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Abstract

GlcNAc-1-phosphotransferase is a hexameric complex formed by subunits a, B, and y, where the first two are encoded by the
GNPTAB gene and the third by the GNPTG gene. Pathogenic variants identified in the GNPTAB gene cause the diseases Mucolipidosis
[l and Ill alpha/beta, which are severe and characterized by an overflow of lysosomal hydrolases into the extracellular environment,
and their absence in lysosomal compartments causes an accumulation of non-degraded macromolecules.

Methodology: a retrospective study that included 32 unrelated Brazilian patients with a clinical and genetic diagnosis of
Mucolipidosis II/lll alpha/beta. The regional frequency of the altered alleles was determined.

Results: The patients were from all regions of Brazil. The most prevalent variants were ¢.3503_3504del, associated with the
severe form of the disease, and ¢.1208T>C, associated with the milder form. Variant c¢.3503_3504del is the most frequently found
in the Midwest, Northeast, and Southeast regions of Brazil. In the South, 42.8% of the alleles present the c.1196C>T variant.
Conclusions: From the perspective of all patients diagnosed with Mucolipidosis Il/lll in Brazil, it is possible to conclude that
different regions present allelic frequencies of specific pathogenic variants, which can be explained by the occurrence of a founding

effect or high inbreeding rates.
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Introduction

The Mucolipidosis (ML) type II, IIT alpha/beta, and III gamma
are autosomal recessive disorders caused by a defect in the
pathway of targeting lysosomal enzymes to lysosome through
the mannose-6-phosphate (M6P) signal. Lysosomal enzymes
synthesized in the Endoplasmic Reticulum are transported
to the Golgi complex, where an enzymatical two-step process
generates the M6P signal that guarantees the recognition of
lysosomal enzymes by M6P receptors in the trans-Golgi network
and subsequent delivery to lysosomal compartments V.

The GlcNAc-1-phosphotransferase, responsible for the
first step in the M6P pathway, is a cis-Golgi transmembrane
resident and hexameric complex formed by a-, f- and y-subunits
(a2B2y2), codified by two genes. The GNPTG gene is located on
chromosome 16p13.3, has 11 exons, and encodes the soluble
y-subunit. The GNPTAB gene is located on chromosome 12q23.3,
expands to 21 exons that encode a transmembrane precursor
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protein of 1256 amino acids activated by the Golgi-resident site
1-protease (S1P) proteolytic cleavage into the mature a- and
B-subunits [2,3].

Pathogenic variants in GNPTAB can be related to severe
ML II disease (MIM#252500), in which patients may present
symptoms at birth; this disease progresses fast and death occurs
in the first years of life. However, pathogenic variants in this gene
can also be associated with ML III alpha/beta (MIM#252600),
which shows mild symptoms, normally not present at birth.
Compared to MLII, the disease progression is slower and life
expectancy is longer. ML IIT gamma (MIM #252605) is caused
only by pathogenic variants in the GNPTG gene and presents as
the milder disease, with joints and bone symptoms and average
life expectancy [1,4,5].

The functional characterization of pathogenic variants
in the GNPTAB gene over the last years demonstrated that
levels of 10% of GIcNAc-1-phosphotransferase residual activity
appear to protect against the severe phenotype ML II [6]. The
spectrum of pathogenic variants described so far highlights the
wide distribution of the ¢.3503_3504del in different patients’
populations, mainly to the possibility of a single event in the
Mediterranean region of Europe and then spread to European
colonized countries, but not Japan and South Korea [7-10]. A
recent review of GNPTAB genetic data described 258 pathogenic
variants in 459 patients. In contrast to ¢.3503_3504del, 72% of
pathogenic variants relate to individual families, and just 10%
are found in more than two families, demonstrating the high
heterogeneity of this gene [6].

