N

N

J i Bt K2i HHQT Qi2BM b2@/2T2M/2Mi " 2;1

2ti° +2HHmMH " K i Bt b? T2b i?2 bi m+im 2 (
/IBz2 2MiB iBM; KQmb2 ;QM /b

7 HSX SBT'2F-J H;Q x i EHQ+-C +2F wX E

hQ +Bi2 i?Bb p2 " bBQM,

_ 7 HSX SBT ' 2F-J H;Q x i EHQ+-C +2F wX Em#B FX J i Bt K2i HHQT
Q7 2ti” +2HHmMH " K i'Btb? T2b i?2bi'm+im 2 Q7 b2tm HHv /Bz2 2MiB |
KyRN- Rye- TTXkj@j9X RyXRyRefDX/BzXkyRNXyRXyye X ? H@ykRR3

> GA/, ? H@ykRR3893
2iiTh,ff? HO@MMBP@ 2MM2bRX “+?2Bp2b@Qmp2 i2bX
am#KBii2/ QM 3 CmH kyRN

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://hal-univ-rennes1.archives-ouvertes.fr/hal-02118548
https://hal.archives-ouvertes.fr

~Nooh WN

(oe]

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

32
33
34

Matrix metalloproteinase-dependent regulation of eracellular matrix
shapes the structure of sexually differentiating mose gonads

Rafal P. Piprek, Malgorzata Klo&** Jacek Z. Kubiak®

'Department of Comparative Anatomy, Institute of Boy and Biomedical Research,
Jagiellonian University, Krakow, Poland

The Houston Methodist Research Institute, HousEdh,USA

®Department of Surgery, The Houston Methodist Haspifouston TX, USA

“University of Texas, MD Anderson Cancer Center, $fon TX, USA

®Univ Rennes, CNRS, Institute of Genetics and Dewalent of Rennes, UMR 6290, Cell
Cycle Group, Faculty of Medicine, F-35000 RenneanEe

®Laboratory of Regenerative Medicine and Cell Bigloifilitary Institute of Hygiene and
Epidemiology (WIHE), Warsaw, Poland

Corresponding author:

Rafal P. Piprek

Department of Comparative Anatomy
Institute of Zoology and Biomedical Research
Jagiellonian University

Gronostajowa 9

30-387 Krakow, Poland

Phone: +48126645059

e-mail: rafal.piprek@uj.edu.pl



35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

Abstract

The extracellular matrix (ECM) proteins play an ongant role in the establishment of
the sex-dependent structure of developing gonduasniatrix metalloproteinases (MMPs) are
the major players in the regulation of ECM. Our diyyesis was that the MMPs-dependent
regulation of EMC is crucial for the establishmehthe correct, either testis or ovary,
structure of developing gonad. We cultured develgpnouse gonads vitro in the presence
of the MMPs inhibitors (-2-macroglobulin, leupeptin, phosphoramidon) orNHdPs
activator, APMA (4-aminophenylmercuric acetate)e3é inhibitors and activator
inhibit/activate, to a different degree, matrix aiitproteinases, but the exact mechanism of
inhibition/activation remains unknown. We foundtttiee MMP inhibitors increased
accumulation of ECM in the developing gonads. T{#®emacroglobulin had the weakest, and
the phosphoramidon the strongest effect on the B&#the structure of the gonads. Th2-
macroglobulin caused a slight increase of ECM adddt disrupt the gonad structure.
Leupeptin led to the strong accumulation of ECMuited in the formation of the structures
resembling testis cords in both testes and ovaaies$ caused increase of apoptosis and
complete loss of germ cells. Phosphoramidon catlsedtrongest accumulation of ECM,
which separated individual cells and completelywprged intercellular adhesion both in the
testes and in the ovaries. As a result of abbemamphology, the sex of the phosphoramidon-
treated gonads was morphologically unrecognizdiile. APMA - the activator of MMP
caused ECM loss, which led to the loss of cell adhe cell dispersion and an aberrant
morphology of the gonads. These results indicaettte ECM accumulation is MMPs-
dependent and that the correct amount and diswibof ECM during gonad development
plays a key role in the formation of the gonadctite.

