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Abstract: The PTH family of ligands and receptors have a wide range of vital functions from
calcium homeostasis to tissue and bone development from the embryo to adult. This family has
undergone whole genome duplication events predating vertebrate evolution, indicating more
primitive and ancient functions other than skeletal development. The N-terminal region of the
ligands, have been widely studied by biophysical and functional analysis, resulting in the discovery
of key characteristics essential for ligand-receptor activation being elucidated. Multi-substituted
amino acid analogs with differential binding affinities and either antagonistic or agonistic signalling
potencies have been created based on these findings allowing for improvement on potential therapies
affected by the PTH system in skeletal and embryonic development. The PTH family has diversely
evolved to cover a wide range of pivotal pathways crucial to growth and development throughout all
animal life.
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1. Introduction

The Parathyroid Hormone (PTH) family of ligands and receptors are a lynchpin of regulatory
networks necessary for pivotal processes during embryonic development through to adult
physiologies [1-6]. The ligands include PTH, PTH-related peptide (PTHrP), and tuberoinfundibular
peptide (TIP39, also known as PTH2) [7-9]. The most recent new peptide addition to the family is
PTH-like peptide (PTH-L or TIP38), which is only present in non-mammalian species including
Xenopus, teleosts, and chicken [3,10,11]. The mature peptide sequences of these hormones share
significant homology within the first 34 amino acids (aa) but are encoded by separate genes [7,9,12].

PTH is the principal regulator of blood calcium (Ca®**) homeostasis and metabolism,
modulating osteoclastic bone resorption and calcium reabsorption in the kidneys [1,4,13]. Human
PTH is highly expressed and secreted by the parathyroid gland as an 84 aa unmodified polypeptide in
response to low blood Ca?* levels [14], and in smaller amounts by the hypothalamus, pituitary and
thymus [15-17].

Bone formation by osteoblasts and resorption by osteoclasts is tightly coupled, where the
amount of bone formed equals the bone resorbed so that microfractures sustained during normal
activity are repaired and bone size, morphology, and mechanical properties are maintained [18-20].
Osteocytes exert positive and negative effects on both osteoblasts and osteoclasts regulating bone
remodelling [21]. PTH and PTHrP play crucial roles in this skeletal development and maintenance [22].
PTH has also been demonstrated to have a negative correlation with the glomerular filtration rate
(eGFR) associated in patients suffering from chronic kidney disease (CDK), with increases in PTH
associated with decreases in eGFR, with implications towards PTH regulation by sufficient Vitamin
D minimising the incidence of bone defects as well as kidney disorders in ageing populations [23,24].

PTHrP is a 141 aa peptide first discovered as a hypercalcaemia causing factor of malignancy,
activating pathways involved in skeletal metastases, one of the most common life threatening cancer
associated disorders [25,26]. Knockout models of pthrp and its receptor (PTHR1) helped establish
PTHrPs vital role in regulating embryonic development of the skeleton, through the regulation of
chondrocyte growth and differentiation in the growth plates of developing long bones [5,27-29].
PTHrp is known to influence epithelial-to-mesenchymal transtition (EMT), a process critically
involved in cancer metastasis and invasion [30-32]. PTHrP activates a variety of mitogenic pathways
including MAPK, PI3K/Akt, and has multiple autocrine/paracrine functions regulating a diverse
range of tissue and organ development (smooth muscle, vascular, intestinal, uterine, bladder, renal,
placental, oviduct, mammary gland), from proliferation to differentiation [5,6,33,34]. PTHrP has also
been found to play a role in an intracrine pathway, where the protein is translocated to the nucleus
via a nuclear localisation sequence acting on the PTHR1 receptor also localised at the nucleus. This
evidence suggested roles for the PTH/PTHrP-PTHR1 system in regulating nuclear events either on
the nucleoskeleton or directly on gene expression [35-37].
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Both PTH and PTHrP act through the same PTHRL1 receptor with equal affinity [38]. PTHR1 is
a class B/classll G-protein coupled receptor (GPCR) with seven transmembrane domains mainly
expressed in bone and kidney, mimicking expression of its ligands [2]. Co-expression of these
peptides and their receptor are strongly linked to metastatic cancers, such as renal, prostate, and
skeletal cancers [30]. The receptor is strongly coupled to the adenylyl cyclase (AC)-protein kinase A
(PKA), and the phospholipase C (PLC)-protein kinase C (PKC) intracellular Ca®** signalling
pathways [1,27,38]. Mutations in the PTHR1 gene have been linked to primary failure of eruption
(PFE) of teeth, characterised by severe posterior open bite caused by problems with tooth movement
from its developmental site within the alveolar process toward its function position in the oral cavity [39].

