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Abstract: Objective: Mucolipidosis Il and lll alpha/beta (ML Il & ML Ill alpha/beta) are rare autosomal recessive
lysosomal storage disorders. ML Il is clinically evident from birth with a progressive course and fatal outcome in
childhood. The typical phenotypes of ML Il include limited statural growth, craniofacial abnormality, skeletal malfor-
mation, intelligence developmental deficiency and visceral organ abnormality. ML Ill is milder than ML Il. Mutations
in GNPTAB cause the ML II/11l. Methods: Two families with ML II/11I (initially undiagnosed) were recruited. We applied
whole-exome sequencing (WES) and filtered mutations by genes causing lysosomal storage diseases with skeletal
involvement. Mutational analysis and co-segregation confirmation were then performed. Results: We presented two
families with ML Il or ML Ill alpha/beta. By WES, the compound heterozygosity of GNPTAB (c.2404C>T, p.Q802*
and ¢.2590dup, p.E864Gfs*4) is identified in a family with ML I, and ¢.1364C>T, p.A455V and ¢.2715+1G>A are
detected in a family with ML Ill alpha/beta. Conclusion: We detected the causative mutations in two ML II/Ill families
by WES and confirmed their diagnosis of the diseases. The present identification of mutations expands the spec-
trum of known GNPTAB mutations and it may contribute to novel approaches to genetic diagnosis and counseling

for patients with ML 1I/11l.
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Introduction

Mucolipidosis Il alpha/beta (ML Il; OMIM 252-
500) and Mucolipidosis Il alpha/beta (ML lll
alpha/beta; OMIM 252600) are very rare auto-
somal recessive lysosomal storage disorders,
originally called Inclusion Cell Disease (I-cell
disease) [1, 2]. Both of them are severe multi-
organ diseases and result from a deficiency of
N-acetylglucosamine-1-phosphotransferase
(GIcNAc-1-PT or GNPT) [3]. Symptoms of ML I
are observed at birth and cause progressive
deterioration, and may result in death in child-
hood (most often during the first decade of life)
[4]. The typical phenotypes of ML Il include lim-
ited statural growth, craniofacial abnormality
(including facial coarseness, prominent fore-
head, shallow orbits, depressed nasal bridge
and hyperrophic gingiva), skeletal malformation

(including scoliosis, hip dislocation, long bone
deformities, hand contracture and clubfeet), in-
telligence deficiency and visceral organ abnor-
mality [5-7]. ML Ill is milder than ML Il, with an
onset in early childhood, slowly progressive
course, and fatal outcome from early adulthood
[8, 9.

GIcNAc-1-PT is a Golgi-resident enzyme com-
plex and catalyzes the initial step in the produc-
tion of the mannose 6-phosphate (M6P) recog-
nition marker, which is essential for lysosomal
hydrolase transport into lysosomes [10, 11].
GIcNAc-1-PT contains two «, two B and two vy
polypeptides [12]. GNPTAB gene encodes the
a- and B-subunits, and GNPTG encodes the
y-subunit [13, 14]. Human GNPTAB is located
on chromosome 12g23.3 (13), it spans approxi-
mately 80 kb of cDNA consisting of 21 exons,
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and encodes a 1256 amino acid (AAs) precur-
sor protein (16). This precursor protein needs to
be processed into mature o- and B-polypeptides
by proteolytic cleavage at the Lys928-Asp929
bond [10, 15]. Mutations in the GNPTAB lead to
ML Il and ML Il alpha/beta, and GNPTG muta-
tions cause ML Il gamma (OMIM 252605) [16].

In this study, we present two families from Cen-
tral-South region of China, one with ML Il and
the other with ML Ill alpha/beta. In the first
family, a compound heterozygosity of GNPTAB
(€.2404C>T, p.Q802* and ¢.2590dup, p.E86-
4Gfs*4) is identified, and we found ¢.1364C>T,
p.A455V and ¢.2715+1G>A in the second
family.

Materials and methods
Patients and subjects

The Review Board of Xiangya Hospital of the
Central South University has approved this
research. All subjects have consented to this
study. Blood was collected from the proband
and related family members. Segregation anal-
ysis was applied to all family members accord-
ing to the WES results.