Highlights:
- Inhibition of MMPs in developing gonads leads tewaulation of ECM
- Inhibition of MMPs causes decrease of testis-marka&pression
- Accumulation of ECM in developing gonads disrupgh adhesion
- Accumulation of ECM disrupts gonad structure foriomat

- Activation of MMPs leads to dispersion of gonad<el

Key words: extracellular matrix; gonad differentiation; oyatestis; metalloproteinases:2-

macroglobulin; leupeptin; phosphoramidon; APMA
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1. Introduction

During sexual differentiation of the gonads, thedbential gonads differentiate into the
testis or ovary. Although this processes has beshstudied in mice, the molecular and
cellular machinery governing the development ofe®gand ovaries is very complex and still
requires further studies. Gonad primordia, termenitgl ridges, appear in mice soon before
10.5" day of embryonic life (E10.5) (Hu et al., 2013yimved by Piprek et al., 2016).
Between stage E10.5 and E12.5, the still undiffigsiead gonads initiate the expression of
sex-determining genes (Bullejos and Koopman, 28@bayashi et al., 2005). Depending on
the genetic sex, the male or female sex-determipatigway prevails and determines the
structure and fate of the gonad (Kim et al., 2@Bassot et al., 2008; reviewed by Piprek,
2009a,b). The first differences in the structurerMeen male and female gonads appear
around stage E12.5 (Schmabhl et al., 2000; Nel-Tht®etzal., 2009; reviewed by Piprek,
2010). A day later, i.e. at E13.5, the gonads meady sexually differentiated, and their sex
can be easily distinguished histologically (Nel-frteat et al., 2009). In the differentiating
testes, the somatic cells derived from the coelapithelium proliferate leading to the
extensive growth of the male gonad (Schmahl e2@D0). The presumptive Sertoli cells
enclose germ cells forming elongated testis cond®anded by the basement membrane
(Svingen and Koopman, 2013). The cells migratiognfthe adjacent mesonephros give rise
to mainly the endothelial cells of the gonad vaatuk (Brennan et al., 2002). The
subpopulation of the mesonephros-derived cells tla@dells derived from the coelomic
epithelium form the interstitium, which separate tastis cords, and thus, shape the testis
structure (Tilmann and Capel, 1999; DeFalco e8l11). The interstitium contains
steroidogenic fetal Leydig cells (FLCs) and abundaatracellular matrix (ECM). The
development of the ovary takes a different patth@igh the germ cells in developing ovary
also become surrounded by the somatic cells (ghetfar cells) (Albrecht and Eicher,
2001), the elongated cords do not develop. Theeowigs cords are built of many small and
irregularly shaped clusters of the somatic and geghis, known as the germ cell nests,
embedded in the ovarian stroma (Lei and Spradf0d3). Later in development, the
ovigerous cords split into ovarian follicles (Pegliand Spradling, 2001; Pepling et al., 2010).

It has been shown that in mouse, rat, cattle, emcklider {rachemys scripdaand the
African clawed frog Xenopus laevjgParanko et al., 1983; Yao et al., 2004; Humnohzst
al., 2013; Piprek et al., 2017a,2018) the ECM playsortant role in gonad development. The
ECM contains many different proteins including agkns, laminins, fibronectin, and

proteoglycans (reviewed by Yue, 2014). The amoudtdistribution of ECM depends on two
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processes: i.) synthesis of the ECM componentgtaiddeposition between cells, ii.)
degradation of the ECM components by the extraegllmatrix enzymes (ECM enzymes).
Two main groups of ECM enzymes involved in the E@kination/degradation are matrix
metalloproteinases (MMPs: MMP1 to MMP28) that dige€M components, and inhibitors
of MMPs (TIMPs), which inhibit MMPs (Birkedal-Hansg1993; Stamenkovic, 2003; Arpino
et al., 2015). We hypothesize that a balance betweeformation and degradation of ECM
components plays an important role in the regutatiothe amount and distribution of ECM.

The knowledge on the role of the ECM in gonad dgwelent, especially during the
sexual differentiation, is very limited. We showedently that in the mouse, between E11.5
and E13.5 (i.e. during the period of sexual diffei@ion) many genes encoding ECM
components and MMPs are expressed differentialtiiermale and female gonads (Piprek et
al. 2018). Considering the high number of ECM enggnthe machinery of ECM remodeling
in developing gonads is probably very complex. Beeahe structure of the gonads is
different between sexes, the ECM has differentitistion in the testes and ovaries;
presumably the sex-determining pathways (respan$iblthe gonad fate) also regulate the
sex-specific distribution of ECM. Indeed it has besbown that in the mouse, the TIMP3, an
enzyme inhibiting MMPs, is upregulated by male dekermining pathway (Nishino et al.,
2002). Moreover, gonads develop in the close prayiof the mesonephros. Between these
two organs there is the vascular plexus. The vas@léxus disintegrates, and mesonephric
cells derived from the disintegrating vascular pkexontribute to the endothelium and
interstitium of the gonad, which is crucial for thatterning of testis cords (Coveney et al.,
2008). The ECM enzymes are probably involved indisentegration of vascular plexus and
thus they facilitate the migration of the mesoneghaerived cells to the gonads. Several
studies showed the role of ECM enzymes in kidneeipment (Ota et al., 1998; Tanney et
al., 1998; Lelongt et al., 2005), however, a rdlenesonephros in sexual differentiation of
gonads remains unknown. It is known that tubulatesy of mesonephros joins rete testis
later in development, however, molecular mechandmnwing this process are obscure
(Joseph et al., 2009; Davidson et al., 2018).

