numb-3'UTR transfection mixture. After addition of
transfection mixture, cells were incubated at 37 °C for 6 hours. Cells were then analyzed quickly
under a microscope to determine if the wells had approximately the same number of green-
fluorescent cells. This GFP signal from the pEGFP-SV40-NLS plasmid was used to determine

transfection efficiency. Afterwards, the media was aspirated from one well at a time and
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replaced with the fresh media containing the small molecule at a final concentration of 20 pM.

Then cells were incubated at 37 °C for 24 hours.

Table 7.1: Cells were transfected with either the control or Numb-3’-UTR vector in addition to
pRL-TK Renilla (Promega, #E2241) and pEGFP-SV40-NLS plasmids. We used equal
number of molecules (2.889 x 10°) of plasmid DNA to account for the differences in plasmid
size between the pGL3-promoter (Promega, #E1761) and pGVP2-Numb-3’-UTR (gift from
Okano). pRL-TK Renilla is a transfection control for the Firefly luciferase plasmids. pEGFP-
SV40-NLS plasmid was used for checking transfection efficiency.

Luciferase construct | pRL-TK Renilla | pEGFP-SV40-NLS

Control (pGL3-Promoter) 200 ng 10 ng 0.5ng

pGVP2-Numb-3’'UTR 156.2 ng 10 ng 0.5ng

Cell lysate preparation and luciferase assay

The media was aspirated from wells and cells were washed twice with cold 1X PBS (Corning,
#21-040-CV). The cell lysis and luciferase assays were performed using the Dual-Luciferase
Reporter Assay System (Promega, #E1960) according to the manufacturer’s instructions.
Briefly, 60 pL of 1X Passive Lysis Buffer (Promega, #E194A) was added to each well and the
plate was incubated on a rocker at room temperature for 10 minutes. Cells were scraped from
bottom of the wells, transferred to 0.6 ml Eppendorf tubes, snap-frozen in liquid nitrogen and
then placed on ice for thawing. Thawed samples were vortexed for 15 seconds, and 20 pl of cell
lysates was added to a 96-well white opaque plate. The assay was performed in duplicates for
each cell lysate sample. Luciferase activity was measured using a Synergy HT Multi-Detection

Microplate Reader and KC4 reduction data software.

Data analysis
Data for Firefly and Renilla luciferase activities were analyzed using Excel and GraphPad Prism
8. The Firefly luciferase activity was normalized to the Renilla luciferase activity in order to

account for differences in transfection efficiency. Then the normalized Firefly/Renilla values for
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the duplicate samples were averaged, before they were normalized to the average

Firefly/Renilla value for the DMSO-treated sample. Samples treated with effective small

molecule inhibitors would have a normalized value >1.
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CHAPTER 8: CONCLUSIONS AND FUTURE DIRECTIONS

This dissertation work focuses on the RNA-binding protein Msil and the characterization
of a versatile mouse model that facilitates Cre-inducible overexpression of Msil. Our lab initially
designed this Msil “knock in” line for the study of the proto-oncogenic properties of Msil. But
mice ubiquitously overexpressing Msil unexpectedly displayed a stunted growth phenotype. My
analysis revealed that ubiquitous overexpression of Msil impairs mouse early postnatal
development and results in stunted growth of several organs including the brain and intestines. |
demonstrated that ubiquitous Msil-overexpressing (Ubc-Msil®E) intestines had diminished
epithelial cell proliferation and growth rates in small intestine villi and colon crypts.
Mechanistically, | showed that downregulation of Cdc20 in intestinal epithelial cells could
underlie these growth defects. Decreased intestinal cell proliferation and early mortality have
been reported in Cdc20-knockout mice (1), and these phenotypes are similar to those observed
in our Ubc-Msil®E mice. For future experiments, it would be interesting to elucidate the
mechanisms underlying decreased Cdc20 RNA levels in Msi1®& mice. Future work will
investigate whether Msil can directly bind to Cdc20 RNA and the consequences of this

interaction, or if Msil influences expression of Cdc20 indirectly.

