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Abstract 27	

Regulation of bone development, growth, and remodeling traditionally has been thought to 28	

depend on endocrine and autocrine/paracrine modulators. Recently, however, brain-derived 29	

signals have emerged as key regulators of bone metabolism, though their mechanisms of 30	

action have been poorly understood. Here, we reveal the existence of ancient parathyroid 31	

hormone (Pth4) in zebrafish, but secondarily lost in eutherian mammals including humans, 32	

that is specifically expressed in neurons of the hypothalamus and appears to be a central 33	

neural regulator of bone development and mineral homeostasis. Transgenic fish lines 34	

enabled mapping of axonal projections leading from the hypothalamus to the brainstem and 35	

spinal cord. Targeted laser ablation demonstrated an essential role for of pth4-expressing 36	

neurons in larval bone formation. Moreover, we show that Runx2 is a direct regulator of 37	

pth4 expression and that Pth4 can activate cAMP signaling mediated by Pthr receptors. 38	

Finally, gain-of-function experiments show that Pth4 can alter calcium/phosphorus levels 39	

and affect expression of genes involved in phosphate homeostasis.  Based on our discovery 40	

and characterization of Pth4, we propose a model for evolution of bone homeostasis in the 41	

context of the vertebrate transition from an aquatic to terrestrial lifestyle. 42	

 43	

 44	

  45	
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Introduction 46	

Bone is a highly specialized vertebrate-specific tissue that functions as a supporting 47	

structure characterized by its resistance, stiffness, and a high capacity for regeneration and 48	

repair. To achieve these characteristics, bones are first shaped during early life and then 49	

constantly remodeled throughout adulthood. Bone remodeling is a lifelong process that 50	

relies on complex regulatory mechanisms to achieve proper rates of growth and 51	

differentiation. Vertebrates regulate bone mineralization and remodeling at three main 52	

levels: delivery of systemic hormones (e.g., parathyroid hormone peptides, calcitonin), 53	

turnover of bone cells (e.g. osteoblasts, osteoclasts and osteocytes), and auto-regulatory 54	

feedback loops mediated by cell signaling products (e.g., FGF23, ENTPD5)  (1, 2). In 55	

addition to the complex network of endocrine, autocrine and paracrine hormone signals that 56	

tightly regulate bone mineral metabolism, recent studies suggest that the brain is a pivotal 57	

regulator of bone homeostasis through three distinct pathways. The first pathway includes 58	

hormonal signals that arise from neuroendocrine neurons of the hypothalamus and are 59	

subsequently processed in the pituitary (e.g. leptin, proopiomelacortin (POMC)-derived 60	

peptides, gonadotrophin hormone releasing hormone (GnRH), and thyrotropin releasing 61	

hormone (TRH) (3–6). The second pathway consists of neuronal factors released by the 62	

hypothalamus and distributed through the bloodstream (e.g. cocaine-and amphetamine-63	

regulated transcript (CART), neuropeptide Y (NPY), agouti-related peptide (AgRP), and 64	

brain-derived neurotrophic factor (BDNF) (6). The third pathway consists of efferent 65	

neuronal signaling that regulates the sympathetic (SNS) and parasympathetic (PSNS) 66	

nervous systems (7). The high interconnectivity of the hypothalamus in the brain makes this 67	

structure one of the most powerful regulatory regions of the body, integrating signals not 68	

only from peripheral tissues but also from other areas within the brain itself. Understanding 69	

the novel regulatory axes between brain and bone cells is, therefore, critical for a better 70	

understanding of bone biology.  71	

Here, using a reverse genetic approach, we have identified a new brain-to-bone pathway 72	

involving efferent neural signals from the hypothalamus to receptors on bone cells 73	

controlling skeletal mineralization and phosphate homeostasis in teleosts. The key factor of 74	

this new brain-to-bone pathway appears to be an ancestral parathyroid hormone family 75	
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member that has been conserved in ray-finned fish, lobe-finned fish, and non-eutherian 76	

vertebrates but surprisingly lost in eutherian vertebrates.  77	

The parathyroid hormone peptide family plays a central role in phosphocalcic homeostasis, 78	

bone remodeling, and embryonic skeleton development in vertebrates (8–11). In tetrapods, 79	

parathyroid hormone (PTH) is synthesized by the parathyroid glands (PTG) and plays a 80	

pivotal role in bone turnover by regulating the metabolism of calcium/phosphate. Fish have 81	

homologs of PTH and PTH-like peptides (i.e. PTH2 and PTHLH).  In contrast to tetrapods, 82	

however, none of these fish PTH peptides seem to regulate calcium/phosphate metabolism 83	

during bone turnover (10, 12). These taxon-specific differences are likely related to the 84	

transition from aquatic to terrestrial environments that occurred during evolution of 85	

tetrapods, in which new mechanisms for controlling bone homeostasis linked to the 86	

evolution of the PTH family possibly facilitated the transition from an aquatic to terrestrial 87	

lifestyle accompanied by greater stress on skeletal elements.  88	

Here, we demonstrate that the novel parathyroid hormone family member Pth4 is unique to 89	

non-eutherian vertebrates and acts as a neuropeptide produced by a specific subset of 90	

neurons located in the dorsal part of the periventricular hypothalamus, with axonal 91	

projections leading from the hypothalamus to the brainstem and spinal cord. Loss-of-92	

function and gain-of-function experiments provide functional evidence that Pth4 is a 93	

powerful regulator of bone mineral accrual acting through phosphate homeostasis. We also 94	

provide evidence that upstream of Pth4, Runx2 directly regulates its expression, and 95	

downstream of Pth4, we describe its affinities with all Pth-receptors and their response 96	

activating cAMP signaling. Finally, in the light of our new data and a re-examination of the 97	

evolution of the PTH family in fish and tetrapods, we propose a model describing the 98	

evolution of Pth signaling related to bone remodeling in the context of the vertebrates 99	

evolution. 100	

 101	

Materials and Methods 102	

 103	

Fish  104	

Fish (Zebrafish, Danio rerio) were cultured as previously described  (13) and staged 105	

by hours post fertilization (hpf) or days post fertilization (dpf)  following standard criteria	 106	
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(14). Experiments were performed with a TU-WT strain (Tuebingen (TU), Nüsslein-107	

Volhard Lab). For some experiments, embryo medium was supplemented with 0.003% 108	

(w/v) 2-phenylthiourea to inhibit embryo pigmentation  (13). For histology, dechorionated 109	

embryos were fixed overnight at 4°C in 4% paraformaldehyde in 1X PBS, washed in PBS, 110	

and either stored at 4°C in 1X PBS for confocal imaging or dehydrated through a methanol 111	

series and stored at -20 °C in 100% methanol for in situ hybridization. Ethical approval 112	

(Ref: AGL2014-52473R) for all studies was obtained from the Institutional Animal Care 113	

and Use Committee of the IIM-CSIC Institute in accordance with the National Advisory 114	

Committee for Laboratory Animal Research Guidelines licensed by the Spanish Authority 115	

(RD53/2013) and conformed to European animal directive (2010/63/UE) for the protection 116	

of experimental animals. 117	

 118	

DNA cloning  119	

The putative zebrafish pth4 gene was identified by searching the zebrafish genome 120	

database (Zv9) with tBLASTn (http://blast.ncbi.nlm.nih.gov/Blast.cgi) using the previously 121	

identified sequence of zebrafish Pth1a, Pth1b, Pth2 (Tip39), Pthlha and Pthlhb paralogs 122	

(Accession No.: NM_212950, NM_212949, NP_991140, NP_001019798.2 and 123	

NP_001036789.1, respectively). Full-length cDNA was isolated by using sequence-specific 124	

primers (See Table 2S) in 5′ and 3′ SMART RACE cDNA amplification kit (Clontech), and 125	

sequenced by Sanger. The zebrafish pth4 gene sequence has been submitted to the 126	

EMBL/GenBank database with Accession No. KT182088. 127	

 128	

Phylogenetic analysis and comparative genomic of conserved synteny  129	

Multiple sequence alignment was made by MUSCLE pctid-log algorithm, corrected 130	

manually for inconsistencies and trimmed to decrease the total number of gaps (S3 Fig). 131	

Phylogenetic analysis was inferred by maximum likelihood using PhyML 3.0 subjected to 132	

LG substitution model, a bionj starting tree improved by NNI, and computing aLRT SH-133	

like branch support  (15). Analyses of conserved synteny were performed using automated 134	

pipeline tools of the Synteny Database variant Ens61 (16). Dot-plots represent the 135	

chromosomal distribution of human ohnologs (a special type of paralogs resulting by 136	

whole-genome duplication (17)) of gene neighbors of the PTH family. The first 20 Mb of 137	
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human chromosome 11 (Hsa11), which includes the human PTH gene, were analyzed 138	

taking the genomes of the urochorate Ciona intestinalis and the cephalochordate 139	