Whole-exome sequencing

Genomic DNA was extracted with a DNeasy
blood and tissue kit (Qiagen, Valencia, Calif.,
USA). The Novogene Bioinformatics Institute
(Beijing, China) provided the exome capture,
high throughput sequencing and common filter-
ing. All the exomes were captured by means of
Agilent SureSelect Human All Exon V5 kits and
were sequenced with an Illumina HiSeq2000
platform. Filtering the common variants (fre-
quency >0.05) from the 1000 Genomes Project
(https://www.genome.gov/27528684/1000-
genomes-project/), YH (http://yh.genomics.or-
g.cn/), dbSNP (https://www.ncbi.nlm.nih.gov/
SNP/) and ESP (http://evs.gs.washington.edu/
EVS/) databases, unique single-nucleotide po-
lymorphisms (SNPs) were detected in subjects.
Potential causative variants were screened by
the list of genes about lysosomal storage dis-
eases with skeletal involvement (Table S1) and
then predicted by bioinformatics programs in-
cluding MutationTaster (http://www.mutation-
taster.org/), Polyphen-2 (http://genetics.bwh.
harvard.edu/pph2/) and SIFT (http://provean.
jevi.org/index.php). The analyses of gene func-
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tion, inheritance pattern, and clinical pheno-
type were conducted by Online Mendelian
Inheritance in Man (OMIM) (https://www.omim.
org).

Sanger sequencing

Primer pairs were designed by DNASTAR and
the sequences of primers will be provided upon
request. The target fragments were amplified
with polymerase chain reaction (PCR) and
determined by the ABI 3100 Genetic Analyzer
(ABI, Foster City, CA).

Result
Clinical features

We first identified a family with ML Il (Family 1)
(Figure 1A). The proband (ll:1) is a 3 year and 8
months old boy. He was born at term and diag-
nosed with inguinal hernia. One year after his
birth, he had coarse facial features and no abil-
ity to speak and walk. Now, the proband has a
short stature (75.3 cm, 10.4 kg), facial coarse-
ness with depressed nasal bridge and shallow
orbits, metopic prominence, thickened alveolar
ridges, cup-ear and sparse hair in a part of the
head, scoliosis, hand contracture, broad th-
umbs and big toes with abnormal nails, bowed
lower limbs, intelligence developmental defi-
ciency (his verbal expression was still limited to
a few words) and inguinal hernia (Figure 1B-G).
The family went to our department because the
proband failed in unaided walking. We primarily
diagnosed him with lysosomal storage disor-
der, most likely Mucopolysaccharidosis type 1H
(MPS-1H, also named Hurler syndrome; OMIM
607015), and confirmed he had ML Il after
genetic diagnosis. His parents (I:1 and I:2) were
not affected.

In the second family (Family 2) (Figure 2A), the
proband (Il:1) is a 14-year-old girl (150 cm, 42
kg) diagnosed with ML Il alpha/beta, without
intelligence developmental deficiency. No ab-
normalities were present at her birth and she
walked independently at 2 and half years old.
She was observed to have bilateral contracture
of 2-5 fingers and talipes cavus before age 3
years (Figure 2B, 2C). The proband presented
to our department for the pain of hip joints and
was diagnosed with congenital dislocation of
the hip (CDH) presenting unusual symptoms
(shallow acetabulum and caput femoris, rug-
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Family 1

1I:1
T

Figure 1. (A) Pedigree of the Family 1 with segregation analysis. Family members are identified by their generation
(indicated by Roman numerals) and a number. Squares represent male family members and circles, female mem-
bers. The black symbols represent a member affected and the white symbols represent unaffected members. The
arrow indicates the proband. Genotype is identified by letters and slash, red represents mutations. (B-G) Phenotypes
of the proband of Family 1 (B) is a full body shot of the proband of Family 1, who has coarse facial features (C), cup-

ear (D), mild scoliosis (E), broad thumbs and big toes with abnormal nails (F, G) and inguinal hernia (B).

