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Abstract

Lafora progressive myoclonus epilepsy is a fatal rare neurodegenerative disorder characterized by 

the accumulation of insoluble abnormal glycogen deposits in the brain and peripheral tissues. 

Mutations in at least two genes are responsible for the disease: EPM2A, encoding the glucan 

phosphatase laforin, and EPM2B, encoding the RING-type E3-ubiquitin ligase malin. Both laforin 

and malin form a functional complex in which laforin recruits the substrates to be ubiquitinated by 

malin. We and others have described that, in cellular and animal models of this disease, there is an 

autophagy impairment which leads to the accumulation of dysfunctional mitochondria. In 

addition, we established that the autophagic defect occurred at the initial steps of autophagosome 

formation. In this work, we present evidence that in cellular models of the disease there is a 

decrease in the amount of phosphatidylinositol-3P. This is probably due to defective regulation of 

the autophagic PI3KC3 complex, in the absence of a functional laforin/malin complex. In fact, we 

demonstrate that the laforin/malin complex interacts physically and co-localizes intracellularly 

with core components of the PI3KC3 complex (Beclin1, Vps34 and Vps15), and that this 

interaction is specific and results in the polyubiquitination of these proteins. In addition, the 

laforin/malin complex is also able to polyubiquitinate ATG14L and UVRAG. Finally, we show 

that overexpression of the laforin/malin complex increases PI3KC3 activity. All these results 

suggest a new role of the laforin/malin complex in the activation of autophagy via regulation of the 

PI3KC3 complex and explain the defect in autophagy described in Lafora disease.
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1.- INTRODUCTION

Lafora disease (LD, OMIM254780, ORPHA#501) is a fatal rare form of progressive 

myoclonus epilepsy characterized by the accumulation of insoluble abnormal glycogen 

deposits in brain and peripheral tissues, called Lafora bodies (LBs) ([1], [2]). The onset of 

the disease occurs during childhood or early adolescence and is characterized by generalized 

tonic-clonic seizures, myoclonus, absences and visual hallucinations. The disease progresses 

rapidly with amplification of seizures and dementia, leading to death of the patient after a 

decade from the onset of the first symptoms. Patients are treated initially with general 

antiepileptic drugs, but soon they become resistant to their effects. Unfortunately, no 

treatment is known yet that can alleviate the disease ([1], [2]). LD is an autosomal recessive 

disorder and, so far, mutations in two genes are related to the disease: EPM2A gene, which 

encodes the glucan phosphatase laforin ([3], [4]), and EPM2B, which encodes the RING-

type E3-ubiquitin ligase malin [5]. Both laforin and malin form a functional complex in 

which laforin has a phosphatase-independent function: it recognizes and recruits the 

substrates that are then ubiquitinated by malin ([6], [7], [8]). Perhaps, this is the reason why 

patients carrying mutations in EPM2A or EPM2B show similar pathological phenotypes [9].

Although during the last decade several groups have contributed to the understanding of the 

pathophysiology of LD, there are still some missing points that need to be addressed. It was 

described that the laforin/malin complex was a negative regulator of glycogen synthesis: the 

laforin/malin complex interacted with and regulated the activity of key components of 

glycogen synthesis such as glycogen synthase, regulatory subunits of type I protein 

phosphatase, glycogen debranching enzyme, etc. ([6], [7], [8], [10]). In the absence of a 

functional laforin/malin complex, the synthesis of glycogen is increased and an abnormal 

glycogen structure that is less branched and more insoluble is accumulated. This would 

explain the appearance of LBs in different tissues ([6], [7], [8], [10]).

In addition to the role that the laforin/malin complex has in glycogen homeostasis, we and 

others have described an involvement of the complex in regulating several physiological 

processes such as proteostasis ([11], [12], [13], [14]), oxidative stress [15] and 

neuroinflammation [16]. In the case of proteostasis, it has been described that the laforin/

malin complex participates in regulating endoplasmic reticulum stress, proteasome function 

and autophagy. In the latter, it was reported that the laforin/malin complex could regulate the 

initial steps of autophagosome formation ([14], [17], [18]).

Autophagy is a conserved cellular pathway that mediates the lysosomal degradation of 

intracellular components ([19], [18], [20]). Three main autophagic pathways have been 

described: macroautophagy, microautophagy and chaperone-mediated autophagy ([19], [18], 

[20]). Macroautophagy (hereafter referred to as autophagy) is the most studied of these 

pathways and consists of the degradation of large cargoes like different types of intracellular 

organelles (e.g. damaged mitochondria), protein aggregates, etc. It starts with the formation 
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of a double-membrane structure (named phagophore), originated from different cellular 

membrane sources (e.g. mitochondria, endoplasmic reticulum, Golgi complex, endosomes, 

plasma membrane…) that surrounds the cell components to be degraded to form the double-

membrane vesicle named autophagosome [21]. In the case of selective autophagy (a form of 

macroautophagy), autophagosomes are loaded with specific cargoes by means of autophagy 

receptors (e.g., p62/SQSTM1), that recognize the autophagic substrates and certain 

components of the autophagosome membrane. Autophagosomes are then fused with 

lysosomes to form autolysosomes, which finally degrade the substrates [21]. Thus, the 

autophagy flux can be divided into three main steps, initiation, maturation and fusion with 

lysosomes ([22], [23]). The initiation process starts in response mostly to nutrient 

deprivation and/or low cellular energy stress and it is mediated by the activation of different 

signaling pathways (e.g., mTOR and AMPK pathways) that converge on the ULK1/2 

complex, which is composed by the ULK1/2 protein kinases, and the proteins ATG13, 

ATG101 and FIP200 ([19], [18], [20]). The mTOR and the AMPK pathways inhibit or 

activate, respectively, the ULK1/2 complex by phosphorylation at different Ser residues 

