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Abstract

Introduction: Pathogenic variants in the SLC26A2/DTDST
gene cause the following spectrum of phenotypes: achon-
drogenesis 1B (ACG1B), atelosteogenesis 2 (AO2), dia-
strophic dysplasia (DTD), and recessive-multiple epiphyseal
dysplasia (rMED), the first 2 being lethal. Here, we report a
cohort and a comprehensive literature review on a geno-
type-phenotype correlation of SLC26A2/DTDST-related dis-
orders. Methods: The local patients were genotyped by
Sanger sequencing or next-generation sequencing (NGS).
We reviewed data from the literature regarding phenotype,
zygosity, and genotype in parallel. Results: The local cohort
enrolled 12 patients, including one with a Desbuquois-like
phenotype. All but one showed biallelic mutations, how-
ever, only one allele mutated in a fetus presenting ACG1B
was identified. The literature review identified 42 articles

and the analyses of genotype and zygosity included the 12
local patients. Discussion: The R279W variant was the most
prevalent among the local patients. It was in homozygosity
(hmz) in 2 patients with rMED and in compound heterozy-
gosity (chtz) in 9 patients. The genotype and zygosity re-
view of all patients led to the following conclusions: DTD is
the most common phenotype in Finland due to a Finnish
mutation (c.727-1G>C). Outside of Finland, rMED is the
most prevalent phenotype, usually associated with R279W
in hmz. In contrast, DTD’s genotype is usually in chtz. De-
spite a large number of variants (38), just 8 are recurrent
(R279W, C653S, ¢.—26+2T>C, R178*, K5755fs*10, V340del,
G663R, T512K). The last 3 in hmz lead to lethal phenotypes.
The Finnish mutation is found only in chtz outside of Fin-
land, being associated with all 4 classical phenotypes. The
p.R178* and p.K5755fs*10 variants should be viewed as le-
thal mutations since both were mainly described with lethal
phenotypes and were never reported in hmz. The existence
of 9 patients with only one mutated allele suggests that oth-
er mutations in the other allele of these patients still need

to be unveiled. © 2022 S. Karger AG, Basel
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Introduction

Pathogenic variants in the SLC26A2/DTDST (solute
carrier family 26 member 2/diastrophic dysplasia sulfate
transporter) gene lead to a well-recognized spectrum of
skeletal dysplasias (SD) ranging from lethal to mild phe-
notypes. This spectrum classically includes 2 lethal condi-
tions (achondrogenesis type 1B [ACGIB, OMIM
#600972] and atelosteogenesis type 2 [AO2, OMIM
#256050]), a severe, but not lethal dysplasia (diastrophic
dysplasia [DTD, OMIM #222600]), and a mild phenotype
(recessive-multiple epiphyseal dysplasia [rMED, OMIM
#226900]) [Superti-Furga et al., 1999]. Beyond the clini-
cal-radiological variability of each phenotype, some au-
thors described some patients with overlap between 2 of
them into the classic spectrum and named them interme-
diate phenotypes, e.g., ACG1B/AO2, AO2/DTD, and
DTD/rMED [Rossi et al., 1996; Mégarbane et al., 1999;
Unger et al., 2001; Maeda et al., 2006; Czarny-Ratajczak
et al., 2010; Barbosa et al., 2011; Mattos et al., 2014]. Si-
multaneously, 2 patients, also having an intermediate
phenotype, were described with the Swedish key, a typical
feature of Desbuquois dysplasia (DBQD): DTD/DBQD
and DTD/rMED/DBQD [Miyake et al., 2008; Panzer et
al., 2008].

The gene SLC26A2/DTDST (OMIM #606718) is locat-
ed on 5q32, encodes a solute carrier transporter trans-
membrane protein of 739 amino acids, and contains 3
exons, but only the last 2 are coding [Hastbacka et al.,
1994]. The protein structure of this sulfate transporter is
formed by 14 transmembrane domains (TDs), a C-termi-
nal sulfate transporter anti-sigma antagonist (STAS), 3
N-glycosylation sites (2 putative and 1 present if the oth-
ers are mutated), and a possible extracellular loop disul-
fide bridge between amino acids 212 and 216 (EC-DB) in
addition to extracellular and cytosolic loops [Rapp et al.,
2017]. Although noncoding, exonl, or its boundaries, are
important because one of the main pathogenic variants,
the so-called Finnish mutation associated with DTD
when in homozygosity (hmz) (c.-26+2T>C), is located at
the 5" splice donor of intron 1 [Hastbacka et al., 1999].

