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Abstract

:

Growth hormone (GH) promotes body growth by binding with two GH receptors (GHRs) at the cell surface. GHRs interact with Janus kinase, signal transducers, and transcription activators to stimulate metabolic effects and insulin-like growth factor (IGF) synthesis. However, process dysfunctions in the GH–GHR–IGF-1 axis cause animal dwarfism. If, during the GH process, GHR is not successfully recognized and/or bound, or GHR fails to transmit the GH signal to IGF-1, the GH dysfunction occurs. The goal of this review was to focus on the GHR mutations that lead to failures in the GH–GHR–IGF-1 signal transaction process in the dwarf phenotype. Until now, more than 90 GHR mutations relevant to human short stature (Laron syndrome and idiopathic short stature), including deletions, missense, nonsense, frameshift, and splice site mutations, and four GHR defects associated with chicken dwarfism, have been described. Among the 93 identified mutations of human GHR, 68 occur extracellularly, 13 occur in GHR introns, 10 occur intracellularly, and two occur in the transmembrane. These mutations interfere with the interaction between GH and GHRs, GHR dimerization, downstream signaling, and the expression of GHR. These mutations cause aberrant functioning in the GH-GHR-IGF-1 axis, resulting in defects in the number and diameter of muscle fibers as well as bone development.
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1. Introduction


Growth hormone (GH), also known as somatotropin, is a peptide hormone released from the anterior pituitary somatotroph cells. GH is involved in the promotion of growth, cell division and regeneration [1,2], the regulation of metabolism, immune, reproductive, and cardiovascular systems, and the brain [3,4]. GH effects are directly mediated through the GH receptor (GHR) and indirectly via insulin-like growth factor 1 (IGF-1). The secretion of GH is pulsatile, occurring under a variety of hormonal influences, such as stimulatory hypothalamic GH-releasing hormone, ghrelin and sex steroids, inhibitory somatostatin, IGF-1, and glucocorticoids. A complex feedback system involving IGF-1, leptin, ghrelin, free fatty acids, and the central nervous system regulates GH secretion. When released, GH binds to GHR in the liver and cartilage, leading to the production of IGF-1, which, through endocrine and paracrine/autocrine mechanisms, stimulates linear bone growth [5] or initiates other functions [6].



Notably, GHR plays a key role in the function of the GH–GHR–IGF-1 axis and is also an important factor for individual growth. In this axis, as an essential cytokine, GHR introduces the GH signal into the cell and then regulates the expression of IGFs, thereby regulating individual growth. Hence, the expression level and normal functioning of GHR in cells and tissues directly affects the physiological effects of GH [7,8]. Individuals with dysfunctional GHR, experiencing a loss or an abnormality in the GHR response to GH, are extremely short. They also have decreased bone mineral density and increased adiposity, with a greater risk of osteoporosis, lipid disorders, and cardiovascular disease [9].



Dwarfism is characterized by normal or elevated serum GH and low levels of IGF-1 [10]. Dwarf phenotypes exist in humans [3,7,11,12,13], mice [14], pigs [15,16], cattle, and sheep [17], and sex-linked dwarfism (SLD) occurs in chicken [2,18,19,20]. For example, Laron syndrome (LS), also known as growth hormone insensitivity syndrome, and idiopathic short stature (ISS) are autosomal recessive genetic disorders associated with severe postnatal growth failure and is mostly caused by mutation in the human GHR. Various mutations in the GHR gene have been reported, including deletion, RNA processing defects, translation stop codons, and missense mutations, which affect ligand binding, GHR dimerization, or signal transduction, which result in the failure to promote body growth [19,21,22]. A similar example is SLD in chicken, which is caused by GHR gene mutation, including point mutation in a structural gene or regulatory region, splicing site alterations, read frame shift, and complete or partial gene deletion. Moreover, SLD in chickens caused by different mutation types has a wide range of effects on production performance [18,19].




2. GHR Function and Process


2.1. GHR Structure


Human GHR cDNA encodes 638 amino acids, including the signal sequences of 18 amino acids (1–18 nt), an extracellular domain (ECD) of 246 residues (encoded by exons 2–7 of GHR), a transmembrane domain (IMD) of 24 residues (encoded by exon 8), and an intracellular domain (ICD) of 350 residues (encoded by exons 9 and 10). The ECD of the GHR includes two functional subdomains: subdomain 1 (residues 19–141) is involved in GH binding, and subdomain 2 (residues 146–264) is involved in receptor dimerization and GH-induced receptor rotation [23].



The ECD contains five conserved glycosylation sites as a hormone binding domain; seven cysteine residues, of which six are linked by disulfide bonds, and the one at position 241 proximal to the membrane is free in the specific location that maintains the specific GHR extracellular segment spatial structure function; and a conserved binding domain near the cell membrane WSXWS motif. The human GHR motif is YXXFS, where X represents any amino acid. The motif is involved in changing the conformation of the binding of GH to GHR [24] (Figure 1a). In GHR ICD, the proline-rich Box 1 motif is located close to the cell membrane encoding eight amino acid residues, and the Box 2 sequence that encodes 15 amino acid residues includes aromatic and acidic residues (Figure 1a). These two conserved sequences (Boxes 1 and 2) play important roles in mediated signal transduction, and several tyrosine phosphorylation sites of GHR C-terminal domain represent many binding sites [3]. Compared with human GHR cDNA, that of chickens’ encodes 608 amino acids and lacks 20 amino acids (coded by exon 3) (Figure 1b). Many important motifs of chicken GHR are identical to human’s, such as the WSXWS motif in ECD, or Boxes 1 and 2 in ICD.




