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Abstract

In a previous study we identified active Notch signaling in key cellular events occurring at adult spermatogenesis. In this
study, we evaluated the function of Notch signaling in spermatogenesis through the effects of in vivo Notch blockade. Adult
CD1 male mice were either submitted to a long term DAPT (&E-secretase inhibitor) or vehicle treatment. Treatment duration
was designed to attain one half the time (25 days) or the time (43 days) required to accomplish a complete cycle of
spermatogenesis. Blockade of Notch signaling was depicted from decreased transcription of Notch effector genes. Notch
signaling blockade disrupted the expression patterns of Notch components in the testis, induced male germ cell fate
aberrations, and significantly increased germ cell apoptosis, mainly in the last stages of the spermatogenic cycle, and
epididymis spermatozoa morphological defects. These effects were more pronounced following the 43 day than the 25 day
DAPT treatment schedule. These results indicate a relevant regulatory role of Notch signaling in mammalian
spermatogenesis.
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Introduction

Mammalian spermatogenesis involves continuous serial cellular
proliferation and differentiation events, which occur in the
complex cellular syncytium of the seminiferous tubules. These
spatial-temporal cellular changes characterize the spermatogenic
cycle, which, in the mouse, encompasses 12 stages [1], and require
a finely tuned cellular signaling and a well-orchestrated gene
expression. Deciphering the regulatory signaling behind these
events could potentially lead to the development of new
therapeutic strategies addressed to male infertility and contracep-
tion.

Notch is an evolutionarily conserved cell signaling pathway
implicated in cell fate decisions in several tissues [2,3]. In
mammals, four receptors (Notchl—4) and five ligands (DIl1, DII3,
Dll4, Jaggedl and Jagged?2) were described [3]. Notch signaling
occurs following the coupling of the extracellular domain of
receptors with ligands expressed on neighboring cells, which leads
to cleavage of Notch intracellular domain (NICD) by a y-secretase
and its translocation to the nucleus. Here, it forms a complex with
a transcriptional regulator RBP-jk and other co-regulators,
inducing transcription of target effector genes [3]. From the
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limited set of Notch effector genes so far identified, the hairy/
enhancer of split (Hes) genes are the most ubiquitous [4].

The role of Notch signaling in mammalian spermatogenesis is
controversial. Several studies detected expression of Notch
proteins in the testis of neonate and adult mice [5-9], or associated
this pathway with male infertility [10-12]. However, two studies
[13,14], using genetically engineered mice, reported that the
majority of Notch genes are not transcribed in the seminiferous
tubules, and that Notch blockade in germ and Sertoli cells has no
effects in the normal course of spermatogenesis. Recently, we
identified active Notch signaling and described the expression
patterns of Notch component and effector genes along mouse testis
post-natal development and throughout the spermatogenic cycle
[15]. Results prompted for a relevant role of Notch signaling in
mammalian testis development and spermatogenesis.

The objective of this study was to evaluate the function of Notch
signaling in spermatogenesis, through the effects of in vivo Notch
blockade. Based on previous results, our hypothesis was that Notch
signaling is a major regulator of germ cell fate decisions occurring
during the spermatogenic cycle. To test this hypothesis we blocked
in vivo Notch signaling using the y-secretase inhibitor N-S-phenyl-
glycine-t-butyl ester (DAPT). This methodology is an established
approach to block Notch signaling in vivo and in vitro, and has
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been used in different scenarios [16-19]. Validating our hypoth-
esis, blockade of Notch signaling induced abnormal spermatogen-
esis and spermatozoa defects. This phenotype indicates a relevant
regulatory role of Notch signaling in mammalian spermatogenesis.

Materials and Methods

Animals

All experiments were conducted in accordance with the
Portuguese legislation for the use of animals for experimental
purposes (Decreto-Lei n° 129/92 and Portaria n° 1005/92, DR n°
245, série I-B, 4930-42) and with the European Union legislation
(Directive n. 86/609/EEC, from the 24™ November 1986). Mice
manipulation protocols were approved by the national regulatory
agency (DGAV — Direcdo Geral de Alimenta¢do e Veterinaria)
and the Institutional Animal Care and Use Committee (CEBEA —
Comissao de FEtica e Bem-Estar Animal). All authors are
accredited as FELASA category C scientists or equivalent.

