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B3GALT6 is a well-documented disease-related gene. Several B3GALT6-recessive variants have been reported to cause Ehlers–Danlos syndrome (EDS). To the best of our knowledge, no dominant B3GALT6 variant that causes human disease has been reported. In 2012, we reported on a three-generation, autosomal-dominant family with multiple members who suffered from radioulnar joint rotation limitation, scoliosis, thick vermilion of both lips, and others, but the genetic cause was unknown. Here, exome sequencing of the family identified mutant B3GALT6 as the cause of the multiplex affected family. We observed that, in the compound heterozygous pattern (i.e., c.883C>T:p.R295C and c.510_517del:p.L170fs*268), mutant B3GALT6 led to severe consequences, and in the dominant pattern, an elongated B3GALT6 variant co-segregated with moderate phenotypes. The functional experiments were performed in vitro. The R295C variant led to subcellular mislocalization, whereas the L170fs*268 showed normal subcellular localization, but it led to an elongated protein. Given that most of the catalytic galactosyltransferase domain was disrupted for the L170fs*268 (it is unlikely that such a protein has activity), we propose that the L170fs*268 occupies the normal B3GALT6 protein position in the Golgi and exerts a dominant-negative effect.
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INTRODUCTION
Glycosaminoglycan (GAG), a key component of the extracellular matrix, is essential for the development and maintenance of bone, cartilage, skin, and other tissues. GAG synthesis is initiated by the formation of a tetrasaccharide linker region attached to a serine residue in the proteoglycan core protein (Prydz and Dalen, 2000). Synthesis of the linker region involves four successive steps catalyzed by distinctive enzymes: xylosyltransferases I/II (encoded by XYLT1 and XYLT2) (Götting et al., 2000; Bui et al., 2014; Munns et al., 2015; Umair et al., 2018; LaCroix et al., 2019), galactosyltransferase I (β4GalT7, encoded by B4GALT7) (Guo et al., 2013; Cartault et al., 2015; Ritelli et al., 2017; Sandler-Wilson et al., 2019), galactosyltransferase II (β3GalT6, encoded by B3GALT6) (Malfait et al., 2013; Nakajima et al., 2013), and glucuronosyltransferase I (GlcAT-I, encoded by B3GAT3) (Yauy et al., 2018; Colman et al., 2019). Recessive pathogenic variants of any of these four genes lead to severe skeletal deformities and connective tissue disruptions.
B3GALT6 (NM_080605.3) is a single-exon gene on chromosome 1p36.33, which encodes beta-1,3-galactosyltransferase 6 (β3GalT6). The enzyme localizes predominantly in the Golgi apparatus and catalyzes the addition of a third galactose to the second galactose of the GAG linker region. In 2013, Malfait et al. (2013) and Nakajima et al. (2013) reported B3GALT6 pathogenic variants in human diseases. Since then, dozens of B3GALT6 variants in the recessive status have been identified in approximately 40 unrelated families with Ehlers–Danlos syndrome (EDS) (Sellars et al., 2014; Vorster et al., 2015; Alazami et al., 2016; Trejo et al., 2017; Ben-Mahmoud et al., 2018; Van Damme et al., 2018; Caraffi et al., 2019).
In 2012, we reported on an autosomal-dominant (AD), three-generation family with multiple members presenting with radioulnar limitation, scoliosis, thick vermilion of both lips, and a shortened and thickened femur neck (Zhu et al., 2012). Exome sequencing (ES) of the family was performed. Variant analysis and validation tests identified the following: 1) B3GALT6-recessive (compound heterozygous) variants led to severe phenotypes (EDS); 2) the frameshift-elongated variant (c.510_517del:p.L170fs*268) segregated with moderate deformities in three members of the family in a dominant manner. Functional experiments confirmed that the R295C variant was loss-of-function, but the elongated variant (p.L170fs*268) may exert a dominant-negative effect. This is the first report on B3GALT6-dominant variant leading to disease.
MATERIALS AND METHODS
Study Subjects
The study was approved by the Academic Committee of Hunan Children’s Hospital (approval number: HCHLL58, Changsha City, Hunan Province, China). All family members provided written informed consent to participate in this study.
Exome Sequencing
ES was carried out on seven individuals (I:1, I:2, II:1, II:2, II:3, III:1, and III:2) (Figure 1A). The detailed ES pipelines have been reported previously (Yang et al., 2019). Briefly, genomic DNA was fragmented into 180–280 bp segments, libraries were prepared and captured using an Agilent SureSelect Human All Exon V6 kit for each individual, and the effective concentration of each sample was subsequently sequenced on an Illumina HiSeq X Ten Sequencing system (Illumina Inc., San Diego, CA, United States). The raw BCL file was then converted into a raw FASTQ file. Raw reads were filtered using FastQC to remove low-quality reads. Clean reads were then mapped to the reference genome GRCh37 using Bwa. After removing duplications, SNV and InDel were called and annotated using GATK. For each sample, 11.9 G bases were obtained. The average yield was 16.6 Gb with an error rate of <0.1%. Furthermore, >90% bases had a Phred quality score of ≥30 (Q30).