2.2. GHR Signal Transduction Mechanism


GH binds dimerized GHRs to form a trimolecular complex and then induces downstream signaling pathways [25]. The signal transduction mechanism of GHR is normally a four-step process: (1) one GH molecule and two GHR molecules recognize each other; (2) GH binds to two GHRs; (3) GH induces GHR2 dimerization forming a GH(GHR)2 complex; and (4) the GH(GHR)2 complex triggers signaling, such as Janus kinase 2, signal transducer and activator of transcription 5 (JAK2/STAT5), and Src family kinases [3,25,26,27].



2.2.1. GH and GHR Recognition Event


Three distinct molecular recognition events are involved in GHR activation: two recognition events occur between GH of its two receptors separately, and the recognition that occurs between these receptors. The first two events involve ligand recognition, whereas the third involves the inter-recognition between two receptors that is essential for binding [3,28,29]. Molecule and ligand recognition involve different residues in both GH and the receptor interface that link together to form a GH–GHR complex [30]. Two distinct sites of GH, site 1 and site 2, must separately recognize GHR1 and GHR2 on the GHR dimer [3,26,28,30] to prepare for the next binding step that forms the GH(GHR)2 complex.




2.2.2. GHR Dimerization


Different from the dimerization of other class 1 cytokine receptors induced by the cognate ligand, the two GHR molecules exist as a dimer at the cell surface before binding GH [3]. This suggests that the ECD is a place where the receptor–receptor interaction surface (site 3, involving the lower Fibronectin III domain) and the TMD are responsible for the dimerization of unliganded GHR [3]. Strikingly, subdomain 2 of GHR that includes six β-sheet regions, encompassing residues 135–263 (exons 6 and 7), is involved in receptor dimerization and GH induced receptor rotation [23,31]. This subdomain was found to determine the GHR dimerization partner [32].




2.2.3. GH Binding to GHR Dimer


The binding of GH to the GHR dimer involves high-affinity binding [29] and occurs in the ECD subdomain 1 of GHR, composed of 19–142 (exons 2–5) [23,31]. The ECD of GHR includes a central hydrophobic patch dominated by Trp104 and Trp169, which are the central interaction sites for GH [33]. The GH molecule has two sites: site 1, which is a high-affinity binding site, and site 2, a low-affinity binding site, each of which interacts with the ECD of the preformed GHR dimer. GH site 1 first interacts with one of the GHRs and then site 2 interacts with the other GHR to create a functionally or properly dimerized complex that ultimately induces intracellular signaling. The interaction of GH with the GHR dimer causes the rotation of the two GHRs relative to each other [34].



This means the combination of a GH molecule with two GHR molecules requires two steps: rotation and redirection of the two GHR molecules. The combination leads to the activation of the related kinase and cross-phosphorylation. Each GHR cytoplasm tail phosphorylates, calls up and then phosphorylates the cytoplasmic protein, triggering further phosphorylation cascade reactions and transcriptional activation [3,34].




2.2.4. GHR Mediating GH to Janus Activating Tyrosine Kinase (JAK)/STAT Signature Transduction


GH binding of the GHR dimer promotes rotation and changes the conformation of the GHRs, ultimately activating JAK2 to initiate the intracellular signaling cascade [3]. As mentioned above, Boxes 1 and 2 in the ICD of GHR play important roles in GH–GHR–IGF-1 axis signal transduction. These two domains are JAK2 binding motifs, which were coupled with and activated by JAK2. The JAK2 binding motifs in the GHR dimer are responsible for controlling the position of the GHR transmembrane helices, atomistic modeling of the transmembrane helix movements, and docking the crystal structures of the JAK2 kinase. After the tyrosine phosphorylation of the JAK2 molecules, several GHR intracellular tyrosines are phosphorylated, which provides docking sites or enables the binding of adaptor proteins such as STAT5 [35].



JAK phosphorylates not only certain tyrosine residues in the receptor cytoplasmic domain, but also other protein substrates directly. Key tyrosine residues in the GHR cytoplasmic domain serve as docking sites for STAT5 and other SH2-domain-containing proteins, which mediate a considerable part of GH action at the genome [36]. Docking of these transcription factors facilitates their phosphorylation by JAK2, subsequent STAT5 dimer formation, and translocation to the nucleus where the dimer regulates the target gene [3,35].






3. GHR Polymorphisms and Individual Dwarfism


GH affects growth by binding to GHR in target cells. Given the biological effects exerted by GH through GHR, deletions and mutations in the GHR gene may affect the expression or function of GHR, after disrupting the effects of the GH/IGF-1 pathway. Consequently, compared to the average individual height and weight in a population, skeletal development is different. Individual dwarfism caused by GHR disorders are LS and ISS in humans [12,13,22,37,38,39], miniature pigs [15,16,40], cattle and sheep [17], and sex-linked dwarfism (SLD) in chickens [2,18,20].



