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Abstract

RNA-binding proteins (RBP) are important facilitators of post-transcriptional gene regulation. We
have previously established that nuclear overexpression of the RBP Musashi-2 (MSI2) during male
germ cell maturation is detrimental to sperm cell development and fertility. Herein we determine
the genes and pathways impacted by the upregulation of Msi2. Microarray analysis and gPCR
confirmed differential gene expression in factors fundamental to the cell cycle, cellular proliferation,
and cell death. Similarly, comparative protein expression analysis via iTRAQ, immunoblot, and
immunolocalisation, identified differential expression and localisation of important regulators of
transcription, translation, RNA processing, and spermatogenesis. Specifically, the testis-expressed
transcription factor, Tbx1, and the piRNA regulator of gamete development, Piwill, were both found
to be targeted for translational repression by MSI2. This study provides key evidence to support a

fundamental role for MSI2 in post-transcriptional regulation during male gamete development.

Introduction

RNA binding proteins (RBPs) are essential for post-transcriptional regulation, expressed throughout
the body, thus providing a common means of governing gene expression. An essential role of RBPs in
controlling spermatogenesis, the process of gamete development in the testes, is well established
(Idler and Yan, 2012). RBPs are proposed to be responsible for the extensive post-transcriptional
modifications events that occur throughout the proliferation and differentiation of male germ cells,
during extended periods of transcriptional cessation (Venables and Eperon, 1999). However, only
recently, have the Musashi family of RBPs emerged as key molecules in spermatogenesis (Sutherland

et al., 2015a).

In mammals, there are two Musashi family members: MSI1 and MSI2. Previously implicated in
regulating cellular proliferation and cell fate determination (de Andrés-Aguayo et al., 2011; Kharas et

al.,, 2010; Sakakibara et al., 2002), MSI2 has emerging roles in hematopoietic stem cell function



(Fujiwara et al., 2016; Park et al., 2014; Park et al., 2015). Furthermore, up-regulation of MSI2 has
been associated with brain tumour growth (Cox et al., 2013), leukaemia progression (Lu et al., 2015;
Mu et al., 2013; Thol et al., 2013), and, more recently, in lung and pancreatic cancer metastasis (Guo

et al., 2016; Kudinov et al., 2016).

The MSI family is differentially expressed throughout mammalian spermatogenesis (Sutherland et
al., 2014), with MSI1 a key regulator of the spermatogonial stem cell population (Sutherland et al.,
2015b). However, the functional role of MSI2 during male gamete development is undetermined.
We previously produced a transgenic mouse model (TgMsi2) of Msi2 overexpression to establish
whether MSI2 had any capacity, independent of MSI1, to regulate male fertility during post-transit
spermatogonial amplification in spermatogenesis. This mouse model exhibited normal MSI2
localisation patterns (Fig. 1A & Fig. 1B) but the overexpression induced post meiotic germ cell arrest

in the haploid spermatid population, resulting in a sterile phenotype (Sutherland et al., 2014).

In the present study, we establish the consequences of MSI2 overexpression on global gene and
protein levels in isolated spermatogenic cells using microarray and iTRAQ analyses. The results
emphasise the role of MSI2 in key biological functions including cellular growth and proliferation,
cancer, RNA processing, translation, and spermatogenesis. By exploration of putative MSI2 action in
the testis, we identified two, novel, spermatogenic-specific, RNA-binding targets in male germ cells:
Piwilil and Thx1. Utilising these targets, we demonstrate a potential action of MSI2 in the control of
precursor mRNA (pre-mRNA) via translational repression. These findings support an essential role for
MSI2 in post-transcriptional regulation during male gamete development, and highlight the

important function(s) of RBPs in gametogenesis and fertility.

Materials & Methods



Animals: Use of animals for this study was approved by the University of Newcastle and University of
Queensland Animal Care and Ethics Committees. All animals were maintained according to the
recommendations prescribed by the ACEC. Prior to dissection, animals were euthanized via CO2

asphyxiation in accordance with ACEC directives.

Transgenic Mouse (TgMsi2) Production: The full-length 1.04 kb Msi2 cDNA sequence (bases #140 to
#1180) was overexpressed using the germ-cell specific promoter, the C4 isozyme of lactate
dehydrogenase, Ldhc4, on a B6xCBA F2 background, with transgenic mice by genomic-PCR analysis,

as previously described (Sutherland et al., 2014).

Spermatocyte and spermatid isolation: Spermatocytes and spermatids were isolated by loading 2
adult (>PND60) dissociated testes onto a 2-4% continuous bovine serum albumin (BSA) gradient
(Sutherland et al., 2014). Briefly, testes were isolated, de-capsulated, and incubated for 15 min each
in 0.5 mg/ml collagenase/DMEM with agitation and then in 0.25% trypsin/EDTA in DMEM. Tubules
were dissociated manually by pipetting and washed in 0.5% BSA in DMEM by centrifugation. Cell
pellets were resuspended in DMEM and filtered twice through a 70 um membrane, then separated
over a BSA gradient. Purified germ cells were identified by Arachis hypogaea lectin staining of the
developing acrosome for spermatocytes and spermatids. Acrosome staining was performed as
follows: cells were fixed for 10 min in ice-cold methanol and dried onto slides. Slides were incubated
with 1 mg/ml lectin for 15 min, washed twice in PBS, and mounted in 10% Mowiol 4—-88 with 30%
glycerol in 0.2 M Tris (pH 8.5) with 2.5% 1,4-diazobicyclo-(2.2.2)-octane (DABCO). Cells were
categorized based on both size and lectin staining pattern: spermatocytes exhibited relatively diffuse
staining localized to a region representing the early stages of acrosome development, and
spermatids were scored based on distinct labelling of the developing and elongating acrosome.

Spermatocyte fractions were 65-70% pure with contaminating cells largely consisting of early



spermatocytes. Spermatids were 85-95% pure with contaminating cells consisting of late

spermatocytes. Following separation, isolated cells were counted then washed in sterile PBS.