[image: Figure 1]FIGURE 1 | B3GALT6 mutated in an autosomal-dominant family. (A) Pedigree with five affected members. NA, genomic DNA was unavailable. (B) Two variants in the family, i.e., c.883C>T:p.R295C and c.510_517del:p. L170fs*268. Note: the trace figure of c.510_517del was identified by Sanger sequencing after the PCR fragment TA-clone experiment. (C) Protein sequence alignment of the residue 295 (arginine) across different species. (D) Schematic view of β3Galt6 protein and the position of the pathogenic variants reported so far. The upper bar represents the domain structure of wild-type (WT) β3Galt6. Missense variants identified so far were depicted above the WT-β3Galt6, and indel variants were depicted below the WT-β3Galt6. TM, transmembrane region. Note: variants depicted as red were found in this study.
Cell Transfection and Western Blot
The empty vector pCMV-14-3 ×flag or B3GALT6 expression constructs (WT, R295C, or L170fs*268) were separately transfected into HeLa cells using Lipofectamine 3000 (Invitrogen, L3000-015) for 48 h. Protein extracts were collected and separated by 10% SDS-PAGE, electrotransferred to a polyvinylidene fluoride (PVDF) membrane (0.45 µm, Merck Millipore Ltd.), blocked with buffer containing 5% non-fat milk, and incubated with mouse monoclonal anti-flag antibody (1:2500) (Sigma, F1804) overnight at 4°C and HRP-conjugated secondary antibodies for 1 h at room temperature and developed with an enhanced chemiluminescence HRP substrate kit (Millipore, WBKLS0500). The membrane was visualized using an iBright FL1500 imaging system (Invitrogen).
Cellular Immunofluorescence
HeLa cells were seeded on coverslips in 24-well culture plates. When the cells reached 80% confluence, the B3GALT6 expression constructs were transfected for 48 h. Cells were blocked with 4% paraformaldehyde for 30 min, permeabilized with 0.2% Triton X-100 for 10 min, and blocked with 5% BSA for 1 h at room temperature. The solution was discarded, and the mouse monoclonal anti-flag antibody (1:500) (Sigma, F1804) and rabbit anti-GOLPH4 antibody (1:400) (Abcam, ab28049) were added onto the coverslips overnight at 4°C in a moist environmental box. The secondary antibody Cy3-conjugated goat anti-mouse IgG (Origene, TA130012) and FITC-conjugated goat anti-rabbit IgG (Origene, TA130021) were incubated for 1 h at room temperature in a dark place, and then DAPI was added onto coverslips for 5 min. Coverslips were mounted on the slide. Cell images were captured with laser scanning confocal microscopy LSM 800.
RESULTS
B3GALT6 Variants in the Family
As previously reported, an autosomal-dominant family was investigated (Figure 1A; Table 1), and we suspected that the family was affected by Giuffre–Tsukahara syndrome at that time (Zhu et al., 2012). ES was successfully performed on seven family members (Figure 1A). After obtaining the variant list, we first focused on the loss-of-function variants (including canonical splicing variants, indels, or other truncating variants) as well as elongation frameshift variants. Because AD inheritance was observed in the index family (Figure 1A), and the disease is extremely rare, we focused on heterozygous, rare, coding variants with AF less than 0.0001 (Exac_eas; gnomAD_eas; 1000G_eas; gomAD_genome all). Then, we only considered the variants (absent in our 700 in-house ES data) that co-segregated with the affected status in the index family; one variant remained, c.510_517del:p. L170fs*268, at B3GALT6. Because B3GALT6 is a known gene for the connective tissue disorder (EDS), we reanalyzed all B3GALT6 rare variants with AF less than 0.001 (including missense variants) and identified another B3GALT6 missense variant, i.e., c.883C>T:p.R295C on three family members (Ⅱ:3, Ⅲ:1, and Ⅲ:2). Sanger sequencing validation confirmed that two family members with severe phenotypes (Ⅲ:1 and Ⅲ:2) had B3GALT6 compound heterozygous variants (c.883C>T:p.R295C/c.510_517del:p. L170fs*268) (Figures 1A,B; Table 1). Unaffected family member Ⅱ:3 was heterozygous for c.883C>T:p.R295C variant (Figures 1A,B; Table 1), and family members Ⅰ:1, Ⅱ:1, and Ⅱ:2 with moderate phenotypes suffered by c.510_517del:p.L170fs*268 heterozygous variant (Figures 1A,B; Table 1).