Outbred CD1 mice were chosen to introduce normal biological
variability within the experiment. Mice were maintained in a 12-
hour light/dark cycle, in ventilated cages with corn cob as
bedding, and were given access to standard laboratory diet and
water ad libitum. Mice health was monitored daily. Prior to the
experiment, male mice were caged separately with used female
bedding and, after four days, joined with a female until the
production of a vaginal plug, to grant normal reproductive
behavior and the presence of active spermatogenesis.

Experimental design

Male mice (n=24) with 3 months of age were randomly
assigned to 4 groups: i) DAPT (Sigma-Aldrich, Inc., D5942)
treatment during 25 days; i) DAPT treatment during 43 days; iii)
Control group (vehicle alone) during 25 days; and iv) Control
group (vehicle alone) during 43 days. In adult mice, spermato-
genesis (release of spermatozoa in the seminiferous tubule’s lumen)
takes 43 days [20]. We evaluated DAPT treatment effects at half
the time (25 days) and at the time (43 days) required to accomplish
a complete cycle of spermatogenesis. Side-effects of Notch
blockade by y-secretase inhibitors are time and dose dependent
[21]. To reduce toxicity, a low dose regimen of 5 mg/Kg/day, 5
days per week was used [16]. DAPT powder was reconstituted in
100% ethanol (1 mg/mL) and stored in aliquots as stock solution
at —20°C. Each day, fresh treatment solution was prepared,
containing a mixture of 90% corn oil and 10% ethanol [16].
DAPT and vehicle alone were administered by oral gavage.

At the end of the experiment (25 and 43 days), during the last
hour of dark, mice were euthanized through cervical dislocation
under ketamine (15 mg/kg)/xylazine (1 mg/kg) anesthesia, fol-
lowed by exsanguination. A blood sample was collected immedi-
ately before cervical dislocation and processed for plasma
testosterone analysis. From each mouse, the testes were dissected
free and processed for immunohistochemistry (IHC). One
epididymis head was processed for RNA extraction, to evaluate
the level of Notch signaling blockade through the transcription of
main Notch effector genes (HesI, Nrarp). This epididymis segment
was elected based on its strong epithelial expression of Notch
component and effector genes (data not shown), and its close
anatomical proximity and functional relationship with the testis.
One epididymis tail was used to collect spermatozoa to perform a
sperm analysis.

Quantitative transcription analysis (QRT-PCR)

Epididymis heads were immediately frozen in liquid nitrogen
and stored at —80°C. RNA extraction, cDNA synthesis and
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mRNA transcription was performed as previously described [22].
Quantification of Notch effector genes HesI and Nrarp transcripts
was done using selected primers (pair sequences available upon
request). Transcription of gene f2mg was used as an endogenous
control. Real-time PCR was performed in duplicate wells on
StepOnePlus (Applied Biosystems, Foster City, CA, USA). All
PCR reactions were carried out in 96-well optical reaction plates
(Applied Biosystems, Warrington, UK) with 6.25 pl of 2x Power
SYBR Green PCR Master Mix (Applied Biosystems, Warrington,
UK), 2.5 ng of diluted cDNA and 80 nM of each primer in a total
reaction volume of 12.5 pl.

Histological evaluation and apoptosis assay

Paraffin sections were stained with haematoxylin. Spermato-
genic cycle stages were identified as previously described [23].
Stages were grouped in two (I-11, HI-1V, V-VI, VII-VIII, IX-X,
XI-XII) to facilitate description.

Apoptosis was evaluated by the terminal deoxynucleotidyltrans-
ferase-mediated dUTP nick end labeling (TUNEL) assay, for in
situ visualization of DNA fragmentation, according to manufac-
turer’s instructions (Chemicon, Millipore). The percentage of
apoptotic cells was determined for each cell type and spermato-
genic cycle stage. This evaluation was performed on a total of 30
seminiferous tubules per animal.

