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Abstract

In order to elucidate whether erythropoietin (EPO) influences male reproduction, EPO activation via erythropoietin receptor (EPOR) of
Stat5 was studied in Leydig cell cultures. RT-PCR analysis of mMRNA that had been prepared from primary rat Leydig cell culture and the mouse
Leydig tumor cell line (1-10 cells) each demonstrated amplification of the appropriate fragment for the respective genes. Both 1-10 cells and
primary rat Leydig cell cultures were treated with 1 U/ml recombinant human erythropoietin (rHUEPO) for various time periods upto 60 min,
and cytoplasmic proteins, total cellular proteins, and nuclear extracts were isolated. Expression of Stat5b protein and phosphorylated Stat5b
protein were investigated by Western blotting using anti-Stat5b pAb and anti-phospho-Stat5a/b pAb. Stat5b protein exists at the cytoplasmic
level irrespective of exposure to rHUEPO, while phosphorylated Stat5b protein increases upon rHUEPO stimulation. DNA binding of nuclear
protein to synthetic double-stranded oligonucleotides containing a DNA response element derived from PRL-inducible element (PIE) was
examined using a gel mobility shift assay. The oligonucleotide representing the PIE of fheasgin promoter was demonstrated to bind
to the nuclear extract of rHUEPO-treated cells, time dependently forming a single mobility shift complex X. These data suggest that EPO
binds to a receptor expressed on the surface of Leydig cells. This EPOR regulates expression of specific gene, through a Jak—Stat pathway tc
influence male reproductive function.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction regulation of gene expression. EPO induces receptor dimer-
ization, which leads to activation of Jak2. Activated Jak2, in
Erythropoietin (EPO) is a serum glycoprotein hormone turn, converts a latent cytoplasmic transcription factor, Stat5,
principally secreted by the kidney that is required for sur- to its active form by phosphorylation of a tyrosine residue.
vival, proliferation, and differentiation of committed ery- This activated Stat5 translocates into the nucleus, where it
throid progenitor cellsoury and Bondurant, 1988; Krantz, binds to specific DNA response elements in the promotor
1991; Jelkmann, 1992EPO binds to a specific cell-surface region of target genes and activates transcriptidarell
receptor that is expressed on erythroid progenitSesafyer et al., 1994; lhle, 1996
et al., 1987; Wognum et al., 1990This erythropoietin re- Recently, EPO has been reported to act on some non-
ceptor (EPOR) is functionally grouped with the cytokine erythroid cells including endothelial cellsAjagnostou
receptors for other hematopoietic growth factors such as in-et al.,, 1990, smooth muscle Gogusev et al., 1994 B
terleukins (ILs) and colony-stimulating factors, as well as lymphocytes Kimata et al., 199}, rodent placental cells
GH. A family of protein tyrosine kinases known as Janus ki- (Sawyer et al., 1989 embryonic stem cellsSchmitt et al.,
nases (Jaks) that are associated with cytokine receptors playl991), and megakaryocytesshibashi et al., 1987 In vitro
important roles in cytokine-dependent cell proliferation and experiments using rat testis have demonstrated that EPO
stimulates steroidogenesis in Leydig cells, increasing testos-
* Corresponding author. Present address: 577 Matsushima, Kurashikiterone produquop via a direct, SPeCIfIC receptor—medlated
701-0192, Japan. Tel+81-86-462-1111; fax:-81-86-462-1199. mechanismioni et al., 1993. Here we present, what we
E-mail address: masato@med.kawasaki-m.ac.jp (M. Fujisawa). believe to be, the first reported evidence of testicular EPOR
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expression. We characterized EPO activation via EPOR of cAMP (Wolff and Cook, 197Y. In addition, testosterone is
Stat5b in primary cultures of rat Leydig cells and the 1-10 not produced from I-10 cell lines.

line of mouse Leydig tumor cells. For experiments, 10cells were plated in 200 mm polysty-
lene plates and grown in Ham’s F-10 medium with 15%
horse serum and 2.5% fetal bovine serum. After 3 days the
medium was removed, cells were washed twice with'Ga
and M¢t-free PBS, and serum-free Ham’s F-10 medium
was added to cells. I-10 cells were incubated with or without
rHUEPO.

