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Background: Short stature is one of the most prevalent endocrine disorders in children, and its genetic basis is a complex and actively researched subject. Currently, there is limited genetic research on exome sequencing for short stature, and more large-scale studies are necessary for further exploration.Methods: The retrospective study entailed investigation of 98 Chinese children with short statures (height SDS ≤ −2.5) of unknown etiologies recruited between 2017 and 2021. Whole-exome sequencing (WES) was performed on these patients to identify the potential genetic etiologies. The clinical data were reviewed retrospectively to assess the pathogenicity of the identified mutations. Additionally, 31 patients consented to and received recombinant human growth hormone (rhGH) therapy for 12 months. The short-term effects of rhGH treatment were evaluated across different etiologies of patients with short statures.Results: The WES results were used to identify 31 different variants in 18 genes among 24 (24.5%) patients. Individuals with more severe short statures were more likely to have underlying genetic etiologies. Short stature accompanied by other phenotypes had significantly higher diagnostic yields than simple severe short stature. The rhGH therapy demonstrated efficacy in most children. Nevertheless, the treatment response was suboptimal in a boy diagnosed with 3M syndrome.Conclusion: WES is an important approach for confirming genetic disorders in patients with severe short statures of unknown etiologies, suggesting that it could be used as a primary diagnostic strategy. The administration of rhGH may not be suitable for all children with short statures, and the identification of the genetic cause of short stature by WES has significant guidance value for rhGH treatment.Keywords: short stature, phenotype, genetic etiology, whole-exome sequencing, recombinant human growth hormone treatment
INTRODUCTION
Short stature is characterized by a height (or length) that falls two standard deviations (-2SD) below the average for individuals among the same race, region, age, and gender under a similar growth context; it ranks among the most prevalent pediatric endocrine disease phenotypes (incidence = 2%) (Cohen, 2014). Children with severely short statures often experience mental health challenges as well as diverse developmental, educational, and social issues (Siegel et al., 1991). The process of growth is complex and influenced by various factors, including heredity, hormones, nutrition, and the environment. While hereditary factors play a major role in determining individual heights, accounting for 80% of the variation, a significant portion of these genetic factors (estimated at 60%–80%) remains unidentified (Pedicelli et al., 2009). In recent years, genome-wide association analysis (genome-wide association study, GWAS) has provided insights into the genetic basis of height. In 2014, the largest US Genetic Study of humans (Genetic Investigation of Anthropometric Traits, GIANT) was conducted with 253,288 samples, from which researchers identified 697 height-related single-nucleotide polymorphisms (SNPs) in 423 gene regions. The cumulative effect of common variants in these microactive genes can explain 20% of the variation in the height of the population (Wood et al., 2009). However, pathogenic mutations in monogenic genes can significantly impact height (Dauber et al., 2014). Advancements in molecular technologies have led to the development and application of various genetic testing techniques to study the etiologies of short stature. While the classical Sanger sequencing is both time- and labor-intensive, whole-exome sequencing (WES) has shown a high diagnostic yield for patients with short statures (Guo et al., 2014; Hauer et al., 2018). However, the data and studies based on exome sequencing for genetic evaluation of short stature are limited and constrained by regional and ethnic factors, necessitating further large-scale investigations (Huang et al., 2018; Li et al., 2022). The massive data analysis and report interpretation by WES present new challenges to scientific research applications and clinical practice.
The introduction of recombinant human growth hormone (rhGH) therapy in 1985 offered hope for treating children with short statures. However, the effectiveness of rhGH treatment varies significantly among individuals, as noted through long-term clinical observations and analyses of extensive clinical data both domestically and internationally. Although rhGH therapy has been recommended for patients with certain syndromes, such as Turner syndrome, Prader–Willi syndrome, and Noonan syndrome (Noonan and Kappelgaard, 2015; Butler et al., 2019; Gravholt et al., 2019), its efficacy remains uncertain for many other syndromic short statures. Therefore, in the process of exploring the genetic etiologies of short stature in children, it is crucial to investigate whether there exist genetic variants associated with the efficacy of rhGH treatment and to evaluate the roles of different pathogenic genes in rhGH treatment sensitivity. These findings will then serve as a foundation for personalized treatment based on the genotype, facilitating precision medicine in the future.
