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In Gnathostomes, reproduction is mainly controlled by the hypothalamic-pituitary—gonadal (HPG) axis, with the
involvement of the pituitary gonadotropic hormones (GTH), follicle-stimulating hormone (FSH) and luteinizing
hormone (LH), which activate their cognate receptors, FSHR and LHR, expressed in gonads. Each GTH consists of
a common o subunit and of a specific FSHB or LHp subunit. Chondrichthyes (holocephalans and elasmobranchs)
is a sister group of bony vertebrates. This position is highly favorable for the understanding of the evolution of
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Chondrichthyes endocrine regulations of reproduction among gnathostomes. Surprisingly, the characterization of gonadotropins
Elasmobranchs and their receptors is still limited in chondrichthyes. In the present study, GTH and GTHR sequences have been
Shark identified from several chondrichthyan genomes, and their primary structures were analyzed relative to human
Evolution orthologs. 3D models of GTH/GTHR interaction were built, highlighting the importance of the receptor hinge
Testis region for ligand recognition. Functional hormone-receptor interactions have been studied in HEK cells using the
Epididymis small-spotted catshark (Scyliorhinus canicula) recombinant proteins and showed that LHR was specifically acti-

vated by LH whereas FSHR was activated by both FSH and LH. Expression profiles of GTHs and their receptors
were explored by real-time PCR, in situ hybridization and immunohistochemistry during spermatogenesis, along
the male genital tract and other tissues, as well as in some female tissues for comparison. Tissue-expression
analyses showed that the highest levels were observed for fshr transcripts in testis and ovary and for lhr in
specific extragonadal tissues. The two receptors were expressed at all stages of spermatogenesis by both germ
cells and somatic cells, including undifferentiated spermatogonia, spermatocytes, spermatids, somatic precursors
and Sertoli cells; differentiated Leydig cells being absent in the testis of S. canicula. Receptors were also expressed
by the lymphomyeloid epigonal tissue and the testicular tubules. These results, suggest a wide range of
gonadotropin-regulated functions in Elasmobranchs, as well as functional redundancy during spermatogenesis.
These extended functions are discussed in an evolutionary context in which the specificity of gonadotropin
signaling must have contributed to the evolution of gonadal cells’ morphology and function.

1. Introduction

Gonadotropic hormones (GTH) and their receptors (GTHR) of the
hypothalamic-pituitary-gonadal (HPG) axis play a crucial role in the
endocrine regulation of reproduction (Campbell, 2004). GTHs belong to
the glycoprotein hormones (GPHs) family, also including thyroid-
stimulating hormone (TSH). They comprise a common o-subunit
(CGA) and a specific f-subunit (LHB, FSHP or TSHp) that are non-
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covalently associated, and interact with their cognate leucine-rich
repeat G protein-coupled receptors (LGRs) (Hsueh and Feng, 2020).
They are classic examples of the coevolution of ligand-receptor inter-
action complexes following their ancient evolutionary origin (Kudo
et al., 2000). In fact, an ancestral form of LGRs has been identified in
Placozoa and its subsequent evolution has given rise to three types of
receptors, including subtype A LGRs found as early as in cnidaria, which
could be considered the GPH receptor (GPHR) ancestral form (Van Hiel
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et al., 2012). In the same way, an early tandem duplication of a single
ancestral gene encoding a cystine knot protein led to the first two GPHs
subunit genes, gpa2 and gpb5 identified in ecdysozoans (Kudo et al.,
2000; Sudo et al., 2005) and lophotrochozoans (Heyland et al., 2012)
and which can be considered the ancestors of the a- and B-subunits
families. In the oldest lineage of vertebrates (cyclostomata), GPA2 and
GPB5 were identified at the same time as the ancestral GpHf has
emerged concomitantly (at the evolution scale) with a first diversifica-
tion of GPHRs, as shown by the identification of GpHRI and GpHRI], in
the lamprey (Hausken et al., 2018; Hsueh and He, 2018). Furthermore,
the recombinant heterodimer GPA2/GPB5 could activate the two re-
ceptors while GPA2/GpHSp activated only GpHRI (Hausken et al., 2018).
Then, the two differentiated GTHs corresponding to the follicle stimu-
lating hormone (FSH) and luteinizing hormone (LH), with their
respective receptors, FSHR and LHR, would have emerged in chon-
drichthyes, before their divergence in osteichthyes (bony vertebrates)
estimated to have occurred around 450-million years ago (Buechi and
Bridgham, 2017). The chondrichthyes include holocephalans (chimeras)
and elasmobranchs (sharks and rays) which diverged around 300-
million years ago (Irisarri et al., 2017). In the chimaera Callorhinchus
milii, which was the first sequenced chondrichthyan genome (Venkatesh
et al., 2014), all the genes encoding GPH subunits or subunits’ ancestors
(GPA2, CGA, GPB5, LHp, FSHp and two TSHp, TSHP1 and TSHf2) and
their receptors (FSHR, LHR and TSHR) were identified for the first time
(Buechi and Bridgham, 2017; Maugars et al., 2014; Maugars and Dufour,
2015). Advances in the sequencing of elasmobranchian genomes (from 5
sharks and 4 rays, notably) are now making it possible to include elas-
mobranchs more widely in evolutionary analyses of GPHs/GTHs and
their receptors, sequences of which have been identified in some sharks
(e.g., Scyliorhinus torazame (Arimura et al., 2024; Hara et al., 2018)). In
actinopterygians, tandem gene duplication of lhr led to duplicated lhrl
and lhr2, conserved in teleosts (Maugars and Dufour, 2015). The teleost-
specific whole genome duplication (3R) had no impact on the number of
GTHR in teleosts, due to paralog gene losses early after 3R, leading to
only one or two lhr and a single fshr (Chauvigné et al., 2010; Dufour
et al., 2020; Maugars and Dufour, 2015). In primates, a particular
feature has been the specific tandem gene duplication of Lhb at the
origin of the chorionic gonadotropin subunit p (CGB) expressed in the
placenta, giving the human chorionic gonadotropin (hCG) which has the
ability to bind to LHR (Maston and Ruvolo, 2002). Interestingly, while
the specificity of LHR and FSHR has long been established in mammals,
and recently in the holocephalan C. milii (Buechi and Bridgham, 2017),
FSHR appeared less discriminating in various teleosts and can be acti-
vated by LH in addition to FSH (Andersson et al., 2009; Garcia-Lopez
et al., 2009; Kazeto et al., 2008; Suzuki et al., 2020). It has also been
reported that LHR may also be activated by FSH in the rainbow trout, the
zebrafish and the medaka (Burow et al., 2020; Sambroni et al., 2007; Xie
et al., 2017) but not in the eel (Suzuki et al., 2020), suggesting that LH
and FSH specificity might have varied during evolution.

The specificity of the GTHRs activation by GTHs is determined by
their structures, which are mainly studied in humans. Alpha and f
subunits are cystine-knot proteins containing disulfide bonds (SS) ar-
ranged in such a way that one SS bond crosses the ring formed by the
other SS bridges (Lapthorn et al., 1994). Heterodimerization of the a and
f subunits involves a low-affinity interaction between two regions
named “seat”, followed by wrapping of the a subunit by the “seat-belt”
consisting of the C-terminus of the p subunit and finally locking of the
specific SS bridge, called “buckle”, involved in dynamic stability of the
heterodimer (Belghazi et al., 2006; Burova et al., 2001; Galet et al.,
2004; Hiro’oka et al., 2000; Jiang et al., 2014a; Lapthorn et al., 1994).

GTHRs are characterized by a large N-terminal ectodomain pre-
senting a curved solenoid (horseshoe) with leucine-rich repeats domains
(LRR), N-glycosylation sites and a “hinge” region containing a poten-
tially sulfated tyrosine residue (reviewed in Helenius and Aebi, 2004;
Vassart, 2004). Their transmembrane domain is characterized by seven
transmembrane a-helix (7TM), three extracellular loops (EL) interacting
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with the “hinge” region (Jiang et al., 2014a) and three intracellular
loops (IL) involved in the activation of G protein-dependent signaling
pathways (reviewed in Johnson and Jonas, 2020; Nechamen et al.,
2007). The C-terminal domain is characterized by various motifs
involved in intracellular trafficking (reviewed in Dong et al., 2007),
receptor desensitization, recycling and Gs-independent
ERK1/2-mediated signaling in several mammals (Kara et al., 2006;
Marion et al., 2006; Troispoux et al., 1999; Wehbi et al., 2010).

