
European Journal of Human Genetics (2020) 28:956–962
https://doi.org/10.1038/s41431-020-0601-4

ARTICLE

Parental repeat length instability in myotonic dystrophy type
1 pre- and protomutations

Isis B. T. Joosten1,2
● Debby M. E. I. Hellebrekers3 ● Bianca T. A. de Greef1,2,4 ● Hubert J. M. Smeets2,5,6 ●

Christine E. M. de Die-Smulders3 ● Catharina G. Faber 1,2
● Monique M. Gerrits3

Received: 22 August 2019 / Revised: 14 February 2020 / Accepted: 25 February 2020 / Published online: 12 March 2020
© The Author(s), under exclusive licence to European Society of Human Genetics 2020

Abstract
Myotonic dystrophy type 1 (DM1) is caused by a CTG trinucleotide repeat expansion on chromosome 19q13.3. While DM1
premutation (36–50 repeats) and protomutation (51–80 repeats) allele carriers are mostly asymptomatic, offspring is at risk of
inheriting expanded, symptom-associated, (CTG)n repeats of n > 80. In this study we aimed to evaluate the intergenerational
instability of DM1 pre- and protomutation alleles, focussing on the influence of parental gender. One hundred and forty-six
parent–child pairs (34 parental premutations, 112 protomutations) were retrospectively selected from the DM1 patient cohort
of the Maastricht University Medical Center+. CTG repeat size of parents and children was determined by (triplet-primed)
PCR followed by fragment length analysis and Southern blot analysis. Fifty-eight out of eighty-one (71.6%) paternal
transmissions led to a (CTG)n repeat of n > 80 in offspring, compared with 15 out of 65 (23.1%) maternal transmissions (p <
0.001). Repeat length instability occurred for paternal (CTG)n repeats of n ≥ 45, while maternal instability did not occur until
(CTG)n repeats reached a length of n ≥ 71. Transmission of premutations caused (CTG)n repeats of n > 80 in offspring only
when paternally transmitted (two cases), while protomutations caused (CTG)n repeats of n > 80 in offspring in 71 cases,
of which 56 (78.9%) were paternally transmitted. In conclusion, our data show that paternally transmitted pre- and
protomutations were more unstable than maternally transmitted pre- and protomutations. For genetic counseling, this implies
that males with a small DMPK mutation have a higher risk of symptomatic offspring compared with females. Consequently,
we suggest addressing sex-dependent factors in genetic counseling of small-sized CTG repeat carriers.

Introduction

Myotonic dystrophy type 1 (DM1; OMIM #160900) is an
autosomal dominant neuromuscular disorder, caused by a
cytosine–thymine–guanine (CTG) repeat expansion on
chromosome 19q13.3 [1]. The CTG expansion, located at
the 3′untranslated region of the dystrophia myotonica pro-
tein kinase (DMPK) gene, seems to alternate RNA-binding
protein activity through the production of mutant DMPK
transcripts [2]. This pathophysiological process is presumed
to give rise to DM1’s clinical features, which vary in age of
onset, symptomatology, and severity depending on the
DM1 subtype.

From a clinical perspective, DM1 can be divided into
four categories, ranging from late-onset to congenital DM1.
Late-onset DM1 is associated with repeat lengths <100,
congenital DM1 is often associated with repeat lengths
>1000, and intermediate phenotypes have repeat lengths in
between [3, 4]. While late-onset DM1 may cause early-
onset cataract and muscle weakness at older age, congenital
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DM1 leads to hypotonia and severe respiratory distress at
birth [3, 4]. Main features of the remaining two subtypes,
known as juvenile and adult-onset DM1, consist of mus-
cular weakness and myotonia in combination with organ
involvement, such as cardiac conduction defects or noc-
turnal hypoventilation [3, 4]. In juvenile and congenital
DM1, developmental delay may also be present.