RNA extraction: Total RNA isolation was performed using two rounds of a modified acid guanidinium
thiocyanate—phenol—chloroform protocol followed by isopropanol precipitation. Cytoplasmic and
nuclear RNA separation was performed using a commercially available purification kit with the

protocol described for lifted cells (Norgenbiotek).

Reverse Transcription PCR (RT-PCR) and Quantitative PCR (qPCR): Reverse transcription was
performed as previously described (Sobinoff et al., 2013), or alternatively for nuclear and
cytoplasmic separated RNAs using maxima first strand cDNA synthesis kit (Thermo Scientific). Total
RNA was treated with DNase prior to reverse transcription to remove genomic DNA. Reverse
transcription reactions were verified by B-actin RT-PCR using cDNA amplified with GoTaq Flexi
(Promega). QPCR was performed using SYBR Green GoTaqg qPCR master mix (Promega) according to
manufacturer's instructions on LightCycler 96 SW 1.0 (Roche). For primer sequences see
Supplemental Figure S1. QPCR reactions were performed and quantified as previously described
(Sutherland et al.,, 2015b), with QPCR data was normalized to the house-keeping control

peptidylprolyl isomerase A (Ppia).

Histomorphological Preparation and Immunohistochemistry Analysis: Whole mouse isolated testes
were placed in Bouin’s fixative for 12-24 h, washed in 70% ethanol, paraffin embedded and serially
sectioned (4um thick), throughout the entire testes. Sections were prepared and probed with
antibodies specific for: Musashi-2 (MSI2, ab50829, Abcam), PCNA (PCNA, NAO3T, Merck KGaA),
Matrin-3 (MATR3, ab151714, Abcam), Nucleolin (NCL, ab22758, Abcam), DAZAP1 (NBP1-82741,
Novus biologicals), PIWIL1 (ab12337, Abcam/MABE895, Millipore), PIWIL2 (ab3674, Abcam), SFPQ

(ab11825, Abcam), YBX2 (PAB19295, Abnova), visualised with 10ug/mL fluorescently-conjugated



secondary antibody (goat anti-rabbit 555) for 1.5h at room temperature, washed, and counter-
stained with 4'-6-Diamidino-2-phenylindole (DAPI), as previously described (Sutherland et al.,
2015b). A Rabbit isotype control (#31235, Invitrogen) was used on each sample as a control for non-
specific staining. Very faint non-specific IgG staining was observed in a small number of cells when
incubated at 29ug/ml, well above the concentration of any primary target specific antibodies tested

(Supplemental Figure S2).

Protein Extraction and Immunoblotting: Protein was extracted using ~300ul RIPA lysis buffer
(150mM sodium chloride, 0.5% sodium deoxycholate, 1.0% Triton-X, 0.1% SDS, 50mM Tris, pH 8.0,
Protocease protease inhibitor (GBiosciences St. Louis, MO, USA)) per 5 mg of cells or tissue. Protein
concentration was estimated using a Pierce BCA Protein Assay Kit (Thermo Scientific).
Immunodetection was conducted using primary antibodies previously described in
Immunohistochemistry protocol, alongside SPESP1 (ab72672, Abcam), ZP3R (LS-C83508, LShio),
TM9SF2 (HPAO05657, Sigma), and either GAPDH (G9545, Sigma) or a-Tubulin as a loading control
(Tubulin, T5168, Sigma-Aldrich). Labelled antibodies were detected with Amersham ECL Western
Blotting Detection Reagents (GE Healthcare UK Limited, Buckinghamshire, UK), with the results
recorded using a cooled charge-coupled device camera system (Fuji-LAS-4000, Fujifilm Life Science
Systems). Signal intensities of protein bands were quantitated where required using Fujifilm

Multigauge software, v3.0.

Microarray Analysis: Total RNA (approximately 3 pg) was isolated from 4 TgMsi2 and 4 paired
Wildtype (Wt) control adult testes using a QIAGEN RNeasy Mini Kit (Hilden, Germany). RNA was
prepared for microarray analysis at the Australian Genome Research Facility (AGRF). Statistically
significant genes with more than a 1.5-fold difference in gene expression (p<0.05) were then
analysed using Ingenuity Pathways Analysis (Ingenuity Systems, Redwood City, CA) software to

identify the top global molecular networks and primary biological functions and diseases affected by



Msi2 overexpression. The data discussed in this publication have been deposited in NCBI's Gene

Expression Omnibus and are accessible through GEO Series accession number: GSE59358.

Proteomic analysis (iTRAQ): Isolated round spermatid protein from TgMsi2 and Wt littermates (N=2)
were obtained for proteomic studies. The proteins were labelled at the Australian Proteome Analysis
Facility (APAF) using the iTRAQ technique and separated by both reverse-phase and strong cation
exchange HPLC AND NanolLC ESI MS/MS data acquisition. The experimental data was submitted to
ProteinPilot for processing with the detected protein threshold set as larger than 1.3 (> 95%
confidence), as detailed in (Rhein et al., 2009). Samples were compared via 4-way analysis, with the
final list of differentially expressed proteins composed of targets with a geometric mean <0.83 or

>1.2 with a combined p-value using Stouffer's method that was <0.05.

RNA-Immunoprecipitation: RNA-IP was performed on pooled collections of round spermatids from
control adult mice (~1x10’ cells/RNA-IP) using the Magna RIP™ RNA-Binding Protein
Immunoprecipitation Kit and Musashi-2 RIPAb+ RIP Validated Antibody (Millipore Merk). Eluted

target RNAs underwent reverse transcription and were analysed via qPCR.

Microscopy: All histological preparations were observed on an Axio Imager Al epifluorescent
microscope (Carl Zeiss Microlmaging Inc, Thornwood, NY) under fluorescent optics and pictures

taken using an Olympus DP70 microscope camera (Olympus America, Centre Valley, PA).

Statistics: Statistical analysis was performed using JMP11 analysis software (SAS, Buckinghamshire,
UK). All experiments were biologically replicated independently a minimum of 3 times, based on
power of analysis. The majority of datasets presented a positively or negatively skewed distribution
for which non-parametric Wilcoxon/Kruskal-Wallis testing was administered. In figures * denotes

statistical significance, specifically; ***p<0.001, **p<0.01 *p<0.05.



