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ORIGINAL ARTICLE

Whole exome sequencing identified a novel
zinc-finger gene ZNF141 associated with
autosomal recessive postaxial polydactyly type A

Umm-e- Kalsoom, "2 Eva Klopocki, Naveed Wasif,> Muhammad Tarig,'
Saadullah Khan,' Jochen Hecht,* Peter Krawitz,? Stefan Mundlos,®*> Wasim Ahmad'

ABSTRACT

Background Postaxial polydactyly (PAP) type A is
characterised by well-formed functionally developed 5th
digit duplication in hands and/or feet. It is genetically
heterogeneous condition, inherited both in autosomal
recessive and dominant manners. To date one autosomal
recessive and four autosomal dominant loci have been
mapped on human chromosomes. In the present study
we have investigated a consanguineous Pakistani family
segregating autosomal recessive PAP type A to identify
the gene responsible for this phenotype.

Methods Whole exome sequencing combined with
homozygosity mapping and array comparative genomic
hybridisation (aCGH) analysis was used to search for a
genetic cause of PAP type A in the present study.
Results Exome sequencing identified a missense
mutation (c.1420C>T; p.Thrd74lle) in all the affected
individuals of the family, in the gene ZNF141, mapped
to the telomeric region on chromosome 4p16.3.
Conclusion This study revealed involvement of a zinc
finger gene ZNF141 in causing autosomal recessive PAP
type A, which may open up interesting perspectives into
the function of this protein in limb development.

INTRODUCTION
Pentadactyly is the characteristic feature, inherited
by all the modern tetrapods from their ancestors,
although many species have reduced the number of
digits or even lost the limbs." 2 Despite the multiple
variations on the basic pentadactylous pattern, a
limit of five in the number of digits appears to be
constant. Variation in this number can cause mul-
tiple digital deformities. The major types of digital
deformities are polydactyly (digit duplication) and
syndactyly (fusion of soft tissues and/or bones).
According to the location of an extra digit, there
exist three categories of polydactyly: preaxial
(radial side) polydactyly characterised as an extra
thumb or large toe deformity, central polydactyly
and postaxial (ulnar side) polydactyly (PAP) with
an extra little finger or toe.®> The extra digit ranges
from a rudimentary structure to a fully developed
and functional ray and can be an isolated finding or
part of a genetic syndrome.*® Biesecker,” compiled
a list comprising of 310 disorders (syndromic, 290
entries and nonsyndromic 20 entries) with polydac-
tyly, of which 80 disorders are associated with
mutations in a total of 99 genes.

The aetiology and pathogenesis of polydactyly is
incompletely understood, but evidence suggests

that the more common isolated occurrences of
polydactyly are inherited as an autosomal dominant
condition with variable penetrance. Four genetic
loci are known for autosomal dominant PAP: PAP1
on 7pl13 caused by mutation in GLI3 gene,® °
PAP2 on 13q21-q32,'° PAP3 on 19p13.1-13.2'!
and 7q21-q34."*

Recently we reported mapping of the first locus
of autosomal recessive PAP type A in a consanguin-
eous Pakistani family on chromosome 13q13.3-
q21.2.13 Here, we present a second consanguineous
Pakistani family segregating PAP type A. Whole
exome sequencing (WES) identified a missense
mutation (c.1420C>T; p.Thr474lle) in the zinc
finger gene ZNF141 located on the chromosome
4p16.3.

METHODS

Family history

A consanguineous family, segregating autosomal
recessive PAP type A was sampled from the Punjab
province of Pakistan. The pedigree (figure 1) pro-
vided convincing evidence of an autosomal reces-
sive mode of inheritance of the PAP type A. The
four affected individuals (V-1, V-2, V-3, V-4) of the
family were carefully examined at the local govern-
ment hospital and no additional phenotype other
than PAP type A was observed. The study was
approved by Institutional Review Board (IRB) of
Quaid-i-Azam  University, Islamabad, Pakistan.
Venous blood samples were collected from four
affected (V-1, V-2, V-3, V-4) and five unaffected
individuals (IV-1, IV-2, V-5, V-6, V-7). Informed
written consent for the study, including presenta-
tion of photographs for publication, was obtained
from affected individuals and their parents.

