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Abstract

ESRP1 regulates alternative splicing, producing multiple transcripts from its target genes in
epithelial tissues. It is upregulated during mesenchymal to epithelial transition associated
with reprogramming of fibroblasts to iPS cells and has been linked to pluripotency. Mouse
fetal germ cells are the founders of the adult gonadal lineages and we found that Esrp1
mRNA was expressed in both male and female germ cells but not in gonadal somatic cells
at various stages of gonadal development (E12.5-E15.5). In the postnatal testis, Esrp1
mRNA was highly expressed in isolated cell preparations enriched for spermatogonia but
expressed at lower levels in those enriched for pachytene spermatocytes and round sper-
matids. Co-labelling experiments with PLZF and c-KIT showed that ESRP1 was localized to
nuclei of both Type A and B spermatogonia in a speckled pattern, but was not detected in
SOX9* somatic Sertoli cells. No co-localization with the nuclear speckle marker, SC35,
which has been associated with post-transcriptional splicing, was observed, suggesting that
ESRP1 may be associated with co-transcriptional splicing or have other functions. RNA
interference mediated knockdown of Esrp1 expression in the seminoma-derived Tcam-2
cell line demonstrated that ESRP1 regulates alternative splicing of mRNAs in a non-epithe-
lial cell germ cell tumour cell line.

Introduction

Germ cells exhibit unique profiles of gene expression that distinguish them from somatic

cells (reviewed in [1]) and utilise specific transcriptional regulators, which produce transcripts
that differ from those observed in other tissues [2]. Transcript diversity also derives from an
extensive array of post-transcriptional regulation that is present in differentiating germ cells
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including extensive alternative splicing of pre-mRNA molecules that amplifies the number of
proteins produced from a finite number of genes [3-8]. Genome-wide analyses of alternative
splicing of transcripts in the gonads of Drosophila and mice, have demonstrated the existence
of many germ-cell specific protein isoforms [8, 9] and a high frequency of alternate splicing
events in the testis [10, 11]. The Drosophila study also identified RNA splicing factors that are
highly enriched in pre-meiotic cells [9]. While the core elements of the RNA splicing mecha-
nism are ubiquitously expressed and regulate mRNA splicing in all cells, splicing profiles differ
between cells [12], suggesting that tissue specific regulators generate cell specific splicing
events. In pursuit of this hypothesis, Warzecha et al. [13] conducted a genome wide screen to
identify new factors that could uniquely promote splicing in epithelial cells. Among various
factors, two protein paralogues were found to cause epithelial specific splicing patterns. Previ-
ously, these proteins were known as RNA binding motif proteins 35A and 35B (RBM35A and
RBM35B). Expression of both genes is highly cell type specific, but up-regulation of both genes
was generally observed in epithelial cell types. These proteins were thus renamed epithelial
splicing regulatory proteins 1 and 2 (ESRP1 and ESRP2) [13].

Up-regulation of ESRP1 and ESRP2 expression coincides with the earliest changes in global
gene expression associated with the mesenchymal to epithelial transition and induction of
pluripotency during iPS cell generation [14, 15]. Moreover, a recent study of alternative splic-
ing events, which occur during reprogramming of mouse embryonic fibroblasts to iPS cells,
identified enrichment of ESRP1 binding sites upstream of alternatively spliced exons. Subse-
quent knockdown of ESRP1/2 followed by RNA-Seq analysis demonstrated that ESRP1/2
dependent splicing events occur during the induction of pluripotency [16].

Mouse spermatogonial stem cells, in addition to their capacity to repopulate germ cell-
depleted seminiferous tubules [17], display pluripotent characteristics when isolated and cultured
under the same conditions as embryonic stem cells [18-21] including expression of pluripotency
markers (e.g. Oct4, Nanog, Rex-1), differentiation along mesodermal and neuroectodermal line-
ages, formation of teratomas when injected into SCID mice and generation of chimeras when
injected into host blastocysts [18-21]. Similarly, pluripotent cells have been isolated from human
testes [22, 23] but appear to be less competent or not as efficient as ES cells in forming chimeras
and teratomas (reviewed in [24]). Comparison of rodent adult germline stem cells with ES cells
by expression profiling demonstrated that they are almost identical, express the same level of
pluripotency genes and respond similarly in differentiation assays [25].

Given the high level of alternate splicing during spermatogenesis and the association of
ESRP1 with pluripotency, we were interested in examining the expression of ESRP1 during
the development of male and female germ cells. Germ cells in the mouse are derived from a
small number of cells present in the epiblast at E6.25 (embryonic day 6.25 after fertilization)
that receive a BMP signal from extraembryonic ectoderm. After limited proliferation, these
cells migrate, by both passive and actively directed transport and are found by E11.5 in the
genital ridges, which are the gonadal precursors. By day E13.5 male fetal germ cells down regu-
late pre-meiotic genes, enter mitotic arrest and are termed gonocytes, whereas female embry-
onic germ cells differentiate into oogonia, which enter meiosis and arrest in prophase I. By
birth, the majority of oogonia have either degenerated, or developed into primordial follicles,
that remain in meiotic arrest unless selected for maturation during the adult female reproduc-
tive cycle. By contrast, gonocytes remain mitotically arrested until around post-natal day 3 in
males, before re-entering the cell cycle and forming spermatogenic stem cells within the semi-
niferous tubules. The spermatogenic stem cells subsequently produce spermatogonia that will
differentiate into spermatocytes. Each spermatocyte undergoes two meiotic divisions to pro-
duce four haploid round spermatids that undergo a morphological change to produce elongat-
ing spermatids, and eventually, mature spermatozoa (reviewed in [26]).
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In this study we identify that Esrpl is transcribed in fetal germ cells and in perinatal gono-
cytes/spermatogonia and shows enriched expression in adult spermatogonia. In addition, we
show that ESRP1 protein is most highly expressed in nuclei of pre-meiotic germ cells in adult
testes and demonstrate that ESRP1 regulates alternative splice selection of mRNAs in a germ
cell-derived cell line.

Materials and methods
Experimental animals

All animal procedures were approved by the Animal Ethics Committees of the University of
Melbourne, the Murdoch Children’s Research Institute and the University of Newcastle. Mice
(FVB, C57Bl6/], CD1, and OG2) were maintained under standard housing conditions with ad
libitum access to rodent chow and water and under a 12 hour dark, 12 hour light cycle. Wild-
type mouse strains were obtained from ARC (Murdoch WA, Australia) and maintained as
inbred colonies. OG2 mice (Jackson Lab Stock 004654), which express enhanced green fluo-
rescent protein under the control of the Pou5f1 promoter and distal enhancer [27] were main-
tained as homozygous transgenic strain on a C57BI6/] background [28].

Isolation of gonadal germ and somatic cells

Fetal gonadal germ and somatic cells were isolated as previously described [28, 29]. Briefly,
fetal (E12.5 -E15.5) gonads were dissected and dissociated cells were fluorescent-activated cell
sorting (FACS) to isolate GFP" germ cells and GFP” somatic cells. The identity of each isolated
cell type was confirmed by immunofluorescence for specific germ cell (OCT4, MVH) and
somatic cell (SOX9) markers [28].

