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Abstract

Background: Preaxial polydactyly type IV, also referred as polysyndactyly, has
been described in a few syndromes. We present three generations of a family with
preaxial polydactyly type IV and other clinical features of Greig cephalopolysyndac-
tyly syndrome (GCPS).

Methods and results: Sequencing analysis of the GLI3 coding region identified
a novel donor splice site variant NC_000007.14(NM_000168.6):c.473+3A>T in
the proband and the same pathogenic variant was subsequently identified in other
affected family members. Functional analysis based on Sanger sequencing of the
proband's complementary DNA (cDNA) sample revealed that the splice site variant
c.473+3A>T disrupts the original donor splice site, thus leading to exon 4 skipping.
Based on further in silico analysis, this pathogenic splice site variant consequently
results in a truncated protein NP_000159.3:p.(His123Argfs*57), which lacks almost
all functionally important domains. Therefore, functional cDNA analysis confirmed
that the haploinsufficiency of the GLI3 is the cause of GCPS in the affected family
members.

Conclusion: Despite the evidence provided, pathogenic variants in the GLI3 do not
always definitely correlate with syndromic or nonsyndromic clinical phenotypes as-
sociated with this gene. For this reason, further transcriptomic and proteomic evalu-

ation could be suggested.

KEYWORDS
functional cDNA analysis, GLI3, Greig cephalopolysyndactyly syndrome, polysyndactyly, preaxial
polydactyly type IV

1 | INTRODUCTION

as part of a syndrome or can occur as an isolated condition.
Polydactylies manifest in a wide spectrum, from a normal
number of digits with broad distal phalanges or extra bones
to complete duplication of the digital ray.

Polydactyly is one of the major types of hand and foot mal-
formations. It can be associated with other clinical features
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According to the Temtamy and McKusick classifica-
tion scheme, polydactyly can be divided into several types
(Temtamy & McKusick, 1978). Postaxial polydactyly (MIM
174200; ORPHA 3047) presents with an extra digit on the
ulnar or fibular side of the extremities and is subdivided into
type A, which includes a well-formed extra digit, and type B,
which may present as small skin tag attached to the medial
border of the fifth finger. Mesoaxial polydactyly includes ad-
ditional fingers in the central part of the hand. Preaxial poly-
dactyly is diagnosed when the extra digit is on the radial or
tibial side of the extremities and consists of several types. In
type I (MIM 174400; ORPHA 93339), only thumbs or hal-
luxes are duplicated; type II (MIM 174500; ORPHA 93336)
includes triphalangeal thumbs; and type III (MIM 174600;
ORPHA 93337) is characterized by absent thumbs with one
or two extra preaxial digits.

Preaxial polydactyly can also present with other types
of digital malformations, most commonly syndactyly.
Polysyndactyly is referred as preaxial polydactyly type IV
(MIM 174700; ORPHA 93338). The feet are usually more
severely affected, with complete duplication of the hallux
and variable syndactyly of other digits, while in the hands,
the thumbs may be broad or bifid and often accompanied by
cutaneous syndactyly of other fingers and postaxial polydac-
tyly type B. Type IV preaxial polydactyly is therefore some-
times referred as crossed polydactyly. These hand and foot
malformations have been described in Greig cephalopoly-
syndactyly syndrome (GCPS; MIM 175700; ORPHA 380),
Pallister-Hall syndrome (PHS; MIM 146510; ORPHA 672),
and Acrocallosal syndrome (MIM 200990; ORPHA 36).

Research has found that more than 100 genes are asso-
ciated with human polydactyly, including the GLI3 (GLI-
Kruppel Family Member 3; MIM 165240) and SHH (Sonic
hedgehog; MIM 600725) genes, which are the most reported
(Xiang et al., 2017). The SHH-GLI3 pathway is essentially
important during early development of different tissues, in-
cluding the neural tube, craniofacial structure, and limbs
(Motoyama, 2006).

