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ABSTRACT  

Human height is highly heritable and polygenic, yet much of its genetic architecture remains 

unexplained, especially in underrepresented populations. Here, we analyzed genomic data 

from 4,862 Middle Eastern patients, including 851 pediatric patients with short stature, and 

identified a single rare GHSR missense variant, p.Arg141Leu, enriched 19-fold in Arab 

Emirati short stature cases (N=771) vs healthy controls (N=5,151, P = 1.1 × 10⁻⁵⁶), explaining 

10.2% of Emirati short stature referrals. GHSR encodes the ghrelin receptor, and its variants, 

mostly heterozygous, have previously been linked to short stature. Structural modelling, in 

vitro assays and Caenorhabditis elegans studies confirmed loss of function of GHSR 

p.Arg141Leu. Frequent homozygosity and large extended families enabled clinical and 

biochemical phenotyping of 99 patients across 71 families, revealing semidominant 

inheritance: homozygotes are more severely akected, and penetrance in heterozygotes is 

modulated by a polygenic score for height. Both homozygous and heterozygous patients 

responded to growth hormone therapy. The variant arose through a founder event in the 

northern United Arab Emirates about 1,700 years ago and is absent from other populations 

examined. Given its frequency and available treatment, our findings support targeted testing 

as standard of care in short stature in this population and reveal a hidden contributor to the 

missing heritability of height. 
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INTRODUCTION 

Rare diseases pose a significant burden on the population in the Middle East with high rates 

of consanguinity and founder ekects 1–3. The rapid development and adoption of whole-

genome sequencing as a diagnostic tool in pediatric patients has led to the identification of 

novel genetic causes of rare diseases, particularly in patients from historically 

underrepresented populations, in some cases being used as a first-line tool 4,5. Within the 

region, short stature is one of the most common reasons for genetic testing referrals as poor 

growth may be a symptom of an underlying genetic condition 6,7. Dikerentiating between 

genetic and non-genetic causes of short stature can have implications on clinical decision-

making, determining the necessity and course of treatment 8–10.  

Both rare and common genetic variants akect human height concurrently. Genome-wide 

association studies (GWAS) have identified thousands of independent variants influencing 

an individual’s height, each contributing a small ekect, but in aggregate explaining up to 45% 

of dikerence in height within a European population 11–13. Additionally, rare variants with a 

larger impact on height variability have been observed in patients with short stature. These 

include mutations in genes within the growth hormone (GH) signaling and regulatory axis, an 

important pathway in the regulation of linear growth 14,15. 

Among these genes, the growth hormone secretagogue receptor (GHSR) is of particular 

interest as it links hypothalamic regulation of energy balance with pituitary GH secretion. 

GHSR encodes a family A G-protein coupled receptor (GPCR), that is highly expressed in the 

brain and pituitary gland 16,17. Binding of its ligand, the gut hormone ghrelin, stimulates the 

release of GH, a major regulator of growth and height 18–21. The receptor also exhibits 

significant constitutive activity, amounting to ~50% of its ligand-dependent activity 22,23. 

Several heterozygous GHSR variants have been studied for their influence on height in both 

humans 15,24–30 and non-humans 31–33, resulting from either impaired ligand-dependent 

activity, or constitutive activity, or both, with varying severity and penetrance. However, 

biallelic disease has rarely been described 24,29,34. In this study, we analyze genomic data 

from a large Middle Eastern cohort to investigate a recurrent missense variant in GHSR, 

p.Arg141Leu, among Emirati children with short stature. We characterize the functional 

ekect of the variant using structural modelling, in vitro assays and in vivo studies in 

Caenorhabditis elegans. Taking advantage of frequent homozygosity and large extended 

families in this population, we compare heterozygous and homozygous children with 

intrafamilial controls to define the genotype–phenotype correlation, assess how a height 

polygenic score influences penetrance, and evaluate patients' response to recombinant 

human growth hormone (rhGH) treatment. Finally, we examine the origin and population 

history of the variant and quantify its contribution to genetic short stature in this population. 
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RESULTS 

Variant observation from internal dataset 

At our genomic center, we profiled 4,862 pediatric (<18 years old) patients with rare diseases 

referred from inpatient and outpatient clinics of varying specialties within the Dubai Health 

network (companion study). The most frequently identified variant in our rare disease cohort 

is a single variant of uncertain significance in the GHSR gene, NM_198407.2: c.422G>T; 

p.Arg141Leu, observed in 99 pediatric patients (21 homozygous and 78 heterozygous) from 

71 unique nuclear families, referred to genetic testing for short stature. 

GHSR variant geographical distribution, founder origin, and association with short 

stature 

We observed a geographical clustering of the variant within the United Arab Emirates (UAE). 

Families with at least one carrier were concentrated in the northern emirate of Ras Al-

Khaimah (43.7%, 31), which is geographically split into two non-contiguous sections (Figure 

1A), followed by Sharjah (15.5%, 11) and Dubai (12.7%, 9). Of note, 4 families were from 

neighboring Oman, consistent with the close cultural and geographic ties between the two 

countries.  

Given the geographic concentration of the akected families, we investigated the prevalence 

of the GHSR Arg141Leu variant across large healthy population databases. It was rarely 

observed in only 2 of 1,614,186 alleles in the Genome Aggregation Database (gnomAD 

v4.1.1) and in 1 of 1,071,302 alleles in All of Us database (2025 Q4). Thus, we specifically 

checked prevalence across the Middle East and observed a concentration within the UAE 

(Figure 1B). In a cohort of 5,151 healthy Emirati adults, Arg141Leu was identified in 0.33% of 

alleles (34/10,302), with no homozygotes found. With the exception of Qatar, where it was 

observed in 0.024% (3/12,094; 0 homozygotes) of alleles, it was absent from all other Middle 

Eastern cohorts, including those from Saudi Arabia, Oman, Kuwait, Turkey, as well as from 

regional databases, including Iranome 58, Almena 59 and DALIA 60. In Emirati cases referred to 

genetic testing for short stature (N=771), the variant was observed in 6.2% (95/1,542; 16 

homozygotes) of alleles, representing a ~ 19-fold allelic enrichment in cases vs controls (OR 

19.8, Fisher’s exact p = 1.1 × 10⁻⁵⁶, Figure 1C). We performed genomic data analysis of six 

homozygous individuals 61,62, as the ancestral haplotype can be accurately phased, and 

dated this mutation to 58 generations, or ~1,700 years ago, assuming a generation time of 29 

years (Supplementary Figure 1). This date is consistent with the variant being a recent, 

founder mutation confined to Northern UAE. 

Gene dose-dependent growth and endocrine phenotype 
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We profiled 99 pediatric patients carrying this variant, including one set of monozygotic and 

one set of dizygotic twins, with a median presentation age of 8 years (Figure 2, 

Supplementary Table 1 and 2). Genomic investigations in patients with the variant included 

whole-genome (N = 33), whole-exome (N=62), and Sanger sequencing (N=4). 