Immunohistochemistry (IHC)

The spatial expression patterns of Notch components were
determined following IHC, according to a method previously
described [24]. Staining was evaluated in the entire slice. Testis
expression patterns were established following the evaluation of a
minimum of 36 slices (3 slices/testis x 2 testis x 6 animals) for each
Notch component (plus 12 twin-slides with cell marker) in each of
the four experimental groups.

The anti-38-HSD antibody was used to identify Leydig cells and
the anti-DAZL antibody was used to identify germ cells. The
antibodies against Notch components and effectors were previ-
ously validated by others in the mouse (anti-Notchl [25], anti-
Notch3 [26], anti-DII1 [27], anti-DIl4 [27], anti-Jagged] [28]), and
rat species (anti-Notch2 [17]). The antigen retrieval step was
performed in citrate buffer (10mM, pH 6.0), except for the anti-
Notchl antibody (Tris-EDTA, pH 9.0). Blocking was performed
in PBS with 2% bovine serum albumin (Sigma-Aldrich, Inc.) for 1
hour at room temperature. Sections were incubated overnight at
4°C with each primary antibody: Notchl (Ab27526, Abcam),
diluted 1:100; Notch2 (Ab8926, Abcam), diluted 1:100; Notch3
(Ab23426, Abcam), diluted 1:160; DIl1 (Ab10554, Abcam), diluted
1:100; DI14 (Ab7280; Abcam), diluted 1:200; Jaggedl (SC-8303,
Santa Cruz Biotechnology), diluted 1:50; 3B-HSD (SC-30820,
Santa Cruz Biotechnology), diluted 1:300, and DAZL (Ab34139;
Abcam), diluted 1:250. Negative controls used the polyclonal
rabbit IgG (Ab27478, Abcam), diluted 1:100 and, for the 3f-HSD
antibody, the goat control IgG (Ab37373, Abcam), diluted 1:300.
All primary antibodies were diluted in blocking solution. The
peroxidase conjugated monoclonal mouse anti-goat/sheep IgG
antibody (A9452, Sigma-Aldrich, Inc.), diluted 1:100, was used as
secondary antibody for the 3f-HSD antibody, and the peroxidase
conjugated goat anti-rabbit IgG polyclonal antibody (Dako
410972), diluted 1:100, was used as secondary antibody for the

remaining primary antibodies.

Epididymis sperm analysis

Epididymis tails were placed in 200 pl of Human Tubarian
Fluid (HTF) medium at 37°C, and sliced to allow recovery of
luminal fluid. After 5 minutes, tissue was removed from medium,
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Figure 1. Disruption of expression patterns of Notch components along the spermatogenic cycle following DAPT treatment. Positive
staining in brown, counterstaining with haematoxylin (400x magnification). Arrow heads point Sertoli cells. Tailed arrows point leptotene
spermatocytes. Bold arrows point zygotene spermatocytes. Arrows point spermatogonia. Red arrows point pachytene spermatocytes. Control (CTRL)
slides used rabbit IgG (A, D, G, J, M, P). Notch3 shows ectopic expression in Sertoli cells and in leptotene spermatocytes at stages IX-X. (B and C). Dll4
stops being expressed in leptotene spermatocytes and Sertoli cells at stage IX-X (E and F), and shows ectopic expression in zygotene spermatocytes
at stage XI-XII (H and I). Jagged1 shows ectopic expression in spermatogonia at stages V-VI (K and L); in leptotene and pachytene spermatocytes at
stages IX-X, (N, O); and in zygotene spermatocytes at stages XI-XIl (R and S).

doi:10.1371/journal.pone.0113365.g001

and samples of the sperm suspension taken for analysis. Sperm
concentration was evaluated in a Neubauer chamber. Sperm
morphology was evaluated in eosin-nigrosin stained slides.

Measurement of plasma testosterone concentrations

Total plasma testosterone was assayed without extraction by a
solid-phase, competitive chemiluminescent enzyme immunoassay
(Immulite 1000, Siemens Healthcare Diagnostics, Lda., Amadora,
Portugal), using a commercial kit (Immulite 1000 Total Testos-
terone kit, Siemens). The inter-assay coefficients of variation were
8.9% and 9.7% for two different controls used in the assay (for
concentrations of 279 and 735 ngdL.—1, respectively; Multivalent
Control Module, Siemens Healthcare Diagnostics). The intra-
assay coefficient of variation was 5.1%.