In this study, we present three generations of a fam-
ily with type IV preaxial polydactyly and other clini-
cal features of GCPS caused by novel splice site variant
NC_000007.14(NM_000168.6):c.473+3A>T in the GLI3,
the consequences and the possible pathomechanism of which
were evaluated by functional gene analysis.

2 | PATIENTS AND METHODS

2.1 | Clinical evaluation of the patients

Patient 1 (IV-1), a 6-year-old girl, was an only child of un-
related Lithuanian parents (Figure la). She was born from
the first pregnancy, which was complicated by an imminent
abortion during the seventh week. The proband was born
at 39 weeks of gestation by normal delivery. At birth, her
weight was 3,500 g (50th centile), her length was 52 cm
(50-75th centile), and her Apgar score was 9 at 1 min and
10 at 5 min. The newborn was found to have an accessory
finger attached with a skin bundle to the ulnar border of the
fifth finger on both hands and asymmetrical complete cuta-
neous syndactyly. On the right hand, the proband had partial

FIGURE 1
family. Black symbols denote patients with

(a) Genealogy of the

analyzed variants in GLI3. Black square

in II-4, I1I-1, TI1-2, IV-1 family members
denotes congenital chorioretinitis. (b, ¢)
Photographs of hand and feet and (d) X-ray
of feet of the patient IV-1 before the surgery
at age of 1 year
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syndactyly of the second to fourth fingers (Figure 1b) and
there was complete syndactyly of the second to fifth fingers
of the left hand. Additionally, preaxial polydactyly of the
feet and complete symmetrical syndactyly of toes 1-3 were
observed (Figure 1c,d). Congenital anomalies of her hands
were surgically corrected at the age of 1-4 years. Vision dis-
orders were suspected when she reached the age of 4 years.
She was diagnosed with congenital chorioretinitis, macular
dystrophy, astygmatismus myopicus, and strabismus. During
a physical examination at the age of 6 years, her head circum-
ference was 55 cm (>97th centile), her height was 122 cm
(50-75th centile), and her weight 21 kg (25-50th centile).
The phenotype was remarkable for macrocephaly, deformi-
ties, and scars on hands after surgery, broad thumbs, and syn-
dactyly of toes 1-3.

Patient 2 (ITI-2; mother of patient 1) was born from the
first pregnancy by natural vaginal delivery (Figure 1a). Her
birth weight was 4,600 g (>97th centile), and her length was
55 cm (97th centile). She had postaxial polydactyly type B
on both hands, syndactyly of fingers 3—5 on the right hand
and syndactyly of fingers 1-5 on the left hand. She also had
syndactyly and preaxial polydactyly on her feet. The first sur-
gical procedure was initiated at the age of 6 months and later
surgical procedures were performed at 6-month intervals.
At age of 3 years, vision problems manifested and myopic
astigmatism was diagnosed. At present, she is diagnosed with
bilateral degeneration of the peripheral retina. Family history
disclosed that this disorder was inherited from her father. Due
to frequent headaches, a brain CT, which revealed mild hy-
drocephalus, was performed at age of 27 years. As measured
during a physical examination that took place when she was
32 years of age, her head circumference was 61 cm (>97th
centile), her height was 172 cm, and her weight was 75 kg.
She has scars and deformations on her hands and feet after
surgical treatment and syndactyly of the second and third dig-
its of her feet. Furthermore, foot surgery caused iatrogenic
pain.

Patient 3 (II-3; grandmother of patient 1) was born
from the first pregnancy, which had no complications (Figure
la). Her birth weight was 4,000 g (90th centile) and she
had polysyndactyly of her hands and feet. From the age of
6 months until 2 years of age, she underwent several surgical
alterations of her hands. During her last physical examination
at the age of 56 years, her head circumference was 57 cm
(75th centile), her height was 164 cm, and her weight was
89 kg. She had scars on her hands from surgeries, camptodac-
tyly of her fingers, broad thumbs, syndactyly of toes 1-4 and
preaxial polydactyly of her feet.