Whole Exome Sequencing (WES)

Family members V-1, V-2, and V-4 were subjected
to WES. For each sample, 4 pg of genomic DNA
was enriched for the target region of all human the
consensus coding sequence (CCDS) exons'* with
Agilent’s SureSelect Human All Exon Kit V2 and
subsequently sequenced on Illumina Genome
Analyzer 11 with 100 bp single end reads. The raw
data of ~5 GB per Exome was mapped to the
haploid human reference sequence hg 19 with
Novoalign.'® Single nucleotide variants and short
insertions and deletion were detected with
SAMtools.'® All variants were annotated with
annovar'” and filtered using GeneTalk.'® The
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1 -2 I3 -4
n-1 -2 mn-3 n4
v V.2

D4S3360 OcM 12 12
D4S43  2.36cM 21 21
D451614  2.86cM 12 12
D45127  3.6cM 13 12
D4S412  3.6cM 13 12
D45179  3.99cM 13 12
D452957 5.72cM 13 12
D45432  5.72cM 21 21
D453023  6.54cM 12 11
D452925 7.47cM 12 12
D452375 7.26cM 12 12
D452285 7.94cM 12 12
D452366 12.57cM 22 11
D453007 13.21cM 12 12
D4S394  14.94cM 11 12
D452983 17.75cM 12 11

VA1 V-2 V3 V4 V5 V6 V-7
D453360 OcM 11 11 11 11 12 12 12
D4S43  2.86cM 22 22 22 22 21 21 21
D4S1614  2.86cM 11 11 11 11 12 12 12
D45127  3.6cM 11 11 11 11 13 13 13
D4S412  3.6cM 11 11 11 11 13 13 13
D45179  3.99cM 11 11 11 11 13 13 13
D452957 5.72cM 11 11 11 11 13 13 13
D4s432  5.72cM 22 22 22 22 21 21 21
D453023  6.54cM 11 11 11 11 12 12 12
D452925 7.17cM 1" 11 11 11 12 12 12
D452375 7.26cM 11 11 11 11 12 12 12
D452285 7.94cM 11 11 11 11 12 12 12
D452366 12.57cM 12 12 12 12 12 12 12
D453007 13.21cM 12 21 21 21 11 11 11
D45394  14.94cM 11 21 21 21 11 11 11
D452983 17.75cM 12 11 11 11 11 11 11

Figure 1

Pedigree of a consanguineous Pakistani family with autosomal recessive postaxial polydactyly type A. Filled and empty symbols represent

affected and unaffected individuals respectively. For genotyped individuals, haplotypes of the closely linked microsatellite markers on chromosome
4p16.1-p16.3 are shown beneath each symbol. Genetic distances in centimorgans (cM) are depicted according to the Rutgers

2

combined-linkage-physical map (build 36.2)

filtered variants were validated by routine Sanger Sequencing in
all family members with ABI Prism BigDye terminator cycle
sequencing reaction kit (Applied Biosystems, Foster City,
California, USA) on ABI3730 Genetic Analyser (Applied
Biosystems). Primers to amplify the WES variants were designed
using primer3 software 0.4.0."

Genotyping

Genotyping using 27 microsatellite markers, selected from
Rutgers combined-linkage physical map (build 36.2)*° was per-
formed to construct the haplotype. Two-point linkage analysis
was carried out using the MLINK programme of the
FASTLINK computer package,”! while multipoint linkage ana-
lysis was performed using allegro V2.>* Mendelian incompat-
ibilities and unlikely genotypes were searched by PEDCHECK

% This figure is only reproduced in colour in the online version.

and MERLIN, respectively.”> ** Haplotypes were constructed
with the use of SIMWALK2.>® Graphical visualisation of haplo-
types was performed with HAPLOPAINTERv029.5.%¢

Array comparative genomic hybridisation (aCGH)

Prior to WES, high resolution aCGH (1 M oligo array, Agilent
Technologies, Santa Clara, California, USA) was performed in
an affected member (V-1) of the family, according to Agilent’s
protocol (Agilent Technologies, Santa Clara, California, USA).
Image data were analysed as described previously.?” The patho-
genic aCGH findings in this patient were verified by quantitative
real-time PCR (qPCR) on ABI prism 7900HT Sequence
Detection System, as described by Klopocki et al.?®
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RESULTS