(Ser757 in the case of mTOR and Ser555 in the case of AMPK). Once activated, the 

ULK1/2 complex activates the PI3KC3 complex which eventually synthesizes 

phosphatidylinositol-3P (PtdIns3P). The PI3KC3 complex consists of a core sub-complex 

composed of Vps34, a class III phosphatidylinositol-3 kinase, a myristoylated Vps15 protein 

(a Ser/Thr kinase that acts as an anchor of the sub-complex to the membrane), and Beclin1 

(a Bcl2-interacting protein). This core sub-complex binds in a mutually exclusive manner 

either to ATG14L (a Beclin1-associated autophagy-related key regulator) or to UVRAG (UV 

irradiation resistance-associated gene; Vps38) ([19], [18], [20]). The activity of the PI3KC3 

complex is regulated by phosphorylation of specific residues from different components of 

the core (e.g. ULK1/2 phosphorylates Beclin1 at Ser15; AMPK phosphorylates Beclin1 at 

Ser93 and Thr388; etc.). The activity of the PI3KC3 complex can also be regulated by 

ubiquitination. In this sense, it has been reported that Beclin1 is ubiquitinated by different 

E3-ligases that promote either its degradation by attaching K48-linked ubiquitin chains (e.g., 

Nedd4, RNF216, KLHL20-Cullin3-ROC1 complex) or its stability and activation by 

attaching K63-linked ubiquitin chains (e.g., TRAF6, TRIM50, DDB1-Cullin4-AMBRA1 

complex) ([24], [25]).

The synthesis of PtdIns3P by the PI3KC3 complex in some parts of the phagophore allows 

the recruitment of additional components of the autophagy machinery which contribute to its 

expansion [e.g., DFCP1 (double FYVE domain-containing protein 1), WIPIs (WD-repeat 

protein interacting with phosphoinositides), ATG9 (a transmembrane protein), ATG12-

ATG5-ATG16 complex, LC3 and LC3-phosphatidylethanolamine] and finally, to the closure 

of the double membrane of the autophagosome ([19], [18], [20]).

In this work, we describe the role of the laforin/malin complex in the regulation of the 

initiation step of autophagy. This complex interacts with and polyubiquitinates Beclin1 with 

K63-linked ubiquitin chains, as well as other components of the PI3KC3 complex, resulting 

in its activation and the initiation of the autophagic flux.
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2.- MATERIAL AND METHODS

2.1.- Cell culture and preparation of crude extracts

Human embryonic kidney (HEK293) cells (HPA Culture Collection #85120602) and human 

osteosarcoma U2OS cells (Public Health England #92022711) were grown in DMEM 

(Lonza, Barcelona, Spain) supplemented with 100 units/mL penicillin, 100 μg/mL 

streptomycin, 2 mM glutamine and 10% (v/v) inactivated fetal bovine serum (GIBCO, 

Madrid, Spain), in a humidified atmosphere at 37°C with 5% (v/v) CO2. Cells were 

transfected with the corresponding plasmids using X-treme GENE HP transfection reagent 

(Roche Diagnostics, Barcelona, Spain), according to the manufacturer’s instructions. 

Twenty-four hours after transfection, cells were scraped on ice in lysis buffer [10 mM Tris–

HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 2.5% (v/v) glycerol, 0.5% (v/v) Nonidet P-40, 

complete protease inhibitor cocktail (Roche Diagnostics, Barcelona, Spain), 1 mM PMSF, 

2.5 mM NaF, 0.5 mM NaVO4 and 2.5 mM Na4P2O7]. Cells were lysed by repeated passage 

through a 25-gauge needle and clarified by centrifugation at 13,000×g for 10 min at 4°C.

Primary LD fibroblasts were obtained from a compound heterozygous EPM2A Y112X/

N163D (LD3) patient (obtained from Dr. Salas, Neurology Dept. Hospital Vall Hebron, 

Barcelona, Spain) and from a homozygous EPM2A R241X/R241X (LD1) patient (obtained 

from Dr. José Serratosa, Fundación Jimenez Diaz, Madrid, Spain). The corresponding 

informed consent for experimentation was obtained from patients or their families. 

Corresponding control fibroblasts (C1 and C2) (from Coriell Institute for Medical Research, 

Camden, New Jersey, USA) were matched by sex and age. All experiments were carried out 

in accordance with the Code of Ethics of the World Medical Association (Declaration of 

Helsinki). Experiments were performed in human fibroblasts at passage number 7–14 to 

avoid culture aging effects. Fibroblasts were grown at 37 °C in a humidified atmosphere at 

5% (v/v) CO2/air in MEM with Earlés salts, 2 mM L-glutamine, 1x MEM amino acids, 1x 

MEM non-essential amino acids, 1x MEM vitamins, 100 U/ml penicillin, 100 μg/ml 

streptomycin and 15% (v/v) fetal bovine serum.

2.2.- Plasmids

Plasmids pFLAG-laforin, pCMV-HA-laforin, pCMV-Myc-laforin, pECFP-laforin, pEGFP-

malin, pFLAG-malin and pcDNA3-HA-malin, have already been described [17]; plasmid 

pFLAG-malin P69A is described in [26]; plasmids pcDNA3-Myc-Beclin1 and 

pEGFP-2xFYVE were a generous gift of Dr. Stenmark (Dept. Biochem. Inst. Cancer 

Research, Norwegian Radium Hospital, Oslo, Norway); pFLAG-TRAF6-wt (#21624) and 

pVitro2-hygro-N-Myc-hVps34/hVps15-C-V5-his (#24055) were from Addgene 

(Teddington, UK); plasmid pcDNA3-FLAG-ATG14L was from Dr. Yue (Dep. Neurol. 

