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Preface

‘Sex in manu digitos: extremus etenim pollicis articulus in duos dividebatur’

In 1559, Realdo Colombo, an Italian anatomist and surgeon published his famous book 
‘De Re Anatomica’.1 The last chapter of this book consists of a letter addressed to his 
friend Jacopo Boni, a befriended physician. The letter is titled: ‘On Those Things Rarely 
Found in Anatomy’ and describes a variety of anomalies that Colombo observed during 
his anatomical studies. One of the anomalies in this letter reads the above description 
and translates to: ‘Six digits in the hand: an extreme thumb because of two joints 
that were separated’. Although Colombo’s ‘De Re Anatomica’ is famously known for 
the first accurate description of the pulmonary circuit, this book also features the first 
description of triphalangeal thumb (TPT) in literature (Figure 1). 

Figure 1. Outtake from ‘De re Anatomica Libri’ from 1559 by Realdo Colombo. Line 29-30 shows the 
description of a triphalangeal thumb

Triphalangeal thumb is a rare congenital limb anomaly that occurs in 1 in 20.000 
newborns.2,3 In absolute numbers, a mere 10 children are yearly born with this anomaly 
in the Netherlands. Furthermore, this anomaly is not lethal and functional impairment 
in daily life is in several cases limited.4  

Therefore, the undoubtable question among scientists, clinicians and layman will 
be raised on why research in this non-lethal and rare malformation is relevant and 
necessary to dedicate an entire thesis to. Why does this ‘minor’ anomaly, almost 500 
years after its first description, still hold a strong and popular position within multiple 
scientific disciplines? 

The answer encompasses this entire thesis. 

I sincerely hope that you enjoy reading this thesis as much as I did creating it. 
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Outline of the introduction
This thesis predominantly encompasses genetic and clinical research in patients 
with triphalangeal thumb. Chapter 2 of this thesis contains a review article published 
in the Journal of Hand Surgery: European Volume in which all scientific aspects of 
triphalangeal thumb are meticulously discussed by several experts in their respective 
fields. Therefore, we advise reading chapter 2 as part of the introduction. The aim of 
the general introduction is to provide the required depth of knowledge to adequately 
comprehend chapter 2 of this thesis. In this introduction, we first discuss the historic 
and cultural perspective of polydactyly. Next, we elaborate on limb development, with 
its different stages and axes. Subsequently, the different types and the most important 
classification system of congenital anomalies of the upper limb is reviewed. Finally, 
we will summarize the most important features within the fields of human genetics, 
chromatin organization and gene regulation. 

Historical and Cultural Perspective
Polydactyly can be traced back to the Iron Age.5 Over the course of time, it depended 
on the specific culture whether the presence of polydactyly is interpreted as either a 
positive or negative attribute. 

In II Samuel 21:20 of the Bible, a giant from Gath was described with 6 digits on hands 
and feet. This unnamed giant was part of the Rephaite people and was the brother of 
Goliath, the most famous giant in the Bible who was defeated by David in the well-
known battle. Rephaites were known to have an unusually large stature.6 The presence 
of polydactyly in combination with gigantism could express strength and courage, 
intimidating their enemies. However, polydactyly in the Rephaites has also been said 
to have a far more negative origin. Early Enochic literature and descriptions in the 
Dead Sea Rolls read those marriages between demonlike ‘Watchers’, named ‘Fallen 
Angels’ and human females provided offspring to a hybrid species called Nephelim, 
which translates to Giants or Rephaites. The great dislike of God concerning these sins 
between mortals (human) and immortal (fallen angels), and the subsequent birth of 
supernatural giants with polydactyly ultimately led to punishment initiated by God 
known as the great Flood, removing all life on the face of the earth except for Noah and 
his arc (Genesis 6:14). Another example where polydactyly is portrayed as an evil feature 
was in the historic description of Anne Boleyn, King Henry VIII of England’s second wife. 
After her beheading in 1536, since she couldn’t provide royal male offspring, a catholic 
radicalist described her appearance as: ‘… had a projecting tooth under the upper lip, 
and on her right hand, six fingers.’ It is therefore questionable whether Anne Boleyn 
truly was born with an additional digit or that this was a method of defamation to 
reduce her popularity among the British people.7 An example of polydactyly in modern 
fiction is of Hannibal Lecter, the psychopathic serial killer in the novel series of Thomas 
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Harris. Although never translated to the movies, in Harris’ famous novel ‘Silence of the 
Lambs’, dr. Lecter is described having a duplicated middle finger.

In Mesoamerican culture however, polydactyly was a marker of symbolic importance 
and supernatural status. The number of digits is very closely associated to the human 
identity in these cultures. In Aztec, the words for five (mácuilli) and ten (máhtlactli) 
derive from the word hand (máitl). Just as the terms for ‘five’ and ‘hand’ are similar in 
many Mesoamerican languages, the words ‘twenty’ and ‘person’ (‘winik’ and ‘winak’) 
are remarkably resembling in Mayan language’.8 In Pueblo Bonito, in the Southwest of 
the United States, excavations of a Chacoan civilization revealed drawings and skeletons 
of polydactylous hands and feet. The findings of polydactylous feet depicted on many 
ornaments and artefacts combined with the presence of the extensive decorations of 
polydactylous skeletons in contrast with ‘undecorated’ skeletons with five-toed feet 
showed that persons with polydactyly were regarded to be divine (Figure 2).9 In the 
ancient Mayan city of Palenque, divine ancestors were depicted in temples showing 
polydactyly. Furthermore, duplicated metatarsals were found in well-decorated 
tombs within the city, hypothesizing that the presence of polydactyly was considered 
supernatural and affected the individual’s societal status.8 However, polydactyly is not 
only considered to be a divine trait in Mesoamerican cultures. Urul tribes from Siberia 
designate newborns who are born with additional fingers to become a shaman, a local 
wizard with healing and visionary abilities.10 Furthermore, famous Bollywood actor 
Hrithik Roshan was born with radial polydactyly and decided to keep his additional 
thumb and embraces the fact that his hands are ‘beautifully imperfect’.

Although polydactyly has been described for thousands of years, the fundamental 
and scientific understanding why some children are born with duplicated digits 
has not been investigated until the beginning of the 20th century. In the 1920’s and 
1930’s, theories were posed to explain how embryos can be patterned into incredibly 
complex organisms. Two of the most important scientists that followed up on these 
theories are Alan Turing, a mathematician by degree, computer scientist and famously 
known for breaking the German Enigma Code which led to a major turnaround in the 
technological battle during the second World War, and Lewis Wolpert, an engineer by 
degree, who dedicated his career to create the foundation of our current embryological 
knowledge by extensive research in sea urchins. Turing’s Reaction-Diffusion theory, 
described in his ‘The Chemical Basis of Morphogenesis’ hypothesizes how a two 
morphogen can create a wave-like pattern through activation and inhibition of these 
morphogens. This theory could explain the presence of complex patterns in nature 
like stripes in tigers and spots in a giraffe. One if the most famous quotes captures the 
elegance of simplicity of his theory in development, using a zebra as example: ‘Well 
the stripes are easy, but what about the horse part?’ Wolpert’s concept on positional 
information, also known as the French flag model, theorizes 
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Figure 2. Bollywood actor Hrithik Roshan with radial polydactyly on his right hand.

how a single morphogen determines the cell faith depending on the concentration 
of this morphogen. Both concepts have long been observed as two separate theories 
within the field of embryology.11,12 However, in recent times researchers used modern 
techniques to test the concepts of both scientists. These studies have demonstrated 
that, instead of two polarizing theories, both Turing’s and Wolpert’s theory are valid 
and furthermore, seem to supplement each other, creating the ultimate biological 
concept on how pattern formation in the embryo occurs.13 With this concept, we are 
able to explain how the limbs are developed in the embryo and more important, 
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where and when during embryonic development mishaps occur creating congenital 
limb malformations. In the next paragraph, the theoretical basis on limb development 
is addressed. 

  

Figure 3. Depictions of polydactyly in Mesoamerican culture on various statues

Limb Development
Already during the 4th week of embryonic development, the limbs start to form. 
Before the initiation of limb development, HOX transcription factors segment the 
entire embryo and defines the position of the outgrowth of the upper and lower 
limb in the embryo.14 Upper limb buds are formed approximately 2 days prior to the 
hindlimbs. 4 weeks later, individual digits can already be identified. Therefore, within 
4 weeks, an orchestra of multiple integrated systems are active in order to correctly 
pattern the complex structure that is the limb.15 In order to provide structure to such a 
comprehensive developmental landscape, limb development is divided among three 
axes.16 The proximal-distal axis, driven by the apical ectodermal ridge (AER), controls 
the longitudinal outgrowth of the limb.17 The dorsal-ventral axis defines the back of 
the hand and the hand palm, maintained by WNT7A signaling centers in the dorsal 
ectoderm.18 Finally, the anterior-posterior axis is involved in patterning of the digits 
and the arm, driven by the zone of polarizing activity (ZPA), creating a ulnar to radial 
SHH gradient.19 However, these axes are not isolated physiological systems as they 
interact intensively through different feedback loops. Most of the congenital limb 
anomalies can be classified as a disturbance in one of these three axes, as described 
in the Oberg-Manske-Tonkin (OMT) classification.16

Proximal-Distal Axis

The outgrowth of the limb bud during early limb development is triggered by T-box 
(TBX) and fibroblast growth factor (FGF) proteins. 
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Figure 4. Schematic overview of the three axes (P-D, D-V and A-P) system in limb development 
with the AER, Dorsal ectoderm and the ZPA as main zones for driving limb patterning. (With 
permission re-used from ‘KC Oberg; Classification of congenital upper limb anomalies: towards 
improved communication, diagnosis, and discovery, J Hand Surg Eur Vol, 2018)

The limb bud consists of mesoderm surrounded by a small bedding of ectoderm. First, 
the major signaling center for proximal-distal outgrowth is formed. through FGF10 
activation at the distal ectoderm of the limb, termed the apical ectodermal ridge 
(AER).20 The AER secretes different FGF proteins together with WNT3, creating the 
progress zone in the mesoderm.21  The integrity of the progress zone is maintained 
by FGF10. This cross-interaction between mesodermal and ectodermal FGF and WNT 
proteins regulates the proximal-distal outgrowth. Furthermore, The role of Retinoic 
Acid (RA) as a proximal signaling molecule in the limb has recently been suggested 
to work as an opposing factor of the distalizing FGFs and regulating limb outgrowth.22 
Removal of the AER at the different stages of outgrowth will conversely result in 



Introduction

15   

1
truncation of either the proximal limb, the distal limb or hand. FGF also patterns the 
limb in three distinct parts; the stylopod (upper arm), zeugopod (forearm) and the 
autopod (handplate). Examples of congenital limb anomalies caused by disruption of 
the proximal-distal axis are amelia or transverse deficiency (Figure 5A). 

Dorsal-Ventral Axis

In the dorsal ectoderm of the limb bud, secretion of WNT7A patterns the limb from 
dorsal to ventral. WNT7A induces the release of LMX1B in the mesoderm, warranting 
dorsalization in the entire limb bud.23 The dorsalizing LMX1b is predominantly active 
during autopod patterning. Of all three axes, the mechanism of the dorsal-ventral 
patterning of the limb is the least investigated.16 One example of a dorsal-ventral 
mediated congenital limb anomaly is a palmair nail or Nail-Patella syndrome. (Figure 
5B)

Anterior-Posterior Axis

Activation of different HOX transcription factors initiates the creation of the signaling 
center responsible for anterior-posterior patterning. Through HAND2, the zone of 
polarizing activity (ZPA), is formed at the posterior side of the limb bud. The ZPA 
secretes Sonic Hedgehog (SHH), establishing a Shh-gradient from posterior to 
anterior.  

Expression of SHH is mediated by a inhibitory feedback loop with GLI3.24 At the anterior 
margin of the limb, without SHH being present, GLI3 is processed into a repressor 
form GLI3r. SHH forms the antagonist of GLI3r as it inhibits GLI3 being transformed 
in GLI3r. Therefore, where SHH predominantly expresses through a posterior-anterior 
gradient, GLI3r presents in an anterior-posterior gradient. In the posterior limb, GLI3 
maintains to be in its active form and promotes cell growth and differentiation.25 
Together with HOXD and BMP transcription factors, the ZPA is involved in the 
patterning of the 4 posterior digits.26 The patterning of the thumb is thought to be 
SHH independent.27 Finally, the ZPA is an important integration center of the other 
developmental axes through a SHH-FGF loop (with the proximal-distal axis) and 
protein-protein interaction with Wnt7a (for the dorsal-ventral axis). An illustrating 
example of a congenital anomaly that is causes by disruption of the anterior-posterior 
axis is polydactyly (Figure 5C)
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1Congenital Limb Anomalies
Limb anomalies are among the most common congenital disorders.28 The prevalence 
of congenital limb anomalies is estimated on 21.1 in 10.000 live births in the 
Netherlands.3 As congenital limb anomalies are the collective term of a vast range 
of different anomalies, various classifications have been proposed to enhance the 
communication between clinicians and understanding of each anomaly. The Oberg-
Manske-Tonkin (OMT) classification for congenital anomalies of the upper limb, 
proposed in 2010 and regularly updated, is currently used as the standard among 
healthcare workers16.

The main strength of the OMT-classification is that it utilizes the developmental biology 
of the limb as its foundation. Furthermore, the classification is regularly updated by 
the Congenital Hand Anomaly Study Group (CHASG) and therefore is subject through 
changes based on new developments over time. Each limb anomaly is classified 
among the three main axes described previously (proximal-distal, anterior-posterior, 
dorsal-ventral). 

The three main groups of congenital anomalies can be divided in: malformations, 
deformations, and dysplasia. The group of malformations encompasses the largest 
group of anomalies and consists out of congenital malformations already present 
at birth. The first differentiation with the malformations is whether the entire upper 
limb is involved or that the malformation is only restricted to the hand. For example, 
radial longitudinal deficiency is a congenital anomaly in which, aside from the thumb, 
the radius is malformed.29 The second differentiation is made based on the affected 
embryonic axis as described earlier (proximal-distal, radial-ulnar, and proximal 
distal). Deformations are examples of congenital anomalies that are not specifically 
caused by a failure in formation or differentiation but consist out of a group in which 
alterations has taken place on already formed tissue, like constriction ring sequence.30,31 
Anomalies categorized under dysplasia has a basis in the abnormal growth of tissues 
or abnormal organization of cells, like macrodactyly and hemi-hypertrophy.32,33 
Tumourous conditions like hemangioma and neurofibromatosis are also part of this 
category. The final category being part of the OMT-classification  are more than 40 
syndromes in which congenital anomalies of the Upper Limb are regularly observed. 
Important examples of these syndromes are: Apert, Greig, Holt-Oram, Oral-facial-
digital and Poland syndrome.34

Several validation studies with the OMT-classification have been performed and 
demonstrate a high degree of documenting diagnoses correctly. In 2018, an overview 
of 746 patients from the Sophia Children’s Hospital in Rotterdam with congenital upper 
limb anomalies was reported, to show the variation of their patient population and to 
test the application of this OMT classification.35 With the OMT-classification as a basis, 
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researchers and clinicians are able categorize and share their data in a homogenous 
manner with their colleagues. Additionally, it provides a solid embryological 
classification which is valuable for genetic research. When performing genetic research, 
it remains a challenge to classify rare congenital cases appropriately to a certain genetic 
locus that causes this anomaly. Researchers from our research group recently built a 
bio-informatic tool, termed CulaPhen, in which the genetic locus can be predicted 
based on the specific OMT-classification category.36 Using an integrative approach of 
the Online Mendelian Inheritance in Man (OMIM), The Human Phenotype Ontology 
Project (HPO), this software tool outperforms any other tool in a phenotype-based 
differential diagnosis for genetic loci.37,38 A practical application of CulaPhen can 
be found in Figure 2 of chapter 2 of this thesis. In this figure Culaphen is used for 
triphalangeal thumb to demonstrate which syndromes and genes are associated 
with triphalangeal thumb. 
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Figure 5. The Oberg-Manske-Tonkin (OMT) classification



Chapter 1  

20

Regulatory Genomics

Background

The knowledge within the field of human genetics has accelerated immensely over 
the years due to the rapid development of new and advanced methods to investigate 
human DNA and its variations. The pinnacle of these advancements is portrayed by the 
current ability to sequence the entire human genome. In 2003, the Human Genome 
Project was announced to be completed after a 13-year long envoy to sequence the 
entire human genome costing around five billion US dollars.39 More than 15 years later, 
we are able to sequence the genome of a single individual under the cost of $1000. 

In current clinical practice, we have gained expertise in investigating the entire exome, 
using Whole Exome Sequencing (WES). This method sequences all coding regions 
in the human DNA, which contains around 2% of the entire genome. Interpreting 
results in coding regions of the DNA is done by using a set of rules that apply. A gene, 
for example, has start and stop codons and each combination of basepair codes can 
produce a specific amino-acid and these amino-acids combined form a protein that 
fulfills a specific physiological function. In case of a genetic aberration in a certain 
patient, the pathogenicity mutation can be predicted following these rules. With 
these rules we have become more experienced over the last 15 years in the field of 
clinical diagnosis using Whole Exome Sequencing. Despite having this large amount 
of data and tools available to make a diagnosis, the diagnostic yield of Whole Exome 
Sequencing still is a mere 25% - 35%.40 Therefore, the question arises where the 
pathogenic locus of the other 65% - 75% of the cases is located. The current hypothesis 
among geneticists and other scientists is that the major portion of this yield lies in the 
remaining 98% of the genome: the non-coding genome.41 

In the 1960’s, the non-coding genome was being termed ‘Junk DNA’ based on the 
assumption that this part of the DNA did not serve any function, as it did not apply to 
the coding rules of the DNA. With the following years, more knowledge on this ‘Junk-
DNA’ was gained and the hypothesis that the non-coding genome has an important 
functional and regulatory role grew. In 2010, an international consortium was founded 
with the aim to identify all functional elements in the human genome, the ENCODE 
project.42

Gene regulatory elements in the non-coding genome

The primary task of genes is to produce proteins in a specific cell after they are 
activated by their promotor. Promotors of genes function as a lever, switching the 
gene either on or off. Genes and promotors by themselves, however, do not possess 
the information where in the organism and at what time it must become active. The 
elements controlling this ‘spatiotemporal’ information are residing in the non-coding 
genome and are termed ‘gene regulatory elements’. There are around 20.000 known 



Introduction

21   

1
genes in the human cell, but millions of candidate enhancers.43 These regulatory 
elements usually reside within the vicinity of their specific gene. However, like in Sonic 
Hedgehog (SHH), an important gene in limb development, some gene regulatory 
elements are located at a great distance from their target gene.44 

Our DNA contains different types of gene regulatory elements. ‘Repressors’ interfere 
with gene promotors, suppressing gene expression. ‘Insulators’ are involved in 
promotor-enhancer interaction, especially preventing undesirable interactions. 
‘Enhancers’ interact with gene promotors and activate gene transcription if necessary.45 
Therefore, enhancers seem to have the most important function in spatiotemporal 
activity of all gene regulatory elements. To understand how enhancers are able to 
regulate genes, despite residing at a distance of more than 1 million basepair from 
their target gene, the conceptual understanding of chromatin looping, and topological 
associated domains (TAD) is essential.

Chromatin looping and Topological Associated Domains (TAD)

The DNA of a single human cell would be 3 meters in length if not folded. To be 
folded appropriately, DNA is bound by different histone proteins and transcription 
factors that enables the DNA to be packaged in a tight conformation. However, 
DNA is not packaged randomly. The folding mechanism follows a strict protocol in 
which histone proteins and transcription factors play an important role. Once folded, 
each chromosome can be divided into isolated regions in which many interactions 
occur. These isolated regions are termed ‘topological associated domains’ or TADs.46 
Topological associated domains were fairly recently identified through novel chromatin 
conformation capturing techniques like 3C, 4C and Hi-C.47 Chromatin conformation 
capturing techniques quantify the interaction between regulatory elements, genes 
and promotors.48 We learned that within each TAD, a vast amount of regulatory 
interactions occur. Between TADs however, no, or minimal cross-talking is observed.49 
Therefore, TADs are well-defined structural domains with extensive activity within 
their own domain but no role in their neighboring domains. The integrity of these 
TADs is very important and therefore, TAD boundaries are essential for appropriate 
gene expression. These TAD boundaries are created by a combination of transcription 
factors (H3K27AC, RNAPolII and CTCF).50 If TAD boundaries are disrupted by a genetic 
aberration, neighboring TADs can be used into a new, larger TAD. Alternatively, an 
entirely new TAD can be formed as well.51 It can cause severe congenital anomalies 
and malformations. Examples of these genetic aberrations will be provided in the 
upcoming paragraphs. 

As mentioned earlier, these TADs are packaged following a strict ruleset. Although 
regulatory elements and genes initially seem to be located distantly from each other 
in a linear fashion, when folded appropriately, they reside in each other’s vicinity 
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within their specific TAD. This way, enhancers that located in so-called gene deserts 
can provide the regulatory information for the expression of a distant target-gene. 

Enhancers

Enhancers are gene regulatory elements, that drive expression of a target gene that 
resides within their TAD. In general, enhancers can only regulate expression in only a 
single gene, but multiple enhancers together can combine their regulatory function 
simultaneously on a single gene.52 These enhancers have an essential function 
in genetic physiology, by providing genes and their promotors with the crucial 
spatiotemporal information (at what time and in which tissues) the gene should be 
expressed.53

Although the significance of enhancers is widely accepted, the identification of 
enhancers in the non-coding genome remains a major challenge.54 Gene regulatory 
elements do not comply to the rules of the coding genome. Therefore, several features 
are being used as clues that might help towards identifying a functional enhancer. 
Examples of these features are conservation, histone modifications and transcription 
factor binding sites.55

Several genomic features have been associated with the presence of active enhancers 
in a specific region. One of these features is the conservation of genomic regions 
across species. For example, as many mammals have developed fore- and hindlimbs, 
one would expect that the genomic regions patterning the limbs will be conserved 
in humans and other mammals. However, although conservation of regions among 
vertebrate species is an important factor to consider in genes involved in embryonic 
development, most active enhancers are weakly conserved between species.56 histone 
modifications marks are another feature that are associated with active enhancers. 
For example, studies have shown that increased H3K4me1 histone marks can be found 
in the vicinity of enhancers, independent of the state of the enhancer. Other marks 
like H3K27ac, H3K27me3, H3K4me1 are more suggestive for the specific state of the 
enhancer (either poised, primed or active).57 All these factors, or a combination of these 
factors are regularly used in molecular studies to identify active enhancers involved in 
a specific disease or trait.58 However, the identification of new active enhancers in a 
wide range of disease and congenital anomalies remains a challenge in modern-day 
clinical practice and is the primary focus of many research facilities all over the world.

Disruption of regulatory elements and TADs 

Based on the concepts of regulatory elements and topological associated domains 
(TADs), we are now able to understand the mechanism behind disruptions of 
noncoding regions in the genome that lead to human disease. Before these concepts 
were elucidated, it remained a challenge to understand how aberrations in the 
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noncoding genome can be interpreted in the light of their pathology. We are currently 
able to distinguish two major groups of noncoding genomic aberrations: either the 
regulatory element itself is disrupted or the TAD boundary is disrupted, causing 
difficulties of the regulatory element being approximated to their target-gene. 

Congenital anomalies represent an essential model to investigate both concepts. 
Congenital anomalies are mainly monogenetic and therefore provide a reliable 
genotype-phenotype correlation in specific cases. In recent years, more noncoding 
mutations and structural aberrations in the noncoding genome have been associated 
with congenital anomalies.59,60 It is even more remarkable that noncoding mutations in 
human disease are mainly found in patients with congenital upper limb anomalies.43

Disruption of regulatory elements

The first major group of noncoding variants function by disrupting the internal 
regulatory function of the enhancer. Naturally, copy number variations (CNVs) like 
deletions/duplications of enhancers completely diminish enhancer function in a 
certain gene. One especially striking example of a pathogenic CNV are duplications 
in the enhancer complex of Indian Hedgehog (IHH).61 Duplications in the vicinity of 
this gene are known to cause a combination of synpolydactyly and craniosynostosis in 
several affected families, pointing towards active enhancers that have been disrupted 
due to these copy number variations. A recent study by Will et al. used a combination 
of 4C-seq methods and transgenic mice modeling to reveal an enhancer complex of 9 
enhancers in the intronic regions of the NHEJ1 gene.61 By consecutively deleting each 
of these 9 enhancers individually or in combination with each other they found that, 
dependent on which enhancer was disrupted, different phenotypic combinations of 
craniosynostosis and limb anomalies appear. However, an important side note to make 
is that these deletions have never been identified in human’s and only experimentally 
designed in mice. To validate those small deletions in the IHH locus can cause limb 
anomalies and craniosynostosis, the first affected patient or family has yet to be 
reported in literature. Other intra-TAD deletions associated with congenital anomalies 
are found in Split-Hand and Foot malformations (SFHM) and X-linked deafness.62-64 
Intra-TAD duplications are relatively rare. Apart from the duplications described above 
in the IHH regulatory region, intra-TAD duplications are rarely reported in literature.65 

The mechanism how intra-TAD duplications disrupt gene expression is yet to be 
explained. Gain-of-function resulting in overexpression of the target-gene has been 
hypothesized. However, this ‘dosage effect hypothesis’ has been extrapolated by 
our wide knowledge of overexpression of gene duplications and therefore does not 
automatically comply with the regulatory principles of enhancers.66 Therefore, loss-
of-function with misexpression as a result of competing enhancers could also be 
hypothesized as a possible mechanism.
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Figure 6. Mechanisms of long-range regulation of SHH A) the 3D Hi-C Genome Browser shows 
that SHH and the ZRS reside at opposing sides in the same topological associated domain (TAD). 
Both elements have a TAD boundary in close proximity. B) The molecular mechanism of disruption 
leading to a TPT phenotype. In normal conditions, the TAD boundaries are connected through 
CTCF and RAD-21 binding sites. The ZRS is activated in the limb by a promotor-enhancer complex 
with specific transcription factors (TF) and co-activators. Point mutations in the ZRS disrupt TF 
binding affinity and consecutively cause TPT. Genomic duplications encompassing the ZRS 
disrupt the neighboring TAD-boundary and impede on the chromatin organization, ultimately 
causing more severe phenotypes , like TPT-PS.

