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20 Abstract

21 The pituitary glycoprotein hormones (GPHs) control several physiological processes in 

22 vertebrates such as reproduction and metabolism. They include the luteinizing hormone (LH), 

23 the follicle-stimulating hormone (FSH), and the thyroid-stimulating hormone (TSH), which 

24 activate their cognate leucine-rich repeat G protein-coupled receptors (LGRs), LHR, FSHR, and 

25 TSHR. Each GPH consists of a common α subunit and a specific βFSH, βLH or βTSH subunit. 

26 More recently, two supplementary GPH proteins, GPA and GPB, were identified in nearly all 

27 bilaterians and are the ancestors of the pituitary GPH α- and β-subunits, respectively. 

28 Chondrichthyans (holocephalans and elasmobranchs), the sister group of bony vertebrates, 
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29 are the most ancient clade to possess diversified GPH subunits. In the present study, GPA2, 

30 GPB5, TSHβ2, but not TSHβ1, and TSHR sequences have been identified in several 

31 elasmobranch genomes, and their 3D models were analyzed. Functional hormone-receptor 

32 interactions were studied in the small-spotted catshark (Scyliorhinus canicula) and showed 

33 that conditioned media from cells expressing the recombinant single-chain ScGPB5-ScGPA2 

34 were more effective than independent subunits in activating ScTSHR, ScFSHR, and ScLHR. 

35 Expression profiles were analyzed by real-time PCR, in situ hybridization, and 

36 immunohistochemistry along the male genital tract, other male and female tissues, and 

37 female tissues. A broader tissue distribution expression was observed for tshr and gpa2 than 

38 for gpb5, which was mainly observed in the testes. In testis, expression of tshr and gpb5 by 

39 Sertoli cells and of gpa2 by germ cells suggested paracrine/autocrine functions of 

40 GPA2/GPB5/GPHR signaling during spermatogenesis. This study complements the data on 

41 GPA2 and GPB5 by studying a chondrichthyan of phylogenetic interest for understanding the 

42 evolution of endocrine regulation in vertebrates.

43

44 Keywords: Thyrostimulin, GPA2, GPB5, TSH, Testis, Epididymis, Elasmobranchs.

45

46 1. Introduction

47 Glycoprotein hormones (GPHs) belong to the family of cystine-knot proteins and exert a wide 

48 range of physiological functions by activating their cognate leucine-rich repeat-containing G 

49 protein-coupled receptors (LGRs). In mammals, pituitary GPHs comprise two gonadotropins 

50 (GTHs), follicle-stimulating hormone (FSH) and luteinizing hormone (LH), as well as thyroid-

51 stimulating hormone (TSH) also named thyrotropin. The pituitary GPHs comprise a common 

52 α-subunit (CGA) and a specific β-subunit (FSHβ, LHβ, TSHβ), forming non-covalent 

53 heterodimers. FSH and LH are produced by the anterior pituitary, under the regulation of 

54 hypothalamic gonadotropin-releasing hormone (GnRH) signaling, and regulate gonadal 

55 functions by interacting with their receptors, FSHR and LHR, thus constituting the 

56 hypothalamic-pituitary-gonadal (HPG) axis. The pituitary TSH is regulated by the hypothalamic 

57 thyrotropin-releasing hormone (TRH) and regulates thyroid function by interacting with its 

58 receptor, TSHR, thus forming the hypothalamic-pituitary-thyroid (HPT) axis. These GPH 
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59 subunits, with their cognate receptors, emerged before the gnathostome radiation (Heyland 

60 et al., 2012; Roch and Sherwood, 2014). 

61 The β-subunits derived from an ancestral gene (gpb) through the two whole genome 

62 duplications, 1R and 2R, generating two gonadotropin β subunits, lhβ and fshβ, as well as two 

63 thyrotropin β subunits, tshβ1, and tshβ2, present in some chondrichthyes, the holocephalan 

64 Callorhinchus milii and the batoidea Leucoraja erinacea, and in early lobe-finned fish, the 

65 coelacanth Latimeria chalumnae and the lungfish Neoceratodus forsteri, while tshβ2 was lost 

66 in actinopterygians and tetrapods (Dufour et al., 2020; Maugars et al., 2014; Querat, 2021). In 

67 the early 2000s, two supplementary GPH subunit-related genes, gpa2, and gpb5, were 

68 identified from the human genome (Hsu et al., 2002). The ability of recombinant cross-linked 

69 hGPA2#hGPB5 heterodimer to activate TSHR in Homo sapiens and Ratus norvegicus led to call 

70 the corresponding GPH as Thyrostimulin, but also referred to as Corticotroph-derived 

71 glycoprotein hormone (CGH) (Nagasaki et al., 2006; Nakabayashi et al., 2002). Gpa2 and gpb5 

72 orthologs were identified in almost all animal species including protostomia (Heyland et al., 

73 2012; Kudo et al., 2000; Sudo et al., 2005; Wahl et al., 2022), primitive chordates (Dong et al., 

74 2013; Wang et al., 2018; Yang et al., 2023), cyclostomata (Sower et al., 2015) and various 

75 vertebrates (Buechi and Bridgham, 2017; Cahoreau et al., 2015; Hara et al., 2018; Levavi-Sivan 

76 et al., 2010) but not in cnidaria (Dos Santos et al., 2009). Molecular ancestors of GPHRs have 

77 also been identified under various names and can be activated by recombinant GPA2/GPB5 

78 and GPA2#GPB5 heterodimers or recombinant single-chain GPB5-GPA2 proteins. Such GPHRs 

79 were identified in protostomia (Kenis et al., 2023; Rocco and Paluzzi, 2020; Sudo et al., 2005; 

80 Wang et al., 2018), primitive chordates (Dos Santos et al., 2009; Wang et al., 2018; Yang et al., 

81 2023) and cyclostomata (Hausken et al., 2018); highlighting the coevolution of the GPH with 

82 GPHR signaling along bilateria evolution. However, the question of whether GPA2 and GPB5 

83 are active in vivo as non-covalent heterodimers, homodimers, or monomers has been raised. 

84 Indeed, the absence of a seatbelt in GPB5, as well as the expression of GPA2 and GPB5 

85 essentially in different cells, are not in favor of dimerization (Alvarez et al., 2009; Dufour et al., 

86 2020; Yang et al., 2023). Concerning the GPA2/GPB5 heterodimer (thyrostimulin), it would be 

87 involved in several biological functions through the activation of TSHR, in addition to 

88 regulating thyroxine production (Nagasaki et al., 2006; Nakabayashi et al., 2002), such as bone 

89 formation (Bassett et al., 2015), immune response (Suzuki et al., 2009) and reproduction (Sun 
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90 et al., 2010) in mammals, as well as development in protostomes (Heyland et al., 2012; 

91 Vandersmissen et al., 2014). The role of GPA2/GPB5 in reproduction has been highlighted in 

92 H. sapiens as a paracrine factor secreted by the oocyte and activating granulosa and theca 

93 cells which express TSHR (Sun et al., 2010). In males, the role of thyrostimulin has been 

94 demonstrated in studies using RNAi down expression of the GPHR of protostomia such as in 

95 the nematode, Caenorhabditis elegans, where down expression of its FSHR-1 results in the 

96 absence of germ cell renewal (Cho et al., 2007) and in the mosquito, Aedes aegypti, where 

97 down expression of its LGR1 results in abnormal spermatogenesis (Rocco et al., 2019, 2017). 

98 In addition, gpa2, gpb5, and their cognate receptor genes are coexpressed in the gonads of 

99 several protostomia such as the fly, Drosophila melanogaster (Vandersmissen et al., 2014), 

100 the scallop, Patinopecten yessoensis (Zhang et al., 2020) and the prawn, Macrobrachium 

101 rosenbergii (Wahl et al., 2022). They are also coexpressed in the gonads of Chordata, such as 

102 the amphioxus, Branchiostoma japonicum (Wang et al., 2018), the ascidian, Styela clava (Yang 

103 et al., 2023), the lamprey, Petromyzon marinus (Hausken et al., 2018) and the catshark, 

104 Scyliorhinus torazame (Hara et al., 2018). 

105 The study of the GPA2/GPB5 signaling in chondrichthyes is of interest because of their unique 

106 phylogenetic position. Indeed, the chondrichthyes are the sister group to osteichthyes (bony 

107 vertebrates), whose divergence occurred around 450 million years ago (Irisarri et al., 2017), 

108 and include the holocephalans (chimaeras) and elasmobranchs (sharks and rays). In terms of 

109 the comparative evolution of HPG and HPT endocrine axes, chondrichthyes illustrate the first 

110 representatives of jawed vertebrates with specialized HPG and HPT axes, located between on 

111 the one hand, cyclostomata, which might have non-differentiated HPG and HPT axes with two 

112 GPHs (lGpH and inferred thyrostimulin) and two GPHRs (lGpH-R I and –R II) (Sower and 

113 Hausken, 2017), and on the other hand, the bony vertebrates. The first study to examine the 

114 specificity of interactions between GPHs and GPHRs in a chondrichthyan was carried out on 

115 the holocephalan C. milii. It showed high specificity for FSH/FSHR, LH/LHR, and TSH/TSHR 

116 complexes, while recombinant GPB5-GPA2 activated none of the GPHRs (Buechi and 

117 Bridgham, 2017). However, the GPA2 and GPB5 signalings remain to be characterized in 

118 elasmobranchs which diverged as early as 380 million years ago from holocephalans. 