Statistical analysis

Data analysis was performed with the SPSS version 19.0 statistic
software. Comparisons between groups used the Student’s t-test,
One-way ANOVA or Brown-Forsythe test, followed by Bonferroni
or Tamhane’s T2 post-hoc tests (assuming homogeneity of
variances or not, respectively). Significance was determined at
the 5% confidence level (p<<0.05).
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Results

DAPT treatment decreased transcription of Notch
effector genes Hes1 and Nrarp

In DAPT treated mice, transcription levels in the epididymis
head decreased approximately 30-10% for genes HesI and Nrarp,
compared with control mice (Figure S1).

DAPT treatment disrupted expression patterns of Notch

components in the testis

Disruption of the normal expression patterns was already
foreseeable after 25 days of treatment (data not shown), but
became evident after 43 days of DAPT treatment. Figure 1 show
the main changes in expression detected in DAPT treated mice,
which are also schematically illustrated in Figures S2 and S3.
Notchl, Notch2 and DII1 did not change their expression patterns.
Notch3 showed ectopic expression in Sertoli cells at stages VI-IX
and in leptotene and zygotene spermatocytes at stages IX—XII
(Figure 1, B and C). DIl4 stopped being expressed in leptotene
spermatocytes and Sertoli cells at stage IX-X (E and F), and
showed ectopic expression in pachytene spermatocytes at stage I-
IV and in zygotene spermatocytes at stage XI-XII (H and I).
Jaggedl showed the most extensive changes in the expression
pattern following DAPT treatment. Ectopic expression was
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observed in spermatogonia at stages II-VII (K and L), in round
spermatids at stage VII-VIII, in leptotene and pachytene
spermatocytes at stages IX-X (N and O), and in zygotene
spermatocytes at stages XI-XII (R and S). Additionally, Jagged!
stopped being expressed in diplotene spermatocytes and germ cells
finalizing meiosis at stages XI-XII (R and S).

Figure 2 shows the percentage of pachytene spermatocytes
expressing D14 along the spermatogenic cycle. As can be depicted,
DAPT treatment significantly advanced the expression of this
ligand in the spermatogenic cycle. The expression of other Notch
components in pachytene spermatocytes was not significantly
changed.

Following DAPT treatment, interstitial Leydig cells gained
expression of Jaggedl (Figure 3), whereas all other Notch
components did not change their expression pattern.

Figure 3. DAPT treatment disrupts Jagged1 expression in testis
interstitial Leydig cells. Positive staining in brown, counterstaining
with haematoxylin (400x magnification). Control (CTRL) slides used
rabbit IgG (A). Jagged1 is not expressed in Leydig cells of control mice
(B), but becomes expressed following DAPT treatment (C). Leydig cells
are co-localized in twin slides with marker 33-HSD (D).
doi:10.1371/journal.pone.0113365.g003
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DAPT treatment induced germ cell fate aberrations and

germ cell abnormal morphology

Figure 4 shows the main effects of DAPT treatment on germ
cell fate and morphology. Abnormal germ cell fate and
morphology were observed in almost all seminiferous tubules,
and although the majority of germ cells proceeded in differenti-
ation, this largely leaded to the production of morphologically
abnormal cells. Round spermatids failed to elongate, became
round, pyknotic and were released into the lumen (E, H),
sometimes displaying a small nucleus (E). Other germ cells failed
to enter a normal cell division. These cells became enlarged, with
vacuolated cytoplasm and several nuclear fragments (F and G).
These anomalous cells expressed all Notch components, were not
marked by DAZL (Figure 5 A-F), were TUNEL negative
(Figure 5 G-I), and were released in the seminiferous tubule
lumen, being also identified in the epididymis lumen (Figure 6).

