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Abstract

Oncostatin M (OSM) is a pleiotropic cytokine within the interleukin six family of

cytokines, which regulate cell growth and differentiation in a wide variety of biologi-

cal systems. However, its action and underlying mechanisms on stem Leydig cell

development are unclear. The objective of the present study was to investigate

whether OSM affects the proliferation and differentiation of rat stem Leydig cells.

We used a Leydig cell regeneration model in rat testis and a unique seminiferous

tubule culture system after ethane dimethane sulfonate (EDS) treatment to assess

the ability of OSM in the regulation of proliferation and differentiation of rat stem

Leydig cells. Intratesticular injection of OSM (10 and 100 ng/testis) from post‐EDS

day 14 to 28 blocked the regeneration of Leydig cells by reducing serum testos-

terone levels without affecting serum luteinizing hormone and follicle‐stimulating

hormone levels. It also decreased the levels of Leydig cell‐specific mRNAs (Lhcgr,

Star, Cyp11a1, Hsd3b1, Cyp17a1 and Hsd11b1) and their proteins by the RNA‐Seq
and Western blotting analysis. OSM had no effect on the proliferative capacity of

Leydig cells in vivo. In the seminiferous tubule culture system, OSM (0.1, 1, 10 and

100 ng/mL) inhibited the differentiation of stem Leydig cells by reducing medium

testosterone levels and downregulating the expression of Leydig cell‐specific genes

(Lhcgr, Star, Cyp11a1, Hsd3b1, Cyp17a1 and Hsd11b1) and their proteins. OSM‐
mediated action was reversed by S3I‐201 (a STAT3 antagonist) or filgotinib (a JAK1

inhibitor). These data suggest that OSM is an inhibitory factor of rat stem Leydig

cell development.
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1 | INTRODUCTION

Testicular Leydig cells play a vital role in promoting genital develop-

ment in the male fetus, maintaining the secondary sexual characteris-

tics, and stimulating the spermatogenesis at adulthood.1,2 There are

two different populations of Leydig cells in the rodent life‐span: fetalYiyan Wang, Lubin Xie and Erpo Tian are contributed equally to this work.
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Leydig cells and adult Leydig cells. Fetal Leydig cells develop during

the embryonic period and adult Leydig cells differentiate from stem

Leydig cells during puberty.3,4 The differentiation of adult Leydig

cells includes four phases: stem, progenitor, immature and mature

stage.4 Adult Leydig cells, once formed, rarely divide and slowly

maintain its population by spontaneous differentiation from stems

Leydig cells.4,5 However, when adult Leydig cells are depleted in the

rat testis after a single intraperitoneal injection (75 mg/kg) of a drug,

ethane dimethane sulfonate (EDS), adult Leydig cells can regenerate

rapidly within 2 months.6,7 Newly‐formed progenitor Leydig cells

arise from stem Leydig cells on the outer surface of the seminiferous

tubule.8,9 The development of stem Leydig cells into the Leydig cell

lineage as the progenitor Leydig cells emerge with the initial up‐reg-
ulation of Leydig cell lineage biomarkers: luteinizing hormone recep-

tor (LHCGR, encoded by Lhcgr), scavenger receptor class B member

1 (SCARB1, encoded by Scarb1), steroidogenic acute regulatory pro-

tein (STAR, encoded by Star), cytochrome P450 cholesterol side‐
chain cleavage enzyme (CYP11A1, encoded by Cyp11a1), 3β‐hydro-
xysteroid dehydrogenase 1 (HSD3B1, encoded by Hsd3b1), cyto-

chrome P450 17α‐hydroxysteroid dehydrogenase/17‐20 lyase

(CYP17A1, encoded by Cyp17a1).8 Progenitor Leydig cells further

mature into immature Leydig cells with the up‐regulation of 17β‐
hydroxysteroid dehydrogenase 3 (HSD17B3, encoded by Hsd17b3)

and 11β‐hydroxysteroid dehydrogenase 1 (HSD11B1, encoded by

Hsd11b1).10-12 The regeneration of Leydig cells was similar to the

pubertal developmental process of Leydig cells and it is a unique

model for studying the effects of niche factors on Leydig cell devel-

opment in the adult testis.11 Recently, a seminiferous tubule culture

system has been established to mimic the in vivo Leydig cell devel-

opment after the culture of the seminiferous tubules in Leydig cell

differentiation medium (LDM) and this system can be used for inves-

tigating effects of niche factors on stem Leydig cell differentiation

and proliferation.13

There are several niche factors that have been identified to regu-

late the stem Leydig cell development, including platelet‐derived
growth factor AA and BB,13-17 desert hedgehog,13,18,19 insulin‐like
growth factor 1 (encoded by Igf1),20,21 kit ligand,22 and cyto-

kines.23,24 After initial screening over 40 niche factors, oncostatin M

(OSM), a 28‐kDa protein that belongs to a member of the interleukin

(IL)‐6 cytokine family, is identified. The IL‐6 family comprises IL‐6, IL‐
11, leukemia inhibitory factor (LIF), ciliary neurotrophic factor, car-

diotrophin‐1 and neurotrophin‐1/B‐cell stimulatory factor‐3.25,26

Their effects are exerted via a common signal transducing receptor

chain glycoprotein (gp) 130 (also called IL6ST, encoded by Il6st).

OSM binds to the type I OSM receptor, which forms a heterodimer

with IL6ST to transduce the signal. OSM plays a biological role by

activating Janus kinase (JAK)‐signal transduction with transcriptional

activator (STAT) signal transduction pathway and mitogen‐activated
protein kinase (MAPK) signaling pathway and may be involved in cell

growth, differentiation, inflammatory response, hematopoietic pro-

cesses and tissue remodeling.27

OSM is produced mainly by activated T cells, neutrophils, mono-

cytes and macrophages. It has also been found that OSM is highly

expressed in the gonads of developing embryos,28 in the late fetal

and early neonatal rat testis as well as in the maturing and adult tes-

tis.29 In the rat testis, OSM is mainly present in the Leydig cell lin-

eage and is secreted by immature and adult Leydig cells.30 It was

found that OSM can regulate Sertoli cell and gonocyte prolifera-

tion.31,32 Since stem/progenitor Leydig cells are most abundant dur-

ing the neonatal testis,8,33 the role of OSM on stem/progenitor

Leydig cell development is unclear. In the present study, we used

in vivo EDS‐treated Leydig cell regeneration model and in vitro semi-

niferous tubule culture system to address the action of OSM and its

possible mechanisms.

2 | MATERIALS AND METHODS

2.1 | Chemicals and kits

OSM was purchased from PeproTech (Rocky Hill, NJ, USA). Immu-

lite2000 Total Testosterone Kit was purchased from Sinopharm

Group Medical Supply Chain Services Co. (Hangzhou, Zhejiang,

China). Filgotinib and S3I‐201 were purchased from Selleck (Shang-

hai, China). The culture media (M‐199 and DMEM/F12) and Click‐iT
EdU (EdU) imaging kit were purchased from Invitrogen (Carlsbad,

CA, USA). LH was a gift of NIDDK (Bethesda, MD, USA). EDS was

purchased from Pterosaur Biotech (Hangzhou, China). All other

reagents were obtained from Sigma‐Aldrich (St. Louis, MO, USA).

