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Aim: Myotonic dystrophy type 1 (DM1) is caused by an unstable trinucleotide (CTG) expansion at the
DMPK gene locus. Cognitive dysfunctions are often observed in the condition. We investigated the as-
sociation between DMPK blood DNA methylation (DNAm) and cognitive functions in DM1, considering
expansion length and variant repeats (VRs). Method: Data were obtained from 115 adult-onset DM1 pa-
tients. Molecular analyses consisted of pyrosequencing, small pool PCR and Southern blot hybridization.
Cognitive functions were assessed by validated neuropsychological tests. Results: For patients without VRs
(n = 103), blood DNAm at baseline independently contributed to predict cognitive functions 9 years later.
Patients with VRs (n = 12) had different DNAm and cognitive profiles. Conclusion: DNAm allows to better
understand DM1-related cognitive dysfunction etiology.

Lay Abstract: Aim: Myotonic dystrophy type 1 (DM1) is a rare neuromuscular genetic disease caused by an
abnormal expansion of a small DNA sequence (CTG) within the DMPK gene locus. Cognitive dysfunctions
are often observed in DM1. DNA methylation (DNAm) is an epigenetic process regulating gene expression
with potential phenotypic impacts. Our study aimed to investigate whether DNAm levels measured in
blood at the DMPK gene locus are associated with cognitive functions in DM1, in addition to the length of
the CTG expansion. Method: Data were obtained from 115 adult-onset DM1 patients followed up over a 9-
year period. Cognitive functions were assessed by validated neuropsychological tests. Results: For patients
without CTG repeat interruptions (n = 103), blood DNAm at baseline independently predicted cognitive
functions 9 years later. Patients with CTG repeat interruptions (n = 12) had different DNAm and cognitive
profiles. Conclusion: DNAm might allow us to better understand DM1-related cognitive dysfunction.
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Myotonic dystrophy type 1 (DM1) is a multisystemic condition causing serious morbidity [1] for the patients
themselves and their family [2,3], with muscular impairment as the cardinal sign. A variety of CNS impairments
have been described, although they are highly variable between individuals [4,5]. Indeed, various neuropsychological
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studies have shown that DM1 patients present at least subtle changes in their brain functions [2,4–7]. These
alterations are more obvious in the severe forms of the disease (i.e., congenital and juvenile DM1), although the
adult and late-onset forms have been associated with greater and faster cognitive decline than normally observed
with aging [6,8–11]. Such deficits are thought to involve many cognitive functions, like executive function, attention,
visuospatial perception, memory, social cognition and processing speed [2,4,7,12].

CNS alterations are supported by neuro-imaging studies, which have identified brain structural changes that
might be part of the pathophysiological processes underlying cognitive impairments in DM1 [6,7,9,10,13]. Overall,
results from previous studies reveal that cognitive functions are highly variable between individuals, but the
biological mechanisms behind this remain mostly unknown [5,14].

DM1 is an autosomal dominant genetic condition [15] caused by an unstable cytosine–thymine–guanine (CTG)
trinucleotide repeat expansion within the 3′-untranslated region (UTR) of the DMPK gene [16–18]. The CTG
expansion becomes pathological over 50 repeats but can reach more than 1000 repeats [16] in the more severe forms.
Usually, longer CTG expansions are associated with greater severity of symptoms, including neuropsychological
profiles [19], although results have been inconsistent across studies [8,12]. Symptoms generally worsen in subsequent
generations as the CTG expansion is unstable and tend to expand during germline transmission [15]. In addition,
a small subset of DM1 patients (∼5%) also carries interruptions in their CTG repeat, often called variant repeats
(VRs) [20,21]. VRs, which include CCG, GGC or CTC motifs, have been associated with milder muscular symptoms,
as they seem to reduce the somatic instability of the CTG expansion, which is also present in DM1 patients over
time [20,21]. To date, the association between VRs and cognitive profile in DM1 in not well understood. In addition,
genetic variation alone does not explain all DM1 phenotypic variability [11,22], suggesting that other factors, such
as epigenetic modifications [23–34], should be taken into account.

DNA methylation (DNAm) is a widely studied epigenetic modification, which regulates gene expression [35,36].
DNAm is environment-sensitive, reversible and can be transmitted through generations [36]. Interestingly, a previous
study conducted by our group identified associations between DNAm levels at the DMPK gene locus and muscular
strength and respiratory functions in adult-onset DM1 patients [23]. Another study found associations between
DNAm levels at the DMPK gene locus and CTG length, disease severity as well as age of symptoms onset [26].
DNAm levels at the DMPK gene locus have also been associated with its own transcriptional activity (e.g., mRNA
levels) in various tissues [25]. Interestingly, DMPK DNAm levels have also been correlated with the expression of
other nearby genes that may also be associated with DM1 pathology, such as SIX5 [25]. This is of clear interest
as deregulation of SIX5 expression has been suggested as a potential mechanism leading to neuropsychological
alterations in DM1 patients [37].