Both homozygotes and heterozygotes demonstrated substantial impairment of linear 

growth. Median height standard deviation score (SDS) was -3.0 in homozygotes and -2.4 in 

heterozygotes, significantly lower than either wild-type (WT) siblings from the same families 

(-0.5) and WT children from other Emirati families (0.1, Figure 3A). Short stature (SS), defined 

as a height of at least 2 SDS below the mean for age and gender, was present in 95.0% (19/20) 

of homozygotes and 73.7% (56/76) of heterozygotes, consistent with incomplete penetrance 

in the heterozygous state and a more severe phenotype with biallelic disease. Median 

deviation from target height was -2.0 for homozygotes and -1.6 for heterozygotes (Figure 3B). 

Growth impairment was not confined to stature. Weight was also reduced for both 

homozygotes and heterozygotes (median weight SDS -2.9 and -2.5) compared to WT children 

(1.4, Figure 3C). Skeletal maturation was delayed in both groups as well, with median bone-

age SDS of -1.6 and -1.3 in homozygotes and heterozygotes, respectively, compared to 0.8 in 

WT children (Figure 3D). 

Blood measurements of IGF-1 and IGFBP-3 showed significantly lower levels within both 

homozygotes (median SDS -2.4 and -2.4) and heterozygotes (-1.7 and -1.4), compared to WT 

children (-0.2 and -0.5, Figure 3E-F). Among patients with growth hormone (GH) stimulation 

testing results, peak levels were significantly lower in homozygotes vs heterozygotes 

(median 4.2 and 6.5, p=0.019, Figure 3G) and 93.3% (14/15) of homozygotes vs 79.1% 

(34/43) of heterozygotes met the biochemical criteria for growth hormone deficiency (GHD). 

Pituitary gland size was assessed by MRI and 83.3% (10/12) of homozygotes had small sizes 

for their age compared to 62.5% (20/32) of heterozygotes, with a median pituitary gland 

volume SDS of -1.42 for heterozygotes and -1.65 for homozygotes (Figure 3H-I). Consistently 

across multiple measurements, the phenotype was more pronounced in homozygotes vs 

heterozygotes (Figure 3A-H), whereas all confirmed WT siblings across three families had 

neither short stature nor a clinical diagnosis of GHD (Figure 2). 

Among the 93 children in the cohort with self-reported consanguinity status, 52.7% were 

from consanguineous and 47.3% from non-consanguineous families (Supplementary 

Figure 2A). Homozygosity for the Arg141Leu variant was more common among children of 

consanguineous vs non-consanguineous unions (17/49, 34.7% vs 3/44, 6.8%; Fisher's exact 

test p = 0.0011; OR 7.12, Supplementary Figure 2A). Genetic data was available for 23 

parents and showed that 56.5% of parents (7 fathers and 6 mothers) were heterozygous for 

the Arg141Leu variant, while 43.5% (4 fathers and 6 mothers) were WT. Of note, none of the 
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parents surveyed were homozygous. Parent-of-origin of the GHSR variant had no ekect on 

the penetrance of the short stature phenotype (Supplementary Figure 2B). We compared 

the height of parents in this cohort, irrespective of their genotype status, to heights and 

weights of healthy GHSR WT adult Emiratis (Supplementary Figure 2C-D). Parents were 

generally shorter, with a median height SDS of -0.9 for fathers (p<0.0001) and -0.7 for 

mothers (p<0.0001, Supplementary Figure 2E). On the other hand, weights of parents in 

this cohort were comparable to those of healthy Emirati adults, with a median weight SDS of 

-0.5 for fathers and -0.3 for mothers (p=0.17 and 0.28, respectively, Supplementary Figure 

2F). 

Response to treatment 

GH treatment was initiated in 59 patients, of which 62.7% (37) were prescribed somatropin 

(daily dosing) and 37.3% (22) somatrogon (weekly dosing). For some patients, adherence 

was monitored with Growzen app 35,36 and was above 80% for majority (10/13) of patients 

(Supplementary Table 1). To assess response to GH treatment, we reviewed gains in height 

in akected children after a median treatment duration of 12.5 months since response within 

the first year has been shown to predict long-term growth response in children 37. Median 

growth velocity was 9.2 cm/year in homozygotes and 8.3 cm/year in heterozygotes, similar 

to non-GHSR patients on GH treatment (8.3 cm/year, Figure 3J). Across both genotypes, IGF-

1 SDS levels significantly increased compared to pre-treatment levels (Figure 3K). Although 

response to pharmacological GH does not establish endogenous GHD, the observed 

increase in IGF-1 and linear growth is consistent with preserved peripheral GH 

responsiveness despite impaired GHSR signaling.  

A confounding factor in assessing the response to GH treatment is the presence of an exon 

3 deletion in the growth hormone receptor gene (GHR), a relatively common allele worldwide 

and in the Middle East 38,39 and is known to be associated with increased responsiveness to 

GH regardless of the cause of short stature 40–43. Overall, there was a similar distribution of 

the GHR exon 3 deletion allele within both GHSR Arg141Leu heterozygotes (54%, 13/24) and 

homozygotes (50%, 5/10). No significant dikerence was observed in pre-treatment height 

SDS, post-treatment height SDS, or growth velocity between the GHR exon 3 intact and exon 

3 deleted allele groups, although overall numbers were small (Supplementary Figure 3). 

Structural analysis 

The recurring missense Arg141Leu variant in GHSR lies in the second intracellular loop 

(ICL2), bordering the third transmembrane domain (TM3, Supplementary Figure 4A), 

specifically within the E/DRY (glutamic/aspartic acid, arginine, tyrosine) motif, a known 

highly conserved motif across family A GPCRs within various species 44–46 (Supplementary 



 

Dubai Health  - Internal Use  

Figure 4B). Interestingly, arginine, the residue mutated in this variant, is the only invariant 

residue among all family A GPCRs 47,48. Computational prediction tools and conservation 

analyses strongly suggest an impact of Arg141Leu on GHSR protein function (REVEL 0.96 49 

and AlphaGenome Variant Impact 29.7 50,51). 

To investigate the structural consequences of Arg141Leu variant, we performed 500-ns 

molecular dynamics simulations of WT and mutant GHSR, with and without ghrelin. The 

mutation preserved the pre-assembled receptor–Gq complex, where the C-terminal helix 

(α5) of Gα remained inserted into the cytoplasmic cavity of all four receptors 

(Supplementary Figure 4C). In the presence of ghrelin, the Arg141–Gα Tyr391 hydrogen 

bond, observed in 47.9% of analyzed frames in WT GHSR, was abolished in the mutant 

(Supplementary Figure 4D), although heavy-atom contact was retained. In the absence of 

ghrelin, 29 of 56 receptor–Gα contacts changed in the mutant compared to WT by more than 

30 percentage points, where α5 remained equally deeply inserted but rotated 21° about its 

own axis, such that the same residues contacted a dikerent turn of the helix 

(Supplementary Figure 4E-G). 