Branchiostoma floridae as outgroups for the identification of ohnologs resulting from the 140	

first and second rounds of vertebrate genome duplication (VGD1 and VGD2) (for details 141	

see (18)). Clusters in the Synteny Database were obtained by coupling results from the 142	

reciprocal best hit BLAST pipeline with the use of a 50- or 25-gene sliding window 143	

analysis that links orthologous chromosome segments of two species by conserved synteny 144	

(16). The Synteny Database is especially useful to provide evidence of ohnologs gone 145	

missing (OGM) by uncovering the putative chromosomal region that still preserves 146	

paralogous syntenic conservation, but has lost a certain ohnolog of interest  (18, 19). 147	

 148	

RT-PCR and quantitative RT-PCR  149	

Temporal expression of pth4 was determined by RT-PCR. Total RNA was isolated 150	

at 0, 3, 6, 9, 12, 14 hpf and 1, 2, 3, 4, 5 and 6 dpf using Trizol reagent (Invitrogen) and first 151	

strand cDNA was synthesized according to the Maxima First Strand cDNA Synthesis Kit 152	

(Thermo Scientific) protocol starting with 500 ng of total RNA. The partial sequence of 153	

pth4 was amplified using DreamTaq™ DNA Polymerase (Thermo Scientific) and specific 154	

primers (Table 1S). 18S ribosomal cDNA amplification was used as a positive control 155	

(Table 1S). Gene markers of phosphocalcic metabolism (Table 1S) were analyzed by 156	

quantitative real time PCR (qRT-PCR). Total RNA from TU-WT and 157	

Tg(Xla.Eef1a1:pth4)iim010 adult male zebrafish (n=6 per group) was extracted and 158	

reverse-transcribed as described above with specific primers (Table 1S). Each sample was 159	

amplified in triplicate containing 12.5 µl of Maxima® SYBR Green/ROX qPCR Master 160	

Mix (2X) (Thermo Scientific), 0.5 µl 0.2 µM of each primer, 10.5 µl nuclease-free water 161	

and 1 µl of cDNA template. qRT-PCR reactions were analyzed on a 7500 Fast Real-Time 162	

PCR System (Applied Biosystems) with the following cycling conditions: initial 163	

denaturation at 95 °C for 10 min followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 164	

min. Gene expression was assessed in two independent experiments using the efficiency 165	

calibrated method as previously described  (20) and relative mRNA expression levels were 166	

normalized to 18S, eukaryotic translation elongation factor 1-alpha 1, like 1 (eef1a1/1) and  167	

actin, beta 1(actb1). 168	
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 169	

Whole mount in situ hybridization and immunohistochemistry  170	

Whole mount in situ hybridization was performed using digoxigenin-labeled 171	

antisense riboprobes as previously described (21). Antisense and sense riboprobes were 172	

made from linearized full-length zebrafish pth4, pth2 and pth1ra cDNA. For plastic 173	

sections, embryos with ISH staining were fixed, dehydrated, Epon embedded, cut into 4 µm 174	

rostro-caudal transverse sections, mounted with EUKITT as previously described  (13) and 175	

imaged with a Leica DM2500 microscope. In situ hybridization of adult sections (360 dpf) 176	

zebrafish followed methods as described (22). Samples were fixed in 4% paraformaldehyde 177	

and 0.1 M phosphate buffer, for 2 days at 4°C, dehydrated and embedded in Paraplast 178	

(Sherwood, St Louis, MO, USA). Serial 10 µm rostro-caudal transverse sections were cut 179	

using a rotary microtome. Sections were mounted on 3-aminopropyltriethoxylane 180	

(TESPA)- treated slides, air-dried at room temperature (RT) overnight and stored at 4°C 181	

under dry conditions and used for hybridization within one month. Double labeling of 182	

eGFP immunofluorescence and fluorescence in situ hybridization (FISH) was carried out in 183	

3 dpf Tg(pth4:eGFP)iim07 zebrafish embryos. A sheep anti-DIG-POD antibody (Roche) 184	

was used and pth4 probe labeling was detected by tyramide signal amplification (TSA™ 185	

Plus Cyanine 3 and Fluorescein system) (PerkinElmer). Expression of eGFP was visualized 186	

using a mouse anti-eGFP primary antibody (Roche) followed by a horse anti-mouse 187	

fluorescein conjugated secondary antibody (Vector laboratories). For cryostat sectioning, 188	

Tg(pth4:eGFP)iim07 adult fish were fixed in 4% paraformaldehyde overnight at 4°C, 189	

washed with PBS, transferred to 15% sucrose, followed by 30% sucrose, and then 190	

embedded and frozen in OCT media. Cross cryosections of 25µm thickness were collected 191	

on Polylysine slides (Thermo scientific) and allowed to dry. Slides were washed in PBS, 192	

mounted in vectashield and imaged on a Leica TCS SP5 confocal microscope. Cartilage-193	

bone staining was performed using a two-color acid-free cartilage and bone stain as 194	

previously described  (21). 195	

cAMP based beta- galactosidase reporter gene assay  196	

To demonstrate whether Pth4 was able to bind and signal through PTH receptors, 197	

we performed cAMP based beta-galactosidase reporter gene assays. We amplified the 198	

predicted region for the pth4 mature peptide and full coding regions of the pth1ra, pth2r 199	
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(splice variant pth2r(43) (23) and pth1rb (previous names: pth1r, pth2r and pth3r, 200	

respectively) from cDNA template by PCR using Pfu Ultra II HS DNA polymerase 201	

(Agilent Technologies) and specific primers (Table 2S), and cloned the fragments into 202	

pSC-B-amp/kan (Agilent Technologies). Inserts were subcloned into pcDNA3 (Invitrogen). 203	

All constructs were verified by sequencing both DNA strands. Signaling via cAMP was 204	

assessed using a HEK-293 cell clone (Clon-Q) that stably expresses β-galactosidase under 205	

the control of human vasoactive intestinal peptide promoter placed downstream of tandem 206	

repetitions of cAMP response elements (24). Cells were transfected with 1.5 µg for 207	

pcDNA3-pth4 or 1 µg of pcDNA3-pth1ra, pcDNA3-pthr2 or pcDNA3-pth1rb using 208	

Lipofectamine LIX and Plus Reagent according to the manufacturer´s protocol 209	

(Invitrogen). A construct carrying the eGFP gene under the control of a cytomegalovirus 210	

(CMV) constitutive promoter was also transfected to standardize transfection levels. After 211	

24 h, transfection was assessed by analyzing the eGFP fluorescence and transfected cells 212	

with receptors were plated in 96-well plates (50,000 cells/ well). Cells expressing Pth4 213	

mature peptides were rinsed with PBS and lysed by thermal shock, spin-dried at 1100 rcf 214	

for 5 min at 22°C, and supernatant was collected. Recombinant cells expressing each 215	

receptor were stimulated for 6 hours at 37°C with 100 µl of decreasing concentrations (1/2, 216	

1/4, 1/8, 1/16,1/32, 1/64 and 1/128 dilutions) of peptide solution from cellular lysates 217	

containing 0.1 mM of 3-isobutyl-1-methylxantine (IBMX, Sigma), a phosphodiesterase 218	

inhibitor that prevent enzymatic degradation of cAMP. As positive controls, we used 0.001 219	

mM Forskolin and 10-6 M hPTH (human PTH, Sigma) (25). Measurements were 220	

normalized for protein content, which was determined using the BCA protein assay kit 221	

(Pierce). Negative controls were carried out using cells transfected with empty pcDNA3 222	

vector (Invitrogen).  All experiments were carried out in triplicate. Data are presented as a 223	

percentage of negative control values. cAMP based beta-galactosidase reporter gene assays 224	

were performed as previously described  (26, 27).  225	

 226	

Transgene construction and microinjection  227	

To ectopically express pth4, three independent transgenic zebrafish lines were 228	

generated with the Tol2 transposon system: Tg(Xla.Eef1a1:pth4)iim010, 229	

Tg(Xla.Eef1a1:pth4)iim011 and Tg(Xla.Eef1a1:pth4)iim012. The Tol2 vector was kindly 230	
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provided by Kochi Kawakami  (28). The pth4 PCR product was subcloned into pGEM®-T 231	

easy vector (Promega) with BamHI and NotI restriction sites. pGEM-T-pth4 was digested 232	

with BamHI and NotI and subcloned into pT2AL200R150G cut with the same restriction 233	

enzymes. The Tol2-transposon-based vector pT2AL200R150G contained an eGFP gene 234	

under the control of constitutive promoter of the elongation factor 1-alpha (Eef1a1). We 235	

replaced the eGFP gene with the pth4 gene. To generate pth4 reporter lines, zebrafish pth4 236	

promoter sequences containing 2kb and 1kb upstream to the translation starting site (TSS) 237	

of the pth4 gene (GenBank accession number: CU856139.10) for the Tol2 transposon 238	

constructs used in this study were amplified from 6 dpf zebrafish genomic DNA with KOD 239	

Xtremetm Hot Start DNA Polymerase Platinum (Novagen, 71975) and specific primers 240	