To the best of our knowledge, the impacts of both VRs and DNAm on cognitive functions in DM1 have never
been reported. In this study, we have thus investigated the associations between blood DNAm levels at the DMPK
gene locus and cognitive profiles over a 9-year follow-up period, taking into account both the CTG repeat length
and the presence of VRs. We hypothesized that DNAm levels at the DMPK gene locus contribute to interindividual
variability in cognitive functions of adult-onset phenotypes of DM1, independently from the CTG repeat length
and the presence of VRs. Moreover, we expected DNAm levels at the DMPK gene locus to be associated with
DMPK and SIX5 expression (mRNA levels), which might also be associated with patient’s cognitive functions. This
would further support the functional role of DMPK gene expression regulation (partly thought DNAm) at this
locus in DM1 cognitive symptoms.

Participants & methods
This study was part of a larger longitudinal study involving a 3-day evaluation [38,39]. Data were collected at two
time points; the first between 2002 and 2004 (T1), and then 9 years later from 2011 to 2013 (T2). In total, 115
DM1 patients presented at both T1 and T2. Details about the recruitment and follow-up have been previously
published [38,39].

Participants
DM1 patients were recruited at the Neuromuscular clinic of the Centre intégré universitaire de santé et de services
sociaux du Saguenay-Lac-Saint-Jean (CIUSSS-SLSJ), Québec, Canada. Adult and late-onset phenotypes were in-
cluded, and all participants had a molecular diagnostic through genetic testing. Participants were diagnosed with
late-onset phenotype if they presented with two of the three following criteria: number of CTG repeats under 200,
a score of 1 (no muscle impairment) or 2 (minimal signs) on the Muscular Impairment Rating Scale, and age at
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onset of symptoms >40 years [8]. All other participants were classified as having the adult phenotype, according
to their molecular DM1 diagnostic. In our cohort, participants self-reported their age at symptom onset. Patient
information such as age, sex and educational level were collected through a socio-demographic questionnaire. All
participants gave their informed consent and the project was approved by the Research Ethic Committee of the
CIUSSS-SLSJ.

Cognitive functions
Among the neuropsychological battery administered to participants, three tests were selected as they showed the
highest score variations between T1 and T2 in a previous study by our group [8]. The digit symbol coding subscale
of the Wechsler Adult Intelligence Scale-Revised (WAIS-R) is a well-used neuropsychological tool permitting to
assess processing speed and that has been shown to be sensitive to the presence of cognitive dysfunction as well as to
change in cognitive function [40]. It is used clinically to evaluate patient cognition changes with time and its score
is influenced by a wide range of cognitive skills, such as attention, visuospatial perception, learning and working
memory [40]. The California Verbal Learning Test (CVLT) measures learning ability and verbal memory (short and
long term). The CVLT is also a widely used test in research as well as to clinically monitor episodic verbal learning
and memory [41,42]. The CVLT A1-A5 subscore specifically assess the total number of recalled right words and
reflects verbal semantic learning abilities. The Ruff 2&7 evaluates sustained and selective attention [43]. Participants
completed the French validated version of these tests at both time points [8]. The tests were administered by two
well-trained research assistants using standardized procedures, including evaluation across two separate half days
to minimize fatigue [8]. All three tests used normative tables allowing us to compute each participant’s results into
z-scores that were normalized for age (i.e., based on community samples). This means that no change in z-score
would be expected over time in a healthy population. For each test, a negative z-score means that the patient
performed worse than would be expected for his age. In addition, the CVLT was also normalized for patients’ sex,
while the Ruff 2&7 was corrected for sex and education [8].

Blood sampling & nucleic acids extraction
DNA was extracted from blood samples at T1 and T2, which were collected in vacutainer tubes containing EDTA.
Buffy coats were stored at -80◦C until DNA extraction was performed using a standardized protocol from the
Gentra Puregene Blood Kit (Qiagen, MD, USA). Double stranded DNA was quantified using the Quant-iT™

PicoGreen™ dsDNA Assay Kit (Thermo Fisher Scientific, USA).
At T2, blood samples were also collected in PAXgene Blood RNA Tubes (Qiagen) and stored at -80◦C (as

recommended by the manufacturer) until RNA extraction, which was performed using the PAXgene Blood RNA
Kit following standardized procedures (Qiagen). RNA integrity (mean RNA Integrity Number (RIN) = 8.7 ± 0.60)
was assessed on an Agilent 2100 Bioanalyser, using the Agilent RNA 6000 Nano Kit (Agilent Technologies,
CA, USA). Only RNA samples with RIN ≥ 6 were included in mRNA quantification analyses (n = 107, only at
T2).