TIP39 is a peptide of 39 residues and shares a relatively lower level of sequence homology with
PTH or PTHrP but high resolution NMR studies suggest that it has a similar three-dimensional
structure [40,41]. It contains 9 important functionally conserved amino acid residues with PTH and
PTHrP [8,42]. A second receptor PTHR2 was identified sharing more than 50% aa homology with
PTHR1 with PTH binding exerting agonistic effects [43,44]. PTHR2 was found to have a ligand
preference to PTH over PTHrP with further investigations revealing robust activation of PTHR2 by
TIP39, suggesting TIP39 as its native ligand [8,45,46]. The tissue distribution profile of PTHR2
assessed by mRNA expression in rats was distinct from PTHR1, detected at various loci in the brain,
thyroid parafollicular cells, and gastrointestinal cells [47,48].

TIP39 binds exclusively to the PTHR2 receptor however amino acid substitutions can alter its
affinity towards the PTHRL1 receptor with antagonistic effects [41]. TIP39 and PTHR2 are expressed
in highest concentrations in the hypothalamus and spinal cord in mammals and zebrafish, with
TIP39s synthesis mainly in the subparafasicular area of the thalamus and the medial paralemniscal
nucleus of the pons [8,9,49]. Little is known about the TIP39-PTHR2 signalling system, with
suggested roles of TIP39 as a neuroendocrine hormone that modulates several aspects of the stress
response, pain perception, blood pressure, and body temperature [8,9,11,45,50]. The TIP39-PTHR2
system does not appear to have a role in calcium regulation nor the patterning of tissues [51]. The
system has been implicated in regulating mammalian renal and cardiovascular haemodynamics and
osmoregulation with presumably conserved implications in teleosts [11,52].

A third receptor, PTHR3, found only in non-mammalian vertebrates was identified through
various genome projects sharing closer ligand specificity and structure to PTHR1 over PTHR2 [53-55].
PTHR3 has a stronger affinity for PTHrP over the other PTH receptors in zebrafish, seabream, and
chicken, with functions yet to be clarified [53,54,56].

The Pth-1 gene structure is similar to that of the pth gene, but the mature peptide of PTH-L
shares a higher level of sequene homology to PTHrP [3]. The expression of PTH-L has been
investigated in chicken and Xenopus. The peptide was found widely but differentially expressed in
various tissues of these organisms. Abundant PTH-L transcripts were detected in cartilage in chicken,
and in brain, lung, and bone in Xenopus laevis [57]. Although the physiological role has not yet been
fully established, some reports have suggested that PTH-L in teleosts (Seabream) and X. Laevis is the
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most potent calciotropic factor among all PTH peptides [57,58]. The PTH system appears more
complex in fishes than in mammals providing evidence of continued differential evolution between
nontetrapod and tetrapod species [10,22].

2. Evolution of the PTH Family

The presence of the parathyroid hormones (PTH, PTHrP, TIP39, PTH-L) and their receptors
(PTHR1, PTHR2, PTHR3J) in vertebrates, are proposed to be the result of two rounds of whole
genome duplication at the beginning of vertebrate diversification [7,59,60]. While mammals have
two PTH receptor genes, PTHR1 and PTHR2, zebrafish have three, pthrl, pthr2, and pthr3 [10,12].
Bioinformatics analyses, chromosomal synteny studies and the characterization of the PTH ligands
and their receptors from various vertebrate species provide evidence strongly supporting the
hypothesis [7,61]. The PTH family of peptides may have existed with more ancient function predating
early vertebrate evolution from agnatha [7,60]. However, identification of homologous ligand-receptor
pairs in invertebrates and vertebrates is difficult because of the low levels of sequence identity
between the orthologs of distant species [62]. In invertebrates, PTHR-like genes have been found in
protostomians, cephalochordates, and urochordates, indicating ancestral PTHR evolved before the
deuterostome-protostome split [59,61,63]. PTH-like peptides have also been identified in tunicates
and amphioxi [64].

PTHrP exhibits more changes in its gene structure than PTH after divergence from their last
common ancestor [7]. The pth gene structure has been conserved from elephant shark to humans,
containing three exons with the pepro-peptide endcoded in the last two exons [10,22,57,65]. The pthrp gene
structure contains extra (nine in humans) exons upstream and/or downstream of the mature peptide
coding regions, along with the presence of splicing variants in humans, rat, mouse, chicken and
Xenopus [35,57,66]. This allows post-translational processing of mammalian pepro-PTHrP to create
three different initial translation products; mature PTHrP, a middle region of PTHrP, as well as
osteostatin [6,35,67]. This increase in pthrp gene complexity reflects changes in the physiological
roles this peptide adapted towards different terrestrial environments, in tetrapods [3,68]. The
hypothesis that the PTH system evolved to enable calcium homeostasis with bone as a reservoir for
land animals to survive away from their previous readily available and abundant reservoir of marine
Ca®*, was extinguished once genome projects revealed the existence of these systems in more ancient
sea-dwelling life forms [12,22,55,60,65].