Clinical description

Affected members of the present family presented bilateral, well-
formed duplication of Sth finger on hands and feet (figure 2A,B).
Additionally, the Sth finger was wide and deviated to either
radial or ulnar side. However, variable status of this condition
was observed among the affected individuals. In an affected indi-
vidual V-1, 5th finger on the right hand deviated to the radial
and on the left hand towards the ulnar side. The Sth finger on
the left hand was wider and more deviated than the finger on
right hand (figure 2A). Radial deviation and wideness of only left
hand was observed in affected individual V-2 (figure 2C).
Another affected individual, V-3, showed only radial deviation of
5th finger on both hands (figure 2D), whereas wide finger on the
right hand and radially deviated Sth finger on the left hand were

observed in a fourth affected individual (V-4) of the family
(figure 2E).

Radiography of the hands of affected individuals (V-1, V-3)
showed, well developed 6th finger joined to the bifid metacarpal
bone (figure 2EG), radially deviated Sth finger on both hands
of V-3 (figure 2F) and on only the right hand of V-1 (figure
2G). The left hand of V-1 showed duplicated distal phalanx
sharing common distal inter-phalangeal joint and small inter-
mediate phalanx of the 5th finger (figure 2G). Duplicated
forked shaped Sth metatarsal bone was observed in radiography
of the feet (figure 2H).

Teeth, nails, sweating and hearing were normal in all four
affected individuals of the family. Neurological problems and
facial dysmorphism were not observed in any of the affected
individuals. Heterozygous carrier individuals had normal hands

Figure 2 Clinical features postaxial polydactyly (PAP) type A. (A) Hands of an affected individual (V-1) showing well-formed extra digit, radial and
ulnar deviations of 5th finger on right and left hand, respectively and wide 5th finger on the left hand. (B) Duplicated 5th fingers on feet of an
affected individual (V-1). (C) Left hand of an affected individual (V-2) showing radially deviated wide 5th finger. (D) Hands of an affected individual
(V-3) depicting radially deviated 5th finger. (E) Hands of V-4, wide and radially deviated 5th fingers on right and left hand respectively. (F) Hands
radiograph of V-3 showing PAP, bifid metacarpal bone and radially deviated 5th finger on both hands. (G) Hands radiograph of V-1 showing PAP,
duplicated distal phalanx and small central phalanx of 5th finger and bifid metacarpal bone. (H) Feet radiograph showing fork shaped metatarsal
bone and well developed 6th finger. This figure is only reproduced in colour in the online version.
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and feet, and were clinically indistinguishable from genotypi-
cally normal individuals.

Filtering of exome sequence variants

The raw sequence data of all exome sequenced individuals (V-1,
V-2, V-4) allowed variant calls of high quality for over 90% of
the CCDS exome target region (see online supplementary figure
S1). In all three individuals between 23 000 and 24 000 single
nucleotide variants and small insertions and deletions (<20 bp)
were detected. Homozygous segments that are shared in all
three affected siblings were identified and variants in these seg-
ments were filtered for missense, nonsense, frameshift and
splice site mutations in GeneTalk'® (see online supplementary
table S1). All genotypes that were reported with a frequency
above 0.001 in dbSNE the 1000 genomes project or the 5000
exomes project” ! were removed and only 13 mutations
remained (table 1). All of these candidate mutations, identified
in all three affected subjects, were validated and sequenced by
ABI Sanger in the remaining family members. The only variant
that cosegregated with the phenotype was a missense mutation
in ZNF141, in exon 4 of transcript NM_003441 at c¢.1421C>T
(figure 3). This mutation causes an amino acid exchange of a
threonine that is conserved in all primates (figure 4) into an iso-
leucine. As the mutated threonine is conserved only across the
primates, we can conclude that the ZNF141 gene has primate
specific function.

The sequence variant ¢.1420C>T also mutates a recognition
site of endonuclease Smol (see online supplementary figure S2).
The loss of this recognition site was used to screen 100
unaffected, unrelated and ethnically matched control individuals
and to estimate the frequency of this mutation in the same
population background. None of the tested controls showed a
loss of this recognition site indicating that ¢.1421C>T is a
family specific mutation.

