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Abstract
Background: Hereditary multiple exostosis (HME) is an autosomal dominant 
skeletal disorder characterized by the development of multiple cartilage- covered 
tumors on the external surfaces of bones (osteochondromas). Most of HME cases 
result from heterozygous loss- of- function mutations in EXT1 or EXT2 gene.
Methods: Clinical examination was performed to diagnose the patients: Whole 
exome sequencing (WES) was used to identify pathogenic mutations in the 
proband, which is confirmed by Sanger sequencing and co- segregation analysis: 
qRT- PCR was performed to identify the mRNA expression level of EXT1 in pa-
tient peripheral blood samples: minigene splicing assay was performed to mimic 
the splicing process of EXT1 variants in vitro.
Results: We evaluated the pathogenicity of EXT1 c.1056 + 1G > T in a Chinese 
family with HME. The clinical, phenotypic, and genetic characterization of pa-
tients in this family were described. The variant was detected by whole- exome 
sequencing (WES) and confirmed by Sanger sequencing. Sequencing of the RT- 
PCR products from the patient's blood sample identified a large deletion (94 
nucleotides), which is the whole exome 2 of the EXT1 cDNA. Splicing assay in-
dicated that the mutated minigene produced alternatively spliced transcripts, 
which cause a frameshift resulting in an early termination of protein expression.
Conclusions: Our study establishes the pathogenesis of the splicing mutation 
EXT1 c.1056 + 1G > T to HME and provides scientific foundation for accurate 
diagnosis and precise medical intervention for HME.
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1  |  INTRODUCTION

Hereditary multiple exostoses (HME), also called heredi-
tary multiple osteochondromas, is a rare genetic disorder 
that causes the development of multiple cartilage- covered 
tumors on the external surfaces of bones (osteochon-
dromas) and inherited in an autosomal dominant man-
ner with a prevalence of 1:50,000 in Western countries 
(D'Arienzo et al.,  2019). More than 90% of HME cases 
result from heterozygous loss- of- function mutations in 
EXT1 (OMIM #608177) or EXT2 (OMIM #608210) gene 
(Pacifici,  2017). Most of the patients are asymptomatic 
at birth; thus, genetic screenings are the only proven di-
agnostic method currently used for the newborns of af-
fected families (Schmale et al.,  1994). After 3  years old, 
some palpable masses were found near the joints. Knees, 
shoulders, ankles, and wrists are the most involved joints 
(Hennekam, 1991), and they can be easily diagnosed with 
imaging examination (X- ray, CT, MRI).

The EXT1 gene is located on the long arm of human 
chromosome 8 (8q24.11), and the EXT2 gene is located on 
the short arm of human chromosome 11 (11p11.2). They 
encode exostosin 1 (EXT1) and exostosin 2 (EXT2), re-
spectively. Both proteins are localized at the Golgi appara-
tus, forming a rather stable complex that is responsible for 
the synthesis and assembly of heparan sulfate (HS) chains 
onto the core protein of syndecans, glypicans, and other 
HS- rich proteoglycans (McCormick et al., 2000). Research 
shows that heparan sulfate proteoglycans (HSPGs), com-
posed of core protein and heparan sulfate (HS) chains, are 
involved in a wide range of developmental and physiolog-
ical functions in the extracellular matrix (ECM) and on 
the cell surface. The most important interaction occurs 
between them and key signaling proteins (e.g., the fibro-
blast growth factor (FGF), bone morphogenetic protein 
(BMP), hedgehog families, etc.), which regulates protein 
diffusion, distribution, turnover, and action on target cells 
and tissues. (Billings & Pacifici, 2015).

Heterozygous mutations of either EXT gene may cause 
HME. Among them, the HME requires bi- allelic muta-
tions that would affect local cells, which would be unable 
to retain a normal phenotype, and turn them into tumor-
igenic cells. This has been confirmed in the majority of 
patients (nearly 75%) with HME who were found to har-
bor EXT1 mutations. However, it has been reported that 
haploinsufficiency appears to be insufficient to trigger os-
teochondroma formation (Huegel et al., 2013). According 
to the Knudson two- hit hypothesis (Knudson, 1971), os-
teochondroma formation was reported in animal models 
and was also reported in several patients with HME (Zak 
et al., 2011).

