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Enigmatic in vivo GlcNAc-1-phosphotransferase
(GNPTG) transcript correction to wild type in two
mucolipidosis III gamma siblings homozygous for
nonsense mutations

Renata Voltolini Velho1,2, Nataniel Floriano Ludwig1,3,4, Taciane Alegra2, Fernanda Sperb-Ludwig1,3,4,
Nicole Ruas Guarany4, Ursula Matte1,2,5 and Ida VD Schwartz2,3,4,5

Mucolipidosis (ML) III gamma is a rare autosomal-recessive disorder caused by pathogenic mutations in the GNPTG gene.

GNPTG encodes the γ-subunit of GlcNAc-1-phosphotransferase that catalyzes mannose 6-phosphate targeting signal synthesis on

soluble lysosomal enzymes. ML III gamma patients are characterized by missorting of lysosomal enzymes. In this report, we

describe the probable occurrence of mRNA editing in two ML III gamma patients. Patients A and B (siblings) presented at the

adult age with a typical clinical picture of ML III gamma, mainly compromising bone and joints, and high levels of lysosomal

enzymes in plasma and low levels in fibroblasts. Both were found to be homozygous for c.-112C4G and c.328G4T

(p.Glu110Ter) mutations in genomic DNA (gDNA) analysis of GNPTG. Analysis of complementary DNA (cDNA), however, showed

normal genotypes for both patients. Low GNPTG mRNA expression was observed in both patients. The mRNA editing can explain

the differences found in patients A and B regarding gDNA and cDNA analysis, and the mild clinical phenotype associated with

homozygosity for a nonsense mutation. Our results suggest that mRNA editing can be more frequent than expected in monogenic

disorders and that GNPTG analysis should be performed on gDNA.
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INTRODUCTION

Lysosomes, first described by De Duve and collaborators1 in 1955, are
acidic organelles into which many types of macromolecules, including
proteins, carbohydrates, nucleic acids and lipids, are delivered for
degradation. The targeting of most lysosomal enzymes depends on
mannose 6-phosphate residues that are recognized by mannose
6-phosphate-specific receptors mediating their transport to
lysosomes.2,3 The key role in the formation of these residues is played
by the Golgi-resident GlcNAc-1-phosphotransferase (EC 2.7.8.17)
complex that is composed of three different subunits encoded by
GNPTAB and GNPTG.3 GNPTAB (MIM# 607840) located on
chromosome 12q23.3, encodes the α- and β-subunits, whereas the
γ-subunit is encoded by the gene GNPTG (MIM# 607838), located on
chromosome 16p13.3.4,5 GNPTG has 11 exons and spans 11.13 kb.
Pathogenic mutations in GNPTG are associated with mucolipidosis

(ML) type III gamma, formerly known as pseudo-Hurler polydy-
strophy (MIM# 252600), a very rare autosomal-recessive disorder
characterized by the abnormal trafficking and subcellular localization
of lysosomal enzymes. There is not a frequent type of mutation in

GNPTG gene, and missense/nonsense/splice site mutations have
already been described (Figure 16). There are few reports about
this disease, and all of the studies include a small number of
patients.4,5,7–15 The clinical manifestations include claw hand
deformity, joint contractures, short stature and scoliosis. Mild
coarsening of the face, astigmatism, mild retinopathy and cardiac
valve involvement has also been reported. Moderate to severe
dysostosis multiplex and Legg–Calvé–Perthes disease may be
evident upon radiological examination.8,10 The need for prognostic
information and genetic counseling has fueled the drive to establish
genotype–phenotype associations in ML III gamma. However, close
associations between mutant genotypes and clinical phenotypes
have invariably been elusive, suggesting that other factors may be
responsible for the clinical heterogeneity found in genetic diseases.16

Pre-mRNA processing and post-transcriptional modification can,
together with mRNA decay, exert a profound influence on both the
efficiency and fidelity of human gene expression.17–20 In addition, it
has become increasingly clear that mRNA editing is a frequent
phenomenon and may make a significant contribution to human
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transcriptome diversity.20,21 Since the original discovery of mRNA
editing in trypanosomes nearly 30 years ago,22 mRNA editing has been
found across all kingdoms of life, including plants, animals, fungi,
protists, bacteria and viruses.23

The aim of this study is to report the probable occurrence of mRNA
editing in ML III gamma disease.