Along with the PAPSS2, BPNT2/IMPADI, CHST3,
CHST14, and DSE genes, SLC26A2/DTDST is related to a
group of SD with major joint involvement that is classi-
fied in the group of sulfation disorders in the last nosol-
ogy and classification skeletal genetic disorders [Mortier
etal., 2019].

Alocal series of 12 patients with the SLC26A2/DTDST
spectrum with a predominance of the R279W variant and
the presence of a patient with a Desbuquois-like pheno-
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type led us to carry out an extensive literature review for
a better understanding of the genotype-phenotype cor-
relation of this gene.

Materials and Methods

Local Cohort

The local cohort included 12 patients from 11 families regis-
tered at the Brazilian Skeletal Dysplasia Group of the UNICAMP
(Br-OCD). Ten patients were evaluated in 1 of the 2 outpatient
clinics: the Skeletal Dysplasia or the Perinatal Genetic outpatient
clinic, while 2 were assessed by the website of the Brazilian group
of Skeletal Dysplasia (http://ocd.med.br/).

Sequencing Methods

The molecular investigation was carried out by 2 methods:
Sanger sequencing (SS) and targeted gene panel (TGP-NGS). For SS,
primers were designed including the exon-intron boundaries of the
gene. The PCR products were sequenced on an ABI PRISM 3500X1
Genetic Analyser (Applied Biosystems™; Life Technologies, Carls-
bad, CA, USA). Additionally, DNA from the patients’ parents was
Sanger-sequenced for segregation analysis to confirm inheritance.

For NGS, a customized panel (including SLC26A2/DTDST)
was used in Design Studio 1.7 software, Illumina, Nextera™ Rapid
Capture Custom Enrichment Kit (Illumina, Inc., San Diego, CA,
USA) 150bp paired-end reads and sequenced on the Illumina
MiSeq platform. One patient evaluated by the website had the mo-
lecular diagnosis performed by a private laboratory.

Bioinformatic and Analysis

The SS analyses were performed with Codon Code Aligner
V9.0.1 (https://www.codoncode.com/aligner/download.htm) us-
ing the file with the extension “.ab1”. For NGS, the analyses were
carried out using BaseSpace™ Sequence Hub Illumina software
after aligning the sequences using the hg19/GRCh37 human refer-
ence genome. The analyses and identification of variants were per-
formed by inputting the VCEF file on the myPhenoDB website [So-
breira et al., 2015]. The IGV (Integrative Genomics Viewer, Broad
Institute version 2.8.9, https://software.broadinstitute.org/soft-
ware/igv/download) software was used for NGS data visual analy-
ses. All variants were reported according to Genome Reference
Consortium Human Build 37 (GRCh37).

Variant Classification and in silico Analyses

Novel variants were considered potentially pathogenic if in
hmz, were absent in public databases, and predicted to be damaging
by in silico algorithms. The population frequency was evaluated in
global databases: the Genome Aggregation Database (gnomAD
browser, https://gnomad.broadinstitute.org/) and the 1000 Ge-
nomes Project (1000 g, https://www.internationalgenome.org/), as
well as in 2 Brazilian databases: the Online Archive of Brazilian
Mutations (AbraOM, https://abraom.ib.usp.br) and Brazilian Ini-
tiative on Precision Medicine (BIPMed, http://bipmed.igm.uni-
camp.br/). In silico prediction algorithms were accessed with the
following web tools: Polymorphism Phenotyping v2 (Polyphen 2
- prediction of functional effects of human nsSNPs, http://genetics.
bwh.harvard.edu/pph2/) and Mutation Taster 2 (http://www.mu-
tationtaster.org/). The classification of novel variants identified was
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Table 1. Phenotype and genotype, with the references of the respective variants in the SLC26A2/DTDST gene, and clinical findings of the