Results

Effects of Musashi-2 overexpression on gene expression during spermatogenesis

MSI2 is normally expressed during spermatogenesis in spermatocyte and spermatid germ cells, and
in the somatic Sertoli and Leydig cells, throughout post-natal testicular development in mice, with
similar localisation observed in human testes (Sutherland et al., 2014). We developed a germ cell
specific transgenic mouse model designed to ectopically overexpress isoform 1 of Msi2 in the
nucleus of meiotic spermatocytes and post-meiotic round spermatids. The MSI2 protein expression
in our transgenic Msi2 over-expression model (TgMsi2) replicated the physiological localisation
pattern of MSI2. However, relative expression levels of both mRNA and protein were significantly
enriched in spermatocyte and spermatid germ cells (Sutherland et al., 2014). Phenotypically, male
TgMsi2 mice are sterile, producing spermatozoa with severe morphological and functional defects.
In these mice, the post-meiotic spermatid germ cell population was the most significantly impacted

(Sutherland et al., 2014).

To determine the genes and cellular signalling pathways affected in Msi2 overexpression,
comparative microarray analysis was performed on adult (PND60) whole testis messenger RNA that
had been isolated from TgMsi2 mice and control Wildtype (Wt) littermates (N=4).

Overexpression of Msi2 during spermatogenesis, had a significant impact on the adult testicular
transcriptome, with over 700 genes differently expressed (DE) (p<0.05, fold change >+1.5), equating
to approximately 2.7% of all array transcripts assessed (Supplemental Figure S3 A), with 58% of DE
genes up regulated. Ingenuity Pathway Analysis (IPA) analyses identified the top five global
molecular networks affected as: cell death, drug metabolism, cell morphology, cellular growth and
proliferation, and the cell cycle. Analysis of molecular and cellular function, also using IPA, revealed
the top ten biological functions and diseases ranked in order of the total number of DE genes

(Supplemental Figure S3 B). The majority of DE genes for each functional classification were



upregulated in TgMsi2 testis, a large percentage of which were implicated in cancer (26%), cell death

(21%), cellular growth and proliferation (20.5%), and reproductive system disease (17%).

Expression of the 12 most differentially expressed genes in the microarray data set was validated
using qPCR (Table 1). Similar mRNA expression profiles were observed for all DE genes analysed,
confirming the microarray data. The primary roles and functions of these genes were categorised
into cellular proliferation and differentiation (Timp1, Lrg1, Robo4, Rbp1, Gdf9, Sec23A, and Adipoq)
cellular trafficking (Lrg1, Lcn2, Rbpl, and Sec23A), reproductive processes and embryonic
development (Timp1, Robo4, Rbpl, Thx1, Theg, Gdf9, HoxC9 and Adam30) and spermatogenesis

(Theg and Adam30).

Analysis of potential MSI2-mRNA target Tbx1

Following the functional analysis of the DE genes in the TgMsi2 testis microarray, we determined
that the transcription factor, Tbx1 was suitable for further analyses based on published data.
Specifically, TBX1 is known to be responsible for the control of embryo development and
organogenesis (Takashima and Suzuki, 2013), with a role during spermatogenesis development in

trout (Yano et al., 2011).

Immunolocalisation of TBX1 in adult mouse testis (Wt) indicated that TBX1 protein expression occurs
primarily in spermatocytes with reduced expression in spermatids (Fig. 1A). In the TgMsi2 testes,
TBX1 exhibited markedly reduced germ cell expression (Fig. 1A) and this was verified by immunoblot
and densitometry analysis of fold change in purified spermatocyte (-1.51) and spermatid (-1.73)
protein, relative to Wt (Fig. 1B). Conversely, gPCR analysis of Thx1 in TgMsi2 isolated germ cells,
indicated a significant up-regulation of mRNA in spermatocytes (+8.08, p<0.05) and a similar trend in
spermatids (+5.07, p=0.06), that was consistent with the results of our whole testis microarray (Fig.

1B & Table 1).



These findings indicated that Tbx1 could be a direct mRNA target of MSI2. The proposed MSI2-mRNA
binding interactions are further supported by the identification of five multiple Musashi core
recognition and binding sequences (UAG) in the Tbx1 3’ UTR (Supplemental Figure S4). (Zearfoss et
al., 2014). To verify this interaction, RNA-immunoprecipitation (RNA-IP) was performed using
dissociated whole adult mouse testis cells, and indicated significantly enriched ThxlI mRNA
expression (+3.51, p<0.05) in MSI2-IP, compared to the control-IP and sample input, supporting a

putative MSI2 protein- TbxI mRNA interaction (Fig. 1C).

Conversely, gPCR for Msil, as a predicted negative control, and Numb, as a previously predicted
MSI2 mRNA target (by similarity (lto et al.,, 2010; Okano et al.,, 2005)), revealed no significant
enrichment of these mRNAs in the MSI2 RNA-IP, indicating that there is no interaction of MSI2 with

either of these mRNAs in the mouse testis (Supplemental Figure S5).

Effects of Musashi-2 overexpression on spermatid proteome

The microarray analyses established global changes in mRNA expression resulting from the
overexpression of Msi2, and enabled the identification of a novel MSI2 binding target in TbxI mRNA.
However, to define a role for MSI2, in the post-transcriptional regulation of the male germline, it
was necessary to characterise Msj2 overexpression specifically within testis germ cells. We have
previously established that Msi2 overexpression in the developing testes primarily impacted post
meiotic spermatid germ cell development, significantly increasing DNA damage and apoptosis
(Sutherland et al., 2014). To determine the overall effect of Msi2 overexpression on the spermatid
proteome, analysis of differential protein expression of spermatids purified from adult TgMsi2 mice

and matched Wt littermates was undertaken.

