Common terminology used in this thesis
Abbreviation Explanation
(if any)

Intron variant

-

Ledderhose’s disease

-

Genetic variant within the DNA sequence of an
intron.
A ﬁbromatosis like Dupuytren’s disease involving the
plantar fascias, characterized by ﬁbrous nodules in
the soles of the feet.

Limited fasciectomy

LF

Standard surgical excision of Dupuytren’s disease
tissue aiming to resolve a ﬂexion contracture.

Linkage disequilibrium

LD

The correlation between the frequency of
association of alleles at diﬀerent genetic loci, higher
than expected by random allocation.

Locus

A speciﬁc position within the genome.

Long non-coding RNA

lncRNA

RNA molecule of ≥ 200 nucleotides that does not
translate in to a protein, but has several gene
regulatory properties.

Messenger RNA

mRNA

An RNA molecule transcribed from the DNA of a
gene.

Micro RNA

miRNA

An RNA molecule of ± 20 nucleotides that does not
translate in to a protein, but functions in posttranslational regulation of gene expression.

Multi-layer gene

ML gene

A gene, implicated by genetic variants identiﬁed in
GWAS, with multiple molecular associations (DNA
methylation, gene expression, protein levels and
metabolite levels)

MultiQTL gene

-

A gene that is regulated by genetic variants identiﬁed
in GWAS, as indicated by evidence from multiple
molecular layers.

Nucleotide

-

Building block of DNA, consisting of guanine (G),
adenine (A), cytosine (C), and thymine (T).

Percutaneous needle
fasciotomy

PNF

Minimally invasive surgical transection or weakening
of a well-deﬁned Dupuytren’s disease cord using a
hypodermic needle, to allow rupture of the cord by
applying tension, resulting in correction of ﬂexion
contracture.

Peyronie’s disease

PD

A ﬁbromatosis like Dupuytren’s disease involving
the tunica albuginea (penile fascia), characterized
by formation of a plaque in this fascia leading to a
curvature of the penis.

-

A single gene aﬀects multiple traits or diseases.

PRS

A type of GRS that also includes non-genome-wide
signiﬁcant variants. Can be calculated at multiple
p-value thresholds.

Ribonucleic acid

RNA

A single-stranded molecule similar to DNA, that is
complementary to one of the DNA strands of a gene
(mRNA) or non-coding region (miRNA, lncRNA).

Single nucleotide
polymorphism

SNP

A variation of a single nucleotide at a speciﬁc locus.

Splicing

-

The removal of intronic regions of mRNA after gene
transcription, resulting in mRNA consisting of only
exons.

Summary statistics

-

List of statistics of SNPs analyzed in a GWAS,
including among others eﬀect size estimates and
p-values for association of the SNPs to a trait or
disease.

Whole exome sequencing WES

Determining the DNA sequence of all protein-coding
regions (1-2% of the genome).

Whole genome
sequencing

Determining the entire DNA sequence of an
organism’s genome.

WGS
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Pleiotropy
Polygenic risk score
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Allele

-

The variant (copy) of a given gene or SNP.

Allele frequency

AF

The proportion of the occurrence of an allele at a
particular locus in a population.

Alternative splicing

-

The process of selecting diﬀerent combinations
of splice sites (locations) within a messenger RNA
precursor to produce variably spliced mRNAs.

Competing endogenous
RNA

ceRNA

Regulators of other RNA transcripts that compete for
shared microRNAs.

Complex disorder

-

A common disorder inﬂuenced by environmental,
genetic risk factors, and their interactions.

Deoxyribonucleic acid

DNA

A molecule composed of two chains of nucleotides,
carrying the information for numerous biological
processes.

Dermofasciectomy

DF

Surgical excision of Dupuytren’s disease tissue
and (aﬀected) overlying skin of the proximal
phalanx of an aﬀected ray aiming to resolve ﬂexion
contractures and reduce the chances of recurrence.
The resulting skin defect is closed with a full
thickness skin graft.

Dupuytren’s disease

DD

A connective tissue disorder causing
ﬁbroproliferation of the fascias of the hands and
ﬁngers, characterized by ﬁbrous nodules and
tendon-like cords.

Eﬀect size

-

The degree of phenotypic variance attributable to a
locus.

Exon

-

A part of the DNA within a gene that does code for a
protein, kept during splicing.

Expression quantitative
trait locus

eQTL

A genomic locus that explains diﬀerential expression
of mRNA levels.

Gene expression

-

The transcription of a gene into a gene product
(mRNA).

Genetic risk score

GRS

A score summarizing an individual’s risk alleles of
genome-wide signiﬁcantly associated SNPs into a
single variable. Risk alleles can be weighted by their
eﬀect size, creating a weighted GRS (wGRS).

Gene transcription

-

The copying of a segment of DNA to messenger RNA
(mRNA).

Gene translation

-

The synthesis of a protein from mRNA.

Genome-wide association GWAS
study

Regression analyses of millions of SNPs with a
disease, in order to study their association with a
trait or disease.

Genotype

-

Combination of the two alleles at a locus that an
individual carries.

Genotype-Tissue
Expression

GTEx

A comprehensive database of tissue-speciﬁc gene
expression and regulation.

Hardy Weinberg
equilibrium

HWE

The theorem that assumes that within a population,
allele and genotype frequencies remain constant
from generation to generation in the absence of
evolutionary inﬂuences. Violation of this assumption
causes deviations from the expected value and
indicate a number of possible problems concerning
the genetic variant in question.

Heritability

-

The proportion of disease variation that can be
explained by genetic factors.

Intron

-

A part of the DNA within a gene that does not code
for a protein, that is removed during splicing.
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INTRODUCTION

CHAPTER 1

General introduction
and outline of this thesis

General introduction and outline of this thesis

This thesis focuses on the unraveling of the genetic predisposition to Dupuytren’s
disease and recurrence of this disease after treatment. First, an introduction into
the characteristics, pathophysiology, epidemiology, and treatment of Dupuytren’s
disease and its genetic predisposition will be given, followed by a brief background
of the genetic basis of common disorders, before the general aim and outline of
this thesis will be presented.

DUPUYTREN’S DISEASE
Dupuytren’s disease is a connective tissue disorder affecting the hands. It is
characterized by fibroproliferation of the fascial tissues of the palm and fingers.
Patients suffering from Dupuytren’s disease initially develop fibrous nodules
that may in time transform into tendon-like cords (Figure 1).(1) In many cases,
the disease course is mild and presence of Dupuytren nodules goes unnoticed
by affected individuals, although some patients experience itchiness, tenderness
or pain.(2,3) In more severe cases, cords extend into the digits and cause joint
contractures. Certain characteristics are associated with a more aggressive disease
course of Dupuytren’s disease. These diathesis features include male sex, early
age of onset (before the age of 50 years), bilateral involvement, positive family
history for Dupuytren’s disease, presence of ectopic lesions, little finger surgery,
and radial side involvement.(4–6) Ectopic manifestations of Dupuytren’s disease
include knuckle pads, dorsal cutaneous pads, and Peyronie’s and Ledderhose’s
diseases (fibrosis occurring in the penile and the plantar fascia, respectively).
Disease progression is variable: over the course of seven years, Van den Berge et
al. found that 21.5% of affected patients from a general population showed disease
progression, while 6.5% showed disease regression.(7) Patients who had a more
advanced disease at initial assessment were observed to have disease progression
more often. The permanent flexion contractures caused by Dupuytren’s disease
affect performance of activities and quality of life, for example while gripping,
shaking hands, and with personal care.(8) Even though Dupuytren’s disease
appears to be a localized condition innocuous to general health, it has been
associated with excess all-cause and cancer-specific mortality.(9)
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Figure 1. Hands of a study participants affected by Dupuytren’s disease. A cord can be
observed along the fourth ray in both palms, reaching into the fourth digits and causing
flexion contractures. This participant provided consent for the use of their photos.

PATHOPHYSIOLOGY
Dupuytren’s disease presumably starts with a pathologic activation status of
myofibroblasts, a fibroblast with contractile abilities due to expression of alpha
smooth muscle actin (α-SMA).(10) Whereas fibroblasts are omnipresent in healthy
tissues, myofibroblasts almost solely occur during wound healing and in fibrotic
disorders. The presence of inflammatory cell infiltrates in tissues involved in
Dupuytren’s disease suggests that myofibroblast activation is initiated by a
proinflammatory fascial environment.(10,11) In normal wound healing, the release
of inflammatory mediators by damaged epithelial cells temporarily activates
α-SMA-expressing myofibroblasts that deposit extracellular collagen, but ceases
when wound healing is finished.(12) Fibrosis occurs when the synthesis of new
collagen by activated myofibroblasts exceeds the rate at which it is degraded, such
that the total amount of collagen increases over time.(1) The profibrotic cytokine
transforming growth factor β1 (TGF-β1) plays a key role in the differentiation
of fibroblasts towards myofibroblasts and in the maintenance of the activation
status of myofibroblasts.(13) The cytokine tumor necrosis factor (TNF) was
shown to drive the contraction and profibrotic signaling of myofibroblasts via the
Wingless and Int-1 (Wnt) signaling pathway (which was previously associated to
Dupuytren’s disease).(14,15) A more complete understanding of the pathogenesis
of Dupuytren’s disease will be needed to provide a basis for defining novel
therapeutic targets and treatments.(16)
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According to Luck, appended by Rombouts and Lam, Dupuytren’s disease progresses
in three stages.(17–19) In stage 1 fibroblasts proliferate, creating nodules. This
stage is characterized under a conventional microscope by the presence of mitosis
and deposition of extracellular matrix components such as randomly arranged
collagen fibers.(18–22) In stage 2, the involutional stage, tissue remodeling takes
place where myofibroblasts and extracellular matrix components are aligned along
mechanical stress lines of the hand.(23,24) With conventional microscopy, presence
of wavy collagen fibers and a dense reticular network can be seen.(18,19) Lastly, in
the residual stage, the density of the myofibroblasts is decreased and extracellular
collagen is aligned in a uniform direction, resulting in mostly acellular cords.(1)
Lam et al. found a decrease in the type 3 to type I collagen ratio with progression
of disease and proposed a new staging system adding the percentage of type III
collagen of the total collagen per Luck stage.(19) The exact mechanisms behind
pathological myofibroblast activation in Dupuytren’s disease and the reasons why
some patients are susceptible to developing this disease and others are not, remain
unclear.

EPIDEMIOLOGY
Dupuytren’s disease is believed to have originated during the prehistory, before
the age of migration began, as it is present in (nearly) all populations today.(16)
Despite this, it was only described for the first time in 1614 by Felix Platter from
Basel and bears the name of Baron Guillaume Dupuytren because he gave a lecture
in 1831 in Paris on the subject of the disease, which was transcribed and efficiently
spread over France and the rest of the Western world.(25–27) Dupuytren’s disease
is very common in Western countries: in a systematic review and meta-analysis
of such cohorts, the prevalence was estimated to affect 12% of people over 55
years of age and increasing to 29% in people over 75 years of age.(28) Prevalence
reports in other populations are becoming more numerous, however giving much
lower prevalence rates.(29–32) Whether this is the result of underreporting or
the populations’ environmental and/or genetic background is unknown. Men are
more often affected than women.(28,33,34) As the prevalence of and the need for
surgery for Dupuytren’s disease is rising with increasing mean age of the general
population,(35) health care costs related to diagnosing, monitoring, and treating
Dupuytren’s disease will continue to grow.
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Risk factors for Dupuytren’s disease include manual labor, hand-arm vibrations,
alcohol intake and tobacco smoking.(36–38) Furthermore, several disorders have
been linked to Dupuytren’s disease, including type 2 diabetes mellitus, liver disease,
epilepsy, hypercholesterolemia, and frozen shoulder.(39–42) For type 2 diabetes
mellitus, high-density lipoprotein, triglycerides and body mass index, a shared
genetic etiology has been suggested.(43) Although frozen shoulder shares three
genetic risk variants with Dupuytren’s disease, their genetic correlation has not
yet been studied.(44) For epilepsy and liver disease, it is not certain whether these
disorders share an etiological origin with Dupuytren’s disease or play a causal role in
development of Dupuytren’s disease. Traits that are thought to be protective against
developing Dupuytren’s disease are rheumatoid arthritis and adiposity.(45,46)

TREATMENT
To date no curative treatment for Dupuytren’s disease exists. Treatment of
nodules includes radiotherapy and targeted drug therapy.(47) Radiotherapy has
been researched in treatment of early Dupuytren’s disease, however evidence
of its effectiveness is limited.(48) The efficacy and safety of radiotherapy as a
therapeutic option for Dupuytren’s disease need be assessed in a well-designed
randomized controlled trial.(48) Currently, the efficacy of intranodular injection of
the drug adalimumab (Abbott laboratories, Abbott Park, United States), targeting
TNF, is being assessed on its ability to cease disease progression in a phase 2b
randomized clinical trial.(49) Cords causing flexion contractures can either be
transected or resected. Percutaneous needle fasciotomy is a minimally invasive
surgical technique aimed at mechanically transecting a cord. As cords are only
transected but not removed, recurrence rates following this treatment are high
(85% in five years).(50) Advantages of percutaneous needle fasciotomy are the
limited invasiveness of the procedure, a low complication rate, and quick recovery.
(50) With limited or selective fasciectomy, diseased tissue is surgically removed.
If combined with removal of affected overlaying skin, this procedure is named a
dermofasciectomy, where a skin graft is used to cover the resulting skin defect.
Even though recurrence rates after limited fasciectomy are significantly lower and
occur later than after percutaneous needle fasciotomy, recurrences of flexion
contractures still occur in a fifth of patients within five years.(50) In addition,
downsides of this more invasive technique are the higher complication rate and
the longer recovery period; on average six weeks. Injections with Clostridium
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histolyticum (collagenase) aim to chemically transect a cord. Although this treatment
has been used worldwide, in The Netherlands this treatment is not covered by
health insurance since it seemed to offer no benefits over percutaneous needle
fasciotomy, and is more expensive.(51) Nowadays it has been taken off the market
in most European countries.
No standard exists in tailoring management of Dupuytren’s disease to the
individual.(51,52) Choice of initial treatment modality is often based on estimation
of risk for recurrence using diathesis characteristics; choosing more invasive
treatment in case of more aggressive disease course. However, many patients
come to the clinic before the full extent of their diathesis has become apparent,
underlining the potential added value of patient counseling based on other patient
characteristics, for example genetic susceptibility.

GENETIC SUSCEPTIBILITY
Familial clustering has long been observed for Dupuytren’s disease, implicating an
inherited susceptibility.(53–56) A general description of the concepts of genetics
and genetic susceptibility is provided in Box 1. Through twin studies the amount of
disease occurrence attributable to genetic factors (i.e. heritability) was estimated
to be a staggering approximate 80%.(54) In the past Dupuytren’s disease was
thought to follow an autosomal dominant pattern of inheritance with a reduced
penetrance.(55–58) However, Dupuytren’s disease, like many other disorders
such as heart diseases and type 2 diabetes mellitus, was later recognized to be
a complex disorder influenced by many genetic and environmental risk factors
each contributing a marginal risk for developing the disease.(15,59) With the
emergence of genome-wide genotyping platforms, genetic screening of variants
throughout the genome became possible. The first ever genome-wide association
study (GWAS) for Dupuytren’s disease was performed in Groningen, identifying
nine genome-wide significant susceptibility loci, which was considerable for the
small study sample size.(15) Since the power to identify such loci and hence the
proportion of heritability explained by them is limited by the study sample size,
larger GWASs can explain more heritability. As such, another GWAS was performed,
expanding the number of associated genomic regions to 24 and hereby explaining
11.3% of heritability.(60) Even though this percentage is considerable, still much of
the heritability remained “missing”. Furthermore since associated genetic variants
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Box 1. Brief explanation of concept of genetics and genetic risk.
The human genome consists of 23 pairs of chromosomes, one maternal and one
paternal copy. Chromosomes consist of deoxyribonucleic acid (DNA) strands and
proteins to maintain DNA integrity. DNA is composed of nucleotides (guanine,
adenine, cytosine, and thymine) and their order determines the DNA sequence.
DNA strands contain coding regions (for proteins) and non-coding regions (for
regulatory functions, among others). A gene is a section of DNA that encodes a
protein. As we have two copies of chromosomes, we have two copies (alleles) of
one gene. A persons genotype for a gene refers to the combination of the two
alleles that he/she carries.
Genetic variation is the naturally occurring difference in the DNA sequence between
individuals and between entire populations. Examples of genetic variants are
mutations, insertions and deletions, and single nucleotide polymorphisms (SNPs).
A SNP is a variation in one nucleotide, for example occurrence of a T nucleotide
instead of a G nucleotide, at a specific position (locus) in the genome. SNPs can also
be multiallelic, meaning that instead of the ancestral allele, e.g. G, the variant allele
can be either of the other nucleotides (i.e. T, A, or C). The proportion of individuals
with variant alleles within a population (e.g. SNP frequencies) differs largely among
SNPs and between populations.
Genotypic variation influences phenotypic variation, including traits and diseases.
Some diseases are caused by a single gene mutation and are called monogenic
or Mendelian (e.g. breast cancer by a BRCA gene). When a trait is influenced by
multiple genes, it is called oligogenic, polygenic, complex, quantitative, or nonMendelian (e.g. type 2 diabetes mellitus). The amount in which genetic risk
contributes to disease (i.e. heritability) is variable between disorders. Genetic risk
for complex diseases is studied by associating genetic markers, such as SNPs, to
disease. SNPs can themselves have an effect on disease mechanism, but most
often they contribute to susceptibility for a disease via association with (i.e. are in
linkage disequilibrium [LD] with) the truly causative genes.
Inheritance is the way in which a genetic disorder is passed from a parent to a
child. For monogenic disorders, inheritance is either dominant, recessive, or sexlinked. In dominant inheritance, the disorders occurs when a variant is present in
only one allele. In recessive inheritance, the variant must be present in both alleles
for the disorder to be expressed. For complex disorders, inheritance is constituted
of combined effects of risk alleles. In additive inheritance, the combined effects
of multiple alleles at different loci are equal to the sum of their individual effects.
In multiplicative inheritance, combined effects of multiple alleles at different loci
together have higher effect than the sum of their individual effects. The penetrance
of a disease-associated variant is the proportion of individuals carrying that risk
variant who indeed express the associated disorder.
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are not necessarily causally involved themselves but can be correlated (in
linkage disequilibrium) with causal variants, the biological mechanisms driving
these signals remained unknown. Understanding the genetic susceptibility of
Dupuytren’s disease will increase the knowledge of its etiology and may uncover
potential therapeutic targets. Until then, genetic susceptibility loci identified from
GWASs may potentially be useful in prediction of disease progression through
profiling individual’s risk variants into genetic risk scores.

AIMS OF THIS THESIS
The work combined into this thesis aims to identify missing heritability, study the
functional impact of identified genetic risk variants, and scrutinize the impact of genetic
risk profiles on prevalence, severity, and recurrence of Dupuytren’s disease. This thesis
thus aims to contribute to the prediction of risk for recurrence of Dupuytren’s disease,
in order to achieve a more accurate prognosis for the patient and to simultaneously
guide plastic and hand surgeons in determining management strategy.

OUTLINE OF THIS THESIS
Part 1 of this thesis focuses on the genetic epidemiology of Dupuytren’s disease
and its implications for clinical practice. As the prevalence of Dupuytren’s disease is
very different between various ethnic populations, in Chapter 2 we aimed to clarify
whether this difference could be explained by genetic risk factors for Dupuytren. We
correlated observed prevalence rates from literature with calculated unweighted
genetic risk scores, and compared populations’ fixation indices to construe whether
dispersion of genetic risk for Dupuytren’s disease between populations is the result
of population differentiation due to genetic structure. Since Dupuytren’s disease
has a high risk for recurrence after treatment, in Chapter 3 we studied whether
genetic risk for Dupuytren’s disease contributed to this risk for recurrence. We did
this by associating weighted genetic risk scores with surgical recurrence, determined
retrospectively through patient questionnaires and records. Since polygenic risk
scores, in comparison to weighted genetic risk scores, incorporate more genetic
information and maximize the phenotypic variance that can be explained by GWAS,
in Chapter 4, we associated polygenic risk scores to several disease characteristics,
including disease severity and recurrence, in order to evaluate the contribution of
polygenic risk to Dupuytren’s disease. As a large part of the estimated heritability of
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Dupuytren’s disease is not yet explained, in Chapter 5 we performed a meta-analysis
of GWAS data of six Dupuytren’s disease cohorts. With this largest sample size yet,
we aimed to identify new genetic risk variants. In addition, by performing extensive
bioinformatic follow-up studies we investigated the functional consequences of
the newly associated genetic variants and the shared genetic etiology with related
disorders. In Chapter 6 we used the findings of Chapter 5 for calculation of an
improved polygenic risk scores and associated these scores with recurrence and
time to recurrence of Dupuytren’s disease. In this observational study we invited
patients who had undergone previous treatment for Dupuytren’s disease to visit our
outpatient clinic in order to acquire a detailed measure of recurrence and its timing.
The aim of this study was to better understand the association between genetic risk
and recurrence, in order to work towards individual risk prediction of recurrence
for clinical practice. Last, since Dupuytren’s disease is highly influenced by the
profibrotic cytokine TGF-β1,(13) which in turn is modulated by the peptide hormone
angiotensin II, in Chapter 7 we study the effect of angiotensin receptor blockers
and angiotensin converting enzyme inhibitors on the severity of Dupuytren’s
disease. We also studied whether genetic variants known to increase TGF-β1 plasma
concentration moderated this association.
Part 2 of this thesis focuses on possible mechanisms driving the genetic susceptibility
for Dupuytren’s disease and their inhibition, by performing functional (in vitro) studies.
As a recent GWAS of Dupuytren’s disease have identified an intron variant in the neural
precursor cell expressed, developmentally down-regulated protein 4 (NEDD4) gene, (60)
Chapter 8 examined mRNA expression of the six protein-coding transcript variants
NEDD4 and known fibrosis-related genes (including ACTA [encoding α-SMA], collagen,
and WNT genes) in fibroblasts derived from nodules from Dupuytren’s disease patients
through means of TGF-β1 stimulation and NEDD4 knock-down. Chapter 9 focused on
verteporfin, a drug that inhibits extracellular matrix deposition and has antifibrotic
properties in other fibrotic diseases.(61–64) Verteporfin is a potent inhibitor of the
Hippo signaling pathway members yes-associated protein 1 (YAP1) that is involved
in the pathogenesis of Dupuytren’s disease.(13,65) In this chapter, we investigated
the influence of verteporfin on expression levels of fibrosis-associated genes and
proteins of fibroblasts derived from nodules from Dupuytren’s disease patients and
normal human dermal fibroblasts, in presence and absence of TGF-β1 stimulation.
Chapter 10 integrates a summary of the findings of this thesis with a discussion and
future perspectives regarding research on the genetic origin of Dupuytren’s disease.
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Ethnic diﬀerences in prevalence of
Dupuytren’s disease can partly be
explained by known genetic
risk variants
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Ilja M. Nolte
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Ethnic differences in prevalence of Dupuytren’s disease can partly be explained by known genetic risk variants

ABSTRACT
Dupuytren’s disease (DD), a fibroproliferative disorder of the palmar fascia that
causes flexion contractures in the fingers, is prevalent in people of North-Western
European descent and less so in other ethnicities. DD is a complex disorder,
influenced by genetic risk variants. We aimed to study if the marked differences in
prevalences in DD between ethnic (sub)groups could be explained by differences
in allele frequencies of the 26 known genetic risk variants of DD. Therefore,
genetic risk scores (GRS) composed of the 26 DD risk variants were calculated for
the 26 populations from the 1000Genomes database and correlated to observed
DD prevalences from literature. For comparison, GRSs were generated for 10,000
sets of 26 random SNPs and also correlated to the observed DD prevalences to
determine the significance of the observed correlation. To determine whether
differences in allele frequencies between ethnicities were caused by natural
selection, fixation indices (Fsts) were calculated from the 26 SNPs and from
the sets of 26 random SNPs for comparison. Observed prevalences could be
determined from literature for ten populations. Their correlation with the GRS
composed of DD SNPs proved to be 0.60 (p=0.0003). The Fsts between British and
other populations were low for Europeans, ad mixed American, and South-Asian
populations, and moderate for East-Asians. African populations were significantly
different from expected values determined from the random sets. In conclusion,
the 26 known genetic risk variants associated with DD explain for a substantial
part (R2=0.36) the differing DD prevalences observed between ethnicities.
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INTRODUCTION
Dupuytren’s disease (DD) is a fibroproliferative disorder that causes nodules and
cords to form in the palmar fascias. These may extend into the digits and contract,
resulting in limited finger extension and function. DD is most often reported in
Caucasians of North-Western European descent.(1) The prevalence of DD is high
in the UK (8.0-30.0%),(2-7) in Scandinavian countries (3.2-36.0%),(8-10) in the
Netherlands (22.1%; >50 years of age),(11) in Flanders (32%; >50 years of age),(12)
and in Australia (22%; >60 years of age).(13) It increases with age and is thought
to be associated with hand work,(14) diabetes, epilepsy, and liver disease.(15) The
number of papers reporting DD in non-Caucasians is increasing, but the reported
prevalences are lower than in Caucasians.(16,17) Saboeiro et al. described a
population of over 3 million multi-ethnic individuals including 9 938 DD patients.
(16) In this population the prevalence of DD was estimated 0.73% for whites, 0.13%
for blacks, 0.24% for Hispanics, 0.07% for Asians, and 0.14% for native Americans.
Yeh et al. described a prevalence of 5.65/105 for men and 3.39/105 for women in
1 078 Chinese individuals living in Taiwan.(18) A recent study by Lee et al. found a
prevalence of 32.2/105 in a large Korean population.(19) Weinstein et al. found a
prevalence of 0.53% in Hispanics.(20) Cases of DD in Africans have been described
by several authors, but no epidemiological studies have been done. However, DD is
thought to be very rare in this ethnicity.(21-23) In 2014, Lanting et al. systematically
reviewed the reported DD prevalences of 212 articles and concluded 23 studies had
sufficient quality.(1) They found prevalence rates ranging from 0.6% to 31.6% in
different population groups and concluded that this spread in prevalence was based
on the heterogeneity of the study populations. Hindocha et al. stated that it was
not clear whether the extremely variable prevalence of DD in different geographical
locations was due to genetic or environmental factors, or a combination of both.(17)
However, marked differences in prevalences in combination with the observation of
familial clustering point to a genetic component in DD.(16)
The heritability of DD, which is estimated to be ~80%, is thought to be due to multiple
genes each carrying a small risk.(24) To elucidate this, genome-wide association
studies (GWASs) were carried out and so far the largest GWAS identified 26 risk
alleles associated with DD.(25,26) These genetic studies, however, were carried out
with Caucasian subjects exclusively. The occurrence and influence of known genetic
risk variants on the origin of Dupuytren’s disease in other ethnicities is unknown.
However, variation in risk allele frequencies (RAFs) between populations may account
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for differences in disease prevalence between populations.(27) Therefore, we aimed
to disclose if differences in allele frequencies of 26 known DD susceptibility variants
between ethnic groups can explain the ethnic differences in the prevalence of DD.

2

METHODS
Study population and genetic risk scores (GRS)
To gain insight in the differences in occurrence of known genetic variants of DD
in ethnic groups, we downloaded the genotype data of the 26 DD associated
single nucleotide polymorphisms (SNPs) identified in the recent GWAS (26) from
the 1000Genomes database for 26 populations (28) and compared the risk
allele frequencies of these SNPs between the populations and between superpopulations (Africans, East-Asians, Europeans, Hispanics, and South-Asians).
Weighted and unweighted genetic risk scores ((w)GRS) were constructed for each
population using the following formulas respectively:

where i is the SNP, n=26, i.e. the number of DD associated SNPs, wi is the weight
for SNP i (i.e. the natural log of the odds ratio (OR) for DD of SNP i from the DD
GWAS),(26) and Xi is the mean number of risk alleles the person carries of that SNP.
Note that the unweighted GRS is just the number of risk alleles. The wGRS and GRS
were calculated using Plink.(29)

Statistical analyses
Prevalences and correlation
We hypothesized that if DD risk alleles occur less in a certain ethnic group, the
prevalence of DD in this ethnic group would be lower. To test this hypothesis we
correlated (unweighted) population GRSs based on the DD RAFs with observed
prevalences of DD in populations using Pearson’s correlation coefficient. Observed
prevalences were determined from literature. Our final literature search was
performed on February 10, 2018. PubMed was searched with the following search
terms: ‘Dupuytren Contracture’ OR ‘Dupuytren’s disease’ OR ‘Dupuytren’ AND
‘Prevalence’ OR ‘Incidence’. Only studies describing the prevalence in the general
(non-comorbid) population were considered for determining the observed DD
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prevalence in populations. Also, studies describing the prevalence in merely one sex
were excluded, as DD occurs more frequently in men.(30) Studies with insufficient
sample size (n<100) were also excluded. When available for a population, studies
with positively assessed quality were preferred.(1) Study’s age ranges were taken
into account as DD prevalence is known to increase with age.(1) For this we
determined for each study the age range and calculated the relative contribution of
this age group to the prevalence of DD in the Dutch population using the prevalence
data of Lanting et al. per age group (decade) (Figure 2 from Lanting et al.)(1) and
age distribution in the general Dutch population from Statistics Netherlands.(31) We
here assumed that in each country the prevalence distribution over age is similar to
that in the Netherlands. The prevalence estimate from the study was next divided
by this relative contribution to provide an estimate of the prevalence of DD in the
respective study’s population for all ages. When DD prevalences from multiple
studies were available for one population, the prevalence was calculated as the
mean of the prevalences of available studies, weighted by study sample sizes.
To determine the significance of the observed correlation between DD SNPs and
prevalence (unweighted) population GRSs of 10,000 sets of 26 random SNPs
(28) with risk allele frequencies similar to those of the DD risk variants in British
individuals (<1% difference)(27) were generated using Plink (29) and correlated
with observed DD prevalences. The significance was next calculated as the
proportion of sets of random SNPs that exhibited a larger correlation than the
observed one. A p-value < 0.05 was regarded significant. The Pearson’s correlation
analyses were performed in R (32) and Microsoft® Excel.

Population differentiation
To determine if the differences in DD prevalence can be explained by population
differentiation or natural selection, the fixation index (Fst) was calculated with VCF
tools (https://vcftools.github.io/index.html). Population Fst values between the British
population (GBR) and the other 25 1000Genomes populations (28) were computed for
the 26 known DD SNPs, since these SNPs were identified using a British population.
In addition global SNP Fst values were determined as well. The Fst values were also
computed for the 10,000 sets of 26 random SNPs mentioned above to assess an
empirical distribution. Significances of the observed Fst values were next determined
using the 2.5% and 97.5% percentiles of the empirical distribution to assess
whether populations were more or less similar to the British GBR population from
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1000Genomes (28) for the 26 DD SNPs than expected and whether SNPs were more
or less differentiated than expected. A p-value of <0.05 was regarded as significant.

2

RESULTS
Allele frequencies
RAFs for the 26 known variants were available from the GWAS performed by
Ng et al.(26) The details are presented in Supplementary Table 1. Those for all
1000Genomes (28) populations in comparison to the RAFs of British GWAS
controls are presented in Figure 1 and Supplementary Table 2. Within each superpopulation the RAFs appear to be quite similar, but between the super-populations
RAFs can be quite different. For rs629535 and rs6102095, a remarkably lower RAF
was observed in non-European populations than for the British GWAS controls.

Figure 1. Difference in risk allele frequencies (RAFs) of the 26 DD susceptibility variants
for the 26 1000Genomes populations compared to risk allele frequencies of British GWAS
controls. The SNPs are in order of highest to lowest odds ratio (clockwise starting at the
top). A list of the abbreviation and descriptions of the populations can be found in the
supplementary data.
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Correlation between genetic risk scores and observed
DD prevalences
The wGRSs of the 26 DD SNPs for each population were calculated and are
presented in Supplementary Table 3. The uGRSs were calculated for the 26 DD
SNPs and for 10,000 sets of 26 random SNPs (data for the random sets not shown),
as the wGRSs cannot be calculated for random SNPs because they have not been
associated with DD and hence would have no weight.
Observed prevalences of DD were determined from literature. Several reviews of
DD prevalence exist, discussing populations from Europe, North-America, Asia and
Australia.(1,17) Lanting et al. also assessed the quality of 212 studies.(1) Hereafter,
several other studies on prevalence of DD in several populations were published.
Below, we mention only the literature relevant to the comparison to be made with
the populations from 1000Genomes.(28)

Europeans
Many studies have been carried out in Great Britain.(1,17) Many studies were
carried out in populations affected by diseases associated to DD and were
therefore not considered. Several studies described the DD prevalence in the
general (non-comorbid) UK population with ages ranging from 18 to 100 years:
Eadington et al. described a prevalence of 18% in the general population (>40y of
age), Noble et al. of 8.0% and 18.0% in two populations, Pal et al. of 9.0%, Arafa et
al. of 16.0%, and Lennox et al. of 30.0%. The age-adjusted prevalences were 16.1%
(Eadington et al.), 5.0% and 16.1% (Noble et al.), 9.2% (Pal et al.), and 8.1% (Lennox
et al.). Arafa et al. did not specify the age range and hence prevalence was not
adjusted. The mean of the prevalences weighted by their sample size was 13.4%.
One epidemiological study in Italy described a DD prevalence of 3.5% in the general
population of which no age range was mentioned.(33) Two studies in Finland were
performed in patients with diabetes (DD prevalence in type 1 diabetics: 4%, in type
2 diabetics: 14%) and were therefore excluded.(34,35) However there were several
studies in other Scandinavian countries, which were used instead. Mikkelson et al.
described a DD prevalence of 5.6%, Bergenudd et al. of 6%, Gudmundsson et al.
of 13.3%, Finsen et al. of 7.5%, and Godtfredsen of 11%.(8-10,36,37) One study in
Spain found a DD prevalence of 8.7% (age-adjusted 7.6%).(38)
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Africans
Several cases of DD are described in African individuals,(21-23) but literature on the
prevalence of DD in African populations is lacking. In 1957, Walters et al. described
high DD prevalences in some Nigerian subpopulations (5.4%), but low prevalences in
others (0.1%).(39) As no age range was provided, the prevalences were not adjusted
for age. The weighted prevalence for Nigerians was 4.5%. Saboeiro et al. described
a 10-year retrospective study using data from Department of Veterans Affairs medical
centers and estimated the DD prevalence in Americans of African descent to be 0.13%
(age-adjusted 0.10%).(16) Weinstein et al. found a prevalence of 0.29% of DD in African
Americans (which was not age-adjusted because age range lacked).(20)

Asians
Yeh et al. described a DD prevalence of 5.7/105 for 681 men and 3.4/105 for
397 women (weighted mean of 4.5/105) in ethnic Chinese in Taiwan (no ageadjustment applied as age range was missing).(18) In Japanese populations, two
studies on DD prevalence were carried out. Egawa et al. described a prevalence
of 1.8% (age-adjusted 1.7%),(40) and Tajika et al. of 7.0% (age-adjusted 5.3%).(41)
The mean prevalence weighted by sample size for Japanese was 2.0%. Dasgupta
et al. described a prevalence of 8.57% in 35 study controls of Indian descent,
however we deemed the sample size too small to be an accurate representation.
(42) Srivastava et al. reported a series of ten cases of Indian individuals living in the
UK,(43) however a prevalence for this population was not available. One case of
DD in a Vietnamese patient has been reported.(44)

Hispanics
DD prevalences of 0.24% (age-adjusted 0.18%) and 0.53% (age-adjusted 0.28%)
were found in Hispanic populations by Saboeiro et al.(16) and Weinstein et al.(20),
respectively. The weighted mean of these age-adjusted prevalences was 0.25%.

Caucasian Americans
Saboeiro et al.(16) and Weinstein et al.(20) described DD prevalences of 0.73%
(age-adjusted 0.55%) and 0.3% (not adjusted for age as age range was not given),
respectively in Americans from European descent. The mean weighted prevalence
was 0.53%.
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Because of the type of data on DD prevalence available from literature, we chose
to group some of the populations from the 1000Genomes database(28) together.
The Han Chinese in Beijing, the Southern Han Chinese, and the Chinese Dai in
Xishuangbanna were grouped together as Chinese, because available literature
on prevalences only provides data on Chinese in general. The same was done for
Nigerians (Yoruba and Esan). When grouped, the new population’s GRS was defined
as the sample size weighted mean of the GRS’ of the subpopulations concerned.
The mean unweighted GRS is plotted against age-adjusted DD prevalence for each
population in Figure 2.

Figure 2. Mean unweighted GRS (x-axis) plotted against sample size-weighted mean of ageadjusted DD prevalences (y-axis) per population. Error bars represent the standard error of
the prevalence estimate.

The correlation of unweighted GRS of the 26 DD SNPs and DD prevalences proved
to be 0.60, meaning that it can explain 36% of the variance in DD prevalence
between populations. The correlations between the mean GRSs and DD prevalence
in the 10,000 random sets ranged from -0.80 to 0.83. Only three of the sets of 26
random SNPs showed a higher correlation with observed DD prevalence than the
DD SNPs, meaning that the GRS composed of the 26 DD SNPs was significantly
associated with DD prevalence (p=0.0003).
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Population differentiation
Population Fst values for individual DD SNPs between GBR and other populations
are given in Figure 3 and Supplementary Table 4. The global Fst values per SNP
ranged from 0.003 for rs11672517 to 0.151 for rs394563 and was >0.05 for 13
out of 26 SNPs. None of the individual SNP Fst values was significantly different
from the Fst values from 10,000 random SNPs with similar allele frequencies
SNP rs6102095 showed the highest between-population Fst (0.443 for British vs.
Kenyans), but this was not significant.

Figure 3. Fst values between the GBR and other populations for each DD SNP. The SNPs
are in order of highest to lowest odds ratio (top to bottom). A list of the abbreviation and
descriptions of the populations can be found in the supplementary data.

Mean Fst values for all populations compared to the British were calculated using
the 26 known disease variants as a set (Table 1). The population differentiation of
the 26 DD variants was largest between British and Nigerians and smallest between
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British and Americans from European ancestry. From the super-populations,
Europeans are genetically very similar to British, as expected. Interestingly, ad
mixed American populations also have a similar genetic make-up of the 26 risk
variants for DD. South-Asians are genetically more different, followed by the EastAsians. Africans show the largest differentiation from British.
Table 1. Between-population Fst values for 26 DD and random SNPs when compared to
British population from 1000Genomes (GBR).
Superpopulation

Population

Mean Fst of 26 DD SNPs

Mean Fst of random SNPs
(range)

European

CEU

0.0027

0.0003 (-0.0037 - 0.0100)

TSI

0.0054

0.0037 (-0.0026 - 0.0179)

FIN

0.0051

0.0066 (-0.0020 - 0.0238)

IBS

0.0035

0.0024 (-0.0031 - 0.0151)

MXL

0.0257

0.0328 ( 0.0065 - 0.0795)

PUR

0.0053

0.0100 (-0.0005 - 0.0268)

CLM

0.0037*

0.0149 ( 0.0018 - 0.0380)

PEL

0.0524

0.0718 ( 0.0123 - 0.1511)

GIH

0.0218

0.0311 ( 0.0045 - 0.0697)

PJL

0.0155

0.0263 ( 0.0046 - 0.0560)

BEB

0.0289

0.0350 ( 0.0060 - 0.0738)

STU

0.0251

0.0367 ( 0.0067 - 0.0842)

ITU

0.0287

0.0362 ( 0.0086 - 0.0834)

CHB

0.0849

0.0745 ( 0.0258 - 0.1559)

JPT

0.0797

0.0771 ( 0.0219 - 0.1426)

CHS

0.0870

0.0757 ( 0.0203 - 0.1505)

CDX

0.1019

0.0763 ( 0.0278 - 0.1501)

KHV

0.0852

0.0736 ( 0.0248 - 0.1374)

YRI

0.1375*

0.0844 ( 0.0338 - 0.1723)

LWK

0.1271*

0.0789 ( 0.0293 - 0.1966)

GWD

0.1356*

0.0826 ( 0.0316 - 0.1737)

MSL

0.1228*

0.0857 ( 0.0287 - 0.1703)

ESN

0.1425*

0.0854 ( 0.0292 - 0.1618)

ASW

0.0830*

0.0557 ( 0.0130 - 0.1222)

ACB

0.1078*

0.0679 ( 0.0226 - 0.1351)

Ad mixed
American

South Asian

East Asian

African

*Significant
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The observed mean Fst values were next compared to the 10,000 random mean Fst
values to assess whether populations were more or less similar to each other for the
26 DD SNPs than expected. Only one out of 25 population (CLM) had a significantly
lower Fst for the 26 DD SNPs than for the sets of 26 random SNPs, implying that
Colombians are more similar to the British for the 26 DD SNPs than expected. All
African populations showed a larger Fst value for the 26 DD SNPs than expected
from the 10,000 sets of random SNPs. Other populations were not more similar or
differentiated from the British for the DD SNPs than for random SNPs.

DISCUSSION
In the present study we showed that genetics could partly explain the largely
differing prevalences of Dupuytren’s disease among people of different ethnic
backgrounds. The correlation between observed DD prevalences from literature
and mean unweighted GRS calculated from the 26 known DD SNPs was substantial
(0.60), suggesting that these 26 SNPs explain 36% of variance in DD prevalence.
Only three of the 10,000 correlations between DD prevalence and the mean
of GRSs composed of sets of 26 random SNPs were higher than the observed
correlation, meaning that the GRS composed of DD SNPs has a significant effect on
DD prevalence (p=0.0003). When Fst values calculated using the 26 DD SNPs were
compared to Fst values calculated from 10,000 sets of random SNPs, we observed
that African populations were more differentiated from the British population for
the set of 26 DD SNPs than expected, while Colombians were less differentiated.
It is difficult to determine where DD first occurred historically. McFarlane(45)
postulated that a genetic variation that caused DD likely occurred between 1200BC
and 200BC when the age of migrations began. He argued that DD must have
originated earlier than the Vikings, since DD has spread so widely by migration
that it is absent in only few populations today. However, making an accurate
prediction about when DD arose and whereto it has migrated is difficult, as DD is a
multifactorial disease and no single genetic variant can explain this disorder. Here,
we found a high prevalence of DD in European populations. Moreover, we found
a substantial correlation between population prevalences and known genetic
risk factors for DD, suggesting that dispersion of DD genetic risk factors due to
population differentiation at least partly explains the differing prevalences of DD.
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Prevalence studies on DD proved to be quite common in the European
populations, particularly the British. In 2014 Lanting et al. assessed the quality
of 212 prevalence studies on DD, concluding that only 23 studies had sufficient
quality. Seven of these described solely male populations. Since we set out to study
only populations available in the 1000Genomes database,(28) the quality assessed
studies remaining for this research were of British populations only. Consequently,
a downside of this research is the absence of quality assessment of prevalence
studies in ethnicities other than the British. Moreover, other populations have been
studied less frequently. Some research has been done in East-Asians, but almost
no data exist for Hispanic, South-Asian and African populations. Of Vietnamese,
Indians from the USA, Indians from the UK, and Africans, only a handful of case
reports exist.(21-23,43,44) Thus, unfortunately, observed prevalences of DD were
not available for all 26 1000Genomes populations (28) for correlating the GRS with
DD prevalence. It would in particular be interesting to know the DD prevalence
in ad-mixed American population from Central and South America, since these
populations seemed similar to the British and Europeans with respect to the RAFs
and Fsts for the 26 DD variants. The same holds for African populations, who were
more differentiated from the British people for the DD variants than expected.
Lack of information could be either due to the underreporting of DD, or because
DD is rare in those populations. Although age was often reported in the prevalence
studies examined, several studies were composed of patients of a limited range of
age. As DD prevalence is known to increase with age, we adjusted DD prevalence
for the age range of studies and used age-adjusted prevalence estimates in the
analyses.(1)
The etiology of DD is not still fully understood. The contribution of genetic
risk in DD is estimated to be 80% in Caucasians,(24) but the 26 known genetic
variants account for 11.3% of variance. We calculated GRS based on the allele
frequencies of those 26 SNPs and found a substantial correlation with observed
DD prevalences from literature. Differences in allele frequencies of the 26 known
DD SNPs between populations therefore explain for a large part the differences in
DD prevalences. Risk variants other than the 26 associated with DD in Caucasians
likely also play a role in the disease mechanism of DD in non-Caucasians, either
different SNPs in the same genes as in the Caucasians, or SNPs in other genes. It
is likely that a SNP associated in the GWAS with DD (26) is not causally involved
itself but that it is in linkage disequilibrium (LD) with the disease-causing variant.
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LD structures surrounding this disease variant could be different in the different
populations and the disease causing variant might be in LD with a DD associated
SNP in the Caucasians, but not in other ethnic groups. This could cause lower GRS
values in non-Europeans and consequently bias the correlation of GRS with DD
prevalence. Moreover, the differing prevalences may also stem from DD SNPs (or
the variants in LD with them) having a non-additive effect, because of interactions
between variants at the same locus (dominance genetic variance), or interactions
between variants at different loci (epistatic genetic variance).(46) Future research
into DD heritability or finding genes for DD should focus more on non-Caucasian
populations to investigate these hypotheses. The power to find disease variants in
populations with smaller DD samples can be increased by weighting candidates by
their evidence of natural selection.(47)
Fixation indices (Fst) can be calculated for individual disease-associated SNP or
for sets of SNPs. First we calculated Fst values per individual DD SNP and found
global Fst >0.05 for 13 out of 26 SNPs (an Fst <0.05 is considered low implying little
differentiation). SNP rs6102095 even showed an Fst as high as 0.443 between the
British and Kenyan populations, but this was not significant. Secondly, we also
calculated the mean Fst of the set of 26 known risk variants between the British
and other populations. We showed that genotypes on the 26 known DD SNPs of
the British individuals did not differ from those of the Europeans, South-Asians,
and ad mixed Americans, except for the Colombian population, who was more
similar to the British population than expected based on the 10,000 sets of random
SNPs. Colombia is known to have a high regional diversity in ancestry, which may
partly explain this finding: the Colombian population in Medellín is one known to
have a strong Basque minority, and might therefore not be representative of the
Colombian population as a whole.(48)
Fst values between the British and the East-Asians were moderate, and for all
African populations compared to British, the Fsts were larger than expected. This
is not completely in line with the findings by Myles et al.(27) and Lohmueller et
al.(49), who found that despite large individual differences in allele frequencies
across populations per disease-associated SNP there was no evidence for more
differentiation between populations than for random SNPs. It is known that
common risk alleles identified in one population may not be common in other
populations. Some SNPs associated with common disease are highly differentiated
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in frequency across populations, because of random drift or natural selection.(49)
It nevertheless remains unclear how often differences in risk allele frequencies
between populations are due to local positive selection. More research in nonCaucasian populations is needed to investigate these hypotheses.
In conclusion, allele frequencies of the 26 risk variants diverged substantially
between ethnic populations and provided evidence that differing DD prevalences
can partly be explained by genetic differences between the populations.
Understanding the mechanism behind the ethnic diversity of DD will help
in scrutinizing its epidemiology and consequently will facilitate prediction of
disease progression and recurrence, enabling customized care by optimizing
prognostication.
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SUPPLEMENTS
List of abbreviations of the subpopulations
CHB

Han Chinese in Beijing, China

JPT

Japanese in Tokyo, Japan

CHS

Southern Han Chinese

CDX

Chinese Dai in Xishuangbanna, China

KHV

Kinh in Ho Chi Minh City, Vietnam

CEU

Utah Residents (CEPH) with Northern and Western European Ancestry

TSI

Toscani in Italia

FIN

Finnish in Finland

GBR

British in England and Scotland

IBS

Iberian Population in Spain

YRI

Yoruba in Ibadan, Nigeria

LWK

Luhya in Webuye, Kenya

GWD

Gambian in Western Divisions in the Gambia

MSL

Mende in Sierra Leone

ESN

Esan in Nigeria

ASW

Americans of African Ancestry in SW USA

ACB

African Caribbeans in Barbados

MXL

Mexican Ancestry from Los Angeles USA

PUR

Puerto Ricans from Puerto Rico

CLM

Colombians from Medellin, Colombia

PEL

Peruvians from Lima, Peru

GIH

Gujarati Indian from Houston, Texas

PJL

Punjabi from Lahore, Pakistan

BEB

Bengali from Bangladesh

STU

Sri Lankan Tamil from the UK

ITU

Indian Telugu from the UK
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Supplementary tables
Supplementary Table 1. SNPs significantly associated with Dupuytren Disease.
dbSNP ID

Hg19 chr7:37989095C>T

rs16879765 T

0.178

0.103

7.15 × 10−41 1.88 (1.76-2.00)

Hg19 chr7:37973014C>T

rs2598107

T

0.447

0.354

1.11 × 10−30 1.48 (1.40-1.56)

Hg19 chr8:69992380G>A

rs2912522

A

0.799

0.745

1.29 × 10−16 1.36 (1.29-1.43)

Hg19 chr8:70007938C>T

rs629535

T

0.351

0.285

2.84 × 10−28 1.36 (1.30-1.42)

Hg19 chr1:22698447A>G

rs7524102

G

0.214

0.168

7.68 × 10−12 1.35 (1.25-1.46)

Hg19 chr19:57678194G>A rs11672517 A

0.284

0.228

1.42 × 10−13 1.34 (1.25-1.44)

Hg19 chr20:39320751G>A rs6102095

G

0.875

0.840

8.54 × 10−7

Hg19 chr8:109228008A>G rs611744

A

0.598

0.534

3.70 × 10−19 1.30 (1.24-1.36)

Hg19 chr9:1201156G>A

rs12342106 A

0.308

0.257

9.76 × 10−12 1.29 (1.23-1.35)

Hg19 chr22:46459132G>T

rs7291412

T

0.413

0.353

1.24 × 10−15 1.29 (1.24-1.35)

Hg19 chr20:38300807C>T rs6016142

T

0.132

0.106

1.19 × 10−6

1.28 (1.20-1.36)

Hg19 chr15:68628163C>T rs2306022

T

0.110

0.088

−6

7.59 × 10

1.28 (1.19-1.37)

Hg19 chr15:89238184C>T rs6496519

C

0.836

0.801

9.35 × 10−8

1.26 (1.20-1.34)

Hg19 chr14:23312594G>A rs1042704

A

0.248

0.208

8.72 × 10−13 1.26 (1.20-1.32)

Hg19 chr5:108672946C>T rs246105

C

0.799

0.760**

1.34 × 10−8

Hg19 chr7:116892846T>C rs38904

C

0.464

0.409

1.02 × 10−11 1.25 (1.20-1.31)

Hg19 chr1:162672011T>C rs17433710 T

0.880

0.856

9.13 × 10−7

1.23 (1.15-1.31)

Hg19 chr14:51074461A>C

rs1032466

A

0.694

0.650

−9

4.90 × 10

1.22 (1.17-1.28)

Hg19 chr18:9762933T>C

rs9951109

T

0.867

0.842

1.24 × 10−7

1.22 (1.15-1.30)

Hg19 chr7:3318658C>T

rs10276303 C

0.740

0.701

2.89 × 10−8

1.21 (1.16-1.27)

Hg19 chr6:149797014T>G

rs394563

G

0.589

0.543

−8

2.03 × 10

1.21 (1.16-1.26)

A

0.833

0.806

5.80 × 10−6

1.20 (1.14-1.27)

rs10866846 A

0.421

0.379

3.14 × 10−11 1.19 (1.14-1.24)

Hg19 chr13:44842503G>A rs9525927
Hg19 chr8:25845675G>A

Risk RAF
RAF
p-value
Allele GWAS GWAS
GWAS
cases controls*

2

Variant description

OR (95% CI)

1.34 (1.25-1.43)

1.258***

Hg19 chr8:145504343T>C rs7838717

T

0.405

0.365

2.55 × 10−6

1.18 (1.13-1.23)

Hg19 chr15:56229760A>G rs1509406

G

0.356

0.322

4.03 × 10−6

1.16 (1.11-1.22)

Hg19 chr16:75506593G>A rs977987

G

0.403

0.371

6.24 × 10

1.15 (1.10-1.20)

−7

Genomic reference sequence: hg19.
RAF, risk allele frequency; GWAS, genome-wide association study; OR, odds ratio; CI,
confidence interval.
*RAF GWAS controls was calculated by dividing the RAF of each SNP by its OR.
** Determined from the GBR population from 1000Genomes.
*** Calculated with the RAF of the GBR population from 1000Genomes.
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FIN IBS

Europeans

CHS CDX KHV CEU TSI

YRI

Africans

Ad-mixed Americans

LWK GWD MSL ESN ASW ACB MXL PUR CLM PEL

GIH

BEB

STU ITU

South-Asians
PJL

-0.28 -0.28 -0.28 -0.28 -0.28 -0.06 0.00 -0.08 -0.04 0.05 -0.25 -0.28 -0.25 -0.26 -0.27 -0.22 -0.24 -0.13 -0.06 -0.04 -0.21 -0.21 -0.19 -0.27 -0.21

-0.04 0.07 -0.02 -0.05 -0.11 0.02 -0.03 -0.03 -0.02 -0.02 -0.24 -0.26 -0.17 -0.22 -0.23 -0.18 -0.26 0.16 -0.04 0.08 0.14 -0.04 -0.09 -0.09 -0.07

-0.08 -0.05 -0.10 -0.12 -0.12 0.06 0.00 -0.04 0.11 0.05 0.34 0.32 0.20 0.20 0.38 0.22 0.25 0.04 0.08 0.08 0.02 0.15 0.08 0.08 -0.05

rs38904

0.34 0.29 0.30 0.37 0.37 0.00 -0.03 -0.03 0.03 0.01 0.44 0.43 0.42 0.44 0.45 0.39 0.42 0.11 0.20 0.06 0.20 0.02 0.08 0.09 0.11

rs977987

0.11 0.05 0.09 0.10 0.02 0.00 0.00 0.05 -0.02 0.02 0.37 0.31 0.46 0.34 0.43 0.29 0.37 -0.09 0.06 0.01 -0.22 0.14 0.07 0.15 0.22

rs1509406 0.02 0.05 -0.06 0.02 -0.10 0.01 -0.12 -0.05 0.01 -0.04 -0.07 -0.06 -0.03 -0.03 -0.10 -0.07 -0.06 0.01 -0.01 0.03 -0.08 0.05 0.12 0.01 0.08

rs7838717 0.38 0.34 0.32 0.35 0.30 -0.06 0.03 -0.05 0.06 -0.03 -0.31 -0.31 -0.36 -0.32 -0.30 -0.23 -0.28 0.19 0.04 0.07 0.18 -0.05 0.00 -0.03 -0.01

rs10866846 0.01 -0.03 -0.03 -0.07 0.04 -0.04 -0.04 0.02 0.02 -0.05 -0.25 -0.24 -0.24 -0.27 -0.30 -0.19 -0.22 0.12 -0.05 0.00 0.20 0.10 0.07 0.07 0.01

rs9525927 -0.31 -0.43 -0.40 -0.40 -0.38 -0.02 -0.02 0.04 0.02 -0.01 0.04 0.05 0.03 0.08 0.02 0.02 0.03 -0.17 -0.06 -0.09 -0.21 -0.03 0.03 -0.13 -0.02

rs394563

rs10276303 0.20 0.19 0.19 0.23 0.13 -0.01 -0.05 0.08 -0.01 -0.03 0.16 0.19 0.16 0.10 0.14 0.11 0.16 0.00 0.01 0.06 0.02 -0.04 -0.10 -0.05 -0.10

rs9951109 -0.03 0.03 -0.04 -0.04 -0.09 -0.02 0.01 0.02 0.02 0.03 -0.43 -0.42 -0.44 -0.41 -0.41 -0.33 -0.35 -0.18 -0.07 -0.07 -0.08 -0.24 -0.26 -0.24 -0.28

rs1032466 0.15 0.23 0.15 0.22 0.19 0.06 0.04 -0.03 0.01 0.03 0.32 0.31 0.26 0.22 0.29 0.25 0.28 0.11 0.08 0.08 0.14 0.04 -0.02 0.00 -0.05

rs17433710 0.00 -0.11 -0.05 -0.06 -0.04 0.02 0.05 0.03 -0.02 -0.02 0.06 0.12 0.13 0.08 0.05 0.00 0.04 0.00 -0.02 0.01 0.03 0.01 -0.03 -0.05 0.01

-0.35 -0.37 -0.35 -0.28 -0.23 -0.04 0.01 -0.05 -0.01 0.06 0.10 0.10 0.13 0.12 0.16 0.17 0.10 -0.05 0.02 0.01 -0.15 -0.12 -0.06 -0.13 -0.12

rs246105

rs1042704 -0.16 -0.20 -0.20 -0.17 -0.17 0.03 -0.07 0.03 0.01 -0.04 -0.21 -0.19 -0.21 -0.20 -0.21 -0.17 -0.19 -0.11 -0.02 -0.08 -0.12 -0.01 -0.03 0.02 0.03

rs6496519 -0.26 -0.17 -0.27 -0.36 -0.37 -0.01 0.00 0.08 0.06 0.03 0.16 0.15 0.18 0.18 0.16 0.12 0.16 -0.04 0.07 -0.04 -0.17 -0.09 -0.02 -0.07 -0.07

rs2306022 -0.04 -0.01 0.02 0.02 -0.01 0.01 -0.04 -0.02 0.03 -0.06 -0.09 -0.08 -0.09 -0.09 -0.09 -0.09 -0.07 -0.06 -0.05 -0.01 -0.08 -0.03 0.02 -0.05 -0.02

rs6016142 -0.03 -0.01 -0.05 -0.01 -0.03 0.03 0.05 -0.05 -0.04 0.02 -0.09 -0.04 -0.11 -0.09 -0.10 -0.05 -0.06 -0.09 -0.05 -0.05 -0.09 0.01 0.02 0.02 0.03

rs7291412 -0.32 -0.26 -0.34 -0.35 -0.34 0.02 -0.09 0.03 -0.05 0.01 0.03 0.08 0.11 0.13 0.17 0.09 0.14 -0.02 0.00 -0.07 -0.20 -0.20 -0.19 -0.24 -0.15

rs12342106 -0.10 -0.03 -0.07 -0.06 -0.05 -0.06 -0.04 -0.04 0.03 -0.05 0.38 0.29 0.35 0.34 0.31 0.28 0.23 -0.12 0.00 -0.04 -0.13 0.02 0.03 0.04 0.05

rs611744

rs6102095 -0.30 -0.18 -0.28 -0.41 -0.24 0.04 0.01 -0.03 0.00 0.02 -0.49 -0.54 -0.46 -0.48 -0.49 -0.42 -0.42 -0.03 -0.09 -0.06 -0.09 -0.12 -0.05 -0.12 -0.09

rs11672517 0.04 0.02 0.05 0.19 0.04 -0.01 0.06 -0.03 0.06 0.05 -0.02 0.06 0.04 0.04 -0.03 -0.01 0.00 0.06 0.04 0.12 0.11 0.03 0.02 0.10 0.18

rs7524102 0.07 0.08 0.03 0.08 0.07 0.02 0.02 -0.07 0.02 0.00 0.23 0.16 0.08 0.20 0.16 0.12 0.23 -0.09 0.07 -0.02 -0.10 0.04 0.08 0.02 0.09

rs629535

rs2912522 -0.18 -0.21 -0.18 -0.08 -0.12 -0.01 -0.09 0.02 0.02 -0.04 0.06 0.04 0.03 0.07 0.05 -0.07 -0.02 -0.24 -0.09 -0.02 -0.26 -0.16 -0.08 -0.13 -0.09

rs2598107 0.03 -0.01 -0.01 -0.09 -0.01 0.01 0.01 -0.05 0.03 -0.02 -0.14 0.05 -0.12 -0.20 -0.15 -0.09 -0.11 -0.04 0.02 -0.02 -0.11 0.03 0.15 0.17 0.07

rs16879765 -0.01 -0.01 0.02 0.01 -0.04 -0.06 -0.02 0.04 0.01 -0.01 0.11 0.03 0.05 0.03 0.11 0.05 0.06 0.03 -0.01 0.01 0.16 0.08 0.08 0.01 0.05

CHB JPT

East-Asians

Supplementary Table 2. Allele frequencies for the 26 known risk variants for all 1000Genomes populations in comparison to the risk allele
frequency (RAF) of British GWAS controls.
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Supplementary Table 3. Unweighted and weighted genetic risk scores (GRS and wGRS,
respectively) of the 26 DD SNPs for each population from 1000Genomes.
Population
ACB
ASW
BEB
CDX
CEU
CHB
CHS
CLM
ESN
FIN
GBR
GIH
GWD
IBS
ITU
JPT
KHV
LWK
MSL
MXL
PEL
PJL
PUR
STU
TSI
YRI

uGRS
0.466
0.457
0.428
0.413
0.457
0.416
0.400
0.461
0.468
0.452
0.471
0.435
0.466
0.459
0.431
0.422
0.399
0.469
0.458
0.433
0.417
0.450
0.463
0.444
0.447
0.468

wGRS
0.107
0.105
0.099
0.093
0.106
0.093
0.090
0.107
0.108
0.105
0.110
0.101
0.106
0.107
0.100
0.095
0.090
0.108
0.104
0.100
0.097
0.106
0.107
0.103
0.104
0.108

2

uGRS, unweighted genetic risk score; wGRS, weighted genetic risk score.
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IBS

Ad-mixed Americans
BEB STU ITU

South-Asians

YRI LWK GWD MSL ESN ASW ACB MXL PUR CLM PEL GIH PJL

Africans

Mean
fst

0.19 0.25 0.25 0.24 0.24 0.00 0.00 0.00 0.02 0.17 0.24 0.16 0.18 0.21 0.10 0.15 0.01 0.00 -0.01 0.10 0.10 0.06 0.19 0.09 0.10 0.12

0.00 0.01 0.00 0.00 0.01 0.00 0.00 -0.01 0.00 0.09 0.11 0.04 0.07 0.09 0.05 0.11 0.06 0.00 0.02 0.04 0.00 0.01 0.00 0.00 0.01 0.03

0.07 0.05 0.09 0.11 0.10 0.00 0.02 0.04 0.00 0.10 0.09 0.01 0.01 0.14 0.02 0.03 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.05 0.01 0.04

rs38904

0.22 0.15 0.17 0.26 0.27 0.00 0.00 0.00 0.00 0.41 0.37 0.37 0.38 0.41 0.27 0.35 0.01 0.06 0.00 0.06 0.00 0.00 0.00 0.01 0.01 0.15

rs977987

0.03 0.01 0.02 0.03 0.00 0.00 0.00 0.01 0.00 0.28 0.19 0.39 0.23 0.34 0.18 0.27 0.00 0.01 0.00 0.09 0.05 0.01 0.06 0.11 0.04 0.09

rs1509406 0.00 0.00 0.00 -0.01 0.03 -0.01 0.04 0.00 0.00 0.01 0.01 0.00 0.00 0.03 0.01 0.00 -0.01 0.00 0.00 0.01 0.00 0.02 -0.01 0.01 0.01 0.01

rs7838717 0.18 0.14 0.12 0.15 0.10 0.03 0.00 0.02 0.01 0.32 0.33 0.43 0.34 0.31 0.18 0.27 0.03 0.00 -0.01 0.02 0.02 0.00 0.01 0.01 0.03 0.12

rs10866846 -0.01 0.00 0.00 0.01 0.00 0.00 0.00 -0.01 0.01 0.18 0.15 0.16 0.19 0.25 0.09 0.13 0.01 0.01 0.00 0.06 0.01 0.00 0.00 -0.01 -0.01 0.05

rs9525927 0.20 0.33 0.30 0.31 0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 -0.01 -0.01 0.09 0.01 0.03 0.11 0.00 0.00 0.05 0.00 0.02 0.07

rs394563

rs10276303 0.13 0.12 0.12 0.18 0.05 -0.01 0.00 0.02 0.00 0.08 0.11 0.08 0.03 0.06 0.03 0.08 -0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.04 0.04

rs9951109 0.00 0.00 0.01 0.01 0.03 0.00 0.00 -0.01 0.00 0.35 0.34 0.35 0.34 0.33 0.25 0.27 0.10 0.02 0.02 0.03 0.15 0.17 0.15 0.19 0.22 0.13

rs1032466 0.04 0.13 0.04 0.11 0.08 0.00 0.00 0.00 0.00 0.29 0.27 0.18 0.11 0.23 0.14 0.20 0.02 0.01 0.01 0.04 0.00 0.00 -0.01 0.00 0.00 0.08

rs17433710 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.01 -0.01 0.03 0.11 0.13 0.05 0.02 -0.01 0.01 -0.01 0.00 0.00 0.01 0.00 -0.01 0.00 0.00 0.00 0.01

0.20 0.23 0.20 0.13 0.09 0.00 0.00 0.00 0.01 0.04 0.03 0.06 0.05 0.10 0.10 0.04 0.00 0.00 0.00 0.04 0.02 0.00 0.03 0.02 0.01 0.06

rs246105

rs1042704 0.13 0.21 0.20 0.13 0.14 0.00 0.02 0.00 0.00 0.23 0.18 0.24 0.20 0.22 0.11 0.18 0.05 0.00 0.02 0.06 0.00 0.00 -0.01 0.00 0.00 0.09

rs6496519 0.21 0.12 0.21 0.31 0.33 0.01 0.01 0.00 0.00 0.06 0.04 0.10 0.08 0.06 0.02 0.05 0.03 0.00 0.02 0.12 0.05 0.01 0.04 0.04 0.02 0.08

rs2306022 0.03 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.05 0.12 0.10 0.12 0.11 0.12 0.09 0.08 0.04 0.04 0.00 0.08 0.02 0.00 0.03 0.01 0.04 0.04

rs6016142 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.00 0.02 0.02 0.00 0.07 0.03 0.04 -0.01 0.00 0.02 0.00 -0.01 0.03 0.01 0.01 0.02 0.02 0.07 0.02

rs7291412 0.24 0.12 0.29 0.29 0.28 0.00 0.00 0.01 0.00 0.01 0.03 0.05 0.06 0.09 0.04 0.07 0.00 0.00 -0.01 0.06 0.06 0.05 0.09 0.02 0.05 0.08

rs12342106 0.05 0.01 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.21 0.12 0.18 0.17 0.14 0.12 0.07 0.06 0.00 0.01 0.08 0.00 -0.01 -0.01 -0.01 -0.01 0.05

rs611744

rs6102095 0.18 0.07 0.16 0.30 0.12 0.00 0.00 0.00 0.00 0.38 0.44 0.35 0.38 0.38 0.32 0.30 0.00 0.02 0.01 0.02 0.03 0.00 0.04 0.02 0.03 0.14

rs11672517 0.00 0.00 -0.01 0.03 0.00 0.01 0.00 0.02 0.00 0.01 -0.01 0.00 0.00 0.01 0.00 0.00 -0.01 -0.01 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00

rs7524102 0.00 0.00 0.00 0.01 0.00 -0.01 -0.01 0.02 0.00 0.10 0.04 0.01 0.07 0.05 0.02 0.09 0.04 0.00 0.00 0.06 0.00 0.00 -0.01 0.01 0.00 0.02

rs629535

rs2912522 0.08 0.10 0.08 0.02 0.04 0.00 0.02 -0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.13 0.02 0.00 0.15 0.07 0.02 0.05 0.02 0.05 0.03

rs2598107 -0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.06 0.00 0.05 0.12 0.07 0.02 0.04 0.00 0.00 0.00 0.03 -0.01 0.03 0.04 0.00 0.00 0.02

rs16879765 0.00 0.00 -0.01 -0.01 0.01 0.02 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.04 0.00 0.01 0.00 0.00 -0.01 0.07 0.01 0.02 -0.01 0.00 0.00 0.01

FIN

Europeans

CHB JPT CHS CDX KHV CEU TSI

East-Asians

Supplementary Table 4. Fst values between the GBR and other populations for each DD SNP.
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A weighted genetic risk score predicts surgical recurrence
independent of high-risk clinical features in Dupuytren’s disease

ABSTRACT
Background
Dupuytren’s disease is a very common, highly heritable palmar fibromatosis. In
a recent genome-wide association study, 26 single-nucleotide polymorphisms
were found to be associated with development of Dupuytren’s disease. The
authors generated a weighted genetic risk score based on the genotype at these
single-nucleotide polymorphisms. In two independent cohorts, they tested the
association among high weighted genetic risk score, clinical features that predict a
high risk of recurrence, and recurrence after surgery.

Methods
Clinical data were obtained from patient questionnaires and clinical records, with
missing data accounted for by imputation. Genotyping was performed as part of
the recent genome-wide association study. Logistic regression was performed to
study the association among weighted genetic risk score, high-risk clinical features,
and recurrence, with a weighted genetic risk score analyzed as a continuous
variable, and also grouped into four categories.

Results
Using univariable logistic regression, a high weighted genetic risk score was
associated with the presence of all high-risk clinical features: early age of onset,
bilateral disease, ectopic disease, and a positive family history (p≤0.004). After
multivariable logistic regression accounting for these factors, an increased
weighted genetic risk score was still associated with the need for repeated
Dupuytren’s disease surgery (p=0.004).

Conclusions
The authors’ results suggest that a weighted genetic risk score is useful in
predicting the risk of disease recurrence, and may be used by surgeons to
personalize prognostication. In the future, a weighted genetic risk score may be
useful for determining the most appropriate initial surgical procedure in patients
with Dupuytren’s disease.
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INTRODUCTION
Dupuytren’s disease is a fibroproliferative disorder of the palmar fascia. Diseased
palmar fascia forms nodules and cords that extend into the digits. The diseased
tissue can eventually contract causing limited mobility and loss of function.(1)
Standard treatment is aimed at correcting flexion deformities through surgical
incision or excision, or collagenase treatment.(2) Despite many patients having
good outcomes from treatment, Dupuytren’s disease remains incurable, and
surgical recurrence rates following treatment are high, varying from 21 to 85
percent at 5 years.(3) Surgical complication rates in revision surgery are high.(4)
There are several known clinical features that predict a more aggressive disease
course and higher risk of recurrence in Dupuytren’s disease: age of onset under
50 years, bilateral disease, ectopic disease outside of the hand, and positive family
history of Dupuytren’s disease. Together these factors are termed the Dupuytren’s
diathesis.(5)
Dupuytren’s disease is known to be a complex disease with several genetic and
environmental risk factors, each contributing to susceptibility to Dupuytren’s
disease. Environmental factors associated with Dupuytren’s disease include
smoking, alcohol intake, diabetes, hyperlipidemia and epilepsy.(6) Twin and sibling
studies demonstrate the genetic basis of Dupuytren’s disease, and heritability
has been estimated at 80 percent.(7,8) A pilot genome-wide association study
identified nine single-nucleotide polymorphisms associated with Dupuytren’s
disease. Several of these variants were found on loci containing genes involved
in the Wnt signaling pathway, suggesting that abnormalities in this pathway may
predispose to Dupuytren’s disease.(9) A recent genome-wide association study
has demonstrated an additional 17 single nucleotide polymorphisms associated
with a susceptibility to Dupuytren’s disease, further confirming the genetic basis
of this disease.(10)
Genetic risk scores are useful tools that can be generated following a genomewide association study to summarize the risks from multiple variants into a single
variable. The basic premise is that a person with many risk-increasing alleles will
have greater susceptibility to a disease, and thus a higher genetic risk score, than
someone with only a few risk-increasing alleles. Genetic risk scores have been
created in a number of diseases with complex genetic origins such as diabetes,
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where wGRS was able to differentiate between types 1 and 2 diabetes in adults,
and monogenic and type 1 diabetes in neonates.(11,12) The effects of each
predisposing allele are assumed to be additive, and each effect allele is weighted
by the natural logarithm of the odds ratio for that allele.
Following the pilot genome-wide association study, a weighted genetic risk score
comprising only nine variants was shown to be associated with Dupuytren’s
diathesis factors in a Dutch Cohort.(13) We hypothesized that a new genetic
risk score, constructed using the extended results from the recent genomewide association study, would be associated with diathesis in a different cohort.
Furthermore, we hypothesized that weighted genetic risk score would also
predict a higher risk of disease recurrence after surgery, thus representing
a novel prognostic indicator that might be used in pre-surgical counseling. We
report here on results in two independently ascertained cohorts from the UK and
The Netherlands, showing an association between weighted genetic risk score,
Dupuytren’s diathesis, and recurrence after surgery.

METHODS
Ethical approval
Each study was approved by the Research Ethics Committee or equivalent at
all institutions where the work was carried out: British Society for Surgery of
the Hand Genetics of Dupuytren’s Disease study (United Kingdom, Oxfordshire
Research Ethics Committee B/09/H0605/65); Genetic Origin of Dupuytren Disease
and Associated Fibromatosis study (The Netherlands, Medical Ethics Committee
2007/067). All participants provided written informed consent.

Patient Populations
UK patients were recruited as part of the British Society for Surgery of the Hand
Genetics of Dupuytren’s Disease study, and controls were recruited from UKHLS,
as previously described.(9) Patients in this study were recruited from UK hand
surgery centers, and must have had at least one operation for Dupuytren’s disease.
The Dutch Genetic Origin of Dupuytren Disease and Associated Fibromatosis
study was also recruited from hand surgery clinics, and has also been previously
described.(9)
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Clinical Data
Patients included in the British Society for Surgery of the Hand Genetics of
Dupuytren’s Disease study completed two questionnaires. An initial questionnaire
assessed presence of high-risk features that are part of the Dupuytren’s diathesis;
namely, presence of ectopic fibrotic lesions (Ledderhose’s or Peyronie’s disease),
bilateral disease, age of onset less than 50 years old, and positive family history. A
second questionnaire recorded details of the number of operations patients had
had on each hand. Recurrence in the UK study was defined as having had more
than one operation on the same hand.
Data on diathesis features from Dutch participants were collected by a surgeon
at entry into the study. Clinical data on recurrence were extracted from medical
notes. Recurrence in the Dutch study was defined as a patient having had more
than one operation on the same finger of the same hand, or having a clinical
diagnosis of recurrence from the treating surgeon.

Genetic Risk Score
DNA was obtained from patients’ saliva (British Society for Surgery of the Hand
Genetics of Dupuytren’s Disease study) and blood (Genetic Origin of Dupuytren
Disease and Associated Fibromatosis study) and genotyping was performed as
described.(10) A weighted genetic risk score was calculated using the following
formula:

where i is the single nucleotide polymorphism, n is the number of single nucleotide
polymorphisms genotyped for that patient, Wi is the weight for single nucleotide
polymorphism i (the natural log of the odds ratio for Dupuytren’s disease),
and Xi is the number of risk alleles the patient carries of that single nucleotide
polymorphism.(14) To allow for comparison between patients when some single
nucleotide polymorphisms were missing, the weighted genetic risk score was
divided by the total number of single nucleotide polymorphisms genotyped and
multiplied by the total of 26 single nucleotide polymorphisms.
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Imputation and statistical analysis
Statistical analysis was performed in Stata MP14 and R. Quantile-quantile plot
was utilized to demonstrate the normal distribution of the weighted genetic risk
score data. Levene test was performed to assess the equality of variances. Two
tailed student t test was performed to test for differences between the means of
weighted genetic risk score between cases and controls, and between males and
females.
Prior to imputation, in British Society for Surgery of the Hand Genetics of
Dupuytren’s Disease we excluded 48 samples that had been genotyped at a single
nucleotide polymorphism, and would therefore violate the missing at random
assumption. We then accounted for missing clinical data and weighted genetic risk
score by imputation in our remaining 6126 individuals using multiple imputation
by chained equations.(15) We imputed missing data on family history, early
onset, bilateral disease, recurrence, sex, and weighted genetic risk score. Ectopic
disease was not imputed as there was no missing data. We created 75 imputed
datasets, each using 100 cycles of imputation, with the following input variables:
recurrence, weighted genetic risk score, family history, early onset, ectopic
disease, bilateral disease and sex. In Genetic Origin of Dupuytren Disease and
Associated Fibromatosis, we imputed the missing data using the same method as
British Society for Surgery of the Hand Genetics of Dupuytren’s Disease with the
additional variable ectopic disease included in the imputation chain.
After imputation, we analyzed 6126 individuals in British Society for Surgery of the
Hand Genetics of Dupuytren’s Disease and 1730 individuals in Genetic Origin of
Dupuytren Disease and Associated Fibromatosis. Univariable logistic regression
was performed to test for associations between each diathesis feature and
recurrence in British Society for Surgery of the Hand Genetics of Dupuytren’s
Disease. We analyzed weighted genetic risk score in two ways: firstly, in four groups
with mean – 1 SD, mean, and mean + 1 SD as thresholds; second, as a continuous
variable. We used multivariable logistic regression to test for associations
between category of weighted genetic risk score, diatheses, and recurrence. We
used univariable logistic regression to test for the association between increasing
value of weighted genetic risk score and recurrence. Meta-analysis was performed
using the fixed effect inverse variance method. A value of p<0.05 was considered
statistically significant.
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RESULTS
Dupuytren’s Diathesis
High-risk features, comprising the Dupuytren’s diathesis, were common in both
cohorts (Table 1). The ratio between male and female patients was approximately
three to one, and the percentage of individuals with each feature was broadly
similar across cohorts. Bilateral disease was the most common diathesis feature,
reported at 63 percent and 40 percent in British Society for Surgery of the Hand
Genetics of Dupuytren’s Disease and Genetic Origin of Dupuytren Disease and
Associated Fibromatosis respectively. The least common diathesis feature was
ectopic disease, reported at less than 13 percent in both cohorts.
Table 1. Clinical features of the two cohorts.
Characteristic
No.
Male
Missing
Bilateral disease
Missing
Early age of onset
Missing
Ectopic disease
Missing
Positive Family history
Missing
Recurrence
Missing

BSSH-GODD study (%)
6126
4797 (78.3)
25 (0.4)
3860 (63)
36 (0.6)
1553 (25.3)
1140 (18.6)
719 (11.7)
0 (0)
2391 (39)
36 (0.6)
1055 (17.2)
2682 (43.8)

GODDAF study (%)
1730
1311 (75.8)
3 (0.2)
692 (40)
606 (35)
627 (36.2)
126 (7.3)
219 (12.7)
618 (35.7)
846 (48.9)
447 (25.8)
239 (13.8)
1007 (58.2)

BSSH-GODD, British Society for Surgery of the Hand Genetics of Dupuytren’s Disease;
GODDAF, Genetic Origin of Dupuytren’s disease.

Weighted Genetic Risk Score
After genome-wide association study quality control, the majority of individuals from
the discovery cohort of British Society for Surgery of the Hand Genetics of Dupuytren’s
Disease were successfully genotyped at all 26 single nucleotide polymorphisms. In
the Genetic Origin of Dupuytren Disease and Associated Fibromatosis cohort, the
majority were directly genotyped at 22 loci (Supplementary Table 1, which shows the
distribution of weighted genetic risk score single-nucleotide polymorphism count in
the British Society for Surgery of the Hand Genetics of Dupuytren’s Disease study
and the Genetic Origin of Dupuytren Disease and Associated Fibromatosis study).
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In British Society for Surgery of the Hand Genetics of Dupuytren’s Disease, the
calculated weighted genetic risk score ranged from 3.48 to 9.76 with a mean of
6.32. As expected, cases had a higher mean weighted genetic risk score than
controls (6.32 versus 5.44, p<0.001). Within cases, females had a higher mean
weighted genetic risk score than males (6.42 vs. 6.29, p<0.001). In Genetic Origin
of Dupuytren Disease and Associated Fibromatosis, weighted genetic risk score
ranged from 3.00 to 9.77 with a mean of 6.26. Here, females had similar mean
weighted genetic risk score to males (6.27 vs. 6.25, p=0.70). In both cohorts,
weighted genetic risk score was normally distributed (Supplementary Figure 1).

Weighted Genetic Risk Score is associated with
Dupuytren’s Diathesis in British Society for Surgery of
the Hand Genetics of Dupuytren’s Disease
In the British Society for Surgery of the Hand Genetics of Dupuytren’s Disease cohort,
multinomial logistic regression analysis demonstrated significant associations between
each diathesis factor and the two highest weighted genetic risk score categories (Table
2). The odds ratios of expressing a particular Dupuytren’s diathesis feature consistently
increased for each additional unit of weighted genetic risk score (Table 3).
Table 2. The association between Dupuytren’s diathesis and weighted genetic risk score in
British Society for Surgery of the Hand Genetics of Dupuytren’s Disease.
Diathesis
Bilateral disease

Early age of onset

Ectopic disease

Positive family history

wGRS group
Base
2
3
4
Base
2
3
4
Base
2
3
4
Base
2
3

OR (95% CI)

p

1.26 (1.07-1.50)
1.45 (1.22-1.73)
1.78 (1.44-2.19)

0.007
<0.001
<0.001

1.11 (0.92-1.35)
1.21 (1.00-1.47)
1.38 (1.10-1.73)

0.274
0.059
0.006

1.20 (0.90-1.59)
1.52 (1.14-2.01)
1.99 (1.46-2.70)

0.220
0.004
<0.001

1.14 (0.96-1.35)
1.29 (1.08-1.53)

0.137
0.004

wGRS, weighted genetic risk score.
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Table 3. The odds of expressing a Dupuytren’s diathesis feature for each increasing unit of
weighted genetic risk score in British Society for Surgery of the Hand Genetics of Dupuytren’s
Disease.
Diathesis

OR (95% CI)

p

Bilateral Disease
Early Age of Onset
Ectopic Disease
Positive Family History

1.26 (1.17-1.35)
1.13 (1.04-1.23)
1.31 (1.18-1.46)
1.14 (1.07-1.22)

<0.001
0.004
<0.001
<0.001

Dupuytren’s diathesis is associated with recurrence
in British Society for Surgery of the Hand Genetics of
Dupuytren’s Disease
Each diathesis feature predicted higher odds of requiring further surgery in British
Society for Surgery of the Hand Genetics of Dupuytren’s Disease: early age of
onset was the strongest predictor (OR 2.38, 95 percent CI 2.00 to 2.83; p<0.001;
Table 4). The odds of further surgery also increased with increasing number of
diathesis features (Table 5).
Table 4. The odds ratio of recurrence for each diathesis feature in British Society for Surgery
of the Hand Genetics of Dupuytren’s Disease.
Diathesis
Bilateral Disease

OR (95% CI)
2.20 (1.85-2.61)

p
<0.001

Early Age of Onset

2.38 (2.00-2.83)

<0.001

Ectopic Disease

1.73 (1.40-2.14)

<0.001

Positive Family History

1.61 (1.39-1.86)

<0.001

Table 5. The odds ratio of recurrence for increasing number of diathesis features in British
Society for Surgery of the Hand Genetics of Dupuytren’s Disease.
No. of diathesis features

OR (95% CI)

p

0
1
2
3
4

Base
1.68 (1.36-2.08)
2.90 (2.31-3.65)
4.68 (3.50-6.26)
7.50 (4.76-11.83)

<0.001
<0.001
<0.001
<0.001
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Weighted Genetic Risk Score is associated with
recurrence in British Society for Surgery of the Hand
Genetics of Dupuytren’s Disease and Genetic Origin of
Dupuytren Disease and Associated Fibromatosis
In British Society for Surgery of the Hand Genetics of Dupuytren’s Disease, in both
unadjusted models and after adjustment for bilateral disease, ectopic disease,
early onset and positive family history, recurrence increased with increasing
weighted genetic risk score category (Table 6). In the highest weighted genetic
risk score category, the adjusted odds ratio for recurrence was 1.46 (95 percent
CI 1.09-1.96; p=0.008). With each unit increase in weighted genetic risk score, the
odds ratio for recurrence was 1.18 (95 percent CI 1.06-1.31; p=0.002; Table 7).
In Genetic Origin of Dupuytren Disease and Associated Fibromatosis, recurrence
was also correlated with weighted genetic risk score in unadjusted models, with an
odds ratio of 1.88 (95 percent CI 1.11-3.17, p=0.019) between the highest and lowest
categories. With each unit increase in weighted genetic risk score the increased odds
ratio for recurrence was 1.22 (95 percent CI 1.01-1.46; p=0.035; Table 6). However,
when we adjusted for diathesis factors, these results lost statistical significance,
most likely owing to the small size of this cohort. Despite this, the magnitude and
direction of the association with recurrence is consistent across cohorts (Table 7).
Table 6. Risk of Dupuytren’s disease recurrence by weighted genetic risk score category in
British Society for Surgery of the Hand Genetics of Dupuytren’s Disease and Genetic Origin
of Dupuytren Disease and Associated Fibromatosis cohorts.
Cohort

BSSH-GODD
study

GODDAF
study

wGRS
category

Unadjusted

Adjusted*

OR (95% CI)

p

OR (95% CI)

p

Base
2

1.23 (1.00-1.53)

0.06

1.16 (0.93-1.46)

0.177

3

1.48 (1.17-1.86)

0.001

1.35 (1.06-1.71)

0.009

4

1.69 (1.28-2.23)

<0.001

1.46 (1.09-1.96)

0.008

2

1.43 (0.92-2.22)

0.107

1.31 (0.82-2.09)

0.257

3

1.50 (0.94-2.42)

0.09

1.09 (0.80-2.18)

0.276

4

1.88 (1.11-3.17)

0.019

1.58 (0.90-2.77)

0.111

Base

wGRS, weighted genetic risk score; BSSH-GODD, British Society for Surgery of the Hand
Genetics of Dupuytren’s Disease; GODDAF, Genetic Origin of Dupuytren Disease and
Associated Fibromatosis.
*Adjusted for bilateral disease, ectopic disease, early onset, and positive family history.
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Table 7. The increased risk of recurrence for each unit increase in weighted genetic risk
score.
Cohort

Unadjusted
OR (95% CI)

p

Adjusted*
OR (95% CI)

p

BSSH-GODD study

1.25 (1.13-1.38)

<0.001

1.18 (1.06-1.31)

0.002

GODDAF study

1.22 (1.01-1.46)

0.035

1.14 (0.94-1.39)

0.194

Meta-analysis

1.24 (1.12-1.39)

<0.001

1.17 (1.05-1.31)

0.004

BSSH-GODD, British Society for Surgery of the Hand Genetics of Dupuytren’s Disease;
GODDAF, Genetic Origin of Dupuytren Disease and Associated Fibromatosis.
*Adjusted for bilateral disease, ectopic disease, early onset, and positive family history.

DISCUSSION
In this study we show that patients with high weighted genetic risk scores are
more susceptible to recurrence following surgery for Dupuytren’s disease.
Importantly, this was demonstrated in patients from two different populations,
ascertained through independently designed studies. Using logistic regression, we
demonstrated that the increased risk of recurrence predicted by weighted genetic
risk score is independent of clinical features known to associate with aggressive,
highly recurrent disease – the Dupuytren’s diathesis.
Previous work based on the results of our pilot genome-wide association study
had demonstrated an association between an early version of the weighted
genetic risk score, composed of nine single nucleotide polymorphisms, and some
features of Dupuytren’s diathesis, namely ectopic disease, early age of onset and
positive family history.(13) This study confirms and extends this association in a
larger cohort, to include bilateral disease.
Genetic risk scores work on the assumption that each included single nucleotide
polymorphism is independently associated with an increased risk for the tested
variable. Using a weighted genetic risk score, rather than testing each single
nucleotide polymorphism individually, has more power since the effects of the
single nucleotide polymorphisms are summed, and no multiple testing correction
is needed. Our genetic risk score was a weighted model rather than an additive
model, in which the presence of each single nucleotide polymorphism would
equally increase the score. This weight was determined on the basis of the odds
ratio of the single nucleotide polymorphism when considering predisposition
to Dupuytren’s disease as a whole. This makes the assumption that a single
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nucleotide polymorphism contributes to diathesis and recurrence with a similar
weight to its overall predisposition to disease. Therefore, one weakness of our
weighted genetic risk score is that these single nucleotide polymorphisms were
selected because they are known risk factors for Dupuytren’s disease – they are
not necessarily risk factors for recurrence or diathesis per se. Including single
nucleotide polymorphisms that may not associate with recurrence increases the
noise and consequently reduces the power of our model.
In our study we used two definitions of recurrence as made necessary by the
different methods of data collection for the two cohorts. No universal definition
of recurrent Dupuytren’s disease exists.(16,17) The definition of recurrence in the
Genetic Origin of Dupuytren Disease and Associated Fibromatosis, being multiple
surgeries in the same finger of the same hand, will not include patients who
rejected further treatment after surgery, or patients who had further treatment
in a different hospital that was not detected by our study. The definition in British
Society for Surgery of the Hand Genetics of Dupuytren’s Disease is a second
operation on the same hand. This may exclude individuals who refuse further
surgery for recurrent disease, and it will also include instances where patients
have had surgery in stages, with different fingers operated on at different times.
Whilst our definitions have limitations, it is compelling that two separate definitions
of recurrence lead to consistent results. Our conclusions remain important for
patient counseling. If a patient has a high weighted genetic risk score, and/or
many diathesis features are present, they are more likely to have an aggressive
disease course and require repeat surgery.
A further limitation of our work is that we are unable to provide detailed analysis
of subgroups of patients, for example classified by initial severity of contracture, or
initial surgical treatment. Furthermore, we cannot correlate our weighted genetic
risk score to the time from initial treatment to recurrence. These outstanding
questions are interesting areas for future research.
With improved access to whole genome sequencing in clinical settings, counseling
on the basis of genetic risk scores may soon become realistic for a variety of
surgical diseases. Presently, patients with Dupuytren’s disease are counselled
based on clinical diathesis factors only. Including weighted genetic risk score
may improve the accuracy of counseling, especially as many patients present
to clinicians before the full extent of their diathesis has become apparent. More
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work is needed to confirm how patients with different weighted genetic risk score
respond to different treatment modalities. This will be another step along the road
to personalized treatment for our patients.
In conclusion, we have demonstrated that a weighted genetic risk score predicts
recurrence after surgery in Dupuytren’s disease, a very common complex
fibroproliferative disease of the palmer fascia. This predictive value is independent
of known high-risk clinical features. Knowledge of this weighted genetic risk score
might facilitate more accurate prognostication for the individual patient, and in
future may influence the choice of initial treatment.
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SUPPLEMENTS
Supplementary figures

Supplementary Figure 1. Quantile-quantile plot demonstrates the Gaussian nature of the
wGRS distribution in both A) British Society for Surgery of the Hand Genetics of Dupuytren’s
Disease and B) Genetic Origin of Dupuytren Disease and Associated Fibromatosis.

Supplementary tables
Supplementary Table 1. Distribution of weighted genetic risk score single nucleotide
polymorphism count in British Society for Surgery of the Hand Genetics of Dupuytren’s
Disease and Genetic Origin of Dupuytren Disease and Associated Fibromatosis.
Number
SNP count
19
20
21
22
23
24
25
26
Missing
Total

Frequency
BSSH-GODD
5
3
8
61
1060
2
58
3808
1121
6126

GODDAF
1
9
114
1336
270
1730

SNP, single nucleotide polymorphism; BSSH-GODD, British Society for Surgery of the Hand
Genetics of Dupuytren’s Disease; GODDAF, Genetic Origin of Dupuytren Disease and
Associated Fibromatosis.
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Polygenic risk associations with clinical characteristics and recurrence of Dupuytren’s disease

ABSTRACT
Background
Dupuytren’s disease (DD) is a common complex trait, with varying severity and
incompletely understood etiology. Genome-wide association studies (GWAS)
have identified risk loci. Here, we examine whether genetic risk profiles of DD in
patients are associated with clinical variation and disease severity as well as with
patient genetic risk profiles of genetically correlated traits, including body mass
index (BMI), triglycerides (TG), high-density lipoproteins (HDL), type 2 diabetes
mellitus (T2D), and endophenotypes fasting glucose (FG), and glycated hemoglobin
(HbA1c).

Methods
We used a well-characterized cohort of 1,461 DD patients with available phenotypic
and genetic data. Phenotype data include age of onset, recurrence, and family
history of disease. Polygenic risk scores (PRSs) of DD, BMI, TG, HDL, T2D, FG, and
HbA1c using various significance thresholds were calculated with PRSice using the
most recent GWAS summary statistics. Control data from LifeLines were used to
determine p-value cut-offs for PRSs generation explaining most variance.

Results
The PRS for DD was significantly associated with a positive family history for DD,
age of onset, disease onset before the age of 50, and recurrence. We also found a
significant negative correlation between the PRSs for DD and BMI.

Conclusions
While GWAS studies of DD are designed to identify genetic risk factors distinguishing
case/control status, we show that the genetic risk profile for DD also explains part
of its clinical variation and disease severity. The PRS may therefore aid in accurate
prognostication, choosing initial treatment and in personalized medicine in future.
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INTRODUCTION
Clinical features and severity of Dupuytren’s disease (DD) vary substantially
among patients, some have a solitary non-progressive nodule throughout their
lifetime, others present with severe, recurrent flexion deformities bilaterally,
accompanied by ectopic lesions and associated fibromatoses.(1) Although its
etiology is not yet well-understood, DD is a complex and highly heritable trait, with
an estimated proportion of phenotypic variance attributable to common genetic
variants (e.g. single nucleotide polymorphism [SNP] heritability) of 67%.(2,3) An
earlier age of onset is associated with increased severity, and a positive family
history is associated with lower age at first surgery.(4) Phenotypic associations
have been observed between DD and diabetes mellitus, epilepsy and liver disease.
(2,5) Genetically, DD shows positive correlations with body mass index (BMI), type
II diabetes mellitus (T2D), triglycerides (TG), and high-density-lipoprotein (HDL),
suggesting a shared heritable component.(3) A recent genome-wide association
study (GWAS) has identified 26 genetic loci associated with DD, highlighting WNT
signalling, extracellular matrix modulation, and inflammation to be involved in the
pathogenesis of fibrosis.(6,7) Together, these 26 loci explain 11.3% of the variance
of DD. However, genetic markers below the genome-wide significance threshold
may still explain a considerable additional proportion of phenotypic variation.(7,8)
In this study we set out to investigate whether genetic risk for DD could also
explain disease severity, recurrence, and occurrence of associated disorders. To
do so, we construct polygenic risk scores (PRSs) using the most recent GWAS of
DD (9). In addition, we studied the correlation between PRSs of patients for DD
and PRSs for BMI, TG, HDL, T2D, and endophenotypes fasting glucose (FG) and
glycated hemoglobin (HbA1c) at various thresholds of statistical significance. We
studied this correlation specifically in DD cases, as significant genetic correlations
between GWAS results of these traits have previously been established (BMI:
−0.196; TG: −0.139; HDL: 0.133; T2D: -0.182).(3) Thus our goal was to further
understand the nature of these correlations at different levels of association
within well-characterized patient cohorts. In case of significant and strong
association of DD clinical characteristics with the PRS, genetic profiling can in
future support personalized treatment strategies: DD patients are presently only
counselled based on clinical characteristics, often before the full extent of their
DD phenotype has become apparent. Understanding the contribution of genetic
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variants to patient characteristics and DD recurrence is a necessary step toward
accurate prognostication of this highly heritable disease.

METHODS
Cohort description
For this study, our previously described cohort of DD patients was used.(10,11)
Ethical approval for this study was obtained from Medical Ethics Committee of
the University Medical Center Groningen, the Netherlands (2007/067). Briefly,
phenotype and genotype data of total of 1,669 DD patients were collected between
2007 and 2016. Phenotype data include data on clinimetrics of flexion contractures,
characteristics such as age of onset, family history (defined anamnestically as
having at least one affected family member in the first or second degree), bilateral
disease, ectopic disease, observed recurrence (defined as recurrence of flexion
contracture or new signs of DD tissue in previously cleared areas), surgical
recurrence (defined as ≥2 surgical interventions in the same ray), and associated
disorders diabetes mellitus, epilepsy, and liver disease. Control data of 51,977
subjects were available from LifeLines (for details see Supplementary Materials).
(12)

Genotyping, quality control and imputation
Samples were genotyped in two batches using two different arrays, due to the
longitudinal nature of our data collection. The first set of 960 DD cases and 15,638
LifeLines controls was genotyped using the Illumina HumanCytoSNP-12 array
(CytoSNP) and called with Illumina’s Genome Studio. The second set included
709 DD cases and 36,339 LifeLines controls genotyped with the Illumina Global
Screening Array (GSA) and called using Opticall.(13) Cases and controls were
genotyped separately. Genotype quality control (QC), imputation, and dataset
merging procedures are described in detail in the Supplementary Materials. During
genotype QC, 43,038 variants, 75 cases, and 8,101 controls were removed from
the CytoSNP dataset, and 113,556 variants, 39 cases, and 16,395 controls were
removed from the GSA dataset. After imputation, 5,417,839 variants, 885 cases,
and 7,321 controls remained in the CytoSNP dataset, and 4,658,587 variants, 670
cases and 19,944 controls remained in the GSA dataset.
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GWAS summary statistics
For all traits, summary statistics from the most recent GWASs in European ancestry
individuals were used for PRSs calculations.(3,7,14–18) Summary statistics were
either publicly available from GWASCatalog or LD hub, or acquired through
personal correspondence.(7,19,20)

Polygenic risk scores
PRSs were constructed with the PRSice algorithm using default settings.(21) These
individual-level scores are calculated by summing the number of risk variants that
a person carries weighted by effect sizes that are derived from an independent
discovery GWAS, and usually include non-genome wide significant markers.(9)
One way to create PRSs is by is clumping and thresholding: where independent
SNPs are selected based on a p-value threshold and several thresholds are tested
to maximize predictive ability of the derived polygenic scores.(8) Here, the optimal
PRS was determined among a set of PRSs using p-value thresholds ranging
from p=5*10-8 to p=0.5 as the PRS that explained the most disease variance. For
quantitative traits we used the regression coefficient betas and for binary traits
the log odds ratios as weights for the PRSs calculations.
Optimal PRSs were calculated for our two genotyping data sets (one with CytoSNP
array and the other with GSA array genotype data) separately. We wished to
combine the data of our two cohorts for a joint analysis. However, as different
SNP arrays vary in genome-wide genotyping density, which may affect successful
genotype imputation, we regressed the optimal PRSs of each genotype release
against their first five genotyping release-specific principal components (correcting
for population structure),(22) and standardized the residuals within each genotyping
release before combining them into a standardized residualized PRS (i.e., the optimal
standardized residualized PRS, hereafter referred to as the PRS).

Statistical analyses
Quantile-quantile plots were produced to check the normality of the PRS
distributions. Two-tailed Students t-tests and chi-square tests were performed to
test for difference in age and sex between genotyping releases, and for differences
in the mean PRS between cases and controls.
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Unrelated controls were selected from the LifeLines cohorts using GCTA and
PLINK (see Supplementary Methods)(22,23) and used in the DD PRS analyses. For
DD the PRS analyses were performed with case/control status using univariate
logistic regression. For T2D, TG, HDL, BMI, FG, and HbA1c, the PRS analyses were
performed in only the control cohort using logistic or linear regression analysis,
depending on the trait, as information on these phenotypes was not available
in our case cohort. The optimal PRS for subsequent analysis was defined as the
one with the highest Nagelkerke’s pseudo R2, which is a measure of proportion of
phenotypic variance explained (goodness-of-fit) when applying different p-value
thresholds of GWAS results. Nagelkerke’s R2 was adjusted to the liability scale
using a population prevalence of DD. We used a previously estimated prevalence
of DD that has been corrected for the general Dutch population of all ages of
7.08% (Supplementary Table 1).(24,25) For T2D, TG, HDL, BMI, FG, and HbA1c, for
which only the population-based controls were used,(12) no liability adjustment
is applied. After establishing the PRSs explaining most of the phenotypic variance
in controls, the PRSs at these optimal p-value thresholds are calculated in the DD
cases.
Univariate logistic regression analyses were next performed to test for the
association between clinical characteristics and the PRS thresholds in DD cases,
whilst adjusting for genotyping batch. We also performed a multi-variable logistic
regression analysis with the recurrence as outcome and the PRS and family history
as predictors, to study the added value of the PRS over family history in predicting
disease severity.
Since a study on cardiovascular risk demonstrated the 1% of patients with the
highest PRS had a lifetime risk equivalent to the risk faced by those carrying
monogenic Mendelian mutations, we similarly compared patients with the top
decile PRSs to patients with the bottom decile PRS scores.(26) We chose the deciles
because the number of patients in the top 1% was too small in our dataset (n=15).
Last, we calculated Pearson correlations between the PRSs for BMI, TG, HDL, T2D,
FG, and HbA1c and the DD PRS for the optimal PRS threshold and thresholds 0.05
and 0.5 in order to observe differences in correlations between oligo- and polygenic
PRSs. Statistical analyses were performed in R (version 3.6.1).(27) A Bonferroni
correction was used to account for multiple testing resulting in significance level
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of 0.05/13=0.0038 for association testing with 13 clinical characteristics. The
Bonferroni correction for multiple testing is a means of accounting for the larger
likelihood of finding a false positive association when multiple comparisons are
made simultaneously. For the Pearson correlations between the DD PRS and 6
trait-PRSs a correction for multiple testing of 0.05/6=0.008 was used.

RESULTS
Cohort description
After QC, the total sample size of the imputed CytoSNP cohort was 885 unrelated
DD cases and 5,702 unrelated controls and the imputed GSA cohort comprised
670 unrelated cases and 11,152 unrelated controls. Clinical data were available
for 823 of the 885 CytoSNP DD cases and 638 of the 670 GSA DD cases. The
CytoSNP and GSA cohorts were not significantly different in distribution of sex
and age (p=0.097 and p=0.193, respectively; Supplementary Table 2). An overview
of clinical characteristics of all DD cases (CytoSNP and GSA combined) and controls
used for the PRS calculation is shown in Table 1.
Table 1. Clinical characteristics for cases and controls.
Clinical characteristic

DD cases

Controls

Male sex (n (%))

1,099 (75.2%)

7,224 (42.7%)

Age (mean [range])

62 [20-89]

61 [25-100]*

Bilateral disease (n (%))

623 (61.6%)

NA†

Positive family history (n (%))

735 (66.6%)

NA†

Age of onset (mean [range])

55 [13-85]

NA†

Disease onset before the age of 50 (n (%))

530 (37.0%)

NA†

Number of affected rays (median [IQR])

1 [0-2]

NA†

Observed recurrence (n (%))

224 (25.9%)

NA†

Surgical recurrence (n (%))

217 (32.6%)

NA†

Doctor reported ectopic disease (n (%))

311 (34.5%)

NA†

Patient reported ectopic disease (n (%))

640 (49.4%)

NA†

Diabetes mellitus (n (%))†

157 (11.4%)

NA†

IQR, inter quartile range
Age was acquired from the LifeLines baseline assessment collected between 2007-2013.
†
Clinical characteristics of LifeLines controls were not associated with the PRS.
*
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Optimal p-value threshold for the PRS generation
The CytoSNP PRS analysis showed that the p-value threshold 5*10-8 provided the
PRS explaining most variance between cases and controls: 7.53% (Figure 1). In the
GSA the p-value threshold of 5*10-7 provides the optimal PRS with an explained
variance of 7.04%. Since for the CytoSNP data, the variance explained at the 5*107

threshold was only 0.01% lower than at the 5*10-8, we chose to use the 5*10-7

threshold for both CytoSNP and GSA in order to homogenize the PRSs over both
cohorts and to facilitate in combining them. The PRS at threshold 5*10-7 consisted
of 81 independent variants available in both genotyping batches. Supplementary
Figure 1A shows the distribution of these optimal PRSs in both batches for cases
only. We computed standardized residuals of the PRS (Supplementary Figure 1B)
as independent variable and used genotyping platform as covariate in regression
analyses with clinical characteristics. As expected, the PRS differed significantly
between cases and controls (p<0.001). There were no significant differences
in the residualized PRS between males and females (p=0.78) nor was there an
association with age (p=0.01, with α=0.0038), when correcting for multiple testing.
Liability-adjusted Nagelkerke’s pseudo R2 measures explained 4.5% and 16.9% of
phenotypic variance in the CytoSNP and GSA cohorts respectively.
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Figure 1. PRS analysis. The plots on the top show the results for the CytoSNP data and the
plots in the bottom for the GSA data. Bar plots with the explained variances for PRSs (y-axis)
composed of SNPs meeting different p-value threshold (x-axis) are shown on the left (Figure
1A and 1C) and odds ratios representing risk of DD for the optimal PRS (p-value threshold of
5*10-7) per decile of the PRS are shown on the right (Figure 1B and 1D).

Association with clinical characteristics
Next, we examined the association between the PRS and clinical characteristics
in the DD cases only (Table 2). Positive family history for DD (Figure 2A;
Supplementary Figure 2A), earlier age of onset (Figure 2B), disease onset before
the age of 50 (Figure 2C; Supplementary Figure 2C), and observed recurrence
(Figure 2D) were significantly associated with a higher PRS, after correction for
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multiple testing. Surgical recurrence and doctor and patient reported ectopic
disease (M. Ledderhose, M. Peyronie and knuckle pads), bilateral disease, number
of affected rays, or diabetes mellitus were not significantly associated to the PRS
after correction for multiple testing.
In the model predicting observed recurrence with both the PRS and family history,
the PRS (p=0.01) showed a stronger association to observed recurrence than
family history (p=0.07), implying that the PRS seems to be more powerful predictor
of recurrence than family history.
Table 2. Association clinical characteristics with the PRS.
Clinical characteristic

Bilateral disease

Number
of cases
in
analysis
1,012

Significance Effect sizeǂ
level
(95% CI)

p=0.87

0.99 (0.87–1.13)

Liability
unadjusted
variance
explained¥
-

Positive family history (yes/no) 1,104

p=8.53*10-4 † 1.24 (1.09–1.41)

27.0%

Age of onset (continuous)

1,213

p=4.31*10 † -1.25* (-1.85– -0.65)

-

Disease onset before the
age of 50
Number of affected rays

1,434

p=2.33*10-4 † 1.23 (1.10–1.37)

28.2%

1,455

p=0.085

0.07* (-0.01–0.16)

-

Observed recurrence

864

p=0.0035 †

1.26 (1.08–1.47)

20.4%

-5

Surgical recurrence

667

p=0.022

1.22 (1.03–1.45)

-

Doctor reported ectopic
disease
Patient reported ectopic
disease
Diabetes mellitus

901

p=0.006

1.22 (1.06–1.40)

-

1,295

p=0.021

1.14 (1.02–1.27)

-

1,378

p=0.43

0.93 (0.79–1.10)

-

CI: confidence interval.
ǂ
Effect size is odds ratio, unless otherwise indicated.
† Statistically significant after correction for multiple testing (α=0.05/13=0.0038).
* Regression coefficient beta (95% CI) instead of OR (95% CI) for linear regression.
¥
Because the prevalence of the clinical characteristics in the general DD population is not
well-documented in literature, we did not perform liability adjustment of the variance
explained.
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Figure 2. Association of the PRS for DD and A) Family history, B) Age of onset (continuous,
including regression line), C) Disease onset before the age of 50 (below 50 years), D)
Observed recurrence.

Extreme PRS and clinical characteristics
We compared clinical characteristics of individuals belonging to the highest decile
of the PRS to those of individuals within the lowest decile of the PRS (n=146 in
each group) (Supplementary Figure 2). Disease onset before the age of 50 and
positive family history for DD were significantly different between highest and
lowest PRS deciles, after correction for multiple testing (α=0.05/10=0.005) (p-value
0.001 and 0.003, respectively). Cases within the highest PRS decile were at a 2.21
(95% CI 1.36-3.62) and 2.47 (95% CI 1.36-4.56) increased risk for a disease onset
before the age of 50 and positive family history, respectively, compared to cases
in the lowest decile. The PRS extremes were not significantly associated after
correction for multiple testing with continuous age of onset (p=0.008), observed
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recurrence (p=0.021), doctor reported ectopic disease (p=0.043), occurrence of
bilateral disease (p=0.397), number of affected rays (p=0.548), surgical recurrence
(p=0.245), patient reported ectopic disease (p=0.091), and diabetes mellitus
(p=0.812).

Correlation the DD PRS and other traits’ PRSs
We found significant correlations between PRSs for DD and BMI at both p-value
threshold 0.05 and 0.5 (Table 3). The correlations of PRSs at 0.05 and 0.5 between
DD and other traits were not statistically significant. Moreover, we found no
significant correlations between the PRS for DD and other traits (Supplementary
Tables 3 and 4).
Table 3. Correlation of the PRS of DD with the PRS of BMI, TG, HDL, T2D, FG, and HbA1c at
p-value thresholds 0.05 and 0.5.
Trait

BMI
HDL
TG
T2D
FG
HbA1c

PRS at threshold 0.05
Pearson’s correlation Correlation
coefficient [95% CI]
p-value
-0.08 [-0.12 – -0.03]
0.003†
0.02 [-0.03 – 0.07]
0.42
-0.03 [-0.08 – 0.02]
0.32
-0.02 [-0.07 – 0.03]
0.42
-0.06 [-0.011 – -0.01]
0.02
-0.01 [-0.06 – 0.04]
0.07

PRS at threshold 0.5
Pearson’s correlation Correlation
coefficient [95% CI]
p-value
-0.10 [-0.14 – -0.05]
<0.001†
0.02 [-0.03 – 0.07]
0.05
-0.03 [-0.08 – 0.02]
0.29
-0.04 [-0.09 – 0.01]
0.09
-0.03 [-0.08 – 0.02]
0.03
0.01 [-0.04 – 0.06]
0.59

CI: confidence interval.
† Statistically significant after correction for multiple testing (α=0.05/6=0.008).

DISCUSSION
Leveraging two large DD samples, we set out to test whether genetic risk for DD
was also associated with clinical variation and disease severity. We found multiple
testing-corrected significant association of the PRS with positive family history
for DD, age of onset, early age of onset (before the age of 50), and observed
recurrence. These results are in line with previous studies which significantly
associated disease onset before the age of 50 and recurrence with family history
or weighted genetic risk scores constructed with genome-wide significant SNPs.
(4,11) Harmonious with these previous studies, we also found nominally significant
associations (p<0.05) of the PRS with surgical recurrence and doctor and patient
reported ectopic disease. Although these characteristics were not significantly
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associated with PRS after stringent correction for multiple testing, these findings
could indicate a potential effect of the PRS on these clinical characteristics.
Bonferroni correction is a slightly conservative method that increases the chances
of falsely rejecting truly significant associations as it assumes that the different
tests performed are independent.(28) However, larger sample sizes are needed
to confirm these associations. In the present study we did not find an association
of the PRS with bilateral disease, contrary to previous studies. This difference
in results could be explained by the larger power of the present study through:
1) using a continuous PRS for association testing, instead of categorical one or
dichotomous family history; 2) using a larger study cohort; and 3) using a PRS that
included over three times more variants, explaining more genetic variance than a
weighted genetic risk score that includes only genome-wide significant SNPs.
PRSs are a function of the GWAS sample size from which the weights are
estimated.(8,29) Performing a meta-analysis of all DD GWAS studies available to
date could increase the accuracy of gene effects and hence add to the predictive
accuracy of future PRSs. However, the facts that the heritability of DD is large
(approximately 80%), the amount of trait variance explained by genome-wide
significant SNPs (11.3%) is moderate, and the optimal PRS (explaining most
phenotypic variance) for GWAS results had a cut off of p=1*10-7, show that knowngenetic risk loci for DD explain quite a lot of the disease variance of DD already.
In fact, the PRS outperformed family history in predicting observed recurrence
in our multiple logistic regression including both the PRS and family history.
Although family history is able to also capture shared non-genetic factors, a
PRS can capture (naturally occurring) individual genetic variation within families
which shared family history cannot.(30) Thus, the PRS can be viewed as a more
objective predictor of genetic predisposition than family history.(30) Currently, risk
for recurrence of DD is assessed by clinicians using family history among other
diathesis characteristics. Our results suggest that the PRS is a stronger predictor of
disease recurrence, with better discrimination properties than family history, and
can thus be of added value in clinical setting. Furthermore, PRSs can also be used
for cross-trait prediction.(29,31) Studying association and predictive ability of the
DD PRS with occurrence of other fibrotic diseases like Peyronie’s or Ledderhose’s
disease is worth investigating, as currently no GWAS have been conducted for
these diseases, and the diseases are hypothesized to have a shared etiology.
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The PRS for DD showed a strong goodness-of-fit for DD case-control status
variance at lower p-value thresholds (Figure 1). The optimal PRSs were constructed
from only 81 independent genetic variants reaching a p-value threshold of 5*10-7,
and the PRSs performed poorly at higher p-value thresholds. One explanation for
this observation is that DD has an oligogenic rather than polygenic nature. This
could make functional studies particularly fruitful.(3) When correlating the PRS for
DD to those for BMI, TG, HDL, T2D, FG, and HbA1c at p-value thresholds 0.05 and
0.5, BMI did in fact show a significant correlation to DD, meaning that the shared
genetic etiology of these traits is not driven by the genetic risk variants included
in the oligogenic risk range for DD but by a much broader bandwidth of genetic
variants.
The variance of DD occurrence explained by the PRS (liability-adjusted Nagelkerke’s
pseudo R2), in the CytoSNP cohort was relatively low (4.5%), but in the GSA cohort
quite large (16.9%). We cannot fully explain this difference in variance explained,
however it may be due to the denser SNP-coverage of the GSA genotyping array
and hence higher imputation quality in the GSA cohort. PRSs for both cohorts were
constructed with 81 genetic variants. The optimal CytoSNP PRS was constructed
with 77 imputed and 4 genotyped SNPs (mean imputation quality [information
score] 0.91), and the optimal GSA PRS was constructed with 78 imputed and 3
genotyped SNPs (mean information score 0.93). Another explanation is that the
patient populations differed more than expected.
Strengths of this study include a large study population with extensive phenotype
data and the use of PRSs that explain more variance than previously used
weighted genetic risk scores using only genome-wide loci, increasing their
accuracy. A limitation of our study was that, for determining the optimal PRS, we
used controls that were not genotyped in the same batch as the cases. To reduce
batch effects and affirm valid study results, we pursued a more stringent QC than
traditionally done for a GWAS (see Supplementary Methods). Another limitation
was the use of retrospective data. A prospective research design can increase
quality of clinical characterization and classification of recurrence (e.g. recurrence
based on return of extension deficit, recurrence of DD tissue, or reoperation).
This would also enable prediction modelling studies, in particular focusing on the
identification of subgroups of DD patients, for example to evaluate the association
between genetic risk scores and response to treatment or time to recurrence after
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treatment. Genetic investigations into risk of recurrence and time to recurrence
are a next step towards in future possibly implementing genetic risk prediction in
personalized medicine for DD. If the PRS is a significant and strong predictor of
recurrence and time to recurrence, assessment of patients’ PRS could - on top of
demographic and clinical factors - aid in clinical decision making for the hospital
population of DD patients.(32) Estimation of recurrence risk and subsequent
patient management are currently based on diathesis characteristics. However
some diathesis characteristics (e.g. bilateral disease and ectopic disease) might
not yet have become apparent at presentation, as opposed to a PRS, which can be
determined at patient presentation. PRSs might contribute to a more timely and
more accurate choice of timing and extent of treatment, choosing a more invasive
approach for patients with high risk for recurrence and a more hesitant (wait-andsee) approach in patients at low risk for recurrence.

CONCLUSIONS
We demonstrated that a polygenic risk score for the occurrence of DD is associated
with severity and recurrence of DD. Our findings suggest that predisposition to
DD is likely oligogenic, while the genetic correlation with BMI is not driven by
the genome-wide significant DD-associated loci that explain most of the disease
risk. Understanding the contribution of genetic risk to individual patients’ risk
of recurrence is a necessary steps towards disease prediction and personalized
medicine of this highly heritable disease.
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SUPPLEMENTS
Supplementary methods
The Lifelines cohort description
Lifelines is a multi-disciplinary prospective population-based cohort study
examining, in a unique three-generation design, the health and health-related
behaviours of 167,729 persons living in the North of the Netherlands. It employs
a broad range of investigative procedures in assessing the biomedical, sociodemographic, behavioural, physical and psychological factors which contribute to
the health and disease of the general population, with a special focus on multimorbidity and complex genetics.

Quality control (QC) procedures of Lifelines control data
A detailed description of the Lifelines cohort genotype calling and QC pipeline can
be found on Github (https://github.com/molgenis/GAP).

QC procedures of Dupuytren cases
QC was performed for each Dupuytren release separately (CytoSNP and GSA),
using PLINK (version 1.9) and R (version 3.6.1).(1,2) All markers were aligned to the
positive strand and mapped to build GRCh37. Multiple variants were harmonized:
if the alleles did not match while marker type was the same (i.e. either two SNPs or
two insertion/deletions), or if genotype concordance was low (>100 differences),
the variants were removed from the dataset. Genotype data of the remaining
duplicate variants were merged maximizing genotype information. SNPs from
chromosome X and Y, and mitochondrial SNPs were removed.
Genotype calling and QC
Dupuytren cases and the Lifelines controls were genotyped separately as they
originated from separate studies. To reduce batch effects as much as possible,
for the GSA genotyping data we combined the raw data of probe intensities of all
cases and 1200 random controls and called genotypes together using optiCall.
The cases were next extracted from the calling dataset.(3) For the CytoSNP data,
calling was done separately, because the raw data were not available any more. We
applied the QC pipelines of the respective control cohorts to QC our case cohorts,
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adapting them for cases where necessary. That is, as a first step we extracted only
variants that survived QC from the control cohort from the respective genotyping
platform. Secondly, the HWE p-value threshold was released to 1*10-10. Lastly,
allele frequencies of cases were compared to those of controls and SNPs with
an allele frequency that deviated (p-value <1*10-6) were removed from the case
dataset. We hypothesized that this significance was more likely due to genotyping
assay failures than true causality and expected true causal hits to be retrieved
during imputation.

Removal of related individuals
We used genome-wide complex trait analysis to determine a set of unrelated
Lifelines controls for both the CytoSNP and GSA array separately (pi-hat<0.15).(4)
PLINK was next used to determine the relatedness between the Lifelines cohorts
and duplicates or first- and second-degree relatives were removed from the
CytoSNP data, since the GSA chip contains more markers (~650,000 vs ~300,000).
(1) In addition, Dupuytren cases or their first- and second-degree relatives that
also participated in the control cohort were removed from the latter.(1)

Genotype imputation
After QC, both datasets were uploaded to the Sanger Imputation Server. Imputation
was next done using the 1000Genomes phase 1 for the CytoSNP cohorts and the
Haplotype Reference Consortium as reference panel for the GSA cohorts for cases
and controls separately.(5–7)

Merging of case and control datasets
As the mean age of DD cases was higher than that of controls, only controls with an
age range similar to DD (mean 62 years, IQR 56-70 years) were selected. Imputed
genotype data of cases and selected controls were merged for each genotyping
release using BCFtools.(8)
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Supplementary Figure 1. A) Distribution of optimal PRS per genotype release for DD
cases. B) Distribution of the standardized residualized optimal PRS for cases. C) Distribution
of optimal PRS per genotype release for controls. D) Distribution of the standardized
residualized optimal PRS for controls.
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Supplementary Figure 2. The proportion of clinical characteristics in the bottom and
top deciles of the standardized residuals PRS. A) Family history. B) Age of onset. C) Early
age of onset. D) Observed recurrence. E) Bilateral disease. F) Number of affected rays. G)
Surgical recurrence. H) Doctor reported ectopic disease. I) Patient reported ectopic disease.
J) Diabetes mellitus. Occurrence of disease onset before the age of 50 (p=0.001) and family
history (p=0.003) were significantly higher within cases belonging to the top 10% PRS
compared to those from the bottom 10% PRS. PRS extremes were not associated with age
of onset (p=0.008), observed recurrence (p=0.021), occurrence of bilateral disease (p=0.397),
number of affected rays (p=0.548), surgical recurrence (p=0.245), ectopic disease (doctor and
patient reported, p=0.043 and p=0.091 respectively), and diabetes mellitus (p=0.812), after
Bonferroni correction for multiple testing (α=0.05/13=0.0038).
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Supplementary tables

Supplementary Table 1. Calculation of age-adjusted prevalence of DD in the general
population of the northern part of the Netherlands.
Age
categories
(years)
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
>90
Total

Mean proportion of
prevalence per age
category*
0.001
0.001
0.001
0.010
0.040
0.120
0.200
0.290
0.370
0.450
-

Proportion of people
per age category of the
general population†
0.125
0.119
0.135
0.166
0.148
0.126
0.086
0.064
0.027
0.004
1.00

Mean proportion of
prevalence weighted by
age category
0.0001
0.0001
0.0001
0.0017
0.0059
0.0152
0.0172
0.0184
0.0101
0.0019
0.0708

* From Figure 2, Lanting et al.(10)
† From Statistics Netherlands.(11)
Supplementary Table 2. Clinical characteristics for CytoSNP cases and GSA cases.
Clinical characteristic
Male sex (n (%))
Age (mean [range])
Bilateral disease (n (%))
Positive family history (n (%))
Age of onset (mean [range])
Disease onset before the age of 50 (n (%))
Number of affected rays (median[IQR])
Observed recurrence (n (%))
Surgical recurrence (n (%))
Doctor reported ectopic disease (n (%))
Patient reported ectopic disease (n (%))
Diabetes mellitus (n (%))

CytoSNP
625 (76.9%)
63 [24-88]
296 (59.0%)
404 (65.0%)
55 [15-85]
293 (36.4%)
1 [0-1]
104 (26.9%)
165 (30.1%)
143 (29.9%)
347 (45.3%)
97 (12.7%)

GSA
357 (73.6%)
63 [20-89]
330 (64.3%)
332 (68.5%)
55 [13-83]
240 (37.9%)
1 [0-2]
122 (25.4%)
53 (44.5%)
170 (40.0%)
297 (55.7%)
60 (9.7%)

IQR, inter quartile range
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Supplementary Table 3. P-value thresholds of optimal PRS for BMI,
HDL, TG, T2D, FG, and HbA1c, determined with Lifelines controls.
Disease
BMI
HDL
TG
T2D
FG
HbA1c

CytoSNP
0.05
5*10-4
5*10-4
5*10-3
5*10-8
5*10-6

GSA
0.1
2.5*10-3
5*10-6
5*10-5
5*10-8
5*10-8

Supplementary Table 4. Correlation of optimal standardized
residualized PRS of DD with PRS of BMI, HDL, TG, T2D, FG, and
HbA1c in DD cases.
Disease

p-value

BMI

Pearson’s correlation
coefficient [95% CI]
-0.003 [-0.054 – 0.049]

HDL

0.034 [-0.017 – 0.085]

0.193

TG

0.028 [-0.024 – 0.079]

0.288

T2D

-0.004 [-0.056 – 0.047]

0.869

FG

0.014 [-0.07 – 0.066]

0.584

HbA1c

-0.047 [-0.098 – 0.004]

0.074
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A genome-wide association meta-analysis implicates Hedgehog and Notch signaling in Dupuytren’s disease

ABSTRACT
Dupuytren disease (DD) is a highly heritable fibrotic disorder of the hand with
incompletely understood etiology. A number of genetic loci, including Wnt signaling
members, have been previously identified. Our overall aim was to identify novel
genetic loci, to prioritize genes within the loci for functional effects, and to assess
genetic correlation with associated disorders. We performed a meta-analysis of six
DD genome-wide association studies from three European countries and extensive
bioinformatic follow-up analyses. Leveraging 11,320 cases and 47,023 controls, we
identified 85 genome-wide significant single nucleotide polymorphisms in 55 loci,
explaining 26.0% of disease variance. Gene prioritization implicated the Hedgehog
and Notch signaling pathways. We also identified a significant genetic correlation
with frozen shoulder. The pathways identified highlight the potential for new
therapeutic targets and provide a basis for additional mechanistic studies for a
common disorder that can severely impact hand function.
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INTRODUCTION
Fibrosis, the excessive accumulation of extracellular matrix components, can
affect nearly every tissue in the body and is increasingly recognized as a major
cause of morbidity and mortality.(1) Dupuytren disease (DD) is a fibrotic disorder
of the fascias of the hand that causes fingers to irreversibly contract. It is also
associated with excess mortality due to a wide range of causes, including cancer.
(2) DD is very common and its prevalence increases with age, affecting 12% of
Western population aged 55 years to 29% of those aged 75 years.(3) The initial
presentation is as a highly cellular nodule that progresses to form fibrous cords. As
the cords extend into the finger and undergo remodeling and shortening, patients
develop contractures that impair function and quality of life.(4) Treatment of DD is
currently limited to late-stage disease to reduce flexion contractures by disrupting
or excising the cords. However, recurrence rates are high, and there is no cure for
this debilitating disease.(5)
Current understanding of the etiology of DD is limited, with a complex interaction
between genetic and environmental factors.(6) There is strong evidence for an
association with advanced age, male sex, family history of DD, heavy alcohol
consumption, cigarette smoking, and manual work exposure.(7) Furthermore DD
shares a genetic etiology with body mass index (BMI), type II diabetes mellitus
(T2D), and levels of triglycerides and high-density lipoprotein (HDL).(8) Intriguingly,
adiposity is causally protective against DD.(9,10) Genome-wide associations studies
(GWASs) have so far identified 26 genetic risk variants.(11,12) The overall (broadsense) heritability of DD was estimated to be 80%, of which 67% is attributable to
common genetic variants.(8,13) However, the variance explained by known genetic
variants was estimated as 11.3%.(12) Thus, much of the genetic susceptibility for
DD remains to be elucidated.
Development of novel therapeutic approaches requires a systematic approach
of identification of novel genetic risk factors, broadening our understanding of
the mechanisms involved with these genetic susceptibility loci, and studying their
functional consequences. Here we addressed these aims by performing metaanalysis of GWAS data from six cohorts to prioritize genes involved in DD.
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METHODS
Study cohorts
We used data from six cohorts with DD cases and healthy controls from the
Netherlands, United Kingdom (UK), and Germany. The cases were individuals
who had been diagnosed with DD by a plastic or hand surgeon and/or who had
undergone surgical treatment for DD. Controls were population-based subjects
from the Lifelines cohort study (the Netherlands), from the UK Household
Longitudinal Study (UK), the UK Biobank initiative (UK), and from the PopGen and
KORA studies (Germany) with no known diagnosis of DD. All study populations
were described in detail previously.(11,12,14–22) All samples analyzed in previous
GWASs (11,12,16,22,23) were included in these cohorts.

Ethical approval
The studies used in this meta-analysis were approved by the Research Ethics
Committee or equivalent at all institutions where the data were collected: 1) The
Genetic Origin of Dupuytren Disease (GODDAF) Study (the Netherlands) was
approved by the Ethics Committee of the University Medical Center Groningen,
document number 2007/067; 2) The Lifelines study (the Netherlands) was
approved by the Ethics Committee of the University Medical Center Groningen,
document number 2007/152. This study (‘The role of genetic variants in Dupuytren
disease’) has Lifelines study ID OV18_0461; 3) The British Society for Surgery of
the Hand Genetics of Dupuytren’s Disease (BSSH-GODD) study (United Kingdom)
was approved by the Oxfordshire Research Ethics Committee, document number
B/09/H0605/65; 4) The UK Biobank (United Kingdom) was approved by the North
West Multi-Centre Research Ethics Committee, document number 11/NW/0382.
This study (‘The Genetics and Epidemiology of Common Hand Conditions’) has
UK Biobank study ID 22572; 5) The German Dupuytren Study was approved by
the Ethics Commission of the Faculty of Medicine of the University of Cologne,
document number 14/292. Informed consent was obtained from all subjects in
accordance with Declaration of Helsinki protocols.
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Genotyping, quality control and imputation procedures
The genotyping, quality control (QC), and imputation procedures of the UK and
German cohorts were described in detail previously.(12,14,15,23) A detailed
pipeline of genotype QC and imputation procedures for the Dutch case cohorts
can be found in the Supplementary Materials.

GWAS
GWAS for the Dutch cohorts were performed with logistic regression analysis in
PLINK (version 1.9).(24–26) For each single nucleotide polymorphism (SNP) an
analysis was performed with disease status as outcome and age, sex, and the first
ten principal components as covariates. For the UK and German cohorts, for each
SNP a logistic regression was performed with sex and principal components as
covariates, using PLINK (version 1.9) or SNPTEST (version 2.5.4-beta3), respectively.
(27,28) Age was not available in these cohorts. Quality control of the GWAS summary
statistics was performed in R (version 3.6.1) using the GWASinspector package
for each cohort separately.(29) In case of quality issues the respective cohort was
notified and problems were solved. Using the QQ plots from GWASinspector, for
each cohort specific imputation quality and allele frequency thresholds were set
(see Supplementary Methods). Genomic reference build 37 (GRCh37/hg19) was
used in this study.

Meta-analysis
Meta-analysis of the six GWAS results (meta-GWAS) was performed using METAL
with fixed effects inverse variance weighting method.(30) We used a double
genomic control correction to control for genomic inflation due to population
stratification within and between study cohorts.(31) After meta-analysis, only highquality variants were considered for follow-up analyses: i.e. variants present in
three or more (out of six) cohorts, variants present in more than 10,000 participants
(~20% of total), and variants with a heterogeneity p-value > 0.05. These filtered
meta-GWAS summary statistics (containing only high-quality variants) were used
for gene-based analysis through Functional Mapping and Annotation of GenomeWide Association Studies (FUMA).(32)
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We sought to replicate significant loci discovered in our meta-GWAS in the FinnGen
cohort consisting of 3,248 cases and 197,724 controls and performed a combined
meta-analysis for these loci of our meta-GWAS and FinnGen’s results.(33) For
replication, SNPs with a one-sided p-value <0.000588 (=0.05/85, i.e. Bonferroni
correction) in FinnGen were considered replicated.

Identifying independent loci and secondary signals
SNPs were regarded as genome-wide significant if the p-value was smaller than
5x10-8. Genome-wide significant loci were considered independent when SNPs in
neighboring loci were separated by >1Mb on the same chromosome or on different
chromosomes. If a locus contained only one significant SNP, it was considered
unreliable and was discarded. To ascertain secondary signals, clumping was
performed in PLINK (r2≤0.01; distance <1Mb) at each genome-wide significantly
associated genetic locus.(27)

Bioinformatic follow-up approach
In silico annotation
To uncover functional characteristics of the independent genome-wide significant
SNPs and their surrounding regions, we followed an in silico bioinformaticsbased approach.(34) Variant call format (VCF) files for individuals of the European
continental population from the 1000Genomes Project, Phase 3 (version v5a, Feb.
20th 2015) were downloaded and data of the 2Mb region surrounding each of the
85 identified SNPs were extracted with VCFtools.(24,35) The r2 between identified
SNPs and all biallelic SNPs residing in the 2Mb region was calculated with PLINK
(27). SNPs were deemed sufficiently correlated if r2>0.5. Identified and correlated
SNPs were annotated using ANNOVAR (version October 2019) for functional
consequences.(36) Nonsynonymous (ns)SNPs were then characterized for their
damaging effect using Combined Annotation Dependent Depletion (CADD) scores.
(37) A scaled C-score >20 was considered deleterious.(37) To better understand
the possible function of the SNPs, we also checked for pleiotropic effects (in
silico pleiotropy analysis) of all identified SNPs and correlated SNPs in linkage
disequilibrium (LD) (r2>0.5) on other traits and diseases available in the GWAS
Catalog database (version 21 April 2021).(36,38)
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Gene prioritization, pathway, and tissue prioritization analyses
We performed bioinformatic follow-up analyses of the significantly associated
SNPs to prioritize genes that substantially impact DD phenotype (Supplementary
Figure 1, Supplementary Methods). We used blood eQTL data for two gene
prioritization analyses (as a discovery) and fibroblast eQTL data as a replication
analysis of significant discovery findings, as proposed by Qi et al.(39) We correlated
blood and fibroblast eQTL data to check whether the use of blood data with large
sample sizes for discovery, then fibroblast data for validation, was justified.

Cell population-relevant genes
Next, we estimated enrichment of genes implicated by genetic risk loci in DD cell
populations, since genes expressed in relatively few cell types are hypothesized
to affect cell type functions. We studied single cell RNA sequence (scRNAseq) data
from nodules of six DD patients containing seven cellular subtypes.(23) Using
SNPsea, we mapped the associated loci to candidate genes, calculated specificity
scores of these genes to cell populations, and tested their significance.(40) We
used default settings, except for ‘--slop’ (1x105), ‘--min-observations’ (100), and
‘--max-iterations’ (1x106). A heatmap showing specificity scores of significant metaGWAS loci in cell populations was created with the R-package heatmaply (version
1.3.0).(41) For clustering we used heatmaply’s default Euclidean distance measure
and the average linkage function.(41)

Polygenic risk score calculation
We calculated polygenic risk scores (PRS) for the Dutch GSA cohort in order to
study the variance explained (i.e. narrow-sense heritability) by genetic risk variants
identified in the meta-GWAS. First, we re-ran the meta-analysis of GWASs with the
same settings as described above, leaving out the GSA cohort to get summary
statistics that are independent of this cohort and could thus be used for PRS
calculation. Then, with these summary statistics, we constructed PRSs with the
PRSice algorithm using default settings.(42) Optimal PRSs were determined among
a set of PRSs using P-value thresholds of 5x10-8 to 0.5. Last, we calculated liabilityadjusted Nagelkerke’s pseudo R2 measures to scale the phenotypic variance
explained by PRS to disease prevalence in the general population, instead of
disease prevalence in the study population.(43)
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Genetic correlations
We assessed shared genetic etiology between DD and twelve clinically associated
traits: body mass index (BMI), high-density lipoprotein (HDL), triglycerides, type 2
diabetes mellitus (T2D) adjusted for BMI, T2D unadjusted for BMI, T2D in European
UK Biobank subjects with only variants available from the Haplotype Reference
Consortium, fasting glucose, HbA1c, idiopathic pulmonary fibrosis, systemic
sclerosis, frozen shoulder, and psoriasis.(17,26,44–53) We employed LD score
regression to calculate genetic correlations, using full GWAS summary statistics
of DD and traits of interest.(54) We assessed the significance of the genetic
correlation with a Bonferroni-corrected threshold being α=0.05/12=0.0042.

5

Colocalization analysis
For traits sharing a significant genetic correlation, we first selected genetic loci
significantly associated to both traits. Then, SNPs from a 200 kb block surrounding
the significantly associated SNPs were selected. Colocalization analysis was
performed with the coloc and the Sum of Single Effects (SuSie) R-packages,(55)
using data from the 1000Genomes Phase 3 dataset from the European continental
population (version v5a, Feb. 20th 2015),(24) and calculated raw inter-variant allele
count correlations (--r) with PLINK.(27) Missing correlation values were set to zero.

Data visualization
A Manhattan plot was created with the GWASinspector package (version 1.5.1).
(29) Gene-based analysis (as computed by MAGMA) and gene Manhattan plot
were performed and visualized with FUMA SNP-to-Gene function.(32,56) Forest
plots of the odds ratios and confidence intervals of all meta-GWAS hits were
constructed in R (version 3.6.1) using the rmeta package (https://CRAN.R-project.
org/package=rmeta, version 3.0). Regional association plots of each SNP were
created with Locuszoom (version 0.13.2).(57)

Data availability
Summary statistics of the meta-analysis will be made available through the GWAS
catalog.
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RESULTS
Study cohorts
Sample and genotyping details of the cohorts included in the meta-GWAS are
provided in Supplementary Table 1. An overview of the QC output parameters of
the GWAS per cohort is given in Supplementary Table 2.

Association analysis
The meta-analysis included a total of 11,320 cases and 47,023 controls, tested at
8,123,121 variants after QC. Clumping analysis identified 85 independent genomewide significantly associated SNPs in 55 loci (Figure 1; Table 1; Supplementary
Figure 2). Twenty-one of these have been previously reported (12,33), 34 represent
new loci. All 26 previously identified loci from the previous (UK) GWAS (12) were
confirmed, but for six the effects were found to be too heterogeneous and were
therefore excluded from our meta-GWAS (Supplementary Table 3). Forest plots
of the significantly associated SNPs are shown in Supplementary Figure 3. Thirtyfour of the 85 genome-wide significant meta-GWAS SNPs were replicated in
the FinnGen cohort and 77 reached genome-wide significance in the combined
meta-analysis with FinnGen (Supplementary Table 4). Five of the 85 genome-wide
significant SNPs were not available in FinnGen. Gene-based analysis is shown in
Figure 2.

Figure 1. Manhattan plot for the meta-GWAS association analysis. The horizontal red line
represents a p-value threshold of 5x10-8 (genome-wide significance).
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Figure 2. Gene-based analysis as computed by MAGMA. Meta-GWAS summary statistics
were mapped to 18,879 protein coding genes. Genome-wide significance (red dashed line in
the plot) was defined by Bonferroni correction at p=0.05/18,879=2.65x10-6.

Table 1. Independent identified loci genome-wide significantly associated with DD in the
meta-analysis of GWASs.
Identified Chromolocus
some

Position

Variant ID

Effect Effect allele Odds 95% CI
allele frequency* ratio

p-value

1

1

11212458

rs11581010

A

0.76

0.89

0.86-0.93

3.00x10-9

2

1

22692078

rs7537281

A

0.82

0.79

0.76-0.82

2.14x10-25

3

1

162669776 rs72711557

A

0.10

0.81

0.76-0.86

1.74x10-12

4

1

205175419 rs10793726

T

0.84

0.82

0.77-0.87

1.55x10-9

5

1

206600991 rs9429893

A

0.49

1.14

1.10-1.19

2.34x10-13

6

2

12037968

rs4669784

T

0.36

1.13

1.09-1.18

9.21x10-11

2

12898382

rs7562714

A

0.35

0.90

0.87-0.94

1.29x10-8

7

2

28358981

rs2048047

T

0.26

0.89

0.86-0.93

1.50x10-8

8

2

69272116

rs11126214

T

0.05

1.10

1.04-1.17

3.16x10-18

9

2

120507425 rs10174596

T

0.73

1.13

1.09-1.18

3.33x10-9

10

3

26373355

rs142243039 T

0.03

2.59

2.13-3.15

8.36x10-22

11

3

45615455

rs71325072

T

0.96

0.75

0.69-0.81

1.41x10-10

12

3

188484827 rs56098053

A

0.61

0.89

0.86-0.93

4.98x10-11

13

4

7935754

rs73214051

C

0.25

0.88

0.85-0.92

8.86x10-9

14

4

55941418

rs73818546

A

0.13

0.76

0.72-0.81

1.71x10-21

15

5

108649798 rs1965670

A

0.78

1.21

1.16-1.26

4.57x10-18

16

5

157883673 rs74516628

T

0.97

1.41

1.25-1.59

8.25x10-9

5

157887508 rs11743708

C

0.22

1.15

1.11-1.20

1.18x10-10

17

6

875559

rs873560

A

0.71

1.12

1.08-1.16

1.03x10-8

18

6

30782205

rs886423

C

0.19

1.15

1.11-1.20

1.48x10-8

19

6

41666292

rs34203781

A

0.86

0.85

0.80-0.90

1.42x10-9

20

6

149308433 rs11966122

T

0.78

0.88

0.85-0.92

4.25x10-8

6

149735097 rs366905

A

0.49

1.17

1.13-1.22

2.08x10-16
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Table 1. (continued)
Identified Chromolocus
some

Position

Variant ID

Effect Effect allele Odds 95% CI
allele frequency* ratio

p-value

21

7

582259

rs9770861

C

0.64

1.15

0.32-4.19

5.37x10-9

22

7

3516425

rs10264803

T

0.29

0.86

0.83-0.89

2.21x10-15

23

24

7

37591968

rs6462772

A

0.41

1.12

1.08-1.16

4.22x10-10

7

37939730

rs149796768 T

0.02

2.04

1.71-2.43

1.63x10-14

7

37980161

rs2598100

T

0.63

0.70

0.67-0.73

7.86x10-79

7

37996626

rs62443137

T

0.75

1.17

1.13-1.22

7.29x10-15

7

38024404

rs2044830

A

0.13

1.96

1.85-2.08

1.00x10-141

7

38056996

rs75958946

T

0.95

1.36

1.23-1.50

3.04x10-10

7

38175143

rs75306755

A

0.87

0.83

0.78-0.88

3.77x10-13

7

116879224 rs38896

A

0.59

0.88

0.85-0.92

5.22x10-12

7

116976830 rs6977665

A

0.59

0.88

0.85-0.92

9.80x10-13

25

8

25844999

rs17238923

A

0.70

0.79

0.76-0.82

6.96x10-32

26

8

69671650

rs6472419

A

0.23

0.87

0.84-0.90

2.59x10-10

8

69966936

rs2162353

A

0.50

0.78

0.75-0.81

4.94x10-40

8

70054216

rs2472141

T

0.30

1.46

1.40-1.52

1.94x10-74

8

70068788

rs10100769

A

0.22

0.80

0.77-0.83

4.88x10-24

8

108909095 rs13439053

C

0.28

1.12

1.08-1.16

2.30x10-8

8

109140842 rs648596

T

0.56

1.30

1.25-1.35

2.13x10-42

27

8

109599969 rs10089785

T

0.61

0.89

0.86-0.93

1.38x10-9

28

8

141807467 rs62524109

A

0.57

1.13

1.09-1.18

2.26x10-10

29

8

145504690 rs7816361

A

0.52

1.18

1.13-1.23

7.42x10-19

30

9

1202797

rs12353046

T

0.26

1.29

1.24-1.34

1.64x10-37

9

1214985

rs56381416

T

0.96

0.77

0.70-0.85

1.01x10-8

9

117790925 rs34810955

A

0.81

0.88

0.85-0.92

2.45x10-8

9

117886416 rs10125663

T

0.35

1.14

1.10-1.19

4.42x10-13

10

123247176 rs1649199

T

0.15

1.22

1.17-1.27

1.71x10-16

31
32

10

123420305 rs11200062

A

0.19

1.19

1.14-1.24

1.07x10-14

33

11

12215182

A

0.39

0.89

0.86-0.93

2.94x10-10

34

12

106137509 rs7307913

T

0.64

1.12

1.08-1.16

2.33x10-9

35

12

120672843 rs77660995

T

0.02

1.53

1.36-1.72

4.35x10-13

36

13

44866957

rs4942308

T

0.69

1.16

1.12-1.21

2.02x10-14

37

14

23312594

rs1042704

A

0.22

1.23

1.18-1.28

8.61x10-23

38

14

50923249

rs12881869

A

0.07

1.27

1.20-1.35

1.34x10-12

14

50965445

rs17791680

T

0.37

0.83

0.80-0.86

1.55x10-22

39

15

56194877

rs8032158

T

0.67

0.83

0.80-0.86

7.16x10-24

40

15

59502137

rs34412930

A

0.27

0.86

0.83-0.89

9.69x10-14

41

15

68625715

rs28522005

A

0.88

0.86

0.81-0.91

1.05x10-8

42

15

89253426

rs12441312

C

0.18

0.79

0.76-0.82

1.91x10-24

43

15

101773563 rs12442366

A

0.37

0.90

0.87-0.94

1.58x10-8

rs10831757

44

16

75445971

rs247436

T

0.85

0.82

0.79-0.85

1.12x10-15

45

17

13434991

rs61092548

T

0.15

1.16

1.12-1.21

1.62x10-9

46

17

30986984

rs77727254

T

0.18

0.85

0.82-0.88

1.82x10-12

47

17

41748451

rs1398882

A

0.53

1.12

1.08-1.16

3.13x10-10

48

18

9764516

rs11665156

T

0.07

0.67

0.62-0.72

7.51x10-31

49

19

18575193

rs78030362

A

0.92

0.77

0.73-0.82

2.68x10-15

98

A genome-wide association meta-analysis implicates Hedgehog and Notch signaling in Dupuytren’s disease

Table 1. (continued)
Identified Chromolocus
some

Position

Variant ID

Effect Effect allele Odds 95% CI
allele frequency* ratio

p-value

50

19

57678258

rs11672486

T

0.24

1.38

1.33-1.44

5.06x10-54

51

20

38478405

rs16988531

A

0.05

1.29

1.19-1.40

3.05x10-10

20

39052126

rs57082097

A

0.07

1.26

1.19-1.34

1.44x10-11

20

39117207

rs12481661

A

0.05

0.66

0.61-0.71

8.83x10-22

20

39259327

rs181089987 A

0.05

0.77

0.71-0.83

2.47x10-10

20

39318518

rs58716951

C

0.85

1.28

1.21-1.36

4.82x10-21

52

20

50184300

rs73130881

C

0.73

0.87

0.84-0.90

3.3x10-12

53

21

28639131

rs235931

C

0.39

0.90

0.87-0.94

8.16x10-9

54

21

39977076

rs117999064 A

0.98

0.61

0.53-0.70

4.68x10-13

55

22

46149195

rs17573837

A

0.87

0.81

0.76-0.86

1.7x10-16

22

46261687

rs11704955

A

0.92

1.23

1.14-1.33

9.98x10-9

22

46294783

rs28363932

T

0.11

0.82

0.77-0.87

2.66x10-11

22

46324957

rs28755830

T

0.95

0.73

0.67-0.79

6.98x10-14

22

46336571

rs145039496 T

0.02

1.62

1.41-1.86

8.85x10-13

22

46375471

rs117707689 T

0.04

0.70

0.63-0.77

1.47x10-12

22

46387871

rs112116858 A

0.98

0.55

0.48-0.63

1.63x10-19

22

46428306

rs9626908

0.65

0.68

0.65-0.71

9.86x10-87

T

*Effect allele frequency of the meta-GWAS
CI, confidence interval.

Bioinformatic follow-up analyses
In silico annotation
In silico sequencing analysis returned 4,542 and 2,111 variants in moderate
(r2>0.5) and high (r2>0.8) LD, respectively, with the identified 85 meta-GWAS SNPs
(Supplementary Table 5). One of the meta-GWAS SNPs (rs1042704) as well as eight
correlated SNPs were non-synonymous. Out of these eight nsSNPs, three were in
high LD (r2>0.8) with two meta-GWAS SNPs: rs366905 and rs34412930. The nine
nsSNPs mapped to the genes TMEM81, DSTYK, SUMO4, CFTR, TNC, MMP14, and
LDHAL6B (three nsSNPs). CADD scores of the nine nsSNPs flagged four nsSNPs in
TMEM81, DSTYK, MMP14, and LDHAL6B as being among the top 1% most deleterious
substitutions that occur in the human genome.
In silico pleiotropy analysis of all meta-GWAS SNPs and their correlated SNPs revealed
associations with hematologic and anthropometric traits (Supplementary Table
5). Interestingly, two SNPs were associated with keloid, another fibroproliferative
disorder influenced by transforming growth factor beta (TGF-β1) production
and Wingless and Int-1 (Wnt) signaling.(58) Furthermore, rs11581010 has been
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previously associated with lower BMI.(59) Additional associations were found with
variance of red cell counts (red cell distribution width), heel bone mineral density,
and type II diabetes mellitus. The locus harboring ZBTB40 was the most pleiotropic
region, with reported GWAS associations with a variety of hematologic traits, bone
mineral density traits, and chronic inflammatory diseases.

Gene prioritization, pathway, and tissue prioritization analyses
The full gene prioritization analyses can be found in the Supplementary Results.
Since effect sizes of blood and fibroblast eQTLs showed a high similarity (r=0.71;
Supplementary Figure 4), we decided to apply bioinformatic tools to databases
containing results in blood where eQTL data was needed, given the much larger
available sample size. A list of 119 prioritized genes resulted from these analyses
(Supplementary Table 6). These genes were then assessed for association of
differential gene expression in fibroblasts and further functional analyses.
Functional enrichment analysis showed that our results were enriched for genes
involved in abnormal limb, cartilage, and skeleton morphology (Supplementary
Table 7). Further functional analysis suggested deeper mechanistic insights, most
importantly TGF-β signaling, epithelial cell migration and cell-matrix adhesion
(Supplementary Table 8). Protein-protein interaction network of the prioritized
genes revealed two connected components, of which the first one was suggestive
of response to stress and the second one was suggestive of viral/bacterial infection
(Supplementary Table 8).
Tissue prioritization results showed enrichment of 12 tissues for the expression
of DD prioritized genes (FDR<0.01; Supplementary Table 9), on top of which
fibroblasts showed the highest expression levels (Supplementary Figure 5).

Transcriptome-wide association study
SMR analysis with fibroblast eQTLs revealed seven genes with expression levels
significantly associated with DD (PSMR<6.84x10-6).(60) Four of these associations
remained significant after the heterogeneity test (PHEIDI≥7.14x10-3, Supplementary
Table 10). These include RPLP0, with a higher risk for DD, and CTD-2587M2.1, DLG5,
and TEAD3 with predicted protective effects against DD. The long non-coding RNA
CTD-2587M2.1 was associated in SMR analysis with blood eQTLs, with consistent
direction of effect (Supplementary Table 11).
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Of the 119 prioritized genes for DD, 14 reached Bonferroni-corrected significance
in the fibroblast SMR analysis (Supplementary Table 6). Five of these (TNC, AFAP1,
CHSY1, NEDD4, and CFDP1) were identified in at least three bioinformatic follow-up
analyses and fibroblast SMR analysis.

Cell population-relevant genes
Next, we aimed to identify cell types whose function is likely to be influenced by
genes in our risk loci. Of the 85 meta-GWAS hits, SNPsea was unable to identify
SNPs rs12442366 and rs886423. Twelve loci did not contain any genes. SNPsea
merges SNPs with shared genes into single loci to avoid multiple counting of genes,
thus resulting in a dataset of 55 gene sets. Myofibroblasts showed the strongest
association to the meta-GWAS risk loci (p=0.08). Moreover, automatic clustering
highlighted that myofibroblasts and fibroblasts have more similar expression of
genes in our meta-GWAS loci than other cell types (Figure 3). In Supplementary
Table 12 genes with the greatest specificity to each cell population are given for
each combination of SNP and cell type.

Figure 3. Heatmap showing specificity scores (between 0 [red] and 1 [blue] where a lower
value indicates greater specificity to the cell type), produced by SNPsea, of meta-GWAS
associated DD loci in cell populations derived from single cell RNA-seq of DD nodules (n=6
patients).(23) Dendrograms (clustering trees) can be observed for cell populations (y-axis) as
well as genetic loci (x-axis).

Polygenic risk scores
PRS analyses showed that for the Dutch GSA cohort the p-value threshold 5x10-6
provided the optimal PRS (Figure 4). The optimal PRS consisted of 198 SNPs.
Liability-adjusted Nagelkerke’s pseudo R2 measures showed that 26.0% of variance
(narrow-sense heritability) can be explained by the PRS this cohort.
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Figure 4. Liability unadjusted PRS analysis for the Dutch GSA cohort. A) Bar plot with the
explained variances for PRSs (y-axis) composed of SNPs meeting different p-value threshold
(x-axis) are shown. B) Odds ratios representing risk of DD for the best-fitting PRS (p-value
threshold of 5x10-6) per decile of the PRS are shown on.

Genetic correlations
Frozen shoulder showed a significant genetic correlation of 0.30 with DD
(p-value=1.9x10-6), suggesting that there is an overlap between causal variants for
DD and for frozen shoulder (Supplementary Table 13). Increasing BMI was also
significantly negatively correlated to DD (p-value=1.2x10-8, r2=-0.14), and increasing
HDL was positively correlated (p-value=3.6x10-5, r2=0.12). Genetic correlations for
fasting glucose, HbA1c, triglycerides, idiopathic pulmonary fibrosis, psoriasis,
systemic sclerosis, and T2D with DD were not significant.

Colocalization analysis
The significantly genetically correlated traits frozen shoulder, BMI, and HDL were
considered for colocalization analysis. For frozen shoulder, five genome-wide
significant SNPs have been identified.(52) Colocalization analysis revealed that DD
and frozen shoulder share the same causal variants rs1042704 (posterior probability
for H4=0.99) and rs28606049 (posterior probability for H4=0.99). SNP rs2472660,
which was also located in a locus associated to DD, was not found to be causally
related to both disorders. For BMI, two previously associated loci were within a
locus also associated with DD: rs10779751 and rs7607490.(44) For rs10779751,
neighboring SNP rs11581010 was revealed as a shared causal variant for both DD
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and BMI (posterior probability for H4=0.99). For rs7607490, none of the SNPs within
its region had a causal effect on both BMI and DD (posterior probability for H4<0.12).
None of the previously associated HDL SNPs were at the same loci as genome-wide
significant DD SNPs, thus colocalization analysis for HDL could not be performed.

DISCUSSION
Although DD is a common disease with a strong genetic component, underlying
genetic factors and disease mechanisms are widely elusive. Therefore, the aims of this
study were to identify additional genetic loci and pathways for DD to further explain
the genetic variance of DD, and to provide directions for future functional follow-up
studies. We performed the largest GWAS of DD to date, meta-analyzing six cohorts,
including 11,320 cases and 47,023 controls. It yielded 85 genome-wide significantly
associated SNPs at 55 loci, 34 of which have not been previously described. With these
variants twice the amount of phenotypic variance (narrow-sense heritability) can be
explained, 26.0% in contrast to 11.3%.(12) Nevertheless, a large amount remains
undiscovered considering the estimated heritability of 80%.(8,12,13)
Replication of our genome-wide significant SNPs in the FinnGen cohort revealed
only a moderate number of replicated SNPs (34 out of 85). This moderate overlap
of SNPs available from both datasets might be explained by the fact that the Finnish
population is known to have experienced a population bottleneck and therefore
to be genetically diverse from other European populations.(61) Consequently we
chose to report all 85 SNPs as DD associated variants and not only those that could
be replicated in FinnGen. In addition, FinnGen used a ThermoFisher Axiom custom
array containing variants enriched in Finland, thereby explaining why many of the
suggestive associations found by FinnGen were not available in our meta-GWAS.
Nevertheless, the majority (n=77) of the 85 genome-wide significant SNPs from
our meta-GWAS reached a genome-wide significance in the meta-analysis of our
meta-GWAS results and those from the FinnGen cohort.
We performed extensive bioinformatic follow-up analyses of our 85 genomewide significantly associated SNPs to prioritize genes that substantially impact DD
phenotype. Although prioritized genes require experimental validation to reveal the
mechanistic link with associated SNPs, they implicate the Hedgehog (Hh) and Notch
signaling pathways. While Notch signaling has very recently been associated with
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DD,(62) we newly report on Hh signaling. Both may contain potential therapeutic
drug targets. In addition, we also found further candidates in the Wnt/β-catenin
and Hippo signaling pathways, which are already known to be involved in the
pathogenesis of DD.(11,12,63–65) Therefore, these signaling pathways and their
prioritized genes are discussed in more detail below and visualized schematically
in Supplementary Figure 6. We focus our discussion on genes identified in at least
three gene prioritization analyses and replicated in the fibroblast SMR analysis
(Supplementary Table 14), as we consider these results to be robust.
Hh signaling plays a crucial role in embryonic development, regulating
differentiation, proliferation, and tissue patterning of the brain, internal organs,
and limbs.(66) The importance of Hh signaling in fibrosis has already been
established in both animal models and humans.(66) In humans, Hh signaling is
implicated in fibrotic kidney disease, pancreatic fibrosis, liver fibrosis, and biliary
fibrosis.(67–69) Hh signaling can be activated by injury.(67–69) Profibrotic factors
such as TGF-β1 can activate expression of Hh members of the GLI family in human
fibroblasts.(70) To our knowledge we are the first to report a link between CHSY1
and fibrosis (see Supplementary Figure 6). Future research on the role of CHSY1
in DD should focus on studying its expression levels in DD myofibroblasts. The
extracellular matrix (ECM) glycoprotein gene TNC (encoding tenascin C) is a target
of the Hh signaling pathway transcription factors GLI1 and GLI2 (Supplementary
Figure 6).(66) Berndt et al. found that tenascin C was one of the constituents of
the extracellular matrix formed by Dupuytren’s myofibroblasts.(71) In kidney
fibrosis tenascin C was induced by Sonic Hedgehog (SHH) and identified as a major
constituent of promotion of fibroblast proliferation.(72) In our analyses tenascin
C was found to be involved in one of the two major connected components of DD
protein-protein interaction networks, which was enriched in ECM organization. As
we also identified a nsSNP in TNC, functional studies might be particularly fruitful.
DLG5 is a member of the MAGUK superfamily that is involved in maintenance of
epithelial cell polarity, cell proliferation control, and cell migration and invasion.
(73) In mice Dlg5 is required to interact with Hh receptor Smoothened (Smo) for
Gli protein activation.(74) In mouse fibroblasts lacking Dlg5, Hh-induced Smo
accumulation was observed.(74)
Several drugs targeting the Hh signaling pathway are being or have been developed,
studied, and manufactured. Cyclopamine, a small molecule inhibitor of the
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transmembrane protein SMO, attenuated renal fibrosis in vivo.(66) Hh pathway
inhibitors have been studied as cancer drugs.(75–77) Vismodegib also inhibits SMO,
blocking activation of GLI proteins to transcribe Hh target genes. Thus, cyclopamine
and vismodegib might have mitigating effects on the DD phenotype.
Notch signaling is a highly conserved embryonic developmental signaling pathway.
It consists of several receptors, NOTCH1–NOTCH4, and their ligands, delta-like and
jagged (JAG). Activation of the pathway usually occurs via expression of the ligand
in a signal-giving cell.(78) Notch signaling has been shown to be activated in retinal,
renal, and hepatic fibrosis.(79–82) In vessels of the microcirculation in DD nodules,
pericytes (that surround the endothelial cells) were shown to specifically express
NOTCH3.(62) Furthermore, the γ-secretase inhibitor XX (GSIXX, referred to as DBZ),
a pharmacological inhibitor of Notch, effectively ameliorated renal fibrosis in mice.
(82) CHSY1 is a member of the Fringe family of genes that modulate Notch signaling
via ligand interaction with Notch receptors.(83) Tian et al. described overproduction of
JAG1 and subsequent Notch activation in absence of CHSY1 in fibroblasts from patients
with syndromic brachydactyly associated with a truncating frameshift mutation in
CHSY1.(84) Knockdown of CHSY1 promotes Notch signaling, and overexpression of
CHSY1 reversed Notch activation,(84) consistent with the predicted protective effect
on DD that we found for CHSY1 in the SMR analysis with fibroblast data.
The Hippo signaling pathway has been previously implicated in fibrosis and
DD.(64,65) We found a new association with TEAD3, a member of the TEA domain
family of transcription factors that are essential in mediating YAP-dependent gene
expression. YAP1 is a regulator of myofibroblast differentiation and contributes to
the maintenance of the contractile phenotype in DD myofibroblasts.(64) As TEAD3
is a key transcription factor mediating YAP function,(85) we hypothesize that its
decreased expression might up-regulate YAP dependent gene expression in DD.
We have demonstrated that the previously observed phenotypic association of frozen
shoulder with DD (86) likely results from a substantial genetic correlation. Moreover,
we showed that frozen shoulder and DD share two causal variants among the three
variants that are shared between the two diseases in total. Of these, rs1042704 is
an exonic SNP in matrix metalloproteinase 14 gene (MMP14), that has been shown
to cause a specific defect in collagenolytic activity in DD derived fibroblasts.(87)
Interestingly, in a series of 12 people treated for an inoperable gastric carcinoma
with a synthetic matrix metalloproteinase inhibitor, half developed frozen shoulder
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or a condition resembling DD.(88) These findings further underline the importance
of MMPs in both frozen shoulder and DD.(87) The second shared causal variant
rs28606049 is an intron variant in WNT7B, which is highly upregulated in DD.(63,89)
As inferred from the substantial genetic correlation, many more variants are likely
shared between frozen shoulder and DD. We also reproduced previously described
genetic correlations with BMI and HDL, but not for triglycerides and T2D. BMI and
DD only shared one causal variant, indicating that LD between associated SNPs or
(mediated) pleiotropic effects of non-genome-wide significant SNPs are likely the
driving force behind the genetic correlation.(manuscript in submission) This is further
underlined by our in silico pleiotropy analysis, where a substantial enrichment of DD
loci in a previously conducted BMI GWAS was found. The same theory holds true for
HDL and DD, as none of the genome-wide significant SNPs for HDL resided at the
same loci as those for DD.
Strengths of this study include the large sample size, resulting in the identification
of many additional loci. Furthermore, the inclusion of cohorts from multiple
European countries achieved translatability of results across multiple European
populations (except for Finns, as discussed above), instead of only one
subpopulation. Moreover, genotype imputation facilitated integration of genotype
data from multiple cohorts analyzed with different arrays and enhanced the
power for detecting SNPs. We performed a multitude of bioinformatic followup analyses from different mechanistic angles and only took genes into account
that were prioritized in at least three analyses and replicated in a tissue specific
analysis. Therefore, we argue that the results are robust. Although we provided
starting points for functional studies, a limitation of this study is that we did not
investigate experimentally the effects of associated SNPs and prioritized genes in
vitro. Another limitation of this work is that we were not able to validate our metaGWAS results in a genetically similar cohort, as the replication analysis used the
FinnGen population which is genetically diverse from other European populations.
(61) The generalizability of our results, acquired studying populations of European
ancestry, to other ethnic populations, is likely limited.
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In conclusion, this meta-analysis of six GWASs identified 34 novel loci for DD and
newly implicated the Hh signaling pathway and confirmed association of the
Notch signaling pathway in the etiology of DD. Prioritized genes CHSY1, NEDD4, and
DLG5 have regulatory properties in Notch, Hh, Hippo, and Wnt signaling. These
pathways contain therapeutic targets for which a number of inhibitors exist. We
have outlined starting points for future mechanistic studies for DD. Additionally,
we found a genetic correlation between frozen shoulder and DD and identified
two SNPs that are causal variants for both frozen shoulder and DD. Our data will
help inform future mechanistic studies to validate therapeutic targets and develop
new treatment strategies for DD. Until then, the increased knowledge about the
genetic susceptibility to DD provided by this meta-GWAS facilitates research into
individualized risk prediction for DD through genetic profiling.
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SUPPLEMENTS
Supplementary methods
Genotype quality control procedures
The Lifelines cohort description
Lifelines is a multi-disciplinary prospective population-based cohort study
examining, in a unique three-generation design, the health and health-related
behaviors of 167,729 persons living in the North of the Netherlands. It employs
a broad range of investigative procedures in assessing the biomedical, sociodemographic, behavioral, physical and psychological factors which contribute to
the health and disease of the general population, with a special focus on multimorbidity and complex genetics.

Quality control procedures of Lifelines control data
A detailed description of the Lifelines cohort genotype calling and quality control
(QC) pipeline can be found on Github (https://github.com/molgenis/GAP). In brief,
DNA samples were genotyped with the Illumina HumanCytoSNP-12 (CytoSNP)
array and the Illumina Global Screening (GSA) array, and called with GenomeStudio
and OptiCall, respectively.(1) QC was performed with PLINK.(4) In the first QC,
a low cutoff call rate of 80% was used to remove both low quality samples and
markers. Next, a more stringent cutoff of 99% was used both for samples and
markers. Monomorphic markers (minor allele frequency [MAF]=0) and markers
with a low p-value (<1x10-6) for deviations from Hardy-Weinberg equilibrium
(HWE) were excluded. Samples were excluded if the sample heterozygosity (for
the autosomal markers) deviated more than four standard deviations from the
expected mean conditional on runs of homozygosity, as high heterozygosity
indicates potential DNA contamination. We checked sex discrepancies between
recorded sex of individuals in the database and sex based on X chromosomes
homo-/heterozygosity and updated sex according to genotype data, if a sample
switch was detected. Otherwise, the sample was excluded. Next we removed
duplicate and related samples (identity by descent [IBD]) when the relatedness
did not match with that mentioned in the databases after additionally checking for
sample swaps. We used PLINK’s ‘genome’ function to calculate IBD with the criteria
a phi-hat (average IBD sharing) of >0.99 for duplicates, between 0.35 and 0.99 and
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between 0.15 and 0.35 for first- and second-degree relatives, respectively, and
<0.05 for unrelated individuals.(4) To check genetic ancestry, non-HLA genotype
data were merged with a dataset of 1000Genomes Phase 3 samples containing
variants with a MAF>5%.(2) This merged dataset was pruned (r2>0.1) and principal
components (PCs) were calculated with PLINK.(4) Non-European samples based
on the first two PCs (>7SD from mean of 1000Genomes European samples) were
removed.
For this study, all first- and second-degree related samples were removed to obtain
a set of independent individuals, since the Lifelines cohorts were much larger than
the Dupuytren case cohorts and a control sample size that is more than four-fold
larger than that of the cases does not yield more statistical power. Genome-wide
complex trait analysis (GCTA) was used to determine a set of unrelated Lifelines
controls for both the CytoSNP and GSA array separately.(3) Next PLINK was used
to determine the relatedness between the Lifelines cohorts.(4) We removed
duplicates and first- or second-degree relatives from the CytoSNP release, since
the GSA chip contains more genetic variants (~650,000 vs ~300,000).

Quality control procedures of Dupuytren cases
QC was performed for each Dupuytren release separately (CytoSNP and GSA),
using PLINK (version 1.9) and R (version 3.6.1). (4,5)
Preparations
The positions of the CytoSNP data were remapped from build 36 to build 37
(GRCh37, hg19) using liftOver (http://hgdownload.cse.ucsc.edu/admin/exe/linux.
x86_64/). All markers were aligned and GSA SNP ids were converted to rs-ids
according to the Illumina GSA manifest. In addition, multiple variants on the same
position were harmonized: if for duplicate variants the alleles did not match, while
being the same type (i.e. both SNPs, or both insertion/deletion polymorphisms)
or genotype concordance was low (>100 differences), the variants were removed
from the dataset. If the genotype concordance was high, the data of the multiple
entries was merged maximizing genotype information (i.e. overwriting a missing
genotype at the first entry with that of the second). SNPs from chromosome X and
Y, and mitochondrial SNPs were removed.
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Genotype calling and QC of the CytoSNP cases and GSA cases
Dupuytren cases and the Lifelines controls were genotyped separately as they
originate from two separate studies. To reduce batch effects for the GSA genotyping
data as much as possible, we combined the raw data of probe intensities of all
cases and 1200 random controls and called genotypes together using optiCall.(1)
For the CytoSNP data, calling was done separately, because the raw data were not
available any more. We applied the QC pipelines of the respective control cohorts
to QC our case cohorts, adapting them for cases where necessary. That is, as a first
step for the case cohort QC we extracted only variants that survived QC from the
Lifelines control cohort from the respective genotyping platform. Furthermore,
the HWE p-value threshold was released to 1x10-10, since in cases there may be
deviation due to the disease model. Lastly, a QC step was added in which the allele
frequencies of cases are compared to those of controls and genetic markers with
an allele frequency that deviated between cases and controls with a chi-square
p-value <1x10-6 were removed from the case dataset. We hypothesized that this
significance was more likely due to genotyping assay failures than true causality
and expected true causal hits to be retrieved during imputation.

Removal of related individuals
As the case and control datasets both originated from the same geographical
region, overlap and relatedness between these datasets was plausible. Therefore,
we calculated relatedness with PLINK (pi-hat≥0.15) to estimate genetic relationships
between the four cohorts (cases or controls from CytoSNP or GSA).(4) If Dupuytren
cases or their relatives also participated in the control cohort, they were removed
from the control cohort.

Genotype imputation
Imputation was performed for each Dupuytren and Lifelines release separately
(CytoSNP and GSA). After QC, both datasets were converted to Variant Call Format
(VCF) separately and uploaded to the Sanger Imputation Server (https://www.
sanger.ac.uk/tool/sanger-imputation-service/). Imputation was next done using
the 1000Genomes phase 1 for the CytoSNP cohorts and the Haplotype Reference
Consortium as reference panel for the GSA cohorts to match the Lifelines Cohort
QC pipelines.(2,6,7)
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Merging of case and control datasets
As the mean age of DD cases was higher than that of controls, only controls with an
age range similar to DD (mean 62 years, IQR 56-70 years) were selected. Imputed
genotype data of cases and controls were merged per chromosome for each
genotyping release using BCFtools.(8) Alleles were flipped and SNP identifiers were
converted to a chromosome-position-reference allele-alternative allele format, in
order to keep multiallelic variants. Merged chromosome files were converted to
Oxford format (BGEN format) and used as input files for PRSice, in order to utilize
genotype probabilities.(9) Ten principal components were calculated with PLINK
using merged, pruned genotyped data for both genotyping platforms, separately,
to correct for population stratification in the association analyses.(4)

GWAS QC
Imputation quality (info scores) and MAF thresholds were set for each cohort.
For the Dutch CytoSNP cohort, the MAF threshold was 0.03, the maximum MAF
difference between cases and controls was 0.05, and the imputation quality
threshold was 0.8. For the Dutch GSA cohort, the MAF threshold was 0.01 and
the imputation quality threshold was 0.8. For the UK BSSH-GODD, UK Biobank,
German Affymetrix SNP, and German Affymetrix Axiom cohorts the MAF threshold
was 0.01 and the imputation quality threshold was 0.3.

Bioinformatic follow-up analyses

Supplementary Figure 1. Overview of follow-up analyses after meta-GWAS. Grey boxes
detail bioinformatic approaches not using eQTL data. Red boxes detail analyses using blood
eQTL data. The blue box details an analysis using fibroblast eQTL data. The yellow box details
an analysis using single cell sequencing data from Dupuytren’s nodules.
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Co-regulation analysis
Functionally similar genes residing at different loci that are genome-wide significantly
associated to a trait or disease of interest are hypothesized to have a higher probability
to be causally involved, likely via acting through shared mechanisms. In order to
identify functionally similar genes within DD associated genomic loci, co-regulation
analysis was performed, using DEPICT(10) and its accompanying expression dataset
of 77,840 samples. We used default settings: a p-value threshold of 5x10-8, an r2 of
0.1 (as an LD metric), and a physical distance of 500 kb for clumping. To extract genes,
locus boundaries of r2>0.5 were set on either side of independent hits. DEPICT was
run over the full set of DD meta-GWAS summary statistics.
Transcriptome-wide association study (TWAS)
Blood data
In order to identify genes whose expression levels are truly associated with DD
free of non-genetic confounders, Summary-data-based Mendelian Randomization
(SMR) analysis was performed (11), integrating the DD meta-GWAS results with gene
expression data. We used the blood cis-eQTL data from the eQTLGen (n~32,000)
consortium (12). Genotype data from the European continent population of the
1000Genomes Project Phase3 version 5a (2) were used for linkage disequilibrium
(LD) calculations. Variants with inconsistent alleles or allele frequency differences
>0.2 amongst pairs of the three input datasets (i.e., eQTL, LD reference, and metaGWAS dataset) as well as variants within the MHC region were excluded from the
analysis. Since the presence of LD between distinct eQTLs and meta-GWAS SNPs
may cause spurious SMR associations, we used the heterogeneity in dependent
instruments (HEIDI) test (11) to filter out the possibly confounded SMR significant
results. Because 15,491 genes were tested, a Bonferroni corrected significance
level of <3.23x10-6 (i.e. 0.05/15,491) was used for SMR, and a level of ≥2.08x10-3
(i.e., 0.05/number of SMR significant genes) for the HEIDI test.
Fibroblast data
For SMR analysis with fibroblast data, we used fibroblast cis-eQTL data from the
Genotype-Tissue Expression (GTEx) version 8 (n=483) consortium(13) and the
European continent population of the 1000Genomes Project Phase 3(2) version
5a data for linkage disequilibrium (LD) calculations. To match ancestry with our
GWAS data, we used the cis-eQTL mapping results for the European subset of
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GTEx donors. To avoid bias in p-values when re-calculated by SMR software,
we adjusted standard errors as SE=b/z* with z* being computed based on
the original p-values and b being the effect size. We used the heterogeneity in
dependent instruments (HEIDI) test (11) to filter out the significant SMR results
that were potentially confounded by the presence of LD between distinct eQTL
and GWAS SNPs. Variants with inconsistent alleles or allele frequency differences
>0.2 amongst pairs of the three input datasets as well as variants within the
MHC region were excluded from the analysis. To identify new significant genes,
the following criteria was applied: SMR p-value <6.84x10-6 (Bonferroni corrected
significance level considering 7,307 genes being tested), and a HEIDI p-value of
≥7.14x10-3 (i.e., 0.05/nsig; with nsig as the number of SMR significant genes). SMR
analysis in fibroblasts was also used to examine the contribution of the prioritized
genes from other gene-prioritization analyses to DD in a disease-relevant tissue.

Multi-layer analysis
Targeting genes with multi-layer molecular associations (ML genes; Supplementary
Figure 7) as well as genes being regulated by DD meta-GWAS loci with evidence from
more than one molecular layer (MultiQTL genes; Supplementary Figure 8), a multilayer analysis of all significant genomic loci from the meta-GWAS was performed. We
used the in silico sequencing results (see Methods paragraph ‘In silico annotation’
in main text) with an r2 threshold of 0.8 and excluded variants within the MHC
region. Next the Phenoscanner(14) database (version 2) was queried to look up
quantitative trait loci (QTL) associations across different molecular layers including
DNA methylation, gene expression, protein, and metabolite levels. A physical
distance threshold of 100 kb was set for mapping DNA methylation probes to their
nearest genes based on Ensembl GRCh37 release 104. Genes with variants affecting
three or four molecular layers were flagged as ML genes and downstream regulated
genes with support from more than one molecular layer as MultiQTL genes.

Functional enrichment analysis
DEPICT
In order to predict pathways involving genes within the identified Dupuytren’s
GWAS loci, we conducted gene-set enrichment analysis using DEPICT.(10) This
approach enables functional predictions to also account for uncharacterized genes
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according to co-expression data. Our analysis was based on the same settings
as for DEPICT gene prioritization (see Supplementary Methods paragraph ‘coregulation analysis’). We ran DEPICT over the full set of GWAS summary statistics
of Dupuytren’s disease.
GeneMANIA
First, we merged the prioritized gene lists from the previous steps, i.e., 1) genes
with non-synonymous variations linked to Dupuytren’s GWAS loci (n=7), 2) genes
with their expression levels associated with Dupuytren’s disease (n=8), 3) coregulated genes within Dupuytren’s loci (n=27), 4) genes with multi-layer molecular
associations (n=23), and 5) downstream genes with multiple QTL associations for
Dupuytren’s loci (n=84). After removing duplicates and excluding MHC region,
a list of 119 prioritized genes was obtained (Supplementary Table 15) and used
for functional assessments. We also used the following subset gene lists for
sensitivity analysis: 1) prioritized genes within Dupuytren’s loci (r2>0.5) (n=73), and
2) prioritized genes with more than one source of biological evidence (n=23).
Next, the GeneMANIA algorithm was used to construct composite networks of
the prioritized genes based on the thorough database of different data types
accompanied by the software (build 12-02-2019). In order to further enrich the
networks, we added double the amount of genes of each prioritized gene list,
selecting their top related genes (n=238, n=146, and n=46 respectively). Then
performed gene ontology (GO) enrichment analysis provided by the GeneMANIA
Cytoscape plugin.(15)
STRING
Directing towards proteome molecular layer, we used the STRING database
v11.0 (16) to find the protein-protein interactions of our 119 prioritized genes.
Functional enrichment analysis was performed based on the whole network. Only
interactions with a high confidence (≥0.7) were studied and used to identify major
connected components. We further sought for enriched functions through these
subset networks.
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Tissue prioritization
We investigated different bioinformatics approaches to find important tissues
in which genetic factors of DD contribute in disease progression. First DEPICT
analysis (10) was performed to find tissue/cell types in which genes from our DD
loci (r2 > 0.5) are highly expressed. This analysis was based on 209 tissue/cell types
from ~37,000 human microarrays. The same settings were used as for DEPICT
gene prioritization analysis (see Supplementary Methods section ‘co-regulation
analysis). Next, we examined the gene expression status (i.e., 0/1) of our 119
prioritized genes across 54 human tissues in the Genotype-Tissue Expression
(GTEx) v8 database (13) and performed 10,000 permutations using random gene
sets of the same count to see which tissues expressed our prioritized genes more
than expected by chance. Finally, the TissueEnrich R package(17) (version 3.13)
was used alongside with its processed data from the Human Protein Atlas (PMID
25613900) and mouse gene expression,(18) as well as RNAseq data from the
GTEx database (13) to assess enrichment of tissue-specific genes in our list of 119
prioritized genes. Tissue-specific genes were defined as genes with a minimum
gene expression of 1 transcripts per million (TPM) that have at least five-fold
higher expression in a certain tissue in comparison to all other tissues.

Supplementary results
Co-regulation analysis
DEPICT prioritized 27 genes from DD genomic loci with a functional similarity
larger than expected by chance, designated by a false-discovery rate (FDR) <0.01
(Supplementary Table 16).

Transcriptome-wide association study
The SMR analysis of blood eQTLs returned 24 genes of which expression levels
were significantly associated with DD (PSMR<3.23x10-6). Eight of these genes also
passed the heterogeneity test (PHEIDI≥2.08x10-3). The expression levels of three
genes, i.e., CFDP1, MTOR, and PTPN4, were positively correlated with DD; the other
five genes (CTD-2587M2.1, PJA2, TMEM98, AFAP1, and GFPT1) were predicted to
have protective effects (Supplementary Table 11).
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Multi-layer analysis of meta-GWAS loci
Multi-layer analysis of 85 genomic SNPs for Dupuytren’s disease returned 139 SNPs,
mostly intronic, mapping to 23 genes from 18 loci with multi-layer associations
across three or four molecular layers. For two genes, variants were associated
with all four molecular layers, i.e., CFDP1 and LOC101928748 (Supplementary
Table 17, Supplementary Figure 9).
A total of 494 downstream genes was identified through association of DD loci with
DNA methylation levels in the vicinity of genes (<100kb), gene expression levels, or
protein levels. The associations of 84 of these genes was supported by more than
one molecular layer (MultiQTL genes). CNTN2 and GDF15 were found in all three
layers of DNA methylation, gene expression, and protein levels (Supplementary
Table 18). Twenty-two out of the 84 MultiQTL genes were also shown among genes
with ML associated variants, among the aforementioned CFDP1 gene.

Functional enrichment analysis
DEPICT
DEPICT gene set enrichment analysis resulted in seven significant gene sets at
an FDR<0.05 (Supplementary Table 7). Abnormal limb morphology was the
term with the lowest p-value (p-value=3.68x10-7). Other low-p-value terms
include abnormal cartilage morphology, (p-value=1.08x10-6), abnormal skeleton
morphology (p-value=3.57x10-6), as well as epithelial to mesenchymal transition
(p-value=1.95x10-6).
GeneMANIA
Ninety-seven out of the 119 prioritized genes could be identified by GeneMANIA,
for which the functional enrichment analysis resulted in 379 significant terms
(Supplementary Table 8). Positive regulation of cell migration was the most
significant pathway (q-value=3.34x10-12) involving 29 out of 97 identified
prioritized genes (~30%). Other significant terms include stress-activated MAPK
cascade, neuron projection guidance, extracellular matrix organization and cellmatrix adhesion, skeletal system and endoderm morphogenesis, and a number
of related terms. Sensitivity analysis results were supportive by ~84% and 74%
similarity with the original analysis (Supplementary Tables 19 and 20).
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STRING
We found 37 highly confident (≥0.7) interactions among the prioritized genes’
products, which was significantly more than expected by chance (p-value=9.74x10-5)
(Supplementary Figure 10). Considering the ratio of observed to expected
genes, sclerotome development was the most strongly enriched term. The full
list of enriched pathways is represented in Supplementary Table 21. Two major
connected components were identified in the network (Supplementary Figure
11). The first one including the UBA52 gene as the central node, was enriched in
response to stress as the most significant term after a number of general processes
(Supplementary Table 22). The second connected component including the TNC
gene was enriched in among others bacterial invasion of epithelial cells, human
papillomavirus infection, and extracellular matrix organization (Supplementary
Table 22).

Tissue prioritization
Tissue enrichment analysis using DEPICT returned arteries as tissues in which
genes within DD loci are highly expressed (FDR < 0.01, Supplementary Figure 5).
Muscles, chondrocytes, and cartilage were also among the top results (FDR<0.2).
Gene expression status of our 119 prioritized genes across 54 human tissues from
GTEx v8 database suggested muscular tissues, fibroblasts, blood, liver, and brain
regions to significantly express DD prioritized genes (FDR<0.05, Supplementary
Table 22, Supplementary Figure 12). Enrichment of tissue-specific genes across
our list of prioritized genes returned muscles and arteries as the top findings
(Supplementary Figure 13).

Supplementary Figures and Tables
Supplementary Figures and Tables will become available when this manuscript is
published in a journal.
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Polygenic risk score predicts recurrence, its severity, and retreatment for Dupuytren’s disease

ABSTRACT
Background
Dupuytren disease (DD) is highly heritable. Genetic risk for DD has been associated
with recurrence in retrospective studies. We performed a cohort study to scrutinize
genetic risk for recurrence and severity of recurrence of DD.

Methods
We invited 823 patients to visit our outpatient clinic to collect data on diathesis
features, treatment history, and measurements of current total passive extension
deficits (TPED) of previously treated rays. Recurrence was defined as retreatment
of the same ray or return of TPED of at least 30 degrees after treatment. We
calculated a polygenic risk score (PRS) using the largest genome-wide association
study of DD. We performed linear and logistic regression and survival analyses to
assess the additive value of the PRS to the prediction of DD recurrence, time to
recurrence, and severity of recurrence on top of clinical characteristics. Receiveroperator characteristic curves were produced to assess accuracy of the PRS in
predicting DD recurrence and time to recurrence.

Results
Data of 424 participants were collected. The PRS improved the prediction of DD
recurrence and time to retreatment (p-value<0.001 and 0.009, respectively), but
not of time to 30 degree TPED-return. In addition, it was a significant predictor
of the total number of recurrences patients experienced (p-value<0.001), but not
of the mean degree of return of TPED. The PRS increased predictive accuracy
for recurrence with nearly 10% compared clinical characteristics (area under the
curve of 0.66 versus 0.61).

Conclusions
The PRS significantly improves the prediction of recurrence and its severity, as well
time to retreatment for DD.
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INTRODUCTION
Dupuytren’s disease (DD) is to date incurable; treatments are symptomatic and
their recurrence rates are high.(1) Evidence to guide the management of patients
suffering from DD is limited.(2) Aside from patient preference, the choice for
timing and modality of initial treatment for the individual patient are currently
primarily based on the amount of flexion contracture, while suspected high-risk
(diathesis) features such as family history for DD, bilateral disease, and ectopic
disease may be taken into account. However, treatment often takes place before
the full extent of these risk factors has become apparent. While the etiology of
DD is incompletely understood, genetic predisposition is known to play a large
role.(3) DD is recognized as a complex trait, meaning that inheritance is not
determined by a single gene mutation (monogenic), but by multiple to numerous
genetic variations (oligo- or polygenic, respectively). Genome-wide association
studies (GWASs), which aim to identify the genetic risk variants that constitute
the heritability of a disease, have identified a total of 85 single nucleotide
polymorphisms (SNPs) for DD.(4–7) These SNPs all have a small contribution to
the genetic risk. Therefore they are summed into a single polygenetic risk score
(PRS) for each patient.(8) PRSs can include different numbers of SNPs, for example
only including risk variants with a genome-wide significant association, or also
including non-significant risk variants. PRSs are usually calculated for multiple
p-value thresholds, with more lenient thresholds including a wider range of SNPs
and explaining a different amount of disease variance. From these PRSs, the one
explaining most variance is then selected for further analyses.
A PRS constructed from SNPs that increase the risk of DD occurrence could also
assist in identification of Dupuytren’s disease patients at-risk for recurrence.(9) In
previous studies we observed that such polygenic risk scores for the occurrence
of DD could explain 26.0% of its disease variance.(7) We also found a significant
association between the weighted GRS (including only genome-wide significant
genetic SNPs) and retreatment for DD.(10) In addition, we found that a PRS was
significantly associated with severity and recurrence of DD.(11) These findings,
together with the high heritability of DD, highlight the potential of genetic risk
profiling in predicting disease progression or recurrence. Consequently, a PRS
may be of added value in guiding management of patients suffering from DD.
For instance, patients with a higher risk for recurrence, estimated at presentation
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by the PRS, might benefit from a more aggressive strategy at initial treatment,
reducing their risk of recurrence and elongating time to recurrence. Therefore the
primary objectives of this research was to study the predictive ability of the PRS for
1) recurrence of DD and 2) time to recurrence of DD. A secondary objective was to
assess the predictive ability of the PRS for severity of recurrence, as measured by
the total number of recurrences patients had experienced, and the mean degree
of return of passive extension after treatment.

METHODS
Cohort description
This study was approved by the Medical Ethics Committee of the University Medical
Center Groningen, The Netherlands (2016-463). For this cohort study, we selected
participants from a previous study entailing a well-characterized hospital cohort
of 1,669 Dupuytren patients with available phenotype and genotype data.(4,10,12)
Genotype quality control (QC), imputation, and dataset merging procedures were
described in detail previously.(7) For the current study we selected participants
that had received surgical treatment for DD, but excluded participants treated for
DD with collagenase or radiotherapy because these treatments are not part of
standard patient care for DD in the Netherlands. These groups therefore will likely
be small and inclusion potentially introduces heterogeneity into the data.

Sample size calculation
We estimated the required sample size for this study by performing a sample size
calculation with G*Power (version 3.1.2).(13) An odds ratio of 1.34 was used for
the association PRS and DD recurrence and proportion of DD recurrence under
H0 was set at 0.33, based on results from our previous studies.(1,10) To obtain a
power of 80% for a two-sided chi-square test with a significance level set at 5%, the
required sample size was 429.

Clinical data acquisition
Selected participants were invited to visit our outpatient clinic to assess recurrence
of the disease and if so, the extent to which DD recurred. Data collection was carried
out by four observers. One experienced observer (DCB) trained the other three
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observers (SAR, RH, and SMPR) in physical examination of the hands by examining
their first 50 participants together, as a previous study showed that high interobserver agreement can be obtained with a similar training protocol.(14)

Outcomes
Definitions
The primary outcomes of this study were recurrence and time to recurrence.
Recurrence of a ray was defined as either 1) return of total passive extension
deficit (TPED) of at least 30 degrees since the postoperative measurement of the
primary treatment in the same ray, or 2) having undergone retreatment (second
treatment) since primary treatment in the same ray. We summarized recurrence
on patient-level, as we argued that it is more relevant for the clinician and the
patient whether the patient develops a recurrence than whether some fingers do
and some fingers do not. Time to recurrence was defined by the time between
the dates of the first and second treatment in case of a retreatment, but when
recurrence was a TPED of at least 30 degrees, the exact time to recurrence was
unknown. In that case time to recurrence was defined as the interval between first
operation and study visit.
We also analyzed two secondary outcomes, namely 1) the total number of
recurrences per patient and 2) the mean degree of return of TPED of all affected
fingers per patient. The total number of recurrences per patient was defined as
the number of recurrences of each finger, summed for all affected fingers. The
degree of return of TPED during the follow-up time was determined for all affected
fingers and summarized into a mean over all affected fingers per patient.

Measurements
Physical examination of the hands was performed during the study visit to
measure flexion contractures of all joints of affected fingers using a goniometer
(Smith & Nephew, Hull, United Kingdom) to assess TPED. TPED was computed
by summing the passive extension deficits of the metacarpophalangeal, proximal
interphalangeal, and distal interphalangeal joints for each finger. Treatment
details (dates and modalities) and postoperative TPED measurement (six to eight
weeks postoperatively) of the primary treatment were gathered from patient
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files. In addition, treatment details and postoperative measurements of all DD
treatments performed outside of our facility were gathered anamnestically
and verified with the files of the treating facility (with patients’ consent). For the
outcomes (recurrence, time to recurrence, and mean degree of return of TPED),
treatment modality of first treatment was either percutaneous needle fasciotomy
(PNF) or limited fasciectomy (LF). For the secondary outcome ‘total number of
recurrences’, treatment modalities of all treatments performed on each finger
were combined, resulting in either one modality or combination of modalities per
patient, i.e. ‘PNF’, ‘LF’, ‘PNF and LF’, ‘LF and dermofasciectomy (DF)’, ‘PNF and DF’, or
‘eventual amputation’, unweighted by the amount each modality was used.

Covariates and other clinical characteristics
Covariates for the analyses (sex and age) and information on DD diathesis
characteristics (i.e. bilateral disease, family history for DD, early age of onset (before
the age of 50), and ectopic diseases including knucklepads, Peyronie’s disease,
Ledderhose’s disease) were gathered anamnestically during the study visit.

Polygenic risk score
The PRS was calculated with the PRSice algorithm with default settings (for details
see Supplementary Methods) using the most recent summary statistics of a
meta-analysis of six GWASs for DD occurrence.(15) We calculated the PRS at a
p-value threshold of 5x10-6, which was previously determined to be the optimal
PRS (explaining most disease variance).(7) Due to the long inclusion period of the
initial cohort, our DD cohort was genotyped in two stages with two different arrays
(Illumina HumanCytoSNP-12 array [CytoSNP] and Illumina Global Screening Array
[GSA]). Thus, the PRS was calculated for each genotyping dataset separately and
standardized before merging (for details see Supplementary Methods).

Missing data imputation
TPED was often not reported in the medical records of the routine follow-up visit
six to eight weeks after DD treatment (82% missingness). Also, for eight cases their
PRS was unavailable (2% missingness). We therefore used multiple imputation
chained equations (MICE) to impute missing postoperative TPED and PRS (for
detailed methods see Supplementary Methods).(16)
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Statistical analyses
To assess the predictive ability of the PRS for recurrence of DD and time to
recurrence, we performed three analyses: 1) Logistic regression of recurrence
(based on retreatment or return of TPED) using blockwise step-forward addition
of covariates i) sex and age, ii) treatment modality and time to recurrence, iii) the
PRS, and iv) their interactions; 2) An interval-censored survival analysis studying
time to recurrence (based on either retreatment or return of TPED), including the
same covariates as for the final primary logistic regression model; and 3) A survival
analysis for time to recurrence based on retreatment only, again including the
same covariates as for the final primary logistic regression model.
In the second analysis we performed an interval-censored survival analysis to address
the unknown exact timing of the occurrence of return of TPED of at least 30 degrees
between the dates of first treatment and of study visit. Because the uncertainty in time
to return of TPED of at least 30 degrees may introduce much noise in the model, for the
third analysis we only included patients that were retreated, because the exact time
between first and second treatment was known. To visualize the effect of the PRS in
both survival analyses, the PRS was categorized in tertiles and associated univariately
with time to recurrence. Multicollinearity of variables included in the regression model
was checked with the R-package ‘car’ to ascertain if logistic regression assumptions
were met.(17) We plotted receiver-operator characteristic (ROC) curves and calculated
the area under the curves (AUCs) to measure the performance of the various logistic
regression in predicting DD recurrence. ROC curves were also contracted for the
survival models at several time points of survival, to assess the added value of PRS in
predicting recurrence over time.
For the secondary analyses, we used 1) ordinal regression to assess the predictive
ability of clinical characteristics and the PRS for the number of recurrences and
2) linear regression for the mean degree of return of TPED per patient. In these
analyses we included the same covariates as for the final logistic regression
analysis of the primary outcome measure.

132

Polygenic risk score predicts recurrence, its severity, and retreatment for Dupuytren’s disease

RESULTS
Cohort description
Of the 823 patients who met our inclusion criteria and were invited to participate,
427 visited our outpatient clinic (52%). Patients who declined participation in our
study most often simply did not wish to participate in follow-up research. Others
declined for reasons of illness, inconvenient timing, or non-response. Three included
patients turned out to have been treated with collagenase in other facilities and
were consequently excluded, resulting in a sample size of 424. Recurrence (based
on retreatment or return of TPED) occurred in 227 cases (53.5%). One hundred
and eighty-one participants (42.7%) had received retreatment for the same ray,
while 46 participants (10.8%) experienced a recurrence based on return of TPED of
at least 30 degrees. Data on patient characteristics, diathesis features, and disease
severity are available in Table 1.
Table 1. Patient characteristics of the study cohort.

Patient characteristics
Male sex
Age (mean [IQR])
DD diathesis
Bilateral disease
Positive family history for DD
Early age of onset (<50 years)
Peyronie’s disease
Ledderhose’s disease
Knuckle pads
Disease severity
Number of affected rays per
participant (median [IQR])
Number of treatments per participant
(median [IQR])
Modality of first treatment
LF
PNF
Recurrence of tissue in operated area
Yes
No
Not applicable because of PNF

Recurrence
(n=227)
Number (%)
169 (74.4%)
69 (64-76)

No recurrence
(n=197)
Number (%)
156 (79.2%)
68 (64-74)

Missingness in
total dataset
Number (%)
0 (0%)
0 (0%)

148 (65.2%)
143 (63.0%)
117 (51.5%)
17 (7.5%)
66 (29.1%)
97 (42.7%)

66 (33.5%)
109 (55.3%)
64 (32.5%)
10 (5.1%)
30 (15.2%)
58 (29.4%)

0 (0%)
2 (0.4%)
1 (0.2%)
4 (0.9%)
4 (0.9%)
4 (0.9%)

3 (2-5)

2 (1-3)

0 (0%)

2 (2-3)

1* (1-1)

2 (0.4%)

171 (75.3%)
56 (24.7%)

162 (82.2%)
35 (17.8%)

141 (62.1%)
53 (23.4%)
33 (14.5%)

110 (55.8%)
55 (27.9%)
32 (16.3%)

0 (0%)
8 (1.9%)

IQR: interquartile range
*The number of treatments for patients not having had a recurrence cannot be anything
other than one, as only patients who had received at least one treatment were included in
this study.
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Prediction of recurrence of DD
In the initial logistic regression model, sex and age were no significant predictors
for recurrence. In the second model adding initial treatment modality, and time
between first and second treatment (for retreatment-recurrence) or between first
treatment and TPED measurement at study visit (for TPED-recurrence), time was
a significant predictor of recurrence (odds ratio [OR]=0.99, p-value=0.04). In the
third model the PRS appeared to be a significant predictor of recurrence as well
(OR=1.51, p-value<0.001; Table 2). None of the interactions between variables
were significant. The predictors were not correlated (multicollinearity, variance
inflation factor < 1.20).
Table 2. Final logistic regression model of recurrence based on return of TPED or retreatment.
Variable
Sex (reference: female)
Age
Treatment modality (reference: PNF)
Time between first treatment and recurrence or study visit
PRS

Odds ratio
0.77
1.02
0.85
0.99
1.51

95% CI
0.45-1.31
0.99-1.04
0.49-1.47
0.99-0.99
0.20-1.90

p-value
0.33
0.18
0.37
0.03*
<0.001*

*Statistically significant; CI=confidence interval.

Prediction of time to retreatment for DD and time to
return of TPED
The median time between first and second treatment was 3.8 years (interquartile
range [IQR] 1.9–5.6 years). The median time between first treatment and TPED
measurement at study visit for patients having a recurrence of TPED was 4.3
years (IQR 2.3–7.8 years). In the interval-censored survival analysis for time to
recurrence of DD (based on either retreatment or return of TPED), accounting
for the uncertainty in the exact time when recurrence of 30 degrees of TPED has
occurred, the PRS was not a significant predictor of time to recurrence (Table 3,
Figure 1). Age was a significant predictor of time to recurrence, indicating that
younger patients develop a recurrence sooner than older patients (OR=1.02,
p-value=0.008). Time to recurrence was significantly shorter after PNF than after
LF (OR=1.95, p-value<0.001). Sex was not associated to time to recurrence.

134

Polygenic risk score predicts recurrence, its severity, and retreatment for Dupuytren’s disease

Table 3. Interval-censored survival analysis of recurrence defined as either return of TPED of
at least 30 degrees or retreatment.
Variable
Sex (reference: female)
Age
Treatment modality (reference: PNF)
PRS

Odds ratio
1.04
1.02
1.95
0.93

95% CI
0.83-1.32
1.00-1.03
1.55-2.47
0.84-1.02

p-value
0.74
0.008*
<0.001*
0.13

*Statistically significant

6

Figure 1. Kaplan-Meier survival curve visualizing the mean survival time of patients that
suffered recurrence after treatment for Dupuytren’s disease, stratified by PRS tertile,
including the confidence interval of the total variance within and between imputed data
(mean+/-1.96*SD).
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The survival analysis of PRS and time to recurrence based on retreatment revealed
that the PRS was a significant predictor of time to retreatment: a higher PRS (i.e.
more genetic risk to develop DD) was associated with a shorter time to recurrence
(OR=0.88, p-value=0.009; Table 4, Figure 2). Increasing age and LF (as opposed
to PNF) were significant predictors of a longer time to recurrence (OR=1.02,
p-value=0.01 and OR=2.30, p-value<0.001, respectively). Sex was not associated
to time to recurrence.
Table 4. Survival analysis of recurrence based on retreatment.
Variable
Sex (reference: female)
Age
Treatment modality (reference: PNF)
PRS

Odds ratio
1.05
1.02
2.30
0.88

95% CI
0.82-1.34
1.00-1.03
1.82-2.92
0.79-0.97

p-value
0.72
0.01*
<0.001*
0.009*

*Statistically significant

Figure 2. Kaplan-Meier survival curve visualizing the mean survival time of only patients
that underwent retreatment for Dupuytren’s disease, stratified by PRS tertile, including the
confidence interval of the total variance within and between imputed data (mean+/-1.96*SD).
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Accuracy of the logistic regression and survival models
The AUC of the ROC-curve assessing the performance of the final logistic regression
model for DD recurrence including the PRS was 0.66 (Figure 3). In contrast, the
AUC of the ROC curve of the logistic regression model without the PRS was 0.61,
implying that the PRS improves the prediction accuracy by about 10%.
The AUCs of the ROC-curves assessing the performance of both survival models at
several time points for DD recurrence show the added value of PRS to the survival
models is smaller than to the logistic regression model (Figures 4 and 5). For the
interval-censored survival analysis, the added value of PRS to the model does
not seem to change over time (Figure 4). Although the added value of PRS to the
survival analysis for time to recurrence based on retreatment is quite small, it
seems to increase over time (Figure 5).

6

Figure 3. ROC curve of the various logistic regression models. A) Model (i) including age and
sex. B) Model (ii) including age, sex, treatment modality, and time to recurrence. C) Model
(iii) including age, sex, treatment modality, time to recurrence, and the PRS. AUC, area under
the curve.
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Figure 4. Graph showing the AUC of the interval survival models excluding PRS (constructed
with age, sex, treatment modality), and including PRS (constructed with age, sex, treatment
modality, and PRS), at several time points of time to recurrence (based on either return of
TPED of 30 degrees, or retreatment).

Figure 5. Graph showing the AUC of the ‘regular’ survival models excluding PRS (constructed
with age, sex, treatment modality), and including PRS (constructed with age, sex, treatment
modality, and PRS), at several time points of time to recurrence (based on retreatment).
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Secondary outcomes
Full results of the secondary analyses assessing the severity of recurrence are
described in the Supplementary Methods. In short, the PRS was a significant
predictor for total number of recurrences patients had experienced (OR=1.43,
p-value<0.001), but not for the mean degree of return of TPED after first treatment
of all previously treated fingers per patient for patients that had not undergone
retreatment.

DISCUSSION
Leveraging a large sample of DD patients, we demonstrated that the PRS for DD
occurrence is also a significant predictor of recurrence of DD defined either as
the return of total passive extension deficit (TPED) of at least 30 degrees since the
postoperative measurement of the primary treatment in the same ray, or having
undergone retreatment (second treatment) since primary treatment in the same
ray. The accuracy of the prediction model increased by 10% when adding the PRS
to the model comprised of only clinical characteristics (AUC of 66% compared
to 61%). Furthermore, The PRS is also predictive of time to retreatment. We did
not find that the PRS also predicts time to recurrence defined either as time to
retreatment or time to return of TPED of at least 30 degrees. The latter may be
explained by the large uncertainty in the exact time of recurrence based on the
TPED as our study did not adopt a longitudinal design.
Our findings on the association between the PRS and recurrence of DD are in line
with previous studies that assessed the predictive ability of weighted GRS and PRS
for retrospectively determined recurrence of DD.(10,11) In comparison to these
studies, the current study improved the phenotyping accuracy of recurrence by
not only considering retreatment for DD as recurrence, but also including clinical
measurements of return of 30 degrees of TPED after treatment as recurrence.
We chose 30 degrees as a cut-off for recurrence, as this is the amount of flexion
deformity at which the Dutch guideline for management of DD advises to take
surgical action.(18) The association between recurrence and PRS in the current
study was stronger than that of previous studies.(10,11) Here, we observed a higher
probability for recurrence (odds ratio 1.54) with each standard deviation increase
in PRS than observed previously (odds ratios 1.24-1.26).(10,11) By studying two
types of recurrence we aimed to undercut underestimation of recurrence based on
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solely retreatment, since patients that develop recurrent flexion contractures after
surgery may not want further treatment. In addition, the current study gathered
more complete information on retreatment-recurrence than our previous study
by additionally consulting patient records of other treatment facilities regarding
DD treatments performed for each patient.(10) Moreover, compared to our
previous studies,(10,11) the present study used a more powerful PRS constructed
from a more recent and larger meta-analysis of DD GWASs.(7)
Another primary aim was to assess the predictive ability of PRS for time to
recurrence, using both an interval-censored survival analysis for time to
recurrence (either retreatment or return of TPED), and a ‘regular’ survival analysis
for time to retreatment only. In the former analysis we could include all patients
by accounting for the unknown timing of return of contracture in the intervalcensored survival analysis therefore gaining power. However the uncertainty in
the timing of recurrence based on return of TPED could also introduce a lot of
noise, reducing again the power. We found that the PRS was not a significant
predictor of time to recurrence when it was defined as time between the dates of
the first and second treatment or dates of first treatment and TPED measurement
at study visit. When only studying patients who had undergone retreatment for DD
with the regular survival analysis, the PRS appeared to be a significant predictor of
shorter time to recurrence defined as time between first and second treatment.
We believe that this implies that the PRS is a predictor of time to recurrence,
but that apparently the wide distribution of the interval between first treatment
and measurement of TPED at study visit introduced too much uncertainty for
prediction of PRS for time to recurrence of TPED. This limitation is the result of
our study design. By observing presence of recurrence in a patient cohort only
once – independent of timing of treatment – we did not have follow-up data on
multiple time points or at shorter intervals. Furthermore, we found that the added
value of PRS in predicting recurrence was larger than its added value in predicting
time to recurrence, as measured by the relative contribution of PRS to the AUC of
the logistic regression and survival analysis models. PRS seemed to increasingly
add to the prediction accuracy of retreatment-recurrence over time in the ‘regular’
survival analyses, which is in line with our finding that it is a significant predictor
of time to retreatment.
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By performing three types of analyses (logistic regression, interval-censored
survival analysis, and survival analysis) we robustly assessed the predictive value
of PRS for recurrence and time to recurrence. A general problem in assessment of
TPED is that there will always be intervals between its measurements, as TPED can
simply not be measured every single day. The natural course of DD is capricious
and unpredictable, and a recent study found no predictors for progression of
TPED.(19,20) Therefore, it is difficult to say at which timepoints and with which
intervals TPED should be measured to capture the exact timing of recurrence of
TPED. Furthermore, the large number of definitions for response to or recurrence
after surgery used in DD research has introduced a wide variability in the reporting
of correction of contractures and recurrence rates, making these difficult to
compare.(21,22) After the current study was designed and performed, a Delphi
study was undertaken to provide a consensus-based advise to measure flexion
contractures yearly after treatment in order to obtain a clear objective measure
for recurrence.(22) A limitation of our study is thus that we were not able to adhere
to this consensus-based definition of recurrence. For future studies, a prospective
cohort study could should be set up to improve estimation of timing of recurrence
based on (T)PED by performing measurements at set intervals. This would also
help decrease the percentage of missingness of PED measurements, which was
high in our data derived from patient registries.
As a secondary research aim, we also determined that the PRS was predictive
for the total number of recurrences patients had suffered. This result indicates
that PRS was not only indicative of the occurrence of recurrence after initial
treatment, but also of recurrences after repeated treatments. Moreover, patients
treated with LF alone, or combinations of LF, dermofasciectomy (DF), and eventual
amputation, experienced a larger number of recurrences than patients treated
only with PNF. This is probably the result of indication bias, since PNF is usually
performed in patients with well-defined cords and mainly in metacarpophalangeal
joint contractures, whereas clinical experience shows that LF is usually performed
in patients with more diffuse fibromatosis that affects multiple fingers.(23)
In this study we provided further evidence that genetic risk has power for prediction of
recurrence of DD. A PRS may be of added value to a clinical setting: if by a PRS a higher
risk for recurrence can be determined at presentation of the disease, they might
benefit from a more aggressive initial treatment, reducing their risk of recurrence and
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elongating time to recurrence. Nevertheless, other clinical risk predictors also may
need to be integrated to further improve risk predictive accuracy for DD recurrence.
(24) A next step towards prediction of DD recurrence would be to study the predictive
value for DD recurrence of a wide range of clinical characteristics, including but not
limited to high-risk clinical features as lower body mass index, type 2 diabetes mellitus,
smoking, alcohol abuse, heavy manual work, and frozen shoulder, and integrating
resulting significant predictors and PRS into a prediction model.(25) Furthermore,
epigenetic risk factors for DD can also add to such a prediction model.(26)

CONCLUSIONS
We conclude that the PRS for DD is also a significant predictor of recurrence of DD
based on retreatment and return of passive extension deficit, of time to retreatment,
and of the number of recurrences. Therefore there is great potential for integration of
the patient’s genetic profile with other clinical characteristics in a prediction model for
recurrence of DD. Such model should still be improved further and health economic
analyses performed before implementation in clinical practice will prove feasible.
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SUPPLEMENTS
Supplementary methods
Secondary outcomes
As the number of patients experiencing at least seven recurrences was small
(n=21), these were combined into one group (≥7 recurrences) for the ordinal
logistic regression analysis for total number of recurrences per patient and the
PRS.

Polygenic risk score
Genotyping, imputation and quality control procedures of genetic data have been
described previously.(1,2) From our recent meta-GWAS the optimal PRS (the one
explaining most variance between cases and controls) was determined to be the
one at p-value threshold 5.0x10-6, as quantified by Nagelkerke’s pseudo R2. We
constructed PRS at this threshold with the PRSice algorithm using default settings
and summary statistics of our recent meta-analysis of DD GWAS data (metaGWAS).(2,3) We used the log odds ratio (the regression coefficient from metaGWAS) as weights. The PRS was calculated as follows: for each patient, the number
of risk alleles (A) for each SNP (i) was calculated and multiplied by its weight (W),
and summed into a single score, according to the following formula:

This optimal PRS included n=189 SNPs for the patients genotyped with Illumina’s
CytoSNP array and n=198 SNPs for those that were genotyped with Illumina’s
Global Screening Array. Since participants were genotyped on two different arrays
and we wanted to combine the two cohorts in a joint analysis, the PRSs from each
dataset were standardized before merging. We calculated Nagelkerke’s pseudo
R2 in R (version 4.1.1) to quantify the variability of the PRS between the different
genotyping releases.(4,5) Because the variability was not statistically significant,
we could proceed with analyzing our cohorts using the standardized merged PRS.
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Missing data imputation
For dataset with missing values, simply excluding incomplete cases is not preferable
as this can lead to biased estimates and significance tests in statistical analysis.(6)
To handle missing data, a statistical technique called multiple imputation can be
used, which estimates plausible values for missing data from the distribution of
and correlation with observed (non-missing) data.(6) This method creates multiple
datasets, analyzes each separately, and then combines the analyses from the
multiple datasets into one result. In case of missingness in multiple variables,
multiple imputation by chained equations (MICE) can be performed to estimate
their all missing values.(7) After assuring the assumptions for MICE were met, we
performed MICE for our multilevel dataset (i.e. one patient has two hands with
five fingers each) using the 2l.pmm (predictive mean matching) method from
the miceadds package (https://github.com/alexanderrobitzsch/miceadds). Based
on percentage of missingness, we created 90 imputed datasets (m=90) and 20
iterations per imputation (maxit=20).(6)

Supplementary results
Secondary outcomes
The median number of recurrences that patients had experienced during
our follow-up time was 1 (interquartile range [IQR] 0–3). PRS was a significant
predictor for number of recurrences (Supplementary Table 1), as were age and
time between treatments. Patients treated with LF, or combinations of LF, DF, or
eventual amputation, experienced more recurrences than patients treated only
with PNF.
The mean degree of return of TPED – from postoperative measurement until
study visit measurement – was 9 degrees (IQR -3–18) (a negative value indicating
regression). PRS was not a significant predictor of mean degree of return of TPED
(Supplementary Table 2).
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Supplementary tables
Supplementary Table 1. Ordinal logistic regression model of the total number of
recurrences per patient.
Variable
Sex (reference: female)
Age
Treatment modality
PNF versus LF
PNF versus combination of PNF and LF
PNF versus combination of LF and DF
PNF versus eventual amputation
Time between treatments
PRS

Odds ratio
1.13
1.04

CI 95%
0.71-1.78
1.02-1.05

p-value
0.61
<0.001*

1.96
5.24
14.56
5.73
0.99
1.49

1.22-3.13
2.75-10.01
8.83-24.00
4.32-7.61
0.99-0.99
1.22-1.83

0.005*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*

*Statistically significant

6

Supplementary Table 2. Logistic regression model of mean degree of return of TPED.
Variable
Sex (reference: female)
Age
Treatment modality (reference: PNF)
Time between treatments
PRS

Regression
coefficient
-7.33
0.16
-2.63
0.001
2.72

CI 95%

p-value

-15.62-0.95
-0.39-0.71
-11.63-6.37
-0.002-0.004
-0.62-6.05

0.09
0.58
0.57
0.52
0.11
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Angiotensin receptor blockers are associated with Dupuytren’s
disease severity, independent of transforming growth factor beta

ABSTRACT
Background
Transforming growth factor-beta 1 (TGF-β1) is a key cytokine in Dupuytren’s
disease (DD) pathophysiology. As angiotensin II modulates TGF-β1 production
and systemic secretion, we studied whether angiotensin receptor blockers (ARBs)
and angiotensin-converting enzyme inhibitors (ACEi) were associated with severity
of DD. We hypothesized that the angiotensin II inhibitors ARBs and ACEi were
associated with less severe DD via modulation of TGF-β1 expression.

Methods
Using clinical data of 890 DD patients, we retrospectively studied whether ARBs
and ACEi were associated with patients’ Tubiana stage (severity of DD). We also
tested interaction effects of ARBs and ACEi with genetic variants known to increase
TGF-β1 expression. As a sensitivity analysis, use of beta-blockers, diuretics, and
calcium antagonists were also tested for association with severity of DD. Lastly,
certain DD diathesis characteristics were also tested for their association with
ARBs and ACEi.

Results
Use of ARBs was significantly associated with lower severity of DD (odds ratio=0.54,
p-value=0.04), independent of confounders age, sex, alcohol abuse, and smoking
habit. Genetic variants known to increase TGF-β1 expression did not influence
the association of ARBs with severity of DD. Beta-blockers, diuretics, and calcium
antagonists were also not significantly associated with DD severity. Of the diathesis
characteristics studied, only presence of Ledderhose’s disease was significantly
and inversely associated with use of ARBs.

Conclusions
Use of ARBs, but not of other antihypertensive medications, is associated with less
severe DD, and is not modulated by TGF-β1 production and secretion. DD patients
who use ARBs less often have Ledderhose’s disease.
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INTRODUCTION
Dupuytren’s disease (DD) is a complex disorder in which genetic risk plays an
important role.(1) Through genome-wide association studies (GWASs) 26 genetic
risk loci have been identified for DD.(2,3) Several of these risk loci contain genes
that encode proteins in the WNT signalling pathway, which cross-talks with the
transforming growth factor-beta (TGF-β) signalling pathway.(3,4) TGF-β1 plays
a key role in myofibroblast differentiation during wound healing and in fibrotic
diseases like DD.(5) In fibrosis, TGF-β1 induces proliferation of genetically
abnormal myofibroblasts and increases the contractile force of these cells.
(6,7) As expected, TGF-β1 is upregulated in DD tissues.(8) TGF-β1 in turn is
modulated by several factors: 1) expression of TGF-β1 is influenced by genetic
variation in the TGF-β1 gene, so-called expression quantitative trait loci (eQTLs), 2)
production of TGF-β1 is mediated by the renin-angiotensin system (RAS), and 3)
angiotensin type II (Ang II) induces TGF-β1 production and systemic secretion by
the mesangial cells of the kidneys.(9,10) The drugs angiotensin-converting enzyme
inhibitors (ACEi) and angiotensin receptor blockers (ARB) have been reported to
antagonize TGF-β1 expression.(9) Little is known, however, about the association
of these antihypertensive medications with DD expression: one study reported
that use of antihypertensive medications delayed the development of DD in
patients with concomitant arterial hypertension, but did not distinguish between
antihypertensive drug types.(11) A case report described that use of beta-blocker,
topical timolol, reduced fibroblast proliferation.(12) In animal models, the
inhibition of Ang II decreased the overexpression of TGF-β1 in the kidneys and
likely also systemically.(13) This confirms that the RAS pathway plays a role in the
regulation of TGF-β1, while TGF-β1 in turn is a known key mediator of fibrosis in
both rat models and human kidney disease.(13) Therefore, the primary aim of
this study was to research whether use of either ACEi or ARB is associated with
lower severity of DD as defined by Tubiana staging. A secondary aim was to study
whether this association resulted from reduced TGF-β1 production and systemic
secretion. This was done by also studying genetic variants that increase expression
of TGF-β1. As a sensitivity analysis for the primary research question, we studied
whether the alternative antihypertensive medications beta-blockers, diuretics, and
calcium antagonists were also associated with DD severity. Lastly, several high-risk
clinical (diathesis) characteristics are associated with development, progression,
or recurrence of DD.(14–18) In case of a significant association of antihypertensive
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medications with Tubiana staging, we also studied their association with diathesis
characteristics as an additional measure for DD severity.

METHODS
Study population
For this retrospective study, we used our already existing database consisting of
hospital population of DD patients from the North Netherlands.(3,19) At entry into
this cohort, patients completed a questionnaire including questions on diathesis
features, alcohol use, smoking habits, and medication use. Doctors completed a
questionnaire concerning patients’ clinimetrics. For the current study, we defined
severity of DD by the maximal Tubiana stage per patient, which is determined by
the total passive extension deficit of the metacarpophalangeal (MCP), proximal
interphalangeal (PIP), and distal interphalangeal (DIP) joints of the most severely
contracted finger.(20) Medication use had been entered by patients in an open
text field; thus, brand names were converted to generic drug names and spelling
errors were corrected. We grouped relevant medications based on their class
(mechanism of action), including ACEi and ARB, beta-blockers, diuretics, and
calcium antagonists. We considered age, sex, alcohol abuse, and smoking habits
to be confounders for the association between antihypertensive medication and
DD severity. Alcohol abuse was characterized as intake of > 21 and > 16 units per
week for men and women, respectively.(21) Smoking habit was dichotomized as
“ever having smoked (current and past)” and “never having smoked”.

Selection of genetic variants in the TGF-β1 gene
The methodology for the selection of genetic risk variants that increase TGF-β1
expression is given in the Supplementary Methods.

Statistical analyses
Descriptive statistics for continuous data are represented using means and
standard deviations (SD).
Ordinal and nominal data are presented as frequencies and percentages. To test
for the association between medication use (ARB, ACEi, beta-blockers, diuretics,
and calcium antagonists) and Tubiana stage, ordinal logistic regression analyses
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were performed in R version 4.0.4 with the ‘polr’ function of the package MASS.
(22,23) The confounders age, sex, alcohol abuse, and smoking habit were included
in these models as covariates. To answer our secondary research question,
participants’ genotypes for the genetic variants that increase TGF-β1 expression
were added to the ordinal logistic regression analysis of ARB and ACEi with
DD severity (see Supplementary Methods). In case of a significant association
between an antihypertensive drug and Tubiana staging, we also performed
univariate logistic regression analyses between use of that drug and the presence
of the diathesis characteristics bilateral disease, knuckle pads, Peyronie’s disease,
Ledderhose’s disease, radial side involvement, and operation of the fifth digit.

RESULTS
Patient characteristics
For 890 patients in our cohort data on Tubiana staging and medication use were
available (Table 1). Of these 890 patients, 76% were male and the mean age was
63 years (interquartile range 57-70). We combined patients in Tubiana stages 0
and 1 due to low number of patients (n=4) with Tubiana stage 0. Medication use
(grouped by class) is shown in Figure 1. The specific medication subtypes within
ARBs and ACEi (e.g. irbesartan in ARB) are displayed in Supplementary Figures 1
and 2, respectively.
Table 1. Tubiana staging in the study population.
Maximum Tubiana stage
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n

(%)

0

4

(0.4)

1

401

(45.1)

2

329

(37.0)

3

106

(11.9)

4

50

(5.6)
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Figure 1. Frequency of medications used by patients, grouped by class. Participants may use
more than one medication.
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Genetic variants associated with increased TGF-β1
expression
We identified four genetic variants that increase TGF-β1 expression to use in our
regression analyses (see Supplementary Results).

ARB use is inversely associated with severity of DD,
independent of TGF-β1
The use of ARBs was significantly associated with a lower severity of DD (p=0.04),
when adjusting for age, sex, alcohol abuse, and smoking habit (Table 2). Patients
who used ARBs were 1.85 times less likely to have more severe DD than patients
who did not use ARBs. Although the proportion of ACEi use was larger in lower
Tubiana stages (Figure 2), the use of ACEi did not show a significant association
with DD severity (p=0.22, Supplementary Table 1). None of the genetic variants
that increase TGF-β1 expression significantly influenced the association between
ARBs and DD severity (Supplementary Tables 2-5). The sensitivity analyses for
other antihypertensive medications showed that beta-blockers, diuretics, and
calcium antagonists were not significantly associated with DD severity (p=0.22,
p=0.57, p=0.66, respectively).
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Table 2. Regression model for ARBs and DD severity, including confounders sex, age,
smoking habit, and alcohol abuse.
Variable
Sex (reference: male)
Age
Smoking habit
Alcohol abuse
ARB use

Odds ratio
1.10
1.02
0.97
0.93
0.54

95% confidence interval
0.75-1.60
1.00-1.04
0.54-1.00
0.60-1.45
0.30-0.96

p-value
0.635
0.004*
0.051
0.749
0.039*

*Statistically significant

Figure 2. Use of ARBs (left) and ACEi (right) per Tubiana stage.

ARB use is also inversely associated with presence of
Ledderhose’s disease
In addition to Tubiana stages, we studied the association between ARBs and
DD severity as represented by several diathesis characteristics reflecting
disease extent. Use of ARBs was significantly associated with lower presence
of Ledderhose’s disease (odds ratio=0.44; 95% confidence interval (022-0.92);
p=0.02; Supplementary Table 6). Neither presence of bilateral disease, knuckle
pads, Peyronie’s disease, radial side involvement, nor operation on the fifth digit
was significantly associated with ARB use.
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Figure 3. Schematic representation of the mechanisms of action of ARBs and ACEi (simplified).

DISCUSSION
Using a large sample of DD patients, we set out to investigate the association
between the severity of DD and the use of antihypertensive medication, ARB
and ACEi in particular. We demonstrated that the use of ARBs was significantly
associated with lower Tubiana stages and hypothesized that this association was
modulated through TGF-β1 expression. Via studying genetic variants that increase
TGF-β1 expression levels, we observed that these did not influence the association
between DD severity and ARB use. This implies that the association between ARB
use and DD severity is independent of TGF-β1.
Although we were not able to provide insight into the possible mechanism behind
the association of ARBs with DD severity, we hypothesize that the angiotensin II
type 2 receptor (AT2R) (Figure 3) plays a part in the mechanism of action driving
this association. ARBs block RAS at the level of angiotensin II type-1 receptors
(AT1R), (24) irrespective of whether Ang II is produced via angiotensin-converting
enzymes (ACE) or by non-ACE pathways, such as chymase.(25) With the blocking
of the AT1R by ARBs, Ang II can only bind to AT2R. Activation of the AT2R is
known to play a protective role in Ang II-induced fibrosis. Its activation by Ang
II binding inhibits the infiltration of macrophages (a known source of TGF-β1),
reducing TGF-β1 stimulation of fibrotic pathways potentially involved in fibrosis.
(26) Interestingly, macrophages were found to be key players in DD pathogenesis,
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through releasing proinflammatory cytokines.(27) The cytokine tumor necrosis
factor (TNF) converted normal fibroblasts into DD myofibroblasts in vitro via the
Wnt signaling pathway, which is associated to DD.(3,27) Moreover, a TNF inhibitor
(adalimumab) downregulated the myofibroblast phenotype of DD nodules in vivo
in a phase 2a clinical trial, and the results of a phase 2b clinical trial are underway.
(28)
In contrast to ARBs, ACEis were not associated with DD severity. We believe that
this finding can be explained through the difference in mechanisms of action of
ACEi and ARB (Figure 3). The non-significant association of ACEi with DD severity
is however not in line with an animal study by Abdelrahman and Fayed,(29) who
demonstrated that treatment with the ACEi perindopril suppressed TGF-β1
expression via Ang II blocking in rats, preventing liver fibrosis. A possible
explanation for the inconsistency between studies is that the expression of AT2R
is more prominent in human DD tissue compared to the expression of AT1R.(30)
This may suggest that by inhibiting the conversion to Ang II by ACEi, the cascade
of AT2R binding is more severely affected than that of AT1R, so the antifibrotic
properties of AT2R are inhibited more than the fibrotic effects of AT1R.(26) The
use of ACEi to ameliorate the severity of DD in humans may, therefore, have a
limited effect.
This study is the first to describe the association between ARB use and DD severity,
since previous studies into Ang II and DD have focused on the association of Ang II
receptors with DD.(30) A limitation of our study was the use of retrospective data
with its accompanying downside of incomplete patient reporting on medication
use via the questionnaire. Despite the lack of data on duration and dosage of
medication used and on body mass index, we found that ARBs have a significant
inverse association with DD severity. The latter would have been interesting to
add to the model as confounder since a higher body mass index is associated with
lower severity of DD and hypertension, which in turn is associated with the use
of antihypertensive medication.(31) It is also possible that patients with higher
body mass index or patients affected by diabetes mellitus are prescribed certain
antihypertensive medications more often, also introducing confounding. In fact,
the Dutch guideline for cardiovascular risk management states that the preferred
antihypertensive drugs for diabetic patients are angiotensin receptor blockers
and ACE inhibitors.(32) This does however not explain the significant association

156

Angiotensin receptor blockers are associated with Dupuytren’s
disease severity, independent of transforming growth factor beta

of angiotensin receptor blockers but not of ACE inhibitors that we observed.
Therefore, the potential influence of body mass index and diabetes mellitus on
the association of angiotensin receptor blockers with disease severity requires
further investigation.
We performed sensitivity analyses associating the other antihypertensive
medications beta-blockers, diuretics, and calcium antagonists with DD severity,
to test whether the association of ARBs with DD severity was in fact a result of
hypertension itself. Neither beta-blockers, diuretics, nor calcium antagonists
showed a significant association with DD. Although few studies have explored the
role of beta-blockers in fibrosis, they showed contradictory observations in in vitro
and animal studies.(33) In humans, to our knowledge, no consistent association
between fibrosis and beta-blockers has been described. A study by Rayan et al.
reported that calcium antagonists partially inhibit lysophosphatidic acid-induced
contraction of DD fibroblasts in vitro.(33) We, however, did not find an association
of calcium antagonists with less severe DD. This difference might be explained by
the fact that our study did not investigate the direct effect of calcium antagonists
on DD fibroblasts but aimed to study its association with disease severity at patient
level. Furthermore, we found no known association between the use of diuretics
and the severity of DD in literature. Thus, we conclude that our non-significant
association of beta-blockers, diuretics, and calcium antagonists underline that
the association found between ARBs and DD severity is likely not caused by
hypertension.
There are many ways in which the severity of DD can be measured, including
severity of contracture (e.g., Tubiana staging), presence of diathesis characteristics,
or number of affected rays. Each has its limitations. The maximal Tubiana stage
of a patient, as studied here, might not capture the extensiveness of the disease.
Studying the total number of affected rays has the downfall that affected rays
can pull along unaffected rays if their contracture is severe enough, making it
hard to distinguish the true number of affected rays. Diathesis characteristics in
turn are prognostic indicators for a more aggressive disease course and higher
risk of recurrence but do not necessarily reflect the extensiveness of DD.(14–18)
Furthermore, controversy exists about which characteristics are in fact considered
to increase risk for DD occurrence, progression, or recurrence.(14,16–18,34) Here
we also studied diathesis characteristics that may reflect disease extent in order to
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study DD severity, and found a significant association for ARBs and Ledderhose’s
disease, but not with other diathesis characteristics. Although knuckle pads are
more often observed in DD patients, their presence might not necessarily imply a
more aggressive disease.(35) Radial side lesions are ambiguous; in older patients,
they rarely require surgery, but in younger patients can progress more rapidly.
(36) In a randomized clinical trial, Van Rijssen et al. did not find that fifth digit
involvement, radial disease, or ectopic lesions influenced recurrence significantly.
(17) Peyronie’s disease is concomitant in 7.8-8.8% of DD patients, and might share
a genetic basis with DD.(37,38) Ledderhose’s disease and DD are concomitant in
16.1-22.0% of cases, but the mechanisms behind this observation have to our
knowledge not been elucidated.(37) Taken together, we feel that studying Tubiana
staging of the most severely contracted finger best reflects DD severity. This is
exemplified by the management of Dupuytren’s disease, which, in addition to
patient preference, is primarily based on flexion contracture, whilst diathesis
characteristics can be assessed in support.
For future research, we would recommend reproducing our results in a different
patient sample, preferably in a longitudinal observational study to consider the
effect of medication dose use over time. We would also recommend including
additional covariates such as body mass index. For functional studies, we would
recommend executing binding studies with radio-labelled Ang II to identify Ang II
receptors in DD and control tissues and cells. This might help gain more insight
into the actions of Ang II, AT1R, and AT2R in DD tissues and thus help scrutinize the
mechanisms of action of ARBs.

CONCLUSIONS
We showed that the use of ARBs is significantly and inversely associated with
severity of DD as measured by Tubiana staging. Genetic variants that increase
TGF-β1 expression did not influence this association, indicating that it is
independent of TGF-β1. By performing sensitivity analyses we demonstrated that
the association observed between use of ARBs and severity of DD is not caused by
hypertension. Of the studied diathesis characteristics, only Ledderhose’s disease
was also associated with ARB use. More research is needed to scrutinize the
mechanisms of action of ARBs in DD.
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SUPPLEMENTS
Supplementary methods
Selection of genetic variants in the TGF-β1 gene
To assess the effect of genetic variants that influence TGF-β1 expression on the
association of ACEi or ARB with DD severity, we first identified genetic variants
that are associated with TGF-β1 expression levels. We searched the website OMIM
(https://omim.org/) for genetic variants located in the TGF-β1 and TGF-β1-receptor
genes. Genetic variants selected for this study were either missense mutations or
protein-altering mutations that modified TGF-β1 expression levels.

Statistical analysis
In the ordinal regression analysis with Tubiana stage as outcome we tested the
interaction of the participants’ allele dosages (ranging from 0 to 2) of a genetic
variant with medication use to assess whether the genetic variants that influence
TGF-β1 expression modified the effect of the medication use on DD severity (one
genetic variant that influence TGF-β1 expression per analysis).

Supplementary results
Genetic variants associated with increased TGF-β1 expression
From https://omim.org/, we identified fifteen genetic variants associated with
TGF-β1 expression (1–9). Of these fifteen genetic variants, only six were present
in the study population, causing single nucleic acid substitutions which lead to
increased production of TGF-β1. Heterogeneity of allele frequencies of two genetic
variants (rs11466314 and rs11466315) were too low, and an ordinal regression
model could not be fitted. For none of the four remaining genetic variants that
influence TGF-β1 expression (rs1800469, rs1800470, rs1800471, rs1800472) the
interaction with use of ARB was significant (p=0.11, p=0.10, p=0.84, and p=0.50,
respectively) (Supplementary Tables 2-5). This indicates that carrying genetic
variants that increase TGF-β1 plasma levels does not influence the association of
ARBs with less severe DD.

162

Angiotensin receptor blockers are associated with Dupuytren’s
disease severity, independent of transforming growth factor beta

Supplementary figures

Supplementary Figure 1. Pie chart presenting ARB medication subtypes taken by the
patients, in percentages.

Supplementary Figure 2. Pie chart presenting ACE-inhibitor medication subtypes taken by
the patients, in percentages.
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Supplementary tables
Supplementary Table 1. Ordinal logistic regression model for ACEi and DD severity,
including confounders sex, age, smoking habit, and alcohol abuse.
Variable
Sex (reference: male)
Age
Smoking habit
Alcohol abuse
ACEi use

Odds ratio
1.11
1.02
0.74
0.96
1.35

95% confidence interval
0.76-1.62
1.00-1.04
0.54-1.00
0.62-1.49
0.84-2.17

p-value
0.599
0.014
0.052
0.855
0.215

Supplementary Table 2. Ordinal logistic regression model for ARBs and DD severity,
including confounders sex, age, smoking habit, alcohol abuse, and the interaction of ARBs
with SNP rs1800469.
Variable
Sex (reference: male)
Age
Smoking habit
Alcohol abuse
ARB use*rs1800469

Odds ratio
1.12
1.03
0.70
0.83
0.54

95% confidence interval
0.75-1.67
1.01-1.04
0.51-0.97
0.51-1.33
0.25-1.14

p-value
0.593
0.002
0.032
0.432
0.112

Supplementary Table 3. Ordinal logistic regression model for ARBs and DD severity,
including confounders sex, age, smoking habit, alcohol abuse, and the interaction of ARBs
with SNP rs1800470.
Variable
Sex (reference: male)
Age
Smoking habit
Alcohol abuse
ARB use* rs1800470

Odds ratio
1.11
1.03
0.70
0.83
0.51

95% confidence interval
0.74-1.66
1.01-1.04
0.51-0.97
0.52-1.34
0.22-1.11

p-value
0.604
0.002
0.034
0.443
0.097

Supplementary Table 4. Ordinal logistic regression model for ARBs and DD severity,
including confounders sex, age, smoking habit, alcohol abuse, and the interaction of ARBs
with SNP rs1800471.
Variable
Sex (reference: male)
Age
Smoking habit
Alcohol abuse
ARB use* rs1800471
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Odds ratio
1.09
1.03
0.70
0.85
1.36

95% confidence interval
0.73-1.63
1.01-1.05
0.51-0.97
0.53-1.37
0.04-28.44

p-value
0.681
0.001
0.031
0.497
0.841
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Supplementary Table 5. Ordinal logistic regression model for ARBs and DD severity,
including confounders sex, age, smoking habit, alcohol abuse, and the interaction of ARBs
with SNP rs1800472.
Variable
Sex (reference: male)
Age
Smoking habit
Alcohol abuse
ARB use* rs1800472

Odds ratio
1.10
1.03
0.70
0.86
1.95

95% confidence interval
0.74-1.65
1.01-1.04
0.51-0.97
0.54-1.38
0.27-13.48

p-value
0.628
0.001
0.030
0.536
0.500

Supplementary Table 6. Logistic regression model for ARBs and Ledderhose’s disease,
including confounders sex, age, smoking habit, and alcohol abuse.
Variable
Sex (reference: male)
Age
Smoking habit
Alcohol abuse
ARB use

Odds ratio
0.61
1.05
0.89
1.15
0.44

95% confidence interval
0.38-0.98
1.03-1.07
0.58-1.37
0.64-2.06
0.22-0.92

p-value
0.04
<0.001
0.59
0.65
0.02
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Expression profiles of NEDD4 in Dupuytren’s disease

ABSTRACT
Dupuytren’s disease (DD) represents fibroproliferation of the palmar fascias. Similar
to other fibrotic disorders, DD is characterized by myofibroblast proliferation
and contraction, with excessive deposition of extracellular matrix components.
Genome wide association studies for DD identified an intron variant (rs1509406)
of the neural precursor cell expressed developmentally down-regulated protein
4 (NEDD4) gene. NEDD4 regulates cell proliferation and apoptosis in cancer and
stem cells through multiple signaling pathways, including Hippo, Wnt, and TGF-β
signaling, which are also involved in DD. Using Real-time (Taqman) qPCR we
studied mRNA expression of six NEDD4 protein-coding transcription variants (TV)
and genes associated with fibrosis in myofibroblasts derived from DD tissue and
normal skin (control), through means of TGF-β1 stimulation and NEDD4 knockdown. We hypothesized that the intronic genetic variant in the NEDD4 gene
might cause differential expression of its TVs in myofibroblasts stimulated with
TGF-β1. Although we indeed observed differential expression of NEDD4 TVs in DD
and control myofibroblasts, we were unable to draw conclusions concerning the
function of NEDD4 or its TVs in DD due to spurious results concerning the fibrosisrelated genes in DD myofibroblasts. We furthermore newly determined basic
expression of six NEDD4 transcription variants in DD tissue (cords and nodules)
and healthy palmar fascias, and found no significant differences in NEDD4 TVexpression.

ABBREVIATIONS
α-SMA, α-smooth muscle actin; DD, Dupuytren’s disease; ECM, extracellular matrix;
EMEM, Eagle’s minimum essential medium; esiRNA, endoribonuclease-prepared
siRNA; FBS, fetal bovine serum; GWAS, genome-wide association study; NHDF,
normal human dermal fibroblasts; TV, transcript variant; siRNA, small interfering
RNA; SNP, single nucleotide polymorphism; TGF-β1, transforming growth factor β1.
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INTRODUCTION
Dupuytren’s disease (DD) is a common inherited fibroproliferative disorder of
the palmar fascias, affecting mainly individuals of Northern-European ancestry.
(1) DD manifests as nodules or cords in the palm of the hand and fingers, and can
considerably impair hand function. Treatment aims to dissect or excise diseased
tissue; however, DD is incurable and recurrence rates are high.(2) Although the
disease mechanism of DD is incompletely understood, it likely derives from a
combination of genetic and environmental factors.(3) DD presumably originates
with the pathologic activation status of myofibroblasts, a cell type that also plays
a key role in other fibrotic disorders, including organ fibrosis.(4) Transforming
growth factor β1 (TGF-β1) functions as one of the most potent activators of
fibroblast differentiation into myofibroblasts.(5) Myofibroblasts express smooth
muscle α-actin (α-SMA),(6) which enhances their contractile abilities. These cells
synthesize excessive amounts of extracellular matrix (ECM) components, including
collagens.(7)
The contribution of genetics to DD susceptibility (e.g. heritability) is large.(8)
Genome wide association analysis (GWAS) have identified 26 single nucleotide
polymorphisms (SNPs) associated with DD, but the biological mechanisms
behind these signals remain elusive. Many lie within non-coding regions, but are
presumably linked to variants in adjacent genes.(9) One SNP identified in GWASs,
rs1509406 (chr15:55937562, GRCh38), is an intron variant of the NEDD4 (neural
precursor cell expressed, developmentally down-regulated protein 4) gene.
(9) NEDD4 encodes an E3 ubiquitin ligase that is involved in ubiquitin-mediated
protein degradation.(10) NEDD4 produces six protein-coding transcript variants
(TV1-5 and 7), differing in the N-terminal C2 domain but being similar in the
remaining protein (Supplementary Figure 1).(11) Ubiquitin-mediated proteasomal
degradation is important in controlling post-translational expression of proteins.
(12) It is a key regulatory node in proliferation, differentiation, and collagen
secretion of skin fibroblast.(13) Literature on the function of NEDD4 in fibrosis is
scarce. NEDD4 is considered to be a potential mediator of chronic inflammation in
keloids.(14) In cancer and intestinal stem cells, NEDD4 regulated cell proliferation
and apoptosis through multiple signaling pathways, including Hippo and TGF-β
signaling.(10,12,15,16) Recently, NEDD4 was unveiled to be a negative regulator
of Wnt/β-catenin signaling: inactivation of NEDD4 increases Wnt activation,
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enhancing tumor progression in the intestine.(17) The Hippo, Wnt, and TGF-β
signaling pathways are all also involved in DD pathogenesis.(18–22)
Keloid, like DD, is a fibroproliferative disorder influenced by TGF-β1 production
and Wnt-signaling.(18,23) Chung et al. demonstrated NEDD4 in keloid fibroblasts
promoted fibroblast proliferation, upregulated type I collagen expression, and
contributed to the excessive accumulation of extracellular matrix.(10) Nevertheless,
the exact mechanism of NEDD4 in keloid remains unclear.(10,24) Since the SNP
identified in the GWAS on keloid is an intron variant, Fujita et al. postulated this
variant may influence alternative splicing of NEDD4 mRNA and thus studied its six
different TVs.(14,25) They found higher expression of TV3 in patients compared to
controls, and inferred TV3 activates nuclear factor-κB (NF-kB), a protein complex
that controls transcription of DNA, cytokine production, and cell survival.(14)
A bioinformatic study, in turn, associated activation of NF-κB-inducing kinase
activity with DD.(26) Several studies commend NEDD4 as a possible biomarker
and therapeutic target for keloid.(10,14) Since DD and keloid are both fibrotic
disorders, and GWAS studies of both diseases associated an intronic genetic
variant located in NEDD4 (9,25), we aimed to explore the expression and results of
inhibition of NEDD4 in DD, in particular the expression of its different mRNA TVs.

MATERIALS AND METHODS
Primary Dupuytren’s tissue collection
DD tissues were obtained from patients during primary (initial) limited fasciectomy
at the department of Plastic Surgery of the University Medical Center Groningen,
the Netherlands. Informed written consent for this use of residual materials was
obtained and tissues were processed anonymously.

Tissue samples
To asses baseline NEDD4 RNA levels of unprocessed tissues, we snap froze DD
nodules, cords, and unaffected palmar fascias in liquid nitrogen after resection.
In preparation of RNA extraction, tissue chunks were first disrupted using glass
beads in a Mini-BeadBeater-24 (BioSpec products, Bartlesville, USA), five cycles of
45 seconds.
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Cell culture
All cells were cultured at 37°C in a humidified atmosphere with 5% CO2. Fresh
DD nodules were divided into pieces of approximately 5x5 mm and incubated on
6-wells plates for 45 minutes, followed by culture in Eagle’s minimum essential
medium (EMEM, BE12-662F; LONZA, Basel, Switzerland) containing 1% penicillin/
streptomycin (ThermoFischer Scientific, Carlsbad, CA), and 2 mmol/L L-glutamine
(Lonza), supplemented with 20% fetal bovine serum (FBS, Sigma Aldrich, Waltham,
MA). Tissues were cultured until sufficient outgrowth of myofibroblasts was
observed (approximately 50%). Subcultures were maintained in EMEM containing
1% penicillin/streptomycin, and 2 mmol/L L-glutamine, supplemented with 10%
FBS until reaching 80% to 90% confluence, before starting experiments. Cells from
all DD donors were used up to passage 9.
Normal Human Dermal Fibroblasts (NHDF) were purchased from Promocell
(C12302, LOT# 41270292) and subcultures were maintained in EMEM containing 1%
penicillin/streptomycin, and 2 mmol/L L-glutamine, supplemented with 10% FBS.

Transfections and treatments
For all experiments, unless specified otherwise, 10,000 cells/cm² were seeded on
TCPS and kept in starvation medium (EMEM containing 1% penicillin/streptomycin,
and 2 mmol/L L-glutamine, supplemented with 0.1% FBS and 0.17 mmol/L vitamin
C (L-ascorbic acid 2-phosphate sesquimagnesium hydrate; Sigma-Aldrich) for 16
hours. As DD myofibroblast revert to a quiescent state during in vitro culture,
subcultured cell lines were stimulated with 5 ng/mL TGF-β1 (PeproTech EC
Ltd, London, United Kingdom) in starvation medium for 72 h. (27) NHDF were
stimulated with 5 ng/mL TGF-β1 for the generation of myofibroblasts.
Sixteen hours after seeding, cells were transfected with endoribonucleaseprepared siRNA (esiRNA) against NEDD4 (62.5 ng/mL; Sigma-Aldrich, St. Louis,
MO) and a nonsense sequence was used (62.5 ng/mL). Transfections were carried
out with Lipofectamine RNAiMAX (Invitrogen Thermo fisher) in complete growth
medium free from antibiotics as per the manufacturer’s instructions. Medium
was refreshed 8 hours after the transfections and cells were starved overnight
with starvation medium. Subcultures were stimulated with 5 ng/mL TGF-β1 as
described above for 72 hours.
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RNA extraction and Taqman qPCR
RNA was isolated for gene expression analysis using silica column technology
(Favorgen Biotech Corp.). RNA quantity and purity were determined through UV
spectrophotometry (NanoDrop Technologies, Wilmington, DE). RNA was reverse
transcribed with the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific).
Real-time Taqman qPCR was performed with a set of primers (Thermo Scientific)
and a FAM-MGB NFQ probe specific for each transcription variant of NEDD4
(Supplementary Table 1). Real-time qPCR was performed using the Taqman Fast
Advanced Mastermix containing 1.8 µM of each primer and 500 nM of the probe.
The thermal cycling conditions were 2 minutes at 50°C, 20 seconds at 95°C (enzyme
activation), followed by 40 cycles of 1 second at 95°C and 20 seconds at 60°C. The
mRNA expression levels were normalized to the reference genes GAPDH and YWHAZ.
Real-time SYBR Green qPCR was performed to quantify mRNA levels of several
genes involved in fibrosis (Supplementary Table 1). The thermal cycling conditions
were 15 seconds at 95°C, 30 second at 60°C and 30 seconds at 72°C, for 40 cycles,
followed by a melting curve analysis protocol. The mRNA expression levels were

8

normalized to the reference gene YWHAZ.

Statistical analysis
All data were analyzed with GraphPad Prism version 8.03 (GraphPad Software, La
Jolla, CA), using paired t-tests and two-way ANOVAs, and α-levels were Bonferronicorrected for multiple testing.

RESULTS
Baseline RNA expression in tissues
As, to our knowledge, expression of NEDD4 TVs has not been studied in DD tissue
before, we aimed to quantify the baseline expression of the NEDD4 TVs in freshly
excised, unprocessed tissue. Patients genotypes for the GWAS SNP located in
NEDD4 were not known. Basic expression of the six NEDD4 transcription variants
was measured in cord, nodule, and control tissue of seven donors, others than the
donors of the cultured cells. No significant differences in expression of any of the
NEDD4 TVs could be observed between cords, nodules, and control tissue (Figure
1). For only four of these patients, enough RNA could be extracted from
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Figure 1. Expression of NEDD4 TVs, in unprocessed cord, nodule, and control tissue from
Dupuytren’s patients. A) NEDD4 TV1 is higher in cord than nodule or control. B) NEDD4 TV2 is
higher in nodule than cord or control. C) NEDD4 TV3 is higher in cord than nodule or control.
D) NEDD4 TV4 has the same expression in cord, nodule and control. E) NEDD4 TV5 has the
same expression in cord, nodule and control. F) NEDD4 TV7 is higher in cord than nodule or
control.

Figure 2. Expression of genes associated with fibrosis, relative to YWHAZ, significantly different
between unprocessed cord, nodule, and control tissue from Dupuytren’s patients. A) PLOD2
is significantly higher expressed in nodule than control tissue. B) RSPO2 is significantly higher
expressed in nodule than control tissue C) ITGA11 is significantly higher expressed in nodule
than control tissue. D) COL1A1 is significantly higher expressed in nodule than control tissue.
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cord, nodule and control per patient, to determine expression of genes associated
with fibrosis (Supplementary Table 1). For nodules vs. control tissue, significantly
different expression of PLOD2, RSPO2, ITGA11 and COL1A1 was observed (Figure 2).
Other genes did not significantly differ in expression.

RNA expression in cultured cells
To establish whether NEDD4 is involved in myofibroblast differentiation, DD
myofibroblasts from four different donors were cultured on TCPS in the presence and
absence of TGF-β1, after transfection with either esiRNA against NEDD4 (siNEDD4) or
nonsense esiRNA (siControl). Patients’ genotypes for the genetic variant located in the
NEDD4 gene were available from our previous studies (Supplementary Table 2). (18)

TGF-β1 modulates NEDD4 transcript variant expression
First, the DD cell lines were cultured for 72 hours in presence and absence of
TGF-β1. Taqman qPCR showed RNA levels of TV5 significantly increased, whereas
TV7 significantly decreased (p=0.034 and p=0.024 respectively, Figure 3). Of the
genes associated with fibrosis (Supplementary Table 1), SYBR Green qPCR showed
ACTA2 and ELN increased after stimulation with TGF-β1, and WNT2 was significantly
decreased (p=0.012, p=0.014 and p=0.007 respectively, Figure 4).

Figure 3. Expression of NEDD4 TVs, relative to YWHAZ, in Dupuytren’s cells cultured for 72
hours in the presence and absence of TGF-β1. A) Expression of NEDD4 TV1. B) Expression of
NEDD4 TV2. C) Expression of NEDD4 TV3. D) Expression of NEDD4 TV4 E) Expression of NEDD4
TV5. F) Expression of NEDD4 TV7.
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Figure 4. Expression of fibrosis-associated genes in Dupuytren’s cells cultured for 72 hours
in the presence and absence of TGF-β1, relative to YWHAZ expression. A) Expression of
ACTA2. B) Expression of ELN. C) Expression of WNT2.

In NHDF, TGF-β1 stimulation significantly increased NEDD4 TV2, TV3 and TV4
expression, but in contrast to DD cells, had no effect on TV5 or TV7 (Supplementary
Figure 2). Similar to DD cells, ACTA and ELN expression increased after stimulation
(Supplementary Figure 3). The decreased expression of WNT2 in DD cells was not
observed in NHDF. In addition, COL1A1, COL3A1, FN, ITGA11 and PLOD2 increased
after stimulation (Supplementary Figure 3).

Combined transfection with siRNA and treatment with
TGF-β1 was inconclusive
Taqman qPCR of in DD myofibroblasts treated with siRNA against NEDD4 showed a
decreased expression of all NEDD4 TVs compared to nonsense RNA treatment. TV2
and TV4 expression were both significantly decreased in cells treated with siNEDD4
and stimulated with TGF-β1 (p=0.013 and p=0.036 respectively, Supplementary Figure
4B and 4D), whilst no significant differences were observed for TV1, TV3, and TV5
(Supplementary Figure 4A, 4C and 4E). TV7 showed a significant decreased expression
after NEDD4 knock down in unstimulated cells (p=0.007, Supplementary Figure 4D).
Considering the donors individually, in general, higher expression of NEDD4 TV2-5,7
(but not TV1) were observed in DD cells from the donor homozygous for the risk allele
of SNP rs1509406 located in the NEDD4 gene (patient 3, Figure 5). The two donors who
were heterozygous for that SNP (patient 2 and 4), showed intermediate expression of
TV2-4,7, compared to patient 2 and the donor homozygous for the non-risk alleles of
the SNP (patient 1). Patient 2 showed a higher expression for TV1 and TV5 than the
other TVs. Patient 1 showed high expression of TV1, relative to the other donors, but
lower for other TVs.
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Expression of genes associated with fibrosis (Supplementary Table 1) was also
measured with SYBR Green qPCR, but showed no significant differences in
expression levels between cells treated with and without TGF-β1.

Figure 5. Difference in relative expression of the NEDD4 TVs without and with TGF-β1
stimulation in cells transfected with siControl (filled shapes) and siNEDD4 (blank shapes), for
DD line 1 (circle), DD line 2 (square), DD line 3 (pyramid), and DD line 4 (cone). A) NEDD4 TV1.
B) NEDD4 TV2. C) NEDD4 TV3. D) NEDD4 TV4. E) NEDD4 TV5. F) NEDD4 TV7.

Interestingly, in DD cells only treated with TGF-β1, SFRP4 expression increased,
while DD cells transfected with siNEDD4 and treated with TGF-β1, SFRP4 expression
decreased, though both not statistically significant (Figure 6A and 6B). For ELN,
with solely TGF-β1 stimulation, cells showed an increased expression (Figure 2B),
but with simultaneous knock-down of NEDD4 cells did not show a difference in
expression (Figure 6C).

Figure 6. A) Expression of SFRP4, relative to YWHAZ, in cells only stimulated with TGF-β1. B)
Expression of SFRP4, relative to YWHAZ, in cells transfected with siControl and siNEDD4 and
stimulated with TGF-β1. C) Expression of ELN, relative to YWHAZ, in cells only stimulated with
TGF-β1.
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In NHDF, siNEDD4 transfection lead to significantly decreased expression of all
NEDD4 TVs (Supplementary Figure 5). Whilst none fibrosis-associated genes
showed a significantly different expression in DD cells transfected with siControl
or siNEDD4 stimulated with TGF-β1, NHDF showed significantly decreased
expressions of COL1A1, COL3A1, and SFRP4 between cells transfected with siControl
and siNEDD4. RSPO2 showed a significant increase in expression between siControl
and siNEDD4, without TGF-β1 stimulation (Supplementary Figure 6).

DISCUSSION
In this work we set out to study NEDD4 expression in DD, since a genetic variant
within NEDD4 (rs1509406) was associated to DD in a genome-wide association
study.(9) As associated genetic variants are not necessarily causal themselves, but
may be correlated to (in linkage disequilibrium with) causal genetic loci, functional
investigations are necessary to study the relevance of the NEDD4 gene in DD. Here
we studied mRNA expression levels of the protein-coding transcription variants
(TV) of the NEDD4 gene in DD and control tissues and cultured cells. First, we
assessed the baseline expression of NEDD4 TVs in DD cords, DD nodules, and
unaffected palmar fascias of seven donors. We found no significant differences
in expression of any of the NEDD4 TVs between tissues, but observed a wide
variation in TV-expression. A possible reason for this non-significant finding is that
the SNP in the NEDD4 gene does not influence its mRNA levels but rather protein
levels or function in DD. Another explanation is that due to the polygenic nature
of DD, NEDD4 potentially has multiplicative effects with other susceptibility genes
not captured in this study design with its modest sample size. In addition, since
cord, nodule, and control tissues were obtained from the same surgical sample,
one could argue that the control tissue (i.e. macroscopically unaffected palmar
fascia) adjacent to the affected tissue was in fact affected by DD microscopically,
leading to non-significant NEDD4 TV-expression differences. The significantly
higher expression of type I collagen in nodule versus control tissue however
indicates that the control tissue was indeed unaffected.(28) However, for keloids
no significant difference in NEDD4 mRNA expression was observed compared to
normal skin, thus this might still be the case for DD.(29) To infer whether NEDD4
expression does indeed not differ between DD and control tissues, as for keloids,
the experiment sample size needs to be expanded.
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In cultured fibroblasts, lower protein expression levels of NEDD4 have been
observed for keloid than for normal skin.(10) However, a higher frequency of
the high-risk allele of the keloid NEDD4 SNP has been related to the selectively
higher expression of TV3 in keloid fibroblasts.(25,30,31) In our study, we expected
to see an increase in expression of NEDD4 TVs in cells treated with TGF-β1. We
observed an increased expression of TV5 an decreased expression of TV7 in DD
myofibroblasts. In NHDF, we observed an increased expression of NEDD4 TV2,
TV3 and TV4. As expected after TGF-β1 stimulation, in both DD myofibroblasts
and NHDF fibroblasts we observed a significantly increased expression of ACTA2
(encoding α-SMA, is a known marker of myofibroblasts)(32–35). In contrast to NHDF
fibroblasts, DD myofibroblasts did not show increased expression of type 1 and
3 collagens. This is not in line with previous work on cultured DD myofibroblasts,
since collagen production is part of the hallmark features of myofibroblasts and
TGF-β1 is a known regulator of collagen expression.(19,20,22) In addition, Chung
et al. demonstrated that NEDD4 upregulated type I collagen in keloid fibroblasts,
and Liu et al. observed that NEDD4 may promote the expression of type I collagen
in mice fibroblasts.(36) These findings raise questions as to the validity of this DD
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myofibroblast experiment.
In the experiments including siNEDD4 knock-down in DD myofibroblasts, we
observed a significant decrease in expression of only NEDD4 TV2 and TV4
after knock-down. However, the increased expression of ACTA2 and ELN, and
decreased expression of WNT2 that were observed in DD cells treated with TGF-β1
stimulation alone, was not similarly observed. Consequently, we were unable
to draw substantiated conclusions from the experiments concerning DD cells
treated with siRNA. We seemingly observed differential expression of certain TVs
among the donors with different haplotypes for the risk allele of SNP rs1509406.
Additional experiments with new cell lines (from other donors) are needed to
infer conclusions concerning the functions of NEDD4 and expression levels in
relation to risk allele haplotypes. In NHDF, significant knock-down of all NEDD4
TVs was observed. Stimulated myofibroblasts treated with siNEDD4 showed and
significant decrease in mRNA expression of type 1 and 3 collagens, but not for
ACTA2. This might indicate that knock-down of NEDD4 may partially decrease
fibrosis, but protein levels should also be studied for changes in expression, since
these can differ largely from expression from their coding mRNA.(22) Although in
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this work we attempted to study protein levels and cellular localization, the failure
of acquiring a functioning antibody against NEDD4 prevented produce of results.
In this study, we postulated that the SNP in the NEDD4 gene (rs1509406)
was associated with increased expression of NEDD4 in DD, and that as it is an
intronic variant, it could affect expression of tis TVs via alternative splicing. A SNP
can, aside from being causal themselves or correlated to causal SNPs, also be
associated to gene expression.(37) After performing the work described in this
chapter, we carried out a meta-analysis of genome-wide association studies and
performed a follow-up transcriptome-wide association analysis (Chapter 5), which
affirmed the association of NEDD4 to DD (via SNP rs8032158) and indeed indicated
that increased expression NEDD4 is associated with DD. This further implicates
the importance of understanding the mechanistical function of NEDD4 in DD,
but additional investigations are required to draw conclusions concerning the
expression levels and functions of NEDD4 TVs in DD.
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SUPPLEMENTS
Supplementary figures

Supplementary Figure 1. Schematic overview of human NEDD4 protein-coding transcript
variants (NCBI build 38, 2022). C2: Calcium/phospholipid biding domain, WW: Protein/
protein interaction domains, HECT: Catalytic ubiquitin ligase domain.

Supplementary Figure 2. Expression of NEDD4 TVs, relative to YWHAZ, in NHDF cultured for
72 hours in the presence and absence of TGF-β1. A) Expression of NEDD4 TV1. B) Expression
of NEDD4 TV2. C) Expression of NEDD4 TV3. D) Expression of NEDD4 TV4. E) Expression of
NEDD4 TV5. F) Expression of NEDD4 TV7.
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Supplementary Figure 3. Expression of fibrosis-associated genes in NHDF cultured for 72
hours in the presence and absence of TGF-β1, relative to YWHAZ expression. A) Expression of
ACTA2. B) Expression of COL1A1. C) Expression of COL3A1. D) Expression of ELN. E) Expression
of FN1. F) Expression of ITGA11. G) Expression of PLOD2.

8

Supplementary Figure 4. Expression of NEDD4 TVs, relative to YWHAZ, in Dupuytren cells
transfected with siControl or siNEDD4, cultured for 72 hours in the presence and absence
of TGF-β1. A) Expression of NEDD4 TV1. B) Expression of NEDD4 TV2. C) Expression of NEDD4
TV3. D) Expression of NEDD4 TV4. E) Expression of NEDD4 TV5. F) Expression of NEDD4 TV7.
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Supplementary Figure 5. Expression of NEDD4 TVs, relative to YWHAZ, in NHDF transfected
with siControl or siNEDD4, cultured for 72 hours in the presence and absence of TGF-β1.
A) Expression of NEDD4 TV1. B) Expression of NEDD4 TV2. C) Expression of NEDD4 TV3. D)
Expression of NEDD4 TV4 E) Expression of NEDD4 TV5. F) Expression of NEDD4 TV7.

Supplementary Figure 6. Expression of fibrosis-associated genes in NHDF transfected
with siControl or siNEDD4, cultured for 72 hours in the presence and absence of TGF-β1. A)
Expression of COL1A1. B) Expression of COL3A1. C) Expression of SFRP4. D) Expression of RSPO2.
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ITGA11
PLOD2
RSPO2
SFRP4
WNT2
WNT4
WNT7B
YAP1
YWHAZ

GAPDH
YWHAZ
NEDD4 TV1
NEDD4 TV2
NEDD4 TV3
NEDD4 TV4
NEDD4 TV5
NEDD4 TV7
ACTA2
COL1A1
COL3A1
DDR2
ELN
FN1

Forward primer (5’ to 3’)
CTCCTCTGACTTCAACAGCGA
GATCCCCAATGCTTCACAAG
ATAGGCCTTGCCAAGAAGGATA
GCATCTGGAAATGAAGGTAAAGTGG
GGATAATTTATCAAGAGACAGCAACA
TGAGGAATTAGAGCAACAACAAGAA
TCTGGAAATGAAGGTAAAGTGGATAA
ATAGGCCTTGCCAAGAAGGATA
CTGTTCCAGCCATCCTTCAT
GCCTCAAGGTATTGCTGGAC
CTGGACCCCAGGGTCTTC
ATTCCAGTCACCGACCACTC
CGCTAAGGCAGCCAAGTATG
CT
GGCCGAAAATACATTGTAAA
CTTTTCCTCGCACGTGGT
GGGAGTTCATTGCACCAGTT
CCCACGTGCTAACCAAGC
GCCTGAAGCCATCGTCAC
TTTGGCAGGGTCCTACTCC
GCAGAGCCCTCATGAACCT
CACAGAAACTTTCGCAAGTGG
AATCCCACTCCCGACAGG
GATCCCCAATGCTTCACAAG

Probe (5’ to 3’)
Pre-designed
Pre-designed
CGTCACTCTCACGTAAGGATCACTAGCTCC
GTCTAATTCTTGCAAGCCTGGCTGGGTTGT
ATCCATTACCGACAGAAAATCCAAGATTGGAGAGA
ATATCCTGCCTCTCTTCCCACCCTGGAG
ACAGCAACAGAGATTGCACAAATGAACTGT
CGTCACTCTCACGTAAGGATCACTAGCTCC
-

Reverse primer (5’ to 3’)
CCAAATTCGTTGTCATACCAGGA
TGCTTGTTGTGACTGATCGAC
ACTTTGGATTCAAACTCTTTTTAATGG
TGGCAAGCAGCATCTGGTTG
CAAAACAACCCAGCCAGGCT
CATGGTTTACATAATAGGTCCTTCCA
CTCCAATCTTGGATTTTCTGTCTTG
AGTATAACTTTTTAATGGTTTTTGTTTGC
TCATGATGCTGTTGTAGGTGGT
ACCTTGTTTGCCAGGTTCAC
CATCTGATCCAGGGTTTCCA
ATTCCAGTCACCGACCACTC
GGGACACCAACACCTGGA
CCACAGTCGGTCAGGAG
GCTCCATTCCAGTCATAGGC
GAGGACGAAGAGAACGC
CATCTCTCCGCCACGAAC
CCATCATGTCTGGTGTGATGT
CCTGGTGATGGCAAATACAA
CACCCGCATGTGTGTCAG
GGCTAGGCCAGGAATCTTGTT
GACTACTCCAGTGGGGGTCA
TGCTTGTTGTGACTGATCGAC

Supplementary Table 1. Primer and probe sequences used in RT TaqMan and SYBR Green qPCR.

Supplementary tables

SybrGreen
SybrGreen
SybrGreen
SybrGreen
SybrGreen
SybrGreen
SybrGreen
SybrGreen
SybrGreen

PCR type
Taqman
Taqman
Taqman
Taqman
Taqman
Taqman
Taqman
Taqman
SybrGreen
SybrGreen
SybrGreen
SybrGreen
SybrGreen
SybrGreen
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Supplementary Table 2. Patient genotypes for the NEDD4 variant.
Patient 1
Patient 2
Patient 3
Patient 4
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Allele 1
A
G
G
G

Allele 2
A
A
G
A

Number of risk alleles for DD
0
1
2
1
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Verteporfin ameliorates fibrotic aspects of Dupuytren’s disease
nodular fibroblasts irrespective the activation state of the cells

ABSTRACT
Background
Dupuytren’s disease is a chronic, progressive fibroproliferative condition of
the hand fascia which results in digital contraction. So far, treatments do not
directly interfere with the (myo)fibroblasts that are responsible for the formation
of the collagen-rich cords and their contraction. Here we investigated whether
verteporfin (VP) is able to inhibit the activation and subsequent differentiation of
DD nodular fibroblasts into myofibroblasts.

Materials and methods
Fibroblasts were isolated from nodules of seven Dupuytren patients. Cells were
treated 1) for 48 h with 5 ng/ml transforming growth factor β1 (TGF-β1) followed
by 48 h with/without 250 nM VP in the absence of TGF-β1, or treated 2) for 48 h
with TGF-β1 followed by 48 h with/without VP in the presence of TGF-β1. mRNA
levels were measured by means of Real-Time PCR, and proteins were visualized by
means of Western blotting and/or immunofluorescence. Quantitative data were
statistically analyzed with GraphPad Prism using the paired t-test.
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Results
We found that fibroblasts activated for 48 h with TGF-β1 show a decrease in mRNA
levels of COL1A1, COL3A1, COL4A1, PLOD2, FN1EDA, CCN2 and SERPINE1 when exposed
for another 48 h with VP, whereas no decrease is seen for ACTA2, YAP1, SMAD2 and
SMAD3 mRNA levels. Cells exposed for an additional 48 h with TGF-β1, but now in
the presence of VP, are not further activated anymore, whereas in the absence of VP
the cells continue to differentiate into myofibroblasts. Collagen type I, fibronectinextra domain A, α-smooth muscle actin, YAP1, Smad2 and Smad3 protein levels
were attenuated by both VP treatments.

Conclusions
We conclude that VP has strong anti-fibrotic properties: it is able to halt the
differentiation of fibroblasts into myofibroblasts, and is also able to reverse the
activation status of fibroblasts. The decreased protein levels of YAP1, Smad2 and
Smad3 in the presence of VP explain in part the strong anti-fibrotic properties
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of VP. VP is clinically used as a photosensitizer for photodynamic therapy to
eliminate abnormal blood vessels in the eye to attenuate macular degeneration.
The antifibrotic properties of VP do not rely on photo-activation, as we used the
molecule in its non-photoinduced state.

ABBREVIATIONS
α-SMA, α-smooth muscle actin; BSA, bovine serum albumin; DAPI, 4′,6-diamidine2′-phenylindole dihydrochloride; DD, Dupuytren’s disease; DMEM, Dulbecco’s
modified Eagle medium; DMSO, dimethyl sulfoxide; ECM, extracellular matrix;
FBS, fetal bovine serum; Fn-EDA, fibronectin-extra domain A; GWAS, genome-wide
association study; PBS, phosphate-buffered salt; RT, room temperature; TBS, Trisbuffered saline; TGF-β1, transforming growth factor β1; VP, verteporfin.

BACKGROUND
Dupuytren’s disease (DD) is a fibroproliferative condition of the hand fascia that
affects mainly adults of Northern European descent.(1,2) The etiology of the
disease is unclear, but genetic predisposition plays an important role. Studies in
twin siblings show heritability up to 80% (3) and genome-wide association studies
show specific genomic regions that give rise to DD.(4-6) Moreover, several nongenetic factors are reported to contribute to the development of the disease,
such as smoking, alcohol intake, diabetes, hyperlipidemia and manual labor or
exposure to vibrations.(1,2,6,7)
DD is characterized by the presence of fibrotic lesions that seem to spread along
the palmar fascias of the palm and fingers. They may contract thereby impairing
finger extension, thus affecting hand function and quality of life.(1,2,6,7) The disease
has three different stages, all of which can be present at the same time. The initial
proliferative stage is when nodules form, containing numerous myofibroblasts,
driving the fibrotic response. The proliferative stage is followed by an involutional
stage, where myofibroblasts and extracellular matrix (ECM) are aligned along the
stress lines of the hand. It ends with the residual stage, where the nodules disappear,
leaving behind a mostly acellular fibrotic tendon-like structure (cord) that adheres to
the skin and fascia resulting in contracture lesions.(1,2,6)
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Treatment of DD comprises nonsurgical treatments (e.g. physiotherapy,
intralesional injected steroids, or radiotherapy) which are usually performed
in early stages of the disease, but the efficacy of these treatments is not clear.
(1,8,9) A novel treatment approach is the injection of collagenase derived from
Clostridium histolyticum. Its efficacy continues to be evaluated.(10-12) The late
stage contractures are treated by surgical interventions such as fasciotomy,
fasciectomy or dermofasciectomy and skin grafting.(1,2,6,7,13,14) However, all of
the above interventions frequently lead to recurrences.(15-17) Unfortunately, as is
the case with fibrosis in general, an effective pharmacological treatment has not
been developed yet.
Although DD is a tissue-specific fibrosis, it seems likely that it behaves on a cellular
and molecular level in a similar way as other chronic fibrotic processes in different
organs of the body. These processes are the result of many different biochemical
and biophysical cues. These cues are sensed by fibroblasts, which subsequently
are triggered to differentiate into myofibroblasts. The latter cells express
α-smooth muscle actin (α-SMA), resulting in the formation of stress fibers that
increase cellular contractibility. Simultaneously, myofibroblasts show increased
synthesis of extracellular matrix (ECM) proteins such as collagen types I and III
and fibronectin-extra domain A (Fn-EDA). Under fibrotic conditions, the balance
between the production and degradation of extracellular matrix proteins becomes
impaired. The balance is, apart from the production of ECM itself, also determined
by the interplay between matrix metalloproteinases and tissue inhibitors of
metalloproteinases.(6,18)
Several molecular pathways have been associated with the onset of DD. Among
them, the transforming growth factor β (TGF-β) pathway is highly relevant, as it
is in other fibrotic disorders. The profibrotic cytokine TGF-β1 is involved in the
differentiation of fibroblasts towards myofibroblasts, including the maintenance of
the activation status of myofibroblasts through the intracellular downstream Smad
signaling cascade. Stimulation of the TGF-β pathway results in the phosphorylation
of Smad2 and Smad3, forming a complex that binds to Smad4, a complex that
in turn activates the transcription of fibrosis-related genes.(19-21) TGF-β1 levels
are increased in DD fibroblasts compared to control fibroblasts, along with its
downstream effectors Smad2 and Smad3. As a consequence, ECM markers are also
increased. Stimulation with TGF-β1 in vitro increases myofibroblast proliferation,
collagen contraction, as well as synthesis of ECM components.(22-24)
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Three important intertwined signal transduction routes, namely the TGF-β,
the Wingless/Int (Wnt), and the yes-associated protein 1 (YAP)/transcriptional
coactivator with PDZ-binding motif (TAZ) pathways, have been linked to
the pathophysiology of fibrosis.(25) GWAS studies have shown that several
components of the Wnt pathway are linked to DD,(4-6) that TGF-β1 is highly
expressed in affected DD tissues,(22-25) and more recently that YAP is highly
expressed in Dupuytren nodules.(26)
Several preclinical studies revealed that specifically inhibiting the YAP/TAZ pathway
by e.g. siRNA results in a major improvement in the outcome of fibrosis.(27,28)
Unfortunately, translation of preclinical fibrosis models into a clinical therapy has
often failed, e.g., due to major species differences. Apart from that, introduction of
a new drug into the clinic is an expensive and time-consuming process. However,
it was recently found that verteporfin (VP), a FDA-approved benzoporphyrin
derivative that is already used in the clinic to inhibit macular degeneration, is
capable of inhibiting extracellular matrix deposition in liver, kidney, and retinal
rodent fibrosis models by interfering with the YAP/TAZ pathway.(18,29-31)
By using mouse and rat fibroblasts under various (fibrotic) conditions, it was
found that VP inhibits the production of collagen (the hallmark of fibrosis) as
well as that of many other profibrotic molecules.(29,32-35) A few studies also
investigated the effect of VP on human cells in the context of fibrosis (retinal
Müller cells; ventricular fibroblasts; Peyronie plaque fibroblasts; conjunctival
fibroblasts; dermal fibroblasts; systemic sclerosis dermal fibroblasts).(31,36-39)
In all cases, a decrease is seen in collagen production, either on mRNA level or
protein level. Of these studies, only a single paper investigated the effect of VP in
human cells at both the mRNA and protein level.(39) Here we report the effect of
VP on nodular fibroblasts from surgically excised tissue of seven DD patients, both
at the mRNA and protein level. Since the aim of our study is to evaluate the antifibrotic potential of VP in both the early and late stage of the disease, we created
a profibrotic environment by stimulating DD cells with TGF-β1 for 48 hours before
VP treatment. This was followed by a comparison between DD fibroblasts treated
with VP for another 48 hours under continued TGF-β1 stimulation (highly activated
fibroblasts) with DD fibroblasts without further TGF-β1 stimulation (i.e., fibroblasts
with a lower activation level). Our results show a significant decrease of fibrotic
markers, both at the mRNA and protein level in both experimental groups, and
conclude that VP has major anti-fibrotic properties.
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METHODS
Reagents for cell culture
Reagents and final concentrations used in culture medium were as follows: Human
recombinant TGF-β1 (5 ng/ml; 100-21C, Peprotech, London, UK); ascorbic acid
(0.17 mM; A8960, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany); penicillin/
streptomycin (pen/strep) (50 U/L; 15140122, Thermo Fisher Scientific, Landsmeer,
The Netherlands), verteporfin (250 nM; SML0534, Sigma-Aldrich, The Netherlands).
Stock solutions of the drug VP were prepared in dimethyl sulfoxide (DMSO) and
stored at −20 °C; the working solutions were diluted in culture medium with a final
solvent concentration of ≤ 1%.

Cell Culture
Dupuytren tissue was obtained from seven patients undergoing primary limited
fasciectomy or dermofasciectomy (Caucasians from the northern part of the
Netherlands; age range 59-67). Informed written consent was obtained through
approval of the local ethics committee. Surgical pieces were macroscopically
dissected into nodule and cord. Nodules were separated in pieces of 0.5 cm2,
four pieces per well were placed in 6 well plates. Isolation of primary nodule
fibroblast was performed by the outgrow method in Minimum Essential Medium
– Eagle with Earle’s BSS (MEM Eagle EBSS; 12-611F, Lonza) containing 20% fetal
bovine serum (FBS). FBS was filtered before use through a SFCA 0.45 μm filter.
Before the onset of experiments, Dupuytren nodular fibroblasts were propagated
in Dulbecco’s modified Eagle medium (DMEM) (12-604F, Lonza) containing 50
U/L pen/strep) and 10% FBS (Sigma-Aldrich). All cells were tested negative for
mycoplasm. At the start of the experiment, cells were trypsinized, reseeded at a
density of 15.000 cells/cm2, and starved for 18 hours in DMEM containing 50 U/L
pen/strep, 0.5% FCS and 0.17 mM ascorbic acid. Experiments were carried out in
primary fibroblasts passage 4 to 6 with DMEM containing 50 U/L pen/strep, 0.17
mM ascorbic acid, and 0.5% FBS. Treatments were performed as follows (Figure
1): for all cells, stimulation with 5 ng/ml TGF-β1 in starvation medium for 48 hours.
Next, cells were treated for 48 h in starvation medium with or without 5 ng/ml
TGF-β1 stimulation in the presence of 1% (v/v) DMSO (= control vehicle) or 250 nM
VP. Medium was refreshed every 24 hours.
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Figure 1. Schematic representation of treatments subjected to DD nodule-derived
fibroblasts. DMSO is used as the control, as VP is prepared in DMSO

RNA extraction and Real-Time PCR
For gene expression analysis, total RNA was isolated with the Tissue Total RNA mini
kit (Favorgen Biotech Corp., Taiwan). RNA quantity and quality were determined
by UV spectrophotometry (NanoDrop Technologies, Wilmington, DE). One μg
of RNA was reverse transcribed with RevertAid First Strand cDNA Synthesis kit
(Thermo Fischer Scientific). Real-time PCR was performed with SYBR green PCR
master mix (Roche, Basel, Switzerland) and VIIA7 thermal cycling system (Applied
Biosystems, Carlsbad, CA). Thermal cycling conditions were 2 minutes at 95°C
(enzyme activation), followed by 15 seconds at 95°C, 30 seconds at 60°C and
30° seconds at 72°C (40 cycles). Melting curve analysis was performed in order
to verify the absence of primer dimers. Primers were designed and optimized
to have a calculated 95% to 105% reaction efficiency; the used sequences are
shown in Table 1. All data were normalized against the reference gene tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta isoform
(YWHAZ). The following genes were measured: the extracellular matrix proteins
collagen type I, III, IV and fibronectin-extra domain A (COL1A1, COL3A1, COL4A1 and
FN1EDA, respectively), the collagen modifying enzyme lysyl hydroxylase 2 (PLOD2),
the cytoskeletal protein alfa-smooth muscle actin (ACTA2), the matricellular
protein connective tissue growth factor (CTGF=CCN2), the serpin family protein
plasminogen activator inhibitor-1 (PAI1=SERPINE1), and three Hippo/TGF-β
pathway proteins (YAP1, SMAD2 and SMAD3).
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Table 1. Primer sequences used for q-PCR.
Gene
COL1A1
COL3A1
COL4A1
FN1EDA
PLOD2
ACTA2
CCN2
SERPINE1
YAP1
SMAD2
SMAD3
YWHAZ

Forward sequence
GCCTCAAGGTATTGCTGGAC
AGGGTGCAATCGGCAGTCCA
TGGTGACAAAGGACAAGCAG
AATCCAAGCGGAGAGAGTCA
GGGAGTTCATTGCACCAGTT
CTGTTCCAGCCATCCTTCAT
AGCTGACCTGGAAGAGAACATT
TGGTGCTGATCTCATCCTTG
AATCCCACTCCCGACAGG
TCACTCCATTCCAGAAAACACTAA
CACCACGCAGAACGTCAA
GATCCCCAATGCTTCACAAG

Reverse sequence
ACCTTGTTTGCCAGGTTCAC
CAATGGCAGCGGCTCCAACA
GGTTCACCCTTTGGACCTG
GGAATCGACATCCACATCAG
GAGGACGAAGAGAACGC
TCATGATGCTGTTGTAGGTGGT
GCTCGGTATGTCTTCATGCTG
AGAAACCCAGCAGCAGATTC
GACTACTCCAGTGGGGGTCA
ATATCCAGGAGGTGGCGTTT
GATGGGACACCTGCAACC
TGCTTGTTGTGACTGATCGAC

Immunofluorescence
Detection of both intracellular and extracellular collagen type I, α-SMA and fnEDA isoform was carried out on fixed cells with 4% paraformaldehyde (SigmaAldrich) for 10 minutes. Later they were permeabilized with 0.5% Triton X-100 in
phosphate-buffered saline (PBS) for 10 minutes. For all immunostainings, fixed
cells were subsequently incubated with PBS + 0.1% Triton, containing 2.2% bovine
serum albumin (BSA, Sanquin Reagents, Amsterdam, The Netherlands) and 5% of
specific anti-serum antibody for 60 minutes at room temperature (RT). The primary
antibodies were incubated for 120 minutes at RT. The secondary antibodies were
incubated for 30 minutes at RT. The binding protein Streptavidin Cy3 in PBS + 1%
BSA was incubated in the dark for 20 minutes at RT. Nuclei were visualized with
4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI) (dilution 1:5000). All wash
steps were performed in PBS-Tween. The cells were mounted with Citifluor AF1
(AF1-25, Brunschwig Chemie, Amsterdam, The Netherlands). Microphotographs
were acquired in a random blind fashion with the use of a Leica TCS SP8 confocal
system microscope (Leica Microsystems, Rijswijk, The Netherlands). Antibodies
used are shown in Table 2.

Immunoblotting
Cells were lysed with RIPA buffer (Thermo Fischer Scientific) supplemented with
1% protease inhibitor cocktail (Sigma-Aldrich) and 1% phosphatase inhibitor
cocktail (Sigma-Aldrich), and lysates were disrupted with sonication. Protein
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concentrations were determined with a DC protein assay (Bio-Rad, Hercules,
CA), and equal amounts of protein (30 µg/ml) per lane were subjected to SDS gel
electrophoresis. Protein transfer to a nitrocellulose membrane was performed
with the semidry Transblot Turbo system (Bio-Rad). Membranes were blocked
in Tris-buffered saline (TBS) + 0.5% Tween20 (Sigma-Aldrich) that contained 5%
milk powder. Primary and secondary antibodies were diluted in TBS-Tween20
that contained 5% milk powder. Primary antibodies were incubated overnight
at 4°C, secondary antibodies were incubated for 60 minutes at RT. All washing
steps were performed in TBS-Tween20. Protein bands were visualized with
chemiluminescence and ChemiDoc imaging system (Bio-Rad). Image analyses
were performed with Image Lab™ Software version 6.0.1 (Bio-Rad). The antibodies
used are shown in Table 2.
Table 2. Used antibodies in immunofluorescence (IF) and Western blotting (WB).
Target

Company

Mouse anti-human collagen
type I

Catalog
number
ab90395

Application Concentration

Abcam,
Cambridge,
United Kingdom
Mouse anti-human α-smooth Dako, Glostrup, M0851
muscle actin (α-SMA)
Denmark

IF

1:1000

IF, WB

1:500

Mouse anti-human fn-EDA

ab6328

IF

1:1000

sc-8783

WB

1:1000

Goat anti-human collagen
type I

Mouse anti-human YAP

Mouse anti-human Smad2

Rabbit anti-human Smad3
Rabbit Anti- human YWHAZ
Biotinylated, goat Antimouse IgG

200

Abcam,
Cambridge, UK
Santa Cruz
Biotechnology,
Dallas, Texas,
USA.
Santa Cruz
Biotechnology,
Dallas, Texas,
USA.
Cell Signaling
Technology,
Leiden, The
Netherlands
Abcam,
Cambridge, UK
Abcam,
Cambridge, UK
SouthernBiotech,
Birmingham, AL,
USA

sc-101199 WB

1:500

3103S

WB

1:1000

Ab28379

WB

1:1000

ab51129

WB

1:1000

1031-08

IF

1:500
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Table 2. (continued)
Target

Application Concentration

Polyclonal Goat anti-rabbit
Immunoglobulins/HRP

Catalog
number
SouthernBiotech, 7100-12
Birmingham, AL,
USA
Dako, Glostrup, P0448
Denmark

Polyclonal Rabbit anti-goat
Immunoglobulins/HRP

Dako, Glostrup,
Denmark

Polyclonal Goat anti-mouse
Immunoglobulins/HRP

Dako, Glostrup,
Denmark

Streptavidin-CY3

Company

IF

1:1000

WB

1:5000

P0449

WB

1:5000

P0447

WB

1:5000

Statistical analysis
All data were analyzed with GraphPad Prism version 8.03 (GraphPad Software, La
Jolla, CA) using the paired t-test. Values of p<0.05 (95% confidence interval) were
considered to be statistically significant.

Human ethics statement
All methodology followed research integrity covering rules, regulations and best
practices in accordance with relevant guidelines and regulations. Tissue samples
were collected after informed written consent and approval of the Medical Ethics
Committee of the University Medical Center Groningen (2007/067).

RESULTS
Dupuytren nodular fibroblasts show upregulation
of fibrosis-related genes at mRNA level after TGF-β1
stimulation
We performed quantitative PCR for COL1A1, COL3A1, COL4A1 and FN1EDA, being a
set of extracellular matrix genes that are upregulated in fibrotic pathologies. Other
fibrosis-related genes that we measured are SERPINE1 (an inhibitor for plasminmediated MMP activation), PLOD2 (an enzyme involved in collagen cross-linking),
YAP1 and its downstream target CCN2. Finally, we measured ACTA2, encoding
for alfa-smooth muscle actin, that form stress fibers in myofibroblasts. With the
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exception of YAP1, we observed significant upregulation of all fibrosis-related
genes after 96 h TGF-β1 stimulation in comparison with 48 h TGF-β1 stimulation
(Figure 2). Its shows that 48 h of exposure to 5 ng/ml TGF-β1 is not enough to obtain
full activation of the fibroblasts. In fact, we observe on average a 3.3-fold increase
of mRNA levels of COL1A1 (p=0.0006), 2.7-fold increase of COL3A1 (p=0.0013),
11.4-fold increase of COL4A1 (p<0.0001), 5.8-fold increase for FN1EDA (p<0.0001),
3.7-fold increase for CCN2 (p=0.0001), 5.1-fold increase for ACTA2 (p=0.0008),
4.7-fold increase for PLOD2 (p<0.0001), 5.2-fold change for SERPINE1 (p=0.0031).
We observed a significant downregulation of the YAP1 gene, showing a 1.4-fold
change (p=0.0082) (Figure 2). Our results clearly show increased mRNA levels of
fibrotic markers in nodule fibroblasts with prolonged TGF-β1 stimulation time.
Furthermore, we observed different delta upregulation values after 96 h TGF-β1
exposure between the patients, which seems to indicate a high heterogeneity
between patients suffering from DD.

Figure 2. Effect of 48 h and 96 h TGF-β1 stimulation (5 ng/ml) of DD nodule-derived fibroblasts
(n=7) in the absence of verteporfin. mRNA expression of COL1A1, COL3A1, COL4A1, FN1EDA,
ACTA2, PLOD2, YAP1, CCN2 and SERPINE1 relative to YWHAZ.
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VP treatment decreases gene expression of fibrosisrelated genes at mRNA levels in Dupuytren nodular
fibroblasts
Next, we investigated the effect of verteporfin in the presence or absence of
TGF-β1 on the expression of the genes mentioned in the previous section (COL1A1,
COL3A1, COL4A1, FN1EDA, SERPINE1, PLOD2, YAP1, CCN2 and ACTA2) in nodule
fibroblasts.
We found that VP decreases significantly the expression levels of the 4 genes
encoding for ECM proteins (COL1A1, COL3A1, COL4A1, FN1EDA), both in the presence
or absence of TGF-β1. In the group without the presence of TGF-β1, we observed
a decrease in 7 of the 9 genes tested (COL1A1, COL3A1, COL4A1, FN1EDA, PLOD2,
CCN2, and SERPINE1) with values ranging from 1.4 to 5.5 (Figure 3). In the group
that was exposed to an additional 48 h with TGF-β1, we observed a decrease in
6 of the 9 genes tested (COL1A1, COL3A1, COL4A1, FN1EDA, PLOD2, and SERPINE1)
with values ranging from 1. 8 to 3.9 (Figure 4).
We do not observe a decrease in ACTA2 and YAP1 gene expression when exposed
to VP, regardless whether TGF-β1 was present or not. A significant decrease of
CCN2 gene expression was seen in the group cultured in the absence of TGF-β1
stimulation. No such significance could be shown in the group cultured in the
presence of TGF-β1 stimulation, although a trend in decreasing levels can be
observed. Detailed foldchanges in gene expression are presented in Table 3.
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Figure 3. Effect of VP on DD nodule-derived fibroblasts exposed to 48 h of TGF-β1 (n=7).
mRNA expression of COL1A1, COL3A1, COL4A1, FN1EDA, ACTA2, PLOD2, YAP1, CCN2 and
SERPINE1 relative to YWHAZ after 48 hours of treatment with VP (with DMSO as control) in the
absence of TGF-β1.

Figure 4. Effect of VP on DD nodule-derived fibroblasts (n=7). mRNA expression of COL1A1,
COL3A1, COL4A1, FN1EDA, ACTA2, PLOD2, YAP1, CCN2 and SERPENI1 relative to YWHAZ; the cells
were treated with 5 ng/ml of TGF-β1 stimulation for 96 hours including a 48 hours treatment
with VP (with DMSO as control).
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Table 3. Fold-changes in mRNA gene expression between control (DMSO) and VP-treated
cells.
Gene

Fold change
DMSO/VP

COL1A1
COL3A1

-TGF-β1
▼ 3.9
▼ 4.2

p value
0.0007
0.0005

+TGF-β1
▼ 2.9
▼ 3.1

p value
0.0078
0.0067

COL4A1

▼ 5.5

0.0006

▼ 3.9

0.0044

▼ 2.4
▼ 5.0
1.0
▼ 1.4
▼ 1.8

0.7743
<0.0001
0.0003
0.4242
0.0013
0.0108

0.9
▼ 2.2
▼ 2.8
1.0
▼ 1.5@
▼ 1.8

0.4641
0.0085
0.0072
0.7261
0.0514
0.0332

ACTA2
PLOD2
FN1EDA
YAP1
CCN2
SERPINE1

Ratio of gene expression decrease after 48 hours treatment with DMSO vs VP.
▼ Indicates decrease.
@ Indicates that the decrease is statistically non-significant, although a trend is present.

VP affects the translation and morphology of hallmark
proteins in fibrosis
Since it is known that there can be a discrepancy between mRNA levels and
protein levels, especially in the case of extracellular matrix proteins, we also
stained the presence of collagen type I and fibronectin-EDA (fn-EDA) in the
cell cultures. Furthermore, we stained the α-SMA stress fibers (the marker of
mature myofibroblasts) in the cells themselves. Collagen type I shows a more
intense staining with increasing TGF-β1 incubation time (48 h versus 96 h), both
intracellularly and as extracellular deposits (Figure 5). VP significantly decreased
the amount of stained collagen, both in the presence or absence of TGF-β1. FnEDA also showed a more intense staining at 96 h TGF-β1 incubation time. As in
the case with collagen, the presence of VP decreased the amount of stained fnEDA (Figure 6). In addition, changes in morphology of the deposited fn-EDA are
seen. When cells are not stimulated with TGF-β1, a reticular pattern of deposition
is observed, which is shifted to a net-like deposition in the presence of TGF-β1.
After treatment with VP the reticular pattern is again seen (Figure 6). With respect
to α-SMA, hardly any α-SMA positive cells were seen at 48 h TGF-β1 stimulation,
while clearly increasing numbers were seen at 96 h (Figure 7). The presence of VP
resulted in a decrease in α-SMA positive cells in a subset of patients only.
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Figure 5. Synthesis and deposition of collagen type I after 48 and 96 h TGF-β1 stimulation
in the presence or absence of VP. Immunofluorescence of intracellular and extracellular
collagen type I; images are shown from donors with a high and a low expression (High:
patient DDf3 and low: patient DDf7) (magnification 63x, scale-bar=50 µm).

Figure 6. Deposition and morphology of Fn-EDA after 48 and 96 h TGF-β1 stimulation in the
presence or absence of VP as revealed by immunofluorescence staining; images are shown
from donors with a high and a low expression (high: patient DDf3 and low: patient DDf7)
(magnification 63x, scale-bar=50 µm).
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Figure 7. Myofibroblast differentiation after 48 and 96 h TGF-β1 stimulation in the presence
or absence of VP as revealed by immunofluorescence staining of α-SMA; images are shown
from donors with a high and a low expression (high: patient DDf3 and low: patient DDf7)
(magnification 63x, scale-bar=50 µm).

To strengthen the results as obtained by optical analyses, we next quantified
protein levels of collagen type I by Western blot. It is important to note that
the protein samples were obtained from cell lysates, so we can only quantify
intracellular collagen and not collagen deposited extracellularly, which is the
case for collagen type I. As expected, collagen type I levels are rather low when
stimulated with TGF-β1 for 48 h only; it became even lower in the presence of VP
(Figure 8). More collagen was observed when cells were stimulated for 96 h, and
also here a significant decrease is seen of collagen type I in the presence of VP
(Figure 9). In the case of the myofibroblast marker α-SMA, a major increase is seen
with prolonged TGF-β1 incubation times (48 and 96 h), and in both cases α-SMA
protein levels were lower in the presence of VP (Figure 9). This decrease in protein
level VP which was not clearly evident by immunostaining of the cells themselves
(compare Figure 5 with Figure 9).
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Figure 8. Western blot analysis and quantification of Col 1a1 and α-SMA in DD nodulederived fibroblasts after stimulation for 48 h with TGF-β1 followed by 48 h in the presence
or absence of VP. Images from donors with high and low expression (high: patient DDf3 and
low: patient DDf7). Original blots are presented in Supplementary Figure 1 (S1).

Figure 9. Western blot analysis and quantification of Col 1a1 and α-SMA in DD nodulederived fibroblasts after stimulation for 96 h with TGF-β1 but in the last 48 h in the presence
or absence of VP. Images from donors with high and low expression (high: patient DDf3 and
low: patient DDf7). Original blots are presented in Supplementary Figure 2 (S2).
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VP affects protein levels of YAP, SMAD2 and SMAD3
Since we observed that VP downregulates major fibrogenic genes, we further
determined the effect of VP on the downstream effectors of the TGF-β and Hippo
pathway. We studied gene expression by quantitative PCR and protein levels by
Western blot of total YAP1 and SMAD2 and SMAD3. No changes were observed
in gene expression levels of YAP1 and SMAD3 by VP, neither with or without the
presence of TGF-β1 for 48 or 96 h. In contrast, we observed an upregulation of
SMAD2 gene expression after VP treatment in the group under continuous (96 h)
TGF-β1 stimulation (Figure 10).
On protein expression level, a mild decrease of protein level is seen for all three proteins
(YAP1, Smad2 and Smad3) studied as a result of TGF-β1 stimulation. Remarkably, all
three proteins become essentially undetectable after VP treatment (Figure 11).

9

Figure 10. Effect of VP treatment on TGF-β/Hippo pathway downstream effectors. Relative
mRNA expression of YAP1, SMAD2 and SMAD3 after stimulation with TGF-β1 for 48 hours
followed by 48 h in the presence or absence with VP, or after stimulation with TGF-β1 for 96
hours but in the last 48 h in the presence or absence of VP.
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Figure 11. Effect of VP treatment on TGF-β/Hippo pathway downstream effectors. Western
blot analysis and quantification of YAP, Smad2, and Smad3, after stimulation with TGF-β1
for 48 hours followed by 48 h in the presence or absence with VP, or after stimulation with
TGF-β1 for 96 hours but in the last 48 h in the presence or absence of VP. Images are shown
from donors with a high and low expression (high: patient DDf3 and low: patient DDf7).
Original blots are presented in Supplementary Figure 3 and 4 (S3 and S4).

DISCUSSION
DD is a chronic, fibroproliferative disorder of the hand fascia, which results in
impairment of the extension of fingers and therefore hinders a normal use of the
hand. Treatments for DD in early stages unfortunately show lack of effectiveness,
while the management of the final stage is invasive and often results in disease
recurrence.(15) Therefore, the need for a treatment that at least prevents the
progression of the disease is high. Here we show with in vitro cell cultures of DD
nodular fibroblasts that VP is not only able to halt the activation of fibroblasts into
myofibroblasts, but is also able to reverse the activation status of the cells.
Differentiation of fibroblasts into myofibroblasts is a relatively slow process. In this
study, we first cultured DD nodular fibroblasts in the presence of TGF-β1 for 48 h.
After this stimulation period, we subsequently treated the fibroblasts for 48 h with
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or without verteporfin under two regimes: with or without TGF-β1. In the absence of
VP, we observed that in the additional 48 h a further acceleration of the activation
status takes place in the presence of TGF-β1. In this additional time period, an
increase is seen in mRNA levels of COL1A1, COL3A1, COL4A1, FN1EDA, PLOD2, ACTA2,
CCN2 and SERPINE1, which is substantiated by the increased protein levels of collagen
type I, fn-EDA and α-SMA. In this experimental setup, one is able to investigate 1)
whether VP is able to push back the achieved activation status of the first stimulation
period (namely the experiment with VP in the absence of TGF-β1), and 2) whether
VP is able to halt an ongoing activation in cells that are already triggered to become
myofibroblasts (namely the experiment with VP in the presence of TGF-β1).
Our experiments show that VP has strong anti-fibrotic properties: it not only
pushes back the activation status of fibroblasts that are exposed for 48 h to
TGF-β1, but it also halts an ongoing activation of cells that are in the process of
becoming myofibroblasts. In both experimental settings mRNA levels of COL1A1,
COL3A1, COL4A1, FN1EDA, PLOD2, CCN2 and SERPINE1 are significantly decreased,
and this is also observed in the protein levels of collagen type I. We observed
in addition changes in the morphology of the deposited fn-EDA, namely from a
mesh-like deposition to a reticular network in the presence of VP (the other genes
were not investigated with regard to protein levels). Keeping in mind that the
hallmark of fibrosis (and DD) is an unwanted accumulation of collagen (especially
collagen type I), this is quite promising.
The decrease of COL1A1 gene expression after VP treatment has also been found
in in vivo preclinical models of kidney and hepatic fibrosis.(29,32,36) It has also
been observed in rodent and human in vitro models, namely rat hepatic stellate
cells, angiotensin II-stimulated primary human ventricular fibroblasts, and TGF-β1
stimulated dermal fibroblasts.(33,36,39) Moreover, our results correlate with data
obtained from myofibroblasts isolated from other pathological tissues, namely
plaque tissue from Peyronie’s disease and forearm skin of patients with diffuse
subset scleroderma, where expression of COL1A1 is also decreased after VP
treatment.(37,39) As is the case with mRNA, a decrease in protein expression of
collagen type I has also been reported.(18,29-32,34,55)
The expression of a variety of profibrotic genes is activated by nuclear YAP and
Smad2/3. (18,29-32,35,36,38,40) We therefore measured mRNA and protein levels
of these three molecules. We found no effect of VP on mRNA levels of these three
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genes when fibroblasts are stimulated for 48 h with TGF-β1. The same was the
case with YAP1 and SMAD3 in fibroblasts stimulated for 96 h with TGF-β1, whereas
SMAD2 was slightly upregulated. However, in all cases the protein levels of YAP1,
Smad2 and Smad3 were dramatically decreased in the presence of VP, being
an explanation why VP is able to attenuate the expression of a large variety of
important pro-fibrotic molecules.
The accumulation of collagen in fibrotic diseases (such as in DD) is due to a
disbalance between collagen synthesis and collagen degradation. In fibrosis,
more collagen is synthesized, and there is less collagenolytic activity. SERPINE1 is
an inhibitor for plasmin-mediated MMP activation.(41,42) VP not only attenuated
the synthesis of collagen, it also attenuated SERPINE1 levels, thus facilitating
plasmin-mediated MMP activation (and consequently collagen breakdown). PLOD2
encodes for lysyl hydroxylase 2, an enzyme involved in the formation of a specific
cross-link type of collagen, making collagen more resistant towards collagenases.
(7,43,44) We found that VP also decreases mRNA levels of PLOD2, thus making the
deposited collagen more susceptible towards collagenases.
It is well established, that myofibroblasts are at the heart of fibrosis: these are the
cells that produce the collagen that replaces functional tissues into fibrotic tissues.
Myofibroblasts are characterized by the presence of α-SMA stress fibers; these
fibers are absent in fibroblasts. Interestingly, VP did not affect mRNA levels of
ACTA2 (encoding for α-SMA), only modestly affected protein levels (as revealed by
Western blotting), and no change was seen in the percentage α-SMA positive cells
in some of the patients. Despite this, all subjects showed a major decrease in e.g.
collagen levels. Thus, although the cells would still be classified as myofibroblasts
based on the presence of α-SMA stress fibers, the overall phenotypical properties
of the cells are that of a fibroblast. Although a full inhibition of myofibroblasts
can be achieved by e.g. using higher concentrations of VP,(29,36,45) such
concentrations might not be necessary to achieve the desired outcome (i.e.
inhibition of extracellular matrix accumulation).
CCN2 (= CTGF) gene expression is induced by TGF-β1 stimulation and is a direct
target of the YAP/TAZ-TEAD complex.(46-48) An inhibition of YAP by VP should
therefore result in lower mRNA levels of CCN2. Our results show that VP treatment
indeed decreases CCN2 gene expression both in non-stimulated and stimulated
cells, which is in line with other studies.(18,29,34,37,39,45)
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In our study, VP did not influence the gene expression (mRNA level) of the
myofibroblast marker ACTA2 in 48 h or in 96 h stimulated cells. From the five in
vitro studies that report a decrease in ACTA2 gene expression, three used higher
concentrations of VP.(29,36,45) We used a concentration of 0.25 µM, while the
range of dose of others goes from 0.5 µM up to 1.5 µM. The other two studies
(18, 32) used a lower or the same concentration as used by us. In myofibroblasts
isolated from Peyronie’s tissue there is a significant decrease of ACTA2 after the
first 24 hours of VP treatment, while after 48 hours of treatment ACTA2 was not
significantly reduced anymore.(37) This suggests that a 0.25 μM concentration of
VP can initially influence the transcription of ACTA2, but that this effect is diminished
at longer treatment times. A decrease was also observed in TGF-β1 stimulated
(but not unstimulated) rat kidney interstitial myofibroblasts after 24 hours of
treatment.(18) Unfortunately, there are no data regarding a longer treatment time
to corroborate our hypothesis whether the decrease in mRNA is time-dependent.
It should be stressed that although we did not see a decrease in mRNA levels of
ACTA2, we do see a significant decrease of the protein on Western blots.
The mechanism of action of VP is not completely understood yet, but recent
studies show its ability to inhibit TGF-β1 nuclear accumulation of the YAP/Smad2/3
complex in two unilateral ureter obstruction mouse models of renal fibrogenesis
and renal tubulointerstitial fibrosis, as well as in human conjunctival fibroblasts
and rat kidney interstitial fibroblasts.(18,35,38,40) Our results confirm that VP
treatment of DD nodule-derived fibroblasts decreases the total protein levels of
YAP and Smad2/3 with little influence in gene expression, correlating well with the
data from previous studies, further demonstrating that VP targets DD through
this mechanism of action. It is important to note that YAP silencing has not shown
the same strong results as VP treatment,(18,26) which suggest the involvement of
additional mechanisms of action of VP. Recent studies show that VP has an effect
on the Wnt pathway as it decreases levels of β-catenin in TGF-β1 stimulated hepatic
stellate cells and in TGF-β2 stimulated conjunctival fibroblasts.(34,38) Interestingly,
GWAS studies revealed the possible association of several components of the Wnt
pathway with DD, and protein studies revealed that certain elements of the Wnt
pathway are indeed up- or downregulated in DD.(5,6,49)
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CONCLUSION
Verteporfin (known under the marketing name Visudyne) is an FDA-approved
drug for the treatment of macular degeneration. The route of administration is
intravenously, and needs to be photo-activated in the eye by means of a laser,
resulting in a selective vaso-occlusive treatment by targeting choroidal vascular
abnormalities. The anti-fibrotic properties of verteporfin do not rely on photoactivation, as the molecule inhibits YAP when it is in a non-photoinduced state. It
is promising that VP is able to inhibit the expression of a large set of pro-fibrotic
genes, in various preclinical fibrosis models (liver, kidney), in various fibroblasts
(rat, mouse, human), and in fibroblasts that display various activation states.
As shown here, it is even able to reverse the activation level of fibroblasts.
Furthermore, it is effective in a concentration (0.25 μM) that is at least a magnitude
below its cytotoxicity level (2 μM; see (30)). Although further studies are necessary,
verteporfin seems to have potential of a broad-spectrum anti-fibrotic drug, as
shown here in the context of DD nodular fibroblasts. So far, only Nintedanib and
Pirfenidone are marketed as anti-fibrotic drugs, but serious side effects have been
reported, and so far, the efficacy of these drugs to prevent the progression of
fibrosis is rather limited.(50-54)
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Supplementary figures
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Supplementary Figure 1. A) Uncropped western blot image from Figure 8 (upper partDDf3). B) Uncropped western blot image from Figure 8 (lower part-DDf7).
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Supplementary Figure 2. A) Uncropped western blot image from Figure 9 (upper partDDf3). B) Uncropped western blot image from Figure 9 (lower part-DDf7).
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Supplementary Figure 3. Uncropped western blots images of Figure 11 from sample DDf3.
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Supplementary Figure 4. Uncropped western blots images of Figure 11 from sample DDf7.
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Summary of findings, general discussion, and future perspectives

SUMMARY OF FINDINGS
The main aims of this thesis were to identify missing heritability, study the functional
impact of identified genetic risk variants, and scrutinize the impact of genetic risk
profiles on prevalence, severity, and recurrence of Dupuytren’s disease. In this
chapter, the primary findings are listed and discussed in a disease-transcending
context, suggesting starting points for future research.

Part 1 – Genetic epidemiology and implications for
clinical practice
The prevalence of Dupuytren’s disease varies largely across the world. Dupuytren’s
disease is mostly seen in northern European countries amongst Caucasians, with
prevalences up to 32%, while in other ethnicities it is generally much lower (<18%).
(1,2) The study of Chapter 2 explored whether the range in prevalence rates
between populations could be explained by differences in genetic structures due
to ancestry. We did so by studying differences in allele frequencies of genetic risk
variants identified for Dupuytren’s disease in a genome-wide association study
(GWAS) between populations from different ancestries.(3) We concluded that they
indeed explained a substantial part (36%) of observed differences in prevalence.
Other risk variants that are yet not identified in the Caucasian population or that
are population-specific may therefore play a role in the disease mechanism of
Dupuytren’s disease in non-Caucasian populations.
Dupuytren’s disease has a strong genetic basis.(4) During patient counseling,
family history, early age of onset (before the age of 50 years), and phenotypical
features such as male sex, bilateral disease, and ectopic disease – the Dupuytren’s
disease diathesis – are primarily used to estimate risk of recurrence of Dupuytren’s
disease.(5,6) We hypothesized that genetic risk can also play a role in predicting
risk of recurrence. Thus, in Chapter 3 we calculated a weighted Genetic Risk Score
(wGRS) comprised of genome-wide significant genetic risk variants for Dupuytren’s
disease,(3) and examined its association with recurrence after treatment, defined as
retreatment of the disease. We found that the wGRS was associated to recurrence,
independent of diathesis features for Dupuytren’s disease, implicating the added
value of the wGRS over high-risk clinical characteristics in prediction of recurrence.
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The power of a GWAS to identify genome-wide significantly associated single
nucleotide polymorphisms (SNPs) is limited by its sample size.(7) As the sample
size of the Dupuytren’s disease GWAS(3) used in Chapter 3 was still considered
modest (3,871 cases and 4,686 controls), it is likely that there is a number of
genetic markers below the genome-wide significance threshold that may explain
a considerable additional proportion of phenotypic variance.(7) Therefore in the
retrospective study of Chapter 4 we used the same cohort as in Chapter 3, but
now calculated polygenic risk scores (PRSs) for Dupuytren’s disease. These PRSs
also included genetic variants that were not genome-wide significantly associated,
in order to optimize the proportion of phenotypic variance they explain.(7) We
studied the association of the optimal PRS (explaining most variance) with disease
severity and recurrence of Dupuytren’s disease, and occurrence of associated
disorders. We found that the PRS was significantly associated with positive family
history for Dupuytren’s disease, age of onset, early age of onset, and recurrence.
Our results also suggested that the PRS is a stronger predictor of disease recurrence
than family history, indicating its potentially added value in clinical risk prediction.
To improve the power to identify genetic risk variants for Dupuytren’s disease,
in Chapter 5 we performed a meta-analysis of all European Dupuytren’s
disease GWAS cohorts available to date. We hereby aimed to further elucidate
the genetic susceptibility to Dupuytren’s disease, by identifying novel genetic
loci and prioritizing genes within the loci for functional effects on Dupuytren’s
disease. Using GWAS data of in total 11,320 cases and 47,023 controls from six
Caucasian-European cohorts, we identified 55 genetic loci that were significantly
associated to Dupuytren’s disease, of which 34 were novel. Since many genes
lie within these loci, we used post-GWAS bioinformatics tools and hence could
prioritize 119 genes. Five of these were considered robust, as they were identified
with at least three of the bioinformatic tools and were replicated a tissue specific
analysis (i.e. fibroblasts). Examining these genes newly implicated the Hedgehog
signaling pathway in the pathogenesis of Dupuytren’s disease, next to the already
known Wingless and Int-1 (Wnt), Hippo, and Notch signaling pathways with which
Hedgehog signaling interacts.(3,8–13) The Hedgehog signaling pathway plays a
crucial role in embryonic development, and has previously been associated to
other fibroses, including fibrotic kidney disease, pancreatic fibrosis, liver fibrosis,
and biliary fibrosis.(14–17)
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The increased knowledge of genetic susceptibility to Dupuytren’s disease provided
by the study of Chapter 5 facilitated improved genetic profiling for Dupuytren’s
disease and its recurrence. In addition, recurrence based on retreatment
of Dupuytren’s disease as studied in Chapters 3 and 4 of this thesis likely
underestimated the recurrence rate because this approach overlooks patients
who meet the clinical definition of recurrence, but do not need or refuse further
treatments.(18) Therefore, in Chapter 6 we again aimed to assess the predictive
value of the PRS for recurrence of Dupuytren’s disease after treatment, but this
time, we performed examinations in a patient cohort to define recurrence as either
retreatment or postoperative return of extension deficit of at least 30 degrees in
the same ray. Additionally we used the GWAS summary statistics from Chapter
5 to calculate the PRS. We found that the PRS was a significant predictor for
recurrence of Dupuytren’s disease and added 10% to the accuracy of prediction of
recurrence. Time to retreatment was also significantly associated to the PRS. We
concluded that the PRS may need to be integrated with demographic and clinical
predictors to improve accuracy of risk prediction.
Antihypertensive medications such as angiotensin receptor blockers and angiotensinconverting enzyme (ACE) inhibitors have been found to modulate the kidneys’
production and secretion of transforming growth factor beta 1 (TGF-β1), a cytokine
that plays a central role in Dupuytren’s disease pathogenesis.(8,19,20) Therefore,
in Chapter 7 we studied the association of angiotensin receptor blockers and ACE
inhibitors with severity of Dupuytren’s disease, grouped by Tubiana stage. To infer
whether this association was modulated by decreased TGF-β1 expression, we also
studied interaction effects of angiotensin receptor blockers and ACE inhibitors
with genetic variants that increase TGF-β1 expression (expression quantitative
trait loci [eQTLs]). As a sensitivity analysis for hypertension, use of beta-blockers,
diuretics, and calcium antagonists were also associated with severity of Dupuytren’s
disease. We observed that use of angiotensin receptor blockers, but not of other
antihypertensive drugs, was associated with a lower severity of Dupuytren’s disease,
independent of whether patients carried TGF-β1 eQTLs. In addition to Tubiana stage,
diathesis characteristics that may also reflect the severity of Dupuytren’s disease (i.e.
bilateral disease, knuckle pads, Peyronie’s disease, Ledderhose’s disease, radial side
involvement, and operation of the fifth digit) were also associated to use of ARBs. We
found that use of ARBs was significantly and inversely associated with presence of
Ledderhose’s disease, but not with the other diathesis characteristics.
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Part 2 – Mechanisms driving genetic susceptibility and
their inhibition
Associated loci identified in a GWAS contain genes that require functional
investigation to ascertain their mechanisms of action in the emergence and
propagation of the disease. The gene neural precursor cell expressed, developmentally
down-regulated protein 4 (NEDD4) was associated to Dupuytren’s disease via a
GWAS.(3) Therefore in Chapter 8 we performed an in vitro study aimed at exploring
the function of NEDD4 expression in Dupuytren’s disease pathophysiology. Of
interest were the six protein-coding mRNA transcript variants of NEDD4, since the
SNP identified in the GWAS was an intron variant of NEDD4 that may influence
alternative splicing of its messenger RNA (mRNA).(21) We found no significant
differences in transcript variant expression of the six mRNA transcript variants in
Dupuytren’s disease nodules, cords, and control tissue of seven donors, possibly
due the wide variation observed in expression. In contrast, the NEDD4 transcript
variants were significantly differentially expressed in both cultured fibroblasts
derived from Dupuytren’s disease nodules and control fibroblasts stimulated
with TGF-β1. As expected after TGF-β1 stimulation, we also observed enhanced
fibrosis (increased expression of fibrosis-related genes including ACTA [encoding
α-SMA], collagen, and WNT genes) in control fibroblasts, but little in Dupuytren’s
disease fibroblasts, which was unexpected. Although after knockdown of NEDD4
and stimulation with TGF-β1 differences in expression levels of the transcription
variants were observed, no significant differences in expression of the fibrosisrelated genes was found, in spite of TGF-β1 stimulation. The fact that the fibrosisrelated genes were not significantly different between Dupuytren’s disease
fibroblasts unstimulated and stimulated with TGF-β1, indicates that these results
are spurious. We were therefore unable to infer the function of NEDD4 on
Dupuytren’s disease. Donor sample sizes for tissues and cell cultures needed to be
increased to reduce variability and to draw conclusions concerning expression of
transcript variants. Due to the corona pandemic of 2020-2022 and time restraints
we were unfortunately unable to finish this research, and the results remain at
this stage inconclusive.
Hippo signaling is similarly associated to Dupuytren’s disease.(8,9) The drug
verteporfin is an inhibitor of Hippo member yes-associated protein 1 (YAP1)
and is successfully used as treatment for neovascularization in wet macular
degeneration.(22) Verteporfin inhibits extracellular matrix deposition and
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was shown to have antifibrotic properties in other fibrotic diseases.(23–26) In
Chapter 9 we investigated the effects of the drug verteporfin on Dupuytren’s
disease nodular fibroblasts. Fibroblasts were stimulated with TGF-β1 followed
by treatment with sham or verteporfin. We compared mRNA and protein levels
of different treatment groups and found a significant decrease in protein levels
of YAP1, SMAD2 and SMAD3, with little influence in gene expression. We found
that verteporfin had strong anti-fibrotic properties in Dupuytren’s disease, in part
by decreasing Hippo and TGF-β signaling pathways. It halted the differentiation
of fibroblasts into myofibroblasts and was even able to reverse the activation
status of fibroblasts. As recent studies have suggested involvement of verteporfin
in different mechanisms of action, including the Wnt signaling pathway, further
research is needed to scrutinize its exact mechanisms of action.

GENERAL DISCUSSION
Genetic susceptibility to Dupuytren’s disease
The first aims of this thesis were to identify missing heritability of Dupuytren’s
disease and study the functional impact of identified genetic risk variants. Our
meta-GWAS in Chapter 5 prioritized genes chondroitin sulfate synthase 1 (CHSY1),
neural precursor cell expressed, developmentally downregulated 4 (NEDD4), and
discs large homolog 5 (DLG5) because of 1) their regulatory properties in Notch,
Hedgehog, Hippo, and Wnt signaling and 2) therapeutic targets for which a number
of pathway inhibitors exist. One of the prioritization analyses performed was
Summary-data-based Mendelian randomization (SMR). SMR is a powerful tool that
predicts causal or protective effects of prioritized genes.(27) In our study we used
eQTL data from both fibroblasts and whole blood for SMR. By performing an SMR
discovery analysis with the large sample size of blood eQTL data (approximately
32,000 samples) we maximized power for discovery associations, whilst replication
of significant discovery findings in data of disease-relevant tissue type (fibroblast
data, n=483) ensured interpretability of our findings for Dupuytren’s disease.(28)
Of note is that the eQTL data for fibroblasts (from the GTEx database) were derived
from healthy skin.(29) Gene expression is however a dynamic process that can
vary substantially with cellular context.(29) Normal (dermal) fibroblasts are known
to react differently to exogenic stimuli than fibroblasts derived from individuals
genetically predisposed to Dupuytren’s disease, differentiating gene expression.
(30) Nevertheless the CHSY1, NEDD4, and DLG5 genes were robustly prioritized
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as they were found in at least three of the follow-up analyses that were not all
dependent on eQTL data, and were found in both the whole blood and fibroblast
SMR analyses. Therefore, substantial evidence from multiple mechanistic angles
was provided for the association of these genes to Dupuytren’s disease.
Many genes produce more than one mRNA transcript variant due to alternative
splicing. The SMR analysis does not capture expression levels of these different
gene transcripts, but functional investigations can.(31) The NEDD4 gene, for
example, produces different protein isoforms from six protein-coding mRNA
transcript variants. These were found to be differentially expressed between keloid
scar (skin fibrosis) cases and controls, indicating that the transcript variants might
influence fibrogenic activity differently.(21,32–34) Since this might also be the case
for Dupuytren’s disease, Chapter 8 studied mRNA expression of the six transcript
variants of NEDD4 in Dupuytren’s disease nodular fibroblasts. We observed a wide
variation in the differential expression of NEDD4 transcript variants in Dupuytren’s
disease tissues and cells from different donors with different haplotypes, but
were unable to draw conclusions concerning its functions. Identification of
regulatory networks and their key regulatory nodes will however be essential in
understanding pathogenesis of Dupuytren’s disease.(35,36)
Gene and protein expression are also influenced by mechanisms other than
gene transcription and translation.(37) In our meta-GWAS, we identified a long
non-coding RNA (lncRNA) (CTD-2587M2.1) to be protective of Dupuytren’s disease.
LncRNAs are a type of RNAs that do not translate into a protein, but have a function
in gene regulation.(38) MicroRNAs (miRNAs), which are small non-coding stretches
of RNA that regulate gene expression, also play an important role in regulation of
protein expression, by repressing protein production after transcription through
destabilization of the mRNA (Figure 1).(39) MiRNAs in turn can be deactivated by
competing endogenous RNA (ceRNA), which regulate other RNA transcripts by
competing for the same pool of microRNAs, de-repressing its target transcripts.
(40) LncRNAs act as ceRNAs and were proven to play a substantial regulatory
role in hepatic fibrosis by regulating cellular processes and signaling pathways.
(39,41) As for most lncRNAs, the function of CTD-2587M2.1 in Dupuytren’s disease
is yet unknown.(38) Interestingly, many lncRNAs are reported to regulate or be
modulated by the Hippo signaling pathway in particular, which is involved in
Dupuytren’s disease.(8,42) In vitro studies have shown that reducing levels of
Hippo members YAP/TAZ impaired TGF-β/SMAD signaling involved in Dupuytren’s
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disease and other fibroses.(8,43,44) The drug verteporfin is an inhibitor of YAP/
TAZ signaling and is already used clinically as treatment of macular degeneration.
(12,22) In Chapter 9 we found that verteporfin had strong anti-fibrotic properties
in Dupuytren’s disease cells, in part by decreasing Hippo and TGF-β signaling
pathways. These experiments were carried out using isolated fibroblasts, but
Dupuytren’s disease tissues consist of multiple types of cells and multiple
subtypes of fibroblasts.(45) Since the fibroblasts subjected to our experiments
were not typed, and as it is known that some types of fibroblasts sustain stromal
activation during fibrosis progression, it would be interesting to study the effects
of verteporfin in a tissue model of Dupuytren’s disease. Unfortunately, no such
model exists to date.

Figure 1. Visual representation of the binding of miRNAs to mRNAs, and miRNAs to ceRNAs
or lncRNAs. Binding of miRNAs to mRNAs blocks the translation of the mRNA into a protein.
CeRNAs or lncRNAs can in turn bind to miRNAs, preventing the binding of miRNAs to mRNAs,
and freeing the mRNAs for translation.

In addition to studying the effects of the drug verteporfin in vitro, we also studied
the effects of antihypertensive drugs on Dupuytren’s disease, but now in vivo
in a clinical cohort. These drugs were of particular interest as some types of
antihypertensive drugs decrease the expression of the cytokine TGF-β1, which
plays a central role in Dupuytren’s disease pathogenesis.(8,19,20) We hypothesized
that TGF-β1 eQTLs could counteract the inhibitory effects of angiotensin receptor
blockers and ACE inhibitors. Although we found a significant association between
angiotensin receptor blockers and Dupuytren’s disease severity, we did not find
that this association was modulated by TGF-β1 eQTLs. More research is needed
to unravel via which mechanism these drugs influence Dupuytren’s disease
pathogenesis, or if this association was perhaps the result of unobserved potential
confounders (e.g. body mass index, diabetes mellitus).
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Genetic profiling of Dupuytren’s disease
Other aims of this thesis were to scrutinize the impact of genetic risk profiles
on prevalence, severity, and recurrence of Dupuytren’s disease. Regarding
prevalence, in Chapter 2 we found that a genetic risk profile constructed of only
26 genetic risk variants identified to be significantly associated to Dupuytren’s
disease in subjects of European ancestry, already explained quite a lot (36%) of
the variance in prevalence in populations from various ancestries. This once more
demonstrated the major role of genetic factors in the epidemiology and etiology
of Dupuytren’s disease. Due to the design of this research we were limited to only
studying populations of different ancestries available from 1000Genomes.(46) In
addition we found that large, high-quality epidemiological studies in populations
with low prevalences of Dupuytren’s disease were scarce. Furthermore, the designs
of the studies assessing prevalence of Dupuytren’s disease was heterogeneous:
some authors studied the prevalence of Dupuytren’s disease in the general (nonhospital) population,(23) while others assessed prevalence from outpatient clinics.
(2) Preferably studies should be population-based, as comparability of present
studies is difficult because only very limited data currently exist on the proportions
of Dupuytren’s patients 1) never seeking medical advice, 2) seeking medical advice
but not undergoing treatment, or 3) undergoing treatment.(47)
To study the impact of genetic profiles in Dupuytren’s disease we used GWAS
summary statistics in three chapters of this thesis to create genetic and polygenic
risk scores to predict clinical characteristics and recurrence of Dupuytren’s disease.
In the early days of genetic profiling, only genome-wide significantly associated
risk variants were included in a GRS. Such a genetic profile was used in Chapter
3. Later, polygenic risk scores (PRSs) were proposed to try and compensate for
underpowered GWAS by also including non-genome-wide significant SNPs, using
various p-value thresholds (from p = 5x10-8 to p = 0.5). Their added value over
the wGRS is that each PRS explains a certain amount of variance between cases
and controls (disease variance), and the one explaining most variance (the optimal
PRS) can be chosen for further analyses. This approach was used in the research
of Chapters 4 and 5. In Chapter 4 we in fact observed that, when using the same
GWAS summary statistics as Chapter 3,(3) the optimal PRS was not the one only
containing SNPs included in the wGRS (p = 5.0x10-8, including 26 SNPs), but the
one at a more lenient p-value threshold 5.0x10-7 (including 81 SNPs). In Chapter 5
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we performed a larger meta-GWAS and calculated the PRS using these summary
statistics. Here, the optimal PRS at p-value threshold was 5.0x10-6, including 198
SNPs. PRSs are better equipped to reflect the polygenicity of disease risk than
wGRS. As GWAS sample sizes increase, PRSs will become more powerful, as effect
size estimates of the genetic variants become more accurate.(48) In Chapter 6, we
therefore used the PRS of Chapter 5 and demonstrated significant associations
with recurrence, time to recurrence, and number of recurrences of Dupuytren’s
disease. Of note is that all these genetic risk profiles constructed from SNPs
associated to occurrence of Dupuytren’s disease were associated with severity and
recurrence of Dupuytren’s disease as well (Chapters 3, 4, and 6), implicating that
variants that are (almost) significantly associated with occurrence of Dupuytren’s
disease (and/or the untyped variants they are correlated to) may in part reflect
genetic risk of recurrence (pleiotropy). Some of the occurrence-associated (or their
correlated) variants may, however, capture associations with genes from signaling
pathways that may have a role in risk of recurrence of Dupuytren’s disease. These
theories require further investigations.
The observation of Chapters 4 and 6 that PRSs were associated to severity
and recurrence of Dupuytren’s disease is a very promising finding, as the
utility of genetic risk scores varies between conditions.(49,50) For example, for
breast cancer, Alzheimer’s disease, and cardiovascular disease, accuracy of risk
prediction by a PRS has reached an area under the curve (AUC) of 0.81, 0.83, and
0.82, respectively.(50) A PRS was able to stratify breast cancer risk in women.
(51) Addition of a PRS to a prediction model of clinical risk factors improved risk
discrimination between type 1 and type 2 diabetes, and together they achieved an
AUC of 0.96.(52) However, in general a PRS alone has limited predictive power.(53)
Before the era of genetic risk profiling, family history was used as a proxy for
genetic risk. Although family history also captures shared non-genetic factors,
genetic risk profiles capture (within-family) individual genetic variance more
accurately.(49) This is demonstrated by the fact that (non-twin) siblings share their
family history, but do not have the same genotype. In Chapter 4 we demonstrated
that a PRS has a greater predictive ability for recurrence of Dupuytren’s disease
than family history. Family history can however augment predictive accuracy
of a PRS by reflecting rare high-impact variants not incorporated in a PRS.(54)
From Chapter 6 we gather that predictive accuracy of PRS, likely in combination
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with clinical risk characteristics, is needed to improve predictive accuracy for
recurrence. Prediction modeling of recurrence can be incremental to precision
medicine if it is sufficiently discriminative and cost-effective.(55)
A challenge for genetic profiling is the transferability to non-Caucasian populations.
Most GWASs to date have been performed using subjects from European ancestry.
(56,57) Allele frequencies, effect sizes, and linkage disequilibrium patterns are
however known to be diverse among ancestries, making GWAS results from
Caucasian-European cohorts poorly transferable to ancestrally diverse populations
(as exemplified by Chapter 2).(46,58–60) As Dupuytren’s disease predominantly
affects subjects of European ancestry, one could argue poor transferability of
the PRS is not a pressing issue for this disease specifically. However, the limited
applicability of the PRS for non-European-ancestry populations impairs its
equitable use for individuals of these ancestries.(53,61) This in turn causes disparity
in potential future health benefits. Diversifying genetic studies will help solve this
imbalance in addition to increasing the understanding of disease etiology (see
future perspectives).(56)

Recurrence of Dupuytren’s disease
A challenge in research concerning recurrence for Dupuytren’s disease is how
recurrence is defined.(62) A Delphi study recently advised to define recurrence as
“more than 20 degrees of contracture recurrence in any treated joint at one year
post-treatment compared to six weeks post-treatment”.(18) Defining recurrence as
retreatment of the same finger of the same hand (Chapter 3) likely underestimated
recurrence rates as it overlooks patients who do not undergo further treatments
despite developing recurrent contractures. Defining recurrence qualitatively as
recurrence of flexion contracture or as appearance of new Dupuytren’s disease
tissue in areas cleared at operation (63,64) (Chapter 4) also introduces uncertainty,
since new Dupuytren’s disease tissue is difficult to distinguish from Dupuytren’s
disease tissue left behind (after percutaneous needle fasciotomy [PNF]), and from
scar tissue (following limited fasciectomy [LF] or dermofasciectomy [DF]).(18)
Furthermore, recurrence rates at five years after PNF are higher than after LF (85%
versus 21%, respectively), and older age at the time of treatment is associated with
lower recurrence rates.(65) In Chapter 6 we attempted to improve phenotyping
of recurrence and to more accurately assess the association of recurrence
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with genetic risk by also taking into account age, sex, treatment modality, and
follow-up time during analysis. Here, we defined recurrence as either having a
return of total passive extension deficit (TPED) of at least 30 degrees since the
postoperative measurement of the primary treatment in the same ray, or having
undergone retreatment since primary treatment of the same ray. We were unable
to adhere to the Delphi definition of recurrence, because we had not assessed
PED measurements standard at one year post-treatment. Thus return of TPED of
30 degrees was chosen as a cut-off for recurrence, since the Dutch guideline for
management of Dupuytren’s disease advises to take surgical action at this amount.
(66) The new guideline, that is still in preparation, affirms this advice (as verified
via internal communication). During our follow-up time (range 3.7 months to 32
years), many patients turned out to already have undergone a second treatment
since primary treatment (42.7%). The PRS was a significant predictor of both
definitions of recurrence. Moreover, it predicted a shorter time to retreatment,
but it was not associated with a shorter time to return of TPED of at least 30
degrees. This was likely due to the fact that for retreatment the follow-up time
was exactly known, while for return of flexion contracture it was not. As the course
of Dupuytren’s disease is capricious and unpredictable, it is difficult to estimate
when this exact occurrence will take place and when measurements (and their
intervals) to capture this moment are required.(67) Even at one year intervals, like
the Delphi study advises,(18) the exact timing of return of exactly 30 degrees of
TPED will be difficult to capture. Nevertheless, having follow-up data on multiple
time points might aid in a more accurate prediction of time to return of TPED of
30 degrees.

FUTURE PERSPECTIVES
This thesis has demonstrated the potential of genetic risk profiling for the
recurrence of Dupuytren’s disease. Nevertheless, at this point in time, risk
prediction is not yet accurate enough to be implemented in a clinical setting, and
additionally health economic analyses are needed to assess financial feasibility.
Accuracy of recurrence risk prediction may likely be improved by integrating
genetic risk profiles with other risk parameters. In this section I will provide an
overview of the research that I suggest to perform to make precision medicine
based on individual risk profiling feasible, in addition to highlighting further steps
into scrutinizing genetic etiology of Dupuytren’s disease.
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Functional studies
Unraveling the mechanisms of action of disease-associated SNPs and genes will
help uncover shared key regulatory nodes that may be targetable by drugs. Future
studies should focus on the genes prioritized in Chapter 5, including CHSY1, DLG5,
NEDD4, tenascin-C (TNC), and transcriptional enhanced associate domain transcription
factor 3 (TEAD3). CHSY1 promotes binding of Hedgehog (Hh) ligands to the Hh
receptor Patched, depressing its inhibitory activity against Hh transmembrane
protein Smoothened (SMO; Figure 2).(68) Binding of Nedd4 to Smo was shown to
positively regulate Hh signaling in mice, and Dlg5 is a binding partner of activated
Smo in mice.(69,70) Activation of SMO leads to activation of glioma-associated
oncogene (GLI) transcription factors, driving Hh target gene expression.(12) SMO
thus plays a central role in Hh signaling. The drugs cyclopamine and vismodegib are
inhibitors of SMO,(12) making them interesting drugs to study for their potentially
mitigating effects on Dupuytren’s disease fibroblasts. Also of interest are Notch
signaling pathway inhibitors such as γ-secretase inhibitors.(12) Since our SMR
analysis predicted CHSY1, DLG5, and TEAD3 (a Hippo signaling transcription factor)
to have a protective effect on Dupuytren’s disease, future research can focus
on studying gene silencing and overexpression of CHSY1, DLG5, TEAD3, and GLI
on mRNA and protein expression levels in Dupuytren’s disease fibroblasts, and
protein localization in Dupuytren’s disease tissues. Although TNC is a target gene
of Notch and Hh signaling,(14,71) functional studies for TNC might be particularly
fruitful because we identified a non-synonymous SNP in this gene (that changes the
protein). Hippo cofactor TEAD3 was identified for Dupuytren’s disease in Chapter
5, and is essential in mediating YAP-dependent gene expression. Interestingly, the
drug verteporfin disrupts the binding of YAP1/TAZ to TEAD family transcription
factors.(12) Verteporfin showed promising antifibrotic properties on cultured
Dupuytren’s disease nodular fibroblasts in Chapter 9. In addition to targeting the
Hippo signaling pathway, recent studies have shown verteporfin might also affect
the Wnt signaling pathway by decreasing levels of β-catenin.(72,73) Hippo signaling
cross-talks with multiple signaling pathways including Notch, Wnt and Hedgehog
signaling.(8,12,35,71) Since we newly reported involvement of Hedgehog signaling
for Dupuytren’s disease in Chapter 5, it would be interesting for future studies to
also determine the effects of verteporfin on the transcription factors and target
genes of this pathway. Because results from Chapter 8 were spurious and we were
unable to draw conclusions about the influence of NEDD4 in Dupuytren’s disease,
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future studies for NEDD4 transcription variants should increase the sample size of
studied tissues and cell cultures. Moreover, additionally studying NEDD4 protein
expression levels and cellular localization will add to our understanding of its
mechanism of action in Dupuytren’s disease pathophysiology and might prove
essential, as in Chapter 9 we observed that verteporfin mostly affected protein
levels (not mRNA levels) of fibrosis-related genes.

Figure 2. Visual representation of the functions of CHSY1, Nedd4, and Dlg5 in Hedgehog
signaling (simplified). Proteins in upper case were researched in humans, proteins in lower
case were researched in mice. IHH, Indian Hedgehog; DHH, Desert Hedgehog; SHH, Sonic
Hedgehog, CHSY1, chondroitin sulfate synthase 1; Ptch, Patched receptor; Nedd4, neural
precursor cell expressed, developmentally downregulated 4; SMO/Smo, Smoothened
receptor; Dlg5, discs large homolog 5; GLI1/2, Glioma-associated oncogene.

Establishment of a tissue model of Dupuytren’s disease could provide a more holistic
disease model, as merely studying isolated fibroblasts does not reflect the entirety of
the cellular make up of Dupuytren’s tissues.(45) To create such a model, one could
for example imagine culturing thin slices of nodular tissue or creating a palmar
fascias organoid (i.e. an artificial, miniaturized, simplified version of a tissue). Creating
a gene expression reference panel of palmar fascias, or even Dupuytren’s disease
nodules and cords, could assist in more accurate investigation of gene expression in
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Dupuytren’s disease, as gene expression of skin fibroblasts (as available from GTEx)
(29) might be different from that of palmar fascias fibroblasts, which in turn will likely
also be different between healthy individuals and Dupuytren’s disease patients.

Further investigations of genetic susceptibility
Performing even larger GWASs for occurrence of Dupuytren’s disease than that
of Chapter 5 can reveal additional risk variants for Dupuytren’s disease and
more accurately estimate effect sizes of associated SNPs.(7) To identify genetic
risk variant for recurrence of Dupuytren’s disease, a meta-analysis of GWASs can
similarly be performed. This might expose genetic risk variants different from the
ones for occurrence of disease, and will simultaneously improve the accuracy of
genetic risk prediction for recurrence. Since gathering sufficiently large sample
sizes for discovery of recurrence-associated SNPs will be challenging, use of data
from the UK Biobank, the Lifelines Cohort Study and Biobank, and the FinnGen
Cohort should be considered.(74–76) A limitation of using the Lifelines Cohort
is that phenotyping of Dupuytren’s disease has only just been implemented
in one of the questionnaires. However, Lifelines has an open protocol offering
the opportunity to collect additional data, and for the UK Biobank data linkage
with general practitioner registries is possible. In addition, access to the Lifelines
Cohort would also enable further studies into the mechanisms behind the
association of antihypertensive medications and Dupuytren’s disease severity
(Chapter 7), as Lifelines has more sophisticated clinical data including data on
possible confounders such as body mass index and diabetes mellitus, as well as
detailed data on (duration of) medication use through linkage with pharmacies
(the PharmLines Initiative).
Most GWASs currently focus on single outcomes, but GWAS methodology has been
developed that can analyze multiple outcomes simultaneously (i.e. multivariate
GWAS). Multivariate GWASs increase power for detecting causal SNPs, pleiotropic
SNPs in particular, by leveraging genetic overlap between genetically correlated
traits.(77–79) Therefore, performing multivariate GWAS of Dupuytren’s disease
and its genetically correlated traits body mass index, high-density lipoprotein,
or frozen shoulder (Chapter 5) could provide new insights into a shared etiology
and may simultaneously identify new SNPs for Dupuytren’s disease. Again, large
biobanks like the Lifelines Cohort can provide the means for this study because of
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its extensive phenotype data. In addition, with a causal mixture model, the extent
of polygenic overlap between traits and an estimate of the total number of shared
causal variants can be studied.(80)
The GWASs of Dupuytren’s disease that have been performed to date used
subjects of European ancestry. Increasing the diversity in ancestry among
study participants can advance our understanding of the genetic susceptibility
of Dupuytren’s disease.(56,81–83) However, using multi-ancestry cohort data
creates the possibility of false-positive genetic signals due to inflated test statistics
from population stratification, which occurs when disease prevalence and allelic
frequency differences are correlated within study cohorts.(84) Multi-ancestry
GWASs resolve this by analyzing samples from multiple populations by either metaanalyzing standard regression analyses of single ancestry groups, or using mixed
model approaches for admixed populations.(56) Large multi-ethnic biobanking
studies might provide a means for future Dupuytren’s disease research, provided
that this phenotype is available or can be derived through data linkage with other
(patient) registries. In addition, the accuracy of imputation of variants that have
not been genotyped is bound to improve with the growing number of reference
datasets consisting of non-European populations such as the African Genome
Variation Project, the GenomeAsia 100K Project, the African Americans project,
and the Native American reference panel.(85–88)
The genome-wide genotyping data used to perform the studies of this thesis only
included common SNPs (minor allele frequencies of >1%). In the meantime many
new techniques for typing genetic variants have been established, including whole
exome sequencing (WES, sequencing all protein-coding regions of the genome)
and whole genome sequencing (WGS, sequencing the entire genome). WGS can
be used to capture rare variants, structural variants (e.g. insertions, deletions,
inversions, duplications, and other copy number variants), and variants that are
not in linkage disequilibrium with SNPs on genotyping arrays. WGS is superior to
imputation in determining genotypes of rare variants with high accuracy. WGS
data can be used in GWASs and increase both variant capture and precision.(89)
WES and WGS data from the UK Biobank and the Lifelines DEEP Cohort could in
this case be used, as these techniques are costly to perform.(74,90)

241

10

Chapter 10

Epigenetic susceptibility
While genetics study the effects of heritable factors (genes) on a disease,
epigenetics study how changes in the environment and behavior can affect the
way genes work, mostly by regulation of gene expression. Epigenetics refers to
functionally relevant changes to the genome that do not involve the DNA sequence,
including inhibition of gene transcription through DNA methylation and histone
modification.(91,92) Epigenetics also refers to post-transcriptional modifications
of gene products, including mRNA repression by miRNA. Epigenetic factors are
essential in embryonic development through the regulation of gene expression
and affect a wide range of essential biological processes.(93) They are sensitive to
environmental influences.(94) Since epigenetic factors might be transmitted from
parents to offspring, I propose that studying epigenetics is a substantial next step
in studying heritability of Dupuytren’s disease.(95)
There are multiple means of studying epigenetic risk of disease. In recent times
the focus of epigenetic studies has shifted from site-specific studies to genomewide assessment of epigenetic alterations.(93) DNA methylation and chromatin
modifications are essential components of the regulation of gene activity for
which genome-wide assays exist. DNA methylation is the (reversible) addition of
a methyl group to DNA to down-regulate gene expression (Figure 3). Chromatin
modification organizes the genome into transcriptionally active and inactive
states (Figure 3). DNA methylation patterns are established during development
and vary during adult life due to environmental factors such as diet, obesity,
drugs, smoking, alcohol consumption, and so on.(93,94) I therefore recommend
studying DNA methylation using a genome-wide assay, a so-called epigenomewide association study (EWAS).(93) By performing an EWAS in which epigenetic
differences between cases and controls (e.g. similar to Chapter 5), between
cases with and without recurrence, or between DNA samples of cases before
and at the time of diagnosis are examined, we can identify epigenetic markers
that are associated with Dupuytren’s disease and its recurrence. These will add
to our understanding of the etiology of Dupuytren’s disease and could improve
prediction modeling.(96)
Methylation patterns can be determined by DNA methylation arrays or whole
genome bisulfite sequencing. The former are less costly than the latter, enabling
a larger sample size to be studied in case of a limited budget, while the latter
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provide information on all methylations sites within the DNA rather than a
selection thereof (similar to WGS). Other means of measuring gene expression at
a large scale include mRNA sequencing or non-coding RNA (including miRNA, small
interfering RNA, and lncRNA) sequencing, while mass spectrometry proteomics
and metabolomic profiling of specific fibrotic markers can be used to identify
relevant proteins and metabolites for Dupuytren’s disease and potentially indicate
biomarkers. Performing these techniques can be costly, thus acquiring these data
from biobanking studies such as UK Biobank and the Lifelines Cohort Study, that
have included Dupuytren’s disease as a phenotype, might be more appealing.

Figure 3. Visual representation of how DNA methylation and chromatin modification impede
DNA transcription. DNA cites where cytosine (C) nucleotides are followed by guanine (G)
nucleotides (i.e. CpG sites) can be methylated by attachment of a methyl group (CH3) to the
five-carbon of a cytosine base. For comparison, a SNP is a substitution of one nucleotide
in the DNA molecule. Chromatin is the complex of DNA bound to histones, organizing
DNA molecules in compact structures. DNA on chromatins can only be transcribed when
chromatin is in its active state. This is determined by specific enzymes and protein complexes.

Improvement of genetic profiling
The genetic variation captured by current genetic risk profiling has several
limitations. First, the explained disease variance is still only moderate. Although
Chapter 5 of this thesis utilized all known European Dupuytren’s disease cohorts
to date, the variance explained by identified loci was 26.0%. Considering the
estimated heritability of 80%, a large amount still remains undiscovered.(4) This
is explained by the fact that genetic variants present on genotyping arrays are
typically not causal themselves, but are merely markers for causal variants that
are in linkage disequilibrium with them. In addition, common variants cannot be in
perfect linkage disequilibrium with rare causal variants.(55) The genetic variation
captured by genotyping arrays is limited to common variants. Consequently GRSs
and PRSs, that are derived from GWAS summary statistics, also only provide
information about the part of the genetic contribution constituted by common
DNA variants. Integration of rare and structural variants identified in WES and

243

10

Chapter 10

WGS studies will help improve genetic risk profiling. Larger GWASs of occurrence
of Dupuytren’s disease, GWASs of recurrence of Dupuytren’s disease, multivariate
GWASs, and multi-ancestry GWASs will also improve genetic risk profiling through
identification of novel SNPs and improvement of their effect size estimates, also
for non-European populations.(56,81–83) This will improve accuracy of genetic
profiling in non-European target populations, which is necessary since PRSs based
on Eurocentric GWASs are not equally predictive when applied to non-European
populations.(56,61,97)
Nowadays, many statistical methods for genetic risk profiling exist. The approach
for PRSs calculation of pruning and thresholding that we adopted in Chapters
4, 5, and 6 is outperformed by other methods.(98,99) Pruning is a method to
account for linkage disequilibrium of correlated SNPs by selecting one SNP as the
representative of its correlated variants, which potentially reduces phenotypic
variance explained by excluding these informative markers.(100) Other (Bayesian)
methods are able to retain all genetic variants by jointly estimating the effect
of nearby genetic variants using a reference dataset.(98,99) I recommend (re)
calculating the PRS using these methods, as this may increase predictive power
of future risk scores even further. When predictive power of genetic profiling
increases, its utility for clinical risk prediction does as well.

Improvement of recurrence risk prediction
As Dupuytren’s disease is a complex trait, genetic predisposition can never fully
account for all phenotypic variation.(55) Moreover, the heritability of a disease may
decrease with increasing age due to the prolonged exposure to environmental
factors or comorbidities during ageing.(96) Genetic profiling might therefore
explain less of the phenotypic variation and therefore have less predictive power in
older populations, e.g. Dupuytren’s disease patients. Integrating other parameters
such as comorbidities and environmental and epigenetic factors with genetic risk
profiles is needed to further improve risk discrimination.(51,96,101)
With comorbidities it is important to know the direction of the causality of
Dupuytren’s disease and a clinically associated trait. If the trait is associated
through reverse causation, it has no predictive value and should not be added to
the model. Diabetes mellitus is an example of a clinically and genetically correlated
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trait.(102,103) From observational research both types of diabetes mellitus are
expected (but not determined) to predispose to Dupuytren’s disease.(102) To
confirm a causal relationship and its direction, a technique called Mendelian
Randomization can be performed. Mendelian Randomization is able to infer causal
relationships between exposures and outcomes, which observational studies
cannot because of confounding factors and the probability of reverse causation.
Mendelian Randomization overcomes this limitation through the assumption of
natural ‘randomization’ of genes at birth, minimizing the effect of confounding
variables. Mendelian Randomization relies on the concept of instrumental variables,
where SNPs associated to a trait act as an instrument for the exposure of interest
(Figure 4). This can be implemented in a single dataset (containing individuals
with data available for both traits) or using summary statistics of each trait that
contain estimates of the instrumental variables. Inference of causality should be
corroborated by multiple methods that are predicated on different assumptions.
(104) These methods can include the inverse variance weighting method, where
Wald ratios of multiple genetic variants are weighted by the inverse variance of
their estimate; the weighted median method, where estimates are weighted and
ordered by the inverse of their variance; and Egger regression, which gives a causal
estimate for horizontal pleiotropy.(105) The relationship between body mass index
and Dupuytren’s disease was already studied with Mendelian Randomization and
adiposity proved to causally protect against the development of Dupuytren’s
disease.(106) This finding was supported in a propensity score-matched cohort
study that found that substantial weight loss due to bariatric surgery in obese
patients increased their risk of Dupuytren’s disease in comparison to unoperated
obese patients.(107) Future research using Mendelian Randomization can study
the causal relationship of Dupuytren’s disease with other clinically and genetically
correlated traits and disorders, including diabetes mellitus, high-density
lipoproteins, triglycerides, and frozen shoulder.(102,103,108) These will identify
true clinical risk predictors of Dupuytren’s disease, which can then be included in
future risk prediction modeling.
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Figure 4. Directed acyclic graph of Mendelian Randomization analysis using SNPs as
instrumental variables. An instrumental variable should be 1) associated with the exposure;
2) independent of confounders; and 3) independent of the outcome (Dupuytren’s disease)
conditioning on the exposure and confounders (which can be relaxed in MR-Egger
regression).

Similar to PRSs from GWAS, methylation-profile scores can be constructed
from EWAS. After also having assessed the predictive value of these scores
for Dupuytren’s disease recurrence, we can use multiple hierarchical models
including only clinical risk predictors, add PRSs and/or methylation-profile scores
or even interactions of these to optimize risk prediction for Dupuytren’s disease
recurrence.(96)

Implications of (epi)genetic profiling for clinical practice
The implications of (epi)genetic profiling for prediction of recurrence of
Dupuytren’s disease could be large. The costs of incapacitation to work after
Dupuytren’s disease treatment alone were estimated to be €2614.43 per patient,
not even taking into account health care costs of the treatment itself.(109) (Epi)
genetic profiling has the potential to be of added value for precision medicine:
If individuals at-risk for recurrence of Dupuytren’s disease can be identified,
individualized treatment strategies (including modalities) can be tailored. This
will hopefully aid in extending the disease-free interval between treatments.
Currently, patients are counseled for risk of recurrence based on diathesis
characteristics alone. However, reports on which features are considered part of
the Dupuytren’s disease diathesis are controversial.(5,110–112) In addition, the
definitions of recurrence these features presumably predict, the way recurrence is
measured, and whether statistical analysis is corrected for potential confounders,
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also differ among studies.(112) In Chapter 3 we found that diathesis features are
likely an expression of genetic susceptibility, and that genetic risk is predictive
of recurrence independent of diathesis features. Moreover, the problem with
some diathesis characteristics is that these might not be present at the first
presentation, but may only become apparent at a later stage (e.g. ectopic disease,
bilateral disease). It is therefore difficult for plastic surgeons to estimate patients’
response to treatment and risk for recurrence after treatment, and choose
treatment modality accordingly. In general, percutaneous needle fasciotomies
(PNF) are usually performed in elderly patients with mild disease severity and
little diathesis, as their expected risk for recurrence is low, and the known higher
risk for recurrence after PNF is acceptable. Limited fasciectomies (LF) are usually
performed in younger patients exhibiting diathesis characteristics, as their
expected risk for recurrence is high, and the lower risk for recurrence after LF is
preferable due to its longer disease-free interval. However, a wide distribution of
disease severity exists between these two extreme patient types, resulting in a
substantial grey area in determining treatment strategy. In contrast to diathesis
features, a person’s genetic susceptibility is known from birth. As such, a patient’s
genetic risk profile can be determined at initial presentation. The preferred timing
for determining epigenetic susceptibility (and predictive value) however still needs
to be assessed. As we have proven that genetic risk profiles are predictive of
recurrence and time to recurrence of Dupuytren’s disease (Chapter 6), we believe
that genetic risk profiling can be a valuable addition in timing and choice of initial
treatment modality. Nevertheless, from Chapter 6 we conclude that integration of
environmental, genetic, and potentially also epigenetic parameters is likely needed
to reach a predictive accuracy for Dupuytren’s disease recurrence sufficient for
clinical implementation.

Implementation of (epi)genetic profiling in clinical practice
In closing, I will foreshadow the possible future implementation of (epi)genetic profiling
in clinical practice. First, the additional steps still to be taken to improve prediction
modeling of Dupuytren’s disease recurrence. Next, a budget-impact analysis will
be needed to ascertain whether recurrence profiling will be financially feasible,
and a cost-effectiveness analysis will be needed to ascertain whether added value
of recurrence prediction is financially beneficial, which might only be the case for a
selection of the Dupuytren’s disease hospital population. I expect that implementation
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of genetic profiling to enhance disease risk prediction in clinical setting is feasible,
as tests providing information to generate PRSs and methylation-profile scores are
cheap (currently approximately €35 and €150 per individual, respectively) compared
to the health costs of Dupuytren’s disease treatments and the societal costs related to
incapacity to work after treatment.(54,109) In addition, (epi)genetic information from
these tests can also be used to infer genetic risk for any other disease.
If aforementioned conditions are met, in my opinion (epi)genetic profiling can have
a place in patient care. Profiling would take place at the moment of initial patient
presentation to the outpatient clinic (perhaps only for a subset of individuals).
Withdrawal of a blood sample for (epi)genetic testing can be performed in or
outsourced to a genetic laboratory. Some tests nowadays even include automated
bioinformatics.(54) Automated generation of (epi)genetic scores within the
patient registry system similar to automated PRS calculation by to direct-toconsumer genetic testing companies will be required.(53) These scores together
with the healthcare professional’s assessment of clinical risk characteristics for
Dupuytren’s disease recurrence can then be combined into a predictive model,
which can be built in patient registry systems like Epic.(113) Such predictive models
do however require tuning to work properly in clinical context, which requires a
person or team to be dedicated to getting this model to work. If it does, healthcare
professional can then use this prognostic information of individual Dupuytren’s
disease patients to personalize treatment strategies, including choice of modality,
extent, and timing of treatment. In addition, this information can add to patient
counseling with respect to providing prognostic information and management
of patient expectations. Before this era of genetic counseling arrives, the gaps
in the knowledge of more accurate genetic profiling, epigenetic profiling, and
clinical risk features as discussed above need to be filled. Furthermore, ethical
considerations regarding genetic prediction need to be addressed accordingly,
such as its imperfect predictive ability for genetic counseling, the potentially lower
predictive value of genetic profiles for non-Caucasian patients, and how to convey
this information to patients.(53,61)
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SAMENVATTING
De doelen van de onderzoeken gebundeld in dit proefschrift waren het
identificeren van nieuwe genetische factoren die het risico op het ontstaan van
de ziekte van Dupuytren verhogen en het bestuderen van de functies van deze
factoren in het ontstaansmechanisme van deze ziekte. Ook onderzochten we
de voorspellende waarde van individuele genetische risicoprofielen voor het
vóórkomen en de ernst van de ziekte van Dupuytren en het krijgen van een
recidief. Eerst volgt een samenvatting van de bevindingen, daarna een overzicht
van enkele discussiepunten en de conclusies.

BEVINDINGEN
Deel 1 – Genetische epidemiologie en implicaties voor de
klinische praktijk
De mate van vóórkomen van de ziekte van Dupuytren verschilt erg tussen
bevolkingsgroepen van verschillende afkomst (afstamming). De ziekte komt
vaak voor in mensen van Noordwest-Europese afkomst en maar weinig bij
bijvoorbeeld mensen van Afrikaanse of Oost-Aziatische afkomst. Daarom hebben
we in Hoofdstuk 2 onderzocht of deze verschillen in vóórkomen verklaard
kunnen worden door de natuurlijke verschillen in erfelijke factoren tussen diverse
etnische groepen. Een eerdere studie in mensen van Europese komaf vond 26
erfelijke factoren die een verhoogd risico geven op de ziekte van Dupuytren. Met
deze 26 erfelijke risicofactoren stelden wij risicoprofielen op voor mensen met een
verschillende etniciteit. Wij vonden dat deze risicoprofielen een aanzienlijk deel
(36%) van de verschillen in het vóórkomen van de ziekte van Dupuytren tussen
etniciteiten verklaren. De erfelijke aanleg binnen etnische groepen verklaart dus
voor een deel de verschillen die we zien in het vóórkomen van de ziekte van
Dupuytren. Daarnaast spelen mogelijke andere, populatie-specifieke, erfelijke
factoren een rol in het ziektemechanisme van de ziekte van Dupuytren in nietEuropese populaties.
Naast het berekenen of iemand een verhoogd risico heeft op Dupuytren, is het
ook van belang om het risico op het ontwikkelen van recidief van de ziekte van
Dupuytren in te schatten. Daartoe worden momenteel per patiënt bepaalde
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klinische kenmerken bekeken, zoals het hebben van het mannelijk geslacht of het
hebben van de ziekte van Dupuytren in beide handen. In Hoofdstuk 3 hebben
we onderzocht of het risico op recidief ook zou kunnen worden ingeschat met
behulp van een erfelijk risicoprofiel bestaande uit de eerder genoemde 26
erfelijke risicofactoren voor het ontstaan van de ziekte (een gewogen genetische
risicoscore). Deze genetische risicoscore bleek voorspellend te zijn voor risico op
het ondergaan van een hernieuwde behandeling in dezelfde vinger (een recidief),
onafhankelijk van de risico-gevende klinische kenmerken. Dit suggereert dat
genetische risicoscores een toevoeging kunnen zijn in het voorspellen van risico
op recidief van de ziekte van Dupuytren.
Er zijn waarschijnlijk duizenden erfelijke risicofactoren die bijdragen aan het
ontstaan van de ziekte van Dupuytren, veel meer dan de 26 die tot nu toe
zijn geïdentificeerd. De beperkende factor in het identificeren van erfelijke
risicofactoren is de grootte van de onderzochte studiegroep. Aangezien de studie
die de 26 erfelijke risicofactoren heeft ontdekt, relatief klein was, is het denkbaar
dat er nog meer erfelijke risicofactoren zijn voor de ziekte van Dupuytren die
net niet statistisch significant waren in het eerdere onderzoek vanwege een te
lage statistische power. Een manier om deze factoren toch mee te nemen in het
genetisch risicoprofiel van een patiënt, is in de vorm van een polygene risicoscore.
Deze score weerspiegelt een groter aandeel van de erfelijke aanleg van een
patiënt dan de gewogen genetische risicoscore zoals gebruikt in Hoofdstuk 3.
Daarom hebben we in Hoofdstuk 4 onderzocht of de polygene risicoscore ook
geassocieerd was met ernst en recidief van de ziekte van Dupuytren en dat bleek
inderdaad het geval. We concludeerden bovendien dat de polygene risicoscore
van grotere toegevoegde waarde is in het voorspellen van recidief van de ziekte
van Dupuytren dan de gewogen genetische risicoscore.
Zoals hierboven gezegd, was de studie die 26 erfelijke factoren voor de ziekte
van Dupuytren had ontdekt, niet heel groot. Om meer erfelijke risicofactoren
voor Dupuytren te identificeren en zo de oorzaak van de ziekte van Dupuytren
beter te doorgronden en betere risicoprofielen te kunnen maken, hebben we
in Hoofdstuk 5 een meta-analyse uitgevoerd. Hierin onderzochten we alle
beschikbare Europese studiecohorten van de ziekte van Dupuytren tezamen. We
hebben in deze studie drie keer zoveel erfelijke risicofactoren geïdentificeerd als
tot voorkort bekend waren. Daarna hebben we verscheidene computeranalyses
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(bio-informatica) uitgevoerd om de meest waarschijnlijk betrokken genen te
identificeren, om gerichte aanknopingspunten te bieden voor vervolgonderzoek
naar de ziekte van Dupuytren in het laboratorium.
De nieuw geïdentificeerde erfelijke risicofactoren van Hoofdstuk 5 faciliteren zoals
gezegd onder andere het nauwkeuriger onderzoeken van erfelijke risicoprofielen
voor het ontwikkelen van een recidief van de ziekte van Dupuytren. Bovendien
werd in de studies van Hoofdstuk 3 en 4 waarschijnlijk de proportie patiënten
met een recidief onderschat vanwege de gebruikte definitie van recidief. Daarom
hebben we in Hoofdstuk 6 gepoogd om de voorspelling van recidief te verbeteren
door zowel een nauwkeurigere polygene risicoscore (op basis van resultaten uit
Hoofdstuk 5) te gebruiken en door recidief te bepalen middels het poliklinisch
bestuderen en meten van de handen van patiënten die eerder waren behandeld
voor de ziekte van Dupuytren. We vonden dat de nieuwe polygene risicoscore
wederom een voorspeller van recidief is en dat het 10% toevoegt aan de
nauwkeurigheid van het voorspellen van recidief. Toch zullen ook andere klinische
en demografische factoren nodig zijn om recidief zo nauwkeurig te kunnen
voorspellen dat het voldoende toegevoegde waarde heeft voor de praktijk.
De signaalstof transforming growth factor beta 1 (TGF-β1) speelt een centrale
rol in het ontstaansproces van de ziekte van Dupuytren. Sommige medicijnen
kunnen de concentratie van signaalstoffen in het bloed beïnvloeden. Er zijn twee
bloeddrukverlagende medicijnen (angiotensinereceptorblokkers en ACE-remmers)
bekend, die het niveau van TGF-β1 in het bloed beïnvloeden. Daarom hebben we
in Hoofdstuk 7 onderzocht of deze twee medicamenten geassocieerd konden zijn
met de ernst van de ziekte van Dupuytren. Daarnaast hebben we onderzocht of
deze mogelijke associatie het resultaat was van modulatie van de signaalstof TGF-β1
door angiotensinereceptorblokkers en ACE-remmers. Bovendien onderzochten
we of andere bloeddrukverlagende middelen (bètablokkers, calciumantagonisten
of diuretica) ook geassocieerd waren met de ernst van de ziekte. We vonden
dat alleen gebruik van angiotensinereceptorblokkers, maar niet van de andere
middelen, geassocieerd was met een mindere ziekte-ernst, zoals verwacht. Deze
associatie bleek echter niet de resultante te zijn van modulatie van de signaalstof
TGF-β1 door de angiotensinereceptorblokkers.
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Deel 2 – Mechanismen die erfelijkheid aandrijven en hun
inhibitie
Wanneer een erfelijke factor geassocieerd is met een ziekte is laboratoriumonderzoek
nodig om het mechanisme in het ontstaan en het verergeren van de ziekte te
begrijpen. In Hoofdstuk 8 hebben we het geassocieerde gen NEDD4 onderzocht
op zijn functie in het ziektemechanisme van Dupuytren. NEDD4 is een gen dat in
een van de 26 eerder gevonden genomische regio’s ligt en is een goede kandidaat
voor betrokkenheid bij de ziekte van Dupuytren, omdat het invloed heeft op
meerdere cellulaire signaleringspaden die ook betrokken zijn bij de ziekte van
Dupuytren. Dit gen kan zes verschillende transcripten (varianten van het aflezen
van het gen via mRNA) produceren die tot verschillende varianten van hetzelfde
eiwit (NEDD4) leidden. Wij bestudeerden of de verhouding van deze zes mRNA
transcripten verschilde in Dupuytrenweefsels en -cellen (fibroblasten) ten opzichte
van gezonde weefsels en cellen. We vonden grote verschillen in basale mRNA
expressie tussen weefsels van meerdere patiënten, maar geen verschil tussen
Dupuytrenweefsels en gezonde weefsels. We zouden weefsel van een groter
aantal proefpersonen moeten onderzoeken om de gen- en eiwitexpressie van
NEDD4 beter in kaart te kunnen brengen voor Dupuytren. In de experimenten met
de Dupuytrenfibroblasten zien we tegen onze verwachting in dat er bij stimulatie
van de cellen met TGF-β1 geen verergering van de ziekte (fibrose) optreedt, wat
wel zou moeten. Hierdoor zijn de resultaten uit deze experimenten niet eenduidig
en kunnen we op dit moment nog geen conclusies trekken over de functie van
NEDD4 en diens transcriptievarianten in de ziekte van Dupuytren.
In Hoofdstuk 9 hebben we het medicijn verteporfine, dat anti-fibrotische
eigenschappen heeft, onderzocht op zijn mogelijke werking op de ziekte van
Dupuytren. We stimuleerden Dupuytrenfibroblasten met TGF-β1 om de fibrose
te verergeren en behandelden de cellen vervolgens met verteporfine of een
placebo. Verteporfine bleek sterke anti-fibrotische eigenschappen te hebben in
deze geïsoleerde fibroblasten. Verteporfine had vooral invloed op de eiwitniveaus
van bepaalde fibrotische eiwitten, maar niet zozeer op de mRNA-niveaus.
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DISCUSSIEPUNTEN EN CONCLUSIES
De studies in dit proefschrift hebben geleid tot meerdere nieuwe bevindingen,
maar over enkele punten blijft discussie bestaan. In Hoofdstuk 2 blijkt dat de op
dat moment bekende erfelijke factoren voor deze ziekte al een aanzienlijk deel
van het verschil in vóórkomen ervan tussen verschillende etniciteiten te verklaren,
hoewel die maar een fractie van de erfelijkheid bepalen. Helaas zijn dergelijke
populatiestudies vaak verschillend in de manier waarop het vóórkomen van de
ziekte van Dupuytren wordt bepaald. Idealiter zou dit moeten worden bepaald in
een algemene populatie, in tegenstelling tot bijvoorbeeld de ziekenhuispopulatie
of alleen oudere generaties. Op die manier kunnen de resultaten van de
verschillende studies beter met elkaar vergeleken worden.
In Hoofdstukken 3, 4 en 6 hebben we de voorspellende waarde van verschillende
erfelijke risicoprofielen voor ernst en recidief van de ziekte van Dupuytren
onderzocht. Aan genetische risicoprofilering zitten bepaalde nadelen. Zo
worden momenteel veelvoorkomende erfelijke factoren wel meegenomen in
een risicoscore, maar de zeldzamere niet. Dat heeft te maken met het feit dat de
techniek waarmee deze factoren kunnen worden gemeten, zich met name richt
op de veel voorkomende varianten. Bovendien hebben we erfelijke risicofactoren
voor het vóórkomen van de ziekte van Dupuytren gebruikt om het risico op
recidief te schatten. Het kan zijn dat de erfelijke factoren die risico geven op het
vóórkomen van de ziekte niet dezelfde zijn als die voor recidief. Ook zijn er veel
verschillende definities van recidief van de ziekte van Dupuytren, elk met zijn
eigen voor- en nadelen. In Hoofdstuk 3 en 4 gebruikten we patiëntendossiers om
(retrospectief) te bepalen of patiënten een recidief hadden gehad op basis van hun
behandelgeschiedenis (herhaalde behandelingen). Voor de studie uit Hoofdstuk
6 hebben we patiënten op de polikliniek teruggezien om niet alleen te bepalen
of ze een herhaalde behandeling hebben ondergaan, maar ook om te kijken of
ze terugkeer hadden van kromstand na eerste operatie. Dit geeft een completer
beeld van de mate van terugkeer van deze ziekte na behandeling. We vonden
dat de erfelijke risicoscore ook deze definitie van recidief kon voorspellen en
bovendien ook tijd tot herbehandeling. Het blijft echter de vraag of de gevonden
associatie door een betere maat voor recidief kwam, of doordat extra informatie
over de erfelijke aanleg van Dupuytren uit Hoofdstuk 5 werd gebruikt om de
risicoschatting voor recidief te verbeteren. Helaas blijkt de voorspellende waarde
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van de risicoscore op zichzelf nog niet voldoende om het nu al toe te kunnen
passen in de kliniek. Er zal dus nog meer onderzoek moeten volgen om erfelijke
aanleg te kunnen integreren in de behandeling van de ziekte van Dupuytren.
Als laatste onderzochten we in Hoofdstukken 8 en 9 Dupuytrenweefsels en -cellen
in het laboratorium. Het kweken van geïsoleerde fibroblasten in het lab geeft niet
de werkelijke situatie van de ziekte van Dupuytren in het lichaam weer, wat een
mogelijke verklaring is voor de inconsistente resultaten van de experimenten
van Hoofdstuk 8. Dupuytrenweefsel bestaat uit meer soorten cellen dan alleen
fibroblasten, cellen die onderling “praten” en elkaar beïnvloeden. Het kweken
van dunne plakken weefsel of het maken van een organoïde (miniatuur orgaan)
voor Dupuytren zouden bijvoorbeeld een natuurgetrouwer beeld geven van deze
ziekte in vitro (in het laboratorium). Hetzelfde geldt voor medicijnstudies zoals
die met angiotensinereceptorblokkers (Hoofdstuk 7), zodat we het mechanisme
achter hun associatie met ernst van de ziekte van Dupuytren zouden kunnen
doorgronden.
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De ziekte van Dupuytren is een woekering van bindweefsel in de handpalm. In
Nederland komt het vaak voor: ruim één op de vijf 50-plussers heeft deze ziekte.
Bij de meeste patiënten verloopt deze ziekte mild, met alleen aanwezigheid van
harde knobbels in de handpalm. Bij een kleinere groep ontstaan er strengen
die aan de vingers kunnen trekken en een kromstand van de vingers kunnen
veroorzaken. Deze kromstand kan worden behandeld met een operatie of een
naaldbehandeling, maar helaas keert de ziekte daarna vaak terug. De oorzaak van
het terugkeren van deze ziekte na behandeling is nog niet bekend. Het is dus (nog)
niet te voorspellen welke patiënten aan één behandeling genoeg zullen hebben en
welke meerdere behandelingen nodig gaan hebben gedurende hun leven.
Doordat de ziekte van Dupuytren vaak voorkomt binnen families weten we
dat erfelijke aanleg een belangrijke rol speelt bij het ontstaan van deze ziekte.
Erfelijkheid kan worden gezien als een kookboek. Het kookboek (het menselijk DNA)
bevat allerlei recepten (genen) die uitleggen hoe bepaalde gerechten (eiwitten)
worden gemaakt. In elk recept staat precies hoe en hoeveel van elk gerecht moet
worden gemaakt. Verschillende kookboeken kunnen echter dezelfde gerechten
beschrijven, maar kunnen kleine verschillen hebben in de bereidingswijze of
ingrediëntenlijst van elk recept. Op dezelfde manier hebben alle mensen DNA,
maar zijn er kleine variaties in het menselijk DNA die ons onderling verschillend
maken. Dit is bijvoorbeeld waarom mensen een verschillende haar- of oogkleur
kunnen hebben en waarom de ene persoon langer is dan de andere. Deze
kleine variaties kunnen tevens leiden tot een verschil in risico op het krijgen van
bepaalde erfelijke ziektes, zoals de ziekte van Dupuytren. De optelsom van vele
risico-verhogende erfelijke variaties kan leiden tot het ontwikkelen van de ziekte.
Voor de ziekte van Dupuytren is echter nog weinig bekend over wélke erfelijke
factoren precies betrokken zijn bij het ontstaan van deze ziekte. Daarom richten
de onderzoeken gebundeld in dit proefschrift zich op verschillende aspecten van
de erfelijkheid van de ziekte van Dupuytren.
In de onderzoeken van dit proefschrift hebben we nieuwe erfelijke factoren
gevonden die risico op de ziekte van Dupuytren verhogen door DNA van een
groter aantal patiënten en gezonde mensen met elkaar te vergelijken dat eerder is
gedaan. We hebben ingezoomd op welke van deze erfelijke factoren waarschijnlijk
een grote rol spelen en onderzochten de werking van een mogelijk medicijn op
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de ziekte van Dupuytren. Bovendien heeft elk persoon een unieke samenstelling
van erfelijke factoren (een genetisch profiel), net zoals ieder kookboek uniek is.
Daarom hebben we onderzocht of het unieke genetische profiel dat iedereen
heeft, kan helpen in het voorspellen van de kans op terugkeren van de ziekte na
een behandeling, wat eerder nog niet mogelijk was. We vonden dat de erfelijke
aanleg van patiënten inderdaad het terugkeren van ziekte na behandeling kon
voorspellen, maar nog niet goed genoeg om genetische profielen nu al toe te
kunnen passen in de patiëntenzorg. Blijkbaar zijn er nog meer factoren, waar wij
nog geen weet van hebben, die een rol spelen bij terugkeer van de ziekte. Er zal
nog meer onderzoek nodig zijn voordat implementatie van genetische profielen in
de patiëntenzorg mogelijk wordt.
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Medepromovendi Nadia, Tijn, Bente en Sanne, met jullie heb ik het ‘hok’ mogen
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we samen doen. Er gaat niets boven een weekendje op het water na een werkweek
op kantoor en jullie gezelschap maakt het nóg beter. Ik ben er niet zo vaak meer
bij op dinsdag maar kijk met plezier toe hoe ons team blijft groeien en de volgende
generaties zich aandienen om met jullie het schip in te gaan.
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