DAPT treatment induced increased apoptosis in germ
cells

As shown in Figure 7A, compared to control groups, DAPT
treatment induced a significantly higher rate of apoptosis in germ
cells. However, the apoptotic rate in germ cells was not
significantly different following the two DAPT treatment lengths.
Apoptosis was mainly observed at the XI-XII stage, and overall
differences in the apoptosis rate observed between DAPT
treatment and control groups, arose mainly from differences
observed at this cycle stage. Zygotene spermatocytes and germ
cells undergoing last steps of meiotic divisions were the most
affected by DAPT treatment (Figure 7 B and C).

DAPT treatment increased morphologic defects in
epididymis spermatozoa

As shown in Figure 8A, although sperm concentration was not
significantly affected by DAPT treatment, as expected from testis
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Figure 4. DAPT treatment induces formation of abnormal germ cells. Haematoxylin staining (400x magnification). Arrows mark spermatids
that fail to elongate. Arrow heads mark germ cells with several small nucleus/nuclear fragments. Asterisk marks giant multinucleated germ cell.
Seminiferous tubules from control mice (A-D). Elongating spermatids appear with several round small nuclei (E, H). Giant multinucleated germ cells
(F). Enlarged germ cells with vacuolated cytoplasm and several nuclear fragments (G). Round spermatids fail to elongate, become round, pyknotic,

and are released in the lumen (F, H).
doi:10.1371/journal.pone.0113365.g004

histology results, the proportion of spermatozoa with morpholog-
ical defects was significantly higher in DAPT treated mice than in
control mice. The main morphological defects were primary
anomalies of the sperm head and midpiece, including bent, thin
and club-shaped heads, coiled, folded and deformed midpieces,
and coiled tailpieces (Figure 8B).

Plasma testosterone concentrations were not affected by
DAPT treatment

Plasma testosterone concentrations of DAPT treated and
control mice were similar (Figure S4).

Discussion

We recently described the transcription and expression patterns
of Notch component and effector genes in mouse testis post-natal
development and along the adult spermatogenic cycle [15].
Results indicated that Notch signaling is active, and prompted
for a relevant regulatory role of Notch signaling in testis
development and during spermatogenesis. This conducted to the
phenotypic evaluation of in vivo blockade of Notch signaling using
the 7y-secretase inhibitor DAPT. To evaluate the level of Notch
signaling blockade, transcription of main Notch effector genes was
analyzed. DAPT decreased transcription of Notch effector genes,
which evidences that treatment attained the expected biological
effect. However, the efficacy of treatment was incomplete,
probably due to the low drug dosage used. Therefore, results
here discussed have to be addressed assuming that most of Notch
signaling is still potentially active, and that a more efficacious
blockade could induce a more representative picture of the role of
Notch signaling in spermatogenesis.

PLOS ONE | www.plosone.org

In vivo Notch blockade disrupted expression patterns of Notch
components (Notch3, DII4 and Jaggedl). Enhanced expression of
Notch3 may be due to a decrease in the activation of other
receptors. This can also lead to the increase in available ligands
and justify the enhanced expression of DII4 and Jaggedl, as a
compensatory effect. However, as germ cell fate and identity are
probably the result of unique expression combinations of receptors
and ligands [15], ectopic expression of Notch components may
induce disturbances in these events, and induce abnormal
progression of spermatogenesis, as observed in this study.

In vivo Notch blockade induced the formation of morpholog-
ically abnormal germ cells, including elongated spermatids with a
round nucleus and multinucleated vacuolated giant cells. The
ectoplasmic specialization is the elongated spermatid anchoring
system, which maintains adherence to Sertoli cells, and confers cell
orientation and polarity within the seminiferous epithelium [29].
This spermatid anchoring system is mainly composed by Par
complex proteins [29]. Notch signaling is associated to cell polarity
decisions in tissues involving Par complex proteins, such as the
neural epithelium [30,31]. We have recently reported expression
of Notch components in the elongated spermatid anchoring
system, and nuclear detection of Hes> in Sertoli cells and in
elongating spermatids [15]. Notch blockade induced abnormal
spermatid elongation and its premature release into the lumen,
and the presence of abnormal cells in the lumen of seminiferous
tubules and epididymis. This indicates a regulatory role of Notch
signaling in spermatid’s elongation and maintenance of the
clongated spermatid anchoring system. Notch pathway was
associated with cell division [31,32]. The formation of multinu-
cleated cells and the increased apoptosis of germ cells undergoing
the final steps of the meiotic divisions, following Notch blockade,
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Figure 5. Abnormal germ cells loose identity. Positive staining in brown, counterstaining with haematoxylin (400x magnification). Germ cells of
control mice stain with marker DAZL (A and D). Most abnormal germ cells of DAPT treated mice do not stain with marker DAZL (B, C, E and F). TUNEL
staining of seminiferous tubules of control (G) and DAPT treated (H and |) mice. Abnormal germ cells are TUNEL negative. Arrow heads point
abnormal germ cells. Arrows point normal dividing germ cells.