The study of the biological functions of gonadotropins and their re-
ceptors has been the subject of extensive research in vertebrates for
many years. Classically, in osteichthyes, including actinopterygians such
as teleosts and sarcopterygians (mammals, birds, amphibians), FSH and
LH are secreted by pituitary gonadotroph cells into the general blood-
stream to regulate gametogenesis and steroidogenesis in males and fe-
males (reviewed in Oduwole et al., 2021). Extra-pituitary expression of
LH and FSH as well as of their receptors in extragonadal tissues have
been also reported (Dufour et al., 2020; Johnson and Jonas, 2020).
Surprisingly, few studies have been carried out on gonadotropins func-
tions in the chondrichthyes, despite this group occupies an interesting
phylogenetic position as the sister group to the osteichthyes. In chon-
drichthyes, cga, fshp and lhp were shown to be mainly expressed in the
ventral lobe of the pituitary, and fshr and lhr expressed in the gonads as
studied in the catshark S. torazame (Hara et al., 2018). However, these
data are still insufficient to understand GTH functions in elasmobranchs,
hence the present study during spermatogenesis in the small-spotted
catshark Scyliorhinus canicula. In this species, spermatogenesis occurs
in spermatocysts made up of synchronously-developing germ cells
associated with Sertoli cells, forming a zonal arrangement of the sper-
matogenetic wave. Thus, on a cross section of the testis, zones corre-
sponding to different stages of spermatogenesis are easily
distinguishable and accessible (Bosseboeuf et al., 2014; Gautier et al.,
2014; Loppion et al., 2008). A particular feature of the elasmobranch
testis is the absence of differentiated Leydig cells, which, nevertheless, is
a matter of debate. Indeed, previous studies showed rare undifferenti-
ated “Leydig-like” cells in the testes of the sharks Squalus acanthias
(Pudney and Callard, 1984) and S. canicula (Loir et al., 1995), but
differentiated Leydig cells in the ray Torpedo mormorata (Prisco et al.,
2002), which may correspond to the forerunners of true vertebrate
Leydig cells of bony vertebrates (Callard, 1991; Engel and Callard,
2007). Another unique feature in elasmobranchs is the epigonal tissue, a
lymphomyeloid tissue at the ventral testicular, where spermiation oc-
curs (Manca et al., 2019). Anatomically, the male genital tract of elas-
mobranchs is complex. Spermatozoa converge through collecting
tubules into efferent ducts, subsequently forming the epididymis, which
also receives fluid from its adjacent Leydig’s gland. The epididymis is
followed by a deferent duct which is enlarged at its end and forms the
seminal ampullae where spermatozoa are stored (Park et al., 2013).

In the present study, sequences of GTH subunits, including CGA,
FSHP and LHp and of corresponding GTHRs have been identified in
several elasmobranch species. Protein structures have been analyzed
and expression patterns explored by real-time PCR and in situ ap-
proaches during spermatogenesis and in different tissues in the small
spotted catshark as a model species. Functional hormone-receptor in-
teractions have also been studied using recombinant proteins and in vitro
bioassays. The results are discussed from an evolutionary perspective of
the parallel evolution of endocrine signaling systems and gonadal
structures.

2. Materials and Methods
2.1. Animals and tissue Sampling

In 2020, the catshark Scyliorhinus canicula was assessed as a least
concern species in the red list of threatened species by the IUCN (In-

ternational Union for Conservation of Nature). Sexually mature male
(608 + 137 g; 58 + 3 cm) and adult female (647 + 90 g; 57 + 4 cm)
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catsharks were fished during a CGFS (Channel Ground Fish Survey)
campaign by IFREMER in the East Manche in September 2022 (Giraldo
et al., 2022). Although females have an extended breeding season, with
maximum egg-laying frequency from December to June (Sumpter and
Dodd, 1979), females caught in September had their lowest gonadoso-
matic index and their ovaries consisted of post-ovulatory follicles and a
few early vitellogenic follicles. Animals were maintained in natural
seawater tanks at the marine station of the University of Caen Normandy
(Centre de Recherches en Environnement Cotier (CREC), Luc-sur-Mer,
France). The CREC experimental facilities were approved by the coun-
cil department of population care under the A14384001 number
(Préfecture du Calvados, France). Catsharks were allowed to acclimate at
least 2 weeks before collection of the samples. Animals were killed by
percussive blow to the head followed by sectioning and pithing of the
spinal cord and exsanguination according to the European directive
2010/63/UE for care and use of animals. Testes, epigonal tissues,
proximal and distal epididymis, seminal ampullae, myelencephalons,
cerebellum, midbrains corresponding to diencephalon and mesenceph-
alon and including pituitaries, forebrains, olfactory bulbs, eyes, thyroid
glands, Leydig organs, spleens, livers, pancreas, duodenums, kidneys,
rectal glands, gills, hearts and muscles were sampled from 14 males and
myelencephalons, cerebellum, midbrains, forebrains, olfactory bulbs,
ovaries, nidamental glands, oviducts, uterus and thyroid glands from 7
females and were transferred directly in liquid nitrogen before being
stored at —80 °C until RNA extractions. Fresh testicular cross sections
were transferred into ice-cold Gautron’s buffer (pH 7.8, 890 mOsmol kg-
1) (Gautron, 1978) completed by 58 mM trimethylamine-N-oxide
(TMAO, Sigma, 317594), then microdissected into zones A, B, C and D
corresponding to the zone of undifferentiated spermatogonia and cysts
with spermatogonia, the zone of cysts with spermatocytes, the zone of
cysts with early spermatids and the zone of cysts with late spermatids,
respectively (Loir and Sourdaine, 1994). Tissues used for IHC and ISH
were fixed in Gautron’s buffer with paraformaldehyde 4 % before
alcoholic dehydration and stocked in butan-1-ol at —20 °C.

2.2. Sequence searches

Protein sequences of CGA, FSHf} and LHf subunits and their receptors
were identified using BLAST searches, based on C. milii sequences
(Buechi and Bridgham, 2017), against genomes of Amblyraja radiata
(sAmbRad1.1.pri), Carcharodon carcharias (Marra et al., 2019), Chilo-
scyllium plagiosum (ASM401019v1), Chiloscyllium punctatum (Hara et al.,
2018), Pristis pectinata (sPriPec2.1.pri), Rhincodon typus (Read et al.,
2017), S. canicula (sScyCanl.2) and S. torazame (Hara et al., 2018) on
NCBI (https://www.ncbi.nlm.nih.gov/genome/); of Hemitrygon akajei
(sHemAkal.1l) on Squalomix Blast Server (https://transcriptome.riken.
jp/squalomix/blast/); and of Leucoraja erinacea (Wang et al., 2012) on
Skatebase (http://skatebase.org). To assess the relationship between
obtained sequences and their putative families, phylogenetic trees were
built based on the previous work of Buechi and Bridgham, 2017 using
the MAFFT (Multiple Alignment using Fast Fourier Transform) program,
BMGE (Block Mapping and Gathering with Entropy) alignment curation
and PhylML tree inference on NGPhylogeny online services (https://
ngphylogeny.fr/workflows/oneclick/, Lemoine et al., 2019) with a
bootstrap of 1000. Sequences used are listed (supplementary data,
Excel). Obtained trees were finalized using iTOL online tool (https://itol
.embl.de/, Letunic and Bork, 2021). Synteny analyses of fshf and lhj
genes in H. sapiens and S. canicula were performed to verify the orthologs
identified. The genes were mapped using NCBI's Genome Data Viewer
(https://www.ncbi.nlm.nih.gov/genome/gdv/).

2.3. Structural analyses and 3D model building
Multiple alignments were performed using Clustal Omega package

(https://www.ebi.ac.uk/Tools/msa/clustalo/, Sievers et al., 2011) with
manual corrections to identified conserved structures (based on the
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knowledge in H. sapiens sequences). Signal peptides were predicted
using predisi software (http://www.predisi.de/). Predictive models of
GTHs/GTHRs interaction complexes of S. canicula a, f-subunits and the
ectodomain of GTHRs were built using SWISS-MODEL (https://swi
ssmodel.expasy.org/, Waterhouse et al., 2018), using the 4mqw.1 and
7fii.1 templates of Homo sapiens, and finalized using Swiss PDB Viewer
program (Johansson et al., 2012). Obtained models were evaluated by
retaining global sequence identities with the template, the highest
GMQE score (Global Model Quality Estimate, Waterhouse et al., 2018),
which depends on coverage, and the highest QMEANDisCo Global score
(Studer et al., 2020), which evaluates the model “as is” without explicit
coverage dependency. The same procedure was performed with
H. sapiens sequences, as control, and for C. milii sequences. Using Swiss-
PdbViewer (Johansson et al., 2012), predicted models were super-
imposed and the Root Mean Square Deviation (RMSD) were calculated
and averaged by GTHs and by GTHRs.

2.4. Functional hormone-receptor interaction in in vitro assays

Synthetic pTarget plasmids containing S. canicula cDNA sequences
for fshr (sc-fshr) or lhr (sc-lhr) were obtained from Twist Bioscience (San
Francisco, USA) and synthetic pTarget plasmids containing fusion
construct gphp-cga were obtained from GenScript Biotech (Rijswijk,
Netherlands). Human embryonic kidney (HEK293T) cells were tran-
siently transfected with the synthetic plasmid using FuGENE HD
(Promega) according to the manufacturer’s instructions. Co-transfection
was done with gphr/pTarget construct and a pTarget expression
construct for the human Ga;e subunit, a promiscuous G protein which
can direct intracellular signaling of GPCRs to the release of calcium via
the phospholipase Cp pathway, regardless of the endogenous G protein
coupling of the receptor. The pTarget ligand constructs were transfected
in HEK293T cells at around 80 % confluence in 150 cm?> flasks, then after
24 h of culture, the media were collected and concentrated using Ami-
con® 3K filters (Millipore). Cells for negative control experiments were
transfected with empty pTarget or hsGal6 and empty pTarget. Activa-
tion of the S. canicula GTHRs by GTHs was monitored using a
fluorescence-based calcium mobilization assay according to (Schwartz,
2021). Briefly, transfected HEK293T cells were loaded with Fluo-4
Direct (Invitrogen) for 1 day at 37 °C with 5 % CO,. Excitation of the
fluorophore was done at 488 nm. The calcium response was measured at
525 nm for 2 min using a Flexstation 3 (Molecular Devices) at 37 °C and
analyzed using SoftMax Pro (Molecular Devices). For analysis of the
activation of the Gas/adenylyl cyclase/cAMP/PKA pathway, transfected
cells were incubated with Glosensor cAMP reagent (4 % final concen-
tration in media) (Promega) for 2 h at room temperature prior the in-
jection of the ligands (scFSHpB-scCGA, scLHB-scCGA or scTSHB-scCGA, as
negative control and intracellular cAMP concentration was estimated by
the luminescence response measured at 37 °C for 30 min using the
Flexstation 3.