PTH-L is considered an intermediate between PTH and PTHrP in non-mammalian vertebrates,
due to its independent phylogenetic position [7,57,58], while TIP39 has 3 exons like PTH but lacks
any similar motifs and is distantly positioned phylogenetically [8,9].

The PTH receptors like their ligands are conserved (~70%) from the cartilaginous elephant
shark, to the teleost zebrafish, to humans [54,65].
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3. Therapies Based on the Ligand-receptor Binding Complex of PTH Family Members

Significant levels of sequence homology are found in the first 34 amino acids of mature PTHrP,
PTH and PTH-L peptides [3,57]. The physiological action induced by PTH and PTHrP is dependent
on this N-terminal domain of these peptides for ligand binding. The N-terminal residues of PTH 1-34
and PTHrP 1-36 are highly conserved in evolution, with eight of the first 13 amino acids being
identical, a large degree of structural homology [69,70], and are essential for receptor binding and
hormonal signal transduction [1,2,71]. Cyclic AMP formation was equally stimulated by PTH 1-34 and
PTHrP 1-34 in rat bone and kidney cells [72]. Several studies have shown PTH and PTHrP 1-34
stimulated bone remodelling similar to the effect of the mature peptides [4,13,27,73,74].

Synthetic peptides containing only these N-terminal domains of either PTH or PTHrP bind to
and activate the receptors with amino acid substitutions affecting the binding affinity, thus potency
and subsequent biological activity [1,2,43,75]. The variations in the N-terminal region have thus
been targeted for developing antagonistic and agonistic therapies for maladies defined by the many
developmental processes the PTH family is involved in, particularly in skeletal development for
patients suffering from osteoporosis.

X-ray crystallography of PTH bound to the PTHRL1 receptor, identified Val21, Trp23, Leu24,
Leu28, Val31 and Phe34 of PTH, forming important hydrophobic interactions with the receptor [76,77].
PTH Arg20 is one of two residues conserved in all peptides known to activate the PTHR1 receptor,
and via multiple substitution experiments was found to be critical for full activity forming an
important salt-bridge with PTH1Rs Asp-137 [78-80].

Analogs of the ligands such as PTH (3-34), PTH (7-34), [Phe3]and[Phe6]PTH, [D-
Trpl2,Tyr34]PTH(7-34), PTHrP (7-34), [D-Trpl2]PTHrP(7-34), [Asnl0,Leull]PTHrP(7-34),
[Asn10,Leull,D-Trpl2]PTHrP(7-34), [l1e5,Trp23]PTHrP(1-36), TIP(7-39), and TIP(9-39) bind to
PTHR1 with high affinity yet elicit negligible signal transduction acting as strong antagonists [41,74,81-83].

PTH (1-31) and PTH (1-28) are the shortest native peptides that maintain full receptor affinity
and signalling potency [84,85], while PTH (1-14) is the shortest native N-terminal peptide for which
some agonist activity exists [86]. Residues at positions 1-9 form a crucial receptor activation domain,
and amino acid substitutions at these positions increase potency up to 250 fold, as well as activating
the inactive native PTH (1-11) peptide [87].

Both functional and biophysical analysis have elucidated the molecular mechanisms by which
the PTH ligands interact with their common GPCRs, with cross-linking of both agonist and
antagonist ligands to the PTH receptors laying the groundwork for identifying critical signalling
determinants in the ligand binding pocket of the receptor as well as determining signalling selective
PTH and PTHrP analogs that can prevent or reduce adverse effects, such as hypercalcemia,
hyperparathyroidism, chondrodysplasia, and osteoporosis, among current therapies [1,35,82]. Two
peptide-linker-lipid constructs that target the PTHR1 receptor, were designed and prepared, with
both showing increased agonistic effects [88]. PTH hyper-secretion induces bone resorption as seen
in hyperparathyroidism, whereas intermittent injection of PTH is a potent bone anabolic reagent
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increasing bone mass by stimulating osteoblast proliferation and differentiation, useful in the
treatment of osteoporosis [43,89,90]. Osteoporosis is currently treated with the osteoclast
suppressor’s calcitonin, bisphosphonates, or oestrogen, which stop further bone resorption without
stimulating new bone growth. Small adenylate cyclase-stimulating fragments of the parathyroid
hormone are promising therapeutic agents for osteoporosis that potently stimulate osteoblasts to
make mechanically strong or supranormally strong bone [84].

The C-terminal regions of PTH and PTHrP are postulated to interact with receptors and
potential functions are still being identified and investigated [91,92].