119 Interestingly, Hara's work, based on a global genome expression analysis of the shark S. 

120 torazame, showed that gpa2 was expressed in multiple tissues, including the testis, whereas 
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121 gpb5 expression appeared to be restricted to the testis (Hara et al., 2018). This result 

122 motivated us to develop a more comprehensive study during spermatogenesis in another 

123 chondrichthyan, the small-spotted catshark Scyliorhinus canicula, a nonendangered species 

124 belonging to the carcharhiniforms, which is the largest family of sharks.

125 Spermatogenesis is a highly conserved and orderly process under endocrine and paracrine 

126 regulations that allows the transformation of undifferentiated spermatogonia into 

127 spermatozoa. The testis of the small-spotted catshark S. canicula consists of spermatocysts 

128 (cysts), each made of spermatoblasts in which one Sertoli cell is associated with synchronously 

129 developing germ cells. On a cross-section of the testis, cysts originate from the germinative 

130 area, located on the dorsolateral edge of the testis. As new cysts are continuously formed, 

131 older cysts are moved to the opposite edge of the testis, leading to a zonal arrangement of 

132 cysts according to the spermatogenic wave. Thus, at least five testicular zones corresponding 

133 to the germinative area, the cysts with spermatogonia, the cysts with primary and secondary 

134 spermatocytes, the cysts with early spermatids, and the cysts with late spermatids, are easily 

135 distinguishable and accessible (Loir and Sourdaine, 1994). Another particularity of the S. 

136 canicula testis, also observed in another shark, Squalus acanthias, is the absence of 

137 differentiated Leydig cells, Sertoli cells being the main testicular steroidogenic cells (Cuevas 

138 and Callard, 1992a; Pudney and Callard, 1984b, 1984a; Sourdaine and Garnier, 1993). 

139 The present study aimed to complete the identification of GPA2, GPB5, TSHβ and TSHR 

140 proteins in several chondrichthyes and to analyze their structures and expression profiles by 

141 real-time PCR and in situ detections along spermatogenesis stages as well as in other tissues, 

142 including the male and female genital tracts of the small spotted catshark S. canicula. Using in 

143 vitro bioassays, specificities of hormone and receptor interactions were analyzed with 

144 ScGPA2, ScGPB5, and ScTSHβ as single-chain recombinant heterodimers or monomers as 

145 ligands, and with the recombinant receptors ScTSHR, ScFSHR, and ScLHR expressed in HEK293 

146 cells for testing their respective activities. The results are discussed in an evolutionary 

147 perspective. 

148

149 2. Materials and Methods

150 2.1. Animals and Tissue Sampling
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151 The catshark S. canicula was assessed, in 2020, as a least concern in the red list of threatened 

152 species by the IUCN (International Union for Conservation of Nature). Adult male (608 ± 137 

153 g; 58± 3 cm) and adult female (647 ± 90 g; 57 ± 4 cm) catsharks were fished during a CGFS 

154 (Channel Ground Fish Survey) campaign by IFREMER in the East Manche in September 2022 

155 (Giraldo et al., 2022). The animals were maintained in natural seawater tanks at the marine 

156 station of the University of Caen Normandy (Centre de Recherches en Environnement Côtier 

157 (CREC), Luc-sur-Mer, France). Under the A14384001 number, CREC facilities are approved by 

158 the Council Department of Population Care (Préfecture du Calvados, France). Sharks were 

159 acclimated 2 weeks before killing by percussive blow to the head followed by sectioning and 

160 pithing of the spinal cord and exsanguination according to the European directive 

161 2010/63/UE. Testes, epigonal tissues, proximal and distal epididymis, seminal ampullae, 

162 myelencephalons, cerebellum, midbrains/pituitaries, forebrains, olfactory bulbs, eyes, thyroid 

163 glands, Leydig organs, spleens, livers, pancreas, duodenums, kidneys, rectal glands, gills, 

164 hearts and muscles were sampled from 14 males and myelencephalons, cerebellum, middle 

165 part of the brain corresponding to diencephalon and mesencephalon and including pituitaries 

166 (Middle-brain/pituitary), forebrains, olfactory bulbs, ovaries, nidamental glands, oviducts, 

167 uterus and thyroid glands from 7 females and were transferred directly into liquid nitrogen 

168 before storage at -80°C with the exception of testes which were transferred in ice-cold 

169 Gautron’s buffer (pH 7.8, 890 mosmol kg-1) (Gautron, 1978) with 58 mM trimethylamine-N-

170 oxide (TMAO, Sigma, 317594) before dissection into the four zones (Loir and Sourdaine, 1994) 

171 corresponding to the zone containing the germinative area and cysts with spermatogonia 

172 (zone A), cysts with spermatocytes (zone B), cysts with early spermatids (zone C) and cysts 

173 with late spermatids (zone D). Other tissues such as testes, epididymis heads and bodies, 

174 ovaries, brains, thyroid glands, and Leydig’s gland were fixed in Gautron’s buffer with 

175 paraformaldehyde 4% before alcoholic dehydration and stocked in butan-1-ol at -20°C.

176 2.2. Sequence searches

177 GPA2, GBP5, TSHβ and TSHR aminoacid sequences were identified using BLAST searches, 

178 based on C. milii sequences (Buechi and Bridgham, 2017) against the following genomes and 

179 databases: Amblyraja radiata (sAmbRad1.1.pri), Carcharodon carcharias (Marra et al., 2019), 

180 Chiloscyllium plagiosum (ASM401019v1), Chiloscyllium punctatum (Hara et al., 2018),  Pristis 

181 pectinata (sPriPec2.1.pri), Rhincodon typus (Read et al., 2017), S. canicula (sScyCan1.2) and S. 
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182 torazame (Hara et al., 2018) on NCBI (https://www.ncbi.nlm.nih.gov/genome/); of 

183 Hemitrygon akajei (sHemAka1.1) on Squalomix Blast Server 

184 (https://transcriptome.riken.jp/squalomix/blast/); and of L. erinacea (Wang et al., 2012) on 

185 Skatebase (http://skatebase.org). To verify the relationship between obtained sequences and 

186 their putative families, phylogenetic trees were built based on the previous work of Buechi 

187 and Bridgham, 2017 using the MAFFT (Multiple Alignment using Fast Fourier Transform) 

188 program, BMGE (Block Mapping and Gathering with Entropy) alignment curation and PhylML 

189 tree inference on NGPhylogeny online services (https://ngphylogeny.fr/workflows/oneclick/, 

190 (Lemoine et al., 2019) with a bootstrap of 1000. Sequences used are listed (Supplementary 

191 Data, Excel). Obtained trees were finalized using iTOL online tool (https://itol.embl.de/, 

192 (Letunic and Bork, 2021).

193 Synteny analyses of vertebrate gpa2, gpb5, tshβ1, and tshβ2 genomic regions were performed 

194 to annotate the orthologs identified in the batoid A. radiata and the sharks S. canicula and C. 

195 carcharias. Species occupying key phylogenetic positions were selected, including the 

196 cyclostome P. marinus, the chondrichthyan C. milii, the actinopterygian L. oculatus, and the 

197 sarcopterygians L. chalumnae, X. laevis and H. sapiens. Genomic regions of C. milii were 

198 selected as templates. The genes were mapped using NCBI’s Genome Data Viewer 

199 (https://www.ncbi.nlm.nih.gov/genome/gdv/) and, for unretrieved genes, tBlastn using 

200 orthologous protein sequences were performed. 

201 2.3. 3D model building

202 Multiple alignments were performed using the Clustal Omega package 

203 (https://www.ebi.ac.uk/Tools/msa/clustalo/, (Sievers et al., 2011)) with manual corrections 

204 to identify conserved structures (based on the knowledge in H. sapiens sequences). Signal 

205 peptides were predicted using predisi software (http://www.predisi.de/). Predictive models 

206 of GPA2s, GPB5s, TSHβs and TSHRs were built using SWISS-MODEL 

207 (https://swissmodel.expasy.org/, (Waterhouse et al., 2018), using the Q96T91.1.A, 

208 Q86YW7.1.A and the 7utz.1 template of H. sapiens, and finalized using the Swiss PDB Viewer 

209 program (Johansson et al., 2012). Obtained models were evaluated by retaining the global 

210 sequence identities against the template, the greatest GMQE score (Global Model Quality 

211 Estimate, Waterhouse et al., 2018), which depends on coverage, and the highest QMEANDisCo 

212 Global score (Studer et al., 2020), which evaluates the model ‘as is’ without explicit coverage. 
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213 The same procedure was performed with H. sapiens sequences, as control, and for C. milii 

214 sequences. Using Swiss-PdbViewer (Johansson et al., 2012), predicted models were 

215 superimposed and the Root Mean Square Deviation (RMSD) was calculated and averaged for 

216 each GPH subunit and GPHRs.

