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Fibroblast growth factor 1 (FGF1) is reported to be expresskin the testis. How FGF1
affects stem Leydig cell development remains unclear. Hergve report the effects of FGF1
on rat stem Leydig cell development in an ethane dimethane sionate (EDS)-treated
model. FGF1 (100 ng/testis) signi cantly increased serumetstosterone level, increased
PCNA-positive Leydig cell percentage and Leydig cell numbebut down-regulated the
expression of Lhcgr, Star, Cypllal, Hsd3bl, Cypl7al and Hsd11bl in Leydig cells
per se, after its daily intratesticular injection from post-EDSaly 14 for 14 days. Primary
culture of the seminiferous tubules showed that FGF1 stimated EdU incorporation to
stem Leydig cells but blocked the differentiation into the ¢ydig cell lineage, possibly
via FGFR1-mediated mechanism. In conclusion, FGF1 promagestem Leydig cell
proliferation but blocks its differentiation.

Keywords: broblast growth factor 1, stem leydig cell, differ entiation, proliferation, testosterone

INTRODUCTION

The adult Leydig cell (ALC) is a cell type in the mammalian iteshat secretes androgen.
ALCs derive from di erentiation of stem Leydig cells (SLCs)idg the pubertal period. Once
established, they turn over slowly at adulthood. In severammalian species, including rats,
however, when males are administered with ethane dimetisaitfenate (EDS), a chemical that
only kills ALCs in the testis, a new population of ALCs develdp&). These newly-formed ALCs
arise from the undi erentiated SLCs3). Four days after one-dose administration of EDS to the
rat, ALCs undergo apoptosis to disappear and then SLCs begin tdgrade (1, 2). On day 21
after EDS dosing, progenitor cells develop as shown by thessgjan of the Leydig cell lineage
biomarkers: lutropin-choriogonadotropic hormone recept&tHCGR), high-density lipoprotein
receptor (SCARBL1), steroidogenic acute regulatory proteiARg, cholesterol side-chain-cleaving
enzyme (CYP11A1) 8 3b-hydroxysteroid dehydrogenade(5)-1 (4)isomerase type | (HSD3B1),
cytochrome 1@-hydroxylase/17,20 lyase/17,20 desmolase (CYP17Al)starmid ®-reductase

1 (SRD5A1) 4, 5). Thereatfter, these progenitor cells proceed into immatyyee cells as judged
by the appearance of the biomarkers,bdiydroxysteroid dehydrogenase 1 (HSD11B1) and
17-hydroxysteroid dehydrogenase 3 (HSD17B3) until 28 datgs &DS. Immature cells mature
into ALCs with silencing oSrd5algene until 56 days after ED§, §).
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Previous studies indicate that SLCs stay outside thMATERIALS AND METHODS

seminiferous tubules (STs) of rat testi§, (/) and they are . .

capable of di erentiating into ALCs under the induction of a Cheml_cals and Kits i .

Leydig cell di erentiation medium (LCDM), which contains Recombinant ~ FGF1  peptide ~was = obtained  from
insulin-transferrin-selenium, LH, and lithium ion 7. In ReproTech (Rocky Hill, NJ). ImmuI!teZOOO Total Testosterone
the process from SLCs into the adult-type form, plenty ofk't IS a commer0|§| product of Slnop.harm Grou'p Medical
endocrine and paracrine factors control the proliferation andSUPPly Chain Services (Hangzhou, China). Heparin (HA) and
di erentiation of these SLCs&]. One set of growth factors PP173074 (PD) were purchased from Sigma (St. Louis, MO).
are broblast growth factors (FGFs). FGF family is composedulture media and Click-IT EdU Imaging Kit were obtained
of 23 polypeptides that possess multiple biological functiond’om Invitrogen (Carlsbad, CA). EDS is a commercial product of
including development, cell growth, metabolic regulatias ~Pterosaur Biotech (Hangzhou, China).

well as wound healing and repai®)( The rst member in : ; :
the FGF family is broblast growth factor 1 (FGF1), which Reanalys_ls of Ml(_:roarray Data of Cells in

has been reported to be present in liver, kidney, brain, andhe Leydig Cell Lineage
testis (.0). FGF1 is capable of binding and activating all FGETranscriptome data of stem, progenitor, immature, and adult
receptors (FGFRs)1(). FGFRs are kinase receptors that ard-€ydig cells were deposited in the NIH Omnibus (accession #:
composed of the four classic FGFR isotypes 1-4 (FGFR]_-@SE26703) and the analysis was published in our previous study
and are tyrosine kinases, which mediate FGF1 actions at tHé?). In this study, we performed reanalysis of the data for the
cellular level {2). FGF1 requires the presence of heparan sulfatexpression of FGF receptors.

roteoglycans (HSPG) to exert its e ects,3( mainly actin . .
gs autgc);ine or(paracr?ne factot4). FGF1 is%mmunglogicaﬁy EDS'treated Leydlg Cell Regeneration
identi ed in Leydig, Sertoli, and germ cells in rat testizs( N Rats

