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RNA binding proteins (RBPs) are increasingly recognized as essential factors in tissue development and homeostasis. The poly-
pyrimidine tract binding (PTB) protein family of RBPs are important posttranscriptional regulators of gene expression. In the
nervous system, the function and importance of PTB protein 2 (Ptbp2) as a key alternative splicing regulator is well established.
Ptbp2 is also abundantly expressed during spermatogenesis, but its role in this developmental program has not been explored.
Additionally, the importance of alternative splicing regulation in spermatogenesis is unclear. Here, we demonstrate that Ptbp2 is
essential for spermatogenesis. We also describe an improved dual fluorescence flow cytometry strategy to discriminate, quantify,
and collect germ cells in different stages of development. Using this approach, in combination with traditional histological
methods, we show that Ptbp2 ablation results in germ cell loss due to increased apoptosis of meiotic spermatocytes and postmei-
otic arrest of spermatid differentiation. Furthermore, we show that Ptbp2 is required for alternative splicing regulation in the
testis, as in brain. Strikingly, not all of the alternatively spliced RNAs examined were sensitive to Ptbp2 loss in both tissues. Col-
lectively, the data provide evidence for an important role for alternative splicing regulation in germ cell development and a cen-

tral role for Ptbp2 in this process.

Tissue-restricted RNA binding proteins (RBPs) have central
roles in posttranscriptional regulatory events necessary for tis-
sue development and the specialization of cell functions. Through
interactions with nascent transcripts, RBPs can impact alternative
splicing and polyadenylation, two highly regulated processes that
permit genes to generate multiple RNA isoforms with different
combinations of coding and noncoding sequences. Further pro-
teome diversity and control are imparted by RBPs that act on
mature mRNAs to alter stability and translation. Accordingly,
changes in the levels/activity of specific RBPs underlie key tran-
scriptome and proteome remodeling events that drive multiple
developmental pathways (1, 2).

The polypyrimidine tract binding (PTB) proteins are among a
group of multifunctional RBPs that have key roles in tissue-spe-
cific posttranscriptional programs (3-5). While Ptbpl is ex-
pressed in most tissues, Ptbp2 (also called brain or neuronal PTB
protein [br/nPTB]) is more tissue restricted, with high levels of
expression in brain and testis (6-8). Despite their high sequence
similarity, Ptbpl and Ptbp2 regulate the alternative splicing (AS)
of overlapping but nonredundant sets of mRNA targets, with
some AS exons more strongly repressed by one PTB protein para-
log than the other (9-12). Accordingly, a switch in PTB protein
expression from Ptbpl to Ptbp2 is associated with changes in the
expression of AS isoforms during neuronal differentiation (9, 10).
Ptbp2 is an essential AS factor in the developing nervous system,
where it has a prominent role in repressing AS exons that are
enriched in the adult brain (13, 14). While PTB proteins have been
extensively studied in nervous system development, the require-
ments and role(s) of PTB proteins in the testis have not been
explored.

The testes are packed with seminiferous tubules where postna-
tal male germ cell development (spermatogenesis) occurs. In the
first stage of spermatogenesis, spermatogonial stem cells self-re-
new to maintain the germ line stem cell pool. They also generate
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undifferentiated spermatogonia that undergo multiple rounds of
mitotic division and differentiation prior to entering meiosis (15).
In the meiotic stage of spermatogenesis, a prolonged prophase is
followed by two relatively quick cellular divisions to yield haploid
round spermatids. In the third stage of spermatogenesis (spermi-
ogenesis), spermatids undergo dramatic morphological changes
to become spermatozoa that are released into the seminiferous
tubule lumen (16, 17). Throughout spermatogenesis, germ cells
have extensive contact and communication with Sertoli cells, the
somatic cell type that physically spans the seminiferous epithe-
lium. Sertoli cells provide structural and nutritional support to
germ cells via specialized cell-cell junctions that are continuously
assembled and disassembled as germ cells translocate from the
basal surface of the seminiferous tubule to the lumen (18).

The mammalian testis ranks among the top tissues with respect
to transcriptome complexity, expressing the most genes (~84%)
and AS RNA isoforms (19, 20). While the importance of mRNA
translational control in spermatogenesis is well established (for a
review, see reference 21), the functional significance of the high
levels of AS in the testis is unclear. The roles and regulation of AS
in spermatogenesis are also not well understood.
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Multiple RBPs with known roles in AS regulation are differen-
tially expressed in different stages of germ cell development, in-
cluding members of the SR, hnRNP, MBNL, and CELF families of
RBPs (21-23). Reminiscent of the largely nonoverlapping expres-
sion observed in the nervous system (9, 10), the relative levels of
the PTB proteins differ in different stages of spermatogenesis.
Ptbp1 is the predominant isoform in mitotic cells (spermatogo-
nia), while Ptbp2 predominates in meiotic spermatocytes and
postmeiotic spermatids (22, 24). Little to no Ptbp2 is present in
somatic cells of the testes, as indicated by immunohistochemical
analyses (24, 25). Due to a more open chromatin state, the major-
ity of the genome is transcribed in spermatocytes and spermatids
(20). It is unclear whether the increase of Ptbp2 signifies impor-
tant roles for this RBP in the meiotic and postmeiotic stages of
spermatogenesis or is an indirect and inconsequential result of
widespread promiscuous transcription.

