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Abstract
Postaxial polydactyly (PAP) is a common limb malformation that often leads to cosmetic and functional complications. 
Molecular evaluation of polydactyly can serve as a tool to elucidate genetic and signaling pathways that regulate limb 
development, specifically, the anterior-posterior specification of the limb. To date, only five genes have been identified 
for nonsyndromic PAP: FAM92A, GLI1, GLI3, IQCE and ZNF141. In this study, two Pakistani multiplex consanguineous 
families with autosomal recessive nonsyndromic PAP were clinically and molecularly evaluated. From both pedigrees, a 
DNA sample from an affected member underwent exome sequencing. In each family, we identified a segregating frameshift 
(c.591dupA [p.(Q198Tfs*21)]) and nonsense variant (c.2173A > T [p.(K725*)]) in KIAA0825 (also known as C5orf36). 
Although KIAA0825 encodes a protein of unknown function, it has been demonstrated that its murine ortholog is expressed 
during limb development. Our data contribute to the establishment of a catalog of genes important in limb patterning, which 
can aid in diagnosis and obtaining a better understanding of the biology of polydactyly.
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Introduction

Genetically driven molecular pathways involved in limb 
development epitomize a complicated process that is still 
not fully understood. Genetic evaluation of hereditary limb 
malformations allows the identification of genes associated 
with limb defects, thereby providing valuable clues to the 
physiologic role of these genes without prior information 
on function (Grzeschik 2002; Barham and Clarke 2008). 
Massively parallel sequencing has proven to be a power-
ful approach to identify novel genes associated with rare 
monogenic disorders, including limb malformations (Ng 
et al. 2010; Parla et al. 2011; Kalsoom et al. 2013; Spiel-
mann et al. 2016).

Postaxial polydactyly (PAP) is a common congenital 
limb malformation characterized by extra digit(s) at the 
ulnar (little finger) or fibular (5th toe) side of the hands 
and/or feet (Schwabe and Mundlos 2004; Umm-e-Kalsoom 
et al. 2012). PAP results from defective patterning of the 
anterior-posterior axis of the developing limb bud. It can 
occur as an isolated trait (nonsyndromic PAP) or as a part 
of a syndrome (Biesecker 2011).

A Pakistani clinical and descriptive genetic study 
reported that 52% of nonsyndromic polydactylies are 
postaxial (Malik et al. 2014). Several studies reported that 
males are affected twice as often as females (Castilla et al. 
1973; Malik et al. 2014). Non-syndromic PAP (OMIM: 
174200), can be broadly divided into two types: PAP-A, 
characterized by a well-developed extra fifth digit, and 
PAP-B showing an incompletely developed extra digit 
(pedunculated postminimus) attached to the fifth finger/
toe (Schwabe and Mundlos 2004; Umm-e-Kalsoom et al. 
2012; Kalsoom et al. 2013; Verma and El-Harouni 2015a). 
In Pakistan PAP-A is more prevalent than PAP-B with 
64.8% of cases presenting with PAP-A (Malik et al. 2014). 
Non-syndromic PAP segregates with either an autosomal 
dominant or recessive model of inheritance with variable 
expression (Umm-e-Kalsoom et al. 2012; Radhakrishna 
et al. 1999). Four autosomal dominant loci (PAP-A1-A4) 
and five autosomal recessive (PAP-A5-A9) loci have been 
reported (Umm-e-Kalsoom et al. 2012; Kalsoom et al. 
2013). Thus far five PAP genes have been identified : GLI3 
[PAP-A1 (OMIM: 174200) (Al-Qattan 2012)]; ZNF141 
[PAP-A6 (OMIM: 615226) (Kalsoom et al. 2013)]; IQCE 
[PAP-A7 (OMIM: 617642) (Umair et al. 2017)]; GLI1 
[PAP-A8 (OMIM: 618123) (Palencia-Campos et al. 2017)] 
and FAM92A [PAP-A9 (OMIM: 618219) (Schrauwen et al. 
2018)].

In this study, two Pakistani multiplex consanguineous 
families with autosomal recessive PAP were evaluated. In 
both families, homozygous KIAA0825 loss of function var-
iants were identified which likely underlie PAP etiology.

