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Abstract: Clusterin (CLU) is a ubiquitously expressed heterodimeric glycoprotein that is involved in a variety of fun-
ctions like cell-cell interactions, apoptosis, epithelial-mesenchymal transition, carcinogenesis, and chaperone func-
tion. In the testis, CLU is strongly expressed especially in Sertoli cells but very little is known about its testicular func-
tion, regulation of secretion and most enigmatic, its receptor(s). In this study, we approached these questions with a
special emphasis on the link between CLU and meiosis. In cultured seminiferous tubules, we found that secretion of
CLU protein is upregulated by transforming growth factor-betas (TGF-B1-3) and observed inhibition of staurosporine-
induced apoptosis by recombinant CLU. Clusterin signaling in testicular cells seems to be modulated by very low
density lipoprotein receptor (VLDLR) and apolipoprotein E receptor 2 (ApoER2), because these members of the low
density lipoprotein (LDL) receptor family are present in rat germ cells. Furthermore, inhibition of VLDLR/ApoER2 by
a specific inhibitor abrogates CLU-mediated phosphorylation of Akt, which mediates VLDLR/ApoER2 signaling. We
could also show in tubules treated with recombinant CLU a significant upregulation of several meiosis-associated
proteins such as V-myb avian myeloblastosis viral oncogene homolog-like 1 (Mybl1), stimulated by retinoic acid
gene 8 (Stra8), lactate dehydrogenase C (LDHC), cAMP response element-binding protein (CREB) and histone H3
(H3S10P). Collectively, our data show for the first time the involvement of CLU in upregulation of meiosis through
VLDLR/ApoER2 in male germ cells.
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Introduction Reduced CLU protein levels in testis are linked
to male fertility [10, 11] and CLU is accumulat-
ed on abnormal human sperm [12]. However,
CLU gene inactivation has shown only minor
physiologic defects in mice such as a higher
susceptibility to cardiac autoimmunity [13] or
chemically induced skin tumorigenesis [7].
Additionally, CLU knockout mice showed an
increase in heat-induced apoptosis of testicular
germ cells and defects in spermiation [4].
Furthermore, CLU reduced heat stress-induced
apoptosis in cultured Sertoli cells [14]. However,
the exact mechanisms how CLU contributes to
male fertility are still unknown. Experiments in
lung and prostate suggest that CLU gene

Clusterin was originally identified as an andro-
gen-repressed gene in the prostate [1] and is
also known as testosterone-repressed pros-
tate message, glycoprotein-80, serum pro-
tein-40,40, dimeric acidic glycoprotein, sulfa-
ted glycoprotein-2, complement lysis inhibitor,
and apolipoprotein J [2]. CLU is a secreted gly-
cosylated heterodimeric glycoprotein found in
almost all physiological fluids [2]. Ubiquitous
expression of CLU suggests manifold biological
functions such as cell-cell interactions [1, 3],
apoptosis/cytoprotection [4, 5], protection
against oxidative stress [6], inhibition of epithe-
lial cell proliferation [7], carcinogenesis [2], pro-

motion of epithelial-mesenchymal transition
[8], and chaperone function e.g. in Alzheimer’s
disease [9].

expression is differentially regulated by TGF-s
as well as androgens [1, 13]. However, po-
sttranscriptional regulation can inverse TGF-3
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effects [3]. In testis, putative effects of TGF-fs
on CLU secretion are unknown.

Another enigma about CLU is its receptor. A
multitude of possible receptors that bind CLU
have been described in other organs. A recent
study showed a high affinity interaction
between the multi-ligand receptors ApoER2/
VLDLR and CLU [16]. ApoER2 is a member of
the low density lipoprotein receptor (LDLR) fam-
ily and is expressed in several tissues including
brain, placenta, ovaries, and epididymis [17].
Interestingly, ApoER2 knockout mice showed
reduced male fertility [18], lower brain and tes-
tis selenium levels and severe neurological
defects [19].

VLDLR is also a member of LDLR family that
specifically binds apolipoprotein E and is highly
expressed in adipose tissue, heart, skeletal
muscles, monocytes and macrophages [20].
VLDLR is required for the normal lipoprotein
lipase (LpL) regulation in vivo, and the disrup-
tion of VLDLR results in hypertriglyceridemia
associated with decreased LpL activity [21].
VLDLR knockouts showed only a modest
decrease in body weight, body mass index, and
adipose tissue mass [22] and experience defi-
ciencies in fibrin-dependent leukocyte transmi-
gration [23]. However, no influence on male
fertility was reported.