The second major group of variants that can disrupt the regulatory function of an 
enhancer are single variants. Only a handful of non-coding loci are known to cause 
human disease when disrupted by a single variant. An example is the homozygous 
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variant found in a noncoding region 90kb downstream of TBX5, a gene also involved 
in Holt-Oram syndrome or heart-hand syndrome, in a patient with only cardiac 
anomalies.67 However, the most renowned enhancer which is regularly used as a 
model in numerous molecular studies features throughout this thesis. This enhancer 
is termed the Zone of Polarizing Activity Regulatory Sequence (ZRS). This enhancer 
regulates Sonic Hedgehog (SHH) expression in the limb and drives anterior-posterior 
digit patterning. Point mutations disrupting the ZRS lead to ectopic SHH expression 
in the limb and thereby causes triphalangeal thumb (TPT) and polydactyly.59,68,69 TPT 
and polydactyly in ZRS mutations can not only be observed in human, but also in 
chicken, mice and the polydactylous Hemingway cats (figure hemingway cats). The 
ZRS is further explicated in chapter 2 of this thesis. The mechanism on how single 
variants can disrupt the regulatory activity of the ZRS is discussed below. Provided 
that ZRS-SHH approximation is established by chromatin folding, the enhancer–
promotor interaction requires the formation of a complex consisting out of different 
factors like DNA polymerase II, transcription factors and other co-activators.45 The 
formation of this complex of SHH and ZRS is delicate, as a single point mutation in 
the ZRS can alter both the location and level of SHH in the limb bud. Gain or loss of 
different transcription factors binding sites (TFBS) in the ZRS underlie the pathogenic 
mechanism of point mutations. GABPa/ETS1, ETV4, HOX and TFAP2B are among the 
TFBS that cause TPT when gained or lost in the ZRS.70-72 GABPa activates the ZRS 
through the acetylation of histones. ETV4, activated by FGF, has the opposite function 
of GABPa and deacelytates histones to keep the ZRS in a poised state.73 Finally, HOX 
is involved in the regulation of levels of SHH expression and TFAP2B is transcriptional 
activator that drives enhancer activity.70,71,74 These factors combined are responsible of 
driving spatiotemporal activation and the restriction of SHH to the posterior limb bud. 
If one of the TFBs above are gained or lost within a specific enhancer due to a variant, 
it alters the regulatory activity of this enhancer. 

Disruption of TADs

Where intra-TAD structural variations directly affect the regulatory activity of the 
enhancer, copy-number variations that encompass a TAD-boundary change the three-
dimensional structure of the entire chromatin. These structural variations prevent that 
the enhancer approximate to the desired target gene.66 Different structural variations 
encompassing TAD-boundaries have been published in recent years. Large deletions 
cause that two neighboring TADs fuse into one large TAD which leads to various 
congenital limb anomalies. However, besides TAD boundaries, these large deletions 
encompass other functional regions as well.51 Therefore, the question arises whether 
the disruption of TAD boundaries is solely responsible for these limb anomalies. The 
same holds for microduplications of non-coding regions. Several microduplications 
encompassing TAD boundaries and enhancers have been associated with congenital 
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anomalies, like disorders of sexual development.75,76 Like single point mutations in 
the ZRS, one of the most reported structural variations associated with congenital 
anomalies are in the SHH topological domain. Microduplications encompassing 
the ZRS, and the TAD boundary cause severe limb phenotypes like Triphalangeal-
Thumb Polysyndactyly Syndrome (TPT-PS), Haas type Syndactyly and Laurin Sandrow 
Syndrome (LSS).60,77,78 TPT-PS is a severe limb anomaly in which the hand consists 
out of a preaxial and postaxial polysyndactylous block. In Haas-type Polysyndactyly, 
the entire polydactylous hand is conjoined, also known as a cup-shaped hand. LSS 
consists out of a cup-shaped hand phenotype with mirror-image polydactyly of the 
foot. Within the ZRS associated anomalies, microduplications encompassing the 
SHH regulatory domain clearly cause far more severe limb anomalies than single 
point mutations of the ZRS. In chapter 2, the phenotype-genotype correlations of 
microduplications of the ZRS are extensively discussed.

Outline of this thesis
The general aim of this thesis is to investigate several phenotypical and genetic 
questions regarding triphalangeal thumb and polydactyly. On one hand, several 
interesting observations have been made in TPT families with known variants in the 
ZRS. We have investigated topics like phenotypic anticipation, reduced penetrance 
and looked further into genotype-correlations of genomic duplications of the SHH 
regulatory domain. On the other hand, we have intensively investigated several TPT-
families in which no disease-causing variants have been found. Using the power 
of knowledge of clinical observation combined with approaches from the fields 
molecular genetics and developmental biology form a unique approach in identifying 
enhancers associated with congenital limb anomalies. 

The first part of this thesis summarizes the current knowledge on triphalangeal thumb. 
Chapter 2 encompasses a multidisciplinary review composed by several experts, 
providing their insights on TPT from their respective fields. Chapter 3 presents the 
clinical data of TPT patients together with our latest surgical approach on TPT from 
our experienced clinic. We conclude this chapter with a step-by-step chart to guide 
surgeons in their decision making for treating patients with TPT. 

The second part of this thesis features several phenotypical observations made in 
TPT-families with known variations in the ZRS. Chapter 4 discusses the findings in 
two TPT-families and posts a hypothesis that contradicts the presence of reduced 
penetrance in TPT-families by finding minor and subclinical anomalies in presumed 
unaffected family members. Chapter 5 shows the results of a large field study in a 
Dutch TPT-population and reveals a pattern of phenotypic anticipation through 
each generation. Chapter 6 present a patient with a severe TPT-phenotype with a 
microduplication encompassing the SHH-regulatory domain and reviews previously 
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published literature on microduplications in this region. Finally, chapter 7 emphasizes 
on the importance of accurate phenotyping in genetic research of TPT-families. 

The third part of this thesis presents two papers in which we further investigated 
several TPT-families in which standard genetic testing did not reveal a pathogenic 
variant. Chapter 8 concerns a TPT-family with severe malformations in which we 
were able to identify a disease-causing variant in a new regulatory region, the pZRS. 
Chapter 9 is a subsequent paper in which we identified this same variant in the pZRS 
in two Polish families with a similar phenotype. 

Lastly, we summarize, combine, and interpret all our findings in chapter 10 and 
give recommendations for future studies in the genetic field of congenital limb 
malformations.
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ABSTRACT
Despite being a rare congenital limb anomaly, triphalangeal thumb is a subject of 
research in various scientific fields, providing new insights in clinical research and 
evolutionary biology. The findings of triphalangeal thumb can also be predictive 
for other congenital anomalies as part of an underlying syndrome. Furthermore, 
triphalangeal thumb is still being used as a model in molecular genetics to study gene 
regulation by long-range regulatory elements. We present a review that summarizes 
a number of scientifically relevant topics which involves the triphalangeal thumb 
phenotype. Future initiatives involving multidisciplinary teams collaborating in the 
field of triphalangeal thumb research can lead to a better understanding of the 
pathogenesis and molecular mechanisms of this condition as well as other congenital 
upper limb anomalies. 
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INTRODUCTION
Triphalangeal thumb (TPT) is a congenital anomaly in which the thumb consists of 
three instead of two phalanges. Although TPT is relatively rare, it has been the central 
focus of a number of scientific disciplines in the past. Ever since the pathogenic locus 
of TPT was identified as the ZRS (the long range control of the zone of polarizing activity 
(ZPA),  genetic and molecular research on this regulatory element has expanded 
tremendously. Finally, TPT and other limb anomalies remain a popular model for 
studies by developmental biologists, especially in long-range gene regulation 1,2. 

A number of reviews in the past have separately explored these research topics 
in which TPT is involved 3-5. However, an overview that encompasses the variety of 
disciplines involved in TPT-research remains lacking. This review summarises a range 
of relevant topics and underlines the importance of a multidisciplinary approach for 
both the clinical and scientific field in TPT management. 

CLINICAL ASPECTS

Phenotype
TPT most frequently presents as an isolated congenital upper limb anomaly (Figure 
1A). In our series of 187 hands within the local Dutch population, 38% of the thumbs 
were isolated TPT without any other congenital hand anomalies (unpublished data). 
In the remaining cases (62%), other congenital limb anomalies like radial polydactyly 
are also present (Figure 1B). TPT with radial polydactyly is therefore strongly associated 
with a positive family history when compared to cases of isolated TPT (OR: 3.8, CI 95%: 
2.0 to 7.4) (unpublished data). Therefore, in contrast to an isolated TPT that is observed 
in both sporadic and familial cases, we would consider TPT with radial polydactyly 
as predominantly an inherited disease. Other congenital limb anomalies that are 
observed together with TPT include ulnar polydactyly, syndactyly and duplication of 
the hallux. 

Although isolated TPT and TPT with radial polydactyly remains the two most 
commonly reported TPT-phenotypes (Figure 1), in recent years however, we found that 
the number of cases with more severe TPT-phenotypes, with thumb triplication and 
anomalies on the ulnar side, has also increased. Although family members of a large 
genetic isolate may share the same mutation, 71% of the patients from the youngest 
generations demonstrated more severe TPT-phenotypes than their ancestors 6,7.

The observation in the Dutch population is remarkable as it challenges the distinctions 
suggested by.8 This paper article that point mutations in the ZRS which, as mentioned, 
is a regulatory sequence of the ZPA controlling digit patterning, only causes TPT 
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(with radial polydactyly), while genomic duplications of the ZRS cause more severe 
phenotypes like Triphalangeal Thumb-Polysyndactyly Syndrome (TPT-PS) (Figure 1D), 
Haas-type Polysyndactyly and Laurin-Sandrow Syndrome (LSS). Another problem 
is the inconsistency of nomenclature when it comes to phenotyping patients with 
anomalies; for example, Wu et al. used the term syndactyly type IV, a synonym of Haas-
type polysyndactyly (OMIM:186200) for a phenotype that clearly resembles LSS, with 
patients exhibiting cup-shaped hands, polydactyly and mirror-image duplications of 
the lower limb.9 For consistent phenotyping, we propose the following definition of 
these hand anomalies: 

• TPT-PS: TPT with pre- and postaxial polydactyly and syndactyly. A radial and 
ulnar ‘block’ of conjoined digits can be identified. Syndactyly or polydactyly of 
the feet can also be present. 

• Haas-Type Synpolydactyly: Complete syndactyly of all digits with polydactyly. 
Syndactyly or polydactyly of the feet can also be present. 

• Laurin-Sandrow Syndrome: Complete syndactyly of all digits with 
polydactyly. Mirror-Image duplications of the feet with tibia hypoplasia and 
duplication of the fibula can also be present.

Clinical assessment
Even though a supernumerary phalanx is the most evident aberration in a radiograph, 
TPT is often seen with other hypoplastic and absent structures; tendons, ligaments, 
intrinsic musculature and osseous fragments can all be abnormally formed in these 
patients. These aberrations eventually result in decreased thumb strength with TPT 
patients demonstrating decreased grip strength (69%) and opposition strength (63%) 
as compared with the control population 10.

Similar to children with TPT, adults who did not undergo an operation continue to 
show decreased thumb strength (77% grip strength and 62% opposition strength 
as compared with the control population), although function remains good for daily 
activities (VAS-score for function: 7.7 out of 10) 11. The major concern in these patients, 
however, appears to be the aesthetic appearance of TPT (VAS-score for appearance: 
2.2 out of 10). 

The surgical procedure for correcting TPT depends on the specific phenotype. 
Reconstruction of a very hypoplastic TPT will not lead to satisfactory results and 
requires a more advanced procedure like pollicisation of the second digit 12. For 
patients with stronger polydactylous types of TPT, direct reconstruction of the thumb 
can improve function and provides better aesthetic results. If the only anomaly is an 
additional triangular phalanx, removal of the supernumerary phalanx and ligament 
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reconstruction might suffice 13. Alternatively, when a TPT patient has a full-grown 
rectangular phalanx associated with lack of opposition, a more extensive procedure 
such as a distal phalangeal joint reduction and arthrodesis (DIPRAD) combined with a 
rotation osteotomy and arthrodesis of the first metacarpal (ROAMC) may be required 
14. 

EPIDEMIOLOGY
The prevalence of TPT varies widely in regions around the world, with TPT-families 
mostly of European or Asian descent15. reported less than 10 patients with TPT in a 
series of 653 patients with upper limb anomalies in the USA. In contrast, studies from 
Sweden, Australia and the Netherlands have shown much higher rates of TPT 16-18. The 
prevalence of TPT reported by Lapidus et al.19 is still regularly used as a standard; he 
reported a low prevalence of three cases among 75000 military draftees in the US. In 
contrast, our outpatient clinic has registered 130 cases of TPT since 1972 and currently, 
an average of seven patients with TPT visit our clinic annually. Therefore, when 
taking the proportional volume of our outpatient clinic into account, the nationwide 
prevalence of TPT in the Netherlands can be estimated at around 1 in 16000 live births 
18.

ASSOCIATED MALFORMATIONS AND SYNDROMES
TPT is predominantly present without any anomalies other than in the limbs. However, 
several syndromes have been associated with TPT and although these are relatively 
rare, the presence of TPT can be predictive for the presence of other congenital 
malformations.  

CulaPhen (Congenital Upper Limb Anomaly Phenotyping), an open-access software 
package developed by our research group, enables us to associate other congenital 
anomalies and syndromes with limb anomalies in patients with TPT 6. The associated 
congenital anomalies for each syndrome are visualized in a heatmap (Figure 2) with 
the strength of association between different groups of congenital anomalies and 
a specific anomaly illustrated in a ratio from white to bright red. For example, ZRS-
associated upper limb anomalies are associated with lower limb anomalies, while 
Holt-Oram syndrome (OMIM:142900) is well-known for the association between limb 
and heart anomalies. 

This heatmap shows that TPT can be differentiated in two main groups: a polydactylous 
group in which limb malformations are dominantly present (ZRS-associated and 
GLI3-associated anomalies) and a hypoplastic group, with different combinations 
of congenital anomalies (for example in Fanconi Anaemia and VACTERL). Notably, 
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although GLI3 has been associated with TPT by Culaphen, none of the patients 
with GLI3 mutations who have been examined in our outpatient clinic had TPT 
(unpublished data). Therefore, using this information, we can expect a low yield when 
evaluating pathogenic variants in GLI3 among patients with TPT.

The distinction between polydactylous and hypoplastic TPT can also be made using 
other approaches. Ingenuity Pathway Analysis visualizes the different molecular 
pathways for the origins of these different syndromes 20. The pathway shows that 
the polydactylous group is caused by specific developmental genes involved in 
limb patterning whereas in the hypoplastic group, two major pathways are involved; 
the first pathway has a role in cell growth and differentiation, with malfunctioning 
genes within this pathway leading to either overgrowth syndromes (like PIK3CA) or 
hypoplasia (FGFR3) whereas the second involves ribosomal protein subunits and 
manage translation and breakdown of protein, with Diamond-Blackfan Anaemia 
(OMIM:105650) as one of the syndromes caused by a disruption in this pathway. 
Furthermore, in the classification of genetic skeletal disorders, ZRS and GLI3-associated 
diseases are categorized under the ‘Polydactyly-Syndactyly-Triphalangism group’ and 
the other syndromes are categorised under the ‘Limb hypoplasia-reduction defects’ 
group 21.  

The final way of analysing associated syndromes with TPT is through clinical observation 
and review. From our own series of TPT-patients, we discovered that hypoplastic TPT 
is highly associated with multiple congenital malformations compared to patients 
with a polydactylous type of TPT (OR: 14,4, CI 95%: 4.7 to 44.4) (unpublished data). 
Furthermore, the surgical treatment for both types of TPT differs as well. TPT with 
polydactylous features can be reconstructed to become a functioning thumb but 
hypoplastic TPT, may preclude reconstruction and require more advanced surgical 
interventions like pollicisation of the second digit 14. 
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Figure 2. Heatmap, generated by Culaphen, visualizing the relation between triphalangeal 
thumb (TPT)-associated syndromes and different groups of congenital anomalies. The strength of 
association between each syndrome and each anomaly group is depicted on a scale from white 
to bright red. ZPA-regulatory sequence (ZRS) and GLI3 associated anomalies predominantly 
result in a polydactylous phenotype (A) and other syndromes are mainly seen with hypoplastic 
TPT phenotypes (B).
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TPT AS A DYSREGULATION OF NORMAL THUMB DEVE-
LOPMENT
The biphalangeal thumb is the last digit to form and develops at the anterior or radial 
border of the handplate. The thumb is strikingly different from the other four digits 
and develops in a disparate molecular environment 22,23 (Figure 3). Sonic hedgehog 
(Shh) proteins emanating from the ZPA generates a posterior diffusion gradient 
across the handplate that regulates the development of the other triphalangeal 
ulnar digits.  Shh manifests its action through the Gli3 transcription factor, which 
is expressed throughout the handplate and in its absence, Gli3 is processed into 
a repressive form, Gli3r, inhibiting the targets of Shh 24,25. The thumb domain is 

Figure 3. Thumb and digit development. Key molecules that differentiate the thumb from the 
ulnar digits. Tbx5 is involved in limb induction and forelimb patterning. Tbx5 persists in the 
thumb domain (murine embryonic day 12 similar to Carnegie Stage 16). Along the radioulnar 
axis Gli3r and Shh form counter gradients that define digit morphology. Subsequently (murine 
embryonic day 13 similar to Carnegie stage 18) HoxD10-12 transcription factors are expressed in 
ulnar digits, but not the thumb domain. The far right panel lists the different genes expressed 
within biphalangeal (2 phalanx) and triphalageal (3 phalanx) digits. The backgrounds reflect the 
suspected primary genes responsible – orange (Gli3r) for the thumb domain and purple (Shh) for 
the ulnar digits. (Modified from 30 and 22)

considered Shh-independent and therefore Gli3r dependent 26. In the homozygote 
Gli3 deficient mouse mutant extra toes (Xt), the handplate paddle expands and 
triphalangeal polydactyly develops 27,28 while in the heterozygote with reduced Gli3, the 
limb paddle width continues to expand, resulting in the radial polydactyly phenotype. 
Gli3r expression, although reduced in these heterozygote mice, still persists and thus 
the extra radial digits formed are biphalangeal 28. The thumb domain also lacks the 
expression of HoxD11-12 that are critical to the triphalangeal character of the ulnar 
digits 29. Therefore, if HoxD12 is over expressed in the thumb domain, especially with 
reduced Gli3, a TPT is formed 28. Ectopic expression of Shh in the anterior or radial 
aspect of the handplate, as occurs with many point mutations of the limb specific 
SHH/ZPA regulatory region (see below), would therefore be expected to reduce or 
eliminate Gli3r expression and thus promote the formation of TPT.

GENETIC ASPECTS

In the early 1990s, it was discovered that large families with limb anomalies like 
polydactyly and TPT were highly suitable for the localization of genes involved in limb 
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development. The zone of polarizing activity (ZPA) regulatory sequence, otherwise 
known as the ZRS, a limb-specific regulatory element for SHH, has been the main 
focus for genetic research in TPT-families. As mentioned, point mutations in the ZRS 
cause TPT (with polydactyly), whereas large duplications encompassing the ZRS cause 
more severe phenotypes like TPT-PS and Haas-type polysyndactyly.

Identification of the ZRS
Heutink et al. and Tsukurov et al. 31,32 simultaneously published results of linkage 
studies in two Dutch TPT-families to mutations in chromosome 7q3631,32. Heus et al.33 
additionally mapped chromosome 7q36 and narrowed the critical disease region 
to 450kb. Due to the presence of a chromosomal translocation with a breakpoint 
in intron 5 of LMBR1 in a patient with TPT/PPD and a 2bp insertion in polydactylous 
mice at the same location, intron 5 of LMBR1 was identified as the critical location 
responsible for limb deformities 34. Previous studies suggested that polydactyly in 
mice was caused by ectopic expression of Sonic Hedgehog (SHH) in the anterior or 
radial limb bud 35,36. Therefore, the authors hypothesised that a regulatory element in 
intron 5 of LMBR1 is responsible for TPT/PPD by disrupting expression of SHH, a gene 
that lies approximately 950kb downstream.

The critical region of the ZRS was confined to a size of 774bp through comparative 
genomics 37. Further studies have shown that point-mutations in the ZRS cause 
ectopic SHH-expression in the anterior or radial part of the limb bud, resulting in TPT 
and polydactyly in human, mice and cats 3,37,38. 

Point mutations
Since the identification of the ZRS, 19 different point mutations have been described 
in TPT-families 8,37,39-51 (Table 1). These point mutations cause a wide phenotypic 
spectrum of limb anomalies; Some mutations only result in mild presentations of TPT 
with reduced penetrance 39,42,43,45 whereas  complex anomalies, like TPT accompanied 
with tibial hypoplasia, have been observed in families with point mutations between 
positions 402 and 406 of the ZRS 8,37,41,44,46,49. 

As TPT/PPD follows an autosomal-dominant trait in affected families, most patients 
with TPT are heterozygous for these point mutations. Homozygosity of ZRS mutations 
have been described in three cases 43,47,49,  with two of these homozygous patients 
sharing a similar TPT/PPD phenotype with their heterozygous family members. 
However, Vandermeer et al. demonstrated that one homozygous patient had a more 
severe phenotype than heterozygous family members, suggesting the presence of a 
dosage effect 48. As these three cases have different observations and conclusions, the 
presence of a dosage effect in point-mutations of the ZRS remains uncertain. 
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Author Mutation Phenotype

Lettice et al. (2003) 105 C>G 1 + 2 + 3 + 4 + 5

Zhao et al. (2016) 105 C>G 2

VanderMeer. (2012) 287 C>A 3 + 4 + 5

Furniss et al. (2008) 295 T>C 1 + 2

Albuisson et al. (2011) 297 G>A 2

Lettice et al. (2003) 305 A>T 2

Lettice et al. (2003) 323 T>C 1

Albuisson et al. (2011) 334 T>G 2 + 3

Semerci et al. (2009) 396 C>T 2

Vandermeer et al. (2014) 402 C>T 1 + 2 + 3

Lettice et al. (2003) 404 G>A 2 + Tibial hypoplasia

Cho et al. (2013) 404 G>A 2 + Tibial hypoplasia

Wieczorek et al. (2010) 404 G>C 1+ Tibial hypoplasia

Girisha et al. (2014) 404 G>T 2 + RLD + Tibial hypoplasia

Norbnop et al. (2014) 406 A>G 2 + Tibial hypoplasia

Zhao et al. (2016) 406 A>G 2

Wu et al. (2016) 428 T>A 1 + 2

Farooq et al. (2010) 463 T>G 2

Al-Qattan et al. (2012) 619 C>T 1 + 2 + RLD

Gurnett et al. (2007) 621 C>G 2 + 3

Gurnett et al. (2007) 739 A>G 1

Table 1. List of variants in the ZRS. Phenotypes are classified as: 1) isolated TPT 2) TPT + radial 
polydactyly 3) TPT + radial polydactyly + feet anomalies 4. TPT + radial polydactyly + ulnar poly(syn)
dactyly 5. TPT + radial polydactyly + ulnar poly(syndactyly) + feet anomalies.

RLD: Radial Longitudinal Deficiency

Genomic Duplications
Compared with point mutations in the ZRS, genomic duplications overlapping the 
ZRS lead to more severe phenotypes such as Triphalangeal Thumb-Polysyndactyly 
Syndrome (TPT-PS), Haas-Type Polysyndactyly and Laurin-Sandrow Syndrome (LSS). 
It has been suggested that duplications smaller than 80 kb cause LSS and mutations 
larger than 80kb result in TPT-PS and Haas-type Polysyndactyly 52. Although the 
duplication size and severity of the phenotype are clearly correlated, these three 
phenotypes cannot be typed as single entities as these different phenotypes are 
observed in families with the same duplication size 8,9,52-59 (Table 2). Therefore, these 
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three phenotypes should be viewed in a gradual spectrum of phenotypic expression 
associated with duplications of the ZRS rather than different phenotypic entities 
caused by different sizes of genomic duplications. 

Author Duplication size Phenotype

Lohan et al. (2014) 16 kb LSS

Lohan et al. (2014) 47 kb LSS

Lohan et al. (2014) 75 kb LSS

Wieczorek et al. (2010) 73 kb Haas Type

Wu et al. (2009) 97 kb LSS + Haas Type

Dai et al. (2013) 115 kb Haas Type 

Sun et al. (2008) 160 kb TPT-PS 

Lohan et al. (2014) 179 kb Haas Type

Lohan et al. (2014) 255 kb TPT-PS

Wieczorek et al. (2010) 276 kb TPT-PS + Haas Type

Liu et al. (2017) 290 kb TPT + Radial Polydactyly + Cardiac 
Anomalies

Sun et al. (2008) 293 kb TPT-PS + Haas Type

Sun et al. (2008) 334 kb TPT-PS + Haas Type

Sun et al. (2008) 378 kb TPT-PS

Sun et al. (2008) 437 kb TPT-PS + Haas type

Xing et al. (2014) 442 kb TPT-PS

Sun et al. (2008) 459 kb TPT-PS

Klopocki et al. (2008) 589 kb TPT-PS

Wang et al. (2016) ? TPT + Radial Polydactyly

Furniss et al. (2009) ? (Triplication) Haas Type

Table 2. List of genomic duplications encompassing the ZRS. The phenotypes are categorized 
as Laurin-Sandrow Syndrome (LSS), Haas-type Polysyndactyly and Triphalangeal Thumb-
Polysyndactyly Syndrome (TPT-PS)

The mechanism by which duplications of the ZRS occur and that result in severe TPT-

phenotypes remains unknown. One theory could be that genomic duplications affect 

the dose sensitivity of regulatory elements as shown in other loci like Indian Hedgehog 

(IHH)60. Another known feature of genomic duplications is their ability to rearrange 

the three-dimensional chromatin architecture of the genome 61. Considering the 

severity of the phenotypes of TPT-PS, Haas-type Polysyndactyly and LSS, the ability of 

genomic duplications to disrupt the boundary of the Topological Associated Domain 

(TAD) of SHH and LMBR1 can be regarded as a valid hypothesis. These duplications can 
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disrupt the entire chromosomal architecture and leads to difficulties in the folding of 

regulatory elements towards SHH, which is required for appropriate gene regulation 
62. 