As documented in the Human Gene Mutation 
Database (http://www.hgmd.cf.ac.uk), 567 mutations 

in EXT1 and 281 mutations in EXT2 have been reported 
until now, involving 34.1% point mutation (including non-
sense and missense mutation), 10.8% splice mutation, and 
55.1% structural variation (including copy number vari-
ation, translocation, and inversion). Splicing mutations 
currently account for a small fraction of the EXT muta-
tional spectrum, but the proportion is probably underesti-
mated due to the conventional splice mutation screening 
strategies. Here, we identified an EXT1 (OMIM #608177, 
Genbank reference sequences: NM_000127.2) splicing 
pathogenic variant c.1056 + 1G > T that causes abnormal 
splicing in a three- generation Chinese family with HME. 
In the present paper, we aimed to characterize the mo-
lecular effect and mechanism of the EXT1 GT- AG intron 
pathogenic variant that causes HME.

2  |  MATERIAL AND METHODS

2.1 | Study participants

In this study, a Chinese family with HME including 
13 people in three generations were admitted to the 
hospital(Figure 1a). All patients in this family participated 
in the present study and agreed to publication. The un-
affected members of the family were taken as a control 
group. We can distinguish HME from non- HME patients 
based on clinical manifestations and physical examina-
tions, including X- ray, computed tomography, and MRI. 
Some people in this family had accepted blood routine 
examination and lipid profile test. The concentrations of 
serum lipids included were high density liptein choles-
terol (HDL- C), low density liptein cholesterol (LDL- C), 
total cholesterol (TC), and triglyceride (TG). All the par-
ticipants had signed informed consents.

2.2 | Whole exome sequencing (WES)  
and variant confirmation

Whole exome sequencing was conducted by Aegicare 
(Shenzhen, China), the genomic DNA was isolated from 
the peripheral blood of the proband (III- 8). Library prep-
aration and sequencing were performed using Agilent 
SureSelect v6 reagents (Agilent Technologies, Santa Clara, 
CA, United States) and Illumina HiSeq 2500 (Illumina, 
San Diego, CA, United States). The read length at the end 
of the pair reaches 150 bp by using the Covaris S2 ultra-
sonoscope (Applied Biosystems, USA), and the sequenc-
ing depth of the capture region is approximately 100×, as 
sequencing also covered the intron- exon junction. The 
human genome reference sequence (GRCh37/hg19) was 
used to map the sequence reads. Based on public databases 

http://www.hgmd.cf.ac.uk
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of normal human variation (1000 g, ExAC, and gnomAD), 
all the variants of whose Minor Allele Frequency (MAF) 
was higher than 1% were filtered. American College of 
Medical Genetics and Genomics (ACMG) guidelines were 
used to interpret and classify the variants. Sanger sequenc-
ing was carried out to confirm the putatively pathogenic 
variants.

2.3 | Sequencing analysis

The coding region and exon- intron splice junctions in-
cluding the variant of EXT1 were analyzed using PCR am-
plification in combination with Sanger sequencing using 

the primers (Fw:5′- AGCAAAGACTGGGCAAACCA- 3′; 
Rv:5′- AGGGAAAGTGTAGGGCTGCT- 3′). The length 
of the product is 697 bp including intron 1, exon 2, and 
intron 2. Genomic DNA was extracted from peripheral 
blood samples, and PCR products were purified. These 
methods were described previously (Li et al., 2019).

2.4 | Bioinformatics analysis and  
prediction

Several web- based programs with different algorithms 
were used to analyze the potential effect of mutations 
on exon splicing. Genomic Evolutionary Rate Profiling 

