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Exome sequencing revealed a splice site variant in the
IQCE gene underlying post-axial polydactyly type A
restricted to lower limb

Muhammad Umair?, Khadim Shah!, Bader Alhaddad®3, Tobias B Haack®>, Elisabeth Graf*3,
Tim M Strom?3, Thomas Meitinger? and Wasim Ahmad*!

Polydactyly is characterized by an extra supernumerary digit/toe with or without bony element. To date variants in four genes
GLI3, ZNF141, MIPOL1 and PITX1 have been implicated in developing non-syndromic form of polydactyly. The present study
involved characterization of large consanguineous family of Pakistani origin segregating post-axial polydactyly type A, restricted
to lower limb, in autosomal recessive pattern. DNA of two affected members in the family was subjected to exome sequencing.
Sanger sequencing was then followed to validate segregation of the variants in the family members. A homozygous splice
acceptor site variant (c.395-1G > A) was identified in the /QCE gene, which completely co-segregated with post-axial polydactyly
phenotype within the family. The homozygous variant was absent in different public variant databases, 7000 in-house exomes,

130 exomes from unrelated Pakistani individuals and 215 ethnically matched controls. Mini-gene splicing assay was used to
test effect of the variant on function of the gene. The assay revealed loss of first nucleotide of exon 6, producing a — 1
frameshift and a premature stop codon 22 bases downstream of the variant (p.Glyl132Valfs*22). The study provided the first
evidence of involvement of the /QCE gene in limbs development in humans.
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INTRODUCTION

Polydactyly (Poly = many; dactylos =digits) is mainly characterized
by supernumerary digits/toe, which is either fully developed with
the bony element or an additive soft tissue without any bone
element. Polydactyly is an inherited limb anomaly with an
incidence between 5-19/10 000 live births and rudimentary skin
tags are the most common ones.!= Involvement of the lower limbs
have been reported to be less common than the upper limbs, left
hand less common than the right hand and the right foot is less
common than the left foot.* It appears in combination with other
phenotypes or a part of some developmental syndrome (syndromic
polydactyly) or can appear as an isolated entity without any other
malformation (non-syndromic).’

According to the most recent classification, non-syndromic poly-
dactyly has been classified into post-axial polydactyly (PAP), axial
(central) polydactyly and pre-axial polydactyly (PPD) according to the
position of extra digit (s).>® The PAP involves extra digit at fifth digit/
toe and the least common type, axial (central) polydactyly character-
ized by duplication of central three digits (second, third or the fourth)
and PPD involves a supernumerary digit/toe affecting the first digits/
toe (thumb).”® In addition, other complex types of polydactylies like
palmar/ventral and dorsal type polydactyly, haas-type polysyndactyly
and mirror image polydactyly (MIP) have been reported in the
literature.>”

The PAP is classified into two broad categories type A and B. It
depends on either the development of an extra digit (PAP-type A)

or not fully developed (rudimentary) classified as PAP-type B.”
PAP-type A is further classified into six genetic types: PAP-type Al,
PAP-type A2, PAP-type A3, PAP-type A4, PAP-type A5 and
PAP-type A6.° In humans ten loci and four disease causing genes
have been reported to cause different types of non-syndromic
polydactylies. This includes a GLI family zinc finger 3 gene (GLI3,
MIM 165240); a zinc finger protein 141 gene (ZNFI141, MIM
194648); a mirror image polydactyly gene (MIPOLI, MIM 606850)
and a paired like homeodomain 1 gene (PITXI, MIM 602149)
(Table 1).

Previously, we have reported the first locus for autosomal recessive
PAP-type A5 and a novel gene ZNFI41 in a family segregating PAP-
type 6.1 In the present study, we have presented another
consanguineous family of Pakistani origin segregating PAP. Whole-
exome sequencing (WES) identified a biallelic splice acceptor site
variant (¢.395-1G> A; p.Gly132Valfs*22) in the IQCE gene located on
the chromosome 7p22.3.