Complete loss-of-function of ghrelin-induced activity 

Thus, we characterized the impact of Arg141Leu variant on protein function in vitro using 

HEK293 cells transiently expressing the variant. Compared to WT GHSR, the Arg141Leu 

variant neither akected total (p=0.09) nor cell surface (p=0.14) protein expression levels 

(Figure 5A-B). We measured calcium mobilization, as a downstream signal of Gαq, and 

observed a complete loss of ghrelin-induced Ca2+ response (Figure 5C), with an Emax of the 

fractional response decreasing from 0.29±0.04 for WT GHSR to 0.05±0.02 for the variant 

receptor (p=0.001, Figure 5D). To confirm these results, we measured G protein activity 

through the dissociation of Gαq from Gβγ and found a complete loss of Gαq activity (Figure 

5E), where the Emax decreased from 0.04±0.003 in WT to 0.004±0.003 in Arg141Leu variant 

(p=0.001, Figure 5F), and basal Gαq activity also decreased from 0.02±0.001 to 0.006±0.002 

(p=0.003, Figure 5G). 

To assess the ekect of the Arg141Leu variant on Gαi signaling, we measured Serum 

Response Element (SRE) transcriptional activation as a result of Gαq and Gαi signaling and 

observed a partial loss of ghrelin-induced SRE response (Figure 5H), causing a 40 ± 3.4% 

reduction in Emax of the SRE response (p=0.007), while basal signaling was not akected 

(p=0.4, Figure 5I-J). To confirm these results, we measured activated GTP bound-Gαi2 

subunits and observed a complete loss of the ghrelin induced Gαi2 subunit activation for the 

variant (Figure 5K), with the Emax decreasing from 0.015±0.002 in WT to -0.001±0.0007 in 

Arg141Leu variant (p=0.0008, Figure 5L). 
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GHSR Arg141Leu behaves as a loss-of-function allele in vivo 

Since GHSR is known to be evolutionary highly conserved 21,52–56, we generated an animal 

model of the Arg141Leu variant to characterize its in vivo role. In C. elegans, K03H6.5 

encodes a family A GPCR, identified as a likely ortholog of mammalian GHSR, but has not 

been experimentally studied 57. We therefore characterized a K03H6.5 homozygous 

knockout strain (tm4483, referred to as null) and a humanized homozygous Arg141Leu 

mutant strain generated by CRISPR/Cas9 (Methods).  

To assess the impact of both mutations on the growth and size of worms, we performed a 

developmental growth analysis evaluating post-embryonic growth, from the L1 larval stage 

(15 hours post-hatching) through 1-day adulthood (101 hours post-hatching) within each 

strain. A consistent and statistically significant reduction in body length was observed in 

both the null and Arg141Leu strains compared with WT at L4 (median body length in µm for 

WT, null, Arg141Leu: 547.5, 501.3, 480.4) and at 1-day adult stages (654.1, 619.7, 620.1, 

Figure 6). Interestingly, Arg141Leu showed a slightly stronger reduction in body length than 

the null allele during the early larval stages (L1, p=0.006) and (L2, p=0.0002). However, by 

the L4 and 1-day adult stages, Arg141Leu essentially phenocopied the null allele in vivo (p = 

0.14 at L4; p=0.69 at 1-day adult). Both the null and Arg141Leu strains responded well to 

gentle touch, similar to WT, with a response recorded in all animals (40/40) within each 

genotype. Finally, we assessed the neuronal health of the worms to check for uncoordinated 

movement. The tracking assay showed that both mutants displayed tracks comparable to 

WT (Supplementary Figure 5). 

Height polygenic score 

Since height is a polygenic trait influenced by numerous genetic variants, we assessed the 

impact of a height polygenic score (PGS) on penetrance of the Arg141Leu variant. Within a 

healthy Emirati adult cohort with confirmed WT GHSR status and available height data 

(N=1919), we tested PGS002802, a height polygenic score generated from the largest height 

GWAS published to-date, but this accounted for only 6.5% of total variance in height in our 

cohort (b= 0.25, p<0.0001, R2 = 0.065, Supplementary Figure 6A). Thus, we tested eight 

published height score models from the PGS Catalog (GRCh38-harmonised, computed from 

WGS) 11,12 and performance of each was evaluated by 10-fold cross-validation (out-of-fold 

R²). The best-performing model (PGS004782) was an ensemble approach, originally trained 

on South Asians and explained 17.2% of height SDS variance in our healthy Emirati adult 

population cohort (Supplementary Figure 6A). PGS004782 was then validated in GHSR WT 

children (N = 385), where a low PGS was associated with shorter stature, as expected 

(Supplementary Figure 6B).  
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Subsequently, we applied it to WGS-profiled pediatric patients, harboring the GHSR 

Arg141Leu variant (20 heterozygotes, 9 homozygotes). We observed that the PGS score 

influenced the penetrance of the GHSR variant in the heterozygous state (Figure 6A). Using 

a height SDS threshold of -2 to define short stature, penetrance of the short stature 

phenotype in heterozygotes with high PGS was 25% only, compared to 93.8% in 

heterozygotes with low PGS (p=0.0134, Figure 6A). For homozygotes, penetrance was 100% 

within both groups. 

Evidence for variant reclassification  

The case enrichment, along with the functional in vitro and in vivo data, prompted the 

reclassification of GHSR Arg141Leu from uncertain to pathogenic (Supplementary Table 3), 

more than doubling the diagnostic yield of Emirati pediatric short stature cases, increasing 

from 6.1% (47/771) to 16.3% (126/771, Figure 6B). This single variant accounted for 62.7% 

of positive cases, explaining 10.2% (79/771) of all Emirati short stature referrals, 

representing an allelic frequency of 6.2% (95/1542) in Emirati cases. 
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DISCUSSION 

Short stature (defined as a height less than 2 standard deviation score below the mean for 

matched age and gender) is one of the most common reasons for referral to pediatric 

endocrinology, accounting for approximately 50% of new visits 7,63,64. Positive diagnostic yield 

for children referred for genetic testing due to short stature is generally low, with a 

monogenic cause identified in 8.8%-15% of children with isolated short stature and in up to 

51% of children with syndromic short stature 65–70. Within our cohort, short stature accounted 

for 17.5% of pediatric patient referrals to genetic testing. A single variant, GHSR Arg141Leu, 

explained 10.2% of Emirati short stature cases and was the most frequently reported variant 

amongst the entire rare disease pediatric patient cohort (N=4,862), irrespective of clinical 

indication or nationality.  