In this study, we collected samples from 98 Chinese patients with a height SDS ≤ −2.5 and unknown etiologies for analyses using WES. We conducted a comprehensive analysis covering clinical manifestations, radiological examinations, variant interpretations, pathophysiology, and responses to rhGH treatment. This work describes the gene mutation analysis findings in patients with short statures; thus, it provides insights into the current understanding of the etiologies and responses to rhGH treatment in children with short stature.
MATERIALS AND METHODS
Patient selection and study design
From April 2017 to December 2021, a total of 98 children with short stature who were being followed up at Taizhou Central Hospital (Taizhou University Hospital) were enrolled in our cohort for pathogenic screening. The inclusion criteria were as follows: age below 16 years; body height below −2.5 standard deviation units (−2.5 SDS) compared to age- and sex-matched Chinese population (Li et al., 2009); undiagnosed cause through prescreening tests. The exclusion criteria included the following: chromosome abnormality confirmed by karyotyping; pituitary tumor; short stature secondary to chronic illness; definitive genetic diagnosis (Figure 1). The Ethics Committee of Taizhou Central Hospital approved this study (2023L-08-06), and written informed consent was obtained from each of the participants or their guardians before performing DNA isolation.
[image: Figure 1]FIGURE 1 | Flowchart of study subjects. Note: M, male; F, female; n, number; HtSDS, standard deviation score of height; WES, whole-exome sequencing.
The documented medical histories of the 98 patients included their birth status, feeding, growth, and history of illness as well as those of their family members. Physical examinations were conducted for the facial features, body height, weight, and head circumference at the first visit/referral or before rhGH treatment. Growth hormone (GH) provocation tests were then performed via two independent provocation tests (arginine and clonidine). Partial GH deficiency (PGHD) was confirmed for serum peak GH levels of 5–10 ng/mL, and complete GHD (CGHD) was confirmed for serum peak GH levels of < 5 ng/mL. Another laboratory-based evaluation involved the level of the insulin-like growth factor (IGF-1), where a value lower than -2.0 standard deviation units with respect to sex- and age-matched references was defined as IGF-1 deficiency (Juul et al., 1995; Xu et al., 2010). The bone age (BA) was assessed by radiographic imaging and read according to the Greulich–Pyle Atlas method. Most patients were also assessed on the basis of pituitary magnetic resonance imaging (MRI) and echocardiography. Any developmental delay/intellectual disability (DD/ID) was confirmed using the Gesell Developmental Scale or Wechsler Intelligence Scale.
Molecular genetic analysis
Genomic DNA samples were isolated from the peripheral blood of the 98 patients and their parents using blood genomic DNA extraction kits (Zeesan Biotech, China), and the capture library was prepared using SureSelect All Exon V5 (Agilent). The library was sequenced using the Illumina HiSeq 4,000. The operations were performed in accordance with the standard operating procedures, including genomic DNA fragmentation processing, end repair, adapter ligation, amplification, probe hybridization target region, and capture enrichment by the magnetic bead method, among others. Raw data were obtained in the FASTQ format using the software provided by the sequencing platform. These raw data were then aligned to the human reference hg19 using the Burrows–Wheeler alignment (BWA) tool. The overrepeated detected data were denoised and evaluated for quality using Picard tools. Furthermore, the single-base, insertion, and deletion variants were identified using the Genome Analysis Toolkit (GATK). The output vcf files were next annotated using SNPEff, and the high-frequency variants were filtered for allele frequency (MAF) of >0.01 in genomAD, 1000 Genomes Project, and Exome Aggregation Consortium (ExAC). The filtered variants were subsequently sorted on the basis of the inherited patterns and correlations between the patient phenotypes and mutant genes. The candidate variants were then classified according to the guidelines of the American College of Medical Genetics and Genomics (ACMG) after comprehensive analysis of all results (Richards et al., 2015). Ultimately, all the identified variants were confirmed and validated by Sanger sequencing.