MATERIALS AND METHODS
This study was approved by the institutional review board of HCPA (Hospital
de Clínicas de Porto Alegre), Brazil. Two adult patients, who were siblings and
presented with clinical and biochemical diagnoses of ML III, were enrolled.

Clinical evaluation
Clinical data were retrieved from medical files. Functional capacity was
prospectively evaluated through the Functional Independence Measure (FIM)
tool, always by the same examiner. The FIM is validated for the Brazilian
population24,25 and evaluates functional capacity for self-care, sphincter control,
mobility, communication and social integration. It consists of two subscores
(mobility ranging from 13 to 91 points, and cognition ranging from 5 to 35
points). The total score ranges from 18 (worse) to 126 (better) points.
Patient functionality is classified as follows: (1) complete dependence (total
assistance)= 18 points; (2) modified dependence (assistance in up to 50%
of tasks)= 19–60 points; (3) modified dependence (assistance in up to 25% of
tasks)= 61–103 points; and (4) complete or modified independence= 104–126
points.
Goniometry was used to evaluate the following joints for all possible passive

movements: shoulder, elbow, wrist, hip, knee and ankle,26 always by the same
examiner.

GNPTG and GNPTAB analysis
Genomic DNA (gDNA) was extracted using Easy-DNA Purification kit (Life
Technologies, Carlsbad, CA, USA) from peripheral blood leukocytes (patients
and their parents) and fibroblasts (patients). GNPTG and GNPTAB genes
amplification was performed as described by Persichetti et al.10 and Cury
et al.,27 respectively. Total RNA was extracted from patient’s cultured fibroblasts

(patients) and blood samples (patients and the mother) using the RNeasy Mini

Kit (Qiagen, Hilden, Germany). The same sample used for gDNA extraction

was used for RNA extraction. Reverse transcriptase PCR (RT-PCR)

amplification was performed using specific primers to amplify the c.328G4T

allele (forward 5′-AGTATGAGTTCTGCCCGTTCC-3′ and reverse 5′-CAG
GGTTGGGTACACTAGCAA-3′). Samples were submitted to automated

DNA sequencing performed on an ABI PRISM 3500 Genetic Analyzer (Applied

Biosystems, Waltham, MA, USA). The sequences of the GNPTG and GNPTAB

genes used as references were, respectively, GenBank accession nos.

NG_016985.1 and NM_024312.3.
The presence of each mutation was always confirmed in two independent

experimental assays and also in the patients’ relatives. In addition, the

c.-112C4G mutation was investigated in 200 control alleles from random

samples of blood bank donors by DNA sequencing.

Testing the authenticity of the GNPTG alleles and transcripts
To exclude the possibility of artifactual nucleotide misincorporation during

reverse transcription, all experiments were repeated twice using two different

reverse transcriptases, a High Capacity cDNA Reverse Transcription Kit

(Applied Biosystems) and SuperScript III (Life Technologies). To minimize

the risk of eventual artifactual nucleotide misincorporation by DNA polymerase

in vitro during PCR amplification, PCR was performed with two different

polymerases, DreamTaq DNA Polymerase (Thermo Scientific, Waltham, MA,

USA) and Phusion High-Fidelity DNA Polymerase (Thermo Scientific).

Quantitative RT-PCR
The GNPTAB and GNPTG mRNA levels were determined by quantitative

RT-PCR using 2× SYBR Green PCR Master Mix (Applied Biosystems)

with Mx3000P (Stratagene, La Jolla, CA, USA). GAPDH was chosen as a

housekeeping gene. Primers and reaction conditions were determined based on

Ho et al.28 The relative quantification of RNA was normalized to the level of

GAPDH mRNA in the same complementary DNA (cDNA) using the

comparative CT method (2−ΔΔCT).