DMPK DNA methylation levels at T1 & T2
DNAm levels at DMPK gene locus at T1 and T2 were quantified on a PyroMark Q24 pyrosequencer (Qiagen).
Pyrosequencing is a real time and quantitative sequencing method quantifying site-specific DNAm levels as a
percentage (%) for each CpG site of a given sequence [44]. Before sequencing, DNA samples were treated with
sodium bisulfite using the EpiTect Bisulfite Kit (Qiagen), followed by PCR amplification with the PyroMark PCR
Kit (Qiagen), according to the manufacturer’s standard protocol. Based on a previous study from our group, we
selected CpG sites with the largest variability in DNAm levels between participants [23]. PCR and sequencing
primers were designed with Pyromark assay design 2.0 (Qiagen), as described before [23]. A schema of the selected
region (i.e., L6), which is located in the 3′-UTR (downstream) of DMPK (GRCh38: Chromosome 19: 45770041-
45769996), is presented in Figure 1. 14 samples (four at T1 and ten at T2), failed to pass the pyrosequencing
quality controls and were thus excluded from the statistical analyses.

DMPK & SIX5 mRNA levels at T2
DMPK and SIX5 mRNA levels were quantified using quantitative real-time PCR (Applied Biosystems 7500 Real
Time PCR system; ThermoFisher Scientific, MA, USA) relative to B2M and GAPDH endogenous controls. For
each sample (n = 107), 200 ng of RNA was reverse transcribed into cDNA using the High Capacity cDNA RT kit
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Figure 1. Schema of the DMPK gene locus. The region studied was located downstream of the CTG expands, in a large CpG island.
Spearman correlation coefficients between CpG sites DNAm levels are shown for T1 and T2.
DNAm: DNA methylation; UTR: Untranslated region.

(ThermoFisher Scientific), and amplified, in duplicate, using the Taqman Fast Universal PCR Master Mix (Ther-
moFisher Scientific), as well as primers and Taqman probes (ThermoFisher Scientific; DMPK: Hs00189385 m1,
SIX5: Hs01650774 m1, B2M: Hs00984230 m1, GAPDH: Hs02758991 g1). B2M and GAPDH mean mRNA
levels were shown to be stable in the blood samples of participants (18.3 ± 0.6) and were measured in parallel to
DMPK and SIX5 as reference genes, according to the manufacturer’s recommendations. Mean mRNA level ratios
(reference genes/DMPK; reference genes/SIX5) were computed and used for the statistical analyses. SIX5 mRNA
duplicates values were too different for ten samples (i.e., more than 0.5 cycle threshold differences), thus they were
excluded from the analyses.

CTG repeat length & variant repeats analyses
Modal CTG repeat length at each timepoint was measured using small pool PCR and Southern blot hybridization.
As previously described [23,45], the flanking primers DM-C and DM-DR were used to amplify the DMPK CTG
repeat by PCR. The PCR buffer Custom PCR Master Mix-No Taq (Thermo Scientific, Renfrew, UK) was
supplemented with 69 mM of 2–mercaptoethanol, and Taq polymerase (Sigma-Aldrich, Gillingham, UK) was
used at 1 unit per 10 μl. When amplification of the expanded allele failed due to the suspected presence of
variant repeats, 10% DMSO (Sigma-Aldrich) was added to the reactions, along with a decrease of the annealing
temperature from 68 to 63.5◦C. According to the manufacturer’s protocol, PCR products were digested with Acil
(New England Biolabs, Hitchin, UK) for detection of VRs. PCR products were resolved on agarose gels (1%) in
0.5X TBE, blotted and hybridized. Labeling of DNA probes complementary to the CTG repeat and the molecular
weight marker Invitrogen 1 kb+ ladder (Thermo Fisher Scientific) and the was performed with α-32P-dCTP
(Perkin Elmer, Beaconsfield, UK) and the Invitrogen Random Primers DNA labeling system, respectively (Thermo
Fisher Scientific). Afterward, autoradiographs were scanned, and allele lengths were estimated in comparison to the
1 kb+ ladder using CLIQS 1D gel analysis software (TotalLabs, St Helens, UK), as previously described [45]. CTG
repeat length was unavailable for eight participants at T1 and six participants at T2.
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Statistical analyses
Because differences between VRs groups were observed for DNAm levels, all the following analyses were conducted
in both groups separately (if not otherwise specified). IBM SPSS 25.0 software (IBM, NY, USA) was used for all
the statistical analyses. Normality of the variables were assessed with Shapiro-Wilk test and histogram inspection.
As most variables did not present a normal distribution, non-parametric tests were employed when needed.
We used Mann-Whitney U-test to assess differences between VRs groups (i.e., with versus without VRs) for
CTG repeat length, DNAm levels and cognitive functions as well as for age and age at onset. Chi Square tests
were applied to assess group differences in DM1 phenotype and sex. We also applied a Kruskal-Wallis test to
investigate the presence of differences in DNAm levels according to the parental inheritance of the mutant allele
(maternal/paternal/unknown), at the five CpGs of interest in our study.

Wilcoxon signed-rank tests were used to study the presence of change (or decline) in cognitive functions over
the 9 year follow-up period. Delta z-score were also calculated (i.e., cognitive test z-scores at T2 minus cognitive
test z-scores at T1) as indicators of change over time (i.e., negative delta z-score mean the patient’s performance
according to his age declined from T1 to T2). We used this score of change to compare the two groups (i.e., with
vs without VRs) using Mann-Whitney U-test.