Testes from 1 day (for isolation of gonocytes/spermatogonia), 8-10 day (spermatogonia)
and 8 week (pachytene spermatocytes and round spermatids) old wild-type mice were dissoci-
ated using a combination of 0.5 mg/ml collagenase and 0.25% trypsin and separated on 2-4%
continuous bovine serum albumin (BSA) gradient as described previously [30, 31]. RT-ddPCR
was used to confirm the identities of the separated cell populations as described (CcndI and
Ngn3 were used to show enrichment of gonocytes/spermatogonia) [32], Dnah8 showed enrich-
ment of pachytene spermatocytes and Tob1 showed enrichment of round spermatids [29]. We
obtained three independent biological replicates of enriched gonocytes, spermatogonia and
pachytene spermatocytes but only two replicates of round spermatids.

Cell culture and RNA interference

The TCam-2 cell line, which derives from a primary testicular seminoma [33] and exhibits
characteristics of fetal germ cells [34] was cultured in RPMI 1640 medium (Thermo Fisher Sci-
entific, Scoresby VIC, Australia) supplemented with 10% fetal calf serum (Life Technologies,
Mulgrave VIC, Australia) and penicillin/streptomycin diluted 1:200 (Thermo Fisher Scientific)
at 37°C in 5% CO, in a humidified incubator.

To conduct ESRP1 knockdown experiments, two Silencer™ siRNAs and a negative control
were obtained from Ambion/ThermoFisher (Table 1). On the day prior to transfection,
TCam-2 cells (~0.6 x10° cells/well) were seeded in RPMI medium in the absence of antibiotic
in 6 well culture plates (3 per control and 3 per siRNA pair) (Nunclon™ Delta, ThermoFisher).
The siRNA (25 pmole) and 3% Lipofectamine RNAiMAX (Invitrogen/Life Technologies)
diluted in Opti-MEM® medium (Invitrogen/Life Technologies), as specified in the manufac-
turer’s instructions, were added to cells in each culture well. After 48 or 72 h of culture the cells
were harvested and extracted for Western blotting.
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Table 1. siRNA target sequences.

siRNA ID Silencer® Select 1. Sense Sequence (5’-3’) Catalogue Number Lot Number
2. Antisense Sequence (5’-3’)

$29570 1. GAGAGUGAAUUACAAGUUUTT #4392420 # AS025SCB
2. AAACUUGUAAUUCACUCUCTC

$29571 1. CCUUCGAGGUCUUCCCUAUTT #4392420 # AS025SCC

2. AUAGGGAAGACCUCGAAGGCG

Negative Control
https://doi.org/10.1371/journal.pone.0190925.t001

#4390843 #AS023T9Q

Cycloheximide chase assay

To investigate the stability of ESRP1 protein, TCam-2 cells were subjected to a cycloheximide
chase assay. The transfection medium was replaced with RPMI medium containing 50 pg/ml
cycloheximide (CHX) added into each well. At various time-points after addition of the cyclo-
heximide (t = 24, 48, 72 hours), cells were harvested, centrifuged and lysed in RIPA buffer con-
taining protease inhibitors for western blotting analysis.

Western blot

Protein concentrations of cell lysates were determined using a bicinchoninic acid protein
assay kit (BCA kit; ThermoFisher Scientific) and 10 pg of protein from each sample were elec-
trophoresed on a 10% SDS PAGE gel and transferred onto an Immobilon-P PVDF membrane
(Millipore, Australia). After blocking (5% milk powder and 0.05% Tween-20 in PBS) the mem-
branes were incubated overnight at 4°C with anti-ESRP1 (HPA023719; Sigma; 1:250) and
anti-B-actin (A5441, Sigma, 1:5000) antibodies, diluted in 5% BSA in PBS/Tween-20. After
washes in PBS/Tween-20 the membranes were incubated for 1 h at room temperature with the
appropriate HRP-conjugated secondary antibodies (Invitrogen) diluted in PBS/BSA/Tween-
20. Signals were visualized using Clarity TM Western ECL substrates (BioRad) according to
the manufacturer’s recommended protocol and imaged with a ChemiDocTM MP system
(Bio-Rad).

RNA extraction, cDNA synthesis, RT-PCR and droplet digital PCR
(ddPCR)

RNA was extracted from gonadal cell populations, gonadal tissues and cultured TCam-2 cells
using RNeasy mini kits (Qiagen, Australia) with on-column DNA digestion, as per manufac-
turer’s instructions. The quality and quantity of total RN Awas assayed using an Agilent 2200
Tape Station (Agilent Technologies, Germany). For each sample, 100 ng total RNA was
reverse transcribed using iScript™ Advanced cDNA Synthesis Kit (Bio-Rad, USA) according
to manufacturer’s instructions. Expression analyses were performed by droplet digital PCR
(ddPCR) as described previously [29]; see Table 2) on at least three separate cell or tissue isola-
tions normalized to house-keeping genes (Mapkl, Canx or Ppia) and data were expressed as
mean + standard error of the mean (S.E.M.).

To examine splicing events in cultured TCam-2 cells, RNA was extracted from control and
siRNA transfected cells as described above and analyzed by standard RT-PCR and gel electro-
phoresis to detect splicing of CTNND1 and DOCK?7. As DOCK7 splice variants show alterna-
tive splicing of exon 23 (93 nt) we designed primers to exon 22 (5’ ~GCTAGATCTGCGGTG
AGACC-3')and exon 24 (5’ ~-TCTGTGTGCGAAGACATACG-3") to detect splice variants
and primers to constant exons 2 (5’ ~-TAGTGGTTCTCCCCAACTGC-3")and 4 (5’ -GGAT
CCATTTCACTTTCTTCAGG-3") to detect the all DOCK7 transcripts. Similarly, to detect
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Table 2. Digital PCR primer and probe sequences.