Few studies describe data from the frequency of ML II/III;
nevertheless, the current estimated incidence is 1:123.500 in
Portugal, 1:650.000 in the Netherlands, and an estimated global
incidence of 2.5 to 10 cases per 1.000.000 live births. However,
in Quebec, Canada, the high incidence 0f 1:6.184 for ML II was
further explained by a founder effect connected to six founders
of thelocal population. It is the only population with high MLII
rates described so far [11-13]. This paper describes new clinical
and genetic information of four ML II/III alpha/beta patients
and reviews the geographic distribution and frequencies of
pathogenic variants identified in the last ten years in Brazil.

Material and Methods

Patients

Twenty-six patients included in this study have already been
described in the literature [5,14-18]. Four patients are described
herein for the first time (P29 to 32). The consanguinity rate was
18.7% (n= 6/32), totalizing 58 alleles in this study.
Biochemical and molecular diagnoses were performed at the
Medical Genetics Service of the Hospital de Clinicas de Porto
Alegre (MGS-HCPA), Brazil. The MGS-HCPA is the reference
center for the diagnosis of lysosomal diseases in the country
and the only research laboratory that performs genotyping of

the GNPTAB and GNPTG genes (this analysis is not available
in the public health system). Since 2010, the MGS-HCPA
performs research with ML II and III in clinical, biochemical,
and genetic data of patients diagnosed with the disease in the
country (approved by the local IRB, 2011-0477 and 2019-0374).

Molecular diagnosis of patients P29 to P32

The molecular diagnosis was performed as described elsewhere
[14]. In brief, genomic DNA was extracted from blood samples
using the Easy-DNA purification kit (Thermo Fisher Scientific).
GNPTAB gene amplification, performed by standard PCR, was
submitted to automated DNA sequencing on an ABI Prism 3500
Genetic Analyzer (Applied Biosystems). Sanger sequencing
results analysis was performed using the reference sequence
NM_024312.4 and pathogenic nomenclature follows the Human
Genome Variation Society’s recommendations. Positive samples
were twice independently sequenced with forward and reverse
primers. The new variants identified were evaluated to determine
the pathogenicity following the American College of Medical
Genetics and Genomics and the Association for Molecular
Pathology (ACMG)[19].

Development and validation of molecular diagnosis
protocol

To perform molecular diagnosis faster and more cost-effectively,
we use retrospective GNPTAB genetic data of 26 patients (Table 1
- P1 to P26) to define a rational, sequential order of exon
sequencing, where the most frequent exons with pathogenic
variants were first sequenced. These 26 patients have the entire
coding region of the GNPTAB gene sequenced. Next, we use a
prospective cohort (Table 1, P27 to P32) to validate the protocol.

Results

Non-published patients

P29 and P30 were clinically diagnosed with ML III alpha/
beta; the first patient presents the missense variant c.1196C>T
(p-Ser399Phe) in homozygosity. The second is compound
heterozygous for the small deletion ¢.3503_3504del and the
missense variant ¢.1208T>C (p.Ile403Thr). P31 isa ML II patient
homozygous to ¢.3503_3504del (p.Leull68Glnfs*5). P32 is a
ML II patient diagnosed with two variants identified for the
first time, c.2034dupT (p.Phe678Phefs*1) and ¢.2720_2721del
(p-Glu907Glyfs*11) (Table 1). The variants identified were not
found in genetic databases (gnomAD and 1000genomes);
however, frameshift variants cause the disease’s severe
phenotype, which agrees with the clinical diagnosis. Using
ACMG recommendations for the classification of variants,
both were considered pathogenic (following criteria: PVS1,
PM2, and PP4).
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Characterization of the total cohort of Brazilian
patients