Previous studies have linked loss-of-function GHSR variants with familial short stature and 

growth hormone deficiency with varying severity 15,24,25,29,30. The GHSR short-stature literature 

primarily focuses on heterozygous GHSR variants, including the largest cohort study to-date, 

which included 26 heterozygous patients 15,25,26,71–73. Only a handful of case reports on 

homozygous or compound heterozygous variants were published, describing one patient 

each 24,29,34.  

The size of our cohort and availability of individuals across both genotype states (21 

homozygotes and 78 heterozygotes) provide an opportunity to refine the endocrine 

phenotype associated with impaired GHSR signaling. Akected children demonstrated not 

only short stature, but a broader pattern comprising reduced weight, delayed skeletal 

maturation, low IGF-1 concentrations, smaller pituitary gland size, and subnormal GH 

responses to pharmacological stimulation. Because GHSR itself participates in 

physiological regulation of GH secretion, these findings represent subnormal stimulated GH 

responses rather than conventional pituitary GH deficiency. The generally greater 

impairment observed in homozygotes supports a gene-dose ekect and is consistent with 

semidominant inheritance. Peripheral response to GH treatment within these patients 

remains preserved, with the defect largely operating upstream of GH action. 

Mechanistically, GHSR primarily couples to Gαq/PLC, mobilizing intracellular Ca²⁺ via IP3 

and can signal through alternate pathways including Gαi 16,22,74,75. The variant results in a 

change of the arginine residue in the E/DRY motif of GHSR. As a basic amino acid, arginine 

forms stable interactions with the adjacent glutamic/aspartic acid residue, critical for the 

transfer of an activating signal from the receptor to the G-protein, activating the rate-limiting 

step of GDP release from the G-protein a subunit and further downstream signal 

transduction 76,77. In addition, neutralization of the salt bridge created between the arginine 

in E/DRY motif and a partially conserved glutamic acid of transmembrane helix 6 is a crucial 
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early step in receptor activation, shifting to the active conformation 78–80. Substitutions of this 

arginine to dikerent basic or non-basic amino acids across various GPCRs led to reduced G-

protein coupling or improper receptor folding and trakicking, resulting in a decrease in signal 

transduction 45,76,81–92, with only two reports showing preserved receptor activity upon 

substitution to other basic amino acids in some GPCRs 93,94.  

Specifically, arginine-to-leucine substitutions in the E/DRY motif of most GPCRs, including 

Rhodopsin, resulted in a decrease of in vitro activity 82,95–98 and disease 99,100. However, in one 

GPCR (V2R), the same substitution led to a constitutively active receptor and was described 

in a patient with inappropriate antidiuretic hormone secretion syndrome 101. In GHSR, 

Arg141Leu has not been previously described, except for a historical descriptive cohort 

analysis from our genomic center listing one heterozygous patient with growth failure 

harboring this variant 1.  

A dikerent amino acid change in GHSR at the same position (Arg141Pro) was recently 

identified in a heterozygous state in 6 patients with short stature and was shown to suppress 

both ligand-dependent and -independent receptor activity in vitro, as well as markedly 

reduce cell surface expression 15. Even though proline (Arg141Pro, previously described) and 

leucine (Arg141Leu, described here) are both hydrophobic, their structures diker 

significantly, where proline has a rigid cyclic ring and leucine a flexible side chain.  

Our in vitro functional characterization establishes causality of the Arg141Leu variant, 

displaying preserved cell surface expression but abrogated signaling via both Gαq and Gαi 

and simulations provide a structural rationale for the loss of function. GHSR is known to be 

evolutionary conserved among vertebrate species 21,52–56. We used body length in C. elegans 

as a quantitative in vivo readout of receptor function, which allowed us to compare the 

Arg141Leu knock-in allele directly against a deletion allele of the same gene in an intact 

animal. We demonstrated that GHSR Arg141Leu behaved like a complete knockout in the 

worms, leading to shorter body lengths.  

The variant was observed in 3 total alleles across both gnomAD and All of Us, with no 

homozygotes identified in either database. The strong geographic concentration within the 

UAE, and specifically within the northern Emirate of Ras Al-Khaimah, in addition to the 

variant dating evidence from studying shared ancestral haplotypes, is strongly suggestive of 

this variant being a founder mutation in the Emirati population. From an evolutionary 

perspective, shorter smaller bodies have less nutritional requirements, which could have 

been an advantage in a food-scarce desert setting 102. Over the last 50 years, the UAE has 

experienced rapid urbanization and economic growth. Emirati children heights have shown 

a significant increase between 1992 and 2021, attributed to better nutrition and improved 
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healthcare 103,104, a setting where the variant may not be expected to have an evolutionary 

advantage, yet it persists.  

Previous studies have documented an ekect of parent-of-origin of variants on the height of 

children 105–107, but in our cohort, we did not observe a dikerence on the penetrance of the 

short stature phenotype. Interestingly, some heterozygotes did not suker from short stature. 

For a highly polygenic trait such as height, the phenotypic ekect of a single variant may be 

attenuated by the cumulative contribution of multiple additional genetic variants influencing 

stature 108,109. Our data showed that the height polygenic score modified phenotypic 

expression in heterozygotes, illustrating the interaction between a rare variant of relatively 

large functional ekect and the polygenic architecture of human height. In homozygotes, the 

ekect of biallelic receptor dysfunction appears to reduce the modifying influence of 

polygenic background. 

Our work has some limitations. Five pediatric patients (5.1%) were diagnosed with other 

conditions that could provide an alternative explanation for the observed short stature and 

growth failure, including skeletal dysplasia, Turner syndrome, inflammatory bowel disease, 

celiac disease, and chronic kidney disease. However, in most patients, no other conditions 

were diagnosed and a sensitivity analysis excluding these patients retained the statistically 

significant dikerences in height, IGF-1 and IGFBP3 standard deviation scores across groups. 

Some of our analyses, including variant dating and polygenic scoring, were limited to 

samples sequenced by WGS, representing only a subset of the total cohort. A larger WGS 

cohort size can further corroborate our findings.  

Endocrine phenotyping was retrospective and not all measurements were available in all 

participants. In addition, we utilized GH stimulation testing for the diagnosis of GHD, since 

it remains to be the gold standard, however stimulation testing has low specificity and 

reproducibility, substantial intra-individual variability and diagnostic thresholds that vary 

between centers and stimulating agents 9,110–113. Thus, the interpretation of results in this 

setting requires caution. In cases when a GHD diagnosis is established, GH treatment is 

initiated. Treatment response is influenced by multiple factors, including the child’s age, 

weight, dikerence of their height from the mid-parental height, treatment duration, dose, and 

adherence 114–117. Adherence was evaluated in a subset of patients and was found to be 

generally high; however a larger cohort size adjusted for these covariates can further 

strengthen our results. 