4. Conclusion

The expansive and diverse findings up to date on the PTH family and their critical roles for the
precise and sensitive development of all life forms, demonstrate the intricate complexity involved
with growth and developmental pathways. This growing knowledge needs to be combined, mapped
and viewed together in synchrony with other regulatory pathways such as the Wnt signalling network,
Hedgehog pathways, and other oncogenic pathways, to get a more complete picture of the fractal
nature of our universe, connecting the meshwork of life microscopically and macroscopically in its
entirety, from ancient genomes to humans. Understanding the cross-talk between these pathways
both upstream and downstream is crucial to understanding the delicate effects of these signalling
networks. Our understanding of the human genome has benefited greatly from comparative studies
with other species and can only expand from here to magnify gene sequences responsible for
different phenotypes in closely related genomes, as well as the differentially conserved roles of
specific gene families between distantly related species [8-12,51,54,55,60,65,93].

Acknowledgements

Thank you Dr David A Rubin for the comments and suggestions to improve this mini-review.

Conflict of Interest

There are no known conflicts of interest with the publishing of this article.

References

1. Gardella TJ, Juppner H (2001) Molecular properties of the PTH/PTHrP receptor. Trends
Endocrinol Metab 12(5): p. 210-217.

2. Gensure RC, Gardella TJ, Juppner H (2005) Parathyroid hormone and parathyroid hormone-
related peptide, and their receptors. Biochem Biophys Res Commun 328(3): p. 666-678.

AIMS Medical Science Volume 2, Issue 3, 118-130.



124

10.

11.

12.

13.

14.

15.

16.

17.

Guerreiro PM, Renfro JL, DM Power, et al. (2007) The parathyroid hormone family of peptides:
structure, tissue distribution, regulation, and potential functional roles in calcium and phosphate
balance in fish. Am J Physiol Regul Integr Comp Physiol 292(2): p. R679-696.

Jerome CP, DB Burr, Bibber TV, et al. (2001) Treatment with human parathyroid hormone (1-34)
for 18 months increases cancellous bone volume and improves trabecular architecture in
ovariectomized cynomolgus monkeys (Macaca fascicularis). Bone 28(2): p. 150-159.

Kronenberg HM (2003) Developmental regulation of the growth plate. Nature 423(6937): p. 332-
336.

Philbrick WM, Wysolmerski J J, Galbraith S, et al. (1996) Defining the roles of parathyroid
hormone-related protein in normal physiology. Physiol Rev 76(1): p. 127-173.

On JS, Chow BK, Lee LT (2015) Evolution of parathyroid hormone receptor family and their
ligands in vertebrate. Front Endocrinol (Lausanne) 6: p. 28.

John MR, Arai M, Rubin DA, et al. (2002) Identification and characterization of the murine and
human gene encoding the tuberoinfundibular peptide of 39 residues. Endocrin 143(3): p. 1047-
1057.

Papasani MR, Robert CG, John HB, et al. (2004) Identification and characterization of the
zebrafish and fugu genes encoding tuberoinfundibular peptide 39. Endocrin 145(11): p. 5294-
5304.

Gensure RC, Cooper WC, Nickols GA, et al. (2004) Identification and characterization of two
parathyroid hormone-like molecules in zebrafish. Endocrin 145(4): p. 1634-9.

Shoemaker JM, Riley LG, Hirano T, et al. (2005) Differential expression of tuberoinfundibular
peptide 38 and glucose-6-phosphatase in tilapia. Gen Comp Endocrinol 146(2): p. 186-94.
Bhattacharya P, Yan Y-L, David AR, et al. (2001) Evolution of the vertebrate pth2 (tip39) gene
family and the regulation of PTH type 2 receptor (pth2r) and its endogenous ligand pth2 by
hedgehog signaling in zebrafish development. J Endocrinol 211(2): p. 187-200.

Brommage R, Lees CG, Hotchkiss CE, et al. (1999) Daily treatment with human recombinant
parathyroid hormone-(1-34), LY333334, for 1 year increases bone mass in ovariectomized
monkeys. J Clin Endocrinol Metab 84(10): p. 3757-3763.

Brown EM (1999) Physiology and pathophysiology of the extracellular calcium-sensing receptor.
Am J Med 106(2): p. 238-253.

Gunther T, Chen ZF, Kim G, et al. (2000) Genetic ablation of parathyroid glands reveals another
source of parathyroid hormone. Nature 406(6792): p. 199-203.

Tucci J, Russell A, Senior SV, et al. (1996) The expression of parathyroid hormone and
parathyroid hormone-related protein in developing rat parathyroid glands. J Mol Endocrinol
17(2): p. 149-157.

Harvey S, Hayer S, Sloley BD (1993) Dopaminergic actions of parathyroid hormone in the rat
medial basal hypothalamus in vitro. Regul Pept 43(1-2): p. 49-56.