Figure 1 Schematic presentation of the pathogenic mutations described in GNPTG gene. The positions of missense (blue), nonsense (purple), insertions
(red), deletions (green) and splicing mutations (brown) are represented. The underlined mutations are described for stuttering, not mucolipidosis (ML) III
gamma.6 A full color version of this figure is available at the Journal of Human Genetics journal online.
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Restriction fragment length polymorphism analysis
To investigate the presence of the wild and the mutant sequence in the mRNA
obtained from fibroblasts of patients A and B, the region of interest (324 bp)
was amplified. The mutation c.328G4T creates a restriction site for the
SpeI enzyme and the PCR fragment (324 bp) is cleaved in two fragments
(215 and 109 bp). In this analysis, we used 0.3 U of SpeI restriction enzyme
(New England Biolabs, Ipswich, MA, USA), 2 μl of 1 × CutSmart Buffer
(supplied with the restriction enzyme; New England Biolabs) and 17.7 μl of
amplicon; samples were incubated overnight at 37 °C.

Copy number variation analysis
Copy number variation analysis of the controls and patients A and B were
performed in a quantitative PCR assay. The following reagents were used for
amplification in 12 μl: 2.5 μl of DNA (∼40 ng), 0.5 pmol μl− 1 of each primer,
6.25 μl of 2 × SYBR Green PCR Master Mix (Applied Biosystems) and final
volume was adjusted with sterile water. GNPTG primers were designed to
amplify exon 6 (forward 5′-TCTGGCACGAGTGGGAGAT-3′ and reverse
5′-AACGGCAGGCGTCACC-3′), where the p.Glu110Ter is located. RNase P
primers were already described by Szantai et al.29 and served as an internal
standard (two copies). The strategy is based on the relative quantification of the
target sequence (GNPTG) and a reference sequence (RNase P) in the same

DNA sample. Gene dosage analysis is calculated using the comparative CT
method (2× 2−ΔΔCT), where ΔΔCt= (Ct RNase P control−Ct GNPTG 6
control)− (Ct RNase P sample−Ct GNPTG 6 sample). All the experiments
were performed three times, and in each experiment the samples were analyzed
in triplicate.

Statistical analysis
Values obtained for the relative quantification of GNPTAB and GNPTG mRNA
in patients and controls samples were compared using Student’s test (IBM SPSS
Statistics version 20). The analysis of gene copy number was compared using
analysis of variance (IBM SPSS Statistics version 20, Armonk, NY, USA). For
both analyses, P-values of o0.05 were considered statistically significant.

RESULTS

Clinical and biochemical evaluation
A summary of the clinical, functional and mobility findings of the
patients is presented in Table 1.
Patient A, male, is the third sibling from non-consanguineous

parents. First symptoms started at the age of 10 years (claw hands). He
developed disabling hip pain because of Legg–Calvé–Perthes disease,
and prostheses were inserted bilaterally at 34 and 36 years of age. An
umbilical hernia was repaired at the age of 37 years, and severe carpal
tunnel syndrome was corrected by wrist surgery at the age of 40 years.
At the last visit, he was 42 years old and currently working on the
family farm, having no complaints or difficulties in his daily tasks. He
did not finish high school but does not appear to have cognitive
impairment. A physical exam showed mild coarse facial features,
systolic murmur, no organomegaly, claw hands and severe joint
contractures of the shoulders, elbows and knees. In addition to these
symptoms, he had some difficulty in moving the right leg because of
an external rotation of the knee. On echocardiography he had
supravalvular aortic stenosis, minimal physiological mitral regurgita-
tion, mild tricuspid regurgitation and systolic pulmonary artery
pressure at 29 mmHg, without other alterations. The neurological
exam was normal. A polysomnography was performed and showed
mild apnea hypopnea index (11.5).
Patient B, male, second sibling from non-consanguineous parents,

was diagnosed at the age of 38 years, after the ML III diagnosis of his
brother (patient A). Claw hands and shoulder contractures were noted
since adolescence. He developed disabling hip pain because of
Legg–Calvé–Perthes disease, and prostheses were inserted bilaterally
at 38 and 40 years of age, respectively. At his last visit, he was 44 years
old and currently working on the family farm, without complaints or
difficulties in his tasks. Similar to his brother, he did not finish high
school but does not appear to have cognitive impairment. A physical
exam showed coarse facial features (even milder than patient A) and
mild joint restrictions in the hands, elbow, shoulder and knees.
The neurological exam was normal. The echocardiogram and
polysomnography were normal.
The biochemical diagnosis of patients A and B were performed at

the age of 34 and 40 years, respectively, by measuring the activities of
lysosomal enzymes in plasma and in cultured fibroblasts. Both patients
showed a marked increase of plasma lysosomal enzyme activities.
In cultured fibroblasts of patients A and B, the lysosomal enzyme
activities were decreased in comparison with control fibroblasts
(Table 2).