(Table 3S). The PCR products (2394 bp and 890 bp) were diluted 1:10, and 1 µl was ligated 241	

into 1 µl of P-ENTRTm /D-TOPO® Cloning Kit (Invitrogen) and transformed according to 242	

the manufacturer’s instructions. Both promoter sequences were then ligated by LR clonase 243	

into the destination vector pToleGFPDest (Lawson Lab # 274) containing the eGFP 244	

sequence downstream, and sequenced. Construct P1 (1kb-pth4-Tol2-eGFP) contained 873 245	

nt upstream to the TSS of the pth4 gene. Construct P2 (2kb-pth4-Tol2-eGFP) contained 246	

2377 nt upstream to the TSS of the pth4 gene. Three P2 independent transgenic zebrafish 247	

lines Tg(pth4:eGFP)iim07, Tg(pth4:eGFP)iim08 and Tg(pth4:eGFP)iim09 were generated. 248	

To study the regulatory region of pth4, potentially cis-acting transcription factor binding 249	

sites located in the zebrafish pth4 promoter sequence were identified with MatInspector 250	

software (29). Deletion and substitution mutations were created as previously described  251	

(30) or by using the QuickChange Site-Directed Mutagenesis Kit (Stratagene). Resulting 252	

clones were tested though restriction analysis and confirmed by sequencing. All Tol2 253	

constructs (Table 3S and 4S) were dissolved in distilled RNAase-free water to a final 254	

concentration of 50 µg/ml. A total of 250 pg of construct and synthetic 5’-capped mRNA 255	

(150 pg) encoding a transposase were co-injected into TU-WT embryos at the one- or two 256	

cell stage, with 1% of phenol red as tracer. Microinjection was carried out under a 257	

dissection microscope (MZ8, Leica) fitted with a MPPI-2 pressure injector (ASI systems). 258	

The expression of eGFP was analyzed by direct observation of eGFP fluorescence under a 259	

fluorescence stereoscope and a confocal microscope. The number of embryos positive for 260	
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eGFP fluorescence was determined, and the fluorescence distribution was compared 261	

between different transgenic lines to score activity and tissue specificity. 262	

 263	

Morpholino knockdown  264	

Morpholino antisense oligonucleotides (MOs) (GeneTools) were designed against 265	

runx2a, runx2b and runx3 as previously described, including a splice-target MO against 266	

both runx2a isoforms, and translational start blocking MOs targeting of each isoform of 267	

runx2b (runx2bT1 and runx2bT2) and runx3  (31, 32). A scrambled MO with no known 268	

target in zebrafish, cMO, 5’-CCTCTTACCTCAGTTACAATTTATA-3’ was used as 269	

control. Additionally, runx-MOs and/or p53 (p53-MO)  (33) were also used to target runx 270	

and p53 genes, respectively. The MOs were resuspended in water to a final concentration of 271	

0.5 mM. Approximately, 2 nl were injected into one- or two-cell stage transgenic reporter 272	

embryos. Knockdown embryos were analyzed for eGFP fluorescence at 2 dpf, and pth4 273	

transcription was assessed by in situ hybridization and qRT-PCR. 274	

 275	

Two-photon laser ablation  276	

Embryos were mounted, imaged, and cells ablated as previously described  (34). 277	

pth4:eGFP and bactin2:mCherry double positive transgenic zebrafish were visualized 278	

throughout development. The hypothalamic area was imaged in vivo at 1, 2, 3 and 7 days 279	

post-fertilization (dpf). The two clusters of eGFP-expressing cells and the number of cells 280	

in each stage of development were evaluated by analyzing each 2µm thick z-plane slice 281	

from a full confocal z-stack projection and scored. Two rounds of ablations were performed 282	

per experimental embryo at different time points (1 and 2 dpf). This protocol was chosen as 283	

the most efficient of several attempted iterations for a complete ablation process at each 284	

time point and to achieve low neuronal recovery during development. Afterwards, ablated 285	

and control larvae were imaged as full z-stack images to monitor recovery of the Pth4-286	

expressing neurons.  287	

 288	

Micro CT Scanning and whole-body mineral contents.  289	

Volumetric bone mineral density (vBMD) and whole-body calcium, phosphorus and 290	

magnesium were determined in TU-WT and Tg(Xla.Eef1a1:pth4)iim010 adult male 291	



11	
	

zebrafish (n=20). Fish were euthanized with 2-phenoxyethanol (1:500), fixed in 2% PFA, 292	

and scanned with a high-resolution micro-CT SkyScan 1172 (Bruker micro-CT NV, 293	

Kontich, Belgium) at 60 KV X-ray source voltage and 167 µA source current using an 294	

image pixel size of 5 µm. Internal structures were reconstructed following the Feldkamp 295	

convolution back-projection algorithm  (35). In the scanned area, including a portion of the 296	

head and the rostral portion of the spine, four different volumes of interest (VOIs) were 297	

selected to determine the vBMD, using standard software provided with the equipment 298	

(SkyScan CT-Analyzer 1.10.0.2). Volumetric bone mineral densities were calculated by 299	

direct calibration against the attenuation coefficients of two hydroxyapatite phantoms with 300	

known densities (250 and 750 mg/cm3). 301	

For whole-body calcium, phosphorus, and magnesium determination, fish were freeze–302	

dried until dry (dry weight) and dissolved in concentrated nitric acid (70%; 3 ml/g dry 303	

weight; Sigma–Aldrich). Nitric acid sample digestion were diluted 500-fold with 304	

demineralized water and analyzed for calcium, phosphorus, and magnesium using 305	

inductively coupled plasma optical emission spectrophotometry (ICP-OES, Perkin Elmer 306	

Optima 4300 DV). Mineral content was expressed in mg/g dry weight, based on the fish 307	

dry weight and the total sample digestion volume. 308	

 309	

Statistics.  310	

Data were expressed as mean ± standard error of the mean (SEM). Differences 311	

between groups were assessed by Student’s-t test. A p-value <0.05 (asterisks) was 312	

considered statistically significant. Comparisons between numerical data were evaluated by 313	

one-way ANOVA with the Tukey’s post hoc test. P-values lower than 0.05 (letters, Fig 5B) 314	

were considered statistically significant. Data were deemed to be statistically similar if they 315	

shared at least one letter. Statistical analysis and figures were performed with PASW 316	

Statistics 18.0 and SigmaPlot 12.0, respectively. 317	

  318	
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Results  319	

 320	

Identification and genomic characterization of the pth4 gene 321	

Using BLAST analysis, we identified a new zebrafish paralog of the pth gene 322	

family on chromosome 22: 597996-600181 (GRCz10): pth4. Results from 5’ and 3’ RACE 323	

revealed that the pth4 full-length transcript was 809 bp long and consisted of an open 324	

reading frame of 366 bp, a 94 bp 5´-untranslated region (UTR) and a 349 bp 3´-UTR (S1 325	

Fig). The pth4 gene structure consisted of two exons and one intron (S1 Fig). The pth4 326	

cDNA predicted translation was a 121 amino acid (AAs) sequence that contained a 327	

secretion signal sequence of 24 AAs in the N-terminus (http://cbs.dtu.dk/services/SignalP/), 328	

as expected for PTH peptides. Predicted cleavage sites 329	

(http://www.cbs.dtu.dk/services/ProP/) yield pre-pro sequences of 31 AAs and a mature 330	

peptide of 90 AAs. Protein sequence analysis revealed conserved regions including a 331	

dibasic cleavage site (RR) and a MHD motif (S1 Fig). 332	

 333	

Phylogenetic analysis and evolutionary origin of the pth4 gene 334	

Phylogenetic analyses inferred by maximum likelihood and rooted with Pth protein 335	

sequences from the cephalochordate Branchiostoma floridae (36) showed that zebrafish 336	

Pth4 belongs to a well-supported clade that includes Pth4 from other teleosts and from 337	

spotted gar, coelacanth, chicken, turtle and two marsupial mammals – opossum and 338	

Tasmanian devil (Fig 1A). Interestingly, however, we could identify no Pth4 genes in 339	

human, mouse or any eutherian mammalian genomes in Ensembl-v79. To investigate the 340	

evolutionary relationships of the pth4 of zebrafish and other teleosts in the context of the 341	

entire PTH-related gene family and to better understand the apparent absence of an 342	

ortholog of PTH4 in human, mouse and other eutherian mammals, we performed a 343	

comparative analysis of conserved synteny. Dot-plot analysis of conserved syntenies for 20 344	

Mb encompassing the genomic neighborhood of the human PTH gene located on 345	

chromosome 11 (Hsa11) revealed that paralogs of most PTH neighbor genes landed on 346	

Hsa12 and Hsa19, where PTHLH and PTH2, respectively, were also located. This finding 347	

was consistent with a recent analysis of a 6 Mb window around PTH2 in Hsa19  (37). The 348	

dot-plot also revealed other chromosomes, including Hsa1 and Hsa6, with paralogs of 349	