Immature male Sprague-Dawley (SD) rats (18-day- All experiments were repeated three times using different
old) were purchased from Charles River Japan (Hino, primary cultures of Leydig and Sertoli cell preparations or
Japan). Collagenase/dispase was obtained from Boehringedifferent 1-10 cell cultures with comparable results obtained
Mannheim (Mannheim, Germany). Recombinant human in each replicate experiment. The results presented are typ-
erythropoietin (rHUEPO) was purchased from Chugai ical for each experiment illustrated.

Pharmaceutical (Tokyo, Japan). Anti-phospho-Stat5a/b

polyclonal antibody (pAb) was obtained from Upstate 2.3. RNA isolation and RT-PCR assays

Biotechnology (Lake Placid, NY). Anti-Stat5b(SC) pAb,

raised against a peptide corresponding to amino acids Total RNA was prepared from cultured cells with a com-
706-722 of mouse Statbb, was purchased from Santa Cruamercial kit (Trizol, GibcoBRL, Paisley, UK) using a guani-
Biotechnology (Santa Cruz, CA). HCG was kindly provided dine thiocyanate/phenol protocol with glycogen (2f)
by the National Hormone and Pituitary Distribution Pro- Boehringer Mannheim) as a carrier.

gram of the US National Institute of Digestive and Kidney For RT-PCR analysis, oligo(dT)-primed first-strand
Disease (NIDDK); (Bethesda, MD). cDNA was synthesized from2g total RNA using an AMV
reverse transcription kit (Takara, Kyoto, Japan) in a reac-
tion volume of 2Qul under conditions recommended by the
manufacturer. PCR was performed witiwRof the cDNA

All rats were killed by asphyxiation using GOAIl stud- as a template in a final reaction volume of 300The reac-
ies were conducted in strict accordance with the National tion was performed in 50 mmol/l KCI, 1.5 mmol/l Mg&l
Institutes of Health (NIH) Guide for the Care and Use of 20 mmol/l Tris—HCI at pH 8.3, a 0.25 mmol/l concentration
Laboratory Animals. of deoxynucleotide triphosphates (ANTPs), a Quitol/I

Primary Leydig cells were prepared by methods de- concentration of each primer, and 0.0UTaq polymerase
scribed previously Kanzaki et al., 1996 For the present (Takara). The primer pair for mouse EPOR was 5
studies, progenitor and immature Leydig cells were pre- GTTCACTGCCAACAGGACA-3 (forward) and 5ATGA-
pared from 20-day-old SD rats; 45% of the freshly isolated GAGACAGCGTCAAGATGAGA-3 (reverse), amplifying
Leydig cells were immunoreactive forw3HSD, and 42% a 430-bp product; for rat EPOR, primers wetdB5GCTC-
were immunoreactive for@HSD (data not shown). These CTATGACCACCCACA-3 (forward) and 5CTCACTGC-
enzymes were used as indicators of the ratio of progeni- CCACTGGCTCCA-3 (reverse), amplifying a 550-bp
tor to immature Leydig cells, as well as the purity of the product. We performed 30 cycles for both mouse and rat
preparation and the maturational status of the célisng EPOR, each consisting of 30s at“%, 30s at 60C, and
et al., 1979; Klinefelter et al., 198.7Primary Sertoli cell 60s at 72C using a thermal DNA cycler.
was prepared from immature 18-day-old rats as described

