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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.  



A point mutation in the pre-ZRS disrupts Sonic Hedgehog expression in the limb bud and results 

in Triphalangeal Thumb-Polysyndactyly Syndrome

155   

8

 

Ta
b

le
 S

1. 
D

et
a

ils
 o

n
 p

ri
m

er
 d

es
ig

n
 fo

r 
se

q
u

en
ci

n
g

 t
h

e 
4

.5
kb

 re
g

io
n

 e
n

co
m

p
a

ss
in

g
 t

h
e 

ZR
S 

+ 
p

ZR
S

 Ta
b

le
 S

2.
 L

a
cZ

 e
xp

re
ss

io
n

 o
f m

ic
e 

em
b

ry
o’

s 
(E

11
.5

) c
a

rr
yi

n
g

 t
h

e 
w

ild
ty

p
e 

ZR
S/

p
ZR

S 
co

n
st

ru
ct

 a
n

d
 t

h
e 

m
u

ta
te

d
 Z

R
S/

p
ZR

S 
co

n
st

ru
ct

.  





CHAPTER IX

The pZRS: Confirmation of a 
non-coding regulatory locus 
for triphalangeal thumb 
polysyndactyly syndrome.   

J.W.P. Potuijt1, P. Nguyen1,2, F. Magielsen2, E. Bukowska-Olech3, A. Sowinska-
Siedler3, K. Matuszewska3,4, C.A. van Nieuwenhoven1, R.J.H. Galjaard2, A. de 
Klein2, A. Jamsheer3,4

1.	 Department of Plastic and Reconstructive Surgery and Hand Surgery, 
Erasmus MC, University Medical Center Rotterdam, Rotterdam, The 
Netherlands.

2.	 Department of Clinical Genetics, Erasmus MC, University Medical 
Center Rotterdam, Rotterdam, The Netherlands.

3.	 Department of Medical Genetics, Poznan University of Medical 
Sciences, Poznan, Poland. 

4.	 Centers for Medical Genetics GENESIS, Poznan, Poland

In Submission



Chapter 9

158

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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