12 patients in the present cohort

Phenotype Family Patient Allele 1 Allele 2 GA, BW, BL, Sex Con Malformation Reference
weeks cm
ACG-1B 1 1 c.1045_1047del Unknown 25 800 21 M - Cleft palate Superti-Furga et al. [1996]
p.V340del
AO-2 2 2 c.862C>T c.1905del 34 2,125 34 F - Hastbacka et al. [1996]; novel
p.R279W p.T627Lfs*23
3 3 c.862C>T c.559C>T M - Hastbacka et al. [1996];
p.R279W p.R178* Superti-Furga et al. [1996]
DTD 4 4 c.862C>T c.727-1G>C 39 2,915 39 M - Héastbacka et al. [1994, 1996]
p.R279W p.l7]
5 5 c.862C>T c.1751del 38 3,540 415 M +2 Cleft palate Hastbacka et al. [1994, 1996]
p.R279W] p.L5755fs*10
5 6° c.862C>T c.1751del 39 3,085 41 M+ Cleft palate
p.R279W p.L5755fs*10
6 7 c.862C>T ¢.371G>C 37.5 3,200 38 F - Cleft palate Hastbacka et al. [1996]; novel
p.R279W] p.[115A] tracheomalacia
7 8 c.862C>T c.559C>T 37.6 2,250 F Héastbacka et al. [1996];
p.R279W p.R178* Superti-Furga et al. [1996]
8 9 c.862C>T c.559C>T 384 2,900 41 M - Symphalangism Hastbacka et al. [1996];
p.R279W p.R178* of fingers Superti-Furga et al. [1996]
rMED 9 10 c.862C>T c.862C>T 3,630 51 M - Hastbacka et al. [1996]
p.R279W p.R279W
10 11 c.862C>T c.862C>T 38 2,885 455 F - Cleft palate Héastbacka et al. [1996]
p.R279W p.R279W
DTD/rMED/ 11 12 c.862C>T €.2182delG 35 2,755 41 F - Ear with bifid Hastbacka et al. [1996]; novel
DBQD p.R279W p.A719Qfs*16 lobe

GA, gestational age; BW, birth weight; BL, birth length; Con, parental consanguinity; ACG-1B, achondrogenesis 1B; AO-2, atelosteogenesis type 2; DD,
diastrophic dysplasia; rMED, recessive multiple epiphyseal dysplasia; DBQD, Desbuquois dysplasia. ? F = 1/256. °P6 is brother of P5.

made using Varsome (https://varsome.com/), an automated clas-
sification tool based on the ACMG (American College of Medical
Genetics and Genomics guidelines). All novel variants included in
this study were submitted to the Leiden Open Variation Database
(LOVD v.3.0, https://databases.lovd.nl/shared/genes/SLC26A2).

Literature Review

For the literature review, the search included the period 1994
to January 2021 in the following databases: MEDLINE electronic
bibliographic database (accessing via PubMED), Scientific Elec-
tronic Library Online (SciELO), and EMBASE. The search was
based on the following terms: "SLC26A2 DTDST mutation" or
"SLC26A2 DTDST variant", "Achondrogenesis 1B", "Atelosteo-
genesis type 2", "Diastrophic Dysplasia" and "Recessive Multiple
Epiphyseal Dysplasia”. The inclusion criteria for this review took
into account only the articles including both the clinical and mo-
lecular diagnosis with the patients’ genotype. All reviewed patients
were listed on a spreadsheet, including the following information
for each patient: phenotype, zygosity, and genotype at both levels
of changes in nucleotides and amino acids.

SLC26A2/DTDST Spectrum/Genotypes
Review

Results

Molecular and Clinical Findings in the Local Cohort

The molecular results of the local cohort according to
their respective phenotypes and clinical findings are
shown in Table 1.

In short, we identified 8 pathogenic variants, 3 of which
are novel: p.G115A (Polyphen-2: probably damaging,
score 1.00; Mutation Taster: disease causing; Varsome:
likely pathogenic), p.T627Lfs*23 (Mutation Taster: disease
causing; Varsome: likely pathogenic), and p.A719Qfs*16
(Mutation Taster: disease causing; Varsome: pathogenic),
which have already been deposited in LOVD v.3.0
(#0000132545, #0000132544, and #0000473814). The vari-
ant p.R279W was the most frequent and was identified in
hmz in 2 patients with rMED and in one of the alleles in all
other patients, except in patient 1 (ACG-IB) for whom just
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Fig. 1. X-rays of P12 (rMED/DBQD). a Short long bones, hypopla-
sia of the head of the radius, and ulnar deviation at the wrist. b
Acetabular dysplasia, a Swedish key appearance of the proximal
femur, unossified femoral head, and broad femoral necks. ¢ Mild
advancement of tarsal ossification with hypoplasia of the epiphysis
observed mainly in the 1st metacarpal and the 1st phalanx of the
hallux. Deviation of the metatarsal bones. d Mild advance of carpal