To determine the absolute concentration of the ligand produced, an
initial proteomic analysis of the ligand-containing media was carried out
using high-resolution nanoLC-ESI-MS/MS to identify a peptide resulting
from trypsin digestion of the common a-subunit (CGA). The criteria for
the choice of this peptide were the absence of cysteine residue, the
absence of post-translational modifications, and a number of amino
acids superior to 5. The selected peptide (VTLMGNLK) was synthesized
by CliniSciences (Nanterre, France) and used as an internal quantity
marker. The standard curve was established, ranging from 16.3 pg/ul to
666 pg/ul, and the equation obtained was y = 400,05x — 6339,1 ®R? =
0,9967) where “y” was the peak area of the peptide and “x” the con-
centration. Half maximum effective concentrations (ECsy values) and
activation percentages were calculated with 95 % confidence intervals
(profile likelihood) from sigmoidal dose-response equations which were
constructed with a nonlinear regression analysis using Prism 5.0
(GraphPad Software, USA). A more sensitive in vitro bioassay has also
been used, according to Klett and Combarnous, 2021. Developed to
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measure luteinizing hormone and chorionic gonadotropin concentra-
tions in the plasma of most mammalian species, this system used mLTC
Leydig cell line (ATCC CRL-2065) transiently co-transfected with the
cAMP Glosensor reporter gene (Promega) and the gthr of interest. The
scGTHb-scCGA ligands were produced in CHO-K1 cell line (ATCC CCL-
61), and the supernatants were tested on mLTC cells previously pre-
incubated for 2 h in the presence of 10°3M IBMX (3-isobutyl-1-methyl-
xanthine), 10°M forskolin, 10M oxytocin (OXT) and 1 % Glosensor
cAMP reagent. Intracellular cAMP concentration was estimated by the
luminescence response measured at 28 °C for 60 min using a Polarstar
Optima (BMG Labtech Sarl, Champigny sur Marne, France).

2.5. Reverse transcription and real-time PCR

Total RNAs were extracted from S. canicula tissues using Tri-Reagent
(Sigma-Aldrich, 93289) before purification with the NucleoSpin RNAII
columns kit (Machery-Nagel). They were quantified on a NanoDrop™
2000 (Thermo Scientific) and their qualities were analyzed on an Agilent
2100 Bioanalyzer (Agilent). Obtained RINs (RNA integrity number)
were greater than 7. For tissue distribution, real-time PCR was per-
formed independently for three animals (N=3) in triplicate (n = 3)
except for testes (zone A, B, C and D) and epigonal tissues where six
animals were used (N=6, n = 18). The CFX Connect Detection System
(Bio-Rad) was used for real-time PCR analyses. Two hundred and sev-
enty ng of total RNAs were treated with 1U of RQ1 DNase (Promega,
M6101) (37 °C/20 min) following by the reverse transcription using 1
ng of random hexanucleotide primers (Promega, C1181), 0.5 mM dNTPs
and 200 U of M—MLYV Reverse Transcriptase (Promega, M1701) then the
reactions were stopped (70 °C/5min). The gene-specific primers were
designed using Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/, Ye et al., 2012) with manual corrections to take into ac-
count the following criteria: length between 18-22 bp, GC content over
50 %, Tm close to 60 °C and generation of an 150-200 bp amplicon
(supplementary data Table S1). The real-time PCR monitoring of am-
plifications (5 ng of cDNA, 40 cycles: 95 °C/15 s, 60 °C/45 s), the
GoTaq®qPCR Master Mix (Promega, A6001) was used and melt curve
analysis and efficiency tests were carried out to ensure the primers
amplified a single product with 90-110 % efficiency. The Ct values were
read at 200 relative fluorescence units and normalized against the 5S
RNA (Redon et al., 2010), using the AC; method (Schefe et al., 2006).
The 2"22% method (Livak and Schmittgen, 2001) allowed to calculate
the expression variations based on the mean AC; of all tissues. Com-
parison of the Ct 5SRNA/total RNA ratio between tissues shown no
significant difference using none parametric Kruskal-Wallis test with a
P-value of 0.11 (supplementary data Fig. S1). Statistical analyses were
performed using the non-parametric Mann-Whitney U (based on the
previous Shapiro-wilk test results) test for P-value < 0.05.

2.6. In situ hybridization (ISH)

Digoxigenin-conjugated riboprobes were synthesized from cDNA
clones produced with specific primers (supplementary data Table S1).
The resulting amplicons were cloned in pCR™II-TOPO™ Vector by TA
cloning and then transformed in chemically competent E. coli using the
TOPO TA Cloning kit (Invitrogen, k461020). After cultures, plasmids
were purified using the Wizard® Plus SV Minipreps (Promega, A1340)
then the digoxigenin-conjugated riboprobes were generated using M13
PCR on 100 ng of plasmids with 1 mM MgCl,, 0.2 mM of each dNTPs,
0.4 yM M13 primer and 0.625 U GoTaq® Flexi DNA Polymerase
(Promega, M8291). The cycling parameters were as follows: 1X(95 °C, 5
min), 30X[(95 °C, 30 s), (60 °C, 45 s), (72 °C, 1min30s)], 1X(72 °C, 5
min). PCR products were quantified using Nanodrop 2000 spectropho-
tometer (Thermo Scientific) and then purified using the NucleoSpin RNA
Clean-up (Marcherey-Nagel, 740948.50). The size checking was done
using gel migration. In vitro transcriptions were carried out for 3 h at
37 °C on 1.2 pg PCR products with 25 U RNAsin, 25 U T7 or SP6
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polymerase, 10 mM dithiothreitol, 1 mM rATP, rCTP and rGTP, 0.65
rUTP, and 0.35 digoxigenin-UTP (Roche, 03359247910) using the
Riboprobe® Combination Systems (Promega, P1460). DNAs were
digested with 2 U RQ1 DNAse (Promega, M6101) for 30 min at 37 °C.
The resulting riboprobes were purified and their qualities were checked
by dot blots on PVDF membrane. Paraffin slices (5 um) were incubated
at 61 °C to facilitate deparaffinization using Roti-histol (sigma, 6640.6).
Hydration was achieved by successive ethanol baths (100 %, 95 % and
70 %), then by PBS. Between each of the following treatments, slices
were washed into PBS. Slices were treated with 4 % PFA in PBS, with 5
pg/ml proteinase k in Tris buffer for 4 min, with 4 % PFA in PBS, with
100 mM Triethanolamine in 25 % acetic acid, then with 100 mM glycine
in tris buffer. Tissues were incubated for 1 h at 65 °C with the hybridi-
zation mix (50 % deionized formamide, 1X saline-sodium citrate (SSC),
0.5 M Ethylenediaminetetraacetic acid (EDTA), 10 % Tween 20, 1X
Denhardt’solution, 28 mg/ml Dextran sulphate, 0.1 mg/ml heparin, 10
% Chaps, 0.5 mg/ml tRNA). Then, 0.1-0.5 ng/ul riboprobes in hybrid-
ization mix were incubated overnight at 65 °C. Slices were washed using
successive baths of SSC (1X and 1.5X at 65 °C, 2X at 37 °C, 2X with 0.2
pg/ml of RNAse A (Promega, A797C) at 37 °C, 2X, and 0.2X at 60 °C)
before maleic acid buffer baths with 0.3 % triton (MABT). For immu-
nostaining and revelation, the DIG Nucleic Acid Detection kit (Roche,
11175041910) was used. Tissues were incubated 3 h in blocking solu-
tion then, overnight at 4 °C, with 100 pl per slice of 1/2000 v/v anti-
digoxigenin-AP-conjugate antibody 750 U/ml. According to the kit
guidelines, slices were washed in MABT baths before being developed
overnight at 4 °C in NBT/BCIP. Finally, slices were mounted in Mowiol
mounting medium and then dried for 48 h at 4 °C, before being observed
using a Nikon eclipse 80i microscope.