GHR function abnormalities are primarily related to mutations of the gene structure, including base mutation and fragment deletion. Since the late 1990s, researchers discovered many GHR mutations, including deletion, nonsense, missense, frameshift, splicing site, and large fragment deletion mutations [38,41]. The variations in GHR gene structure affect the structure and function of its expressed protein, so that GH is unable to bind to the hepatocyte membrane, resulting in growth inhibition, showing a dwarf phenotype.



3.1. GHR Gene Mutations that Causing Aberrant GH–GHR Binding


Mutations in the GHR gene can alter the ability of GHR to interact with the GH peptide [8]. Nearly 30 GHR mutations have been reported to be associated with disturbing the GH–GHR combination (Table 1 and Table 2). For example, a homozygous substitution mutation E42K was predicted to impair the binding affinity of GHR to GH in humans, and to be responsible for low serum levels of IGF-1, IGF binding protein (IGFBP)-3, and GH binding protein (GHBP) [42]. A nonsense mutation in the fourth exon of GHR (R43X) determines a premature termination in the protein translation process. As a result of the absence of the extracellular portion of the GHR, this patient had undetectable GHBP [43]. GHR C94S was found to lose its ability to bind to GH [44]. A 307 G > A substitution in exon 5 of GHR resulted in the replacement of the amino acid aspartic acid at position 103 with a residue of asparagine (D103N). This substitution involved the highly conserved aspartic acid 103, which could be responsible for damaging GHR functionality [45]. Mutations identified in humans with short stature, localized in the ECD of GHR, are responsible for impairing GH binding. Although treating patients with high doses of recombinant human GH (rhGH), produced some IGF-1 for a short time, due to the failure of the compensatory mechanisms, the IGF-1 was insufficient for normal growth, delaying bone age, consequently affecting final height [45,46].



For chickens, altering one base (T335C) in GHR exon 5 resulted in an amino acid changes (F112S) in SLD chicken. Since this site is located proximal to a disulfide bond and is a GH binding site, this substitution reduces GH binding activity on the hepatocyte membrane to less than 10%. This base mutation may cause GH failure or impair the ability of GH to bind to the GHR, reducing or stopping the GH synthesis and secretion of IGF-1 through the GH–GHR–IGF-1 axis, ultimately leading to the growth inhibition phenomenon [11]. S226I missense mutation in exon 7 was found to be related to SLD chickens because of the deletion of large fragments [47] (Table 3).




3.2. GHR Gene Mutations Causing Aberrant GHR Dimerization


Mutations occurring in the dimerization domain (exons 6–8) of GHR affect the formation of the GHR dimer. For instance, heterozygous R179C non-synonymous mutation occurs in GHR exon 6 [48], and two other mutations as well. The first is E180X (GAA > TAA), which activates a cryptic splice acceptor resulting in a receptor protein with an 8-amino acid deletion in the extracellular dimerization domain. Although retaining the ability to homodimerize, trafficking to the cell surface was defective [39]. The second is E180 splice, which affects both GH binding and GHR trafficking, rendering the abnormal GHR nonfunctional [38].



Furthermore, a deletion of 166 bases of exon 7 resulted in premature termination (M207 fs. X8). This mutation decreases GH binding affinity to the GHR, and would thus be responsible for growth retardation [49] (Table 2).




3.3. GHR Mutations Causing GHR Failure of GH Delivery to Downstream Genes


The GHR2 dimers must be combined by GH sites 1 and 2 before performing its transduction function (Figure 2a) [3]. Curiously, mutations localized in the whole sequence of the GHR gene are associated with the defective pathogenesis of the signal transmission. For example, the affinity of GHR to GH remains normal with GHR H150Q, but signal transduction capacity is inhibited (Table 1) [44]. For chicken, the 1.7 kb deletion in the 10 and 3’UTR exon regions is responsible for dwarf chickens [18]. The mechanism of this mutation is that the lost loci identified by microRNA let-7b can suppress the expression of the GHR gene. Then, an excess of GHR occurs, which leads to adipose deposition and repressed growth [2]. Mutations at the cleavage sites resulted in an inability of the transcripts to cleave normally (Table 3) [11]. Affecting the critical JAK2-binding Box 1 region of GHR ICD (p.R229H/c.899dupC) can lead to a frameshift and early protein termination, disrupting normal GHR signaling [23,63]. In addition, deleting the proline-rich region, or changing the four prolines to alanines, also resulted in GHR deficient signaling [64]. Furthermore, alternative splicing of the GHR precursor, mRNA, and truncation of GHR can lead to the synthesis of signaling incompetent GHR. For example, deleting exon 3 GHR represented by a 532-bp fragment terminated the signal transmission in advance [37,51]. Truncated GHR protein resulting from exon 8 skipping was directly secreted out of the cell [65], and truncated GHR missing 184 amino acids and another truncated GHR lacking all but five amino acids of the cytoplasmic domain could not mediate any effects of GH, nor was it internalized [64]. Truncated GHR 1–277 and 1–279 variants led to a translational frame shift that introduced a stop codon three to four amino acids after the GHR TMD, leading to truncation of the entire cytoplasmic domain (Table 4) [6,66]. Using rhGH or rhIGF-1 to treat the patients with these mutations, although serum IGFBP-3 was normalized or below normal, IGF-1 serum levels were only modestly increased. This means that patients would either lack a response to rhGH or rhIGF-1, which would inhibit downstream GH-induced signaling through the negative feedback loop to the pituitary [63].