Materials and methods

Ethical approval and sampling

The study was approved by institutional review boards 
(IRBs) at Balochistan University of Information Technology, 
Engineering and Management Sciences, Quetta, Pakistan 
(IRB# 00010538); Baylor College of Medicine and Affili-
ated Hospitals, Houston, USA (IRB# H-41049); and Quaid-
i-Azam University, Islamabad, Pakistan (IRB# QAU-155).

The nonsyndromic PAP families are both from Pakistan, 
BD204 was ascertained from the Upper Dir district of Khy-
ber Pakhtonkhwa (Northern Pakistan) and PD-23 from the 
city of Mirpur Khas, Sindh Province (Southern Pakistan). 
For family BD204, DNA samples were obtained from two 
affected (V:1 and V:2) and two unaffected (IV:2 and V:3) 
members (Fig. 1A) and for family PD-23, from three affected 
(IV:2, VI:1, and VI:5) and eight unaffected (IV:4, IV:5, V:3, 
V:4, VI:2, VI:3, VI:4, and VI:7) members (Fig. 2A).

DNA extraction, genotyping, quality control 
and homozygosity mapping

Genomic DNA was extracted from peripheral blood sam-
ples using commercially available kits. For BD204, whole-
genome genotyping of 550K single nucleotide polymor-
phism (SNP) markers was performed using the Infinium® 
HumanCoreExome Chip (Illumina, USA) on genomic DNA 
samples from two affected (V:1 and V:2) and one unaffected 
(V:3) family members. The genotype data underwent qual-
ity control using MERLIN (Abecasis et al. 2002) to detect 
occurrences of double recombination events over short 
genetic distances which could be due to genotyping errors, 
and PEDCHECK (O’Connell and Weeks 1998) to identify 
Mendelian inconsistencies. Analysis of the genotype data 
were performed using homozygosity mapping (Homozygo-
sityMapper) (Seelow and Schuelke 2012).

Whole exome sequencing and Sanger sequencing

For family BD204 and PD-23 genomic DNA samples from 
one affected family member (BD204: V:2; PD-23: VI:1) was 
selected for exome sequencing (Figs. 1A, 2A).

Exome library preparation was performed using the 
Roche/Nimblegen SeqCap EZ v2.0 (~ 36.5 MB) for fam-
ily BD204 and the Agilent SureSelect Exome V6 Cap-
ture Library kit for family PD-23. Barcoded libraries 
were pooled and sequencing was performed on an Illu-
mina HiSeq with an average on-target coverage of 54× 
for BD204 and 87× for PD-23. Reads were aligned to 
GRCh37/Hg19 using Burrows-Wheeler Aligner (BWA-
MEM) (Li and Durbin 2009) for family BD204 and using 
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Bowtie2 (Langmead et al. 2018) and SAMTools (Li et al. 
2009) for family PD-23. Duplicate removal, indel-realign-
ment, quality recalibration, and variant detection and call-
ing were performed using Picard and Genome Analysis 
Toolkit (GATK) (McKenna et al. 2010).

For family BD204, variants were annotated using 
ANNOVAR (Wang et al. 2010) and selected based on the 
following criteria: exonic and splicing variants (± 12 bp); 
population specific minor allele frequency (MAF) < 0.005 
in the genome aggregation database (gnomAD) database 
(Lek et al. 2016); a scaled C-score of ≥ 10 in the com-
bined annotation dependent depletion (CADD) database 
for single nucleotide variants (SNVs) (Kircher et al. 2014) 
and bioinformatics predictions of the variants impact. 
Variants located in the linkage/homozygosity region were 
given priority, but other genomic areas were also consid-
ered. Sanger sequencing was used to verify segregation 
of candidate variants within family BD204.

For data analysis of family PD-23, the Varbank pipe-
line v.2.3 and filter interfaces were applied to detect pro-
tein changes, affected donor and acceptor splice sites, and 
overlaps with known variants. Acceptor and donor splice-
site mutations were analyzed using a maximum entropy 
model (Yeo and Burge 2004). Based on the same filtering 
parameters used for family BD204, variants were selected 
to be tested for segregation. Sanger sequencing was also 
used to verify segregation of candidate variants. Muta-
tion nomenclature of KIAA0825 is based on transcript 
NM_001145678.1.