In this study, we investigated the requirements and roles of
Ptbp2 in mouse spermatogenesis. Using a Cre-lox system to delete
Ptbp2 in the postnatal testis, we demonstrate that Ptbp2 is an
essential spermatogenic factor. Histological examination showed
that Ptbp2 loss resulted in complete arrest in the early stages of post-
meiotic cell differentiation, concomitantly with premature release of
spermatids into the lumen. In parallel, we used an original dual fluo-
rescence flow cytometry strategy to discriminate and quantify germ
cells in each of the major stages of spermatogenesis. Applying this
method to the analysis of Ptbp2-null germ cells uncovered a second,
partial spermatogenic block during meiosis I, manifested by in-
creased spermatocyte apoptosis. Altogether, the phenotypic features
of Ptbp2-null germ cells suggest important roles for Ptbp2 in germ
cell contact and communication with Sertoli cells.

Additionally, examination of a subset of AS RNAs that are reg-
ulated by Ptbp2 in the brain confirmed that Ptbp2 is also required
for proper AS regulation in the testis. Strikingly, not all of the
RNAs examined were regulated by Ptbp2 in both the brain and
testis. Collectively, these findings demonstrate that Ptbp2 is re-
quired for spermatogenesis and that testis-specific AS regulation
may have essential roles in the meiotic and postmeiotic stages of
mammalian spermatogenesis.

MATERIALS AND METHODS

Animals and tissue collection. Mice bearing the Stra8-iCre transgene
[stock Tg(Stra8-icre)1Reb/J] and the IRG transgene (B6.Cg-Tg[CAG-
DsRed,-EGFP]5Gae/]) were purchased from The Jackson Laboratory (Bar
Harbor, ME). C57BL6 mice bearing Ptbp2™* were generously provided by
Qin Li and Douglas Black (UCLA). Mice bearing the Pthp2*PPE"V1 allele
used for timed matings and embryonic brain collection were previously
described (13). For all procedures, mice were sacrificed by isoflurane in-
halation followed by cervical dislocation or decapitation. Testes were de-
tunicated in Gey’s balanced salt solution (GBSS) (Sigma). All animal pro-
cedures were approved by the Institutional Animal Care and Use
Committee at Case Western Reserve University (CWRU).

Histology. Epididymides and decapsulated testes were fixed overnight
at 4°C in 4% paraformaldehyde and then washed in phosphate-buffered
saline (PBS) prior to paraffin embedding by the Histology Core Facility at
CWRU. Slides containing 5-pm sections were deparaffinized in xylene (3
times for 5 min each), followed by a 1-min rinse in 100% ethanol. Slides
were rehydrated by 30-s incubations in 100%, 95% (twice), and 80%
ethanol, followed by a 2-min rinse with tap water.

For hematoxylin and eosin staining, slides were incubated with Harris
modified hematoxylin (Fisher Scientific) for 7 min and then rinsed in tap
water for 1 min. The tissue was differentiated for 30 s in 0.3% acid alcohol
with agitation, followed by a 1-min rinse in tap water to halt destaining.
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Slides were then submerged in saturated lithium carbonate 3 to 6 times
until tissue became blue and then rinsed with tap water for 1 min. For
eosin counterstaining, slides were washed with 95% ethanol for 1 min,
stained with 0.0625% eosin Y (Sigma) for 30 s, and then differentiated for
30 s in 95% ethanol with agitation. Slides were then washed with 100%
ethanol for 30 s (3 times) and xylene for 1 min prior to mounting cover-
slips with Acrymount mounting media.

For periodic acid-Schiff-hematoxylin (PASH) staining, deparaffinized
and rehydrated slides were incubated with 1% periodic acid for 30 s and
then washed for 1 min with tap water. Slides were then incubated with
Schiff’s reagent for 5 min, followed by a 5-min rinse with tap water. Slides
were subsequently stained with hematoxylin, dehydrated, and mounted
with coverslips (as described above).

Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick
end labeling (TUNEL) staining was performed using reagents from the
Roche TUNEL kit. Deparaffinized slides were equilibrated in PBS and
permeabilized with 0.02 mg/ml proteinase K solution (in 10 mM Tris, pH
7.4) for 15 min at room temperature. TUNEL mix (1:10) was added to
slides and incubated for 1 h at 37°C in a humidified chamber. After a PBS
rinse, converter peroxidase (POD) was added to each slide followed by a
30-min incubation at 37°C in a humidified chamber. Slides were then
rinsed in PBS. 3,3’-Diaminobenzidine (DAB) substrate was prepared by
combining 10 ml PBS with 500 wl DAB (Sigma) and 500 wl H,O, and
adjusting the pH to ~7.4 with 1 N NaOH. DAB substrate was added to
slides for 30 s to 1 min and then rinsed in PBS. Slides were then dehydrated
for 30 s in 100% ethanol (three times) and 1 min in xylene (two times)
prior to mounting coverslips with Acrymount mounting medium. All
images were captured using an Olympus BX41T microscope and a SPOT-
idea 5-MP digital camera.