Notwithstanding these limitations, our work has several wide implications. The fact that 

such a common cause of genetic stature in this population has been overlooked emphasizes 

the continuous bias in genomic studies towards European ancestries and the 

underrepresentation of other populations in healthy and disease databases. This work also 
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highlights how founder ekects, consanguinity, and large pedigrees, characteristic of the 

Middle Eastern populations, are crucial genetic tools that can enhance our understanding 

of genetic diseases, their inheritance, penetrance, polygenic interaction, as well as the 

underlying human biology. 

Since this mutation impacts the conserved E/DRY motif, we hypothesize that arginine-to-

leucine substitutions across various GPCRs harboring this motif would similarly have severe 

ekects. This would potentially have wide implications since GPCRs constitute the largest 

group of membrane proteins, with 805 unique GPCR proteins listed in GPCRdb, and 

specifically family A being the largest (~700 proteins)  46,118–121. Furthermore, GPCRs 

constitute an estimated 15-35% of all current approved drug targets, representing the largest 

group 121–125. Despite this, only a small fraction (~15%) of GPCRs are targets of approved 

drugs, suggesting an untapped potential for a molecule that can rescue activity of variants, 

presumably across other disease-relevant family A GPCRs, including Arg141Leu. 
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Figure legends 

Figure 1. GHSR Arg141Leu geographic distribution and case-control enrichment 

analysis. A. Geographic distribution of families with akected children across the UAE, with 

each Emirate shaded according to the percentage of akected families originating from it. B. 

Geographic distribution of healthy Arg141Leu carriers across the Middle East, with each 

country shaded according to allele frequency. freq, frequency. C. Wakle plot depicting GHSR 

p.Arg141Leu allele fraction in Emirati short-stature cases (N=1542) and population controls 

(N=10,302). Teal squares denote the p.Arg141Leu allele and grey squares are the reference 
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allele. Each square represents 0.1% of its group's alleles. In cases, one square is equivalent 

to 1.5 alleles and in controls 10.3 alleles. Values are rounded to the nearest whole square. 
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Figure 2. GHSR family pedigrees. Individuals with completely filled symbols are 
homozygous for the variant, half-filled are heterozygous, unfilled symbols labelled “WT” are 
wild-type, and symbols marked with a question mark indicate untested individuals. 
Diamonds indicate siblings, with the number of siblings shown inside the diamond and 
available clinical information shown underneath. The presence or absence of growth 
hormone deficiency (GHD) in the children is indicated by red color shading. The height 
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standard deviation score (HT SDS) is shown beneath each individual. A double horizontal 
line indicates a consanguineous couple. Twins are drawn as two diagonal lines from a single 
point, with an additional horizontal connecting line for identical twins. Delayed dev, delayed 
development; P, pregnant; SAB, spontaneous abortion; SS, short stature. 
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Figure 3. Clinical and biochemical characteristics of patients and controls. Boxplots of 
height SDS (A), height deviation from target height (B), weight SDS (C), bone age SDS (D), 
blood IGF-1 levels (E) and blood IGFBP-3 levels (F) for WT, heterozygous, and homozygous 
pediatric patients are depicted. G. Peak GH levels after arginine stimulation for heterozygous 
and homozygous patients. H. Pituitary gland volume SDS as assessed by MRI imaging. 
Statistical testing for A-H was performed using pairwise Wilcoxon rank sum tests with 
Benjamini–Hochberg correction. I. Qualitative assessment by radiologist of pituitary gland 
size for patient’s age. Within each panel (A-I), patient counts may diker due to incomplete 
patient records. J. Smoothed histogram of growth velocity (cm/year) in response to GH 
treatment. K. Line plot displaying blood IGF-1 levels before and after recombinant human 
GH treatment. Pre- vs post-treatment IGF1 SDS levels were compared using Wilcoxon 
signed-rank test for paired samples. 
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Figure 4. In vitro eVect of the Arg141Leu on GHSR G-protein coupled receptor signaling. 

Bar plot of total protein (A) and cell surface (B) expression levels in cells transfected with 

GHSR Arg141Leu, compared to wild type GHSR. Dose-response curve (C) and peak activity 

(D) of ghrelin-induced Ca2+ response. Dose-response curve (E), peak (F), and basal (G) 

response of ghrelin-induced Gαq activity. Dose-response curve (H), peak (I), and basal (J) 

response of ghrelin-induced SRE activity. Dose-response curve (K) and peak (L) response of 

ghrelin-induced Gαi2 subunit activation. EV, empty vector. Welch’s t-test was used for 

comparison between WT and Arg141Leu. 
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Figure 5. In vivo eVect of the Arg141Leu on body length in a C. elegans animal model. A. 
Representative brightfield images of WT, null, and Arg141Leu C. elegans at the indicated 
developmental stages. B. Body length measurements of WT, null, and Arg141Leu C. elegans 
strains throughout development, from early larval stages (L1 and L2) till 1-day adult stage. 
Individual animals are shown as points, with lines connecting the mean body length at each 
developmental stage. Statistical testing was performed using pairwise Wilcoxon rank sum 
tests with Benjamini–Hochberg correction. 
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Figure 6. GHSR Arg141Leu case-control enrichment analysis, its interaction with height 

polygenic score, and geographic distribution. A. Proportion of children with short stature, 
defined as height below 2 SDS, stratified by height polygenic score grouping and variant 
zygosity. B. Diagnostic yield in Emirati pediatric short stature cases tested by whole-exome 
or whole-genome sequencing, before (6.1%) and after this study (16.3%), which led to 
Arg141Leu reclassification to pathogenic. Each patient is counted once.  
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Supplementary Figure 1. Shared ancestral haplotype surrounding the NM_198407.2 
c.422G>T variant, corresponding to chr3:172,447,992 C>A (GRCh38) on the negative strand, 
across six homozygous individuals. The upper axis and lower axis display the genetic and 
physical distance from the mutation in centimorgans (cM) and megabases (Mb), 
respectively. Colored segments indicate, for each informative marker, whether that 
individual’s haplotype is concordant and shared with the other carrier haplotypes (dark 
blue), discordant as the opposite homozygote (dark red), or discordant but heterozygous 
(yellow). The called shared identity-by-descent (IBD) segment is marked by a black line. CI, 
confidence interval. 
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Supplementary Figure 2. Distribution of consanguinity and variant parent-of-origin 

among patients, along with height and weight distribution among their parents. A. Donut 
plot displaying distribution of consanguinity and variant zygosity among pediatric patients. 
B. Stacked barplot depicting parent-of-origin of the GHSR Arg141Leu variant in heterozygous 
children with or without clinically-defined short stature. Height (C) and weight (D) 
distribution of healthy adult Emiratis with confirmed GHSR WT status. Data for females and 
males are color-coded in pink and blue, respectively. The thick solid line indicates the mean, 
while the dotted lines represent ±1 standard deviation (SD). Boxplot of height SDS (E) and 
weight SDS (F) for parents of pediatric patients vs healthy adult Emirati controls, split by 
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gender. Two-sided Wilcoxon rank-sum test was used to compare parent vs control height 
SDS.  
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Supplementary Figure 3. EVect of growth hormone receptor (GHR) exon 3 deletion on 