A Family 2
I:1 I:2
e Cr
G/A GIG
II:1 14 1I:3 14
1 cic /1 cic
G/IA GIG G/IA G/IA

Figure 2. (A) Pedigree of the Family 2 with segregation analysis. The meanings of all symbols are same as Figure
1A. (B-G) Phenotypes of the proband of Family 2. The proband of Family 2 with ML Ill has bilateral contracture of 2-5
fingers (B), talipes cavus (C), congenital dislocation of the hip (D-F), and minor facial changes (G).

ged articulatio coxae with low density focus) by
the X-ray, CT and 3-D image (Figure 2D-F). Also,
the proband had minor facial changes (Figure
2G). We initially diagnosed her with MPS or
other lysosomal storage disorder. We thought
her sister (11:3), a 4-year-old girl with bilateral
contracture of digital joints and having the abil-
ity to walk independently at 3 years, might suf-
fer from the same disease. Other members (I:1,
I:2, 1I:2 and 1I:4) were not affected.

Genetic analysis

By WES, we detected 1156 unique SNPs in the
proband of Family 1 and 1064 SNPs in the pro-
band of Family 2. Variants were filtered by
genes for lysosomal storage diseases with skel-
etal involvement. 2 GNPTAB variants were iden-
tified in each of two families, without other vari-
ants of genes of lysosomal storage diseases
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(Table 1). The bioinformatic prediction about
pathogenicity and the analysis of inheritance
pattern, OMIM clinical phenotypes and Am-
erican College of Medical Genetics classifica-
tion all suggested these mutations causing
these two families’ diseases.

In Family 1, Sanger sequencing showed that a
nonsense mutation (c.2404C>T, p.Q802%) of
GNPTAB in the proband was inherited from his
father and a frameshift mutation (¢.2590dup,
p.E864Gfs*4) from his mother (Figure 3A).
Similarly, in Family 2, the mutations (c.1364C>T,
p.A455V and ¢.2715+1G>A) of the proband
were inherited from parents respectively, and
co-segregated with the affected family mem-
bers (Figure 3B). Neither of the mutations was
identified in the 200 control cohorts that our
group studied previously. The final diagnosis
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Table 1. Variants identified by WES in combination with lysosomal storage diseases (skeletal involvement)-related gene-filtering in the present
families

American College of Medical

Family Gene Variant MutationTaster Polyphen-2  SIFT OMIM clinical phenotype Genetics classification
1 GNPTAB  NM_024312: c. 2404C>T: p.Q802* D (1.000) - - AR; Mucolipidosis Il alpha/beta/AR; Mucolipidosis Il alpha/beta PVS1

1 GNPTAB NM_024312: ¢.2590dupG: p.E864fs* D (1.000) - - PVS1

2 GNPTAB NM_024312: ¢.2715+1G>A D (1.000) - - PVS1

2 GNPTAB  NM_024312: c. 1364C>T: p.A455V D (1.000) D (0.973) D (0.000) PM5

D, disease causing; AR, autosomal recessive; PVS, pathogenic very strong; PM, pathogenic moderate.

A B
Normal Normal Normal Normal
o— . 2404C>T, p.Q802* — -.2590dup, p.ES64G~4 Maiitian €. 1364C>T, p.A455Y Mutation CITISHIGSA
Forward J. Forward Forward v Forward l
Mutation l Mutation l Mutation Mutation
Reverse Reverse Reverse J, Reverse l
Family 1 T Famiy2
C . Site-1 protease . D species AAalignment _ -
Alpha-subunit /A Beta-subunit Human KDGYCD K:A.C NNSACD
WT mutated KDGY CDK]| VICNNSACD
Ptroglodytes KDGYCDKAICNNSACD
B T o o Mmulatta KDGYCDKACNNSACD
I ]'-““"“'“' Family 1 Mmusculus KDGYCD K:A:C NNSACD
B T I ] Ggallus KDGYCDKIAICNNSACD
B DR Beree BPOTODEACHNSACH
},.,u,,,,,,,, Family 2 Drerio KDGYCDKAICNNSACD
— Xiropicalis K DG Y C D KIAIC NN S ACD

