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Abstract 

Background  Lafora disease (LD) is a fatal form of progressive myoclonic epilepsy caused by biallelic pathogenic vari-
ants in EPM2A or NHLRC1. With a few exceptions, the influence of genetic factors on disease progression has yet to be 
confirmed. We present a systematic review and meta-analysis of the known pathogenic variants to identify geno-
type–phenotype correlations.

Methods  We collected all reported cases with genetically-confirmed LD containing data on disease history. Patho-
genic variants were classified into missense (MS) and protein-truncating (PT). Three genotype classes were defined 
according to the combination of the variants: MS/MS, MS/PT, and PT/PT. Time-to-event analysis was performed 
to evaluate survival and loss of autonomy.

Results  250 cases described in 70 articles were included. The mutated gene was NHLRC1 in 56% and EPM2A in 44% 
of cases. 114 pathogenic variants (67 EPM2A; 47 NHLRC1) were identified. The NHLRC1 genotype PT/PT was associated 
with shorter survival [HR 2.88; 95% CI 1.23–6.78] and a trend of higher probability of loss of autonomy [HR 2.03, 95% CI 
0.75–5.56] at the multivariable Cox regression analysis. The population carrying the homozygous p.Asp146Asn variant 
of NHLRC1 genotype was confirmed to have a more favourable prognosis in terms of disease duration.

Conclusions  This study demonstrates the existence of prognostic genetic factors in LD, namely the genotype 
defined according to the functional impact of the pathogenic variants. Although the reasons why NHLRC1 genotype 
PT/PT is associated with a poorer prognosis have yet to be fully elucidated, it may be speculated that malin plays 
a pivotal role in LD pathogenesis.

Key points 

•	 What is already known on this topic: Lafora disease (LD) is  a  fatal form of  progressive myoclonic epilepsy 
caused by  biallelic pathogenic variants in  the  EPM2A or  NHLRC1 genes. With a  few exceptions, the  influence 
of genetic factors on disease progression has yet to be confirmed.
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•	 What this study adds: The study identified prognostic genetic factors in  LD and  demonstrated a  correla-
tion between  certain genotypes and  worse prognosis. Specifically, biallelic truncating variants in  NHLRC1 
were associated with  a  higher probability of  loss of  autonomy and  shorter survival. The study also  confirmed 
that the homozygous p.Asp146Asn variant of NHLRC1 has a more favourable prognosis.

•	 How this study might affect research, practice, or policy: The study sheds light on the potential genetic fac-
tors affecting the prognosis of LD, which could inform future research into treatments and therapies. This study’s 
findings should be taken into account when launching trials of disease-modifying therapies, to ensure that out-
comes are correctly interpreted.

Introduction
Lafora Disease (LD, OMIM# 254780) is a rare autoso-
mal recessive form of Progressive Myoclonus Epilepsy. It 
affects previously healthy children or adolescents, caus-
ing drug-resistant epilepsy, myoclonus, and psychomotor 
deterioration, leading to loss of autonomy and eventually 
death [1].

LD is caused by pathogenic variants in the EPM2A or 
NHLRC1 (previously known as EPM2B) genes, causing 
the loss of function of the respective protein products 
involved in glycogen metabolism. EPM2A (6q24.3) con-
sists of five exons encoding laforin, a 331-amino acid 
protein that contains a N-terminal carbohydrate-binding 
domain and a C-terminal dual-specificity phosphatase 
domain. NHLRC1 (6p22.3) is an intronless gene that 
encodes a 395-amino acid protein named malin, an E3 
ubiquitin ligase containing a zinc finger of the Ring type 
in its N-terminal region and six NHL-repeat domains in 
its C-terminal region.

Together, laforin and malin play an important role in 
regulating glycogen metabolism, thereby preventing the 
formation of polyglucosan aggregates [2]. When laforin 
or malin malfunctions, glycogen molecules become 
insoluble and precipitate, forming the so-called Lafora 
bodies (a type of polyglucosan aggregate) responsible for 
the dramatic clinical manifestations of LD. The physi-
ologic functioning of these enzymes comprises both indi-
vidual and interactive mechanisms and has not been fully 
elucidated thus far.

More than 150 different causative genetic variants in 
LD genes have been reported so far. These include point 
mutations, large deletions, and splicing mutations, giv-
ing rise to extreme allelic heterogeneity [3]. The majority 
of patients harbour compound heterozygous variants, as 
expected in rare recessive diseases when parents are non-
consanguineous [4].