The decreased IEC proliferation in ubiquitous Msi1®E mice implies that upregulation of
Msil does not provide a growth and survival advantage in normal cells, in contrast to cancer
cells. It possible that diminished Cdc20 expression in IECs is a result of a control mechanism
that prevents uncontrolled cell division of the Msi1°E IECs. Examples of control mechanisms in
normal cells which are related to cell cycle include oncogene-induced senescence, DNA
damage response, and the various cell cycle checkpoints. Cdc20 is essential for cell cycle
progression from metaphase to anaphase, and loss of Cdc20 has been shown to induce mitotic
arrest and cell death (1). Thus, | propose that Msi1°F intestinal epithelial tissue has fewer

proliferative IECs due to decreased Cdc20 expression, which is causing mitotic arrest and
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possibly cell death of transit amplifying cells (Fig 8.1A). To investigate whether Msi1®E |ECs are
being arrested in metaphase, we could do a DAPI staining on the intestinal epithelial tissue and
analyze chromosome appearance under high magnification. If there is mitotic arrest, we expect
that Msi19Etissue would have more progenitor cells in the metaphase stage when compared to
the control tissue. During the metaphase-to-anaphase transition, Cdc20 binds to the anaphase-
promoting complex/cyclosome (APC/C) and activates degradation of cyclin B and securin (2,3).
Therefore, we could analyze the protein levels of cyclin B and securin in the intestinal crypts by
immunohistochemistry. If the Msil1®E progenitor cells are being arrested in metaphase, we
would expect the levels of cyclin B and securin to be elevated in the Msi19 tissue. Lastly, cell
death as a result of mitotic arrest could be analyzed by doing TUNEL assay or staining for
Annexin V, and we would expect increased apoptotic cells in the intestinal crypts of Msi19&

mice.

To further analyze the role of Msil on tissue development and postnatal growth, we
could induce Msil upregulation in older mice. This will allow us to determine whether the growth
defects that we observed in Ubc-Msil®E mice are restricted to the early postnatal period or not.
If older Ubc-Msi1®E mice are able to survive longer than their counterparts, we would then
utilize this model for its originally intended purpose of elucidating proto-oncogenic effects of

Msil. Long-term viability is necessary to allow for the development of polyps in mice.

We also discovered that Msil affects intestinal epithelial cell (IEC) differentiation along
the intestinal tract in a region-specific manner. The ileum tissue was the region most responsive
to ubiquitous Msil overexpression when compared to the jejunum and colon tissues. Enterocyte
cell differentiation increased in the ileum tissues at the expense of secretory cells. | showed that
increased Hes1-to-Math1 ratio and consequently Notch signaling could underlie the increase in
enterocyte differentiation in Msil-overexpressing mice. Although the high Hes1-to-Math1 ratio

suggested Notch activation, more work is needed to determine whether the changes in ileum
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Figure 8.1: Hypothetical model for decreased intestinal epithelial cell proliferation in
ubiquitous Msi1®Eilea. Diminished Cdc20 RNA levels were detected in ubiquitous Msi19E in
ileal IECs. | hypothesize that the reduction in Cdc20 expression induces mitotic arrest which
would result in fewer transiting-amplifying cells, either directly or indirectly by inducing cell
death. This model will be tested in future experiments.
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IEC differentiation were due to modulations of Notch signaling or on transcription factors that
function downstream of Hes1 and Math1. Possible transcription factors that could promote
enterocyte differentiation downstream of Hes1 include Caudal type homeobox 2 (Cdx2)
Hepatocyte nuclear factor-4-alpha (Hnf4a), and Hepatocyte nuclear factor-4-gamma (Hnf4g)
(4,5). It has been shown that Msil protein binds to Cdx2, Hnf4a and Hnf4g RNAs (4), but the
effect of the binding has not yet been determined. Therefore, we could analyze expression of
these three transcription factors and compare their levels between controls and Msil-
overexpressing mice, as well as among the three tissue regions. This will be the first step in
unravelling the complicated region-specific effects of Msil upregulation on intestinal epithelial

cell differentiation.