Because the ECM is differentially patterned in depmg testes and ovaries, and the
genes encoding ECM components and enzymes respofwiltCM remodeling are
differentially expressed, we hypothesized thatB# and its enzymes are important factors
controlling sexual differentiation of the gonad&eTaim of this study was to explore how the
structure of differentiating mouse testes and @gachanges upon inhibition or activation of

ECM regulating enzymes. Fetal gonads isolated at%; 1 e. just before the onset of sexual
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differentiation, were cultured in a medium suppleted with the inhibitors of MMPs (2-
macroglobulin, leupeptin, or phosphoramidon) ohwite activator (APMA, 4-
aminophenylmercuric acetate) (Table 1). The gomagte analyzed after 3 days in culture

using histological techniques, immunohistochemiatrgl gene expression analysis.

2. Material and methods
2.1. Animals and genotyping

The gonads were isolated from the C57bl/6 mousésiThe study was approved by
the | Local Commission for Ethics in ExperimentsAmmmals. The animals were bred and
housed in the Animal Facility at the Jagielloniami\rsity (Krakow, Poland). The number of
studied animals is presented in Table 1. Timedngatwere performed by placing a male
with 2 females overnight. The following morningifales were checked for the presence of
the vaginal plug, and the pregnancies were estiraegd=0.5 (embryonic day). Females were
euthanized by spinal dislocation at 11.5. The dextlstudied animals was confirmed by
genotyping using primers f&ly (Y chromosome) anHlIr (X chromosome) (McFarlane et al.,
2013). Primers used for genotyping are listed ipgburable 1. PCR reactions were
performed in a final volume of 10 with primers (0.5 L each), extracted DNA (1L), water
(3.5 L), and 2X PPP Master Mix (Top-Bio) (3.) and the following PCR parameters: initial
denaturation at 94°C for 2 min, 35 cycles at 94530 s, 57°C for 30 s, and 72°C for 30 s,
followed by final elongation at 72°C for 5 min. P@Roducts were electrophoresed on 2%

agarose gels containing GelRed (Biotium) and vigadlunder UV-illumination.

2.2. In vitro culture

Gonads were dissected from embryos at E11.5 alithgnesonephroi and cultured
on agar in DMEM high glucose GlutaMAX (ThermoFishE0566) medium supplemented
with 10% fetal bovine serum (FBS, Biomedical Indest, 04-001) and a mixture of
antibiotics (penicillin 200 U/ml, streptomycin 10§/ml, amphotericin B 0.25g/ml,
Biomedical Industries, 03-033). For MMP inhibitior2-macroglobulin, leupeptin,
phosphoramidon were added to the medium at coratemtristed in Table 2. To activate
MMPs, an activator (APMA, 4-aminophenylmercuric ate) was added to the medium
(Table 2). Inhibitors and the activator were digedlin DMSO (Sigma, D2650) and added in
amount of 1 pl/ml of the medium. Only DMSO (Anl) was added to the medium in the

control. Organs were cultured at the air/mediurarface for 3 days at 3Z in 5% CQ.
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2.3. MMPs modulators

-2-macroglobulin is an endogenous large plasmaprosynthesized mainly in the
liver (Rehman et al., 2013). It has a broad spetwéiaction in an organism, including
modulation of growth factors activities, regulatioinblood coagulation, and functions in
developmental process, such as the developmenveofih zebrafish (Westwood et al., 2001;
Hong and Dawid, 2008). Leupeptin (N-acetyl-L-leutyleucyl-L-argininal) is a protease
inhibitor produced by actinomycetes. It also hé&saad spectrum of action, and inhibits
numerous enzymes, such as MMPs, serine and theepriteases, calpain, cathepsin,
trypsin, plasmin, papain (Kuramochi et al., 19F)osphoramidon derives from the
bacteriumStreptomyces tanashiengslated from the soil in Japan (Kitagishi anddhi
1984). It inhibits MMPs and bacterial thermolysamd regulates endothelins that have a key
role in vascular homeostasis (Plumpton et al., 182Mahon et al., 1991, Keller et al.,
1996). APMA (4-aminophenylmercuric acetate) is egaaomercurial compound and thiol-
blocking reagent, which activates MMPs and collagenproteolytic enzymes (Rosenfeldt et
al., 2005).

2.4. Gelatin zymography

Activity of MMPs was studied as previously desedi(Hibbs et al., 1985). After 3
days ofin vitro culture, gonads were lysed for 30 min. % 4vith 201 of 1% NP-40 and
5mM EDTA. Lysates were mixed with Zymogram sampléfdr (ZymoResearch) with 2%
SDS and 10% glycerol and subjected to electropisogsa 10% SDS-polyacrylamid gel
containing 1mg/mL gelatin (Sigma) in the absencarof reducing agent, at room
temperature. The gel was washed 4x in the washiffgld50 mM Tris-HCI, 5 mM CaG) 5
UM ZnClh, 0.02% NaN and 2.5% Triton X-100). The gel was stained witof@assie
Brilliant blue R-250, washed in Coomassie washiwlgtson, dried, and documented.