GH treatment
After obtaining informed consent from the parents of some participants and excluding any contraindications, rhGH treatment was initiated to improve height. Based on the etiologies, the patients were divided into five groups as the PGHD, CGHD, idiopathic short stature (ISS), syndromic short stature (SSS), and genetic skeletal disorder (GSD) groups. During the course of rhGH therapy, the heights and weights of the patients were measured and recorded every 3 months, and the body mass index (BMI) values were calculated. Some biochemical parameters were also monitored every 3 months, such as blood glucose, liver function, kidney function, insulin (INS), thyroid function, and IGF-1. The BA was examined every 6 months to 1 year. Notably, we identified some adverse effects of rhGH therapy, such as headaches, impaired glucose metabolism, liver damage, hypertension, arthralgia, and tumors. The rhGH dosage was then adjusted according to the growth velocity and IGF-1. The data for the first year of GH treatment were collected, and the short-term effects of rhGH on short patients with different etiologies were analyzed by comparing the relevant data before and after treatment, including the growth velocity, standard deviation of height, standard deviation of BMI, standard deviation of IGF-1, and difference between BA and actual age.
Statistical analyses
All statistical analyses were performed using SPSS software version 27.0. The Pearson’s χ2 test, Yates correction for continuity, and Fisher’s exact test were performed for differences in the diagnostic categories between groups, and results with p < 0.05 were considered to be statistically significant. The odds ratio (OR) and 95% confidence interval (CI) were also calculated for each diagnostic category. Furthermore, forest plots were generated using the Stata 13.0 statistical package, and ANOVA was used to compare the growth data of rhGH therapy among the five study groups.
RESULTS
General data
This study included 98 participants [including 54 male (55.1%) and 44 female (44.9%)] with an average age of 7.37 ± 3.06 years (range: 1.42–14.33 years). The standard deviation score of the average height (HtSDS) of the patients was −3.1 ± 0.61 (range: 2.52 to −5.61). Table 1 summarizes the clinical characteristics of the participants in this study.
TABLE 1 | Diagnostic yields of the 98 patients with short statures and different phenotypes.
[image: Table 1]Genetic variants identified
In total, samples from 98 participants with suspected monogenic short stature were assessed by WES. The final diagnostic yield was 24.5% (24/98) for all patients. We identified 31 variants in 18 genes, including nine variants that have not been reported previously (Table 2, detailed in Supplementary Table S1; Table 2). According to the ACMG guidelines, most variants were identified as pathogenic or likely pathogenic. However, two of the variants were classified with uncertain significance; they were considered a possible genetic etiology owing to the patient’s phenotype, and the inheritance patterns coincided with those of the corresponding genetic disorders.
TABLE 2 | WES findings associated with a molecular diagnosis.
[image: Table 2]Among all the mutant genes, there were 11 that were related to autosomal dominant disorders. The majority of the identified variants manifested de novo, except for the variants carried by P66 and P81 that were maternally inherited and those of P84 and P96 that were paternally inherited. The other affected genes followed an autosomal recessive pattern of inheritance. With the exception of the variants carried by P16 that were homozygous, all other variants were compound heterozygous. Furthermore, all variants were identified to have paternal and maternal origins by Sanger sequencing.
Additionally, it was found that at least 12 genes (12/18) affect the recognized growth plate regulatory systems and skeletal development (Wang et al., 2013; Wit et al., 2016). However, only one case (P65) harbored mutations in the GH–IGF1 axis; this indicates that clinicians should focus on the growth plate and skeletal development pathway.
Diagnostic yield of WES
Based on the HtSDS range, all the patients were divided into four different groups. Compared with the overall yield (24.5%), patients with HtSDS between −2.5 and −3 had lower diagnostic rates (20.4%), and those with HtSDS between −4 and −5 as well as below −5 had higher diagnostic rates (28.6% and 100%, respectively). This suggests that patients with more severe short statures have higher probabilities of genetic etiology. However, no significant differences were found among the HtSDS groups (Figure 2, p = 0.111).