BEYOND THE ZRS?
The ZRS is the best known SHH-enhancer as it has been extensively used as a model 

for long-range regulation of gene expression. However, several other regulatory 

elements besides the ZRS are known in the SHH-LMBR1 topological domain 63. These 

regulatory elements do not regulate SHH-expression in the limbs, but are responsible 

for expression in other structures like the brain, pharynx or larynx 64. These enhancers 

can also drive SHH-expression at the same time in a single tissue. Therefore, the 

question arises if the ZRS is the only limb-specific enhancer within this TAD. Petit et 

al. reported a large family with TPT and hypertrichosis with a 2kb deletion in the gene 

desert between SHH and LMBR1, possibly pointing to another element in this TAD 

that might be involved. Furthermore, several studies have associated mutations in the 

pZRS, a region approximately 800bp upstream from the ZRS, with TPT in humans and 

dogs 65,66. Recently, molecular research in transgenic mice showed that disruption of 

the pZRS cause differential enhancer activity in the embryonic limb, underlining the 

functional role of the pZRS in limb development 67 (Table 3) 34,68-70 

TPT-families without mutations in the ZRS are of major importance to unfold the 

entire regulatory landscape of SHH in the limbs. Massive parallel sequencing with a 
focus on the SHH-LMBR1 TAD is a valid strategy to identify the pathogenic locus in 
these TPT-families and could point to new limb-specific regulatory elements in this 
TAD. 

Author Genetic Aberration Phenotype

Lettice et al. (2002) translocation(5,7)(q11,q36), ZRS included TPT + Radial Polydactyly

Laurell et al. (2012) 13 bp insertion in the ZRS TPT +  Radial Polydactyly

Vanlerberghe et al. 
(2015)

417A>G point mutation in ZRS (somatic 
mosaicism)

Mirror Image Polydactyly

Petit et al. (2016) 2kb Deletion between SHH and ZRS TPT +  Radial Polydactyly 
+ Hypertrichosis

Potuijt et al. (2018) Point mutation in the pre-ZRS TPT-PS

Xiang et al. (2017) Point mutations in the pre-ZRS Radial Polydactyly

Table 3. List of other aberrations on chromosome 7q36 that are associated with triphalangeal 
thumb (TPT). TPT-PS: Triphalangeal thumb-polysyndactyly syndrome. 
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CONCLUSION
The multidisciplinary approach of TPT affirms the relevance of this congenital 
anomaly in scientific research. Clinically, the evaluation of different techniques used 
in TPT continues, focusing on the measure of pre- and postoperative thumb function, 
in combination with patient-reported outcomes in order to achieve better functional 
and aesthetic outcomes. In addition, the phenotype of TPT not only determines choice 
of treatment, but also aids the clinician in genetic counseling. TPT accompanied with 
PPD is highly associated with a positive family history. Important information can be 
obtained during clinical examination that advocates for additional clinical work-up. In 
case of a polydactylous TPT, usually no other congenital malformations are present. 
Patients with a hypoplastic type of TPT, however, should be considered for further 
clinical evaluation. 

For genetic work-up of a polydactylous TPT phenotype, the ZRS and pZRS are currently 
the candidate loci to be examined. As hypoplastic TPT is associated with a variety of 
syndromes, next-generation sequencing techniques are valid options to identify the 
disease-causing mutation in these patients.

The cause of the large phenotypic variability in ZRS-mutations and duplications is yet 
to be unraveled in the genetic and developmental field. Both the intrafamilial and 
interfamilial variability in affected families hypothesize that subtle variations in the 
location, timing and levels of SHH-expression can result in a variety of phenotypes. 
The mechanism that drives these slight phenotypic variations, however, is not well 
understood. As it has been demonstrated that non-coding elements occupy an 
essential role in embryonic development, future initiatives with either a biological or 
molecular approach or a clinical genetic approach can lead to the identification of 
new limb specific non-coding elements in the SHH-LMBR1 topological domain. 
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ABSTRACT
Triphalangeal thumb is a rare congenital anomaly in which the thumb has three 
phalanges. Clinical presentation of triphalangeal thumb can vary considerably and 
can be present in both hands or unilateral. The thumb can be long with a finger-like 
appearance. The presence of clinodactyly depends on the shape of the extra phalanx 
varying from wedge-shaped to rectangular. Various joints, ligaments, muscles, and 
tendons of the first ray can be hypoplastic or absent’ with varying degrees of stiffness 
or instability. The aim of surgical treatment is to reconstruct or correct the anatomic 
anomalies to obtain greater function and a more acceptable appearance. In our series, 
operations varied from removal of the delta phalanx with ligament reconstruction to 
multiple osteotomies and rebalancing of soft tissue. Results in these often complex 
cases can be rewarding if the surgeon has sufficient knowledge of the underlying 
anatomic differences. This review summarizes our current concepts of presentation 
and management of the triphalangeal thumb.
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INTRODUCTION 
Triphalangeal thumb (TPT) is a congenital hand anomaly in which the thumb has 
an additional phalanx, supposedly first described by Columbo in 1559.1 Although TPT 
is a rare anomaly, with an estimated prevalence of 1 in 25,000 newborns, variable 
phenotypic features are common.2,3 The additional phalanx can be present in different 
shapes and sizes. An additional preaxial polydactyly can be present together with 
syndactyly and ulnar polydactyly of the hands. TPT can be present in an isolated form; 
as part of a syndrome and may be inherited in a dominant manner. In sporadic cases 
the deformity is unilateral and the thumb will have a degree of opposition. When TPT 
is present in a syndrome, e.g. Holt-Oram Syndrome, the thumb is usually hypoplastic. 
Two-thirds of patients with TPT in our series have bilateral deformities and a family 
history of thumb abnormalities. Their thumbs are mostly non-opposable. The anomaly 
in this specific group is caused by an inherited dominant trait, of which the locus 
is mostly on chromosome 7q36.4,5 Based on our result’ the prevalence of TPT in the 
Netherlands is higher than stated in the literature (1:16,000). 

Classification of TPT may be according to the three different shapes of the extra 
phalanx (wedge, trapezoidal or rectangular) as described by Wood or by the different 
encountered shapes from small to large as reported by Buck-Gramcko who framed it 
as a ‘Teratologische reihe’ (teratologic row).6,7 When radial polydactyly is present it may 
be classified according to Wassel or the updated version by Zuidam et al.8,9

The aim of this article is to present an overview of the clinical presentation of TPT 
along with our suggested surgical  treatments.

CLINICAL PRESENTATION
Thumb length varies depending on the size of the extra middle phalanx the thumb. 
Mostly there is a degree of radial or ulnar clinodactyly due to the wedge or trapezoidal 
shape. 

The thumb appearance can be thumb like to more finger like. The more the thumb 

looks like a finger the more the TPT is in the same plane of the hand instead of in 

palmar abduction. Flexor tendons can be present as flexor digitorum superficialis and 

profundus or as a single flexor pollicis longus. The first web can be normal to aberrant 

and the thenar muscles hypoplastic, malformed or absent. The degree of opposability 

of the thumb relates to the thenar muscle deficiency. 

Depending on the length of the thumb and hypoplastic thenar musculature the TPT 

is hypermobile at the metacarpophalangeal (MP)  joint. The carpometacarpal (CMC) 

joint can be hypoplastic, malformed or even absent. In most cases the CMC joint is less 
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mobile and less well-developed, particularly when the thumb is finger-like, when it is 

similar to the second CMC joint. 

Depending on the presence of an extra ray the trapezium and scaphoid are malformed 

or hypoplastic. If an extra ray is present, which is very common in bilateral, inherited 

cases, it may be as a full ray or with proximally or distally developed parts. Sometimes 

there is duplication of a malformed trapezium. With proximal radial polydactyly, the 

ulnar thumb is mostly better developed. Quite often we have encountered thumb 

triplication. All three are usually underdeveloped and often syndactylous. In radial 

polydactyly at MP joint level, often so in syndromic presentations, the thumbs are 

mostly hypoplastic and often the middle phalanx (the triphalangeal part) is small. 

Co-existence of ulnar syndactyly and ulnar polydactyly is common in the inherited, 

bilaterally affected patients. In syndromes, cleft hand and longitudinal radial deficiency 

can occur also. Congenital differences of the lower extremities such as polydactyly 

or syndactyly can be encountered. Details of the  endless possibilities of other 

malformations is beyond the scope of this article. Interestingly, we have observed an 

increase in severity over succeeding generations in the patient group with a dominant 

inheritance trait and bilateral affected hands.10

The functional problem that arises in many patients is deficient opposition resulting 

in difficulty with activities like writing, picking up smaller objects, etc. When radial 

polydactyly is also present the function of the best thumb of the two or three is blocked 

by the presence of the other(s), especially if syndactyly between the thumbs is present.

However, the findings in 12 adults (23 hands) with untreated TPT, or with only resection 

of a polydactylous radial hypoplastic thumb, leaving the TPT thumb intact, are 

interesting. Patients functioned well although five thumbs had instability at MP joint 

level. Palmar abduction strength, opposition strength and flexion strength at MP joint 

level were respectively 36%, 38% and 39% of the strength of the average of the normal 

population. Patients scored lower for the domain of social functioning in the SF-36. 

Patients scored their function on average 7.7 using the visual analogue scores (VAS 

0-10). On appearance however, it was 2.2.11

Therefore, parents mostly seek correction of the deformity for their children because 

of the  appearance of the TPT. In the above study, the affected child had often suffered 

from intensive teasing at school. They and their parents wanted surgery before going 

to school. Requests to operate on children because of severe functional deficits were 

rare.
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CASE SERIES
We have treated 131 patients with TPT (213 affected hands) from 1982-2016, with 148 
hands operated in 225 procedures (Table 1). The  non-operated patients were either 
not fit for operation; had a small anomaly; an operation was declined; or were parents 
of children who asked advice but did not proceed to operation. In this group, a high 
number of dominant trait, hereditary TPTs with or without polydactyly was present, 
accounting for 66% of our total group.

225 procedures in 148 hands  

Removal of Delta phalanx 41

DIP reduction and desis 65

PIP reduction and desis 4

Reduction-rotation osteotomy of MC    50

Pollicisation 13

Opposition plasty 21

Sesamoidesis 25

Epiphysodesis 6

Table 1. Surgical procedures performed in our case series (1982-2016)

SURGICAL CONSIDERATIONS
It is important to do a thorough examination and record the different aspects of the 

anomalies in detail as treatment is directed as much as possible to the anatomical 

deficits encountered. In the treatment scheme appearance should be included.

Timing

For wedge-shaped phalanges with clear clinodactyly and in radial polydactylies, the 

authors would advise operation at the age of one year, to diminish the risk of general 

anesthesia. In the five-fingered hand or longer TPTs with only slight distal deviation 

there is no need for an early operation. Our goal was mostly to be finished with both 

hands before the children go to school. In the Netherlands, the entrance form starts 

when children are 4 years old.

Our opinion is in contrast to Bunnell and Campbell, advising that TPT patients did not 

have to be operated.12,13
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Extra phalanx and adjacent joint

Authors who do operate have advocated the removal of the extra phalanx to reduce 

length and correct deviation, although the risk of an angulated joint has been reported 

after excision of the middle phalanx of the thumb.7,14-17 Resection of the smaller extra 

phalanx and ligament reconstruction as described by Buck-Gramcko gave adequate 

results.6 For TPT with a trapezoidal or rectangular middle phalanx, several types of 

osteotomies are described, varying from excision of the proximal interphalangeal 

(PIP) joint to resection of the distal joint and part of the distal phalanx, followed by 

arthrodesis (Figure 1).18,19
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Wedge-shaped extra phalanx 

We have used two methods for the extra wedge-shaped phalanx. Generally, we 
resected the extra phalanx in small children up to about three years. The skin surplus 
was excised on the concave side and a Z-plasty was performed at the contracted 
side. The collateral ligament was reconstructed by releasing it in a V to Y fashion on 
the contracted, deviated side and shortening it on the non-contracted side. If the 
deviation is only slight a release on the contracted side is enough. We described this 
procedure as ‘delta phalanx excision and ligament reconstruction” (DEL) (Figure 2).

In older children (>3 years old) the distal interphalangeal (DIP) joint is more asymmetric. 
We mostly performed an excision of the DIP joint and a reduction osteotomy at the 
distal part of the middle phalanx, followed by arthrodesis, which we called ‘distal 
intephalangeal reduction arthrodesis’ (DIPRAD). The reduction at the DIP joint is 
about 1 cm. The decision to perform DEL or DIPRAD procedures was not only related 
to the age of the patient, but also to the size of the extra phalanx. If the size was larger 
the decision to perform a DIPRAD was made easier.

In our series, we investigated 33 hands with a follow up of an average of seven years. 
Eighteen hands had a delta shaped extra phalanx and 15 had a trapezoidal extra 
phalanx. In 17, a DEL procedure was performed and in 16, a DIPRAD procedure. In the 
17 thumbs with a DEL procedure patients did not encounter any pain at follow up, nor 
any joint instability at the DIP joint. Fourteen of 17 did not have any residual deviation. 
Two thumbs had nail deformities and in three thumbs deviation had a mean of 21 
degrees (range 15-25). Flexion at the IP joint was a mean of 35 degrees (range 0-85). In 
the 15 thumbs with a DIPRAD procedure no joint instability was encountered, no nail 
deformities and 11 out 16 did not have any residual deviation. Pain was reported in two 
and in five thumbs mean residual deviation was 18 degrees (range 5-25). Flexion at the 
residual IP joint was 46 degrees (0-90).20
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A B

C ED

Figure 2. Preferred technique on the removal of the additional phalanx with ligament 
reconstruction. A: The skin is removed in elliptical fashion on the concave side, the ligament 
turned over and the delta phalanx removed. B: Subsequently a Z-plasty is performed on the 
contracted side with a release of the collateral ligament in a V to Y fashion. Finally, the collateral 
ligament is adjusted on the concave side and the skin closed. C-E: Peri- and postoperative images 
following this procedure.

First metacarpal
The normal fi rst metacarpal has a growth plate at the proximal end of the metacarpal. 
In patients with TPT the fi rst metacarpal can have a proximal, a distal or proximal and 
distal growth plates, the proximal epiphysis resembling that of a thumb and the distal 
epiphysis that of a fi nger. 
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We were interested to determine whether the length of the first metacarpal in TPT was 
the same as in the normal hand. In 37 patients with 59 affected hands, we compared 
the length of the first metacarpal related to that of the second metacarpal. To prevent 
selection bias in bilateral symmetrical cases, ultimately 42 hands were included. A 
wedge-shaped delta phalanx was present in 52%, trapezoidal in 17% and a full extra 
phalanx (five-fingered hand) in 31%, using Wood’s classification; in 52% the growth 
plate was positioned distally, in 33% proximally and in 14% at both ends.7,21 The ratio 
of the length of the second metacarpal divided by the length of the first metacarpal 
was compared with the same ratio in a normal population.22,23 This study resulted in a 
number of observations. Firstly, all first metacarpals in patients with TPT were longer 
than in the normal population. Secondly, in patients with a proximal growth plate 
the length approximated that in the normal population. Thirdly, distal growth plates 
occurred more often in TPT patients with a full extra phalanx, but were also present 
in the other two groups. Fourthly, during growth the first metacarpal became longer 
than normal in the group of patients with a trapezoidal or full extra phalanx. The 
pattern of growth followed the normal rate of growth within the reference group. This  
implies that the length of the triphalangeal thumb is a combination of both increased 
growth of the metacarpal and the length of the extra phalanx.21 The consequences of 
these observations were as follows: firstly, if the thumb was not too long, resection of 
the wedge shaped extra phalanx (DEL) or reduction arthrodesis at DIP level (DIPRAD) 
was performed, with an epiphysiodesis at a later stage. Epiphysiodesis was introduced 
later in our series, so not many have been performed. Secondly, if the thumb was 
long in case of a trapezoidal or full extra phalanx we also performed a shortening at 
metacarpal level (see below). 

Trapezoidal or rectangular extra phalanx and first metacarpal

For a trapezoidal or full extra phalanx, a DIPRAD is performed. In these cases, 

especially in the long thumbs this was always combined with a shortening osteotomy, 

with rotation and abduction at the metacarpal level. The rotation and abduction is to 

gain more opposition. We named this technique the ‘rotation shortening osteotomy 

with abduction at metacarpal level’ (ROAMC). Intrinsic shortening was not always 

performed in this last technique. In the very young child with a thick periosteal layer 

an alternative osteotomy is to leave the periosteal layer as intact as possible, making 

a longitudinal cut and fracturing the metacarpal with rongeurs, after which the 

metacarpal can be placed in rotation and abduction.24 Osteotomies were mostly fixed 

with K-wires and thin cerclage wires or sutures. 

Although the aim is to have the tip of the thumb no longer than the level of the 

index PIP joint when the hand is flat on the table, the length of the thumb can be 
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unpredictable because of the aberrant growth of the first metacarpal. In our series, we 

encountered some long thumbs despite shortening  at both DIP joint and metacarpal. 

Hyperextension at the MP joint became more pronounced following metacarpal 

shortening, mostly without a functional problem. However, in 25 hands, we stabilized 

the MP joint by volar plate plasty and later by sesamoidesis. Sesamoidesis is done via a 

radial midlateral approach where the radial sesamoid bone is fixed with a resorbable 

micro-anchor in the midline of the metacarpal just proximal to the metacarpal head.25

‘Five-fingered’ hand (first metacarpal and CMC1 joint)

Many authors advise pollicization in the ‘five-fingered’ hand.6,26 In these patients, the 

long TPT is pollicised in the same manner as the index finger for a hypoplastic or absent 

thumb. The first metacarpal in a standard pollicization is substantially shortened, 

together with shortening of the extensor tendons, reinsertion of the intrinsics and 

deepening of the web when necessary. 

In our series in the earlier years, the thumbs of the five-fingered hands were pollicised 

as described above. However, after encountering an older boy who was much stronger 

with his long more stable thumb when compared to his more normal looking but 

hypermobile pollicised thumb, the first author switched to leaving the original CMC1 

joint intact. In these cases we then performed a ROAMC technique (Figure 3).2 

We investigated six patients (seven thumbs) with a pollizisation and seven patients 

(nine thumbs) with DIPRAD and ROAMC procedures, with a mean follow up of seven 

years (range three - eleven years). All parameters of measurement were poorer in the 

pollicization group. Kapandji (opposition) scores were 6.1 and 6.8 for pollicization and 

ROAMC respectively. For pollicizations, opposition strength was 48%  and MP joint 

flexion strength was 49%, as against 64% and 50% in the ROAMC group. Subjective 

measurements were less in the pollicization group, namely 5.7 vs. 6.7 for ROAMC for 

function and 5.5 vs. 7.6 for appearance on a scale of 0-10. In one thumb instability was 

encountered at the MP joint after ROAMC. 

Although the numbers are too small to prove superiority of the ROAMC, our results 
do tend to point in that direction. We advocate shortening, repositioning osteotomies 
rather than classical pollicization.
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Figure 3. A: At metacarpal level, osteotomies are performed followed by rotation, abduction and 
shortening at midshaft. Also K-wire and a cerclage wire were used (ROAMC). B: The skin is incised 
in a Y over the DIP joint; following incision of the extensor tendon and collateral ligaments the 
middle phalanx is reduced substantially and the distal phalanx at its edge to prevent damaging 
nail growth. Fusion is accomplished with a cerclage wire and a K-wire. C and D: Preoperative 
images of a patient with fi ve-fi ngered hands. E and F: Long-term follow-up after shortening at 
the DIP joint (DIPRAD) and rotation, abduction and shortening osteotomy at metacarpal level 
(ROAMC).

ROAMC= rotation osteotomy and abduction of the metacarpal; DIP= distal interphalangeal; 
DIPRAD= distal interphalangeal reduction and arthrodesis

Radial polydactyly and TPT
For radial polydactyly, Wassel and Wood advised excision of the TPT component.7,8 In 
their series, they were happy with the results of extirpation of the TPT. They advised 
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this even when the other biphalangeal thumb was more rudimentary. Wood also 
advocated  transposition of the rudimentary biphalangeal thumb to the base of 
the TPT metacarpal, where it could grow further. Upton and Shoen, on the contrary, 
preserve and correct the TPT part and excise the rudimentary biphalangeal thumb.26

In our series, 106 out 148 hands had a radial polydactyly in conjunction with a TPT. In 
nearly all patients with radial polydactyly the radial ray was less developed than the 
ulnar ray. Two kinds of polydactyly can be distinguished: the first has a polydactyly 
at MP joint level. Mostly, the ulnar thumb has a small extra phalanx with deviation. 
These patients (n=17 hands) usually have a unilateral radial polydactyly and are mostly 
sporadic. They were treated according to the principle of making one thumb from 
two, reconstructing the best thumb with spare parts of the excised thumb 27,28; the 
second kind was the group of patients with the dominant trait, in which 73 hands 
were treated. In this group, thumb triplications of the were also encountered. From 
1993 to 2005 we reported 11 triplications. Since then, we have treated many more 
(Figure 4).29 We also encountered an increase in severity of the congenital anomalies 
in patients with TPT in the dominant trait over the generations, and as a consequence, 
more children with triplications visited our outpatient clinic. 10 For these patients, the 
radial ray(s) was (were) removed and subsequently a DEL or DIPRAD was performed, 
depending on the size and shape of the extra phalanx in the ulnar ray. This was mostly 
combined with a ROAMC of the ulnar ray together with web deepening if necessary 
(see first web). Syndactylies were reconstructed and, in triplications, additional 
osteotomies were performed. In patients with bifid distal phalanges, nails could be 
very broad. For these, the nails were narrowed, mostly by resecting part of the nail and 
underlying surplus of pulp at the ulnar side with subsequent nail fold reconstruction.

In five patients, the ulnar thumb was transposed to the proximal metacarpal of the 
radial ray. In these cases, the CMC joints and metacarpals of the radial rays were 
apparently well developed. In the hand of one patient with bilateral TPT and radial 
polydactyly, an adducted thumb with MP joint hyperextension resulted from a 
DIPRAD and transposition of the ulnar ray to radial ray at proximal metacarpal level. 
This a difficult situation to correct later on because the thenar musculature is also 
aberrant.In retrospect, this procedure is not advised as the radial CMC1 joint is nearly 
always less well developed than the ulnar CMC1 joint, even when the ulnar CMC1 joint 
resembles a CMC2 joint. In young children this can be predicted when the ulnar TPT is 
more in the plane of the hand and fully developed. 

Opposition plasties were always performed in a later stage and ultimately these were 
only performed in 20% of operated thumbs. Not all non-opposable thumbs therefore 
need an opposition plasty.
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Figure 4. A-C: Preoperative images of a patient with TPT and radial polydactyly. Note the bifi d 
hypoplastic middle and distal phalanx in the ulnar thumb in the X-ray. D and E: After correction 
at both sides at 6 years follow-up. TPT= triphalangeal thumb

First web
When minor web deepening is indicated a four fl ap or fi ve fl ap Z-plasty can be 
used.30,31 A transposition fl ap from the dorsum is an alternative. The skin of the radial 
side of the index is used for web deepening and the donor defect closed primarily 
with transposition of skin originating from the area between the second and third 
ray.32 Where deepening as well as lengthening is needed, as for a non-opposable TPT,a 
large rotation flap from the dorsum of the hand can be used.7,33 In even larger fi rst web 
defects, Upton used a distally based radial forearm fasciocutaneous fl ap for coverage.26

When necessary we usually performed a fi ve fl ap Z-plasty for deepening of the web. 
When more tissue was needed for the fi rst web a transposition fl ap was used from 
the radial side of the index. Rarely did we need more extensive fl aps. However we 
did transpose redundant skin from the radial ray in radial polydactyly. Especially, this 
technique was used if there was defi cient skin between the ulnar ray and the index in 
TPT patients with radial polydactyly.26

Thenar muscle defi ciency
If opposition strength has to be improved due to thenar muscle defi ciency, an 
opposition plasty can be performed. Many transfers are possible of which the abductor 
digiti minimi muscle is the most used 34. Other possibilities are the transfer of the 
fl exor carpi ulnaris (FCU) and the superfi cial fl exor of the ring fi nger (FDS4).17,35

In our series, opposition plasties were performed mostly with the FDS4 transfer 
which is brought around the fl exor carpi ulnaris tendon and subsequently tunnelled 
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subcutaneously to a separate incision at the MP joint of the thumb. One slip is 
attached to the radial side of the proximal phalanx and the other slip to the radio-
dorsal side of the extensor pollicis longus (EPL). In contrast to the hypoplastic thumb, 
ulnar collateral ligament reconstruction was usually not necessary.36 

Following our surgical considerations, we have devised a flow chart for surgical 
treatment of patients with TPT (Figure 5).

  

 

Figure 5. Flow chart for the surgical treatment of triphalangeal thumb. Selecting a treatment 
option for both 1. Additional Phalanx, and 2. Metacarpal, is mandatory. Surgical options in 3. 
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Additional, have specific indications and are not always advised. They can be conducted in both 
primary stage 

or secondary stage surgeries. PIPRAD + ROAMC has been carried out twice. Pollicization of the 
1st digit was performed ten times before 2000. Both surgical techniques provided unsatisfactory 
outcomes for patient and surgeon and therefore are not included in the guidelines; PIPRAD = 
proximal interphalangeal reduction and arthrodesis; DIPRAD= distal interphalangeal reduction 
and arthrodesis; ROAMC = rotation osteotomy and abduction of the metacarpal

POSTOPERATIVE TREATMENT
All the younger patients received a postoperative bandage as a boxers glove, covered 

with and fastened to the elbow with sticky tape in a sugar tongue fashion. K-wires, 

if used to immobilize joints or osteotomies, were removed after 6 weeks. Hand 

therapy is essential in providing instructions for subsequent mobilisation to the 

parents and for custom-made removable splints after 6 weeks. Splints immobilize 

the thumb in palmar abduction with slight flexion in the MP joint and an extended 

‘new interphalangeal joint’. The splint was mostly continued for 3 months. Exercises 

in young children are scarcely necessary postoperatively. In older children, when for 

instance an opposition plasty was performed or hypermobility at the MCP joint was 

corrected a plaster of Paris was used followed by a splint and hand therapy if thumb 

use did not occur spontaneously.