Neurosci. Friedman Brain Institute, Icahn School of Medicine at Mount Sinai, NY, USA); 

plasmid pFLAG-hUVRAG was from Dr. Liang (Dept. Mol. Microbiol and Immunol. Univ. 

Southern California, Los Angeles, CA, USA); plasmid pcDNA3-FLAG-Bcl2 was from Dr. 

Borner (Inst. Biochem, Univ. Freiburg, Germany); plasmid pCLPCX-FLAG-AMBRA1 was 

from Dr. Fimia (Dept. Epidemiology and Preclin. Res. National Inst. Infectious Dis. IRCCS 

Lazzaro Spallanzani, Rome, Italy); plasmid pcDNA3.1-HA-ULK1 was from Dr. Minoo Razi 

(London Research Institute, UK); plasmid pCMV-6xHisUbiq was kindly provided by Dr. 
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Manuel Rodríguez (Proteomics Unit, CIC-BioGUNE, Vizcaya, Spain) and plasmids 

pCMV-6xHis-Ubiq-K48R and pCMV-6xHis-Ubiq-K63R were a generous gift of Dr. Ch. 

Blattner (Institute of Toxicology and Genetics, Karlsruhe Institute of Technology, Karlsruhe, 

Germany). Plasmids pcDNA3-Myc-Beclin1 K117A and K437A were obtained by site-

directed mutagenesis using plasmid pcDNA3-Myc-Beclin1 as template, the Quick Change 

kit (Stratagene) and the corresponding mutagenic oligonucleotides: K117A-F: 5’-

GAGAACCTCAGCCGAAGACTGGCGGTCACTGGGGACCTTTTTG-3’, K117A-R: 5’-

CAAAAAGGTCCCCAGTGACCGCCAGTCTTCGGCTGAGGTTCTC-3’; K437A-F: 5’-

GTTCATGCTGACGAATCTTGCGTGGGGTCTTGCTTGGGTG-3’, K437A-R: 5’-

CACCCAAGCAAGACCCCACGCAAGATTCGTCAGCATGAAC-3’. All mutants were 

sequenced to ensure that additional mutations were not introduced during the mutagenesis 

procedure.

2.3.- GFP-trap analysis

HEK293 cells were transfected with specific constructs of laforin, malin, and the protein of 

interest. Cells were scraped on ice in phosphate-buffered saline (PBS), washed twice in PBS 

and then lysed using a 25-gauge needle in lysis buffer [10 mM Tris–HCl pH 7.5, 150 mM 

NaCl, 0.5 mM EDTA, 0.5% (v/v) Nonidet P-40, complete protease inhibitor cocktail (Roche 

Diagnostics, Barcelona, Spain), 1 mM PMSF, 2.5 mM NaF, 0.5 mM NaVO4 and 2.5 mM 

Na4P2O7]. Cell lysates were then centrifuged at 13,000×g for 10 min at 4°C. Supernatants 

(1.5 mg of total protein) were incubated with Chromotek GFP-trap beads (Chromotek, 

Planegg-Martinsried, Germany) for ten minutes in a rocking platform at 4°C and the GFP- 

and CFP-fused proteins were immunoprecipitated and visualized by immunoblotting using 

specific antibodies (see below). As a negative control, a construct expressing CFP or GFP 

alone (plasmid pECFP-N1 and pEGFP-N1, respectively) was used to confirm the specificity 

of the interaction.

2.4.- Western blot analysis

Western blot was carried out essentially as described [27]. 50 μg of total protein from the 

soluble fraction of cell lysates were analyzed by SDS-PAGE and proteins were transferred to 

PVDF membranes (Millipore, Madrid, Spain). Membranes were blocked with 5% (w/v) 

non-fat milk in Tris-buffered saline Tween20 buffer [TBS-T: 50 mM Tris-HCl pH 7.4, 150 

mM NaCl, 0.1% (v/v) Tween20] for 1 h at room temperature and incubated overnight at 4°C 

with the corresponding primary antibodies. Then, membranes were probed with suitable 

secondary antibodies for 1 h at room temperature. Signals were visualized using Lumi-Light 

Western Blotting Substrate (Roche Applied Science, Barcelona, Spain) or ECL Prime 

Western Blotting Detection Reagent (GE Healthcare, Barcelona, Spain) and analyzed by 

chemiluminescence using an image reader LAS-4000 (GE Healthcare, Barcelona, Spain). 

The following antibodies were used: anti-FLAG tag (F3165), anti-HA tag (H9658), anti-

Myc tag (M5546) and anti-tubulin (T6199) from Sigma Chemical Co. (Madrid, Spain); anti-

laforin (MABN606, Millipore, Madrid, Spain); anti-GFP (210-PS-1GFP; Immunokontact, 

Abbingdon, UK); anti-Beclin1 (#3495), anti-Vps34 (#4263), anti-ULK1 (#8054) and anti-

Vps34 (#4263) from Cell Signaling Technology (Danvers, MA, USA); anti-V5 (R960–25; 

Invitrogen, Madrid, Spain); anti-AMBRA1 (26190002; Novus Biologicals, Cenntenial, CO, 
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USA) and anti-ATG14L (#PD026) from Medical and Biological Laboratories (Nagano, 

Japan).

2.5.- Immunoprecipitation analysis

Proteins in cell lysates obtained as above (1.5 mg) were immunoprecipitated using either 

preimmune serum or anti-Beclin1 (#3495, Cell Signaling Technologies) antibody and 

protein A/G agarose beads (sc-2003, Santa Cruz Biotechnologies, Dallas, TX, USA). 

Immunoprecipitated proteins were analyzed by western blotting as above using the 

appropriate antibodies.