13	
	

numerous PTH neighbor genes, but in which no PTH-related gene was present (Fig 1B). 350	

This situation would be expected if these regions formed part of the four paralogons that 351	

would have been generated by the two rounds of whole genome duplication that took place 352	

during early vertebrate evolution (38, 39) (reviewed in (40)). Analysis of gene clusters 353	

using the Synteny Database (16) revealed that paralogs of 21 of the 28 closest neighbor 354	

genes to the zebrafish pth4 gene in Dre22 were located in Hsa1 and Hsa6 (S2 Fig). 355	

Comparison of the genomic neighborhood of Pth4 in chromosome 26 of chicken (Gga26, 356	

Fig 1C), which is more closely related to human than to zebrafish, revealed that paralogs of 357	

9 of the 10 nearest neighbor paralogs in a 150kb window are specifically in Hsa6. This 358	

finding strongly suggested that an ancestral PTH4 ohnolog was present in the last common 359	

ancestor of ray-finned fish or actinopterygii (including zebrafish) and sarcopterygii 360	

(including chicken), but was lost in the lineage leading to humans after the eutherian–361	

metatherian split; furthermore, our analysis revealed that the PTH4-OGM (ohnolog gone 362	

missing) should have been in Hsa6 before it was lost, while it was preserved in other non-363	

eutherian vertebrate lineages including chicken and teleosts such as zebrafish. 364	

 365	

 366	

Temporal and spatial expression of pth4 during embryonic and larval development 367	

We examined the spatial expression of pth4 by in situ hybridization (ISH) in 368	

zebrafish. Starting at 24 hours post-fertilization (hpf), embryos displayed pth4 expression in 369	

two bilateral spots in the lateral ventral diencephalon corresponding to the region of the 370	

developing hypothalamus (Figs 2Aand 2B). We observed gradual number and movement of 371	

cells within the two bilateral clusters during development (Figs 2A-2F). At 3 dpf, pth4 372	

appeared to be specifically expressed by two subsets of neurons in the lateral 373	

hypothalamus, distant from pth2-expressing cells (Figs 2G-2H). In adult fish (360 dpf), 374	

bilateral cell clusters were detected in the dorsal zone of the periventricular hypothalamus 375	

(Fig 2I).  Analysis of temporal expression of pth4 by RT-PCR (Fig 2J) revealed that pth4 376	

was maternally transcribed, being detected in embryos as early as 0 hpf and showing a 377	

progressive decrease until 9 hpf. Zygotic expression of pth4 appeared to increase from 12 378	

hpf through subsequent development and then to increase at 4, 5 and 6 days post-379	

fertilization (dpf).  380	
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 381	

A neural network for pth4-expressing cells 382	

Having shown that pth4 was specifically expressed in the hypothalamus, we 383	

generated independent zebrafish transgenic lines containing eGFP reporter constructs 384	

including 1 kb (P1=1kb-pth4-Tol2-eGFP) or 2 kb (P2=2kb-pth4-Tol2-eGFP) fragments 385	

upstream of the pth4 translation start site (TSS). All P1 and P2 transgenic zebrafish lines 386	

showed identical eGFP expression patterns recapitulating the spatiotemporal pattern of 387	

endogenous pth4 transcript (Fig 3). At 1 dpf, the P2 line labeled two bilateral clusters of 4 388	

to 6 neural bodies each as well as their axonal projections extending both to the anterior and 389	

posterior part of the brain from the lateral hypothalamus (Figs 3A and 3B). Double labeling 390	

experiments showed a robust co-localization of endogenous pth4 transcripts and eGFP 391	

signal (Figs 3C, 3C´and 3C´´). At 3 dpf, the number of labeled neuronal bodies had 392	

increased up to 14 per cluster, and long neural projections labeled by eGFP extended 393	

ventrally from the caudal part of the diencephalon through the midbrain, hindbrain and 394	

along the spinal cord (Figs 3D and 3E). Posterior projections were arranged in two parallel 395	

axes showing long-range neuronal fibers running through the spinal cord (Fig 3F). At 5 dpf, 396	

the number of neural bodies did not appear to have changed, but projections formed a 397	

complex and branched neural network (Fig 3G). 1-year old adult fish showed a high density 398	

of branched fibers around the cluster of neurons in the dorsal area of the periventricular 399	

hypothalamus (Fig 3I) and through the spinal cord (Fig 3H). 400	

To further characterize the cluster of neural bodies expressing pth4 in the hypothalamus, we 401	

crossed the P2 line to a hcrt:tdTomato line (Hypocretin gene (hrct), a marker of the lateral 402	

hypothalamus in zebrafish embryos) (Fig 3J). Interestingly, although both genes were 403	

expressed in the hypothalamic region, they were expressed in different neural cell types 404	

(Fig 3J), revealing the presence of different neural sub-populations in this part of the 405	

hypothalamus. 406	

The discovery of this complex pth4-expressing neural network sending widespread 407	

projections from the hypothalamus throughout the brain and spinal cord suggests that Pth4 408	

may be a neuropeptide playing a systemic role throughout the entire animal. 409	

 410	

 411	
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Functional characterization of pth4 promoter and upstream runx regulation 412	

The minimal regulatory region required for pth4 promoter activity was identified by 413	

a promoter bashing approach generating serial deletions on the 2kb promoter sequence 414	

upstream of the pth4 TSS and directed mutagenesis on the 1kb promoter sequence upstream 415	

of the TSS (Fig 4A). Injection of the 2kb-pth4-Tol2-eGFP (n=174) or 1kb-pth4-Tol2-eGFP 416	

(n=208) reporter constructs showed the same efficient eGFP expression, suggesting that 417	

essential regulatory elements of pth4 were located in the first 1kb sequence. Promoter 418	

efficiency in all reporter constructs injected was normalized to the 2kb-pth4-Tol2-eGFP 419	

construct activity.  Deletion of the region -941-554 base pairs (bp) did not alter the pth4 420	

pattern recapitulated by the eGFP expression but decreased the efficiency of expression to 421	

43%. Deletion of the region -544-262 bp, however, resulted in a complete loss of eGFP 422	

expression in all of 144 injected embryos, demonstrating that this critical 292bp fragment 423	

contained regulatory elements essential for pth4 expression. TRANSFAC sequence analysis 424	

revealed the presence of at least six potential transcription factor-binding boxes within this 425	

critical 292bp (Figs 4A and S4 Fig). Mutations designed to disrupt consensus-binding 426	

sequences of the predicted transcription factors (in red in S4 Fig) significantly affected 427	

eGFP expression in all injected embryos. Mutations in boxes 1 and 4 decreased over 50% 428	

the number of embryos expressing eGFP, similar to the -941-554 deletion (Fig 4A). 429	

Mutations in boxes 2, 3 and 5 decreased the efficiency of expression by 77% or more of the 430	

injected embryos. Interestingly, mutation in box 6 resulted in a complete loss of eGFP 431	

expression in all injected embryos. This mutated conserved region had homology to the 432	

core binding site for RUNX transcription factors. Thus, these results suggested that RUNX 433	

transcription factors likely act as key regulators of pth4 promoter activity. 434	

The expression pattern of zebrafish runx paralogs (i.e. runx1, runx2a, runx2b and runx3) is 435	

highly dynamic, and all of them have been described as playing a role in cartilage and bone 436	

development (31). Among these paralogs, the runx2a expression pattern includes a bilateral 437	

domain compatible with the two clusters of pth4-positive cells in the hypothalamus (41, 438	

42). To test whether zebrafish Runx2a regulates the pth4 promoter in vivo, we used runx2a-439	

specific antisense morpholino knockdown approach and tested for 2kb-pth4-Tol2-eGFP 440	

activity as well as for pth4 expression. Knockdown by injecting runx2a-MO into the P2 441	

reporter line revealed that by 2 dpf, the formation of the two clusters of neuronal eGFP-442	
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positive cell bodies was significantly altered: 6.3% of injected embryos did not show any 443	

pth4 positive cells, 41.4% showed absence of one of the neural clusters and the other was 444	

severely reduced (in most cases only one cell), and 52.3% showed two clusters but with a 445	

reduced number of positive cells (Figs 4Band 4C). To provide further evidence that the 446	

runx2a morphant phenotypes are specific and not due to non-specific off-target effects (e.g. 447	

p53 mediated apoptosis (33)), we also analyzed eGFP expression in vivo in runx2a 448	

morphants that were co-injected with a p53 morpholino. Similar to previous experiments, 449	

the formation of the two eGFP-positive clusters of neurons was severely affected 450	

suggesting that our phenotype was not due to nonspecific apoptosis (Fig 4D). Animals 451	

injected with p53-MO alone did not exhibit a phenotype in our region of interest (data not 452	

shown). Moreover, WISH (Figs 4E-4G) as well as qRT-PCR (Fig 4H) showed significant 453	

reduction of pth4 transcript expression in runx2a morphants, similar to the decrease of 454	

expression observed for eGFP. 455	

Results from the promoter bashing and direct mutagenesis, together with knockdown 456	

experiments, show that Runx2a is a direct upstream activator of pth4 expression. The fact 457	

that the expression of pth4 was not completely abolished in 100% of the animals, and that 458	