Construction of the haplotype

To construct the haplotype by SIMWALK2,>® genotyping was
performed using 27 microsatellite markers mapped in the vicin-
ity of the gene ZNF141. Only 16 of these markers (D4S3360,
D4S43, DA4S1614, D4S127, DA4S412, DA4S179, D4S2957,
D4S432, D4S3023, D452925, D4S2375, D4S2285, D4S2366,
D4S3007, D4S394, and D452983) were informative and con-
sidered for further analysis. Analysis of the marker genotypes
within this region with PEDCHECK and MERLIN did not

detect any genotyping errors. A recombination event between
markers D452285 (7.94 cM) and D4S2366 (12.57 cM), defined
the centromeric boundary of the linkage interval. However no
recombination event was observed at the telomeric boundary.
The linkage interval flanked by markers, D453360 (0 cM) and
D4S2366 (12.57 cM) corresponds to 6.53 Mb on chromosome
4p16.1-p16.3, according to Rutgers combined-linkage physical
map of the human genome.*’

The results of the two-point and multipoint linkage analyses
are presented in online supplementary table (S2). The
maximum two-point Logarithm of the Odds (LOD) score of
2.63 at 0 recombination fraction (h=0.00) was achieved for a
markers D4S127, D4S412, D4S179, D452957 and maximum
multipoint LOD score of 3.38 was obtained with marker
D45412 along the disease interval.

DISCUSSION
PAR, characterised by fifth digit duplication in hands and/or feet,
is a rare anomaly of the hand and foot and often segregates in
autosomal dominant manner. In the present study we have pre-
sented a family segregating PAP type A in an autosomal recessive
manner. Previously, only two families segregating PAP in
autosomal recessive manner had been reported.’® 32
Umm-e-Kalsoom et al'® further reported mapping of the PAP
type A in their family on chromosome 13q13.3-q21.2. Affected
individuals in both of these families had well developed sixth
digits. In the family reported by Umm-e-Kalsoom et al'? an add-
itional feature of hallux valgus deformity was observed in one
of the affected individual. Affected individuals of the family,
presented here, showed well-formed six digits in both hands
and feet. This form of autosomal recessive PAP is clearly distinct
from the one we described previously,' as it clearly maps in a
different chromosomal location. Also, the present study showed
a novel phenotype of wide and deviated fifth finger on at least
one hand. The wide finger is indicative of duplication of one or
all the phalanges of the Sth finger, as observed in radiograph of
an affected individual (V-1) showing duplicated distal phalanx.
In families segregating autosomal dominant forms of PAR
affected individuals often shows features representing both type
A and B PAP® '® "' An additional feature of partial cutaneous
syndactyly was reported in one of these families which mapped
on chromosome 7q21-q34.12

WES followed by Sanger sequencing of variants identified a
missense mutation (c.1420C>T, p.Thr474lle) in the gene

Table 1 Chromosome wise arrangement of 13 variants identified by whole exome sequencing

No CHR Physical position GENE Type of change Coding DNA reference sequence Amino acid change
1 1 44125966 KDM4A Splic-3 c.315-2delA

2 4 367647 ZNF141 Missense c.1420C>T p.THR474ILE

3 4 1388625 CRIPAK Frame shift €.325_326dupAC

4 4 26737074 TBC1D19 Splic-3 ¢.1085-2_1085-3insT

5 4 40356102 CHRNA9 Missense ¢.1005C>A p.HIS335GLN
6 4 68424629 STAP1 Missense c.102C>G p.ILE34MET

7 4 68619974 GNRHR Missense c.80T>G p.ASN27THR

8 4 70080319 UGT2B11 Missense c122G>T p.THR41LYS

9 4 73943124 ANKRD17 Missense ¢.7535G>C p.GLY2512ALA
10 1" 7686606 CYB5R2 Frame shift €.829+1_4dupAACA

1 15 101601373 LRRK1 Splic-3 ¢.4680-3_6dupTTAC

12 19 54725913 LILRB3 Missense c445C>T p.GLY149ARG
13 19 55239176 KIR3DL3 Missense c.455G>A p-ARG152HIS
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Figure 3  (A) Sequence analysis of a missense mutation (c.1420C>T) in the gene ZNF141 in an unaffected control individual. The middle panel B
and the Iower panel C represent the sequence in the heterozygous carrier and in the affected individual respectively. Arrows represent position of
the mutation. This figure is only reproduced in colour in the online version.