GNPTG and GNPTAB mutations analysis
Because the clinical and biochemical data suggested that the
patients had ML III, genomic sequencing of GNPTG and GNPTAB
was carried out. The GNPTG mutational profile was characterized

Table 1 Summary of clinical, functional and mobility characteristics

of patients with mucolipidosis III gamma

Patient A Patient B

Reference

values

Gender M M

Parental

consanguinity

No No

Age at diagnosis

(years)

34.7 40.0

Age at inclusion

(years)

42.0 44.0

Height (cm) 148.0 152.0

Height Z-scorea −3.77 −3.00

Education/

Occupation

Elementary school/

farmer

Elementary school/

farmer

FIM total 120 122 18–126b

FIM mobility 85 87 13–91b

FIM cognitive 35 35 5–35b

Shoulder abduction 101 106 180°

Shoulder flexion 126 137 180°

Shoulder internal

rotation

32 35 90°

Shoulder external

rotation

40 53 90°

Shoulder extension 68 67 80°

Elbow extension 49 39 0°

Elbow flexion 121 126 160°

Wrist extension 54 20 70°

Wrist flexion 32 64 80°

Hip extension 16 16 45°

Hip flexion 99 70 125°

Hip abduction 23 18 45°

Hip adduction 24 22 30°

Hip internal rotation 39 23 60°

Hip external rotation 21 15 70°

Knee flexion 126 130 130°

Knee extension 10 11 0°

Abbreviations: FIM, Functional Independence Measure; M, male.
aAccording to the World Health Organization (http://www.who.int/growthref/
who2007_height_for_age/en/index.html).
bAs higher the values, as better.
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by two mutations in homozygosis: c.328G4T (p.Glu110Ter) and
c.-112C4G (Table 3). Both mutations have already been reported by
our group in another ML III gamma patient, not related to patients A
and B.15 No pathogenic mutations were detected on the
GNPTAB gene.
The nonsense mutation c.328G4T occurs in exon 6. The

corresponding translation product contains a premature stop codon
(p.Glu110Ter) resulting in a predicted truncated protein of 109 amino
acids. The mutation c.-112C4G, located at the 5′ untranslated region
(UTR), was also not found in 200 control allele samples.
To assess the potential effects of the GNPTG gene mutations at the

mRNA level, RT-PCR and cDNA sequence analyses were performed.
However, in both patients the normal wild-type GNPTG cDNA
sequence was evident with regard to position c.328G4T (Figure 2).
Possible artifactual sample contamination was excluded because
(1) the samples were analyzed separately, (2) the primers were
designed to specifically amplify the c.328G4T allele, (3) experimental
reproducibility following resampling and reanalysis of the patients
and (4) no evidence of contamination was ever detected in negative
controls.
To exclude the issue of potential artifactual misincorporation,

several further independent experiments were performed employing
various different RT-PCR amplification systems to prove the
authenticity of the GNPTG alleles and transcripts. Control experi-
ments revealed no evidence of artifactual nucleotide misincorporation
in vitro during either PCR or reverse transcription. Finally, BLAST
analysis revealed no sequence with homology to the GNPTG gene
fragment containing exons 4 to 7 in the human genome.

GNPTG and GNPTAB expression in ML III gamma patients
The expression of GNPTG mRNA in the fibroblasts of patients A and
B were reduced by 99% in comparison with the mRNA levels in
fibroblasts of healthy individuals (Figure 2). In both patients, an
increase of 3- and 15-fold (patient A and B, respectively) in GNPTAB
levels compared with the median control values was observed.

Presence of wild-type RNA sequence and GNPTG dosage analysis
Restriction fragment length polymorphism analysis confirms the
presence of both transcripts in patients (data not show), and the
GNPTG dosage analysis excluded the possibility of variations in
the number of copies in that gene (Figure 3).