2.6.- Analysis of ubiquitination

To study ubiquitination, we followed the method described in [28]. Briefly, HEK293 cells 

were transfected with plasmid pCMV-6xHis-Ubiq (encoding a modified form of ubiquitin 

tagged with 6xHis residues), and plasmids encoding laforin, malin and the protein of 

interest. After 24 hours of transfection, cells were lysed using a 25-gauge needle in buffer A 

(6 M guanidinium-HCl, 0.1 M sodium phosphate, 0.1 M Tris-HCl, pH 8.0) to inhibit the 

action of deubiquitinases. 1.5 mg of protein of a clarified extract (12,000×g, 15 min) were 

incubated with 150 μl of a TALON cobalt resin (Clontech, Barcelona, Spain) equilibrated in 

buffer A containing 10 mM imidazole (buffer B), for 3 hours at room temperature on a 

rocking platform, to purify His-tagged proteins. The resin was then successively washed 

with 1 mL of buffer B and four times with buffer C (buffer B, but with 8 M urea instead of 6 

M guanidinium-HCl). Bound proteins were boiled in 40 μl of 2xLaemmli’s sample buffer 

and analyzed by Western blotting using the appropriate antibodies. When indicated, 

plasmids pCMV-6xHis-Ubiq-K48R and pCMV-6xHis-Ubiq-K63R were used in the assay 

instead of pCMV-6xHis-Ubiq wild type, to determine the topology of the ubiquitin chains.

2.7.- Immunofluorescence and confocal microscopy

Human osteosarcoma U2OS cells were grown as indicated in the case of HEK293 cells. 

They were transfected with the indicated plasmids and grown on 12-well plates containing 

coverslips. Cells were fixed with 4% (w/v) paraformaldehyde in phosphate-buffered saline 

(PBS) for 10 min at room temperature, washed three times with PBS and permeabilized with 

0.2% (v/v) Triton X-100 in PBS for 30 min. Cells were then blocked for one hour with 10% 

(v/v) fetal bovine serum, 0.5% (w/v) BSA and 0.1% (v/v) Triton X-100 in PBS and then 

incubated overnight at 4 °C with 1/500 dilution of the indicated antibody [anti-FLAG tag 

(F3165) from Sigma Chemical Co. (Madrid, Spain), anti-V5 (R960–25) from Invitrogen 

(Madrid, Spain), anti-Beclin1 (#3495) or anti-Vps34 (#4263) from Cell Signaling 

Technology (Danvers, USA)] in blocking solution. Samples were washed three times with 

PBS and incubated for 1 h at room temperature with a 1/1000 dilution of anti-mouse Alexa-

Fluor 568 or anti-rabbit Alexa-Fluor 633 (Invitrogen, Madrid, Spain), respectively. Finally, 

samples were washed three times with PBS and mounted on slides using Aqua-Poly/Mount 

coverslipping medium (Polysciences, Inc. Eppelheim, Germany). The co-localization assays 

were performed with a Leica TCS SP8 confocal microscope (Leica, Wetzlar, Germany) 

using an HCX PL APO 63× 1.4 NA oil objective. Images were treated with the ImageJ 1.49 

software (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA).
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Primary fibroblasts from control and LD patients grown on coverslips were transiently 

transfected with pEGFP-2xFYVE plasmid using Lipofectamine 2000 Transfection Reagent 

(ThermoFisher, Madrid, Spain). 48 hours after transfection, cells were fixed with 4% (w/v) 

paraformaldehyde in PBS for 10 min at room temperature. Coverslips were mounted using 

Aqua-Poly/Mount coverslipping medium (Polysciences, Inc. Eppelheim, Germany). Images 

were acquired as above and the total fluorescence of Z-stack merges of 15 confocal images 

with a Z-step size of 0.30 μm was determined using the ImageJ software described above. 

The size and number of the puncta present in the cells was also quantified using Image J.

2.8.- Statistical analysis

Results are shown as means +/− standard error of the mean (SEM). Differences between 

paired samples were analyzed by two-tailed Student’s t-tests using Graph Pad Prism version 

5.0 statistical software (La Jolla, CA, USA). P values have been considered as ***P< 0.001.

3.- RESULTS

3.1.- The laforin/malin complex interacts physically with Beclin1 and promotes its 
polyubiquitination.

We and others have described in cellular models of LD an impairment of autophagy ([12], 

[13], [14]) that leads to the accumulation of dysfunctional mitochondria ([29], [30]). We also 

recently described that in fibroblasts from LD patients carrying mutations in either EPM2A 
or EPM2B genes there was a severe decrease in the number of endogenous LC3 puncta, 

especially when autophagy was stimulated [30]. Although our results suggested impairment 

at the initial steps of autophagosome formation, the molecular details were not fully 

understood. For this reason, we decided to study in deep the possible involvement of laforin 

and malin in the initial steps of autophagosome formation.

As described at the Introduction, two main complexes play an essential role in autophagy 

initiation and autophagosome formation: the regulatory ULK1/2 complex (comprising 

ULK1/2, FIP200, ATG13 and ATG101 proteins) and the PI3KC3 complex [comprising 

Beclin1, vacuolar protein sorting 34 (Vps34), Vps15 and ATG14L or UVRAG proteins], 

which produces phosphatidylinositol-3 phosphate (PtdIns3P) on the surface of the initiation 

membrane ([20],[31], [32]). We started our analyses determining the activity of the PI3KC3 

complex in fibroblasts from two LD patients (LD1 and LD3) carrying different mutations in 

the EPM2A gene and that displayed autophagy impairment [30]. The activity of the PI3KC3 

complex was assessed by analyzing the levels of PtdIns3P by fluorescence microscopy 

analysis based on a PtdIns3P-binding FYVE probe [pEGFP-2xFYVE ([33], [34])]. In Fig. 