2.2 | Animal treatment in vivo

Male Sprague‐Dawley rats (63 days of age) were purchased from

Shanghai Laboratory Animal Center (Shanghai, China). Animals were

adjusted for a week. To eliminate Leydig cells from the testis, a rat

received a single intraperitoneal injection of EDS (75 mg/kg of body

weight), which was dissolved in a mixture of dimethyl sulfoxide

(DMSO) solution: H2O (1: 3, v/v). For the experiment in vivo, Leydig

cell‐depleted rats by EDS were divided into three groups. OSM was

dissolved in normal saline for administration. Each testis of a rat

received an intratesticular injection of 0, 10 or 100 ng/testis/day

OSM (20 μL per testis) from post‐EDS day 14 for 14 days. To avoid

the possible systemic effects of OSM on hypothalamus‐pituitary‐
gonadal axis, intratesticular injection was adopted. Normal saline

served as the control. This time‐course of administration was used

because progenitor Leydig cells begin to emerge from SLCs on post-

natal day 14 during regeneration.9,34 Fourteen days after OSM treat-

ment, rats were euthanized by CO2 and bloods were collected to

obtain serum. The serum samples were stored at −20°C for testos-

terone, LH, and follicle‐stimulating hormone (FSH) measurement.

One testis per rat was frozen in −80°C for qPCR, RNA‐seq sequenc-

ing, and Western blotting analysis. The contralateral testis was

punched three holes by a 27G needle and fixed in Bouin's solution

for 1 day for immunohistochemical and immunofluorescent stainings.

All animal procedures were performed in accordance with the proto-

col approved by Animal Care and Use Committee of Wenzhou Medi-

cal University.
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2.3 | Serum testosterone assay in vivo

The objective of the assay is to investigate whether OSM affects

the testosterone levels. The serum testosterone concentrations were

measured by a chemiluminescence kit according to manufacturer's

instruction (Siemens, Munich, Germany) as previously described.35

The minimal detection concentration was 0.2 ng/mL.

2.4 | ELISA for serum LH and FSH levels in vivo

The objective of the assay is to quest the influence of serum LH and

FSH levels after the treatment of OSM. Serum LH and FSH levels

were detected with enzyme linked immunosorbent assay (ELISA) kit

according to the manufacturer's instructions (Chemicon, Temecula,

CA, USA) as described previously.36 Briefly, an aliquot of a sample

and assay diluent were added to each well of the pre‐coated 96‐well

plate. The plate was incubated for 2 hours at room temperature and

washed 5 times with a washing buffer. Peroxidase‐conjugated IgG

anti‐LH or anti‐FSH solution was added into each well for 2 hours at

room temperature. Then, the plate was washed 5 times. Substrate

buffer was added into each well and incubated in the dark place for

30 minutes at room temperature. The enzyme reaction was stopped

by stop solution. The quantification of LH and FSH levels was

obtained by a microplate reader at 550 nm with correction wave-

length at 450 nm.

2.5 | Preparation of RNA‐seq library in vivo

Total RNAs were extracted from testes using the Trizol Kit (Invitro-

gen, Carlsbad, CA, USA) according to the manufacturer's instruction.

The concentration of total RNAs from each testis was measured

using a NanoDrop ND‐1000 (ThermoFisher Scientific, Shanghai,

China). An aliquot of 1‐2 μg total RNAs was used to prepare the

sequencing library as follows: total RNAs were enriched by oligo‐dT
magnetic beads and RNA‐seq library was prepared using KAPA

Stranded RNA‐Seq Library Prep Kit (Illumina, San Diego, CA, USA),

which incorporates dUTP into the second cDNA strand and renders

the RNA‐seq library strand‐specific. The completed libraries were

qualified with Agilent 2100 Bioanalyzer (ThermoFisher Scientific) and

quantified by absolute quantification qPCR method. To sequence the

libraries on the Illumina HiSeq 4000 instrument (Illumina), the bar-

coded libraries were mixed, denatured to single stranded DNA, cap-

tured on Illumina flow cell, amplified in situ, and subsequently

sequenced for 150 cycles for both ends.

2.6 | Sequencing in vivo

We performed sequencing of testis and biological pathway analysis

(the following section) to address the pathway of OSM‐mediated

actions in vivo. Image analysis and base calling were performed using

Solexa pipeline v1.8 (Off‐Line Base Caller software, v1.8, Illumina,

Foster City, CA, USA). Sequence quality was examined using the

FastQC software.37 The trimmed reads (trimmed 5′, 3′‐adaptor

bases) were aligned to reference genome using Hisat2 software.38

The transcript abundances for each sample was estimated with

StringTie,39 and the FPKM40 value for gene and transcript levels

were calculated with R package Ballgown.41 The differentially

expressed genes and transcripts were filtered using R package Ball-

gown.41 The novel genes and transcripts were predicted from assem-

bled results by comparing to the reference annotation using

StringTie and Ballgown and the coding potential of those sequences

was then assessed using CPAT.40 Alternative splicing events and

plots were detected using rMATS.42 Principle Component Analysis

and correlation analysis were based on gene expression level, Hierar-

chical Clustering, Gene Ontology, Pathway analysis, Gene Ontology,

Pathway analysis, scatter plots and volcano plots were performed

with the differentially expressed genes in R, Python or shell environ-

ment for statistical computing and graphics.

2.7 | Biological pathway analysis

Biological pathway analysis was performed as previously described.24

The GenMAPP2.1 (San Francisco, CA, USA) was used to create a

map of signal pathways for the potential pathways. We imported

our statistical results into the program and illustrated biological path-

ways containing differentially expressed genes. The results of the

differential gene expression profile were confirmed by qPCR.

2.8 | Quantitative real‐time PCR (qPCR) in vivo and
in vitro

We performed the qPCR of OSM‐treated samples to verify the

sequencing data of the testes and to investigate the effects of OSM

on the gene expression of the seminiferous tubules. The first strand

of cDNA was synthesized and used as the template for qPCR as pre-

viously described.43 The mRNA levels of Lhcgr, Scarb1, Star,

Cyp11a1, Hsd3b1, Cyp17a1, Hsd17b3, Srd5a1, Hsd11b1, Dhh, Igf1,

Pdgfa and Nr5a1 were analyzed using the SYBR Green qPCR Kit

(Roche, Basel, Switzerland). The reaction mixture consisted of 7.5 μL

SYBR Green Mix, 0.75 μL forward and 0.75 μL reverse primers,

0.02 μg diluted cDNAs, and 4 μL RNA‐free water. The procedure of

qPCR was set as the follows: 95°C for 5 minutes, followed by 40

cycles of 95°C for 10 seconds, and 60°C for 30 seconds. The Bio‐
Rad CFX Manager Software was used to analyze the qPCR data.