22 |

A primary fibroblast cell line was obtained from patient II-3's
skin biopsy. The growing cell line was cultured in AmnioMAX

Cell culture
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C-100 Basal Medium (Thermo Fisher Scientific), which was
supplemented with AmnioMAX C-100 Supplement (Thermo
Fisher Scientific) and Amphotericin B (Gibco) according to
the standard laboratory procedures for human cell cultures.
The fibroblasts were cultured to the confluence of about 80%;
adherent cells were then harvested. The final cell pellets were
subsequently used for RNA isolation.

2.3 | RNA extraction and reverse
transcription reaction

Total RNA was isolated from the fibroblast cell line using
RNeasy Mini Kit (Qiagen), while whole blood RNA was
extracted using Tempus™ Blood RNA Tube and Tempus™
Spin RNA Isolation Kit (Thermo Fisher Scientific) according
to the optimized manufacturers' protocols. Complementary
DNA (cDNA) was synthesized from total RNA using a High-
Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific)
following manufacturer's protocol. Reverse transcription re-
actions were performed in a ProFlex polymerase chain re-
action (PCR) system (Thermo Fisher Scientific) under the
recommended conditions.

24 |

Genomic DNA (gDNA) from the patient 1 (IV-1), 2 (III-2),
3 (II-3), and healthy father (III-3) of patient IV-1 (Figure 1a)
was isolated from peripheral blood leukocytes using standard
phenol—chloroform extraction method.

Amplification using specific primers for the GLI3 was
performed. Polymerase chain reaction primers were de-
signed using the Primer3 ver0.4.0. (Whitehead Institute for
Biomedical Research) and Primer-BLAST (https://www.
ncbi.nlm.nih.gov/tools/primer-blast/) tools. Primers for the
analysis of gDNA samples were designed to amplify a re-
gion spanning exons 4 and 14, while PCR amplifications of
the cDNA sequence were performed using the same reverse
primer designed on exon 5, but different forward primers,
which were designed on the second to third exon junction
and the third to fourth exon junction (Table S1). Polymerase
chain reaction products were fractioned by agarose gel elec-
trophoresis and visualized under UV light. The images were
acquired using a gel documentation system with a transillu-
minator (E.A.S.Y. 442K, Herolab) and analyzed via E.A.S.Y.
Win 32 image analysis software (Herolab).

Polymerase chain reaction

2.5 | Sanger sequencing

Sanger sequencing of the GLI3 gene was conducted for pa-
tient IV-1. In addition, gDNA samples from three other avail-
able family members (III-2, II-3, III-3) were analyzed by
Sanger sequencing for family segregation analysis. In order
to elucidate the pathogenicity of the detected donor splice site
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variant, functional analysis by cDNA Sanger sequencing was
performed for patient II-3, who has the same clinical features
as patient IV-1. Both strands of PCR products were sequenced
with the BigDye® Terminator v3.1 Cycle Sequencing Kit
(Thermo Fisher Scientific). Capillary electrophoresis was
carried out with an ABI3130x] Genetic Analyzer (Thermo
Fisher Scientific). Fluorescent signals were analyzed with
Sequence Analysis v5.1 software (Thermo Fisher Scientific).
The sequences were aligned with the reference sequence of
the GLI3 (NCBI: NM_000168.6) gene.

2.6 | Insilico analysis

In silico, Mutation Taster (http://www.mutationtaster.org/)
and Human Splicing Finder (http://www.umd.be/HSF3/)
databases were used for predicting splice site alterations.
Possible variant's effect on GLI3 (UniProtKB: P10071) pro-
tein was predicted using different tools and databases storing
information on the sequences and structures of proteins such
as ExPASy Bioinformatics Resource Portal (https://www.ex-
pasy.org/), Pfam 32.0 database (https://pfam.xfam.org/), and
UniProt (https://www.uniprot.org/).