Comparative isobaric Tag for Relative and Absolute Quantitation (iTRAQ), via two-dimensional nano-

liquid chromatography (2D-nanolC), electrospray ionization (ESI) mass spectrometry (MS/MS),



confirmed 206 up-regulated and 232 down-regulated proteins in TgMsi2 spermatids, representing
17% of the total 2501 proteins identified (Supplemental Figure S6 A). The previously characterised
biological functions of these DE proteins (IPA) included transcriptional control, cell cycle regulation
and cellular proliferation, translation, apoptosis, RNA splicing/processing, and spermatogenesis

(Supplemental Figure S6 B).

Of these DE proteins, 65 (2.6%) were significantly altered (p<0.05, fold change >%1.2), with 58%
down-regulated (Supplemental Figure S7). Table 2 summarises the twenty most differentially
expressed proteins IDs. Functionally, these proteins were categorised as either RNA processing
(MSI2, DDX21, PIWIL2, YBX2, PIWIL1, and DAZAP1, NCL, LA, MATR3, and MEX3D) and/or
spermatogenesis (MSI2, DDX21, PIWIL2, YBX2, PIWIL1, and DAZAP1, RNLS, PBP2, CST8, PCNA,
DPEP3, DNAH3, TM9SF2, ACRBP, ZP3R, and SPESP1). Validation of iTRAQ results was achieved
through immunoblot analysis and densitometry of ten selected proteins, together with MSI2 as a
positive control (Table 2, Supplemental Figure S8). Similar up and down regulated protein expression

patterns were confirmed for all of the targets analysed, supporting the iTRAQ analysis.

Of the significantly up-regulated proteins, PCNA, PIWIL2, and NCL were of particular interest; given
their identified roles in DNA replication and DNA damage response, meiotic differentiation of
spermatocytes and piRNA regulation, and post-transcriptional modifications, respectively (Ginisty et
al.,, 1999; Kuramochi-Miyagawa et al., 2004; Maga and Hiibscher, 2003). Consequently, protein
localisation of these three proteins was assessed, via immunolocalisation, in adult testis sections. All
three of the proteins showed increased expression in the nuclei of spermatocytes and spermatids of
TgMsi2 testes compared to Wt controls (Fig. 2A). Assessment MATR3, DAZAP1, and YBX2 protein
localisation using immunolocalisation in adult testis sections, was also undertaken. Selection of
these down-regulated proteins was due to demonstrated important roles in mRNA regulation and

RNA binding (Skowronska-Krawczyk et al., 2014; Vera et al., 2002; Yang et al., 2007). Decreased



MATR3, DAZAP1, and YBX2 protein expression was observed in TgMsi2 spermatids, compared to Wt
controls (Fig. 2B). In Wt testes, MATR3 and DAZAP1 exhibited spermatid nuclear localisation, while

YBX2 was expressed in the cytoplasm.

It is important to note that there was limited overlap between the microarray DE genes the iTRAQ
DE proteins with only three common identities (GPD2, TM9SF2, and ZP3R). TM9SF2 and ZP3R were
similarly significantly down-regulated in TgMsi2 animals at a transcript level in the whole testis
microarray (-1.52 and -1.59, respectively) and at the protein level in the round spermatid only iTRAQ
(-1.57 and -2.51, respectively). In contrast, GPD2 was observed to be decreased in TgMsi2 animals at
a transcript level in the whole testis microarray (-1.54, p<0.001) and increased at a protein level in
the iTRAQ (+1.31, p<0.001), similarly gPCR analysis of Gpd2 expression in round spermatids only,
also indicated a decrease in transcript levels (-1.62, N.S.), (Table 3). The lack of homology between
our two analyses highlights the limitations of using whole testis rather than isolated germ cells for
microarray analysis. Consequently, this directed us towards the exploration other DE proteins

identified in the TgMsi2 iTRAQ analysis at the mRNA level through gPCR of isolated spermatids.

Effects of Musashi-2 overexpression on mRNA levels in spermatids

To establish a direct correlation between the over-expression of Msi2 and the altered protein
expression and localisation in the spermatids, mRNA transcript levels were analysed. QPCR analysis
for the top ten significantly altered proteins identified from the TgMsi2 spermatid iTRAQ analysis
was performed. Expression was compared to purified spermatids from cell number matched Wt

controls (Table 3).

For the majority of the genes analysed, mRNA expression remained unchanged (Pcna, Matr3, Ybx2,
and Spesp1), or not significantly changed (Ncl and Zp3r) (Table 3). Two proteins identified, DAZAP1

and PIWIL2, however did demonstrate significantly altered mRNA levels to a similar degree. Levels of



mMRNA and protein of the spermatogenesis RBP, DAZ-associated protein 1 (Dazap1), were decreased
in TgMsi2 spermatids (Table 3). In contrast, the piRNA pathway component and regulator of
spermatogenesis, Piwi-like protein 2 (Piwil2), exhibited increased mRNA levels and protein
expression in spermatids, as did Msi2 (positive control) (Table 3). The positive correlation of both the
mMRNA and the protein expression indicates that the observed increase or decrease in protein is

directly related to changes introduced at the mRNA level.

Interestingly, Piwi-like protein 1 (Piwill), was the only iTRAQ ID analysed that exhibited opposing
MRNA and protein expression, that is the mRNA level increased (+1.79 fold, p<0.05), whilst the
protein level decreased (-1.35 fold, p<0.001), compared to the Wt control, in TgMsi2 spermatids. In
the 3’ UTR of Piwill, we identified 16 Musashi core recognition sequences, confirming its potential
as a MSI2 binding target (Supplemental Figure S4). Consequently, PIWIL1 was investigated as a

putative RNA binding target of MSI2.

Analysis of potential MSI2-mRNA target Piwilil

PIWIL1 is member of the Piwi subfamily of Argonaute proteins, responsible for the biogenesis and
functioning of a specialised class of gonad-specific noncoding RNAs: Piwi-interacting RNAs (piRNAs)
(Grivna et al., 2006; Thomson and Lin, 2009). PIWI proteins act in a complex with piRNAs to mediate
the repression of mutagenic transposable elements during meiosis to the protect germline (Pillai and
Chuma, 2012). Piwil1 null male mice are infertile and exhibit a testicular phenotype similar to TgMsi2
mice, with arrested spermatogenesis at the spermatid stage (Deng and Lin, 2002). Functionally,
PIWIL1 mediates the necessary degradation of a large population of mRNAs in late spermiogenesis
(Gou et al., 2014), prior to spermiation.