2.7. Immunohistochemistry (IHC)

Tissues embedded in paraffin were cut into 5 um sections with a
microtome (Leica, Histocore Autocut R). The slices were deparaffined in
roti-histol baths (Roth, 6640.2), rehydrated using successive ethanol
dilutions (100 %, 96 %, 75 % and 50 %) and washed in PBS before
antigen unmasking (2x 90 s, micro-waves 600 W followed by a 1 h
cooling period). Endogenous peroxidase activities were blocked with 3
% hydrogen peroxide in PBS, and non-specific labeling was blocked
using PBS with 0.1 % Triton and 1 % BSA. Diluted primary antibodies in
Antibody Diluent (Abcam, ab64211) were incubated overnight at 4 °C
then washed in PBS before a 2 h incubation with the corresponding
secondary antibodies at room temperature. After washing, the DAB
Substrate Kit (3.3-Diaminobenzidine, Abcam, ab64238) was applied
until staining (2-60 min). Then, the slices were counterstained with
Groat’s haematoxylin and rinsed with running water. They were dehy-
drated into successive ethanol baths (50 %, 75 %, 96 % and 100 %), then
into roti-histol (Roth, 6640.2) before to be mounted into roti®histokit
media (Roth, 6638.1). Images were taken using an optical microscope
(Nikon, eclipse 80i) equipped with NIS-Elements D 3.0 software (Nikon
Instruments). The primary antibody targeting PCNA (proliferating cell
nuclear antigen, Mouse monoclonal PCNA (rat) antibody, 1:500, Invi-
trogen, 13-3900 PC-10) was used as quality control for testes tissues and
the same results as Loppion et al., 2008 were obtained (not shown).
Primary antibodies were used at the indicated dilution: mouse mono-
clonal anti-human FSHR antibody (1:500, Abcam, ab219312), rabbit
polyclonal anti-human FSHR antibody (1:500, Abcam, ab137695),
mouse monoclonal anti-human LHR antibody (1:100, Abcam,
ab218447). Secondary antibodies were used at the indicated dilution:
Goat Anti-Mouse IgG H&L, horseradish peroxidase (HRP) polymer (1:1,
Abcam, ab214879) and Goat Anti-Rabbit IgG H&L, HRP polymer (1:1,
Abcam, ab214880).

2.8. Immunocytofluorescence (ICF)

Immunocytofluorescence detections were performed to verify the
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expression of recombinant proteins and the antibodies’ specificity used
in IHC analyses. HEKT293T cells transfected with pTarget-scfshr or
pTarget-sclhr plasmids were washed twice using PBS with 1 % BSA,
collected and fixed with 4 % PFA for 15 min before attachment to pol-
ysine slides (Epredia). The cells were permeabilized with 0.1 % Triton in
PBS buffer with 1 % BSA for 5 min then incubated with primary anti-
bodies, overnight, at 4 °C. The cells were then washed and incubated for
2 h with secondary antibodies, at room temperature. After washes, the
cells were mounted in Prolong™ Gold Antifade Mountant with 40,6-dia-
midino-2-phenylindole (DAPI) (P36935). Images were taken using an
optical microscope (Nikon, eclipse 80i) equipped with NIS-Elements D
3.0 software (Nikon Instruments) with the same exposure time for each
antibody, independently of the sample tested. The same primary anti-
bodies as in IHC experiments were used: mouse monoclonal anti-human
FSHR antibody (1:100, Abcam, ab219312), rabbit polyclonal anti-
human FSHR antibody (1:100, Abcam, ab137695) and mouse mono-
clonal anti-human LHR antibody (1:100, Abcam, ab218447). Secondary
antibodies were used at the indicated dilution: Goat anti-Rabbit IgG
(H+L), Alexa Fluor™ 488 (1:250, Invitrogen, A-11008) and Goat anti-
Mouse IgI (H+L), Alexa Fluor™ 488 (1:250, Invitrogen, A-11001).

3. Results
3.1. Genome searches of GTHs and GTHRs in elasmobranchs

Sequence searches were carried out on the basis of sequences iden-
tified in C. milii and some predicted sequences available in the NCBI
database for S. canicula. A first analysis using the C. milii FSHR sequence
blasted the LHR isoform XP_038666531.1 of S. canicula (loci
LOC119973089), whereas the LHR sequence of C. milii blasted another
LHR-like sequence of S. canicula (XP_038650550.1, loci
LOC119964708). Further analyses of the S. canicula genome (sScy-
Canl.2) with sequences from a transcriptome library (S. Mazan, per-
sonal communication) enabled us to identify the FSHR and LHR
sequences of S. canicula and the incorrect annotation of the LHR isoform
XP_038666531.1, which in fact corresponded to FSHR. Then, the sub-
sequent phylogenetic analysis, including sequences of 159 GTH subunits
and 91 GTHRs, validated their annotations. Molecular phylogeny of the
CGA subunits (supplementary data Fig. S2) showed that the chon-
drichthyan sequences are grouped in accordance of species phylogeny
and that the holocephalan CGA rooted with the elasmobranchian se-
quences (batoidea and selachii groups). In addition, chondrichthyan
CGA sequences are grouped with those of the sarcopterygii and segre-
gated from those of the actinopterygii. Molecular phylogeny of the f
subunits sequences (supplementary data Fig. S3) showed that the
chondrichthyan FSHfs sequences segregated between the actino-
pterygian and sarcopterygian FSHfs sequences. The holocephalan FSHf
sequence was found between the batoidea and Selachii sequences.
Contrary to what was obtained for chondrichthyan FSHp sequences, the
chondrichthyan LHpP sequences rooted with the actinopterygian and
sarcopterygian sequences. As observed for FSHP sequences, the hol-
ocephalan LHp sequence was found between the batoidea and Selachii
sequences. In the GTHRs phylogenetic tree (supplementary data
Fig. S4), both chondrichthyan FSHRs and LHRs sequences are grouped
with those of the sarcopterygii and segregated from those of the acti-
nopterygii. The holocephalan GTHR sequences rooted with the corre-
sponding elasmobranch (batoidea and selachii) sequences.

3.2. Predicted structural domains of GTHs and GTHRs

The primary structures of elasmobranchs GTHs and GTHRs were
analyzed in relation to knowledge of human orthologs. Alignment of the
chondrichthyan CGA sequences has shown 10 conserved cysteines (C), 2
putative N-glycosylation sites and a ‘seat’ region conserved in all elas-
mobranchs with a lysine (K) residue instead of a valine (V) in the hol-
ocephalan sequence (supplementary data Fig. S5). The alignment of the
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chondrichthyan p-subunit sequences, evidences 12 conserved C resi-
dues, including the three characteristic cysteines of the “seat-belt” (C10,
C11, C12), and 1 (LHp) or 2 (FSHP) N-glycosylation sites (supplementary
data Fig. S6). The “seat” region (amino acids 55 to 59) is conserved in
selachii FSHpPs with an alanine (A) instead of a serine (S) in the hol-
ocephalan and batoidea sequences. In the ‘seat’ region of elasmobranchs
LHps, the threonine (T) of the holocephalan was substituted by a serine
(S), except in S. canicula where it was substituted by a glycine (G).

Multiple alignments of the protein sequences of FSHR
(supplementary data Fig. S7) and LHR (supplementary data Fig. S8)
have shown, in their large extracellular domains, 35 well-conserved
leucine (L) residues, 3 (FSHR) or 5 (LHR) putative N-glycosylation
sites, 10 (FSHR) or 2 (LHR) conserved cysteines (C) and the perfectly
conserved putatively sulfated tyrosine in the FSHR and LHR sequences.
The putative limit between the solenoid and the “hinge” region was
predicted. The transmembrane region of the chondrichthyan GTHRs was
composed of 7 putative a-helical transmembrane domains (TM), 2
conserved cysteines, one APPL1, one ERW, one Ubiquitin interaction
and PKC2 binding domain, and one BXXBB putative motif. A putative L-
palmitoyl site was identified in the TM helix 7 of FSHRs. The C-terminal
region of GTHRs exhibits a putative F(X)¢LL motif, a S/T cluster, a
second BXXBB and a second L-palmitoyl site. S. canicula FSHf and LHf
annotations were validated by synteny (Fig. 1A). Amino acid residues
involved in the FSHp or LHf binding specificity to their receptors were
analyzed and appeared conserved between S. canicula FSHp, S. canicula
LHp and H. sapiens FSHp sequences (Fig. 1B).

3.3. Predicted models of the GTHs/GTHRs interacting complexes

The FSH/FSHR interacting models, obtained with SWISS-MODEL
and using the 4mqw.1 and 7fii.1 templates of H. sapiens, showed over-
all sequence identities relative to the 4mqw.1 template of 56.20 % and
51.55 % for C. milii and S. canicula, respectively (Table 1). However,
compared with the human model, the GMQE scores were 0.08 lower for
both, and the QMEANDisCo Global scores were 0.08 and 0.09 lower for
the C. milii and S. canicula models, respectively, reinforcing the models
obtained. Better scores were obtained for the LH/LHR interacting
models with 66.42 % and 67.07 % global sequence identities compared
to the H. sapiens 7fii.1 template, a GMQE score 0.03 and 0.09 lower, and
a QMEANDisCo Global score 0.05 and 0.10 lower compared to the
human model, for the C. milii and S. canicula models, respectively
(Table 1). The predicted FSH/FSHR model obtained for S. canicula
showed that the main characteristic 3D structures involved in af sub-
units interactions were conserved with the cystine-knot (Fig. 1C1), the
“seat” (Fig. 1D1) and the “seatbelt” (Fig. 1D2) structures. The solenoid
and the “hinge” regions of the FSHR ectodomain were also represented
(Fig. 1D). The CGA/GTHp dimers showed the interaction between the
two “seat” regions (Fig. 1D1), the “seatbelt” girdling the CGA subunit
and the “buckle” in place (Fig. 1D2). FSH was positioned between the
concave surface of the solenoid and the “hinge” of the receptor
(Fig. 1D4) with the putative sulfotyrosine residue of the “hinge” towards
the hormone binding pocket (Fig. 1D3). Similar results were obtained
for LH/LHR interaction (data not shown). Superimpositions of the 3D
structures between the three species were realized for the two receptors
and the two hormones in order to analyze the most variable protein
structure. The results showed that the GTHR models had very low and
similar Root Mean Square Deviations (rmsd), ranging from 0.67 to 0.82
A, for the solenoids, but very high rmsd for the “hinge” regions, ranging
from 34.04 to 57.39 A (Fig. 1E,F). The superimpositions of the GTHs
models have shown highly similar rmsd, ranging from 0.17 to 0.22 A
(Fig. 1G,H).