Previous studies showed that FGF1 was able to inhibit LHEighteen male Sprague Dawley rats (age 60 days old) were
stimulated regulation of HSD3B1 and SRD5A1 and to lowefcquired from Shanghai Laboratory Animal Center (Shanghai
LHCGR number in rat immature Leydig cells1@ but it  China). They were shipped to Wenzhou Medical University and
stimulated basal androgen production in these cell§.(Here, adjusted for aweek in the new environment. To ablate ALCsifro
we interrogate FGF1 roles on SLC development and dissect thige testis, each rat was administered with EDS (75 mg/kg body

underlying mechanism. weight) via intraperitoneal way. The solvent of EDS is diméth
A B __
Hormone 3
LC # B’ *
LC mitosis £ 2
EDS (i.p. FGF1 (i.t., 0, LC gene =
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v ¥ 5
1 & ol
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FIGURE 1 | Serum testosterone, LH, and FSH levels aftein vivo FGF1 treatment(A) Scheme of the animal experiment of intratesticularly injéog (i.t.) 0, 10, and 100
ng/testis FGF1 on post-EDS day 14 for 14 days; EDS, ethane dinteane sulfonate; LC, Leydig cell; i.p., intraperitoneal jaction; (B) Serum testosterone (T) levels(C)
LH levels;(D) FSH levels. Mean SEM, n D 6. Asterisk (*) designates signi cant difference aP < 0.05 when compared to the control (O ng/testis FGF1).
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sulfoxide: water (1: 3, v/v). Male rats were randomly dididieo ~ \Western Blot Analysis

3 groups and each group had 6 rats. We intratesticular infecteWestern blotting technique was selected as previously ibestcr

0 (normal saline), 10, or 100 ng/testis FGF1 from day 14 t¢20). Briey, we cut a piece of the testis or ST and
day 28 after EDS administration. The intratesticular itj@e  dipped it into RIPA lysis bu er (Bocai Biotechnology, China)
volume was 20m and the preliminary data showed that this and homogenized it in a glass homogenizer. BCA Protein
volume did not in uence the testis. In order to exclude the
systemic e ects due to the hypothalamus-pituitary-testissaxi
function, we selected intratesticular injection regime&ourteen
days after FGF1 treatment, rats were euthanized by @ CYP11A1
blood samples were collected for sera. We measured tesinster Y -
LH, and follicle-stimulating hormone (FSH) levels in these A ‘

HSD11B1

'\j

serum samples. We collected total RNAs from the testis to
perform real-time quantitative PCR (qPCR) and proteins to :
perform Western blotting analysis. The contralateral wstas ' , b
immerged in a bottle containing Bouin's solution and wasdise 3 . Shadl =5 RN TR
for immunohistochemical staining. The animal protocol was ¥ Y. :

approved by Animal Care and Use Committee of Wenzhou B R, |
Medical University. el Ve ; e vh

Serum and Medium B ) k
Testosterone Measurement 1 ] LT ’,’;
Testosterone concentrations were detected by Immulite€20Q 5 ‘&
Total Testosterone kit. Normal male rat serum serves as the

internal quality control. The minimum detection concentien o
of testosterone is 0.2 ng/ml.

s

ELISA for Serum LH and FSH Levels
LH and FSH levels were assayed using ELISA kits as descrik
previously (L8). Serum sample and assay solution were mixed an
incubated for 2h at room temperature. Peroxidase-conjutjate
IgG anti-LH or anti-FSH liquid was then mixed and incubated
for 2h at room temperature. The substrate bu er was followed
and the plate was stored in the dark place for 30 min. Thg¢
reaction stop solution was added to end the enzyme reaction.
The parameters of microplate reader were setup as 550 nm wi
correction wavelength at 450 nm.

Quantitative Real-Time PCR (qPCR)

We picked a piece of testis and put it in the Trizol solution DE ”s SIPEthss H E N HSD11B1+
(Invitrogen, Carlsbad, CA) and extracted the total RNAs.eAft _5 2 :2 "

the RNAs were puri ed, a NanoDrop 2000 was used to read RNA E 'f;,

concentrations. CDNAs of these RNA samples were reverse- § 0 8 '

transcribed according to a previously described methd#).( - : 10

We used SYBR Green gPCR Kit (Roche, Basel, Switzerland)| tc ,5_ s g 5

measure the following Leydig cell mRNAshcgr, Scarbl, Star, % o0 10 100 § — 10 100

Cypllal, Hsd3bl, Cypl7al, Hsd17b3, SydbalHsd11b17.5 FGF1 dose (ng/testis) FGF1 dose (ngltestis)
m SYBR Green Mix, 0.751 forward primer/0.75m reverse
primer, 0_02n~g diluted cDNA and 4m RNA-free water and FIGURE 2 | Morphology and cell number of Leydig cells aftem vivoFGF1
samples were mixed. The qPCR program includesC9%or treatment. Immunohistochemical staining of CYP11ATA-C) and HSD11B1