Immunolocalisation of PIWIL1 in adult mouse testis (Wt) demonstrated cytoplasmic expression in
spermatids (Fig. 3A). In TgMsi2 testis sections, PIWIL1 expression was either lost or visibly reduced in

spermatids (Fig. 3A). Immunoblot and densitometry examination of isolated spermatids identified a



slight, but non-significant, reduction in PIWIL1 protein expression (-1.13, NS) (Fig. 3B). In contrast,
gPCR analysis of Piwill in TgMsi2 isolated cells indicated a significant up-regulation of mRNA in the
spermatids (+1.79, p<0.05), consistent with the results of the whole testis microarray (Fig. 3B &

Table 3).

RNA-IP was utilised again to determine if Piwill was a direct MSI2 binding target. Using gPCR, MSI2
RNA-IP analysis of dissociated adult mouse testis confirmed significantly enhanced Piwil1 mRNA
(+2.54, p<0.01) when compared to control-IP and sample input (Fig. 3C), thus, confirming a direct
interaction between MSI2 and Piwill mRNA. With Tbx1 and Piwill confirmed as MSI2-mRNA targets,
both of which exhibited evidence of translational repression, we then sought to determine a

mechanism through which MSI2 might control target expression.

Functional role of MSI2 in mRNA regulation

The mechanisms through which RBPs exert post-transcriptional control are limited to the functional
capabilities of the specific RBP, in addition to its specific sub-cellular localisation (Glisovic et al.,
2008). As MSI2 expression is confined to the nucleus during spermatogenesis (Sutherland et al.,
2014), there is little evidence to support its interaction with translational machinery in the cytoplasm
as a potential mechanism of expression repression. Consequently, we predicted a role for MSI2 in
nuclear mRNA processing and regulation events e.g. splicing, polyadenylation, and mRNA
maturation. Therefore, if MSI2 is indeed targeting Piwill and Tbx1 mRNA, as hypothesised, the
alterations that were observed in mRNA expression of these potential targets must be occurring in

the nucleus of spermatids.

To better clarify the observed uncoupled transcript and protein expression of the putative MSI2
mRNA targets, Piwill and Tbx1, we undertook comparative qPCR of cytoplasmic versus nuclear

MRNA, using purified TgMsi2 spermatids and cell number matched Wt control spermatids. Total RNA



content was measured using pan precursor-mRNA and mature mRNA specific primers and measured
relative to the steady-state control mRNA of Ppia. Subtle enrichment of nuclear expression, relative
to cytoplasmic expression, of both Piwill (1.2 fold, p=0.19) (Fig. 4A), and Tbx1 (1.5 fold, p=0.24) RNA
(Fig. 4B), was observed in TgMsi2 spermatids (N=3). These data suggest that the decreased protein
expression of PIWIL1 and TBX1, observed in TgMsi2 spermatids, may be due to a decrease in mature
MRNA present within the cytoplasm. If indeed MSI2 is responsible for retaining RNA within the
nucleus, we predict that translation may be repressed as a result of incomplete processing of pre-

mMRNA, or prevention of mature mRNA export. (Figure 5).

Discussion

The Musashi family of RNA binding proteins are required in key developmental processes wwith
established roles in stem cell proliferation and differentiation (Okano et al.,, 2005), cell cycle
regulation (MacNicol et al., 2011), and haematopoiesis (de Andres-Aguayo et al., 2012; de Andrés-
Aguayo et al.,, 2011). Furthermore, Musashi is frequently upregulated in a variety of disease
conditions, consistently as a gene of interest in multiple stem cell cancers (Glazer et al., 2012; Gotte
et al., 2008; Sutherland et al., 2013; Todaro et al., 2010). Recently, we have established that Musashi
is important to the processes of male and female gamete development (Sutherland et al., 2014;
Sutherland et al.,, 2015b; Sutherland et al., 2015c). - Using a transgenic mouse model, we have
previously demonstrated that germ cell-specific overexpression of Msi2, but not Msi1, is responsible
for male infertility, with no evidence of MSI1 rescue (Sutherland et al., 2014). In this study, we first
utilised comparative gene and protein expression analyses to determine the impact of Msi2
overexpression on testicular germ cell development and, identify a potential mechanism for the

action of MSI2 in post-transcriptional regulation.

The differentially expressed (DE) genes from our microarray analysis supported the known role(s) of

Musashi, in cancer, gastrointestinal disease, cellular growth and proliferation, and neurological



disease. Also identified were a large number of DE genes with confirmed roles in transcription,
cellular trafficking, and reproductive processes. None of the previously characterised mRNA targets
of MSI2 were found to be differentially expressed, including Numb and Notch (Griner and Reuther,
2010; Ito et al.,, 2010; Nishimoto and Okano, 2010). And, similar to previous findings in
hematopoietic stem cells (Kaeda et al., 2015; Park et al., 2014), a direct MSI2-Numb interaction in
the mouse testes was unsupported by RNA-IP. Indicating an active role for MSI2 in the post-
transcriptional regulation of genes essential to spermatogenesis, independent of NUMB-NOTCH

signalling.

The iTRAQ analysis of global protein expression revealed aberrant expression of a number of key
proteins sharing common biological functions with those identified in our microarray study: cell
death, cell cycle, and cellular growth and proliferation, and spermatogenesis. Whilst also highlighting
the processes of splicing and mRNA processing. We predicted that MSI2, acting as nuclear expressed
RBP, would function in transcript maturation through binding and regulating pre-mRNA (Halbeisen
et al., 2008), and frequently work in dynamic complexes containing multiple RBPs (Nguyen-Chi and
Morello, 2011). Accordingly, our iTRAQ analysis revealed a high number of DE proteins with

identified roles in RNA binding and regulation.