Gene

Canx

Mapkl

Esrpl

Ppia
Ngn3
Ccendl

Dnah8

Primer and Probe sets in 5’-3’ orientation Product size (bp) Supplier and Catalogue number
Fw:CACATAGGAGGTCTGACAGC 89 IDT/NA
Rev:AATTATCTACCCAGGCACCAC

P:HEX/TCGGGTCCT/ZEN/CTGGAGCACAAGGCTTT/3IABKFQ

Fw:CCTTCAGAGCACTCCAGAAA 93 IDT/NA

Rev :AATCTATGCAGTTTGGGATACAAC
P:HEX/TCTGCTCTG/ZEN/TACTGTGGATGCCTT/3IABKFQ

Fw:TCCTTCTGTCTCTGTACTGACG 99 IDT/Mm.pt.58.28758847
Rev: GGAATAGAAGCACTCAGGCA
P:FAM/AGATCTTGC/ZEN/ATCCCGAGGCTTCC/3IABKFQ

Primer sequences not available, FAM 112 TF/Mm02342429_gl
RefSeq NM_008907.1, assay location 232, exon boundary 3-4

Primer sequences not available, FAM 73 TF/MmO00437606_s1
RefSeq NM_009719.6, assay location 493, exon boundary 2-2

Primer sequences not available, FAM 145 TF/Mm00432360_m1
RefSeq NM_007631.2, assay location 957, exon boundary 4-5

Primer sequences not available, FAM 68 TF/Mm01299527_m1

RefSeq NM_013811.3, assay location 2723, exon boundary not available

Sequences of the forward (Fw), reverse (Rev) primers, and internal probe (P) sequences or the catalogue number of proprietary assays, with corresponding product

lengths, used for digital RT-PCR analyses. Abbreviations: NA, not applicable; TF = ThermoFisher.

https://doi.org/10.1371/journal.pone.0190925.t1002

alternate splicing of CTNNDI at exons 2 and 3, we designed primers in exon 1 (5’ ~TGTCT
TTCTCAGCACCTTGG-3")and exon 4 (5’ ~GTCTTTCAAGGTCAGCATCG-3")to detect
splice variants and primers to the constant exon 5 (5’ ~-CAGATGATGGGACCACTCG-3")and
exon 6 (5’ ~-TCTAGCCCATAAGGCTCTGG-3")to detect all CTNNDI transcripts.

Immunofluorescence

Immunofluorescence, incorporating antigen retrieval with acidic citrate buffer at 100°C, was
carried out on paraffin sections of formalin-fixed ovaries and testes from 12-week old mice as
described previously [29]. Antibodies used included two rabbit polyclonal anti-human ESRP1
(HPA023719 and HPA023720; Sigma Aldrich) diluted 1:100 and 1:50 for testis and ovary spec-
imens respectively, a goat polyclonal anti-mouse c¢-KIT (AF1356, R&D system) diluted 1:250, a
goat polyclonal anti-human PLZF (AF2944, R &D system) diluted 1:500, a sheep anti-Sox9
antibody (provided by Dr Dagmar Wilhelm) diluted 1:100 and a mouse monoclonal antibody
to the nuclear speckle/spliceosome marker, SC35 (ab11826, AbCam) diluted 1:250. Negative
controls included sections incubated with non-immune rabbit serum (NIS). Reactivity was
visualized using appropriate secondary antibodies conjugated to Alexafluor-488 or Alexafluor-
596 (Invitrogen, Australia), diluted 1:500 and imaged using a Zeiss LSM800 confocal micro-
scope (Carl Zeiss, Melbourne, VIC, Australia).

For immunofluorescence of cultured TCam-2 cells, the cells were grown on 13 mm round
plastic coverslips (Thermanox™) in six-well culture plates as described above. Following siRNA
transfection, cells were cultured in RPMI medium for various periods (24, 48, 72 hours) before
being fixed in 4% paraformaldehyde in PBS for 20 min, and permeabilized for 20 min in 0.2%
TritonX-100 in PBS. After blocking with 10% FCS in PBS for 30 min, cells were incubated
overnight at 4°C with anti-ESRP1 primary antibody (HPA023719; Sigma) diluted 1:50 in
blocking buffer. Antibody binding was detected by incubating with 1:500 AlexaFluor
488-conjugated donkey anti-rabbit IgG (Invitrogen A-21052) for 1h. Cells were counter-
stained with 1 ug/ml Hoechst dye and 1 pg/ml Phalloidin-TRITC (Sigma) for 1h. Matching
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plastic coverslips for each treatment were mounted onto 50 mm square glass coverslips and
visualized using confocal microscopy as described above.

Statistical analyses

For analyses of the ddPCR data, application of a Shapiro-Wilks normality test indicated the
data fitted a Gaussian distribution. Therefore, where at least three biological replicates were
available, a one-way analysis of variance with a Tukey’s post-hoc analysis and o = 0.05 was
employed to determine significant differences among groups. All statistical analyses and gen-
eration of graphs were performed using GraphPad Prism (La Jolla CA, USA).

Results

Esrpl is expressed in fetal germ but not somatic cells

To examine Esrpl expression specifically in fetal germ and somatic cells of murine gonads,
we took advantage of the Pou5f1-GFP (Oct4-GFP) transgenic mouse line to isolate male and
female gonadal (GFP") and somatic (GFP") cells at various stages of development by FACS
[28]. Using ddPCR we found that Esrp1 is highly expressed in female and male germ cells but
not somatic cells from E12.5 to E15.5 (Fig 1). These data are consistent with published micro-
array data showing detectable expression of Esrpl in only male and female germ cells from
E11.5 -E14.5 [35]. To examine if ESRP1 protein could be detected in fetal gonads, immuno-
fluorescence experiments were conducted on mouse E12.5-E14.5 male and female gonadal
sections. However, little or no specific reactivity could be detected in somatic or germ cells
and if ESRP1 protein is produced in fetal germ cells it is below the level of detection via

immunofluorescence.
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Fig 1. Esrpl is expressed in developing male and female germ cells but not somatic cells. Histograms show Esrpl RNA expression, measured by RT-ddPCR, in

FACS sorted (A) germ (GC) and (B) somatic (SC) cells, isolated from E12.5-E15.5 mouse embryos expressing an Oct4 (Pou5f1)-GFP transgene. Gene expression is
expressed as copies/ul and normalised against MapkI expression in germ cells and against Canx expression in somatic cells. Data are presented as mean + S.E.M of
three independent samples at each age. Transcripts for Esrpl were detected in male and female germ cells but not in sorted somatic cells. No significant differences

in expression were detected in EsrpI expression with age in male or female germ cells (n = 3 for each group; One-way ANOVA, p>0.05). Abbreviations: GC, germ
cells; SC, somatic cells.

https://doi.org/10.1371/journal.pone.0190925.9001
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Esrpl is upregulated in adult spermatogonia