Recently, we published a prognostic meta-analysis 
of patient-level data [5] showing a median survival of 
11 years and a median time to loss of autonomy of 6 years 
from disease onset. While also disclosing a great vari-
ability depending on age at onset and geographical ori-
gin (< 18  years and Asiatic origin were associated with 

shorter survival). On the other hand, the type of mutated 
gene and compound heterozygosity did not emerge as 
prognostic factors. This result is in contrast with previous 
observations describing a clear prognostic impact of spe-
cific genetic variants when harboured in the homozygous 
state [6–9].

However, considering loss-of-function gene variants, 
it is possible to recognize two main classes of mutated 
proteins: proteins carrying a missense mutation, which 
generally exhibit a normal molecular weight and, on 
the other side, lower molecular weight proteins (or the 
complete absence of the product) resulting from trun-
cating variants (or gene deletion). Therefore, it could be 
hypothesized that the latter may provoke more detrimen-
tal effects on the physiological pathway and, as a result, a 
more severe phenotype [10].

Therefore, based on the updated body of evidence from 
the aforementioned systematic review [5], we performed 
an in-depth analysis of the mutations of the included 
cases and provided the results of the individual partici-
pants’ data meta-analysis in order to further clarify the 
possible relationship between the type of genetic variants 
and the severity of the phenotype.

Methods
The study was conducted in compliance with the report-
ing guidelines for prognostic systematic reviews  and 
individual participant data meta-analysis. Individual 
participant data meta-analysis may be an appropriate 
methodological approach for summarizing data from 
case reports/case series, as suggested recently to support 
also the development of clinical practice guidelines rec-
ommendations in the field of rare neurological diseases. 
A protocol was registered in the PROSPERO database 
(CRD42020190877).

We performed a systematic literature search of the 
PubMed/MEDLINE and Embase databases using the 
combination of key terms already applied in our previ-
ous prognostic study on LD (Supplement) [5]. There 
was no restriction on the publication date. The last 
search was performed in March 2022. One reviewer 
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(FP) selected relevant papers through title, abstract, and 
full-text screening. The reference lists of the identified 
articles were also reviewed to find additional references. 
We included in the analysis only genetically confirmed 
LD cases for which the specific pathogenic variant was 
reported. In addition, data on disease duration at the last 
follow-up was required for inclusion. Two independent 
reviewers (FP, LM) evaluated the selected reports and 
inserted the relevant clinical data in an ad hoc database. 
The opinion of a third reviewer (FB) was required to 
resolve any disagreement.

A molecular biologist (RM) reviewed the genetic 
data. The pathogenic variants in EPM2A and NHLRC1 
reported in the selected articles were divided into two 
groups: missense (MS) and protein-truncating (PT). The 
MS group comprised both missense pathogenic vari-
ants and small in-frame insertions/deletions, while the 
PT group included all the variants responsible for loss 
of function/haploinsufficiency as nonsense, frameshift, 
splice site variants, and partial or total gene deletions. 
As LD has an autosomal recessive pattern of inheritance, 
all the patients were then categorized according to their 
genotype in three different classes: MS/MS or PT/PT if 
they carried two variants of the MS or PT groups, respec-
tively, or MS/PT if they were compound heterozygous for 
a variant included in the MS group and the other variant 
included in the PT group.

Statistical analysis
For the descriptive analysis stratified by gene (EPM2A 
and NHLRC1), continuous variables are presented as 
mean ± standard deviation (SD), and categorical vari-
ables as absolute and relative frequency (%). The Kaplan–
Meier estimate was used to calculate the cumulative 
time-dependent probability of death or loss of autonomy. 
The time of entry into the analysis was taken as the year 
of onset, while the time of the endpoint was the year of 
death or of loss of autonomy, or the year of the last fol-
low-up information (truncated at 15 years of follow-up), 
whichever came first. Univariable and multivariable Cox 
regression models with mixed effects (clustered survival 
data) were employed to study the association between 
time to death or time to loss of autonomy and the three 
different variant classes (MS/MS vs. MS/PT vs. PT/PT) 
for the two genes separately. We included in the multi-
variable model only those variables that were significant 
in the univariable models.

Since several reports described a slower disease course 
in patients harbouring the homozygous p.Asp146Asn 
(D146N) variant in NHLRC1 [6–9], we decided to verify 
the prognostic features of this population by performing 
a sub-group analysis.