2.5. RNA isolation and Real-Time Quantitative PGRGR)

After 3 days of culture the gonads were pooleaatingly to the genetic sex. Total
RNA was isolated using Trizol and further purified¢h RNeasy Mini kit per manufacturer’s
instructions (Qiagen, Valencia, CA). Total RNA ilN&se-free water was frozen at %80and
then used for multigene gPCR analysis. 50 ng RNéash sample was reverse-transcribed
into cDNA using random primers and SuperScripRiélverse Transcriptase (Invitrogen,
18080044) following manufacturer’s instructionsligt of primers is presented in Suppl.

Table 1. The RT-gPCR procedure was performed iméactions using SYBR Green Master



205 Mix (Life Technologies, 4312704) on a 7500 FastIR&ame PCR System (Applied

206 Biosystems) with universal cycling parameters amalyzed as previously described (Svingen
207 etal., 2009). Data were collected as rayw8@lues and analyzed using the 2" method.

208 Beta-actin Actb) was used as a reference gene. Gene expressiarowaalized on an

209 arbitrary scale witiActbas 1.0. Statistical analysis was performed usieghbnparametric
210 ANOVA Kruskal-Wallis test followed by the Tukey’sdt. Statistica 7.0 software was used
211 for the analyses.

212

213 2.6. Histology and Immunohistochemistry

214 Freshly isolated gonads and gonad after 3 days\ofro culture, were rinsed in PBS
215 and fixed in Bouin’s solution, dehydrated and endsebin paraffin (Paraplast, Sigma,

216 P3683). Histological staining was performed acaaydo Debreuill’s trichromatic method as
217 previously described (Kiernan, 1990; Piprek etz017b). For immunochemistry, heat-

218 induced epitope retrieval was conducted in sodiirate buffer (10 mM sodium citrate,

219 0.05% Tween-20, pH 6) at 95 for 20 minutes. Subsequently, the sections wierekbd with
220 3% HO, and 10% goat serum (Sigma, G9023). Sections wetdated with primary

221 antibodies (all rabbit polyclonal: anti-AMH, Sar@auz Biotechnology, sc-166752; anti-
222 collagen I, Abcam, ab34710; anti-laminin, Abcam] Hb/5; anti-cleaved caspase 3, Assay
223 BioTech, L0104) at % overnight, and with UltraVision Quanto Detecti®ystem (TL-125-
224 QHD). Mayer’'s hematoxylin was used as a counters&ections were examined under
225 Nikon Eclipse E600 microscope. The germ cells andaic cells were identified by the size
226 and morphological features. The germ cells wergelathan the somatic cells, and had a
227 large, round and pale nuclei. The somatic cellsevgenaller than the germ cells and had small
228 and dark nuclei. The apoptotic cells were iderditiy the presence of small, dark, pyknotic
229 nuclei with a highly condensed chromatin, and gpeae 3 immunostaining.

230

231 2.7. Quantification of apoptotic cells

232 The number of (caspase 3-positive) apoptotic eedls calculated within the 10,000
233 m® area in 5 cross sections from each gonaihg ImageJ software. The number of

234 apoptotic cells in gonads cultured in medium sumgeleted with MMP inhibitors and

235 activator was compared to the control usifitest. Statistical data were analyzed using
236  Statistica 6 PL Software (Krakow, Poland).

237



238 3. Results and discussion

239 3.1. Activity of MMPs in the gonads after incubatio the presence of inhibitors and

240 activator

241 Zymography analyses showed the2-macroglobulin, leupeptin and phosphoramidon
242  inhibited MMP2, MMP3 and MMP9 in the gonads aftede8/s ofin vitro culture (Fig. 1).

243  Phosphoramidon inhibited MMP2, MMP3 and MMP?9 to tingher degree than a2-

244  macroglobulin and leupeptin did. As expected, AP&tAvated MMP2, MMP3 and MMP9

245 (Fig. 1). The results of these experiments are samzed in Table 3.

246
247 3.2. Development of gonads under control in viwaditions
248 The histology of the freshly isolated XY and XX gais, before the start of the

249 vitro culture, was identical (Fig. 2A,C).

250 3.2.1. XY gonads

251 After three days oih vitro culture the XY gonads contained cell clusters (B#).

252 These clusters, which are the early testis comsamed the germ cells with large, round
253 nuclei, surrounded by AMH (anti-mullerian hormompeksitive pre-Sertoli cells with the small
254  nuclei (Fig. 3C). The clusters of pre-Sertoli/gesetis were enclosed by the basement

255 membrane. The space (interstitium) between thescwes filled with the thin layers of ECM
256 (Fig. 3E). Immunostaining showed that this int¢iegtECM contained collagen | and laminin
257 (Fig. 3E,G). Only singular apoptotic cells wereganet (Fig. 31). The overall structure of the

258 testis was similar to the structure of physiolotjjcdeveloping testes of the same age (Fig.