[image: Figure 2]FIGURE 2 | HtSDS distribution and corresponding diagnostic yields. Next to each bar, the denominator represents the total number of cases (shown in gray and black rectangles), and the numerator represents the solved cases (shown in gray rectangles) corresponding to a given HtSDS range.
Sixty patients were diagnosed with GHD based on the clinical, laboratory, and imaging results, and variants were detected in 17 (28.3%) out of 60 patients. Moreover, patients with CGHD had higher diagnostic rates (9/21, 20.4%). Fourteen out of 59 patients having IGF-1 deficiency had the variants (23.7%). Four patients diagnosed with SGA did not have a genetic cause. Thirty-three patients had at least one additional phenotype; the diagnostic yields of patients with additional phenotypes were higher than the overall yield (23/33, 69.7%), and patients with more than one additional phenotype had higher diagnostic rates than those with only one additional phenotype (7/13, 53.8% vs 16/20, 80.0%; Table 1). However, we found no significant difference between the two subgroups (χ2 = 1.464, p = 0.226).
Among the 30 patients with short stature and additional phenotypes, the most prevalent were microcephaly/macrocephaly, facial dysmorphism, skeletal abnormalities, and DD/ID in 6 (20.0%), 19 (63.3%), 12 (40.0%), and 11 (36.7%) cases, respectively. Furthermore, by comparing the diagnostic rates between patients with and without the additional phenotypes, we found that the aforementioned four phenotypes were statistically significant: microcephaly/macrocephaly (83.3% vs 20.7%, χ2 = 8.818, p = 0.003), facial dysmorphism (84.2% vs 10.1%, χ2 = 41.540, p < 0.001), skeletal abnormalities (83.3% vs 16.3%, χ2 = 22.107, p < 0.001), and DD/ID (81.8% vs 17.2%, χ2 = 18.668, p < 0.001) (Figure 3).
[image: Figure 3]FIGURE 3 | Forest plots with odds ratios (ORs) and confidence intervals (CIs) for some clinical factors. An OR with a lower 95% CI > 1 (vertical dash line) was considered a positive factor for molecular diagnosis. **p < 0.05. Note: DD/ID, developmental delay/intellectual disability; GHD, growth hormone deficiency; IGF-1, insulin-like growth factor 1; BA, bone age; MRI, magnetic resonance imaging.
Effectiveness during the first year of rhGH treatment
Among all the patients in this study, 31 patients (15 male and 16 female) were treated with rhGH for more than 1 year, and the average age of these patients at the start of therapy was 7.09 ± 2.85 years. The 31 patients included nine with PGHD, seven with CGHD, seven with ISS, six with SSS, and two with GSD. The median GH dose for these patients was 0.33 (0.30–0.35) mg/kg/week. During the treatment period with rhGH, all patients had neither early nor delayed puberty nor any adverse effects.
Table 3 shows the clinical data registered from the five studied groups before rhGH treatment and after 1 year of GH therapy. Comparing the five treatment groups, the growth velocity (GV) and HtSDS showed increasing trends; ANOVA showed that there were no statistical significances between the groups (p > 0.05). However, the GV and HtSDS improvements in the SSS group were relatively worse than those in the other groups (Table 3; Figure 4). We analyzed the HtSDS data of the six patients in the SSS group and found that one patient with 3M syndrome (P13) had poorer height improvement than the others (GV = 7.4 cm/year, ΔHtSDS = 0.24). On the contrary, one patient with microphthalmia syndromic 6 (P85) showed better effects from therapy (GV = 10.4 cm/year, ΔHtSDS = 0.99).
TABLE 3 | Clinical characteristics of rhGH-treated patients by the main diagnostic group. Abbreviations: PGHD, partial growth hormone deficiency; CGHD, complete growth hormone deficiency; ISS, idiopathic short stature; SSS, syndromic short stature; GSD, genetic skeletal disorders; GV, growth velocity; HtSDS, standard deviation score of height; BMI SDS, standard deviation of body mass index; IGF-1 SDS, standard deviation of insulin-like growth factor 1; BA, bone age; CA, chronological age; a, before treatment; b, after one year; F-value and p-value were calculated for the mean differences of the clinical characteristics between the five diagnostic groups.