In stable nonpathogenic DMPK alleles, the number of
CTG repeats ranges from 5 to 35 per allele [5–9]. Repeat
expansions of 36–50 are not associated with symptoms, but
are designated DM1 premutations [10, 11]. In case of CTG
repeat expansions of 51–150, the diagnosis of DM1 is
confirmed if accompanying symptoms are evident [11].
When symptoms of DM1 are absent (asymptomatic family
member or fetus), individuals are at risk of developing DM1
[11]. Still, individuals carrying a CTG repeat of 51–80
frequently remain asymptomatic [11–13]. These small-sized
CTG repeat expansions, that may be transmitted in rela-
tively stable manner for several generations, were desig-
nated DM1 protomutations [12]. Repeat expansions > 80,
that often cause a strong amplification upon transmission,
were designated full-sized DM1 mutations [12, 13].

Genetic anticipation (due to further lengthening of the
CTG repeat) is known to cause more severe symptoms, and
a decrease in age of onset of DM1 in successive generations
[3]. Consequently, it is of great importance to identify CTG
repeat expansion carriers, even if these individuals might
not be clinically symptomatic. In case of DM1 pre- and
protomutation carriers, offspring might develop sympto-
matic adult-onset, juvenile or even congenital DM1 due to
repeat length instability.

Several factors are presumed to play a role in DM1
repeat length stability. While the presence of CTG repeat
tract interruptions might work as a stabilizing factor, studies
have shown that parental gender can evoke repeat length
instability [14–18]. In mothers diagnosed with adult-onset
DM1, the CTG repeat seems prone to extreme expansion
when transmitted to offspring, resulting in congenital DM1
[17, 18]. For pre- and protomutations, however, a reversed
gender effect was suggested. In patients carrying relatively
small CTG repeat expansions, paternal transmission caused
larger CTG repeat lengths in offspring than maternal
transmission [12, 13, 19–21].

Still, knowledge of the inheritance of small-sized CTG
repeat expansions is scarce, causing uncertainty in genetic
counseling. Current guidelines on DNA testing in DM1
describe that small-sized CTG repeats may be unstable and
that relatives of carriers are at risk of developing DM1 [11].
However, the effect of parental gender is not addressed.

In this retrospective study, we aim to provide more pre-
cise data on gender-dependent intergenerational instability
of DM1 pre- and protomutations, in order to improve genetic
counseling for DM1 pre- or protomutation allele carriers.

Material and methods

Study population

In order to identify individuals with a pre- or protomutation
of de DM1 allele, the DM1 patient cohort database of the
Clinical Genetics laboratory of the Maastricht University
Medical Center+ was checked for individuals tested
between 1993 and 2017. The detection of DM1 pre- or
protomutations are mostly the result of family investigation,
following the DM1 diagnosis of a symptomatic proband.
Family trees were reviewed, to select parent–child pairs in
which a pre- or protomutation was transmitted to a suc-
cessive generation. If a pre- or protomutation carrying
parent had multiple children, all children were included as
separate parent–child pair. Expanded CTG lengths were
categorized based on the mean CTG repeat length (as
results are usually given in a range), which was (CTG)n,
n= 36–50 in case of a premutation, (CTG)n, n= 51–80 in
case of a protomutation, and (CTG)n, n > 80 in case of a full
mutation. CTG repeat length instability was defined as an
expansion of the pre- of protomutation CTG repeat into
(CTG)n, n > 80 in offspring. All CTG repeats used in the
study were analyzed as part of regular patient care. Since
the determination of DM1 subtypes is based on clinical
features, which can become apparent at an older age in case
of juvenile, adult- or late-onset DM1, only the occurrence of
congenital DM1 in offspring was recorded.

