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Objective: This study aimed to explore the pathogenic genes and mutation sites of macrodactyly.

Methods: Whole-exome sequencing was performed on the pathological tissue and peripheral blood of 12 patients with macrodactyly
who were operated in our hospital between June 2018 and May 2020. In order to conduct comprehensive bioinformatics analysis and
screen the pathogenic genes of macrodactyly, the patients were divided into four groups: macrodactyly of finger group, macrodactyly
of foot group, macrodactyly and syndactyly of finger group, and macrodactyly and syndactyly of foot group. The results of the whole-
exome sequencing were verified using Sanger sequencing in order to clarify the pathogenic genes and mutation sites of macrodactyly,
and immunohistochemical analysis of the protein signaling pathways encoded by the pathogenic genes was performed to observe the
protein expression and further verify the mutant genes.

Results: In the comprehensive bioinformatics analysis and Sanger verification of the whole-exome sequencing, the PIK3CA gene
mutation was screened as the pathogenic gene of macrodactyly. The mutation sites were identified as the p.E542K (c.G1624A) and p.
E545K (c.G1633A) sites of exonl0 and the p.H1047R (c.A3140G) and p.G1049R (c.G3145C) sites of exon21. Among these, the p.
G1049R (c.G3145C) locus was found in macrodactyly for the first time. The mutation of the PIK3CA gene was also found to lead to
increased expression of serine-threonine kinase (AKT) in adipocytes in the PI3K-AKT-mTOR signaling pathway.

Conclusion: Mutation of the PIK3CA gene leads to the enhancement of the PI3K-AKT-mTOR signaling pathway, which is the cause
of macrodactyly. There is also some diversity in PIK3CA gene mutation sites.
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Introduction
Congenital macrodactyly is a rare non-hereditary congenital malformation, often involving one or more fingers or toes
and manifesting as diffuse, asymmetric enlargement and continuous growth of the palms or soles. It can cause serious
impairment of limb appearance and function. The incidence of macrodactyly in newborns is about 1 in 100,000,
accounting for approximately 1% of congenital deformities of limbs." Most of these patients are sporadic cases, and
excessive adipose tissue hyperplasia and nerve-fiber fat infiltration are the main pathological changes.? Currently, the
treatment of macrodactyly mainly relies on surgical procedures for soft-tissue reduction and osteotomy to improve limb
appearance, but the results are not yet completely satisfactory.®

Previous studies have revealed that PIK3CA-related overgrowth spectrum has part of the phenotype of
macrodactyly,’’ in the present study, whole-exome sequencing (WES) was performed on the diseased tissue and
peripheral blood of 12 patients with macrodactyly who were operated on in our hospital between June 2018 and
May 2020. In order to conduct comprehensive bioinformatics analysis and screen the pathogenic genes of macrodactyly,
the patients were divided into four groups: macrodactyly of finger group, macrodactyly of foot group, macrodactyly and
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syndactyly of finger group, and macrodactyly and syndactyly of foot group. The results of the WES were verified using
Sanger sequencing in order to identify the mutation sites, and immunohistochemical analysis of the protein signaling
pathways encoded by the pathogenic genes was performed to observe the protein expression and further verify the mutant
genes, thereby providing a theoretical basis for the pathogenesis of macrodactyly.

Subjects and Methods

General Data

Of the 12 patients enrolled in the study, 6 were males and 6 were females, and the average age was 3.5 years (range: 1-13
years). All 12 patients are Chinese and were born in China. All the 12 patients are not familial macrodactylyThe patients
were divided into four groups according to the presence of macrodactyly (finger or toe), and the presence of syndactyly
(finger or toe): macrodactyly of finger group (3 cases), macrodactyly of foot group (5 cases), macrodactyly and
syndactyly of finger group (2 cases), and macrodactyly and syndactyly of foot group (2 cases). Peripheral blood samples
were available in 9 of the 12 patients. The general information and grouping of the patients are shown in Table 1 and
Figure 1.