In this study, we aim to analyze CLU function in
spermatogenesis, by (i) investigation of puta-
tive TGFB-dependent regulation of CLU secre-
tion, (ii) analysis of possible anti-apoptotic and
pro-meiotic effects of CLU in testicular cells,
and (iii) if CLU effects are mediated by signaling
via the ApoER2/VLDLR receptors.

Materials and methods
Preparation of seminiferous tubules

All animal experiments were done according to
the guidelines of the local committee for animal
experimentation (Giessen, Germany). Adult
male Sprague Dawley rats ((Crl:CD (SD)IGS;
Charles River, Germany) weighing 150-200 g
were anesthetized with 5% isoflurane (Abbott,
Germany). Testes were washed in 70% ethanol
and briefly rinsed in PBS. All subsequent steps
were performed on ice. The tunica albuginea
was removed and the tissue cut into 2-3 mm?
pieces in Petri dishes containing ice-cold tubule
medium [DMEM supplemented with 2.5 mM

1267

L-glutamine, 1% penicillin/streptomycin (all
from PAA, Austria) and 10% fetal calf serum
(FCS, Gibco, USA)]. Five of these pieces were
placed into a Medicon™ unit (50 ym; Becton
Dickinson, Germany) plus 500 ul of ice-cold
tubule medium and processed for 50 s in the
Medimachine (Becton Dickinson). The fine slur-
ry was recovered and filtered through a 500 pym
Filcon (Becton Dickinson) into a sterile Falcon
tube. After centrifugation (800%g, 5 min, room
temperature) the tubules were resuspended in
tubule medium. Approximately equal numbers
of tubule were plated onto BioCoat™ Collagen |
coated 24-well plates (Becton Dickinson) and
maintained at 32°C in 5% CO,. The tubule frag-
ments attached during 24-48 hrs to the coated
wells. After three days, the germ cells in the
tubules were still viable similar to De Gendt et
al. [24].

Treatment of tubules and collection of samples

After 48 hrs at 32°C in 5% CO, the tubule medi-
um was replaced by starvation medium (tubule
medium with 1% FCS) for another 24 hrs fol-
lowed by addition of 200 nM recombinant rat
receptor associated protein (RAP, MyBioSource,
USA) for 2 hrs. Then, tubules were stimulated
with 2 pg/ml of recombinant mouse CLU (R&D
Systems, Germany) at 32°C for 24 hrs - 48 hrs.

Withdrawn supernatants were centrifuged
(5000x%g, 10 min, 4°C) and the protein concen-
tration was determined with the precision Red
Advance protein assay (Cytoskeleton, Denver,
USA). After adding 1 mM PMSF and 1x protease
inhibitor cocktail (PIC, Sigma-Aldrich, Germany)
the supernatants were stored at -20°C until fur-
ther use. The tubules were washed with PBS
and lysed in 250 pl cell lysis buffer (Cell
Signalling, Germany) containing 1 mM PMSF
and 1x PIC on ice according to the protocol of
the manufacturer. After 10 min, tubules were
detached with a cell scraper and the mixture
was sonicated 30 times for 1 s each with in-
tervals of 1 s (Sonoplus mini 20, Bandelin,
Germany) on ice. After centrifugation (13,000x
g, 20 min, 4°C), protein concentrations of the
supernatants were determined and samples
were stored at -20°C until further use.

Treatment of Sertoli cells and sample collec-
tion

Approximately 3x10° cells/cm? SCIT-C8 Sertoli
cells [25] were grown in 6-well plates in a
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humidified incubator at 32°C in 5% CO, until
they reached subconfluence. Although the
immortalized SCIT-C8 do not respond to andro-
gens or FSH, they do secrete CLU, which is a
typical marker for Sertoli cells [25]. Cells were
washed once with PBS and incubated in sta-
rvation medium for 24 hrs. The culture medium
was replaced with fresh starvation medium,
and cells were incubated with 10 ng/ml TGF-
B4, -B2 or -3 (PromoCell, Germany) for anoth-
er 48 hrs. Supernatants were collected, centri-
fuged at 5000xg for 10 min at 4°C and stored
at -20°C after addition of 1 mM PMSF and 1x
PIC until further use. The TBR1 inhibitor
Ly364947 (10 uM, dissolved in DMSO, Sigma
Aldrich) was added 2 hrs prior to stimulation
with the distinct TGF-Bs. An equal volume of
DMSO was added to control cultures.