Characterization of CTG repeat lengths

Genomic DNA was extracted from whole blood using the
NucleoSpin ®8 Blood Isolation kit (Macherey-Nagel, Düren,
Germany) according to the manufacturer’s instructions. CTG
repeat length analysis was performed by CTG-PCR, followed
by Southern blot hybridization, and triplet-primed PCR (TP-
PCR). For the CTG-PCR, 200 ng genomic DNA was used
with 20 pmol Fw-P1 primer 5′-AGAAAGAAATGGTCTGT
GATCCC-3′, 20 pmol 6-FAM labeled Rv-P2 primer 5′-GA
AGGGTCCTTGTAGCCGGGAA-3′, and 10% DMSO. TP-
PCR was performed on both strands of the CTG repeat
according to Warner et al. [22]. After PCR amplification, the
fragments were analyzed on ABI 3730 Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA). Subsequently,
Southern blot analysis was performed to confirm the CTG-
PCR and TP-PCR results. Therefore, PCR products obtained
using Fw-P1 and Rv-P2 were separated on a 1.5% agarose gel
and blotted onto a Nylon membrane (Roche Diagnostics
GMbH, Mannheim, Germany). The membrane was hybri-
dized with a 5′digoxygenine labeled (CTG)10 oligo probe.
After stringency washes, the digoxygenine label was visua-
lized using anti-digoxigenin-AP-conjugate and CDP-Star
(Roche Diagnostics GMbH, Mannheim, Germany).
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CTG repeat interruptions were determined by modification
of the TP-PCR. The Rv-P2 primer was replaced by the Fw-P1
primer, and P4CAG primer (tacgcatcccagtttgagacgCAGCAG
CAGCAGCAG) by a GGC or CCG specific primer (tacgcatc
ccagtttgagacgTGCCGCTGCCGCTGCC and tacgcatcccagtttg
agacgTGGGCCTGGGCCTGGGC, respectively). After PCR
amplification, the fragments were analyzed on ABI 3730
Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA). CTG tract interruptions in DM1 pre- and protomuta-
tions were confirmed by DNA sequencing. All collected
repeat sequences were submitted to the ClinVar database
(https://www.ncbi.nlm.nih.gov/clinvar/; accession numbers
SCV001156422–SCV001156483).

Statistical analysis

Statistical analysis was performed using IBM SPSS statis-
tics software version 24 (SPSS Inc, Chicago, IL, USA). The
distribution of continuous variables was assessed for nor-
mality by visual inspection of histograms and standardized
normal probability plots. Continuous variables are expres-
sed as mean ± standard deviation when normally dis-
tributed. Categorical variables are expressed as counts with
corresponding percentages. Qualitative data were compared
using the chi-squared (χ2) test or Fisher’s exact test, quan-
titative data were compared using the unpaired Student’s
t test. P < 0.05 was considered statistically significant.

Results

Patient characteristics

A total of 146 parent–child pairs with a known parental pre-
((CTG)n, n= 36–50) or protomutation ((CTG)n, n=
51–80) of the DM1 locus were included. Thirty-four
(23.3%) parents carried a premutation and 112 (76.7%)
carried a protomutation (Fig. 1). A total of 35 parents with
multiple children were included. Of the transmitting par-
ents, 81 were male and 65 were female. Baseline char-
acteristics of included parents are further summarized in
Table 1.

Intergenerational instability

Upon transmission in the premutation group, 2 out of 34
alleles (5.9%) expanded into (CTG)n of n > 80 in offspring.
In the protomutation group, 71 out of 112 alleles (63.4%)
expanded into (CTG)n of n > 80 in offspring (Fig. 1). Chi-
square analysis indicated a significant association between
the type of mutation (pre- or protomutation) and expansion
of the CTG repeat into (CTG)n, n > 80 (p < 0.001). None of
the children that inherited a (CTG)n of n > 80 were affected

by the congenital subtype of DM1. CTG tract interruptions
were observed in two DM1 premutation carrying parents
and their offspring.