MOs against runx2bT1, runx2bT2 and runx3 also affect pth4 expression (S.B.P. 459	

unpublished results), suggest the possibility of a certain degree of redundancy or 460	

cooperative action among runx paralogs. 461	

 462	

 463	

Pth4 promiscuously interacts with Pth receptors 464	

Analysis of the zebrafish genome revealed the presence of three Pth receptors (i.e. 465	

Pth1ra ENSDARG00000020957, Pth1rb ENSDARG00000018418 and Pth2r 466	

ENSDARG00000006678) that can act downstream of Pth4. To determine whether a 467	

specific receptor mediates Pth4 signaling, we expressed zebrafish Pth receptors in HEK 468	

cells and performed a cAMP-based beta-galactosidase reporter gene assay. All receptors 469	

showed similar basal induced cAMP production. Pth4 stimulation induced a dose-response 470	

increase in cAMP production and no significant differences were detected with any of the 471	

three receptors transiently transfected (Figs 5A and 5B). These results suggest that Pth4 472	

signaling could be mediated promiscuously by all three Pth receptors. We also transfected 473	
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cells with human PTH and found that all three zebrafish receptors increased cAMP 474	

production, with Pth1ra being activated the most efficiently and Pth2r the lowest, which is 475	

consistent with in vitro analysis published using human PTH and zebrafish receptors  (25) 476	

(Fig 5B). It is interesting to note that zebrafish Pth4 activated Pth1ra with efficiency similar 477	

to that of human PTH, suggesting that human PTH (i.e. PTH1) and zebrafish Pth4 may play 478	

equivalent actions at the molecular level. 479	

In humans, PTH peptides play crucial roles in bone homeostasis via PTH1R on osteoblasts 480	

(43). Therefore, in addition to Pth4-Pthr signaling, we also analyzed the spatial expression 481	

of zebrafish pth1ra in adult zebrafish. Expression of pth1ra was specifically found in gills 482	

(Figs 5C and5D), craniofacial bones such as ceratobranchial and operculum (Fig 5C), 483	

intestinal epithelium (Fig 5E) and spinal cord (Fig 5F). These results are consistent with a 484	

Pth4-Pth1ra signaling pathway controlling bone mineral metabolism through the main 485	

target organs (i.e. gills, intestinal epithelium and bone) that are known to promote ionic 486	

fluxes via absorption/reabsorption or mobilization.  487	

 488	

Targeted pth4-expressing neuron ablation results in reduced bone mineralization 489	

during embryo development 490	

Using the zebrafish Tg(pth4:eGFP)iim07 transgenic line, in which Pth4-expressing 491	

neurons were labeled by eGFP (Fig 3), two-photon laser ablation was used to eliminate the 492	

mCherry-positive nuclei (bactin2:H2A-mCherry) of individual pth4:eGFP-positive neural 493	

bodies in the  hypothalamus at two sequential time points (1 and 2 dpf). Successful ablation 494	

was demonstrated by the instant loss of mCherry and subsequent loss of eGFP (Figs 6A-495	

6D). Observations of the morphology after ablation did not uncover damaging effects to 496	

neighboring tissue. When examining ablated larvae at 7 dpf, five days after conducting the 497	

double (1 and 2 dpf) laser ablation protocol, the lack of pth4:eGFP-positive neural bodies 498	

was evident in comparison to control larvae (Figs 6B and 6D). Absence of pth4:eGFP-499	

positive neurons resulted in a significant decrease in Pth4 expression levels as assayed by 500	

whole embryo qRT-PCR (Fig 6I). A two-color acid-free cartilage and bone stain (Figs 6E-501	

6H) showed that ablated larvae suffered a marked decrease of bone mineralization of 502	

craniofacial structures such as the notochord tip, operculum, otolith, cleithrum and 503	

ceratobranchial arch 5 at 7dpf, while the formation of head cartilage was unaffected. These 504	
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experiments, therefore, suggest that the pth4:eGFP-positive neurons in the hypothalamus 505	

are essential brain regulators of bone formation. 506	

 507	

Over-expression of pth4 induces loss of bone mineral density and changes in whole-508	

body mineral contents in transgenic zebrafish 509	

To investigate the biological role of Pth4 in adult fish, we created a zebrafish 510	

transgenic (Tg) line ubiquitously expressing pth4 driven by the eef1a1 promoter 511	

Tg(Xla.Eef1a1:pth4)iim010. The strong, widespread and stable transgenic Pth4 expression 512	

was assessed by qRT-PCR (S5 Fig). Characterization of whole-body mineral contents (i.e. 513	

calcium, phosphorus and magnesium) in adult male zebrafish (n=20) showed a significant 514	

decrease of minerals in pth4 Tg fish compared with control TU-WT (Fig 7A). We 515	

wondered whether the decrease in whole body mineral contents could be related to ion 516	

mobilization from bone. To test this hypothesis, we analyzed volumetric bone mineral 517	

density (vBMD) and found a significantly lower vBMD in all volumes of interest analyzed 518	

in pth4 Tg zebrafish (p<0.01) (Fig 7B). We concluded, therefore, that Pth4 can mobilize 519	

minerals from bone to extracellular fluids and then the increase of mineral concentration at 520	

the extracellular level leads to its removal from the body, which affects calcium/phosphorus 521	

composition in the whole-body and skeletal structure.  522	

 523	

Phosphate homeostasis is disrupted in pth4 transgenic zebrafish 524	

To investigate whether pth4-dependent changes in body calcium/phosphorus 525	

contents and in vBMD could be related to alterations in expression levels of genes involved 526	

in mineral homeostasis, we performed qRT-PCR to determine the levels of expression of 527	

several phosphocalcic metabolism regulatory genes (Table 1S) in adult fish of both TU-WT 528	

and pth4-transgenic lines (Fig 8). Results revealed that pth4-transgenic fish suffered a 529	

significant (p<0.05) upregulation of the solute carrier family 34 type II sodium/phosphate 530	

cotransporter member 2b gene (slc34a2b, npt2b) but a significant (p<0.01) downregulation 531	

of a set of phosphate-regulating genes, including the endopeptidase on the X chromosome 532	

(phex), ectonucleoside triphosphate diphosphohydrolase 5 (entpd5) and solute carrier 533	

family 34 type II sodium/phosphate cotransporter member 1a (slc34a1a, npt2a). Notably, 534	

the downregulation of npt2a was accompanied by a significant (p<0.025) upregulation of 535	
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fibroblast growth factor 23 (fgf23), which has been described to be a key regulator of 536	

phosphate homeostasis (44). Finally, no significant differences were found on 537	

stanniocalcin-1-like (stc1l) gene expression levels (Fig 8). Overall, results of pth4 538	

overexpression experiments revealed that pth4 not only had an important role affecting the 539	

expression of effector proteins responsible for bone metabolism through regulation of 540	

phosphate homeostasis (i.e. npt2a, npt2b, phex, entpd5) but also affected a regulatory 541	

pathway (fgf23). 542	

 543	

 544	

Discussion 545	

 546	

The ancestral Pth4, lost in eutherian vertebrates, is a regulator of bone homeostasis 547	

The parathyroid hormone gene family regulates bone homeostasis in vertebrates. To 548	

date, three ohnologs had been described - PTH, PTH2 and PTHLH (45), that appear to have 549	

originated via two rounds of whole genome duplication (1R/2R-WGDs) during early 550	

vertebrate evolution (38) (Fig 9A). In teleosts, moreover, pth and pthlh each have two 551	

paralogs ptha/pthb and pthlha/pthlhb that originated in the extra round of whole genome 552	

duplication that occurred during early teleost evolution (3R) (37) (Fig 9A). Here, we 553	

identified and characterized a novel Pth family member, Pth4. Our phylogenetic inferences 554	

and conserved synteny shared by its genomic neighborhood in zebrafish and its ohnologons 555	

in chicken and human provide evidence that Pth4 is the fourth missing PTH ohnolog 556	

resulting from 1R/2R-WGDs. Our genome survey shows that Pth4 is present in ray-finned 557	

fish and in non-eutherian vertebrates but absent in eutherians due to a gene loss that likely 558	

occurred at the base of the eutherian mammalian clade (i.e. an eutherian ohnolog gone 559	

missing) (Fig 9A). For the sake of clarity, and to better reflect the evolutionary origin of the 560	

Pth family, we propose a change in the nomenclature of this vertebrate family, in which 561	

PTH and PTHLH should be renamed to PTH1 and PTH3, respectively. Accordingly, 562	

following the nomenclature of teleost genes duplicated during the 3R, ptha and pthb should 563	

be renamed as pth1a and pth1b as well as pthlha and pthlhb as pth3a and pth3b. As a 564	

consequence, we propose that the newly identified gene should be called pth4. 565	