Measurement of apoptosis

Caspase 3/7 activity and phosphatidylserine
apoptosis assay Kits (AAT Bioquest, USA) were
employed according to the manufacturer’s
instructions. Briefly, equal number of tubules
were cultured in 96-well black plates (CellBIND
surface; Corning, Germany) at 32°C in 5% CO,
for 48 hrs. After 24 hrs, medium was replaced
with starvation medium and tubules were stim-
ulated with 0.5 uyM staurosporine (STS, Sigma-
Aldrich) with or without 2 pg/ml recombinant
CLU. After 24 hrs, 100 ul of caspase 3/7 or
phosphatidylserine assay solution, respective-
ly, were added to each well. The plate was incu-
bated at room temperature for 1 hr, protected
from light. The fluorescence intensity was mea-
sured at Ex/Em = 350/450 nm and at 540/590
nm respectively with the Benchmark Reader
infinite M200.

Immunohistochemistry

Immunohistochemistry of 5 um sections of
Bouin-fixed, paraffin-embedded testes was
performed as published [26]. Briefly, the
Envision System from DAKO (Germany) com-
bined with DAB staining was used according to
the manufacturer’s instructions. Countersta-
ining was done with hematoxylin. The antibod-
ies used in this study are listed in Table 1.
Digital images were obtained with the inverse
microscope FSX100 (Olympus) using the
Olympus FSX-BSW software. Images were pro-
cessed with Adobe Photoshop CS6.
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Enzyme-linked immunosorbent assay (ELISA)

Stimulated by retinoic acid gene 8 (Stra8) pro-
tein expression was quantitated by a commer-
cially available sandwich ELISA kit (CUSABIO,
China). V-myb avian myeloblastosis viral onc-
ogene homolog-like 1 (MYBL1) and lactate
dehydrogenase C (LDHC) ELISAs were from
Cloud-Clone Corp (USA). Phosphorylation of
CcAMP response element-binding protein (CREB)
at Serl133 was examined by Phospho-CREB
(Ser133) Sandwich ELISA Kit and phosphoryla-
tion of Akt at Serd73 was detected using
Phospho-Aktl (Serd73) Sandwich ELISA Kit
(Cell signalling, Germany). Levels of CLU secr-
etion were quantitated by a CLU ELISA kit
(BioVendor, Germany). Each ELISA was pe-
rformed according to the manufacturer’s in-
structions, quantitated by a Benchmark Reader
infinite M2000 (Tecan, Austria), and values
were normalized to the total protein content of
the corresponding samples.

Immunofluorescence

Tubules were plated into 8-well culture slides
(BD Dickinson) and incubated for 48 hrs at
32°C and 5% CO,. After stimulation with reco-
mbinant CLU (2 ug/ml) for 24 hrs, tubules were
rinsed with PBS and fixed with 4% paraformal-
dehyde for 20 min followed by permeabilization
with 0.1% Triton X-100 for 10 min at room tem-
perature. Then tubules were incubated in block-
ing solution (5% BSA + 5% FBS) at room te-
mperature for 1 hr. The tubules were subse-
quently washed 3 times with PBS for 5 min
each, and incubated with the primary antibody
against H3S10P (Table 1) in blocking solution
at 4°C overnight. The tubules were washed 3
times for 5 min each, and then incubated with
goat anti-mouse conjugated with Alexa fluor-
555 (Table 1) for 1 hr at room temperature.
After washing 3 times, tubules were embedded
in mounting medium (buffered glycerol pH 8.4)
and put onto glass slides. Images were visual-
ized using an inverse fluorescence microscope
FSX 100 (Olympus, Germany).