259 2B).
260 3.2.2. XX gonads
261 The XX gonad after 3 days of vitro culture had poorly defined clusters of somatic

262 and germ cells (Fig. 5A), which were separated bgnall amount of ECM containing

263 collagen I and laminin (Fig. 5C,E). Only singulg@ogtotic cells were present (Fig. 5G). The
264  overall structure of the ovary was similar to thgygiologically developing ovaries of the

265 same age (Fig. 2D).

266

267 3.3. The effect of-2-macroglobulin inhibitor on ECM and gonad strutu

268 3.3.1. XY gonads

269 The structure of XY gonads cultured for 3 dayshia medium supplemented with2-
270 macroglobulin, which inhibits MMPs, was similarttee control gonad cultured in the absence

271 of inhibitor. Both contained well defined testisds containing germ and somatic cells (Fig.
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3B). The only noticeable difference was the highmaount of ECM around the cords and the
stronger collagen | and laminin immunostainingha gonad cultured in the presence of
inhibitor (Fig. 3F,H). This indicates that2-macroglobulin, which inhibits MMPs, inhibited
disintegration of ECM. The AMH immunostaining shaltbe presence of solid, well
differentiated clusters of pre-Sertoli cells in thetis cords both in control and in cultured
gonads (Fig. 3D). Singular apoptotic (caspase &ipescells were observed, indicating cell
death (Fig. 3J, Table 4).
3.3.2. XX gonads

The overall structure of the XX gonads after thadtags of culture in the medium
supplemented with-2-macroglobulin was similar to the control. Howgva the inhibitor
treated gonads, the amount of ECM was higher @8§. The streams of ECM separated
clusters of somatic/germ cells (Fig. 5D,F).

These results indicate that timevitro exposure of gonads to the2-macroglobulin
inhibitor causes only moderate increase of ECMawes not affect the structure of
developing XX or XY gonads.

3.4. Leupeptin increases ECM content and changeadystructure
3.4.1. XY gonads

Our zymography analysis showed that leupeptin hstdoamger inhibitory effect on
MMPs than -2-macroglobulin (Fig. 1). Accordingly, we foundatithe gonad cultured in the
medium supplemented with leupeptin had higher curdeECM than the gonads cultured
with -2-macroglobulin (Fig. 4A). After three days of twrk in the medium supplemented
with leupeptin, XY gonads contained strong accutnuta of ECM components, i.e. collagen
| and laminin (Fig. 4E,G). AMH immunostaining shahat the integrity of testis cords was
compromised; the clusters of AMH-positive cells &eruch looser than in control (Fig. 4C).
Such testis cords were surrounded by a high acatimnlof ECM. The germ cells were
absent, indicating that leupeptin led to the Idsgesm cells. Occasionally apoptotic cells
were observed, indicating enhanced cell death @tjgrable 4).
3.4.2. XX gonads

The XX gonads cultured in the medium with leupeggimilar to the XY gonads, had
higher content of ECM (Fig. 6A,C,E) and lacked ¢ieem cells.

3.5. The phosphoramidon causes very high accuroulafi ECM and changes the structure
of XY and XX gonads
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The structure of the gonads cultured for three dayise medium supplemented with
phosphoramidon had a very high accumulation of E€@hponents collagen | and laminin
(Fig. 4B,D,F,H, 6B,D,F). The ECM was so abundaat thseparated all cells preventing
intercellular adhesion. As a result, the clustérsetls, such as testis cords, were absent, and
AMH-positive cells were dispersed (Fig. 4D). Thergeells were absent and the apoptotic
cells were present and in XX and XY gonads (Figl4&8,H). Among all used MMPs
inhibitors, the number of apoptotic cells in thegphoramidon supplemented medium was
the highest (Table 4). Because of theprofound obsingthe gonad structure, the gonad sex
was morphologically unrecognizable. The XY and Xathhe same structure with the
dispersed cells embedded in ECM. This indicatetghasphoramidon had very strong
inhibitory effect on MMPs, which resulted in exagssaccumulation of ECM. This in turn
caused complete disruption of the gonad structndetlae loss of the germ cells.

It has been shown that the proper cell adhesionpsrtant for the germ cell survival
in mouse gonads (Nagano et al., 2000; Luaces,&x(l4). This explains why the excessive
accumulation of ECM around the cells, which presedil adhesion caused germ cell loss in
the gonads cultured in the presence of MMPs intribit

Although, the phosphoramidon was described presWoas a weak MMP inhibitor
(Kitagishi and Hiromi, 1984; Matsumura et al., 1398 our experimental system
phosphoramidon had the strongest inhibitory eft@acMMPs in developing gonads. The
strong correlation between the zymography-measaméeMMP activity of used inhibitors,
ECM content, and the changes in the gonads steyalescribed here, argues for the
important role of MMPs and ECM in the process afiggh development and germ cell
survival, and thus for the future fecundity of thdividual.