AIMS Medical Science Volume 2, Issue 3, 118-130.


http://www.researchgate.net/profile/J_Renfro
http://www.researchgate.net/profile/Deborah_Power
http://www.sciencedirect.com/science/article/pii/S8756328200004300
http://www.sciencedirect.com/science/article/pii/S8756328200004300
http://www.researchgate.net/researcher/35332559_S_Galbraith
http://www.researchgate.net/profile/Charlotte_Hotchkiss

125

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

Henriksen K, Neutzsky-Wulff AV, Bonewald LF, et al. (2009) Local communication on and
within bone controls bone remodeling. Bone 44(6): p. 1026-1033.

Hayden RS, Fortin JP, Harwood B, et al. (2014) Cell-tethered ligands modulate bone remodeling
by osteoblasts and osteoclasts. Adv Funct Mater 24(4): p. 472-479.

Sims NA, Vrahnas C (2014) Regulation of cortical and trabecular bone mass by communication
between osteoblasts, osteocytes and osteoclasts. Arch Biochem Biophys 561: p. 22-28.

Chen H, Senda T, Kubo KY (2015) The osteocyte plays multiple roles in bone remodeling and
mineral homeostasis. Med Mol Morphol 48(2): p. 61-68.

Danks JA, Damian GD, Gunn HJ, et al. (2011) Evolution of the parathyroid hormone family and
skeletal formation pathways. Gen Comp Endocrinol 170(1): p. 79-91.

Han SW, Kim SJ, Lee DJ, et al. (2014) The Relationship between Serum 25-Hydroxyvitamin D,
Parathyroid Hormone and the Glomerular Filtration Rate in Korean Adults: The Korea National
Health and Nutrition Examination Survey between 2009 and 2011. Korean J Fam Med 35(2): p.
98-106.

Steingrimsdottir L, Gunnarsson O, Indridason OS, et al. (2005) Relationship between serum
parathyroid hormone levels, vitamin D sufficiency, and calcium intake. Jama 294(18): p. 2336-
2341,

Stewart AF, Horst R, Deftos LJ, et al. (1980) Biochemical evaluation of patients with cancer-
associated hypercalcemia: evidence for humoral and nonhumoral groups. N Engl J Med 303(24):
p. 1377-1383.

de la Mata J, Mundy GR, Guise TA, et al. (1995) Interleukin-6 enhances hypercalcemia and bone
resorption mediated by parathyroid hormone-related protein in vivo. J Clin Invest 95(6): p. 2846-
2852,

Schipani E, Provot S (2003) PTHrP, PTH, and the PTH/PTHrP receptor in endochondral bone
development. Birth Defects Res C Embryo Today 69(4): p. 352-362.

Lanske B, Pajevic PD, Kovacs CS, et al. (1998) The parathyroid hormone (PTH)/PTH-related
peptide receptor mediates actions of both ligands in murine bone. Endocrin 139(12): p. 5194-
5204.

Karaplis AC, Kronenberg HM, Mulligan RC, et al. (1994) Lethal skeletal dysplasia from targeted
disruption of the parathyroid hormone-related peptide gene. Genes Dev 8(3): p. 277-289.
Ongkeko WM, Burton D, Kiang A, et al. (2014) Parathyroid hormone related-protein promotes
epithelial-to-mesenchymal transition in prostate cancer. PLoS One 9(1): p. e85803.

Thiery JP (2002) Epithelial-mesenchymal transitions in tumour progression. Nat Rev Cancer 2(6):
p. 442-454.

Yilmaz M, Christofori G (2009) EMT, the cytoskeleton, and cancer cell invasion. Cancer
Metastasis Rev 28(1-2): p. 15-33.

McCauley LK, Martin TJ (2012) Twenty-five years of PTHrP progress: from cancer hormone to
multifunctional cytokine. J Bone Miner Res 27(6): p. 1231-1239.

AIMS Medical Science Volume 2, Issue 3, 118-130.


http://www.researchgate.net/researcher/38685245_Olafur_S_Indridason

126

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Agouni A, Sourbier C, Danilin S, et al. (2007) Parathyroid hormone-related protein induces cell
survival in human renal cell carcinoma through the PI3K Akt pathway: evidence for a critical
role for integrin-linked kinase and nuclear factor kappa B. Carcinogenesis 28(9): p. 1893-1901.
Clemens TL, Cormier S, Eichinger A, et al. (2001) Parathyroid hormone-related protein and its
receptors: nuclear functions and roles in the renal and cardiovascular systems, the placental
trophoblasts and the pancreatic islets. Br J Pharmacol 134(6): p. 1113-1136.

Goomer RS, Shen X, Falzon M, et al. (2000) The tetrabasic KKKK(147-150) motif determines
intracrine regulatory effects of PthrP 1-173 on chondrocyte PPi metabolism and matrix synthesis.
Endocrin 141(12): p. 4613-4622.

Watson PH, Hodsman AB, Fraher LJ, et al. (2000) Nuclear localization of the type 1 PTH/PTHrP
receptor in rat tissues. J Bone Miner Res 15(6): p. 1033-1044.