MATERIALS AND METHODS

Study approval

The present study was performed following the declaration of Helsinki
protocols, approved by the Institutional Review Board (IRB) of Quaid-i-
Azam University, Islamabad, Pakistan and Institutional Review Board of
Technical University Munich Germany. Written informed consent for con-
ducting the study and for publication of radiographs and photographs were
obtained from the family members.
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Table 1 Characterization of disease causing non-syndromic
polydactyly types

Genes Disease Inheritance  Locus OMIM
U PPD1 AD u 174400
ZRS/SHH PPD2 AD 7q36 174500
U PPD3 AD 0] 174600
GLI3 PPD IV AD 7pla.l 174700
U HALLUX TYPE V] 2g31.1-31.2 601759
GLI3 PAPA1 AD 7pld.l 174200
U PAPA2 AD 13g21-g32 602085
U PAPA3 AD 19p13.1- 607324
pl3.2
U PAPA4 AD 7q21-g34 608562
U PAPAS AR 13q13.3- 263450
q21.2
ZNF141  PAPA6 AR 4p16.3 615226
MIPOL1 ~ COMPLEX TYPE; MIP AD 14.11.2-13 606850
PITX1 MIRROR IMAGE AD 5q31.1 602149
POLYDACTYLY
ZRS/SHH HAAS TYPE AD 7q36 186200

Abbreviations: AR, autosomal recessive; AD, autosomal dominant; U, unknown.

Isolation of genomic DNA

Peripheral blood samples were obtained from nine individuals including five
unaffected (II1-2, III-3, I1I-4, V-3, IV-7) and four affected (IV-1, IV-2, IV-5,
IV-6) in EDTA containing vacutainer sets (BD, Franklin Lakes, NJ, USA).
Genomic DNA was extracted from whole blood using GenElute Blood
Genomic DNA Kit (Sigma-Aldrich, St Louis, MO, USA). Extracted DNA
was quantified using Nanodrop-1000 spectrophotometer (Thermal Scientific,
Wilmington, St Louis, MA, USA).

Whole-exome sequencing

WES was performed using DNA extracted from blood of two affected members
(Figure la). Enrichment of exomic sequences was carried out using SureSelect
XT Human All Exon 50 Mb kit version 5 (Agilent Technologies, Santa Clara,
CA, USA). Sequencing was performed on HiSeq 2500 systems (Illumina, San
Diego, CA, USA) using Burrows-Wheeler Aligner (http://bio-bwa.sourceforge.
net), and all reads were aligned against human assembly hg19 (GRCh37). SAM
tools (http://samtools.sourceforge.net/) and PINDEL (http://gmt.genome.wustl.
edu/packages/pindel/)
the variants was performed with the help of the SAM tools varFilter and custom
scripts. All the variants obtained after filtering were then inserted into an in-
house database. Since the pedigree clearly depicts autosomal recessive inheri-

were used for variant calling. Subsequently, filtering of

tance of the phenotype (Figure la), therefore to discover putative pathogenic
(affects function) homozygous recessive variants, we queried the database to
show only those variants in both the affected individuals that were rare
homozygous and disease causing.

Bioinformatics analysis

Frequency of the selected variants was further cross checked with in-house 7000
exomes, Exome Variant Server (http://evs.gs.washington.edu/EVS/), Exome
Aggregation Consortium ExAC (http://exac.broadinstitute.org/), 1000 Genomes
(http://www.1000 genomes.org) and dbSNP (http://www.ncbi.nlm.nih.gov/
SNP/). Variants effect on the nearest splice site was predicted using NNSplice
(Berkeley, CA, USA),'?> MutPred Splice (v1.3.2),!* SKIPPY'* and Human Splice
Finder (v2.4.1).1°

Sanger sequencing validation

The homozygous sequence variant, identified here, was verified by bidirectional
Sanger sequencing in all members of the family. Primers were designed using
Exon Primer (http://ihg.gsf.de).
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Splicing assay