. . (E-G)of the testes from the rats treated with 0, 10, and 100 ng/tess FGF1 on
Smin, 40 CyCIeS of 98 for 10s, and 60C for 30s. Meltlng post-EDS day 14 for 14 days.(A,E) the control (0 ng/testis FGF1)(B,F) 10
curve analysis and gel electrophoresis were selected ttfiden| ngfestis FGF1;(C,G): 100 ng/testis FGF1;(D,H) quantitative data. Black
the speci city_ A standard curve using Ctvalues was gendnate arrow designates CYP11A1 positive Leydig cells. White arvo designates
calculate the concentrations of target mRNA. The target mRNA HSD11B1 positive Leydig cells. Bab 50mm. Mean ~ SEM, n D 6. Asterisk (*)
levels were adjusted I@pslGRpslﬁserves the internal control. designates signi cant difference atP < 0.05 when compared to the control (O

. . . ltestis FGF1).
Supplementary Table Sincludes the primer information. noTests :
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Assay Kit (Takara, Japan) was selected to measure protdimo discs into 4 pieces each and one piece was randomly selected
concentrations. We loaded 3y of protein per sample into the from these 8 pieces. We embedded the testis piece in paranina
gel and separated the proteins using denature electrophoregissue array container. We cut tissue array block intar-thick
method. When the electrophoresis was ended, the proteirsections. From these sections, 10 slides were randomlyteslec
were transferred onto the nitrocellulose membrane. Fivdor the following immunohistochemical staining and the othe
percent Non-fat milk was used to block non-speci c binding 10 slides were selected for immuno uorescent staining.
and the following primary antibodies [LHCGR, SCARBLI,
HSD3B1, CYP17Al1, HSD17B3, HSD11B1, phosphorylat . .
AKT1 (pAKT1), AKT1, phosphorylated AKT2 (pAKT2), AKT2, fimunohistochemical and ,
phosphorylated EKR1/2 (pERK1/2), and ERK1/2] were boundMMuno uorescent Staining of the Testis
to the membrane individually.Supplementary Table S2has Immunohistochemical staining kit from Vector Laboratosie
the antibody information. After cleaning with several wash (Burlingame, CA) was used according to the manufacturer's
the membrane was incubated with HRP-conjugated anti-rabbithstruction. The tissue selections were selected for antig
(1:2,000, Bioword, USA) for 2h. Super-Signal West picketrieval in 10mM (pH 6.0) of citrate bu er in a microwave
chemiluminescent substrate (Pierce Biotechnology, Redft) ~ machine. Slides were immerged in 0.5% @iGd in methanol
was added and the band photos were taken in Universal Hood for 30min to remove endogenous peroxidase activity.
(Bio-Rad, Hercules, CA). ACTB is the protein control. The ban Two antibodies, CYP11Al (biomarker of Leydig cells) or
intensities were read by Bio-Rad Image Lab (Hercules, C#g. T HSD11B1 (biomarkers for Leydig cells at the advanced stage)
data of target proteins were normalized to ACTB. polyclonal antibodies, were used. Antibodies were dilut@dQ.:
Diaminobenzidine solution was added to show the brown color
of the target protein. Counterstaining is Mayer hematoxylin
Preparation of Testis Tissue Array Non-immune rabbit IgG was used as the negative control.
We prepared a tissue array as previously descritigl We We performed immuno uorescent staining of PCNA and
selected one testis per rat (6 rats per group), cut in 8 discs, @YP11A1 to identify the proliferative Leydig cells. Alexa-
which two pieces were randomly selected. We further cut thessonjugated anti-rabbit or anti-mouse IgG second antibadie

PCNA/CYP11A1/DAPI PCNA/CYP11A1/DAPI

0 10 100
FGF1 dose (ngltestis)

FIGURE 3 | FGF1 promotes proliferation of Leydig cellin vivo. Immuno uorescent staining of PCNA (red color in the nucleusand CYP11A1 (green color in the
cytoplasm) of cells in the testes from the rats treated with @A), 10 (B), and 100 ng/testis FGF1(C) on post-EDS day 14 for 14 days;(D): quantitative data of
percentage of PCNA-positive and CYP11A1 positive cells. Wite arrow designates PCNA-positive Leydig cells. White “tlesignates PCNA-negative Leydig cells. Bar
D 50mm. Mean SEM, n D 6. Asterisk (*, **) designate signi cant difference & < 0.05 and 0.01, respectively, when compared to the control ((hg/testis FGF1).
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(1:500) were selected. Counterstaining is DAPI solutioninsulin-transferrin-selenium, 5 ng/ml LH, and 5 mM lithiuron,
Olympus uorescent microscope (Olympus, Japan) was used 0.1% bovine serum albumin (BSA), in a humidi ed atmosphere
identify the positive cells. The CYP11A1l (green color in theof 5% CQ at 37 C in a 12-well culture plate (Corning, NY)
cytoplasm) represents the Leydig cell and PCNA (red colorén thfor up to 2 weeks. Various concentrations of FGF1 and/or

nucleus) represents the proliferating cell. FGFR1 inhibitor PD173074 (PDydM), and/or HSPG antagonist
. ] heparin (HA, 1mg/ml) were co-incubated in LCDM to study
Counting Leydig Cells the e ects of FGF1 on SLC di erentiation. For indirect assay