Lastly, we performed a post-hoc analysis combining the 
two genetic groups using as categories the classes MS/
MS and MS/PT of NHLRC1, PT/PT of NHLRC1, and all 
variant classes of EPM2A. We included geographic origin 
and age at onset as independent variables in the multi-
variable Cox regression models.

The analysis was performed using data at the single-
patient level. The included studies were considered in 
the models as cluster variables. The results are presented 
in Kaplan–Meier curves with hazard ratios (HR) and 
95% confidence intervals (95% CIs). The assumption of 
proportional hazard was assessed by Schoenfeld residu-
als (p > 0.05). Statistical analysis was performed with the 
Stata SE statistical package, version 14.2.

To facilitate the interpretation of data, we used the fol-
lowing terms:

•	 “Death” and “Loss of autonomy” in the tables show-
ing the results of the univariable and multivariable 
analysis.

•	 “Survival” and “Retention of autonomy” in the fig-
ures.

Results
Description of the analysis population
We identified 70 publications reporting on 250 geneti-
cally confirmed cases that were eligible for inclusion in 
the final analysis. The selection process is depicted in a 
flow diagram (Additional file 1: Fig. S1) and all included 
references are reported in the Supplementary Text. The 
publication date of the included articles ranged from 
2002 to 2022. Table 1 summarizes the clinical and genetic 
features of the included patients. Overall, we identi-
fied 67 different variants in EPM2A and 47 in NHLRC1 
(Additional file 2: Table S1 and S2; Fig. 1); 141 (56.4%) of 
the 250 patients carried pathogenic variants in NHLRC1, 
whereas 109 (43.6%) had variants in EPM2A. Concerning 
genotypes, PT/PT prevailed for EPM2A variants (53.2% 
of the cases), while MS/MS was the most represented 
among NHLRC1 variants (53.2% of the cases). The per-
centage of compound heterozygous MS/PT variation was 
around 28% for both genes.

Time to death and loss of autonomy in EPM2A 
variant‑related cases
Twenty-seven of the 109 patients with an EPM2A variant 
(24.8%) were deceased as of their last follow-up (Table 1). 
The mean age at death was 22.4  years. Overall survival 
rates were 92% [95% CI 84–96] at 5 years, 59% [95% CI 
44–72] at 10 years, and 49% [95% CI 32–64] at 15 years.
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Information on autonomies in daily life activities was 
available for 52 patients; among them, 35 (67%) exhibited 
a loss of autonomy (Table 1). Out of the 35 patients for 
whom data on age at loss of autonomy and duration of 
the disease at that point were available, the mean age was 
found to be 18.2 years following a mean disease duration 
of 6.6 years (Table 1). The probability of retaining auton-
omy was 72% [95% CI 57–83] at 5  years, 17% [95% CI 
6–32] at 10 years, and 4% [95% CI 0–18] at 15 years.

Multivariable analysis showed no differences in death 
and loss of autonomy between the various genotypes. 
Asian and American origin were associated with higher 
probability of death compared to European origin, and 
Asian patients also showed a higher probability of loss 
of autonomy compared to European cases (Table 2). The 
association between EPM2A genotypes and death/loss of 
autonomy is presented in Fig. 2A, B.

Time to death and loss of autonomy in NHLRC1 
variant‑related cases
Forty-two of the 141 patients with an NHLRC1 variant 
(29.8%) were deceased as of their last follow-up (Table 1) 
at a mean age of 21.1  years. Overall survival rates were 
94% [95% CI 88–97] at 5  years, 61% [95% CI 51–70] at 
10 years, and 58% [95% CI 47–68] at 15 years.

Information on autonomies in daily life activities was 
available for 64 patients; among them, 48 (75%) exhibited 
a loss of autonomy (Table 1). Out of the 48 patients for 
whom data on age at loss of autonomy and duration of 
the disease at that point were available, the mean age was 
found to be 20.5 years, following a mean disease duration 
of 6.6 years (Table 1). The probability of retaining auton-
omy was 43% [95% CI 30–56] at 5  years, 30% [95% CI 
18–43] at 10 years, and 25% [95% CI 14–38] at 15 years.