3.4. Functional hormone-receptor interactions in vitro assays

HEK293T cells co-expressing scFSHR/hsGaje subunit or scLHR/
hsGa¢ were stimulated by serial dilutions of conditioned medium from
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Fig. 1. Synteny and in silico analysis of the 3D structures of the GTHs/GTHRs interaction complexes, in S. canicula, based on the H. sapiens templates. (A) Synteny of
the genomic region flanking fshj and lhg genes in H. sapiens and S. canicula. The chromosome numbers are indicated. The H. sapiens genomic regions were used as
templates. (B) Multiple alignments of FSHP and LHp receptor-binding sites. Residues known to be involved in ligand-receptor interaction are shown in bold. Cor-
responding conserved residues are highlighted in green. (C) Predictive models of the 8-aa-ring cystine-knot structure for S. canicula CGA, FSHp and LHp. The
conserved cysteines and the glycine are underlined by circled numbers and G, respectively. (D) The model of the 3D FSHf-CGA/FSHR interaction complex in S.
canicula. FSHP is colored in red, CGA in green and the FSHR N-terminal ectodomain (solenoid and hinge) in black. The inserts correspond to part of the global view
identified by numbers: (1) the interaction between the FSHpP and CGA ‘seat’ interface regions, (2) the ‘seatbelt’ region which wrap the CGA and forming the ‘buckle’
disulfide bond (SS), (3) the putative sulfotyrosine residue found in the FSHR hinge which is oriented toward the FSH pocket (brown area) and (4) the lateral view of
the interacting complex with the FSH positioned between the concave surface of the solenoid and the hinge. 3D interacting models were constructed from the
H. sapiens 4mqw.1 template for FSHB-CGA/FSHR and from the 7fii.1 for LHB-CGA/LHR (data not shown). (E-F) Superimpositions of the predicted models of the
S. canicula, C. milii and H. sapiens FSHRs and LHRs. G-H. Superimpositions of the predicted models of the S. canicula, C. milii and H. sapiens FSHs and LHs. The mean of
Root Mean Square Deviations (RMSD), in angstrom (;\), were calculated to illustrate the global superimposition correspondences. The dotted brackets highlight the
hinge regions.

with a higher ECsy with scFSH (0.383 £ 0.019 nM) than with scLH
(0.103 + 0.005 nM) (Fig. 2A; Tablel). However, the maximum response
for scFSHR was higher with scFSHp-scCGA (100.00 + 3.58 %) than with
scLHpB-scCGA (78.18 + 4.15 %). The recombinant scTSHB-scCGA protein
was unable to activate scFSHR. Cells expressing scLHR were activated by

Table 1
Efficiency (ECso) and efficacy (Emax) of scFSHB-scCGA (scFSH) and scLH-
scCGA (scLH) on scFSHR and scLHR.

Efficiency (ECsp) nM Efficacy (Emax) %

scrsH seLi SCFSH ScLH the recombinant scLHB-scCGA protein, with an ECsg of 0.279 + 0.014
scFSHR  0.383 + 0.103 + 100.00 + 78.18 + 4.15 nM, but not with scFSHB-scCGA or scTSHp-scCGA (Fig. 2B; Tablel).
0.019 0.005 3.58 Analyses of cAMP production in response to recombinant proteins in

scLHR  N/A 0.279 + N/A 100.00 + . ; .
0.014 256 HEK293T cells expressing scFSHR or scLHR, without co-transfection

with the human hsGayg subunit, didn’t allow to detect any significant
responses. However, using the highly sensitive in vitro bioassay in mLTC
Leydig cell line, dose-response was obtained for scFSHpB-scCGA after

N/A: not applicable.

cells expressing the monocatenary recombinant protein scFSHp-scCGA,
scLHB-scCGA or, as control, scTSHf-scCGA (Fig. 2) (Tablel). Dose-
response analyses based on Ca’" detection have shown that scFSHp-
scCGA and scLHB-scCGA were able to activate scFSHR-expressing cells

transfection with scfshr. In this system, scFSHB-scCGA and also scLHp-
scCGA in a lesser extent but not scTSHB-scCGA activated cAMP accu-
mulation through scFSHR (supplementary data Fig. S9).
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Fig. 2. Dose-responses of HEK293T cells co-expressing scGPHR/hsGa; ¢ induced
by recombinant scFSHB-scCGA (scFSH) or scLHB-scCGA (scLH). (A-B) Dose-
dependent calcium responses of HEK293T cells co-expressing scGPHR/hsGo;6
treated with serial dilutions of conditionned medium from HEK293T trans-
fected with corresponding pTarget ghpf-cga plasmids. All experiments were
performed in duplicate and the most representative was selected for ligand
absolute quantification using high-resolution nanoLC-ESI-MS/MS. Data are
shown as relative (%) to the highest value (100 % activation) for a given ligand
and represent the mean of an experiment (n = 3).

3.5. Relative expression profiles of cga, fshff and lhj transcripts in s.
Canicula tissues

The expression profiles of transcripts of the genes coding for go-
nadotropins subunits were explored by real-time RT-PCR in 12 tissues
including the male genital tract (testis, epididymis with Leydig’s gland,
seminal ampulla), ovary, and different parts of male and female brains.
As expected, the highest expression of all transcripts was observed in the
midbrain (including the pituitary gland) of males and females with a
three-fold lower relative value for cga mRNAs in the male midbrain (2.6
+ 0.9) than in the female midbrain (7.7 £ 0.4) (Fig. 3). Expression of cga
was also observed in others parts of the brain in both males and females,
in the testis and at low levels in epididymis and ovary (Fig. 3A). Both
fshp and lhp were highly expressed in the midbrain/pituitary in both
sexes, about fifteen times less in other parts of the brain and not
detectable in the male tract and ovary (Fig. 3B,C).
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3.6. Relative expression profiles of fshr and lhr transcripts in s. Canicula
tissues with a focus in the male genital tract

The expression profiles of fshr and lhr transcripts in 35 different
tissues showed that fshr expression was mainly observed in testicular
zones and in ovary and at very low levels in epigonal tissue and in male
and female parts of the brain (Fig. 4A). According to the spermatogenic
wave, fshr was significantly higher expressed in the testicular zone A
containing the germinative area and cysts with spermatogonia and was
two-fold less expressed in the following stages of spermatogenesis (zones
B, C and D) (Fig. 4B). Very low expressions were observed in epididymis
and seminal ampullae. Levels of fshr transcripts in the ovary were of the
same order of magnitude as in testicular zone A. With regard to Ilhr, a
broader tissue-expression profile was observed with higher transcript
levels in the testicular zone A, but at lower levels than fshr, the distal
epididymis associated with leydig’s gland, the seminal ampullae con-
taining spermatozoa, the lymphomyeloid Leydig organ, the thyroid and
kidney in males (Fig. 4A,C). In females, [hr was weakly expressed in the
ovary but highly expressed in the nidamental gland and oviduct, as well
as in the myelencephalon (Fig. 4A,C).

3.7. Immunohistochemistry (IHC) and in situ hybridization (ISH) on s.
Canicula tissues, with a focus on the male genital tract

In situ analyses were carried out in genital tract tissues, based on
levels observed by real-time PCR, to identify the cell types expressing the
receptors. In order to support the antibodies used, immunocyto-
fluorescence was performed on HEK293T cells expressing scFSHR or
scLHR (Fig. 5). The results showed that both the mouse monoclonal anti-
human FSHR antibody and the rabbit polyclonal anti-human FSHR
antibody exhibited a specific signal in the cytoplasm (probably in
endoplasmic reticulum) and cell membrane of scFSHR-expressing cells
compared with the control corresponding to cells transfected with the
empty plasmid. Similarly, the mouse monoclonal anti-human LHR
antibody showed a specific signal in cytoplasm (probably in endo-
plasmic reticulum) and cell membrane of scLHR-expressing cells
compared with the control.

In function of the spermatogenetic waves, immunohistochemistry
targeting FSHR (using the rabbit polyclonal anti-human FSHR antibody)
showed a staining of individual spermatogonia (Fig. 6A1), correspond-
ing to potential spermatogonial stem cells, and of spermatogonial pro-
genitors (Fig. 6B1) in the germinative zone of the testis. Subsequently,
spermatogonial staining, corresponding to differentiated spermato-
gonia, was still observed in the cysts formed, but basal and adluminal
cystic staining also appeared, suggesting FSHR expression in Sertoli cells
(Fig. 6C1). FSHR was further expressed in spermatocytes (Fig. 6D1),
round spermatids (Fig. 6E1) and their associated Sertoli cells. The
staining observed in the cytoplasmic compartment surrounding the
Sertoli cell nucleus in the basal position of the cyst at the round
(Fig. 6E1) and elongated (Fig. 6F1) spermatid stages, allowed us to
ensure the localization of FSHR in Sertoli cell. Furthermore, this stage-
and cell-dependent FSHR expression pattern was consistent with ISH
results which have shown the localization of fshr transcripts in early
spermatogonia (Fig. 6A2) and, subsequently, when the cyst was formed
(Fig. 6B2), in both Sertoli cells and germ cells (Fig. 6C2-E2) with the
exception of late stages where only Sertoli cells remained stained,
elongated spermatid bundles being unstained (Fig. 6F2). Analyses using
mouse monoclonal anti-human FSHR antibody revealed very similar
expression patterns (supplementary data Fig. S10).