Two truncated GHRs formed a heterodimer (Figure 2b), but further study is required. Sometimes these truncated GHR produced GHBP [30]. Reports suggest a predominantly negative effect of truncated variants, as they can form a long–short heterodimer with a full-length GHR, which hampers the dimer signaling (Figure 2c,d) [67]. Considering GHR is conserved among different species [68,69], this kind of phenomenon can occur with other mammal and avian species.




3.4. Mutations Resulting in GHR Expression Failure


A missense mutation caused by the transformation of adenine to guanine (c.1 A > G) was found in the first codon of exon 2. Given that this substitution involved the translation initiation codon of the protein, the correct expression of the receptor is inhibited [45]. The sequencing for GHR exon 5 revealed a TT insertion at nucleotide 422 after codon 122. The insertion resulted in a frameshift introducing a premature termination codon that led to a truncated receptor (Table 1) [22]. Additionally, a splice site mutation was located at the donor splice site of exon 2/intron 2 within GHR, changing the open reading frame of GHR, resulting in a premature termination codon in exon 3 (Table 5) [10]. Also, a subset of the GHR homodimer was cleaved at the cell membrane, releasing the ECD known as the GHBP into the circulation. The mechanism underlying the generation of soluble GHBP likely differs between species. Human GHR truncation is identical in sequence to full-length GHR, except for a 26-bp deletion, leading to a stop codon at position 280, thereby truncating 97.5% of the intracellular domain of the receptor protein. When compared with human GHR, human truncated GHR showed a significantly increased capacity to generate soluble GHBP [70]. Another example is the G679T substitution at the GHR gene leading to the replacement of S226I. Although the length of the encoded protein did not change, this protein was not expressed on the surface of hepatocytes [60]. The GHBP is a transcriptional activator in mammalian cells, and this activity occurs in the lower cytokine receptor module. This activity is dependent on S226, the conserved serine of the cytokine receptor consensus WSXWS box [1]. A homozygous 784 G > C transversion induced exon 7 excision and the functional loss of the native intron 7 donor splice site, leading to a frame shift and predicted early protein termination [62].



Patients with growth hormone insensitivity and without mutations in the GHR gene coding region should be screened for mutations in the noncoding regions, such as an intronic GHR mutation within intron 4 (266 + 83 G > T), which generates a 5’ donor splice site to retain 81 intronic nucleotides in the GHR mRNA. The abnormal splicing event caused early protein termination and undetectable GHBP in the serum [66]. Intron 6 (A (−1) > G (−1)) substitution lead to the skipping of exon 6 and premature termination of the mRNA message (Table 5) [12,44]. All the mutations in GHR introns are splice site mutations, which disrupt the expression of GHR.




3.5. GHR Regulates Development of Both Bone and Muscle Fiber


In addition to promoting linear growth, GH plays a crucial role in the regulation of bone and muscle development and metabolism by acting directly through the GHR [73,74], or indirectly via hepatic IGF-1 production. Signal transduction errors in the GH–GHR–IGF-1 axis can cause growth failure and changes in body composition. GHR signaling in bone is necessary for establishing radial bone growth and optimizing mineral acquisition during growth [75].



Longitudinal growth is primarily influenced by the GH–IGF-1 axis, which is a mixed endocrine–paracrine–autocrine system [76]. Constant manipulation of the GH–IGF-1 axis influences both morphology and mRNA levels of selected genes in the muscle–tendon units of mice. However, only moderate structural changes were observed with up-regulation of the GH–IGF-1 axis; disrupting of the GHR had pronounced effects upon tendon ultrastructure [77]. GH directly impacts the growth plate to stimulate longitudinal growth, demonstrated by staining the GHR and GHBP located in both the cytoplasm and the nucleus. The localization of GHR/GHBP suggests that, in addition acting on germinal and proliferative cells in young rats, GH also affects early-maturing chondrocytes and may be involved in their differentiation to a fully hypertrophic chondrocyte [78]. Mutation of the GHR gene also caused a decrease in the number of muscle fibers, decreasing the myofiber diameter [79]. GHR signaling in postnatal skeletal muscle was not found to play a significant role in regulating muscle mass or muscle regeneration [80].





4. Discussion


It is well known that there are two different steps of GH action: at first, GH is directly mediated by GHR to be transducted to IGF1; and then the IGF-1 acts on target cells to exert the physiological effect of GH [4,81]. Although GH acts in nearly every tissue of the body, the most known for its growth promoting effect of GH is on cartilage and bone, especially during the adolescent years. Once the JAKs/STATs signal was activated by GH, they were transported into the nucleus to induce increased gene transcription and metabolism to produce IGF-1, which will release into the circulatory system. IGF-1 then binds to its receptor on the cellular surface and activates a JAK-mediated intracellular signaling pathway, which intracellularly phosphorylates various proteins leading to increased metabolism, anabolism, and cellular replication and division [82].