Mazaud and coauthors (2005) showed that the ratesveulturedn vitro in the
presence of -2-macroglobulin or phosphoramidon had only sparagiarian follicles, which
indicated a partial inhibition of folliculogenesisowever, a culture of ovaries with leupeptin
led to a complete absence of ovarian folliclesd(ibin our experimental system the leupeptin
had much lower impact on gonad development thapliesphoramidon. This points to the
profound differences between the processes of sditexrentiation of gonads and the

folliculogenesis.

3.6. MMPs activator APMA decreases ECM contentdiadipts structure of XY and XX

gonads

10
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The structure of the gonads after three days ltdireuin the medium supplemented
with APMA was drastically altered (Fig. 7A-C). XYhd XX gonads were morphologically
undistinguishable. All somatic cells were widelgmirsed within the gonad, did not adhere
one to another, and only very low amount of ECM wasent, and the germ cells were either

absent or morphologically unrecognizable.

3.7. Modifications of gene expression pattern byRdhodulators

To identify molecular effects of the MMPs modulatove studied the expression of
marker gene for the female germ celdxt4), testis specific Sertoli cellS6x9 Amh, ovary
specific follicular cells [Est) The actin encoding geneActb), was used as a control (Fig. 8).
Inhibitors of MMPs caused a significant decreas®a# expression in both XY and XX
gonads. The APMA activator of MMPs, caused a sligbtease irDct4 expression (Fig. 8).

A decrease oDct4 expression likely reflected the observed germlosh.

The Sertoli cell markeBox9had decreased expression in XY gonads culturdd wit
MMP inhibitors.Sox9expression was almost completely lost in the gerieghted with MMP
activator APMA (Fig. 8). The expressionAifh another Sertoli cells marker, was slightly
lower in XY gonads cultured with MMPs inhibitorg)cawas almost completely lost in
gonads treated with MMP activator. These resutigcate that disregulation (increase or
decrease) of the amount) of ECM content disrugtsreéntiation of Sertoli cells. This, in turn,
implies that a proper content and distribution GMNEmay be critical for the expression of
genes directing sex determination and differemtratf Sertoli cells.

Fst, a marker of the developing ovary, remained ungadr{low in XY gonads and
elevated in XX gonads) in the presence of MMP iitbrs and slightly downregulated in the
presence of MMP activator (Fig. 8). This indicattest the expression of ovarian markers is
not affected by the changes in ECM. It is posdibé the changes in ECM and cell adhesion
are less important for ovarian than testis develkapm

The gene expression analysis showed that MMP ibdribor activation did not
impaired sex determination in the gonads; the avamarker Est) was not upregulated in the
XY gonads, and Sertoli cells marke&ok9 Amh were not upregulated in the XX gonads
(Fig. 8). Thus, no sex reversal was detected. Itapty, theActb gene (used as a control)
was expressed at the constant level in all analgp@dds, which indicated that the observed
changes in the expression of markers were not dduséhein vitro culturing conditions.
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4. Conclusion

We showed that the modulators, both the inhibitors thedactivator, of MMPs trigger
important changes in the structure of sexuallyedéhtiating developing mouse gonads (Table
3). 1. MMPs inhibitors causes accumulation of E@Mjch drives cells dispersion and
disappearance of testis cords. 2. MMPs activatdiARauses ECM loss and a complete
disruption of the gonad structure. Thus, bothetkeessive accumulation of ECM and its
decrease or loss leads to a dramatic impairmethieaissue architecture in developing
gonads. In addition, leupeptin and phosphoramiddrtd the enhanced apoptosis and the loss
of germ cells, and thus lowered expression of ggglhmarkerOct4. APMA decreased the
expression level of Sertoli cell marke8ex9 Amh which indicated disruption of Sertoli cell
integrity. Thus, we postulate that the ECM amouttich depends on a balanced synthesis
and degradation of its components, is criticaltfa establishment of the proper structure of

the gonads, and that MMPs play a crucial role is pinocess.
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Figure legends

Fig. 1. Gelatin zymography of developing XY and XX mouse gonads culturea vitro for

3 days.Zymography shows that phosphoramidon inhibits xatretalloproteinase 2, 3 and
9, (MMP2, MMP3, and MMP9) to a higher degree tha2Zrmacroglobulin and leupeptin, and
that APMA (4-aminophenylmercuric acetate) activdhese three MMPs.