GHSR patients’ response to treatment. Boxplot comparing pre-treatment height SDS, 
post-treatment height SDS, and growth velocity (cm/year) between GHR exon3-deleted and 
GHR exon3-intact.  
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Supplementary Figure 4. GHSR protein structure and conservation across species. A. 
Snake-plot of documented genetic variants within GHSR with predicted/confirmed status in 
red (pathogenic) or green (benign). Arg141Leu is highlighted in yellow. Created by gpcrdb.org. 
ECL, extracellular loop; ICL, intracellular loop. B. Multi-sequence alignment of the region 
surrounding GHSR E/DRY motif across diverse species. C. Representative frames from the 
500 ns simulations of WT and Arg141Leu GHSR–Gq complexes without (top) and with 
(bottom) ghrelin, each the frame closest to the window-average structure of the receptor 
transmembrane helices and α5. Receptor helices are gray and the Gα α5 helix is colored by 
system; residue 141, Thr77, Thr78, Gα Tyr391 and Gα Leu393 are shown with the closest 
heavy-atom distance in that frame. TM, transmembrane. D. Residue 141 against Gα Tyr391 
in the ghrelin-bound systems: heavy-atom contact is retained in the variant (89.4% in WT, 
95.7% in Arg141Leu), whereas the Arg141 side-chain hydrogen bond to the Tyr391 backbone 
carbonyl, present in 47.9% of WT frames, cannot form with leucine. E. Left: Distribution of 
α5 roll about its own helix axis over the analysis window, measured in a receptor frame fitted 
on the transmembrane helices and referenced to the deposited ghrelin-bound complex; 
markers under each curve are the window means. Right: Depth of the α5 tip (Tyr391 Cα) over 
the same frames. F. Receptor–Gα contacts in the ghrelin-free systems. Of the 56 pairs 
present in at least half the frames of either system, 29 diker by more than 30 percentage 
points: 22 strengthen in the variant and 7 weaken. All seven weakened pairs are shown 
together with the seven strongest gains. Occupancies are percentages of frames over 200–
500 ns and contacts are defined by a closest heavy-atom distance of 4.5 Å or less; error bars 
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are standard errors over ten contiguous blocks and n = 1 trajectory per condition. Gα 
residues are numbered as in the deposited construct. 
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Supplementary Figure 5. EVect of the GHSR Arg141Leu variant on locomotion in C. 

elegans. Representative one-minute locomotor tracks of GHSR wild-type, null, and 
Arg141Leu animals. Tracks were generated from 1-min video recordings using the TrackMate 
plugin in Fiji. The traces represent the trajectories of individual worms during the recording 
period; the scale bar indicates 1 mm. 
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Supplementary Figure 6. A. Performance of two height polygenic scores (PGS) on height 

distribution within Emiratis. Distribution of two polygenic height scores within a healthy 
adult Emirati population with confirmed GHSR WT status and correlation of each with height 
SDS. The thick solid black line indicates the mean, while the red represents the median. B. 
Boxplot of height SDS of pediatric patients, stratified by height polygenic score grouping and 
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variant zygosity. Two-sided Wilcoxon rank-sum was run within each GHSR zygosity group and 
p values computed post-Benjamini–Hochberg (FDR) correction. 
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Supplementary Table 1. List of patients, along with their genetic and clinical information 

Supplementary Table 2. Patient demographics 
Supplementary Table 3. ACMG criteria applied for reclassification 
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METHODS 

Patient cohort 

Pediatric patients with rare diseases were referred to the Dubai Health Genomic Medicine 

Center between January 2020 to May 2026. Genomic material was extracted and sequenced 

in a CAP-accredited clinical laboratory, as previously described 1,3–5. Variants were classified 

according to the American College of Medical Genetics and Genomics and the Association 

for Molecular Pathology (ACMG/AMP) guidelines 126. Clinical data was collected from patient 

records, including height, weight, bone age, biochemical testing, arginine stimulation 

testing, and imaging results, as well as from in-person and virtual genetic counseling and 

informed research consent sessions. Height deviation from target height was defined as the 

dikerence between the child's height SDS and mid-parental height SDS, using sex-specific 

population means and standard deviations of healthy Emirati adult men and women 

(Supplementary Figure 1), with negative values indicating heights below that expected from 

parental height. Response to GH treatment was assessed 7-25 months post-treatment 

initiation. Bone age SDS was calculated using Bonexpert V3.1. Short stature was defined as 

a height of at least 2 standard deviation scores (SDS) below the mean for age and gender. 

Growth hormone stimulation testing was performed using arginine according to the clinical 

protocol in use during the study period. A peak GH concentration <10 ng/mL represented the 

clinical diagnostic threshold used for GHD 10. Clinical interpretation incorporated auxology, 

skeletal maturation, IGF-1/IGFBP-3 and imaging where available. 

Patients were consented for the use of their genetic and clinical data for research. This study 

was approved by the Institutional Review Board at Mohammed Bin Rashid University (DAHC-

MBRU-IRB-2023-002 and DAHC-MBRU-IRB-2025-21) and the Dubai Scientific Research 

Ethics Committee (DSREC), Dubai Health Authority (DSREC_EX_2026_060_01 and DSREC-

05/2026_02).  

 

Polygenic height score 

We tested eight published height score models from the PGS Catalog (GRCh38-harmonised, 

computed from WGS) 11,12 and performance of each was evaluated by 10-fold cross-

validation (out-of-fold R²). The best-performing model (PGS004782) was tested on GHSR WT 

children (N=385), showing that those with low PGS had expectedly shorter stature compared 

to children with high PGS. Thus, we applied it on a subset of pediatric patients, carrying 

GHSR Arg141Leu variant, profiled by WGS (20 heterozygotes and 9 homozygotes). 

Variant dating 

Since the statistical phasing of rare alleles is challenging, we leveraged the fact that in 

homozygous samples, where both homologous chromosomes carry the putative founder 
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allele, ancestral segments can be directly phased and defined by continuous runs of 

identical homozygous markers flanking the mutation. Any discordant marker (a 

heterozygous call or an opposite homozygote) signals the termination of ancestral sharing. 

We developed DASH 62 , a python script that extracts these ancestral tracts from multi-

sample unphased VCF files and performs quality control. For homozygous individuals with 

the same mutation, the script identifies all informative markers flanking the mutation, 

walking outwards along both the upstream and downstream chromosome arms and 

evaluates continuous sharing across all individual pairs outwards from the mutation. A 

marker is concordant if a pair of individuals are homozygous for the same allele. The pairwise 

walk stops at the first run of consecutive discordant markers set by the user, with appropriate 

handling of technical sequencing artifacts and missing calls (see further options available in 

https://github.com/malmarri/DASH). Each individual's segment is then defined as the 

furthest coordinate (left and right independently) at which they still share with at least one 

partner. The age estimate is computed by implementing the analytical framework previously 

described 61.  