The effects of GH were mediated by systemic IGF-1, so it should be assumed as a combined effect of both GH and IGF-1. Pituitary GH is the major regulator of liver-produced IGF-I, which is transported via the circulation to peripheral tissues where it acts in an endocrine manner [83]. However, several evidences support the notion that circulating IGF1 is independent of GH. Glucose, leptin, insulin and proluctin can stimulate the expression of IGF-1 in patients without GH to maintain their normal growth [84]. Moreover, it was well demonstrated that IGFs regulate bone length of the appendicular skeleton evidenced by changes in chondrocytes of the proliferative and hypertrophic zones of the growth plate. IGFs affect radial bone growth and regulate cortical and trabecular bone properties via their effects on osteoblast, osteocyte, and osteoclast function [83].



Notably, the functionality of the GH–GHR–IGF-1 axis partially depends on the expression of liver GHR, which determines the amount of IGF1 released from the liver in response to GH [81]. The loss of GHR leads to a decrease in the synthesis and secretion of IGF-1 [85]. The net effect of the loss in IGF1 is that leads to a loss of negative feedback on GH, as well as cells may be systemically starved for growth factors and have slower growth or less metabolic activity [81].



We summarized different mutations of the GHR gene and their possible mechanism relevant to human or chicken’s dwarfism. GHR mutations that occur in the encoding region may cause amino acid changes, thus affecting protein structure and function. Mutations of the splicing sites result in the improper translation of transcripts into biologically active proteins. Deletion mutations lead to a frameshift, affecting the structure and function of proteins. Even in regulatory regions, mutations may affect the temporal and spatial expression patterns of the gene.



Several defects have been reported to be associated with body dwarfism. For instance, the G62V mutation in exon 4 [53], a heterozygous mutation (V144I) within exon 6 of the GHR [13], a dinucleotide deletion on exon 7 of the GHR gene [61], and even a GT-repeat microsatellite in the GHR 5’UTR [7] can result in dwarfism. However, not all mutations in GHR cause body dwarfism. For example, mutation of phenylalanine 346 to alanine resulted in a GHR that did not internalize rapidly. However, this mutant GHR was capable of mediating GH-stimulated transcription as well as having metabolic effects [64]. S325S, L526I [86], c.–10 T > C (exon 2), G168 (exon 6) and 8 intronic mutations of GHR (662 − 31 C > T, 662 − 30 A > G, 662 − 24delG, 662 − 11delT, 482 + 9 C > T, 828 − 4delG, 919 − 14delT, and 988 + 23delG) [87] did not induce individual dwarfism. However, the dose individually affects the GHR mutations causing dwarfism. Various mutations in GHR genes occur in some individuals, producing additive effects that lead to individual dwarf performance [87]. For example, the dwarf (dw) gene in chickens creates a loss of function mutation with a dose effect because the offspring of SLD cocks and normal hens only showed a slight decrease in body weight. From the point of view of traditional genetics, multiple alleles in the dw locus, and the genetic effects of these alleles are also different. When multiple alleles exist at the same time, they may also have additive effects. Similar findings were also found in the pig melanin receptor gene [88].



Normally, after the GHR–GHR homodimer binding to GH, each GHR molecule is coupled with one or more non-activated kinases through a non-covalent form, including JAK2 and Src family kinases [34]. However, except for GHR–GHR homodimerization, GHBP–GHBP homodimerization and GHBP–GHR heterodimerization [63,89] reactions are pervasive mechanisms that hinder signal transduction [28]. Diagnosis and treatment of these abnormal phenomena are formidable tasks for researchers.



A transcription of the GHR gene (GHRG-1, coding 120 amino acids) [90] and an antisense transcript of GHR (4337 bp, non-coding RNA) [91] were only expressed in normal chickens and are considered as new GH regulators. Researchers demonstrated that the dwarf phenotype of the SLD chicken is not only controlled by the full-length GHR, but it may also be regulated by different transcripts of GHR. Given the conservativeness of GHR gene expression in humans and chickens, this process may also contribute to human dwarfism.



Mutations in GH and IGF-1 genes are also important when studying body dwarfism, because the mutations of both genes may play roles altering the GH–GHR–IGF-1 axis signaling transduction. GH has no axis of symmetry. Its interaction with GHR is mediated by two distinct asymmetric binding sites with different affinities on GH. Site 1 has high affinity and mediates the first binding step. Mutation of binding site 2, as with the human GH mutant G120R, disrupts the second binding but leaves site 1 binding intact. G120R is a GH antagonist, binding only one GHR and thus fails to signal, and it prevents productive GHR binding by normal GH [25]. The mechanism by which GH binding converts the inactive pre-dimerized GHR to its active signaling conformation has not been confirmed.