The specificity of the fluorescence signal was determined by both

melting curve analysis and gel electrophoresis. The mRNA levels

were determined by a standard curve method. Ct values were col-

lected for the standard curve and the target mRNA levels were cal-

culated from the curve and were normalized to Rps16. The primers

and gene names were listed in Table S1.

2.9 | Western blotting analysis in vivo

We performed Western blotting analysis of OSM‐treated testes to

investigate the effects of OSM on the protein expression of

steroidogenesis‐related genes. Western blotting was carried out as

428 | WANG ET AL.



previously described.44 Briefly, the testes were put into RIPA lysis

buffer (Bocai Biotechnology, Shanghai, China) and homogenized. The

protein concentrations of samples were measured using the BCA

Protein Assay Kit (Takara, Japan) and bovine serum albumin as the

protein standard. An aliquot (30 μg) of proteins was loaded and the

proteins were electrophoresed on the 10% polyacrylamide gels con-

taining sodium dodecyl sulfate and the proteins were transferred

onto the nitrocellulose membrane. The membrane was blocked with

5% non‐fat milk in TBST buffer for 2 hours and incubated with pri-

mary antibodies against LHCGR, SCARB1, CYP11A1, HSD3B1,

CYP17A1, HSD11B1, and ACTB at 4°C overnight. The membrane

was washed and incubated with HRP‐conjugated anti‐rabbit (1:2000;
Bioword, St. Louis Park, MN, USA) for 2 hours at room temperature.

ACTB (the house‐keeping protein) served as a control. The protein

levels were quantified using ImageJ software and normalized to

ACTB. All the antibody information was listed in Table S2.

2.10 | Immunohistochemical staining of the testis
in vivo

We performed immunohistochemical staining of the testis and enu-

merated Leydig cells (the following section) to investigate the effects

of OSM on Leydig cell number. One testis from each rat was used

for immunohistochemical staining using Vectastain ABC kit (Vector

Laboratories, Burlingame, CA, USA) according to the manufacturer's

instructions. Five testes per group at each time point were used and

testis samples were prepared and then embedded in paraffin as a tis-

sue array. Tissue‐array samples were dehydrated in ethanol and

xylene and then embedded in paraffin. Six micrometer‐thick trans-

verse sections were mounted on glass slides. Antigen retrieval was

performed by microwave irradiation for 10 minutes in 10 mmol L−1

(pH 6.0) of citrate buffer, after which endogenous peroxidase was

blocked with 0.5% of H2O2 in methanol for 30 minutes. Sections

were then incubated with CYP11A1 (a general biomarker of all Ley-

dig cells) or 11β‐hydroxysteroid dehydrogenase 1 (HSD11B1, a

specific biomarker for Leydig cells at the advanced stage)34 poly-

clonal antibody diluted 1:200 overnight. Diaminobenzidine was used

for visualizing the antibody‐antigen complexes, positively labeling

Leydig cells by brown cytoplasmic staining. Mayer hematoxylin was

applied as counterstaining. The sections were then dehydrated in

graded concentrations of alcohol and cover‐slipped with resin (Ther-

moFisher Scientific, Waltham, UK). Non‐immune rabbit IgG was used

in the incubation of negative control sections with working dilution

the same as the primary antibody. The cells with stainings of

CYP11A1 or HSD11B1 were counted.

2.11 | Enumeration of Leydig cell number in the
testis in vivo

In order to enumerate CYP11A1‐positive or HSD11B1‐positive Ley-

dig cell numbers, sampling of the testis was performed according to a

fractionator technique as previously described.45 Each testis was cut

in eight discs and two discs were randomly selected. Then discs were

cut in four pieces and one piece was randomly selected from total

eight pieces. These pieces of testis were embedded in paraffin in a

tissue array as above. Paraffin blocks were sectioned in 6 μm‐thick
sections. About ten sections were randomly sampled from each testis

per rat. Sections were used for immunofluorescent staining. Using

the live image of a digital camera, under a 10× objective, and starting

at a fixed point of the “upper” sections, total microscopic fields per

section were counted. The total number of Leydig cells was calcu-

lated by multiplying the number of Leydig cells counted in a known

fraction of the testis by the inverse of the sampling probability.

2.12 | Immunofluorescent staining of the testis
in vivo

We performed immunofluorescent staining of the testis to investi-

gate the effects of OSM on the proliferation of Leydig cells. As for

immunofluorescent staining of the testis, sections were incubated

with the primary antibody of proliferating cell nuclear antigen

(PCNA, a biomarker of proliferating cells) for 60 minutes and then

washed and incubated with the CYP11A1 antibody for double stain-

ing. Fluorescent secondary antibody (Alexa‐conjugated anti‐rabbit or

anti‐mouse IgG, 1:500) were used after the primary antibody. Sec-

tions were counterstained with mounting medium containing DAPI.

Sections were visualized under a fluorescent microscope (Olympus,

Tokyo, Japan). The CYP11A1 (green color in the cytoplasm) was

used to label Leydig cells and PCNA (red color in the nucleus) was

used to label proliferating cells.

2.13 | Isolation and culture of seminiferous tubules
in vitro

We performed culture of seminiferous tubules (including the follow-

ing two sections) and treated them to investigate the effects of

OSM on the proliferation and differentiation of stem Leydig cells.

One 70‐day‐old rat was injected intraperitoneally with a single dose

of EDS (75 mg/kg body weight) for the in vitro experiment. The rat

was killed by CO2 euthanization 7 days after EDS treatment, when

all Leydig cells were eliminated.6,7 Testes were placed in MEM‐199
medium and decapsulated. Seminiferous tubules were mechanically

separated from the interstitium according to the described method.15

The tubules were distributed randomly into a 12‐well plate, with

each well containing tubule fragments of equivalent total length

(about 1 inch). Seminiferous tubules were cultured in Leydig cell dif-

ferentiation medium (LDM),13 which contains DMEM/F12 medium

(pH 7.2) supplemented with 0.1% BSA, 15 mmol L−1 HEPES, 2.2 mg/

mL sodium bicarbonate and penicillin/streptomycin (100 U/mL and

100 μg/mL), insulin‐transferrin‐selenium (ITS), 5 ng/mL LH and

5 mmol/L lithium chloride, in a humidified atmosphere of 5% CO2 at

37°C in a 12‐well Costar culture plate with ultralow attachment sur-

face (Corning, NY, USA) for up to 2 weeks. In LDM, different con-

centrations (0, 0.1, 1, 10, and 100 ng/mL) of OSM were added. We

used S3I‐201 (5 mmol L−1) and filgotinib (10 nmol L−1), the antago-

nists of OSM, to explore the underlying mechanism of OSM. S3I‐
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201 is a STAT3 inhibitor,46 while filgotinib is a JAK1 inhibitor.47