Before running DASH, we then filtered the variants to ones found in the HGDP+1KG reference 

panel (MAF > 0.1%) and restricted to regions accessible to short-reads using the short-

accessibility mask 127. We then ran the script with the options: python3 dash.py --vcf 

<input.vcf.gz> --chrom chr3 --pos 172447992 --mask <mask.bed> --min-gq 20 --min-dp 10 -

-het-ab-alpha 0.01 --break-run 2 --merge-mismatch-bp 100 --genetic-map 

<genetic_map.map> --map-format plink --age-estimate --confidence 0.95 --plot 

<output_plot.pdf>. 

Molecular dynamics simulations 

Four all-atom systems were built from the active-state ghrelin-bound GHSR–Gq cryo-EM 

structure (PDB 7F9Y) 128 : WT and Arg141Leu receptors, each with and without ghrelin; the 

ghrelin-free systems were obtained by deleting the peptide from the assembled complex. 

ICL3 (receptor residues 242–256), absent from the map, was modeled and excluded from 

every analysis, and the variant was generated by replacing the Arg141 side chain before 

membrane building. Complexes were embedded in a POPC bilayer and solvated with TIP3P 

water 129 and 150 mM NaCl in CHARMM-GUI 130–132, giving approximately 238,000 atoms 

described by CHARMM36m and CHARMM36 133 . After energy minimization and six-stage 

restrained equilibration, each system was simulated for 500 ns at 298.15 K and 1 bar in 

GROMACS version 2026.3 134. 

 

Cell culture 

HEK293 cells (ECACC 85120602, confirmed by karyotyping and STR PCR analysis) were 

cultured in DMEM/F-12 (#31331, Gibco), 10% heat-inactivated fetal calf serum (FCS; Gibco) 
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and 100 units/mL penicillin/100 µg/mL streptomycin (P/S; Gibco). Transfections were 

performed using Fugene HD (Promega) using a 1:3 DNA (μg):reagent (μL) ratio. 

 

Plasmids 

Bioluminescence resonance energy transfer (BRET) assays were performed to investigate 

GHSR expression levels, for which we used an expression plasmid encoding GHSR tagged at 

the C-terminus with NanoLuc luciferase (GHSR-NLuc) (provided by Dr C Gorvin, University 

of Birmingham, UK). Thereby, we used an mVenus-tagged CAAX motif derived from K-Ras 

(provided by Dr N Lambert, Augusta University, USA). For the calcium mobilization assay, a 

mitochondrial-targeted apo-aequorin (mtAEQ) expression plasmid was used (provided by Dr 

L Barak, Duke University Medical Center, USA). This assay, and all assays described below, 

used the pcDNA3.1(+)-GHSR (human) expression plasmid from the cDNA Resource Center 

(www.cdna.org) and its empty vector equivalent pcDNA3.1(+) as a carrier plasmid. To 

measure the SRE transcriptional activation, the SRE-luc2P vector (Promega plasmid 

#9PIE134) was utilized, combined with pRL-SV40 plasmid (Promega plasmid #TB550) to 

control for transfection ekiciency. The CASE assay, used to measure Gαq subunit activation, 

utilized the Gq-CASE plasmid (gifted by Dr G Schulte; Addgene plasmid #168125; 

https://www.addgene.org/168125/; RRID: Addgene_168125). We performed ONE-GO 

assays to measure Gαi2 subunit activation, for which we used the pLVX-CMV-Galpha-i2 ONE-

GO plasmid (gifted by Dr M Garcia-Marcos; Addgene plasmid #189736; 

http://n2t.net/addgene:189736; RRID:Addgene_189736). 

Site-directed mutagenesis was performed to generate the GHSR-R141L mutation in the 

GHSR expression plasmids GHSR-Nluc and pcDNA3.1-GHSR, using PfuTurbo DNA 

Polymerase (Agilent) with the following primers: GHSR forward 

GATGGCGAAGTAGAGCTCGACGCTC and reverse GAGCGTCGAGCTCTACTTCGCCATC 

primer. All constructs were verified using Sanger sequencing.   

 

GHSR expression and localization 

To measure GHSR expression levels and localization to the cell surface, we performed 

bystander BRET experiments using a modification of a previously described method 135. 

Either wildtype or mutant GHSR-NLuc and mVenus-CAAX were co-transfected (50 ng each) 

with 400 ng pcDNA3.1 carrier vector using Fugene HD into 2.1 × 105 cells in suspension. Cells 

were then seeded into poly-D-lysine coated clear-bottom white 96-well plates at 3 × 104 

cells/ well. After 48 h, the cells were washed with Hank’s balanced salt solution (HBSS) 

(Gibco), which was then replaced with 50 μL/well of NanoBRET reagent (Promega; diluted 

1:1,000 in HBSS). After ten minutes incubation, emission intensities were read at 450 ± 20 

nm (NLuc luminescence) and 530 ± 20nm (mVenus fluorescence) in a CLARIOstar Plus plate 

reader (BMG LabTech). netBRET, a measure of cell surface receptor levels, was calculated 

http://www.cdna.org/
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using the formula ((fluorescence at 530 ± 20 nm/luminescence at 450 ± 20 nm)) - 

(background (fluorescence at 530 ± 20 nm/luminescence at 450 ± 20 nm)), with the 

background corresponding to the signal produced by cells expressing GHSR-NLuc alone 

under similar conditions. Total levels of GHSR expression were derived from the GHSR-NLuc 

luminescence signal directly, as described previously 136. Results are shown as percentage 

of the wildtype GHSR. 

 

Calcium mobilization 

Mobilization of Ca2+ was measured by aequorin luminescence as described previously 136. 

Briefly, 1.3 × 106 cells were seeded in T25 flasks. The next day, cells were transiently 

transfected with 2 μg mtAEQ, 50 ng of either wildtype or mutant pcDNA3.1- GHSR expression 

vector and 1 μg pcDNA3.1 as carrier using Fugene HD. After 48 h, the transfected cells were 

washed with PBS (Gibco) and harvested with PBS containing 5 mM Na2EDTA (Sigma). Cells 

were resuspended in DMEM (Gibco; 31053), supplemented with 2 mM L-glutamine, 0.1% 

BSA (Sigma) and P/S. 1 × 106 cells/mL were incubated in 5 µM coelenterazine-h (Cayman) for 

3 h on a roller bank at room temperature. Next, the cell suspension was diluted five-fold and 

incubated for 1 h. A three-fold dilution range of ghrelin (10 µM to 13.7 nM) was prepared in 

white-bottom 96-well plates. Immediately after injecting 1 × 104 cells in a well, the ghrelin 

response was measured as luminescent signal in a plate reader (CLARIOstar Plus, BMG 

LabTech). To account for the total activity of aequorin in the well, the remaining 

luminescence was measured upon lysis with 0.1% Triton X-100 (Sigma). The ghrelin 

response was corrected for total luminescence (i.e., the sum of both ghrelin and triton 

measurements), yielding the fractional response 137. 