Table 1  Clinical and genetic features of LD patients according to causative gene

n/N (%) or Mean (SD) [range], yr

n/N number of cases in which a certain characteristic is present out of the total number of cases which it was described, SD standard deviation

Characteristics EPM2A NHLRC1

N 109/250 (43.6%) 141/250 (56.4%)

Sex, male 37/87 (42.5%) 44/102 (43.1%)

Sex, female 50/87 (57.5%) 58/102 (56.9%)

Geographic origin

 European 48/109 (44.0%) 93/141 (66.0%)

 Asian 33/109 (30.3%) 36/141 (25.5%)

 American 25/109 (22.9%) 9/141 (6.4%)

 African 3/109 (2.8%) 3/141 (2.1%)

Family history

 Number of families/cases 87/109 121/141

 Consanguinity 44/109 (40.4%) 45/141 (31.9%)

Age at disease onset

 Mean 12.7 ± 3.8 [4–28] in 109 14.1 ± 3.7 [5–30] in 141

Compound heterozygosity 30/109 (27.5%) 39/141 (27.7%)

Genotypes

 MS/MS 35/109 (32.1%) 75/141 (53.2%)

  Compound Het 3/35 (8.6%) 14/75 (18.7%)

 MS/PT 16/109 (14.7%) 16/141 (11.3%)

  Compound Het 16/16 (100%) 16/16 (100%)

 PT/PT 58/109 (53.2%) 50/141 (35.5%)

  Compound Het 11/58 (19.0%) 9/50 (18.0%)

Loss of autonomy at last follow up 35/52 (67.3%) 48/64 (75.0%)

 Mean age at onset 18.2 ± 4.7 [11–40] in 35 20.5 ± 6.8 [12–42] in 48

 Mean time from disease onset 6.6 ± 4.4 [0.5–23] in 35 6.9 ± 5.6 [0.2–21] in 48

Deceased at last follow up 27/109 (24.8%) 42/141 (29.8%)

 Mean age at death 22.4 ± 8.9 [14–59] in 27 21.1 ± 3.0 [16–35] in 42

 Mean disease duration 9.4 ± 7.5 [3–40] in 27 7.5 ± 3.1 [2–23] in 42



Page 5 of 10Pondrelli et al. Orphanet Journal of Rare Diseases          (2023) 18:263 	

Multivariable analysis revealed that the PT/PT geno-
type was associated with a higher probability of death 
[HR 2.66; 95% CI 1.10–6.39] and a higher probability of 
loss of autonomy [HR 2.12; 95% CI 1.04–4.31] (Table 2). 
Geographic origin did not affect survival or loss of 
autonomy in LD arising from NHLRC1 variants. The 

association between NHLRC1 genotypes and death 
and loss of autonomy is presented in Fig.  2C, D. The 
p.Asp146Asn variant in NHLRC1 was present in the 
homozygous state in 18 subjects. The sub-group analysis 
showed that this variant is significantly (p < 0.001) associ-
ated with a higher probability of survival in comparison 

Fig. 1  Schematic representation of the Lafora disease pathogenic variants in EPM2A and NHLRC1 (A), laforin and malin (B). EPM2A gene contains 
five exons and NHLRC1 consists of one exon. Laforin contains an amino-terminal carbohydrate binding module (CBM) and a carboxy-terminal dual 
specificity phosphatase domain (DSP). Malin contains a RING finger domain and six NHL repeats
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with the other NHLRC1 genotypes, with a disease dura-
tion > 15  years in all the patients (Additional file  1: Fig. 
S2).

Time to death and loss of autonomy in both NHLRC1 
and EPM2A‑related cases combined
In Fig.  3, curves of survival (A) and retention of auton-
omy (B) are reported for all cases combined. The univari-
able Cox regression models are shown in the Additional 
file  2: Table  S3 and Additional file  1: Fig. S3. In the 
final multivariable Cox regression model, the follow-
ing variables were associated with a higher probability 
of death: NHLRC1 PT/PT versus EPM2A all genotypes 
[HR 2.88; 95% CI 1.23–6.78] and Asian versus European 
origin [HR 2.63; 95% CI 1.07–6.49]. Late age at onset 
(18 + vs. < 18 years) was associated with a lower probabil-
ity of death [HR 0.26; 95% CI 0.07–0.96]. Similar results, 
but with less power due to the smaller sample size, were 
observed for loss of autonomy (Table 3).

Discussion
In the present systematic review with individual par-
ticipant data meta-analysis, we analyzed a large group of 
LD patients, demonstrating the existence of prognostic 

genetic factors in LD, namely the genotype defined 
according to the functional impact of the pathogenic 
variant. The NHLRC1 genotype PT/PT was found to be 
significantly associated with a worse prognosis in terms 
of survival and loss of autonomy. On this basis, we could 
speculate that MS and PT variants in NHLRC1 have a dif-
ferent impact on protein’s function and disease severity. 
Missense variants may lead to the production of a protein 
with some retained function, whereas truncating variants 
to a complete loss of function, as NHLRC1 consists of 
only one exon. On the other hand, MS and PT variants in 
EPM2A do not appear to have this dychotomized behav-
ior, possibly because truncating variants could still pro-
duce a low molecular weight protein with some retained 
functions, similarly to missense variants.