After 2 weeks in LDM, the ability of the seminiferous tubules to pro-

duce testosterone was assayed by measuring testosterone concen-

tration in the cultured medium as previously described.48

2.14 | Stem Leydig cell proliferation assay in vitro

The proliferative capacity of stem Leydig cells was measured by the

Click‐it EdU Alaxa Fluor Kit (Invitrogen, Carlsbad, CA, USA) according

to the manufacturer's instruction as described.23 In brief, the seminif-

erous tubules were treated with OSM (0, 0.1, 1, 10, and 100 ng/mL)

for a week. Then, an aliquot (2 μL) of 1:1000 diluted EdU was added

to each well and incubated for 24 hours. Seminiferous tubules were

washed twice with 500 μL PBS buffer containing 3% bovine serum

albumin. The seminiferous tubules were then fixed in 500 μL 4%

paraformaldehyde at room temperature for 30 minutes. Tubules

were washed and incubated with reaction solution in the dark for

45 minutes. The sections were washed again and mounted on a slide

for visualization under a fluorescent microscope (Olympus) and

images were captured. EdU‐positive cells (green color) were counted

and calculated by the percentage of EdU positive cells divided by

the cells at the outer layer of the seminiferous tubule using the Ima-

geProPlus 7.0 software (Media Cybernetics, Rockville, MD, USA).

2.15 | Indirect SLC proliferative capacity assay
in vitro

In order to perform the indirect proliferative assay of stem Leydig

cells, the seminiferous tubules were cultured for 1 week to increase

the number of stem Leydig cells and then the seminiferous tubules

were switched into LDM for 2 weeks, where stem Leydig cells were

induced to differentiate into adult Leydig cells to produce testos-

terone.13 If stem Leydig cell number increases or decreases after

treatment of a niche factor, the testosterone levels produced by Ley-

dig cells in the medium will reflect the proliferative capacity.13 Semi-

niferous tubules were treated with different concentration of OSM

(0, 0.1, 1, 10, and 100 ng/mL) in M199 medium for a week, then the

tubules were switched to LDM for 2 weeks and the media were col-

lected and testosterone levels were assayed.

2.16 | Progenitor Leydig cell culture and
proliferation assay in vitro

To investigate the effect of OSM on the proliferative capacity of

progenitor Leydig cells, we isolated progenitor Leydig cells and cul-

tured them in the 12‐well plate with different concentrations of

OSM (0, 1, 10, and 100 ng/mL) at the density of 5 × 105 cells/well

for 24 hours. The isolation of progenitor Leydig cells was performed

as described previously.49 In brief, forty 21‐day‐old male Sprague

Dawley rats were euthanized by CO2. Testes were taken and

digested in 0.25 mg/mL collagenase D (Boehringer Mannheim Bio-

chemicals, Indianapolis, IN, USA) at 34°C for 10 minutes and cell

mixture was filtered through nylon mesh, followed by density gradi-

ent centrifugation in 55% isotonic Percoll at 25,000 × g for 45 min-

utes at 4°C. Progenitor Leydig cell fraction was picked between

densities of 1.064 and 1.070 g/mL. Purity of progenitor Leydig cells

fractions was judged by histochemical staining for HSD3B1 activity,

with 0.4 μmol L−1 etiocholanolone as the steroid substrate as previ-

ously described.50 The purity of progenitor Leydig cells was typically

over 95%. Progenitor Leydig cells were resuspended in phenol red‐
free DMEM: F12 medium (Sigma, St. Louis, MO, USA) supplemented

with 1 mg/mL BSA. Then, cells were incubated with Click‐it EdU

F IGURE 1 Oncostatin M (OSM) affects
serum testosterone, LH, FSH levels in vivo.
(A) Regimen of OSM treatment; (B) Serum
testosterone (T); (C) LH; (D) FSH levels.
Mean ± SE, n = 6; *P < 0.05, **P < 0.01
indicate significant differences in OSM
group when compared to the control
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Alaxa Fluor Kit for 2 hours. Cells were harvested and fixed with 4%

paraformaldehyde for 15 minutes and permeabilized using Triton X‐
100 solution for 30 minutes in the dark place at room temperature.

Fixed cells were stained with the Click‐iT reaction mixture. Then, cell

nucleus was stained with DAPI as contrast staining. Cells were

observed under an inverted fluorescence microscopy.

2.17 | Statistical analysis

Data were expressed as the mean ± SE, P < 0.05 was considered

statistically significant. The differences of groups were evaluated by

one‐way ANOVA followed by ad hoc Dunnett's multiple comparisons

test to compare with the control using SigmaStat software (Systat

Software Inc., Richmond, CA, USA).

3 | RESULTS

3.1 | OSM reduces testosterone levels in the
Leydig cell regeneration model in vivo

We used a Leydig cell regeneration model to explore the effects of

OSM on rat Leydig cell regeneration in vivo. A single intraperitoneal

F IGURE 2 RNA‐seq analysis between
oncostatin M (OSM) (O) and the control
(C). (A) Heatmap of mRNAs between OSM
(O, O1‐4) and control (C, C1‐4) samples;
Red color = up‐regulated genes, Green
color = down‐regulated genes; (B) Scatter
analysis of mRNAs between OSM and
control (CON) samples; (C) Steroidogenic
pathway analysis, red color = up‐regulated
genes at ≥1.5 folds, green color = down‐
regulated genes at ≥1.5 folds; gray
color = unchanged genes, while
color = unmapped genes; digital number is
the ratio of control over OSM, n = 4
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injection of 75 mg/kg EDS completely eliminates Leydig cells within

7 days,51,52 with only stem Leydig cells being present in the intersti-

tium of the testis.9 At post‐EDS day 21, progenitor Leydig cells are

formed from the commitment of stem Leydig cells, and at post‐EDS

day 28, progenitor Leydig cells differentiate into immature Leydig

cells. We treated rats with EDS to eliminate Leydig cells, and intrat-

esticularly injected OSM (0, 10, or 100 ng/testis/day) from post‐EDS

day 14 to 28 (Figure 1A). After the treatment, OSM did not affect

the body weights and testis weights when compared to the control

(Table S3). OSM decreased serum testosterone levels at 10 and

100 ng/testis at post‐EDS day 28 (Figure 1B). However, it did not

alter serum LH (Figure 1C) and FSH (Figure 1D) levels. These data

suggest that OSM inhibits Leydig cell regeneration primarily via

direct action on stem/progenitor Leydig cells.

3.2 | Sequencing analysis reveals OSM‐mediated
inhibition of Leydig cell regeneration in vivo

We examined the effects of OSM (10 ng/testis) on Leydig cell

gene expression levels using RNA sequencing analysis. We

sequenced the transcripts and 17,745 transcripts were detected in

the testis of two groups. Of these transcripts, 997 transcripts

were significantly up‐regulated (P < 0.05) and 731 transcripts were

significantly down‐regulated (P < 0.05) in the 10 ng/testis OSM

group when compared to the control (Figure 2A and B). In the

Leydig cell steroidogenic pathway, gene expression of several

Leydig cell genes (Star, Cyp11a1, Hsd3b1, and Cyp17a1) was

down‐regulated (Figure 2C). In the hormone or growth factor‐
receptor complex, Lhcgr, Kit, and Smo were also significantly

down‐regulated. This indicates that the Leydig cell regeneration is

blocked.