217 2.4. Functional hormone-receptor interaction in in vitro assays

218 Synthetic pTarget plasmids containing S. canicula cDNA sequences for fshr (Sc-fshr), lhr (Sc-

219 lhr) or tshr (Sc-tshr) were obtained from Twist Bioscience (San Francisco, USA) and synthetic 

220 pTarget plasmids containing the fusion constructs Sctshβ-Sccga and Scgpb5-Scgpa2 were 

221 obtained from GenScript Biotech (Rijswijk, Netherlands), in addition to pTarget plasmids 

222 containing the Scgpa2 alone or the Scgpb5 alone. Human embryonic kidney (HEK293T) cells 

223 were transiently transfected with the synthetic plasmid using FuGENE HD (Promega) 

224 according to the manufacturer’s instructions. Cotransfection of a gphr/pTarget construct and 

225 a pTarget expression construct for the human Gα16 subunit was performed to get a 

226 measurable response. Gα16 can direct intracellular signaling of all GPCRs towards calcium 

227 release via the phospholipase Cβ pathway, regardless of the endogenous G protein coupling 

228 of the receptor. The pTarget ligand constructs were transfected in HEK293T cells around 80% 

229 of confluence in 75 cm2 flasks, then after 24 h of culture, the media were collected and 

230 concentrated using Amicon® 3K filters (Millipore). As a negative control, HEK293T cells were 

231 transfected with empty pTarget only or Gα16 together with empty pTarget to verify that 

232 native HEK293T cells were not stimulated by single-chain Sc-TSHB-CGA, Sc-GPB5-GPA2, Sc-

233 GPA2 or Sc-GPB5 treatments. Activation of the S. canicula GPHRs by these molecules was 

234 monitored using a fluorescence-based calcium mobilization assay according to Schwartz et al., 

235 2021. Briefly, transfected HEK293T cells were loaded with Fluo-4 Direct (Invitrogen) for 1 day 

236 at 37°C with 5% of CO2. The fluorophore was excited at 488 nm. The calcium-dependent 

237 emission was measured at 525 nm for 2 min using a Flexstation 3 (Molecular Devices) at 37°C 

238 and analyzed using SoftMax Pro (Molecular Devices). For analysis of the activation of the 

239 Gαs/adenylyl cyclase/cAMP/PKA pathway, transfected cells were incubated with Glosensor 

240 cAMP reagent (4% final concentration in media) (Promega) for 2 h at room temperature 
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241 before the injection of the ligand (Sc-TSHB-CGA, Sc-GPB5-GPA2, Sc-GPA2 or Sc-GPB5) and 

242 cAMP luminescence response was measured at 37°C for 30 min using the Flexstation 3. 

243 To determine the absolute concentrations of the ligands produced, an initial proteomic 

244 analysis of the ligand-containing media was carried out using high-resolution nanoLC-ESI-

245 MS/MS to identify peptides resulting from trypsin digestion of the α-subunit (ScCGA), ScGPA2 

246 and ScGPB5. The VTLMGNLK, EEIEIFTAK, and EFTFLAK peptides were designed for ScCGA, 

247 ScGPA2 and ScGPB5, respectively, according to the following criteria: the absence of cysteine 

248 residue, the absence of post-translational modifications, and more than 5 amino-acids. 

249 Selected peptides were synthesized by CliniSciences (Nanterre, France) and used as internal 

250 quantity markers. The standard curves were established, ranging from 16.3 pg/µl to 666 pg/µl, 

251 and the equations obtained were y=400.05x-6339.1 (R²=0.9967), y=979.22x-3058.1

252 (R²=0.9997) and y=231.1x+11558 (R²=0.9747) for ScCGA, ScGPB5, and ScGPA2, respectively, 

253 where “y” was the peak area of the peptide and “x” was the concentration. Efficiency (EC50) 

254 and efficacy (Emax) were calculated with 95% confidence intervals (profile likelihood) from 

255 sigmoidal dose-response equations which were constructed with a nonlinear regression 

256 analysis using Prism 5.0 (GraphPad Software, USA). 

257 2.5. Reverse Transcription and RT-qPCR

258 Total RNAs were extracted from S. canicula tissues using Tri-Reagent (Sigma-Aldrich, 93289) 

259 before purification with the NucleoSpin RNAII columns kit (Machery-Nagel). They were 

260 quantified with a NanoDropTM 2000 (Thermo Scientific) and degradation analyses were 

261 performed with an Agilent 2100 Bioanalyzer (Agilent) for testes zones, epigonal tissues, male 

262 brains and ovaries. Obtained RNA integrity numbers were greater than 7. For tissue 

263 distribution, real-time PCR was performed independently for three animals (N=3) in triplicate 

264 (n=3) except for testes (zone A, B, C, and D) and epigonal tissue where six animals were used 

265 (N=6, n=18). The CFX Connect Detection System (Bio-Rad) was used for RT-qPCR analyses. Two 

266 hundred and seventy ng of total RNAs were treated with 1U of RQ1 DNase (Promega, M6101) 

267 (37°C/20min) following by the reverse transcription using 1 ng random hexanucleotide 

268 primers (Promega, C1181), 0.5 mM dNTPs and 200 U of M-MLV Reverse Transcriptase 

269 (Promega, M1701) then the reactions were stopped (70°C/5min). The gene-specific primers 

270 were designed using Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/, (Ye et 

271 al., 2012) with manual corrections according to the following criteria: length between 18-22 
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272 bp, GC content over 50%, Tm close to 60°C and generation of a 150-200 bp amplicon. The real-

273 time PCR (5 ng of cDNA, 40 cycles: 95°C/15s, 60°C/45s) was done with the GoTaq®qPCR Master 

274 Mix (Promega, A6001). Melt curve analysis and efficiency tests were carried out to ensure the 

275 primers amplified a single product with 90-110% efficiency. The Ct values were read at 200 

276 relative fluorescence units and normalized against the 5S RNA (Redon et al., 2010) using the 

277 ΔCt method (Schefe et al., 2006). The 2-ΔΔCt method (Livak and Schmittgen, 2001) allowed us 

278 to calculate the expression variations based on the mean ΔCt of all tissues. Comparison of the 

279 Ct 5SRNA/total RNA ratio between tissues showed no significant difference using the non-

280 parametric Kruskal-Wallis test with a P-value of 0.14 (Supplementary Figure S1). Statistical 

281 analyses were performed using a first Shapiro-Wilk test analysis followed by the non-

282 parametric Mann-Whitney U test for P-value < 0.05.

283 2.6. In situ hybridization

284 Digoxigenin-conjugated riboprobes were synthesized from cDNA clones produced with 

285 specific primers (Supplementary Table S2). The resulting amplicons were cloned in pCR™II-

286 TOPO™ Vector by TA cloning and then transformed into chemically competent E. coli using 

287 the TOPO TA Cloning kit (Invitrogen, k461020). After cultures, plasmids were purified using 

288 the Wizard® Plus SV Minipreps (Promega, A1340) then the digoxigenin-conjugated riboprobes 

289 were generated using M13 PCR on 100 ng of plasmids with 1 mM MgCl2, 0.2 mM of each dNTP, 

290 0.4 µM M13 primer and 0.625 U GoTaq® Flexi DNA Polymerase (Promega, M8291). The cycling 

291 parameters were as follows: 1X(95°C, 5min), 30X[(95°C, 30s), (60°C, 45s), (72°C, 1min30s)], 

292 1X(72°C, 5min). PCR products were quantified using a Nanodrop 2000 spectrophotometer 

293 (Thermo Scientific) and then purified using the NucleoSpin RNA Clean-up (Marcherey-Nagel, 

294 740948.50). The size checking was done using gel migration. In vitro transcriptions were 

295 carried out for 3 h at 37°C on 1.2 µg PCR products with 25 U RNAsin, 25 U T7 or SP6 

296 polymerase, 10 mM dithiothreitol, 1 mM rATP, rCTP and rGTP, 0.65 mM rUTP, and 0.35 mM 

297 digoxigenin-UTP (Roche, 03359247910) using the Riboprobe® Combination Systems 

298 (Promega, P1460). DNAs were digested with 2 U RQ1 DNAse (Promega, M6101) for 30 min at 

299 37°C. The riboprobes obtained were purified and their qualities were checked by dot blots on 

300 PVDF membrane. Paraffin slices (5 µm) were incubated at 61°C to facilitate deparaffinization 

301 using Roti-histol (sigma, 6640.6). Hydration was achieved by successive ethanol baths (100%, 

302 95% and 70%), then by PBS. Slices were treated with 4% PFA in PBS, with 5 µg/ml proteinase 
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303 k in Tris buffer for 4 min, with 4% PFA in PBS, with 100 mM triethanolamine in 25 % acetic 

304 acid, then with 100 mM glycine in Tris buffer with PBS washes between each treatment. 

305 Tissues were incubated for 1 h at 65°C with the hybridization mix (50% deionized formamide, 

306 1X saline-sodium citrate (SSC), 0.5 M ethylenediaminetetraacetic acid (EDTA), 10% Tween 20, 

307 1X Denhardt’solution, 28 mg/ml dextran sulfate, 0.1 mg/ml heparin, 10% CHAPS, 0.5 mg/ml 

308 tRNA). Then, 0.1-0.4 ng/µl riboprobes in the hybridization mix were incubated overnight at 

309 65°C. Slices were washed using successive baths of diluted SSC 20X (SSC 1X and SSC 1.5X at 

310 65°C, SSC 2X at 37°C, SSC 2X with 0.2 µg/ml of RNase A (Promega, A797C) at 37°C, and SSC 

311 0.2X at 60°C) followed by maleic acid buffer baths with 0.3 % triton (MABT). For 

312 immunostaining and revelation, the DIG Nucleic Acid Detection kit (Roche, 11175041910) was 

313 used. Tissues were incubated for 3 h in blocking solution then, overnight at 4°C, with 100 µl 

314 per slice of 1/2000 v/v anti-digoxigenin-AP-conjugated antibody 750 U/ml. According to the 

315 kit guidelines, slices were washed in MABT baths before being developed overnight at 4°C in 

316 NBT/BCIP. Finally, slices were mounted in Mowiol mounting medium and then dried for 48 h 

317 at 4°C, before being observed using a Nikon Eclipse 80i microscope equipped with NIS-

318 Elements D 3.0 software (Nikon Instruments).

319 2.7. Immunohistochemistry (IHC) and Immunocytofluorescence (ICF)

320 Tissues embedded in paraffin were cut into 5 µm slices which were deparaffined in roti-histol 

321 baths (Roth, 6640.2), rehydrated using successive ethanol dilutions (100%, 96%, 75% and 50%) 

322 and washed in PBS before antigen unmasking (2x 90s, micro-waves 600W followed by a 1 h 