Figure 3. (A, B) Sequencing results of the GNPTAB mutations. Sequence chromatograms indicate compound heterozygosity (¢.2404C>T, p.Q802* and ¢.2590dup,
p.E864Gfs*4) in the proband of Family 1 (A) and indicate compound heterozygosity (c.1364C>T, p.A455V and IVS13+1G>A) in the proband of Family 2 (B). (C) A
schematic presentation of the domain of the wild-type (indicated by “WT”) GNPTAB precursor and mutant GNPTAB precursor proteins in the present study (indicated
by red words). The rectangular box represents the precursor protein with the N-terminus on the left and C-terminus on the right. The black box represents the trans-
membrane domain, blue represents the Stealth domain, gray represents the Notch-repeat-like domain, yellow represents the y-binding domain, purple represents
the DMAP domain and green represents a conserved region. The position of the site-1 protease cleavage site is indicated by a blue vertical bar. Incorrect amino
acids sequence in frameshift mutants are indicated by the red box, and the red arrows represent a mutated AA site. (D) This site of the a subunit with A455V is highly
evolutionarily conserved across species. Red grapheme represents mutated amino acid, red box emphasizes these sites cross species to compare.
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was that proband of Family 1 (1l:1) has ML Il and
patients in Family 2 (Il:1 and 11:3) have ML III.

Discussion

In this study, we identified 4 mutations of GN-
PTAB in two families with ML Il/1ll. GNPTAB pre-
cursor includes two transmembrane domains,
two Stealth domains, Notch-repeat-like domai-
ns, a y-binding domain, a DMAP domain and a
conserved region (Figure 3C) [1, 17]. In the
patient of Family 1, the nonsense mutation
(€.2404C>T, p.Q802%) is expected to produce
truncated protein and the frameshift mutation
(c.2590dup, p.E864Gfs*4) transcribe into an
incorrect transcript with a premature stop
codon, which results in the GICNAc-1-PT with
deficiency or lack of biological activity and
causes ML Il (Figure 3C). Both have been
described by Wang et al. (2018) and Liu et al.
(2015) respectively in Chinese families with ML
ll/11 [18, 19]. The splice-site mutation (c.27-
15+1G>A) has described already in patients
from Japan, Korea and China [19-22]. In fact, it
is the second most common mutation and
appears to be quite frequent in Chinese pa-
tients. The mutation produces a transcript with-
out the 13 exon (1103 bases) and formations
a new stop codon. The missense mutation
(€.1364C>T, p.A455V) happens at Notch-re-
peat-like domains and the site is predicted to
be evolutionarily conserved (Figure 3C, 3D).

At least 207 variants/mutations of GNPTAB has
been reported (Figure 4). Summarizing these
variants/mutations and referencing the previ-
ous predictions, it suggests that 1) most GN-
PTAB genotypes in the patients of ML Il are
homozygous or compound heterozygous either
for frameshift mutations or for nonsense muta-
tions; 2) the patients of ML Il alpha/beta carry
homozygous or compound heterozygous muta-
tions at least including one missense or splice-
site mutation [8]. Nonsense mutations produce
a truncated protein, and frameshift mutations
result in a premature stop codon or an entirely
different following sequence. These “null” or
“amorph” alleles would lead to endoplasmic
reticulum (ER) retention of the mutant proteins
[1, 17]. Therefore these mutants are always
inactive and cause the severe ML Il pheno-
types. ML Il patients mostly carry mutations
that induce only partial loss of activity. Given
II:3 in Family 2 harboring a missense mutation
and a splice-site mutation of GNPTAB and
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beginning to present slight symptoms, we diag-
nosed her with ML lll alpha/beta in the early
stage and advised her to receive treatment, for
example physical therapy, to slow down the pro-
gression. This showed the superiority of genetic
diagnosis in the early diagnosis of inherited
progressive disease. Prediction is helpful to
genetic diagnosis and also needs more cases
to demonstrate it.