3 | RESULTS
Sanger sequencing analysis of the GLI3 coding region iden-
tified a novel heterozygous 5’ splice site NC_000007.14(N
M_000168.6):c.473+3A>T variant and heterozygous mis-
sense NM_000168.6:¢.2179G>A variant (NP_000159.3:p.
(Gly727Arg); rs121917710) in patient IV-1. Family seg-
regation analysis subsequently revealed the splice site
c.473+3A>T variant in the affected family members III-2 and
I1-3, while missense NM_000168.6:¢.2179G>A variant was
inherited from the healthy father of patient IV-1 (Figure 1a).
The donor splice site variant ¢.4734+3A>T was not de-
scribed in the 1000 Genomes Project or EXAC database.
Additionally, it was not found in our local whole exome da-
tabase (98 exomes). In silico analysis with Human Splicing
Finder predicted that this variant would most probably
disrupt splicing of exon 4 to exon 5, and Mutation Taster
suggested that the variant would lead to the loss of the splice-
donor site. In order to confirm the pathogenicity of the novel
c.473+3A>T variant, functional analysis of patient II-3's
cDNA sample was performed. First, cDNA, synthesized from
patient II-3's RNA, which was extracted from a total blood
sample, was analyzed. To avoid gDNA contamination, the
primer pair was designed on the cDNA sequence to anneal on
the junction of exons 3 and 4 (forward primer) and on exon 5
(reverse primer). The expected amplification fragment size of
this primer pair was 166 nt in length (amplicon #3; Table S1).
However, agarose gel electrophoresis did not fraction any
PCR product in both patient II-3's and control individual's

sample, thus suggesting that this may be due to low GLI3
expression in the whole blood sample (Figure 2a). Further
analysis of cDNA synthesized from patient II-3's RNA sam-
ple extracted from a fibroblast cell line was performed. To
get a longer amplicon, another forward primer annealing on
the junction of exons 2 and 3 with the same reverse primer on
exon 5 was used. The expected size of the amplification frag-
ment of this primer pair was 419 nt (amplicon #4; Table S1).
The results of gel electrophoresis revealed an amplification
product of 166 nt (amplicon #3), thus confirming success-
ful amplification of the patient's cDNA but not excluding the
possibility of only wild type allele amplification. The forward
primer of amplicon #3 was designed to be complementary to
the junction of exons 3 and 4 in the cDNA. For this reason,
if exon 4 was skipped, there would be no possibility for the
mutated allele to be amplified. Further analysis of the lon-
ger amplicon #4, which is 419 nt in length, confirmed this
assumption, because the mutated cDNA produced an addi-
tional amplicon of about 313 nt in length (Figure 2b). The
additional band was about 106 nt shorter than the band of the
wild type allele, thus corresponding to the length of exon 4.

To verify these findings, PCR products were analyzed by
standard Sanger sequencing. The analysis of the GLI3 cod-
ing sequence revealed that the donor splice site variant led to
the skipping of exon 4. Bioinformatics analysis demonstrated
that the alternative splicing is predicted to cause a transla-
tional frameshift of 57 amino acids and formation of prema-
ture termination codon, thus resulting in truncated protein
NP_000159.3:p.(His123Argfs*57). According to the Pfam
and UniProt database, truncated GLI3 (UniProtKB: P10071)
protein lacks part of its repressor domain (RD; aal06-aa263),
zinc finger domain (ZFN; aa462-aa645), proteolytic cleav-
age site (PC; aa703-aa740), transactivation domain 2 (TA2;
aal044-aal322), and transactivation domain 1 (TA1; 1376-
aal1580; Figure 2c¢; Ito et al., 2018).

4 | DISCUSSION

Pathogenic variants in the GLI3 manifest in several clinical
phenotypes, including GCPS and PHS. The main clinical
features of PHS are hypothalamic hamartoma, central and
postaxial polydactyly, bifid epiglottis, imperforate anus, and
renal abnormalities (Hall et al., 1980). Greig cephalopoly-
syndactyly syndrome is a distinct clinical entity, mainly char-
acterized by preaxial polydactyly or mixed pre- and postaxial
polydactyly, true widely spaced eyes, and macrocephaly
(Biesecker, 2008).