Juppner H, Kronenberg HM, Segre GV, et al. (1991) A G protein-linked receptor for parathyroid
hormone and parathyroid hormone-related peptide. Science 254(5034): p. 1024-1026.

Pilz P, Meyer-Marcotty P, Eigenthaler M, et al. (2014) Differential diagnosis of primary failure
of eruption (PFE) with and without evidence of pathogenic mutations in the PTHR1 gene. J
Orofac Orthop 75(3): p. 226-239.

Piserchio A, Usdin T, Mierke DF (2000) Structure of tuberoinfundibular peptide of 39 residues. J
Biol Chem 275(35): p. 27284-27290.

Jonsson KB, John MR, Gensure R, et al. (2001) Tuberoinfundibular peptide 39 binds to the
parathyroid hormone (PTH)/PTH-related peptide receptor, but functions as an antagonist.
Endocrin 142(2): p. 704-709.

Gardella TJ, et al. (1996) Converting parathyroid hormone-related peptide (PTHrP) into a potent
PTH-2 receptor agonist. J Biol Chem 271(33): p. 19888-93.

Tenne M, McGuigan F, Jansson L, et al. (2008) Genetic variation in the PTH pathway and bone
phenotypes in elderly women: evaluation of PTH, PTHLH, PTHR1 and PTHR2 genes. Bone
42(4): p. 719-727.

Usdin TB, Gruber C, Bonner Tl (1995) Identification and functional expression of a receptor
selectively recognizing parathyroid hormone, the PTH2 receptor. J Biol Chem 270(26): p. 15455-
15458.

Usdin TB, Hoare SR, Wang T, et al. (1999) TIP39: a new neuropeptide and PTH2-receptor
agonist from hypothalamus. Nat Neurosci 2(11): p. 941-943.

Usdin TB (1997) Evidence for a parathyroid hormone-2 receptor selective ligand in the
hypothalamus. Endocrin 138(2): p. 831-834.

Usdin TB, Modi W, Bonner Tl (1996) Assignment of the human PTH2 receptor gene (PTHR2)
to chromosome 2033 by fluorescence in situ hybridization. Genomics 37(1): p. 140-141.

Gardella TJ, Vilardaga JP (2015) International Union of Basic and Clinical Pharmacology. XCII|I.
The parathyroid hormone receptors-family B G protein-coupled receptors. Pharmacol Rev 67(2):
p. 310-337.

AIMS Medical Science Volume 2, Issue 3, 118-130.



127

49.

50.

51.

52,

53.

54,

55.

56.

57,

58.

59.

60.

61.

62.

Dobolyi A, Palkovits M, Usdin TB (2003) Expression and distribution of tuberoinfundibular
peptide of 39 residues in the rat central nervous system. J Comp Neurol 455(4): p. 547-566.
Dobolyi A, Dimitiov E, Palkovits M, et al. (2012) The neuroendocrine functions of the
parathyroid hormone 2 receptor. Front Endocrinol (Lausanne) 3: p. 121.

Hoare SR, Rubin DA, J(ppner H, et al. (2000) Evaluating the ligand specificity of zebrafish
parathyroid hormone (PTH) receptors: comparison of PTH, PTH-related protein, and
tuberoinfundibular peptide of 39 residues. Endocrin 141(9): p. 3080-3086.

Eichinger A (2002) Transcript expression of the tuberoinfundibular peptide (TIP)39/PTH2
receptor system and non-PTH1 receptor-mediated tonic effects of TIP39 and other PTH2
receptor ligands in renal vessels. Endocrin 143(8): p. 3036-3043.

Pinheiro PL, Cardoso JCR, Power DM, et al. (2012) Functional characterization and evolution of
PTH/PTHTrP receptors: insights from the chicken. BMC Evol Biol 12: p. 110.

Rubin DA, Juppner H (1999) Zebrafish express the common parathyroid hormone/parathyroid
hormone-related peptide receptor (PTH1R) and a novel receptor (PTH3R) that is preferentially
activated by mammalian and fugufish parathyroid hormone-related peptide. J Biol Chem 274(40):
p. 28185-28190.

Rubin DA, Hellman P, Zon LI, et al. (1999) A G protein-coupled receptor from zebrafish is
activated by human parathyroid hormone and not by human or teleost parathyroid hormone-
related peptide. Implications for the evolutionary conservation of calcium-regulating peptide
hormones. J Biol Chem 274(33): p. 23035-23042.

Rotllant J, Redruello B, Power DM, et al. (2006) Ligand binding and signalling pathways of PTH
receptors in sea bream (Sparus auratus) enterocytes. Cell Tissue Res 323(2): p. 333-341.

Pinheiro PL, Gomes AS, Power DM, et al. (2010) Gene structure, transcripts and calciotropic
effects of the PTH family of peptides in Xenopus and chicken. BMC Evol Biol 10: p. 373.
Canario AV, Rotllant J, Power DM, et al. (2006) Novel bioactive parathyroid hormone and
related peptides in teleost fish. FEBS Lett 580(1): p. 291-299.