To explore how cognitive test scores at T2 could be predicted by the patient’s characteristics and DNAm levels at
T1, we first computed Spearman correlation coefficients to identify potential CpG sites to include in our models
(correlation p-value < 0.15 for association between DNAm levels at T1 and the cognitive test scores at T2). We then
used stepwise linear regression models for each neuropsychological test. Patients with AciI-sensitive VRs (n = 12)
were excluded, as the sample size of that group was too small to apply stepwise analyses. As we aimed to predict
cognitive functions at T2 using the patient’s profile at T1, the following variables were included in the models,
based on available data from the original study: DNAm levels (T1, only CpGs correlated with the outcome), modal
CTG repeat length (T1), DM1 phenotype, age (T1), sex and education levels. As stated above, the z-score for the
CVLT already considered patient’s sex; thus, we did not add sex to the CVLT regression model. Using variance
inflation factors, we tested each model to make sure there was no multicollinearity of variables. DNAm levels at
T1 were not associated with Ruff 2&7 z-score at T2; therefore, we did not pursue the analyses for this test.

Finally, we assessed the correlations between DMPK and SIX5 mRNA levels with DNAm levels at the DMPK
gene locus and the cognitive test scores (only at T2) using Spearman coefficients.

Results
Participant’s characteristics
Table 1 presents the participant’s characteristics at T1 and T2. Most had the adult phenotype (79.1%). Mean age
at T1 was 43.6 ± 10.3 years, whereas the age at onset was 21.2 ± 9.5 years, on average. Patients with Acil-sensitive
VRs had lower CVLT A1-A5 z-score (p = 0.002, Mann–Whitney U-test) and tend to have higher Ruff 2&7 total
speed scores (p = 0.07, Mann–Whitney U-test) at T1 as compared with those without the VRs (Table 1). No other
differences between groups were found (Table 1).

Participant’s cognitive functions change over time
Patients without VRs presented a significant decline in their cognitive performance for the three tests: CVLT A1-A5
(p = 4.9 × 10-9, Wilcoxon signed-rank test), Ruff 2&7 (p = 1.1 × 10-12, Wilcoxon signed-rank test) and WAIS-R
digit symbol coding (p = 4.6 × 10-9, Wilcoxon signed-rank test). On the opposite, only WAIS-R digit symbol
coding significantly declined from T1 to T2 for patients with VRs (p = 0.01, Wilcoxon signed-rank test).

Based on delta z-scores (i.e., z-score T2 – z-score T1), we also found that decline in CVLT A1-A5 performance
tend to be greater in patients without VRs as compared with those with the VRs (VRs: -0.10 ± 0.97; No VRs:
-0.78 ± 1.2; p = 0.08) (Figure 2).

DMPK DNA methylation levels at T1 & T2
As shown in Figure 1, the five CpGs tended to be only moderately correlated with each other (0.27 ≤ rs ≤0.82) and
were thus considered independently in the analyses. At T1, all CpGs showed lower DNAm levels in the absence of
AciI-sensitive VRs, and these differences were similar at T2 (Table 2 and Supplementary Table 1; adjusted for age
and sex). There were differences in DNAm levels between T1 and T2 for patients without VRs at CpGa (p = 0.02),
CpGb (p = 0.04), CpGc (p = 0.001), CpGd (p = 0.03) and CpGe (p < 0.001) (data not shown). For patients with
VRs, there was only a statistically significant difference between T1 and T2 at CpGd (p = 0.02). DNAm levels
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Table 1. Patient’s characteristics at first and second follow-up.
Patients without variant repeats Patients with variant repeats p-value

n Mean ± SD
OR n (%)

Range
(min – max)

n Mean ± SD
OR n (%)

Range
(min – max)

First follow-up (T1)

Age 103 43.3 ± 10.5 20–77 12 46.8 ± 8.4 39–69 0.11

Patient self-reported age at symptom onset 75 20.7 ± 9.2 4–64 7 27.0 ± 11.7 12–43 0.18

Sex (F/M) 103 65/38 (63.1% F) NA 12 7/5 (58.3% F) NA 0.75

Education level (high school not completed/ high
school completed/ higher education)

103 45/37/21 (43.7%/

35.9%/ 20.4%)
NA 12 5/3/4 (41.7%/

25%/ 33.3%)
NA 0.06

Phenotype (Adult/Late-onset) 103 82/21 (79.6% adult) NA 12 9/3 (75.0% adult) NA 0.71

Modal CTG repeat length 96 510 ± 318 68–1321 11 443 ± 243 150–859 0.74

WAIS-R digit symbol coding (z-score)† 103 -1.01 ± 0.62 -2.33–1.00 11 -0.91 ± 0.84 -2.00–0.33 0.77

CVLT A1-A5 (z-score)‡ 103 0.31 ± 1.10 -2.70–2.30 12 -0.81 ± 1.04 -2.60–0.30 0.002

Ruff 2&7 total speed (z-score)§ 99 -0.73 ± 0.92 -2.90–1.90 11 -0.23 ± 1.24 -2.80–2.30 0.07