1A we present images corresponding to Z-stack merges of 15 confocal images with a Z-step 

size of 0.30 μm (individual selected stacks of the confocal analysis of the cells are shown in 

Supplementary Fig. S1). When we analyzed the total fluorescence of the cells we observed a 

severe decrease in the intensity of the probe in both LD fibroblasts in comparison to controls 

(Fig. 1B). This was due to clear decrease in the proportion of large-size, high-intensity 

puncta and an increase in the proportion of small-size, low-intensity puncta, which correlates 

with a decrease in the total fluorescence of the samples (Fig. 1C) [no big differences in the 

total amount of puncta per cell between controls (from 160 to 90 puncta) and LD fibroblasts 
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(from 140 to 100 puncta)] were observed]. These results indicated that in the absence of a 

functional laforin/malin complex there was an impairment in the activity of the PI3KC3 

complex, which could explain the reduced autophagosome biogenesis.

Next, we analyzed whether this impairment in PtdIns3P formation was due to altered levels 

of some components of the PI3KC3 or ULK1/2 complexes. We measured the endogenous 

protein levels of ULK1, Beclin1, Vps34 and ATG14L in primary fibroblasts from control 

and an EPM2A patient (LD3) growing in complete medium and treated or not with 10 μM 

CCCP for 1 hour to induce mitochondria dysfunction and autophagy [30]. However, we did 

not find apparent differences in the levels of any of these proteins compared to control 

fibroblasts (Supplementary Fig. S2). In addition, we analyzed the phosphorylation status of 

different components involved in the initiation of autophagy, such as P-ULK1(Ser757) (a 

substrate of the mTOR pathway) or P-ULK1(Ser555) and P-Beclin1(Ser93) (substrates of 

the AMPK pathway), but although we found differences related to the CCCP treatment, no 

obvious genotype-dependent differences were observed [Supplementary Fig. S3; the activity 

of the mTOR pathway was assessed measuring the levels of P-p70S6K(Thr389) and the 

activity of the AMPK pathway was assessed measuring the levels of P-Raptor(Ser792)]. 

Also, no genotype-dependent changes in the levels of P-Beclin1(Ser15), a substrate of 

ULK1, were observed (data not shown).

Then, we determined whether laforin or malin could physically interact with members of the 

PI3KC3 complex by GFP-trap analysis. First, we started with Beclin1. As shown in Fig. 2A 

and 2B, when laforin and malin were both co-expressed in HEK293 cells, they were able to 

interact with Beclin1. In the absence of one of the members of the laforin/malin complex a 

minor interaction with Beclin1 was observed. The laforin/malin complex was also able to 

pull-down endogenous Beclin1 (Fig. 2C), and when Beclin1 was immunoprecipitated using 

anti-Beclin1 antibodies, both laforin and malin were present in the immunoprecipitates (Fig. 

2D). The interaction between laforin/malin and Beclin1 was confirmed by 

immunofluorescent studies. As shown in Fig. 3, laforin, malin and Beclin1 co-localized in 

similar subcellular structures. The change in the expression pattern of Beclin1 when laforin 

and malin were overexpressed could be due to an enhancement of autophagy, mediated by 

the laforin/malin complex ([35], [36]). Therefore, all these results indicate a physical 

interaction between Beclin1 and the laforin/malin complex.

Since the laforin/malin complex recognizes and ubiquitinates different substrates ([6], [7], 

[8]), next we analyzed whether, as a result of its interaction with Beclin1, it could promote 

the ubiquitination of this protein. As shown in Fig. 4A, a clear polyubiquitination of Beclin1 

was observed when both laforin and malin were present (lane 4), and this modification was 

dependent on the presence of the E3-ubiquitin ligase malin (lanes 1 and 2) and on the 

presence of laforin (lanes 1 and 3). In the presence of an inactive form of malin (P69A; 

being this mutation the most frequent modification found in EPM2B patients) a severe 

reduction in the ubiquitination of Beclin1 was observed (lane 5). The residual 

polyubiquitination of Beclin1 observed when no laforin was overexpressed (lane 3) could be 

due to endogenous levels of laforin present in HEK293 cells, which could form a complex 

with the overexpressed malin. These results indicate that a functional complex is required 

for the proper laforin/malin-dependent polyubiquitination of Beclin1. Then, we analyzed the 
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topology of the polyubiquitinated chains present in Beclin1. To perform this analysis we 

used modified forms of ubiquitin that carried K48R or K63R mutations, which prevent the 

formation of K48- or K63-linked chains respectively. As indicated in Fig. 4B, the laforin/

malin complex promoted the attachment of K63-linked ubiquitin chains, as ubiquitination 

was severely impaired in cells expressing K63R-ubiquitins (lane 5). On the contrary, in the 

presence of K48R-ubiquitins, we observed a similar degree of ubiquitination as when wild 

type ubiquitin was used in the assay (lanes 3 and 4). Similar results were obtained when we 

used in the assay TRAF6 (Fig. 4B), an E3-ubiquitin ligase that also promotes the attachment 

of K63-linked polyubiquitin chains to Beclin1 ([24], [37]). As it has been described that 

residues Lys117 and Lys437 of Beclin1 are involved in the attachment of K63-linked 

ubiquitin chains to this protein by the action of TRAF6 [37] and DDB1-Cullin4-AMBRA1 

complex [38], respectively, we constructed Beclin1 mutants in these residues and observed 

that the ubiquitination mediated by the laforin/malin complex still took place in them, thus 

indicating that the modification occurred in alternative residues (Fig. 4C).

In conclusion, the laforin/malin complex interacts physically with Beclin1 and promotes the 

attachment of K63-linked polyubiquitin chains. This topology is in agreement with the type 

of modification that the laforin/malin complex introduces in alternative substrates such as 

R5/PTG [8], AMPK subunits [39], PKM1/2 [40] and p62 [17], and with the functional 

interaction of the laforin/malin complex with UBE2N [17], an E2-conjugating enzyme that 

promotes the formation of K63-linked polyubiquitin conjugates.