To study effect of the variant on splicing mechanism, we employed a mini-gene
assay, which was based on a strategy originally developed for exon trapping.'®
A ~1900bp fragment, containing IQCE exon 5-6 and ~350bp of the
neighboring introns, were PCR-amplified from genomic DNA of affected and
normal individual using High Fidelity Phusion polymerase (Thermo Scientific,
Pittsburgh, USA). As high fidelity Phusion polymerase produces blunt ended
PCR product, therefore 0.7-1 unit of Taq DNA polymerase was added per tube,
incubated at 72 °C for 10 min and placed on ice. Two distinct primers were
designed (forward: 5-AACAAAACCTCCCATTGTGTGTGCTTGT-3" and
reverse: 5-TGGTTGTAACAAGTGGTTCTGCCCG-3') and the resulting pro-
duct was cloned into PCDNA (3.1a) TOPO vector using the TOPO TA Cloning
according to manufacturer’s protocol (Life Technologies, Carlsbad, CA, USA).
Plasmids were analyzed by direct Sanger sequencing and then transfected into
HeLa cells (105 cells in 3.5 cm wells). Total RNA was extracted using the
Nucleospin RNA extraction kit (Macherey-Nagel Inc, Bethlehem, PA, USA),
retrotranscribed with the Superscript III reverse transcriptase (Invitrogen,
Carlsbad, CA, USA), and the resulting cDNA was PCR-amplified using primers
designed from within exon 5 (forward: 5’AGTCTGACCCAGGCCCT3') and
exon 6 (reverse: 5CTTCTTTAACTCAATAATCTCGTCA3') of the IQCE gene.
The amplified products were analyzed on 1.5% agarose gel electrophoresis and
subsequently sequenced by dideoxy chain termination method. All the variants
(Supplementary Table 4) have been submitted to the Leiden Open Variation
Database (LOVD) at www.LOVD.nl/KREMEN1 (submission ID 00095221;
Variant ID 0000154206).

RESULTS

Clinical description

Four affected members, in the family presented here, were diagnosed
with PAP on the basis of the observed phenotypes and radiological
examinations. Although, phenotypic variability was observed among
affected individuals (IV-1, IV-2, IV-5, IV-6), but the condition was
found restricted only to feet. An affected individual (IV-5) showed
brachymetatarsia of 5th toe in the right foot (Figure 1¢), and affected
individual (IV-6) had PAP only in the right foot (Figure 1d).

Radiological examination of affected individuals (IV-1, IV-2)
showed radial varus deviation of 4th and 5th toes in both feet, and
varus deviation of 5th toe of right foot in affected individual (IV-5).
Bilateral syndactyly of 2nd and 3rd toe was observed only in an
affected individual (IV-1). All the affected individuals had well
developed nails in the extra toes. Radiographical analysis revealed that
both 5th and 6th toes (digits) in the affected individuals were attached
to the two headed thick broad 5th metatarsal (Figures 1b—d). The 5th
metatarsal in the right foot in affected individual (IV-5) had valgus
deviation, while both 5th and 6th toes had cubitus varus deviation
as well.

All the affected individuals had normal height and weight.
Abnormalities involving heart, kidney, nails, teeth, hearing, and brain
were not observed in any affected member. Heterozygous carrier
individuals had no abnormality, and were phenotypically and clinically
indistinguishable from other normal individuals.