In addition, it could be argued that malin has a more 
multifaceted role and, as a result, its depletion leads to 
the most deleterious effect on brain glycogen metabolism 
[15]. The key function of laforin is to remove phosphate 
from glycogen and to date there have been no protein 
targets of laforin’s phosphatase activity [16]. Conversely, 
malin interacts with and/or ubiquitinates a number 
of proteins [16–23]. Most of the reported proteins are 
involved in either glycogen metabolism or endoplasmic 

Table 2  Association of variables with death and loss of autonomy in EPM2A and NHLRC1-related LD: multivariable analysis

Bold text indicates statistical significance

*Estimation was not possible due to everyone surviving (n = 3)

Variables Death (n = 109) Loss of autonomy (n = 52)

HR (95% CI) P value HR (95% CI) P value

EPM2A

MS/MS Reference - Reference -

MS/PT 0.37 (0.06–2.03) 0.25 0.27 (0.07–1.09) 0.066

PT/PT 0.58 (0.21–1.62) 0.29 0.74 (0.34–1.64) 0.46

Age at onset 18 + versus < 18 years 0.65 (0.10–4.29) 0.66 4.16 (0.87–19) 0.073

Geographic origin

Asian versus European 7.60 (2.62–22.0)  < 0.001 4.83 (1.58–14.9) 0.006
African versus European –* – –* –

American versus European 3.91 (1.26–12.2) 0.018 2.70 (0.90–8.11) 0.076

Variables Death (n = 141) Loss of autonomy (n = 64)

HR (95% CI) P value HR (95% CI) P value

NHLRC1

MS/MS Reference – Reference –

MS/PT 0.56 (0.12–2.68) 0.47 1.24 (0.46–3.32) 0.68

PT/PT 2.66 (1.10–6.39) 0.029 2.12 (1.04–4.31) 0.038

Age at onset 18 + versus < 18 years 0.20 (0.02–1.69) 0.14 0.41 (0.10–1.76) 0.23

Geographic origin

Asian versus European 1.17 (0.31–4.37) 0.82 1.10 (0.15–7.82) 0.93

African versus European 3.78 (0.21–67.2) 0.37 9.23 (0.24–354) 0.23

American versus European 0.86 (0.07–10.5) 0.91 0.82 (0.12–5.36) 0.83
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reticulum stress response. Ubiquitination is one of the 
most common post-translational modifications of pro-
teins and causes either degradation or change in func-
tion of the ubiquitinated protein depending on the type 
of ubiquitin chain linkage added to the protein. Malin 
can ubiquitinate proteins via a number of different link-
age types, thus amplifying the complexity regarding the 
function of malin. For example, under certain circum-
stances malin ubiquitinates laforin via one type of ubiq-
uitin linkage and triggers the proteosome degradation 
of laforin. Alternatively, the ubiquitination of glycogen 

phosphorylase by malin triggers nuclear accumulation 
of glycogen phosphorylase instead of trigging its deg-
radation [15]. There are likely additional unknown pro-
teins that malin ubiquitinates. Interestingly, NHLRC1 
has been recently found to be expressed at higher levels 
in the brain than in the major glycogen metabolizing 
organs, namely skeletal muscle, heart and liver, while the 
opposite emerged for EPM2A [24]. Thus, cellular data 
suggests that malin may have more multifaceted biologi-
cal functions including on glycogen metabolism, endo-
plasmic reticulum stress, and cellular function. This is 

Fig. 2  Association between genotypes and survival (EPM2A, A; NHLRC1, B) and retention of autonomy (EPM2A, C; NHLRC1, D) according to Kaplan–
Meier analysis. Legend: MS, missense pathogenic variants and small in-frame insertions/deletions; PT, nonsense, frameshift, splice site variants, 
and partial or total gene deletions. MS + PT: genotype composed by one MS variant and one PT variant; 2MS: genotype composed by two MS 
variants; 2PT: genotype composed by two PT variants