3.3 | OSM signaling pathway in vivo

We examined OSM signaling pathway via Il6st‐Jak‐Stat3 pathway

and found that the expression of the OSM downstream

genes (Shc1, Fyn, Prk2b, Inppl1, Gsk3b, and Pxn) were significantly

up‐regulated by over 1.5 folds (Figure S1). This indicates that

OSM might activate OSM receptor‐IL6ST‐JAK‐STAT3 signaling

pathway.
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3.4 | qPCR verification of OSM‐mediated down‐
regulated Leydig cell gene expression in vivo

We found that OSM significantly reduced Lhcgr, Star, Cyp11a1,

Hsd3b1, Cyp17a1, and Hsd11b1 levels at doses of ≥10 ng/testis

OSM (Figure 3). OSM did not affect Scarb1, Hsd17b3, Srd5a1, Dhh,

Igf1, Pdgfa, and Nr5a1 mRNA levels (data not shown). This suggests

that OSM selectively down‐regulates some Leydig cell gene expres-

sion.

3.5 | OSM decreases Leydig cell protein levels
during regeneration in vivo

We also detected the protein levels of Leydig cell gene products by

Western blot and the result showed that LHCGR, CYP11A1,

HSD3B1, CYP17A1 and HSD11B1 levels were lower in OSM‐treated
testis, which was similar to the respective mRNA levels (Figure 4).

3.6 | OSM does not affect the proliferation of
Leydig cells in vivo

We used two biomarkers to label the Leydig cells: CYP11A1 (repre-

senting all the Leydig cells) and HSD11B1 (representing Leydig cells

at the advanced stage).11,12 We found that OSM did not affect both

CYP11A1‐positive and HSD11B1‐positive cell numbers at ≥10 ng/

testis (Figure S2). This indicates that OSM might not affect Leydig

cell proliferation. Indeed, we further detected the PCNA‐positive
Leydig cells via PCNA‐CYP11A1 double staining and found that

OSM did not increase PCNA‐positive Leydig cell number (Figure S3).

This confirms that OSM does not affect Leydig cell proliferation.
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3.7 | OSM blocks stem Leydig cell differentiation
in vitro

Since the Leydig cell regeneration during the 28‐day period after

EDS treatment covers the differentiation of stem into progenitor

and immature Leydig cells,11 we ask whether OSM blocks the differ-

entiation of stem Leydig cells into the Leydig cell lineage. We previ-

ously developed an in vitro stem Leydig cell development model

using the seminiferous tubule culture.13 As shown in Figure 5A,

OSM concentration‐dependently inhibited steroidogenesis at doses

of ≥0.1 ng/mL. In order to test the underlying mechanism, we trea-

ted stem Leydig cells with S3I‐201 (a STAT3 antagonist) or filgotinib

(a JAK1 inhibitor) alone or in combination with 10 ng/mL OSM (Fig-

ure 5B). It showed that S3I‐201 and filgotinib alone did not affect

the medium testosterone levels. However, both S3I‐201 and filgo-

tinib reversed OSM‐mediated suppression of steroidogenesis

(Figure 5B). These data indicate that OSM blocks stem/progenitor

Leydig cell differentiation in vitro via JAK1‐STAT3 pathway.

3.8 | OSM blocks stem Leydig differentiation by
down‐regulating Leydig cell gene expression in vitro

We measured the mRNA levels of Lhcgr, Scarb1, Star, Cyp11a1,

Hsd3b1, Cyp17a1, Hsd17b3, Srd5a1 and Hsd11b1. We found that at

≥10 ng/mL OSM down‐regulated Lhcgr, Scarb1 and Star levels and at

100 ng/mL it also down‐regulated Cyp11a1, Hsd3b1 and Cyp17a1

levels (Figure 6). This indicates that OSM inhibits stem Leydig cell

differentiation by down‐regulating Leydig cell specific gene expres-

sion.

3.9 | OSM does not alter stem Leydig cell
proliferation in vitro

We used EdU incorporation into the proliferating cells to label the

dividing stem Leydig cells on the surface of the seminiferous tubules.

As shown in Figure S4, OSM did not alter the number of EdU‐positive
SLCs, indicating that OSM did not affect the proliferation of stem Ley-

dig cells. In the presence of LDM, the stem Leydig cells can be induced

into adult Leydig cells, producing testosterone. After 1 week of OSM

treatment in M199 medium and then the seminiferous tubules were

switched to the LDM and cultured for 2 weeks to induce the differen-

tiation of the stem Leydig cells into adult Leydig cells that secrete

testosterone in the medium. OSM did not change the medium testos-

terone level after the Leydig cell differentiation induction (Figure S4),

which confirms that OSM does not affect stem Leydig cell prolifera-

tion. In addition, we also used EdU incorporation to label the progeni-

tor Leydig cells in vitro. As shown in Figure S5, OSM did not alter the

number of EdU‐positive progenitor Leydig cells, indicating that OSM

did not affect the proliferation of progenitor Leydig cells.

4 | DISCUSSION

EDS, a rat Leydig cell eliminator,53-55 can deplete all Leydig cells,

decreasing intratesticular testosterone to the undetectable level and

can induce a wave of Leydig cell regeneration in the adult rat tes-

tis.56,57 On post‐EDS day 14,58 there are no Leydig cells in the rat

testis. Progenitor Leydig cells appear from the differentiation of stem

Leydig cells on post‐EDS day 21 and 7 days later immature Leydig

cells emerge from the maturation of progenitor Leydig cells.11 On

post‐EDS day 28, Leydig cells show the typical characteristics of

immature Leydig cells, which have the expression of the Leydig cell

specific genes (Lhcgr, Scarb1, Star, Cyp11a1, Hsd3b1, Cyp17a1,

Hsd17b3, Hsd11b1 and Insl3).11,58 The present results showed that

OSM inhibited the regeneration of Leydig cells in vivo and the dif-

ferentiation of stem Leydig cells in vitro, with the evidence of the

reduced serum testosterone levels and lower expression levels of

Lhcgr, Star, Cyp11a1, Cyp17a1, Hsd3b1 and Hsd11b1 and their pro-

teins in vivo and the down‐regulation of Lhcgr, Star, Cyp11a1,
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Cyp17a1, Hsd3b1 and Cyp17a1 expression in vitro. OSM did not

affect the proliferation of Leydig cells, because it did not change the

Leydig cell number and PCNA‐labeling index and did not affect EdU

incorporation into primary progenitor Leydig cells in vitro and stem

Leydig cells on the surface of the seminiferous tubules. OSM exerts

its action via JAK1‐STAT3 pathway, as evidence that JAK1 and

STAT3 antagonists reversed OSM action in vitro.