Isolation and flow cytometry analysis of seminiferous epithelial
cells. To dissociate and stain seminiferous tubule cells with Hoechst 33422
(Ho), we developed a modified strategy based on previously described
protocols (26-32). Both testes from each animal were decapsulated in
cold GBSS (Sigma) and pooled into a 15-ml conical tube containing 3 ml
prewarmed (33°C) single-cell suspension buffer (GBSS containing 120
U/ml collagenase type I [Worthington Biochemical]). Following the ad-
dition of 10 wl 1-mg/ml DNase I (in 50% glycerol) and gentle shaking to
initiate the dissociation of seminiferous tubules, the tubes were placed
horizontally at 33°C for 10 min at 120 rpm. The supernatant containing
interstitial cells was removed, and the collagenase digestion was repeated.
Settled tubules were then resuspended in 2.5 ml of 33°C single-cell sus-
pension buffer containing 10 pl DNase I and 50 pl of 50 mg/ml trypsin
(Worthington Biochemical). Tubes were mixed by gentle inversion and
placed horizontally at 33°C for 15 min at 120 rpm. Seminiferous tubules
were then disrupted with a wide-mouth pipette for 3 min. After the addi-
tion of 30 pl trypsin and 10 pl DNase I, tubes were again mixed by gentle
inversion and placed horizontally at 33°C for 15 min at 120 rpm. To
inactivate trypsin, 400 .l of prewarmed (33°C) filter-sterilized fetal calf
serum (Life Technologies) was added. Cells were then pelleted by centrif-
ugation for 5 min at 500 relative centrifugal force (RCF) at room temper-
ature and resuspended in 3 ml prewarmed incomplete Hanks balanced
salt solution (HBSS) containing 10 pl DNase I. Cells were counted on a
hemocytometer, and 5 g Hoechst 33342 (in dimethyl sulfoxide [DMSO;
Sigma]) was added per million cells. The cells were then incubated at 33°C
for 30 min at 120 rpm while being shielded from light. Using a wide-
mouth pipette, the single-cell suspension was then filtered through two
40-pm cell strainers that were stacked and prewetted with incomplete
HBSS. Five microliters propidium iodide (PI) and 10 wl DNase were
added to the flowthrough, and the cell suspension was kept on ice in the
dark until ready for sorting.

Cell analysis and sorting were performed on a Reflection highly auto-
mated parallel sort (HAPS) module (Sony Biotechnology Inc.) equipped
with a 150-mW Xcyte 355-nm UV laser (JDS Uniphase Corp.) and a 488-
to 500-nm argon-ion sapphire laser (Coherent Inc.) which was split to
deliver 250 mW to the HAPS module. The Reflection has two beam paths,
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with the first being the 488-nm laser and the second containing the UV
laser. Green fluorescent protein (GFP) was excited by the 488-nm laser,
and the emitted light was acquired with a 525/50 band pass. Hoechst
33342 and PI were excited by the UV laser with Hoechst emission acquired
with a 455/50 band pass (Hoechst blue) and a 665/30 band pass (Hoechst
red). WinList 3D (version 7.0; Verity Software House Inc.) was used on
the Reflection for data acquisition and establishing sorting gates.

Protein isolation and Western blotting. Seminiferous tubules were
mechanically disrupted in 1.5-ml tubes containing lysis buffer (150 mM
NaCl, 20 mM Tris-HCI, pH 8.0, 1.0% Triton X-100, 0.1% SDS, and Com-
plete EDTA-free protease inhibitor [Roche]) using a plunger from a 1-ml
syringe. After complete tissue disruption, the lysate was centrifuged in
polycarbonate tubes (Beckman) for 20 min at 30,000 rpm at 4°C. Super-
natants were transferred to new tubes, and protein concentrations were
determined using Bradford reagent (Bio-Rad). For Western blot analyses,
the following primary antibodies were used: anti-Ptbp2 (7), anti-Dazl
(Abcam), anti-Hsp90 (BD Biosciences), anti-red fluorescent protein (an-
ti-RFP) (Abcam), and anti-GFP (Santa Cruz Biotech).

RNA isolation and analyses. Seminiferous tubules were homogenized
in 1 ml of Ribozol (Amresco) in 1.5-ml tubes using a plunger from a 1-ml
syringe. Following the addition of 200 pl of chloroform, samples were
mixed by inversion and centrifuged for 15 min at 12,000 RCF at 4°C.
Supernatants were transferred to new tubes, and RNA was precipitated by
the addition of 500 pl isopropanol and centrifugation for 10 min at 12,000
RCF at 4°C. The resulting pellets were washed with 75% ethanol and
centrifuged for 5 min at 7,500 RCF at 4°C. After air drying, pellets were
resuspended in 100 p.l of water, followed by the addition of 350 pl of RLT
buffer (Qiagen) containing 3-mercaptoethanol and the addition of 250 .l
of ethanol. Samples were then applied to RNeasy spin columns (Qiagen),
and on-column DNase digestion, washes, and elution steps were per-
formed according to the manufacturer’s instructions. For isolation of
RNA from sorted cells, RNeasy minikits were used (Qiagen). First-strand
cDNA synthesis was performed with SuperScript III (Invitrogen) and ran-
dom hexamers. Quantitative reverse transcription-PCR (RT-PCR) was
performed with SYBR green master mix (Life Technologies) using a
StepOne real-time PCR system (Applied Biosystems). All reactions were
performed using technical and biological replicates and normalized to
-actin levels. RT-PCR analysis of alternatively spliced transcripts was
performed as previously described (13). The following primers were used:
Pgk2 (forward, ACTTGCTTCCTGTTTCCTGC; reverse, GATGGCTCA
CTGCTAGCTCA), Actb (forward, TCGTGCGTGACATCAAAGAGA;
reverse, GAACCGCTCGTTGCCAATAGT), Rhox13 (forward, ACCCAG
TACCCGGATTTGCTTACA; reverse, TCTGCTTCGCTCTCCGATTGG
TAA), Dazl (forward, TTCAGGCATATCCTCCTTATGC; reverse, ATGCT
TCGGTCCACAGACTTC), Mvh (forward, GAAGAATTACCAGGGCA
AGG; reverse, TGCTTTAATCCCATGACTCG), Stra8 (forward, AGACC
ATGGACCTCCTGACC; reverse, CAGAGAGAGTCTGCCACAGG);
Gata4 (forward, AGCAGGACTCTTGGAACAGC; reverse, CGAGCAGG
AATTTGAAGAGG), Stam2 (forward, TGATGCCTCTGTTCACTGG;
reverse, CTCCAAGAAGGGTCAATGC), Actnl (forward, TCAGCCAGG
AACAGATGAACG; reverse, AAGCGGTTGGGGTCTACAATG), Dzipl
(forward, TCCTACAAAGCCACATCCAGCG; reverse, CCCTCATAAA
CATCCCCTTGACC), Pum?2 (forward, TTAGAATCTCGGGGAATG; re-
verse, GTCCATCTTTTGTTGAATCATCAGG), and Wdr7 (forward, TC
CACCCTCCAGTAACATTG; reverse, AGTGCATGGCGGCTAAC).