(See figure on next page.)
Fig. 3  Post-hoc analysis comparing survival (A) and probability of retention of autonomy (B) between EPM2A genotypes taken together, NHLRC1 
genotype composed by two PT variants (2PT) and the other NHLRC1 genotypes taken together (2MS and MS + PT). Legend: MS, missense 
pathogenic variants and small in-frame insertions/deletions; PT, nonsense, frameshift, splice site variants, and partial or total gene deletions. MS + PT: 
genotype composed by one MS variant and one PT variant; 2MS: genotype composed by two MS variants; 2PT: genotype composed by two PT 
variants
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Fig. 3  (See legend on previous page.)
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also consistent with recent data suggesting that laforin 
requires the presence of malin to fulfill some of its func-
tions, and additional studies are required to determine 
the balance of dependent and independent roles of both 
malin and laforin [2]. Interestingly, the sub-analysis 
on the population carrying the missense homozygous 
p.Asp146Asn variant, confirmed a more favourable 
prognostic implication, with a disease duration greater 
than 15  years in all the patients. The slower disease 
course in patients with this genotype might be explained 
by a partial preservation of enzymatic activity of the 
p.Asp146Asn variant, since aspartic acid and asparagine 
share highly similar properties [6, 7].

The results of this study highlight the need for fur-
ther research aimed at elucidating the intricate interplay 
between laforin and malin in the pathogenesis of LD. If 
a primary pathogenic factor can be confirmed, it could 
serve as a significant therapeutic target for the devel-
opment of more effective drugs, in addition to inform 
genetic counseling. Furthermore, the finding that the 
NHLRC1 genotype PT/PT is associated with faster dis-
ease progression should be taken into account when 
launching trials of disease-modifying therapies (e.g., by 
stratifying the population by genotype), to ensure that 
outcomes are correctly interpreted.

Limitations
This review gives insight into the prognostic impact of 
genetic variants in the two LD-associated genes, however, 
it is possible that variants in other “modifier” genes might 
influence disease progression. The lack of this informa-
tion in the examined papers may therefore limit the fields 
understanding of phenotypic variation.

As with other severe epilepsy syndromes, the opti-
mization of the antiseizure medication therapy may 
allow temporary control of seizures and myoclonus and 

prevent complications such as status epilepticus. How-
ever, antiseizure medications do not influence the neu-
rodegenerative process and are used in highly variable 
combinations between different patients and also in the 
same patient during disease course, thus were not con-
sidered in this prognostic review.

Death was reported in only one-fourth of included 
patients (69/250) and the specific cause only in a minor-
ity of them, thus not allowing any additional insight into 
the effect of genotype; this aspect might be taken into 
account in the setup of a subsequent study.

Conclusions
This study demonstrates the existence of prognos-
tic genetic factors in LD, namely the genotype defined 
according to the functional impact of the pathogenic var-
iants. Although the reasons why NHLRC1 genotype PT/
PT is associated with a poorer prognosis have yet to be 
fully elucidated, it may be speculated that malin plays a 
pivotal role in LD pathogenesis.
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Table 3  Association of variables with death and loss of autonomy in EPM2A- and NHLRC1-related LD combined: multivariable Cox 
regression analysis

The statistically significant values (p < 0.05) are displayed in bold

Variables Death (n = 250) Loss of autonomy (n = 116)

HR (95% CI) P value HR (95% CI) P value

NHLRC1: MS/MS and MS/PT Reference – Reference –

NHLRC1: PT/PT 2.88 (1.23–6.78) 0.015 2.03 (0.75–5.56) 0.17

EPM2A: MS/MS and MS/PT and PT/PT 1.51 (1.10–6.39) 0.34 0.60 (0.18–2.07) 0.42

Age at onset 18 + versus < 18 years 0.26 (0.07–0.96) 0.043 0.25 (0.06–1.05) 0.058

Geographic origin

 Asian versus European 2.63 (1.07–6.49) 0.036 2.80 (1.06–7.42) 0.038
 African versus European 4.30 (0.66–28.0) 0.13 7.18 (0.28–183) 0.23

 American versus European 2.18 (0.73–6.5) 0.16 1.57 (0.61–4.02) 0.35
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of autonomy in EPM2A- and NHLRC1-related LD combined: univariable 
Cox regression analysis.

Additional file 2. Table S1 : Pathogenic variants in EPM2A [NM_005670.4] 
reported in the collected cases. Legend: (§) the standard HGVS nomencla-
ture guidelines (https://​varno​men.​hgvs.​org) were used to standardize the 
nomenclature of each variant, when possible. Table S2: Pathogenic vari-
ants in NHLRC1 [NM_198586.3] reported in the collected cases. Legend: 
(§) the standard HGVS nomenclature guidelines (https://​varno​men.​hgvs.​
org) were used to standardize the nomenclature of each variant, when 
possible.