323 cooling period). Endogenous peroxidase activities were blocked using 3% hydrogen peroxide 

324 in PBS and non-specific labeling was blocked using 0.1% Triton in PBS with 1% BSA. Slices were 

325 incubated overnight at 4°C with the primary antibody (rabbit polyclonal anti-human TSHR 

326 antibody, 1:2000, Abcam, ab202960 or rabbit IgG polyclonal-isotype control, 1:2000, Abcam, 

327 ab37415) diluted in Antibody Diluent (Abcam, ab64211), then washed in PBS before a 2h 

328 incubation at room temperature with the secondary antibody (Goat anti-rabbit H&L IgG, HRP 

329 polymer, 1:1, Abcam, ab214880). After washing, the DAB Substrate Kit (3.3’-

330 diaminobenzidine, Abcam, ab64238) was applied until staining (2-60 min). Then, the slices 

331 were counterstained with Groat’s hematoxylin, rinsed with tap water, dehydrated in 

332 successive baths of ethanol (50%, 75%, 96% and 100%) and roti-histol (Roth, 6640.2), and 

333 mounted into roti®histokit media (Roth, 6638.1). 
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334 ICF was performed to verify the expression of recombinant proteins and the antibody 

335 specificity used in IHC analyses. HEKT293T cells transfected with pTarget-Sctshr plasmid were 

336 washed twice using PBS with 1% BSA, collected and fixed with 4% PFA for 15 min before 

337 attachment to polysine slides (Epredia). The cells were permeabilized with 0.1% Triton in PBS 

338 buffer with 1% BSA for 5 min then incubated overnight at 4°C with the rabbit polyclonal anti-

339 human TSHR antibody (1:500, Abcam, ab202960) or with the rabbit IgG polyclonal-isotype 

340 control (1:500, Abcam, ab37415). The cells were then washed and incubated for 2 h at room 

341 temperature with the Alexa FluorTM 488 goat anti-rabbit IgG (H&L) (1:250, Invitrogen, A-

342 11008) secondary antibody. After washes, the cells were mounted in ProlongTM Gold Antifade 

343 Mountant with 40,6-diamidino-2-phenylindole (DAPI) (P36935). Pictures were taken using the 

344 Eclipse 80i microscope (Nikon) with the same exposure time for each antibody, independently 

345 of the sample tested.

346 2.8. Western blot

347 Frozen tissues from testicular zones A, B, C, and D, proximal and distal segments of the 

348 epididymis, ovary, and thyroid gland were crushed in liquid nitrogen, extracted with 2.5 

349 volumes of ice-cold lysis buffer (6M urea, 2M thiourea, 40 mM Tris-base, 2% CHAPS, 1 mM 

350 EDTA, 0.5 mM DTT, 1 mM AEBSF, and 10 µM E64 protease inhibitors), then sonicated and kept 

351 for 1 h on ice before being centrifuged at 15 000 g for 30 min at 4°C. Supernatants were then 

352 centrifuged at 105 000 g for 1 h at 4 °C. Protein concentration of resulting supernatants was 

353 determined using the bicinchoninic acid (BCA) protein assay (Sigma-Aldrich, Merck, France). 

354 Extracted proteins (500 ng) were resolved on 10% gel electrophoresis before blotting on a 

355 PVDF membrane (Cytiva Amersham, RPN303F). After a 1-h blocking step in PBS with 10% non-

356 fat dried milk, the membranes were probed overnight at 4°C with one of the following primary 

357 antibodies: mouse monoclonal anti-human actin antibody (1:1000, Sigma, A3853); rabbit 

358 polyclonal anti-human TSHR antibody (1:500, Abcam, ab202960); rabbit IgG polyclonal-

359 isotype control (1:500, Abcam, ab37415). After a 2-h incubation with the corresponding 

360 secondary antibody, the goat anti-rabbit IgG (H&L) HRP polymer antibody (1:1, Abcam, 

361 ab214880) or the goat anti-mouse IgG (H&L) HRP polymer antibody (1:1, Abcam, ab214879), 

362 and washes, the DAB Substrate Kit (3.3’-Diaminobenzidine, Abcam, ab64238) was applied until 

363 staining (2-60 min). The bands' intensities in each PVDF membrane were normalized to their 
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364 respective actin intensities using ImageJ software (https://imagej.net), and the relative 

365 expression values were compared.

366

367 3. Results

368 3.1. GPA2a, GPB5b, TSHβ2 and TSHR sequences identified in elasmobranch genomes

369 Sequence searches were carried out based on sequences identified in C. milii and predicted 

370 sequences available in the NCBI database for S. canicula. Of the nine elasmobranch genomes 

371 analyzed, one TSHβ gene was identified for each, and gpa2 and/or gpb5 genes were identified 

372 in only 5 genomes and not in those of the batoid A. radiata, and of the sharks C. carcharias, C. 

373 plagiosum, and P. pectinata. The subsequent phylogenetic analysis including a maximum of 

374 GPH subunits and TSHR sequences validated their annotations. The molecular phylogeny of 

375 the GPA2s (Fig. 1.A) showed that the chondrichthyan sequences segregated together and that 

376 the holocephalan GPA2 was rooted with the selachian sequences. Molecular phylogeny of the 

377 GPB5 subunits (Fig. 1.B) showed that the chondrichthyan sequences were grouped with 

378 GPB5b sequences and not with GPB5a sequences, and the holocephalan GPB5 rooted with 

379 the shark sequences while batoidea sequences were grouped with actinopterygii sequences. 

380 Synteny analyses of gpa2- and gpb5-related gene regions confirmed the presence of gpa2, 

381 but not of gpb5a, in the genomes of C. carcharias and of S. canicula as well as the high 

382 conservation of the gpb5b gene region in the analyzed chondrichthyes (Fig. 1C, D). In addition, 

383 the gpa2a-gpb5a tandem and the gpa2b- and the gpb5b- related gene regions were 

384 conserved in the P. marinus genome. Genes coding protein phosphatase 2 regulatory subunit 

385 (PPP2R5) isoforms were located on the genomic fragments close to gpa2 and gpb5 genes. 

386 Molecular phylogeny of the TSHR orthologs showed that the chondrichthyan sequences were 

387 grouped in agreement with the phylogeny, and the holocephalan TSHR rooted the batoidea 

388 and selachii groups (Fig. 2.A). The molecular phylogeny of TSHβs showed that elasmobranch 

389 orthologs segregated with the C. milii TSHβ2 while the C. milii TSHβ1 rooted with the 

390 sarcopterygian sequences, which suggests the retention of the tshβ2 gene and the loss of the 

391 tshβ1 gene in elasmobranchs (Fig. 2B). Synteny analyses of tshβ1- and tshβ2-related genes 

392 regions in gnathostomes confirmed the absence of the tshβ1 gene in the genomes of A. 
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393 radiata, C. carcharias and S. canicula (Fig. 2C), while tshβ2 gene was localized in a highly 

394 conserved region, also found in C. milii and L. chalumanae (Fig. 2B). 

395 3.2. Globally conserved structures of GPA2, GPB5, TSHβ2 and TSHR, excepted a shorter “seat-

396 belt” domain of GPB5 and a structure divergence of the hinge and P10 loops for TSHR

397 The primary structures of elasmobranchs GPA2, GPB5, TSHβ2 and TSHRs were analyzed based 

398 on knowledge of human orthologs. Alignment of the Chondrichthyan GPA2 and GPB5 

399 sequences has shown 10 conserved cysteines (C), 2 putative N-glycosylation sites, a “seat” 

400 region conserved in all Gpb5 and Gpa2 of elasmobranchs, except for H. akajei sequence with 

401 a histidine (H) instead of a tyrosine (Y), and the “seat-belt” region of GPB5 comprising only 

402 two conserved C (Supplementary Figure S2). Concerning alignment of the chondrichthyan 

403 TSHβ2 subunit sequences, it has shown 12 conserved C residues involved in disulfide bonds, 

404 including the four characteristic C of the “seat-belt” and 1 N-glycosylation site (Supplementary 

405 Figure S3). The “seat” region was conserved in elasmobranchs and diverged from the 

406 holocephalan sequence with a phenylalanine (F) instead of a tyrosine (Y). Multiple alignments 

407 of the protein sequences of TSHR (Supplementary Figure S4) have shown, in their large 

408 extracellular domains, 35 well-conserved leucine (L) residues, 2 N-glycosylation sites, and a 

409 conserved putatively sulfated tyrosine residue. The putative limit between the solenoid and 

410 the “hinge” region was predicted. The transmembrane region of the chondrichthyan TSHRs 

411 was composed of 7 putative α-helical transmembrane domains (TM), 2 conserved cysteines, 

412 one APPL1, one ERW, one Ubiquitin interaction, and PKC2 binding domain, and one BXXBB 

413 putative motif. The C-terminal region exhibits a putative F(X)6LL motif, an S/T cluster, a second 

414 BXXBB putative motif, and a L-palmitoyl site.

415 The predicted models were constructed using the Q96T91.1.A template and the resulting 

416 pieces of information (Supplementary Table S2) reflected the fit between them. The closer 

417 GMQE and QMEANDisCo Global scores are to 1, the closer the predicted model is to the 

418 template. The TSHβ2 predicted models showed overall sequence identities relative to the 

419 Q96T91.1.A template of H. sapiens of 57.92% and 59.41% for C. milii and S. canicula, 

420 respectively. Despite these identities, the structural discrepancies were low since the GMQE 

421 and QMEANDisCo Global scores were only 0.06 to 0.08 lower for TSHβ2 predicted models of 