Statistical analysis

All experiments were repeated independently
at least three times in duplicate. Values from all
experiments were used for calculation of the
means and their respective standard errors of
the mean (SEM). The comparison of the means
between groups was performed by one-way
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Table 1. Antibodies used in this study

Protein Source Cat-No Species Clonality Dilution
ApoER2 Lifespan LS-b5784 Rabbit polyclonal 1:75
CREB Abcam ab178322 Mouse monoclonal 1:100
H3S10P Millipore 06-570 Rabbit polyclonal 1:100
LDHC Cloud-Clone PAE131Ra01 Rabbit polyclonal 1:100
MYBL1 Sigma HPAO08791 Rabbit polyclonal 1:100
Stra8 Abcam Ab49602 Rabbit polyclonal 1:100
VLDLR Lifespan LS-C180156 Mouse monoclonal 1:100
Anti-mouse IgG (Alexa555) Thermo Fisher A-31570 Donkey IgG 1:100
Anti-mouse DAKO K4000 Goat f=(€] Ready
POD
Anti-rabbit DAKO K4002 Goat IgG Ready
POD
Cat-No, catalog number; POD, peroxidase.
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Figure 1. Effect of TGF-Bs on CLU secretion in vitro. (A) CLU secretion by tubule cultures showed a time-dependent
increase. (B) Sertoli cells were treated with 10 ng/ml of TGF-B1, -B2, -B3 or LY364947 (10 uM), respectively, or in
combinations. TGF-B-increased CLU secretion was completely blocked by the TBR1 kinase inhibitor LY364947. The
means + SEMs of 4 independent experiments are shown (A, B). *P < 0.05 or #P < 0.05 are significantly different

from control or from TGF-Bs, respectively.

analysis of variance (ANOVA) followed by Tukey’s
post hoc-test using GraphPad prism software
(Version 5.0, Graphpad Inc. La Jolla, CV, USA). P
values of less than 0.05 were considered
significant.

Results

Rat seminiferous tubules and Sertoli cells se-
crete CLU in vitro

Cultured seminiferous tubules secreted moder-

ate amounts of CLU under basal conditions
(Figure 1A). Treatment of Sertoli cells with
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recombinant TGF-Bs, especially TGF-B2, signifi-
cantly increased CLU secretion (Figure 1B).
This effect was completely abrogated by the
TGF-beta receptor-1 (TBR1) kinase inhibitor
LY364947 (Figure 1B). Similar results were
found with two different Sertoli cell lines (data
not shown).

Clusterin protects against staurosporine-
induced apoptosis

Induction of caspase3/7 activity in rat tubule

cultures by STS was found to be concentration-
dependent with a maximum at 0.5 yM (Figure

Am J Transl Res 2017;9(3):1266-1276
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Figure 2. Clusterin protects against STS-induced apoptosis in tubule cultures. (A) Induction of caspase3/7 activity
by STS was concentration-dependent with a maximum at 0.5 yM. (B) Pre-treatment with recombinant CLU followed
by treatment with 0.5 uM STS for 24 hrs completely blocked caspase3/7 activity in contrast to STS alone. (C) In-
creasing concentrations of STS showed an increased phosphatidylserine externalization. (D) CLU nearly completely
blocked STS-induced phosphatidylserine externalization. (A-D) *P < 0.05 significantly different from control; #*P <
0.05 significantly different from STS alone. In (A-D) results are expressed as percentage of control (Ctrl = DMSO-
treated tubules) and the means + SEMs of 4 independent experiments are shown (A-D).

2A). Pre-treatment of tubules with 2 ug/ml
recombinant CLU for 2 hrs followed by treat-
ment with 0.5 uyM STS for 24 hrs completely
blocked caspase3/7 activity in contrast to STS
alone (Figure 2B). Similar results were obtained
with detection of apoptosis with a phosphati-
dylserine assay (Figure 2C) which was also
completely blocked by pre-treatment with CLU
(Figure 2D).

Localization of putative CLU receptors and sig-
nalling via Akt in rat testis

Because CLU was suggested to act via ApoER2
and VLDLR receptors [16], we investigated
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localization of both receptors by immunohisto-
chemistry. ApoER2 protein is localized modest-
ly in Sertoli cells and pachytene spermatocytes,
but was found in high amounts in Leydig cells
(Figure 3A, 3B). In contrast, VLDLR was strong-
ly present in pachytene spermatocytes and
Leydig cells (Figure 3C, 3D).