Inclusion and Exclusion Criteria

All enrolled patients were clinically diagnosed with simple macrodactyly. Patients with congenital limb hypertrophies
caused by congenital lymphatic and vascular malformations, such as CLOVES (congenital lipomatous overgrowth,
vascular malformations, epidermal nevi, and skeletal/scoliosis and spinal abnormalities) syndrome, Klippel-Trenaunay
syndrome, and Proteus syndrome, were excluded.

Specimen Acquisition
During each patient’s surgical procedure (Figure 2), 0.5 g of pathological tissue (fat tissue) was resected and 1 mL of the
peripheral blood (EDTA anticoagulation) was taken. The samples were labeled accordingly, before being transported on
dry ice and stored at a temperature of —80°C.

Prior to specimen acquisition, the consent of the patients and their legal guardians was obtained, and an informed
consent form was signed. The specimens taken for the study were discarded pathological tissues that were resected
during surgery, so the acquisition of the specimens would not harm the patient and the confidentiality of the patient’s

genetic information was assured. The study was approved by the ethics committee of our hospital.

Table | Grouping and General Situation of 12 Children with Giant Finger (Toe) Disease

No. Group Gender Age (Year) Finger (Toe) Tissue Specimens Blood Sample
| Pure macrodactyly Male 4 Right | 2 Yes Yes
2 Pure macrodactyly Female 2 Lefe 123 Yes No
3 Pure macrodactyly Male 5 Right 3 Palm Yes No
4 Pure macrodactyly Male | Left 1 2 Yes Yes
5 Pure macrodactyly Female 13 Right 1 2 3 4 Yes Yes
6 Pure macrodactyly Male 6 Right 1 2 Yes Yes
7 Pure macrodactyly Male 3 Right 2.3 Yes Yes
8 Pure macrodactyly Female 8 Left 2 3 Yes Yes
9 Macrodactyly and syndactylia Male 2 Right 3 4 Yes Yes
10 Macrodactyly and syndactylia Female | Left 2 3 Yes No
Il Macrodactyly and syndactylia Female 4 Right 23 Yes Yes
12 Macrodactyly and syndactylia Female | Right 2 3 Yes Yes
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Figure | Clinical features of macrodactyly ((A) macrodactyly of finger; (B) macrodactyly of foot; (C) macrodactyly and syndactyly of finger; (D) macrodactyly and syndactyly
of foot).

The WES Process

DNA Sample Testing

Agarose gel electrophoresis was performed to analyze the degree of DNA degradation and identify any RNA and protein
contamination. Qubit 3.0 (Life Invitrogen, USA) was used to accurately quantify DNA concentration.

Library Building and Capture

The genomic DNA was randomly broken into fragments of 180-280 bp in length using a Covaris ultrasonic disruptor
(Covaris, USA). After terminal repair and A-tailing, linkers were connected to both ends of the fragment to build a DNA
library. The library building and capture experiment was performed using an Agilent SureSelect Human All Exon V6 kit
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Figure 2 Intraoperative conditions of children with macrodactyly (median nerve thickening, adipose infiltration, and adipose tissue hyperplasia).

(Agilent Technologies, USA). Once the library had been pooled with a specific index, it was hybridized with a biotin-
labeled probe, and magnetic beads with streptomycin were used to capture the exons of the gene.

Library Retrieval

After the library was built, Qubit 2.0 (Life Invitrogen, USA) was used for preliminary quantification, after which
NGS3K/Caliper (Perkin Elmer, USA) was used to detect the insert size of the library. Once the insert size met the
requirements, the effective concentration of the library was accurately quantified using the quantitative real-time
polymerase chain reaction (qQPCR) method to ensure the quality of the library.

Sequencing on Machine

Library quality inspection was performed after PCR amplification, and each sample was loaded into the machine after
passing the quality inspection. High-throughput sequencing was performed (Shanghai Genechem Co., Ltd., China) using
the Illumina Novaseq 6000 platform (Illumina company, USA). The average sequencing depth of the target area reached
125% or more, and the coverage of the target area was over 99.97%.

Screening of Mutant Genes
The genes that met one of the following mutant gene selection criteria were selected:

(1) Mutations with a frequency higher than 1% in at least one of the four frequency databases (Thousands of Genome
Data [1000g_all], ESP6500 Database [esp6500si_all], and gnomAD Data [gnomAD ALL and gnomAD_EAS]) were
excluded in order to remove the diverse sites between individuals and identify rare mutations that may cause disease.