422 C. milii and S. canicula compared to the human control model (Supplementary Table S3). 

423 Scores obtained for TSHR models were relatively high with global sequence identities of 
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424 75.99% and 73.20%, GMQE and QMEANDisCo Global scores 0.02 to 0.06 lower than those of 

425 the human control template for C. milii and S. canicula, respectively. Compared to the human 

426 template, discrepancies in predicted models were slightly more important for GPA2 than for 

427 GPB5. For C. milii and S. canicula GPA2 models, respectively, global sequence identities were 

428 58.68% and 63,39%; GMQE scores were 0.41 and 0.42 lower and QMEANDisCo Global scores 

429 were 0.23 and 0.20 lower than the human template scores. For C. milii and S. canicula GPB5 

430 models, respectively, global sequence identities were 79.44% and 72,31%, GMQE scores were 

431 0.24 and 0.30 lower and QMEANDisCo Global scores were 0.15 and 0.21 lower than the human 

432 template scores. The predicted models of TSHβ, GPA2, and GPB5 obtained for S. canicula and 

433 C. milii proteins were superposable, including the cystine knot structures, and highlighted the 

434 shorter “seat-belt” domain of GPB5, with a very low mean RMSD ranging from 0.03 to 1.77Å 

435 (Fig. 3A-F). In contrast, the TSHR solenoid superposition had a very low mean RMSD of 0.07Å, 

436 which includes the hinge helix with the Serine scS280 (Fig. 3G-H), suggesting a conservation 

437 of the hinge helix and the solenoid structures among all these species. However, the mean 

438 RMSD of 19.32Å associated with the hinge loop and the P10 loop appeared much higher, 

439 suggesting their divergence. Furthermore, the putative sulfotyrosine site (scY385) was highly 

440 conserved (Fig. 3G). This analysis showed structure conservations of GPA2, GPB5, and TSHβ, 

441 including the cystine knot, the absence of the “seat-belt” in GPB5 orthologs, and conservation 

442 of the TSHR ectodomains, including hinge helix and sulfotyrosine site, while structure 

443 divergence was associated to hinge and P10 loops.

444 3.3. The single-chain recombinant ScGPB5-ScGPA2 stimulates ScFSHR, ScLHR and ScTSHR in in 

445 vitro assays

446 HEK293T cells coexpressing ScFSHR/Gα16 subunit, ScLHR/Gα16 or ScTSHR/Gα16 were 

447 stimulated by serial dilutions of conditioned medium from cells expressing ScGPA2, ScGPB5, 

448 or the single-chain recombinant ScGPB5-ScGPA2 or ScTSHβ2-ScCGA (Fig. 4). Dose-response 

449 analyses based on Ca2+ detection have shown that ScGPA2, ScGPB5 and ScGPB5-ScGPA2 were 

450 able to activate ScFSHR-expressing cells over a picomolar to nanomolar concentration range, 

451 with higher potency for ScGPB5-ScGPA2 and ScGPB5 than for ScGPA2 (Fig. 4A, Table 1). For 

452 ScLHR-expressing cells, dose-response profiles were similar to those obtained with ScFSHR-

453 expressing cells, with potencies in the same order of magnitude (Fig. 4B, Table 1). For ScTSHR-
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454 expressing cells, the potency of ScGPB5-ScGPA2 was slightly higher than that of ScTSHβ2-

455 ScCGA, which was used as a control (Fig. 4C, Table 1). 

456 3.4. High relative expression of tshr and gpb5 mRNAs during spermiogenesis in S. canicula

457 The expression profiles of transcripts were analyzed in 35 different tissues including the male 

458 and female genital tract, brain and thyroid (Fig. 5). As expected, the highest level of tshr mRNA 

459 was observed in the thyroid of males and females, but high levels were also observed in testis, 

460 with a 10-fold increase from the zone A to zone D, the proximal segment of the epididymis, 

461 and the lymphomyeloid Leydig organ of males (Fig. 5A, B). In females, high levels of tshr mRNA 

462 were observed in the brain and genital tract, particularly in the oviduct and nidamental gland 

463 (Fig. 5A). A broad tissue expression profile of the gpa2 mRNA was observed, in both males and 

464 females, with high levels in the different brain regions, particularly the cerebellum and the 

465 male forebrain, and in the thyroid (Fig. 5A). High levels were also observed in Leydig organ 

466 (Fig. 5A). In the male genital tract, the highest gpa2 mRNA level was observed in seminal 

467 ampullae, high levels were observed in proximal and distal segments of the epididymis, and 

468 testis in which, gpa2 mRNA levels were three-fold higher in zone A, containing the germinative 

469 area and cysts with spermatogonia, than in the subsequent stages of spermatogenesis (Fig. 

470 5A, C). In the female genital tract, higher gpa2 mRNA levels were observed in the oviduct and 

471 nidamental gland than in the ovary and uterus (Fig. 5A). In contrast, the tissue expression 

472 profile for gpb5 appeared more restricted than for gpa2 with the highest levels observed in 

473 testis (Fig. 5A), with a 160-fold increase from the zone A to the zone D (Fig. 5D). During 

474 spermatogenesis, the two increases of gpb5 and tshr mRNA levels were significantly 

475 correlated by a Spearman correlation test (P-value = 0.020). Outside the testis, gpb5 appeared 

476 moderately expressed in the brain but not at all in the male tract, contrasting with the gpa2 

477 profile (Fig. 5A,D). In females, low levels of gpb5 mRNA were observed in the ovary (Fig. 5A, 

478 D). For tshβ2, expression analysis showed the highest mRNA levels in males’ and females’ 

479 middle-brain/pituitary, lower levels in the male forebrain, cerebellum, and myelencephalon 

480 and, at most, marginal expression in other tissues (Fig. 5E).

481 3.5. TSHR protein levels correlate with tshr transcripts in testicular zones with spermatids

482 Western blot analysis was performed in tissues expressing tshr according to real-time PCR 

483 results. Two bands of about 90 and 50 kDa were detected with the anti-human TSHR rabbit 
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484 polyclonal antibody (Fig. 6A) in extracts of all testicular zones (A, B, C, and D), as well as of 

485 proximal and distal epididymis, ovary and thyroid. The band of 90 kDa could correspond to 

486 the full-length receptor, based on its theoretical molecular weight of 85 kDa, and the band of 

487 50 kDa to the extracellular domain of the receptor, based on its theoretical molecular weight 

488 of 46 kDa after cleavage at position 406 of the protein sequence (Supplementary Figure S4). 

489 The use of the rabbit IgG, polyclonal-isotype control revealed protein bands around 90 and 75 

490 kDa but none corresponding to TSHR (Fig. 6B). Relative levels of TSHR to actin protein show 

491 that the two forms of TSHR (full-length or ectodomain only) evolved in parallel for all tissues. 

492 This is expected as the mature TSHR ectodomain is only connected to the 7TM domain through 

493 an SS bridge (Fig. 6C, D). The levels were higher in testicular zones C and D and thyroid than in 

494 zones A and B, ovary, proximal and distal segments of epididymis. These results match with 

495 the levels of tshr transcripts, except for the proximal segment of the epididymis where the 

496 tshr transcripts were excessively low considering TSHR protein expression.

497

498 3.6. Expression of gpa2 in germ cells and of tshr/TSHR and gpb5 in epithelial cells, including 

499 Sertoli cells and epididymis, in the male genital tract of S. canicula

500 In situ analyses were performed in genital tract tissues using real-time PCR results to identify 

501 the cell types expressing the transcripts and proteins of interest. In order to further validate 

502 the antibodies used, immunocytofluorescence was performed on HEK293T cells expressing 

503 ScTSHR (Fig. 7). The results showed that the rabbit polyclonal TSHR antibody exhibited a 

504 specific signal in the cytoplasm (probably in endoplasmic reticulum and Golgi) and cell 

505 membrane of TSHR-expressing cells compared with the control corresponding to cells 

506 transfected with the empty plasmid. However, the rabbit IgG polyclonal-isotype control 

507 exhibited a low unspecific signal in the cytoplasm and cell membrane of both ScTSHR-

508 expressing cells and cells transfected with the empty plasmid. The immunohistochemistry of 

509 TSHR evidenced specific staining in the cytoplasmic extensions of differentiated Sertoli cells, 

510 localized between germ cells, in cysts with spermatogonia, with spermatocytes, with round 

511 spermatids, and in the basal cytoplasm, surrounding the nucleus of Sertoli cells in cysts with 

512 elongated spermatids (Fig. 8A1-F1). No specific immunolabelling was observed in Sertoli cell 

513 precursors into the germinative area (Fig. 8A1-B1) and immunolabelling of the cyst lumen or 

514 interstitial tissue was unspecific according to the results obtained with the rabbit IgG 
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515 polyclonal-isotype control (Supplementary Figure S5). In agreement with the 

516 immunodetection of TSHR, the ISH results showed the localization of tshr mRNA transcripts in 

517 the cytoplasm of differentiated Sertoli cells (Fig. 8C2-F2) and was also observed in the 

518 cytoplasm of somatic precursors associated to early spermatogonia (Fig. 8A2) and cysts in 

519 formation (Fig. 8B2). The ISH of gpa2 transcripts exhibited low staining associated with the 

520 cytoplasm of early spermatogonia, spermatogonia associated with cysts in formation, 

521 spermatocytes, rounds spermatids and associated to the head of elongated spermatids (Fig. 

522 8A3-F3). In contrast, ISH of gpb5 showed a first light staining in cysts containing spermatocytes 

523 (Fig. 8D4), which increased strongly in the cytoplasm of Sertoli cells in cysts containing round 

524 spermatids and elongated spermatids (Fig. 8E4-F4). In the last stage of spermatogenesis, the 

525 ISH signal was clearly localized in the basal cytoplasm of the Sertoli cells, surrounding nuclei, 

526 and in the thin cytoplasmic projections around the head of spermatids (Fig. 8F4).