Second follow-up (T2)

Age 103 51.9 ± 10.49 29–85 12 55.33 ± 8.38 47–77 0.13

CTG repeat length 99 649 ± 431 63–1545 10 558 ± 296 202–1071 0.73

WAIS-R digit symbol coding (z-score)† 102 -1.33 ± 0.68 -3.00–0.67 12 -1.58 ± 1.00 -3.00–0 0.25

CVLT A1-A5 (z-score)‡ 103 -0.48 ± 1.16 -4.50–2.30 11 -0.96 ± 1.60 -3.5–1.00 0.45

Ruff 2&7 total speed (z-score)§ 98 -1.45 ± 1.00 -4.00–1.3 11 -0.78 ± 1.62 -2.9–2.8 0.14

†z-score corrected for patient age.
‡z-score corrected for patients age and sex.
§z-score corrected for patient age and education.
CVLT: California Verbal Learning Test; OR: Odds ratio; SD: Standard deviation; WAIS-R: Wechsler Adult Intelligence Scale-Revised.
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Figure 2. Cognitive function changes from
T1 to T2 (patients with or without variant
repeats) for CVLT A1-A5, compared with
Mann–Whitney U-test. A negative delta
z-score mean the patient’s performance
according to his age declined more than
would be expected in a community sample
from T1 to T2.
CVLT: California Verbal Learning Test; SD:
Standard deviation; VR: Variant repeats.

were only moderately correlated with the CTG repeat length at both T1 and T2 (Supplementary Table 2). Finally,
we did not find DNAm differences between participants who inherited their CTG expansion maternally (n = 40)
or paternally (n = 53; unknown n = 18; p > 0.12; Supplementary Figure 1).

DMPK DNAm levels at T1 predict cognitive functions at T2 for patients without VRs
Spearman correlations were applied to select the CpG sites to include in the stepwise linear regression models. We
found that DNAm levels at CpGb (rs = -0.15; p = 0.14) were correlated with the WAIS-R digit-symbol coding
model, whereas CpGb (rs = -0.17; p = 0.09), CpGc (rs = -0.23; p = 0.02), CpGd (rs = -0.32; p = 0.001) and CpGe
(rs = -0.18; p = 0.08) were correlated with the CVLT A1-A5. We did not observe any correlation between DNAm

10.2217/epi-2020-0328 Epigenomics (Epub ahead of print) future science group



DNA methylation & cognitive functions in DM1 Short Communication

Table 2. Differences in DNA methylation levels at the DMPK gene locus between patients with or without AciI-sensitive
variant repeat.

DNA methylation levels (%) at the DMPK gene locus p-value†

Patients without variant repeats Patients with variant repeats

Mean ± SD Range (min – max) Mean ± SD Range (min – max)

Baseline (T1) (n = 100) (n = 11)

CpGa 2.78 ± 1.69 1.72–16.06 8.55 ± 8.84 1.85–26.59 0.002

CpGb 1.61 ± 0.91 0.70–7.49 7.01 ± 7.45 0.97–21.41 4.3 × 10-4

CpGc 4.40 ± 2.08 2.46–19.15 12.33 ± 10.91 3.37–32.89 3.7 × 10-4

CpGd 2.26 ± 1.84 1.01–16.32 10.24 ± 10.89 1.03–31.28 1.9 × 10-4

CpGe 5.91 ± 1.70 3.53–16.61 12.64 ± 9.90 4.55–32.98 0.005

9-year follow-up (T2) (n = 94) (n = 11)

CpGa 2.90 ± 0.88 1.42–7.02 7.91 ± 6.85 2.36–19.08 0.003

CpGb 1.76 ± 0.93 0–7.36 5.96 ± 6.71 0–19.27 0.06

CpGc 4.84 ± 1.88 2.69–17.15 11.76 ± 8.45 3.98–25.72 5.9 × 10-5

CpGd 2.42 ± 1.55 0–14.25 7.71 ± 8.01 1.55–21.42 0.02

CpGe 8.35 ± 2.35 4.32–18.51 12.83 ± 7.45 5.75–27.54 0.10

†Corrected for patients age and sex.
SD: Standard deviation.

Table 3. Stepwise linear regression model aiming to predict the patients’ performance at the WAIS-
R digit symbol coding (z-score) test at T2 based on their characteristics at T1.

WAIS-R digit symbol coding at T2
(� ± SE; p-value)

Age � = -0.57; p = 1.0 × 10-10

Sex � = -0.32; p = 6.0 × 10-5

Education � = 0.24; p = 0.003

DM1 phenotype � = -0.30; p = 0.001

DNAm levels CpGb � = -0.21; p = 0.01

Model R square 0.495

Model p-value 3.9 × 10-12

Variables tested are DNAm levels at CpGb (T1), CTG repeat length (T1), age (T1), DM1 phenotype, sex and education.
DNAm: DNA methylation; SE: Standard error; WAIS-R: Wechsler Adult Intelligence Scale-Revised.