 

SRE transcriptional activity 

Transcriptional activation downstream of the MAPK/ERK signaling pathway was determined 

using the SRE-luc2P vector. A mixture of 2 µg SRE-luc2P plasmid, 1 µg pRL-SV40 plasmid 

and 50 ng of either wildtype or mutant pcDNA3.1 (+)-GHSR was co-transfected into 3 × 105 

cells using Fugene HD. These cell suspension transfections were plated into poly-D-lysine 

coated clear-bottom white 96-well plates at a density of 1.5 × 104 cells per well. After 24 h, 

cells were incubated overnight in serum starvation medium containing 0.2% charcoal-

treated FCS. The next day, cells were incubated for 6 hours with a 10-fold dilution range of 

ghrelin (10 µM to 10 pM). Next, cells were lysed using a buker containing 25 mM Tris-

phosphate (pH= 7.8), 15% Glycerol, 1% Triton X-100, 1 mM DTT and 8 mM MgCl2. The SRE 

response was measured using the Dual-Glo Luciferase Assay System according to the 

manufacturer’s protocol (Promega) and calculated as relative firefly luciferase signal 

normalized to the Renilla luciferase signal. 
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Gαq subunit activation 

A Gαq BRET biosensor assay was used to measure Gαq subunit activation. A mixture of 500 

ng Gq-CASE plasmid and 100 ng of either wildtype or mutant pcDNA3.1 (+)-GHSR or empty 

vector pcDNA3.1 was transfected into 6 × 105 cells in 1 mL suspension using Fugene HD. 

Cells were seeded at 3 × 104 cells per well in poly-D-lysine coated opaque white 96-well 

plates. After 48 h, cells were loaded with furimazine (Promega) in HBSS (Gibco). After two 

minutes, emission intensities were read at 450 ± 80 nm (NLuc luminescence) and 530 ± 

30nm (mVenus fluorescence) in a CLARIOstar Plus plate reader (BMG LabTech). Next, 20 

µL/well of ten-fold ghrelin dilutions (10 µM to 10 pM) were added and emission intensities 

were measured again. The BRET ratio (cpVenus/Nluc) declines upon activation of Gαq. 

Calculated ΔBRET ratios were controlled for vehicle of the empty vector control. Inverse 

graphs were calculated as 1- ΔBRET.   

 

Gαi2 subunit activation  

Gαi2 subunit activation was measured using the ONE vector G-protein Optical (ONE-GO) 

biosensor plasmid. A mixture of 50 ng Gαi2-ONE-GO, 50 ng of either wildtype or mutant 

pcDNA3.1 (+)-GHSR and 450 ng pGEM-3Zf(-) carrier plasmid (Promega) was transfected into 

6× 105 cells in suspension. Cells were seeded at 3 × 104 cells per well in poly-D-lysine coated 

opaque white 96-well plates. After 48 h, the cells were washed with HBSS. Next, cells were 

incubated with 80 μL/well of NanoBRET reagent (Promega; diluted 1:1,000 in HBSS) for two 

minutes, after which emission intensities were read at 450 ± 80 nm (NLuc luminescence) 

and 530 ± 30nm (mVenus fluorescence) in a CLARIOstar Plus plate reader (BMG LabTech). 

Next, 20 µL/well of ten-fold ghrelin dilutions (10 µM to 10 pM) were added and emission 

intensities were measured again. To quantify ligand-induced changes, ΔBRET ratios were 

calculated and controlled for each sample’s vehicle control. 

C. elegans culture and worm preparation 

Wild-type (N2) and K03H6.5 null (tm4483) strains were obtained from the Caenorhabditis 

Genetics Center (CGC), University of Minnesota, USA, and the National BioResource Project 

(NBRP), Japan, respectively. For genotyping of the K03H6.5 null (tm4483) strain, the 

following primers were used: forward primer, 5′-CTGACAAGCCTTGCTCTCTG-3′; and reverse 

primer, 5′-GGTCCATTGGTGACCTAC-3′. The null strain represents a loss-of-function of 

K03H6.5, where a 407-bp deletion spanning exons 4 and 5 together with the flanking splice 

junctions, shifts the reading frame after residue 126 and introduces a premature stop codon, 

truncating the protein. The Arg141Leu strain [K03H6.5(syb11993)] was generated and 

Sanger sequenced by SunyBiotech Co., Ltd. The sgRNAs used were KO91-Sg1 (5′-

CCCATTTCGATCATTGGACGTGC-3′) and KO91-Sg2 (5′-CAAATTCCCATTTCGATCATTGG-3′). 
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The repair template was supplied as a donor sequence. Wild-type and mutant strains were 

cultured as described previously  138. 

For synchronization, adult worms grown on seeded 6 cm NGM (nematode growth media) 

plates at 20°C were collected in M9 buker and washed twice. Worms were pelleted at 6,000 

× g for 1 min and resuspended in 1 mL freshly prepared alkaline hypochlorite solution (20% 

commercial bleach, 0.25 M NaOH). After gentle inversion for ~1 min to lyse adults, samples 

were centrifuged at 8,000 × g for 1 min. The bleach was immediately removed, and eggs were 

washed twice with M9 (12,000 × g for 1–2 min). Eggs were resuspended in residual M9 and 

transferred to fresh NGM plates for hatching at 15°C or 20°C. We collected synchronized 

worms at defined post-hatching stages: L1 (15 h), L2 (39 h), L3 (53 h), L4 (77 h), and 1-day 

adult (101 h) at 20°C for microscopy analysis. 

 

Microscopy Analysis 

An upright Leica DM6 B microscope equipped with an Andor iXon Ultra 897 EMCCD camera 

was used to acquire images at room temperature using Andor iQ 3.6.2 software. For body-

length measurements, worms were immobilized with 10 mM levamisole, mounted on a fresh 

2% agarose pad, and covered with a coverslip. Single-plane Dikerential Interference 

Contrast (DIC) images were acquired, and body length was measured using Andor software 

(version 3) by tracing the midline from the anterior tip of the head to the posterior tip of the 

tail. Folded, curled, or damaged worms were excluded from analysis. Subsequent image 

analysis was performed using ImageJ (NIH) or Fiji 139. 

 

Mobility Assays 

A Dino-Eye AM7025X Edge Series 5MP eyepiece camera was used to record worm 

movement for 1 min. Video recordings were analyzed using the TrackMate plugin in Fiji 140. 
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