Acknowledgements
We sincerely thank Dr. Melissa Stauffer for her valuable suggestions.

Author contributions
FP, RM and LM performed literature review, extracted relevant data and wrote 
the first draft. CZ and LV conducted statistical analyses. CZ, LV, LL, BM, PT, CVK, 
and MG revised the manuscript for intellectual content. FB coordinated the 
study and revised the manuscript for intellectual content. All authors read and 
approved the final manuscript.

Funding
The publication of this article was supported by the "Ricerca Corrente" fund-
ing from the Italian Ministry of Health.

Availability of data and materials
Data supporting the findings of this study are available within the paper and 
its Supplementary Information.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Biomedical and Neuromotor Sciences, University of Bologna, 
Bologna, Italy. 2 IRCCS Istituto delle Scienze Neurologiche di Bologna, Full 
Member of the European Reference Network for Rare and Complex Epilepsies 
(EpiCARE), Bologna, Italy. 3 Department of Biochemistry and Molecular Biology, 
University of Florida, Gainesville, USA. 

Received: 11 May 2023   Accepted: 24 August 2023

References
	1.	 Nitschke F, Sullivan MA, Wang P, Zhao X, Chown EE, Perri AM, et al. Abnor-

mal glycogen chain length pattern, not hyperphosphorylation, is critical 
in Lafora disease. EMBO Mol Med. 2017;9(7):906–17.

	2.	 Mitra S, Gumusgoz E, Minassian BA. Lafora disease: current biology and 
therapeutic approaches. Revue Neurologique. 2022;178(4):315–25. 
https://​doi.​org/​10.​1016/j.​neurol.​2021.​06.​006.

	3.	 Parihar R, Rai A, Ganesh S. Lafora disease: from genotype to phenotype. J 
Genet. 2018;97(3):611–24.

	4.	 Kamphans T, Sabri P, Zhu N, et al. Filtering for compound heterozy-
gous sequence variants in non-consanguineous pedigrees. PLoS ONE. 
2013;8(8):e70151. https://​doi.​org/​10.​1371/​journ​al.​pone.​00701​51.

	5.	 Pondrelli F, Muccioli L, Licchetta L, et al. Natural history of Lafora disease: 
a prognostic systematic review and individual participant data meta-
analysis. Orphanet J Rare Dis. 2021;16(1):362. https://​doi.​org/​10.​1186/​
s13023-​021-​01989-w.

	6.	 Baykan B, Striano P, Gianotti S, et al. Late-onset and slow-progressing 
Lafora disease in four siblings with EPM2B mutation. Epilepsia. 
2005;46(10):1695–7. https://​doi.​org/​10.​1111/j.​1528-​1167.​2005.​00272.x.

	7.	 Lanoiselée HM, Genton P, Lesca G, et al. Are c.436G>A mutations less 
severe forms of Lafora disease? A case report. Epilepsy Behav Case Rep. 
2014;2:19–21. https://​doi.​org/​10.​1016/j.​ebcr.​2013.​11.​003.

	8.	 Ferlazzo E, Canafoglia L, Michelucci R, et al. Mild Lafora disease: clinical, 
neurophysiologic, and genetic findings. Epilepsia. 2014;55(12):e129–33. 
https://​doi.​org/​10.​1111/​epi.​12806.

	9.	 Riva A, Orsini A, Scala M, et al. Italian cohort of Lafora disease: clinical fea-
tures, disease evolution, and genotype-phenotype correlations. J Neurol 
Sci. 2021;424:117409. https://​doi.​org/​10.​1016/j.​jns.​2021.​117409.

	10.	 di Masi A. May a missense mutation be more deleterious than a truncat-
ing mutation? IUBMB Life. 2008;60(1):79–81. https://​doi.​org/​10.​1002/​
iub.2.

	11.	 Aleksovska K, Kobulashvili T, Costa J, et al. European Academy of Neurol-
ogy guidance for developing and reporting clinical practice guidelines 
on rare neurological diseases. Eur J Neurol. 2022;29(6):1571–86. https://​
doi.​org/​10.​1111/​ene.​15267.

	12.	 Riley RD, Moons KGM, Snell KIE, et al. A guide to systematic review and 
meta-analysis of prognostic factor studies. BMJ. 2019;30(364):k4597. 
https://​doi.​org/​10.​1136/​bmj.​k4597.