Expression analyses of LHR by IHC showed similar localizations to
those of FSHR. LHR staining was observed into undifferentiated sper-
matogonia and somatic precursors (Fig. 6A3-B3). Then, when cysts were
formed, in Sertoli cells with adluminal (Fig. 6C3) and basal staining
(Fig. 6C3-F3), and in germ cells (Fig. 6C3-F3). However, in cysts with
bundles of elongated spermatids (Fig. 6F3) and at this level of obser-
vation, it remains difficult to determine whether the expression is
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Fig. 3. Relative expression profiles of cga, fshf and lhp transcripts in different tissues of S. canicula. Messenger RNA levels were assayed for cga (A), fshp (B) and lhs
(C) by real-time PCR in various tissues of adult catshark: forebrain, midbrain/pituitary, cerebellum, myelencephalon, testis, epididymis, seminal ampullae, ovary.
Each tissue was analyzed in triplicates from three animals (N=3; n = 9). M, Male; F, Female.

located in sertolian projections between spermatids heads or in germ
cells. In accordance with IHC results, ISH showed lhr transcripts in un-
differentiated spermatogonia and their adjacent undifferentiated so-
matic cells (Fig. 6A4-B4). Expression of lhr was still observed in Sertoli
cells and germ cells at the stages of differentiated spermatogonia
(Fig. 6C4), spermatocytes (Fig. 6D4), round spermatids (Fig. 6E4), and
elongated spermatid bundles (Fig. 6F4).

To partially conclude on these in situ results and taking into account
the difficulty to certify more precisely the localization of expressions, it
appeared that both fshr and lhr were expressed at all stages of sper-
matogenesis, reflecting a potential redundancy of functions associated
with these receptors. For this reason, in situ expression analyses were
extended to ovarian follicles containing differentiated granulosa and
theca cells, used as a control rather than for in-depth study. In these
follicles, FSHR protein and fshr mRNA were only expressed in granulosa
cells (Fig. 7A4-A5), whereas LHR protein and [hr mRNA were only
expressed in theca cells (Fig. 7A2-A3).

In situ analyses were completed with studies on the epigonal tissue,
the testicular tubules (stem, branched and collecting tubules), the
epididymis and its associated Leydig’s gland. Surprisingly, strong
staining was observed in the epigonal tissue for both fshr/FSHR and lhr/
LHR, apparently associated with granulocytes and myelocytes but not
lymphocytes and erythrocytes (Fig. 6G1-G4). In the following part of the
male internal genital tract, the expressions of both lhr/LHR and fshr/
FSHR were observed in epithelial cells of the stem and branched tubules
(Fig. 7B2-B5), collecting tubules (Fig. 7C2-C5) and of lhr/LHR in the
epithelial cells of the proximal (Fig. 7D2-D3) and distal epididymis
(Fig. 7E2-E3) and Leydig’s gland (Fig. 7F2-F3).

4. Discussion
4.1. Structures and interactions of gonadotropins with their receptors

One of the aims of our study was to complete the characterization of
gonadotropins and their receptors in elasmobranchs on the basis of a
previous work that identified FSH, LH and receptors in C. milii (Buechi
and Bridgham, 2017). The primary structures of the orthologs identified
in elasmobranchs show that the CGA, FSHp and LHf subunits display the
characteristic “seat” and “seat-belt” regions, the conserved cysteines,

including the ones forming the 8-aa-ring cystine-knot, and the putative
N-glycosylation sites. As highlighted in the human models, experimen-
tally validated (Duan et al., 2021; Jiang et al., 2014a, 2014b), these
conserved tertiary structures are essential for ligand-receptor interac-
tion with the involvement of the “buckle”, the “seat-belt” and the po-
tential interaction between the two “seat” regions of CGA and GTHp.
These results underline the high conservation of GTH structures from
their emergence in chondrichthyes to mammals. Compared with the
GTHRs of holocephalan C. milii (Buechi and Bridgham, 2017) and
H. sapiens (Ulloa-Aguirre et al., 2018), the primary structures of the
FSHR and LHR identified in elasmobranchs are highly conserved with
the leucine-rich solenoid, hinge, N-glycosylation and sulfation sites and
display the receptor family typical features in their ectodomain. On the
basis of 3D models, while a high similarity in tertiary solenoid structures
is observed between GTH receptors from H. sapiens, C. milii and
S. canicula, a significant difference is observed between receptor hinges
from the three species, both in size and conformation except for the
potentially sulfated tyrosine which contributes greatly to hormone
recognition and receptor activation (Jiang et al., 2014a,b). Interestingly,
a very recent work on the functional characterization of FSHR and LHR
in the cloudy catshark S. torazame has shown that a LHR variant without
exon 10, encoding part of the hinge and also corresponding to the C. milii
and S. canicula LHRs used in our 3D modeling, exhibited basal cAMP
activity (Arimura et al., 2024), reinforcing the role of the hinge in the
receptor activation.

For both receptors, FSHR and LHR, the primary structure of the seven
transmembrane «-helixes is also conserved with APPL1, ERW, BXXBB,
ubiquitin interacting and PKC2 binding domains in intracellular loops 1,
2 and 3, respectively. The second BXXBB, F(X)gLL, L-palmitoylation and
S/T motifs are also conserved in the intracellular Ct domain. Taken
together, this suggests the ability of receptors to trigger downstream
intracellular signaling, including the canonical Gs/adenylyl cyclase
cAMP/protein kinase A (PKA) pathway through the conserved BXXBB
and ERW motifs (Johnson and Jonas, 2020; Timossi et al., 2004).
Effectively, activation of the cAMP pathway has been recently observed
for FSHR and LHR stimulated by pituitary extracts in S. torazame
(Arimura et al., 2024). In addition, the other conserved motifs could be
involved in intracellular trafficking (i.e. export, endocytosis and
degradation) via the F(X)gLL motif (Dong et al., 2007), receptor
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Fig. 4. Relative expression profiles of fshr and lhr transcripts in S. canicula
tissues focused on the testis (zones A-D), male genital tract and other male and
female tissues. Messenger RNA levels were assayed by real-time PCR. Histology
of testicular zones A, B, C and D, corresponding to the zone with spermato-
gonia, spermatocytes, early spermatids and late spermatids, respectively, is
illustrated in Fig. 6. (A) Warm map representation of relative gene expression in
35 different tissues. Relative gene expression of fshr (B) and lhr (C) along the
male genital tract and in the ovary. Statistical analysis was performed using
Mann-Whitney U test with P value < 0.05 between each statistical groups a, b, ¢
and d. Testicular zones were assayed from six animals in triplicates (N=6; n =
18) and other tissues from three animals in triplicates (N=3; n = 9). The tissues
from females corresponded to females caught in September (non-breeding
period) whose ovaries contained a few early vitellogenic follicles. M, Male;
F, Female.

desensitization, recycling and Ggindependent ERK1/2-mediated
signaling via beta-arrestin the class B serine/threonine (S/T) cluster
(Kara et al., 2006; Marion et al., 2006; Troispoux et al., 1999; Wehbi
et al., 2010).

Ligand-receptor interaction analyses, using transiently transfected
HEK293T cells expressing scfshr or sclhr with the promiscuous hsGaye,
showed that scFSHR could be activated either by scFSH or scLH in the
same range of efficiency, while scLHR could be only activated by scLH.
The ECsg obtained ranged from 103 to 383 pM, which is consistent with
those obtained with human LH/CGR couples (Riccetti et al., 2017).
Moreover, neither of the two receptors, scFSHR and scLHR, was acti-
vated by scTSH. Interestingly, the scFSHR could also be activated by
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Fig. 5. Immunocytofluorescence on HEK293T cells expressing S. canicula gthrs.
HEKT293T cells were transfected with pTarget-scfshr, pTarget-sclhr or empty
pTarget plasmids. After 24 h, cells were fixed with 4 % PFA, collected on
polysine slides and immunocytofluorescence was performed with mouse
monoclonal anti-human FSHR antibody (1:100, ab219312) (A1-A3), rabbit
polyclonal anti-human FSHR antibody (1:100, ab137695) (B1-B3) or mouse
monoclonal anti-human LHR antibody (1:100, ab218447) (C1-C3). Secondary
antibodies used were anti-mouse goat Igl (H+L), Alexa Fluor™ 488 (1:250, A-
11001) (A1-A3 and C1-C3) or anti-rabbit goat IgG (H+L) goat antibody, Alexa
Fluor™ 488 (1:250, A-11008) (B1-B3). Merged pictures were aquired at 460
nm (DAPI, in blue) and 488 nm (Alexa fluor 488, in green). Scale bars: 5 um.