Intergenerational instability in relation to parental
gender

The combined results of both pre- and protomutation
transmissions show that 58 out of 81 (71.6%) paternal
transmissions lead to a (CTG)n repeat of n > 80 in offspring,
in comparison with 15 out of 65 (23.1%) maternal trans-
missions (p < 0.001) (Table 1). Repeat length instability
occurred for the entire range of paternal (CTG)n repeats of
n ≥ 45, while maternal instability was not observed until
(CTG)n repeats reached a length of n ≥ 71 (Fig. 2). Apart
from the observed CTG thresholds in our study population
((CTG)n, n= 45 for paternal transmission and (CTG)n, n=
71 for maternal transmission), paternal transmission of
DM1 pre- and protomutations seemed to be more frequently
unstable than maternal transmission, even if the (CTG)n
repeat in offspring did not reach lengths over n > 80
(Fig. 3).

When restricting the analysis to first-born offspring (n=
97), paternal transmission of pre- and protomutations lead
to (CTG)n of n > 80 in offspring in 41 out of 57 cases
(71.9%). For maternal inheritance, transmission of pre- and
protomutations lead to (CTG)n of n > 80 in offspring in 10
out of 40 cases (25%). Chi-square analysis indicated a
significant association between parental gender and expan-
sion of the CTG repeat into (CTG)n, n > 80 in case of first-
born offspring (p < 0.001). The observed sex-dependent
CTG threshold of (CTG)n, n ≥ 45 for males and (CTG)n,
n ≥ 71 for females remained the same.

Transmission of premutations (n= 34) caused (CTG)n
repeats of n > 80 in offspring in two cases, of which both

Fig. 1 Included premutation and protomutation allele carrying
parents. Individuals with an identified premutation ((CTG)n, n=
36–50) or protomutation ((CTG)n, n= 51–80), tested between 1993
and 2017, were selected from the myotonic dystrophy type 1 (DM1)
patient cohort database of the Clinical Genetics laboratory of the
Maastricht University Medical Center+. Intergenerational instability
of the CTG repeat length is displayed for both groups separately. Out
of 146 pre- and protomutation transmissions, 97 transmissions regard
first-born offspring.
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were paternally transmitted. Transmission of protomuta-
tions (n= 112) caused (CTG)n repeats of n > 80 in

offspring in 71 cases, of which 56 (78.9%) were paternally
transmitted.

Inheritance pattern in case of multiple children

For 35 DM1 pre- or protomutation allele carrying parents,
we had information about the CTG repeat size in more than
one child. In 31 of these families, all tested children were in
the same CTG category (either all tested children had a
(CTG)n of n > 80, or all tested children carried a pre- or
protomutation). In four of the investigated families, some of
the tested children inherited a (CTG)n repeat of n > 80,
while others inherited a relatively stable form of the pre- or
protomutation. In two of these families, only the second
child inherited a (CTG)n of n > 80 (one out of two children,
50%). In a family of three children, the second and third
child had a (CTG)n of n > 80 (66.7%). In another family of
five children, only the third child (20%) was affected by
DM1 with (CTG)n, n > 80. In these four families, all
transmitting parents were of male gender.

Discussion

In this study we retrospectively evaluated the intergenera-
tional instability of DM1 pre- and protomutation alleles,
focussing on the influence of parental gender. Our results
show that paternal transmission of both pre- and proto-
mutations is relatively unstable, causing (CTG)n repeats of
n > 80 in offspring in 71.6% of cases. For maternal trans-
mission, only 23.1% of offspring inherited a (CTG)n repeat
of n > 80. Moreover, the (CTG)n threshold for DM1 pre-
and protomutation instability in our study population was
n ≥ 45 for fathers, in comparison with (CTG)n, n ≥ 71 for
mothers. In general, DM1 protomutations were far less
stable than DM1 premutations.

Some studies have previously reported on the influence
of parental gender on DM1 pre- and protomutation

Fig. 2 Relationship between parental CTG repeat length and
myotonic dystrophy type 1 (DM1) status in offspring. The diagrams
demonstrate the relationship between parental CTG repeat length and
DM1 status in offspring, for DM1 premutation ((CTG)n, n= 36–50)
and protomutation ((CTG)n, n= 51–80) allele carrying parents.
DM1 status in offspring is based on a cut-off value of (CTG)n, n > 80.
a Paternal transmission. b Maternal transmission.