To count CYP11A1-positive or HSD11B1-positive Leydig calls, of SLC proliferation, various concentrations of FGF1 and/or
fractionator technique was used for above tissue-arraficsec FGFR1 inhibitor PD173074 (PDyiM), and/or HSPG antagonist

as previously describe®?). In brief, under the live image of heparin (HA, Img/ml) were incubated with the STs in M199

a digital camera with a 10 objective and xed point of the media for 7 days and then the tubules were switched in LCDM
“upper” sections, we counted cells of total microscopic eld. Weand cultured for additional 2 weeks. At the end of treatment,
calculated the total number of Leydig cells by multiplyingtlgy ~ ALCs were induced from SLCs, secreting testosterone into the
cell number counted in a known fraction of the testis by themedium. The medium samples were collected and testosterone
inverse of the sampling probability. levels were assayed as above.

Culturing SLCs on the Surface of STs EdU Incorporation Into SLCs

One rat was treated with EDS as above and testes were cdllecEdU incorporation into SLCs was measured by EdU (EdU) Alaxa
7 days after administration of EDS,(23). STs were separated Fluor Kit (Life Technologies, U.S.) as previously descritad).
from the interstitium as previously described, 24). The STs In brief, the freshly isolated STs were cultured in M199 mediu
were distributed randomly into a 12-well plate, with eachlwel and treated with 0-100 ng/ml FGF1 for 7 days. EdU (1:1,000
containing equivalent amount of ST fragments of total léngt dilution) was added to the STs and incubated for additional
(about 1 inch). STs were cultured in LCDM, which is composed®4 h. STs were washed with PBS containing 3% BSA. The STs
of DMEM/F12 medium (pH 7.2), supplemented with 5mM were xed in 4% paraformaldehyde for 30 min. STs were washed

45, Lhear 50, Scarb1 *
40
10+ 30/
54 204
104
T o o
‘>_< 0 10 100 0 10 100 0 10 100
& 250_Cyp11a1 200_Hsd3b1 600_Cyp17a1
-
[72] J
g 200 150
('4 150- 400+
(e} 100
- 100+ *okk
g 50 2001
% 50
r 0 0- 0-
= 0 10 100 0 10 100 0 10 100
[72]
S 50_Hsd11b1 50- Hsd17b3 2.0- Srd5a1
P %
< 404 401 1.5
30 304
Z 1.0
IJEf 201 20
10 10 0.51
0- 0- 0.0/
0 10 100 0 10 100 0 10 100
FGF1 dose (ng/testis)
FIGURE 4 | FGF1 affects the expression of Leydig cell-speci ¢ genedn vivo. The mRNA levels olLhcgr, Scarbl, Star, Cypllal, Hsd3bl, Cypl7al, Hsd17b3,
Srd5al, and Hsd11b1 were analyzed by qPCR in the testes from rats treated with 0,d, and 100 ng/testis FGF1 on post-EDS day 14 for 14 days. Mean SEM,n D
6, Asterisk (*, ***) designate signi cant difference @ < 0.05 and 0.001, respectively, when compared to the control@ ng/testis FGF1).
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and stained. Olympus uorescence microscope (Olympus, Japamts via intratesticular injection for 14 day$igure 1A). At
was used to capture images. EdU-positive cells (green color the end of the treatment, FGF1 did not in uence the body and
the nucleus) were counted under using the ImageProPlus 7t@stis and relative testis weights (divided by body weigaitsr

software (Media Cybernetics, Rockville, MD). compared to the control valuesS(@pplementary Table SB
o _ FGF1 signi cantly stimulates testosterone production at aelo
Statistical Analysis of 100 ng/testis Kigure 1B). However, FGF1 did not change

Mean SEM was used to present the daR.< 0.05 was serum LH Figure 10 and FSH Figure 1D) levels. These data
considered to be statistically signi cant. One-way ANOVAda indicate that the action of FGF1 was within the testis.

thenad hodunnett's multiple comparison test or paired student

t-test after Sidak adjustment (for Western blotting analysiyy) FGF1 Increases Leydig Cell Number in vivo
were used in the SigmaStat software (Systat Software, RithmoWe counted CYP11Al-positive and HSD11B1-positive Leydig

CA) to compare them with the control. cells in the EDS-administered testis and found that FGFledos
dependently increased the number of CYP11Al-positive and

RESULTS HSD11B1-positive Leydig cells at doses of 10 and 100 ng/testis
with statistical signi cance being recorded in 100 ngfiest

Leydig Cells Express Fgfrl and Fgfr3 group (Figures 2A-H), indicating that FGF1 stimulates the

We reanalyzed the microarray data of stem, progenitorproliferation of SLCs and progenitor cells.

immature, and adult Leydig cells in the Leydig cell lineagétie

FgfrexpressionEgfriandFgfrawere expressed in the Leydig cellFGF1 Stimulates Leydig Cell Mitosis  in vivo
lineage withFgfrllevels being higher than those B§fr3in the  We calculated PCNA-positive and CYP11Al-positive cells.
Leydig cell lineagerigure SJ. This indicates that FGF1 can act As shown in Figure 3, double stainings of PCNA and

primarily via FGFR1. CYP11A1 demonstrated that FGF1 increased the Leydig cell
] _ proliferative rate. This result indicates that FGF1 stimefat