F I G U R E  1  Pedigree and sequencing of this family (a) The pedigree of the family. Affected individuals are indicated by filled black, the 
proband is pointed by an arrow. (b) Sanger sequencing analysis performed on the genome DNA from this family. The variant was labeled by 
black arrow
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(GERP++) is a score used to calculate the conservation 
of each nucleotide in multispecies alignment (Davydov 
et al., 2010). DANN is a pathogenicity scoring methodol-
ogy, and it is based on deep neural networks. The value 
range is 0 to 1, with 1 given to the variants predicted to 
be the most damaging (Quang et al., 2015). dbscSNV is 
a database of precomputed prediction scores for all pos-
sible SNVs that may occur in splice consensus regions, 
indicating whether each variant is expected to affect the 
splicing of the gene. There are two scores given for each 
variant predicted by dbscSNV, called “Ada” and “RF” 
scores (Jian et al., 2014). Modular Modeling of Splicing 
(MMSplice), a neural network scoring exon, intron, and 
splice sites, trained on distinct large- scale genomics 
datasets, predicts effects of variants on exon skipping, 
splice site choice, splicing efficiency, and pathogenicity 
(Cheng et al., 2019). SPIDEX is a computational model 
that uses the Percentage of Spliced- In (PSI) metric to 
evaluate whether a certain splicing isoform is more en-
riched under the presence/absence of a given variant 
(Xiong et al., 2015).

2.5 | Cell culture

HEK293T cells were grown in DMEM supplemented 
with 10% (v/v) FBS, 100  U/mL penicillin, and 100  mg/
mL streptomycin at 37°C and 5% CO2. Transfection was 
performed using the Polyetherimide (PEI) (PolyScience, 
Cat.No. 23966- 2) according to the manufacturer's instruc-
tions. Transfected cells were incubated for 24  h to 48  h 
post- transfection.

2.6 | The minigene constructs and 
Western blotting

Minigene constructs including exon 2, intron 2, 
and exon 3 were amplified using the primer pair 
of EXT1 E2- in2- E3 Fw: 5′- CCGCTCGAGCGGGA
AATGCTGCACAATGC- 3′ and E2- in2- E3 Rv: 5′-  
CCGGAATTCAACTCCCATCCATTGCTGAGCA- 3′. The 
amplified minigene products were cloned into pEGFP- C3 
cloning vector at the Xho I and EcoR I sites. The com-
plete sequences of the minigene constructs were vali-
dated by Sanger sequencing. Minigene constructs were 
transiently transfected in HEK293T cells with polyether-
imide (PEI) (PolyScience, Cat.No. 23966- 2), and RT- PCR 
was performed with the same primers. RT- PCR products 
were separated by electrophoresis analysis and isoforms 
were identified by Sanger sequencing. Besides, we used 
Western blotting to analyze the proteins of minigene. 
These methods were described previously (Li et al., 2019).

2.7 | RT- PCR and qRT- PCR analysis

To evaluate the transcript variants of EXT1 by RT- PCR in 
the blood cells from patients and healthy relatives, total 
RNA was extracted with the TRIzol following the instruc-
tions of the supplier Invitrogen, Cat. No. 15596- 018). 
First- strand cDNA synthesis was performed using the 
M- MLV reverse transcriptase RNase H Minus- kit from 
Promega. The primer pair for RT- PCR of EXT1 were used: 
Fw: 5′- TGACAGGGATAGGATCAGACAC- 3′ and Rv:5′- 
TGTAATAACAATCTCTCATCGCCTA- 3′. The primer  
pair for qRT- PCR of EXT1 were used: Fw: 5′- GGGG  
AGAAAATCGCCGAAAGT- 3′ and Rv: 5′- CATACTGAGG  
TGACAACTGGTC- 3′. For normalization, the expression of 
GAPDH (Forward: CGGAGTCAACGGATTTGGTCGTAT; 
Reverse: AGCCTTCTCCATGGTGGTGAAGAC) was used.

3  |  RESULTS

3.1 | Clinical data of the family with 
HME

Imaging results from different patients were marked by 
different phenotypes. Patients' clinical characteristics are 
summarized in Table 1. Specifically, out of nine patients, 
osteochondroma/exostoses generally occurred in the long 
bones of the upper and lower limbs (100% [9/9]), whereas 
scapulae osteochondroma/exostoses were found only in a 
single patient. In addition to these findings, no other sus-
picious affected sites were observed. About one- third (9– 
3/9) of patients had a deformity of the limbs and joints, 
and while all male patients had pain in one or more af-
fected locations. Compared with all the patients' CT im-
ages, we found that the extent of male patients was greater 
than that of female patients with HME. Some aspects of 
the clinical features are also shown in Figure 2. To further 
understand the metabolic differences between patients 
and controls, serum lipid levels were examined in 5 pa-
tients and were shown in Table 2.