scFSH when transiently transfected in mLTC cells. Thus, using two types
of in vitro functional assays, it appears that scFSHR could be activated by
scFSH and cross-activated by scLH while scLHR could only be activated
by scLH in HEK293T cells. These results were supported by the similar
structure observed between the receptor-binding site of S canicula LHf
and that of FSHp from S. canicula and of FSHp from H. sapiens. Cross-
activation of FSHR by LH has been also observed in some actino-
pterygians such as the African catfish (Garcia-Lopez et al., 2009),
Atlantic salmon (Andersson et al., 2009) or Japanese eel (Kazeto et al.,
2008). However, scLHR is not cross-activated by scFSH, which is similar
to the results in the Japanese eel (Suzuki et al., 2020) but differs from
observations in zebrafish (Xie et al., 2017) and medaka (Burow et al.,
2020) where both FSH and LH were able to activate FSHR or LHR, or in
rainbow trout where LHR could be activated by FSH (Sambroni et al.,
2007). Furthermore, the ligand-receptor binding results obtained in the
catshark also differ from those of C. milii where each receptor is acti-
vated only by its own ligand (Buechi and Bridgham, 2017). However,
the comparison between the two species remains to be investigated since
the assays used different detection systems (Ca-signaling in our study,
CRE-activity in the study in C. milii). In our study, the HEK293T bioassay
did not exhibit signal with the cAMP detection system, whereas the
mLTC bioassay did when cells were transfected with scfshr and stimu-
lated with scFSH or scLH. Unlike HEK293T cells, mLTC cells express
endogenous murine LH receptors (mLHR) that are not activated by scLH
(Figure S9) but that can potentially dimerize with the transfected scfshr.
Such a dimerization in mLTCs would favor the cAMP signaling by
adequately connecting the sc-FSHR/mLHR dimer with the downstream
murine Gs protein. Moreover, in mLTC cells, we use a mix of IBMX,
forskolin and oxytocin in the preincubation step which does not modifiy
the basal cAMP level but considerably amplifies the cAMP response to
GTHs relative to HEK293T cells, allowing detection of much lower
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Fig. 6. Immunohistochemistry and RNA in situ hybridization of GTHRs and gthrs in S. canicula testicular sections. The testicular zone A corresponds to the
germinative area (A1-A4), cysts in formation (B1-B4) and formed cysts with spermatogonia (C1-C4). The testicular zones B, C and D correspond to cysts with primary
spermatocytes (D1-D4), cysts with young spermatids (E1-E4) and cysts with late spermatids (F1-F4), respectively. The lymphomyeloid epigonal tissue is illustrated
(G1-G4). Immunohistochemistry was performed using rabbit polyclonal anti-human FSHR antibody (ab137695) (A1-G1) and mouse monoclonal anti-human LHR
antibody (ab218447) (A3-G3). HRP-tagged secondary antibodies are then detected with DAB substrate kit. In situ hybridizations were performed using riboprobes
targeting Sc-fshr mRNA (A2-G2) or Sc-lhr mRNA (A4-G4). For immunostaining and revelation, the DIG-Nucleic Acid Detection Kit was used. Black arrowheads,
staining associated with germ cells; white arrowhead, staining associated with somatic precursors (A1-B4) or with Sertoli cells (C1-F4); green arrowhead, staining
associated with myelocytes and granulocytes (G1-G4); g, germinal cell nuclei; s, sertolian precursor (A1-B4) or sertolian nuclei (C1-F4). Scale bars: 10 um. Controls
are presented in supplementary data (Fig. S9).
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Fig. 7. Immunohistochemistry and RNA in situ hybridization of FSHR, LHR, fshr and lhr in S. canicula vitellogenic flollicle sections and other organs associated with
the male genital tract. Histology of studied organs is presented (A1-F1) and corresppond to a vitellogenic follicle (A1-A5), intratesticular tubules (B1-B5), testicular
collecting tubules (C1-C5), proximal and distal epididymis (D1-E3) and the Leydig’s gland adjacent to epididymis (F1-F3). Inmunohistochemistry was performed
using mouse monoclonal anti-human LHR antibody (ab218447) (A2-F2) or rabbit polyclonal anti-human FSHR antibody (ab137695) (A4-C4). In situ hybridizations
were performed using riboprobes targeting fshr mRNA (A3-F3) or [hr mRNA (A5-B5). In the vitellogenic follicle, expressions of LHR/lhr and FSHR/fshr were observed
in theca cells (white arrowhead) and granulosa cells (grey arrowhead), respectively (A2-A5). In the male genital tract, expressions of LHR/lhr and FSHR/fshr were
observed in epithelial cells (black arroheads) of stem and branched tubules (B2-B5), collecting tubules (C2-C5) and expressions of LHR/Ihr were observed in the
epithelial cells of the proximal epididymis (D2-D3), distal epididymis (C2-C3) and of the leydig’s gland (F2-F3). T: theca layer; G: granulosa layer; Z: zona pellucida;
O: ooplasm; Tu: intratesticular tubules; D: efferent duct; H: epithelium of the proximal epididymis; B: epithelium of the distal epididymis, E: epididymis; L: Leydig’s
gland D: Scale bars: 10 um. Controls are presented in supplementary data (Fig. S10).

amounts of gonadotropins. On the other hand, as the functional tests can be interpreted using the “negative specificity” model (Combarnous
were carried out in heterologous mammalian cells at 37 °C, the speci- & Hengé, 1981; Combarnous, 1992) in which the high affinity of go-
ficity of the receptors may be altered and our conclusions should be nadotropins is largely due to their common a-subunit (i.e. not specific)
viewed with this limitation in mind. whereas their specificities rely on the f-subunit-directed-binding inhi-

From a structural point of view, the LH/FSH specificity, or lack of it, bition to each other’s receptor. In this model, specificity can be changed
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by modifying only a few amino-acid residues in the seatbelt without
altering the high affinity towards the receptors. This view is in agree-
ment with easy appearances and disappearances in FSH/LH specificity
during Evolution.

4.2. Expressions and functions of gonadotropins

Since the initial purification of a gonadotropic fraction from the
ventral lobe of the pituitary (VPD) in S. canicula (Sumpter et al., 1978)
and the CGa, LH, FSHp identification twenty years later (Quérat et al.,
2001), the sequencing of the genomes of several chondrichthyes has
allowed major advances in phylogeny of GpHs and their receptors.
Orthologs of cga, Ihp and fshj have been identified in the genome of the
three elasmobranchs R. typus, C. punctatum and S. torazame and are
mainly expressed in the VPD for S. torazame (Arimura et al., 2024; Hara
etal., 2018). InS. canicula, although we have not precisely studied their
brain localization by in situ analyses, our results show the highest
expression of fshf and lhp in the midbrain/pituitary of males and fe-
males, which agrees with these previous data.

As previously observed in S. torazame, fshr is mainly expressed in
ovaries and testes and lhr in ovaries and, surprisingly, in male Leydig
organs, but not, or very weakly, in testes (Hara et al., 2018). In our
present study, fshr and lhr are expressed in both gonads of S. canicula, but
Ihr is more weakly expressed than fshr. During spermatogenesis, the
highest fshr expression level is associated with early stages where
transcripts and proteins are localized in undifferentiated and differen-
tiating spermatogonia. These results are consistent with the expression
of FSHR by spermatogonial stem cells, recently demonstrated in humans
and mice, which could regulate their differentiation (Bhartiya et al.,
2021; Patel and Bhartiya, 2016). In the following stages of spermato-
genesis, fshr expression decreases and is localized to germ cells and
Sertoli cells, consistent with FSH function in supporting meiotic cell
survival and spermiogenesis in sarcopterygians and actinopterygians
(Huhtaniemi, 2015). With regard to lhr expression, higher levels of
transcripts have also been found associated with the early stages of
spermatogenesis, as for fshr mRNA. Here, lhr transcripts are apparently
expressed by progenitor somatic cells and undifferentiated spermato-
gonia and could therefore be associated with their differentiation. Then,
during the following stages of spermatogenesis, lhr expression decreases
until the stage of cysts with round spermatids and increases again in the
zone containing cysts with late spermatids and is instead associated with
differentiated Sertoli cells, for both transcripts and proteins. In mam-
mals, LH regulates the production of steroids by Leydig cells, enabling
the completion of meiosis and spermiogenesis (Kumar, 2005; Ram-
aswamy and Weinbauer, 2014). In actinopterygians, one fshr and two lhr
genes (lhcgr]l and lhcgr2) have been identified (Maugars and Dufour,
2015). FSHR and LHR2 are expressed both in Leydig cells and Sertoli
cells, in some species as for example in Danio rerio, and both gonado-
tropins stimulate steroid production (Garcia-Lopez et al., 2010; Ohta
et al., 2007; Planas, 1995), with LH being primarily involved in sper-
miogenesis and spermiation (Chu et al., 2015; Xie et al., 2017). The
expression of fshr and lhr in Sertoli cells of S. canicula may be associated
with the fact that the main steroid-producing cell is the Sertoli cell in this
species, based on its steroidal ultrastructural features and the fact that
isolated cysts, as in S. acanthias, have the capacity to synthesize an-
drogens in the absence of differentiated Leydig cells (Cuevas et al., 1993;
Cuevas and Callard, 1992; Loir et al., 1995; Sourdaine and Garnier,
1993). However, previous studies of the pituitary VPD lobectomy
showed no reduction in plasma testosterone concentration, and only
total hypophysectomy resulted in a slight drop in testosterone levels, of
around 18 % (Dobson and Dodd, 1977a). Similarly, in vitro stimulation
of steroidogenesis from testicular explants or isolated cysts with VPD
extracts or dibutyryl cAMP showed only a 1.5-fold stimulation of
testosterone (Sourdaine et al., 1990; Sourdaine and Garnier, 1993).
These results suggest that gonadotropic hormones stimulate testicular
steroidogenesis to a limited extent. However, ventral lobectomy induces
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disruption of spermatogenesis at the transition between the last mitosis
of spermatogonia and the early stages of primary spermatocytes. This
suggests an essential role for gonadotropins for entry into prophase
(Dobson and Dodd, 1977b), in agreement with our observation of
gonadotropin receptor expression at early stages (zone A).