DISCUSSION

In this study, we analyzed the entire coding regions of GNPTG and
GNPTAB genes in two ML III gamma patients. Both patients exhibited
a mild clinical phenotype and a normal neurological evaluation that is
supported by the findings of FIM. Patients A and B presented FIM
total scores compatible with complete or modified independence.
When we analyzed cognitive and mobility FIM subscores, the patients
achieved the maximum score in the FIM cognitive and close to the
maximum scores in the FIM mobility. All of these data support
previous observations that mutations in the GNPTG gene are
predictive of a milder ML III phenotype and a better prognosis than
GNPTAB gene mutations,3 probably because of the function of each
GlcNAc-1-phosphotransferase subunit. The α- and β-subunits harbor
the binding sites for the substrate UDP-GlcNAc, recognize a common
protein determinant of lysosomal enzymes and contain the catalytic
activity.30,31 The function of the γ-subunit remains to be elucidated,
but it has been speculated that it might be involved in the stabilization
of α- and β-subunit conformation that is able to bind lysosomal
enzymes efficiently.11,32 However, because of the nonsense-mediated
mRNA decay (NMD), we did not expect milder phenotypes in
patients who are homozygous for nonsense mutations at genes
involved in autosomal-recessive diseases.
The difference between the results of gDNA (identification of

c.328G4T) and cDNA sequencing (no identification of c.328G4T)
could be explained by the following four phenomena. (1) The mRNA
editing (c.328G@T). (2) Presence of a pseudogene for GNPTG, but
this is not reported in the literature.5 (3) Somatic mosaicism. This
hypothesis is unlikely because gDNA samples were obtained from
more than one cellular type, of both patients, and the results were
always congruent, showing only the presence of the mutated allele.
However, it could not be excluded as the chromatograms are not
sensitive enough to detect faint mosaicism. (4) Presence of copy
number variation in GNPTG gene or in exon 6 of the same gene.

Table 2 Mucolipidosis III gamma: biochemical characterization of patients included in this study

Biochemical investigation Sample Patient A Patient B Reference values

Arylsulfatase A Plasma + + −

β-Glucuronidase Plasma 1037 1899 30–300 nmol h−1 ml−1

Total β-hexosaminidases Plasma 36 533 17 489 1000–2857 nmol h−1 ml−1

Iduronate-sulfatase Plasma 1707 1644 122–463 nmol 4 h−1 ml−1

Α-Mannosidase Fibroblasts 13 NA 60–400 nmol h−1 mg−1

Β-Galactosidase Fibroblasts 178 130 394–1440 nmol h−1 mg−1

Β-Glucuronidase Fibroblasts 4.5 15 62–361 nmol h−1 mg−1

Α-Iduronidase Fibroblasts 90 NA 74–148 nmol h−1 mg−1

Iduronate-sulfatase Fibroblasts 12 4.8 35–80 nmol 4 h−1 mg−1

Abbreviations: NA, not analyzed; +, present; − , absent;

Table 3 Mutations identified in Brazilian patients with mucolipidosis

III gamma

Pathogenic mutations

identified in GNPTG

Patient cDNA Protein

Nonpathogenic mutations

identified in GNPTG

Patient A c.[328G4T];

[328G4T]

p.[Glu110Ter];

[Glu110Ter]

c.[-112C4G];[-112C4G]

Mother c.[328G4T] p.[Glu110Ter] c.[-112C4G]

Father c.[328G4T] p.[Glu110Ter] c.[-112C4G]

Patient B c.[328G4T];

[328G4T]

p.[Glu110Ter];

[Glu110Ter]

c.[-112C4G];[-112C4G]

Mother c.[328G4T] p.[Glu110Ter] c.[-112C4G]