 566	
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From brain to bone: Pth4, a hypothalamic neural signaler downstream of Runx that 567	

regulates bone remodeling in zebrafish 568	

 Expression analysis during zebrafish development revealed that pth4 is maternally 569	

transcribed. By 24-hpf, however, pth4 is expressed exclusively in a bilateral subset of 570	

neurons located in the hypothalamus. Transgenic reporter lines expressing eGFP under the 571	

pth4 and hrct promoters identified two distinct subpopulations of neuronal cell bodies in 572	

the lateral hypothalamus. The pth4:eGFP reporter line also mapped a pth4-positive complex 573	

network of long axonal projections from the dorsal zone of the periventricular 574	

hypothalamus to the brainstem and spinal cord. Promoter dissection identified a region of 575	

544-262 bp that is critical for pth4 expression. Results of TRANSFAC sequence prediction, 576	

promoter bashing and directed mutagenesis uncovered five potential regulatory elements of 577	

the pth4 expression. In particular, Runx-factor binding sites appeared to be critical for pth4 578	

expression. Loss of Runx activity abrogated both pth4 expression and the activity of the 579	

pth4:eGFP reporter line, demonstrating that pth4 is downstream of runx2a. In mammals, 580	

RUNX2 is a multifunctional transcription factor implicated in bone development and 581	

mineralization by regulating numerous genes of chondrogenic/osteogenic signaling 582	

pathways  (46). RUNX2 binding sites have been identified on the COL10A1 and SP7 583	

promoter controlling its transcriptional regulation (47, 48). Using the pth4 eGFP-reporter 584	

lines, we demonstrated that the ablation of pth4-positive neurons altered bone 585	

mineralization during larvae development, affecting craniofacial structures such as the 586	

notochord tip, operculum, otolith, cleithrum and ceratobranchial arch. However, no 587	

difference in cartilage development was found. Taken together, these findings suggest that 588	

a population of hypothalamic neurons that express pth4 under the regulation of the 589	

conserved Runx bone transcription factor form a complex neural network throughout the 590	

body that plays a major role in the mechanisms regulating embryonic bone mineralization 591	

in zebrafish. 592	

 593	

Pth4 can activate cAMP/PKA signaling via Pth receptors and regulates expression of 594	

genes involved in calcium/phosphorus homeostasis 595	

Zebrafish pth4 encodes a putative protein of 121 amino acids, which include PTH-596	

specific motifs and dibasic cleavage sites for pre-pro-sequences conserved in other secreted 597	
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members of the PTH family  (11, 49). We demonstrated that Pth4 can recognize the three 598	

zebrafish Pth receptors (i.e. Pth1ra, Pth1rb and Pth2r) to activate cAMP/PKA signaling. In 599	

fish, previous analyses by RT-PCR found that pth2r was expressed in the central nervous 600	

system, kidney and scales  (23, 45, 50), and pth1rb in the kidney, intestine and vertebral 601	

bone  (51–53). Here, WISH reveals that pth1ra is expressed in the gills, intestinal 602	

epithelium and spinal cord (Fig 5). The fact that Pth4 shows the same affinity for all three 603	

receptors in cell culture suggests that this neuropeptide not only acts on the skeleton via the 604	

spinal cord but also has the potential to function in gills, intestine, kidney, and scales, all 605	

organs involved in mineral homeostasis. 606	

Gain-of-function experiments using a transgenic line that overexpresses pth4 demonstrate 607	

that an excess of this neuropeptide induces a significant reduction of whole-body 608	

calcium/phosphorus levels and results in a significant loss of vBMD, acting through the 609	

regulation of phosphate homeostasis. Our analysis of factors involved in the regulation of 610	

phosphate levels revealed that pth4 overexpression induced a significant increase in fgf23 611	

and npt2b levels and a decrease in npt2a, phospho1, phex and entpd5 expression levels. 612	

FGF23 is a key phosphaturic factor that acts in the bone-kidney axis in mammals and 613	

provides a signal from bone to adjust phosphate fluxes through NPT2a in kidney by 614	

promoting phosphate excretion or reabsorption (44, 54). In addition, systemic phosphate 615	

levels are managed by NPT2b through active transport in the small intestine (55). In 616	

zebrafish, fgf23 is expressed in the corpuscles of stannius (CS), on the teleost kidney to 617	

regulate ion homeostasis. Expression of npt2b in the intestine plays an important role in 618	

phosphate absorption (56). Thus, the significant decrease in whole-body phosphorus 619	

content in transgenic fish could be due to up-regulation of fgf23 and down-regulation of 620	

npt2a, which in turn would produce phosphate excretion through the kidney. Such an effect 621	

might be counteracted by phosphate absorption via intestine, consistent with high levels of 622	

npt2b. In accordance with our results, other studies have demonstrated that loss of function 623	

of phospho1, phex or entpd5 in hypophosphatemic disorders led to a significant decrease in 624	

vBMD and abnormalities in mineralization  (1, 57, 58). One of our most striking results 625	

was that despite hypocalcemic conditions in transgenic fish, stc1l did not appear to alter its 626	

expression, as would be expected from its function in zebrafish (59). This suggests that 627	
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anti-hypercalcemic hormones other than stc1l (e.g. calcitonin) might act in teleosts to 628	

reduce calcium transport across epithelia as its mammalian counterpart  (60). 629	

 630	

Evolutionary model for the role of the PTH family in bone homeostasis in aquatic and 631	

terrestrial vertebrates 632	

Despite the lack of parathyroid glands, fish can respond to changes in serum mineral 633	

levels and consequently regulate mineral concentrations within a narrow range. During the 634	

last two decades, several studies focused on identifying PTH paralogs and explored their 635	

involvement in bone mineral balance in vertebrates. Interestingly, six peptides and three 636	

receptors had been identified previously, revealing a higher complexity of this gene family 637	

in non-eutherian vertebrates than in eutherians. Pthlh (i.e. Pth3) has been described to 638	

promote calcium uptake from surrounding water via branchial and intestinal epithelia  (61), 639	

stimulating calcium reabsorption and phosphate secretion through Npt2a in kidney  (53) 640	

and promoting osteoclast activity in scales via Pthr1  (62). In addition to calcium uptake, 641	

Pth3 seems to affect Pi concentration in the serum of fish species (10). In contrast to 642	

placental mammals, no previous evidence supported the hypothesis that Pth1 and/or Pth2 643	

played a decisive role in mineral balance in fish. In eutherians, PTH1 is considered to be 644	

the principal regulator of calcium/phosphate metabolism and bone turnover. This hormone 645	

is produced by the parathyroid glands in response to low calcium or high phosphate serum 646	

levels and exerts its endocrine function on kidney and bone by interacting with other 647	

systemic and local factors, such as vitamin D, FGF23 and calcitonin to restore 648	

normocalcemia in a negative feedback loop (63, 64). Our studies suggest that Pth4 acts on 649	

bone to mobilize calcium and phosphate through Pth1r signaling in fish. This likely reflects 650	

the ancestral bony vertebrate condition that has been conserved in non-eutherians but lost in 651	

eutherian mammals. Concomitantly Pth was recruited to perform an equivalent function in 652	

the latter (Fig 9).  653	

In terrestrial vertebrates, bone provides an internal storage of mineral that has an important 654	

metabolic function by mobilizing calcium and phosphate for mineral homeostasis. In fish, 655	

calcium-driven mineral homeostasis has been a matter of debate because aquatic 656	

vertebrates have an abundant supply of calcium in freshwater and marine water 657	

environments. As a consequence, it is likely that the skeleton would only act as an internal 658	
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calcium source under conditions of mineral shortage. Instead, the postcranial dermal 659	

skeleton (scales) would be more susceptible to resorption than the endoskeleton (62). 660	

Conversely, phosphate levels in water are generally low and unlikely to account for all 661	

body functions. Thus, the circulating concentration of phosphate depends on dietary Pi 662	

intake, intestinal absorption, renal filtration/secretion and reabsorption, and exchange from 663	

intracellular and bone reservoirs. For this reason, fish face mineral challenges different 664	

from those of terrestrial vertebrates with respect to the availability of these two elements  665	

(65, 66). In conditions of severe phosphate shortage (e.g., low Pi dietary availability or 666	

systemic Pi homeostasis disorder), fish would need expeditious mobilization of phosphate 667	

ions to ensure the survival. Under these circumstances, the scales and endoskeleton would 668	

be the faster and more accessible sources for phosphate mobilization (Fig 9B). In this 669	

context, ancient Pth4 would act in bone to promote phosphate mobilization and 670	

consequently mobilization of calcium. Our findings suggest a prominent role for Pth4 in 671	

maintenance of systemic phosphate homeostasis via control of bone mineral content, the 672	

major reservoir for calcium and phosphate. However, we cannot exclude potential actions 673	

of Pth4 in gills and in intestinal reabsorption of phosphate through epithelia (Fig 9B). 674	