3.2.- The laforin/malin complex interacts with and polyubiquitinates additional 
components of the PI3KC3 complex.

Since Beclin1 is a component of the PI3KC3 complex, we analyzed the possible interaction 

of laforin and malin with other components of it, such as Vps34 and Vps15. In Fig. 5A we 

show that only when laforin and malin were present there was a physical interaction with 

both Vps34 and Vps15 (lane 3). Expression of laforin alone was not enough to promote this 

interaction (lane 2) and expression of exogenous Beclin1 did not improve the interaction 

(lane 4), perhaps because the levels of endogenous Beclin1 were high enough to support the 

interaction of the laforin/malin complex with Vps34 and Vps15. These interactions were 

confirmed by the co-localization of malin, Vps34 and Vps15 in similar subcellular 

structures, which also contained Beclin1 (Fig. 6). The change in the expression pattern of 

Beclin1, Vps34 and Vps15 when laforin and malin were overexpressed could be due to an 

enhancement of autophagy, mediated by the laforin/malin complex ([35], [36]).

Also, in this case, the laforin/malin complex was able to polyubiquitinate Vps34 and Vps15 

(Fig. 5B), even in the absence of overexpressed Myc-Beclin1 (lanes 3 and 4). Therefore, all 

these results suggest a physical interaction between the laforin/malin complex and different 

members of the PI3KC3 complex, which results in the attachment to them of polyubiquitin 

chains.

It is known that in a functional PI3KC3 complex, the core Beclin1-Vps34-Vps15 sub-

complex interacts in a mutually exclusive manner with either ATG14L or UVRAG proteins. 

Although we were not able to detect any physical interaction between the laforin/malin 

complex and either ATG14L (Fig. 7A) or UVRAG (Fig. 8A) in GFP-trap pull-down assays, 
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the laforin/malin complex promoted the polyubiquitination of ATG14L (Fig. 7B, lane 3) and 

UVRAG (Fig. 8B, lane 3), perhaps through its interaction with the core Beclin1-Vps34-

Vps15 sub-complex.

3.3.- The laforin/malin complex does not affect other components involved in 
autophagosome biogenesis such as Bcl2, AMBRA1 or ULK1.

We extended these interaction studies to other proteins which play a role in the regulation of 

initial steps of autophagosome biogenesis. We analyze the physical interaction of laforin and 

malin with Bcl2, an inhibitor of the PI3KC3 complex, AMBRA1 and ULK1, but we found 

no interaction by GFP-trap pull-down assays in any case (Fig. 9A for Bcl2; data not shown 

for AMBRA1 and ULK1). We also analyzed the ability of the laforin/malin complex to 

ubiquitinate these proteins but we found no modification for either Bcl2 (Fig. 9B), 

AMBRA1 (Fig. 9C) or ULK1 (Fig. 9D) even in the presence of overexpressed Myc-Beclin1. 

These results indicate a specificity of the laforin/malin complex in ubiquitinating some 

components of the machinery of autophagosome formation but not others.

Taken together, all these results indicate that the laforin/malin complex regulates some of the 

initial steps of autophagosome biogenesis by specifically interacting with components of the 

PI3KC3 complex to promote their polyubiquitination.

3.4.- The activity of the PI3KC3 complex is enhanced in the presence of a functional 
laforin/malin complex.

To investigate the functional consequences of the observed interactions and 

polyubiquitinations of components of the PI3KC3 complex, we overexpressed laforin and 

malin in U2OS cells and measured the levels of PtdIns3P by fluorescence microscopy 

analysis based on the PtdIns3P-binding FYVE probe (pEGFP-2xFYVE), as above. In cells 

expressing at the same time GFP-2xFYVE, laforin and malin, we observed a more than two-

fold increase in the levels of PtdIns3P (Fig. 10), indicating a positive effect of the laforin/

malin complex on the activity of the PI3KC3 complex.

4.- DISCUSSION

Although the hallmark of Lafora progressive myoclonus epilepsy is the accumulation of 

polyglucosan inclusions in brain and peripheral tissues, using animal models of the disease, 

we and others have demonstrated that there is also an impairment of proteostasis, which 

included decreased autophagy ([11], [12], [13], [14]). These results were also confirmed in 

primary cultures of fibroblasts derived from patients harboring mutations in either the 

EPM2A and EPM2B genes ([12], [14], [30]). These studies also suggested that decreased 

autophagy in LD was related to an impairment in the initial steps of autophagosome 

formation, as lower levels of LC3-II were detected in LD samples even after treatment with 

various lysosomal inhibitors [14]. In agreement with these results, here we provide evidence 

of a decrease in the levels of PtdIns3P, an essential mediator in the formation of 

autophagosomes, in primary fibroblasts from LD patients carrying mutations in the EPM2A 
gene.
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Regulation of autophagy is a complex process involving different post-translational 

modifications such as phosphorylation, ubiquitination, acetylation, etc. Therefore, and in 

order to understand the molecular basis of the defect present in LD, we first analyzed the 

phosphorylation status of key components involved in the process of autophagy initiation in 

LD fibroblasts. However, we could not find any difference with respect to control cells. 