[image: Table 3][image: Figure 4]FIGURE 4 | Comparison of the clinical data after treatment between the respective groups: Group 1, partial growth hormone deficiency (PGHD); Group 2, complete growth hormone deficiency (CGHD); Group 3, idiopathic short stature (ISS); Group 4, syndromic short stature (SSS); Group 5, genetic skeletal disorders (GSD). Note: HtSDS, standard deviation score of the height; BMI SDS, standard deviation of body mass index; IGF-1 SDS, standard deviation of insulin-like growth factor 1; BA, bone age; CA, chronological age.
All patients maintained their BMI SDS within a certain range during treatment (Figure 4). The IGF-1 SDS of all the groups increased significantly after the first year of treatment. However, the IGF-1 SDS of the ISS group increased relatively slowly (Figure 4). The differences in the IGF-1 SDS and BMI SDS among the groups were not statistically significant (p > 0 .05). Comparing before rhGH treatment and after 1 year of GH therapy, the differences between the BA and chronological age (CA) were not significantly different for all groups (Figure 4).
DISCUSSION
Growth is a complex process regulated by several genetic factors, including single-gene mutations, copy number variants (CNVs), and imprinting disorders, among others. Owing to the genetic heterogeneity and clinical complexity, pediatricians often face challenges in accurately identifying the etiology of short stature. However, with the advancement of WES technology, several monogenic causes of growth disorders have been identified (Lui et al., 2014; Wit et al., 2016). The present study focused on single-gene mutations, and we identified the causes in 24 patients through WES. Notably, we identified a minimum of 12 genes (12/18) that affect the epiphyseal growth plate, including various aspects such as hormone signaling, paracrine factors, matrix molecules, intracellular pathways, and fundamental cellular processes (Wang et al., 2013; Wit et al., 2016). However, only one case (P65) exhibited mutations in the hormone signaling pathway. This suggests the importance of broadening the search for the causes of short stature beyond the GH signaling pathway and highlights the potential of WES in rapidly identifying the genetic causes of short stature.
The observed positive rate (24.5%) aligns with previous findings from two similar studies (135/561, 24.1%; 504/2000, 25.2%) (Yang et al., 2014; Fan et al., 2021); however, it is lower than the values observed in two cohort studies of Chinese children with short statures and suspected genetic conditions (41/114, 36.0%; 361/814, 44.3%) (Huang et al., 2018; Li et al., 2022). Upon analysis, we attribute this lower final diagnostic yield in our study to the higher proportion of patients exhibiting no additional phenotypes (68/98, 69.4%) and HtSDS between −2.5 and −3 (54/98, 55.1%) than the aforementioned studies (with no additional phenotypes: 18/114, 15.8% and 386/814, 47.4%; with HtSDS between −2.5 and −3: 37/114, 32.4% and 0/814, 0%) (Huang et al., 2018; Li et al., 2022). Hence, the severity of short stature and presence of one or more additional phenotypes increases the likelihood of a monogenic cause, warranting genetic testing.
Statistical analyses revealed four phenotypes of statistical significance, with skeletal abnormalities, facial dysmorphism, and DD/ID emerging as the most prevalent conditions. In our cohort, 12 patients were diagnosed with skeletal dysplasia, and variants related to seven genes were detected in 10 (83.3%) patients. Notably, short stature accompanied by skeletal dysplasia showed an extremely high positive diagnostic yield. Similarly, short stature with facial dysmorphism was found to significantly enhance the diagnostic rate (Huang et al., 2018; Gurovich et al., 2019; Li et al., 2022). Our cohort included 19 patients with facial dysmorphism, and variants for 13 genes were detected in 16 (84.2%) patients. The positive rate of the present study (84.2%) was higher than those of the abovementioned two studies of Chinese children with short statures (17/30, 56.7% and 131/186, 70.4%) (Huang et al., 2018; Li et al., 2022). We found that many syndromes have recognizable facial features and that describing the phenotypes in a standardized manner with genome sequencing data can improve the diagnosis rate. The incidence of DD and ID is 1%–3% in normal children, and a genetic etiology is detected in approximately 50% of children with DD/ID (Han and Lee, 2020). Many syndromes have characteristic facial features accompanied by DD/ID. Our cohort included 11 patients with DD/ID, and 10 of them were also affected by facial dysmorphism. We detected variants related to eight genes in nine patients (9/10, 90.0%), where we identified three variants in the ARID1B gene and confirmed two cases of Coffin–Siris syndrome as well as one case of Rubinstein–Taybi syndrome. These three variants are previously unreported; therefore, our findings suggest that short stature combined with facial dysmorphism and DD/ID significantly increases the likelihood of a monogenic cause. Additionally, no variants were detected in four children with SGA in the present study. A recent large cohort study suggested that the utility of WES techniques in the diagnosis of SGA is limited, indicating the need for alternative approaches, such as methylation analysis (Fuke et al., 2021). Moreover, environmental factors should be considered in the case of SGA.