Since binding of CLU to ApoER2/VLDLR triggers
Akt phosphorylation in other cell types [16], we
therefore investigated whether CLU is also able
to signal via the Akt pathway in testis. As shown
in Figure 3E, tubules respond to CLU with a
strong phosphorylation of Akt. Interestingly, the

Am J Transl Res 2017;9(3):1266-1276



Clusterin induces meiosis

PR,

14 -

12 4

10

P-Akt (Fold of control)
o

::J,ﬁ, i

Control RAP CLU CLU+RAP

Figure 3. Localization of ApoER2/VLDLR and signalling via Akt in rat testis.
(A) ApoER2 can be found modestly in Sertoli cells (arrow, SC) and pachytene
spermatocytes (arrow, pSpc), but strongly in Leydig cells (B). (C) VLDLR is
localized in pachytene spermatocytes (arrow, pSpc) and strongly in Leydig
cells (D). Magnification x40. An example for a negative control is shown in
Figure 4F. (E) Tubules were stimulated with CLU (2 pg/ml), RAP (200 nM),
RAP+CLU or vehicle alone (Ctrl, control) for 24 hrs and Akt phospho-
rylation (P-Akt) was quantified. RAP completely inhibited CLU-induced Akt
phosphorylation in the tubules. Results are expressed as x-fold of control.
The means + SEMs of 3 independent experiments in duplicates are shown.
*P < 0.05 significantly different from control; P < 0.05 significantly different
from CLU alone.

Localization of meiosis-specif-
ic proteins in rat testis

Because we hypothesized
that CLU might modulate male
germ cell meiosis, we first
analyzed the localization of
the meiosis-specific proteins
Stra8, MYBL1, CREB and
LDHC in rat testis. The immu-
nohistochemical staining cl-
early demonstrates that Stra8
is localized in the nuclei of
spermatogonia (Figure 4A).
However, remarkably, we fo-
und also a strong cytoplasmic
staining in round and elongat-
ed spermatids (Figure 4A). In
order to show the specificity
of the antibody, we also used
mouse testis and found Stra8
only in spermatogonia as
expected (Figure 4B). MYBL1
was found in primary sper-
matocytes (Figure 4C). CREB
was detectable strongly in
spermatogonia, round sper-
matids and peritubular cells,
but only weakly in Sertoli cells
(Figure 4D). A moderate to
weak expression of LDHC
protein was found in Leydig
cells and pachytene sper-
matocytes, respectively, whe-
reas it was abundantly de-
tectable in round sperma-
tids and spermatozoa (Figure
4E).

Clusterin upregulates meio-
sis-specific proteins

In vitro, entry of spermatogo-
nia into meiosis is blocked
and depends upon the struc-
tural support of the seminifer-
ous epithelium [27]. Thus, we
examined the effect of CLU on
meiosis-associated proteins.

level of CLU-induced Akt phosphorylation was Stimulation of tubules with recombinant CLU
found to be significantly reduced in the pres- increased expression of Stra8 protein, which
ence of RAP, suggesting that CLU signals was almost completely blocked by the VLDLR/
through ApoER2/VLDLR and Akt phosphoryla- ApoER2 antagonist RAP (Figure 5A). These
tion in testis. results strongly suggest that CLU might be
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Figure 4. Localization of meiosis-specific proteins in adult rat testis. A. Stra8
was detected strongly in spermatogonia (Spg, arrows), round (rSpd, arrow) and
elongated spermatids (eSpd, arrow). In pachytene spermatocytes (pSpc) Stra8

activity is critical for germ
cell survival, we next deter-
mined whether CREB phos-
phorylation and hence
activity could be modulat-
ed by CLU. Treatment of
tubules with recombinant
CLU significantly increased
CREB phosphorylation co-
mpared to controls, which
was prevented by co-incu-
bation with RAP (Figure
5C). In contrast, no tran-
sient effects of recombi-
nant CLU on CREB phos-
phorylation was detected
at any time point between
1-3 hrs (data not shown).
Figure 5D clearly shows
that CLU increased expres-
sion of the LDHC protein
that was blocked by RAP,
indicating once more the
importance of CLU in sper-
matogenesis. Furthermore,
treatment of cultured tu-
bules with recombinant
CLU increased phosphory-
lation of histone H3 on Ser-
10 in tubule cultures com-
pared with untreated tu-
bules (Figure 5E).