3.2 | Mutation screening and genetic  
analysis

We performed whole exome sequencing (WES) analysis 
on the proband (III- 8). After filtering, we identified one 
splicing mutation c.1056 + 1G > T (chr8:118849346 G > T 
in hg19) in EXT1 (OMIM #608177, Genbank reference 
sequences: NM_000127.2). The presence of the identi-
fied variant was confirmed by Sanger sequencing in the 
proband (III- 8) and in other patients (I- 2, II- 2, II- 3, II- 
5, III- 2, III- 4, III- 5, III- 7, III- 8) in this family, while the 
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unaffected members of the family (II- 1, II- 4, II- 6, III- 1, III- 
3, III- 6, III- 9) did not have it (Figure 1b). Thus, the variant 
co- segregated with the disease in the pedigree.

This variant was not annotated in the major data-
bases, such as the dbSNP (http://www.ncbi.nlm.nih.
gov/SNP/), 1000 genome dataset (http://brows er.1000g 

enomes.org/), gnomAD (http://gnomad.broad insti tute.
org), and Human Genetic Variation Browser databases 
(http://www.genome.med.kyoto - u.ac.jp/SnpDB/). The 
results describing the c.1056 + 1G > T variant were con-
sistent with all five prediction tools (GERP++, DANN, 
dbscSNV, MMSplice, SPIDEX) (Table  3), as having a 

T A B L E  1  Clinical characteristics of the multiple osteochondromas patients in this family

Patient Sex Age (years)
Age of onset, 
years Location of exostoses

Surgical 
therapy Pain

I- 2 Female 69 Unknown Femur, tibia, fibula No No

II- 2 Female 47 4 Femur, tibia, fibula, knuckle No No

II- 3 Female 43 5 Femur, tibia, fibula, humerus, phalanges No No

II- 5 Male 37 6 Femur, tibia, fibula, humerus, ulna, scapula No Yes

III- 2 Female 27 4 Femur, tibia, fibula Yes No

III- 4 Female 20 3 Femur, tibia, fibula, radius, radiocarpal joint, 
ankle joint

No No

III- 5 Female 18 3 Femur, tibia, fibula, ulna, knuckle No No

III- 7 Male 13 4 Femur, tibia, fibula, ulna, knuckle, radiocarpal 
joint, ankle joint

No Yes

III- 8 Male 7 3 Femur, tibia, fibula, humerus No Yes

F I G U R E  2  CT images and X- ray of patients show multiple lesions in the knee joint, growing away from the joint, visible bone 
protrusions, and cartilage caps, different patients, the length of the bone protrusions are different. One patient (II- 5a) showed multiple 
lesions on the right scapula, and the lesions fused into a lesion. These lesions can also accumulate other bones. III- 5c and III- 7C is X- ray 
results, and the other pictures are CT image results

http://www.ncbi.nlm.nih.gov/SNP/
http://www.ncbi.nlm.nih.gov/SNP/
http://browser.1000genomes.org/
http://browser.1000genomes.org/
http://gnomad.broadinstitute.org
http://gnomad.broadinstitute.org
http://www.genome.med.kyoto-u.ac.jp/SnpDB/
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detrimental effect. All three splice site prediction pro-
grams (dbscSNV, MMSplice, SPIDEX) showed that 
this sequence alteration abolishes the canonical splice 
donor site and therefore is likely to disturb normal splic-
ing. This variant was submitted to ClinVar (https://
www.ncbi.nlm.nih.gov/clinv ar/RCV00 02551 86/) with 
ClinVar accession code RCV000255186.

Based on these data, we classified the variant as 
“Pathogenic” (PVS1 + PM2 + PP1_S + PP4) according to 
ACMG/AMP guidelines (Richards et al., 2015).