one variant (c.1045_1047del, p.V340del) in heterozygosity
(htz) has been detected so far. The second allele of the re-
maining patients had the following variant types: frame-
shift (P2, P5, P6, and P12), nonsense (P3, P8, and P9), mis-
sense (P7), and splice mutations (P4). Segregation analysis
confirmed the inheritance of the variants in 5 patients (P3,
P4, P5, P6, and P12). However, it was incomplete in 3 pa-
tients (P1: only paternal DNA was available and did not
carry the only variant found in the proband; P7 and P10:
maternal segregation confirmed the inheritance of one of
the alleles). There was no DNA available from either parent
for the other patients (P2, P8, P9, and P11).

Regarding clinical findings, 7 patients were male, 5
were female, and parental consanguinity was observed in
just 1 family (family 5). However, the genotypes were in
compound heterozygosity (chtz) but not hmz. Associat-
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ossification, but with delay in epiphyseal ossification of metacarpal
and phalanx bones. e The long bones of the lower limbs are asym-
metrical, right > than left, and there is dislocation of the hip and
no ossification of the head of the femur. The distal femur epiphyses
are flattened, and the distal fibulae are longer than the tibia. Genu
varum.

ed malformations were observed in 6 patients, 5 with
posterior cleft palate and 1 with symphalangism in the
hands.

Short Clinical Report of Patient 12 with a Desbuquois-

like Phenotype

Patient 12 (P12) was initially evaluated at 27 months
due to a presumptive diagnosis of hypochondroplasia.
She is the 2nd child of healthy and nonconsanguineous
parents. Birth measurements are shown in Table 1. At the
age of 35 months, she had disproportionate short stature
with short limbs. Height was 83.5 cm (-3 SD) and OFC
was 50 cm (p3). The main features included a bifid lobe
on the left ear, elbow stiffness, flat feet with prominent
calcaneus, an abnormal gait, and good neuropsychomo-
tor development. She complained of pain in the hips and
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knees after daily activities and had a lateral deviation of
the left foot that hindered the use of ordinary shoes.

Skeletal surveys at different ages showed shortening of
long bones, mild scoliosis, and a mild advance of carpal
and tarsal ossification but with a delay of epiphyseal os-
sification of the tubular long bones of hands and feet. Hy-
poplasia and mild dislocation of the head of the radius,
ulnar deviation of the wrists, acetabular dysplasia, Swed-
ish-key of the proximal femur, absence of ossification of
the head of the femur and flattening of the distal femoral
epiphysis, tibial deviation of metatarsal bones, and genu
varum were also observed (Fig. 1).

The Swedish key appearance of the femora led us to
initiate the molecular investigation by SS of CANTI.
Since no pathogenic variant was found, she was then in-
vestigated by targeted NGS, and a chtz genotype was
identified in SLC26A2/DTDST: p.R279W and a novel
frameshift variant, ¢.2182delG producing an alanine to
glutamine change with a stop codon after 16 amino acids
(p-A719Qfs*16) (online suppl. Fig. 1; for all online suppl.
material, see www.karger.com/doi/10.1159/525020). The
segregation analysis showed that p.R279W was inherited
from the mother, while p.A719Qfs*16 was from the fa-
ther.

A comparison of this patient’s clinical and radiological
findings with those previously reported [Miyake et al.,
2008; Panzer et al., 2008] is shown in online supplemen-
tary Table 1.

Literature Review

To follow the criteria of inclusion, patients without a
known genotype [Rossi and Superti-Furga, 2001] or good
clinical-radiological descriptions available [Yang et al.,
2019; Li et al., 2020; Ruault et al., 2020] were excluded
from the analysis. Patients with DTD from Finland (179
patients from 147 families) were not included in the allele
frequency analysis or in the evaluation of genotypes to
avoid ascertainment bias [Hastbacka et al., 1999; Remes et
al., 2002; Bonafé et al., 2008; Mikitie et al., 2015]. Patients
described as having an intermediate phenotype within the
SLC26A2/DTDST spectrum [Rossi et al., 1996; Mégarbane
etal., 1999; Unger et al., 2001; Maeda et al., 2006; Barbosa
etal,, 2011; Mattos etal., 2014] were classified here as hav-
ing a more severe phenotype, except the patients reported
by Macias-Gémez et al. [2004] and Mégarbane et al.
[1999], for whom a milder diagnosis was considered (on-
line suppl. Table 2). The intermediate phenotypes consid-
ered here were those that present characteristics of both
phenotypes, SLC26A2/DTDST spectrum and Desbuquois
dysplasia [Miyake et al., 2008; Panzer et al., 2008].