	13.	 Jackson D, Daly J, Saltman DC. Aggregating case reports: a way for the 
future of evidence-based health care? Clin Case Rep. 2014;2(2):23–4. 
https://​doi.​org/​10.​1002/​ccr3.​58.

	14.	 Aalen OO, Borgan O, Gjessing HK. Survival and event history analysis. 
New York: Springer; 2008.

	15.	 Sun RC, Dukhande VV, Zhou Z, et al. Nuclear glycogenolysis modulates 
histone acetylation in human non-small cell lung cancers. Cell Metab. 
2019;30(5):903-916.e7.

	16.	 Gentry MS, Guinovart JJ, Minassian BA, Roach PJ, Serratosa JM. Lafora 
disease offers a unique window into neuronal glycogen metabolism. J 
Biol Chem. 2018;293(19):7117–25.

	17.	 Gentry MS, Worby CA, Dixon JE. Insights into Lafora disease: malin is an 
E3 ubiquitin ligase that ubiquitinates and promotes the degradation of 
laforin. Proc Natl Acad Sci USA. 2005;102:8501–6.

	18.	 Vilchez D, Ros S, Cifuentes D, et al. Mechanism suppressing glycogen 
synthesis in neurons and its demise in progressive myoclonus epilepsy. 
Nat Neurosci. 2007;10(11):1407–13.

	19.	 Solaz-Fuster MC, Gimeno-Alcañiz JV, Ros S, et al. Regulation of glycogen 
synthesis by the laforin–malin complex is modulated by the AMP-acti-
vated protein kinase pathway. Hum Mol Genet. 2008;17(5):667–78.

	20.	 Worby CA, Gentry MS, Dixon JE. Malin decreases glycogen accumulation 
by promoting the degradation of protein targeting to glycogen (PTG). J 
Biol Chem. 2008;283(7):4069–76.

	21.	 Cheng A, Zhang M, Gentry MS, Worby CA, Dixon JE, Saltiel AR. A role for 
AGL ubiquitination in the glycogen storage disorders of Lafora and Cori’s 
disease. Genes Dev. 2007;21(19):2399–409. https://​doi.​org/​10.​1101/​gad.​
15532​07.

	22.	 Vernia S, Rubio T, Heredia M, Rodríguez de Córdoba S, Sanz P. Increased 
endoplasmic reticulum stress and decreased proteasomal function 
in lafora disease models lacking the phosphatase laforin. PLoS ONE. 
2009;4(6):e5907.

	23.	 Rao SN, Maity R, Sharma J, et al. Sequestration of chaperones and 
proteasome into Lafora bodies and proteasomal dysfunction induced 
by Lafora disease-associated mutations of malin. Hum Mol Genet. 
2010;19(23):4726–34.

	24.	 Mitra S, Chen B, Wang P, et al. Laforin targets malin to glyco-
gen in Lafora progressive myoclonus epilepsy. Dis Model Mech. 
2023;16(1):dmm049802.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://varnomen.hgvs.org
https://varnomen.hgvs.org
https://varnomen.hgvs.org
https://doi.org/10.1016/j.neurol.2021.06.006
https://doi.org/10.1371/journal.pone.0070151
https://doi.org/10.1186/s13023-021-01989-w
https://doi.org/10.1186/s13023-021-01989-w
https://doi.org/10.1111/j.1528-1167.2005.00272.x
https://doi.org/10.1016/j.ebcr.2013.11.003
https://doi.org/10.1111/epi.12806
https://doi.org/10.1016/j.jns.2021.117409
https://doi.org/10.1002/iub.2
https://doi.org/10.1002/iub.2
https://doi.org/10.1111/ene.15267
https://doi.org/10.1111/ene.15267
https://doi.org/10.1136/bmj.k4597
https://doi.org/10.1002/ccr3.58
https://doi.org/10.1101/gad.1553207
https://doi.org/10.1101/gad.1553207

	Prognostic value of pathogenic variants in Lafora Disease: systematic review and meta-analysis of patient-level data
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Key points 
	Introduction
	Methods
	Statistical analysis

	Results
	Description of the analysis population
	Time to death and loss of autonomy in EPM2A variant-related cases
	Time to death and loss of autonomy in NHLRC1 variant-related cases
	Time to death and loss of autonomy in both NHLRC1 and EPM2A-related cases combined

	Discussion
	Limitations

	Conclusions
	Anchor 19
	Acknowledgements
	References