Leydig cells have been demonstrated to secrete IL‐659 and to

possess IL‐6 and LIF receptors,60,61 indicating that some members of

this family of cytokines may be involved in the proliferation and/or

differentiation of this cell type. In the present study, we also demon-

strated that OSM could affect differentiation of Leydig cells in vivo

and in vitro. Our in vitro study clearly demonstrated that OSM

exerted its suppression of stem Leydig cell differentiation via JAK1‐
STAT3 signal pathway after using STAT3 and JAK1 antagonists (Fig-

ure 5). Using RNA‐seq analysis in the OSM‐treated testis, we also

demonstrated that some mRNAs in IL6ST‐JAK1‐STAT3 signal

pathway were significantly up‐regulated (Figure S1). OSM binds to

its receptor complex, the type I or type II OSM receptor, and acti-

vates the JAKs and the activated JAKs in turn activates downstream

pathway STAT3.62 It has been demonstrated that the type I OSM

receptor is mainly present in stem and progenitor Leydig cells in the

rat testis.30 This indicates that stem and progenitor Leydig cells are

the target cells of OSM. However, it is still unknown how JAK1‐
STAT3 pathway results in OSM‐mediated blockade of stem/progeni-

tor Leydig cell differentiation. NR5A1 (encoded by Nr5a1) is a major

transcription factor to regulate the commitment of stem Leydig cells

into the Leydig cell lineage.63 However, in the present study, we did

not find that the expression of Nr5a1 was altered after the treat-

ment of OSM (Figure 2C), indicating that the effects of OSM on

stem Leydig cell development may exert via other mechanisms.

Sertoli cells secrete many niche factors to regulate the Leydig

cell development.4 Therefore, we examined whether OSM affected

the expressions of Dhh, Pdgfa and Igf1 in the Sertoli cells. We did
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not find any changes of the expression levels of these genes after

the treatment of OSM, which suggests the effects of OSM on stem

Leydig cell development via a direct mechanism. After RNA‐seq anal-

ysis, we found that OSM mainly down‐regulated the expression of

Lhcgr, Kit and Smo (Figure 2C). LHCGR (encoded by Lhcgr) is the

receptor of LH, which is critical for the regeneration of Leydig cells

after EDS treatment and differentiation of SLCs.64,65 In Lhcgr‐null
mice, Leydig cells stay in the progenitor stage without differentiation

into the adult Leydig cells.65,66 In the EDS‐treated Leydig cell regen-

eration model, when the blockade of LH levels using testosterone

implant prevents the regeneration of Leydig cells on post‐EDS day

28 and administration of human chorionic gonadotropin (hCG), a

homolog of LH, stimulates the formation of immature Leydig cells.67

In the in vitro seminiferous tubule culture system, Leydig cells can-

not be formed in LH‐free medium and supplement of LH to the

medium significantly stimulates the differentiation of progenitor into

adult Leydig cells, which are able to produce testosterone robustly.22

This indicates that LHCGR is critical for the differentiation of Leydig

cells once progenitor Leydig cells are committed. Kit encodes a

receptor for Kit ligand, which was found to stimulate Leydig cell

maturation.22,68 Low concentration (1 ng/mL) of Kit ligand signifi-

cantly induces the differentiation of stem into progenitor Leydig cells

via increasing the expression level of steroidogenic acute regulatory

protein (Star).22 DHH signaling is very critical for the differentiation

of Leydig cells after it binds to PITCH1 (encoded by Pitch1) to acti-

vate SMO to stimulate Leydig cell differentiation. Knockout of Dhh

in mice blocks Leydig cell differentiation during puberty.19 Treatment

of the Leydig cell‐free seminiferous tubules or CD90‐positive stem

Leydig cells by a SMO agonist significantly stimulates the differentia-

tion of stem into the Leydig cell lineage.13 Therefore, the significant

down‐regulation of these genes (Lhcgr, Kit and Smo) by OSM con-

tributes to the blockade of Leydig cell development.

Interestingly, in the rat testis, OSM has been reported to be pre-

sent in the late Leydig cell lineage.30 OSM itself stimulates stem and

progenitor Leydig cell differentiation but blocks the LH‐mediated

stimulation.30 In this regard, Leydig cells in the advanced stages

secrete OSM, which negatively controls the maturation of stem/pro-

genitor Leydig cells to counterbalance of population of Leydig cells

in the testis once LHCGR is formed in the progenitor Leydig cells.

In summary, we demonstrate for the first time that OSM

secreted by adult Leydig cells blocks stem or progenitor Leydig cell

differentiation via IL6ST‐JAK1‐STAT3 signaling pathway, which leads

to down‐regulation of LHCGR, KIT and SMO that are critical factor

for Leydig cell development (the schema is illustrated in Figure 7).

ACKNOWLEDGEMENTS

This work was supported by NSFC (81730042 to R.S.G., 81601266

to X.L.) and Zhejiang Provincial NSF (LY15H310008 to R.S.G.) as well

as Wenzhou Science and Technology Bureau (ZS2017009 to R.S.G.).

The RNA‐seq was provided by KangChen Bio‐tech, Shanghai, China.

COMPETING INTERESTS

The authors declared that no competing interests exist.

ORCID

Ren-Shan Ge https://orcid.org/0000-0002-3448-9823

REFERENCES

1. Chen H, Ge RS, Zirkin BR. Leydig cells: from stem cells to aging. Mol

Cell Endocrinol. 2009;306:9‐16.
2. Ge R, Chen G, Hardy MP. The role of the Leydig cell in spermato-

genic function. Adv Exp Med Biol. 2008;636:255‐269.
3. Wen Q, Cheng CY, Liu YX. Development, function and fate of fetal

Leydig cells. Semin Cell Dev Biol. 2016;59:89‐98.
4. Ye L, Li X, Li L, Chen H, Ge RS. Insights into the development of the

adult Leydig cell lineage from stem Leydig cells. Front Physiol.

2017;8:430.

5. Haider SG. Cell biology of Leydig cells in the testis. Int Rev Cytol.

2004;233:181‐241.
6. Molenaar R, de Rooij DG, Rommerts FF, Reuvers PJ, van der Molen

HJ. Specific destruction of Leydig cells in mature rats after in vivo

administration of ethane dimethyl sulfonate. Biol Reprod.

1985;33:1213‐1222.
7. Kerr JB, Donachie K, Rommerts FF. Selective destruction and regen-

eration of rat Leydig cells in vivo. A new method for the study of

seminiferous tubular‐interstitial tissue interaction. Cell Tissue Res.

1985;242:145‐156.
8. Ge RS, Dong Q, Sottas CM, Papadopoulos V, Zirkin BR, Hardy MP.

In search of rat stem Leydig cells: identification, isolation, and lin-

eage‐specific development. Proc Natl Acad Sci USA. 2006;103:2719‐
2724.

9. Stanley E, Lin CY, Jin S, et al. Identification, proliferation, and differ-

entiation of adult Leydig stem cells. Endocrinology. 2012;153:5002‐
5010.

10. Ge RS, Hardy MP. Variation in the end products of androgen biosyn-

thesis and metabolism during postnatal differentiation of rat Leydig

cells. Endocrinology. 1998;139:3787‐3795.