In silico expression analysis

To evaluate the expression of KIAA0825 (2210408IRik) in 
the developing mouse limb, RNA-seq expression data were 
downloaded and further analyzed from datasets GSE78345, 
GSE78372, GSE78405, GSE78465 and GSE82919 from 
the Gene Expression Omnibus (GEO) database (Edgar et al. 
2002). Bernstein and colleagues have studied total RNA 
extracted from developing limbs at stages E11.5–E15.5 in 
C57BL/6 mouse embryos (B6NCrl substrain; mixed sex). 
Data were generated as part of the Encyclopedia of DNA 
Elements (ENCODE) project (ENCODE Project Consortium 

Fig. 1   A Pedigree drawing of family BD204 segregating autosomal 
recessive postaxial polydactyly type A and B. Males are denoted by 
squares while females are display as circles. Family members affected 
with PAP are denoted by a filled in symbol and unaffected members 
by a clear one. Consanguineous unions are delineated by double 
lines. A diagonal line through a square or circle represents a deceased 
family member. DNA samples were obtained from individuals for 
which a genotype is shown. A star (*) indicates availability of exome 
sequence data. B Photographs and radiographs for affected members 
of family BD204. Individual V:1 displays PAP-A of both feet (a) and 
hands exhibiting an extra digit articulated with the fifth metacarpal 
along with mild clinodactyly in the fifth digit of both hands (b, c). 
For individual V:2, the right and left foot present with PAP-A (d, e), 
and the right hand presents with PAP-B that is characterized by a 
rudimentary tissue tag, extending from fifth finger (f). The left hand 
of V:2 presents with PAP-A, displaying a sixth finger outspread from 
the fifth metacarpal (g). V:2 also presents with mild along with mild 
clinodactyly in the fifth digit of both hands (f, g). Radiographic fea-
tures of the feet of patient (V:2) reveal a diphalangeal extra digit artic-
ulated with fifth metatarsal in the right foot (h). A diphalangeal extra 
digit and a bifurcated and broad metatarsal is visible in the left foot 
(i). Radiographs of hands of affected individual (V:2) show PAP-A 
in left hand (k). The extra finger occurs in the form of a discrete digit 
having two phalanges (k). Bony abnormalities can be excluded in the 
right hand (j)

▸



596	 Human Genetics (2019) 138:593–600

1 3

2012; Edgar et al. 2002). Non-strand specific RNA-seq data, 
containing the TPM values (Transcripts per Kilobase Mil-
lion), were downloaded and further analyzed with R3.1.2. 
Two technical replicates were generated from each embry-
onic stage, and the averaged expression was plotted using 
ggplot2.

Results

Clinical features

Pedigrees BD204 and PD-23 are consanguineous and PAP 
segregates with an autosomal recessive mode of inheritance 
(Figs. 1A, 2A). For family BD204, nonsyndromic PAP-A 
was present in two affected individuals (V:1 and V:2) and 
PAP-B was also observed in individual V:2 (Fig.  1B). 
Affected individuals presented bilateral, well-developed 
duplication of fifth digit in hands and feet, compatible 
with PAP-A (Fig. 1B: a–g). However, the right hand of the 
affected individual V:2 had a postaxial rudimentary tag that 
is a feature of PAP-B (Fig. 1B: f). X-rays of affected indi-
vidual (V:2) revealed a diphalangeal sixth finger of the left 
hand while no additional bony structure was observed in the 
right hand (Fig. 1B: h–k). The fifth metatarsal has a larger 
diameter whereas the diameter of third and fourth metatar-
sals is smaller in individual V:2. Additionally both affected 
individuals V:1 and V:2 showed mild clinodactyly in the 
fifth digit of both hands (Fig. 1B: b, c, f, g). Radiographs 
showed a diphalangeal sixth digit for both feet with one digit 
extending from a bifurcated fifth metatarsal for the left foot 
(Fig. 1B: h, i). Affected individuals had normal height, teeth, 
nails, skin and hair without any associated craniofacial or 
neurological abnormalities.