2. Material and methods

2.1. Materials

2.2. Cdll culture

previously Fujisawa et al., 1992

Cells were cultured in serum-free medium supplemented

with 2.5pg/ml bovine insulin (Life Technologies, New
York, NY), 5pg/ml transferrin (Life Technologies), and
10pg/ml bacitracin (Sigma Chemical, St. Louis, MO). Ley-

dig cells were cultured for 2 days as above, washed, and

then stimulated with 1 U/ml rHUEPO for the times indicated
in Section 3

The I-10 cell line (Dainihon Pharmaceutica, Osaka, Japan)

2.4. Testosterone measurement

Testosterone concentrations in culture media were mea-
sured using a testosterone enzyme immunoassay (EIA) kit
(Cayman Chemical, Ann Arbor, MI).

2.5. Total cellular lysate isolation
and immunoprecipitation

used in these experiments was maintained using a stan- Cells (2 x 10°) were lysed in 1ml of RIPA buffer

dard protocol. It is the luteinizing hormone—unresponsive

(50mM Tris—HCI at pH 7.5 containing 1% NP40, 0.1%

Leydig tumor cell line derived from a spontaneous mouse SDS, 0.1% sodium deoxycholate, 150 mM NaCl, 2mM

tumor (vasumura et al., 19g6and secrete steroid such as
pregn-4-en-28-hydroxy-3-one (2Q-dihydroprogesterone)

EDTA, 1mM phenylmethylsulfonyl fluoride, 10g/ml
aprotinin, 10.g/ml pepstatin, and 1 mM sodium orthovana-

and preg-4-en-3, 20-dione (progesterone), responding todate; Sigma) for 30 min on ice. Cellular debris was pelleted
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by centrifugation at 12,00& g for 15min. Cell lysates 3. Results

then were precleared for 1 h at@ with protein G—agarose

beads (Santa Cruz) and were incubated overnight°&t 4 3.1. Expression of mRNA for the EPOR genes

with anti-Stat5b. Anti-Stat5b was captured by incubation

for 1h at 4°C with protein G-agarose beads and washed. The presence of mMRNA products of t8®OR genes was
Samples then were dissolved ik 2Z.aemmli buffer and assessed in both primary cultures of rat Leydig cells and

boiled for 2 min. the mouse Leydig tumor cell line (I-10 cells), using primers
specific for rat EPOR and mouse EPOR. RT-PCR analysis

2.6. Cytoplasmic protein and nuclear extract of mRNA that had been prepared from primary rat Leydig

preparation cell culture and I-10 cells each demonstrated amplification

of the appropriate fragment for the respective gefés ().
Cells (10) were lysed in 1ml of hypotonic buffer A _
(10mM HEPES-KOH at pH 7.9, 10mM KCI, 1.5mM 3.2. Testosterone production

MgCly, 0.5% NP-40, 2mM dithiothreitol, 0.5mM sodium . ] )
orthovanadate, 0.5mM phenylmethylsulfonyl fluoride, ~ YVe measured testosterone in culture media after stimulat-

1 ug/ml leupeptin, Zug/ml aprotinin; Sigma). Cytoplasmic ing primary rat Leydig cells with 100 ng/ml hCG and 1 U/ml
proteins were collected by centrifugation at 200G for rHUEPO. Both hCG (NIDDK, Bethesda, MD) and rHUEPO
20s. Pellets were dissolved and washed once with 1 mlinduced a significant increase in culture media testosterone

of buffer A containing 20% glycerol. Nuclei were col- concentration that generally was time depend€id.(2).
lected by centrifugation at 2000 g for 20 s. Then, nuclear . ] o
proteins were extracted in 1Q0 of high-salt buffer B 3-3- Tyrosine phosphorylation of Sats proteinsin I-10
(20mM HEPES-KOH at pH 7.9, 0.55mM KCI, 1.5mM Cellsand primary rat Leydig cells

MgCl,, 2 mM dithiothreitol, and 20% glycerol, in addition
to protease inhibitors and phosphatase inhibitors as for
buffer A). This extraction was carried out for 30 min on
ice with occasional vortex agitation. Supernatants (nuclear
extracts) were collected by centrifugation at 12,600 for

15 min.