RESULTS

Germ cell-specific inactivation of Ptbp2. Due to the early perina-
tal lethality of mice with global inactivation of Ptbp2 (13, 14), a
Cre-lox conditional knockout approach was used to investigate
the requirement and roles of Ptbp2 in postnatal male germ cell
development (33). To do so, we used mice bearing the Pthp2™*
allele developed by Li et al. (14). This allele contains loxP sites that
allow Cre-dependent excision of genomic DNA encompassing
exon 4 to generate the Ptbp2°F* allele. Transcripts derived from
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FIG 1 Conditional inactivation of Ptbp2 expression in mouse testis. (A) Ptbp2
levels during postnatal testis development. Western blot analysis of WT testis
extract prepared from testes collected on the indicated day postpartum (dpp).
(B) Early postnatal decline in Ptbp2 levels in cKO testes. Analysis of Ptbp2
levels in WT and cKO testis extract, with the germ cell-specific RBP Dazl
serving as a loading control. (C) A low level of Ptbp2 persists in cKO testes.
Analysis of Ptbp2 levels in two WT and two cKO P25 testes, compared to a
serial dilution of WT testis. Hsp90 serves as a loading control. (D) Comparison
of ratios of average testis weight to whole body weight in WT and cKO mice,
with photographs of 42-dpp testes displayed at right (bars in centimeters).

Ptbp22F are spliced into unproductive mRNAs that contain mul-
tiple premature translation termination codons and are degraded.
To recombine Pthp2™* to Ptbp2** in male germ cells, we used
mice bearing the Stra8-iCre transgene from which Cre expression

begins in a subset of undifferentiated type A spermatogonia as
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FIG 2 Spermatogenic arrest and germ cell loss in cKO testes. (A to D) Hematoxylin and eosin staining of WT testis at 42 dpp (A) and cKO testes at 42 dpp (B),
3 months (C), and 6 months (D). Black arrowheads indicate MNCs, red arrowheads indicate MNCs with chromatin condensation, green arrowheads represent
MNCs with pyknotic nuclei, and arrows indicate vacuoles. (E and F) Hematoxylin and eosin staining of cauda epididymis from 24-week-old WT (E) and cKO

(F) mice. (G) Higher-magnification image of the box in panel F.

early as 3 days postpartum (dpp) and ends in preleptotene sper-
matocytes (34, 35).

Stra8-iCre*’*, Pthp2*/*** males were mated with Ptbp2™+/1o
females to generate mice with Ptbp2-deficient testes (Stras-iCre™,
Pthp2AE4) and wild-type controls (Stra8-iCre”, Pthp2*/"),
here referred to as cKO and WT, respectively. In WT testis, Ptbp2
was present at 5 and 7 dpp, when spermatogonia are the most

December 2015 Volume 35 Number 23

Molecular and Cellular Biology

advanced germ cell type in the testis (Fig. 1A and B). Ptbp2 levels
increased dramatically at 19 dpp (Fig. 1A, lane 5), just prior to the
appearance of the first-round spermatids in the testis (36). In cKO
testes, Ptbp2 was present at a reduced level at 5 dpp and was barely
detected thereafter (Fig. 1B, lanes 2, 4, 6, and 8). As in the brain
(13, 14), Ptbp1 levels were unaffected by deletion of Ptbp2 in testes
(data not shown). Additional analyses showed that Ptbp2 was re-
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duced to below 5% of that present in WT controls, suggesting that
a small proportion of germ cells may have escaped Cre-lox-medi-
ated ablation of Ptbp2 expression (Fig. 1C). We cannot exclude
the possibility that the low level of residual Ptbp2 represents weak
expression in somatic cells. Nonetheless, the Ptbp2 ¢cKO model
described here is a powerful tool to investigate the biologic and
molecular roles of Ptbp2 in an in vivo model system of mammalian
spermatogenesis.

Ptbp2 loss results in the absence of spermatozoa. To deter-
mine how loss of Ptbp2 affects spermatogenesis, we examined
testes and epididymides from WT and cKO animals over a range
of prepubertal and adult ages. cKO and WT testes were compara-
ble in size and weight until ~33 dpp, when cKO testes showed a
marked reduction in the average testis weight/body weight ratio
(Fig. 1D). Extensive cytological defects were also evident (Fig. 2).
All stages of the seminiferous epithelial cycle were observed in
testes of adult (42-dpp) WT mice (Fig. 2A) with most tubules
containing elongating spermatids as expected (36). In contrast,
tubules of cKO mice were smaller in diameter and lacked elongat-
ing spermatids (Fig. 2B).

The most prominent feature of Ptbp2 ¢KO tubules was the
presence of round spermatids in the lumen, most commonly as
giant multinucleated cells (MNCs) containing several spermatid
nuclei (Fig. 2B to D, black arrowheads, and 3C). Formation of
MNCs has been attributed to loss of germ-Sertoli cell adhesion
and dissolution of the intercellular bridges that link sister germ
cells (37, 38). These bridges result from incomplete cytokinesis at
the end of each mitotic and meiotic division and are severed in the
last steps of spermiogenesis just prior to germ cell detachment and
release into the lumen (39).