SLC26A2/DTDST Spectrum/Genotypes
Review

According to the criteria of inclusion, 42 of the 46 ar-
ticles reported until January 2021 were included in the
analysis. In addition, the 12 patients in the present co-
hort were also included in this analysis. Therefore, this
review was based on 320 patients from 266 families. Be-
cause of a great number of Finnish individuals with
DTD due to a founder effect, these patients were re-
viewed separately. In online supplementary Table 2, all
the reviews are summarized in a spreadsheet with 12
sheets, with the first 5 sheets related to the genotype and
phenotype as well as the allele frequency and the most
common genotypes.

Most reported patients belonging to the SLC26A2/
DTDST classical spectrum are represented by the DTD
phenotype (more than 65%); however, if we exclude
Finnish patients with DTD, this frequency drops to 52%
(Fig. 2a).

Figure 2b shows the zygosity among the 4 classic phe-
notypes. Most patients with DTD are in hmz. However,
this is true only among Finnish. For non-Finnish patients,
76% are in chtz. Concerning the other classic phenotypes,
while for AO2, most patients are also in chtz, 69% of pa-
tients with rMED and a half with ACG1B are in hmz.

A total of 56 pathogenic variants in SLC26A2/DTDST
have been reported so far. However, for the principal
analysis of this review (allelic frequency, zygosity, and
genotype-phenotype correlation), only 38 pathogenic
variants were considered, because the series of patients
presented by Rossi and Superti-Furga [2001] did not
show the genotypes. The location of all known variants
throughout the gene is shown in Figure 3. Most of the
variants are in the transmembrane domain (TD) (14 mis-
sense, 3 frameshifts, and 1 in-frame indel), and the STAS
domain (5 missense and 5 frameshifts). The other vari-
ants are in the following protein domains: extracellular
loops (1 nonsense and 2 missense), cytosolic loops (2 mis-
sense and 1 frameshift), and N-terminal (1 frameshift and
1 missense). The last 2 variants are at splice sites, with the
¢.—26+2T>C variant being at the 5" splice donor of intron
1 [Hastbacka et al., 1999]. Based on the protein location
of the variant, no correlation with severity can be ascer-
tained (online suppl. Table 2).

Functional consequences of several variants were elu-
cidated based on functional studies (online suppl. Table
2) [Karniski, 2001, 2004; Maeda et al., 2006].

Among the 38 variants with known genotypes, most
were associated with a single phenotype, and 8 were con-
sidered more frequent for presenting a frequency of ap-
proximately or above 3%: p.R279W (50.2%); p.C653S
(8.1%); ¢.—26+2T>C (6.2%); p.R178* (5.9%); p.K575S-
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Total (320 Patients)

rMED (61 Families)

DD (177 Families)

ACG-1B (14 Families)
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Fig. 2. Pie charts showing the proportions of the different phenotypes (a) and the zygosity of each phenotype in
the SLC26A2/DTDST spectrum (b). b The criterion for differentiating homozygotes (hmz), compound hetero-
zygotes (chtz), and heterozygotes (htz) was color intensity, with the darkest color for homozygotes and the light-

est for heterozygotes.

£s¥10 (2.9%); p.V340del (2.9%); p.G663R (2.6%); and p.
T512K (2.6%) (Fig. 3 ;online suppl. Table 2). Ten variants
(p.V340del, p.R178*, p.R279W, p.N425D, p.T512K, p.
K5758fs*10, p.C653S, p.G663R, p.[715V, c.-26+2T>C),
were described in more than one phenotype (online sup-
pl. Table 2).

The Finnish mutation c.—26+2T>C, in chtz has been
found to be associated with all phenotypes in non-Finn-
ish individuals. When in hmz, this variant has always
been associated with the DTD phenotype and has only
been reported in Finnish patients so far.