For family PD-23, four individuals are affected with non-
syndromic PAP-A of variable degree (Fig. 2A). Individual 
IV:2 has PAP-A with well-developed additional fingers and 
toes on both hands and feet (Fig. 2B: a, b). The hands of 

Fig. 2   A Pedigree drawing of family PD-23 segregating autosomal 
recessive postaxial polydactyly type A. Family members affected 
with PAP are denoted by a filled in symbol and unaffected mem-
bers by a clear one. Consanguineous unions are delineated by dou-
ble lines. A diagonal line through a square or circle represents a 
deceased family member. DNA samples were obtained from individu-
als for which a genotype is shown. A star (*) indicates availability 
of exome sequence data. B Photographs and radiographs for family 
PD-23. Individual IV:2 displays PAP-A of both feet (a) and hands (b). 
For individual VI:1 the left foot displays postaxial hexadactyly with 
a well-developed diphalangeal additional toe while the right foot is 
clinically and radiologically normal (c, e). The hands of individual 
VI:1 do not show any clinical or radiological abnormality (d, f). Indi-
vidual VI:5 displays unilateral PAP-A of the left hand with an extra 
digit arising from the fifth metacarpal, mild camptodactyly in the fifth 
digit of both hands. as well as PAP-A of the right foot (g, h)

▸
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individual VI:1 do not show any clinical or radiological 
abnormality (Fig. 2B: d, f), however, his left foot displays 
postaxial hexadactyly with a well-developed diphalangeal 
additional toe (Fig. 2B: c, e). The corresponding metatar-
sal bone is distally broadened. The right foot of individual 
VI:1 is clinically and radiologically normal (Fig. 2B: c, e). 
Affected individual VI:5 displays unilateral PAP-A of the 
left hand with an extra digit arising from the fifth metacar-
pal along with mild camptodactyly in the fifth digit of both 
hands as well as PAP-A of the right foot (Fig. 2B: g, h). 
Family member IV:3 who was reported to be affected with 
PAP is deceased and no additional phenotype data could be 
obtained.

Homozygosity mapping

For family BD204, whole genome SNP array data revealed 
three homozygous regions in BD204 affected family mem-
bers: 1p31.1-p21.1 (29.23 Mb); 3q13.31-q22.1 (16.52 Mb); 
and 5q14.3-q15 (10.34 Mb).

Exome and Sanger sequence data

For family BD204 and PD-23, no exonic/splice site vari-
ants within the known nonsyndromic PAP genes with an 
allele frequency < 0.05 in the gnomAD exome and genome 
databases were found. When considering the entire exome, 
for family BD204, six homozygous variants of interest were 
identified with two of these homozygous variants lying 
within regions of homozygosity. Segregation of the vari-
ants was tested using DNA samples from four BD204 family 
members (Fig. 1A and Supplementary Table 1). In family 
PD-23, one homozygous variant of note was detected and 
segregation was tested (Fig. 2A and Supplementary Table 1).

The rare variants detected in the exome sequence data 
were tested for segregation with the PAP using Sanger 
sequencing. For pedigree BD204 two variants segregated 
with PAP: c.761G > A [p.(R254Q)] within RPF1 and 
c.591dupA [p.(Q198Tfs*21)] within KIAA0825 that lay in 
homozygous regions 1p31.1-p21.1 and 5q14.3-q15, respec-
tively (Supplementary Table 1). The homozygous variant 
RPF1 c.761G > A [p.(R254Q)] has a CADD C-score of 33 
and is rare with a gnomAD exome MAF = 8.13 × 10− 6, with 
only two heterozygous individuals reported in the Non-Finn-
ish European population (MAF = 1.79 × 10− 5). This variant 
is unlikely to be causative for PAP based on the RPF1 pro-
tein function and its implication in Wilms tumor suscepti-
bility-5 (OMIM: 601583). The second homozygous variant 
c.591dupA [p.(Q198Tfs*21)] within KIAA0825 (C5orf36) 
segregated in family BD204 and was not observed in gno-
mAD exomes or genomes.