During the vertebrate transition from the aquatic to terrestrial life, the parathyroid glands 675	

arose via transformation of the gills (67), with PTH1 emerging as the endogenous master 676	

regulator of bone mineral homeostasis. We hypothesize that during evolution of tetrapods, 677	

PTH1 gradually became the principal regulator of the calcium/ phosphate metabolism and 678	

Pth4 was then lost in the eutherian vertebrates due to redundancy. Our findings illustrate, 679	

therefore, the relevance of the identification of gene loss events to better understand the 680	

evolution and diversification of animal lineages  (68). 681	
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Legends to the figures 915	

 916	

Fig 1. Phylogenetic and conserved synteny analysis of PTH related proteins. (A) A 917	

phylogenetic tree inferred by maximum likelihood showing the relationship between PTH4 918	

proteins and other proteins of the PTH, PTH2 and PTHLH families. B: Dotplot analysis 919	

shows the distribution of paralogs (black dots) of the PTH neighbor genes in the first 20 Mb 920	

of human chromosome 11 (Hsa11 on the x-axis) throughout all chromosomes of the human 921	

genome (y-axis) using both the amphioxus B. floridae and the ascidian C. intestinalis 922	

genomes as outgroups. Yellow shadow areas highlight conserved syntenic regions that 923	

probably originated in two-rounds of whole genome duplication that took place during 924	

early vertebrate evolution (38, 39) (reviewed in (40)) , including Hsa12 and Hsa19 where 925	

the ohnologs PTH2 and PTHLH are located (blue circles), and other regions including Hsa1 926	

and Hsa6, where PTH ohnologs are missing (PTH-OGM, red circle). (C) Analysis of the 927	

Synteny Database revealed that the genomic neighborhoods of the pth4 gene in zebrafish 928	

and chicken show extensive conserved synteny with Hsa6, suggesting that the putative 929	

paralogon region in which the ancestral PTH4-OGM should have been located before it 930	

was lost (transparent red) in the lineage leading to humans after the split of the lineage 931	

leading to current armadillos, while it has been preserved (red) in chicken Gga26 and 932	

teleosts such as in zebrafish Dre22. Sequence references (See S3 Fig).   933	

 934	

Fig 2. Spatial and temporal expression of Parathyroid Hormone 4 (pth4) transcripts in 935	

zebrafish embryos. (A,C,E) lateral and (B,D,F) ventral view of whole-mount in situ 936	

hybridization of pth4 expression of 1, 2 and 3 dpf wild-type zebrafish embryos. Staining 937	
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with the pth4 antisense probe showed expression in bilaterally symmetric regions of the 938	

developing hypothalamus . (G) Rostro-caudal transverse sections (4 µm thick) of epon-939	

embedded, whole mount double in situ hybridizations of pth2 (red arrow heads) and pth4 940	

(black arrow heads) in 3dpf zebrafish (H) identified pth4 expression domains in the lateral 941	

hypothalamus. (I)  Rostro-caudal transverse section (10 µm thick) of paraffin-embedded, in 942	

situ hybridization of pth4 expression in  adult zebrafish displayed pth4 transcripts 943	

exclusively in bilateral cell clusters located in the  dorsal zone of the periventricular  944	

hypothalamus. Panels A-F illustrate gradual movement of the expression domain during 945	

development from caudo-ventral to a more rostro-dorsal situation with reference to the eye 946	

position. (J) RT-PCR analyses of the temporal expression pattern of pth4 mRNA. 947	

Abbreviations: e, eye; Hd, dorsal zone of the periventricular hypothalamus; hy, 948	

hypothalamus;  Hv, ventral zone of the periventricular hypothalamus; m, midbrain; t, 949	

telencephalon; TPp, periventricular nucleus of posterior tuberculum; 3v,  third 950	

ventricle.  Scale bars: (A-G) 100 µm; (I) 5 µm. 951	

 952	

Fig 3. Whole mount confocal imaging of the stable Tg(pth4:eGFP)iim07 zebrafish line. 953	

Pth4 cells and projections at 1 (A,B), 2 (C), 3 (D,E,F) and 5 dpf (G) monitored as eGFP 954	

fluorescence. Confocal imaging of 25 µm cross sections from adult fish, showing the Pth4 955	

anterior-posterior caudal projections in the spinal cord (H) and Pth4 bilateral clusters in the 956	

periventricular hypothalamic area (I). Double labeling of eGFP immunofluorescence and 957	

fluorescence pth4 in situ hybridization (FISH) on 3 dpf Tg(pth4:eGFP)iim07 zebrafish line 958	

(C,C´,C´´) demonstrate identical expression of eGFP (green color) and endogenous pth4 959	

transcripts (red color). (J) Double pth4:eGFP and hcrt:tdTomato zebrafish line showing the 960	

specific spatial co-localization of Pth4 and Hcrt neural clusters in the  lateral hypothalamus 961	

at 5 dpf. Abbreviations: e, eye; hd, dorsal hypothalamus; hv, ventral zone of periventricular 962	

hypothalamus; hy, hypothalamus; m, midbrain; SC, spinal cord; TPp, periventricular 963	

nucleus of posterior tuberculum; VC, vertebra centra. Scale bars: (A,B,C,F,G,H,I) 100 µm; 964	

(J,D,E) 50 µm. 965	

 966	

Fig 4. Functional analysis of the pth4 promoter through eGFP expression. (A) DNA 967	

fragments containing 2kb and 1kb sequences upstream from the ATG of pth4 are in gray. 968	
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Vertical lines mark increments of the functional 2kb-pth4 promoter deleted. Black circles 969	

mark conserved regions selected for mutations. Box 1, positions -507 -513 (transcription 970	

factor binding sites (TFBS): CREB/HRE/ATF6); Box 2, -433 -439 (TFBS: HMX2/LXRE); 971	

Box 3, -397-402(TFBS: HOXA5/BRN5/LHX6/VAX2/ISL1); Box 4, -329-338 (TFBS: 972	

AP1/NFE2/MEIS1/PBX1_MEIS1/VDR_RXR); Box 5, -321-323 (TFBS: 973	

VMAF/CREB/MARE) and Box 6, -518-522(TFBS: RUNX2/RUNX3). Arrow and hatched 974	

section denote the start of transcription and 5´UTR, with eGFP coding sequences 975	

substituting at the native TSS. Promoter activity was assessed as the proportion of embryos 976	

displaying 1 or more fluorescent Pth4 cells at 3 dpf and normalized to the wild-type 2kb-977	

pth4 promoter results. (B-H) Knockdown of runx2a affects pth4 expression. (B, C, D) 978	

Morphology of the control (B, ventral view), runx2a MO injected (C, ventral view), runx2a 979	

MO and p53 MO injected (D, ventral view) Tg(pth4:eGFP)iim07 embryos at 48 hpf. Note 980	

the reduced eGFP fluorescence in the runx2a MO injected embryos. (E, F, G) WISH using 981	

pth4 riboprobe on control (E, ventral view), runx2a MO injected (F, ventral view) and 982	

runx2a MO and p53 MO injected (G, ventral view) Tg(pth4:eGFP)iim07 embryos at 48 983	

hpf. Note the reduced pth4 expression in the runx2a MO injected embryos. (H) qRT-PCR 984	

analysis of pth4 expression in control (white bars), runx2a MO (black bars) and runx2a 985	

MO and p53 MO (grey bars) injected Tg(pth4:eGFP)iim07 embryos at 48 hpf. Results 986	

normalized to eef1a1/1 expressed as mean ± SEM of two independent experiments, with *P 987	

< 0.05, **P < 0.025 and ***P < 0.01. Scale bars: 100 µm. 988	

 989	

Fig 5. Pth4 interaction with zebrafish Pth receptors. Effects of recombinant Pth4 mature 990	

peptide dilutions (A) and synthetic hPTH (B) on galactosidase activity in HEK293 cells 991	

stably expressing cAMP-responsive β-galactosidase reporter gene and transiently 992	

transfected with zebrafish pth1ra, pth1rb and pth2r genes in the presence of 993	

phosphodiesterase inhibitor (IBMX). Results represent the mean ± SEM of two 994	

independent biological replicate experiments, each performed with three technical 995	

replicates. Measurements were normalized for protein content and expressed as a 996	

percentage of basal levels (HEK293 cells transfected with empty pcDNA3 vector). A p 997	

value less than 0.05 (letters) were considered statistically significant. Data are statistically 998	

similar if they share at least one letter. In situ hybridization of adult zebrafish sections 999	
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shows specific pth1ra expression in gills (C, D), craniofacial bones (C), intestine (E) and 1000	

spinal cord (F). Abbreviations: g, gills; op, opercular bone; cb, ceratobranchial bone; sc, 1001	

spinal cord; pl, primary lamella; sl, secondary lamella; ie, intestinal epithelium. Scale bars: 1002	