Furthermore, we observed an unexpected expression of gonado-
tropin receptors in epigonal tissue. Even if functions of gonadotropins on
this tissue remain to be explored, it is of interest to point them out as
mammalian hematopoietic progenitors express functional LHR and
FSHR and proliferate in vivo and in vitro in response to gonadotropins
and prolactin (Abdelbaset-Ismail et al., 2016; Mierzejewska et al.,
2015). In elasmobranchs, functional interactions between gonads and
their associated lymphomyeloid epigonal tissue have been previously
reported. The epigonal tissue has been described to play a role in cyst
resorption after spermiation, to have an inhibitory effect on premeiotic
stages DNA synthesis, and to be influenced by gonadal activity and
steroids (Lutton and Callard, 2007, 2008; McClusky and Sulikowski,
2014; Piferrer and Callard, 1995).

In the male genital tract, lhr, but not fshr, is highly expressed in the
distal epididymis, with expression localized in epithelial cells, but also in
the Leydig’s gland, unique to elasmobranchs. In mammals, lhr is also
expressed in the epididymis of several species such as the rat (Shayu and
Rao, 2006) or the squirrel (Wang et al., 2019) and participates in the
regulation of the local steroidogenesis (Lei et al., 2001; Wang et al.,
2018), resulting in the unique microenvironment necessary for sperm
maturation (James et al., 2020; Johnston et al., 2005). Epididymis in
elasmobranchs may carry out similar functions, creating a specific
microenvironment and being involved in the acquisition of sperm
motility (Dzyuba et al., 2019; Jones et al., 1984; Minamikawa’ and
Morisawa, 1996). Interestingly, a recent study on the stingray Potamo-
trygon wallacei showed the expression of the progesterone receptor in
epithelial cells of the epididymis and of the Leydig’s gland, with a cell
localization quite similar to those we determined for LHR (Morales-
Gamba et al., 2023). All these results raise the question of the primitive
role of the epididymis and its relationship with internal fertilization,
which could be a primitive character of gnathostomes based on the
observation of placoderm fossils (Long et al., 2015).

In contrast to the somatic cell composition of the testis in S. canicula,
where Sertoli cells are differentiated and associated with steroidogene-
sis, while Leydig cells are rare and undifferentiated, ovarian follicles
have differentiated granulosa cells and theca cells forming an inner and
outer layer, respectively (Kousteni and Megalofonou, 2020; Lutton et al.,
2011). Although the aim of our study was not a detailed study of
gonadotropin receptor expression in the ovary, in situ analyses did
indeed show specific expression of fshr and FSHR in the granulosa cells
and lhr and LHR in theca cells. We also observed that fshr expression was
higher than that of lhr in our sampled ovaries containing previtellogenic
follicles and corresponding to postovulatory females. This result is in
agreement with results obtained in S. torazame (Arimura et al., 2024),
where fshr was more highly expressed in previtellogenic follicles, while
lhr expression increased in vitellogenic and maturing follicles. Further-
more, it is interesting to note that lhr, but not fshr, is highly expressed in
the S. canicula’s oviduct and oviducal gland whose basic functions are
the egg capsule formation, initiated by progesterone in the cloudy cat-
shark, and sperm storage (Marongiu et al., 2021; Shimoyama et al.,
2023). Moreover, only lhr expression is found in the extragonadal parts
of the female tracts, as in the male, underlining the function of LH in
these locations.

4.3. Evolution of the gonadal regulation by gonadotropins

Our results can also be discussed in the light of the contribution of
data from a chondrichthyan to our understanding of the evolution of
gonadal regulation by gonadotropins (Fig. 8). In cyclostomes, repro-
duction is thought to be regulated by the single glycoprotein hormone
GPA2/GpHSg, which activates the GpHRI receptor (Hausken et al., 2018).
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Fig. 8. A proposed analysis of the co-evolution between gonadotropin hormones, their receptors and gonad structures in vertebrates. In cyclostomata, Sertoli cells
have been identified and reproduction may be regulated by a single glycoprotein hormone GPA2/GpHf activating the type I GpHR receptor. In the holocephalan
C. milii, the two gonadotropins LH and FSH are differentiated, activating their cognate receptors, whose fuctions on gametaogenesis remain unexplored. In elas-
mobranchs, Sertoli cells are the main steroidogenic cells and functional Leydig cells are present or absent according to species. The present study showed that Sertoli
cells express FSHR and LHR, theca cells LHR and Granulosa cells FSHR and that FSHR can be activeted by LH. In actinopterygians, according to species, FSHR and
LHR can be expressed by both Leydig and Sertoli cells and FSHR and/or LHR are less discriminating for ligand, and as shown in D. rerio, expression of one of the
receptors is sufficient to maintain complete spermatogenesis but not folliculogenesis. In sarcopterygians, Sertoli cells are specifically regulated by FSH, Leydig cells by
LH, granulosa cells by FSH (untill maturation where granulosa cells also express LHR), and expression of FSHR alone may be sufficient to maintain spermatogeneis
with high testosterone concentrations, but expression of both LHR and FSHR are required to suppport folliculogenesis. In the course of evolution, it could be hy-
pothesized that the first differentiation of functional Sertoli cells was fundamental, while the Leydig cell differentiated later to support Sertoli cell functions with
functional redundancy of gonadotropins. About folliculogenesis, cell-specific regulations were established earlier, with functional complementarity of gonadotropins.
Green circles, knockout fully fertile; Red circles, knockout infertile; Orange circle, knockout infertile which could be partially compensate with a testosterone
treatment; Red star 1, fully functional Sertoli cells; Red star 2, diversification event of ancestral genes encoding subunits of ancestral GTH (name p) and its cognate
receptor, prior to GTH specification; Red star 3, fully functional Leydig cells.

In these species Sertoli cells have been previously identified (Engel and spermatogenesis (Xie et al., 2017). Interestingly, in the medaka, the lhr
Callard, 2007). Distinct LH and FSH have been identified in the hol- KO, fshr KO and lhr;fshr double-KO phenotypes presented fertile males
ocephalan C. milii (Buechi and Bridgham, 2017), but their functions on with histologically normal testes containing all stages of spermatogen-
gametogenesis remain unexplored. Moreover, testicular organization of esis and no marked differences in steroid hormone levels (Kitano et al.,
holocephalans is poorly documented, although Sertoli cells have been 2022). Finally, in tetrapods, Sertoli cells are specifically regulated by
mentioned (Stanley et al., 1984), whereas ovarian follicles have been FSH and Leydig cells by LH, leading to functional complementarity; i.e.
better described and possess, as in other chondrichthyes, granulosa cells separation and complementarity of FSHR-bearing and LHR-bearing
and thecae (Diaz Andrade et al., 2018). In elasmobranchs, Sertoli cells cells. This was also further supported by knock-out approaches
are the main cellular site of steroid synthesis, with the contribution of showing that FSHR-KO or LHR-KO mice were infertile due to absent
Leydig cells, when present and differentiated according to species sertolian or leydigian functions, respectively (Oduwole et al., 2021;
(Awruch, 2013; Loir et al., 1995; Prisco et al., 2002; Pudney and Callard, Pakarainen et al., 2005). But in the case of the LHR KO mice, strong FSH
1984). Sertoli cells therefore appear to be the main cells regulating stimulation can maintain spermatogenesis without LH and high testos-
spermatogenesis, under the control of FSH and LH. In actinopterygian terone concentration, thus highlighting the central role of the Sertoli

teleosts, FSHR and LHR can be expressed by both Leydig and Sertoli cells and the more marginal role of the Leydig cells (Oduwole et al.,
cells, depending on the species, and FSHR and LHR are less discrimi- 2021; Pakarainen et al., 2005).

nating for ligand, except for LHR in the eel, suggesting a functional In conclusion, we postulate that during vertebrate evolution, the
redundancy of gonadotropins. This has been validated by knock-out differentiation of functional Sertoli cells preceded that of the Leydig cell
approaches in the zebrafish where lhr;fshr double-KO males had un- which essentially backed the Sertoli cell functions. Sertoli cells were
derdeveloped testes and were infertile (Zhang et al., 2015), but the initially regulated by a single gonadotropin, as in cyclostomes, before LH
expression of only FSHR or LHR was sufficient to maintain complete and FSH differentiated in chondrichthyans, and their receptors
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expressed in different cells in most bony vertebrates, except in some
actinopterygians. Regarding folliculogenesis, the differentiation of
granulosa and theca cells must have appeared before the divergence of
cyclostomes and the differentiation of FSHR and LHR (Dziewulska and
Domagala, 2009). But, once differentiated, both gonadotropins were
necessary for functional folliculogenesis in gnathostomes (Chu et al.,
2015; Murozumi et al., 2014; Oduwole et al., 2021; Xie et al., 2017).
Overall, this suggests that folliculogenesis requires more specific regu-
lation, than spermatogenesis, with the emergence of the two gonado-
tropins to meet the needs of ovarian development and function, as
previously hypothesized (Xie et al., 2017).
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