doi:10.1371/journal.pone.0113365.9g005
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Figure 6. Abnormal germ cells are released into the epididymis lumen. Staining with haematoxylin (400x magnification). Tissue sections
from epididymis head and tail lumen of control (A and E) and DAPT treated (B-D and F-H) mice. DAPT treated mice show abnormal germ cells in the
epididymis lumen. Arrow heads point abnormal germ cells.

doi:10.1371/journal.pone.0113365.g006
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indicate that Notch signaling is involved in the regulation of germ
cell meiosis.

In wvivo Notch blockade significantly increased the rate of
apoptosis in germ cells, mainly at stage XI-XII of the
spermatogenic cycle. Zygotene spermatocytes were the germ cells
most affected by apoptosis. Interestingly, these germ cells do not
normally express Notch components [15], but exhibited ectopic
expression of Notch3, DIl4 and Jaggedl following DAPT
treatment. Apoptosis in these germ cells may follow loss of identity
due to blockade of Notch signaling. However, abnormal germ cells
stopped expressing marker DAZL (which indicates loss of germ
cell identity), but did not become apoptotic.

In vivo Notch blockade disrupted the expression patterns of
Notch components in Leydig interstitial cells, inducing ectopic

PLOS ONE | www.plosone.org

expression of Jaggedl. However, no significant effect on plasma
testosterone concentrations was evident.

In vivo Notch blockade significantly increased the proportion of
epididymis spermatozoa with primary morphological defects. This
feature probably arises from disturbances in spermatogenesis, as
discussed above. The increase in sperm morphological defects is
associated with reduced fertility [33]. Although experimental mice
were not allowed to breed following DAPT treatment, the
obtained effect could lead to a reduced fertility; however, the
putative effects of abnormal Notch signaling on fertility are
probably related with the level of Notch pathway activity. Notch
deregulation in the testis was associated with male fertility
problems [10-12,34], and potentially linked with maintenance
and growth of testicular germ cell tumors [8,35].
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In conclusion, in vivo Notch blockade disrupted expression
patterns of Notch components in the testis, induced germ cell fate
aberrations, morphological abnormalities and apoptosis, and
increased morphological defects in epididymis spermatozoa. This
indicates that Notch signaling has a major regulatory role in
spermatogenesis, namely in germ cell fate and identity, meiosis
and differentiation of spermatids. This turns the Notch pathway
into an attractive fertility therapeutic target.

Supporting Information

Figure S1 DAPT decreases transcription of downstream
Notch effector genes Hesl and Nrarp. Comparison between
a representative animal of each group (Control and DAPT
treatment).

(TTF)

Figure S2 Schematic illustration of expression patterns
of Notch pathway receptors along the spermatogenic
cycle: comparison between control and DAPT treated
mice. Draw-scheme representing stages (I-XII) of the spermato-
genic cycle. Spermatogonia (A, In, B); spermatocytes (Pl-
preleptotene, L- leptotene, Z- zygotene, P- pachytene, D-
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diakinesis, Mi- meiotic division); round spermatids (1-8); elongated
spermatids (9-16). Spatial localization of expression of Notch
receptors drawn in different colors, according to legend. Drawing
adapted from Hess and Franca (2008).

