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Abstract
BACKGROUND
Mutations in the aggrecan (ACAN) gene are identified in patients with: spondyloepiphyseal dysplasia, Kimberley type; short stature with advanced bone age (BA); in the presence or absence of heterozygous ACAN mutation-induced early-onset osteoarthritis and/or osteochondritis dissecans; and spondyloepimetaphyseal dysplasia, ACAN type. Heterozygous mutations contribute to spondyloepiphyseal dysplasia, Kimberley type (MIM#608361), which is a milder skeletal dysplasia. In contrast, homozygous mutations cause a critical skeletal dysplasia, which is called spondyloepimetaphyseal dysplasia, ACAN type (MIM#612813). Lately, investigations on exome and genome sequencing have shown that ACAN mutations can also lead to idiopathic short stature with or without an advanced BA, in the presence or absence of early-onset osteoarthritis and/or osteochondritis dissecans (MIM#165800). We herein reported a heterozygous defect of ACAN in a family with autosomal dominant short stature, BA acceleration, and premature growth cessation.

CASE SUMMARY
A 2-year-old male patient visited us due to growth retardation. The patient presented symmetrical short stature (height 79 cm, < -2 SD) without facial features and other congenital abnormalities. Whole-exome sequencing revealed a heterozygous pathogenic variant c. 871C>T (p. Gln291*) of ACAN, which was not yet reported in cases of short stature. This mutation was also detected in his father and paternal grandmother. According to the Human Gene Mutation Database, 67 ACAN mutations are registered. Most of these mutations are genetically inheritable, and very few children with short stature are associated with ACAN mutations. To date, heterozygous ACAN mutations have been reported in approximately 40 families worldwide, including a few individuals with a decelerated BA.

CONCLUSION
Heterozygous c. 871C>T (p. Gln291*) variation of the ACAN gene was the disease-causing variant in this family. Collectively, our newly discovered mutation expanded the spectrum of ACAN gene mutations.
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Core Tip: Because of the diversity of clinical manifestations, phenotype overlap, and high genetic heterogeneity of short stature, the etiology of dwarfism cannot be determined by merely inquiring about the medical history, clinical performances, and routine laboratory examination. Gene detection can provide clear clinical diagnostic evidence, decrease the medical error and missed diagnosis of the disorder, instruct genetic counseling, and supply a trustworthy principle for fetal diagnosis. This case expanded the spectrum of aggrecan gene mutations.


INTRODUCTION
Children often visit pediatric endocrinologists because of their short stature. However, the clinical definition and therapeutic regimen of pediatric growth disorders have been significantly changed by recent advances in genetic methodology. Idiopathic short stature and advanced bone age (BA), in the presence or absence of heterozygous aggrecan (ACAN) mutation-induced early-onset osteoarthritis and/or osteochondritis dissecans exemplify these changes well. Herein, we presented the case and his affected members with symmetrical short stature, and a heterozygous variant of the ACAN gene was the disease-causing variant in this family.

CASE PRESENTATION
Chief complaints
A 2-year-old boy with growth retardation for over 1 year.

History of present illness
This boy was born at 40 wk of gestation following a common pregnancy and parturition. At birth, his weight was 2.75 kg, while there was no specific body length measurement. At 2 years of age, the patient visited us due to his short stature. His height was 79 cm (-2.7 SD), with a bodyweight of 10 kg, and his occipitofrontal circumference was 49 cm. No dysmorphic features were detected. His mental and motor development were normal.

History of past illness
The patient was not associated with any previous illness.

Personal and family history
The height of his father and paternal grandmother was 152 cm (< -3.0 SD) and 138 cm (< -3.0 SD), respectively.

Physical examination
The physical test showed retarded growth (height, 79 cm; weight, 10 kg). He presented symmetrical short stature without facial features and other congenital abnormalities.

Laboratory examinations
The peripheral blood was collected from the patient and his family members, followed by DNA extraction. Whole-exome sequencing was performed using an xGen Exam research panel v1.0 (IDT) on a HiSeq 4000 (Illumina). Any known disease associations were determined using the Online Mendelian Inheritance of Man (http://www.omim.org) database. A heterozygous mutation in ACAN (NM_013227.3) was identified in all affected individuals. This ACAN mutation was predicted to cause the resultant termination at codon 291 (c.871C>T; p.Gln291*) (Figure 1).

Imaging examinations
His BA was evaluated as 3 years and 6 mo to 4 years (Figure 2).

FINAL DIAGNOSIS
Short stature caused by ACAN mutation.

TREATMENT
The patient received growth hormone (GH) treatment.

OUTCOME AND FOLLOW-UP
The height of the patient was increased by about 1 cm per month after GH treatment. During the treatment, no adverse events were recorded.