To examine the expression of Esrpl during postnatal male gametogenesis, we utilized a BSA
gradient to separately enrich gonocytes/spermatogonia (at P1), spermatogonia (at P8-10),
pachytene spermatocytes and round spermatids (at 8 weeks) as described previously [30-32].
Previous studies have demonstrated that this method can be used to isolate gonocyte- and
spermatogoinal-enriched popluations, expressing specific marker (Pou5f1, Nanog, Ngn3, Plzf)
profiles [32]. Using RT-ddPCR we confirmed (S1 Fig) that each population was specifically
enriched for gonocytes (Ccndl), spermatogonia (Ngn3) and pachytene spermatocytes (Dnah8).
In addition, we have recently shown, using the same RNA samples as used in this study, that
the round spermatid sample uniquely expressed TobI [29]. The RT-ddPCR analysis indicated
that Esrpl was most strongly expressed in cell populations enriched for spermatogonia. Greatly
reduced expression was detected in pachytene spermatocytes and round spermatids (Fig 2).
To confirm ESRPI expression in adult spermatogonia, we used immunofluorescence with a
specific antibody for ESRP1 (Fig 3). Consistent with the ddPCR data, strong nuclear immu-
nostaining for ESRP1 was detected in spermatogonia that reside close to the basal lamina of
the seminiferous tubules (arrows, Fig 3A, 3D and 3G), with expression also observed in differ-
entiating spermatocytes and spermatids. The presence of immunostaining in these cells sug-
gests that the greatly lower levels of mRNA (mean + SEM; 852 + 125 copies/pl; see Fig 2) are
still sufficient to allow for translation of the protein. This level of expression is more than an
order of magnitude higher than that of Ngn3 expression in spermatogonia (S1 Fig), indicating
that these lower levels of mRNA expression can still result in readily detectable protein levels.
The lack of staining with non-immune serum (Fig 3C) combined with western blot and immu-
nofluorescence analyses of ESRP1-siRNA transfected TCam-2 cells (S2 Fig) indicate that the
antibody (HPA023719) is specific. Moreover, similar patterns of reactivity were detected with
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Fig 2. Esrpl is highly expressed in spermatogonia in the adult testis. RT-ddPCR of isolated germ cells from
postnatal mouse testes show that Esrp1 is highly expressed in spermatogonia (S), weakly expressed in gonocytes/
spermatogonia (G) and barely detectable in pachytene spermatocytes (PS) and round spermatids (RS). Expression data
are expressed as copies/ul, normalised against Cyclophilin A expression, and as mean + S.E.M of three independent
samples (except for Round Spermatids n = 2). Individual data are shown as black circles, mean as a red line and the
error bars in black. Asterisks indicate significance differences by ANOVA and Tukey’s post-hoc analysis (**, p<0.01;
*5 b<0.001).

https://doi.org/10.1371/journal.pone.0190925.9002
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Fig 3. ESRP1 is expressed in type A and type B spermatogonia. Double labelling immunofluorescence showed that ESRP1 (antibody
HPAO023719) is detected in both Type A (PLZF") and Type B (c-Kit") spermatogonia, Representative sections of seminiferous tubules were
labelled with antibodies to ESRP1 (A, D, G), PLZF (F), c-Kit (I) and Hoechst nuclear stain (B, E, H). ESRPI staining in spermatogonia is
present as speckled nuclear reactivity (A, D, G). Arrows indicate double-labelled cells in each image series (D-F; G-I). Very little non-specific
labelling was detected when sections were incubated with non-immune serum (NIS; C). Scale bars: 34.5 um (A-B); 20.5 um (C); 10.5 um
(D-F); 18 um (G-I).

https://doi.org/10.1371/journal.pone.0190925.9003

another antibody to ESRP1 (S3 Fig). To determine if ESRP1 expression was restricted to a spe-
cific type of spermatogonial cell, we performed a co-labelling experiment with PLZF and c-
KIT antibodies, which mark type As-A, and type A,;-B spermatogonia respectively [36, 37].
The results showed that ESRP1 is expressed in both Type A and Type B (Fig 3D-3I) spermato-
gonia. To confirm that ESRP1 was not associated with somatic cells, we performed co-localiza-
tion studies with Sox9, a marker for testicular somatic Sertoli cells. Consistent with the ddPCR
data indicating little or no expression of Esrp1 in somatic cells (Fig 1), ESRP1 showed little to
no co-localization with Sox9 in the somatic Sertoli cells (Fig 4).
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Fig 4. ESRP1 is not localized to somatic (Sertoli) cells. Double labelling immunofluorescence experiments with an
antibody to Sox9 (A) showed that ESRP1 (B; antibody HPA023719) exhibits minimal labelling of somatic Sertoli cells
in the testis. Scale bar: 20 um all images.

https://doi.org/10.1371/journal.pone.0190925.9004

The nuclear speckled pattern of reactivity seen in the spermatogonia suggested that ESRP1
may be localized to the spliceosome. To investigate this further, we examined whether ESRP1
co-localized with SC35, a well-known constituent of nuclear speckles and pre-mRNA splicing
[38, 39]. Surprisingly, ESRP1 did not co-localize to SC35" nuclear speckles (Fig 5).

ESRP1 regulates splicing in a fetal germ cell line (TCam-2 cells)

To investigate if ESRP1 can modulate splicing of target genes in fetal germ cells we examined
the effects of siRNA knockdown of ESRP]I in vitro, using the seminoma-derived TCam-2 cell
line, which has been shown to have characteristics of fetal germ cells (Young et al., 2011). To
first determine the lability of the ESRP1 protein in Tcam?2 cells we conducted a cycloheximde
chase analysis and found that ESRP1 protein remains stable in these cells for at least 24 hours.
By 48 hours, small amounts of the protein are still detected by western blot, but by 72 hours no
protein was detected (S4 Fig). We therefore conducted our analyses of siRNA knockdown cells
72 hours post-transfection. Transfection of these cells with two independent siRNA constructs
resulted in efficient knock-down of ESRP1 mRNA and protein, as determined by RT-ddPCR
(Fig 6A), and by western blot (Fig 6B). As previous studies [40] demonstrated that exons 2

and 3 of CTNNDI and exon 23 of DOCK?7 are direct targets of ESRP1-mediated splicing, we
designed primers to detect the alternatively spliced and constant exons of these transcripts and
examined their expression by RT-ddPCR in cells treated with or without siRNA. Consistent
with previous reports that ESRP1 mediates exclusion of exons2 and 3 in CTNNDI transcripts,
we detected a shift from the variants lacking exons 2-3 to variants that include these exons in
cells treated with ESRPI siRNA (Fig 6C). Similarly, greater inclusion of exon 23 in DOCK7
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Fig 5. Nuclear ESRP1does not co-localize with the spliceosome marker, SC35. Double labelling
immunofluorescence experiments of ESRP1 (antibody HPA023719) with an antibody to SC35, a marker for the
spliceosome (A), showed that the nuclear ESRP1+ speckles (B) do not overlap with SC35+ nuclear speckles (D). Scale
bar: 20 pm all images.

https://doi.org/10.1371/journal.pone.0190925.g005

transcripts was detected, whereas the expression of the constant exons for both genes remained
unchanged (Fig 6C).

Discussion

In this study we documented the expression of Esrpl during gonadal development and in dif-
ferentiating cells of the adult gonads. We observed that in mouse fetal gonads, Esrp]l mRNA
was specifically detected in germ cells of either sex and absent from somatic gonadal cells.
Esrpl mRNA was also present in a gonocyte-enriched cell fraction and in all germ cells exam-
ined in the postnatal testis; however, it was found at much higher levels in spermatogonia than
in pachytene spermatocytes or round spermatids. Consistent with mRNA levels, ESRP1 pro-
tein expression was detected in cells at the periphery of seminiferous tubules, co-staining with
PLZF and c-Kit, indicating that ESRP1 is present in type A and B spermatogonia but not in
Sox9™ Sertoli cells. Protein expression was also detected in spermatocytes and round sperma-
tids, suggesting that the level of mRNA expression in these cells can sustain detectable protein
production. This raises the possibility that ESRP1 plays a continuing role in splicing of pre-
meiotic transcripts in these more differentiated cells. Spermatogenesis is characterized by a
variety of post-transcriptional regulatory events and alternative splicing may plausibly regulate
these later events [41].