(TIF)

Figure 83 Schematic illustration of expression patterns
of Notch pathway ligands along the spermatogenic cycle:
comparison between control and DAPT treated mice.
Draw-scheme representing stages (I-XII) of the spermatogenic
cycle. Spermatogonia (A, In, B); spermatocytes (Pl- preleptotene,
L- leptotene, Z- zygotene, P- pachytene, D- diakinesis, Mi- meiotic
division); round spermatids (1-8); elongated spermatids (9-16).
Spatial localization of expression of Notch ligands drawn in
different colors, according to legend. Drawing adapted from Hess

and Franca (2008).
(TTF)

Figure S4 Plasma testosterone concentrations of con-
trol and DAPT treated mice.

(TTF)

November 2014 | Volume 9 | Issue 11 | e113365



Author Contributions

Conceived and designed the experiments: DM LC AT. Performed the
experiments: DM MB. Analyzed the data: DM LC AT ES. Wrote the
paper: DM LC AD DH.

References

1.

OAKBERG EF (1957) Duration of spermatogenesis in the mouse. Nature 180:
1137-1138.

. Artavanis-Tsakonas S, Matsuno K, Fortini M (1995) Notch signaling. Science

(80-) 268: 225-932.

. Borggrefe T, Oswald F (2009) The Notch signaling pathway: transcriptional

regulation at Notch target genes. Cell Mol Life Sci 66: 1631-1646.

. Fischer A, Gessler M (2007) Delta-Notch—and then? Protein interactions and

proposed modes of repression by Hes and Hey bHLH factors. Nucleic Acids Res
35: 4583-4596.

. Dirami G, Ravindranath N, Achi M V, Dym M (2001) Expression of Notch

Pathway Components in Spermatogonia and Sertoli Cells of Neonatal Mice.
J Androl 22: 944-952.

. Mori S, Kadokawa Y, Hoshinaga K, Marunouchi T (2003) Sequential activation

of Notch family receptors during mouse spermatogenesis. Dev Growth Differ 45:
7-13.

. Von Schonfeldt V, Wistuba J, Schlatt S (2004) Notch-1, c-kit and GFRalpha-1

are developmentally regulated markers for premeiotic germ cells. Cytogenet

Genome Res 105: 235-239.

. Garcia TX, Hofmann M-C (2013) NOTCH signaling in Sertoli cells regulates

gonocyte fate. Cell Cycle 12

. Garcia TX, Defalco T, Capel B, Hofmann M-C (2013) Constitutive activation of

NOTCHLI signaling in Sertoli cells causes gonocyte exit from quiescence. Dev

Biol 377: 188-201.

. Hayashi T, Kageyama Y, Ishizaka K, Xia G, Kihara K, et al. (2001)

Requirement of Notch 1 and its ligand jagged 2 expressions for spermatogenesis
in rat and human testes. J Androl 22: 999-1011.

. Hayashi T, Yamada T, Kageyama Y, Negishi T, Kihara K (2004) Expression

failure of the Notch signaling system is associated with the pathogenesis of
maturation arrest in male infertility patients. Fertil Steril 81: 697-699.

Sahin Z, Bayram Z, Celik-Ozenci C, Akkoyunlu G, Seval Y, et al. (2005) Effect
of experimental varicocele on the expressions of Notch 1, 2, and 3 in rat testes:
an immunohistochemical study. Fertil Steril 83: 86-94.

. Hasegawa K, Okamura Y, Saga Y (2011) Notch signaling in Sertoli cells

regulates cyclical gene expression of Hesl but is dispensable for mouse
spermatogenesis. Mol Cell Biol 32: 206-215.

. Batista F, Lu L, Williams SA, Stanley P (2012) Complex N-Glycans Are

Essential, but Core 1 and 2 Mucin O-Glycans, O-Fucose Glycans, and
NOTCHI Are Dispensable, for Mammalian Spermatogenesis. Biol Reprod 86:
179.

. Murta D, Batista M, Silva E, Trindade A, Henrique D, et al. (2013) Dynamics of

Notch pathway expression during mouse testis post-natal development and along
the spermatogenic cycle. PLoS One 8: €72767.

. Teachey DT, Seif AE, Brown VI, Bruno M, Bunte RM, et al. (2008) Targeting

Notch signaling in autoimmune and lymphoproliferative disease. Blood 111:
705-714.

Saravanamuthu SS, Gao CY, Zelenka PS (2009) Notch signaling is required for
lateral induction of Jaggedl during FGF-induced lens fiber differentiation. Dev
Biol 332: 166-176.