WES and sanger sequencing

To search for disease causing variants, WES was performed at Institute
of Human Genetics, Helmholtz Zentrum, Munchen, Germany as
described previously.!” Variants screening was performed on the basis
of autosomal recessive pattern of inheritance of the polydactyly
phenotype, rare variants and OMIM list of syndromic and non-
syndromic polydactyly genes presented in Supplementary Table 1. We
focused only on pathogenic (affects function), disease causing non-
synonymous (NS) variants, causing splice acceptor and donor site
variants (SS), nonsense, missense, short frameshift coding deletions
(indel) or insertions and large deletions/duplications. Total 82
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Figure 1 (a) Pedigree depicting autosomal recessive inheritance pattern of PAP. Clear circles and squares represent normal females and males, respectively.
Filled symbols representing affected members. Double lines indicate consanguineous unions. Individual numbers labeled with asterisks indicate those who
were available for the present study. Red arrows indicating affected individuals subjected to WES. (b) Image and radiographs of an affected individual V-1
having bilateral PAP and incomplete syndactyly of 2nd and 3rd toe. Radiographs showing radial varus deviation of 4th and 5th toes in both feet, extra toes
originating form 5th metatarsal. (c) Image and radiographs of affected individual (IV-5) having bilateral PAP with brachymetatarsia of 5th toe in the right
foot. (d) Image and radiographs of an affected individual 1V-6 showing unilateral PAP in the right foot. Radiographic analysis revealed varus deviation of the
5th and radial valgus deviation of the 6th toe with extra toe attached to the 5th metatarsal. (e) Image and radiographs of both hands of an affected
individual V-1 showing absence of polydactyly phenotype. (f) Lower limbs radiographs of IV-1 having normal tibia and fibula. (g) Lower limbs of 1V-1 having
normal length and normal tibia/fibula. All the affected individuals showed complete well developed nails in the extra toes. The full colour version of this

figure is available at European Journal of Human Genetics online.

compound heterozygous or homozygous variants were detected in
DNA of at least one of the affected individual subjected for exome
sequencing (Supplementary Table 2). Exome statistics are presented in
Supplementary Table 3. Considering polydactyly is a rare disorder and
it is highly unlikely that the disease causing variant could be present in
the general population therefore the data was cross-matched with
online public databases.

Following step-by-step filtering process for screening homozygous
and compound heterozygous variants, six homozygous variants were
identified/filtered in six different genes including MADILI (MIM
602686), IQCE, TNRCI8, PNPLA4, LANCL2 and BAG3 (MIM
603883). A splice acceptor site variant ¢.395-1G>A (NM_152558.4;
NC_000007.14), in intron 5 of the IQCE gene, located on chromo-
some 7p22.3, was found to segregate with the disease phenotype as
verified by Sanger sequencing (Supplementary Figure). The variant
(c.395-1G>A) was not found in homozygous state in dbSNP, 1000
Genomes, EVS, internal database and ExAC and predicted to be
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deleterious in online available bioinformatics tools (Supplementary
Table 4). In the ExAc database containing more than 60 000 human
exome data, the IQCE variant (c.395-1G > A) was found three times in
heterozygous state only with allele frequency of 0.0001818 in south
Asian population. The variant is highly conserved across multiple
species (Figure 2).To exclude polymorphic nature of the variant, it was
cross checked within different online variant databases, 7000 in-house
exome (IHG, Helmholtz, Munich, Germany), 130 exomes from
unrelated Pakistani individuals, and 215 ethnically matched controls.
In silico analyses clearly validated that the splice site variant has a
strong impact on the normal splicing pattern of the gene, as expected
for DNA changes involving -1 and -2 bases of intron acceptor
sequences.

HeLa cells transfection using mini-gene constructs bearing this
change and its wild-type counterpart revealed that (c.395-1G>A)
affects the canonical splicing of exon 6 by knocking down its natural 3’
acceptor splice site and eliciting the use of a cryptic splice site, just one



a .395-1G>A
Exon 1 2 3 4 5 6 78 9 10 11
b p.G132Vfs*22

1 139 351
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12 13 14 15 16 17 18 19 20 21 22

489 552 778

*. Mutated, Homo sapiens, 153 aa (Mutated):
1. ENSP00000385597, Homo sapiens, 695 aa:

RPHLRRSASNVMSLGLLSTEK
RPHLRRSASNGHVPGTPVYRE

2. ENSPTRP00000032212, Pan troglodytes, 695 aa:
3. ENSNLEPO00000013097, Nomascus leucogenys, 696 aa:
4. ENSPPYP00000019407, Pongo abelii, 684 aa:
5. ENSGGOP00000020212, Gorilla gorilla, 702 aa:
6. ENSMMUPO0000035531, Macaca mulatta, 695 aa:
7. ENSCJAPO00000034910, Callithrix jacchus, 698 aa:
8. ENSTBEPO00000010877, Tupaia belangeri, 696 aa:
9. ENSOGAPO00000017800, Otolemur garnettii, 697 aa:
10. ENSMPUPO00000017834, Mustela putorius, 782 aa:
11. ENSSSCP00000008083, Sus scrofa, 768 aa:
12. ENSMUSP 45913, Mus musculus, 778 aa:
13. ENSECAP00000019234, Equus caballus, 679 aa:

RPHLRRSASNGHVPGTPVYRE
RPHLRRSASNGHVPGTPVYRE
RPPLRRSASNGHVPGTPVYRE
RPYLRRSASYGHVPGTPVYRE
RPHLRRSASNGHVPGTPVYRE
RPHLRRSASHGLVPGTPVYRE
RSNLRRSASNGHVPGTPVYRE
RSDLRHSASNGHVPGIPVYRE
RSDLRRSASNGHVPGTPVYRE
RSNLRRSASHGFVPGTPVYRE
RADLRRSGSHGHVSGTSVYRE
RSDLRRSASNGHVPGTLVYRE

14. ENSCAFPO00000032074, Canis lupus, 754 aa:
15. ENSSTOP 4143, Ictidomys tride
16. ENSBTAPO00000019288, Bos taurus, 694 aa:

17. ENSTTRP00000009163, Tursiops truncatus, 625 aa:
18. ENSRNOPO00000040350, Rattus norvegicus, 782 aa:
19. ENSAMEPO00000003407, Ailuropoda melanoleuca, 534 aa:
20. ENSPVAPO00000007459, Pteropus vampyrus, 616 aa:

21. ENSDORP 772, Dipod.
22. ENSMODP 188, M

Tolnhi

rys ordii, 642 aa: -
7 27

RSNLRRSASNGHVPGTLIYRE

lineatus, 697 aa: RSDLRCSASNGHVPGTTVYRE

RPHLRRSASNGHVPGTPVYRE
RSNLRRSASHGYVPGTPVYRE
RADLRRSSSHGHVSGTSVYRE
RSNVRHSASNGHVPGTLVYRE
RSHL----—-SASHGRVLGTPVYRE
-— -—-QGHTPGIT IYRE

23. ENSGALPO00000006891, Gallus gallus, 703 aa:
24. ENSOANP 854, Or hynchus

692aa: - --—-QGHSPGAPVYRE
-KPKHSRSSSNGYIPGTPDYKE
us, 735aa: -KPKRSRSSSNGHIPGTPMYKE

25. ENSDARPO00000111024, Darnio rerio, 680 aa:

26. ENSGACP00000021812, Gasterosteus aculeatus, 666 aa:

KPKYSRSASNGYVPGTPDYKD
QHKHLHSGSNGVTGGTVDYRE

Figure 2 (a) /QCE gene structure showing the identified variant (red arrow). (b) The structure of the gene product (IQCE protein cartoon diagram) showing
different domains and location of variant is represented with red arrow. (c) Visualization of WES data under the expert Integrative Genomics Viewer (IGV). The
forward strand displaying the novel splice acceptor site variant in intron 5 of /QCE is shown in the affected individual. (d) Conservation of Glycine (G) residue
across different species, which is changed into Valine (V) due to first G nucleotide deletion in exon 6 as a result of splice acceptor site variant (c.395-
1G>A). Intronic regions are not drawn up to scale. The full colour version of this figure is available at European Journal of Human Genetics online.

base pair downstream of intron 3's acceptor sequence (Figures 3a
and b). This event led to the loss of first nucleotide of exon 6,
producing a —1 frameshift and a premature stop codon 22 bases
downstream of the variant (p.Glyl132Valfs*22). We were unable to
perform protein quantification due to refusal by the affected members
to provide additional blood samples and skin biopsies.