Differentiation

OSM

LHCGR
KIT
SMO

Stem/progenitor
Leydig cells

Immature/adult
Leydig cells

F IGURE 7 Illustration of the working mechanisms for oncostatin
M (OSM) in regulation of Leydig cell differentiation. Immature/adult
Leydig cells secrete OSM, which binds to the OSM type I receptor
on stem/progenitor Leydig cells, activating IL6ST‐JAK1‐STAT3
signaling, leading to the down‐regulation of LHCGR, KIT and SMO
that are critical for Leydig cell differentiation. Black dash arrow,
secretion; Red arrow, binding to the receptor; Black “T”, inhibition;
Green arrow, down‐regulation

436 | WANG ET AL.

https://orcid.org/0000-0002-3448-9823
https://orcid.org/0000-0002-3448-9823
https://orcid.org/0000-0002-3448-9823


11. Guo J, Zhou H, Su Z, et al. Comparison of cell types in the rat Ley-

dig cell lineage after ethane dimethanesulfonate treatment. Repro-

duction. 2013;145:371‐380.
12. Phillips DM, Lakshmi V, Monder C. Corticosteroid 11β‐dehydrogen-

ase in rat testis. Endocrinology. 1989;125:209‐216.
13. Li X, Wang Z, Jiang Z, et al. Regulation of seminiferous tubule‐asso-

ciated stem Leydig cells in adult rat testes. Proc Natl Acad Sci USA.

2016;113:2666‐2671.
14. Chen H, Wang Y, Ge R, Zirkin BR. Leydig cell stem cells: identifica-

tion, proliferation and differentiation. Mol Cell Endocrinol.

2017;445:65‐73.
15. Odeh HM, Kleinguetl C, Ge R, Zirkin BR, Chen H. Regulation of the

proliferation and differentiation of Leydig stem cells in the adult tes-

tis. Biol Reprod. 2014;90:123.

16. Brennan J, Tilmann C, Capel B. Pdgfr‐alpha mediates testis cord

organization and fetal Leydig cell development in the XY gonad.

Genes Dev. 2003;17:800‐810.
17. Schmahl J, Rizzolo K, Soriano P. The PDGF signaling pathway con-

trols multiple steroid‐producing lineages. Genes Dev. 2008;22:3255‐
3267.

18. Yao HH, Capel B. Disruption of testis cords by cyclopamine or for-

skolin reveals independent cellular pathways in testis organogenesis.

Dev Biol. 2002;246:356‐365.
19. Clark AM, Garland KK, Russell LD. Desert hedgehog (Dhh) gene is

required in the mouse testis for formation of adult‐type Leydig cells

and normal development of peritubular cells and seminiferous

tubules. Biol Reprod. 2000;63:1825‐1838.
20. Baker J, Hardy MP, Zhou J, et al. Effects of an Igf1 gene null muta-

tion on mouse reproduction. Mol Endocrinol. 1996;10:903‐918.
21. Hu GX, Lin H, Chen GR, et al. Deletion of the Igf1 gene:

suppressive effects on adult Leydig cell development. J Androl.

2010;31:379‐387.
22. Liu S, Chen X, Wang Y, et al. A role of KIT receptor signaling for

proliferation and differentiation of rat stem Leydig cells in vitro. Mol

Cell Endocrinol. 2017;444:1‐8.
23. Wang Y, Chen L, Xie L, et al. Interleukin 6 inhibits the differentiation

of rat stem Leydig cells. Mol Cell Endocrinol. 2017;472:26‐39.
24. Wang Y, Yuan K, Li X, et al. Leukemia inhibitory factor stimulates

steroidogenesis of rat immature Leydig cells via increasing the

expression of steroidogenic acute regulatory protein. Growth Factors.

2016;34:166‐176.
25. Heinrich PC, Behrmann I, Muller-Newen G, Schaper F, Graeve L.

Interleukin‐6‐type cytokine signalling through the gp130/Jak/STAT
pathway. Biochem J. 1998;334(Pt 2):297‐314.

26. Senaldi G, Varnum BC, Sarmiento U, et al. Novel neurotrophin‐1/B
cell‐stimulating factor‐3: a cytokine of the IL‐6 family. Proc Natl Acad

Sci USA. 1999;96:11458‐11463.
27. Tanaka M, Miyajima A. Oncostatin M, a multifunctional cytokine.

Rev Physiol Biochem Pharmacol. 2003;149:39‐52.
28. Hara T, Tamura K, de Miguel MP, et al. Distinct roles of oncostatin

M and leukemia inhibitory factor in the development of primordial

germ cells and sertoli cells in mice. Dev Biol. 1998;201:144‐153.
29. de Miguel MP, de Boer-Brouwer M, de Rooij DG, Paniagua R, van

Dissel-Emiliani FM. Ontogeny and localization of an oncostatin M‐
like protein in the rat testis: its possible role at the start of sper-

matogenesis. Cell Growth Differ. 1997;8:611‐618.
30. Teerds KJ, van Dissel-Emiliani FM, De Miguel MP, de Boer-Brouwer

M, Korting LM, Rijntjes E. Oncostatin‐M inhibits luteinizing hormone

stimulated Leydig cell progenitor formation in vitro. Reprod Biol

Endocrinol. 2007;5:43.

31. De Miguel MP, De Boer-Brouwer M, Paniagua R, van den Hurk R,

De Rooij DG, Van Dissel-Emiliani FM. Leukemia inhibitory factor

and ciliary neurotropic factor promote the survival of Sertoli cells

and gonocytes in coculture system. Endocrinology. 1996;137:

1885‐1893.

32. De Miguel MP, Regadera J, Martinez-Garcia F, Nistal M, Paniagua R.

Oncostatin M in the normal human testis and several testicular dis-

orders. J Clin Endocrinol Metab. 1999;84:768‐774.
33. Kilcoyne KR, Smith LB, Atanassova N, et al. Fetal programming of

adult Leydig cell function by androgenic effects on stem/progenitor
cells. Proc Natl Acad Sci USA. 2014;111:E1924‐E1932.

34. Guo J, Zhou B, Chen H, et al. Comparison of Cell Types in the Rat

Leydig Cell Lineage After Ethane Dimethanesulfonate Treatment.

Annual Meeting American Society of Andrology, San Antonio, TX;

2013.

35. Li L, Li X, Chen X, et al. Perfluorooctane sulfonate impairs rat Leydig

cell development during puberty. Chemosphere. 2018;190:43‐53.
36. Wu X, Guo X, Wang H, et al. A brief exposure to cadmium impairs

Leydig cell regeneration in the adult rat testis. Sci Rep. 2017;7:6337.

37. Brown J, Pirrung M, McCue LA. FQC Dashboard: integrates FastQC

results into a web‐based, interactive, and extensible FASTQ quality

control tool. Bioinformatics. 2017;33:3137‐3139.
38. Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with

low memory requirements. Nat Methods. 2015;12:357‐360.
39. Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salz-

berg SL. StringTie enables improved reconstruction of a transcrip-

tome from RNA‐seq reads. Nat Biotechnol. 2015;33:290‐295.
40. Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping

and quantifying mammalian transcriptomes by RNA‐Seq. Nat Meth-

ods. 2008;5:621‐628.
41. Frazee AC, Pertea G, Jaffe AE, Langmead B, Salzberg SL, Leek JT.