Then, we explored the possibility of a direct action of the laforin/malin complex on these 

components. As the activity of the PI3KC3 complex was reduced in LD samples (less 

PtdIns3P being produced; see above), we started our analysis with Beclin1, one of the core 

components of the PI3KC3 complex. We observed that Beclin1 interacted physically with 

the laforin/malin complex and also co-localized with it. More importantly, the laforin/malin 

complex was able to polyubiquitinate Beclin1 by attaching K63-linked ubiquitin chains, 

being this process dependent on the presence of an active form of malin. In this way, the 

laforin/malin complex joins the group of E3-ubiquitin ligases that are able to modify Beclin1 

with K63-linked ubiquitin chains, such as TRAF6 [37], the DDB1-Cullin4-AMBRA1 

complex [38], and TRIM50 [41]. In these cases, the K63-ubiquitination of Beclin1 has been 

associated with an activation of the protein and an enhancement of the activity of the 

PI3KC3 complex ([24], [25]). In agreement with these suggestions, we present evidence that 

overexpression of the laforin/malin complex enhances the formation of PtdIns3P. Therefore, 

our results support the hypothesis that the laforin/malin complex regulates Beclin1 by K63-

linked polyubiquitination, resulting in an enhancement of the synthesis of PtdIns3P. We also 

show that the laforin/malin-mediated ubiquitination of Beclin1 occurred mostly at Lys 

residues different from those already reported in the literature (Lys117 for TRAF6 [37] and 

Lys437 for DDB1-Cullin4-AMBRA1 complex [38]).

The action of the laforin/malin complex extends to other components of the core of the 

PI3KC3 complex. Indeed, we present evidence of physical interaction and co-localization of 

the laforin/malin complex with Vps34 and Vps15, resulting in the ubiquitination of these 

two proteins. Therefore, the laforin/malin complex joins also the group of other E3-ubiquitin 

ligases that modify Vps34, such as CHIP which, in combination with the E2-conjugase 

UBC13/Uev1, attaches K63-linked ubiquitin chains to Vps34, enhancing in this way its 

stability [42]. In addition, the laforin/malin complex was also able to ubiquitinate ATG14L 

and UVRAG, but apparently without any physical interaction. Perhaps, the attachment of the 

laforin/malin complex to the core of the PI3KC3 complex allows it to gain access to these 

two mutually exclusive members of the whole PI3KC3 complex. All these modifications 

seem to be specific since other components involved in the process of autophagy initiation 

such as Bcl2, AMBRA1 or ULK1, were not substrates of the laforin/malin complex.

5.- CONCLUSIONS

In summary, in this study, we present evidence for the participation of the laforin/malin 

complex in the initial steps of autophagosome formation. The laforin/malin complex 

physically interacts with core components of the PI3KC3 system and specifically 

polyubiquitinates Beclin1, Vps34 and Vps15. In addition, it is also able to polyubiquitinate 

ATG14L and UVRAG. We suggest that all these polyubiquitinations result in an 

enhancement of the activity of the PI3KC3 complex, producing more PtdIns3P and therefore 

increasing the formation of autophagosomes. In Lafora disease, the absence of a functional 
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laforin/malin complex would result in a less activated PI3KC3 complex, leading in this way 

to the observed impairment of the initial steps of autophagy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Lafora disease cell models produce lower levels of PI3P.

• The laforin/malin E3 ligase interacts and ubiquitinates beclin 1.

• The laforin/malin complex interacts with additional components of the 

PI3KC3 complex.

• Ubiquitination of the PI3KC3 complex by laforin and malin increase its 

activity.
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Fig. 1.- In the absence of laforin the levels of phosphatidylinositol-3phosphate (PtdIns3P) are 
reduced.
Primary fibroblasts from two independent control subjects (C1 and C2) and from two LD 

patients with mutations in EPM2A gene (LD1 and LD3) were transfected with plasmid 

pEGFP-2xFYVE, which binds to PtdIns3P, and analyzed by fluorescence microscopy using 

a confocal microscope. A) Representative images corresponding to Z-stack merges of 15 

confocal images with a Z-step size of 0.30 μm; Bar: 10 μm. B) The total relative 

fluorescence intensity per cell was measured using Image J, in at least 50 cells in each 

sample. C) In the same samples, the number and size of the puncta per cell were measured 

using Image J. No big differences in the total amount of puncta per cell were observed 

between controls (from 160 to 90 puncta) and LD fibroblasts (from 140 to 100 puncta). The 

percentage of puncta sizes per cell is presented. Results are expressed as means +/− SEM 

(two-tailed Student’s t-tests, *p<0.05, **p<0.01 and ***p<0.001).
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Fig. 2.- The laforin/malin complex interacts with Beclin1.
A) CFP-laforin pull-downs overexpressed Beclin1 in the presence of malin. HEK293 cells 

were co-transfected with the indicated combination of plasmids expressing Myc-Beclin1, 

HA-malin, CFP (empty) and CFP-laforin. Cells were lysed and 1.5 mg of proteins were 

incubated with GFP-trap beads, which bind the various GFP forms, including CFP, with high 

affinity. After washing, beads were boiled in loading buffer and the purified proteins were 

analyzed by SDS-PAGE and Western blot using anti-GFP, anti-HA or anti-Beclin1 

antibodies, as indicated below the different panels. Bound: proteins retained in the beads; 

CE: crude extracts (50 μg of protein). B) GFP-malin pull-downs overexpressed Beclin1 in 

the presence of laforin. HEK293 cells were co-transfected with the indicated combination of 

plasmids expressing Myc-Beclin1, FLAG-laforin, GFP (empty) and GFP-malin. Extracts 
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were analyzed as in A). C) CFP-laforin pull-downs endogenous Beclin1 in the presence of 

malin. HEK293 cells were co-transfected with the indicated combination of plasmids 

expressing FLAG-malin, CFP (empty) and CFP-laforin. Extracts were analyzed as in A). D) 

Beclin1 immunoprecipitates laforin and malin. HEK293 cells were co-transfected with the 

indicated combination of plasmids expressing Myc-Beclin1, FLAG-malin and FLAG-

laforin. Cells were lysed and 1.5 mg of proteins were immunoprecipitated (Ip) with either 1 

μl of preimmune serum (Pre-Imm) or 1 μl of anti-Beclin1 antibody. After washing, protein 

A/G agarose beads were boiled in loading buffer and the purified proteins analyzed by SDS-

PAGE and Western blot using anti-FLAG or anti-Beclin1 antibodies. CE: crude extracts (50 

μg of protein). In A), B), C) and D) a representative blot of three independent experiments is 

shown. The positions of different proteins are indicated on the left of the panels, while 

molecular weight markers are indicated in kDa on the right.
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Fig. 3.- Laforin and malin co-localize with Beclin1.
Representative images of U2OS cells transfected with the plasmids indicated on their left. 