DISCUSSION
In the present study, we have characterized a large consanguineous
family segregating post-axial polydactyly type A (PAP-type A) in
autosomal recessive manner. PAP phenotypes observed in affected
members of the family were similar to those reported previously in
ALL18-20

families inheriting PAP-type However, polydactyly

restricted to feet only were not reported in these cases. Cutaneous
syndactyly, involving 2nd and 3rd toes, was observed only in one
affected member (IV-1) of the present family. This feature of
cutaneous syndactyly, associated with PAP-type A/B in hands/feet,
was reported previously by Galjaard et al!® Hallux valgus
deformity, reported previously by Kalsoom et al'l was also
observed in an affected member of the present family. Fork shaped
metatarsal of the 5th toe, reported by Kalsoom et al.,!! was missing
in affected members of the present study. Instead the 5th and 6th
toe were attached to the two headed broad 5th metatarsal.
A condition called brachymetatarsia of 5th toe, observed in an
affected individual (IV-6) in the present study, was not reported
earlier.
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Figure 3 (a) Schematic demonstration of the effect of the splice acceptor site variant (c.395-1G>A) on IQCE mRNA using mini-gene assay technique. cDNA
sequence showing construct from control DNA. (b) cDNA sequence showing DNA constructs bearing the variant.

Exome sequencing revealed a homozygous novel splice acceptor site
variant (c.395-1G>A; NM_152558.4), segregating with the disease
phenotype, in the family reported here. The variant was present in
intron 5 of the IQCE gene mapped on chromosome 7p22.3. In silico
analysis, verified by in vitro mini-gene assay, revealed the variant
(c.395-1G>A) altered the splicing pattern of the IQCE gene, induced
use of cryptic splice site and finally produced a frameshift leading to a
premature termination codon (p.Gly132Valfs*22). However, since the
mini-gene assay only included exons 5 and 6, therefore this cannot be
validated that this is the only splicing alteration produced by the
variant in patient cells. The variant, is predicted to result in truncated
IQCE protein lacking the coiled coil conserved/diverged regions, three
tandem o-helical IQ motifs involved in interaction of IQCE with
EFCAB7, and C-terminal Acid E domain, affecting protein interac-
tions and most likely degraded by nonsense mediated mRNA decay
(NMD).2!

In the Igce knockout mouse (MGI:1921489), various types of
skeletal deformities including pre-axial polydactyly (1/10 mice
showed pre-axial polydactyly only in one lower limb), digit
abnormalities, and short and long tibia were reported only in
the lower limbs (http://www.mousephenotype.org/data/image-
Comparator?&parameter_stable_id =IMPC_XRY_034_001&acc=
MGI:1921489). Additional features observed in Igce knockout
mouse including metabolism, behavior, skeleton, immune system,
eyes and cardiovascular system abnormalities, that were missing in
our family.?>?3 In the knockout mice, the gene Igce was com-
pletely removed leading to different phenotypes than those
reported in human here. In addition, several other factors
including variable expressivity, incomplete penetrance, difference
in genetic background, environmental influence and epigenetic
phenomena probably played roles in developing differential
phenotypes in human. Presence of long/short tibia phenotype in
the knockout mice supported the notion that Igce pathogenesis
causes defects in lower limbs, thus supporting the data
presented here.

EVC and EVC2 form a protein complex which has been identified
as a tissue specific regulator of Hh signaling.>4~>® EVC and EVC2 bind
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to SMO and localize to EVC zone at the base of primary cilia, which is
critical for Hh signaling. The IQCE-EFCAB7 module acts tethering the
EVC-EVC2 complex (the EvC complex) to the base of the primary
cilium.2! EFCAB7 and IQCE both co-localize with EVC2 at the base of
cilia. in the EVC zone. Biochemical interactions and subcellular
localization of IQCE and EFCAB7 suggested that they have important
role in EVC-EVC2 complex regulation and regulating Hh signaling
transduction.?b?”

Dorn et al.?® suggested that EVC-EVC2 complex is involved in
regulation of SMO-GLI step in Hh signaling. Pusapati et al.?!
experimentally that IQCE-EFCAB7 complex play an important role in
the step between SMO-GLI proteins and depletion of both IQCE and
EFCAB?7 affect the signaling by SMO and in turn affect Hh signaling.

In conclusion, we have used WES to identify the first sequence
variant in the IQCE gene resulting in a non-syndromic form of PAP.
This provided the first evidence in human that missing IQCE lead to
abnormal limb development.
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