FGF1 Stimulates Testosterone Synthesis Leydig cell mitosis.

in vivo

We interrogated whether FGF1 aects rat Leydig celFGF1 Controls Leydig Cell Specic Gene
regeneration. The EDS model mimics Leydig cell developmefftXpression in vivo

(4, 26, 27). We administered EDS to the rat to ablate all ALCSWe measured the mRNA levels of ALC-specic genes. The
and then administered FGF1 (0, 10, or 100 ng/testis/day) toesults showed that FGF1 signi cantly increas8darbland

1.0.LHCGR 1.5.SCARB1
0.8 .
s 1.0
LHCGR QF E | ue .
0.2
SCARB1 |+ S S .
00 0 10 100 " 0 10 100
HSD3B1 08 CYP17A1
HSD3B1 0.8, :
2 0.6 0.6
CYP17A1 | W w s 0.4 04
0.2 0.2

0.0
0.0
0 10 100 @ W 10

Intensity (relative to ACTB)

1.0.HSD11B1 0.6.HSD17B3 .
HSD17B3 | i A—— 08
0.6 0.4
| 0.4
ACTB —_— — — 2 02
0 10 100 00 0 w00 00 10 100

FGF1 dose (ngiestis)

FIGURE 5 | FGF1 affects Leydig cell-speci c protein levelsn viva. Left: gel; Right: quantitative data of each protein. The protein levels of ldyr, SCARB1, HSD3B1,
Cypl7al, HSD11B1, HSD17B3, and ACTB (control) were analyzeby Western blot in the testes from rats treated with 0, 10, ad 100 ng/testis FGF1 on post-EDS
day 14 for 14 days. Mean SEM, n D 3-5. Asterisk (*) designates signi cant difference a® < 0.05 when compared to the control (0 ng/testis FGF1).
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Hsd17b3mRNA levels and down-regulatedsd3blexpression at 100 ng/testis via increasing the expressionScarbland
at a dose of 100 ng/testis when compared to the contraHsd17b3 Interestingly, when normalized to CYP11Al-positive
(Figure 4). This indicates that FGF1 increases testosterone levedd. Cs, the expression of all genes, includibfcgr Scarbl

A FGF1 dose (ng/testis) , B

B 0 ng/testis FGF1

[ 10 ngftestis FGF1
[ 100 ngltestis FGF1

Value
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PAKTL | swss S Sy ]ﬂ

AKTl - - - PAKT1 AKT1 pAKT1/AKT1

2C

o
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mo 5
PAKT?2 —— —— e 100 Sghes Fart

Value
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AKT2 | s v jﬁﬁ* I im

. A Ja pAKT2  AKT2 pAKT2/AKT2
PERKL/2 | S————
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ERK1/2 -"
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ACTE | s s

o

H 100 ng/testis FGF1

]ﬂﬂ ml

pERK1/2 ERK1/2 pERK/ERK

N
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=

o

FIGURE 6 | The kinase and phosphorylated kinase protein levels of thestis of rats with or without FGF1 treatmentn vivo. (A) gel; (B-D) quantitative data. The
protein levels of pAKT1, AKT1, pAKT2, AKT2, pERK1/2, ERK1/2,ral ACTB (control) were analyzed by Western blot in the testefsom rats treated with 0, 10, and
100 ng/testis FGF1 on post-EDS day 14 for 14 days. Values inctle the ACTB-adjusted levels of pAKT1, AKT1, pAKT2, AKT2, pBRL/2, and ERK1/2 as well as the
ratios of pAKT1/AKT1, pAKT2/AKT2, and pERK/ERK. Mean SEM, n D 4-5. Asterisk (*) designates signi cant difference @ < 0.05 when compared to the control
(0 ngltestis FGF1).
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FIGURE 7 | FGF1 affects medium testosterone levelin vitro. EDS-treated seminiferous tubules were cultured in LCDM fdl4 days. (A) the effects of different
concentrations of FGF1 on medium testosterone (T) level§B), medium testosterone (T) levels after control (CON, no agén 10 ng/ml FGF1 (FGF1), inM PD173074
(a FGFR1 antagonist, PD), and 10 ng/ml FGFC 1 mM PD (FGF1C PD) for 14 days. Mean SEM, n D 12. Identical letters designate no signi cant differences aP <
0.05 between two groups.
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Star, CypllalHsd3b]l Cypl7alHsd11bland Srd5al except FGF1 Blocks SLC Differentiation in vitro

Hsd17b3 were down-regulated by 10 and 100 ng/testis FGFSince the ALC regeneration processes in a period of 28 days afte
(Figure S32, indicating that FGF1 down-regulates the expressioradministration of EDS treatment covers the di erentiatiorf o

of most Leydig cell genes per se. This further suggests thahse SLCs into progenitor cells and further into immature Leydéis,
testosterone level after FGF1 treatment relies on the balaf (4). we interrogated whether FGF1 controls the di erentiation

