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ABSTRACT 

Aggrecan is a critical proteoglycan component of the extracellular matrix of the growth plates 

and articular cartilage and plays a key role in the biophysical and biomechanical properties of 

cartilage. Recently, heterozygous mutations in the ACAN gene, which encodes aggrecan, 

have been identified in patients with short stature and accelerated bone age. We herein report 

another family with a heterozygous ACAN mutation associated with idiopathic short stature 

along with accelerated bone age and early-onset herniation of the lumbar discs at the levels of 

L1/2 through L5/S1. Whole-exome sequencing identified a novel heterozygous frameshift 

mutation in the ACAN gene (c.1744delT; p.Phe582fs*69) in all of the affected family 

members but not in the unaffected one, providing further evidence that ACAN 

haploinsufficiency causes short stature with advanced bone maturation. In addition, we 

advocate early-onset multiple disc herniation as a novel phenotype associated with ACAN 

haploinsufficiency. 
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INTRODUCTION 

Idiopathic short stature (ISS) is a condition in which the height of the individual is more than 

two standard deviation (SD) score below the corresponding mean height for a given age, sex, 

and population and with no identifiable disorder present.1 Recently, mutations in the SHOX 

gene or the NPR2 gene have been found to account for a minor portion of patients with ISS; 

however, the genetic background of ISS remains largely unexplored.2,3 

Aggrecan, encoded by the ACAN gene, is a major proteoglycan component of the 

extracellular matrix of the growth plates and the articular cartilage. Aggrecan provides the 

hydrated gel structure, which is important for the load-bearing properties of joints, and also 

plays a key role in chondrocyte and bone morphogenesis.4 To date, at least 24 pathological 

ACAN mutations have been identified in patients with highly variable phenotypes, such as 

spondyloepimetaphyseal dysplasia (SEMD) aggrecan type, spondyloepiphyseal dysplasia 

Kimberley type, familial osteochondritis dissecans, early-onset osteoarthritis, and short 

stature with advanced bone maturation.5-12  

We herein report a Japanese family with ISS with a novel heterozygous frameshift 

mutation in the ACAN gene (c.1744delT; p.Phe582fs*69), providing further evidence that 

ACAN haploinsufficiency causes short stature with advanced bone maturation. Furthermore, 

we advocate multiple lumbar disc herniation as a novel phenotype associated with ACAN 

haploinsufficiency. 

 

MATERIALS AND METHODS 

Case Reports 

A Japanese male patient was born at 39 weeks’ gestation after an uncomplicated pregnancy 

and delivery. At birth, his length was 50 cm (–0.3 SD) and weight 3.17 kg (+0.6 SD). At 10 

years of age, the patient was referred to us because of short stature. His height was 121.2 cm 
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(-2.5 SD), weight 38 kg (+0.9 SD), and arm span 125 cm. He was prepubertal (Tanner stage 

P1; bilateral testicular volume: 2 ml each) and had no dysmorphic features (Figure 1A). He 

showed advanced bone age (11 years and 6 months). At 11.0 years of age, his bone age was 

assessed as 12 years and 4 months, and his bilateral testicular volume had increased to 4 ml 

each. Following these assessments, he was started on a long-acting gonadotropin-releasing 

hormone (GnRH) analog (leuprolide acetate) and discontinued the therapy at 13 years and 6 

months of age. Endocrine studies indicated partial growth hormone (GH) deficiency. Thus, 

recombinant human GH therapy (0.175 mg/kg per week) was started at 11 years and 6 

months of age. The combinational treatment seems to have been effective in slowing the bone 

age acceleration and accelerating his height growth, although he has not yet reached his adult 

height (Figure 2). 

The patient’s younger brother also had short stature. He was born at 38 weeks’ 

gestation after an uncomplicated pregnancy and delivery. At birth, his length was 47.5 cm 

(–0.3 SD) and weight 3.12 kg (+0.6 SD). At the time studied, he was 8 years of age. His 

height was 110.4 cm (–2.7 SD), weight 21.2 kg (–1.8 SD), occipitofrontal circumference 54.5 

cm (+2.0 SD), and arm span 115 cm. He had dysmorphic features with mild mid-facial 

hypoplasia, mild lordosis, and brachydactyly (Figure 1B and 1C). He exhibited normal 

mental and motor development. His bone age was advanced at 8 years and 6 months, 

although he was prepubertal (Tanner stage P1; bilateral testicular volume: 2 ml each). 