Table 1 Baseline characteristics
and intergenerational instability
of CTG repeats.

Total Paternal transmissions Maternal transmissions

n= 146 n= 81 n= 65

Parental age at birth offspring, years ± SD 30 ± 5 30 ± 5 29 ± 5

Type of mutation

Premutation ((CTG)n, n= 36–50) 34 18 (22.2%) 16 (24.6%)

Protomutation ((CTG)n, n= 51–80) 112 63 (77.8%) 49 (75.4%)

Mean CTG repeat ± SD 59 ± 11 58 ± 11 59 ± 12

Intergenerational instability

(CTG)n in offspring, n ≤ 80 73 23 (28.4%) 50 (76.9%)

(CTG)n in offspring, n > 80 73 58 (71.6%) 15 (23.1%)*

± values indicate means ± standard deviation (SD).

*Indicates statistical significant difference between paternal and maternal transmission, p < 0.001.
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transmission [12, 13, 17]. These studies support that
paternal transmission is more likely to cause repeat length
instability than maternal transmission [12, 13, 17]. In these
studies, however, the proportions of paternal unstable
transmission were even higher than the 71.6% found in our
study [12, 17]. Possibly, this was caused by an over-
estimation due to smaller sample sizes and broader inclu-
sion ranges (parental (CTG)n repeats up to n= 100).

We also report on gender-dependent CTG thresholds for
the inheritance of small-sized repeat expansions (Fig. 2).
Paternal repeat length instability started from (CTG)n
repeats as low as n= 45. Although the CTG threshold for
female inheritance is based on only 15 cases, the higher
threshold value further validates the role of parental sex.
Moreover, paternal transmission was found to be of a more
unstable nature, even if CTG repeats in offspring did not
exceed (CTG)n, n= 80 (Fig. 3).

None of the children in our study population were
affected by the congenital subtype of DM1. The congenital
subtype is typically the result of maternal inheritance of
adult DM1 with (CTG)n repeats of n > 150 [11, 17, 18, 23].
Thus, it may seem as if maternally transmitted large CTG
repeat expansions are more unstable than paternally trans-
mitted repeat expansions. This apparent reversed relation-
ship between parental gender and CTG repeat size in
offspring might be explained by negative selection of large
DM1 alleles at spermatogenesis [17, 24, 25]. Consequently,
paternally transmitted small-sized CTG repeats would
demonstrate substantial lengthening of the repeat in off-
spring, as observed in our study, while paternally trans-
mitted congenital DM1 would be rare due to natural
selection. This proposed mechanism is strengthened by the
limited number of case reports on paternally inherited
congenital DM1, in which paternal repeat lengths were

mostly on the lower end of the scale ((CTG)n between n=
65 and n= 200) [25–29]. In our study population, however,
large repeat expansions in offspring and congenital DM1
were not observed, which could be considered a limitation
that possibly attenuates the aforementioned hypothesis.

In other trinucleotide repeat disorders, such as Hunting-
ton disease (HD), parental gender differences in transmis-
sion have also been observed [30–33]. For HD, large CAG
expansions in offspring occur almost exclusively through
paternal transmission, while maternal transmission was
found to be relatively stable [32]. HD intermediate alleles,
which resemble DM1 pre- and protomutations since they
rarely cause clinical symptoms but are prone to inter-
generational instability, show a similar effect of paternal
sex [31].

Still, parental gender does not seem to be the only factor
contributing to DM1 pre- or protomutation instability. As
our results show, different children of the same transmitting
parent can inherit either (CTG)n repeats of n > 80, or a
relatively stable form of the pre- or protomutation. This
phenomenon was observed in four families, in which the
transmitting parent was the father. The length of the par-
ental repeat expansions itself seems to be of influence on
allele instability (Fig. 3), but the literature suggests that
other factors such as parental age, genetic modifiers, and
DNA repair mechanisms might also play a role
[12, 25, 33, 34]. Since first-born offspring in these four
families did not inherit (CTG)n repeat lengths of n > 80,
paternal somatic instability of the repeat might have also
had an effect.