TABLE 1 | Manifestations and radiographic findings of the individuals in the family.
[image: Table 1]Functional Characteristics of β3Galt6 Variants
The c.883C>T:p.R295C is not located in the catalytic galactosyltransferase domain (Figure 1D). Protein sequence alignment indicated that residue 295 (arginine) was not highly conserved across different species (Figure 1C). Meanwhile, in the gnomAD database, there was a very low frequency (AF = 0.0005) in the East Asian population, and 13/23 silico software predicted it to be benign or tolerant (Supplementary Table S1). The c.510_517del:p.L170fs*268 variant was not found in the ExAC, 1000G, and gnomAD databases, and it was not observed in 700 exome databases of our in-house datasheet that are unrelated to skeletal diseases (data not shown).
According to the first in-frame ATG in the reference sequence (NM_080605.4), the c.510_517del variant led to a frameshift mutation and introduced a termination codon delay. Consequently, it was predicted that the mutant-elongated protein contained 438 amino acids in contrast to the wild-type protein, which contained 329 amino acids (Figure 1; Supplementary Material S1).
β3Galt6 mainly functions in the Golgi (Bai et al., 2001). Previous studies have identified B3GALT6 variants exerting pathogenic effects by subcellular mislocalization or unstable structure of the mutant protein or by the unstable/incomplete transcript at the RNA level (Nakajima et al., 2013; Ben-Mahmoud et al., 2018). We then overexpressed β3Galt6 (WT, R295C, or L170fs*268) in the HeLa cells. Western blot analysis showed that: 1) the size of the R295C protein was the same as that of the wild-type protein, but the expression of R295C was increased significantly (Figures 2B,C); 2) in contrast to wild-type β3Galt6, a band with a larger molecular weight was observed for the frameshift mutant protein (L170fs*268), and a significantly reduced expression was observed (Figures 2B,C).
[image: Figure 2]FIGURE 2 | c.510_517del:p. L170fs*268 linked an elongated product. (A) Upper panel represents the wild-type (WT) β3Galt6. Lower panel represents the c.510_517del:p. L170fs*268 elongation variant. Note: in wild-type β3Galt6, the catalytic galactosyltransferase domain was depicted in blue; red: frameshift amino acid sequence caused by the deletion. (B) Western blot analysis of lysates from HeLa cells expressing WT and mutant B3GALT6. CMV-14, empty plasmid. (C) Relative density of β3Galt6. n = 4 per group, *p < 0.05.
Second, we checked the subcellular localization of β3Galt6 (WT, R295C, or L170fs*268). In contrast to WT-β3Galt6 expressed in the Golgi (as it co-localized with GOLPH4, which is a marker of the Golgi) (Figure 3), the mutant R295C protein was found in the cytoplasm but not in the Golgi (Figure 3), indicating that the mutant R295C protein was functionally null. In contrast, β3Galt6-L170fs*268 was located in the Golgi compartment, as it overlaps with GOLPH4. According to the ACMG/AMP criteria (Richards et al., 2015), both the variants were classified as pathogenic; the evaluation results of the L170fs*268 variant were PVS1, PM1, PM2, PP1, and PP4; and for the R295C variant, the evaluation results were PS3, PM2, PM3, PP1, and PP4.
[image: Figure 3]FIGURE 3 | Subcellular localization of β3Galt6. (A) HeLa cells were transfected with plasmid carrying the wild-type (WT), the c.883C>T, or the c.510_517del variant. Cells were stained with anti-FLAG (red), anti-GOLPH4 (green), and DAPI (blue). (B) Enlarged images of (a–c) point of (A).
Heterozygous B3GALT6- L170fs*268 Leading to a Moderate Phenotype
The family members Ⅲ:1 and Ⅲ:2 exhibited severe phenotypes (which were consistent with EDS). Other individuals in the family (Ⅰ:1, Ⅱ:1, and Ⅱ:2) did not meet the criteria for EDS and clearly exhibited moderate phenotypes (Table 1 and ref 22). The in vitro study identified that a plasmid with c.510_517del:p. L170fs*26 variant can express an elongated protein (Figure 2), and the mutant elongated protein can be correctly localized in the Golgi. Given that the L170fs*26 frameshift variant resulted in about half of the catalytic galactosyltransferase domain being disrupted (Figure 2A), we propose that the elongated protein (having no catalytic function) occupies the Golgi position disrupting normal GAG production, resulting in a dominant-negative effect.
In brief, the present study identified two novel B3GALT6 pathogenic variants in a multiplex family: 1) in the recessive status, mutant B3GALT6 causing EDS; and 2) in the dominant status, the elongation-mutant β3Galt6 causing moderate phenotypes (although not reaching the level of a typical EDS).