The most common variant p.R279W appeared mainly
in hmz (46/141 patients, 32.62%) and was associated with
the rMED phenotype. It has also been reported in chtz with
16 different variants in the second allele producing the
same phenotype, rMED, or any of the other phenotypes of
the spectrum, except ACG1B (online suppl. Table 2).
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Homozygosity was also reported with the following
variants with their respective phenotypes: p.C653S
(rMED), p.V340del (ACGI1B), p.G663R (ACGI1B), and
p-T512K (AQO2). The variants p.R178* and p.K575Sfs*10
were never reported in hmz. In addition, these last 2 vari-
ants were never associated with the milder phenotype
(rMED) (online suppl. Table 2).

Among the chtz genotypes, some have been found to be
associated with variable phenotypes. Thus, the combina-
tions p.[R279W];[R178*], p.[R279W];[K575S5£s*10], and
p-[R279W];[N425D] were all reported with both DTD
[Macias-Gomez et al., 2004; Barbosa et al., 2011; present
cohort] and AO2 [Histbacka et al., 1996; Rossi et al., 1997;
Mattos et al., 2014]. Similarly, the following 2 genotypes
p-[R279W);c.—26+2T>C, and p.[C653S];(A715V) have
been reported with both rMED [Balhausen et al., 2003;
Jackson et al., 2011; Makitie et al., 2015] and DTD pheno-
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B N-glycosylation sites

N-terminal; C-terminal
B Tramsmembrane domains (TD) (14) Possible extracellular loop disulfide bridge (EC-DB)
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Fig.3.Schematicofthe SLC26A2/DTDST(GRCh37NM_000112.4/
NP_000103) gene showing the 3 exons (including noncoding se-
quences as gray boxes), separated by introns (horizontal black
line). The transmembrane domains are shown in dark purple,
STAS domain in burgundy, N-glycosylation sites are narrow black
bars, a light green bar represents a possible extracellular loop di-
sulfide bridge between amino acids 212 and 216 (EC-DB), extra-
cellular loop (EC-loop) are mustard bars, N-terminal and C-ter-
minal parts are colored in cream at the extremities. Pathogenic

types [Dwyer et al,, 2010; Czarny-Ratajczak et al., 2010;
Zechi-Ceide et al., 2013].

Patients with only one mutated allele (htz) have been
reported to be associated with all phenotypes, except for
rMED. Histbacka et al. [1994] and Rossi et al. [1996] re-
ported 6 patients with DTD showing only one mutated
allele. Hastbacka et al. [1996] and Rossi et al. [1996] de-
scribed 2 htz babies with AO2. Finally, in the present co-
hort, we report a fetus with typical ACG1B for whom only
one allele was found to be mutated.

The 3 patients reported with the intermediate pheno-
type, DTD/DBQD [Panzer et al. 2008], DTD/rMED/
DBQD [Miyake et al. 2008], and P12 described here
showed the following genotypes: p.[A133V];[R178%],
p-[T2661];[V340del], and p.[R279W];[A719Qfs*16], re-
spectively.

SLC26A2/DTDST Spectrum/Genotypes
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variants related to the skeletal dysplasia spectrum are colored by
each amino acid consequence as indicated by the legend below.
The black triangles represent variants from the literature removed
from the analysis due to insufficient genotype information. The
stars above the variants indicate the 8 more frequent variants (in
orange the Finnish mutation and in red other ones). The plot was
generated with Protein Paint and the protein domain localizations
were taken from Rapp et al. [2017].

Discussion

We presented the genotype-phenotype relationship of
the SLC26A2/DTDST mutation spectrum based on a local
Brazilian cohort and an extensive literature review. In the
local cohort, results recapitulated those in the previous
reports on the non-Finnish population. A mild patho-
genic allele, p.R279W was the most common, and a severe
one, p.R178*, was the second most common. The local
cohort included 3 novel pathogenic variants (Table 1).

Diastrophic dysplasia is the main phenotype reported
thus far; however, most of them are from Finland and are
most frequently associated with the variant ¢.-26+2T>C,
also called the Finnish variant, which is well known to be
associated with a founder effect [Hastbacka et al., 1999;
Remesetal., 2002; Bonafé et al., 2008; Makitie et al., 2015].