After their formation, MNCs displayed apoptotic features, in-
cluding progressive chromatin condensation (Fig. 2B to D and 3C,
red arrowheads), cell shrinkage (Fig. 3C, blue arrowheads), and,
less frequently, pyknotic nuclei (Fig. 2C and D, green arrow-
heads). Also evident in the cKO tubules were large vacuoles (Fig.
2B, arrows). With increasing age, cKO testes displayed progressive
germ cell loss and seminiferous tubule atrophy, with some tubules
showing nearly complete germ cell loss and extensive vacuoliza-
tion (Fig. 2C and D). Accordingly, the epididymides of cKO mice
were devoid of spermatozoa and contained immature spermatids
and MNCs instead (Fig. 2E to G). Therefore, Cre-mediated inac-
tivation of Ptbp2 resulted in the absence of spermatozoa due to a
block in spermatid differentiation.

Ptbp2-null spermatids become multinucleate during the
first steps of differentiation. Histological examination of prepu-
bertal testes showed that premature detachment of spermatids in
the form of MNCs occurred during the first wave of spermatogen-
esis in ¢cKO mice. At 25 dpp, the majority of WT spermatids had
not yet progressed into the elongating steps of differentiation,
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with multinucleated cells rarely observed (Fig. 3A). In contrast,
MNCs were readily detected at 25 dpp in cKO testes and present in
the majority of spermatid-containing tubules at 33 dpp (Fig. 3A).

Spermatid differentiation can be subdivided into 16 steps. To
more specifically determine the step(s) of differentiation when
spermatid arrest occurred, tissue sections were stained with peri-
odic acid-Schiff (PAS) stain to detect glycoproteins present in the
acrosome (40). The acrosome is a Golgi complex-derived struc-
ture required for proper formation of the spermatozoan head re-
gion and for oocyte penetration (41). An early step in acrosome
formation is the attachment of the acrosomal granule to the sper-
matid nucleus, where it then flattens (at step 4) and extends over
the nuclear surface of round and elongating spermatids. As ex-
pected, spermatids in all steps of differentiation were readily iden-
tified in WT testes at 33 dpp (Fig. 3B, i to iv), with the majority
being elongating spermatids in the final (maturation) phase of
acrosome biogenesis (Fig. 3A, pie charts at right). In contrast, the
majority of PAS-positive structures associated with cKO sperma-
tid nuclei were punctate (Fig. 3C) and flattening of the acrosome
to the spermatid nuclear membrane was rarely observed. Impor-
tantly, cKO round spermatids in tubules that did not contain
MNC:s generally lacked PAS-positive material, indicating that they
were newly generated (Fig. 3C, white arrowheads). Together,
these observations indicate that cKO germ cell arrest and MNC
formation occurred during the Golgi phase of acrosome biogene-
sis (steps 1 to 3 of spermatid differentiation). Interestingly, PAS
staining also revealed an accumulation of glycoproteins in the
cytoplasm of MNCs, suggesting a potential defect in the secretion
of glycosylated proteins in the absence of Ptbp2 (Fig. 3C, arrows).

Multiparameter, dual fluorescence separation of germ and
somatic cells. With the goal of obtaining a quantitative overview
of spermatogenesis in cKO testes, we sought to establish a dual
fluorescence flow cytometry procedure to discriminate, quantify,
and collect germ cells in each of the major stages of spermatogen-
esis. This strategy builds upon a well-established flow cytometry
procedure that uses the DNA binding dye Hoechst 33342 (Ho), a
UV-excitable dye with a primarily blue fluorescence emission
spectrum. As the concentration of DNA-bound Ho increases, a
spectral shift toward increased red fluorescence emission occurs
(42—44). The dual (blue/red) emission of Ho has been exploited to
differentially stain cells from mouse seminiferous tubules based
on dye efflux, DNA ploidy, and chromatin structure/accessibility
(2628, 45). While it is a powerful quantitative and preparative
tool, a limitation of this approach is that diploid germ cells and
somatic cells appear as a single extended cluster of cells with over-
lapping blue and red fluorescence emission values (y and x axes,
respectively, in Fig. 4C and 5D). The inability to resolve these cells
hinders the discrimination and quantification of somatic cells and
germ cells in different stages of spermatogenesis.

FIG 3 Spermatid arrest and multinucleate cell formation occur in the early steps of differentiation. (A) Quantification of spermatids in seminiferous tubules from 12
different animals collected on the indicated days (three animals per time point). The graph at left indicates the percentages of tubule cross sections containing round,
multinucleate, or elongating spermatids. Pie charts (right) indicate proportions of spermatid-containing tubules with spermatids in the four stages of acrosome
biogenesis: (1) Golgi stage, (2) cap, (3) acrosome, and (4) maturation. (B) Detection of spermatids in different stages of acrosome development in 33-dpp WT testis by
PAS and hematoxylin staining. (i) Proacrosomal granules; (ii) acrosomal granules that have attached to spermatid nuclei; (iii) acrosomal granules that have attached to
and flattened against spermatid nuclei; (iv) elongating spermatids with acrosomes extending over the nuclei. (C) PASH staining of 33-dpp cKO testis shows punctate
PAS-positive acrosomal granules associated with spermatid nuclei and accumulation of PAS-positive material in the cytoplasm of multinucleated cells. Also evident are
spermatid nuclei with crescent-shaped clearings indicative of chromatin condensation (red arrowheads) and MNCs that have undergone cell shrinkage and contain
nuclei with more advanced condensation (blue arrowheads). Early-stage spermatids that are PAS negative and have not yet become MNCs are indicated with white
arrowheads, while PAS-positive material accumulating in the center of MNC:s is indicated with arrows.
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To overcome this obstacle, we performed Ho staining and flow
cytometry on seminiferous tubules from dual fluorescence trans-
genic animals that have green fluorescent protein (GFP) expres-
sion in germ cells and red fluorescent protein (RFP) expression in
somatic cells. To do so, we generated animals that contained the
Stra8-iCre transgene (described above) and the IRG transgene
(46), an RFP-to-GFP dual fluorescence reporter that contains RFP
cDNA flanked by loxP sites and followed by coding sequence for
GFP (Fig. 4A). Cre-dependent recombination serves as a switch to
allow GFP expression. We first confirmed that the IRG transgene
was expressed in mouse testis by Western blot analysis of RFP and
GFP expression in single- and double-transgenic mice bearing the
IRG and Stra8-iCre transgenes (Fig. 4B).