While it is unclear precisely where splicing occurs within the nucleus, it is becoming clear
that constitutive splicing occurs most commonly as co-transcriptional splicing of the pre-
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Fig 6. ESRP1-mediated alternative splicing in TCam-2 cells. A. TCam-2 cells transfected with siRNA constructs for
ESRPI displayed a dramatic (~85%) and significant (n = 3 each group; p<0.0001, Student’s ¢-test) decrease in
expression of ESRP1 mRNA. Similar data were obtained in two independent experiments. B. By western blot analysis,
a distinct 75kD band for ESRP1 was detected in non-transfected and control siRNA-transfected TCam2 cells but was
not detectable in cells transfected with either siRNA construct. Similar data were obtained in two independent
experiments. C. RT-PCR using primers specific to splice variants of CTNNDI and DOCK?7 showed that loss of ESRP1
expression promoted inclusion of exons 2-3 in CTNNDI transcripts and inclusion of exon 23 in DOCK7 transcripts.
By contrast no changes were detected for the constant exons in these genes. The splicing pattern and band size are
illustrated for each transcript variant.

https://doi.org/10.1371/journal.pone.0190925.9006

mRNA and that alternate splicing occurs more commonly as a post-transcriptional process
[42]. Spliceosome assembly involves the sequential recruitment of U1, U2, U4, U5 and U6
snRNAs and various small ribonucleoproteins into a macromolecular complex at the pre-
mRNA splice sites, [42]. Studies with the U2-associated protein, SF3b155, have shown that
80% of pre-mRNA splicing, marked by anti-phospho- SF3b155 antibodies, occurs co-tran-
scriptionally, whereas only 10-20% of splicing occurs post-transcriptionally in nuclear speck-
les, which are positive for SC35 [43]. Consistent with previous findings indicating that ESRP1
is a splicing factor, ESRP1 was localized to numerous small nuclear speckles in spermatogonia.
However, the lack of ESRP1 co-localization with SC35 suggests that ESRP1 is more likely to be
involved in constitutive, co-transcriptional rather than post-transcriptional, alternate splicing
events in SC35" speckles during spermatogonial self-renewal and differentiation. Despite the
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lack of co-localization with SC35, siRNA experiments indicated that down-regulation of
ESRP] expression resulted in expected changes in the splicing of two known ESRP1 target pre-
mRNAs (CTNNDI and DOCK?). These data suggest that ESRP1 plays a role in regulating
alternative splicing in male germ cells in vitro. Whether this extends to regulating these ESRP1
target genes in the testis in vivo remains to be determined. The standard spliced form of CD44
mRNA is expressed in the testis but not the splice variant, CD44v6, mediated by ESRP1 [44].
Similarly, while FGFR2 is expressed in spermatogonia, spermatocytes and spermatids [45], it is
not known if this is the IIIC or the IIIB isoform.

Transcriptomic analysis of mouse spermatogenesis has identified over 13,000 alternative
splicing events [8], indicating that alternative splicing is a key driver of cell differentiation
events during spermatogenesis. However, while ESRP1 is known as a an important regulator
of alternative splicing in epithelial tissues, in the testis it appears not to function in nuclear
speckles associated with post-transciptional alternate splicing. Our data cannot exclude an
alternate splicing role for ESRP1 in the testis and combined expression and bioinformatic
analyses may yet yield information about potential ESRP1 target genes in the testis. Addition-
ally, analyses of spermatogenesis and spermiogenesis in EsrpI”” mice will be required to deter-
mine the precise role of Esrpl in spermatogonia.

Supporting information

S1 Fig. Analysis of separated germ cell populations. Droplet digital RT-PCR analyses of BSA
gradient-separated cells from mouse testes confirmed that the isolated populations of cells are
enriched for spermatogonia (S; Ngn3 and Ccndl expressing) and pachytene spermatids (P;
Dnah8 expressing). Gonocytes (G), like spermatogonia (S), express Plzfbut express very low
levels of Ccndl. In another study we have shown that round spermatids express elevated Tob1
[29]. Statistical analyses: One-way ANOV A with Tukey’s post-hoc analyses; n = 3 in all cases,
except RS (n = 2); *, p<0.05; ****, p<0.0001.

(TTF)

S2 Fig. siRNA knockdown of Esrpl demonstrates antibody specificity. Immunofluores-
cence of TCam-2 cells transfected with negative control-siRNA (A-D) or with ESRP1-siRNA
(E-H). In control cells, ESRP1 (A) showed a granular nuclear immunofluorescent staining
(HPAO023719; Sigma; 1:100), which was greatly depleted in siRNA-treated cells (E). Cells were
counterstained with phalloidin to stain filamentous cortical actin (B, F) and Hoechst dye to
label cell nuclei (C, G). Merged images are shown in D and F. Scale bar, 20 um for all images.
(TIF)

$3 Fig. Immunostaining with a second ESRP1 antibody shows a similar expression pattern.
ESRP1 immunofluorescence in adult mouse testis using another antibody (Sigma-Aldrich,
HPA023720; Lot: 3070388) showed similar nuclear staining in spermatogonia (A, C, arrows)
to that observed with HPA023719 (Fig 3). Non-immune IgG (D, F) showed no reactivity in
the seminiferous tubules but did show but nonspecific labelling in the interstitial Leydig cells
(*). Section were counter-stained with Hoechst dye to label nuclei (B, E) and merged images
are shown in (G, F). Scale bar: A-C, 30 um; D-F, 20 um.

(TIF)

S4 Fig. ESRP1 protein is depleted 72 hours after blocking translation. Immunoblot of cyclo-
heximide (CHX) chase experiment in TCam-2 cells showing stability of ESRP1 protein after
arrest of protein synthesis. ESRP1 protein (75kD) was still detected weakly after 48 hours but
was absent by 72 hours. Beta-actin (43 kD) was used as a loading control and was present in all
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samples. ESRP1 antibody HPA023719)
(TIF)

S1 File. Supplementary legends.
(DOCX)

Acknowledgments

The authors wish to thank Dr. Robin Hobbs for providing PLZF and c-Kit antibodies and Dr
Dagmar Wilhelm for providing the Sox9 antibody.

Author Contributions

Conceptualization: Robb U. de Iongh, Mary Familari, Gary R. Hime.

Formal analysis: Shaghayegh Saeidi, Farnaz Shapouri, Robb U. de Iongh, Gary R. Hime.
Funding acquisition: Mary Familari, Gary R. Hime.