(2) The variations in the coding (exonic) region or splicing site (10 bp up and down) were retained.

(3) The synonymous single-nucleotide polymorphism mutations that were not located in the highly conserved region
and not predicted by the software as affecting splicing were excluded. (A site with a grep++ score >2 was considered
a highly conserved region; if at least one of the two predicted scores of dbscSNV was greater than 0.6, it was considered
that the mutation would affect splicing.) The small-fragment (<10 bp) non-frameshift InDel mutations in the repeat
region were excluded.

(4) Following the evidence from the 2015 American College of Medical Genetics and Genomics, the harmfulness of
each mutation site was analyzed; the mutations that met one of the following conditions were retained: (a) the mutation
was predicted to be harmful; (b) the mutation was predicted to affect splicing.

Bioinformatics Analysis
Comprehensive bioinformatics analysis was conducted in four stages:
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(1) The four groups of mutant genes (macrodactyly of finger, macrodactyly of foot, macrodactyly and syndactyly of
finger, and macrodactyly and syndactyly of foot) were intersected, and the common mutant genes in the pathological
tissues were screened out.

(2) For cases with both tissue specimens and blood specimens, the genes that were only mutated in the tissue were
intersected to screen out genes that were only mutated in pathological tissues.

(3) Phenolyzer analysis was conducted on the selected mutant genes.®
(4) Sanger sequencing was performed for verification of the screened mutant genes’ and to further determine the

regions and sites of the mutations.

Immunohistochemical Analysis of Pathological Tissue
The mutant genes of macrodactyly were screened out based on the results of the WES and verification with Sanger
sequencing, and monoclonal antibody immunohistochemical analysis was performed on the protein signaling pathways
encoded by the mutant genes in order to observe the protein expression and further verify the mutant genes.
Immunohistochemical analysis of serine-threonine kinase (AKT) monoclonal antibody was performed in the patho-
logical tissue (adipose) to detect the endogenous level of AKT total protein. To observe the expression of AKT protein,
the analysis was performed with the first antibody of rabbit anti-AKT monoclonal antibody IgG (Cell Signaling
Technology, USA, CST, No0:4691T) and the second antibody of goat anti-rabbit antibody IgG labeled with horseradish
peroxidase (Cell Signaling Technology, China, Servicebio, No:C030812). The adipose tissue of patients with polydactyly
was used as a control group, and the expression intensity of AKT protein was compared. Hematoxylin-eosin staining of
adipose cells was also performed.

HE Stains

The pathological analysis of adipose tissue was carried out by hematoxylin eosin staining. It was fixed in 4%
paraformaldehyde for 48 hours. After being embedded in stone wax, it was prepared into sections with a thickness of
5 u M. hematoxylin staining, eosin re staining and neutral gum sealing were observed under the microscope.

Results

Analysis of Mutation Gene Detection in Four Groups of Pathological Tissues
The number of mutant genes in each group of pathological tissues was: (1) macrodactyly of finger group: 413; (2)
macrodactyly of foot group: 1730; (3) macrodactyly and syndactyly of finger group: 340; (4) macrodactyly and
syndactyly of foot group: 674.

Eight mutation genes (PIK3CA, ACTR3C, IST1, MYH8, MUC16, HELZ2, BAGE2, and BAGES) were identified in
the four groups after intersection. The Wayne diagram after intersection is shown in Supplemental Figure 1.

Analysis of Mutation Gene in Pathological Tissue and Peripheral Blood in the Same
Patient

In the cases with both tissue samples and peripheral blood samples, we screened the genes mutated only in the tissue but
not in the peripheral blood, and then took the intersection of the genes of 9 samples. PIK3CA is the intersection gene of 9
cases. The Wayne diagram after intersection is shown in Supplemental Figure 2.

Phenolyzer Analysis of Mutation Genes

Phenolyzer analysis was performed on the 8 mutation genes screened out from the intersection of the four groups. The
possible pathogenic genes were then screened according to clinical phenotype. After Phenolyzer analysis, the PIK3CA
gene was selected as the seed gene. The upstream and downstream genes are shown in Supplemental Figure 3.