GENERAL COMPLICATIONS
Complications such as skin problems, infection or non-union are very rare. The 

main issue is not to leave anomalies uncorrected; not to harm delicate tissues; and 

not to misjudge future growth. The preceding sections include  management of 

complications relating  to assessment of thumb length, management of MP joint 

hyperextension, stiffness and nail deformities. 

SUMMARY
TPT is a rare anomaly, in which the thumb is longer than those of the normal 
population, not only because of the extra phalanx but also because of the longer 
first metacarpal. There is a great variety of  phenotypes, often with radial polydactyly 
next to the triphalangeal thumb. Although opposition is clearly affected, it is the 
appearance which is the main reason for the parents to come to the outpatient clinic. 
Treatment is not only directed at the extra phalanx but also at the first metacarpal 
and the extra ray if present; to the hypermobility of the MP joint; and to the absence of 
opposition, if present. A flow chart is provided as a guideline for operative treatment 
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for the various anomalies encountered. We are not in favour of performing a PIP joint 
arthrodesis for the extra phalanx nor a pollicization for a five-fingered hand. Long 
term follow-up demonstrated  better opposition and a more acceptable length of the 
thumb. Patients were satisfied with their hand function but more so with the new 
appearance of the thumb. 
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SUMMARY
Background: The Zone of Polarizing Activity Regulatory Sequence (ZRS) is a regulatory 
element residing in intron 5 of LMBR1 and regulates Sonic Hedgehog expression in the 
limb bud. Variants in the ZRS are generally fully penetrant and can cause triphalangeal 
thumb (TPT) and polydactyly in affected families. 

Objectives: In this report, we describe two triphalangeal thumb families with mild 
phenotypic presentation. 

Results: In family I, a novel 165A>G variant in the ZRS (g.156584405A>G, GRCh37/Hg19) 
was found. In family II, we identified a 295T>C variant in the ZRS (g.156584535T>C, 
GRCh37/Hg19). Family members of both families who were presumed to be unaffected 
shared the variant in the ZRS with affected family members, suggesting reduced 
penetrance of the genotype. However, clinical examination of these unaffected family 
members revealed minor anomalies like broad thumbs and lack of thumb opposition. 
As the phenotype in affected patients is remarkably mild, we suggest that these ZRS 
variants are minimally disruptive for Sonic Hedgehog expression and therefore can 
result in subclinical phenotypes. 

Conclusion: Our study underlines the importance of accurate clinical examination and 
appropriate genetic counseling in families with mild cases of triphalangeal thumb. 



Variable expression of subclinical phenotypes instead of reduced penetrance in families with 

mild triphalangeal thumb phenotypes.

79   

4

INTRODUCTION
Triphalangeal thumb (TPT) is a rare congenital hand anomaly in which the thumb has 
three phalanges instead of two. TPT is usually inherited in an autosomal dominant trait 
and is therefore commonly seen in affected families. In 1994, Heutink et al. located the 
pathogenic locus of TPT at chromosome 7q36.1 Subsequently, Lettice et al. determined 
that point mutations in the Zone of Polarizing Activity Regulatory Sequence (ZRS) 
causes TPT and preaxial polydactyly.2 The ZRS is a long-range regulatory element 
residing in intron 5 of LMBR1 and regulates Sonic Hedgehog (SHH) expression in the 
embryonic limb bud. Since the identification of the ZRS-region, 18 different point 
mutations in the ZRS have been reported in TPT-families.3 

There is broad phenotypic variability among different point mutations in the ZRS. 
For example, variants on locations 323 and 739 in the ZRS cause mild presentations 
of isolated TPT.2,4 Furthermore, reduced penetrance is regularly observed in mildly 
affected families. Alternatively, severe anomalies such as TPT accompanied with tibial 
hypoplasia have been observed in families with variants on position 404 and 406 in 
the ZRS.2,5-9

Identifying and reporting new variants in the ZRS is important for genotype-phenotype 
correlations in TPT-families. Additionally, it will also help to further elucidate the exact 
molecular mechanism of the role of the ZRS in the regulation of SHH expression in 
the embryonic limb. 

We therefore report two families with variants in the ZRS. These variants were observed 
in Dutch families with isolated TPT. Additionally, unaffected family members shared 
these variants with affected family members. Although this observation suggests 
that the genotype is not fully penetrant, minor anomalies within these presumed 
unaffected family members indicate subclinical expression of a TPT phenotype 
rather than reduced penetrance of the genotype. We define subclinical phenotypes 
as anomalies that are not recognized by affected family members since they do not 
cause functional constraints in daily life, but can be recognized during clinical work-
up by experienced physicians.

METHODS

Clinical Evaluation
Families 1 and 2 were identified at the outpatient clinic for Congenital Hand and Upper 
Limb Anomalies at the Sophia Children’s Hospital in Rotterdam, The Netherlands. The 
family members were clinically examined and consulted by a clinical geneticist. In 
family 1, peripheral blood samples were collected from the index patient, the mother 
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and the grandfather of the index patient (Figure 1). No blood samples were obtained 
from the brother of this patient as he was clinically unaffected and was below adult 
age.

In family 2, the index patient (III-2) visited the outpatient clinic for Congenital Hand 
and Upper Limb Anomalies at the Sophia Children’s 

Figure 1. Overview of Dutch TPT-family 1. A. Pedigree of the Dutch TPT-family 1. The index patient 
is patient III-2. B. X-ray image of the hand of the index patient. An additional deltaphalanx 
is present in both thumbs. C. X-ray image of the thumbs of patient III-2. Although there is no 
triphalangism present, the thumbs are remarkably broad. 

Hospital in Rotterdam with his parents. The other family members were visited as 
part of a field study. Included family members were clinically evaluated by a clinical 
geneticist, photographs were obtained and peripheral blood samples were collected 
(Figure 2 and 3). No radiographs were obtained during the field study. This study was 
approved by the Dutch Medical Ethical Research Committee in Rotterdam (MEC-2015-
12).

ZRS sequencing
DNA samples were isolated from peripheral blood. The fragments were amplified 
using standard Polymerase Chain Reaction (PCR). An 834bp fragment covering the 
ZRS (774bp) was sequenced in family members of both families (UCSC Genome 
Browser, hg19, chr7:156583766-156584600). Sequencing of PCR products was executed 
using Big Dye Terminator 3.1. Fragments were loaded on an ABI 3130 Sequence 

analyzer and genetic analysis was performed with SeqScape Software (v3.0).  



Variable expression of subclinical phenotypes instead of reduced penetrance in families with 

mild triphalangeal thumb phenotypes.

81   

4

RESULTS

Clinical Report

Family 1

Family 1 (Figure 1A) consists of a nuclear family containing two affected patients 
with triphalangeal thumb. The index patient had a bilateral isolated triphalangeal 
thumb with an additional deltaphalanx (Figure 1B). No other congenital hand or other 
anomalies were present. The mother of the index patient was born with a triphalangeal 
thumb accompanied with a rudimentary additional thumb on both hands, without 
any other hand or congenital anomaly (data not shown). The maternal grandfather of 
the index patient did not have a triphalangeal thumb or preaxial polydactyly. However, 
clinical examination of the hands revealed remarkable broadness of both thumbs 
and mild thenar hypoplasia. Although the X-ray image of the grandfather shows no 
duplication of the thumb or triphalangism, the broadness of the distal phalanges is 
striking (Figure 1C). 

Family 2.

Family 2 comprises a large seven-generation family (Figure 2A, Figure 3). The index 
patient (III-2) had bilateral TPT with preaxial polydactyly on the left hand. The father 
of the index patient (II-1) had bilateral TPT without preaxial polydactyly (Figure 2B). 
All other family members reported they were not affected. Although the thumbs 
of family members I-1 and II-2 did not show clear features of triphalangism, further 
examination revealed that both family members had mild thenar hypoplasia and 
were unable to oppose both thumbs (Figure 2C). No other congenital anomalies were 
present in family 2. 

In family 2, we identified a 295T>variant in the ZRS (g.156584535T>C, GRCh37/Hg19). 
Two family members who did not have TPT carried the 295T>C variant. This variant 
has previously been reported in a British family with mild cases of TPT and reduced 
penetrance of the genotype.10 Additionally, transgenic enhancer assays in mice 
showed that the 295T>C variant causes ectopic expression in the embryonic limb and 
therefore confirms the pathogenicity of this variant.
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Figure 2. Overview of Dutch TPT-family 2. A. Outtake of pedigree of the Dutch TPT-family 2. B. 
Images of patient III-2 and his father (II-2), showing triphalangism of both thumbs with one 
additional ray on the left hand. C. Images of patients II-4 and I-1, showing no triphalangism but 
lack of thumb opposition and mild thenar hypoplasia
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Mutation Analysis
Sequence analysis of the 774bp ZRS, in intron 5 of LMBR1, revealed the presence 
of a heterozygous A to G transition in family members of family 1 (g.156584405A>G, 
GRCh37/Hg19). Following the more commonly used nomenclature for  loci of ZRS 
variants, introduced by Lettice et al.2, this variant can be defined as a 165A>G variant 
2. This variant was present in the affected family members. Patient I-1 of family 1 also 
carried a 165A>G variant in the ZRS, despite not having TPT on either hand. This variant 
was not present in public databases dbSNP, Clinvar and HGMD. Additionally, this 
variant was not present in locally available WGS datasets (GoNL, Wellderly, Public54).  

Figure 3. Complete pedigree of Dutch TPT-family 2. Squares and circles marked grey are 
phenotyped based on descriptions of family members, but could not be phenotyped through 
images or physical examination. 

DISCUSSION
In this brief report, we describe two TPT families with either a 165A>G and 295T>C 
variant in the ZRS. The aim of this paper was to show that these observations of 
reduced penetrance in TPT-families are in retrospect caused by mild and subclinical 
limb phenotypes without the presence of triphalangism and therefore to raise 
awareness for thorough clinical examination in members of TPT families who are 
presumed to be unaffected. 

Ever since the identification of the ZRS by Lettice et al. in 2003, 18 variants in the ZRS 
have been published in the literature.2,4,6-17 These variants are generally fully penetrant 
and have been found in families with either TPT or TPT with preaxial polydactyly. 
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Exceptions on the above are point mutations on positions 105, 404 and 406 in the ZRS, 
which cause more severe phenotypes like tibial hypoplasia and polysyndactyly.2,5-9,18 

Although most variants in the ZRS are considered fully penetrant, reduced penetrance 
has been reported in several TPT-families with variants on position 295, 334, 463 and 
739 in the ZRS.10,11,13,14 

The first aim of this paper is to hypothesize that some of these observations might not 
be caused by reduced penetrance of the genotype, but by a subclinical expression 
of the phenotype. We base our hypothesis on two arguments. First, family members 
who were initially presumed unaffected do show minor anomalies or altered hand 
function when examined appropriately. In family 1 of this study, the grandfather did 
not have TPT but had evident broadness of the thumb. In family 2, patients with 
initially normal thumbs lacked the ability of opposition, which is caused by abnormal 
developmental patterning of the thumb. Although this observation is based on 
three patients from two families, we believe that these examples clearly illustrate our 
postulated hypothesis. 

Second, reports of non-penetrance are consistently associated with mild phenotypes 
in TPT-families and not with severe TPT phenotypes, like tibial hypoplasia and 
polysyndactyly. This indicates that these observations only occur in TPT-families 
where SHH expression is only slightly disrupted. In these families, the variability in the 
phenotypic spectrum is apparently broad enough that family members with variants 
in the ZRS can present with subclinical phenotypes instead of TPT. However, it remains 
unclear why the disruption of SHH causes TPT in one family member and a subclinical 
phenotype in another. One example how intrafamilial variability can be explained 
is based on a reported family, where different degrees of somatic mosaicism were 
associated with various phenotypes in affected family members.19 As the regulatory 
function of the ZRS on SHH is extremely delicate and affected by timing, location and 
level of activity, it is plausible that the slightest alteration of one of these factors can 
cause these interindividual phenotypic variation.

The second aim of this paper is to underline the importance of two aspects when 
clinically examining and counseling patients with an inherited type of triphalangeal 
thumb. First, it is important to clinically investigate the presumed unaffected family 
members, as these patients might not encounter functional problems in their daily 
life and will report they are unaffected. However, a distinct broadness of the thumb, 
a double flexion fold in the thumb or a duplicated lunula might indicate a discrete 
inclination for duplication of the thumb or the presence of an additional phalanx. 
Additionally, functional limitations regarding thumb strength or lack of opposition 
should be evaluated as well. Second, presumed unaffected family members should 
only be informed that their future offspring have a population-wide probability of 
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having triphalangeal thumb or polydactyly after genetic evaluation. For complete 
reassurance, genetic evaluation of the ZRS is also indicated for unaffected family 
members of mildly affected patients to verify whether they share the same disease-
causing variant with their affected family members.
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ABSTRACT
Triphalangeal thumbs (TPT) are regularly caused by mutations in the ZRS in LMBR1. 
Phenotypic variability can be present in TPT-families. However, recent observations 
suggest an increased occurrence of severe phenotypes in the Dutch TPT-population. 
Therefore, the aim of this study is to investigate the progression of the clinical severity 
of TPT-phenotype through generations.

Index patients from a Dutch TPT-population were identified. A 105C>G mutation in 
the ZRS has previously been confirmed in this population. Questionnaires regarding 
family occurrence and phenotypes were distributed. Subsequently, families were 
visited to validate the phenotype. Both occurrence and inheritance patterns of the 
TPT-phenotype were analyzed through multiple generations. 

170 patients with TPT were identified from 11 families. When considering all 132 
segregations (parent-to-child transmission), 54% of the segregations produced 
a stable phenotype, 38% produced a more severe phenotype while only 8% of the 
phenotype was less severe when compared to the affected parents. Overall, 71% of the 
index patients had a more severe phenotype compared to their great-grandparent. 

Although all family members share an identical mutation in the ZRS (105C>G), it 
does not explain the wide phenotypic range of anomalies. Our observational study 
provides better estimations for counseling and provides new insights in the long-
range regulation of SHH by the ZRS-enhancer. 

In the current study, we provide evidence that the assumed variability in TPT-
phenotype is not random, but in fact it is more likely that the expression becomes 
more severe in the next generation. Therefore, we observe a pattern that resembles 
phenotypic anticipation in TPT-families.
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INTRODUCTION
The triphalangeal thumb (TPT) is a congenital upper limb anomaly in which the 
thumb has three phalanges. TPT can present as a single isolated malformation (e.g. 
preaxial polydactyly type II; OMIM:174500), or can be part of a complex hand anomaly 
accompanied with additional polydactyly and syndactyly.1,2 Furthermore, triphalangeal 
thumbs can also be seen in numerous syndromes, such as Holt-Oram syndrome or 
Duane-Radial Ray syndrome.3

In the southern part of the Netherlands, a PPD2 population with an estimated 
prevalence of 1:1000 has previously been described and studied.4 These reports 
already have shown a broad phenotypic variation in PPD2. Multiple studies were 
performed to elucidate the genetic cause of TPT in these Dutch families. In 1994, 
Heutink et al. located the locus for TPT to 7q36 (LOD: 12,61).5 In 2002, Lettice finally 
identified the 105C>G mutation in the ZPA-Regulatory Sequence (ZRS), that resides 
in intron 5 of the LMBR1 gene. The mutation in the ZRS was confirmed in all affected 
members in a sample of 200 patients from aforementioned southern population in 
the Netherlands.5,6

In the first phenotypic description of this population in 1994, most reviewed patients 
had a triphalangeal thumb, either with or without an additional preaxial ray. However, 
already a number of cases in the initially described population had a complex 
phenotype4, including multiple preaxial rays, postaxial duplications and/or syndactyly 
of digits 3-5. The intra- and inter-familial variability of the phenotype among patients 
with the same genotype that has been observed in the Dutch TPT-families, has 
also been described in other families in literature and was accepted to be a natural 
variation of the phenotype.2,6-8

Recent observations in our clinic, however, suggest an increased familial occurrence 
of complex hand anomalies in successive generations of TPT families, which could 
indicate phenotypic progression through generations instead of intra- and inter-familial 

variability of the phenotype. This alternative hypothesis is supported by family 
history, which commonly revealed that the affected parent or grandparent of these 
more complex affected children had a less severe TPT phenotype. This observation 
is illustrated in Figure 1, by  showing the phenotypes of 3 patients from subsequent 
generations within one family.

In order to determine whether recent observations of more complex phenotypes in 
newborns are incidental events or a structural pattern of phenotypic anticipation 
with progressive complexity among multiple families, the Dutch TPT population was 
revisited. The aim of this study is to investigate the progression of the severity of the 
TPT phenotype through generations. Secondarily, we aim to provide better estimates 
for phenotypic differences within families to determine the risk of a less severe, stable 
and more severe phenotypes for future children.
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METHODS
Index patients were identified from the database of patients with a congenital 
upper limb anomaly in the Sophia Children’s Hospital who visited the clinic between 
1972 and 2014. All medical records of patients with either a registered triphalangeal 
thumb or preaxial polydactyly were reviewed for normal preoperative photo’s as well 
as X-rays. Patients with at least one preaxial ray or with a triphalangeal component, 
with or without family history at referral, were eligible for inclusion. Eligible patients 
were contacted and subsequently a questionnaire was distributed among the index 
patients or their parents. The aim of the questionnaire was to create a pedigree by 
identifying other affected family members of the participant. 

It is important that all families that were included in this study, have an identical 
mutation in the ZRS, as various mutations in the ZRS causes different TPT-phenotypes. 
For example, 295C>T mutations provide a mild phenotype9, whereas mutations at 
position 404 of the ZRS cause a severe phenotype.2,10,11 To ensure a genetic homogenous 
population, only patients whom ancestors originate from the small  region in the 
South-West of the Netherlands (in which the 105C>G mutation is highly prevalent) 
were included. Genetic homogeneity has previously been established in families in 
this population.2,5 In order to confirm the genetic homogeneity in this population, 
genealogical research was performed by reviewing the municipal archives to identify 
a common ancestor that connects all individual families with each other. 

Additionally, local general practitioner’s records were reviewed to identify patients that 
were not referred to the Sophia Children’s Hospital. If affected family members were 
operated on in other hospitals, consent to acquire their medical records was requested. 
Furthermore, families were visited to confirm the phenotype of the affected family 
members (using family/birth photos) and to gather additional familial information. 
Relatedness of the family members was investigated through genealogical research. 
Sub-pedigrees were established using only family members with confirmed TPT 
phenotypes. Although multiple sub-pedigrees were produced, all family members 
originated from one larger pedigree with one common ancestor. In order to analyze 
the phenotypic pattern of TPT among patients, the phenotype of every patient in 
the different sub-pedigrees was categorized among 6 types in consecutive order of 
complexity of phenotype (Figure 2). Patients have phenotype Type I when only an 
isolated TPT is present. Type VI encompasses an extensive phenotype, with both 
additional preaxial and postaxial malformations combined with another aberration, 
for example polydactyly of the feet. The intermediate types of TPT were categorized 
based on the hypotheses of increasing levels of ectopic SHH-signaling in the anterior 
margin of the limb bud and subsequently disruption of SHH-signaling in the posterior 

margin of the limb bud. 
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According to the initial prevalence of phenotypes in the investigated population4, 

type I (isolated TPT) and II (TPT with preaxial polydactyly) were considered ‘classic’ 

phenotypes (preaxial polydactyly type II, OMIM:174500). Phenotypes type III and 

higher were regarded as complex TPT phenotypes. 

Patients have been arranged in 3 birth cohorts: from 1890 to 1940, from 1940 to 1990 
and from 1990 to 2015. These cohorts were selected in order to compare affected 
patients of different generations with each other. Family members of the first and 
second generation were born before 1940, whereas patients of the third and fourth 
generation were born between 1940 and 1990. The youngest cohort consisted of 
affected family members who were born after 1990. 

After all phenotypes in the sub-pedigrees were established, the variation of the 
phenotype over the different generations in the family was obtained. The transmission 
of the phenotype was regarded ‘stable’ when the phenotype is the same in the 
analyzed ancestor (parent, grandparent and great-grandparent) and child. When a 
child has a more complex phenotype than their affected ancestor, the transmission 
is considered ‘more severe’. In the opposite case, when a less complex phenotype of 
TPT is observed in the child in comparison with their parent, the inheritance pattern is 
described as a ‘less severe’ transmission of the phenotype. 

The transmission of the TPT phenotypes was obtained for all individual segregations 
as well as the sum of consecutive transmissions (up to 5 generations). Analyzing 
phenotypical inheritance through multiple generations may display a more distinct 
inheritance pattern of TPT-phenotype in these families and might provide a better 
estimation of the risk of developing a more complex phenotype in subsequent 
offspring for clinical consultation.

Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics 21. Proportions were 
tested using a Chi-square test, unless specified differently. Variability was defined 
as an equal chance of non-stable phenotypes being more severe or less severe as 
compared to the ancestor, therefore to statistically test deviation from this theory the 
H0 hypothesis of 50% contribution (of either subgroup of non-stable phenotypes) was 
assumed for the Student’s T-test. 

Ethics
Our research proposal (MEC-2015-278) has been approved by the Medical Ethics 
Committee of the Erasmus University Medical Centre in Rotterdam, The Netherlands. 
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RESULTS
In total, 46 index patients from the southern part of the Netherlands were suitable 
for inclusion, 8 patients were not included due to expired contact information. 
Furthermore, 3 patients were not willing to participate in this study. Therefore, 35 
index patients were included in the study from 11 branches of the family. Genealogical 
research confirmed relatedness of the 11 branches of the family by identifying a 
common ancestor who was born in 1731.  All index patients showed triphalangism of at 
least one preaxial ray on the preoperative X-ray.  Through questionnaires and provided 
information of the index patients, we identified 135 additional family members with 
TPT. In total, 170 patients were included in this study. The 105C>G mutation in the 
ZRS was confirmed in multiple different branches in this pedigree (Figure 3). Table 
1 demonstrates an overview of characteristics of the included sub-pedigrees.  Each 
pedigree is formed by of a certain number of lineages. Lineages consist of subsequent 
affected family members of different generations. A lineage of 3 generations contains 
3 subsequent patients with TPT: a child, a parent and a grandparent. The average 
number of relatives contributing to a lineage was 3,90. Therefore, the average analysis 
of the inheritance pattern is between child and their great-grandparent. The number 
of patients with a TPT within these sub-pedigrees varies from 5 to 38 patients.  

In total, the TPT phenotype segregated 132 times. Segregation is defined as a 
transmission of the TPT-phenotype from a parent to child. As we want to analyze the 
pattern of segregation in these sub-pedigrees, only segregrations were included in 
the analysis when the phenotype of both the parent and child were known.  

The distribution of classic and complex TPT phenotypes is displayed over the 3 
different birth-cohorts (from 1890 to 1940, from 1940 to 1990 and from 1990 
to 2015) in Figure 4. The observed percentage of complex phenotypes among these 
groups was 6%, 21% and 54% respectively. The distribution between the groups was 
significantly different (p<0,001).

If the phenotype of the youngest generation is compared to their oldest identified 
ancestor, the phenotype was more severe in 29 patients, the phenotype remained 
stable in 17 patients while the phenotype became less severe in only 2 patients, 
as illustrated in Table 1. Assuming the presence of intrafamilial variability as null 
hypothesis (the probability of a more severe phenotype equals the probability of a less 
severe phenotype), the differences found are significantly different (p<0,001, Student’s 
t-test, H0=0.5).
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Table 1. Overview of included pedigrees

Pedigree 
Number

Number of 
Lineages (N)

Patients with 
TPT (N)

Generations per 
Lineage

More 
Severe

Less 
Severe

1 13 38 4,23 (3,00 - 5,00) 8 0

2 9 31 4,44 (3,00 - 5,00) 7 0

3 6 25 3,33 (2,00 - 4,00) 5 0

4 4 19 4,25 (3,00 - 5,00) 1 2

5 4 11 3,50 (3,00 - 4,00) 2 0

6 3 10 3 1 0

7 3 10 3,66 (3,00 - 4,00) 3 0

8 3 8 3,33 (3,00 - 4,00) 1 0

9 1 7 4 1 0

10 1 6 4 0 0

11 1 5 3 0 0

Total 48 170 3.9 29 2

Considering, all 132 segregations of the phenotype, we observed that 54% of the 
segregations produced a stable phenotype in the next generation, whereas in 38%, 
the phenotype was more severe and in 8% the phenotype was less severe when 
compared to the affected parent. In the cases in which the phenotype was not stable, 
the chance of a more complex phenotype is 5.6 times higher than the chance of a 
less severe phenotypes. When the analysis is expanded to two and three subsequent 
segregations we observed that the subsequent segregations produce a more severe 
phenotype in respectively 54% and 71% of the observed cases (Figure 5).  