PLOS ONE | www.plosone.org

22.

23.

24.

27.

28.

29.

30.

31

32.

33.

34.

Notch Signaling Blockade in Spermatogenesis

. Hernandez F, Peluffo MC, Stouffer RL, Irusta G, Tesone M (2011) Role of the

DLL4-NOTCH system in PGF2alpha-induced luteolysis in the pregnant rat.
Biol Reprod 84: 859-865.

. Zhang C-P, Yang J-L, Zhang J, Li L, Huang L, et al. (2011) Notch signaling is

involved in ovarian follicle development by regulating granulosa cell prolifer-
ation. Endocrinology 152: 2437-2447.

. Clermont Y, Trott M (1969) Duration of the cycle of the seminiferous epithelium

in the mouse and hamster determined by means of 3H-thymidine and
radioautography. Fertil Steril 20: 805-817.

. Doerfler P, Shearman MS, Perlmutter RM (2001) Presenilin-dependent gama-

secretase activity modulates thymocyte development. Proc Natl 98: 9312-9317.
Silva E, Henriques S, Brito S, Ferreira-Dias G, Lopes-da-Costa L, et al. (2012)
Oestrous cycle-related changes in production of Toll-like receptors and
prostaglandins in the canine endometrium. J Reprod Immunol 96: 45-57.
Hess RA, Franca LR de (2008) Spermatogenesis and cycle of the seminiferous
epithelium. Adv Exp Med Biol 636: 1-15.

Silva E, Leitdo S, Henriques S, Kowalewski MP, Hoffmann B, et al. (2010) Gene
transcription of TLR2, TLR4, LPS ligands and prostaglandin synthesis enzymes
are up-regulated in canine uteri with cystic endometrial hyperplasia-pyometra
complex. ] Reprod Immunol 84: 66-74.

. Cheng H-T, Kim M, Valerius MT, Surendran K, Schuster-Gossler K, et al.

(2007) Notch2, but not Notchl, is required for proximal fate acquisition in the
mammalian nephron. Development 134: 801-811.

. Feng X, Krebs LT, Gridley T (2010) Patent ductus arteriosus in mice with

smooth muscle-specific Jagl deletion. Development 137: 4191-4199.

Sérensen I, Adams RH, Gossler A (2009) DLLI-mediated Notch activation
regulates endothelial identity in mouse fetal arteries. Blood 113: 5680-5688.
Bielesz B, Sirin Y, Si H, Niranjan T, Gruenwald A, et al. (2010) Epithelial Notch
signaling regulates interstitial fibrosis development in the kidneys of mice and
humans. J Clin Invest 120: 4040-4054.

Wong EWP, Mruk DD, Cheng CY (2008) Biology and regulation of ectoplasmic
specialization, an atypical adherens junction type, in the testis. Biochim Biophys
acta 1778: 692-708.

Afonso C, Henrique D (2006) PARS3 acts as a molecular organizer to define the
apical domain of chick neuroepithelial cells. J Cell Sci 119: 4293-4304.

Bultje R, Castaneda-Castellanos D, Jan L (2009) Mammalian Par3 regulates
progenitor cell asymmetric division via notch signaling in the developing
neocortex. Neuron 63: 189-202.

Das RM, Storey KG (2012) Mitotic spindle orientation can direct cell fate and
bias Notch activity in chick neural tube. EMBO Rep 13: 448-454.

Guzick DS, Overstreet JW, Factor-Litvak P, Brazil C, Nakajima ST, et al. (2001)
Sperm morphology, motility, and concentration in fertili and infertile men.
N Engl ] Med 345: 1388-1393.

Hahn KL, Beres B, Rowton M]J, Skinner MK, Chang Y, et al. (2009) A
deficiency of lunatic fringe is associated with cystic dilation of the rete testis.
Reproduction 137: 79-93.

. Hayashi T, Yamada T, Kageyama Y, Kihara K (2004) Expression failure of the

notch signaling system is associated with the pathogenesis of testicular germ cell
tumor. Tumour Biol 25: 99-105.

November 2014 | Volume 9 | Issue 11 | e113365