Fig. 2. Development of mouse XY and XX gonads vivo at E11.5 and E13.5. AXY
undifferentiated gonad structure at E11.5. The smnf@rows) and germ cells (arrowheads)
are evenly distributed within the gon&l. Testis at E13.5 developédvivo. The testis cords
(encircled) are present, the interstitium (i) isdtied between the testis cords, and the germ
cells (arrowhead) are located within the co@sXX undifferentiated gonad at E11.5. The
somatic (arrows) and germ cells (arrowheads) aealguistributed within the gonab.
Ovary at E13.5 developed vivo. The ovigerous cords are small, irregular andweit

differentiated. Scale bar is equal to 28.

Fig. 3. Effect of 3-dayin vitro culture of XY gonads in the control and in the preence of
-2-macroglobulin. A. Control XY gonad after 3-daw vitro culture in the absence of MMP
inhibitors. The basement membranes (arrow) antltiestained ECM surrounding the
testis cords (encircled) are visible. The germsc@trowhead) are present in the testis cords.
B. XY gonad after 3-dain vitro culture in the presence of2-macroglobulin. The amount
of blue-stained ECM is slightly higher than in tntrol; the testis cords (encircled) and the
germ cells (arrowheads) are present. The apoptelic are marked by the asteris€sD.
Immunostaining of AMH (anti-mullerian hormone — anker of Sertoli cells). The strongest
signal is visible in the control gonadsF. Immunostaining of collagen I. There is an inceeas
in collagen | accumulation between cells in gonaglated with -2-macroglobulinG,H.
Immunostaining of laminin. There is an increassighal in gonads treated with2-
macroglobulinl,J. Immunostaining of caspase 3 (apoptosis markery €ngular apoptotic

cells are present. Scale bar is equal tora5

Fig. 4. Effect of 3-dayin vitro culture of XY gonads in the presence of leupeptiand
phosphoramidon. A XY gonad after 3-dayn vitro culture in the presence of leupeptin.
There is high amount of ECM, the germ cells areeabsT he testis cords (encircled) are small
and sterile. Occasionally, the apoptotic cellsgiask) are visibleB. XY gonad after 3-dain

vitro culture with phosphoramidon. The is very high antaf ECM and the germ cells are
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absent. Because of the high amount of ECM all eesdispersed and the testis cords do not
form. The apoptotic cells (asterisk) are pres€rD. Immunostaining of AMH. In the gonads
treated with MMP inhibitors, the stronger the intobthe weaker the AMH signaiE,F.
Immunostaining of collagen I. The gonads culturethie presence of phosphoramidon had
the strongest collagen | sign@,H. Immunostaining of laminin. The strongest sigisahi the
gonads cultured in the presence of phosphoramiddnmmunostaining of caspase 3
(apoptosis marker). The most numerous apoptotis aet present in the gonads cultured in

the presence of phosphoramidon. Scale bar is ¢g@&l m.

Fig. 5. Effect of 3-dayin vitro culture of XX gonads in the control and in the preence of

-2-macroglobulin. A. Control XX gonad after-3 daw vitro culture in the absence of MMP
inhibitors. The somatic and germ cells (arrowhead)dispersed; blue-stained ECM is
present between groups of ceBs.XX gonad after 3-dain vitro culture in the presence of
2-macroglobulin. The amount of blue-stained ECMlightly higher than in the control.
Occasionally, the apoptotic cells (asterisk) aespnt.C,D. Immunostaining otollagen |.
There is increase in collagen | content betweercéfie in gonads treated with2-
macroglobulinE,F. Immunostaining oflaminin. There is increase in laminin content in the
gonads treated with-2-macroglobulinG,H. Immunostaining of caspase 3 (apoptosis
marker). Only singular apoptotic cells are pres8goale bar is equal to 2%5n.

Fig. 6. Effect of 3-dayin vitro culture of XX gonads in the presence of leupeptiand
phosphoramidon. A XX gonad after 3-dain vitro culture in the presence of leupeptin. The
amount of ECM is higher; the germ cells are abseetasionally, the apoptotic cells
(asterisk) are visibldB. XX gonad after 3dan vitro culture in the presence of
phosphoramidon. There is very high amount of ECkE @§erm cells are absent. Because of
the high amount of ECM all cells are dispersed. apeptotic cells (asterisk) are present.
C,D. Immunostaining o€ollagen I The gonads cultured in the presence of phosphdoem
have the strongest collagen | sigiaF. Immunostaining oflaminin. The gonads cultured in
the presence of phosphoramidon have the strorayestih signalG,H. Immunostaining of
caspase 3 (apoptosis marker). The most numeroysadioocells are present in the gonads

cultured in the presence of phosphoramidon. Saaléskequal to 25m.

Fig. 7. Effect of 3-dayin vitro culture of XY and XX gonads in the presence of APM.
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In both XY (A) and XX B) gonads, the cells are completely dispersed atydnoimiscule
amount of ECM is present between the cell§.There is no positive signal in gonads
immunostained for AMH. Scale bar is equal to 25.