5. Conclusions


To date, 93 GHR mutations related to human dwarfism and 4 GHR mutations associated with chicken dwarfism have been described. This study contributes to our understanding of GHR mutations, including fragment deletions, point, missense, nonsense, splice site, and frameshift mutations, which not only contribute to individual dwarfism but also influence body bone development. Dwarfism in an individual may be caused by more than one kind of GHR mutation and may result from defects in others genes.
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	GH
	Growth hormone



	GHR
	GH receptor



	GHBP
	GH binding protein



	IGF
	Insulin-like growth factor



	LS
	Laron syndrome



	SLD
	Sex-linked dwarf



	ECD
	Extracellular domain



	TMD
	Transmembrane domain



	ECD
	Intracellular domain



	JAK
	Janus kinase



	STAT
	Signal transducers and activators of transcription
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Figure 1. The structures of human and chicken growth hormone receptor genes (GHRs). (a) The structure of human GHR; (b) the structure of chicken GHR. The extracellular domain (ECD) contains five conserved glycosylation sites (yellow) (NXS/T, where X represents any amino acid), 7.5 cystine residues (orange), six of which are linked by disulfide bonds, and a WSXWS motif (240–244, shown in red); a transmembrane domain (TMD) shown in purple; and an intracellular domain (ICD), where Box 1 is shown in dark green, and Box 2 in pink. 
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Figure 2. Aberrant signal transduction of GH into the intracellular domain (ICD) of GHR. (a,b) Homodimerization of two GHR or GHBP molecules. (c,d) Heterodimerization of one GHR and one GHBP molecule or/and GH failing to combine in the GHR–GHBP dimer. Only GH (orange circle) site 1 (black rhombus) or 2 (red rhombus) bind successfully to one molecule in these two homodimers that leads to a failure in the formation of the GH–GHR2 complex. ECD: extracellular domain; TMD: transmembrane domain; ICD: intracellular domain of GHR. 
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Table 1. Mutations in the extracellular domain (ECD) of GHR relevant to human dwarf mainly by interfering with GH–GHR binding.
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Location

	
Base Mutation

	
Defect

	
Mutation Type

	
Mechanism

	
References






	
Exon 2

	
c.1 A > G 1

	
M18V

	
Missense

	
Inhibits the correct expression of GHR

	
[45]




	
c.1 A > T

	
M18L

	
Missense

	

	
[50]




	
c.12 G > A

	
W15X

	
Nonsense

	
Introduces a premature termination codon that leads to a truncated non-functioning receptor




	
Exon 3

	
c.101 G > A

	
W16X

	
Nonsense

	




	
71–136 del 2

	
7–22 del

	
Deletion 7–22

	

	
[37]




	
del

	
exon 3del

	
Frameshift

	
d3-GHR, represented by a 532-bp fragment, forms a nonfunctional receptor that terminates the signal transmission in advance

	
[37,51]




	
Exon 4

	
c.162 delC

	
36delC

	
Frameshift

	
May interfere with GH binding activity

	
[41]




	
c.166 T > A

	
C38S

	
Missense

	
May affect GH binding activity

	
[52]




	
c.168 C > A

	
C38X

	
Nonsense

	




	
c.173 C > T

	
S40L

	
Missense

	
May interfere with GH binding activity

	
[10]




	
c.180 G > A

	
E42K

	
Missense

	
Impairs the GHR binding affinity to GH

	
[42]




	
c.181 C > T

	
R43X

	
Nonsense

	
Causes undetectable GH binding protein (GHBP)

	
[43]




	
c.192_193delTT

	
46delTT

	
Frameshift

	

	
[52]




	
c.202 T > C

	
W50R

	
Missense

	
May affect the GH binding activity

	
[41]




	

	
G62V

	

	
Be associated with idiopathic short stature

	
[53]




	
c.247 C > T

	
Q65X

	
Nonsense

	
Could interfere with GH binding activity

	
[41]




	
c.249 T > C

	
S65H

	

	
Lowers serum levels of IGF-1, IGFBP-3, and GHBP compared to normal controls

	
[54]




	
c.266 G > A

	
R71K

	
Missense

	

	
[52]




	
del(5) p11–p13.1

	
del exon 4–10

	
Nonsense

	

	
[50]




	
Exon 5

	
c.293 G > A

	
W80X

	
Nonsense

	
Could interfere with GH binding activity

	
[41]




	
c.303 C > A

	
C83X

	
Nonsense

	
Leads to a lack of GHR expression as a result of mRNA decay or defect in cell membrane anchoring

	
[55]




	
c.310 T > G

	
Y86D

	
Missense

	
Located in one of the two cysteine-rich regions of GHR

	
[50]




	
c.335 G > C

	
C94S

	
Missense

	
Loses the ability of binding to GH

	
[44]




	
c.337 T > C

	
C94C

	
Synonymous

	
Delays bone age

	
[46]




	
c.341 T > C

	
F96S

	
Missense

	
Interferes with GHR intracellular transport to the cell membrane

	
[52]




	
c.338dupA 3

	
Y97X

	
Nonsense

	
Causes truncated GHR and a loss in receptor function because it lacks amino acids comprising the transmembrane and intracellular regions of the GHR protein

	
[50]




	
307 G > A

	
D103N

	

	
Responsible for impaired GH binding that alters receptor functionality

	
[45]




	

	
W104R

	

	

	
[37]




	
c.421_422dupTT

	
422insTT

	
Frameshift

	
Results in a frameshift that introduces a premature termination codon that leads to a truncated receptor

	
[22]




	
c.428 T > C

	
V125A

	
Missense

	

	
[10]




	
~1.2 kb deletion

	

	
Deletion

	
Skipping the truncated exon 5 leads to a frameshift and a premature termination codon

	
[50]




	
~4 kb deletion

	

	
Deletion

	
Leads to a stop codon in exon 6 that predicts a truncated, non-functional GHR protein




	
del

	
exon 5del

	
Frameshift

	
Forms a nonfunctional receptor that terminates the signal transmission in advance

	
[56]




	
Exons 5 and 6

	
~19 kb deletion

	

	
Deletion

	
Deletion of a large portion of the ECD, hormone binding domain of GHR

	
[50]








1 c.: coding sequence; 2 del: deletion; 3 dup: duplicate.
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Table 2. Mutations in the GHR dimerization domain relevant to human dwarfism.