Mol Syndromol 2022;13:485-495
DOI: 10.1159/000525020

491

€20z 1snbny z0 uo 1senb Aq 4pd-020525000/Z 195 | 6€/58/9/€ L /3pd-ajoie/Asw/woo 1abiey mmm//:diy woly papeojumoq



Unlike what is known in Finland, the main phenotype
related to the SLC26A2/DTDST spectrum in the literature
is MED (74 patients or 52.5%), most of them in hmz for
the variant ¢.862C>T, p.R279W (Fig. 2b).

The variant ¢.862C>T, p.R279W is the most common
variant observed in the SLC26A2/DTDST gene when the
Finland population is excluded from the analysis. The
c.862C>T position is located at a CpG dinucleotide, and
the C>T (CGG to TGG) substitution is a common change
in genes justifying the high frequency. In addition, this
variant is associated with a significant sulfate transport
function in HEK 293 cells. In hmz, itis related to the mild-
est phenotype of the spectrum and probably contributes
to phenotype rescue when associated with more severe
variants, such as some frameshift, missense, nonsense,
splice site, and 5" splice donor of intron 1 [Rossi et al.,
2001; Karniski 2004].

Out of Finland, patients with DTD (35 or 24.8%) were
mainly chtz (Fig. 2b) without a preferential genotype (on-
line suppl. Table 2). When severe variants, for instance
p-R178*, ¢c.—26+2T>C, p.K5755{s*10, ¢.727-1G>C, p.
N425D, p.G115A, p.S157T, p.G663R, and p.L707Pfs*4,
were observed in combination with the p.R279W in DTD
patients, this last variant has been regarded as a change
rescuing the phenotype [Macias-Gomez et al., 2004; Mae-
da et al., 2006; Dwyer et al., 2010; Barbosa et al., 2011;
Honorio et al., 2013; Pineda et al., 2013; Zechi-Ceide et
al., 2013; present cohort]. Homozygosity in DTD was re-
ported in only one patient with unusual features and the
variant p.Q454P, located at TD11 and with a sulfate trans-
port activity of approximately 39% compared to the wild
type [Mégarbané et al., 1999; Karninski 2004].

The 2 lethal phenotypes were observed in less than
25% of all patients: AO2 (14 or 9.9%) and ACG1B (15 or
10.6%) (Fig. 2a). While patients with AO2 were predom-
inantly in chtz (58%) without a common genotype, 50%
of patients with ACG1B were in hmz. The main mutation
in hmz associated with ACG1B was p.V340del at the TD
and considered a null variant either by its poor expression
in HEK 293 cells or by its rapid protein degradation. This
mutation could also induce a shift in the 3D helix struc-
ture [Karniski, 2004; Rapp et al., 2017]. The homozygos-
ity observed in patients with AO2 involved 3 consanguin-
eous families from specific populations, the p.L599F vari-
ant reported in India and Bangladesh and p.T512K in a
family from Finland [Miller et al., 2008; Bonafé et al.,
2008; Vikraman et al., 2016]. Interestingly the p.T512K
variant when in combination with p.R279W produces the
mildest phenotype, i.e., rMED [Syvdnen et al., 2013;
Mikitie et al., 2015; Kausar et al., 2019].
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As shown in online supplementary Table 2, p.C653S is
the second most common variant following p.R279W
and has also been reported in hmz associated with the
rMED phenotype [Balhausen et al., 2003; Matikie et al.,
2003; Hinrichs et al., 2010]. This variant also led to the
rMED phenotype in chtz with the Finnish mutation
(c.—26+2T>C) or with the p.A715V [Czarny-Ratajczak et
al., 2010; Jackson et al., 2011; Kausar et al., 2019]. This last
variant, at the STAS domain, is predicted to force the 3D
helix causing conformational changes where proteins in-
teract [Rapp et al., 2017].

For the genotypes associated with the other 6 most fre-
quent variants (online suppl. Table 2), most are related to
severe phenotypes.

Nevertheless, regarding the genotype-phenotype cor-
relation, the specific type of mutation and their combina-
tions are more determinant of the severity than the local-
ization of the variant.

It is worth emphasizing that the same genotype was
associated with different conditions AO2 and DTD [Hist-
backa et al., 1996; Rossi et al., 1996, 1997; Macias-Gomez
et al., 2004; Barbosa et al., 2011; Mattos et al., 2014; pres-
ent cohort] and DTD and rMED [Remes et al., 2002; Ball-
hausen et al., 2003; Dwyer et al., 2010; Zechi-Ceide et al.,
2013; Makitie et al., 2015], reinforcing both the absence
of a precise genotype-phenotype correlation for most of
the known variants and the interfamilial variability
among patients with identical genotypes (rMED and
DTD) [Ballhausen et al., 2003; Mikitie et al., 2003].