Of the 32 patients included in this report, eighteen (56.2%)
were clinically diagnosed with ML II; the identification of both
variants using Sanger sequencing was 90.6% (n=29/32 patients).
In the total cohort, we identified 23 unique pathogenic variants
that vary from frameshift (n=10/23; 43.4%), missense (n= 8/23;
34.7%), nonsense (n=4/23; 17.3%), and splicing variant (n= 1/23;
4.3%) (Figure 1 and Table 1). The pathogenic variants that account
for the higher number of affected alleles is the small deletion in
exon 19, ¢.3503_3504del (p.Leul168Glnfs*5) (n= 19/58; 32.7%),
followed by the missense ¢.1208T>C (p.Ile403Thr) (n= 6/58;
10.3%), the frameshift ¢.2249dup (p.Asn750Lysfs*8) (n=4/58;
6.8%), the missense ¢.242G>T (p.Trp81Leu) and c.1196C>T
(p-Ser399Phe) (n=3/58; 5.1%) and the missense c.1514G>A
(p.Cys505Tyr) (n=2/58; 3.4%). The other pathogenic variants
were identified in only one allele.

Pathogenic variants were mainly associated with the severe
form of the disease ML II (n=14/23; 60.8%), including all
frameshift, the nonsense ¢.3333T>G (p.Tryl111*), and the splicing
¢.2808A>G (p.Tyr937_Met972del) variants. The nonsense variants
¢.832C>T (p.GIn278%) and ¢.1759C>T (p.Arg587%) are expected
to generate a premature stop codon in the amino acids 278 and
587, respectively, and to be associated with ML II. However, P19
and P5 are compound heterozygous to the missense ¢.1208T>C
(p.Ile403Thr) and c.1514G>A (p.Cys505Tyr), respectively, which
can explain the mild ML IIT alpha/beta phenotype observed. Of
the eight missense variants found in Brazil, the data indicate that
genotypes containing these variant types can be associated with
both phenotypes, the mild ML III alpha/beta (n=5/8 variants,
62.5%; patients 5,7,11,12,18,19, 22-24,26, 28 and 30), and the
severe ML II (n=3/8 variants, 37.5%; patients 14, 15 and 25).
The missense variant ¢.242G>T (p.Trp81Leu) was found in the
ML I P14 and P18 in compound heterozygous with ¢.2249dup
(p-Asn750Lysfs*8) and c.1924_1927del (p.Asn642Leufs*10),
respectively. We also identified it in the ML III alpha/beta P26,
but no other variant was identified.

The geographical distribution of the pathogenic variants’
shows that some alleles were specific to some regions in the

country (Figure 2). For instance, the missense variant c.1196C>T
(p-Ser399Phe) accounts for three alleles found just in the
Southern region of the country, specifically in the state of SC
(P29 is homozygous with consanguineous parents). The four
alleles of the small duplication c.2249dup (p.Asn750Lysfs*8)
were identified in the state of SP, localized in the Southeast
region, where P27 was born from non-consanguineous parents
and diagnosed as homozygous for this variant. In this same
region, the missense ¢.242G>T(p.Trp81Leu) was identified in
three alleles from three different patients, although in two
distinct states (SP and MG).

The two pathogenic variants that account for the higher
number of affected alleles presented a broader distribution
in the country. The worldwide identified ¢.3503_3504del
(p.Leul168GlInfs*5) variant was found spread-out in the country,
corresponding to 52.9% (n=9/17) and 66.7% (n=4/6) of alleles in
the Northeast and Midwest regions, respectively, but not found
in the Northern region of the country. We found the ¢.1208T>C
(p.Ile403Thr) variant in the Midwest, Southeast and Northwest;
in the last, we identify a high variant frequency (n=3/6). We
identify the compound heterozygous genotype ¢.3503_3504del/
¢.1208T>C in four patients, three in the Northeast region (P8,
P23 and P24).

Next, we use the gnomAD (version 2.1.1) database to search
for allelic frequencies of the six recurrent pathogenic variants
identified in the Brazilian ML II/III population. We found that
all populations, except in the Ashkenazi Jewish and East Asian,
present the ¢.3503_3504del (p.Leul168Glnfs*5) variant, with the
highest frequencies in South Asian and Non-Finish Europeans,
followed by Latinos and Others (Table S1).