The detailed analysis of TgMsi2 transcriptome and proteome uncovered two testis-specific MSI2-
RNA binding targets in Thx1 and Piwill, with evidence for their translational repression in
spermatids, via a MSI2-mRNA binding interaction. The implications of MSI2-mediated PIWIL1
repression include a reduction in Piwi-mediated genome protection, resulting in increased
transposon activity and higher rates of mutagenesis (Pillai and Chuma, 2012; Siomi et al., 2011).
Additionally, we predict a severe retardation of the PIWIL1-mediated decay of multiple mRNAs,
necessary for normal sperm development (Gou et al., 2014). Furthermore, TBX1 is an essential

developmental transcription factor with a likely role in early spermatogenesis (Yano et al., 2011).



Specifically, in vivo studies of Thx1 loss-of-function in mice have demonstrated a wide range of
developmental anomalies, resulting in embryonic or perinatal lethality (Jerome and Papaioannou,
2001; Zhang and Baldini, 2008). Supporting the published studies, our TgMsi2 mouse model
demonstrated downregulation of TBX1, during spermatogenesis, with disrupted differentiation and
cell division during germ cell development. However, detailed molecular analysis of downstream
targets is necessary to confirm if translation inhibition of PIWIL1 and TBX1 is causing the TgMsi2

testicular phenotype observed. .

The mechanism of MSI2-driven post-transcriptional gene regulation, as evidenced via uncoupled
transcript and protein expression, has been recently established in human HSCs (Rentas et al., 2016).
We therefore hypothesised that the observed decreases in protein expression of TBX1 and PIWIL1
may be due the retention of their RNAs within the cytoplasm. However, our functional analysis of
the mRNA expression of the hypothesised targets identified a subtle but not-significant increase of
both Tbx1 and Piwill in the nucleus of spermatocytes and spermatids, under conditions of MSI2
overexpression, further confirmation is required in order to determine if indeed nuclear
accumulation of these pre-mRNAs is occurring. Quantitative RNA in situ hybridisation alongside

splicing and polyadenylation assays may also clarify the precise mechanism utilised by MSI2.

In summary, this study has identified a functional role for MSI2 in the post-transcriptional regulation
of target gene expression during spermatogenesis, independent to that of MSI1. Exemplifying the
requisite need to investigate the role of RNA binding proteins, utilising knowledge of their

subcellular expression within the tissues of interest.
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Figure Legends
Figure 1: TBX1 in spermatogenesis, comparison of transcript and protein in TgMsi2 adult (PND60)

male testis, and isolated germ cells.

A. Immunolocalisation of TBX1 on TgMsi2 round spetms using TgMsi2 adult
(PND60) testis sections and Wildtype littermatescti®ns were fluorescently probed
forTBX1 (red), counterstained with nuclear markekHD (blue), and visualized via

epifluorescent microscopy. Scale bars denote 200um.

B. Summary table ofTbxl/TBX1 expression in TgMsi2 animals relative to Wt
littermates. Column 1 describes sample, column Zcrilges type of analysis
performed, and column 3 details relative expressisnlts in TgMsi2 sample relative
to Wt Littermates. For gPCR: total RNA was isolatemin TgMsi2 spermatocytes or
spermatids and Wt littermates (N=3), reverse tndpsd, and gPCR performed for
Tbx1. For Western blot (WB): Immunoblots of TgMsi2 iatdd cells (spermatocytes
and spermatids) and Wt littermates (N=2), were edofor TBX1 and densitometry

was performed on expression level relative to logdiontrol.



C. MSI2 RNA immunoprecipitation of native dissoeidtadult mouse testis lysate from
control mice (N=3). Eluted mRNAs were reverse teaied, and gPCR performed
with primers specific foifbx1. Input sample is equivalent to 10% of total RNA lgsa
added to each IP. Control-IP denotes RNA-IP peréalmasing rabbit IgG only. Data
is presented as mean relative expression normdbseshtrol-1P (set to 1) +SE.

Figure 2: Immunolocalisation of DE proteins identified in iTRAQ analysis on TgMsi2 round spermatids
using TgMsi2 adult (PND60) testis sections and Wildtype littermates. Scale bars denote 100um.

A. Up-regulated IDs: Sections were fluorescentlgbad for, PCNA, PIWIL2, and NCL
(red), counterstained with nuclear marker DAPI €pJu and visualized via
epifluorescent microscopy.

B. Down-regulated IDs: Sections were fluorescepthybed for; MATR3, DAZAP1, and
YBX2 (red), counterstained with nuclear marker DABIue), and visualized via
epifluorescent microscopy.

Figure 3: PIWIL1 in spermatogenesis, comparison of transcript and protein in TgMsi2 spermatids.

A. Immunolocalisation of PIWIL1 in spermatids usidgMsi2 adult (PNDG60) testis
sections and Wildtype littermates. Testis sectiiis4) were probed for PIWIL1
(red) and counterstained with DAPI (blue) acoridagnaterials and methods. Labels
on higher magnification images indicate spermatxyspc) and spermatids (spt).

Scale bars denote 50um.

B. Summary table #iwil/PIWIL1 expression in TgMsi2 purified spermatidsatete to
Wt littermates. For gPCR: total RNA was isolatednir TgMsi2 spermatids and Wt
littermates (N=3), reverse transcribed, and gPCRopaed forPiwill. For Western
blot (WB): Immunoblots of TgMsi2 and WT spermatild=2), were probed for
PIWIL1 and densitometry was performed on expressemel relative to loading

control.



C. MSI2 RNA immunoprecipitation of native dissoeidtadult mouse testis lysate from
control mice (N=3). Eluted mRNAs were reverse teaied, and gPCR performed
with primers specific folPiwill. Input sample is equivalent to 10% of total RNA
lysate added to each IP. Control-IP denotes RNAdiRormed using rabbit IgG only.
Data is presented as mean relative expression fiset@o control-IP (set to 1) +SE.