As previously demonstrated (26, 27), total Ho-stained cells
prepared from adult testes showed characteristic bands of 1C, 2C,
and 4C cells with increasing fluorescence emission values (Fig. 4C,
i), independent of the presence of the IRG transgene (data not
shown). After gating cells for GFP expression, pronounced differ-
ences in the GFP-negative (GFP"®) and GFP-positive (GFPP®*)
cell populations were observed. The GFP"® population consisted
primarily of a single broad cluster of diploid cells (Fig. 4C, iii). In
contrast, GFPP*® cells consisted of 5 distinct cell populations,
numbered to reflect germ cells in advanced steps in spermatogen-
esis. Importantly, GFP gating partitioned diploid GFPP** cells into
two distinct clusters (populations labeled 1 and 4 in Fig. 4C, ii),
corresponding to spermatogonia and secondary spermatocytes,
respectively. The identities of these cells, as well as the two major
4C populations (labeled 2 and 3, corresponding to early- and late-
prophase-I spermatocytes, respectively) and the single cluster of
1C cells (population 5, spermatids), have been previously estab-
lished using immunohistochemistry, expression profiling, and ge-
netic models with stage-specific germ cell arrest (26-28, 47).

To further assess the utility of GFP gating to resolve diploid germ
cells and somatic cells, quantitative RT-PCR analysis was used to as-
sess the levels of germ cell and somatic cell transcripts in GFPP** and
GFP"® cells with overlapping blue and red fluorescence emissions
(populations 1 and 6, respectively). Relative to beta-actin transcripts
(Actb), germ cell transcripts (Rhox13, Dazl, Mvh, and Stra8) were
significantly enriched in GFPP** cells (~3- to 9-fold [Fig. 4D]) com-
pared to GFP"® cells. Conversely, Gata4 transcripts were underrep-
resented, consistent with Gata4 expression being restricted to somatic
Sertoli cells. These observations are consistent with the GFP" dip-

control for GFP expression, brain lysate from a Ptbp2*PP™V! mouse was

included. The Pthp2PPLTV1 allele was generated by homologous recombination
to replace essential coding sequence from exon 1 with coding sequence for
enhanced GFP (13). Consistent with the work of De Gasperi et al. (46), RFP
expression was detected in brain and absent in liver. Importantly, RFP expres-
sion was confirmed in testis of IRG™ (lane 9) and Stra8-iCre™;IRG™ (lane 7)
mice, while GFP expression was detected in testes of Stra8-iCre*;IRG™ mice
(lane 7). Hsp90 serves as a loading control. (C) Distribution of Hoechst 33342-
stained cells from IRG"™ WT testis. 1C, 2C, and 4C cells segregate as three
distinct bands with increasing blue and red fluorescence. Panels correspond to
all cells (i), GFPP®® cells (ii), and GFP"°® cells (iii). GFPP** cells cluster into 5
subpopulations, previously demonstrated to correspond to (1) spermatogo-
nia, (2) early-prophase spermatocytes, (3) late-prophase I spermatocytes, (4)
secondary spermatocytes, and (5) spermatids. Population 6 (iii) corresponds
to diploid GFP"°® cells with blue and red fluorescence values that overlap those
of GFPP** population 1. (D) Quantitative RT-PCR analysis of germ cell tran-
scripts (Rhox13, Stra8, Dazl, and Mvh relative to Actb transcripts) and the
somatic cell transcript Gata4 (relative to Actb transcripts) in GFPP** popula-
tion 1 cells versus GFP"*¢ population 6 cells.
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December 2015 Volume 35 Number 23 Molecular and Cellular Biology mcb.asm.org 4037


http://mcb.asm.org

Zagore et al.

loid cells consisting primarily of somatic cells and any spermatogonia
that have not yet undergone a switch from RFP to GFP expression. In
addition, the data indicate that the majority of spermatogonia are
GFP labeled in the Stras-iCre™, IRG" testis and that Ho staining in
combination with GFP gating provides a means to distinguish and
separate them from somatic cells with similar Ho emission values.
Importantly, GFPP** germ cells in each of the major stages of devel-
opment were readily observed, indicating that GFP derived from the
IRG transgene is present throughout spermatogenesis. Furthermore,
the absence of 1C and 4C GFP™® cells indicates efficient recombina-
tion of the IRG transgene in Stra8-iCre" testes. Collectively, these
observations indicate that Ho staining and flow cytometry of GFPP**
cells from IRG", Stra8-iCre" seminiferous tubules are an effective
strategy to distinguish germ and somatic cells in the testis and to
quantify and collect germ cells in different stages of spermatogenesis.

Quantitative analysis of germ cell populations in Ptbp2-de-
ficient testis. To use dual fluorescence flow cytometry to analyze
germ cell populations in Ptbp2-deficient testes, the IRG transgene
was bred into the Pthp2™/"° females used to generate WT and
cKO animals. Consistent with the germ cell loss observed histo-
logically, fewer GFPP®* cells were detected in adult IRG" cKO
testis than in IRG™ WT controls (66% versus 86% of total, respec-
tively) (Fig. 5A).