Leydig cell number and Leydig cell-speci c mRNA levels. of SLCs into the ALC lineage. We used &m vitro SLC
di erentiation model (7). SLCs can be induced to di erentiate
FGF1 Controls Leydig Cell Speci ¢ Protein into ALCs in LCDM, which secrete testosteroné).(Indeed,

FGF1 signi cantly lowered testosterone levels at 100 ng/ml
(Figure 7A). Then, we used a potent FGFR1 receptor antagonist,
PD173074, to dissect the mechanism of FGF1. Indeed, FGF1
(200 ng/ml) signi cantly inhibited testosterone producticand
PD173074 (inM) alone had no e ect on testosterone levels
(Figure 7B). However, PD173074 completely reversed FGF1-
FGF1 Regulates AKT1, AKT2, and ERK1/2 mediated inhibition on testosterone levelBigure 7B). These
Pathways in vivo results suggest that FGF1 blocks SLC commitment into ALC
Several studies have suggested that AKT1, AKT2, and ERK1i@eage via acting on FGFRL1.

pathways might control Leydig cell functiol2&30). Here,

we interrogated the downstream signals of FGF1 in the testis

FGF1 signicantly elevated pAKT1 and pAKT2 levels andFGF1 Down-Regulates Leydig Cell Gene Expression
pAKT1/AKT1 and pAKT2/AKT2 ratio at 100 ng/testis. However, in vitro

FGF1 did not alter phospho-ERK1/2 (pERK1/2) and EKR1/2Ne measured_hcgr Scarbl Star, Cypllal Hsd3bl, Cypl7al,
levels and its ratioKigure 6). This indicates that FGF1 acts via Hsd17b3Srd5alandHsd11blevels. We identi ed that FGF1 at
AKT1/AKT2 pathways. 10 or 100 ng/ml decreasédhcgr Scarb1Star, CypllalHsd3bl

Levels in vivo

We detected the protein levels of ALCs after Western blotirey
intensity analysis and demonstrated that the protein legletsrge
according to their respective mRNA levelsdure 5).

FIGURE 8 | FGF1 affects the expression of Leydig cell-speci ¢ genesn vitro. The mRNA levels ofLhcgr, Scarb1, Star, Cypllal, Hsd3b1, Cypl7al, Hsd17b3,
Srd5al, and Hsd11b1 were analyzed by gPCR in the seminiferous tubules treated thi 0, 10, and 100 ng/ml FGF1 in LCDM for 14 days. Mean SEM,n D 6,
Asterisks (*, **, ***) designate signi cant differences & < 0.05, 0.01, and 0.001, respectively, when compared to the catrol (0 ng/ml FGF1).

Frontiers in Endocrinology | www.frontiersin.org 8 March 2019 | Volume 10 | Article 118



Chen et al. FGF1 Affects SLC Development

Cypl7alHsd17b3andHsdl1bllevelsFigure 8). Thisindicates incubated with or without InM PD173074 or fing/ml heparin,

that FGF1 blocks SLC di erentiation. PD173074 or heparin alone did not a ect T levels. However, they
reversed FGF1-mediated responségre 9F), indicating that
FGF1 Stimulates SLC Proliferation in vitro FGF1 acts via FGFR1 and requires HSPG as the partner. We

We tested whether FGF1 inuence SLC proliferation. EdUfurther detected mRNA levels dfhcgy Scarbl Star, Cypllal

incorporation into the SLCs on the surface of the STs was usetisd3bl1, Cypl7al, Hsd17l$3d5al andHsd11b1We observed
Indeed, FGF1 increased the EdU incorporation into SLCs aftghat FGF1 at 100 ng/mlincreas@ypllalHsd3blandCypl7al
10 and 100 ng/ml FGFIF{gure 9D). We also judged the e ects MRNA levels Figure S3.

of FGF1 on SLC proliferation by increasing the number of

SLCs during the rst week of FGF1 treatment and subsequentip|SCUSSION

inducing them to di erentiate into ALCs in LCDM for 2 weeks.

Indeed, FGF1 increased the medium testosterone levetstlafte FGFs have been demonstrated to control sex determinafi@n (
initial 1-week treatmentKigure 95. When 100 ng/ml FGF1 was Herein, we identi ed that SLCs express higher levdFgfriand

FIGURE 9 | EdU incorporation into stem Leydig cells and indirect measement of medium testosterone (T) levels after FGF1 treatmein vitro. Immuno uorescent
staining of EAU (green color in the nucleus) of stem Leydig de on the surface of the seminiferous tubules treated with @A), 10 (B), and 100 ng/ml FGF1(C) for 7
days; (D): quantitative data of percentage of EdU-positive cells pemmz, Mean SEM, n D 3. White arrow designates EdU-positive stem Leydig cells. & D 50 mm.
(E,F), medium testosterone (T) levels after the seminiferous tubes were treated initially by FGF1 and/or M PD173074 (PD) and/or Img/ml heparin (HA) for 7 days
and then the tubules were switched in LCDM for additional 2 weks. Mean SEM, n D 6. Identical letters designate no signi cant differences aP < 0.05 between
two groups.