(C) 400 µm; (D) 50 µm; (E) 200 µm; (F) 100 µm. 1003	

 1004	

Fig 6. Two-photon laser ablation of Pth4 neurons. (A-D) Whole mount confocal imaging 1005	

of the pth4:eGFP+/bactin2:H2A-mCherry+ double transgenic embryo, showing the Pth4 1006	

neural hypothalamic bodies at 1 (A) and 7 dpf (B,D) monitored as eGFP fluorescence in 1007	

control (A,B) and laser ablated (D) embryos. (E–H) two-color acid-free cartilage and bone 1008	

staining of control (E, ventral view, and F, lateral view) and Pth4 neuron ablated (G, ventral 1009	

view, and H, lateral view) 7 dpf embryos. Note the lack of mineralized craniofacial bones 1010	

with an incipient mineral deposit on teeth in Pth4 neuron ablated embryos.  (I) qRT-PCR 1011	

analysis of pth4 expression in control (white bars) and Pth4 neuron ablated (black bars) 1012	

embryos at 7 dpf. Results normalized to actb1 expressed as mean ± SEM of two 1013	

independent experiments, with ***P < 0.01. Abbreviations: nt, notochord tip; op, 1014	

operculum; ot, otolith; ceratobranchial arch 5 (cb5); t, teeth; cl, cleithrum; e, eye.  Scale 1015	

bars: (A-D) 50 µm , (E-H)100 µm. 1016	

Fig 7. Whole-body calcium, phosphorus and magnesium (A) and Volumetric bone 1017	

mineral density (vBMD) analysis (B). (B) Representative images for VOI1: end lapilli 1018	

otoliths to end of sagittal otolihts; VOI2: end sagittal otoliths to 5 vertebrae (included also 1019	

pectoral fins and scales); VOI3: end sagittal otoliths to 5 vertebrae but includes only a 1020	

cylinder (diameter of 1 mm) with the center in the middle of the vertebral bodies and VOI4: 1021	

VOI1+VOI2. Results are expressed as mean ± SEM, with *P < 0.05, **P < 0.025 and ***P 1022	

< 0.01. 1023	

Fig 8. Phosphate homeostasis is disrupted in pth4 Tg fish. qRT-PCR analysis of mineral 1024	

homeostasis regulatory factors in TU-WT (white bars) and Tg(Xla.Eef1a1:pth4)iim010 1025	

adult male zebrafish (black bars). mRNA expression levels of fibroblast growth factor 23 1026	

(fgf23), phosphatase orphan 1 (phospho1), phosphate-regulating gene with homologies to 1027	

endopeptidase on the X chromosome  (phex), ectonucleoside triphosphate 1028	

diphosphohydrolase 5 (entpd5), solute carrier family 34 (type II sodium/phosphate 1029	
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cotransporter), member 1a (slc34a1a, npt2a), member 2a (slc34a2a, npt2b) , and 1030	

stanniocalcin-1-like (stc1l) were determined. Results normalized to 18S are expressed as 1031	

mean ± SEM of two in-dependent experiments, with *P < 0.05, **P < 0.025 and ***P < 1032	

0.01. 1033	

 1034	

Fig 9. Evolutionary history of the PTH family in vertebrates. (A) It shows the origin of 1035	

the four PTH ohnologs (PTH1, PTH2, PTH3 and PTH4) due to the different rounds of 1036	

whole genome duplication 1R/2R in early vertebrates and 3R in teleosts (a/b). The absence 1037	

of Pth4 in eutherian mammals is due to an ancestral gene loss that likely occurred at the 1038	

base of this clade. This loss is concomitant with the recruitment of PTH1 from parathyroid 1039	

glands in eutherians to provide an equivalent function to the Pth4 neuropeptide in bone 1040	

mineral homeostasis, as it is represented by zebrafish and human diagrams in (B), in which 1041	

both PTH peptides provoke similar responses in phosphate and calcium homeostasis, acting 1042	

in bone and regulating the expression of the same regulatory genes in homologous organs. 1043	

a, b letters denote teleost paralogs.  1044	

 1045	

 1046	

Supporting Information  1047	

S1 Table. Primer sequences used for quantitative RT-PCR gene expression analysis. 1048	

 1049	

S2 Table. Primer sequences used for PCR amplification. 1050	

 1051	

S3 Table. Primer sequences used for PCR amplification of pth4 promoter and deletions 1052	

constructs. Restriction sites are denoted in lowercase. 1053	

 1054	

S4 Table. Primer sequences used for site-directed mutagenesis and transcriptional 1055	

factors targeted on the pth4 promoter. 1056	

 1057	
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S1 Fig. A schematic diagram of the zebrafish pth4 locus. It shows a two exons structure 1058	

separated by an intron of 1,377 bp and 2,377 bp of the genomic region upstream of pth4 1059	

coding region. Boxes depict exons with white regions indicating 5´-UTR (94 bp) and 3´-1060	

UTR (349 bp). (+1) denotes transcription start site (TSS). Below the amino acid sequence 1061	

shows putative pre-pro sequences of 31 amino acids outlined with dashed lines and mature 1062	

peptide of 90 amino acids is in grey box. Dibasic cleavage site (RR) and MHD motif are in 1063	

bold. PTH consensus domain is underlined.  1064	

 1065	

S2 Fig. Analysis of gene clusters of the Synteny Database  (16).  It reveals that 21 out of 1066	

28 closest neighbor paralogs to the zebrafish pth4 gene in Dr22 are located in Hsa1 and 1067	

Hsa6. 1068	

 1069	

S3 Fig. Alignment of PTH peptide family amino acid sequences. Dashes were 1070	

introduced to improve alignment. Sequence references:  Branchiostoma floridae (Bfl) Pth 1071	

Brafl1|129572, Brafl1|130114, Brafl1|106964, Brafl1|69477. Danio rerio (Dre) PTH1a, 1072	

NM_212950; PTH1b, NM_212949; PTH2(tip39) NP_991140; PTHLHa, NP_001019798.2; 1073	

PTHLHb, NP_001036789.1; PTH4, KT182088; Gallus gallus (Gga) Pthlh, 1074	

NP_001167577.1; Pth, NP_990783.1; Pth4, XP_003642785.1. Gasterosteus aculeatus 1075	

(Gac)_PTHLHa, ENSGACG00000000596; PTHLHb, ENSGACG00000004317; PTH1a, 1076	

ENSGACG00000002436; PTH2, ENSGACG00000013205; PTHL, 1077	

ENSGACG00000004105. Homo sapiens (Hsa) PTH, NP_000306.1; PTH2, NP_848544.1; 1078	

PTHLH, NP_945316.1. Latimeria chalumnae (Lch) pth4, XP_005987745.1, pthlh, 1079	

XP_006003344.1; pth2, JH126891.1:621645-622037. Lepisosteus oculatus (Loc), pth2, 1080	

ENSLOCT00000017429; pth4, LG3:36790458-36790544/36787790-36788116; pthlha, 1081	

ENSLOCT00000020422. Monodelphis domestica (Mdo) Pth, ENSMODG00000008738; 1082	

Pthlh, ENSMODT00000018357; Pth4, Chr2:275877437-275877748. Mus musculus (Mmu) 1083	

Pth, NP_065648.1; Pth2, NP_444486; Pthlh, P22858.1. Oryzias latipes (Ola) Pth1a, 1084	

scaffold212:878867:879922; Pth1b, ENSORLP00000009195;Pth4, 1085	

ENSORLP0000002389; Pth2, ENSORLP00000022356; Pthlha, ENSORLP00000024967; 1086	

Pthlhb, ENSORLP00000004663. Pelodiscus sinensis (Psi) Pth4, JH209328.1:214358-1087	

214663. Sarcophilus harrisii (Sha) Pth, ENSSHAT00000020879; Pthlh, 1088	
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ENSSHAT00000010194; Pth4, PTH4_GL856880.1:698833-699141. Takifugu rubripes 1089	

(Tru) Ptha, CAG26460.1; Pthb, AAQ73561.1; Pth2 Takru4|617082|e_gw2.34.13.1; Pth4, 1090	

CAG26462.1; Pthlha, CAG26459.2; Pthlhb, CAB94712.1 1091	

 1092	

S4 Fig. Nucleotide sequence of the zebrafish pth4 gene. It shows the distribution in the 1093	

promoter region of targeted transcription-factor binding boxes for site-directed 1094	

mutagenesis. Nucleotides are shown in upper-case letters and numbered on the left of the 1095	

sequence. Coding region, in italics, shows the translational start site (ATG) denoted by +1. 1096	

Transcription-factor binding boxes of interest in white box and mutated nucleotides in red. 1097	

The TATA box and the transcription start site (TSS) are marked by black overhead lines. 1098	

 1099	

S5 Fig. qRT-PCR analysis of pth4 gene expression levels in control TU-WT and 1100	

Tg(Xla.Eef1a1:pth4)iim010 adult male zebrafish. Results are expressed as mean ± SEM 1101	

of  two  independent experiments, with *P < 0.05, **P < 0.025 and ***P < 0.01. 1102	
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