Investigation: Shaghayegh Saeidi, Farnaz Shapouri, Franca Casagranda, Jessie M. Sutherland,
Patrick S. Western.

Methodology: Robb U. de Iongh, Franca Casagranda, Jessie M. Sutherland, Patrick S. West-
ern, Eileen A. McLaughlin, Mary Familari, Gary R. Hime.

Project administration: Robb U. de Iongh, Mary Familari, Gary R. Hime.

Resources: Jessie M. Sutherland, Patrick S. Western, Eileen A. McLaughlin.
Supervision: Robb U. de Iongh, Mary Familari, Gary R. Hime.

Visualization: Shaghayegh Saeidi, Robb U. de Iongh.

Writing - original draft: Shaghayegh Saeidi, Robb U. de Iongh, Mary Familari, Gary R.

Hime.

Writing - review & editing: Franca Casagranda, Jessie M. Sutherland, Patrick S. Western,
Eileen A. McLaughlin.

References

1. Wrobel G, Primig M. Mammalian male germ cells are fertile ground for expression profiling of sexual
reproduction. Reproduction. 2005; 129(1):1-7. https://doi.org/10.1530/rep.1.00408 PMID: 15615893.

2.  White-Cooper H, Davidson |. Unique aspects of transcription regulation in male germ cells. Cold Spring
Harb Perspect Biol. 2011; 3(7). https://doi.org/10.1101/cshperspect.a002626 PMID: 21555408.

3. BaoJ, TangC, LiJ, Zhang Y, Bhetwal BP, Zheng H, et al. RAN-binding protein 9 is involved in alterna-
tive splicing and is critical for male germ cell development and male fertility. PLoS Genet. 2014; 10(12):
e€1004825. https://doi.org/10.1371/journal.pgen.1004825 PMID: 25474150.

4. IwamoriN, Tominaga K, Sato T, Riehle K, lwamori T, Ohkawa Y, et al. MRG15 is required for pre-
mRNA splicing and spermatogenesis. Proc Natl Acad Sci U S A. 2016; 113(37):E5408-15. https://doi.
org/10.1073/pnas.1611995113 PMID: 27573846.

5. O’Bryan MK, Clark BJ, McLaughlin EA, D’Sylva RJ, O’'Donnell L, Wilce JA, et al. RBM5 is a male germ
cell splicing factor and is required for spermatid differentiation and male fertility. PLoS Genet. 2013; 9
(7):21003628. https://doi.org/10.1371/journal.pgen.1003628 PMID: 23935508.

6. Ortiz MA, Noble D, Sorokin EP, Kimble J. A new dataset of spermatogenic vs. oogenic transcriptomes
in the nematode Caenorhabditis elegans. G3 (Bethesda). 2014; 4(9):1765-72. https://doi.org/10.1534/
g3.114.012351 PMID: 25060624.

7. Paronetto MP, Messina V, Barchi M, Geremia R, Richard S, Sette C. Sam68 marks the transcriptionally
active stages of spermatogenesis and modulates alternative splicing in male germ cells. Nucleic Acids
Res. 2011; 39(12):4961-74. https:/doi.org/10.1093/nar/gkr085 PMID: 21355037.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190925 January 11,2018 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190925.s005
https://doi.org/10.1530/rep.1.00408
http://www.ncbi.nlm.nih.gov/pubmed/15615893
https://doi.org/10.1101/cshperspect.a002626
http://www.ncbi.nlm.nih.gov/pubmed/21555408
https://doi.org/10.1371/journal.pgen.1004825
http://www.ncbi.nlm.nih.gov/pubmed/25474150
https://doi.org/10.1073/pnas.1611995113
https://doi.org/10.1073/pnas.1611995113
http://www.ncbi.nlm.nih.gov/pubmed/27573846
https://doi.org/10.1371/journal.pgen.1003628
http://www.ncbi.nlm.nih.gov/pubmed/23935508
https://doi.org/10.1534/g3.114.012351
https://doi.org/10.1534/g3.114.012351
http://www.ncbi.nlm.nih.gov/pubmed/25060624
https://doi.org/10.1093/nar/gkr085
http://www.ncbi.nlm.nih.gov/pubmed/21355037
https://doi.org/10.1371/journal.pone.0190925

@° PLOS | ONE

Expression of Esrp1in germ cells

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

Margolin G, Khil PP, Kim J, Bellani MA, Camerini-Otero RD. Integrated transcriptome analysis of
mouse spermatogenesis. BMC Genomics. 2014; 15:39. https://doi.org/10.1186/1471-2164-15-39
PMID: 24438502.

Gan Q, Chepelev |, Wei G, Tarayrah L, Cui K, Zhao K, et al. Dynamic regulation of alternative splicing
and chromatin structure in Drosophila gonads revealed by RNA-seq. Cell Res. 2010; 20(7):763-83.
https://doi.org/10.1038/cr.2010.64 PMID: 20440302.

Schmid R, Grellscheid SN, Ehrmann |, Dalgliesh C, Danilenko M, Paronetto MP, et al. The splicing land-
scape is globally reprogrammed during male meiosis. Nucleic acids research. 2013; 41(22):10170-84.
Epub 2013/09/17. https://doi.org/10.1093/nar/gkt811 PMID: 24038356.

Elliott DJ, Grellscheid SN. Alternative RNA splicing regulation in the testis. Reproduction (Cambridge,
England). 2006; 132(6):811-9. Epub 2006/11/28. https://doi.org/10.1530/rep-06-0147 PMID:
17127741.

Will CL, Luhrmann R. Spliceosome structure and function. Cold Spring Harb Perspect Biol. 2011; 3(7).
https://doi.org/10.1101/cshperspect.a003707 PMID: 21441581.

Warzecha CC, Sato TK, Nabet B, Hogenesch JB, Carstens RP. ESRP1 and ESRP2 are epithelial cell-
type-specific regulators of FGFR2 splicing. Mol Cell. 2009; 33(5):591-601. https://doi.org/10.1016/j.
molcel.2009.01.025 PMID: 19285943.

LiR, Liang J, Ni S, Zhou T, Qing X, Li H, et al. A mesenchymal-to-epithelial transition initiates and is
required for the nuclear reprogramming of mouse fibroblasts. Cell Stem Cell. 2010; 7(1):51-63. hitps://
doi.org/10.1016/j.stem.2010.04.014 PMID: 20621050.

Samavarchi-Tehrani P, Golipour A, David L, Sung HK, Beyer TA, Datti A, et al. Functional genomics
reveals a BMP-driven mesenchymal-to-epithelial transition in the initiation of somatic cell reprogram-
ming. Cell Stem Cell. 2010; 7(1):64—77. https://doi.org/10.1016/j.stem.2010.04.015 PMID: 20621051.

Cieply B, Park JW, Nakauka-Ddamba A, Bebee TW, Guo Y, Shang X, et al. Multiphasic and Dynamic
Changes in Alternative Splicing during Induction of Pluripotency Are Coordinated by Numerous RNA-
Binding Proteins. Cell Rep. 2016; 15(2):247-55. https://doi.org/10.1016/j.celrep.2016.03.025 PMID:
27050528.