C

ZNF141, mapped to telomeric region on chromosome 4p16.3. to the chromosomal region 4p16.3-p16.1 with maximum multi-
The mutation (p.Thr474lle) segregated with the trait in the point LOD score of 3.38.
family and was not detected outside the family in 100 control The pathological characteristic of this substitution was further

samples. Moreover, linkage analysis by typing highly poly- analysed by protein prediction tools, PolyPhen-2 (http:/genetics.
morphic microsatellite markers established linkage of phenotype bwh.harvard.edu/pph/) and SIFT (http:/sift.jcvi.org/www/

p-Thrd474lle

Hs: QFSLLSQHRRKIHTVDEKPYKCKDCDKAFKRF SHLNEKHEKKIHT
N1l: QFSLLSQHKKIHTVDKPYKCKDCDKAFKRFSHLNKHKKIHT
Gg: QFSLLSQHRRIHTVDEKPYKCKDCDEAFKRF SHLNKHEKIHT
Mm: QFSLLSQHREKIHTVDEPYKCEDCDRKAFRKRF SHLNKHEKKIHT
Cj: QFSLLSQHKKIHTVDKPYKCKECDKAFKRF SHLNKHKKIHT
Pa: QFSLLSQHRRKIHTVDKPYKCKDCDKAFKRF SHLNKHKKIHT

Figure 4 Comparison of Partial amino acid sequence of human ZNF141 with other primates. The shaded threonine (T) indicates the conserved
residue across different primates’ species. No ortholog was identified in species other than primates, suggesting the primate specific function

for ZNF141. The missense mutation (p.Thr474lle) affecting conserved threonine residue in human ZNF141 is indicated by an arrow. Species
abbreviations are as follows: Hs, Homo sapiens; NI, Nomascus leucogenys; Gg, Gorilla gorilla; Mm, Macaca mulatta; Cj, Callithrix jacchus;

Pa, Pongo abelii. The Ensemble numbers for respective proteins are as follows: Hs, ENSP00000240499; NI, ENSNLEP00000018568;