The result of segregation, if the phenotype of the parent was taken into account, is 
displayed in Figure 6a-c. Given that the parent has an isolated TPT (6a), the child had 
a more severe phenotype in 50% of cases. Most of these children had an additional 
preaxial polydactyly. However, when the parent already had an additional preaxial 
polydactyly (6b), the children had a complex phenotype in 28% of the cases, like 
additional triplications and/or postaxial (syn)polydactyly. Moreover, once the parent 
already had a complex phenotype, all children had complex phenotypes as well. No 
regression to either isolated TPT or TPT with preaxial polydactyly was observed within 
this offspring.
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  Figure 4. Distribution of phenotypes among 3 birth cohorts. A significant increase of complex 
TPT phenotypes is observed when comparing the cohort ‘1990 - 2016’ with the other cohorts 
(chisquared, p<0,001).  
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Figure 5. Distribution of phenotypic transmission in TPT families when taking multiple consecutive 
generations into account. (2 consecutive generations; n=132, 3 consecutive generations; n=90, 4 
consecutive generations; n=45)

DISCUSSION
In this study, we illustrate that the severity of an inherited phenotype of affected 
patients in triphalangeal thumb families is not random, but rather shows a pattern 
of increased severity over subsequent generations. We found that in 39 percent of 
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the cases, the phenotype increased in severity in one generation whereas only 7% 
decreased in severity. As a result, we found that in consecutive generations the 
phenotype of the youngest patients was more severe that the phenotype of their 
ancestor in 71% of the evaluated segregation lines. The probability of progression 
depends on the phenotype of the parent and varies from 28% to 50% in classic TPT-
phenotypes. If the parent presents with a complex phenotype (type III – type VII), no 
regression to a milder phenotype can be expected. Counselors can use this information 
to prepare future parents for the possible increase in severity of the phenotype in TPT-
families. 
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Figure 6. Distribution of offspring phenotype based on parental phenotype. A: Distribution of the 
child’s phenotype if the parent had an isolated TPT. B: Distribution of the child’s phenotype if the 
parent had TPT with an additional thumb. C: Distribution of the child’s phenotype if the parent 
had a complex phenotype. 

Our observations are based on the Dutch TPT-population previously described by 
Zguricas et al., interestingly the same mutation in the ZRS found in this Dutch TPT 
family has been described in a Chinese Han Family. Although this Chinese family shared  
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the 105C>G mutation 12, they predominantly have isolated triphalangeal thumbs and 
there was no indication for progression of the phenotypic among this four-generation 
family. The results presented in this study must therefore be interpreted with care as 
the inclination towards complex phenotypes in the Dutch population might not be 
generalizable to all TPT populations and could be induced by factors that are specific 
to the Dutch TPT-population. 

By retrospectively studying a formally isolated TPT-population, bias might be 
introduced affecting the validity and generalizability of the presented results. First, 
the validity might be affected due to recall bias in the obtained phenotypes, especially 
in the cohort born between 1890 and 1940. Therefore, we repeated analysis in the sub-
pedigrees, disregarding the oldest birth cohort (thus including only those patients 
born between 1940 and 2015) and found similar phenotypic progression rates that 
correspond with the primary reported analysis. Second, inbreeding has been 
reported in other studies that have investigated this population, which could affect 
generalizability. We reviewed the presence of inbreeding in our cohort and found that 
inbreeding was predominantly present in the founding population (birth cohort 1750 
to 1850). Additionally, our pedigree data did not reveal the presence of inbreeding 
in the included TPT-families. Third, the generalizability of increasing severity of the 
phenotype over generations can be questioned due to the isolated population and 
their rare 105 C>G mutation. However, phenotypic progression over generations can 
also be observed in several other families that have been reported in literature.9,13,14 
Considering the repeated analysis when disregarding the oldest cohort, the lack of 
evidence for inbreeding and the presence of other families in which the phenotype 
seems to progress, we conclude that although these biases might be present, they are 
unlikely to contribute much to our observations. 

To be able to hypothesize on the pathophysiology of our findings, we must understand 
the molecular mechanism of the ZRS in relation to the observed phenotypes. If the 
ZRS is properly folded and bound with transcription factors that are spatiotemporally 
unique to the Zone of Polarizing Activity (ZPA) the ZRS is functionally active and 
upregulates SH expression to specify digit number and morphology. The specification 
of digit number and identity has been predominantly attributed to a morphogenic 
SHH-gradient across the limb bud, hypothesized by Wolpert’s morphogen gradient 
model.15 Higher concentrations and longer duration of SHH-expression at the 
posterior side of the limb bud result in the development of digits IV and V. Absence 
of SHH-concentration in the anterior side of the limb bud will conversely create a 
biphalangeal thumb. Point mutations in the ZRS disrupt normal SHH-patterning 
in the limb and cause ectopic SHH-expression on the anterior margin of the limb 
bud, which can result in a triphalangeal thumb.10 Advancing on the SHH-gradient 
model, triplications and quadruplications of the thumb will presumably be caused 
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by increasing concentrations of ectopic SHH expression in the anterior limb bud. 
Furthermore, loss of SHH function in the ZPA causes postaxial polydactyly in animal 
models.16 The observed postaxial polydactyly in the Dutch TPT-population could 
therefore be caused by reduced SHH expression in the posterior limb bud. Besides 
the SHH-gradient model, an analogy can be made to the pathophysiology of Greig 
Cephalopolysyndactyly syndrome. Patients with Greig syndrome commonly present 
with combined pre-axial, post-axial polydactyly and syndactyly which is caused by 
GLI3 mutations. SHH is an important mediator for GLI3 to active GLI3A transition in the 
limb bud. Point mutations in the ZRS therefore might influence the same pathway as 
GLI3 mutations in the posterior margin of the limb bud.17 

The progression of the phenotype could be explained by the many differences the 
Dutch population might have with the Chinese 105 C>G population. We hypothesize 
two different causes for the observed phenotypic progression. First, phenotypic 
progression might be attributable to genetic or molecular factors that influence SHH-
expression in the ZPA in the limb bud additional to the 105 C>G mutation. Secondly, 
generation specific environmental or parental factors could be present and might 
interfere with normal limb development through epigenetic modulation of the 
genome. 

The first genetic factor could be somatic mosaicism. Increasing polydactyly 
phenotypes have been described as a result of somatic mosaicism of a point mutation 
in the ZRS.18 Subsequently, somatic mosaicism could explain a more severe phenotype 
of the child than the phenotype of the parent. However, somatic mosaicism fails to 
explain phenotypic anticipation in multiple subsequent generations. 

An alternative genetic hypothesis is that the progressive phenotypes in TPT-families 
are due to a second genetic locus introduced by the primarily non-affected parent 
which modifies the effect of the original 105C>G mutation. Although the presence 
of an additional influencing locus in an isolated population is a valid hypothesis, the 
extent of observations among different segregation lines in different sub-pedigrees 
and an example of two half siblings sharing the same affected father with both the 
same increasing phenotype all devaluate this hypothesis.

The last genetic hypothesis is based upon the fact that the observed phenotypic 
progression could be regarded as phenotypic anticipation. Phenotypic anticipation is 
a well-described phenomenon in repeat disorders such as Huntington disease, which 
is genetically caused by increasing CAG repeat sequences in the HTT gene. Although 
phenotypic anticipation is not known within the field of congenital upper limb 
malformations, repeat sequence disorders have been described in both HOXD13 and 
HOXA13 related synpolydactyly phenotypes.19-21 However, synpolydactyly phenotypes 
in HOXD13 and HOXA13 repeat sequence disorders show limited intrafamilial variability 
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with an exception for consanguineous families, in which patients with homozygous 
mutations do show far more severe hand anomalies.22 Many subsequent research 
groups evaluated the TPT genotype in the past, resulting in the identification of 
various point mutations in the ZRS. Although repeat sequences were not  found in the 
linkage analysis by Heutink et al., exon-trapping analysis performed in later studies23 
of the candidate region would have identified exonic repeats in the REPEATMASKER 
analysis. The presence of intronic repeats outside the ZRS, however, cannot be 
excluded and should be further investigated.

There are several arguments that could support environmental or 
parental specific factors as a cause for phenotypic progression in 
TPT-families. First of all, generation specific environmental factors,  
such as the stimulated use of folic acid during pregnancy from the early 90’s onwards, 
could have explained the higher occurrence of severe phenotypes in the youngest 
birth cohort, however fails to explain the earlier progression as observed in the 
pedigree in Figure 7. In this pedigree, both classic and complex phenotypes have been 
observed in the same generation. It is therefore unlikely that such generation specific 
factors are causative to the changing phenotypes.

A second environmental hypothesis might be the increasing paternal age. Also, 
the large changes in family planning over the last century could lead to a change 
in parental age at conception. As Zhu et al. have suggested,  high paternal age 
might increase the overall incidence of congenital malformations.24 We performed a 
preliminary analysis on parental age in a limited number of segregation lines, but did 
not find enough support for the influence of the age of the parents. 

The last environmental hypothesis is the significant increase of obesity in the western 
population over the past 25 years. Parental obesity has been widely associated with a 
higher risk of birth defects in newborns. The notion that parental obesity might also 
play a role in phenotypic progression of the TPT phenotype cannot be disregarded.25

This study underlines the importance of thorough phenotypical assessment in studies 
on familial disease. In order to explore the causality of the structural evidence of 
phenotypic progression in these TPT-families, additional molecular genetic research 
and revisiting the Dutch population is required. Expression assays in transgenic 
animal models still remain the standard in molecular genetic research on limb 
development. We encourage future collaborations between clinicians, geneticists 
and developmental biologists that will lead to a more comprehensive understanding 
of the role of SHH and its regulatory elements on congenital limb anomalies like 
triphalangeal thumb and polydactyly.
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ABSTRACT
The Sonic Hedgehog regulatory domain on chromosome 7q36 contains two enhancers 
termed the ZRS and the pZRS that regulate anterior-posterior limb patterning. Single 
variations in the ZRS and pZRS are well-known to cause congenital limb anomalies 
like triphalangeal thumb. Microduplications in the Sonic Hedgehog regulatory 
domain cause more severe congenital limb anomalies, like triphalangeal-thumb 
polysyndactyly syndrome, Haas-type polysyndactyly and Laurin-Sandrow syndrome

In this report we present a patient with triphalangeal-thumb polysyndactyly syndrome 
of both hands. After excluding single variants in the ZRS and pZRS, we identified a de 
novo 198kb large duplication overlapping the ZRS and pZRS using DNA arrays and 
custom made  multiplex amplicon quantification (MAQ) assays.

Furthermore, we have reviewed the literature and structurally phenotyped 125 patients 
with triphalangeal thumb associated limb anomalies from 19 families with duplication 
in chromosome 7q36 in order to perform a genotype-phenotype correlation analysis. 
With this analysis, we confirmed previous hypotheses that the severity of the hand 
phenotype is inversely correlated with the duplication size.

Our study adds to the current knowledge on microduplications of this Sonic Hedgehog 
regulatory domain and provides an up-to-date literature review on this rare cohort of 
patients. 
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INTRODUCTION
Triphalangeal Thumb Polysyndactyly Syndrome (TPT-PS, OMIM:174500) is a rare 
congenital limb anomaly within the triphalangeal thumb spectrum. The hands 
of TPT-PS patients exhibit extensive malformations with preaxial and postaxial 
polysyndactylous blocks of digits. The feet are usually less severely affected, 
demonstrating postaxial syndactyly or polydactyly. No other congenital anomalies 
other than in the limbs are associated with TPT-PS.1-3

TPT-PS is mainly caused by disruptions in the Sonic Hedgehog (SHH) regulatory 
domain.4 Sonic Hedgehog is an important gene involved in embryonic patterning and 
is regarded to be the major morphogen driving anterior-posterior patterning of the 
developing limb.5 The most important limb-specific regulatory elements of SHH that 
drive the anterior-posterior patterning are the ZPA regulatory sequence (ZRS) and a 
neighboring sequence termed the pre-ZRS (pZRS).6 These limb enhancers are located 
in intron 5 of the LMBR1 gene.

The phenotype of patients largely depends on the specific size of these duplications. 

Large genomic duplications overlapping the ZRS and pZRS are associated with TPT-
PS.7 Smaller genomic duplications overlapping the ZRS and pZRS are associated with 
more severe anomalies like Haas-type Polysyndactyly8, where the entire polydactylous 
hand is conjoined, and the even more severe Laurin-Sandrow Syndrome (LSS), with 
the hands resembling Haas-type Polysyndactyly but the feet exhibiting a mirror-
image duplication.8-10 Therefore, the duplication size seems to be inversely correlated 
with the phenotypic severity: the smaller the duplication, the more severe the limb 
phenotype.7 

With the expanding application of genome wide sequencing and full genomic arrays 
in standard genetic testing, an increasing number of microduplications of the ZRS 
and pZRS has been associated with polydactylous phenotypes throughout the last 
decade.11-13  

In this study, we add to the current knowledge by reporting a patient with a classic 
TPT-PS phenotype with a novel duplication of 198kb encompassing the SHH regulatory 
domain. Furthermore, we summarize all reported cases with genomic duplications 
overlapping the ZRS and pZRS in order to provide an up-to-date genotype-phenotype 
correlation for this specific group of patients. 
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MATERIAL AND METHODS

Patient inclusion
A 3-month-old patient visited the outpatient clinic of the Sophia Children’s Hospital in 
Rotterdam, The Netherlands, with her unaffected parents. She was clinically evaluated 
by a plastic surgeon and a clinical geneticist. Peripheral blood samples of the index 
patient and parents were collected, and radiographs and photographs of the limbs 
were obtained. Written informed consent was obtained. This study was approved by 
the Medical Ethics Committee of the Erasmus University Medical Centre in Rotterdam, 
the Netherlands (MEC-2015-12). 

Targeted sequencing
The ZRS (chr7:156583766-156584600, GRCh/hg19) and pZRS (chr7:156585201-156585600, 
GRCh/hg19) were amplified and Sanger sequenced using Big Dye Terminator, loaded 
on an Abi 3130 sequence analyzer, and analyzed with SeqSape Software (v3.0).

Copy number analysis 
Single nucleotide polymorphism (SNP)Infinium GSAMD-24v1 DNA arrays (Illumina, 
San Diego, CA; 730,525 SNPs, median distance 2.1kb) were used to screen for copy-
number variations (CNVs) in the DNA of the index patient and her parents. Nexus 
Copy number, Discovery Edition version 7 (Biodiscovery, El Segundo, CA) was used for 
analysis and visualization of the array data. 

For Multiplex Amplicon Quantification (MAQ) analysis, two kits were designed, MAQ-
MB  and  MAQ-MA as described in the results section. 50 ng of tumor DNA was needed 
for each reaction of the MAQ analysis. For accurate normalization, two control samples 
and pooled female and male DNAs were included in each experiment. The raw data 
generated from fragment analysis were analyzed as described by Kumps et al.14

Literature Review
We reviewed all earlier reported studies of genomic duplications in the SHH regulatory 
domain. These studies were identified based on earlier reviews and on a recent 
literature search in Pubmed.7,15 We collected data on the location and size of the 
reported microduplications. Furthermore, we examined the phenotypes and classified 
them as  TPT-PS, Haas-type Synpolydactyly or Laurin-Sandrow Syndrome. The exact 
classification of these phenotypes has been reported in a previously reported review.15 
Summarizing, TPT-PS consists out of a preaxial and postaxial polysyndactylous 
block of digits. In Haas-type Synpolydactyly all digits in the polydactylous hand are 
syndactylized. Laurin-Sandrow syndrome has a similar hand phenotype as Haas-
type Synpolydactyly, but additionally features mirror-image duplication of the feet 
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with tibial hypoplasia and occasional duplication of the fibula. We evaluated the 
phenotypes based on the authors’ descriptions and the provided images in the study.

Figure 1. Clinical Images and Radiographs of the index patiënt with a phenotype depicting 
Triphalangeal-Polysyndactyly Syndrome (TPT-PS)
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RESULTS

Clinical Report
The 3-month-old female attended the outpatient clinic with her unaffected parents. 
She presented with pre-axial and postaxial polysyndactyly of both hands with 
triphalangeal components of both thumbs. (Figure 1)

The right hand consisted out of a triphalangeal thumb with a supernumerary phalanx 
at the radial side of the DIP joint and forms a pre-axial syndactylized block with the 
second digit and a postaxial block of polysyndactylized digits with a supernumerary 
postaxial digit on PIP level. The thenar was underdeveloped and the hypothenar 
function was reasonable.

The left hand consisted out of a triphalangeal thumb with a rudimentary additional 
phalanx on the metacarpal base. The thenar and hypothenar were underdeveloped. 
Similarly to the right hand, the postaxial block of digits 3, 4 and 5 with a supernumerary 
postaxial polydactyly at the PIP joint. Both feet were unaffected. Both parents did not 
display congenital malformations of hands or feet. 

A 198kb microduplication overlapping the ZRS/pZRS was identified
Targeted sequencing of the ZRS (chr7:156583766-156584600, GRCh/hg19) and pZRS 
(chr7:156585201-156585600, GRCh/hg19) revealed no pathogenic variations could 
explain the phenotype in this patient. The SNP-array revealed a microduplication of 
122kb on chromosome 7q36 overlapping LMBR1 (chr7:156434388-156556286, GRCh/
hg19). However, using a custom made MAQ-assay for validation of these findings, we 
found that the microduplication was larger than initially found on the SNP-array. The 
total size of the microduplication was 198kb (chr7:156434388-156632483, GRCh/hg19). 
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Literature review
A total of 19 other families in 9 separate studies were included. We evaluated the 
phenotypes and the genomic coordinates of the duplications.4,7,11-13,16-19 125 subjects 
were phenotyped. A summary of our findings can be found in Table 1. The phenotype-
genotype correlation corresponds with previous hypotheses that more severe 
phenotypes are observed in smaller microduplications. Liu et al reports a phenotype 
with triphalangeal thumbs and congenital heart disease and could not be classified 
among the 3 phenotypic groups.16 Furthermore, Sun et al. used a limited number 
of markers on chromosome 7q36 to determine the duplication size in their cohort.12 
Therefore, the true duplication size cannot be accurately established.  

Figure 2 demonstrates the overlapping location and length of all reported 
microduplications within the genome. The colors correspond with a specific 
phenotype (green = TPT-PS; blue = Haas-Type Synpolydactyly; Red = Laurin-Sandrow 
Syndrome). The displayed duplications lengths of Sun et al are based on the maximum 
of the reported range and could be smaller.12 All reported duplications encompass the 
ZRS and pZRS as shown on the bottom of Figure 2. 
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Discussion 

In this study, we report a patient with TPT-PS caused by a 198kb microduplication 

encompassing the SHH-regulatory domain. Furthermore, we reviewed current 

literature to provide an up-to-date overview of all reported duplications associated 

with this phenotype. 

By collecting the reported evidence on this rare anomaly, several matters can be 

raised that require further investigation. 

First, the exact pathogenic mechanism of these duplications remains undetermined. 

It has been hypothesized the pathophysiology of duplications in non-coding genomic 

regions correspond with that of gene duplications, enhancing regulatory function 

of an enhancer and causing gain-of-function of the target gene.20 This dosage 

effect hypothesis has mainly been proposed in intra-TAD duplications, like in an 

extensive study on duplications in the IHH-regulatory domain causing a variety of 

limb and cranial anomalies.21 However, the genomic duplications presented in this 

study do encompass a neighbouring boundary TAD-boundary, approximately 20kb 

telomeric from the ZRS, which can also be involved with the mechanism of these 

genomic duplications.22 In conclusion, a duplication of the ZRS or the pZRS indeed 

could enhance the regulatory activity towards SHH. However, as this gain-of-function 

mechanism is extrapolated from our wide knowledge on CNVs of coding regions, 

another mechanism of non-coding CNVs like loss-of-function due to misexpression 

by a multitude of competing enhancers cannot be disregarded. 

Second, this overview provides insights into which region or combination of regions 

are instrumental for the pathomechanism of the duplications. Reviewing the reported 

patients and duplications, all but one duplication encompasses the ZRS, the pZRS and 

the neighbouring TAD-boundary. Only the smallest duplication of 17kb, causing the 

most severe phenotype overlap the ZRS and pZRS region but not the neighbouring 

TAD-boundary approximately 25kb on the telomeric end of the pZRS.6,7 Structural 

variations that solely encompass this TAD boundary, without the other enhancers 

regions, have not been reported in patients to date.23 

Intriguingly, all reported microduplications do encompass both the ZRS and the pZRS. 
The ZRS has been the focus of the duplicated region that causes severe phenotype as 
it has been investigated extensively in the past. However, with the recent identification 
of the pZRS, a neighbouring enhancer region in which single point mutations causes 
severe TPT-PS phenotypes that are highly like larger microduplications in this region, 
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the ZRS is not the only locus that these phenotypes can be attributed to.6 Therefore, 
the question arises if a duplication of only one of these two enhancer regions is able to 
disrupt SHH expression and lead to limb phenotypes. 

Lastly, our study shows that the three different phenotypes associated with 
microduplication in the SHH -regulatory domain (TPT-PS, Haas-type synpolydactyly and 
Laurin-Sandrow Syndrome) cannot be viewed as separate entities but as phenotypes 
on a gradual severity spectrum. We have observed Haas-type polysyndactyly and 
Laurin-Sandrow Syndrome in families with in larger microduplications and TPT-PS 
in smaller duplications.12,13,18 Furthermore, in a significant number of studies, different 
phenotypes were observed within the same affected family, showing that the genomic 
duplication itself is not the only factor that influences the phenotypic presentation 
in patients. Therefore, we are unable to provide evidence that substantiate the 
hypothesized claim of using a cut-off value of duplication sizes corresponding with 
only one phenotype.

The SHH-regulatory domain still proves to be the main example on the mechanism 
of noncoding variations that lead to congenital anomalies in humans.  Reporting on 
structural variations in the SHH-regulatory domain provides valuable evidence how 
these structural variations disrupt the regulation by enhancer regions on chromosome 
7q36. Future studies with chromatin conformation capturing techniques within 
this domain combined with selective knockout studies of the ZRS, pZRS and the 
neigbouring TAD-boundary could aid in elucidating the pathogenic mechanism of 
noncoding microduplications.
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CORRESPONDENCE
The recent paper by Xu et al. investigated a Chinese four-generation family with a 
polydactylous limb anomaly.1 Affected family members shared a point mutation in an 
enhancer of Sonic Hedgehog (SHH), a gene essential for embryonic limb patterning. 
The reported mutation (446T>A) in this well-known enhancer, termed the ZRS, has not 
been described in literature before. Additionally, the paper extensively evaluated the 
pathogenic effect of the point mutation with a combined approach, using CRISPR/
Cas9 targeted transgenic mice models, electrophorectic mobility shift assay’s (EMSA), 
Chromatin immunoprecipitation (ChIP) assays and luciferase reporter assays. 

As the most important conclusion, the authors claim that this is the first case of a 
preaxial polydactyly type 1 (PPD I) family associated with a mutation in the ZRS and 
therefore adds PPD I to the spectrum of ZRS-associated phenotypes. 

However, after reviewing the provided images and descriptions, we believe that the 
phenotypes of the affected members of this family should not be classified as preaxial 
polydactyly type I (PPD I), but as triphalangeal thumb (TPT), a limb anomaly commonly 
associated with mutations in the ZRS. We will substantiate our argument with three 
explanations on the observations made in this paper:

1. The authors phenotyped hands of patients II-11, II-7, III-4, III-8, III-11, III-12, 
IV-1 as ‘incomplete duplication of distal phalanx’ and therefore a PPD type 
I. Based on the images of Figure 1b, these limb anomalies seem to depict 
a TPT-phenotype, consisting of an additional deltaphalanx (TPT type 1) in 
both the classifications of Wood and Buck Gramcko).2,3 This phenotype is 
fairly common in TPT families. In our case series of 148 triphalangeal thumbs, 
we have operated on 41 thumbs with an additional deltaphalanx in Dutch 
TPT families.4 The question on whether this deltaphalanx is a rudimentary 
remnant of either an additional distal phalanx or a complete midphalanx, 
remains subject of a developmental and rather philosophical discussion 
dating back to Galen in the 2nd century AD.5 The most important conclusion, 
however, is that it is widely accepted by clinicians and geneticists that this 
congenital thumb anomaly should be classified within the spectrum of TPT 
and not within the spectrum of preaxial polydactyly.2,3 

2. The additional delta phalanges in the thumb are significantly different 
from the observed sesamoid ossifications at the interphalangeal (IP) joint 
of the thumb in some family members. As the authors already mentioned, 
sesamoid bones were found in family members without mutations of the 
ZRS. They can be recognized as small ossicles on the volar side of the IP joint 
and, in contrast with TPT, do not interfere with the congruence of the joint. 
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The prevalence of sesamoid bones at the IP joint of the thumb is high, as they 
can be observed in up to 67% of the radiographs in the adult population.6 
Therefore, an association between the presence of sesamoid bones and 
triphalangism cannot be made. 

3. Patients II-11 and IV-1 were said to display a phenotype resembling PPD type 
I or type II following the Wassel classification for radial polydactyly. Although 
we were only able to evaluate the radiographs of patient II-11, we agree 
with the observation that the radiograph resembles a Wassel type II radial 
polydactyly.

However, an important feature that need to be emphasized is that this radiograph 
was made at an adult age. In newborns with TPT, small delta phalanges are still visible 
on a radiograph. If these ossifications are not removed during childhood, they can 
fuse to the other phalanges over the course of several years. Once these patients reach 
adulthood, the additional phalanx has disappeared on a radiograph. As an example, 
we provided radiographs of two young patients from our series with a similar 
phenotype as patient II-11, but with a small ossification in the IP joint (Figure 1). We 
believe that patient II-11 could have triphalangism at a younger age and could show a 
similar phenotype if a radiograph would have been taken. 

As the authors have stated, convincing scientific evidence regarding a genetic 
locus of PPD type I is still lacking, even though being one of the most common limb 
anomalies. The fact that PPD type 1 usually occurs in sporadic patients and unilaterally 
in 67% of the cases raises the question whether a single genetic substrate is the cause 
of this phenotype.7

In conclusion, we applaud the authors for their extensive work in order to obtain a 
better understanding in the regulatory mechanism of the ZRS on SHH expression in 
the embryonic limb. Furthermore, we encourage reporting families with aberrations 
in the ZRS to optimize genotype-phenotype correlation within ZRS associated 
anomalies and gather more knowledge on the long-range regulation in embryonic 
limb development. 