Aside from family BD204, a second homozygous 
variant c.2173A > T [p.(K725*)] within KIAA0825 

segregated in family PD-23. This variant is rare with a 
MAF = 6.75 × 10− 6 in gnomAD exomes, only one heterozy-
gous allele was observed in the gnomAD Latino population 
(MAF = 4.32 × 10− 5) and none were detected among 22,170 
South Asian chromosomes.

Two homozygous variants were detected within 
KIAA0825 ,  a  f rameshi f t  var iant ,  c .591dupA 
[p.(Q198Tfs*21)] (located in the 5q14.3-q15 region 
of homozygosity) and a nonsense variant c.2173A > T 
[p.(K725*)] that segregated within families BD204 and 
PD-23, respectively. The amplified KIAA0825 sequence 
was obtained using forward (F1) and reverse (R1) primers 
(F1: 5′-cccatcaaccctaagtggaa-3′ and R1: 5′-tcaccattgaagatg-
gagctaa-3′) within family BD204 and using forward (F2) 
and reverse (R2) primers (F2: 5′-ggcactgaattgcatcgaga-3′ 
and R2: 5′-acagagctcaccatccctaaag-3′) within family PD-23 
(Supplementary Fig. 1). The Sanger sequence chromato-
grams are displayed in Supplementary Fig. 1. The variants 
were deposited in the ClinVar databased under accession 
numbers SCV000864221 and SCV000864222 (https​://www.
ncbi.nlm.nih.gov/clinv​ar/).

To estimate the frequency of KIAA0825 mutations in 
PAP, we queried exome sequences of 40 affected individuals 
from 31 unrelated Pakistani families and did not detect any 
additional potentially pathogenic variants. Taken together, 
these results suggest that KIAA0825 variants are likely a rare 
cause of autosomal recessive PAP in Pakistan.

KIAA0825 ortholog expression in the developing 
limb

In silico query of the ENCODE data (RNA-seq) showed that 
the closest mouse ortholog of KIAA0825, 2210408IRik, is 
expressed in the developing mouse limb from E11.5 through 
E15.5 compared to other known polydactyly genes (Fig. 3).

Discussion

Human limb development is a complex process that is spa-
tially and temporally regulated by a complex cascade of 
molecular pathways. The growth of the limb bud occurs in 
a three-dimensional axis: proximal to distal, dorsal to ven-
tral, and anterior to posterior (radial to ulnar) (Barham and 
Clarke 2008). Dysregulation in anterior-posterior pattern-
ing of the developing limb may result in polydactyly that 
can occur as an isolated limb malformation or as part of 
a pleiotropic developmental anomaly syndrome (Biesecker 
2011; Verma and El-Harouni 2015). Genes more specifi-
cally related to the anterior-to-posterior axis development 
are strongly related to the molecular basis of polydactyly 
(Yang and Niswander 1995; Loomis et al. 1998; Verma and 
El-Harouni 2015). Polydactyly can be present on the radial 

https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
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side (preaxial), ulnar side (postaxial; PAP) or involve non-
border (central) digits (mesoaxial). PAP is the most common 
of these three polydactyly types with an estimated incidence 
of one in ~ 110 live births in Africans (Pompe van Meerder-
voort 1976) and one in ~ 1340 live births in Europeans (Wat-
son and Hennrikus 1997).

After GLI3, ZNF141, IQCE, GLI1, and FAM92A, 
KIAA0825 is the sixth gene for nonsyndromic PAP. The two 
identified variants are very rare and co-segregate with PAP. 
They lead to the introduction of a premature termination 
codon and are predicted to be targeted by nonsense-medi-
ated decay (NMD) in the long isoform of KIAA0825 (Hug 
et al. 2016). KIAA0825 has two different isoforms, a long 
isoform (isoform 1; NM_001145678.1; NP_001139150.1; 
1275aa), and a short isoform (isoform 2; NM_173665.2; 
NP_775936.1; 324 aa). Both variants are likely to lead to 
no or limited expression of a truncated protein and a loss-
of-function (LOF) of the long isoform of KIAA0825 due to 
NMD (isoform 1). However, the c.2173A > T variant (PD-
23) does not affect the short isoform of KIAA0825, although 
the c.591dupA variant (BD204) is predicted to lead to the 
expression of a truncated KIAA0825 isoform 2, that might 
be partially functional or not. This might explain the milder 
phenotype observed in family PD-23, as the short isoform 
(isoform 2) of KIAA0825 is not affected in these patients. In 
addition, no homozygous frameshift, nonsense or splice site 
variants in KIAA0825 have been observed in the gnomAD 
database.