Cardoso JC, Felix RC, Power DM (2014) Nematode and arthropod genomes provide new
insights into the evolution of class 2 B1 GPCRs. PL0oS One 9(3): p. €92220.

D'Souza DG, Rana K, Milley KM, et al. (2013) Expression of Wnt signaling skeletal
development genes in the cartilaginous fish, elephant shark (Callorhinchus milii). Gen Comp
Endocrin 193: p. 1-9.

Hwang JI, Moon MJ, Park M, et al. (2013) Expansion of secretin-like G protein-coupled
receptors and their peptide ligands via local duplications before and after two rounds of whole-
genome duplication. Mol Biol Evo 30(5): p. 1119-1130.

On JS, Duan C, Chow BK, et al. (2015) Functional Pairing of Class B1 Ligand-GPCR in
Cephalochordate Provides Evidence of the Origin of PTH and PACAP/Glucagon Receptor
Family. Mol Biol Evol

AIMS Medical Science Volume 2, Issue 3, 118-130.



128

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74,

75.

76.

77,

78.

Cardoso JC, Pintol VC, Vieiral FA, et al. (2006) Evolution of secretin family GPCR members in
the metazoa. BMC Evol Biol 6: p. 108.

Mirabeau O, Joly JS (2013) Molecular evolution of peptidergic signaling systems in bilaterians.
Proc Natl Acad Sci USA 110(22): p. E2028-2037.

Liu Y, lbrahim AS, Walker TI, et al. (2010) Parathyroid hormone gene family in a cartilaginous
fish, the elephant shark (Callorhinchus milii). J Bone Miner Res 25(12): p. 2613-2623.

Ingleton PM (2002) Parathyroid hormone-related protein in lower vertebrates. Comp Biochem
Physiol B Biochem Mol Biol 132(1): p. 87-95.

Ingleton PM, Danks JA (1996) Distribution and functions of parathyroid hormone-related protein
in vertebrate cells. Int Rev Cytol 166: p. 231-280.

Abbink W, Flik G (2007) Parathyroid hormone-related protein in teleost fish. Gen Comp
Endocrinol 152(2-3): p. 243-251.

Barden JA, Cuthbertson RM (1993) Stabilized NMR structure of human parathyroid hormone(1-
34). Eur J Biochem 215(2): p. 315-321.

Ray FR, Barden JA, Kemp BE (1993) NMR solution structure of the [Ala26] parathyroid-
hormone-related protein(1-34) expressed in humoral hypercalcemia of malignancy. Eur J
Biochem 211(1-2): p. 205-211.

Shimizu N, Petroni BD, Khatri A, et al. (2003) Functional evidence for an intramolecular side
chain interaction between residues 6 and 10 of receptor-bound parathyroid hormone analogues.
Biochem 42(8): p. 2282-2290.

Blind E, Raue F, Knappe F, et al. (1993) Cyclic AMP formation in rat bone and kidney cells is
stimulated equally by parathyroid hormone-related protein (PTHrP) 1-34 and PTH 1-34. Exp
Clin Endocrinol 101(3): p. 150-155.

Neer RM, Arnaud CD, Zanchetta JR, et al. (2001) Effect of parathyroid hormone (1-34) on
fractures and bone mineral density in postmenopausal women with osteoporosis. N Engl J Med
344(19): p. 1434-1441.

Nutt RF, Caulfield MP, Levy JJ, et al. (1990) Removal of partial agonism from parathyroid
hormone (PTH)-related protein-(7-34)NH2 by substitution of PTH amino acids at positions 10
and 11. Endocrin 127(1): p. 491-493.

Carter PH, Dean T, Gardella TJ, et al. (2015) Actions of the small molecule ligands SW106 and
AH-3960 on the type-1 parathyroid hormone receptor. Mol Endocrinol. 29(2): p. 307-321.

Mann R, Wigglesworth MJ, Donnelly D (2008) Ligand-receptor interactions at the parathyroid
hormone receptors: subtype binding selectivity is mediated via an interaction between residue 23
on the ligand and residue 41 on the receptor. Mol Pharmacol 74(3): p. 605-613.

Pioszak AA, Xu HE (2008) Molecular recognition of parathyroid hormone by its G protein-
coupled receptor. Proc Natl Acad Sci USA 105(13): p. 5034-50309.

Barbier JR, MacLean S, Whitfield JF, et al. (2001) Structural requirements for conserved
arginine of parathyroid hormone. Biochemistry 40(30): p. 8955-8961.