DISCUSSION
The ACAN gene encoding aggrecan is usually localized on chromosome 15q26[1,2]. Its full-length clone has been obtained by Doege et al[3]. The kernel protein of ACAN is composed of three disulfide-bonded globular domains (G1, G2, and G3) and intervening extended domains[4]. The interglobular domain is a protruding site for breaking proteins into smaller polypeptides or amino acids, and many proteinases can cleave between the G1 and G2 domains[5,6]. An extended GAG-attachment region separates the G2 and G3 domains, which is differentiated into three parts. The keratan sulfate (KS)-rich domain lies adjacent to the G2 domain. The KS-rich domain is likened to the chondroitin sulfate (CS)-rich domain, which is differentiated into two subdomains (CS1 and CS2), and the amino acid sequences of these two subdomains are different. The CS2 domain is connected to the G3 domain, which is located at the carboxy terminus of the core protein. The G3 region consists of two epidermal growth factor-like domains, one C-type lectin-like domain, and one complement regulatory protein-like domain[7]. The G3 region plays a fundamental role in the normal trafficking of ACAN within the chondrocytes, and such a region is also involved in the release of ACAN into the extracellular matrix[8]. In the extracellular matrix, the G3 domain is not detected in some ACAN molecules[9,10], which can probably be attributed to proteolytic cleavage.
There are 19 exons in the human ACAN gene[11]. The G1 region, interglobular domain, and G2 region are encoded by exons 3-6, exon 7, and exons 8-10, respectively. The GAG attachment region is encoded by exons 11 and 12, in which exon 11 encodes the first part of the KS-rich domain, and the large exon 12 encodes the remainder of the KS-rich domain as well as the CS1 and CS2 domains. The exons 13-19 encode the G3 region, exons 13 and 14 each encode an epidermal growth factor-like domain, exons 15-17 encode the lectin-like domain, and exon 18 encodes the complement regulatory protein-like domain.
ACAN is the main proteoglycan of the extracellular matrix of the growth plate cartilage[12]. Mutations in ACAN are associated with growth defects[13]. The research of Gleghorn et al[14] first reported an ACAN mutation that causes human disease. They have identified the heterozygosity for a 1-bp insertion in the ACAN gene with spondyloepiphyseal dysplasia, Kimberley type-affected members. This mutation can forecast the synthesis of a truncated protein that is about 60% of the normal size. The truncated protein lacks half of the CS1 domain, the complete CS2 domain, and the G3 domain, while it includes a novel sequence of 212 aa.
Watanabe et al[15] showed that heterozygotes have two obvious phenotypes: slight dwarfism and age-related hyperlordosis, the anterior concavity in the curvature of the spine. In the families analyzed by some studies[16-18], heterozygotes are detected in all affected members, who exhibit the clinical features of short stature and advanced BA. These data indicate that various pathogenic heterozygous ACAN variants (Table 1) affect the chondrogenesis of the growth plate in a similar pattern. Therefore, the growth plate chondrogenesis is impaired by functional haploinsufficiency of ACAN rather than various mutation-specific mechanisms. However, a dysfunctional C-type lectin domain in the ACAN protein leads to a more severe phenotype, impairing the functions of the growth plate and articular cartilage. All these studies provide a reasonable explanation for why those families have short stature but no evidence of early-onset osteoarthritis. The proband and affected members of our case also presented with autosomal dominant short stature and no indications of chondrodysplasia.
The combination of short stature and advanced BA is rare. Most known causative mutations either impair proteoglycan synthesis[19-21] or reduce signaling through the cAMP-protein kinase A signaling pathway[22-24].
In the clinical studies of ACAN patients, the length in the lower part of most heterozygous carriers of ACAN variants show a normal range at birth, while some of them are born short for gestational age[25]. Some researchers have suggested that individuals treated with GH have an improvement in adult height. In addition to GH treatment, some patients also simultaneously receive treatment with gonadotropin-releasing hormone analogue. This treatment can be given to patients after the administration of an aromatase inhibitor, which can successfully postpone bone maturation, and such therapy can benefit those carrying confirmed ACAN mutations[26-31].

CONCLUSION
In the present study, a heterozygous mutation in the ACAN gene was identified in a Chinese family with short stature. We hypothesized that this mutation could induce early truncation of the ACAN protein. Genetic testing is important for diagnosis and treatment.
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Figure Legends
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Figure 1 Family map and whole-exome sequencing of the patient. The mutation was not found in the unaffected grandfather or mother or public variant databases.
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Figure 2 Bone age. The bone age was equivalent to 3.5-4 years at the age of 2 years.


Table 1 Summary of pathogenic heterozygous mutations of aggrecan gene
	cDNA
	Variant

	c.223T>C
	p.Trp75Arg

	c.273del
	p.Arg93fs

	c.1172del
	p.Gly391fs

	c.1227del
	p.Ser410fs

	c.1425del
	p.Val478fs

	c.1745del
	p.Phe582fs

	c.2026+1G>A
	-

	c.2541del
	p.Val848fs

	c.3758dup
	p.Gly1254fs

	c.4138G>T
	p.Val1380Phe

	c.4186del
	p.Ser1396fs

	c.4657G>T
	p.Glu1553Ter

	c.5061T>A
	p.Ser1687Arg

	c.5337del
	p.Phe1780fs

	c.5391del
	p.Gln1798fs

	c.5491_5500del
	p.Phe1831fs

	c.6534del
	p.Thr2179fs

	c.7178T>C
	p.Leu2393Pro

	c.7204C>T
	p.Gln2402Ter

	c.7255G>A
	p.Asp2419Asn

	c.7317G>A
	p.Trp2439Ter

	c.7363G>A
	p.Val2455Met


Arg: Arginine; Asn: Asparagine; Asp: Aspartic acid; Del: Deletion; dup: Duplication; Gln: Glutamine; Glu: Glutamic acid; Gly: Glycine; fs: Frameshift; Leu: Leucine; Met: Methionine; Phe: Phenylalanine; Pro: Proline; Ser: Serine; Ter: Termination codon; Thr: Threonine; Trp: Tryptophan; Val: Valine.
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