The clinical features of affected individuals varied within
our family. Two of three patients with GCPS had both poly-
syndactyly of their hands and feet and craniofacial abnor-
malities and fulfilled criteria suggested by Biesecker (2008).
Craniofacial anomalies included macrocephaly in both
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aa1580
... GAG CCC CAC TAC CGACTT CCG CCT ... TCC GCT CCT TGC ACA GCA GCC CAT CGC TCTCCATGA
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FIGURE 2 Polymerase chain reaction (PCR) amplifications of patient II-3's cDNA to verify the splice site
NC_000007.14(NM_000168.6):c.4734+3A>T variant of the GLI3 visualized on agarose gel and the consequences of this variant. (a) Lanes 1-2
show the results of the amplification of amplicon #3 of cDNA synthesized from the RNA sample extracted from patient II-3's total blood sample.

Lanes 3—4 correspond to the amplification of amplicon #3 performed on the blood cDNA of the healthy control individual without ¢.4734+3A>T

variant (control sample). Lanes 2 and 4 correspond to the PCR reaction products of negative control. A 100 bp DNA ladder was used as the size

marker. (b) Lanes 1-4 show the results of the amplification of cDNA synthesized from the RNA sample that was extracted from patient II-3's

fibroblast cell line. Lane 1 shows one band corresponding to a shorter amplicon (#3) of wild type allele of patient II-3's cDNA sample (166

nt); lane 3 shows the two bands derived from the amplification of the cDNA of patient II-3 (313 nt and 419 nt reflecting normal and mutated

alleles [amplicon #4]); and lanes 2 and 4 correspond to the PCR reaction products of negative control. The green arrow indicates the amplicon

of the wild type allele, while the red one indicates the amplicon of the mutated allele. (c) A schematic view of the truncated GLI3 protein and its

functional domains (part of the frameshifted sequence of exon 5 has been omitted for clarity): the red square indicates the repressor domain (RD;

aal(06-aa263), the blue square indicates the zinc finger domain (ZFN; aa462-aa645), the gray square indicates the proteolytic cleavage site (PC;
aa703-aa740), and green squares indicate both transactivation domain 2 (TA2; aal044-aal322) and transactivation domain 1 (TA1; 1376-aal580;

according to Ito et al., 2018)

patients and internal hydrocephalus in patient III-2. Only
isolated polysyndactyly (preaxial polydactyly type 1V), but
not macrocephaly, was observed in patient II-3. Additionally,
patient III-2 displayed macrosomia at birth. Interestingly,
Demurger et al. observed macrosomia in at least 13% of GCPS
cases in their series (Demurger et al., 2015). Chorioretinitis
in patients IV-1 and III-2 was inherited from patient ITI-2's
father, who is unaffected with GCPS and therefore not asso-
ciated with the pathogenic variant of GLI3.

The GLI3 (UniProtKB: P10071) protein, a zinc finger tran-
scription factor, is a downstream mediator of the SHH path-
way, either activating or repressing the transcription of target
genes of the SHH pathway during early development (Cohen,
2010). The balance between the full-length GLI3 activator
(GLI3A) and truncated repressor (GLI3R) is important for the
regulation of digit number and identity (Litingtung, Dahn, Li,
Fallon, & Chiang, 2002). The GLI3 protein contains several
functional domains, including RD, ZFN, PC, TA2, and TAl
(Dai et al., 1999; Ito et al., 2018; Wang, Fallon, & Beachy,
2000). Multiple biological functions of GLI3 are related to the
different phenotypes caused by variants in GLI3 (Biesecker
& Johnston, 2005). To date, more than 200 different GLI3
variants have been reported on the Human Gene Mutation

