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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 NHLRCT in 56% and EPM2A in 44%
of cases. 114 pathogenic variants (67 EPM2A; 47 NHLRCT1) were identified. The NHLRCT genotype PT/PT was associated
with shorter survival [HR 2.88; 95% ClI 1.23-6.78] and a trend of higher probability of loss of autonomy [HR 2.03, 95% Cl
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 NHLRCT 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 NHLRCT 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 NHLRCT 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
NHLRCI (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. NHLRCI (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 NHLRCI
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 NHLRCI), continuous variables are presented as
mean t 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.Aspl46Asn
(D146N) variant in NHLRC1 [6-9], we decided to verify
the prognostic features of this population by performing
a sub-group analysis.
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Lastly, we performed a post-hoc analysis combining the
two genetic groups using as categories the classes MS/
MS and MS/PT of NHLRCI, PT/PT of NHLRCI, 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% Cls). 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 NHLRCI
(Additional file 2: Table S1 and S2; Fig. 1); 141 (56.4%) of
the 250 patients carried pathogenic variants in NHLRC],
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 NHLRCI 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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Table 1 Clinical and genetic features of LD patients according to causative gene
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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
Consanguinity
Age at disease onset
Mean
Compound heterozygosity
Genotypes
MS/MS
Compound Het
MS/PT
Compound Het
PT/PT
Compound Het

Loss of autonomy at last follow up

Mean age at onset

Mean time from disease onset

Deceased at last follow up
Mean age at death
Mean disease duration

87/109
44/109 (40.4%)

12.7+£3.8[4-28]in 109
30/109 (27.5%)

35/109 (32.1%)

3/35 (8.6%)

16/109 (14.7%)

16/16 (100%)

58/109 (53.2%)

11/58 (19.0%)

35/52 (67.3%)
18.2+4.7 [11-40] in 35
6.6+4.41[0.5-23]in 35
27/109 (24.8%)
224+89[14-59]in 27
94475 [3-40]in 27

121141
45/141 (31.9%)

14.1+£3.7 [5-30]in 141
39/141 (27.7%)

75/141 (53.2%)

14/75 (18.7%)

16/141 (11.3%)

16/16 (100%)

50/141 (35.5%)

9/50 (18.0%)

48/64 (75.0%)
205+6.8[12-42]in 48
6.9+56[0.2-21]in 48
42/141 (29.8%)
21.1£3.0[16-35]in 42
7.5+3.1[2-23]in 42

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

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.
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Fig. 1 Schematic representation of the Lafora disease pathogenic variants in EPM2A and NHLRCT (A), laforin and malin (B). EPM2A gene contains
five exons and NHLRCT 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

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 NHLRCI variants. The

association between NHLRCI genotypes and death
and loss of autonomy is presented in Fig. 2C, D. The
p.Aspl46Asn variant in NHLRCI 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



Pondrelli et al. Orphanet Journal of Rare Diseases (2023) 18:263 Page 6 of 10
Table 2 Association of variables with death and loss of autonomy in EPM2A and NHLRC-related LD: multivariable analysis
Variables Death (n=109) Loss of autonomy (n=52)

HR (95% Cl) P value HR (95% ClI) 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% Cl) P value HR (95% CI) P value
NHLRC1
MS/MS Reference - Reference -
MS/PT 0.56 (0.12-2.68) 047 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) 0.14 041 (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) 093
African versus European 3.78(0.21-67.2) 037 9.23 (0.24-354) 023
American versus European 0.86 (0.07-10.5) 0.91 0.82 (0.12-5.36) 0.83

Bold text indicates statistical significance

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

with the other NHLRCI 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: NHLRCI 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 NHLRCI 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 NHLRC]I 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 NHLRCI 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
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B: EPM2Agenotypes and retention of autonomy
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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

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

(See figure on next page.)

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, NHLRCI
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. 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 NHLRCT 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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Table 3 Association of variables with death and loss of autonomy in EPM2A- and NHLRCI-related LD combined: multivariable Cox

regression analysis

Variables Death (n=250) Loss of autonomy (n=116)
HR (95% ClI) P value HR (95% Cl) P value

NHLRC1: MS/MS and MS/PT Reference - Reference -
NHLRCT: 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) 034 0.60(0.18-2.07) 042
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

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

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-Aspl46Asn 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-Aspl46Asn 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
NHLRCI 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 NHLRCI 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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