AIMS Medical Science Volume 2, Issue 3, 118-130.


http://www.researchgate.net/researcher/42529632_Alexander_S_Ibrahim
http://xueshu.baidu.com/s?wd=author%3A%28Raue%20F%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
http://xueshu.baidu.com/s?wd=author%3A%28Knappe%20V%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
http://www.ncbi.nlm.nih.gov/pubmed/?term=Caulfield%20MP%5BAuthor%5D&cauthor=true&cauthor_uid=2163325
http://www.ncbi.nlm.nih.gov/pubmed/?term=Levy%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=2163325

129

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Dean T, Khatri A, Gardella TJ, et al. (2006) Role of amino acid side chains in region 17-31 of
parathyroid hormone (PTH) in binding to the PTH receptor. J Biol Chem 281(43): p. 32485-
32495.

Weaver RE, Wigglesworth MJ, Donnelly D (2014) A salt bridge between Arg-20 on parathyroid
hormone (PTH) and Asp-137 on the PTHL1 receptor is essential for full affinity. Peptides 61: p.
83-87.

Pizurki L, Rizzoli R, Bonjour JP (1990) Inhibition by (D-Trp12,Tyr34)bPTH(7-34)amide of PTH
and PTHTrP effects on Pi transport in renal cells. Am J Physiol 259(2 Pt 2): p. F389-392.

Carter PH, Juppner H, Gardella TJ (1999) Studies of the N-terminal region of a parathyroid
hormone-related peptide (1-36) analog: receptor subtype-selective agonists, antagonists, and
photochemical cross-linking agents. Endocrin 140(11): p. 4972-4981.

Cohen FE, Strewler GJ, Bradley MS, et al. (1991) Analogues of parathyroid hormone modified at
positions 3 and 6. Effects on receptor binding and activation of adenylyl cyclase in kidney and
bone. J Biol Chem 266(3): p. 1997-2004.

Whitfield JF, Morley P (1995) Small bone-building fragments of parathyroid hormone: new
therapeutic agents for osteoporosis. Trends Pharmacol Sci 16(11): p. 382-386.

Whitfield JF, Bringhurst FR (2000) Lactam formation increases receptor binding, adenylyl
cyclase stimulation and bone growth stimulation by human parathyroid hormone (hPTH)(1-
28)NH2. J Bone Miner Res 15(5): p. 964-970.

Luck MD, Carter PH, Gardella TJ (1999) The (1-14) fragment of parathyroid hormone (PTH)
activates intact and amino-terminally truncated PTH-1 receptors. Mol Endocrinol 13(5): p. 670-
680.

Shimizu M, Potts JT, Gardella TJ, et al. (2000) Minimization of parathyroid hormone. Novel
amino-terminal parathyroid hormone fragments with enhanced potency in activating the type-1
parathyroid hormone receptor. J Biol Chem 275(29): p. 21836-21843.

Liu Y, Cai Y, Liu W, et al. (2015) Triblock peptide-linker-lipid molecular design improves
potency of peptide ligands targeting family B G protein-coupled receptors. Chem Commun
(Camb) 51(28): p. 6157-6160.

Neer M, Slovik DM, DalyM, et al. (1993) Treatment of postmenopausal osteoporosis with daily
parathyroid hormone plus calcitriol. Osteoporos Int 3 Suppl 1: p. 204-205.

Reeve J, Hesp R, Williams D, et al. (1976) Anabolic effect of low doses of a fragment of human
parathyroid hormone on the skeleton in postmenopausal osteoporosis. Lancet 1(7968): p. 1035-
1038.

Divieti P, Geller Al, Suliman G, et al. (2005) Receptors specific for the carboxyl-terminal region
of parathyroid hormone on bone-derived cells: determinants of ligand binding and bioactivity.
Endocrin 146(4): p. 1863-1870.

AIMS Medical Science Volume 2, Issue 3, 118-130.


http://www.researchgate.net/profile/Ashok_Khatri
http://www.ncbi.nlm.nih.gov/pubmed/?term=Strewler%20GJ%5BAuthor%5D&cauthor=true&cauthor_uid=1846369
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bradley%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=1846369
http://www.researchgate.net/researcher/61593545_D_Williams

130

92. Inomata N, Akiyama M, Kubota N, et al. (1995) Characterization of a novel parathyroid hormone
(PTH) receptor with specificity for the carboxyl-terminal region of PTH-(1-84). Endocrin
136(11): p. 4732-4740.

93. Venkatesh B, Lee AP, Ravi V, et al. (2014) Elephant shark genome provides unique insights into
gnathostome evolution. Nature 505(7482): p. 174-179.

© 2015 Damian G. D’Souza, licensee AIMS Press. This is an
sy s AIMS Press open access article distributed under the terms of the Creative

Commons Attribution License

(http://creativecommons.org/licenses/by/4.0)

AIMS Medical Science Volume 2, Issue 3, 118-130.


http://xueshu.baidu.com/s?wd=author%3A%28Akiyama%20M%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
http://xueshu.baidu.com/s?wd=author%3A%28Kubota%20N%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson

