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Synpolydactyly (SPD) is caused by mutations in the transcription factor gene HOXD13. Such mutations include polyalanine expansion (PAE), but further study is required for the phenotypic spectrum characteristics of HOXD13 PAE. We investigated four unrelated Chinese families with significant limb malformations. Three PAEs were found in the HOXD13 polyalanine coding region: c.172_192dup (p.Ala58_Ala64dup) in Family 1, c.169_192dup (p.Ala57_Ala64dup) in Family 2, and c.183_210dup (p.Ala62_Ala70dup) in Family 3 and Family 4. Interestingly, we identified a new manifestation of preaxial polydactyly in both hands in a pediatric patient with an expansion of seven alanines, a phenotype not previously noted in SPD patients. Comparing with the wild-type cells and mutant cells with polyalanine contractions (PACs), the HOXD13 protein with a PAE of nine-alanine or more was difficult to enter the nucleus, and easy to form inclusion bodies in the cytoplasm, and with the increase of PAE, the more inclusion bodies were formed. This study not only expanded the phenotypic spectrum of SPD, but also enriched our understanding of its pathogenic mechanisms.
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INTRODUCTION
Synpolydactyly (SPD; MIM 186000), also known as syndactyly type Ⅱ, is a distal limb abnormality characterized by fusion of the third and fourth fingers and the fourth and fifth toes and the presence of redundant digits in the syndactylous web(Goodman, 2002). SPD is currently classified into three types: SPD1, SPD2, and SPD3 (Temtamy and McKusick, 1978; Malik and Grzeschik, 2008). Of these, SPD1 is caused by variants in HOXD13 on chromosome 2q31. HOXD13 is a member of the HOX family that encodes transcription factors and plays an important role in limb development (Muragaki et al., 1996).
In the first exon of HOXD13 gene, there is a coding region of polyalanine chain composed of 15 alanines. Expansions of more than 7 to 14 N-terminal polyalanines are pathogenic (Akarsu et al., 1996). Studies of genotypic and phenotypic correlations suggested that the longer the polyalanine tract was, the more severe the phenotype was observed (Goodman et al., 1997). Variations of c.183_206dup, c.186_212dup (Gong et al., 2011), and c.893G>A (Wang et al., 2012) in HOXD13 and their co-segregation in affected individuals have been reported by several groups (Sun et al., 2021; Wajid et al., 2009; Zaib et al., 2019). The variant c.925A>T in HOXD13 causes atypical SPD by impairing the downstream transcription of EPHA7 (Guo et al., 2021). Another pathogenic variant of SPD involves a heterozygous 11,451-bp microdeletion at chr2:176933872-176945322 (GRCh37), which is located upstream of HOXD13 (Jia et al., 2021). Mutant protein with additional polyalanine expansion (PAE) is expected to destabilize the normal protein structure, leading to aggregation (Wajid et al., 2009). This prevents the protein from being transported from the cytoplasm to the nucleus, where it normally acts as a transcription factor, although its regulatory pathway and downstream genes remain unknown. In addition, PAE causes cytoplasmic aggregates of HOXD13 molecules and may inhibit the translocation of wild-type (WT) proteins to the nucleus, suggesting that PAE in HOXD13 may exhibit dominant-negative effects. To date, 52 variants were recorded in the professional edition (Human Gene Mutation Database, HGMD, 2021.4), and 18 variants were recorded responsible for syndactyly. Further studies on the pathogenic mechanism of PAEs in SPD are needed, including the identification of novel phenotypes regulated by HOXD13 during PAE.
In this study, we recruited four families with SPD and discovered a novel presentation of preaxial polydactyly of both hands in a pediatric patient. We identified the effect of polyalanine changes on cellular localization of HOXD13 proteins, by constructing the full length cDNA vectors of wild type and mutant HOXD13 with different length of polyalanine. Our findings expand the phenotypic spectrum and advance our understanding of human limb development.
MATERIALS AND METHODS
Patients
A total of 16 patients from four unrelated Chinese families living in mainland China were recruited in this study (Figure 1). All of these patients had varying degrees of clinical manifestations of SPD1. After obtaining the approval of the Institutional Review Board of the Chinese Academy of Medical Sciences and School of Basic Medicine (032-2017) and the informed consent of all participants, we collected peripheral blood samples from these patients and their available family members.
[image: Figure 1]FIGURE 1 | Pedigrees of four unrelated families with the synpolydactyly. The arrows indicate the proband. The asterisks represent the individuals in the families who provided peripheral blood samples.
Mutation analysis
Genomic DNA of the family members was extracted from peripheral blood by the standard SDS proteinase K/phenol/chloroform method. The coding exons and exon–intron boundaries of HOXD13 (NM_000523.3) were amplified by polymerase chain reaction (PCR). Primer sequences were as follows: forward, 5′-CTTTCTCTCCGCGCCTGTGTTC-3′, and reverse, 5′-CTACAACGGCAGAAGAGGACGACG-3′. The PCR volume comprised 50–100 ng genomic DNA, 0.5 μL of each primer (10 μM), 4 μL dNTP (2.5 mM), 12.5 μL of 2 × GC buffer Ⅱ, 2.5 U LA Taq DNA polymerase (Takara Biotechnology Co., Ltd., Dalian, China), and deionized water to 25 μL. The PCR was performed according to the following conditions: 95°C for 3 min; 35 cycles at 94°C for 30 s, 65°C for 30 s, and 72°C for 30 s; and a final extension for 8 min at 72°C. Sanger DNA sequencing was performed by a commercial service. The reference sequence of the candidate gene HOXD13 (NM_000523.4) was obtained from the UCSC Genome Browser (http://genome.ucsc.edu). The sequencing data were analyzed using CodonCode Aligner software (version 6.0.2.6; CodonCode Corporation, Centerville, MA, United States).
T clone sequencing was performed to detect the sequence of the GCN trinucleotide repeat encoding the polyalanine tract. Briefly, the PCR product was ligated into pMD19-T vector; the ligation reaction volume included 4 μL Solution Ⅰ, 1 μL pMD19-T vector (Takara Biotechnology Co., Ltd.; Code: D102A), 1 μL PCR product (50 ng), and 4 μL sterile deionized water; the ligation reaction was performed at 16 °C for 15 min. The ligation product was then transformed into E. coli DH5α, with 42°C heat shock for 90 s and plate culture for 16 h pMD19-HOXD13-PolyA plasmid DNA was extracted using a Qiagen Plasmid Mini kit (12125) and then cloning-sequencing was performed using DNA Sanger sequencing.
Mutation validation
The PAE was verified by PCR combined with 8% neutral polyacrylamide gel electrophoresis and conventional silver staining (0.1% AgNO3) in all available members of Family 1. And PAEs in other three families with SPD were confirmed using PCR and 3% agarose gel electrophoresis.
HOXD13 protein localization
Full length human HOXD13 cDNA of the wild type and mutant types with polyalanine contraction (PAC: −13A, −11A, −7A) and polyalanine expansion (PAE: +9A, +14A, +17A) were cloned into the eukaryotic expression vector pEGFP-C3. The mutant plasmids were constructed by insertion of synthesized oligonucleotides including the different length of polyalanine tract and confirmed by Sanger sequencing. COS-7 cells were cultured in DMEM (Invitrogen) supplemented with 1% penicillin/streptomycin and 10% fetal bovine serum. At a cell confluence of 75%, the wild type and six mutant plasmids were transfected into COS-7 cells, respectively. The transfection was performed in a 24-well plate using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. The transfected cells were observed 24 h after transfection and imaged using an Olympus IX71 microscope (Zhao, 2006). The localization and intensity of GFP fluorescence signal in COS-7 cells were evaluated and analyzed.
RESULTS
Clinical report
In Family 1, all male patients had severe hand and foot deformity, whereas female patients had only mild membranous syndactyly. Interestingly, preaxial polydactyly in both hands was found in a young patient, which has never been reported in patients with PAE of HOXD13 (Figure 2A). In Family 2, fingers 3/4 of the proband were syndactyly, with bilateral symmetry. The proximal fingers were fused, forming a severe 3/4 finger deformity, with slight differences on both sides. The patients had bilateral bifurcation of the fourth metatarsal, bony polydactyly of the fifth fingers, and periosteum polydactyly of fingers 4/5 (Figure 2B). In Family 3, the proband was born with a congenital 3/4-finger syndactyly deformity of her right hand and underwent orthopedic surgery at age 3 (Figure 2C). In Family 4, the proband was completely synpolydactyly with fingers 3/4 and toes 4/5 (Figure 2D). The synpolydactyly in toes 4/5 were similar in all families (Figures 2A–D).
[image: Figure 2]FIGURE 2 | Clinical manifestation of patients with synpolydactyly. (A) Bilateral preaxial polydactyly of hands and postaxial synpolydactyly of feet found in a pediatric patient. (B) Bilateral or unilateral synpolydactyly in 3/4 fingers of the affected individuals in SPD families. (C) Congenital syndactyly between the 3/4 fingers. (D) There were syndactyly in the proband’s 3/4 fingers. The arrows indicate the patients’ fingers.
Mutation identification
The PAEs found in HOXD13 of the probands were confirmed using PCR combined with cloning-sequencing. Three different duplications of triplet repeat were identified in the N-terminal polyalanine coding region in HOXD13: c.172_192dup (p.Ala58_Ala64dup) in Family 1 (Figure 3A), c.169_192dup (p.Ala57_Ala64dup) in Family 2 (Figure 3B), and c.183_210dup (p.Ala62_Ala70dup) in Family 3 and Family 4 (Figure 3C). The pattern diagram of different codons in HOXD13 polyalanine tract of the normal allele and mutant allele with expansion of nine-alanine was shown in (Figure 3D).
[image: Figure 3]FIGURE 3 | Polyalanine expansions of HOXD13 identified in the families with synpolydactyly. (A) Expansion of seven-alanine, c.172_192dup (p.Ala58_Ala64dup), in Family 1. (B) Expansion of eight-alanine, c.169_192dup (p.Ala57_Ala64dup), in Family 2. (C) Expansion of nine-alanine, c.183_210dup (p.Ala62_Ala70dup), in Family 3 and Family 4. (D) Take Family 4 as an example, pattern diagram of different codons in HOXD13 polyalanine tract of the normal allele and mutant allele with expansion of nine-alanine. (E) Two bands (182bp and 161bp) were separated on 8% neutral polyacrylamide gel. The result showed that all patients had the duplication.
Mutation validation
In the four families of the current study, all the affected individuals with SPD were heterozygotes of PAE in HOXD13, and all the unaffected individuals harbored only one allele with a length of 161bp. All the patients with SPD had two alleles, including one 161bp fragment and a longer fragment with PAE. The results of polyacrylamide gel electrophoresis showed that all the patients in Family 1 had a normal allele of 161bp and a mutant allele of 182bp (Figure 3E), all SPD patients in Family 2 included fragments of 161bp and 185bp, and all the affected in Family 3 and Family 4 harbored two fragments with length of 161bp and 188bp (results of the agarose gel electrophoresis were not provided in this publication). Co-segregation of PAE variants with the SPD phenotype was confirmed in all four families.
Cellular localization of mutant HOXD13 protein
As for the effects of polyalanine length on HOXD13 protein entering the nucleus, COS-7 cells were transfected with plasmids containing HOXD13 WT, PAC (−13A, −11A, −7A), and PAE (+9A, +14A, +17A). Cells transfected with the polyalanine of +14A and +17A PAE in HOXD13 showed the strongest GFP signal, whereas the GFP signal appeared in the nucleus for a short period of time and was weak. GFP-HOXD13 fusion protein was mainly distributed in the cytoplasm and nucleus, but most cells had stronger signal in the cytoplasm (Figure 4A). There was no significant relationship between PAC mutations and the entering into the nucleus. The GFP-fusion proteins with PAE were distributed in the nucleus and cytoplasm, and increased with the increase of PAE length (Figure 4A). It is likely due to the accumulation of fusion proteins in the cytoplasm instead of in the nucleus. These results indicated that PAE affected the entering of HOXD13 protein into the nucleus, and this effect was gradually aggravated with the increase of PAE length. A schematic of HOXD13 shows two exons with the poly-Ala tract and an intron (Figure 4B).
[image: Figure 4]FIGURE 4 | Cellular localization of the fusion protein of GFP-HOXD13 in COS-7 cells. (A) Expression of eight vectors: GFP, pEGFP-C3 vector; WT, the pEGFP-C3 with wild type HOXD13; three HOXD13 poly-Ala mutant plasmids with polyalanine contractions (PACs) (−13A, −11A and -7A); three HOXD13 poly-Ala mutant plasmids with polyalanine expansions (PAEs) (+9A, +14A, and +17A). The wild type and the PAC mutant of HOXD13 did not affect the cellular localization of the fusion protein, but the PAE of HOXD13 caused the aggregation of fusion proteins in the cytoplasm. Moreover, with the increase of PAE, the inclusion body of fusion protein in cytoplasm increased. (B) Schematic structure of HOXD13, the polyalanine tract located in the first exon and the homeobox domain located in the second exon.
DISCUSSION
Homeobox genes play important roles in embryo development and encode a highly conserved family of transcription factors. HOXD13 is the 5’ terminal member of the HOXD cluster and has two coding exons. The first exon contains an incomplete trinucleotide repeat of GCN (N represents A/C/G/T), which encodes a polyalanine tract of 15-alanine. The second exon encodes a highly conserved homeobox domain including a nuclear localization signal (Akarsu et al., 1996). Point mutations, frameshift mutations, or PAE in the first exon of human HOXD13 can lead to the typical SPD phenotype, and the missense mutations in the second exon led to brachydactyly type E and syndactyly type V (Zhao et al., 2007). In the present study, three PAEs in HOXD13 were found in four unrelated Chinese families: c.172_192dup (p.Ala58_Ala64dup) in Family 1, c.169_192dup (p.Ala57_Ala64dup) in Family 2, and c.183_210dup (p.Ala62_Ala70dup) in Family 3 and Family 4. Correlation between the severity of SPD and the PAE length of HOXD13 has been discussed for many years (Chintalaphani et al., 2021). The expansion of two other alanines does not have pathological consequences (Malik et al., 2007), and to our knowledge, PAE less than 7 alanines has not been reported in human, this means that synpolydactyly can be caused only when polyalanine expansion reaches a certain threshold, such as a PAE of seven alanine or more (Malik and Grzeschik, 2008). Moreover, in our study, it was found that the male patients showed more severe limb malformation than that of female patients in all families. Gong et al. reported a PAE of c. 186-212dup (p.Ala63_Ala71dup), in the exon 1 of HOXD13, which resulted in variable expressivity, such as SPD, camptodactyly, symphalangism, transverse phalanx, and osseous fusion of the third metacarpal with the proximal phalanx (Gong et al., 2011). This means that variable expressivity between different genders was an important genetic characteristics of SPD. We suggest that variable expressivity of SPD may be related to hormone level. Why this phenotypic heterogeneity occurs remains to be elucidated, and potential modifier genes are also an issue requiring attention in further research.
HOXD13 is a transcription factor that must enter the nucleus to regulate downstream target genes (Jung et al., 2004). Thus, HOXD13 protein may have a nuclear localization signal (NLS) (Williams et al., 2005). The PAE exceeding seven alanines disrupts this functional domain, leading to aggregation of the protein and forming inclusion bodies in cytoplasm and thereby prevents the HOXD13 entering the nucleus (Albrecht & Mundlos, 2005), thus influences its regulatory role on downstream genes. Moreover, with the increase of PAE length, GFP-HOXD13 protein aggregates more in the cytoplasm and forms more inclusion bodies. On the other hand, the longer the PAE is, the less the fusion protein appears in the nucleus. However, there was no difference in the localizations of GFP-HOXD13 fusion protein between cells with PAC group and wild-type, and the fluorescence signal was mainly located in the nucleus. The present study suggests that PAE affects the nucleation of HOXD13 protein and that the effect intensifies with an increase of PAE length.
In summary, we identified a new manifestation of symmetrical preaxial polydactyly hands in a pediatric patient with a seven-alanine expansion, a phenotype not mentioned previously in patients with HOXD13 PAE. PAE more than 7 alanines affect the nucleation of HOXD13 protein and the effect became more notable with the extension of PAE. These findings expand the phenotypic spectrum and advance our understanding of the mechanism of human synpolydactyly.
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