3.3 | Splicing defect in EXT1 c.1056 + 
1G > T

The transcriptional consequence of the splice site muta-
tion (c.1056 + 1G > T) was confirmed by the analysis of 
the mRNA extracted from the patient's blood. RT- PCR for 
the mentioned region that includes exons 1 to 3 was per-
formed. Two bands were visualized on gel electrophore-
sis, 349 bp fragment, the expected wild type and 255 bp, a 
small fragment (Figure 3a), suggesting that the abnormal 
DNA fragment was generated by unique splicing events 
within the EXT1 gene. The sequencing of the RT- PCR 
product revealed a 94- nucleotide (nt) deletion, which is 
the whole exome 2 of the EXT1 cDNA (Figure 3b).

To determine whether disease progression expression 
levels were correlated with mRNA abundance, we per-
formed qRT- PCR analysis. Total RNA was isolated from 
the blood samples of patients (III- 8, III- 7, II- 3, II- 5, I- 2) 
and three healthy volunteers, and qRT- PCR was normal-
ized to that of GAPDH. These results indicate that the 
level of EXT1 mRNA was reduced to roughly half in the 
samples from adult HME patients compared to those 
in control. Furthermore, the expression levels in child 
HME patients tended to be even lower, nearly a quarter, 
compared to those of the control (Figure 3c). The results 
show that the disease progression of HME may be related 
to the expression level of EXT1. The expression level in 
child HME patients at the progression phase of disease 
was lower than the expression level in adult HME pa-
tients, which stabilized at that stage of the disease.

3.4 | Alternative splicing in minigene 
splicing assay

To further investigate the pathogenic mechanism of the 
splice site mutation (EXT1 c.1056  +  1G  >  T), we con-
structed a minigene containing part of exon 2, exon 3, 
and entire intron 2 with G or T at c.1056  +  1 of EXT1. 
After transfecting HEK293T cells with the indicated vec-
tors, total RNA was isolated, and RT- PCR was performed. T
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RT- PCR products were analyzed by agarose gel elec-
trophoresis and were revealed with ethidium bromide 
stain. The isoforms were identified by Sanger sequenc-
ing. In both untransfected and pEGFP- EXT1- WT trans-
fected HEK293T cells, clear bands of the same size were 
shown, which was identified as exon 2 + exon 3. But five 
abnormal bands were detected in mutant minigene trans-
fected cells, and no normal bands were observed. The 
c.1056 + 1G > T substitution disrupts an intronic splice 
acceptor site, resulting in two novel 5′ splice donor sites 
showing up, in which sizes varied from 54 bp and 98 bp 

get inserted, respectively. The largest aberrant transcript 
inserted the entire intron 2 (Figure 4a). According to in 
vitro experiments, the splice variant that we demonstrated 
was validated as having effects on splicing, and no nor-
mally spliced transcripts were produced. The largest ab-
errant transcript inserted the entire intron 2 in minigene 
splicing assay corresponding to the transcript deletion 
of the whole exome 2 of the EXT1 cDNA in the patients' 
blood. However, we did not find the other aberrant tran-
scripts in the blood of the patients.

Western blot analysis of minigenes was performed to 
investigate the protein expression. In pEGFP- C3 vector- 
transfected HEK293T cells, a strong band was observed 
with the molecular weight of about 27 kD, which rep-
resents the GFP protein alone. In pEGFP- EXT1- minigene 
wild- type transfected cells, a band with a molecular 
weight at ~31 kD was observed, which was identified as 
the protein products of exon 2 + exon 3 fusion with GFP. 
However, in mutant EXT1 minigene transfected cells, 
one extra band at ~32 kD molecular weight was shown 
compared to wild type EXT1 minigene transfected cells, 
suggesting that the c.1056 + 1G > T substitution caused 
all frameshifts resulting in early termination of protein 

T A B L E  3  Bioinformatics prediction of variant (EXT1 
c.1056 + 1G > T)