A comparative analysis of the effects of GH therapy across different groups reveals significant increases in GV and HtSDS overall. However, improvements in GV and HtSDS observed in the SSS group were inconsistent. Notably, a patient with microphthalmia syndromic 6 (P85) exhibited rapid increases in GV and HtSDS (GV = 10.4 cm/year, ΔHtSDS = 0.99); conversely, one patient with 3M syndrome (P13) demonstrated slower increases in GV and HtSDS (GV = 7.4 cm/year, ΔHtSDS = 0.24), indicating less effective GH therapy. In support of our findings, we found that some experts had offered rhGH/IGF-1 treatments to some patients with 3M syndrome and reported very little or even ineffective improvements (Güven and Cebeci, 2011; Clayton et al., 2012; Khachnaoui-Zaafrane et al., 2022). This disparity suggests the differential effects of GH therapy in various syndromic short statures and highlights the importance of identifying the genetic etiology through WES for guiding rhGH treatment.
Throughout the treatment, all patients maintained their BMI SDS at stable levels, indicating no significant changes during the short-term therapy. A cohort study indicated that the BMI SDS increased significantly in children with GHD after 3 years of rhGH therapy; however, children with ISS exhibited opposite results (Cohen et al., 2014). Nevertheless, another study indicated that the BMI SDS increased slightly in children with ISS after 4 years of rhGH treatment (Cohen et al., 2013). Therefore, we believe that the long-term effects of GH therapy on BMI SDS in children with short statures of different etiologies warrant further investigation.
After the first year of therapy, the IGF-1 SDS of all groups increased significantly; the increments in the CGHD and ISS groups were lower and that in the GSD group was greater. Some studies have suggested that the ΔHtSDS in children treated with rhGH is positively correlated with IGF-1 SDS but not with the rhGH dose (Cohen et al., 2013; Cohen et al., 2014; Soliman et al., 2021). Our study revealed no significant association between IGF-1 SDS and HtSDS (r = 0.197); this finding may be attributed to the small sample size and short treatment duration, necessitating further research.
Comparing before and after treatment with GH, the BA was not accelerated in any of the children, and no significant differences were found between the respective groups. Some studies have revealed that high doses of rhGH therapy may lead to advanced BA (Kamp et al., 2002; Ross et al., 2015), whereas another study reported accelerated BA growth following 2 or more years of treatment (Ying et al., 2018). However, in the present study, the BA remained largely unaffected during the first year of conventional and safe-dose therapy, necessitating further investigation into whether the BA catch-up growth affects the final height.
CONCLUSION
In summary, our study indicates the practicality of using WES techniques to diagnose short stature. A total of 24 (24.5%) out of 98 Chinese children with undiagnosed short statures were identified based on genetic variants using WES. The severity of the short stature and presence of one or more additional phenotypes increase the likelihood of a monogenic cause, suggesting that these phenotypes may help guide genetic testing for the etiology of the short stature. Regarding GH treatment, most children with short statures showed significant increases in HtSDS when treated for 1 year. However, we found that rhGH therapy may not be applicable for children with some syndromic short statures, which indicates that identifying the genetic etiologies of short stature by WES may have guidance value during rhGH treatment. However, more samples must be studied to further validate these findings.
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