Database (HGMD:; http://www.hgmd.cf.ac.uk). Most of these
variants—including deletions, translocations, frameshifts and
nonsense, missense, and splice site variants—cause GCPS,
while the PHS mutational spectrum is smaller (Johnston et
al., 2005). Manifestation of one or another syndrome depends
on the mutation site in the gene. Pallister-Hall syndrome is
generally caused by truncating variants that are located in the
middle third of the GLI3 and generate a constitutive repres-
sor allele (Al-Qattan, Shamseldin, Salih, & Alkuraya, 2017;
Crapster, Hudgins, Chen, & Gomez-Ospina, 2017; Johnston
et al., 2010). At the same time, a greater spectrum of patho-
genic variants located before 1998 nt and after 3481 nt of
GLI3 cDNA cause loss of function and manifest in GCPS
(Furniss, Critchley, Giele, & Wilkie, 2007; Johnston et al.,
2010; Kalff-Suske et al., 1999). The underlying mechanism
of the influence of the location of the variants on different
syndromes is still unknown (Ni et al., 2019). The haploinsuf-
ficiency of GLI3 is however proposed to be the main mecha-
nism of the pathogenesis of GCPS. This suggestion has been
confirmed by studies of an animal model, in which Gli3 loss
of function in mice exhibits GCPS-specific features: polydac-
tyly and several craniofacial abnormalities (Quinn, Haaning,
& Ware, 2012; Veistinen et al., 2012).
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A considerable amount of pathogenic splice site vari-
ants affects mRNA translation, mainly by skipping the ad-
jacent exon or misreading the affected intron (Acedo et al.,
2012; Furuya & Nakatani, 2013). A pathogenic 5’ donor
splice site variant usually retains an intron, while a vari-
ant in the 3" acceptor splice site causes exon skipping. For
example, FLCN studies confirmed that all acceptor splice
site variants lead to exon skipping (Furuya et al., 2018).
There are, however, some studies contradicting the state-
ment about the consequences of 5’ splice site variants
(Diederichs et al., 2016). Two independent studies demon-
strated that the donor splice site variants lead to the skip-
ping of exon 10 of the CETP (Sakai, Santamarina-Fojo,
Yamashita, Matsuzawa, & Brewer, 1996) and the skip-
ping of exon 3 of the FGA (Attanasio, David, & Neerman-
Arbez, 2003). Similarly, the functional analysis of patient
II-3's cDNA sample demonstrated that the novel splice
site NC_000007.14(NM_000168.6):c.473+3A>T
ant, which cosegregates with disease in the family, led to
the skipping of exon 4 of the GLI3. In silico, the alterna-
tive splicing is predicted to result in the truncated protein
NP_000159.3:p.(His123Argfs*57), which lacks part of the
RD domain, as well as the ZFN, PC, and two TA domains
(Figure 2c¢). The loss of the ZFN is suggested to be crit-
ical for the GCPS phenotypic manifestation, because this
domain is fundamentally important for gene transcription,
translation, cytoskeleton organization, epithelial devel-
opment, cell adhesion, protein folding, and chromatin re-
modeling during early development (Laity, Lee, & Wright,
2001). The ZFN, which is highly conserved between evo-
lutionary distinct species, is especially important for limb
development (Al-Qattan et al., 2017; Crapster et al., 2017).

The second variant, ¢.2179G>A (Gly727Arg), detected in
patient IV-1 has been inherited from her healthy father. This
missense variant was reported by Radhakrishna et al. (1999).
In four generations of the family, eight individuals were af-
fected with dominant postaxial polydactyly type A and type
B, but none of them had syndactyly or any recognizable cra-
nial anomaly (Radhakrishna et al., 1999). More recent data
demonstrate that variant ¢.2179G>A has been observed in
healthy individuals (the allele frequency in the 1000 Genomes
Project—0.003, ExAC—0.006, our local whole exome data-
base—2/75), and it is therefore likely that this variant has no
deleterious effect on the function of the GLI3 protein.

Based on these findings and the clinical features of the
affected individuals of our family, a novel heterozygous 5’
splice site NC_000007.14(NM_000168.6):¢c.473+3A>T vari-
ant resulting in haploinsufficiency of the GLI3 causes GCPS
syndrome. Despite the evidence that is provided, pathogenic
variants in the GLI3 do not always definitely correlate with
syndromic (GCPS, PHH) or nonsyndromic clinical pheno-
types associated with this gene. For this reason, further tran-
scriptomic and proteomic evaluation could be suggested.

vari-
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