Endocrinological studies indicated normal growth hormone secretion and thyroid functions. A 

Skeletal survey showed no evidence of skeletal dysplasia. At 9.0 years of age, his bone age 

was markedly advanced at 10 years and 6 months, although he remained prepubertal. GnRH 

analog therapy was started because a standard GnRH loading test showed a pubertal 

gonadotropin response (LH, basal <0.1→ peak 7.32 IU/L; FSH, 1.32→8.67 IU/L); however, 

the GnRH analog therapy failed to show drastic effects in height growth (Figure 2). At 12 
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years and 7 months of age, his height was 126.8 cm (-2.5 SD), and his bone age was still 

advanced at 13.0 years. 

Their mother’s height was 141.5 cm (-3.0 SD), and the maternal aunt’s height was 

140 cm (-3.1 SD). Both had mildly dysmorphic features with mid-face hypoplasia. The 

mother had suffered from severe lower back pain and had been diagnosed with multiple 

lumbar disc herniation at the levels of L1/2 through L5/S1 since 10 years of age, although she 

had no symptoms in or around other joints (Figure 1D).  

 

Whole-exome Sequencing  

This study was approved by the Institutional Review Board at Nagasaki University Graduate 

School of Biomedical Sciences. Written informed consent was obtained from the parents and 

the maternal aunt. DNA was obtained from peripheral blood samples from the patients with 

short stature and the phenotypically normal father (Figure 3A). Whole-exome sequencing 

using a SureSelect Human All Exon V5 (Agilent Technologies, CA, USA) ran on a HiSeq 

2500 platform (Illumina, San Diego, CA, USA). The mutation was confirmed via Sanger 

sequencing using a BigDye terminator and 3130xl genetic analyzer (Applied Biosystems, 

Carlsbad, CA, USA). To confirm a heterozygous mutation, the corresponding PCR products 

were subcloned with TOPO TA cloning kit (Invitrogen, Carlsbad, CA, USA), and normal and 

mutant alleles were sequenced separately. Based on the pedigree (Figure 3A), a dominant 

mode of inheritance was assumed for the analysis. The Online Mendelian Inheritance of Man 

(www.omim.org) database was used to determine any known disease associations. 

 

RESULTS 

In the overlap strategy, only four heterozygous mutations in known disease-associated genes 

(ACAN, PRPF31, CACNA1B, and SMAD6) were identified in all of the affected individuals. 
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Of these, a heterozygous frameshift mutation in ACAN (NM_013227.3; a 1-bp deletion at 

exon 10) was proposed as the sole candidate in association with the previously reported 

phenotypes. This ACAN mutation is predicted to cause a frameshift at codon 582 for ACAN 

and the resultant termination at codon 651 (c.1744delT; p.Phe582fs*69) (NP_037359.3) 

(Figure 3B and 3C).  

 

DISCUSSION 

We identified a heterozygous frameshift mutation in the ACAN gene in a Japanese family 

with mild disproportionate ISS. The mutation was predicted to cause early truncation of the 

aggrecan protein and undergo nonsense-mediated mRNA decay.13 To date, at least 25 

pathological ACAN mutations including our case have been reported.5-12 The autosomal 

recessive condition in a single family was characterized by extreme short stature (66–71 cm 

final height) with short necks, barrel chests and craniofacial abnormalities, including 

macrocephaly, brachydactyly, and mid-face hypoplasia, referred as SEMD aggrecan type.5 

On the other hand, the heterozygous mutations exhibit a broad phenotypic spectrum of short 

stature associated with advanced bone maturation, early-onset osteoarthritis, and mild 

dysmorphic features including mid-facial hypoplasia, brachydactyly, broad great toes, and 

lumbar lordosis, with no apparent genotype-phenotype correlations.6-9 The phenotypes are 

highly variable, even among patients within the same family. Locations and types of the 

mutations in the literatures and this study are shown in Table 1 and Figure 4. Seventeen 

(68%) of the 25 mutations lead to premature stop codons, which result in early truncation of 

the aggrecan protein and probably nonsense mediated mRNA decay, implying 

haploinsufficiency of ACAN is the main mechanism for the heterozygous aggrecan-related 

diseases.  