Figure 4: gPCR analysis of Piwill and Thx1 subcellular expression

A. QPCR analysis was performed on cytoplasmic wersuclear extracted RNA from
TgMsi2 testis cells and Wt littermates (N=3). TdRMA content was measured using
pan pre-mRNA and mature mRNA specific primersRowil1, and compared relative
to steady state contrdPpia. Data is presented as average ratio of nuclear to
cytoplasmic relative expression +SE (p=0.19).

B. QPCR analysis of totalbxl RNA was performed on cytoplasmic versus nuclear
extracted RNA from TgMsi2 testis cells and Wt litteates as described above (A)
(p=0.24).

Figure 5: Model depicting potential MSI2 mechanism of action in TgMsi2 in spermatids. We have
demonstrated the specific localisation of RNA binding protein MSI2 in the nucleus of spermatids (i).
Through RNA immunoprecipitation, an interaction of MSI2 with Tbx1 and Piwil1 mRNA has been
identified (ii). Using iTRAQ, immunoblot, and immunolocalisation, we have shown evidence for the

regulation of TBX1 and PIWIL1 translation (iii).

Supplementary Figure Legends:

Supplemental Figure S1: Primers and sequences

Supplemental Figure S2: Immunofluorescence of Rabbit isotype control using TgMsi2 adult (PND60)
testis sections and Wildtype littermates. Scale bars denote 50um. A small amount of non-specific

rabbit IgG was detected as indicated (->). All other conditions remained unchanged. Sections were



fluorescently probed with secondary antibody (red), counterstained with nuclear marker DAPI

(blue), and visualized via epifluorescent microscopy.

Supplemental Figure S3: Microarray analysis of TgMsi2 adult mouse testes compared to Wt
littermates (N=4).

A. The pie graph displays the total number of gdonaad on an lllumina Sentrix Mouse
ref8v2 Beadchip, presented as positive hits (gemiés a significant change in
expression (>1.5-fold changes@05)) within the total number of transcripts assaly
(array transcripts). The bar of pie representsbit@akdown of up-regulated genes to
down-regulated genes, identified in TgMsi2 testes.

B. The top 10 biological functions and diseasesaraed in order of number of
molecules identified as differentially expresseainfrmicroarray analysis. Threshold
represents —log(p-value) set at 1.3. The numberpeategulated and down-regulated
genes present for each data point are represestadreative fraction of the y-axis
value. Genes were analysed using Ingenuity Pathwagdysis (Ingenuity Systems)
for molecular and cellular functions. Only thosenge exhibiting a greater than 1.5-
fold change in expression were categorisedd(@5). Note that some genes occur in
multiple functional groups.

Supplemental Figure S4: |dentification of MSI2 consensus sequence UAG in 3’ UTR of Thx1 and
Piwill. Figure shows 3’ UTR of mouse Tbx1 and Piwill (sourced from Ensembl genome browser) with

MSI2 binding sequence UAG (TAG) highlighted.

Supplemental Figure S5: MSI2 RNA-IP with adult mouse testis, gPCR for Msil and Numb.
A. RNA immunoprecipitation was performed using a IRISpecific antibody bound to
protein G magnetic beads to pull-down MSI2 protbinding partners in native
dissociated adult mouse testis lysate from comtrige (N=3). Eluted mRNAs were

reverse transcribed, and qPCR performed with psnsgecific for Msil. Input



sample is equivalent to 10% of total RNA lysateetltb each IP. Control-IP denotes
RNA-IP performed using rabbit IgG. Data is presdnis mean relative expression
normalised to control-IP (set to 1) +SE. (**p<0ddnotes statistical significance).

B. Experiment as described above with qPCR perfdrmging primers specific for
Numb. Input sample is equivalent to 10% of total RNsate added to each IP.
Control-IP denotes RNA-IP performed using rabbi®.Id0ata is presented as mean
relative expression normalised to control-IP (setl) +SE.(note: no statistical
significance was found between groups).

Supplemental Figure S6: ITRAQ analysis of TgMsi2 adult mouse isolated spermatids compared to Wt
littermates (N=2).

A. Summary of ITRAQ results. The pie graph displalye total number of proteins
identified via 2D NanoLC ESI MS/MS data acquisitiasing the iTRAQ method, and
the number of these considered to be differenti@lligred. The bar of pie represents
the breakdown of up-regulated proteins to downmgadl proteins, identified in
TgMsi2 spermatids.

B. ITRAQ summary of the top six combined biologipabcesses affected as a result of
Msi2 overexpression, arranged in order of number détintially expressed proteins.
The numbers of proteins in each group are shovpaiantheses.

Supplemental Figure S7: DE proteins from comparative iTRAQ analysis of TgMsi2 round spermatids.
Peptides.95.. corresponds to the number of distinct peptides having at least 95% confidence.
Multiple modified and cleaved states of the same underlying peptide sequence are considered
distinct peptides because they have different molecular formulas. Multiple spectra of the same
peptide, due to replicate acquisition or different charge states, only count once. Geomean is the
geometric mean of all ratios analysed, corresponding to an average fold change. StouffersPval
applies to the combined p-value using Stouffer's method, corresponding to an aggregate measure of

significance.



Supplemental Figure S8: Immunoblot images used for densitometry values listed in Figures 1 and
Figures 3 and Table 2. Immunoblotting was performed on 10ug protein, following extraction from
spermatids purified from TgMsi2 Adult (PND60) (Tg1-3) and Wildtype control (Wt1-3) testes as
described in materials and methods (Protein Extraction and Immunoblotting). Relative expression of
TBX1 (Figure 1), PIWIL1 (Figure 3) and PCNA, NCL, PIWIL2, MATR3, YBX2, DAZAP1, and TM9SF2
(Table 2) was compared to loading control GAPDH or aTUB. Immunoblots for PCNA and PWIL2 were
stripped at re-probed for PIWIL1 and DAZAP1, respectively, prior to loading control. Protein
molecular weight is noted in brackets and indicated at appropriate size on blot (=).

Table 1: QPCR validation of top 12 significantly altered transcripts in microarray of TgMsi2 testes.
Each gene is listed with full name and symbol, known function, microarray DE value (MA value), and

gPCR fold change (FC) (mean + SE). *p<0.05, **p<0.01, ***p<0.001.