staining was weak. B. In mouse testis, Stra8 was found strongly in spermato-

gonia (Spg, arrow). C. MYBL1 was localized in primary spermatocytes (Spc |,

Discussion

arrow). D. CREB was detected faintly in Sertoli cells (SC, arrow) and pachytene

spermatocytes, but strongly in round spermatids (rSpd, arrow), and peritubular
cells (PC, arrow). E. LDHC protein was found in Leydig cells, only very weak in
pachytene spermatocytes, but abundantly in round spermatids (rSpd, arrow)
and spermatozoa. F. One negative control without secondary antibody is exem-

plarily shown. Magnification A, x40; C-F, x25.

involved in meiotic initiation by modulating
Stra8 protein expression in male germ cells via
VLDLR/ApoER2. Furthermore, the effect of CLU
was also assessed on expression of MYBL1, a
spermatocyte protein which is a male-specific
master regulator of meiosis. Stimulation of
tubules with CLU increased MYBL1 protein
expression compared to controls; however, this
effect was also abrogated in the presence of
RAP, again confirming that VLDLR/ApoER2
receptors are required for CLU signalling in tes-
tes (Figure 5B). Since MYBL1 regulates the
expression of multiple testis-specific genes in
spermatocytes like LDHC through CREB whose
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The major findings of this
study are: (i) TGF-Bs in-
crease CLU secretion by
testicular cells in a TBR1-
dependent fashion, (ii) re-
combinant CLU up-regu-
lates meiosis-associated proteins in testicular
tubules, (iii) CLU acts via ApoER2/VLDLR recep-
tors and the Akt pathway in testicular cells, and
(iiii) CLU protects against STS-induced apopto-
sis in testicular cells. Our results clearly showed
that CLU strongly decreased apoptosis indicat-
ed by reduced STS-induced activity of caspas-
es. Comparable cytoprotective and anti-apop-
totic effects of CLU have been also demonstrat-
ed in cardiac, epithelial, tumour, and endothe-
lial cells [2, 28].

We found that CLU secretion is up-regulated by
TGF-Bs in Sertoli cells. Previous studies in other

Am J Transl Res 2017;9(3):1266-1276
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Figure 5. Clusterin upregulates meiosis-associated proteins via VLDLR/ApoER2 in
tubule cultures. (A) RAP completely inhibited CLU-induced Stra8 protein expression
in tubules. (B) RAP completely inhibited CLU-induced MYBL1 protein expression in
tubules. (C) Tubules were treated with CLU in the presence and absence of RAP.
RAP completely inhibited CLU-induced CREB phosphorylation in tubules. (D) RAP
completely inhibited CLU-induced LDHC protein expression. (A-D) *P < 0.05 sig-
nificantly different from control; #P < 0.05 significantly different from CLU alone. In
(A-D) results are expressed as percentage of control (Ctrl). Each column represents
the means of at least three independent experiments (A-C n=4; D n=3). (E) Tubules
treated with and without CLU were stained with mouse anti-H3S10) followed by
anti-mouse 1gG-Alexab55 (red). Histone H3 phosphorylation (arrows) was clearly
stronger in CLU-treated tubules compared to the untreated control.

tissues suggested that TGF-Bs directly regulate
CLU transcription, even though the effect of
TGF-Bs on CLU protein levels depends on var-
ious cell-specific factors [3]. Cytoplasmic CLU
protein was demonstrated to bind to the intra-
cellular domain of TBR2, potentially modulating
the receptor activity [29]. A later study showed
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that CLU increased Sm-
ad protein levels and
TGF-B-mediated Smad-
2/3 phosphorylation, su-
ggesting that CLU sta-
bilizes TGF-B signalling
[301.