DISCUSSION
As a key enzyme in GAG synthesis, β3Galt6 is encoded by the B3GALT6 gene (Bai et al., 2001). In an autosomal-recessive manner, pathogenic variants of B3GALT6 lead to a multisystem disorder mainly comprising bone deformity and connective tissue disruption, that is, spondylodysplastic EDS (Malfait et al., 2013; Nakajima et al., 2013; Van Damme et al., 2018; Caraffi et al., 2019). Approximately, 60 patients from 40 families have been reported to have mutated B3GALT6 (Malfait et al., 2013; Nakajima et al., 2013; Sellars et al., 2014; Ritelli et al., 2015; Vorster et al., 2015; Alazami et al., 2016; Trejo et al., 2017; Ben-Mahmoud et al., 2018; Van Damme et al., 2018; Caraffi et al., 2019; Zhang et al., 2020; Descartes et al., 2021; Leoni et al., 2021). Among these patients, 41 B3GALT6 pathogenic variants have been reported (Figure 1C), including two start-codon loss (Nakajima et al., 2013; Van Damme et al., 2018), two in-frame deletion variants (Nakajima et al., 2013; Van Damme et al., 2018), two in-frame duplication variants (Alazami et al., 2016; Trejo et al., 2017), five frameshift variants that lead to truncation of the protein (Malfait et al., 2013; Nakajima et al., 2013; Ritelli et al., 2015; Van Damme et al., 2018; Caraffi et al., 2019), two frameshift variants that lead to elongation of the protein (Van Damme et al., 2018; Caraffi et al., 2019), and 28 missense variants (Malfait et al., 2013; Nakajima et al., 2013; Sellars et al., 2014; Ritelli et al., 2015; Vorster et al., 2015; Alazami et al., 2016; Trejo et al., 2017; Ben-Mahmoud et al., 2018; Van Damme et al., 2018; Caraffi et al., 2019; Zhang et al., 2020; Descartes et al., 2021; Leoni et al., 2021). Frameshift variants that lead to protein elongation (combined with other missense variants) have been reported in several severe sporadic patients (Van Damme et al., 2018; Caraffi et al., 2019).
Given that 41 B3GALT6 pathogenic variants (including elongation variants) have been reported on EDS as described previously, none of these variants caused a dominant phenotype. In the present study, we identified two novel B3GALT6 pathogenic variants, i.e., the c.883C>T:p.R295C and the c.510_517del:p.L170fs*268. The B3GALT6-prolonged variant (c.510_517del:p.L170fs*268) was detected in five family members. In two members (who combined with another point R295C variant), severe phenotypes (typical components of EDS) were observed, which is consistent with previous studies, that is, in the recessive status, B3GALT6 variants lead to EDS. The novelty of the present study is that in the other three family patients (Ⅰ:1, Ⅱ:1, and Ⅱ:2), the heterozygous L170fs*268 variant co-segregated with less severe but obvious phenotypes, such as radioulnar joint limitation, “S”-shaped scoliosis, and thick vermilion of the lips.
To test the functional consequences of the elongation variant, we expressed B3GALT6 L170fs*268 protein in HeLa cells. Western blot analysis identified an apparently elongated band (with a significantly reduced amount), which was consistent with the cell immunofluorescence assay in which the B3GALT6 L170fs*268 protein could be detected in the cytoplasm. However, in the immunofluorescence assay, we did not observe a reduction in the L170fs*268 protein. Such a difference in protein amount between the Western blot assay and the immunofluorescence assay may contribute to the L170fs*268 proteins having less stability when they are separated from the in vivo cells.
Similar to WT-β3Galt6, which is expressed in the Golgi, the β3Galt6-L170fs*268 is also located in the Golgi. Therefore, the previous pathomechanism (subcellular mislocalization or haploinsufficiency) cannot explain the heterozygous β3Galt6-L170fs*268 variant-causing phenotypes. Given that the heterozygous β3Galt6-L170fs*268 variant co-segregated with moderate phenotypes in the family produced an elongated protein, and the mutant protein could localize to the Golgi apparatus, we propose that the disease-causing mechanism for this elongation variant is the L170fs*268 that occupies the Golgi apparatus and disrupts the normal CAG production. Nevertheless, to confirm the novel β3Galt6-pathogenic mechanism, further studies, such as galactosyltransferase activity assay, GAG synthesis assay, and CS and HS chain quantifications, are warranted to elucidate the detailed mechanism.
In conclusion, we identified heterozygous B3GALT6-causing phenotypes that implicate a new dominant inheritance pattern of the mutated B3GALT6 or CAG syntheses.
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