Gene (symbol) Role/Function MA Value QPCRFC

Tissue inhibitor of cell proliferation, anti-apoptosis, early

* Kk + * %
metalloproteinase 1 (Timp1) development +4.52 *16.413.38

Leucine-rich alpha-2- cell differentiation, signal transduction,

k¥ + * %
glycoprotein 1 (Lrg1) cell adhesion, development +4.10 +9.4442.43

Roundabout, axon guidance
receptor, homolog 4
(Drosophila) (Robo4)

cell migration, proliferation, embryonic

+4.04***  +1.71+0.06***
development

iron-trafficking, apoptosis, innate

Lipocalin 2 (Lcn2) +3.17*%*  +4.9340.92*

immunity
Retinol binding protein 1, Retinol transport, reproduction, ot
+ *
cellular (Rbp1) growth, differentiation +2.79 +9.12£3.47

transcriptional regulator, embryo

+1.76* +2.6610.41***
development

T-box1 (Thx1)

Testicular haploid expressed

. . . . i . "
gene (Theg) protein assembly in spermatids 2.1 1.37+0.09

Growth differentiation

i _ * kK _ + * kK
factor 9 (Gdf9) cell growth, reproductive development -2.34 2.80+0.04

transcription factor important to

. -2.44***  -1.67+0.06*
morphogenesis

Homeo box C9 (Hoxc9)

ADAM metallopeptidase membrane-anchored protein. -2.49***  _2.80+0.03***




domain 30 (Adam30) spermatogenesis and fertilization

SEC23A (S. cerevisiae) cell morphology/proliferation, ER-Golgi

D 72%%% 3 5140 02F**
(Sec23A) protein trafficking 2.72 3.5140.02

Adiponectin, C1Q and
collagen domain containing

(Adipoq)

metabolic/hormonal processes, cell

-3.65%* -3.1740.19*
growth

Table 2: Top 20 significantly altered proteins identified via iTRAQ of TgMsi2 spermatids.
Each protein is listed with full name and symbol, summary of function, iTRAQ value and if performed

immunoblot densitometry analysis (IB Fold Change), and peptides identified via iTRAQ.

, # of
Protein (symbol) Role/Function ITRAQ independent
(IB FC) )
Peptides
Musashi homolog 2 (MSI2) protein of interest (positive control) | 7.64 (+2.17) | 6
Renalase (RNLS) FAD-dependent amine oxidase 2.45 10
Phosphatidylethanolamine- .
binding protein 2 (PBP2) spermatogenesis 1.74 14
Cystatin-8 (CST8) sperm development & maturation |1.5 4
Nucleolar RNA helicase 2 (DDX21) | helicase activity, RNA folding 1.42 4

Proliferating cell nuclear antigen | DNA replication & damage

(PCNA) response 1.26(+1.46) | 7

chromatin decondensation,

Nucleolin (NCL) transcription, ribosome assembly,

1.23(+1.31) |21

meiosis, stem cell renewal, piRNA

Piwi-like protein 2 (PIWIL2) .
pathway, translation control

1.22 (+1.82) | 20

Lupus La protein homolog (LA) RNA processing, mRNA stabilization | 1.22 8

Dipeptidase 3 (DPEP3) meiosis, testis expressed 1.2 16

MRNA stabilization, nuclear

Matrin-3 (MATRS3) retention of defective RNAs

-1.2(-1.1) |29

RNA-binding, mRNA

Y-box-binding protein 2 (YBX2) storage/translational delay

-1.28 (-1.92) | 23

Dynein heavy chain 3, axonemal

(DNAH3) sperm motility - flagella assembly | -1.33 19




RNA-binding protein MEX3D RNA binding protein, nucleo- 134 7

(MEX3D) cytoplasmic export )
spermatogenesis, piRNA stability,

Piwi-like protein 1 (PIWIL1) stem cell renewal, RNA silencing, -1.35(-1.13) |47
translation

DAZ-associated protein 1 . .

(DAZAP1) RNA-binding, spermatogenesis -1.43(-1.3) |7

Transmembrane 9 superfamily spermatogenes:s, protein 1.57(-1.82) | 9

member 2 (TM9SF2) degradation

Acrosin-binding protein (ACRBP) | acrosome reaction -2.22 24

Zona pellucida sperm-binding . . . .

protein 3 receptor (ZP3R) oocyte interactions, spermiogenesis | -2.51 (-1.27) | 10

Sperm equatorial segment spermatogenesis, acrosome

protein 1 (SPESP1) development 3.79(-1.23)| 6

Table 3: QPCR of 12 selected significantly altered proteins from TgMsi2 spermatid iTRAQ.
Each gene analysed is listed with gene symbol, full name, qPCR fold change, iTRAQ fold change, and

comparison of transcript and protein expression. *p<0.05, **p<0.01, and ***p<0.001.

Gene | iTRAQID Name qPCR iTRAQ Summary

Musashi RNA-binding 13.54%*% | 17 6a%** increased at transcript & protein level

Msi2 protein 2 (positive control)

Proliferating cell

Pcna nuclear antigen +1.12 +1.26***| increased at protein level only

Ncl Nucleolin +1.78 +1.23** | increased at transcript (NS) & protein level
Piwil2 | Piwi-like protein 2 +1.78** | +1.22** | increased at transcript & protein level
Matr3 | Matrin-3 -1.37 -1.21*** | decreased at transcript (NS) & protein level
Ybx2 Y-box-binding protein -1.19 -1.28*** | decreased at transcript (NS) & protein level

2

increased transcript & decreased protein

Piwill | Piwi-like protein 1 +1.79% | -1.35%** ,
expression




DAZ-associated

Dazap1 . -1.21%* -1.37** | decreased at transcript & protein level
protein 1
Zona pellucida sperm-
Zp3r binding protein 3 -5.1 -2.51*** | decreased at transcript & protein level
receptor
Sperm equatorial . .
Spesp1 . -1.05 -3.85 decreased at protein level only
segment protein 1
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Figure 4
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