Brinster RL, Zimmermann JW. Spermatogenesis following male germ-cell transplantation. Proceedings
of the National Academy of Sciences of the United States of America. 1994; 91(24):11298-302. Epub
1994/11/22. PMID: 7972053.

Guan K, Nayernia K, Maier LS, Wagner S, Dressel R, Lee JH, et al. Pluripotency of spermatogonial
stem cells from adult mouse testis. Nature. 2006; 440(7088):1199—-203. https://doi.org/10.1038/
nature04697 PMID: 16565704.

Kanatsu-Shinohara M, Lee J, Inoue K, Ogonuki N, Miki H, Toyokuni S, et al. Pluripotency of a single
spermatogonial stem cell in mice. Biology of reproduction. 2008; 78(4):681—7. Epub 2008/01/18. https://
doi.org/10.1095/biolreprod.107.066068 PMID: 18199882.

Izadyar F, Pau F, Marh J, Slepko N, Wang T, Gonzalez R, et al. Generation of multipotent cell lines
from a distinct population of male germ line stem cells. Reproduction (Cambridge, England). 2008; 135
(6):771-84. Epub 2008/05/27. https://doi.org/10.1530/rep-07-0479 PMID: 18502893.

Seandel M, James D, Shmelkov SV, Falciatori |, Kim J, Chavala S, et al. Generation of functional multi-
potent adult stem cells from GPR125+ germline progenitors. Nature. 2007; 449(7160):346-50. Epub
2007/09/21. https://doi.org/10.1038/nature06129 PMID: 17882221.

Kossack N, Meneses J, Shefi S, Nguyen HN, Chavez S, Nicholas C, et al. Isolation and characterization
of pluripotent human spermatogonial stem cell-derived cells. Stem cells (Dayton, Ohio). 2009; 27
(1):138—49. Epub 2008/10/18. https://doi.org/10.1634/stemcells.2008-0439 PMID: 18927477.

Golestaneh N, Kokkinaki M, Pant D, Jiang J, DeStefano D, Fernandez-Bueno C, et al. Pluripotent stem
cells derived from adult human testes. Stem cells and development. 2009; 18(8):1115-26. Epub 2009/
03/14. https://doi.org/10.1089/scd.2008.0347 PMID: 19281326.

Kuijk EW, Chuva de Sousa Lopes SM, Geijsen N, Macklon N, Roelen BA. The different shades of mam-
malian pluripotent stem cells. Human reproduction update. 2011; 17(2):254—71. Epub 2010/08/14.
https://doi.org/10.1093/humupd/dmq035 PMID: 20705693.

Meyer S, Nolte J, Opitz L, Salinas-Riester G, Engel W. Pluripotent embryonic stem cells and multipotent
adult germline stem cells reveal similar transcriptomes including pluripotency-related genes. Molecular
human reproduction. 2010; 16(11):846-55. Epub 2010/07/14. https://doi.org/10.1093/molehr/gagq060
PMID: 20624824.

Ewen KA, Koopman P. Mouse germ cell development: from specification to sex determination. Mol Cell
Endocrinol. 2010; 323(1):76-93. https://doi.org/10.1016/j.mce.2009.12.013 PMID: 20036311.

Szabo PE, Hubner K, Scholer H, Mann JR. Allele-specific expression of imprinted genes in mouse
migratory primordial germ cells. Mech Dev. 2002; 115(1-2):157—-60. PMID: 12049782.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190925 January 11,2018 14/15


https://doi.org/10.1186/1471-2164-15-39
http://www.ncbi.nlm.nih.gov/pubmed/24438502
https://doi.org/10.1038/cr.2010.64
http://www.ncbi.nlm.nih.gov/pubmed/20440302
https://doi.org/10.1093/nar/gkt811
http://www.ncbi.nlm.nih.gov/pubmed/24038356
https://doi.org/10.1530/rep-06-0147
http://www.ncbi.nlm.nih.gov/pubmed/17127741
https://doi.org/10.1101/cshperspect.a003707
http://www.ncbi.nlm.nih.gov/pubmed/21441581
https://doi.org/10.1016/j.molcel.2009.01.025
https://doi.org/10.1016/j.molcel.2009.01.025
http://www.ncbi.nlm.nih.gov/pubmed/19285943
https://doi.org/10.1016/j.stem.2010.04.014
https://doi.org/10.1016/j.stem.2010.04.014
http://www.ncbi.nlm.nih.gov/pubmed/20621050
https://doi.org/10.1016/j.stem.2010.04.015
http://www.ncbi.nlm.nih.gov/pubmed/20621051
https://doi.org/10.1016/j.celrep.2016.03.025
http://www.ncbi.nlm.nih.gov/pubmed/27050523
http://www.ncbi.nlm.nih.gov/pubmed/7972053
https://doi.org/10.1038/nature04697
https://doi.org/10.1038/nature04697
http://www.ncbi.nlm.nih.gov/pubmed/16565704
https://doi.org/10.1095/biolreprod.107.066068
https://doi.org/10.1095/biolreprod.107.066068
http://www.ncbi.nlm.nih.gov/pubmed/18199882
https://doi.org/10.1530/rep-07-0479
http://www.ncbi.nlm.nih.gov/pubmed/18502893
https://doi.org/10.1038/nature06129
http://www.ncbi.nlm.nih.gov/pubmed/17882221
https://doi.org/10.1634/stemcells.2008-0439
http://www.ncbi.nlm.nih.gov/pubmed/18927477
https://doi.org/10.1089/scd.2008.0347
http://www.ncbi.nlm.nih.gov/pubmed/19281326
https://doi.org/10.1093/humupd/dmq035
http://www.ncbi.nlm.nih.gov/pubmed/20705693
https://doi.org/10.1093/molehr/gaq060
http://www.ncbi.nlm.nih.gov/pubmed/20624824
https://doi.org/10.1016/j.mce.2009.12.013
http://www.ncbi.nlm.nih.gov/pubmed/20036311
http://www.ncbi.nlm.nih.gov/pubmed/12049782
https://doi.org/10.1371/journal.pone.0190925

@° PLOS | ONE

Expression of Esrp1in germ cells

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44,

45.

van den Bergen JA, Miles DC, Sinclair AH, Western PS. Normalizing gene expression levels in mouse
fetal germ cells. Biol Reprod. 2009; 81(2):362—70. https://doi.org/10.1095/biolreprod.109.076224
PMID: 19403927.

Shapouri F, Saeidi S, de longh RU, Casagranda F, Western PS, McLaughlin EA, et al. Tob1 is
expressed in developing and adult gonads and is associated with the P-body marker, Dcp2. Cell Tissue
Res. 2016; 364(2):443-51. https://doi.org/10.1007/s00441-015-2328-z PMID: 26662055.