The candidate genes were ranked according to the association between the 8 candidate mutant genes and diseases, as
shown in Figure 3. The mutation genes and loci of the WES results are shown in Table 2.
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Figure 3 The candidate genes were ranked according to the association between the 8 candidate mutant genes and diseases (y-axis label: relevance score).

Sanger Sequencing Results of the PIK3CA Gene

Based on the results of WES, the PIK3CA gene was selected as the pathogenic gene, with mutation sites concentrated in
exonl0 and exon21. Sanger sequencing of exon10 and exon21 of the PIK3CA gene in each sample was then performed.'’
The sequencing detected the PIK3CA gene mutation in the pathological tissue samples of all 12 patients, and the
mutation site and mutation mode identified by Sanger sequencing were the same as those identified by WES. The primer
information of the Sanger sequencing of the PIK3CA gene is shown in Supplemental Table 1. The map of mutation sites

detected by the Sanger sequencing is shown in Table 3.

Immunohistochemical Analysis of Pathological Tissues

Hematoxylin-eosin staining revealed that the volume of adipocytes of macrodactyly (finger) was larger than that of
polydactyly, but the difference was not significant. Immunohistochemical analysis of the AKT monoclonal antibody IgG
revealed that the staining of adipocytes of macrodactyly (finger) was significantly darker than that of polydactyly,
suggesting that the expression of AKTprotein was significantly increased. (Figure 4).

Table 2 Sanger Sequencing Mutation Site of PIK3CA Gene in Pathological Tissues of 12 Children

No. CytoBand Exon Mutant Nucleotides Amino Acid Change
[ 3q26.32 exon2| c.A3140G p.HI047R

2 3q26.32 exon|0 c.Gl624A p.E542K

3 3q26.32 exon2| c.A3140G p.HI047R

4 3q26.32 exon2| c.A3140G p.HI047R

5 3q26.32 exon|0 c.Gl624A p.E542K

6 3q26.32 exon|0 c.GI633A p.E545K

7 3q26.32 exon2| c.G3145C p.G1049R

8 3q26.32 exon2| c.A3140G p.-HI047R

9 3q26.32 exon2| c.A3140G p.HI047R

10 3q26.32 exon2| c.A3140G p.HI047R

I 3q26.32 exon2| c.A3140G p.HI047R

12 3q26.32 exon|0 c.GI633A p.E545K
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Table 3 The Results of Sanger Sequencing Gene Detection in 12 Children
with Pathological Tissue Were Analyzed

No. Mutation Site Genotype
134891011 PIK3CA p.HI1047R
E21 c.3140A>G
25 PIK3CA p.E542K
EIO0 c.1624G>A
612 PIK3CA p.E545K
EIO0 c.1633G>A
7 PIK3CA PGI049R
E21 c.3145G>C

Discussion

The exome is the sum of all the exon regions in a species genome and is the most direct embodiment of gene function.
Human exome sequences account for about 1% of all human genome sequences, and 85% of mutation genes related to
human diseases are located in the coding sequences and splicing sites of exons.!' The use of WES and high-throughput
sequencing has been proven to be highly efficient in the screening of genes for congenital genetic diseases and rare

Figure 4 He staining and immunohistochemical staining of adipose tissue (A) He staining of adipocytes in polydactyly children; (B) He staining of adipocytes in children with

macrodactyly; (C) Immunohistochemical staining of Akt monoclonal antibody in adipocytes of polydactyly children; (D) Akt monoclonal antibody immunohistochemical
staining of adipocytes in children with macrodactyly. (100 x).

diseases.'?
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In the present study, mutant genes in the pathological tissue of four groups (12 cases) of patients with macrodactyly
were intersected, and Phenolyzer analysis of the results of the intersection was conducted. This analysis identified the
PIK3CA gene as the seed gene that causes the phenotype of macrodactyly. In the comparison of the mutations in the
whole exomes of the pathological tissue and the peripheral blood of the patients, only the PIK3CA gene was found to be
mutated in the pathological tissues of the 9 patients from whom only tissue samples were taken. In both analyses, the
pathogenic gene of macrodactyly was directed to PIK3CA. Immunohistochemistry then revealed that the activity of AKT
protein in the adipose tissue of macrodactyly was significantly increased compared with that of polydactyly, and
immunofluorescence analysis indicated that AKT was expressed in both the cell membrane and nucleus of adipocytes
of macrodactyly. We speculate that the PIK3CA gene mutation leads to the activation of the PI3K-AKT-mTOR signaling
pathway, which is the cause of macrodactyly.