Experiments in chicken
and mice showed that
CLU is a ligand for
VLDLR and ApoER2 [31,
32]. In vitro analysis
revealed a high affinity
of CLU to VLDLR and
ApoER2 and downstr-
eam signalling via the
Akt pathway [16]. Inte-
restingly, CLU was previ-
ously reported to induce
Akt signaling in cardio-
myocytes, human reti-
nal pigment epithelial
cells and neuronal cells
[16, 33, 34]. In concor-
dance with these find-
ings, we observed str-
ong Akt phosphorylation
after CLUstimulation, su-
ggesting that Akt is in-
volved in the regulation
of CLU-induced events
in testicular cells. More-
over, our experiments
showed that CLU-indu-
ced Akt phosphorylation
depends on ApoER/VL-
DLR since the stimula-
tory effect was inhibited
by pre-treatment with
RAP.

Our experiments dem-
onstrated that in semi-
niferous tubules treat-
ment with recombinant
CLU increased the ex-

pression or phosphorylation of meiosis-associ-
ated proteins (Stra8, MYBL1, CREB, LDHC and
H3S10P), indicating a supportive effect of CLU
on meiosis induction and maintenance. We
found a clear upregulation of Stra8 protein
expression by CLU. In the mouse, Stra8 protein
expression was found only in pre-meiotic germ

Am J Transl Res 2017;9(3):1266-1276
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cells [35]. Thus, Stra8 was considered as a
“gatekeeper” of meiosis and its upregulation
suggested to be associated with meiotic entry
[36]. However, our data of Stra8 localization in
adult rat testis clearly shows besides the nucle-
ar localization in spermatogonia, also a promi-
nent cytoplasmic localization in round sperma-
tids. Of note, Stra8 promoter activity was found
to activate the overexpression of c-FLIP in
round and elongated spermatids [37].
Furthermore, Stra8 localization in both nucleus
and cytoplasm of the germ cell line GC-1 could
be demonstrated [38]. The heterogenous distri-
bution of Stra8 in germ cells—nuclear in pre-
meiotic and cytoplasmic in post-meiotic germ
cells—suggests a different biological function
of Stra8 in male germ cells in the rat.

Moreover, CLU also increased MYBL1 protein
expression in testicular tubules. MYBL1 is a
spermatocyte-specific protein and a master
regulator of genes encoding proteins required
for cell-cycle progression through the pachy-
tene stage of meiosis [39]. Male mice homoz-
ygous for a germ line mutation in MYBL1 dem-
onstrate arrested pachytene spermatocytes
resulting in male infertility besides other severe
growth defects [40]. MYBL1 stimulates the pro-
moter activity of multiple testis-specific genes
including LDHC through CREB [41]. We found
both upregulated by CLU, putatively ina MYBL1-
dependent manner. Additionally, we observed
increased histone H3 phosphorylation at Ser-
10, an established marker of chromosome con-
densation during meiosis [42], in CLU-treated
tubules compared to the control. Interestingly,
the effect of CLU on Stra8, MYBL1, LDHC
expression and on CREB phosphorylation was
abrogated by the application of the VLDLR/
ApoER2 antagonist RAP, suggesting that the
effect of CLU on meiosis is transmitted via the
receptors VLDLR/ApoER2 and Akt signalling.

Previous studies have shown a clear link
between enhanced Akt signalling and resump-
tion of meiosis in both male and female germ
cells [43, 44]. Although the link between Akt
and CREB in testicular cells remains to be
investigated, in other organs phosphorylation
of CREB by Akt was demonstrated [45]. In the
rat testis, phosphorylated Akt is mainly found in
spermatogonia, spermatocytes and round
spermatids [46]. Of note, Akt knockout mice
exhibit reduced tubule diameters, more apop-
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totic sperm and sperm with a markedly reduced
fertilization rate compared to wild-type animals
resulting in decreased spermatogenesis and
fertility [47].

In summary, our study shows that CLU confers
protection against apoptosis and appears to
increase expression of meiosis-specific pro-
teins in rat seminiferous tubules. The TGF-B-
increased CLU secretion, which in turn, might
support meiosis, is possibly the missing link
between TGF-Bs and meiosis/spermatocyte
differentiation and migration, an interaction
that has been proposed previously, especially
in pachytene spermatocytes [48, 49]. Interes-
tingly, the biological effects of CLU seem to be
mediated through the VLDLR/ApoER2 recep-
tors and the Akt pathway in male germ cells.
Thus, our findings revealed a novel role of CLU
in testis that might contribute to better under-
stand the causes of male fertility problems.
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