Table 4. Step-wise linear regression aiming to predict the patients’ performance at the CVLT A1-A5
(z-score) test at T2 based on their characteristics at T1.

CVLT A1-A5 z-score at T2 (� ± SE; p-value)

DM1 phenotype � = 0.32; p = 0.001

Education � = 0.23; p = 0.02

DNAm levels CpGd � = -0.18; p = 0.06

Model R square 0.166

Model p-value 0.001

Variables tested are DNAm levels (CpGb-CpGe) (T1), CTG repeat length (T1), age (T1), DM1 phenotype and education.
CVLT: California Verbal Learning Test; DNAm: DNA methylation;SE: Standard error.

levels T1 and Ruff 2&7 total speed at T2. We also found that a longer number of CTG repeats at baseline was
correlated with worst outcomes at the Ruff 2&7 (rs = -0.45; p = 6.0 × 10-6) and the WAIS-R digit-symbol coding
(rs = -0.26; p = 0.01) at follow-up in patients without VRs.

Then applying stepwise regression models, we found that age at T1, sex, education level, DM1 phenotype and
DMPK DNAm levels (T1) at CpGb explained 49.5% of WAIS-R digit symbol coding test score variability at T2
(model p = 3.9 × 10-12) (Table 3). Using a similar approach, we found that patients’ DM1 phenotype, education
level and DMPK DNAm levels (T1) at CpGd contributed independently to CVLT A1-A5 test score (Table 4).
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0.50

0.51

DNAm levels CpGc (%) (patients without VR, T2)

S
IX

5 
b

lo
o

d
 m

R
N

A
 le

ve
ls

 a
t 

T
2

0 20

0.60

0.52

0.53

0.54

0.55

0.56

0.57

0.58

0.59

5 10 15

r=-0.25
p = 0.03
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methylation levels and SIX5 mRNA levels at
T2.
VR: Variant repeat.

Together, these explained 16.6% of the CVLT A1-A5 test score variance at T2 (model p = 0.001) (Table 4).
Interestingly, the CTG length at T1 was not retained in the step-wise models when including DNAm levels.

DMPK DNAm levels at T1 are associated with cognitive functions at T2 for patients with
AciI-sensitive VRs
The limited number of patients with AciI-sensitive VRs prevented to test regression models as above. Nevertheless,
we investigated the association between DMPK DNAm levels and cognitive test scores in this patients’ subgroup.
Using Spearman correlation, we found coefficients of interesting effect size between DMPK DNAm levels at
CpGb-CpGe and WAIS-R digit symbol coding test scores (rs range = -0.16 to -0.27), as well as between DNAm
levels at CpGb-CpGe and CVLT A1-A5 test scores (rs range = -0.24 to -0.35). Although none reached statistical
significance (Supplementary Table 3), these effect sizes are of similar magnitude and in the same direction as those
observed for patients without the VRs. As for CTG length, a statistically significant correlation was only observed
with the WAIS-R digit-symbol coding (rs = -0.61; p = 0.04) at follow-up.

DMPK & SIX5 mRNA quantification analyses
First, DMPK and SIX5 mRNA levels quantified in blood cells (RNA samples only available at T2) were similarly
positively and highly correlated with each other in both patients without (rs = 0.78, p = 2.2 × 10-18) and with VRs
(rs = 0.81, p = 0.003).

We further tested the association between DMPK DNAm and DMPK and SIX5 mRNA levels. We found a
negative correlation between CpGc DNAm at T2 and SIX5 mRNA levels (rs = -0.25, p = 0.03) in patients without
VRs (Figure 3). This correlation did not reach statistical significance in patients with the VRs, although it was of
higher effect size (same direction) as that reported for patients without VRs (rs = -0.44, p = 0.20). There was no
other evidence of an association between DNAm levels and DMPK or SIX5 mRNA levels in our cohort (data not
shown). Of note, the CTG repeat length at T2 was marginally correlated with DMPK (rs = 0.19, p = 0.07) and
SIX5 (rs = -0.18, p = 0.10) mRNA levels in patients without VRs.

As for the correlations between gene expression and phenotype, DMPK mRNA levels were positively and
marginally correlated with the CVLT A1-A5 at T2 in patients without VRs (rs = 0.18, p = 0.07). This correlation
did not reach the significance threshold in patients with VRs, and the effect size was on the opposite direction
(rs = -0.14, p = 0.66). No other evidence of correlation was found between mRNA levels and cognitive profile (data
not shown).

Discussion
There is an urgent clinical need to better understand the mechanisms behind DM1 multi-systemic involvement,
and the high interindividual variability of the condition makes it a great challenge [1,10,46,47]. Since cognitive
impairments greatly impede on DM1 patients’ social participation, it is important to better understand their
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origins [3,47,48]. To the best of our knowledge, we are the first to report that DNAm levels at DMPK gene locus
could independently predict patients’ cognitive profile almost a decade later, in adult-onset DM1.