Table 2. Mutations in the GHR dimerization domain relevant to human dwarfism.





	
Location

	
Base Mutation

	
Defect

	
Mutation Type

	
Mechanism

	
References






	
Exon 6

	

	
P131Q

	
Missense

	

	
[52]




	
c.476 T > A 1

	
L141X

	
Nonsense

	
Introduces a premature termination codon that leads to a truncated non-functioning receptor

	
[50]




	
c.484 G > A

	
V144I

	

	
Associated with idiopathic short stature

	
[13]




	
c.484 G > T

	
V144F

	

	

	
[46]




	
c.485 T > A

	
V144D

	
Missense

	

	
[52]




	
c.485 T > C

	
V144A

	

	

	
[46]




	
c.504 T > G

	
H150Q

	
Missense

	

	
[44]




	
c.508 G > C

	
D152H

	
Missense

	
Disrupts the expression, dimerization, and signaling of GHR

	
[52]




	

	
D152G

	
Missense

	

	
[57]




	
c.512 T > C

	
I153T

	
Missense

	
Mainly affects intracellular trafficking and binding affinity of the receptor

	
[50,58]




	
c.515 A > C

	
Q154P

	
Missense

	
Leads to severe defects both at the cell surface and in total particulate membrane fractions




	
c.518 T > G

	
V155G

	
Missense

	
Affects intracellular trafficking and binding affinity of GHR




	
c.524 G > A

	
W157X

	
Nonsense

	
Produces a truncated GHR, lacking part of exons 6 and 7–10, defective in both cell membrane anchoring and GH binding

	
[41]




	
c.535 C > T

	
R161C

	
Missense

	
Causes low serum GHBP concentrations

	
[52]




	
c.558 A > G

	
G168G

	

	
Deletes the ECD and forms a nonfunctional receptor that terminates the signal transmission in advance

	
[10]




	
c.559 T > C

	
W169R

	

	
Since Trp169 plays an important role in the stabilization of the GH–GHR interaction, this mutation in chain 1, which binds to GH site 1, showed a decreased affinity for GH, affecting the interaction in the complex

	
[8]




	
c.591 C > T

	
R179C

	

	

	
[48]




	
c.594 G > T

	
E180X

	
Nonsense

	
Deletes the ECD and forms a nonfunctional receptor, which terminates the signal transmission in advance

	
[21,44]




	
c.594 A > G

	
E180sp 2

	
Splice site

	
Causes deletion of residues 181–188 in the dimerization functional region

	
[44]




	
c.601 G > T

	
E183X

	
Nonsense

	

	
[50]




	
del 3

	
deletion of exon 6

	
Frameshift

	
Results in a deletion of a large portion of the ECD of GHR

	
[50]




	
Exon 7

	

	
M207 fs. X8

	
Deletion

	
Results in premature termination, which decreases GH binding affinity

	
[49]




	
c.677 A > G

	
Y208C

	
Missense

	
Prevents normal interactions in the membrane proximal domain of the extracellular part of the receptor

	
[50]




	
c.685 C > G

	
R211G

	
Missense

	

	
[52]




	
c.703 C > T

	
R217X

	
Nonsense

	
Deletes the ECD and forms a nonfunctional receptor, which terminates the signal transmission in advance

	
[21]




	
c.723 C > T

	
G223G

	
Splice site

	
May interfere with GH binding activity

	
[41]




	
c.724 G > T

	
G224X

	
Nonsense

	

	
[52]




	
656 C > T

	
p.S219L 4

	

	

	
[59]




	
c.731 G > T

	
S226I

	
Missense

	
Occurs in WSXWS-like motif of GHR causing GH insensitivity

	
[60]




	

	
R229H

	

	

	
[23]




	
a nucleotide del

	
del203AT or TA

	
Frameshift

	
Results in high GH levels and low levels of IGF-1, IGF-2, IGFBP 3, and GHBP

	
[61]




	
c.743_744 del AT

	
230delAT

	
Nonsense

	

	
[52]




	
c.766 C > T

	
G236sp

	
Splice site

	
Activates the cryptic splice donor site within exon 7




	
c.784 G > C

	
D244N

	
Missense

	
Induces functional loss of the native intron 7 donor splice site, leading to a frame shift and predicted early protein termination

	
[62]




	
Exon 8

	
c.875 G > C

	
R274T

	
Splice site

	
Generates a truncated protein

	
[52]




	

	
S473S

	

	

	
[37]








1 c.: coding sequence; 2 sp: splice; 3 del: deletion; 4 p.: pre-peptide.
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Table 3. Mutations in GHR relevant to sex-linked dwarfism (SLD) in chicken.
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Location

	
Base Mutation

	
Defect

	
Mutation Type

	
Mechanism

	
References






	
Exon 5

	
c.335 T > C 1

	
F122S

	
Missense

	
Causes a large decrease in GH binding activity

	
[11]




	
c.352+2 T > C

	

	
Splice site

	
Reduces GH binding activity

	
[11]




	
Exon 7

	
c. 679 G > T

	
S226I

	
Missense

	
Protein not expressed on the surface of hepatocytes

	
[10,47]




	
Exon 10 and 3’ UTR 2

	
c.1773 del 3

	

	
Frameshift

	
Lacks the target site for microRNA let-7b, which down-regulates the GHR expression level

	
[2,18]








1 c.: coding sequence; 2 UTR: untranslated region; 3 del: deletion.
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Table 4. Intracellular domain (ICD) mutations of GHR relevant to human dwarfism by preventing GHR downstream signaling.