Baleato RM, Aitken RJ, Roman SD. Vitamin A regulation of BMP4 expression in the male germ line.
Dev Biol. 2005; 286(1):78-90. https://doi.org/10.1016/j.ydbio.2005.07.009 PMID: 16120438.

Bellve AR, Millette CF, Bhatnagar YM, O’Brien DA. Dissociation of the mouse testis and characteriza-
tion of isolated spermatogenic cells. J Histochem Cytochem. 1977; 25(7):480-94. https://doi.org/10.
1177/25.7.893996 PMID: 893996.

Mclver SC, Stanger SJ, Santarelli DM, Roman SD, Nixon B, McLaughlin EA. A unique combination of
male germ cell miRNAs coordinates gonocyte differentiation. PloS one. 2012; 7(4):e35553. Epub 2012/
04/27. https://doi.org/10.1371/journal.pone.0035553 PMID: 22536405.

Mizuno Y, Gotoh A, Kamidono S, Kitazawa S. [Establishment and characterization of a new human tes-
ticular germ cell tumor cell line (TCam-2)]. Nihon Hinyokika Gakkai Zasshi. 1993; 84(7):1211-8. PMID:
8394948.

Young JC, Jaiprakash A, Mithraprabhu S, Itman C, Kitazawa R, Looijenga LH, et al. TCam-2 seminoma
cell line exhibits characteristic foetal germ cell responses to TGF-beta ligands and retinoic acid. Int J
Androl. 2011; 34(4 Pt 2):e204—17. https://doi.org/10.1111/j.1365-2605.2011.01170.x PMID: 21668453.

Jameson SA, Natarajan A, Cool J, DeFalco T, Maatouk DM, Mork L, et al. Temporal transcriptional pro-
filing of somatic and germ cells reveals biased lineage priming of sexual fate in the fetal mouse gonad.
PLoS genetics. 2012; 8(3):e1002575. Epub 2012/03/23. https://doi.org/10.1371/journal.pgen.1002575
PMID: 22438826.

Buaas FW, Kirsh AL, Sharma M, McLean DJ, Morris JL, Griswold MD, et al. Plzf is required in adult
male germ cells for stem cell self-renewal. Nat Genet. 2004; 36(6):647-52. https://doi.org/10.1038/
ng1366 PMID: 15156142.

Costoya JA, Hobbs RM, Barna M, Cattoretti G, Manova K, Sukhwani M, et al. Essential role of Plzf in
maintenance of spermatogonial stem cells. Nat Genet. 2004; 36(6):653-9. https://doi.org/10.1038/
ng1367 PMID: 15156143.

Spector DL, Fu XD, Maniatis T. Associations between distinct pre-mRNA splicing components and the
cell nucleus. The EMBO journal. 1991; 10(11):3467-81. Epub 1991/11/01. PMID: 1833187.

Fu XD. Specific commitment of different pre-mRNAs to splicing by single SR proteins. Nature. 1993;
365(6441):82-5. Epub 1993/09/02. https://doi.org/10.1038/365082a0 PMID: 8361546.

Warzecha CC, Shen S, Xing Y, Carstens RP. The epithelial splicing factors ESRP1 and ESRP2 posi-
tively and negatively regulate diverse types of alternative splicing events. RNA Biol. 2009; 6(5):546—62.
PMID: 19829082.

Bettegowda A, Wilkinson MF. Transcription and post-transcriptional regulation of spermatogenesis.
Philos Trans R Soc Lond B Biol Sci. 2010; 365(1546):1637-51. https://doi.org/10.1098/rstb.2009.0196
PMID: 20403875.

Sahebi M, Hanafi MM, van Wijnen AJ, Azizi P, Abiri R, Ashkani S, et al. Towards understanding pre-
mRNA splicing mechanisms and the role of SR proteins. Gene. 2016; 587(2):107—19. Epub 2016/05/
08. https://doi.org/10.1016/j.gene.2016.04.057 PMID: 27154819.

Girard C, Will CL, Peng J, Makarov EM, Kastner B, Lemm |, et al. Post-transcriptional spliceosomes are
retained in nuclear speckles until splicing completion. Nat Commun. 2012; 3:994. https://doi.org/10.
1038/ncomms1998 PMID: 22871813.

Miyake H, Hara |, Yamanaka K, Gohji K, Arakawa S, Kamidono S. Expression patterns of CD44 adhe-
sion molecule in testicular germ cell tumors and normal testes. The American journal of pathology.
1998; 152(5):1157-60. Epub 1998/05/20. PMID: 9588883.

Li S, Lan ZJ, Li X, Lin J, Lei Z. Role of postnatal expression of fgfr1 and fgfr2 in testicular germ cells on
spermatogenesis and fertility in mice. Journal of reproduction & infertility. 2014; 15(3):122-33. Epub
2014/09/10. PMID: 25202669.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190925 January 11,2018 15/15


https://doi.org/10.1095/biolreprod.109.076224
http://www.ncbi.nlm.nih.gov/pubmed/19403927
https://doi.org/10.1007/s00441-015-2328-z
http://www.ncbi.nlm.nih.gov/pubmed/26662055
https://doi.org/10.1016/j.ydbio.2005.07.009
http://www.ncbi.nlm.nih.gov/pubmed/16120438
https://doi.org/10.1177/25.7.893996
https://doi.org/10.1177/25.7.893996
http://www.ncbi.nlm.nih.gov/pubmed/893996
https://doi.org/10.1371/journal.pone.0035553
http://www.ncbi.nlm.nih.gov/pubmed/22536405
http://www.ncbi.nlm.nih.gov/pubmed/8394948
https://doi.org/10.1111/j.1365-2605.2011.01170.x
http://www.ncbi.nlm.nih.gov/pubmed/21668453
https://doi.org/10.1371/journal.pgen.1002575
http://www.ncbi.nlm.nih.gov/pubmed/22438826
https://doi.org/10.1038/ng1366
https://doi.org/10.1038/ng1366
http://www.ncbi.nlm.nih.gov/pubmed/15156142
https://doi.org/10.1038/ng1367
https://doi.org/10.1038/ng1367
http://www.ncbi.nlm.nih.gov/pubmed/15156143
http://www.ncbi.nlm.nih.gov/pubmed/1833187
https://doi.org/10.1038/365082a0
http://www.ncbi.nlm.nih.gov/pubmed/8361546
http://www.ncbi.nlm.nih.gov/pubmed/19829082
https://doi.org/10.1098/rstb.2009.0196
http://www.ncbi.nlm.nih.gov/pubmed/20403875
https://doi.org/10.1016/j.gene.2016.04.057
http://www.ncbi.nlm.nih.gov/pubmed/27154819
https://doi.org/10.1038/ncomms1998
https://doi.org/10.1038/ncomms1998
http://www.ncbi.nlm.nih.gov/pubmed/22871813
http://www.ncbi.nlm.nih.gov/pubmed/9588883
http://www.ncbi.nlm.nih.gov/pubmed/25202669
https://doi.org/10.1371/journal.pone.0190925