Fig. 8. Gene expression analysis after 3-day vitro culture of XY and XX gonad in the
absence or presence of MMP inhibitors (-2-macroglobulin, leupeptin,
phosphoramidon) and MMP activator (APMA). The expression ddct4 ( marker of germ
cells), was lower in the gonads cultured with MNhRibitors in comparison to the to the
control gonads and gonads cultured with APMA. Tkigression of testis-specific markers
(Sox%andAmh was slightly decreased in gonads cultured with RAihibitors, and
significantly decreased in gonads cultured with ARNhe expression of ovary-specific
follistatin (Fst) and control geneActb) show no significant changes in the gonads culture
with MMP inhibitors or APMA. Relative quantitatidiY-axis) determines the changes in
steady-state mMRNA level, data are normalized tdethel of Actb expression (value = 1.0).
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Table 1.Number of XY and XX mouse fetuses used foritheitro culture in the medium

supplemented with inhibitors/activator of metalloj@inases.

Chemical reagent Number of | Number of
XY fetuses | XX fetuses
-2-macroglobulin 14 16
Leupeptin 20 15
Phosphoramidon 17 21
APMA, 4-aminophenylmercuric acetate 13 12
DMSO - control 17 15

Table 2. Inhibitors and activator of metalloproteinasesdusethe experiment.

Chemical reagent Action Concentration | Product number
-2-macroglobulin an inhibitor of 100 pg/ml Sigma, M3398
endoproteases, including
metalloproteinases (Cawston
and Mercer, 1986)
Leupeptin (N-acetyl- | an inhibitor of 100 M Sigma, L5793
L-leucyl-L-leucyl-L- metalloproteinases, serine
argininal) and threonine proteases,
calpain, cathepsin, trypsin,
plasmin, papain (Kuramochi
et al., 1979)
Phosphoramidon a weak inhibitor of 200 M Sigma, R7385
metalloproteinases
(Kitagishi and Hiromi, 1984
Matsumura et al., 1990)
APMA (4- an activator of 1.5mM Sigma, A9563

aminophenylmercuric
acetate)

metalloproteinases (Galazk

et al., 1996)
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Table 3. Summary of the experimental results.

Substance MMPs Histology and IHC Gene expression
activity in
zymography
Control Activity - Gonadal sex recognizable by| Oct4, Sox9 Amh
detected morphological features andFst expressed
- Testis cords present
- Germ cells present
-2-macroglobulin | Slightly Slightly increased ECM Lower
decreased accumulation Oct4 expression
- Gonadal sex recognizable
- Testis cords present
- Germ cells present
- Apoptosis
Leupeptin Decreased | Increased ECM accumulation

- Gonadal sex recognizable
- Testis cords present

- Germ cells absence

- Apoptosis

Phosphoramidon

The strongest
decrease

High structure impairment by
strong ECM accumulation

- Gonadal sex unrecognizable
by morphological features

- Cells dispersed in ECM

- No testis cords

- Germ cells absence

- Apoptosis

APMA

High activity

High structure disturbance by
strong ECM dispersion

- Gonadal sex unrecognizable
by morphological features

- No testis cords

- Cells dispersed

Lower
Sox9andAmh
expression

Table 4. Mean number and standard deviation of apatic (caspase 3-positive) cells per
10,000 m?in XY and XX gonads after 3 days ofn vitro culture.

Inhibitor XY XX
Control without 03+-044 [04+-0.F
inhibitor

-2-macroglobulin | 1.1+-1.§ [1.2+-1.3F |
Leupeptin 21+-1.78 [2.4+-17F |
Phosphoramidon | 6.4 +/-2.78 | 5.7 +/- 2.5§ |
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33ignificant difference between the experimental emtrol gonads € test, P<0.05).

Suppl. Table 1.Primers used for genotyping and RT-gPCR.

Gene |

Primers

Primers used for genotyping

SX(sex genotyping)

F: GATGATTTGAGTGGAAATGTGAGGTA
R: CTTATGTTTATAGGCATGCACCATGTA

Primers used for RT-gPCR

Oct4

F: GCATTCAAACTGAGGCACCA
R: AGCTTCTTTCCCCATCCCA

Sox9

F: GTGCAAGCTGGCAAAGTTGA
R: TGCTCAGTTCACCGATGTCC

Amh

F: TCAACCAAGCAGAGAAGGTG
R: AGTCATCCGCGTGAAACAG

Fst

F: AAAACCTACCGCAACGAATG
R: TTCAGAAGAGGAGGGCTCTG

Actb

F:CATGTACGTTGCTATCCAGGC
R: CTCCTTAATGTCACGCACGAT

22




Fig. 1.

Pro-MMP9
MMP9
Pro-MMP2
MMP2

MMP3

kDa

=92
-82

—72
-63

—DT



XY in vivo

XX in vivo




ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT



