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ABSTRACT

In this part of a series on founder mutations in the Netherlands, we review a Dutch family 
carrying the SCN5A 1795insD mutation. We describe the advances in our understanding of 
the premature sudden cardiac deaths that have accompanied this family in the past centuries. 
The mutation carriers show a unique overlap of long-QT syndrome (type 3), Brugada 
syndrome and progressive cardiac conduction defects attributed to a single mutation in the 
cardiac sodium channel gene SCN5A. It is at present one of the largest and best-described 
families worldwide and we have learned immensely from the mouse strains with the 
murine homologue of the SCN5A 1795insD mutation (SCN5A 1798insD). From the studies 
currently performed we are about to obtain new insights into the phenotypic variability in 
this monogenic arrhythmia syndrome, and this might also be relevant for other arrhythmia 
syndromes and the general population. 
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INTRODUCTION

Just over 50 years ago, in 1958, a 16-year-old male presented at one of our university 
hospitals (Groningen) because a routine sports examination had uncovered an abnormal 
electrocardiogram.1 This presentation eventually revealed a family accompanied by premature 
(mostly nocturnal) sudden cardiac deaths throughout the last two centuries and currently 
involves over 1000 individuals in ten generations. Moreover, in 1999 it became clear that these 
deaths and the electrocardiographic abnormalities could be attributed to a single mutation in 
the cardiac sodium channel gene SCN5A (1795insD).2 Of particular interest, carriers of the 
mutation had electrocardiographic features of long-QT syndrome, Brugada syndrome and/
or progressive cardiac conduction defects, referred to as an ‘overlap syndrome’, which was not 
yet described for cardiac channelopathies at that time. As expected in a founder mutation, 
most mutation carriers clustered in a particular geographic region (in this instance in the 
provinces of Groningen and Friesland). However, the typical ECG characteristics were later 
recognised in other parts of the country and these patients appeared to be descendants from 
the same ancestors and to carry the same mutation. In the last decade we have performed 
several clinical and pre-clinical studies in the family carrying the SCN5A 1795insD mutation 
and in mice carrying a homologue mutation (SCN5A 1798insD).1-14 In this part of a series on 
founder mutations in the Netherlands we review what we have learned from these studies and 
look forward to more insights into the observed variability in this arrhythmia syndrome and 
possibly also in other populations.

The boy and the family
The ECG of the 16-year-old boy revealed an abnormal T-wave configuration (biphasic 
T-waves) with a severely prolonged QTc interval (520 ms, figure 1A). Interestingly, it was 
only one year after the first description of long-QT syndrome with associated deafness by 
Jervell and Lange-Nielsen in 1957,15 and still prior to the description of common long-QT 
syndrome by Romano16 and Ward in the early 1960s.17 At that time the ECG of the boy did not 
show conduction defects but in the following 50 years he developed a first-degree AV block 
and QRS widening (figure 1B and 1C). Of particular interest in 1958 was his family history 
with the unexpected (nocturnal) death of his mother (aged 54 years), two sisters (aged 15 
and 26 years) and a brother (aged 21 years). It was apparent that this was a familial disease 
with a disastrous outcome and therefore the boy’s remaining family members were urged 
to visit the hospital. Soon it became clear that many of his family members displayed rather 
similar abnormal ECG findings. Notably, the most profound repolarisation abnormalities 
were always found at the lowest heart rates, suggesting a relation with the nocturnal deaths. 
However, at that time the exact origin of the premature deaths was unknown and preventive 
treatment was not possible.
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After 20 years with a lack of treatment options, antibrady-pacing was introduced in the family 
in 1978. The implantation of pacemakers proved to provide tremendous relief as no more 
deaths occurred in patients treated with antibrady-pacing during 23 years of follow-up up 
to 2001.4 Also, the favourable effect of antibrady-pacing further validated the relationship 
between the repolarisation abnormalities at low heart rates and the premature deaths, 
although the exact mechanism was still not well understood.
 Another 20 years later, in 1998, the mutation linked to the ECG abnormalities was 
uncovered (SCN5A 1795insD).2 The mutation had, as expected, occurred in the cardiac 
sodium channel gene SCN5A. At that time SCN5A had just been reported to be implicated in 
long-QT syndrome (type 3),18 Brugada syndrome,19,20 and in progressive cardiac conduction 
defects.21 As the affected family members could display all three of these syndromes (figure 
2) this was the first description of an arrhythmia overlap syndrome resulting from a single 
cardiac ion channel mutation. Moreover, the identification of the mutation enabled 100% 
specific presymptomatic screening of family members. 

Mutation-ECG relations
The relationship between long-QT syndrome and SCN5A mutations is persistent 
inward sodium current (gain-of-function) during the plateau phase of the cardiac action 

Figure 1 . ECGs of the first identified family member

Note the severe repolarisation abnormalities indicative of long-QT syndrome type 3 already apparent in the first 
ECG (A). During 50 years the PQ and QRS interval clearly prolong, indicative of progressive cardiac conduction 
defects in both atria and ventricles (B and C).

1958 20081988
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potential causing action potential prolongation and subsequent QT prolongation.18,22 In 
contrast, Brugada syndrome and conduction disease are related to SCN5A mutations 
following a decreased sodium inward current (loss-of-function) during the upstroke of the 
cardiac action potential causing a decrease of sodium current available for activation and 
subsequent conduction slowing.19,23 Only one year after the initial publication of the 1795insD 
SCN5A mutation we learned from HEK cell studies that the mutant channels indeed exhibited 
these two seemingly incompatible features of both gain- and loss-of-function.3 The SCN5A 
1795insD mutation disrupts fast inactivation, causing sustained sodium current throughout 
the action potential plateau and prolonging cardiac repolarisation. While at the same time it 
augments slow inactivation, delaying recovery of sodium channel availability between stimuli 
and reducing the fast inward sodium current. Subsequent simulation studies and additional 
experimental studies in HEK cells further established the combination of these two seemingly 
distinct sodium channel characteristics in a single mutation.6,24 Finally we were able to 
establish a mouse strain carrying the homologue mutation (SCN5A 1798insD) which again 

Figure 2 . ECGs showing the phenotypical variation in the family

ECGs of three different family members carrying the SCN5A 1795insD mutation where the huge phenotypic 
variability and overlap syndrome can be clearly appreciated. The presence of this overlap syndrome brought us to 
recognise several mutation carriers who were not earlier linked to the family. ECG A shows predominantly a long-
QT syndrome type 3 phenotype with excessive QT prolongation during bradycardia. ECG B shows predominantly 
a Brugada syndrome phenotype with elevated coved-type ST segments, low initial R waves in the right precordial 
leads, broad P waves and QRS complexes, but also QT prolongation. ECG C shows a milder mixed phenotype 
with a first-degree AV block, wide QRS complexes, a coved-type like ST-segment in V1 and QT prolongation.
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showed the same properties of an overlap syndrome with both gain- and loss-of-function 
characteristics of the cardiac sodium channel.9 
  Only recently more insights are emerging on why the SCN5A 1795insD mutation 
would cause progressive cardiac conduction defects. This is different from functional causes 
of conduction defects due to loss-of-function sodium channel mutations (as already present 
in this family) or, e.g., sodium channel blocking drugs. Cardiac conduction defects in general 
develop with degenerative changes (fibrosis) of the cardiac conduction system as occurs 
during ageing. Progressive cardiac conduction defects, or Lev-Lenegre’s disease, manifests 
when these degenerative changes present prematurely.25,26 Although histological studies of 
the family members are lacking, we were able to study this issue in detail in mice carrying 
SCN5A mutations. Mice carrying a loss-of-function SCN5A mutation may show profound 
and progressive cardiac conduction defects resulting from the initial loss of sodium channel 
function together with a progressive decrease in intracellular coupling due to progressive 
fibrotic invasion between the cardiomyoctes and altered gap junctions.27,28 Not surprisingly, 
we documented the same phenomena in the mice carrying the SCN5A 1798insD mutation.29 
Of interest, both conduction abnormalities and histological changes are most prominently 
found in the right ventricle which recapitulates the pathophysiological substrate in Brugada 
syndrome.30,31 

Clinical characteristics
Currently, we have clinical data on 
378 family members of whom 149 
carry the SCN5A 1795insD mutation. 
As far as we are aware, the ancestral 
couple who started the family in the 
late eighteenth century married in 
Westerbroek, Groningen, and lived in 
Rottevalle, Friesland. Thus, as it is a 
founder mutation it is to be expected 
that the family is unevenly distributed 
over the Netherlands (figure 3). Only 
a few (<10) family members are 
known to live outside the Netherlands 
(mainly Germany and Australia). But 
even now, we are still discovering new 
branches of the family.

As was apparent from 1958 
onward, mutation carriers may show 

Figure 3  Distribution in the Netherlands

The founder effect can be appreciated with highest prevalence 
in the north (Friesland, Groningen).
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a profoundly prolonged repolarisation, and 
frequently show atrial, AV and ventricular 
conduction slowing and ST-segment elevation. 
However, it also became apparent that this family 
was not spared from the genetic phenomenon of 
reduced penetrance with variable phenotypical 
expression of the trait. Hence, although 
virtually all mutation carriers primarily 
show some ECG abnormalities, there is huge 
overlap between carriers and non-carriers in 
both conduction and repolarisation indices 
(figure 4). In addition there is overlap between 
the different ECG features; whereas most 
mutation carriers show ECG features of long-
QT syndrome (type 3), others rather display 
features of Brugada syndrome or conduction 
disease, and some may show a combination of 
the three phenotypes (figure 2). Holter studies 
showed that some mutation carriers exhibited 
sinus node dysfunction. Additionally, besides 
the relation between bradycardia and QT 
prolongation, there also seemed to be a role 
for the autonomic cardiac control with more 
severe QT prolongation during the night.4,10 Of 
interest, a similar effect, yet now as a protective 
mechanism, was found in a large founder family 
carrying the KCNQ1 A341V mutation which 
gives rise to long-QT syndrome type 1.32 In 
this type of long-QT syndrome, arrhythmias 
are associated with higher heart rates instead 
of lower heart rates, and lower heart rates are 
therefore protective.  

During the study of the paediatric 
cohort within the family it became evident that several ECG features showed an age-dependant 
penetrance.7 Mutation carriers started to exhibit QT prolongation in the first year after birth 
with conduction disease appearing shortly thereafter, whereas ST-segment elevation only 
developed at over five years of age. From the current data we can appreciate that this age-
dependency remains throughout life, recapitulating progressive cardiac conduction defects.33 

Figure 4  ECG characteristics

Scatterplots showing the overlap between muta-
tion carriers (filled boxes) and non-carriers (open 
circles) for (A) PQ interval vs. QRS duration, (B) J 
elevation vs. QTc interval and (C) QTc interval vs. 
RR interval. Lines represent upper limits of normal 
values. It can be appreciated that mutation carriers 
show the worst phenotypes and that there is a posi-
tive relation between PQ and QRS prolongation 
and J elevation and QTc prolongation. Additionally 
the bradycardia dependent QTc prolongation can 
be appreciated.
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Of particular interest and also similar 
to the mouse strains, the conduction 
slowing observed seems to be 
primarily located in the right ventricle 
with wider and deeper S waves in the 
inferior-lateral leads, lower initial R 
waves in the right precordial leads, 
and wider and taller terminal R waves 
in aVR.4,10  Again this recapitulates 
the pathophysiological substrate in 
Brugada syndrome.4,10 

Treatment
For 25 years our approach with 
antibrady-pacing was 100% successful. 
However, in the past six years we 
have had to acknowledge several 
sudden deaths in patients carrying 
a pacemaker. It is likely that these 

patients suffered from a tachyarrythmic event which could expectedly not be treated by the 
device. In all cases there was no (brady)arrhythmic event recorded by the device. Although 
our treatment with antibrady-pacing clearly shows survival benefit (figure 5), we are currently 
also using implantable cardioverter-defibrillators (ICD) in a subset of the patients. In 
retrospect it appeared that the patients who died suddenly with a pacemaker had more severe 
(atrio-ventricular and ventricular) conduction abnormalities than most of the mutation 
carriers, while they did not have a distinct Brugada syndrome phenotype. It is possible that 
the tachyarrhythmic risk eventually dominated the bradyarrhythmic risk in these patients, 
and a causal role for increased conduction delay, creating a tachyarrhythmogenic substrate, 
seems likely. Hence, we now selectively use ICDs to treat both bradyarrhythmias as well as 
tachyarrhythmias while accepting the (much) higher complication rates of ICDs as compared 
with pacemakers.34  

Another issue in this family, and other families with cardiac ion channel mutations, 
is preventive treatment by the avoidance of certain drugs with cardiac ion channel blocking 
effects (e.g. antiarrhythmic drugs, antibiotics and psychotropic drugs). Because this family 
shows the unique combination of long-QT syndrome and Brugada syndrome, we advise them 
to refrain from using the drugs associated with long-QT syndrome,35 as well as from drugs 
associated with Brugada syndrome.36

Figure 5  Survival

Survival plot showing mortality, with or without antibrady-
pacing in mutation carriers vs. non-carriers. It can be 
appreciated that there is a clear benefit from antibrady-pacing. 
However, also in the group with antibrady-pacing, mortality is 
observed from the age of 45 years. The three deaths between 45 
and 55 years of age in this latter group were siblings.
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Genetic modification of the arrhythmic substrate
As mentioned earlier there is a largely unexplained but extensive phenotypic variability 
between the mutation carriers and also between the mutation non-carriers. Together with the 
recent failure of treatment in several patients this urged us to better explain this variability. 
It is to be expected that genetic modifiers play an important role in determining the ultimate 
arrhythmic substrate the patients face.37 In a complex trait as present in this family it is a 
daunting task to define markers which can ultimately guide preventive treatment for the 
individual. However, within the mouse strains (the 129P2 strain and the FVB/N strain) 
we have recently discovered that genetic background indeed plays a significant role in 
determining the ultimate phenotypic expression of the disease.13 In mice from the 129P2 strain 
the SCN5A 1798insD mutation resulted in more severe conduction slowing, particularly in 
the right ventricle, as compared with mice from the FVB/N strain. Additionally, pan-genomic 
mRNA expression profiling in the two mouse strains uncovered a drastic reduction in mRNA 
encoding the cardiac sodium channel auxiliary subunit β4 (SCN4b) in the 129P2 mice as 
compared with the FVB/N mice. Hence, genetically determined differences in sodium 
current characteristics on the cardiomyocyte level can modulate disease severity. Currently 
we are performing genotyping studies to find genes modulating disease severity in the family. 
Hopefully this will help us to identify those patients at highest risk of bradyarrhythmic and/
or tachyarrhythmic events, allowing appropriate preventive measures to be taken. Ultimately, 
the discovery of genetic modifiers in this arrhythmia syndrome may have similar effects in 
other populations where they can be either antiarrhythmic or proarrhythmic. It logically 
follows that the relevance of providing insight into the genetic modulation of one arrhythmia 
syndrome carries much further than this exceptional family.
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