Frontiers in Endocrinology | www.frontiersin.org 9 March 2019 | Volume 10 | Article 118



Chen et al. FGF1 Affects SLC Development

FGFL1lis able toincrease the proliferation of SLCs, thus pomgjati Therefore, we suggest that FGF1 stimulates SLC prolifersai&o
Leydig cell number during its earlier stage of regeneraiioan  binding to FGFR1 which is coupling with HSPG to take an action.
EDS-treated model. Interestingly, FGF1 remarkably down-regulated Leydig cell

FGF1 has been found to be present in many cell types in rapeci ¢ gene expression in the Leydig gedlr se Thus, in the
testis, including Leydig and peritubular cells, and four IRSF EDS-regenerated model, the serum testosterone levels réheon
(FGFR1, FGFR2, FGFR3, and FGFR4) have been found to eXisiance of Leydig cell number and Leydig cell steroidogepesi
in the Leydig cell lineagelf). This suggests that FGF1 can actse Indeed, FGF1 signi cantly up-regulategtarbland Hsd17b3
through all these receptors via autocrine and paracrifi).( expression without Leydig cell number adjustment and incrdase
Here, we reanalyzed the microarray data from the puri edsell serum testosterone levels at 100 ng/testigre 1). Therefore,
(stem, progenitor, immature, and adult Leydig cells) andfdu the increase of serum testosterone is mainly from the in@eas
that Fgfrland Fgfr3are present in the ALC lineage, including Leydig cell number but not the capacity of each Leydig cell.
the SLCs Figure SJ, and Fgfrllevel is much higher than that Apparently, FGF1 blocked the di erentiation of SLCs into
of Fgfr3 indicating that SLCs are also the target of FGF1. Whilé¢he ALC lineagen vitro. To support this, we found that FGF1
otherFgfrawvere not detectable in this array, we suggest that SLdswered testosterone amount in the medium and down-regdat
contains a major FGFR1 and a minor FGFR3. Leydig cell-speci c gene expression. FGF1 exerted its titionl

In the EDS-treated ALC regeneration model, there is af SLC proliferation and blockade of SLC di erentiation via
dramatic increase of cell number through the initial proldéion ~ FGFR1 because the FGFR1 antagonist PD173074 signi cantly
of SLCs 82). We treated EDS-administered testis with FGF1 andeversed FGF1 action on both proliferation and di erentiatio
found that FGF1 signi cantly increased Leydig cell prolifesa In addition to its e ects on SLC function, FGF1 might also
as shown by the increase of PCNA-labeling Leydig cell peagent control the Leydig cell function. FGF-1 has been demonstrate
(Figure 5 and Leydig cell number. We further demonstratedto stimulate &-androstane-8,17-diol production by primary
that FGF1 indeed increased SLC proliferation as shown blyeydig cells isolated from immature rats under the basal
the increase of EdU incorporation and increased mediuntondition (13). However, FGF1 blocked LH-stimulated androgen
testosterone levels after the treatment of FGF1 during th@ S production in rat Leydig cells, by lowering LHCGR number and
proliferative phaseRigure 9). FGF1 stimulated SLC proliferation HSD3B1 and SRD5A1 activitiedd). LH also inhibited LH-
via acting on FGFR1, since its antagonist PD173074 can evegimulated testosterone production by rat ALCs3(. LH is an
FGF1 action Figure 9). Heparin, which blocks HSPG activity, important factor for the pubertal development and regenenatio
can also reverse FGF1 actidgriqure 9). This indicates that FGF1 of Leydig cells since knockout of LHCGR blocked the lateestag
binds FGFR1 requiring HSPG activity. Indeed, a previous studgf development of Leydig cells as shown by the only presence
showed that FGF alone inhibited LH-stimulated testosteronof progenitor cells in these knockout mice83 34). Thus,
production by rat adult Leydig cells in the presence of HSP&.(  the suppression of LH-stimulated action by FGF1 could block
the di erentiation of progenitor into immature Leydig cells.
Indeed, FGF1n vitro signi cantly lowered medium testosterone
levels and down-regulated Leydig cell-speci ¢ gene expnmessio
suggesting that FGF1 blocks both the di erentiation of SLGd a
progenitor cells.

FGF1 binds to FGFR1 and exerts its eects on SLC
development. FGF1/FGFR1 pathway includes direct recruitment
of proteins that bind to tyrosine autophosphorylation sites
and/or indirect recruitment of docking proteins that are
phosphorylated by tyrosine kinases after FGFR1 activation.
FGF1/FGFR transduction activates several pathways, imgudi
the phosphatidylinositol 3-kinase (PI3K)/AKT pathways. FGF1-
FGFR1 signaling may be mediated by down-stream AKT1 and
AKT2 as well as ERK pathway3y. AKT is a critical regulator
of cell development. Three isoforms of AKT in mammals were
found, AKT1-AKT3. AKTL1 is the major isoform in numerous
mammalian tissues and it controls each organ growth; AKT2
is present in tissues to regulate glucose metabolism; and AKT3
is primarily expressed in the brain to regulate brain function
(36). AKT1 knock in mice causes the testis abnormaligy)(
while AKT2-AKT3 double knockout in mice does not induce any
abnormality of the testis,3@) indicating that AKT1 is a major
downstream signaling to regulate testis function. AKT1 &simhy
F.IGURE 10|IIIustraFion_of FGF1 signaling in Leydig. cell devel_opmentGFl controlled by insulin-like growth factor 1 via PI3K39) and
binds to FGFRI, activating PISK/AKT pathway, leading to the sease of stem | ¢ lin-Jike growth factor 1 knockout in mice blocks Leydigll
Leydig cell mitosis and the suppression of its differentiain. . X . . .