Father c.[328G4T] p.[Glu110Ter] c.[-112C4G]
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However, the dosage analysis performed herein showed no variations
in the number of copies of these regions. Hence, mRNA editing is the
most probable explanation for our findings. We point out that
although both the wild and the mutant transcripts were identified
by restriction fragment length polymorphism in both patients, only
the mutant transcript (c.328G4T) is target of NMD, and hence we
could only sequence the wild fragment.
The mRNA editing could also potentially contribute for the milder

phenotype presented by both patients. Recently, a large number of
mRNA editing instances in humans have been identified using
bioinformatic screens and high-throughput experimental investiga-
tions utilizing next-generation sequencing technologies.23,33–37 U-to-G

mRNA editing, which would be required to account for the
appearance of wild-type GNPTG mRNA in our patients, has pre-
viously been reported to occur in Acanthamoeba castellanii,33 human
glutamate receptor (GluR7),38 PR (PRDI-BF1-RIZ) domain zinc-finger
protein 1 (PRDM1)39 and in mucopolysaccharidosis type II (Hunter
Syndrome).16 In the DARNED, a database of mRNA editing in
humans, more than 100 instances of mRNA editing have been
reported in GNPTG, but none are related to ML III gamma.40

The nonsense mutation generates premature termination codon;
therefore, the observed reduction in GNPTG mRNA levels might be
explained by the involvement of the transcripts in the NMD pathway.
NMD usually reduces the level of premature termination codon-
bearing transcripts but does not eliminate them completely.41 NMD
has been observed in mucopolisaccharidosis type I,42 Niemann–Pick
type C43 and ML III gamma.10 If the mRNA abundance is reduced
because of NMD, it would mean that editing occurs after the pioneer
round of translation where NMD usually occurs.
Herein, the 5′UTR mutation (c.-112C4G) found in cis with the

nonsense mutation can also have some effect on the level of
transcription of GNPTG.42,44–46 Mutations located in the 5′UTR
may have effects on mRNA expression and, therefore can sometimes
be pathogenic. For instance, the presence of 5′UTR mutations has
been reported as causing TAR (thrombocytopenia with absent radius)
syndrome, an autosomal-recessive disease; in patients harboring a
previously associated microdeletion in 1q21.1, researchers identified
two different low-frequency variants in the regulatory region of
RBM8A. The combination of either variant with the original micro-
deletion is sufficient to cause this disorder.46 Interestingly, the
promoter region of GNPTG is overlapped by TSR3 (20S rRNA
homolog (Saccharomyces cerevisiae)) gene that is transcribed in the
opposite direction as the GNPTG, and hence c.-112C4G can affect
the processing of 20S rRNAs.21

In patients A and B, the relative mRNA expression of the gene
encoding α/β-subunit precursor of GlcNAc-1-phosphotransferase
(GNPTAB) was found to be upregulated. This upregulated expression
suggest that a compensatory mechanism is preventing the complete
missorting of newly synthesized lysosomal enzymes.11 Patient B has
higher levels of GNPTAB than patient A and this may be associated to
the less severe clinical phenotype presented by patient B.
Our findings also raises other issues that should be addressed by

future studies such as: (1) how does the editing of the c.328 G4T
position occur?; (2) does ribosome stalling at the nonsense positions
facilitate the editing process?; and (3) does the second mutation we
found in the 5′ UTR facilitate the editing?.
In conclusion, we suggest that GNPTG analysis must be performed

on gDNA because of the instability of mRNA containing premature
stop codons and the occurrence of mRNA editing. The mRNA editing
could play an important role in modulating the association between
mutant genotype and clinical phenotype.
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Figure 2 Electropherograms and quantitative mRNA. (a) Electropherograms
of genomic DNA (gDNA, abnormal) and complementary DNA (cDNA, normal)
for the p.Glu110Ter mutation. (b) GNPTAB and GNPTG expression in
mucolipidosis (ML) III gamma patients. The relative levels of GNPTG and
GNPTAB mRNA expression were determined in fibroblasts of ML III gamma
patients by real-time PCR normalized to GAPDH expression. Analysis of
control and ML III patients are the mean of triplicate PCRs obtained from
three independent RNA preparations. Data are expressed as the mean fold
change in respective gene expression± s.d. (*Po0.001). A full color version
of this figure is available at the Journal of Human Genetics journal online.

Figure 3 Copy number analysis of GNPTG gene using real-time quantitative
PCR (qPCR). This analysis was performed in triplicate using the formula
2×2−ΔΔCT± s.e.m. The groups are not significantly different (analysis of
variance (ANOVA)).
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