Software Score Cutoff

DANN 0.9957

GERP 5.55

dbSNV_ADA 1.000 >0.8

dbSNV_RF 0.938 >0.8

MMSplice_delta_logit_psi −6.936 <1.5/>1.5

MMSplice_pathogenicity 1.000 ≤1.5/>1.5

Spidex- Zscore −3.542 ≤2/>2

F I G U R E  3  Alternative splicing of EXT1 (c.1056+1G>T). (a) mRNA from the patient blood was extracted and amplified by RT- PCR 
for alternative splicing of EXT1 (c.1056+1G>T). RT- PCR of the region that includes exons 1, exon2 and exon3 was performed and the PCR 
products were separated by gel electrophoresis. (b) Sanger sequencing analysis for the alternative splicing products. The sequence of the 
lower band reveals a 94- nucleotide (nt) of exon2 skiping of the EXT1 cDNA compared to wild type. (c) qRT- PCR analysis performed on total 
RNA obtained from blood samples of patients (I- 2, II- 3, II- 5, III- 7, III- 8) and three healthy volunteers individuals. Levels were normalized to 
the amount of GAPDH. Data represent the mean ± SE of three independent measurements performed in triplicate (***p < .001)
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expression, which is consistent with the results of alterna-
tive transcript analysis (Figure 4a).

4  |  DISCUSSION

The present study reported a heterozygous splice muta-
tion (c.1056 + 1G > T) of the EXT1 gene identified in a 
three- generation family with HME. Since the first iden-
tification by Wells (1997), the variation we report have 
been observed in populations of different ancestry. But, 
in fact, very few studies have focused on the pathogenic-
ity of the variation and associated functional change. 
The results of this study complement and extend the 
underlying pathogenic mechanisms on this variation. 
According to the ACMG guideline, we found the mu-
tation of c.1056  +  1G  >  T in EXT1 was pathogenic 

(PVS1 + PM2 + PP1_S + PP4). Through the minigene 
analysis, two new 5′ splice- site recognition and a new 
3′ splice- site recognition was identified in the MT mini-
gene model and formed 4 different spliced products. 
Practically, only one abnormal transcript was detected 
in the patient's blood samples, which correspond to the 
transcript NO.5 in the minigene experiments. This may 
be because the minigene vectors disrupted exonic splic-
ing enhancers, or other splicing factors are involved in 
regulation, which caused the results of in vitro experi-
ments did not adequately represent the real situation in 
vivo.

Alternative pre- mRNA splicing is a key mechanism for 
increasing proteomic diversity and modulating gene ex-
pression, and splice sites (5′ and 3′), the branch site, and 
the polypyrimidine sequence are the key splicing signals, 
which play major roles in the splicing. If mutations occur 

F I G U R E  4  Minigene constructs for splicing pattern investigation. (a) Minigene splicing assay. EXT1 minigenes harboring the wild 
type or mutant EXT1 pseudoexon were transiently transfected into HEK293T cells. After RNA isolation the splicing products were analyzed 
by RT- PCR. (b) Western blot analysis for the expression of the wild type and mutant pEGFP- EXT1- minigenes. Whole cell lysates were 
separated by SDS– PAGE (12% acrylamide). GFP monoclonal antibodies were used
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in these sites, the effective splicing of exons may be af-
fected, which may interfere with subsequent transcription 
and translation (Barash et al., 2010; Wang & Cooper, 2007). 
The mutation identified in the present study was located at 
the 5′ splice site of EXT1 intron 2, and inactivate the donor 
splice site, thereby generating new transcripts, or giving 
rise to aberrant mRNA transcripts. This aberrant tran-
script lacks the entire coding sequence for exon 2 (94 bp) 
that would cause a frameshift leading to a premature stop 
codon and therefore a premature termination of mRNA. 
The exon- skipping event, downstream premature termi-
nation codon (PTC), may initiate the nonsense- mediated 
mRNA decay (NMD) process, suggesting that the patient's 
clinical presentation may be relevant to haploinsuffi-
ciency mechanism. However, our RT– qPCR results do 
not fully support this assumption. The expression levels 
of EXT1 mRNA in patients were reduced (probably half 
or less) compared with normal controls. What warrants 
proper attention, however, is a possible relationship be-
tween age and the expression levels of EXT1 mRNA. The 
expression levels in adult HME patients are half of the 
normal value but those determined in child HME patients 
are lower than adults ad are approximately a quarter of 
the normal value. Lower expression levels were associated 
with more cartilaginous exostoses numbers and locations 
in child HME patients. This result may be contrary to the 
haploinsufficiency theory.