Consistent with incomplete Cre-mediated recombination
when multiple floxed alleles are present (48), the level of residual
Ptbp2 was elevated (~10% compared to WT) in cKO IRG™ testes
compared to cKO testes lacking the IRG transgene (Fig. 5B and C).
In contrast, the percentage of meiotic GFP"® cells did not increase
in cKO, as would be expected if the efficiency of GFP labeling
(RFP-to-GFP recombination) was reduced in the presence of the
Pthp2™*allele. A possible explanation for this difference is that the
IRG locus contains an estimated 7 to 10 copies of the IRG cassette
(46). Thus, even under conditions of reduced overall recombina-
tion activity when multiple floxed alleles are present (48), the high
copy number of the IRG cassette permits efficient labeling of germ
cells with GFP.

In addition to an overall reduction in germ cells in Ptbp2-null
testis, the distributions of these cells in different stages of sper-
matogenesis were markedly different (Fig. 5D to F). The most
abundant germ cell type present in WT adult testes was spermatids
(GFPP®® population 5), as expected (36). In contrast, spermatids
were significantly reduced in IRG™ cKO testes, consistent with
their premature detachment and MNC formation. Differences in
meiotic germ cells were also identified by flow cytometry of
IRG™ cKO testes, as indicated by a reduction in the number of
late-stage spermatocytes (population 3) that was accompanied
by an accumulation of early-stage spermatocytes (population
2) (Fig. 5E and F).

To assess whether apoptosis contributes to the reduction of sper-
matocytes in the absence of Ptbp2, TUNEL assays were used to label
apoptotic cells with fragmented DNA. Seminiferous tubules with
TUNEL-positive cells were more frequently observed in 33-dpp ¢cKO
testes than in WT controls (Fig. 6A). Unlike TUNEL-positive cells in
WT testis, which are mostly spermatogonia adjacent to the basal
membrane, the morphology and position of cKO TUNEL-positive
cells indicate that they are predominantly spermatocytes (Fig. 6A and
B). Notably, nuclei within MNCs were TUNEL negative (Fig. 6C,
arrows). Together, these observations suggest that increased sper-
matocyte apoptosis contributes to the reduction in late-prophase-I
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spermatocytes (GFPP°® population 3) observed by dual fluorescence
flow cytometry of IRG™ cKO testes.

Collectively, flow cytometry analysis of GFPP** cKO germ cells in
combination with histological analyses demonstrated that Ptbp2 was
essential for spermatogenesis, with cKO germ cells arresting at two
different stages. A partial block to spermatogenesis occurred in a sub-
set of germ cells in meiosis I and was manifested by an accumulation
of spermatocytes in early prophase and increased spermatocyte apop-
tosis. The surviving Ptbp2-deficient spermatocytes completed
meiosis only to yield spermatids that arrested at an early stage
of differentiation and were prematurely released into the tu-
bule lumen, most frequently as MNCs.

Ptbp2 is required for proper splicing of germ cell mRNAs.
The failure of Ptbp2-null germ cells to complete spermatogenesis
suggests an essential role for this RBP in posttranscriptional
regulation of germ cell RNAs. Given the importance of Ptbp2 as
a regulator of AS in the brain (13, 14), we first explored the
possibility that Ptbp2 is required for proper expression of AS
RNAs in the testis. To do so, we used RT-PCR to measure the
relative levels of AS RNA isoforms in WT and cKO testes at 21
and 25 dpp. For this analysis, we examined a subset of alterna-
tive exons identified by splicing microarray analysis and con-
firmed by RT-PCR whose splicing regulation is dependent on
Ptbp2 in brain. Additionally, we focused on candidates for
which HITS-CLIP (high-throughput sequencing of RNA iso-
lated by cross-linking immunoprecipitation) analysis in brain
provided evidence of direct Ptbp2 RNA binding to evolution-
arily conserved sequences flanking the regulated exons (13). In
nearly all cases, exons that were repressed in a Ptbp2-depen-
dent manner in brain were also dependent on Ptbp2 for proper
splicing regulation in 21- and 25-dpp testes (Fig. 7A and B,
respectively). A notable exception was the regulation of Actnl
RNAs generated by AS of the nonmuscle (NM) and smooth
muscle (SM) exons (Fig. 7A, iii). Whereas Ptbp2 loss resulted in
a robust switch in the expression of Actnl AS isoforms in brain
(Fig. 7A, iii, lanes 5 and 6), no change was observed in WT and
cKO testes. Importantly, the relative levels of the exon-spliced
and skipped AS variants were highly reproducible between bi-
ological replicates, including WT and cKO testes with or with-
out the IRG transgene (Fig. 7A). These observations indicate
that Ptbp2 is necessary for proper control of AS RNA expres-
sion during the first wave of spermatogenesis and is required
for regulation of overlapping but distinct sets of AS exons in
brain and testis.

A role for Ptbp2 in the stabilization of germ cell transcripts that
undergo stage-specific translation has also been suggested but not
directly examined in testes. Based on results from cell culture and in
vitro assays with cell extract and synthetic RNA, Ptbp2 has been pro-
posed to have a role in the stabilization of Pgk2 transcripts (24). Pgk2
mRNA is first detected in spermatocytes and present at elevated levels
in spermatids, while Pgk2 protein is restricted to the latter (49). To
investigate whether Ptbp2 loss affects Pgk2 mRNA abundance in vivo,
we used real-time RT-PCR to examine Pgk2 transcript levels in WT
and cKO meiotic cells collected by dual fluorescence flow cytometry
(Fig. 7C). Relative to actin transcripts (Actb), no significant difference
in Pgk2 RNA abundance was apparent in GFPP** spermatocytes,
where stabilization of Pgk2 mRNAs by Ptbp2 has been suggested to
occur. Thus, while we cannot rule out a splicing-independent
role for Ptbp2 in posttranscriptional regulation of germ cell

December 2015 Volume 35 Number 23


http://mcb.asm.org

Regulation of Germ Cell RNA Alternative Splicing

cKO 33dpp

FIG 6 Increased apoptosis of spermatocytes in cKO testes. TUNEL staining of WT (A) and cKO (B and C) testes at 33 dpp. Arrows denote TUNEL-negative MNCs.