Gg, ENSGGOP00000009951; Mm, ENSMMUP00000005319; Cj, ENSCJAP00000010026; Pa, ENSPPYP00000016208. This figure is only reproduced
in colour in the online version.
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SIFT seq_submit2.html). Analysis of polyphen-2 (position- 3 Blauth W, Olason AT. Classification of polydactyly of the hands and feet. Arch
specific independent counts score of 1.000) and SIFT (score of Orthop Trauma Surg 1988;107:334-44. , ,
0.00) revealed that the substitution of threonine by Isoleucine 4 I[Z;I{Igy;tgo?;‘gﬁngg;l;ﬁi1egp_|<1;m|o|og|ca| studies of polydactyly in Hungary.
(p.Thr474lle) could probably have a damaging effect on 5  Cifuentes L, Nazer J, Heuber ME, Ram_irez R, Nazer C, Morales I. Polydactyly: a
ZNF141 structure thus affecting protein function. genetic epidemiological study in Santiago, Chile. Rev Med Chil 1996;124:313~18.
The ZNF141 belongs to the Kriippel (C2-H2) family of zinc 6  Phelps DA, Grogan DP. Polydactyly of the foot. J Pediatr Orthop 1985;5:446-51.
finger proteins, having an open reading frame of 1422 bp and 7 gieseDckerzLOG1.1P§Lygz;c3tygly:420w many disorders and how many genes? 2070 update.
. . . . . ev Dyn ;240:931-42.
encoding a 474 amino acid protein. The encoded protein has a 8  Radhakrishna U, Blouin J-L, Mehenni H, Patel UC, Patel MN, Solanki JV,
Kruppel-Associated-Box (KRAB) domain, subdivided into box A Antonarakis SE. Mapping one form of autosomal dominant postaxial polydactyly
and box B and 10 zinc finger motifs. Competitive RT-PCR ana- type A to chromosome 7p15-q11.23 by linkage analysis. Am J Hum Genet
lysis, showed expression of ZNF141 in pancreas, lungs, spleen, 19972;60:597-604. ) , o )
liver. kidnev. skeletal muscles. testis. brain and placenta.> 9 Radhal;rlshna U, Wild A, Grzeschik KH, Antonarakis SE. Mutation in GLI3 in
> ) ; > > p postaxial polydactyly type A. Nat Genet 1997b;17:269-71.
The C2H2 zinc finger genes (C2H2-ZNF) make up ~2% of 10 Akarsu AN, Ozbas F, Kostakoglu N. Mapping of the second locus of postaxial
all the human genes and represent the second largest gene polydactyly type A (PAP-A2) to chromosome 13q21-q32. Am J Hum Genet
family in humans after the odorant receptor family.>*” The 1997,6:A265. o
C2H2-ZNF proteins often contain an effector domain that is 11 Zhao H, Tian Y, Breedveld G, Huang S, Zou Y, Chai J, Li H, Li M, Oostra BA, Lo
. . . WH, Heutink P. Postaxial polydactyly type A/B (PAP-A/B) is linked to chromosome
always located N-terminal to the zinc finger region, such as the 19p13.1-13.2 in a Chinese kindred. Fur J Hum Genet 2002;10:162—6.
KRAB, SCAN (SRE-ZBR CTfin51, AW-1 and Number18 cDNA) 12 Galjaard RJ, Smits AP, Tuerlings JH, Bais AG, Avella Bertoli AM, Breedveld G, de
and BTB (Broad-Complex, Tramtrack and Bric-abric) Graaff E, Oostra BA, Heutink P. A new locus for postaxial polydactyly type A/B on
domains.>®*° The KRAB-associated ZNF (KRAB-ZNF) proteins chromosome 7q21-q34. Eur J Hum Genet 2003;11:409-15.
fic to tet d tebrates. but the familv h ded 13 Umm-e-Kalsoom Basit S, Kamran-ul-Hassan Naqvi S, Ahmad MW. Genetic mapping
are spe.c1 cto § rapod vertebrates, but the an.n y has expaall_(zw of an autosomal recessive postaxial polydactyly type A to chromosome
dramatically to include hundreds of members in mammals. 13q13.3-21.2 and screening of the candidate genes. Hum Genet
Huntley et al** identified 423 KRAB-ZNF genes and compared 2012;131:415-22.
human genes with ZNF loci mined from the draft mouse, dog 14 Pruitt KD, Harrow J, Harte RA, Wallin C, Diekhans M, Maglott DR, Searle S, Farrell
and chimpanzee genomes. Only 103 KRAB-ZNF genes were CM, Loveland JE, Ruef BJ, Hart E, Suner MM, Landrum MJ, Aken B, Ayling S,
. . Baertsch R, Fernandez-Banet J, Cherry JL, Curwen V, Dicuccio M, Kellis M, Lee J,
found to be conserved in mammals and the remaining 136 Lin MF, Schuster M, Shkeda A, Amid C, Brown G, Dukhanina O, Frankish A, Hart J,
KRAB-ZNF genes are primates specific, thus providing a clear Maidak BL, Mudge J, Murphy MR, Murphy T, Rajan J, Rajput B, Riddick LD, Snow
evidence of lineage speciﬁc expansion. C, Steward C, Webb D, Weber JA, Wilming L, Wu W, Bimey E, Haussler D, Hubbard
Homology search for ZNF141 (ensemble genome browser), T Osf[elll J, Durbin R, Lipman D. T_he consensus coding sequence (CCDS) project:
indicates that the substituted threonine residue is conserved identifying a common protein-coding gene set for the human and mouse genomes.
: . R K Genome Res 2009;19:1316-23.
across different primates species (figure 4), which suggest that 15 Hercus C. 2011. Novoalign V2.07: http:/www.novocraft.com (accessed date June
this residue is important for the function of ZNF141. Since no 20 2011)
ortholog was identified in species other than primates, we can 16 Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G,
conclude that ZNF141 has primate specific function and some Iz)g;tz)inzg.zg;%quuence Alignment/Map format and SAMtools. Bioinformatics
other gene 1s performlng the same function in other mammalian 17 Wabg K, Li M, Kakonarson H. ANNOVAR: functional annotation of genetic variants
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