Both I-10 cells and primary rat Leydig cell cultures were
treated with 1 U/ml rHUEPO for various time periods upto
60 min, and cytoplasmic proteins were isolated. Expression
of Stat5b protein was investigated by Western blotting.
Statbb immunoreactive bands were expressed at all times,
and their intensity did not chang€ig. 3).

We, next, studied tyrosine phosphorylation of Stat5b
proteins in 1-10 cells and primary rat Leydig cell cultures

Cytoplasmic proteins and immunoprecipitates were sub- treated with EPO. Cells were exposed to the_h_ormone_ as
jected to SDS—PAGE using 6.5% polyacrylamide gels above. Total cellular proteins were immunoprecipitated with
under reducing conditions. Resulting bands were trans- anti-Statsb pAb, and tyrogine-phosphor.ylated Statsb was
ferred electrophoretically to a nitrocellulose membrane d€tected by Western blotting using anti-phospho-Stat5a/b
(Millipore, Tokyo, Japan). Membranes were probed with pAb. Tyrosine phosphorylation of'the Stat5b .band was seen
antibodies diluted as follows: anti-Statsb, 1:2500; and N Poth EPO-treated cell preparations by 5min. The amount
anti-phospho-Statsa/b, 1:2000. Blots were developed of phosphorylated Stat5b_ decreased after 30 min, but phos-
with an enhanced chemiluminescence system for Wiest-Phorylation of the band still was apparent at 60 nitig( 4).

ern blotting (Amersham Pharmacia Biotech, Piscataway,
NJ).

2.7. Immunoblotting

587 bp —»

. . . 540 bp —p
2.8. Electrophoretic gel mobility shift assay (EMSA) 504 bp —p

458 bp —¥

The DNA probe used for the gel mobility shift as- a3abp —¥
say represented the PRL-inducible element (PIE 5
AGATTTCTAGGAATTCAATCC-3'; Santa Cruz, sc-2565).

«—550bp

-<4—430 bp

The PIE probe was end-labeled on one strand using T4 1 2 3
polynucleotide linase (Takara) andy-f2P] (Amersham 1110
Pharmacia Biotech). Nuclear extracts were incubated at Z. primary rat Leydig cell

. K . . 3. primary rat Sertoli cell
room temperature with labeled oligonucleotide probe in

binding buffer with poly(dl-dC) acid (Amersham Pharma- Fig. 1. Expression of mRNA for the erythropoietin receptor in
cia Biotech) for 30 min, before separation by electrophoresis mouse-dgrived I-10 cells, primary rat Lgydig cell cultures, and primary
throuah a 4.5% polvacrvlamide ael in &5Tris-borate— rat Sertoli _ceII ct_JItures. Total RNA was isolated, anﬂ@wa;_used for

g oo o poly . y 8 g . RT-PCR with primers for rat or mouse EPOR. PCR-amplified products
EDTA. Signals were visualized with an enhanced chemilu- were separated by electrophoresis through acrylamide gels and were vi-
minescence system. sualized by ethidium bromide staining.
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Fig. 2. Testosterone production by primary cultures of rat Leydig cell
treated with hCG or erythropoietin. In A, primary cultures of rat Ley-
dig cells were incubated with 100 ng/ml hCG for the times indicated.
Testosterone concentrations in culture media were measured by EIA. In
B, primary rat Leydig cell cultures were incubated with 1 U/ml rHUEPO
for the times indicated. Testosterone similarly was measured in culture
media by EIA.