Mainly in the non-Finnish European population, we identify
the c.1196C>T (p.Ser399Phe) in five alleles (asides, one allele from
South Asia), the ¢.1514G>A (p.Cys505Tyr) with three alleles, the
€.2249dup (p.Asn750Lysfs*8) with two alleles (North-western
Europeans, Table S2), and the ¢.1208T>C (p.Ile403Thr) identified
once (Table S1). We have not identified the variant ¢.242G>T
(p-Trp81Leu) in the gnomAD database. We found two alleles of
the ¢.3503_3504del (0.000854) variant in the ABraOM database
(a cohort of 1171 healthy elderly Brazilians) [20].

Figure 1. Pathogenic variants in a cohort of Brazilian patients with ML Il and Ill alpha/beta. Black boxes represent exons of the GNPTAB gene
in proportional size, and the numbers on the top of the boxes represent the number of that exon (horizontal) and the last nucleotide of that

exon (vertical). E: exon.
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Figure 2. The geographical distribution of recurrent pathogenic variants identified in the 32 Brazilian ML Il and Ill alpha/beta patients. The
five regions of the country are shown with different background colors. The two-letter code identified the state, and the number of patients
from that state are represented between brackets. The Figure displays 39/58 of the total number of alleles since the private variants were not
shown. CE, Cear3; PI, Piaui; AL, Alagoas; MT, Mato Grosso; BA, Bahia; MS, Mato Grosso do Sul; MG, Minas Gerais; SP, Sdo Paulo; RJ, Rio de

Janeiro; SC, Santa Catarina; RS, Rio Grande do Sul.

A protocol for GNPTAB genetic diagnosis

Since the GNPTAB gene coding sequence presented as 85.461
base pairs long divided through 21 exons, we used retrospective
GNPTAB data from 26 patients, from whom the whole gene
Sanger sequencing data were available, to evaluate the exons
with higher frequencies of pathogenic variants. We identified
pathogenic variants in 10 exons (Table 1 - P1 to P26) with distinct
frequencies (exon 19, 17/48 or 35.4%; exon 13, 9/48 or 18.7%; exon
10, 8/48 or 16.6%; exon 3, 4/48 or 8.3%; exons 8 and 12, 2/48 or

4.1% each; exons 14, 17 and 20, 1/48 or 2% each). Using these
data, we listed the most frequent exons in descending order and
grouped those with similar frequencies, and proposed protocol
1 (Figure 3). There are three alleles with no pathogenic variant
identified. Following the protocol, we performed the molecular
diagnosis of patients P27 to P32. We concluded the diagnosis
of all six patients in the first four steps, with the mean number
of exons analyzed of 4.6 (which vary from one exon in P31 -
homozygous for variant in exon 19 - to nine exons in P28 and
P32, sequenced until step 4).



J. inborn errors metab. screen.

Figure 3. The sequential protocol for molecular diagnosis of Brazilian ML Il and Ill alpha/beta patients. The allelic frequencies of pathogenic
variants identified in 26 patients were used to generate the protocol by steps, where the exons with higher number of pathogenic alleles
were analyzed first. The numbers in the boxes represent the exons of GNPTAB gene and those grouped in the same step were analyzed

simultaneous.

Discussion

Here we described genetic and clinical information of four new
patients diagnosed with ML II and III alpha/beta in Brazil,
with the protocol newly established. This novel information,
pooled with data of 26 patients’ previously published by our
group, enables the analysis of frequencies and distribution of
pathogenic variants in Brazil. The grouped analysis allows us
to design and validate the protocol to conclude the molecular
diagnosis efficiently, which is a powerful tool to deliver the
information for genetic counseling of affected families in a
country with limited resources.