                7 
 
 

 7

To date, only two mutations in ACAN (p.Leu2355Pro and p.Val2417Met) have been 

associated with osteochondritis dissecans, which is characterized by the separation of an 

articular cartilage and subchondral bone fragment from the articular surface.11, 12 Since both 

missense mutations were located at the C-terminal C type lectin domain in the ACAN gene, 

dominant negative effects of the mutant proteins have been proposed for the specific articular 

phenotype (Table 1).  

The mother with the ACAN mutation in the present study exhibited early-onset severe 

herniation of multiple lumbar discs. The phenotype is likely associated with 

haploinsufficiency of ACAN, for the following reasons: First, since significant reduction in 

aggrecan mRNA levels has been reported in cartilaginous tissue of homozygous and 

heterozygous aggrecan-deficient mice with a 7-bp deletion in exon 5 of the aggrecan gene, 

the ACAN expression should be reduced similarly in the present patients with ACAN 

haploinsufficiency.14 Second, aggrecan levels in the cartilage decrease with age in humans. 

The degradation and reduction of aggrecan with age result in the degeneration of discs and 

the impairment of the disc function, leading to disc herniation.15 Third, while homozygous 

aggrecan-deficient mice are characterized by dwarfism and cleft palate and die shortly after 

birth because of respiratory failure, the heterozygotes exhibit mild dwarfism and develop 

spinal misalignment with age. A histological examination revealed a high incidence of 

herniation and degeneration of vertebral discs in the mice.14 The spinal phenotype of the 

aggrecan-deficient mice is very similar to that of the mother in the present report. Taken 

together, the clinical findings of the mother imply that an ACAN mutation, which leads to 

reduced aggrecan expression in the cartilage, can lead to degeneration of the disc cartilage 

and cause early-onset multiple spinal disc herniation not only in mice but also in humans. As 

such, it is noteworthy that several patients with ACAN mutations have been recently reported 

to have back pain and intervertebral disc disease, although the details have not yet been 
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described.9  

As seen in our patients, individuals with ACAN haploinsufficiency have mild short 

stature with advanced bone age at the pre-pubertal stage; however, premature growth 

cessation after the start of puberty results in severe short stature in adulthood. Premature 

hypertrophic chondrocyte maturation followed by the decreased expression of aggrecan in the 

extra-chondrocyte matrix and early invasion of blood vessels and osteoblasts into the growth 

plates have been proposed as the mechanisms for the advanced bone age, early epiphyseal 

fusion, and premature growth cessation.16, 17 Recently, the effectiveness of combined GH and 

GnRH analog treatment for adult height has been reported in several cases of ACAN 

mutations.6, 8, 9 Van der Steen et al. reported that patients with ACAN mutation who had 

received GH treatment in combination with GnRH analog treatment for 2 years from the 

onset of puberty achieved 5 to 8 cm greater adult height than their family members of the 

same sex with an ACAN mutation.8 In our study, the estimated final height of the elder 

brother (158.5 cm), who has received combined GH and GnRH analog treatment, is higher 

than that of the younger brother (145.6 cm), who has received GnRH analog only.18 However, 

since these patients have not yet reached their adult heights, the effectiveness of the 

combined treatment is still uncertain. Further studies are needed to clarify the effectiveness of 

GH and GnRH analog treatment for patients with ACAN mutations. 

In conclusion, our study has provided further evidence that ACAN haploinsufficiency 

causes ISS with accelerated bone maturation and has also expanded the clinical spectrum of 

aggrecan-related bone disorder. Further studies are needed to determine the degree of risk 

patients with ACAN mutation have for multiple disc herniation. 
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TITLES AND LEGENDS TO FIGURE 

Figure 1. Clinical phenotype of the patients with the ACAN mutation. The younger 

brother, but not the elder brother (A), has mild mid-facial hypoplasia (B) and brachydactyly 

(C). Lumbar magnetic resonance imaging of the affected mother (D) shows multiple lumbar 

disc herniation (white arrows). 

 

Figure 2. Growth charts of the siblings with ACAN haploinsufficiency. The elder brother 

(III:1) has been treated with a combination of GH and GnRH analogue, and the younger 

brother (III:2) has been treated with GnRH analog alone. 