Homozygous 2210408I21Riktm1b(EUCOMM)Wtsi mice 
that were created and phenotyped by the International 
Mouse Phenotyping Consortium (IMPC) (Koscielny 
et al. 2014) have a significant decrease in bone mineral 
density (BMD) which was observed in both male and 
female mice (p = 2.02 × 10− 7). The BMD mean values 

for 2210408I21Riktm1b(EUCOMM)Wtsi−/− males (N = 8) were 
0.0428 ± 0.0011 standard deviations (SD) and for females 
(N = 8) 0.0439 ± 0.0025 SD compared to 0.0458 ± 0.0018 
SD for male (N = 144) and 0.0478 ± 0.0018 SD for female 
(N = 404) controls. The 2210408IRik−/− mice (N = 16) 
also showed an increase of the total body fat in both 
males and females (p = 1.43 × 10− 5) compared to controls 
(N = 548). A decrease in lean body mass was observed 
in males (p = 2.46 × 10− 5) but not observed in females 
(p = 0.23584). Impaired glucose tolerance was also observed 
in 2210408IRik−/−male and female mice (p = 4.75 × 10− 7). 
Although 2210408IRik−/− mice do not display polydactyly 
these data are consistent with a causative role of KIAA0825 
variants for PAP.

KIAA0825 is an uncharacterized gene of unknown 
function. According to ENCODE, its mouse ortholog 
2210408I21Rik is expressed in various tissues/organs, 
including in the developing limbs (Fig. 3). In mouse, the 
E11.5 forelimb bud reveals the first signs of a humerus and 
by E14.5 the most distal phalanges of the hand are formed 
(Martin 1990). 2210408IRik is expressed at a steady level 
throughout several all these time critical points. A de novo 
deletion of chromosome 5q14.3-15 has been associated with 
bilateral periventricular heterotopia, intellectual disability, 
and epilepsy (Cardoso et al. 2009). Interestingly, one of the 
three patients in this report also had postaxial polydactyly of 
the toes. Yet, the causative gene underlying this phenotype 
has not been identified, and it is unknown whether a muta-
tion on the non-deleted chromosome was present. Overall, 
we provide evidence that KIAA0825 likely causes PAP in 
the two families under study, although additional cases are 
needed to confirm the causal relation of KIAA0825 to PAP.

Genes mutated in nonsyndromic and syndromic forms 
of polydactyly encode proteins involved in cell signaling, 

Fig. 3   Heatmap representation 
of RNA-seq data queried from 
ENCODE of polydactyly genes 
in the developing mouse limb 
from E11.5 through E15.5. The 
2210408IRik gene, the closest 
mouse KIAA0825 ortholog, 
has a steady expression level in 
the developing limb. Here, it is 
plotted together with other non-
syndromic i.e., Zfp941 (ZNF141 
ortholog), Iqce, Gli3 and syn-
dromic polydactyly genes i.e., 
Bbs1, Mks1. TPM transcripts 
per kilobase million
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transcription and growth factors, proteins involved in DNA 
repair, structural and catalytic proteins, immunoglobulin 
superfamily proteins, chaperones, and gap junction pro-
teins (Duboc and Logan 2009; Goetz and Anderson 2010; 
Biesecker 2011; Verma and El-Harouni 2015). However, 
the genetic machinery involved in limb development and 
anterior-posterior patterning is not fully understood. Recent 
technologies such as massively parallel sequencing are pow-
erful tools to accelerate the process of gene identification 
for rare disorders (Ng et al. 2010; Parla et al. 2011). Hence, 
it is anticipated that the list of identified polydactyly genes 
will be extended in the next few years ultimately yielding 
a more complete catalog of genes involved in polydactyly 
phenotypes.
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