527 In situ analyses were completed by a study of the lymphomyeloid epigonal tissue associated 

528 with the testis, the testicular collecting tubules, the proximal and distal epididymis, the 

529 lymphomyeloid Leydig’s gland and the thyroid. Strong staining was observed in the epigonal 

530 tissue for both tshr/TSHR and gpb5, apparently associated with granulocytes and myelocytes 

531 but not lymphocytes and erythrocytes (Fig. 8G1-G4). In the next part of the male genital tract, 

532 epithelial cells of the collecting tubules expressed tshr/TSHR and gpb5 (Fig. 9A2-A5), epithelial 

533 cells of the proximal (Fig. 9B2-B4) and distal (Fig. 9C2-C4) epididymis expressed tshr/TSHR and 

534 gpa2, and the epithelial cells of Leydig gland’s expressed tshr/TSHR and gpa2 (Fig. 9D2-D4). In 

535 the thyroid, tshr/TSHR-associated staining and gpa2-associated staining were observed in the 

536 follicular epithelium (Fig. 9E2-E4). Furthermore, in situ expression analyses were extended to 

537 ovarian follicles containing differentiated granulosa and theca cells, used as a control rather 

538 than for in-depth study since literature reported expressions of GPA2, GPB5 and TSHR in 

539 mammalian ovarian follicles. Here, theca cells and oocyte expressed tshr/TSHR, gpa2 and 

540 gpb5 while granulosa cells expressed only gpb5 (Fig. 9F2-F5). 

541

542 4. Discussion

543 Recently, the genome of several chondrichthyes allowed significant advances in phylogeny of 

544 genes regulating reproduction in vertebrates, including those of the glycoprotein hormones 
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545 (GpHs) and their receptors (GpHRs) such as in the holocephalan C. milii (Buechi and Bridgham, 

546 2017) and the elasmobranchs R. typus, C. punctatum and S. torazame (Arimura et al., 2024; 

547 Hara et al., 2018). One of our study’s aims was to complete the characterization of GpHs and 

548 GpHRs in Elasmobranchs by analysis of more, now available, genomes. Our results allowed the 

549 identification of gpa2 and/or gpb5 genes in four additional species, including the red stingray 

550 H. akajei, the thorny skate A. radiata, the great white shark C. carcharias, and the small-

551 spotted catshark S. canicula. Furthermore, these results confirmed that the tshβ2 gene, but 

552 not the tshβ1 gene, was maintained in elasmobranch genomes, underlining the divergence 

553 with the holocephalan C. milii genome where both genes are present (Buechi and Bridgham, 

554 2017; Maugars et al., 2014). 

555 Outstanding predicted structures of GPHs were found conserved in the elasmobranch TSHβs, 

556 GPA2s, and GPB5s. Most importantly, the cysteine residues, all involved in disulfide bonds, 

557 were found at homologous positions thus allowing 1/ the formation of the cystine-knots in all 

558 GPH subunits as well as in GPA2 and GPB5 and 2/ the “seatbelt” fastening by the C3-C12 bridge 

559 (“buckle”) in all GPHβ subunits but not in GPB5s lacking these two cysteine residues. The 

560 absence of the seat-belt in GPB5 raised the question of the stability of the GPA2/GPB5 

561 heterodimer in the peripheral circulation (Alvarez et al., 2009). The putative N-glycosylation 

562 sites and the characteristic “seat” region involved in α- and β-subunits interaction are also 

563 conserved.

564 Compared with the GTHR of C. milii (Buechi and Bridgham, 2017) and H. sapiens (Ulloa-Aguirre 

565 et al., 2018), the primary structures of the TSHR identified in elasmobranchs were highly 

566 conserved with the leucine-rich solenoid, hinge, N-glycosylation and sulfation sites in their 

567 ectodomains. In the human LHCGR, the hinge region includes a hinge helix (residues 276-282), 

568 a hinge loop (residues 284-340) and a P10 loop (residues 350-359), and hydrophobic 

569 mutations of the hinge helix, notably of the serine residue at position 277, alters the receptor 

570 activation property, as also noted for TSHR (He et al., 2022; Jaeschke et al., 2011; Mueller et 

571 al., 2009). In comparison, the TSHR sequence of S. canicula shows a highly conserved serine 

572 residue (ScTSHR S280). At the same time, a significant conformational difference was 

573 observed for the hinge loop, possibly causing a conformational change in the P10 loop as 

574 observed in our model. However, the sequence and the 3D conformation of the potentially 

575 sulfated tyrosine (Y385) implied in a high-affinity ligand-receptor interaction were conserved. 
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576 These results suggest that during evolution, the hinge loop has diverged the most, although 

577 the consequence for ligand/receptor interaction specificity remains to be defined. Primary 

578 structures of the seven transmembrane α-helixes were also conserved with APPL1, ERW, 

579 BXXBB, ubiquitin interacting, and PKC2 binding domains in intracellular loops 1, 2, and 3, 

580 respectively. 

581 In the present study, ligand-receptor interaction analyses using HEK293T cells transiently 

582 transfected with Scfshr, Sclhr or Sctshr together with the promiscuous hsGα16 showed that the 

583 recombinant ScTSHβ2-ScCGA, expressed as a single-stranded protein, could activate only 

584 ScTSHR, in agreement with the previous report concerning C. milii (Buechi and Bridgham, 

585 2017). Thus, for the first time in an elasmobranch, it has been shown that ScGPB5-ScGPA2 can 

586 activate ScTSHR, as previously observed in R. norvegicus and H. sapiens (Nagasaki et al., 2006; 

587 Nakabayashi et al., 2002). However, the EC50 of single-chain ScGPB5-ScGPA2 on ScTSHR is ten 

588 times lower than those found for human and rat thyrostimulins, but the efficiency of ScTSH 

589 on ScTSHR was similar to the bovine TSH on bTSHR (Nagasaki et al., 2006; Okajima et al., 2008).

590 Most interestingly, the recombinant single strand ScGPB5-ScGPA2 also activated ScFSHR and 

591 ScLHR in addition to ScTSHR. This surprising result fits well with the previously proposed 

592 “negative specificity” model (Combarnous, 1992; Combarnous and Hengé, 1981). Indeed, in 

593 this model, the seatbelt sequence in the β-subunits wraps around their α-counterpart to 

594 stabilize the heterodimer formation but also determines specificity by inhibiting the binding 

595 (hence “negative specificity”) of each heterodimer to the other GPHRs. Since ScGPB5-ScGPA2 

596 remains dimeric thanks to the β-α sequences’ fusion but lacks seatbelt sequence, there is no 

597 inhibition towards any of the GPHRs, thus leading to binding and activation of all of them.

598 This result suggests a more ancestral function or a specificity of the receptors not yet 

599 established, as it was described in the lamprey P. marinus where GPB5-GPA2 could activate 

600 both GPHRI and GPHRII (Hausken et al., 2018). In addition, recombinant ScGPB5 alone could 

601 also activate ScFSHR, ScLHR, and ScTSHR but with a tenfold lower efficiency than the single-

602 chain ScGPB5-ScGPA2. The recombinant ScGPA2 could also activate the three ScGPHRs, but 

603 probably only at a supraphysiological concentration. Observed efficacies also suggest agonist 

604 and partial agonist activities of ScGPB5 and ScGPA2-ScGPB5, respectively, on ScFSHR and 

605 ScLHR. Our results are, however, in contradiction with those obtained in the holocephalan C. 

606 milii, where heterodimeric CmGPA2 and CmGPB5 subunits or single-chain CmGPB5-CmGPA2 
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607 failed to activate CmTSHR (Buechi and Bridgham, 2017). This lack of activation could result 

608 from the use of a receptor with a truncated hinge loop (XP_007904236.1), whereas a full-

609 length receptor (XP_042194080.1) was predicted later in 2021 by automated computational 

610 analysis. In our study, we were unable to determine if ScGPA2 or ScGPB5 were active as 

611 monomer or homodimer, which is a matter of debate in different species, along with the issue 

612 of the endocrine or paracrine role of the GPA2/GPB5 heterodimer. In mammals, the fact that 

613 thyrostimulin has been claimed to activate hTSHR as a non-covalent heterodimer whereas 

614 systemic blood GPA2 and GPB5 concentrations were much below the dimerization Kd. This 

615 suggests a paracrine role for the non-covalent GPA2/GPB5 heterodimer but also raises the 

616 issue of the potential endocrine role(s) of separated GPA2 and GPB5 units (Alvarez et al., 2009; 

617 Sun et al., 2010). In the basal chordate B. japonicum, each GPA2 or GPB5 monomer could bind 

618 the amphioxus GPHR (named TSHR by the authors and also referred to as LGR1) without 

619 activating it, only the recombinant single-chain GPB5-GPA2 was able to do so, suggesting a 

620 local role of monomers as antagonists of GPHR (Wang et al., 2018). In the ascidian S. clava, 

621 GPA2 and GPB5 are secreted by distinct secretory pathways and could activate, as 

622 recombinant single-chain GPB5-GPA2, HEK293T cells expressing GPHR (Yang et al., 2023). 