The analyses confirm the expected high frequency of the
worldwide spread ¢.3503_3054del (p.Leul168Glnfs*5) variant in
the Brazilian population, which accounts for 32.7% of affected
alleles found in all regions of the country. Which is confirmed
by healthy individual databases that present high frequencies of
this variant in different genetic backgrounds, although absent
in East Asian populations as previously described [8,9]. The high
proportion of this variant in the Northeast region of the country
agrees with recent data from haplotypes analysis, demonstrating
six different haplotypes containing the variant in this region
of Brazil [10]. The aforementioned sustains the hypothesis that
migration events of European populations’, responsible for the
majority of Brazilian genetic background [21], introduced the
variant, which diversified through mutational and recombinant
events [10].

Most pathogenic variants identified in the GNPTAB gene are
rare [6]; however, we found high frequencies of a subset of specific
variants in Brazil. Distributed in the Southeast, Midwest, and
Northeast of the country, the missense ¢.1208T>C (p.Ile403Thr),
the second most identified variant, counts 10.3% of affected
alleles (n=6/58). Despite the low frequency in the gnomAD
database (Table S1 and S2), the variant was identified in three
patients from European populations, from Portugal [22], Italy
[23], and Spain/Portugal [24]. Even though these countries were
significant contributors to Brazilian genetic background, the
frequency of this variant in patient populations from Europe
and the healthy databases are insufficient to explain the high
proportion in Brazilian patients.

Further, the ¢.2249dup (p.Asn750Lysfs*8) variant described
in a patient from Finland [22], a well-known country with a
distinct genetic background [25], was identified in four alleles in
Brazil (6.8%). In the gnomAD, however, just the North-western
European population presents the variant. The detection of the
variant c.1196C>T (p.Ser399Phe) in three alleles of Brazilian
patients and five alleles of the gnomAD database (South Asia
and non-Finnish Europeans) indicates a broad distribution.
In previously published patients, this variant was detected in
Portugal (n=3)[22,26], France (n=1)[27], Belgium/Romania (n=1)
[28] and in the USA (different origins, n=3) [29].

Interesting to note that the four alleles of the c.2249dup
(p-Asn750Lysfs*8) and the three alleles of c.1196C>T (p.Ser399Phe)
were identified, in each case, specifically in patients from the
same state; the first variant in three non-consanguineous patients
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from SP, and the second in three patients, one consanguineous,
from SC. Clusters of isolated populations with a high prevalence
of autosomal recessive disorders, most likely attributed to the
elevated rates of consanguinities, have been identified in the
Northeast and Southeast regions of Brazil [30,31]. Further studies
to address the question whether the high rates of affected alleles
identified in these areas could be related to or constitute one of
these clusters are needed.

ML II/III alpha/beta diseases molecular diagnosis is a time
and resource-consuming task, which involves sequencing two
highly heterogeneous genes regarding pathogenic variants,
therefore presenting a considerable amount of private variants (in
Brazil, n=18/24, 75%) [6]. Besides, the rate of successful molecular
diagnosis with Sanger sequencing achieves ~95% worldwide
[1], but recent works demonstrate the necessity of utilizing a
complementary approach to conclude exceptional cases such
as allelic drop [26], large delins, and splicing variants [6]. To
improve the efficiency of the molecular diagnosis in Brazil, we
implemented a simple protocol to perform the GNPTAB gene
investigation that prioritizes exons with more variants. Our
results with six new samples show that the patient molecular
diagnosis’ conclusion requires fewer exons to be sequenced.

In conclusion, our effort to study the genetic characteristics
of the Brazilian ML II/IIT alpha/beta patients in the last decade
provide data to achieve an overview of GNPTAB pathogenic
variant frequencies and specific distributions. These efforts
highlight distinct and private frequencies in different states of
the country, which support the hypothesis of founder effect or
high rates of consanguinity, or a combination of both. Future
studies will address this question, highlighting the importance
of molecular studies to provide cost-effective and accurate
information for patient genetic counseling.
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