Currently, the DMPK CTG repeat length is recognized as the best predictor available to estimate the patient’s
multisystemic impairments in DM1, and some studies suggested that it might also apply to patients’ cognition, but
results are inconsistent between studies [8,12,19,49]. With this knowledge gap in mind, we have tested associations
and identified CpG sites at the DMPK gene locus where DNAm levels contributed to predict patients’ WAIS-R
digit symbol coding and the CVLT A1-A5 test scores, two neuropsychological tests performed 9 years after baseline
blood collection. These two tests are both highly involved in age-related cognitive diseases, such as dementia as well
as in the DM1 age and disease duration-related cognitive decline [8,50]. Importantly, performance on the WAIS-R
digit symbol coding correlates with real-world functional outcomes (e.g., the ability to accomplish everyday tasks).
This makes the current findings even more significant, since a decrease in abilities to accomplish such everyday
activities in DM1 patients is not only due to diminished motor capacities but also relate to cognitive functions.

Our results thus emphasize the promise of DNAm as a potential biomarker of disease progression and as a
potential prognostic tool for the cognitive phenotypes. Consequently, quantifying DNAm modifications in DM1
might lead to key findings leading toward a better understanding of DM1 pathophysiology and accordingly,
to improve personalized interventions. As an example, studies carried on an elderly population also found an
association between blood DNAm levels and abnormal cognitive decline during normal brain aging [51]. DM1 is
often compared with a hastened aging process, and as such, finding in DM1 may also improve our understanding
of mechanisms of abnormal aging [8,52].

Interestingly, we found that DMPK DNAm levels at T1 explain a fraction of the variance in WAIS-R digit
symbol coding and of the CVLT A1-A5 tests scores at T2 independently of the CTG repeat length, which was
not retained in stepwise models (even if there was a significant Spearman correlation between CTG length and
WAIS-R digit symbol coding) underlying the potential significance of DNAm in DM1 cognitive functions. These
results need to be interpreted with caution, as we only studied a few CpG sites and three neuropsychological tests –
including one (i.e., the Ruff 2&7) for which DNAm levels were not correlated with the test’s z-score, whereas CTG
repeat length was. This is partly in line with a recent study suggesting the importance of the CTG length in DM1
cognitive functions [49]. Of note, methodological differences between this previous study and ours might partly
explain some result discrepancies, as we used different neuropsychological tests, as well as different study designs
(i.e., transversal versus longitudinal). DNAm levels and CTG repeat length are correlated with each other and might
well interact in DM1 pathophysiology. More study including both measures of CTG length and DNAm levels (at
more CpG sites) will be needed to clearly elucidate their respective and shared roles in DM1 cognitive functions.
Moreover and as underlined in a recent study, it might also be important to consider DM1 parental inheritance of
the mutant allele when studying DNAm at DMPK gene locus (increased DNAm levels when the mutant allele is
maternally inherited) [53]. However, we did not replicate these findings at any of the five CpG sites we investigated;
nevertheless, parental inheritance is a very interesting concept that warrants further studies. Overall, our findings
open the door for further studies that could help understand cognitive dysfunction’s progression in DM1 patients
through a combination of biological markers.

Previous findings support that the degree of instability of the CTG expansion is associated with age at onset
(i.e., patients with more somatic instability develop DM1 symptoms earlier) [22,49]. Interestingly, the VRs have been
associated with an increased stability of the CTG repeat, as well as a later age at onset compared with patients with
similar CTG repeat length, thus leading to a milder phenotype than what is normally observed in DM1 patients
without VRs [11,20,21,49,54]. Therefore, our study does not entirely corroborate these previous findings (CVLT A1-
A5 performance was poorer in patients with VRs at baseline when compared with those without the VRs). Further
studies are thus needed to clarify whether the VRs are associated with milder cognitive symptoms and/or decline
over time. Interestingly, DNAm has also been suggested to increase CTG repeat stability in DM1 [25,26,55] and the
VRs might well modulate this association [56]. In the current study, we observed significantly higher DMPK DNAm
levels at CpG sites located downstream of the CTG repeat in patients with the VRs compared with those without
VRs. Patients with the VRs (and higher DNAm levels) presented lower verbal learning memory at T1 (measured
by the CVLT A1–A5), but their decline over time was milder than for patients without the VRs. However, we have
to take into account that scores at T1 were relatively low in patients with the VRs, suggesting a potential threshold
effect (i.e., patients who already had low scores at T1 cannot decline as much as patients who had better scores).
Overall, our results suggest that patients with VRs would probably benefit from being studied separately, as they
possibly have a different DNAm profile than those without it, which might impact their disease profile as well.
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In support of the findings above, we found that DMPK DNAm levels are correlated with SIX5 gene expression
in blood, both in patients with and without VRs, as in other studies [24,25,27]. We also found a correlation between
DMPK DNAm levels at CpGc and SIX5 mRNA levels. It is possible that DNAm levels at these sites have a
tissue-specific effect on these two gene’s expressions. Interestingly, SIX5 expression regulation could play a role in
cognitive alterations in DM1 [37] and has been suggested as a regulator of DMPK gene expression. SIX5 knock
out in mice generated some phenotypes that may be reflective of DM1 symptoms, supporting the idea that DM1
pathology is mediated by multiple genes in the region [57,58].