623 However, the separate GPA2 and GPB5 have not been tested. In the mosquito A. aegypti, it 

624 has also been suggested that GPA2 and GPB5 may form homodimers. Still, only the single-

625 chain GPB5-GPA2 modulates the activity of the mosquito GPHR (LGR1) (Rocco and Paluzzi, 

626 2020). In the lamprey, GPA2 heterodimerizes with GPB5 and the recombinant fusion protein 

627 GPB5-GPA2 can activate the lamprey GpH receptors I and II; however, GPA2 and GPB5 have 

628 not been tested separately (Hausken et al., 2018). Overall, heterodimerization of GPA2 and 

629 GPB5 seems necessary, and it has been suggested that they may have evolved from an 

630 ancestral homodimer consisting of two GPA2s in basal metazoans, based on the study of the 

631 crystal structure of the heterodimer GPA2/GPB5 of C. elegans secreted by transfected 

632 HEK293S cells (Gong et al., 2023). The dose-responses observed in our study when ScGPA2 or 

633 ScGPB5 are expressed alone would therefore not be incompatible with this evolutionary 

634 history from homodimers. 

635 In numerous species, GPB5 exhibits a much more restricted tissue expression than GPA2. 

636 Nevertheless, coexpression of GPA2 and GPB5 was observed in a few locations but mainly 

637 outside the brain and pituitary or pituitary-like organs; for example, in the gonads in 
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638 ecdysozoans (Rocco et al., 2017; Rocco and Paluzzi, 2020; Vandersmissen et al., 2014), basal 

639 chordates (Wang et al., 2018; Yang et al., 2023); lamprey (Hausken et al., 2018) and mammals 

640 (Li et al., 2004; Nagasaki et al., 2006; Nakabayashi et al., 2002; Okada et al., 2006). Our results 

641 on the tissue expression profiles of GPA2 and GPB5 observed in S. canicula agree with these 

642 previous studies since their coexpression was observed in the gonads, notably in the testes. 

643 In S. canicula, although we did not precisely study its brain localization by in situ analyses, our 

644 results show the highest expression of tshβ2 in the midbrain, including the hypothalamus and 

645 pituitary, of both males and females, which was in agreement with an expression in the ventral 

646 lobe of the pituitary of sharks (Hara et al., 2018). Tshr, gpa2, and gpb5 genes were also 

647 coexpressed in different parts, suggesting paracrine regulation of the central nervous system 

648 involving TSH/TSHR and/or (GPA2/GPB5)/TSHR signaling, as in the regulation of food intake in 

649 rats (Burgos et al., 2016) or seasonality in fishes, birds and mammals (Irachi et al., 2021; 

650 Yoshimura, 2010). Our results also show that tshr and TSHR were expressed in the epithelial 

651 cells of thyroid follicles, as expected. Still, extrathyroidal expressions of the TSHR, outside the 

652 thyroid and brain, were observed in the testis and epididymis, the lymphomyeloid Leydig 

653 organ, and the oviduct and nidamental gland. In testis, tshr mRNA and TSHR protein levels 

654 increased from early to late stages of spermatogenesis with localization in somatic precursors 

655 and differentiated Sertoli cells. These results are in agreement with TSHR expression observed 

656 in Sertoli cells of R. norvegicus (Fadlalla et al., 2017) and H. sapiens (Li et al., 2022) and in the 

657 testis of some teleost as in the Walking catfish, Clarias batrachus (Bhat et al., 2017), Channel 

658 catfish, Ictalurus punctatus (Goto-Kazeto et al., 2009), striped bass, Morone saxatilis (Kumar 

659 et al., 2000), and European sea bass, Dicentrarchus labrax (Rocha et al., 2007). In D. labrax, it 

660 has been proposed involvement of TSHR signaling in gonadal development, spermiogenesis, 

661 and spermiation (Rocha et al., 2007). In the absence of tshβ2 expression in the testis of S. 

662 canicula and based on functional assays, ScGPA2/ScGPB5 can be expected to exert a paracrine 

663 role in the regulation of spermatogenesis by activating testicular TSHR, without ruling out an 

664 endocrine action of circulating TSH. This is also reinforced by the correlation observed 

665 between gpb5 and tshr mRNA levels during spermatogenesis. In situ analysis showed gpa2 

666 expression in germ cells while gpb5 and tshr were expressed in the Sertoli cells, suggesting 

667 paracrine and/or autocrine regulations. Further studies are needed to determine how these 

668 regulations are coupled to those through testicular FSHR and LHR expressions recently studied 

669 in the catshark (Jeanne et al., 2024). Interestingly, the downregulation of the putative 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5114400

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



670 GPA2/GPB5 receptor (LGR1) in the mosquito A. aegypti impacted spermatozoa differentiation 

671 (Rocco et al., 2019), underlining the ancestral involvement of GPA2/GPB5 in spermiogenesis. 

672 However, the deletion of either GPB5 or GPA2 in mice did not produce an overt phenotype 

673 (Okada et al., 2006), raising the question of the biological role of GPA2 and GPB5 during 

674 spermatogenesis in organisms with differentiated gonadotropic hormones. Nevertheless, the 

675 double KO of both gpa2 and gpb5 genes has not been performed so it cannot be excluded 

676 that GPA2 and GPB5 exert similar functions and can rescue each other.

677 In the male genital tract of S. canicula, significant gpa2, and tshr mRNA levels were observed 

678 in the proximal segment of the epididymis. In situ analyses localized tshr transcripts and 

679 protein in the epithelium of testicular collecting tubules, co-expressed with gpb5 but not gpa2. 

680 Then, TSHR was localized in the epithelium of proximal and distal segments of the epididymis 

681 and epithelial cells of Leydig’s gland. In the epididymis, we show for the first time that tshr is 

682 co-expressed with gpb5. In mammals, spermatozoa acquire their motility and fertilizing 

683 properties during their epididymal transit (Dacheux and Dacheux, 2014; Sullivan et al., 2005) 

684 may be related to their internal fertilization mode (Gervasi and Visconti, 2017). In 

685 elasmobranchs, which also have internal fertilization, epididymis has been poorly studied 

686 despite its similarity to mammals. However, studies in sharks and batoids have shown that the 

687 epididymis participates in luminal fluid modifications and that spermatozoa acquired their 

688 motility during their transit in the distal epididymal segment of the epididymis (Dzyuba et al., 

689 2019; Jones et al., 1984). The Leydig gland, which is adjacent to the epididymis and secretes 

690 part of the seminal fluid into the deferent duct, seems to be involved in spermatozoa 

691 aggregation, occurring into seminal ampullae, to form spermatozeugmata or spermatophores, 

692 according to species (Jones et al., 2005). Another specificity of elasmobranchs, is the presence 

693 of lymphomyeloid tissues forming the gonad-associated epigonal tissue and the gut-

694 associated Leydig organ (different from the Leydig gland). Our results show that the epigonal 

695 tissue expressed tshr and gpb5 and the Leydig organ expressed tshr and gpa2. The biological 

696 significance of these co-expressions has to be clarified but, interestingly, previous studies have 

697 suggested a cross-talk between the epigonal tissue and the gonads in elasmobranchs (Lutton 

698 and Callard, 2007; Piferrer and Callard, 1995).

699 Expression analyses of S. canicula females showed high levels of tshr and gpa2 transcripts in 

700 the oviduct and nidamental gland and lower levels in the ovary, as also observed for gpb5 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5114400

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



701 transcripts. Although the tissues were only taken from females outside their reproductive 

702 period and corresponded to ovaries with few vitellogenic follicles, in situ analyses showed an 

703 expression of TSHR/tshr in theca layers and oocyte, of gpa2 in granulosa cells and of gpb5 in 

704 theca and granulosa cells. Although our analysis remains limited, these follicular expressions 

705 are in agreement with a paracrine GPA2/GPB5/TSHR signaling as characterized in the R. 

706 norvegicus ovary (Sun et al., 2010).

707

708 5. Conclusion

709 In conclusion, our study shows that, in vivo, gpb5 is highly expressed in S. canicula testis. In 

710 vitro, the recombinant single-chain ScGPB5-ScGPA2 dimer, as well as ScGPB5 alone, activate 

711 the three S. canicula GPHRs (ScFSHR, ScLHR, and ScTSHR) in a comparable potency range, 

712 suggesting their implications in the paracrine regulation of spermatogenesis, an implication 

713 that remains to be clarified. Chondrichthyes, as the most ancient clade with differentiated 

714 GPHs and GPHRs, could exhibit a transitional endocrine system between the pleiotropic 

715 GPA2/GPB5/GPHR signaling found in the cyclostomes and early gnathostomes and the specific 

716 GtHs/GtHRs signaling in all other gnathostomes (actinopterygians and sarcopterygians).

717
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1041 Figure legends 

1042

1043 Fig. 1. In silico characterization of elasmobranchian GPA2 and GPB5. Molecular phylogeny of 

1044 GPA2 (A) and GPB5 (B). Scyliorhinus canicula proteins are highlighted by red arrows. Support 

1045 values shown are bootstraps for 1000 replicates. Sequences used are listed (Supplementary 

1046 Data, Excel). Synteny of the genomic region flanking gpa2 and gpb5a genes (C) and gpb5b 

1047 gene (D) in vertebrate species. The chromosome numbers are indicated. The coelacanth 

1048 genomic regions were used as reference. Animal illustrations are used with permission from 

1049 http://phylopic.org.

1050

1051 Fig. 2. In silico characterization of elasmobranchian TSHR and TSHβ2. Molecular phylogeny of 

1052 TSHR (A) and TSHβ (TSHβ1 and TSHβ2) (B). S. canicula proteins are highlighted by red arrows. 

1053 Support values shown are bootstraps for 1000 replicates. Sequences used are listed 

1054 (Supplementary Data, Excel). Synteny of the genomic region flanking tshb1 (C) and tshb2 genes 

1055 (D) in representative species of vertebrate groups. The chromosome numbers are indicated. 

1056 The C. milii genomic regions were used as reference. Animal illustrations are used with 

1057 permission from http://phylopic.org.