 

Figure 3. Genomic analyses in the family. A: Pedigree of the family. B: 

Electrochromatograms of the ACAN gene in the family from direct sequences and the 

subcloned normal and mutant alleles are shown. The deleted sequence is shaded in gray. C: 

The structure of ACAN and the position of the mutation. The black and white boxes on the 

genomic DNA (gDNA) denote the coding regions on exons 1-18 and the untranslated regions, 

respectively. G1, globular domain 1; IGD, interglobular domain; G2, globular domain 2; KS, 

keratan sulfate attachment domain; CS, chondroitin sulfate attachment domain; G3, globular 

domain 3. 

 

Figure 4. The positions and types of the ACAN mutations. The mutations identified in the 

previously reported and present studies (NM_013227.3, NP_037359.3) are indicated in the 

structure of ACAN gene. Superscript notations indicate mutations associated with 

spondyloepiphyseal dysplasia Kimberley type (a), osteochondritis dissecans (b), and 

spondyloepimetaphyseal dysplasia aggrecan type (c), respectively.  



Table1 Summary of molecular and clinical findings in patients with ACAN mutations

cDNA Potein type Exon Domain Inheritance
1 c.61G>T p.Glu21* Nonsense 2 - Dominant ISS 9
2 c.223T>C p.Trp75Arg Missense 3 G1 Dominant ISS, OA 9
3 c.272delA p.Arg93fs*41 Frameshift 3 G1 Dominant ISS 6, 9
4 c.492C>G pTyr164* Nonsense 4 G1 Dominant ISS,OA 9
5 c.532A>T p.Asn178Tyr Missense 4 G1 Dominant ISS 9
6 c.903G>C p.Trp301Cys Missense 6 G1 Dominant ISS, OA 9
7 c.916A>T p.Ser306Cys Missense 6 G1 Dominant ISS 9
8 c.1047_1048dellinsAC p.Tyr349* Nonsense 6 G1 Dominant ISS 9
9 c.1443G>T p.Glu415* Nonsense 7 IGD Dominant ISS, OA 9

10 c.1425delA p.Val478fs*14 Frameshift 8 G2 Dominant ISS, OA 9
11 c.1526C>A p.Ser509* Nonsense 8 G2 Dominant ISS, OA 9
12 c.1608C>A p.Tyr536* Nonsense 9 G2 Dominant ISS, OA 8
13 c.1744delT p.Phe582fs*69 Frameshift 10 G2 Dominant ISS, disc herniation Present case
14 c.2026+1G>A exon skipping splice 10 G2 Dominant ISS 6, 9
15 c.3986dupC p.Gly1330fs*221 Frameshift 12 CS Dominant SED Kimberley type 10
16 c.4657G>T p.Glu1553* Nonsense 12 CS Dominant ISS, OA 9
17 c.4762_4765del p.Gly1588fs*26 Frameshift 12 CS Dominant ISS 8
18 c.5391delG p.Gly1797fs*52 Frameshift 12 CS Dominant ISS 7, 9
19 c.7064T>C Leu2355Pro Missense 14 C3 Dominant ISS, OCD, OA 6, 9
20 c.7090T>C p.Gln2364* Nonsense 14 C3 Dominant ISS, OA 8
21 c.7141G>A Asp2381Asn Missense 15 C3 Recessive SEMD aggrecan type 5
22 c.7153G>A p.Glu2385Lys Missense 15 C3 Dominant ISS, OA 9
23 c.7203G>A p.Trp2401* Nonsense 16 C3 Dominant ISS, OA 9
24 c.7249G>A Val2417Met Missense 16 C3 Dominant ISS, OCD, OA 9, 11
25 c.7276G>T p.Glu2426* Nonsense 16 C3 Dominant ISS 9

ACAN  MutationMutation
number Phenotype Reference

Abbreviations: G1, globular domain 1; IGD, interglobular domain;  G2, globular domain 2; CS, chondroitin sulfate
attachment domain; G3, globular domain 3; ISS, idiopathic short stature; OA, osteoarthritis; SED, spondyloepiphyseal
dysplasia; OCD, osteochondritis dissecans; SEMD, spondyloepimetaphyseal dysplasia.
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