Strengths & limitations
The current study has been carried on a large cohort of patients with DM1 (n = 115) for which rich longitudinal
data were available over a 9-year period follow-up. This is a remarkable achievement in the context of a rare
genetic disease. Moreover, the use of robust and widely used neuropsychological tests for the assessment of patients’
cognitive profile is another clear advantage of our study. This is also the first assessment of the relationship between
the presence of VRs and DNAm levels at the DMPK gene locus and patient’s cognitive decline in adult-onset DM1,
which also considered the contribution of the CTG repeat length.

Yet, our study also has some limitations. The small sample size of patients with the VRs (n = 12) limited our
capacity to assess the potential predictive properties of DNAm at the DMPK locus on patients’ cognitive functions
over 9 years in this group. This specific genetic variation is rare among patients with DM1 although the prevalence
in our cohort is about twice higher (10.4%) than expected [20,21]. Also, our results are, for now, only applicable to
adult and late-onset DM1 phenotypes. Moreover, we exclusively studied DNAm levels of a relatively small region
of the DMPK gene locus proximal to the CTG expansion; thus, it would be interesting to extend the analyses to
the entire DMPK gene locus as well as to SIX5. The low DNAm levels, especially in the non-VRs group, might also
be considered as a limitation of this study. However, the presence of DNAm variability at one timepoint between
groups, but also the DNAm levels variability over time at these CpG sites in patients without VRs counterpart this
limitation by supporting the plausible role of these regions in the difference between patients with and without
VRs. Moreover, the clear DNAm level distinction between the groups emphasizes our findings supporting the need
to consider patients with VR separately. Importantly, DNAm levels, CTG expansion and the gene’s expression were
measured in blood, which might not always accurately represent their values in the brain, as previous studies support
that DNAm at DMPK gene locus correlates with mRNA levels in a tissue-specific manner [25]. Nevertheless, blood
remains an accessible and common tissue in the quest for reliable biomarkers, including in DM1. Finally, we did
not compare our results with unaffected controls, which limit our capacity to determine whether our findings are
limited to DM1 or not.

Conclusion
Our longitudinal study established for the first time an association between DNAm levels at the DMPK gene locus
and patient’s cognitive profile over 9 years of follow-up in adult-onset DM1. Our results suggest the importance
of considering the contribution of DNAm to DM1 pathophysiology and phenotypic variability, at least when
studying cognitive impairments associated with this condition. They also provide evidence that presence of a VR
in the CTG expansion might influence or be influenced by DNAm levels in DM1, affecting patient’s cognitive
profile. In brief, our results highlight the complexity of DM1 physiopathology and suggest that the condition
involves several genes and regulatory elements that must be further investigated.

Future perspective
Although CTG repeat length has been used to estimate DM1 disease severity, this study and other studies showed
that other factors such as the presence of a variant repeat or DNAm at the DMPK gene locus may also be implicated.
Thus, in addition to CTG repeat length, information about the presence of a variant repeat and DNA methylation
may also be collected to be taken into account in future studies as they also affect disease severity. Further studies
are also needed to better understand how DNA methylation and the presence of a variant repeat affect DM1
pathogenesis.
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Summary points

• DM1 is a rare neuromuscular disease caused by an unstable cytosine–thymine–guanine (CTG) expansion at the
DMPK gene locus. There are cognitive dysfunctions in the adult and late-onset forms of the condition, but their
origin is not well understood.

• The high inter-individual variability in DM1 symptoms is complex, possibly involving epigenetic, as well as other
genetic processes such as the presence of variant repeats (VRs) in the CTG expansion.

• Using a large longitudinal cohort of DM1 patients, this study investigated for the first time the association
between DNA methylation and cognitive functions in DM1, considering both CTG length and VRs.

• We found that patients with VRs have different DNA methylation and cognitive profiles than patients without VR.
• By combining DNA methylation and clinical characteristics measured at T1, our regression models explain 49.5%

of Wechsler Adult Intelligence Scale-Revised digit symbol coding (p = 3.9 × 10-12) and 16.6% of California Verbal
Learning Test A1-A5 (p = 0.001) tests score variance in patients without VRs at T2, independently of the CTG
length.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at:

www.futuremedicine.com/doi/suppl/10.2217/epi-2020-0328
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23. Légaré C, Overend G, Guay S-P et al. DMPK gene DNA methylation levels are associated with muscular and respiratory profiles in
DM1. Neurol. Genet. 5(3), e338 (2019).

•• Shows that DNAm at the DMPK gene locus as well as CTG repeat length explained variability of muscular and respiratory
profile in DM1 patients.

24. He F, Todd PK. Epigenetic mechanisms in repeat expansion disorders. Semin. Neurol. 31(5), 470–483 (2011).

25. Buckley L, Lacey M, Ehrlich M. Epigenetics of the myotonic dystrophy-associated DMPK gene neighborhood. Epigenomics 8(1), 13–31
(2016).
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