The symptoms of ML Il and ML Il are similar
with MPS-diseases, including onset in the early
period of life, facial coarseness, skeletal dys-
plasia, dysgnosia and visceral organ abnormal-
ity [23, 24]. But their disease-causing genes
are different; for example, MPS-IH is caused by
homozygous or compound heterozygous muta-
tions of IDUA (encoding alphe-L-iduronidase)
[25]. Genetic diagnosis is one of the best ways
to distinguish between ML II/lll and MPS-
diseases, which can be widely used to distin-
guish various lysosomal storage disorders.
Urine screens support the diagnosis. In patients
with MPS-diseases, urinary excretion of glycos-
aminoglycans (GAG) increases. But GAG excre-
tion of ML IlI/1ll is normal, while oligosaccharide
may be excessive [4]. As to our patient of Family
1, urinary screening by toluidine blue test for
GAG was negative. ML Il and ML Ill are patho-
logically similar, but ML lll is milder than ML I
[2]. In the present study, the symptoms of the
patient of Family 1 were more severe than
patients of Family 2.

In conclusion, the present study identified two
families from Central-South region of China,
one with ML Il and the other with ML Il alpha/
beta. In the first family, a compound heterozy-
gosity of GNPTAB (c.2404C>T, p.Q802* and
€.2590dup, p.E864Gfs*4) was identified, and
we found ¢.1364C>T, p.A455V and ¢.2715+
1G>A in the second family. The mutation
¢.1364C>T, p.A455V is first reported here. The
present identification of mutations expands the
spectrum of known GNPTAB mutations and it
may contribute to novel approaches to genetic
diagnosis and counseling for patients with ML

/1.
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Figure 4. GNPTAB mutations identified in the alpha/beta-subunit precursor proteins of the GIcNAc-1-PT. The rectangular box represents the precursor protein with
the N-terminus on the left and C-terminus on the right, and the meanings are same as Figure 3C. Mutations are grouped based on the mutation site. The red words

represent the present mutations. Underline represents the mutation that is the first reported.
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Table S1. Genes causing lysosomal storage diseases with skeletal involvement and disorders caused

by them
Gene Protein Disorder Inheritance
IDUA Alpha-1-lduronidase Mucopolysaccharidosis type 1H/1S AR
Mucopolysaccharidosis type 5 AR
IDUS Iduronate-2-sulfatase Mucopolysaccharidosis type 2 XLR
HSS Heparan sulfate sulfatase Mucopolysaccharidosis type 3A AR
NAGLU N-Ac-beta-D-glucosaminidase Mucopolysaccharidosis type 3B AR
HSGNAT  Ac-CoA: alpha-glucosaminide Nacetyltransferase Mucopolysaccharidosis type 3C AR
GNS N-Acetylglucosamine 6-sulfatase Mucopolysaccharidosis type 3D AR
GALNS Galactosamine-6-sulfate sulfatase Mucopolysaccharidosis type 4A AR
GLBI Beta-Galactosidase Mucopolysaccharidosis type 4B AR
ARSB Arylsulfatase B Mucopolysaccharidosis type 6 AR
GUSB Beta-Glucuronidase Mucopolysaccharidosis type 7 AR
FUCA Alpha-Fucosidase Fucosidosis AR
MANA Alpha-Mannosidase Alpha-Mannosidosis AR
MANB Beta-Mannosidase Beta-Mannosidosis AR
AGA Aspartyl-glucosaminidase Aspartylglucosaminuria AR
GLB1 beta-Galactosidase GMI Gangliosidosis, several forms AR
NEU1 Neuraminidase Sialidosis, several forms AR
SLC17A5 Sialic acid transporter Sialic acid storage disease AR
PPGB Beta-Galactosidase protective protein Galactosialidosis, several forms AR
SUMF1 Sulfatase-modifying factor-1 Multiple sulfatase deficiency AR
GNPTAB GlcNAc-1-PT, alpha/beta subunits Mucolipidosis Il alpha/beta AR
Mucolipidosis Ill alpha/beta AR
GNPTG GlIcNAc-1-PT, gamma subunits Mucolipidosis Il gamma AR

GIcNAc-1-PT = N-acetylglucosamine-1-phosphotransferase.