Human and mouse studies carried out so far have es-
tablished that single heterozygous mutations in EXT1 or 
EXT2 (and the resulting 50% reduction in systemic HS 
levels) are not sufficient to trigger a full- fledged HME 
phenotype (Hecht et al.,  2005). Jones et al.  (2010) have 
also rejected the haploinsufficiency model with distinct 
experimentation and tend to explain HME pathogenesis 
according to a “second hit” theory. Reijnders et al. (2010) 
said that they found a second hit in 63% of analyzed os-
teochondromas, and the detection of the second hit may 
depend on the ratio of HS- positive (normal) versus HS- 
negative (mutated) cells in the cartilaginous cap of the 
osteochondroma. However, his data are combined from 
immunohistochemistry experiments instead of gene se-
quencing. Several studies have demonstrated that homo-
zygous EXT1– /–  mutant mice could not survive beyond 
24 h of birth. Moreover, culturing of EXT1– /–  cartilaginous 
cap cells failed. We are reasonably confident that homozy-
gous EXT1– /–  mutant cells maybe could not exist in vivo, 
or the mutations that occur immediately initiated apop-
tosis. Some studies in mice have shown that compound 
heterozygous EXT1+/− and EXT2+/− mutant mice did 
develop multiple osteochondromas by 2  months of age, 
while companion single heterozygous mice did not as also 
show previously (Stickens et al., 2005). Because both EXT1 
and EXT2 are needed for HS synthesis, the compound 

heterozygous mice were expected to produce about 25% of 
HS compared to wild- type mice. In this regard, it is inter-
esting to note that a few HME patients have been found to 
bear germline compound heterozygous mutations in both 
EXT1 and EXT2 (Ishimaru et al., 2016; Jennes et al., 2009; 
Zuntini et al., 2010). Considering the above, it could be a 
bold assumption that there is a possiblility of a “second 
hit” to happen, but the gene of the second hit is highly 
likely be unmutated in EXT1/EXT2 complex. Compound 
heterozygous mutations in both EXT1 and EXT2 are the 
most likely cause of the HME. It relates to the more in-
teractions in two genes. Though speculative, we could 
explain why the expression levels of child HME patients 
are in line within mice experimental results (heterozygous 
EXT1+/−and EXT2+/− mutant mice). However, it should 
be noted that this hypothesis remains untested and re-
quires further study.

In addition to pathogenic mechanisms, we have made 
a lipid testing for this family with HME. We found that 
HDL and LDL in child HME patients who were in the 
incidence stage were lower than standard references of 
normality; however, the measurements in adult HME pa-
tients were situated in the normal range. A recent study 
suggests that genetic variation in heparan sulfate pro-
teoglycans modestly affects postprandial lipid clearance 
in humans (Mooij et al.,  2015). Heparan sulfate proteo-
glycans (HSPGs) have been identified as coreceptors for 
PCSK9 on the hepatocyte cell surface to promote PCSK9 
uptake and function (Galvan & Chorba,  2019). PCSK9 
targets the LDL receptor (LDLR) for degradation and 
increasing plasma LDL. Following the principle men-
tioned above, the lower amount (much less than half) of 
HS synthesis in child HME patients may exist not only in 
chondrocytes but also of the liver. However, there is no 
direct evidence for whether this type of situation persists 
in other humans.

High- throughput next- generation sequencing tech-
nologies have been widely utilized in the last ten years, 
as a growing number of HME patients have an unequiv-
ocal genetic diagnosis. There have been considerable 
advances in this biomedical research. However, most 
clinical research only focuses on patients and controls. 
The research about an aging period cohort analysis in a 
family with HME is scarce. Although we tried to fit our 
novel assumptions to the available experimental data, 
further analysis is needed to verify these assumptions. 
We wondered whether the differences in indicators of 
child HME patients and adult HME patients is universal 
among other HME family. We were interested in learn-
ing where these occurred “second hit” cells come from. 
Although most of the studies support that the “second 
hit” occurs during perichondrium cell division, some 
studies boldly guess that the additional hit has been 
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existing in the stem cell phase. While more research will 
be needed to elucidateapart these and other possibili-
ties, our data do indicate that some indicators between 
HME children and adults revealed significant differ-
ences. Further studies are needed to elucidate potential 
mechanisms mediating these relationships and should 
also pave the way for the future development of novel 
therapeutics for HME and related conditions.
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