Furthermore, would like to emphasize on the critical importance of dedicated 
clinical geneticists or congenital upper limb surgeons, being involved in (molecular) 
genetic research. Appropriate pheno-typing of patients is essential as it establishes a 
mandatory founda-tion for all qualitative genetic research, improves the counseling 
of affected families and increases the diagnostic yield in standard diagnostic genetic 
testing. Therefore, we advocate a combined effort by experts from multiple fields 
within genetic research of congenital upper limb anomalies.   
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Figure 1. Examples of TPT-phenotypes with Wassel type II features.
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ABSTRACT

Purpose
The zone of polarizing activity regulatory sequence (ZRS) is an enhancer that regulates 
Sonic Hedgehog (SHH) during embryonic limb development. Recently, mutations in 
a noncoding evolutionary conserved sequence 500bp upstream of the ZRS, termed 
the preZRS (pZRS), have been associated with polydactyly in dogs and humans. Here, 
we report the first case of Triphalangeal Thumb-Polysyndactyly Syndrome (TPT-PS) 
to be associated with mutations in this region and show via mouse enhancer assays 
how this mutation leads to ectopic expression throughout the developing limb bud. 

Methods
We used linkage analysis, whole exome Sequencing (WES), Sanger sequencing, 
fluorescence in situ hybridization, multiplex ligation-dependent probe amplification 
(MLPA), single-nucleotide polymorphism array and a mouse transgenic enhancer 
assay

Results
Ten members of a TPT-PS family were included in this study. The mutation was linked 
to chromosome 7q36 (LOD-score 3.0). No aberrations in the ZRS could be identified. 
A point mutation in the pZRS (chr7:156585476G>C; GRCh37/hg19) was detected in 
all affected family members. Functional characterization using a mouse transgenic 
enhancer essay showed extended ectopic expression dispersed throughout the entire 
limb bud (E11.5). 

Conclusion
Our work describes the first mutation in the pZRS to be associated with TPT-PS and 
provides functional evidence that this mutation leads to ectopic expression of this 
enhancer within the developing limb. 
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INTRODUCTION
The genomic landscape of chromosome 7q36 comprises a topological associated 

domain (TAD)1, ranging from sonic hedgehog (SHH) to limb development membrane 

protein 1 (LMBR1), a gene located ~1 mega base (Mb) upstream of SHH2. Within this 

TAD, several regulatory enhancer elements have been identified that are involved 

in SHH regulation during embryonic development of the brain, the central nervous 

system and the limbs.3,4 In limb development, SHH expression is limited to the Zone 

of Polarizing Activity (ZPA) in the posterior limb bud, creating a SHH-gradient over 

the anteroposterior axis of the limb.5 This gradient is crucial for establishing adequate 

digit patterning.

The regulation of SHH in the embryonic limb bud has largely been attributed to a 

conserved non-coding regulatory element located in intron 5 of LMBR1, called the 

ZPA Regulatory Sequence (ZRS).6 Various genetic aberrations of the ZRS have been 

associated with triphalangeal thumb (TPT) and preaxial polydactyly (PPD) in humans, 

mice, cats and chickens.7,8 Molecular studies in polydactylous mice revealed that 

disruption of the ZRS results in ectopic SHH expression in the anterior limb bud.6      

Point mutations and genomic duplications are the most commonly found ZRS 

aberrations that lead to limb malformations. Point mutations of the ZRS generally 

cause triphalangeal thumb accompanied with an additional thumb.9 Genomic 

duplications encompassing the ZRS are associated with more severe phenotypes, like 

Triphalangeal Thumb-Polysyndactyly Syndrome (TPT-PS), Haas-type polysyndactyly or 

Laurin-Sandrow Syndrome.10 To date, many point mutations of the ZRS and genomic 

duplications of different sizes have been reported in the literature.9,10 

Recently, several studies have suggested that genetic alterations in locations other 

than the ZRS throughout the 1Mb encompassing SHH-LMBR1 TAD could be associated 

with TPT-phenotypes. Petit et al. showed that a 2 kilobase (kb) deletion in a gene desert 

240 kb upstream of SHH, was linked to familial TPT and hypertrichosis.11 Additionally, 

variations in the pre-ZRS (pZRS), a non-coding conserved region approximately 700 

base pairs (bp) upstream to the ZRS, were reported in sporadic cases of preaxial 

polydactyly in humans and dogs.12,13   

In 1988, Nicolai et al. reported a large Dutch TPT-PS family, consisting of 27 patients.14 

The family pedigree suggested an autosomal dominant inheritance. Subsequently, 

Tsukurov et al. linked the disease locus in this family to chromosome 7q36 (D7S550, 
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LOD-score: 6.85).15 Here, we further investigated the molecular causes of this severe 

limb anomaly in this Dutch TPT-PS family. A whole-genome SNP-array found linkage 

between the TPT-PS and the 7q36 locus and, combined with multiplex ligation-

dependent probe amplification (MLPA), did not identify any disease associated copy 

number variations. Karyotyping and Fluorescence in situ hybridization (FISH) did not 

reveal any specific structural rearrangements within this region. ZRS sequencing 

and Whole Exome Sequencing (WES) revealed no pathogenic variants. We next 

sequenced a 4500bp region around the ZRS and identified a point mutation in the 

pZRS that segregated with the phenotype. Computational analyses did not find 

increased conservation scores for this mutation compared to previously reported 

mutations that lead to a much less severe phenotype. A mouse transgenic enhancer 

essay showed ectopic LacZ expression dispersed through the entire limb bud at E11.5, 

in both fore and hind limbs. Combined, our study underlines that the integrity of the 

surrounding environment of the ZRS plays a crucial role in the regulation of SHH 

during limb development. 

MATERIALS AND METHODS 

TPT-PS family
Two TPT-PS families were identified at the outpatient clinic for Congenital Hand 
and Upper Limb Anomalies at the Sophia Children’s Hospital in Rotterdam, The 
Netherlands. The family members were consulted and clinically examined by a plastic 
surgeon and a clinical  geneticist. A common ancestor for two Dutch TPT-PS families 
could be identified in the established pedigree, confirming relatedness of both families 
(Figure 1). Peripheral blood samples were collected from the affected father, unaffected 
mother and both affected children in Dutch Family I and the affected mother and child 
in Dutch Family II. Additionally, the Dutch family reported the presence of Australian 
relatives with similar congenital hand anomalies. The Australian Family was subsequently 
consulted and clinically examined and peripheral blood samples were collected from 
four affected family members in the Australian family. In total, 9 patients with TPT-
PS and one unaffected family member were included in this study. Written informed 
consent was obtained from all family members. This study has been approved by the 
Medical Ethics Committee of the Erasmus University Medical Centre in Rotterdam the 
Netherlands (MEC-2015-12).
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SNP-array and Linkage
Genome-wide genotyping was conducted using 200ng DNA from all included family 
members with an Illumina Infinium GSAMD-24v1 array (Illumina, San Diego, California; 
730,525 SNPs at a median distance of 2.1 kb). The statistical package, easyLINKAGE 
Plus v5.08 (20), Merlin v1.0.1 software (Abecasis Lab, University of Michigan), was used 
to perform single-point and multipoint parametric linkage analysis as previously 
described.16 Logarithm of odds scores were obtained using a dominant model of 
inheritance, with 99% penetrance and disease allele frequency of 1:1.000. Furthermore, 
SNP-array data was additionally used to evaluate the presence of genomic duplications 
or deletions. Data was analyzed using the Nexus Copy Number, Discovery Edition, 
Version 7 (BioDiscovery, El Segundo, California). 

ZRS Sequencing and Multiplex Ligation-dependent Probe 
Amplification 
Targeted sequencing of the ZRS combined with Multiplex ligation-dependent probe 
amplification (MLPA) is currently used as standard genetic diagnostic work-up in TPT-
families. DNA was isolated from peripheral blood. Fragments were amplified using 
standard Polymerase Chain Reaction (PCR). An 834bp fragment covering the ZRS was 
sequenced in all Dutch index patients (chr7:156583766-156584600, GRCh/Hg19). 

Additionally, primers were designed to sequence a 4,500bp region surrounding the 
ZRS (chr7:15681430-156585993, GRCh39, Hg19). A total of 8 primer pairs were required 
in order to cover this entire sequence (Table S1.). 

The PCR products were sequenced using Big Dye Terminator 3.1. The fragments were 
loaded on an Abi 3130 Sequence analyzer and genetic analysis was performed with 
SeqScape Software (v3.0). 

Multiplex Ligation-dependent Probe Amplification (MLPA) analysis (MRC Holland S134 
kit) was used to detect the presence of genomic duplications and deletions between 
exon 3 and exon 6 of LMBR1, encompassing the ZRS. 

Karyotyping and Fluorescent In Situ Hybridization (FISH)
Karyotyping was performed on GTG-banded metaphases obtained from peripheral 
blood cultures using standard procedures. Karyotypes were obtained from V-6 and a 
control. Results were described in accordance with the ISCN 2005.17 FISH was carried 
out on the fixed sediments of the karyotyping cultures of subjects V-6 and a control. 
FISH analysis was performed using five 7q36 located bacterial artificial chromosome 
(BAC) clones. The BAC clones (RP11-773c4, RP5-982e9, RP11-332e22, RP11-51l24 and 
RP11-50D7, Table S2) were selected from the University of Santa Cruz (UCSC) genome 
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browser (UC Santa Cruz, Santa Cruz, CA, USA; assembly March 2006) and ordered 
from BACPAC Resources (Children’s Hospital of Oakland Research Institute, Oakland, 
CA, USA). After isolation of the BAC DNA, the probes were labeled and used for FISH 
on chromosome preparations from patients and parents, according to standard 
protocols.18

Whole Exome Sequencing
Samples of patient IV-2, V-1, V-4 and V-5 were sequenced using an Illumina Nextseq500 
machine. The exome samples were captured using the Truseq Exome Library Prep Kit 
and the Illumina TruSeq Exome Library Prep Reference Guide v01. Reads were aligned 
against the Human Reference Genome build 19 (hg19) and genetic variants were 
called using the Qiagen CLC genomics workbench. The Variant Call Format (.vcf) files 
were annotated with Annovar.19 Subsequently, the annotated data was filtered using 
the previously obtained linkage data, the presence of the variant in all 4 members of 
the family and an allele frequency of less than 0.001 in publicly available reference 
datasets, including 1000 genomes20, ExAC21 and Qiagen HGMD professional.22 

Mouse Enhancer Assay
A genomic region encompassing both pZRS and ZRS (chr7:156583545-156585773, 
GRCh37/hg19, 2229 base pairs) with either the reference sequence or the 
chr7:156585476G>C change was cloned into an HSP 68-Lac Z vector (Addgene #37843) 
by carrying out a PCR on genomic DNA from patient V-5. The cloned plasmids 
were sequenced verified to contain the mutation allele and the wildtype allele and 
to exclude any other variants. Transgenic mouse E11.5 embryos followed by beta-
galactosidase staining were generated by Cyagen Biosciences. Pictures of embryos 
were taken using a Leica M205FA stereomicroscope and annotated independently by 
multiple curators based on the observed spatial expression pattern. All mouse work 
was approved by the UCSF institutional animal care and use committee. 

RESULTS

Clinical Report
All affected family members had a phenotype that corresponds with Triphalangeal 
Thumb-Polysyndactyly Syndrome (TPT-PS, OMIM:  174500). The pedigree demonstrated 
an autosomal dominant inheritance of the phenotype. All patients were bilaterally 
affected. They presented with at least one triphalangeal thumb on both hands. The 
hands typically demonstrated a poly- and syndactylous block of digits on the anterior 
and posterior side, with the second and occasionally the third digit present between 
both blocks. 
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Additionally, postaxial syndactyly and polydactyly of both feet were observed in 
patients V-4, V-5 and V-6. The affected family members did not present with other 
congenital anomalies. (Figure 2, S3 3)

TPT-PS is linked to 7q36
Genome wide linkage analysis was performed to validate the linkage results that were 
obtained by Tsukurov et al.15 With SNP-array data of all 10 included family members, 
LOD-Scores were calculated using easylinkage software. Linkage was confirmed at 
chromosome 7q36 (LOD-score 3.0, chr7:156033299-158113390, GRCh37/hg19). This 
region corresponds with the region that was found in the same TPT-PS family by 
Tsukurov et al. (LOD-score, D7S550).15 Additionally, a maximum LOD-score of 3.0 was 
found on chromosome 21q22.11 (chr21:33405700-36673573, GRCh37/hg19).

Absence of ZRS and copy number disease associated variations
As the ZRS has been associated with various limb malformations, we analyzed our 
family for mutations and copy number variations (CNVs) in this region. The ZRS was 
sequenced in patients V-4, V-5 and V-6 and did not reveal any disease associated 
alterations. As TPT-PS is commonly associated with duplications including the ZRS10, 
SNP-array data of all TPT-PS patients were reviewed to identify CNVs on chromosome 
7q36. No copy number variations larger than 2.1kb were found on chromosome 7q36 
(Figure 3.) or chromosome 21q22.11. Finally, Multiplex Ligation-dependent Probe 
Amplification (MLPA) analysis did not reveal pathogenic deletions or duplications 
between exon 3 and exon 6 of LMBR1. 

Karyotyping using GTC banded chromosomes revealed no aberrant chromosomal 
pattern in the two tested individuals. FISH with dual-labeled BAC probes using different 
probe combinations (Figure 3, S4) excluded small sub-chromosomal rearrangements 
in the SHH-LMBR1 region or the telomeric part of chromosome 7q36. Also, using a 
BAC probe covering the ZRS region in intron 5 of the LMBR1 gene (RP11-51I24) we 
did not detect any aberrant patterns of hybridization in interphase nuclei or banded 
chromosomes. 
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No pathogenic exonic variants linked to limb defects
We next wanted to test whether coding mutations in other genes might be associated 
with this phenotype. Samples of four affected patients were investigated with Whole 
Exome Sequencing (WES) to verify if an exonic pathogenic variant was present on 
chromosome 7q36, 21q22.11 or in other coding regions. The affected family members 
did not share any predicted pathogenic variants with an allele frequency of less than 
0.001 in 1000 genomes20, ExAC21 and HGMD22 datasets.

Identification of a point mutation in the pZRS
After sequencing a 4.5kb region covering the ZRS and pZRS, a heterozygous G>C 
point mutation in the pZRS (chr7:156585476G>C; hg19) was identified (Figure 4). This 
point mutation was found in all affected patients and was absent in an unaffected 
family member. The variant was not present in online databases (dbSNP23, ClinVar24, 
ExAC21 and HGMD) or in locally available WGS datasets (GoNL25 and Wellderly26).
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Figure 4. Mutation location of the identified point mutation in intron 5 of LMBR1. The pZRS is 
visualized through the conservation track in the UCSC genome browser. The chromatogram of 3 
affected family members reveal a G>C point mutation.

Computation analyses of pZRS variants
Previous reported mutations in the pZRS were found to only lead to preaxial 
polydactyly in 

dogs12 and humans.13 However, our identified pZRS mutation, chr7:156585476G>C, 

leads to a much more severe phenotype, TPT-PS, which also includes the lower limbs. 

To test for potential causes for these phenotypic differences, we carried out various 

computational analyses on these different mutations. Evolutionary conservation 
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analyses of this variant compared to the previously discovered canine and human 

variants using both PhyloP and GERP27 did not find chr7:156585476G to have higher 

conservation scores than these previously reported variants (Figure S5). Additionally, 

Combined Annotation Dependent Depletion (CADD) scores28 for this nucleotide were 

not higher than these other variants  (Figure S5). Combined, these analyses could not 

explain the cause for the stronger limb phenotype observed in this family. 

Furthermore, TPT-PS is widely associated with genomic duplications that cover the 

ZRS. Duplications that include the ZRS are also able to cause more severe anomalies, 

like Haas-type Polysyndactyly and Laurin-Sandrow Syndrome.10 The similarity of 

phenotypes in pZRS mutations and genomic duplications indicate corresponding 

levels and patterns of SHH disruption in the limb bud. This similarity also introduces 

the hypothesis that SHH regulation in pZRS mutations and genomic duplications 

might be affected by the same underlying molecular mechanism. 

Although genomic duplications encompassing the ZRS have regularly been reported 

in the literature, no study has investigated the pathogenic mechanism that ultimately 

results in these severe limb anomalies. Two hypotheses have been suggested 

regarding genomic duplications of the ZRS. First, it has been proposed that a genomic 

duplication could have a dosage effect, affecting the regulatory balance between 

enhancers and promoters.29 

Second, genomic duplications are able to alter the chromatin organization of the 

entire genome.30 Hi-C sequencing has revealed that the chromatin structure is 

partitioned into various Topological Associated Domains (TADs). Duplications of the 

ZRS therefore might disrupt a TAD-boundary in the vicinity of the ZRS and cause limb 

anomalies through one of these mechanisms. Through the Hi-C 3D-genome browser 

and ENCODE track for chromatin organization, we mapped the predicted TAD-
boundaries and CTCF and RAD21 binding sites in the SHH-ZRS domain.31,32(Figure S6)  
The Hi-C genome browser and the presence of increased CTCF and RAD21 binding 
sites predicted a TAD-boundary in intron 4 of LMBR1, 25 kb upstream of the ZRS. Lohan 
et al. reported 16 different sizes of genomic duplications encompassing the ZRS that 
caused severe limb anomalies. 15 of these duplications also include the predicted TAD 
boundary in intron 4 of LMBR1. However, the smallest duplication of 16kb in a Laurin-
Sandrow Syndrome family did not surpass this TAD boundary. As the phenotypes of 
genomic duplications and point mutations in the pZRS have close similarities, we 
assessed if the pZRS represents an additional TAD-boundary that can be disrupted by 
point mutations. We did not identify increasing CTCF and RAD21 binding sites in the 
pZRS region (Figure S6). 
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Therefore, although the disruption of the TAD-boundary in the vicinity of the ZRS-
complex could explain the pathogenic mechanism in TPT-PS families with genomic 
duplications, it is not able to elucidate the mechanism in the family with a point 
mutation in the pZRS or the previously reported family with the 16kb duplication.

chr7:156585476G change leads to ectopic ZRS-expression in the 
developing limb bud
We next carried out mouse transgenic enhancer assays on both the reference and 
mutant allele to test whether it leads to any altered enhancer activity. Both the pZRS 
and ZRS region for each allele were cloned into a mouse enhancer assay vector and 
analyzed for their LacZ expression at E11.5 in transgenic mice. For the reference allele, 
8 transgenic assays were made, of which 7 showed expression in the posterior margin 
of the limb bud (Figure 5,S7). We observed a significant expansion of LacZ expression 
for the TPT-PS associated allele, extending to the entire mesenchyme all the way into 
the trunk region in 5 out of 6 mutated transgenic enhancer assays made (Figure 5, S7). 
In addition, the mutant allele also showed LacZ expression in the mandibular process 
that was not observed in the sequence.  It is worth noting that both alleles also showed 
consistent reference LacZ staining in the snout, similar to that previously observed for 
the canine sequence12 and that the reference allele showed slight expression in the 
anterior autopod (Figure 5, S7) different from previous studies that tested ZRS only33 or 
the canine ZRS+pZRS in mice.12 In sum, our results show that transgenic mice carrying 
the mutated pZRS allele have increased enhancer activity dispersed throughout the 
entire limb bud including the trunk region at the base of the limb compared to the 
reference allele.
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Figure 5. LacZ expression in mice embryo’s (E11.5) carrying the wildtype ZRS/pZRS construct (6A) 
or the mutated ZRS/pZRS construct (6B).  
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DISCUSSION
In this study, we report a Dutch family with Triphalangeal Thumb-Polysyndactyly 
Syndrome with a point mutation in a conserved non-coding regulatory region in the 
genome; the pZRS. This point mutation was identified after several abnormalities 
known to cause a TPT-PS phenotype were ruled out, including point mutations, copy 
number variations and chromosomal rearrangements of the ZRS as well as pathogenic 
variants in other genes. We discovered a novel mutation in the pZRS that segregated 
with the disease and showed differential enhancer activity in transgenic mice. 

Previously reported pZRS mutations
Two studies have previously associated point mutations in the pZRS with congenital 
limb anomalies. Park et al. identified two-point mutations in the pZRS in two different 
breeds of dogs12, but did not find altered expression in an enhancer assay. However, it 
is important to also note that this mutation is located near the telomeric end of the 
pZRS (Figure S5).   In another study, Xiang et al. screened a large population of children 
with non-syndromic preaxial polydactyly for mutations in SHH, GLI3, ZRS and pZRS.13 
Patients with isolated preaxial polydactyly of the thumb are often unilaterally affected 
and do not have a positive family history. Therefore, it is questionable whether this 
phenotype is due to underlying genetic aberrations. In addition, these mutations were 
not followed up via an enhancer assay for their functional consequences. Computational 
analyses of our identified mutation did not show increased conservation scores, which 
could have potentially explained the more severe phenotype.

The role of the pZRS in this SHH-ZRS complex 
The functional role of the pZRS remains largely unknown. The pZRS was delineated 
from the ZRS by Park et al. and is well conserved among vertebrate species and 
positioned approximately 750bp 5’ upstream of the ZRS. Until the present study, there 
was no functional or molecular evidence confirming that the pZRS is an independently 
functioning regulatory element. Considering the proximity of the pZRS and the ZRS, 
the pZRS could potentially function as an independent regulatory element of SHH but 
also could function alongside the ZRS. 

The central part of the ZRS has previously been shown to have a role in regulating 
the levels of SHH expression in the limb34, with the 5’ end  involved in  spatiotemporal 
functions and the 3’ end  required for long range activity of the ZRS that ensures 
SHH signaling.34,35 Additionally, different ETV sites throughout the ZRS govern the 
posterior restriction of SHH to the ZPA.36 Further molecular and functional studies will 
be required in order to determine which regulatory role the pZRS has and how it is 
associated with SHH limb expression.
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Genotype-Phenotype Correlation
The observation of severe TPT-phenotypes in combination with a single pZRS point 
mutation in this family provides insights into the possible underlying pathogenic 
mechanism of this region. The TPT-PS phenotype is clearly more severe than TPT 
phenotypes caused by previously described point mutations in the ZRS. Several 
studies have shown that point mutations in the ZRS affect the activity of the ZRS by 
inserting or removing transcription factor binding sites (TFBS) of ETS, ETV, HOX, and 
TFAP2B.34,36,37 These point mutations generally lead to isolated TPT or TPT with one 
additional thumb. Other described point mutations in the ZRS, however, do cause 
more severe anomalies than isolated TPT with polydactyly, such as those involving 
positions 402 and 404 that are associated with isolated TPT with tibial hypoplasia.6,38,39 
In contrast to our reported family, the severe anomalies in 402 and 404 point mutations 
are only observed in the lower limb and not in the upper limb. 

A recent study also revealed that a point mutation in position 105 causes severe TPT-
phenotypes that resemble TPT-PS in several affected family members of a large Dutch 
TPT population.40 However, the simultaneous presence of less severe phenotypes such 
as isolated TPT and TPT with preaxial polydactyly in other family members indicate 
that additional non-genetic factors or genetic modifiers are required to magnify SHH 
disruption in the limb bud. Considering the severe phenotype in the present Dutch 
family, it is unlikely that alterations in TFBS affinity can induce the level of disruption 
that is required to cause consistent TPT-PS phenotypes in this family. Furthermore, as 
TPT-PS is mainly observed in families with genomic duplications that encompass the 
ZRS, we evaluated whether pZRS mutations can alter the integrity of TAD-boundaries 
in the SHH-LMBR1 topological domain. We did not identify increased presence of 
CTCF or RAD21 binding sites in the pZRS. Additionally, the TAD boundary seems to be 
located approximately 25kb from the telomeric end of the pZRS. (Figure S6) Therefore, 
pZRS mutations are not likely to be involved in the disruption of the SHH-LMBR1 TAD. 

Altered enhancer activity
Our mouse enhancer assay that encompassed both the ZRS and pZRS showed 
enhancer expression beyond the normal posterior ZPA expression pattern of previous 
transgenic mice carrying the human ZRS sequence33 or the dog ZRS+pZRS sequence.12 
For the dog mutations, similar mouse transgenic enhancer assays did show a slight 
expansion of enhancer activity in the posterior limbs compared to the reference 
sequence.12 In our study, mice carrying the reference allele did show slight anterior 
expression, but those carrying the mutated allele showed significantly more extended 
enhancer expression. This extended ectopic expression pattern could explain the 
severity of the limb phenotype in this family and suggests that the pZRS is involved in 
SHH expression and limb embryonic development and that mutations in this region 
can cause a severe Triphalangeal Thumb-Polysyndactyly phenotype.
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The regulatory network of SHH remains to be completely elucidated. New initiatives 
combining information from the molecular, genetic, and clinical points of view will 
help to elucidate the complex regulatory network in this locus that may also serve as 
a model for understanding long range regulatory mechanisms for other loci. 
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Figure S3.Clinical images of affected family members. Pre-operative images are only available for 
patients V-4, V-5, V-6. The clinical images of patient III-5 and IV-14 can be found in the publication 
of Nicolai et al. (Figure 2 and 3).  
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Figure S4. Results of Fluorescence in Situ Hybridization (FISH) analysis in patient V-5. Karyotyping 
was performed on GTG-banded metaphases and interphases. The location of 5 FISH probes are 
depicted in the genome track (Table S2). The labeled colors of each probe correspond with the 
color displayed on the images. 
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Figure S6. The SHH-LMBR1 topological associated domain (TAD). The TAD boundary in LMBR1 
is approximately 25kb away from the ZRS-complex, suggesting no involvement of the point 
mutation in the pZRS in TAD-boundary disruption.

Figure S7. LacZ expression of mice embryo’s (E11.5) carrying the wildtype ZRS/pZRS construct and 
the mutated ZRS/pZRS construct.  
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ABSTRACT
PURPOSE:  Triphalangeal thumb-polysyndactyly syndrome (TPT-PS) is a severe 
congenital limb anomaly  associated with microduplications of the Sonic Hedgehog 
(SHH) limb enhancer termed ZPA-regulatory sequence (ZRS). Some patients affected 
with TPT-PS, however, do not carry duplications of this  SHH-regulatory domain. 
Therefore, other loci than the ZRS seem to be involved in SHH-driven limb patterning. 
Recently a pathogenic variant in the pre-ZRS (pZRS), a conserved sequence near the 
ZRS, has been described in a TPT-PS family. Here, we report two additional cases of 
TPT-PS families with a variant in the pZRS and therefore corroborate the association 
between TPT-PS and variants in this regulatory element. 

METHODS: We analyzed two families presenting with a highly similar TPT-PS 
phenotype. In four cases, two of each family, whole exome sequencing was performed.  
We used targeted sequencing and single-nucleotide polymorphism arrays to evaluate 
the ZRS and pZRS region in the affected family members.

RESULTS:  We evaluated 23 individual DNA samples of two apparently unrelated 
Polish TPT-PS families. Targeted ZRS sequencing, microarrays, and exome sequencing 
revealed no pathogenic alterations. However we identified a point mutation in the 
pZRS (chr7:156585476G>C, GRCh37/hg19) in all affected family members from both 
families.

CONCLUSION: This study confirms pre-ZRS as an important locus for standard 
genetic testing in TPT-PS families. 
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INTRODUCTION
Triphalangeal thumb-polysyndactyly syndrome (TPT-PS, OMIM: 174500) is one of the 
most severe congenital limb anomalies. Patients with TPT-PS present with anomalies 
on all extremities, with the hands being more severely affected than the feet. The 
classic hand phenotype of TPT-PS comprises a polysyndactylous block of triphalangeal 
thumbs at the radial side and a polysyndactylous block of digits at the ulnar side of 
the hand.1 The feet are generally mildly affected with postaxial syndactyly. TPT-PS is 
usually inherited in an autosomal dominant manner, therefore being highly prevalent 
in affected families.2-4

Over the last decade, research has intensified to identify the pathogenic loci for this 
limb anomaly. In the majority of the cases, TPT-PS was associated with genomic 
duplications in the regulatory domain of Sonic Hedgehog (SHH), located on 
chromosome 7q36.5,6 These duplications overlap a well-known limb enhancer of SHH, 
termed the zone of polarizing activity regulatory sequence (ZRS).7 Enhancers like 
the ZRS mediate the spatiotemporal gene expression in the limb during embryonic 
patterning.8,9

However, not all TPT-PS families carry these genomic duplications in the SHH 
regulatory domain. Recently, a new pathogenic locus for TPT-PS was identified in 
a large Dutch family.10 Affected family members carried a variation in the pre-ZRS 
(pZRS), an evolutionary conserved noncoding element located approximately 500bp 
upstream of the ZRS.11 Furthermore, this study showed that single point mutations in 
the pZRS lead to ectopic limb expression in transgenic mice, confirming the important 
role of the pZRS during limb development.

Here, we report two additional TPT-PS families from Poland in which whole exome 
sequencing, targeted sequencing, array CGH, and SNP-array did not reveal any 
pathogenic variations linked to limb defects. We next identified a point mutation 
in the pZRS in both families. Therefore, this report expands the number of TPT-PS 
families carrying pathogenic alterations of the pZRS and underlines the importance 
of routine pZRS sequencing in the genetic diagnostics of families with severe TPT 
phenotypes.

MATERIALS AND METHODS

TPT-PS families
Two families from different regions in Poland were referred for genetic consultation of 
their limb anomalies suggestive of TPT-PS. 
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Figure 1. Description of both pedigrees. The black circles and squares represent the affected 
family members in both pedigrees. The underlined numbers indicate the family members from 
which a DNA sample was collected and evaluated.

The family members were counseled and examined by a clinical geneticist. Written 
informed consent was obtained from all family members. Peripheral blood samples 
were collected of 11 members of family I and 12 members of family II. Ethics approval 
was granted by the Institutional Review Board at the Poznan University of Medical 
Sciences (459/17) This study was also approved by the Medical Ethics Committee of 
the Erasmus University Medical Centre in Rotterdam, the Netherlands (MEC-2015-12). 

Targeted screening and array CGH analysis
We screened the entire coding sequences of the GJA1 and SALL4 genes with the 
use of Sanger sequencing. The mutational screening was performed with dye-
terminator chemistry (kit v.3, ABI 3130XL) and automated sequencer manufactured by 
Applied Biosystems Prism 3700 DNA Analyser. Multiplex ligation-dependent probe 
amplification (MLPA) using premix P180 (MRC Holland) was also carried out following 
standard protocol provided by the manufacturer. In addition, we performed array CGH 
using high resolution 1.4M NimbleGen oligonucleotide arrays (Roche NimbleGen) per 
the manufacturer’s protocols. We carried out the analysis with Deva software (Roche 
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NimbleGen) with the following settings – aberration algorithm, ADM-2; threshold, 6.0; 
window size, 0.2 Mb; filter, five probes, log2ratio = 0.29.

Whole Exome Sequencing
Samples of patients IV-1 and II-7 of family I and patient III-1 of family II were captured 
using Agilent SureSelect Human All Exon Kit v2 and sequenced with Illumina HiSeq 
2000. Reads were aligned with build 19 of the Human Reference Genome (hg19). 
Variants were called with the Qiagen CLC genomics workbench. Annovar was used 
for annotating the variant call format (.vcf) files. The annotated variants were filtered 
for the presence of the variants in all patients, low quality data (<60 reads), linked 
to ‘triphalangeal thumb’ and ‘postaxial polydactyly’ in VarElect and with an allele 
frequency of less than 0.001 in publicly available reference data sets (1000 Genomes12, 
ExAC13 and Qiagen HGMD Professional14). The deleteriousness of variants was evaluated 
using CADD (Combined Annotation Dependent Depletion)15, SIFT (Sorting Intolerant 
from Tolerant)16 and PolyPhen2.17 

ZRS and pZRS sequencing
Standard polymerase chain reaction was performed to amplify fragments covering 
both the ZRS (chr7:156583766-156584600, GRCh/hg19) and the pZRS (chr7:156585201-
156585600, GRCh/hg19). PCR products were sequenced with Big Dye Terminator 
3.1 and loaded on an Abi 3130 sequence analyzer. Fragments were analyzed with 
SeqScape Software (v3.0). 

SNP array and relatedness testing
An Illumina Infinium GSAMD-24v1 array (Illumina, San Diego, CA; 730,525 SNPs, median 
distance 2.1kb) was used for genotyping in 4 subjects of each family. For genome-wide 
screening of the presence of copy-number variations (CNVs) and relatedness testing 
between families, SNP-array data was used. We used Nexus Copy Number, Discovery 
Edition version 7 (BioDiscovery, El Segundo, CA) to detect the presence of CNVs. 

RESULTS

Clinical Report
5 affected family members of family I and 6 affected members of family II presented 
with a typical and homogeneous TPT-PS phenotype (Figure 1 and 2).1 The malformation 
was inherited as an autosomal dominant trait showing no clinical variability among 
the affected individuals. Although several family members have already been operated 
on (Figure 2A+B), pre- and postaxial polysyndactylous block of digits on both hands 
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(Figure 2D) was present before surgery. Both feet displayed syndactyly in the third and 
fourth web (Figure 2D). Except for patient IV-1 (Figure 1) of family 1, no other congenital 
anomalies were observed in all family members.

In addition to the congenital limb anomalies, patient IV-1 of family 1 was born with 
an absent spleen and a complex heart defect composed of: atrioventricular septal 
defect (AVSD), double outlet right ventricle (DORV), and a total anomalous pulmonary 
venous return (TAPVR). Patient IV-1 died 11 days after birth due to cardiac insufficiency. 

 

A B

DC

Figure 2: Limb phenotypes from both families. A and B: Postoperative photographs of patient III-1 
of family 1. C and D: Preoperative photographs of patient III-1 of family 2. The feet demonstrate 
postaxial syndactyly of the third and fourth web. The hands display a pre- and postaxial 
polysyndactylous block of the digits. 

Absence of both ZRS and disease associated copy-number 
variations 
The results of targeted Sanger sequencing of the entire coding sequences of the GJA1 
and SALL4 genes, as well as of MLPA for all exons of SALL4 were normal. Next, we 
sequenced the 834bp segment encompassing the ZRS in all samples and found no 
variants in the ZRS. As TPT-PS is predominantly associated with genomic duplications 
of the ZRS, we investigated whether pathogenic CNVs are present on chromosome 
7q36 by means of array CGH and SNP-array. Using NEXUS copy-number analysis, no 
pathogenic CNVs in the SHH topological associated domain on chromosome 7q36 
could be identified. Furthermore, a genome-wide analysis of the SNP-array data did 
not identify CNVs predicted to be pathogenic. 
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No pathogenic variants in the exome associated with limb 
malformations 
WES was performed on samples of patients IV-1 and II-7 of family I and patient III-1 of 
family 2, revealing no pathogenic variants in SHH, GLI3 or other genes related to TPT, 
polydactyly or other limb malformations. Interestingly, a rare heterozygous missense 
variant of uncertain clinical significance was identified in C2CD3 (NM_014431, 
c.2125G>C, p.Glu709Arg, chr11:73814631G>C) in patients IV-1 and II-7 of family 1. The 
variant did not segregate with the limb phenotype in other family members, thus it 
was excluded from further analysis. This mutation was present neither in exome data 
of family 2, nor in the previously described Dutch TPT-PS family.11 

A variant in the pZRS in both TPT-PS families
After targeted sequencing of the pZRS (chr7:156585201-156585600), we identified a 
G>C variant in all affected family members of both family I and II (chr7:156585476G>C; 
Figure 3)18. This point mutation was identical to the variant found in a Dutch TPT-PS 
family. Importantly, the alteration was not annotated in any of the publicly available 
databases (dbSNP19, ClinVar20, ExAC13, HGMD14, GoNL21 and Wellderly22). 

Reference

Control

Patient III-1
(family 1)

A

Patient II-1
(family 2)

Figure 3. Sanger sequencing results of patient III-1 of family I and patient II-1 of family 2. In the 
patients, a C>G change is seen and resulted in a G to C point mutation in the pZRS. 
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DISCUSSION
In this study, we have described two Polish families presenting with a classical TPT-PS 
phenotype, in which we identified a heterozygous point mutation (chr7:156585476G>C) 
in the pZRS (Figure 3).  Interestingly, this alteration was identical with the variant 
found in a Dutch family affected with the same limb malformation.(ref) Hence, the 
families described here represent the second and third case of TPT-PS arising from 
the causative variants located not in the ZRS, but in the pZRS region. 

Additional remarks need to be made for this study. First, patient IV-1 of family I is the only 
patient out of the two families presented with multiple congenital defects. In addition 
to limb anomalies, he showed an absence of spleen and a severe complex structural 
heart defect that led to the patient’s death at day 11 after birth. The combination of such 
anomalies has been described in individuals with Ivemark Syndrome (MIM 208530), a 
rare autosomal recessive disorder resulting from mutations in GDF123,24. However, in 
exome data of patient IV-1 of family I we could not identify any pathogenic variants 
located either in GDF1 or other genes associated with known genetic malformation 
syndromes. Considering the extraordinary phenotype of this patient, we hypothesize 
that the cardiac and splenic anomalies are caused by genetic abnormalities in a yet 
unidentified locus. Second, since the variant found in both families is identical with 
the causative mutation described earlier in the Dutch family, one could hypothesize 
that all families share a common ancestor rather than the variant occurred three times 
de novo as independent mutational events. However, the presence of a common 
ancestor could not be confirmed based on family history and relatedness testing, 
which we made up to a third degree of relationship using SNP array data.

The pZRS has long been unknown to have a role in molecular biology and limb 
development. Park et al. was the first to associate this region with limb anomalies 
in a study of polydactylous dogs.25 This study found pZRS variants in dogs, but was 
not able to find altered expression in enhancer assays. Another study demonstrated 
evolutionary conservation of the pZRS in mammals but a loss of this region in snakes.26 
In humans, variations in the pZRS first have been described in a large cohort of single 
patients with unilateral preaxial polydactyly.27 However, a recent study in a large Dutch 
TPT-PS family with a point mutation in the pZRS was the first to provide molecular 
evidence that disruption of the pZRS alters expression patterns in the developing 
limb.11 This study reconfirms the role of the pZRS, pleading that this locus should be 
incorporated in standard genetic testing of families or sporadic patients showing a 
TPT phenotype. 

Interestingly, compared to single point mutations in the ZRS, variants in the pZRS 
seem to be far more disruptive to the limb patterning. ZRS point mutations generally 
alter regulation by affecting transcription factor binding sites TFBS and cause 
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triphalangeal thumb (TPT) with preaxial polydactyly.8,28,29 However, single point 
mutations in the pZRS cause more severe phenotypes, resembling the phenotypes 
observed in microduplications encompassing the entire ZRS complex.5 Although the 
pZRS is not located on the border of a topological associated domain (TAD)11 and does 
not contain vast amount of TFBS associated with chromatin modification (like CTCF 
and RAD21), the pZRS appears to be involved in the three-dimensional architecture 
and conformation of the SHH-LMBR1 TAD considering the severity of the phenotype. 
Future studies focused on genomic spatial organization, like chromatin conformation 
are required to test this hypothesis.    

Although the regulatory landscape of SHH is currently being further unraveled, the 
exact role of the pZRS in the regulation of SHH expression during development is still 
not fully understood.30,31 Future studies should be focusing on the question whether 
the pZRS is an independently functioning enhancer or acts together with the ZRS, as 
part of a larger ZRS complex. 

To conclude, with combined molecular and clinical approaches, new regulatory 
elements involved in human development can be identified. In congenital limb 
anomalies, the pZRS is one of the first examples to demonstrate that SHH-driven limb 
patterning is not regulated by a single enhancer, but is in fact the culmination of a 
network of different regulatory elements within the same TAD. We therefore highly 
recommend to increasingly study families with congenital anomalies in which exome 
sequencing did not provide a genetic answer, as these families are key in identifying 
new functional regulatory elements involved in human disease. Finally, we suggest 
incorporating the pre-ZRS mutational screening into standard genetic testing, offered 
to patients affected either by TPT or TPT-PS limb malformation.
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Outline 
The aim of this thesis was to examine several topics with triphalangeal thumb (TPT) 
in a central role. In the first part of the thesis, we reviewed the current concepts from 
various scientific fields in which TPT is involved. A multidisciplinary perspective on 
TPT was lacking. Therefore, we provided an overview of TPT from a clinical, genetic, 
molecular, and developmental perspective. Furthermore, we developed a method 
to guide clinicians in the surgical considerations of triphalangeal thumb. The second 
part of this thesis revolves around the ZRS, the most renowned pathogenic locus of 
TPT. Although the ZRS has widely investigated over the last 30 years, a recent number 
of interesting observations have been made in families and patients we have seen 
in our outpatient clinic. The final part of the thesis encompasses an investigation 
in several TPT-families where no genetic variations in the ZRS were found. We 
therefore conducted several studies aiming to identify a new locus which is involved 
in embryonic limb development and cause limb anomalies when disrupted. In this 
section we will present an overarching review of our results. Finally, we will propose 
several directives that guide towards future research goals in the field of triphalangeal 
thumb.   

General Principles
Although several reviews featuring TPT have been published over the years, an 
overview of all scientific aspects regarding TPT was lacking.1-3 We therefore reached 
out to several experts (plastic surgeon, clinical geneticist, bio-informatician, molecular 
geneticist and developmental biologist) with affinity to congenital limb anomalies. 
Apart from findings that will be discussed below, the review in chapter 2 represents 
the culmination of the multidisciplinary work that has been conducted in this patient 
group throughout this entire thesis. With the thorough phenotyping of surgeons, the 
differential diagnoses by geneticists, the knowledge of developmental biologists and 
the qualitative research methods of bio-informaticians and molecular geneticists, all 
essential insights will be captured that are required to address this significant scientific 
gap. Therefore, the combined approach by developmental biologists, molecular 
geneticists, bio-informaticians and clinicians should be the golden standard for the 
identification of new regulatory elements involved in embryonic development and 
congenital anomalies. 

One important finding in reviewing our TPT patients is that TPT can be typed in an 
alternative method that can benefit primary clinical evaluation and additional work-
up. Based on our large historical cohort of 187 hands, TPT can be differentiated in 
two main types: a polydactylous type, in which limb malformations are dominantly 
present, and a hypoplastic type, in which the limb anomaly is predominantly seen 
accompanied with other congenital anomalies (OR: 14,44). 
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This information aids in the initial evaluation of a child with TPT; If you see a child with a 
polydactylous type of TPT, the probability of other congenital anomalies being present 
is relatively low, it is generally a GLI3, or Sonic Hedgehog (SHH) driven malformation 
and the surgical considerations comply with the guide presented in chapter 3. In 
hypoplastic TPTs, however, the considerations and work-up is vastly different: The 
presence of other congenital anomalies is common, genome-wide sequencing is 
preferred considering the wide range of candidate loci and the entire thumb requires 
more advanced surgical interventions like pollicization of the second digit.4 We, 
however, would like to emphasize that our aim was not to develop an alternative 
classification system as several comprehensive classification systems already exist 
for describing a specific TPT phenotype in detail. These classification systems will be 
further discussed in our discussion of chapter 7.

As a future perspective, one aspect that should be further evaluated is that of the 
homozygosity/heterozygosity conundrum which was discussed in chapter 2. It remains 
unknown how homozygous disruption of the ZRS can cause similar phenotypes 
compared to heterozygous variants in one family and causes more severe phenotypes 
compared to heterozygous variants in other families.5-8 Building on this premise, 
the hypothesis that the mechanism of homozygous variations and copy-number 
variations affect the ZRS based on changes in dosage of regulation or expression is 
ground for further research. As mentioned in the introduction, this ‘dosage-effect 
hypothesis’ has been extrapolated from copy number variations in genes, which have 
a fundamentally different function than noncoding regulatory elements.9 Therefore, 
another disruptive mechanism like misexpression through competing enhancers, the 
‘too many cooks spoil the broth’ principle, should be further investigated to gain more 
knowledge on this pathomechanism.

In part 1 of the thesis, we also discussed the surgical considerations for triphalangeal 
thumb. The combination of the rarity of TPT and phenotypic variety has led to several 
surgical techniques being used by us when treating TPT. Currently, the preference for 
a certain technique is largely based on training, literature, and personal experience of 
the clinician. We therefore reviewed our cohort of 148 operated cases since 1982 and 
developed a treatment guideline building on these cases. Based on these experiences, 
PIP joint arthrodesis for an additional phalanx nor pollicization of the first digit for a 
five-fingered hand have a role in our current treatment guidelines of triphalangeal 
thumb. Our preliminary data reveals that pollicisization causes a more hypermobile 
thumb compared to the more stable ‘reduction osteotomy and abduction of the 
metacarpal’ (ROAMC) technique in which the CMC1 joint remains intact.10 When 
comparing PIP joint reduction and arthrodesis (PIPRAD) with DIP joint reduction and 
arthrodesis (DIPRAD), we have experienced less mobility in the new IP joint and less 
aesthetic outcome in a few cases and therefore prefer joint reduction of the DIP joint 
with desis over reduction and desis of the PIP joint. 
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As a future research perspective to optimize functional and aesthetic outcomes, 
different techniques should be evaluated by measuring thumb function combined 
with patient-reported outcomes from larger TPT-cohorts. From our clinic specifically, 
functional outcomes of patients that have undergone a ROAMC-DIPRAD procedure 
should be compared with outcomes of patients where the thumb was pollicized. We 
hypothesize that patients from the ROAMC-DIPRAD cohort have a stronger, more stable 
thumb.4 Naturally, this observation and the observations above are based on a small 
number of TPT patients and should be substantiated with more long-term functional 
outcomes in the future.

Genotype-Phenotype Correlations of the ZRS
The second part of this thesis discusses genotype-phenotype correlations of variations 
in the ZRS, an important limb-specific enhancer of SHH. Although the ZRS has 
featured in a multitude of studies and has been used as the prime example of long-
range regulation of embryonic development by regulatory elements, we have made 
various clinical observations in TPT-families that did not correspond with previous 
reports in literature. In chapter 4, we question the concept of reduced penetrance 
in families with variants in the ZRS who present with mild phenotypes. In previously 
reported TPT families, reduced penetrance has solely been reported in mildly affected 
triphalangeal thumb.5,11-13 However, after clinical examination of two Dutch families, we 
were able to confirm that the earlier presumed non-penetrant family members had 
minor anomalies such as a lack of opposition and broad thumbs. This observation 
reveals that the spectrum of mild TPT phenotypes contains subclinical phenotypes 
like opposition deficits, broad thumbs, a double flexion crease or duplicated lunula’s 
that point towards an inclination of thumb duplication or triphalangism. Our results, 
however, do not automatically imply that all earlier reported TPT families with reduced 
penetrance have minor anomalies and have not been examined appropriately as we 
have encountered TPT families with true unaffected family members while carrying 
variations in the ZRS. The clinical implication of this finding, though, is that thorough 
examination of presumed unaffected family members should be performed during 
clinical examination, even when these subjects report they are unaffected as they 
do not experience reduced hand function in daily activities because of their minor 
anomalies. Furthermore, counseling on the probability of future offspring having TPT 
in these mildly affected TPT families should only occur after genetic evaluation. This 
will provide the most reassuring information you are able to provide for your patient. 

In chapter 5, we presented a field study of one of the largest TPT populations in the 
world. The reason for this study was the clinical observation by the plastic surgeons 
combined with concerns of parents that their offspring had more severe phenotypes 
than their ancestors. We evaluated the phenotypes of 170 patients in a large TPT 
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population with a 105C>G point mutation in the ZRS. We undisputedly showed that 
the phenotypes in these families are progressing towards a more severe phenotype. 
Moreover, once a more severe phenotype has been reached in the family, the phenotype 
does not regress towards a less severe phenotype. Ever since the publication, several 
newborns from this family have visited our outpatient clinic and every single one fits 
the phenotypical concept of anticipation when comparing the phenotype with their 
parents and grandparents. The essential, yet unanswered, question in this population 
remains what the underlying cause of phenotypical anticipation is. 

Where future research should be focused on this population has already been 
discussed in chapter 5, in which several possible genetic (somatic mosaicm, repeat 
expansion sequences, second locus) or environmental and parental factors (folic acid 
use, higher paternal age, parental obesity) that might explain phenotypic progression 
have been submitted. A large, multidisciplinary field study combined with extensive 
genetic and functional research is required to investigate each of these hypotheses 
and should be the main scientific focus in the foreseeing future of this specific TPT 
population. 

Although duplications in the SHH regulatory region are rare, the few cases that have 
been described in literature cause impressive phenotypes that provide a unique 
source of insights on the effect of structural variations of enhancers. We therefore 
reported a new duplication in chapter VI and reviewed all earlier reported duplications in 
literature. As the phenotypes of duplications are more severe than single point mutations 
of the ZRS, different disruptive mechanisms are hypothesized to cause each of these 
entities. Where numerous functional assays and expression studies have been carried out 
in single point mutations in the ZRS, similar functional assays in genomic duplications in 
this region have been lacking to date. In order to further investigate possible mechanisms 
that have been proposed in these duplications, like a dosage-effect hypothesis or TAD-
boundary disruption, functional studies like chromatin conformation capturing and 
stepwise knockout studies of the SHH regulatory region are required. Like in many other 
studies involved in triphalangeal thumb, these studies could provide a foundation and 
example on how structural variations impact enhancer-promotor interaction and cause 
congenital anomalies or acquired diseases.

Our correspondence in chapter 7 sheds a light on the discussion and confusion of the 
multitude of different classification systems being used by different disciplines. For 
congenital limb anomalies in general, this issue has been dealt with by introducing 
a new classification system which was recently been developed by Oberg, Manske 
and Tonkin to classify all congenital limb anomalies on a embryological foundation. 
However, on triphalangeal thumb specifically a comparable classification system 
has been lacking. Plastic surgeons generally use classifications by Wood, Buck-
Gramcko, Wassel, or extended Wassel classification proposed by Zuidam et al.14-
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17 Geneticists however prefer the Temtamy-McCusick classification.18 The use 
of so many classifications for the same anomaly causes cooperating clinicians 
being lost in translation when discussing triphalangeal thumb. For example, the 
phenotypes from the affected family in the paper by Xu et al. were reported to be 
PPD type I, where instead this phenotype truly should be classified as PPD type II, 
the triphalangeal phenotype of the Temtamy-McCusick classification.18 The reaction 
by the authors on our commentary it that our disagreements stem from the use of 
different classifications.19 This argument, however, does not provide any basis why the 
phenotypes in these families would be misclassified as PPD type I, which is the radial 
polydactyly phenotype without triphalangism. Nevertheless, this discussion does 
underline the disarray caused by multiple classifications being used in different fields. 
Where one classification system is designed for pure phenotyping in genetics, the 
goal of another classification is predominantly for surgical planning. A single, optimal 
classification system for triphalangeal thumb that is useful for all fields involved in 
triphalangeal thumb is lacking. To develop such a classification, a developmental and 
genetic basis of this classification is required as the foundation of a solid classification. 
Furthermore, the ability to implement this classification in the genetic and surgical 
clinic should not be disregarded. As a sidenote, however, the personal preference 
per group of ‘lumpers’ and ‘splitters’, which refers to the amount of detail that a 
classification imbeds, greatly complicates the possibility for a universal classification 
system.20  Therefore, to develop a one ideal classification system for triphalangeal 
anomalies remains a search for the holy grail, an elusive goal but one that we have to 
keep pursuing.

Beyond the ZRS
The third and final part of thesis focused on several TPT families in which no 
pathogenic variant could be identified in standard genetic diagnostics. With extensive 
clinical evaluation, genome-wide sequencing, targeted sequencing, and modeling 
in transgenic mice, we have been able to identify new limb-specific enhancers of 
Sonic Hedgehog (SHH) that can cause limb anomalies when disrupted. In chapter 
8, we have investigated families with one of the most severe phenotypes in the TPT 
spectrum, triphalangeal thumb polysyndactyly syndrome (TPT-PS, OMIM:174500). 
Although these families have been focus of research since 1988, no variation was found 
in the ZRS.21,22 With the hypothesis that disruptions in another regulatory element, 
but within the SHH topological associated domain, could cause these limb anomalies, 
we sequenced the surrounding region of the ZRS and found a variant in the pZRS in 
all affected family members. An enhancer assay in transgenic mice confirmed our 
hypothesis that this pZRS variant indeed disrupts enhancer expression in the limb 
bud. The clinical impact of this finding is that for the first time in 15 years, a new locus 
has been presented for triphalangeal thumb phenotypes. From a molecular genetic 
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view, it shows that not the ZRS alone, but a larger enhancer complex drive limb 
specific SHH expression. Chapter 9 confirms this locus by reporting two additional 
Triphalangeal Thumb-Polysyndactyly Syndrome (TPT-PS) families with variants in 
the pZRS. We therefore believe that many unsolved cases with these limb anomalies 
still exist and emphasize that the pZRS should be incorporated into standard genetic 
testing of families with TPT. 

Many questions on the ZRS still remain and therefore, future research on the pZRS 
should focus on three aspects. First, considering the proximity of the pZRS to the 
ZRS, it can be assumed that these enhancers function concurrently with each other. 
The exact relationship between the ZRS and pZRS unfortunately remains unclear. 
Is the pZRS dominant over the ZRS or vice-versa? It requires several knockouts and 
other experimental studies in transgenic models to examine the exact function of 
this ZRS-pZRS complex. Second, the severe phenotype of families with pZRS variants 
slightly raises the curtain how important it is to maintain the integrity of the pZRS. 
The phenotype of pZRS variants correspond with severe phenotypes observed with 
microduplications overlapping the ZRS and pZRS.23 Considering the similarities 
of severe phenotypes in both CNVs and pZRS variants, a common underlying 
pathogenic mechanism can be hypothesized. The exact mechanism however is 
unknown. Some believe that duplications disrupt TAD boundary formation. However, 
single point mutations (like in the pZRS) are thought not being capable of disrupting 
TAD boundaries.24 Building on this premise, a recent study showed that by only 
deleting TAD boundaries, it does not affect regulatory activity of enhancers on SHH.25 
Therefore, more studies are required to unravel the true mechanism of pZRS variants 
and the origin of this phenotypic pattern. Third, the molecular research on limb-
specific regulation of SHH is currently primarily focused on the ZRS. In recent years, 
it has consistently been demonstrated that the ZRS has an important role in limb 
development through many clinical reports of TPT-families with aberrations in the 
ZRS. However, only publishing cases of TPT-families that have aberrations in the ZRS 
can lead to bias. It is unclear in how many families TPT-phenotypes are not caused by 
variations in the ZRS. Families without variations in the ZRS are of major importance to 
unfold the entire regulatory landscape of SHH in the limbs. Therefore, we encourage 
further initiatives on reporting families without ZRS disruption. 

The hypothesis of chapter 9 that more enhancers in the SHH topological associated 
domain (TAD) are involved in the regulation of SHH in the limb bud has led to more 
initiatives in a number of families with triphalangeal thumb phenotypes. To identify a 
new locus in the SHH regulatory region, we have developed a structural approach to 
address and identify possible noncoding loci causing congenital limb anomalies. We 
set out the most important steps and detailed remarks of this approach below. 
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1. Phenotype: 

 − Describe the phenotype in great amounts of detail. 
 − Be aware of possible subclinical phenotypes in hand and feet of all 

family members.
 − Make photographs and radiographs. 
 − Test the thumb for thumb strength and opposition (if possible). 
 − Compare the phenotypes of family members within affected families.
 − Compare the phenotypes with subjects from your own clinic and 

literature.
2. Identify candidate loci: 

 − Correlate the phenotype with loci based on literature or own clinical 
experience. 

 − Compile a list of candidate loci using CulaPhen, an online tool that 
aids in compiling the genetic differential diagnoses for congenital 
limb anomalies.26

 − Do not dismiss candidate loci when you expect other congenital 
anomalies to be present, since enhancer disruption can cause single 
anomalies from a syndromic spectrum.

3. Identify the TAD domain of these loci and focus your genome-wide 
sequencing results on these domains:

 − TAD boundaries are reliable, relatively stable and can be identified 
through a number of Hi-C databases.27

 − Possible enhancers of candidate genes are located within the 
corresponding TAD. The mean TAD size is around 880kb.28

 − These boundaries can be used to identify your domain of interest.
4. Molecular screen of candidate variants:

 − Including multiple affected family members greatly decrease the 
number of candidate variants.

 − There are many developing approaches towards the molecular screen 
of possible variants, with chromatin signatures being very important 
but difficult to interpret in the light of congenital anomalies.29

 − In congenital limb anomalies, vertebrate conservation is an 
important marker to evaluate.

5. Functional test in transgenic animal model. 

 − Although mice remain still the golden standard in transgenic 
enhancer modeling, zebrafish and chicken prove to be suitable 
alternatives for testing possible enhancer region for activity in the 
designated tissue.30,31
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 − Be aware of the possibility of enhancer adoption in cases of lacking 
expression patterns in wildtype enhancer assays.

 − In congenital anomalies, the timing of harvest in embryonic stages 
should be carefully selected as a difference of one single embryonic 
day can lead to false negative results.

Each of these steps are essential to accelerate future identification of new regulatory 
elements involved in congenital disease. To complete each of these steps, the 
collaboration between this group of experts is needed. If one of these steps is executed 
suboptimal, it will lead to results that could well be misinterpreted. To develop such 
an approach, we have tested this model using an ideal phenotype for this approach, 
namely triphalangeal thumb. 

‘Why triphalangeal thumb?’ states the question that was also mentioned in the 
preface of this thesis. First, the phenotype is a monogenetic anomaly which makes 
it highly suitable for genetic diagnostic research rather than polygenetic diseases 
like psychiatric and most neurological disorders.26 Second, the triphalangeal thumb 
phenotype segregates in a binary fashion (you either have it or you don’t), which has 
proved to be a challenge in genetic diagnostic research of other broad spectrum 
disorders like diabetes and complex syndromes where one of the parents might, 
or might not, share features with their affected child. Third, due to the autosomal-
dominant trait and the fact that this anomaly does generally not cause disadvantages 
in the biological reproduction, this anomaly is regularly present in larger affected 
families. This greatly increases the possibility for inclusion of many subjects with the 
same pathogenic locus and narrows the number of candidate variants. Finally, the 
limb is one of the most investigated embryonic developmental systems and has been 
used as an exemplifying model for embryonic development in general science dating 
back to Lewis Wolpert in the 1930’s. If you take all these favorable features together, it 
becomes clear why triphalangeal thumb is and will be the protagonist in developing 
an approach for the next step in genetic diagnostics of congenital malformations in 
general, and possibly acquired disorders in the future.
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SUMMARY
Triphalangeal thumb (TPT) is a congenital upper limb anomaly where the thumb 

consists of two phalanges instead of one. As triphalangeal thumb is mainly an 

inherited malformation in an autosomal dominant trait, it is often present in affected 

families. In these families, TPT is generally caused by variations in a regulatory element 

of the embryonic gene Sonic Hedgehog (SHH). This regulatory element, termed the 

ZPA-regulatory sequence (ZRS), regulates SHH expression during limb development 

and is therefore responsible for the patterning of the digit number and types. In 

the course of time however, several phenotypic observations that do not comply 

with current concepts of TPT have been made in the large TPT cohort we see at 

our outpatient clinic, requiring further research. Additionally, in some families with 

TPT phenotypes, no variations in the ZRS were found and required further genetic 

diagnostics. Therefore, the general aim of this thesis was to investigate these different 

phenotypical and genetic questions regarding triphalangeal thumb and polydactyly. 

General Principles

The first part of this thesis summarizes the current knowledge on triphalangeal thumb 

combined with presenting clinical data from the experiences of treating TPT in many 

cases. In Chapter 2, we discuss several relevant topics related to triphalangeal thumb 

with the collaboration of experts within their field and create a general overview of 

triphalangeal thumb in scientific research. The topics we address in this review are the 

phenotypic spectrum, clinical assessment, epidemiology, associated malformations 

and syndromes, thumb development, and several genetic aspects of TPT. Chapter 

3 summarizes our cohort of 148 operated cases of TPT and discusses our surgical 

considerations based on this experience. Finally, we have developed a flowchart that 

congenital limb surgeons can use as a guide in the decision-making of which surgical 

procedure is preferred in a specific TPT case.

Genotype-phenotype correlations in the ZRS

The second part of this thesis features several phenotypical observations made in TPT-

families with known variations in the ZRS. Chapter 4 features two families with mild 

TPT phenotypes who share variants in the ZRS. Some family members with a variation 

in the ZRS did not have TPT, which suggests the presence of reduced penetrance of 

the genotype. After thorough examination of these non-penetrant family members, 

however, we found minor anomalies that point towards a subclinical phenotypic 
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spectrum of the TPT phenotype. Examples of these minor anomalies: opposition 

deficits, broad thumbs, a duplicated lunula, a double flexion crease or radiographic 

indications for a duplicated phalanx. In chapter 5, we have conducted a large field 

study to quantify the observations made in our outpatient clinic that in a specific TPT 

population in the Southwest of the Netherlands, the phenotype seems to progress 

in severity with each generation. After phenotyping 170 family members with TPT, 

we have demonstrated that there is a structural increase of the TPT phenotype in 

this population, without any signs of regression of the phenotype once a severe 

phenotype has been reached. Chapter 6 reports a patient with a severe limb 

phenotype with a duplication overlapping the SHH regulatory region. By reviewing 

all previously reported duplications of this rare anomaly, we can present a phenotype-

genotype correlation and suggest a number of mechanisms on how a duplication of 

an enhancer causes congenital anomalies. Chapter 7 is a correspondence that was 

made after a publication with the claim to associate a variation in the ZRS with PPD 

type I or radial/preaxial polydactyly. After reviewing the provided images in the paper, 

the phenotype clearly resembled PPD type II or triphalangeal thumb, which has been 

associated in length with variations the ZRS. 

Beyond the ZRS

The third and final part of thesis focused on several TPT families where no pathogenic 

variant was identified in standard genetic diagnostics. Using a multidisciplinary 

approach, we have been able to identify a new limb-specific enhancer of SHH that 

can cause limb anomalies when disrupted. In chapter 8, we investigated a family with 

severe TPT phenotypes and hypothesized that another regulatory elements in the 

vicinity of the ZRS was the pathogenic cause of this malformation. We identified a 

point mutation in the pZRS, a regulatory element located approximately 750bp from 

the ZRS and showed in transgenic mice that this variant causes ectopic expression 

during limb development. Chapter 9 follows up on the identification of the pZRS as 

a regulatory element involved in limb malformations as we report two additional TPT 

families from Poland with a variant in the pZRS. We have therefore identified a new 

locus for triphalangeal thumb in the SHH topological associated domain.
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NEDERLANDSE SAMENVATTING
Triphalangeale duim (TPT) is een aangeboren handafwijking waarbij de duim uit drie 

vingerkootjes bestaat in plaats van twee. TPT is in de meeste gevallen een erfelijke 

afwijking met een autosomaal dominant overervingspatroon en wordt daarom veelal 

in aangedane families gezien. In deze families wordt TPT met name veroorzaakt door 

mutaties in een regulatoir element van het Sonic Hedgehog (SHH) gen. Dit regulatoir 

element, de ZPA-regulatory sequence (ZRS), stuurt expressie van SHH tijdens de 

ontwikkeling van de ledematen. Tijdens de embryonale ontwikkeling is SHH vooral 

verantwoordelijk voor het bepalen hoeveel vingers worden aangelegd en welke 

vinger waar op de hand wordt gepositioneerd. 

Bij deze TPT-families zijn er echter gedurende de jaren bijzondere fenotypische 

observaties gemaakt die niet overeenkomen met de bekende literatuur en daarom 

meer onderzoek wensen. Daarnaast zijn er enkele TPT-families bekend waar er geen 

mutaties in de ZRS zijn gevonden. Er moet daarom meer onderzoek plaatsvinden 

om de genetische oorzaak van TPT in deze families vast te stellen. Het doel van dit 

proefschrift is daarom om verschillende fenotypische en genetische vraagstukken 

omtrent TPT en polydactylie te onderzoeken. 

Algemene principes

Het eerste deel van dit proefschrift bevat een tweetal studies waar wij de huidige 

kennis over triphalangeale duim samenvatten. Bovendien voegen wij daarbij tevens 

klinische data vanuit ons patiëntencohort toe. In hoofdstuk 2 bespreken wij in een 

overzichtsartikel een aantal relevante onderwerpen omtrent TPT in samenwerking 

met diverse experts binnen hun discipline en creëren hierbij een algemeen overzicht 

van TPT. De onderwerpen die in dit hoofdstuk worden besproken zijn: fenotypisch 

spectrum, klinische evaluatie, epidemiologie, geassocieerde afwijkingen en 

syndromen, duimontwikkeling en genetische aspecten. Hoofdstuk 3 presenteert 

de data uit ons cohort van 148 geopereerde TPT-handen en zet de chirurgische 

overwegingen uiteen die gebaseerd zijn op basis van de ervaring van onze kliniek. 

Tot slot is aan de hand van deze overwegingen een stroomschema gemaakt die 

handchirurgen als handleiding kunnen gebruiken in de besluitvorming voor de 

behandeling van een patiënt met TPT. 
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Genotype-Fenotype correlaties in de ZRS
Het tweede deel van het proefschrift omvat het onderzoek naar een aantal fenotypische 
observaties die zijn gemaakt in TPT-families met genetische afwijkingen in de ZRS. In 
hoofdstuk 4 rapporteren wij twee families met milde TPT-fenotypes met een variatie 
in de ZRS. Sommige familieleden uit deze families hadden ondanks een mutatie in 
de ZRS geen aangeboren duimafwijking. Dit fenomeen wordt normaal gesproken 
geduid als verminderde penetrantie van het genotype. Na uitgebreid onderzoek 
van deze ‘verminderd penetrante’ familieleden bleek dat zij minimale en subtiele 
handafwijkingen bleken te hebben die wijzen op een subklinisch TPT-fenotype. 
Voorbeelden van deze subklinische afwijkingen zijn: verminderde oppositie, brede 
duimen, gedupliceerde lunula, een dubbele buigplooi en radiologische aanwijzingen 
voor duplicatie van een falanx. Hoofdstuk 5 betreft het onderzoek in een grote TPT-
populatie in het zuidwesten van Nederland. Bij zowel plastisch chirurgen als families 
uit deze populatie viel een verergering van het fenotype op die groeide met elke 
generatie. Na het fenotyperen van 170 aangedane familieleden is er aangetoond 
dat er een structureel beeld van fenotypische anticipatie is in deze TPT-populatie. 
Bovendien vindt er ook geen regressie van het fenotype plaats wanneer een ernstig 
fenotype bij een aangedaan familielid. Hoofdstuk 6 beschrijft een patiënt met een 
ernstige hand- en voetafwijking dat veroorzaakt wordt door een duplicatie in het 
regulatoire gebied van SHH. Wij hebben in dit hoofdstuk alle patiënten en families 
die in de literatuur beschreven zijn verzameld en een overzicht gemaakt. Door dit 
overzicht hebben wij een correlatie kunnen vinden tussen het phenotype en het 
genotype. In hoofdstuk 7 presenteren wij een reactie op een recente publicatie die 
claimen de eerste preaxiale polydactyly type I (PPD I) familie te publiceren met een 
variant in de ZRS. Na het bekijken van de gepubliceerde afbeeldingen blijkt dat het 
fenotype duidelijk om triphalangeale duim gaat (PPD type II) en niet om PPD type I. 

Voorbij de ZRS
Het derde en laatste deel van dit proefschrift onderzoekt een aantal TPT-families 
waarbij geen genetische oorzaak is gevonden voor de handafwijkingen. Met een 
multidisciplinaire benadering hebben wij nieuwe ledemaat-specifieke regulatoire 
elementen van Sonic Hedgehog kunnen identificeren als nieuwe locus voor 
triphalangeale duim. In Hoofdstuk 8 wordt een familie besproken met ernstige TPT-
fenotypes en werd naar een nieuw regulatoir element gezocht in de buurt van de 
ZRS. Een mutatie in dit nieuwe regulatoire element zou de oorzaak moeten zijn van 
de genetische afwijking in deze familie. Wij vonden een puntmutatie in de pZRS, een 
regulatoir element dat ongeveer 750 baseparen verwijderd is van de ZRS en lieten met 
behulp van een muismodel zien dat deze variant veranderde expressie veroorzaakt 
tijdens de ledemaatsontwikkeling. Met deze informatie kan worden geconcludeerd 
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dat de pZRS een nieuwe regio is waarbij mutaties ernstige TPT-fenotypes kan 
veroorzaken. Hoofdstuk 9 bevestigt de relevantie van de pZRS bij aangeboren 
handafwijkingen door twee Poolse TPT families te presenteren die net als de families 
die zijn beschreven in hoofdstuk 8 ook een variant delen in de pZRS. 
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DANKWOORD 
Beste Professor Hovius, ik ben één van de laatste van een hele generatie artsen en 
plastisch chirurgen die kunnen zeggen dat zij onder uw vleugels zijn gepromoveerd. 
Ik ben trots dat ik van deze bijzondere groep deel mag uitmaken. Bedankt voor de 
vrijheid die nodig was om zelf de richting dit proefschrift te bepalen. U heeft mij als 
onderzoeksstudent een kans en het vertrouwen gegeven die ik op dat moment nodig 
had. Ik ben u daar eeuwig dankbaar voor. 

Beste Christianne. De observaties die jij hebt gedaan op de polikliniek in het 
Sophia zijn het fundament geweest voor dit proefschrift. Ik bewonder je precisie 
en zorgvuldigheid, zowel in de kliniek als op wetenschappelijk gebied. Ik heb altijd 
een enorme steun aan je gehad tijdens mijn promotietraject en heb enorm veel 
plezier gehad tijdens onze discussies in Doppio en in Hong Kong. Ik ben blij dat ik de 
komende jaren nog veel van je mag leren. 

Beste Robert-Jan, jou voorliefde voor de congenitale handafwijkingen was vanaf het 
eerste moment duidelijk voor mij. Door je uitgebreide netwerk binnen het Erasmus 
MC heb je een groot aandeel gehad in dit proefschrift waarvoor ik je heel dankbaar 
ben. Je barst nog steeds van de wetenschappelijke ideeën  binnen de congenitale 
handafwijkingen en ik hoop dat wij daarmee de komende jaren nog samen veel aan 
kunnen werken. 

Geachte Prof. Wijnen, Prof. Eygendaal en Prof. de Smet. Bedankt dat jullie zitting 
willen nemen in mijn promotiecommissie. 

Beste Annelies, jij bent een onmisbare schakel geweest in dit proefschrift. Er stonden 
in 2017 plots twee jongens van de Plastische Chirurgie voor je deur die je hulp nodig 
hadden, en jij hebt ons de kans geven om onderzoek te doen in je laboratorium. Jij 
bent tijdens mijn onderzoeksperiode echt een mentor voor mij geweest en van jou 
scherpte, wetenschappelijke drive en de benadering van genetische wetenschappelijk 
onderzoek heb ik enorm veel van je geleerd. Bedankt voor de wijze lessen en dat jij 
plaats wil nemen in de promotiecommissie.

Beste Peter, Tijdens onze eerste ontmoeting sprak ik je over een samenwerking 
omdat jij samen met het Natuurhistorisch Museum een MRI-scan had laten maken 
van een torenvalk met 3 poten en dat je daar graag over wilde publiceren. Deze 
toch wat bizarre casus is een klinkend voorbeeld over jou denkwijze, ambities en 
kennissenkring. Jou creatieve manier van denken hebben tijdens onze gesprekken 
op de 15de verdieping enorm waardevolle inzichten gegeven die door meerdere 
publicaties van dit proefschrift heen lopen. 

Dear Kerby, I approached you during a conference in Paris in 2016 to discuss your 
insights on my research. You invited me to visit Loma Linda which I did for in 2017. I 
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regularly recall the inspiring discussions we had there. Your unique character and role 
as a developmental biologist among congenital limb surgeon is irreplaceable. Thank 
you for setting your alarm a little earlier and I am looking forward to our discussions 
during my thesis defense. 

Dear Nadav, during my stay at your department at the UCSF, your scientific ambition, 
work-ethic and willingness to cooperate with different research groups has been a 
great motivation. Thank you for the hospitality and  the opportunity to perform the 
transgenic work at your department, which has led to great results. I have enjoyed our 
collaboration tremendously and we will definitely be in touch in the future. 

Collega’s van de Klinische Genetica, in het bijzonder Jeannette, Ans, Hannie en Frank. 
Bedankt voor jullie medewerking aan mijn proefschrift en de waardevolle lessen in 
laboratoriumonderzoek!

Esther en Manja, de dagen in het Skillslab waren leerzaam en bovendien gezellig. 
Jullie rol voor de onderzoekers en plastisch chirurgen in spé is niet te onderschatten. 
Tot snel!

Beste Martijn, waar ik als masterstudent bij je begon, zijn wij inmiddels al een hele tijd 
collega’s en vrienden. Jouw initiatief voor het creëren van de onderzoekslijn tussen de 
Plastische Chirurgie en de Klinische Genetica heeft enorm succes gehad, waar je met 
recht trots op mag zijn. Je hebt een unieke creatieve geest, waardoor je bij onze vele 
discussies altijd met jaloersmakende nieuwe inzichten en plannen kwam. Ik kijk er 
naar uit om deze gesprekken de komende jaren in de kliniek te kunnen voortzetten!

Alle onderzoekscollega’s van de Plastische Chirurgie, Lisebette, Katja, Stephanie, 
Martijn C, Robbin, Liselotte, Caroline, Xavier, Ralph, Jonathan, Mark en iedereen die 
ook op deze lange lijst hoort: Bedankt voor al jullie leuke momenten op de 15de, op de 
skipiste en bij Ari! 

Beste Picard en Zaineb, als begeleider heb ik ook heel veel van jullie geleerd. Jullie 
hebben beide als medisch student hoogwaardig onderzoek afgeleverd. Ik wens jullie 
heel veel succes in de rest van jullie carrière. 

Chirurgen en assistenten van het Maasstad Ziekenhuis. Bedankt dat ik deel mag 
uitmaken van jullie unieke en hechte groep. Ik geniet enorm van mijn tijd bij jullie. 

Stafleden en assistenten van de afdeling Plastische Chirurgie van het Erasmus MC, 
bedankt voor de kansen die jullie mij in het onderzoek en in de kliniek hebben 
gegeven om mij te ontwikkelen. Ik heb er zin in om over een aantal maanden weer 
terug komen naar het EMC. Ik reserveer alvast een plek voor de wintersportcommissie 
van 2023!
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Beste Vetoranen en vrienden uit Rotterdam, bedankt voor de onvergetelijke tijd 
en ervaringen die wij op hebben gedaan in onze studententijd, op de vakanties en 
weekendjes weg. Dat er nog vele mogen volgen!  

Mijn beste vrienden uit Den Haag: Martin, Rogier, Mark, Imre, Thomas en Ramone. Al 
een kleine 20 jaar zijn wij beste maten en hebben wij heel veel meegemaakt, zowel 
de pieken als de dalen. Jullie zijn allemaal voor mij een grote steun geweest in de 
afgelopen jaren. Ik hoop dat wij snel weer met zijn allen bij elkaar kunnen zijn.  

Beste Vincent, wij zijn al jaren clubgenoten maar onze band is gegroeid tijdens mijn 
onderzoekstijd in het Erasmus MC, waar jij hard werkte aan je scriptie en ik aan 
mijn promotie. Onze gesprekken tijdens onze vele koffie- en lunchpauzes zijn heel 
waardevol voor mij geweest. Ik ben trots op de grote stappen die jij in je leven zet. Je 
bent een loyale vriend, en bedankt dat je mijn paranimf wil zijn.

Beste Pauline, sinds onze tijd ‘Het Scheve Huis’ op de Schonebergerweg loopt 
onze pad van studie naar promotie en uiteindelijk een vervolgopleiding nagenoeg 
synchroon. Het is bij ons allebei zeker niet vanzelf gegaan en hebben elkaar daarom 
enorm gesteund en geholpen om op een plek te komen die wij jaren geleden al in het 
vizier hadden. Ik ben blij dat jij vandaag mijn paranimf bent.

Lieve Christien, Liesbeth, Pieter en natuurlijk Robert-Jan, Anna, Emilie en Louise, jullie 
zijn de belangrijkste personen in mijn leven. Wij zijn echt een team. Ik ben ook enorm 
dankbaar jullie bij mijn promotie aanwezig kunnen zijn. En Anna: nu mag jij mij pas 
echt ‘Doctor Oom Jaap noemen’!

Pap en mam, ik ben waarschijnlijk de laatste van de kinderen waarvan je had gedacht 
dat hij zou gaan promoveren. Toch sta ik hier, en dat was niet gebeurd zonder jullie. 
Bedankt voor de normen en waarden die jullie aan mij hebben meegegeven. Bedankt 
voor jullie onvoorwaardelijke steun in de afgelopen jaren, ik kan geen betere ouders 
wensen.  
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His increasing interests in 
the surgical field and in 
particular the plastic surgery 

field commenced in the course of his bachelor studies and especially during the third-year 
minor program ‘Reconstruction from Head to Hands’. After finishing his bachelor 
in Medicine, a scientific internship at the Dept. of Plastic, Reconstructive and Hand 
Surgery at the Erasmus MC lead to a full-time PhD trajectory between 2015 and 2018 
on genetic aspects of the triphalangeal thumb (Prof. dr. S.E.R. Hovius). During his PhD-
training, Jaap obtained a Master’s degree in Genetic Epidemiology at the Netherlands 
Institute for Health Sciences (NIHES).

Between 2018 and February 2020, Jaap finished his medical training. From May 
2020 until November 2020, Jaap worked as a resident not-in-training (ANIOS) at the 
department of Plastic, Reconstructive and Hand Surgery in the Erasmus MC (dr. A.J.M. 
Luijsterburg, dr. X. Smit) and was admitted into the plastic surgery training program 
in Rotterdam. Jaap is currently employed as a resident at the department of Surgery 
in the Maasstad Hospital in Rotterdam (dr. B. Fioole) in order to complete his two-year 
general surgical training. He will return to the Department of Plastic, Reconstructive 
and Hand Surgery in the Erasmus MC at the end of 2022 for the following 4 years of 
his residency.  
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