1058 Fig. 3. In silico analysis of the 3D structures of S. canicula, C. milii and H. sapiens TSHβ, GPA2, 

1059 GPB5 and TSHR. (A), (C), (E) Superpositions of the 8-aa-ring cystine-knot structure and (G) of 

1060 the TSHR ectodomains, (H) TSHR model of S. canicula highlighting the hinge helix in yellow 

1061 with the S280 (black arrowhead), the hinge loop in purple and the P10 loop in blue of the hinge 

1062 region, (B, D, F) of the hormone subunits with RMSD means. The H. sapiens TSHβ model (used 

1063 as a template) and C. milii TSHβ1, C. milii TSHβ2 and S. canicula TSHβ2 predicted models are 

1064 illustrated in green, grey, black and red, respectively. White arrowhead, C-terminal extremity 

1065 with or without the “seat-belt” region; Black arrowhead, putative sulfotyrosine.

1066 Fig.4. Dose-responses of cells expressing ScFSHR, ScLHR or ScTSHR induced by recombinant 

1067 ScGPA2, ScGPB5 or single-chain ScGPB5-ScGPA2. (A-C) Dose-dependent calcium responses of 

1068 HEK293T cells coexpressing ScGPHR/hsGα16 treated with serial dilutions of conditioned 

1069 medium from HEK293T transfected with corresponding pTarget gpa2, gpb5 or gpb5-gpa2 

1070 plasmids. ScTSH was used as a control. All experiments were performed in duplicate and the 
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1071 most representative was selected for ligand absolute quantification using high-resolution 

1072 nanoLC-ESI-MS/MS. Data are shown as relative (%) to the highest value (100% activation) for 

1073 a given ligand and represent the mean of an experiment (n = 3). 

1074 Fig. 5. Relative expression profiles of tshr, gpa2, gpb5 and tshβ transcripts in S. canicula tissues 

1075 with a focus on the male genital tract. Messenger RNA levels were assayed by real-time PCR. 

1076 (A) Warm map representation of relative gene expression in 35 different tissues. Relative gene 

1077 expression of gpa2 (B), gpb5 (C) and tshr (D) along the male genital tract and in the ovary. E. 

1078 Relative gene expression of tshβ2 in four different parts of the brain and along the male genital 

1079 tract. Statistical analysis was performed using the Mann-Whitney U test with a P-value < 0.05 

1080 between each statistical groups a, b, c and d. A, B, C and D: testicular zones from six animals 

1081 in triplicates (N=6; n=18); other tissues: from three animals in triplicates (N=3; n=9). The 

1082 tissues from females correspond to females caught in September (non-breeding period) 

1083 whose ovaries contained a few early vitellogenic follicles. M, Male; F, Female. 

1084 Fig. 6. Western blot analysis and relative quantification of TSHR in S. canicula tissues with a 

1085 focus on the male genital tract. (A) Western blot detection using the anti-human TSHR rabbit 

1086 polyclonal antibody (1:500, Abcam, ab202960) which reacted with two bands around 90 (black 

1087 arrow) and 50 kDa (white arrow) and using the mouse monoclonal anti-human actin antibody 

1088 (1:1000 dilution, Sigma, A3853) which reacted with one band around 45 kDa. (B) Western blot 

1089 detection using the rabbit IgG polyclonal isotype control (human) antibody (1:500, Abcam, 

1090 ab37415) which presented background for all tissues and reacted with bands around 75 kDa 

1091 and 90 kDa in the zone C, D, proximal epididymis, distal epididymis and ovary. (C) Western 

1092 blot detection using the mouse monoclonal anti-human actin antibody (1:1000 dilution, 

1093 Sigma, A3853) which reacted with one band around 45 kDa (grey arrow). (D) Relative 

1094 quantification of TSHR by measuring intensities of the two reactive bands, 50 kDa (black part 

1095 of the histograms) and 90 kDa (grey part of the histograms), normalized to the intensity of the 

1096 actin band. The tissues from females correspond to animals caught in September (non-

1097 breeding period) whose ovaries contained a few early vitellogenic follicles. A, B, C and D: 

1098 testicular zones.

1099 Fig. 7. Immunocytofluorescence on HEK293T cells expressing S. canicula tshr. HEK293T cells 

1100 were transfected with p-target-Sctshr (HEK293T tshr+) or empty plasmids (HEK293T gphr-). 

1101 After 24h, cells were fixed with 4% PFA, collected on polysine slides and 
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1102 immunocytofluorescence was performed with the rabbit polyclonal anti-human TSHR 

1103 antibody (1:500, Abcam, ab202960) (A1-A2) or with the rabbit IgG polyclonal isotype control 

1104 (human) antibody (1:500, Abcam, ab37415) (B1-B2). Secondary antibodies used were goat 

1105 Alexa FluorTM 488 anti-rabbit IgG (H+L) antibody (1:250, A-11008) (A1-B2). Merged pictures 

1106 were acquired at 460 nm (DAPI, in blue) and 488 nm (Alexa fluor 488, in green) Scale bars: 10 

1107 µm.

1108 Fig. 8. Immunohistochemistry and RNA in situ hybridization of TSHR, tshr, gpa2 and gpb5 in S. 

1109 canicula testicular sections. The testicular zone A corresponds to the germinative area (A1-

1110 A4), cysts in formation (B1-B4) and formed cysts with spermatogonia (C1-C4). The testicular 

1111 zones B, C and D correspond to cysts with primary spermatocytes (D1-D4), cysts with young 

1112 spermatids (E1-E4) and cysts with late spermatids (F1-F4), respectively. The lymphomyeloid 

1113 epigonal tissue is illustrated (G1-G4). Immunohistochemistry was performed using rabbit 

1114 polyclonal anti-human TSHR antibody (1:2000, Abcam, ab202960) (A1-G1). The HRP-tagged 

1115 secondary antibody is then detected with a DAB substrate kit. In situ hybridization was 

1116 performed using riboprobes targeting Sctshr mRNA (A2-G2), Scgpa2 mRNA (A3-G3) or 

1117 Scgphb5 mRNA (A4-G4). For immunostaining and revelation, the DIG-Nucleic Acid Detection 

1118 Kit was used. Black arrowhead, staining associated with somatic precursor (A1-B4) or with 

1119 Sertoli cells (C1-F4); white arrowhead, staining associated with the germ cells; green 

1120 arrowhead, staining associated with myelocytes and granulocytes (G1-G4); g: germ cell nuclei; 

1121 L: lumen; s: sertolian precursor (A1-B4) and sertolian nuclei (C1-F4). Asterix: unspecific 

1122 staining. Scale bars: 10 µm. Controls are presented in supplementary data (Supplementary 

1123 Figure S4).

1124 Fig. 9. Immunohistochemistry and RNA in situ hybridization of TSHR, tshr, gpb5 and gpa2 in 

1125 the male genital tract and in the vitellogenic follicle of S. canicula. Histology of testis collecting 

1126 tubules (A1), proximal epididymis (B1), distal epididymis (C1), Leydig’s gland (D1), thyroid 

1127 gland (E1) and vitellogenic follicle (F1). Immunohistochemistry was performed using rabbit 

1128 polyclonal anti-human TSHR antibody (1:2000, Abcam, ab202960) (A2-F2). (A3-F3) In situ 

1129 hybridization was performed using riboprobes targeting tshr mRNA, (A4-F4) gpa2 mRNA or 

1130 (A5-F5) gpb5 mRNA. In the male genital tract, expressions of TSHR/tshr, gpa2 and gpb5 were 

1131 observed in the epithelial cells of collecting tubules (A2-A5), of TSHR/tshr and gpa2 in 

1132 epithelial cells of proximal epididymis (B2-B4), distal epididymis (C2-C4), Leydig’s gland (D2-
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1133 D4) and thyroid follicle (E1-E4) (black arrowhead). In the vitellogenic follicle, expressions of 

1134 TSHR/tshr, gpa2 and gpb5 were observed in the theca cells (black arrowhead) and gpb5 was 

1135 additionally observed in the granulosa cells (white arrowhead) (F1-F5). B: epithelium of the 

1136 distal epididymis; D: epithelium of collecting tubules; G: granulosa layer; H: epithelium of the 

1137 proximal epididymis; IT: inner theca layer; L: Leydig’s gland; T: epithelium of the thyroid gland 

1138 follicle; O: ooplasm; Z: zona pellucida. Scale bars: 10 µm. Controls are presented in 

1139 supplementary data (Supplementary Figure S5).

1140

1141

1142
1143
1144
1145
1146
1147
1148
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1149
1150 Table 1
1151 Efficiency (EC50) and efficacy (Emax) of ScGPA2, ScGPB5, ScGPB5-ScGPA2 or ScTSH on 
1152 ScFSHR, ScLHR and ScTSHR.

Efficiency (EC50) nM Efficacy (Emax) %
ScGPA2 ScGPB5 ScGPB5-

ScGPA2
ScTSH ScGPA2 ScGPB5 ScGPB5-

ScGPA2
ScTSH

ScFSHR 4.512 ± 
0.226

0.837 ± 
0.042

0.021 ± 
0.004

N/A 27.64 ± 
1.21

100.00 
± 4.29

48.51 ± 
12.21

N/A

ScLHR 5.846 ± 
0.292

0.221 ± 
0.011

0.025 ± 
0.003

N/A 59.96 ± 
6.26

100.00 
± 6.19

46.15 ± 
14.82

N/A

ScTSHR 5.164 ± 
0.258

0.790 ± 
0.040

0.014 ± 
0.001

0.169 ± 
0.008

100.00 
± 3.36

83.33 ± 
1.44

58.00 ± 
2.52

51.80 ± 
4.59

1153 N/A: not applicable.

1154
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