RNAs, we conclude that Ptbp2 is not required for stabilization
of Pgk2 mRNA in spermatocytes.

DISCUSSION

RBPs are increasingly recognized as critical posttranscriptional
regulators of gene expression, having central roles in tissue devel-
opment, homeostasis, and disease (2, 50). Tissue-specific AS is a
prominent posttranscriptional regulatory process that remodels
protein-protein interaction networks and specializes cell func-
tions (51, 52). Accordingly, AS is highly regulated to ensure that
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the correct complement of AS RNA and protein variants is ex-
pressed in the correct cell type at the correct time. In the nervous
system, the tissue-restricted RBP Ptbp2 has important roles in
developmental stage-specific control of AS RNAs. In this work, we
demonstrate that Ptbp2 is an essential spermatogenic factor,
whose function(s) cannot be compensated for by other RBPs pres-
ent in germ cells. In addition, we show that Ptbp2 is required for
correct expression of AS mRNA variants in the testis.

Multiple spermatogenic defects were observed in Ptbp2 ¢cKO
testes using both traditional histological tools and the dual fluo-
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rescence flow cytometry approach described here. These include
increased vacuolization, increased apoptosis of spermatocytes,
premature detachment of spermatids, MNC formation, and the
accumulation of glycosylated proteins in the cytoplasm of MNCs.
Notably, spermatogenic defects occurred largely in spermatocytes
and spermatids that normally display increases in Ptbp2 levels.
These observations suggest that regulation of AS RNA isoforms by
Ptbp2 may have important roles in transcriptome remodeling
events necessary for germ cell progression through the meiotic
and postmeiotic stages of spermatogenesis.

Interestingly, several of the defects observed in Ptbp2 cKO tes-
tes resemble phenotypic features of mouse knockout models lack-
ing proteins involved in germ-Sertoli cell adhesion and signal
transduction. For example, increased germ cell apoptosis and
MNC formation occur in mice lacking the serine-threonine kinase
Aktl, which participates in a prosurvival signaling cascade in re-
sponse to trophic factors (53). Similar defects also occur in mouse
testes lacking the fibronectin domain-containing protein
FNDC3A (originally described as the symplastic spermatid “sys”
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mutation [37, 54]), the glycosylated cell adhesion molecule
Cadml (55, 56), the multifunctional glycoprotein Basigin (57),
and the glycosyltransferase Mgatl (58). Strikingly, loss of Sertoli
cell-restricted proteins (Cib1, Inpp5b, and Gata4) also results in
apoptosis of germ cells and MNC formation (59-61), further
highlighting the importance of germ-Sertoli cell interaction. No-
tably, cKO MNCs displayed apoptotic features, including chro-
matin condensation and cell shrinkage, but were TUNEL nega-
tive, suggesting that apoptosis of spermatocytes and spermatids in
cKO testes may occur via distinct mechanisms. Similarly, MNCs
that form in Cib1-null mice are also TUNEL negative (59). How
Ptbp2 loss affects posttranscriptional regulation of the abovemen-
tioned genes or the large number of genes with related functions
will require a more comprehensive analysis of the cKO transcrip-
tome in different spermatogenic cell types.

Hoechst staining and flow cytometry are a powerful method
for the study of spermatogenesis (26-31, 47). While this ap-
proach allows the discrimination of seminiferous tubule cells
based on DNA content (1C, 2C, and 4C), chromatin structure,
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and dye efflux, the cellular heterogeneity of the 2C population
(consisting of spermatogonia, secondary spermatocytes, and
somatic cells with similar fluorescence emission properties)
compromises the quantification and collection of germ cells in
different stages of spermatogenesis. Here, we demonstrated
that GFP labeling of germ cells in animals containing the Stra8-
iCre and IRG transgenes is an effective strategy to distinguish
germ cells from somatic cells. Importantly, GFPP** cells in each
of the major stages of spermatogenesis can be readily identified.
Moreover, the high copy number of the IRG transgene may
allow efficient GFP labeling of germ cells even under condi-
tions of reduced Cre-mediated recombination due to weak Cre
expression or the presence of competing loxP sites. While the
dual fluorescence flow cytometry approach improves the dis-
crimination and quantification of germ and somatic cells, the
suitability of the collected GFPP** cells for different down-
stream applications must be empirically determined.

In summary, the phenotypic features revealed by histologic and
flow cytometric analyses of cKO testes in combination with RT-PCR
of AS RNAs indicate that posttranscriptional regulation by Ptbp2
may have an important role in modulating the expression of genes
necessary for proper germ cell contact and communication with Ser-
toli cells. The identification of these genes and insights into the mo-
lecular basis for the cKO phenotype remain to be elucidated. Strik-
ingly, not all candidates examined were sensitive to Ptbp2 deletion in
both brain and testis. This observation indicates that Ptbp2 partici-
pates in tissue-specific AS regulation of overlapping but distinct sets
of RNA targets to specialize neuronal and germ cell functions. Finally,
although the functional importance of the high levels of AS in testes
remains to be determined, this work suggests that proper regulation
of AS by Ptbp2 has a critical role in establishing the correct repertoire
of RNA and protein variants necessary for cell progression through
the spermatogenic pathway.
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