Another remarkable phenotype that we observed in the Ubc-Msil®E mice was the
discrepancy in goblet cell differentiation analysis in the ileum tissue. The Alcian blue staining
showed increased goblet cell numbers, whereas expression of the goblet marker Muc2 was
significantly lower in ilea epithelial cells. To understand this discrepancy, we could analyze RNA
expression of other goblet cell markers such as Trefoil factor 3 (TFF3). Another method of
goblet cell analysis would be immunofluorescence staining for Muc?2 in the ileum tissue. We
could then determine whether the number of Muc2-positive cells correlates with the diminished

Muc2 expression in Ubc-Msil19E ileum tissue.

Using the Ubc-Msil®E mice, | also showed that Msil upregulation results in increased
RNA and protein expression of intestinal ion transporters. Movement of ions through these
transporters is important for water reabsorption into the intestinal epithelial cells. Although my
experiments showed no evidence of dehydration in Ubc-Msil®E mice, these experiments
showed enhanced expression of Dra, Nhe3 and Atpl2a upon Msil upregulation. Future studies
could focus on elucidating the mechanisms underlying increased expression of these 3 ion

transporters. Dra and Nhe3 RNAs are targets of Msil (6), but the regulatory effects of Msil on
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these transcripts is unknown. Therefore, we would start by validating that the transcripts are true
binding targets of Msil and then analyze effects of the binding on Dra and Nhe3 RNA stability

and translation.

Using our Msil knock-in model and an intestine-specific inducible strain, we showed that
the growth phenotype of young Ubc-Msil1®E mice differs from that of intestinal-specific Msil
overexpressing mice (Vil-Msi1F). Although we have not performed an in-depth analysis of the
early postnatal development of Vil-Msi1°E mice, our preliminary findings clearly show that
intestinal-specific overexpression of Msil does not cause stunted growth nor early mortality.
These results imply that non-intestinal tissue-derived factors could be influencing the stunted
growth phenotype of Ubc-Msil®E mice. Remarkably, we observed unilateral kidney enlargement
in female Vil-Msi1®F mice. Given that Vill reporter expression has been reported in the kidney
epithelium (7,8), it is possible that our Vil-Msi1®E mice have upregulated Msil expression in
their renal epithelia tissue. For future experiments, we could analyze Msil expression in the
kidney tissue and then compare expression levels between controls and Vil-Msi1°€ mice, and

between Vil-Msi1°E females and males.

Lastly, we will continue investigating the potential proto-oncogenic effects of Msil
upregulation in the intestinal epithelial tissue. First, we will analyze the intestinal tissue that was
harvested at 15-weeks post-tamoxifen injections for any polyp formation. Second, we will
supplement the drinking water of mice with dextran sodium sulfate (DSS) to induce inflammation
and promote polyp formation in the colon tissue. If the Vil-Msi1®E mice end up with more polyps
than control mice, then we could conclude that Msil promotes polyp formation and/or tumor
progression. Results from the first study without DSS will allow us to determine whether Msil
promotes polyp formation or tumor progression. If Msil upregulation results in intestinal polyp
formation, we could utilize the Vil-Msi1°F mice to test small molecule inhibitors as potential

therapeutics for colon cancer.
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In conclusion, our conditional and inducible Msil knock-in line is an invaluable tool that
can be used to analyze the regulatory functions of Msil in any tissue of interest using tissue-
specific Cre-inducible lines. This work implicates Msil in early mouse postnatal development
and intestinal tissue homeostasis including intestinal growth, proliferation, and differentiation. In
addition, our findings demonstrate a potential role of Msil in regulating intestinal ion transporter
expression and water reabsorption. Most importantly, our novel findings showing that Msil
regulates intestinal cell differentiation in a region-specific manner highlight the importance of
analyzing the intestinal tissue sections as separate entities. | hope that this dissertation will
further the field’s understanding of the regulatory roles of Msil in tissue development and

tumorigenesis.
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