Ballgown bridges the gap between transcriptome assembly and

expression analysis. Nat Biotechnol. 2015;33:243‐246.
42. Subramanian A, Tamayo P, Mootha VK, et al. Gene set enrichment

analysis: a knowledge‐based approach for interpreting genome‐wide

expression profiles. Proc Natl Acad Sci USA. 2005;102:15545‐15550.
43. Zhang L, Wang H, Yang Y, et al. NGF induces adult stem Leydig cells

to proliferate and differentiate during Leydig cell regeneration. Bio-

chem Biophys Res Commun. 2013;436:300‐305.
44. Chen H, Stanley E, Jin S, Zirkin BR. Stem Leydig cells: from fetal to

aged animals. Birth Defects Res C Embryo Today. 2010;90:272‐283.
45. Mendis-Handagama SM, Keeney DS, Hardy MP, Ewing LL. Applica-

tion of the disector method to enumerate cells in the testis. Ann N Y

Acad Sci. 1989;564:86‐98.
46. Ball DP, Lewis AM, Williams D, Resetca D, Wilson DJ, Gunning PT.

Signal transducer and activator of transcription 3 (STAT3) inhibitor,

S3I‐201, acts as a potent and non‐selective alkylating agent. Onco-

target. 2016;7:20669‐20679.
47. Flamant M, Rigaill J, Paul S, Roblin X. Advances in the development

of Janus kinase inhibitors in inflammatory bowel disease: future pro-

spects. Drugs. 2017;77:1057‐1068.
48. Chen H, Guo J, Ge R, Lian Q, Papadopoulos V, Zirkin BR. Steroido-

genic fate of the Leydig cells that repopulate the testes of young

and aged Brown Norway rats after elimination of the preexisting

Leydig cells. Exp Gerontol. 2015;72:8‐15.
49. Ge RS, Hardy MP. Decreased cyclin A2 and increased cyclin G1

levels coincide with loss of proliferative capacity in rat Leydig cells

during pubertal development. Endocrinology. 1997;138:3719‐3726.
50. Payne AH, Downing JR, Wong KL. Luteinizing hormone receptors

and testosterone synthesis in two distinct populations of Leydig

cells. Endocrinology. 1980;106:1424‐1429.
51. Teerds KJ, Rijntjes E, Veldhuizen-Tsoerkan MB, Rommerts FF, de

Boer-Brouwer M. The development of rat Leydig cell progenitors

in vitro: how essential is luteinising hormone? J Endocrinol.

2007;194:579‐593.
52. Teerds K, Rijntjes E. Dynamics of Leydig cell regeneration after EDS.

In: Payne AH, Hardy MP, eds. The Leydig Cell in Health and Disease.

Totowa, NJ: Humana Press; 2007:91‐116.
53. Morris ID, Phillips DM, Bardin CW. Ethylene dimethanesulfonate

destroys Leydig cells in the rat testis. Endocrinology. 1986;118:709‐719.

WANG ET AL. | 437



54. Rommerts FF, Teerds KJ, Hoogerbrugge JW. In vitro effects of ethy-

lene‐dimethane sulfonate (EDS) on Leydig cells: inhibition of steroid

production and cytotoxic effects are dependent on species and age

of rat. Mol Cell Endocrinol. 1988;55:87‐94.
55. Morris AJ, Taylor MF, Morris ID. Leydig cell apoptosis in response

to ethane dimethanesulphonate after both in vivo and in vitro treat-

ment. J Androl. 1997;18:274‐280.
56. Sharpe RM, Donachie K, Cooper I. Re‐evaluation of the intratesticu-

lar level of testosterone required for quantitative maintenance of

spermatogenesis in the rat. J Endocrinol. 1988;117:19‐26.
57. Sharpe RM, Fraser HM, Ratnasooriya WD. Assessment of the role of

Leydig cell products other than testosterone in spermatogenesis and

fertility in adult rats. Int J Androl. 1988;11:507‐523.
58. Zhang YF, Yuan KM, Liang Y, et al. Alterations of gene profiles in

Leydig‐cell‐regenerating adult rat testis after ethane dimethane sul-

fonate‐treatment. Asian J Androl. 2015;17:253‐260.
59. Boockfor FR, Wang D, Lin T, Nagpal ML, Spangelo BL. Interleukin‐6

secretion from rat Leydig cells in culture. Endocrinology.

1994;134:2150‐2155.
60. Metcalf D. The leukemia inhibitory factor (LIF). Int J Cell Cloning.

1991;9:95‐108.
61. Okuda Y. Identification of interleukin‐6 receptor (KL‐6R) mRNA in

isolated Sertoli and Leydig cells: regulation by gonadotropin and

interleukins in vitro [rat]. Endocrine. 1994;2:1163‐1168.
62. Nakamura K, Nonaka H, Saito H, Tanaka M, Miyajima A. Hepatocyte

proliferation and tissue remodeling is impaired after liver injury in

oncostatin M receptor knockout mice. Hepatology. 2004;39:635‐644.
63. Morohashi KI, Omura T. Ad4BP/SF‐1, a transcription factor essential

for the transcription of steroidogenic cytochrome P450 genes and

for the establishment of the reproductive function. 50. FASEB J.

1996;10:1569‐1577.
64. Teerds KJ, De Rooij DG, Rommerts FF, Wensing CJ. The regulation

of the proliferation and differentiation of rat Leydig cell precursor

cells after EDS administration or daily HCG treatment. J Androl.

1988;9:343‐351.
65. Lei ZM, Mishra S, Zou W, et al. Targeted disruption of luteinizing

hormone/human chorionic gonadotropin receptor gene. Mol Endocri-

nol. 2001;15:184‐200.
66. Zhang F-P, Poutanen M, Wilbertz J, Huhtaniemi I. Normal prenatal

but arrested postnatal sexual development of luteinizing hormone

receptor knockout (LHRKO) mice. Mol Endocrinol. 2001;15:172‐
183.

67. Teerds KJ, de Rooij DG, Rommerts FF, van den Hurk R, Wensing CJ.

Proliferation and differentiation of possible Leydig cell precursors

after destruction of the existing Leydig cells with ethane dimethyl

sulphonate: the role of LH/human chorionic gonadotrophin. J Endo-

crinol. 1989;122:689‐696.
68. Rothschild G, Sottas CM, Kissel H, et al. A role for kit receptor sig-

naling in Leydig cell steroidogenesis. Biol Reprod. 2003;69:925‐932.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Wang Y, Xie L, Tian E, et al.

Oncostatin M inhibits differentiation of rat stem Leydig cells

in vivo and in vitro. J Cell Mol Med. 2019;23:426–438.
https://doi.org/10.1111/jcmm.13946

438 | WANG ET AL.

https://doi.org/10.1111/jcmm.13946