Finally, except for rMED, in the other phenotypes of
the spectrum only one mutated allele was reported (AC-
G1B, DTD, and AO2) [Hiastbacka et al., 1994, 1996, 1999;
Rossi et al. 1996; present cohort], suggesting that other
variants in regions usually not evaluated by gene sequenc-
ing, either SS or NGS, are lost in the analysis or that other
unknown mechanisms need to be unveiled.

Although previously reported as an intermediate phe-
notype because of the association between a milder phe-
notype and a Swedish key appearance of the proximal fe-
mur [Miyake et al., 2008; Panzer et al., 2008; P12 in the
local cohort], currently, this phenotype is considered just
avariation of DTD. However, it is worth calling attention
to the particular combination of variants in chtz with at
least one severe (premature stop codon or in-frame dele-
tion) plus one missense at TD or EC-loop. P12 has an in-
frame deletion (p.A719Qfs*16) at the STAS domain that
led to a shortening of the final part of the protein, associ-
ated with the mild variant (p.R279W), presenting a re-
sidual sulfate uptake rate of ~50% in HEK 293 cells when
compared with the wild-type protein in a study by Karni-
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ski [2004] that probably rescued the phenotype as pro-

posed by Rossi and Superti-Furga [2001].

The results of the present study allow for the following
conclusions:

1. All but 1 of the patients in the cohort studied here
presented one allele with the p.R279W variant, rein-
forcing the high prevalence of this variant. Beyond
that, the present cohort adds 3 novel variants in the
SLC26A2/DTDST gene (p.G115A, p.T627Lfs*23, and
p-A719Qfs*16).

2. Like the 2 previously described patients with an inter-
mediate phenotype, P12 described here first led to the
diagnosis of DBQD because of the Swedish key signal
on radiological evaluation. The severity of the variant
of one of the alleles in this patient (p.A719Qfs*16)
seems to be attenuated by the presence of p.R279W,
rescuing the phenotype.

3. The main phenotype within the classic SLC26A2/
DTDST spectrum, outside of Finland, is rMED. A
quarter of patients have DTD, followed by the 2 lethal
phenotypes (AO2 and ACG1B), both with almost the
same proportion.

4. Excluding Finnish patients with DTD, while 69% of
rMED and 50% of ACG1B patients are in hmz, most
DTD and AO2 patients have a chtz genotype.

5. Despite alarge number of pathogenic variants (38) in
the SLC26A2/DTDST gene among the genotypes
known so far, only 8 are recurrent with a frequency of
approximately 3% or more (p.R279W, p.C653S,
c.—26+2T>C, p.R178*, p.K575Sfs*10, p.V340del,
p-G663R, p.T512K).

6. The p.R279W variant is the most frequent (50.2%)
outside of Finland, and it occurs more frequently in
homozygotes (41/91) associated with rMED.

7. The Finnish variant (c.—26+2T>C), so far in chtz out-
side of Finland, has been associated with all 4 classical
phenotypes.

8. Homozygosity of the p.C653S variant has also been
associated with rMED; however, other frequent vari-
ants when in homozygosity lead to lethal phenotypes:
p-V340del, and p.G663R (ACGIB), and p.T512K
(AO2).

9. Thep.R178*and p.K5755{s*10 variants must be seen as
lethal variants since both were mainly described with
lethal phenotypes and were never reported in hmz.

10. Although phenotypic variability is commonly ob-
served in genetic diseases, the same genotype in
SLC26A2/DTDST has been described in more
than one phenotype, for instance, the genotype
p-[R279W];p.[R178*] has been described as associ-

SLC26A2/DTDST Spectrum/Genotypes
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ated with both DTD and AO2, suggesting that un-
known mechanisms might modulate the effect of
some pathogenic variants on this gene.

11. Finally, the existence of 9 patients presenting the typ-
ical phenotypes, except rMED, with only one mutated
allele suggests that other variants in regions not usu-
ally covered by standard sequencing (SS or NGS) or
that different mutations in regulatory sites outside the
gene must be present in the other allele of these pa-
tients.
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