Table 4. Intracellular domain (ICD) mutations of GHR relevant to human dwarfism by preventing GHR downstream signaling.





	
Location

	
Base Mutation

	
Defect

	
Mutation Type

	
Mechanism

	
References






	
Exon 9

	
removal of exon 9

	
truncated GHR 1–279

	
Frameshift

	
Removal of 26 base pairs of exon 9 does not have direct signaling function, but can form a long–short heterodimer with full-length GHR, inhibiting the STAT5 signal of full-length GHR and may therefore play a significant role in regulating the function of wild-type GHR

	
[6]




	
c.889_911del 1,2

	
889_911del

	
Results in an intracellular trafficking of GHR

	
[50]




	
c.899dupC 3

	

	
Influences the critical JAK2-binding Box 1 region of the GHR ICD; the duplication predicts early protein termination

	
[23]




	
G920_921insTCTCAAAGATTACA

	
truncated

	
Robustly expressed as truncated, fails to activate STAT5B signaling

	
[63]




	
c.945 + 2 T > C

	
lost Box 1

	
Excision of exon 9 that can form a long–short heterodimer




	
Exon 10

	
c.964dupG

	
truncated

	
Robustly expressed as truncated, fails to activate STAT5B signaling




	
c.981delC

	
309delC

	
Causes the production of 20 novel amino acids (310–329) instead of the wild-type sequence, premature termination at codon 330, and the subsequent deletion of the C terminal portion of the intracellular domain

	
[52]




	
c.1342_1345del

	
GHR (1–499)

	
Truncated after Box 1, which results in the isolated failure of STAT 5 signal transduction

	
[50]




	
c.1734delG

	
1776delG

	
Lower STAT5-mediated transcriptional activation

	
[55]




	

	
I544L

	

	
Deletes the extracellular domain and forms a nonfunctional receptor, which terminates the signal transmission in advance

	
[21]








1 c.: coding sequence; 2 del: deletion; 3 dup: duplicate.
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Table 5. Mutations in introns of GHR relevant to human dwarfism due to the failure of GHR expression.






Table 5. Mutations in introns of GHR relevant to human dwarfism due to the failure of GHR expression.





	
Location

	
Base Mutation

	
Defect

	
Mutation Type

	
Mechanism

	
References






	
Exon 2-intron 2

	
GT > GGT

	

	
Splice site

	
Results in an immature stop codon in exon 3

	
[10]




	
Intron 2

	
c.70 + 1 G > A 1

	
70 + 1 G > A

	
May interfere with GH binding activity

	
[37]




	
Intron 4

	
c.266 + 1 G > A

	
71 + 1 G > A

	
Destroys the splice donor and acceptor invariant sequences of consensus sites for mRNA processing

	
[52,71]




	
c.266 + 83 G > T

	

	
Results in retention of 81 intronic nucleotides in the GHR mRNA that leads to early protein termination

	
[65]




	
Intron 5

	
c.440 − 1 G > C

	
IVS5 − 1 G > C

	
Destroys the splice donor and acceptor invariant sequences of consensus sites for mRNA processing

	
[71]




	
Intron 6

	
c.618 + 18kb A > G

	
ψ6

	
Leads to recognition of the pseudoexon and inclusion of an additional 108 bases between exons 6 and 7 that adds 36 amino acids in the GHR ECD

	
[72]




	
c.619 + 1 G > A

	
IVS6 + 1 G > A

	
Leads to the skipping of exon 6 and premature termination of the mRNA

	
[12,44]




	
c.619 − 1 G > T

	
189 − 1 G > T

	

	
[71]




	
c.619 − 1 G > C

	
189 − 1 G > C

	

	
[50]




	
c.619 − 25 A > G

	
IVS6 − 25 A > G

	




	
Intron 7

	
c. 785 − 1 G > T

	
785 − 1 G > T

	
Results in a truncated protein that retains GH binding activity and is probably no longer anchored in the cell membrane, affecting signal transmission




	
Intron 8

	
c.876 − 1 C > G

	
GHR (1–277)

	
Truncates the ICD of the GHR, which could form a heterodimer with the wild-type GHR, the activity of which is inhibited in a dominant-negative manner

	
[6,52]




	
Intron 9

	
c.945 + 1 G > A

	
GHR (1–277)

	
Produces a truncated protein with deletion of 98% of the ICD of the GHR, including Boxes 1 and 2, resulting in failure of GH signal transduction and GHR internalization

	
[52,67]








1 c.: coding sequence.
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