The PIK3CA gene, which is located at 3q26.3, is 34 KB long, contains 21 exons, and encodes 1068 amino acids (a
group of amino acids that produces a 124 kD protein) was first detected by Volinia in 1994 by in situ hybridization."?
PIK3CA encodes the P110 catalytic subunit of class I phosphatidylinositol-3-kinases (PI3Ks), ie, PI3Kp110a. The main
function of PI3K protein is phosphorylation.'* The result of the activation of PI3K is that 4,5-diphosphate phosphati-
dylinositol (PIP2) is catalyzed into the second messenger of 3,4,5-diphosphate phosphatidylinositol (PIP3) with 3
phosphates, leading to the activation of AKT; AKT then transmits the signal to the downstream mTOR to regulate the
physiological processes of different cells, such as cell proliferation, metabolism, autophagy, apoptosis, and migration, in
order to trigger a series of intracellular signal transductions.'*'* This is known as the PI3K-Akt-mTOR signaling
pathway participated by PI3K. In the present study, AKT monoclonal antibody immunohistochemical staining was
performed on the pathological adipose tissue of patients with macrodactyly and polydactyly. It was observed that AKT
protein expression in the adipose tissue of patients with macrodactyly was higher than that of patients with polydactyly,
and AKT monoclonal antibody immunofluorescence analysis revealed that AKT was strongly expressed in both the cell
membrane and nucleus of adipocytes of macrodactyly. This provided further proof that the mutation of the PIK3CA gene
leads to the activation of PI3K encoded by it and its downstream AKT protein, after which the signal is transmitted to the
mTOR, resulting in adipocyte proliferation and the enhancement of metabolism, causing the patients’ fingers/toes to
develop adipose tissue hyperplasia and nerve-fiber fat infiltration, finally leading to the enlargement of the fingers or toes
to form macrodactyly.

Previous studies have reported that the pathogenic mutation of PIK3CA encodes the abnormal P110 a-subunit,
leading to the continuous activation of the PI3K enzyme; this enhances intracellular signaling conduction, leading to
uncontrolled cell proliferation and the formation of tumors, such as breast cancer, endometrial cancer, colon cancer,
ovarian cancer, and lung cancer.">'” However, one study has suggested that, as a proto-oncogene, PIK3CA’s single
pathogenic mutation cannot directly lead to tumors—only the pathogenic mutation that co-occurs with other genes can

lead to tumors'®

—which may be why macrodactyly has biological characteristics that are not completely the same as
those of tumors.

Approximately 91% of the mutation sites of the PIK3CA gene are located in the helical region (p.E542K and p.
E545K in exon 10) and kinase region (p.H1047R in exon 21). These mutation sites are all pathogenic and are common
hot spots for mutations in tumors.'”?® In addition to these tumor mutation sites, p.Argl15Pro, p.Cys420Arg, p.
Glu453Lys, and p.His1047Leu, have been reported in the study of the pathogenic gene sites of macrodactyly.”*'** In
the present study, in addition to the previously reported p.E542K, p.E545K, and p.H1047R sites, one patient was found to
have a mutation in the p.G1049R (c. 3145G>C) site, which has been previously reported in megalencephaly-capillary
malformation syndrome’ but has never been reported in macrodactyly. From the perspective of clinical phenotypes, the
patient (case 7) had isolated macrodactyly on the right second and third toes with no other special phenotypes, so this site

should be considered a new pathogenic site of macrodactyly.

Conclusion

Through WES and verification with Sanger sequencing, the pathogenic gene of macrodactyly was identified. PIK3CA
gene mutation may have a significant correlation with the pathogenesis of macrodactyly. This provides a theoretical basis
for the future study of targeted drug treatment for macrodactyly.
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