3.4. Binding of Sat5 proteins to a gamma-activated site in
EPO-treated I-10 cells and primary rat Leydig cell cultures

We, next, studied whether the effects of EPO on Stat5b
protein tyrosine phosphorylation were associated with en-
hanced binding of Stat5b to gamma-activated site (GAS) el-
ements. DNA binding of nuclear protein from I-10 cells and
primary rat Leydig cell cultures to synthetic double-stranded

(AMEPO () ¢+ H H &H &

e SR <50

0 1 5 15 30 60 (min)

(B)EPO () # +#H H

aaa.n —ssaon

60 (min)

Fig. 3. Stat5b protein expression in primary rat Leydig cells and I-10 cells.
In A, primary rat Leydig cells cultures were incubated with erythropoietin

(LU/ml rHUEPO) for the times indicated. Cytoplasmic proteins were
immunoblotted with anti-Stat5b (dilution, 1:2500). In B, I-10 cells were

studied by same protocol as for A.
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Fig. 4. Erythropoietin-promoted tyrosine phosphorylation of Stat5b in cul-
tures of primary rat Leydig cells and I-10 cells. In A, rat Leydig cells
were incubated with 1 U/ml rHUEPO for the times indicated. Whole-cell
lysates were immunoprecipitated with anti-Stat5b (pAb). Immunoprecip-
itated proteins were immunoblotted by anti-phospho-Stat5a/b (dilution,
1:2000). In B, I-10 cells were studied as for A.

oligonucleotides containing a DNA response element de-
rived from PIE was examined using a gel mobility shift
assay. The oligonucleotide representing the PIE of the rat
B-casein promoter binds predominantly to nuclear extracts
of EPO-treated cells and forms a single mobility shift
complex X. The intensity of complex X increased in a
time-dependent manner in both 1-10 cells and primary rat
Leydig cell culturesFig. 5).

4, Discussion

Several authors have suggested that EPO may directly
influence Leydig cell testosterone production through a spe-
cific receptor-mediated mechanism, but EPOR had not been
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Fig. 5. Erythropoietin-modulated Stat5 protein binding to the PIE oligonu-
cleotide in primary-culture rat Leydig cells and in 1-10 cells. Nuclear
extracts were subjected to EMSA with the PIE probe. In A, rat Leydig
cells were incubated with 1U/ml rHUEPO for the times indicated. Nu-
clear extract and PIE probe formed a specific protein—DNA complex X.

In B, I-10 cells were studied as in A.
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demonstrated in Leydig cells or other testicular cells. In the that in both Leydig cell preparations, Stat5 protein exists at
present study, we demonstrated the presence of EPOR irthe cytoplasmic level irrespective of exposure to rHUEPO,
primary cultures of immature rat Leydig cells and in the I-10 while phosphorylated Stat5 protein increases upon rHUEPO
mouse Leydig tumor cell line. We also demonstrated that like stimulation. In an EMSA, the oligonucleotide representing
hCG rHUEPO stimulates testosterone production in vitro. the PIE of the raf3-casein promoter was demonstrated to
This result is consistent with previously reported findings. bind to the nuclear extract of rHUEPO-treated cells, time de-
Therefore, the EPOR protein in Leydig cells is a functioning pendently forming a single mobility shift complex X. These
receptor. Several clinical reports indicate that long-term ther- results indicate that rHUEPO mediates tyrosine phosphoryla-
apy with rHUEPO improves sexual function in uremic men tion of the Stat5 protein and DNA binding to GAS elements
undergoing hemodialysig€{ans et al., 1990; Bommer etal., in rat Leydig cells and in the I-10 cell line.

1989. Moreover, rHUEPO therapy has been found to induce  Taken together, our data suggest that EPO binds to a re-
an increase in plasma testosterone, reduction of plasmaceptor expressed on the surface of Leydig cells. This EPOR
FSH and LH, normalization of plasma PRL, and restoration regulates expression of specific gene, through a Jak—Stat
of FSH responses to exogenous administration of GnRH in pathway to influence male reproductive function.

men with chronic renal failureSchaefer et al., 1988; Kokot

et al.,, 1995 On the other hand, several studies did not
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