Apart from this, it is known that repeat stability can be
influenced by DMPK allele methylation and by the presence
of interruptions in the DMPK CTG repeat tract [35–38].
DMPK allele methylation was not assessed in this

Fig. 3 Relationship between
parental CTG repeat length
and CTG repeat length in
offspring. Charts have been
categorized by parental gender.
DM1 status is based on a cut-off
value of (CTG)n, n > 80. The
values above each pie chart
represent parental CTG repeat
length.
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observational study, since determination of the methylation
profile is not part of routine DMPK repeat length analysis.
While the exact role of CTG repeat interruptions has not
been clarified, they seem to be present in <5% of DM1
patients and can possibly cause stability or even contraction
of the CTG repeat [35, 36, 39]. In our study population,
CTG tract interruptions were demonstrated in only two
DM1 premutation carrying parents and their offspring.
Thus, the effect of CTG tract interruptions in this study
seems limited.

For the interpretations of our results, it is important to
consider the role of DM1 tissue heterogeneity. Previous
research has shown that somatic variation of CTG repeat
expansions can contribute to observed intergenerational
differences of CTG repeat lengths [19, 40]. Moreover, for
larger repeats, the size of the determined CTG repeat
expansion appears to be age-dependent and test results
could therefore differ after several years [40, 41]. However,
somatic variation seems to be less prominent and indepen-
dent of age for small-sized DM1 alleles, presumably mini-
mizing its effect [13, 19].

In the current study, several parent–child pairs with the
same transmitting parent were included. In order to deter-
mine the potential influence of multiple transmissions, we
repeated our analysis while restricting it to first-born off-
spring. This analysis determined that the percentages of
DM1 affected offspring in first-born children were com-
parable with the results for the entire group of 146 DM1
parent–child pairs.

There are, however, some limitations to this study. First
of all, data were collected in a retrospective manner and it
should be noted that new mechanistic assays were not
performed. Moreover, pre- or protomutation carriers were
identified through clinically affected probands. Families in
which the pre- or protomutation has been transmitted in a
relatively stable manner over several generations, without
the presence of a clear clinical picture, are therefore missed
in the study. This could have resulted in an overestimation
of intergenerational instability. Collecting prospective data
on pre- and protomutation transmissions in families of the
general population, without knowledge of an affected pro-
band, seems unachievable however. Yet, the current study
describes the largest cohort of parent–child pairs in which a
small-sized CTG repeat was transmitted to the next gen-
eration. In addition, the results of both pre- and proto-
mutation transmissions were combined in a single study,
describing possible sex-dependent CTG thresholds for the
first time.

In clinical practice, the results of this study can be of
significant value when counseling small-sized CTG repeat
allele carriers. Guidelines for molecular testing in DM1
describe that small-sized CTG repeats ((CTG)n, n= 36–50)
may be unstable, but are non-specific and ignore the role of

parental gender [11]. We recommended to counsel pre- or
protomutation allele carriers in a specific manner, addres-
sing the influence of parental gender. In case of a male
small-sized repeat carrier, the risk of having a symptoma-
tically affected child is considerably large, as paternal
instability was observed to start for (CTG)n, n= 45. For
female allele carriers, the risk is lower, but increases as the
maternal CTG repeat lengthens. Based on these risk figures,
the choice of future parents to opt for natural pregnancy
with or without prenatal testing, or preimplantation genetic
testing may be individualized.

In conclusion, we found that paternal transmission of
DM1 pre- and protomutations is far more unstable com-
pared with maternal transmission of small-sized CTG
repeats. We also found a lower CTG thresholds for the
instability of paternal DM1 pre- and protomutation alleles.
Ultimately, we recommend a sex-dependent genetic coun-
seling advice for DM1 small-sized repeat carriers.
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