proliferation (40, 41). Indeed, the stimulation of phosphorylation
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of AKT1 by FGF1 may contribute to its mediated elevation ofof Zhejiang Province (11-CX29 and 2013ZDA017 to

SLC proliferation. R-SG and 2017KY483 to XiaL) and Zhejiang Provincial
MEK-ERK1/2 pathway is a critical signaling pathway thatNSF (LY15H310008 to R-SG and LY18H040013 to XinL),

mediates many signals from the surface receptors such &#ejiang Science and Technology Department (2019C03035

epidermal growth factors and FGF. MEK phosphorylateso R-SG) as well as Wenzhou Science and Technology Bureau

ERK1/2, activating the down-stream cascades. It has be¢nsS2017009 to R-SG).

reported that a Leydig cell conditional double knockout of

MEKZ1/2, the upstream kinases of ERK1/2, induces LeydiSUPPLEMENTARY MATERIAL
cell hypoplasia and the decreased androgen production as

well as the down-regulation of steroidogenesis-relatedege The Supplementary Material for this article can be found

including Cypl7al in mice (42). Here, we did not observe online at: https://www.frontiersin.org/articles/10.388&ndo.
the change of ERK1/2 phosphorylation after FGF1 treatmento19.00118/full#supplementary-material

|nd|c.at|ng that thIS pathway may not be involved in I:GF:I'_Figure S1| Expression levels of Fgfrl and Fgfr3 in the Leydig cell linga. The

mediated requlatlon- ) ) o ) microarray of transcriptome data of stem (SLC), progenitofPLC), immature (ILC),
The dose (100 ng/testis) for testicular injection may beind adult (ALC) Leydig cells was reanalyzed. Mean SEM, n D 4. Asterisks

higher. However, foin vivo gudy, due to the circulation, such (. ,and )designate signicant differences betweerFgfrl and Fgfr3at

concentration may be needed to produce signi cant e ectsriper P < 0-05 0.01, and 0.001, respectively, at each cell type.

et al. uses 10 ICV to treat diabetic rats43). The dose we used Figure S2 | FGF1 affects the expression levels of Leydig cell-speci c gees

is far lower than that in Perry's study. adjusted by Leydig cell numberin vivo. The mRNA levels oflLhcgr, Scarbl, Star,

. . . . Cypllal, Hsd3bl, Cypl7al, Hsd17b3, Srd5al, and Hsd11b1l were analyzed by
In conclusion, FGF1 binds to stem/progenltor Leydlg CeIIqPCR in the testes from rats treated with 0, 10, and 100 ng/tess FGF1 on

FGFR1 which interacts with HSPG to stimulate stem/progenitop,si.eps day 14 for 14 days. The mRNA levels were adjusted by

Leydig cell proliferation and to block their dierentiation cypi1A1-positive cells. Mean SEM,nD 6, Asterisks (, , ) designate

(Figure 1(), possibly via AKT1 phosphorylation pathway_ signi cant difference atP < 0.05, 0.01, and 0.001, respectively, when compared
to the control (0 ng/testis FGF1).

AUTHOR CO NTRI BUT'ONS Figure S3 | FGF1 affects the expression levels of Leydig cell-speci ¢ gees after

the initial FGF1 treatmentn vitro. The mRNA levels ofLhcgr, Scarb1, Star,

. . i Cyplilal, Hsd3bl, Cypl7al, Hsd17b3, Srd5al, and Hsd11bl were analyzed by
XinL and R-SG conceptuallzed the StUdy deS|gn and analy%@CR in the seminiferous tubules from rats treated with 0, 10and 100 ng/ml

the data. LC, XiaL, YW, TS, HL, LX, LL, XC, LM, YC, and YLFGF1 for 7 days followed by the culture in LCDM for 14 days. ThmRNA levels

performed the experiments and collected the data. R-SG wrotesre adjusted byRps16. Mean SEM,n D 6, Asterisks (, , ) designate
the manuscript signi cant difference atP < 0.05, 0.01, and 0.001, respectively, when compared
to the control (0 ng/ml FGF1).

Supplementary Table S1 | Primer information.
FUNDING Pplementary !
Supplementary Table S2 | Antibodies.

Funds were from NSFC (81730042 to R-SG and 816012@6wlementaryTabIe S3| Body weight and testis weight after FGF1 treatment
to XialL), Health and Family Planning Commission for 14 days.
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