The subcellular localization of the corresponding proteins was analyzed either by direct 

fluorescence (GFP and GFP-malin) or by immunofluorescence using anti-FLAG (coupled to 

an Alexa-Fluor 633 secondary antibody) and anti-Beclin1 (coupled to an Alexa-Fluor 568 

secondary antibody) antibodies, as described in Materials and Methods. Fluorescence 

associated with the corresponding proteins was analyzed by confocal microscopy. DAPI 

staining was in blue. A merged image of the fluorescent dyes is also shown. Bar: 20 μm.
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Fig. 4.- A functional laforin/malin complex promotes the ubiquitination of Beclin1, attaching 
K63-linked polyubiquitin chains.
A) A functional Laforin/malin complex ubiquitinates Beclin1. HEK293 cells were 

transfected with the indicated plasmids and ubiquitination analysis of Beclin1 was carried 

out as described in Materials and Methods. The analyses were performed with active (wild 

type) and inactive (P69A) forms of malin. Proteins present in the bound fraction (Bound: 

proteins retained in the metal affinity resin) or in the crude extract (CE, 50 μg) were 

analyzed by Western blotting using the indicated antibodies. B) Topology of the 

ubiquitination reaction. Ubiquitination reactions were performed as in A) using modified 

forms of ubiquitin that carried K48R or K63R mutations, which prevent the formation of 

K48- or K63-linked chains, respectively. As a control, the same reactions were carried out in 

the presence of the E3-ubiquitin ligase TRAF6 instead of the laforin/malin complex. The 

position of the ubiquitinated forms of Beclin1 is indicated. C) Laforin/malin complex does 

not ubiquitinate Beclin1 at Lys117 or Lys437. Ubiquitination of Beclin1 wild type (WT), 

and their K117A and K437A mutants was performed as in section A) using the indicated 

plasmids. In A) to C), a representative blot of three independent experiments is shown. 

Molecular size markers are indicated in kDa on the right of the blots.
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Fig. 5.- The laforin/malin complex interacts with Vps34 and Vps15 and promotes their 
ubiquitination.
A) CFP-laforin pull-downs Vps34 and Vps15 in the presence of malin. HEK293 cells were 

co-transfected with the indicated combination of plasmids expressing Myc-Beclin1, Myc-

Vps34/V5-Vps15, FLAG-malin, CFP (empty) and CFP-laforin. Cells were lysed and 1.5 mg 

of proteins were analyzed as in the legend of Fig. 2A using the appropriated antibodies. B) 

Laforin/malin complex ubiquitinates Vps34 and Vps15. HEK293 cells were transfected with 

the indicated plasmids and ubiquitination of Vps34 and Vps15 was analyzed as in the legend 
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of Fig. 4A. In A) and B), a representative blot of three independent experiments is shown. 

Molecular size markers are indicated in kDa on the right of the blots.
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Fig. 6.- Laforin and malin co-localize with Vps34 and Vps15.
Representative images of U2OS cells transfected with the plasmids indicated on their left. 

The subcellular localization of the corresponding proteins was analyzed either by direct 

fluorescence (GFP and GFP-malin) or by immunofluorescence using anti-V5 (coupled to an 

Alexa-Fluor 633 secondary antibody), and anti-Vps34 or anti-Beclin1 (coupled both to an 

Alexa-Fluor 568 secondary antibody) antibodies, as described in Materials and Methods. 

Fluorescence associated with the corresponding proteins was analyzed by confocal 

microscopy. DAPI staining was in blue. A merged image of the fluorescent dyes is also 

shown. Bar: 20 μm.
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Fig. 7.- The laforin/malin complex promotes the ubiquitination of ATG14L.
A) CFP-laforin does not pull-down ATG14L in the presence of malin. HEK293 cells were 

co-transfected with the indicated combination of plasmids expressing FLAG-ATG14L, HA-

malin, CFP (empty) and CFP-laforin. Cells were lysed and 1.5 mg of proteins were analyzed 

as in the legend of Fig. 2A using the appropriated antibodies. B) Laforin/malin complex 

ubiquitinates ATG14L. HEK293 cells were transfected with the indicated plasmids and 

ubiquitination of ATG14L was analyzed as in the legend of Fig. 4A. In A) and B), a 

representative blot of three independent experiments is shown. Molecular size markers are 

indicated in kDa on the right of the blots.
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Fig. 8.- The laforin/malin complex promotes the ubiquitination of UVRAG.
A) CFP-laforin does not pull-down UVRAG in the presence of malin. HEK293 cells were 

co-transfected with the indicated combination of plasmids expressing FLAG-UVRAG, HA-

malin, CFP (empty) and CFP-laforin. Cells were lysed and 1.5 mg of proteins were analyzed 

as in the legend of Fig. 2A using the appropriated antibodies. B) Laforin/malin complex 

ubiquitinates UVRAG. HEK293 cells were transfected with the indicated plasmids and 

ubiquitination of UVRAG was analyzed as in the legend of Fig. 4A. In A) and B), a 

representative blot of three independent experiments is shown. Molecular size markers are 

indicated in kDa on the right of the blots.
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Fig. 9.- The laforin/malin complex does not affect Bcl2, AMBRA1 or ULK1.
A) CFP-laforin does not pull-down Bcl2 in the presence of malin. HEK293 cells were co-

transfected with the indicated combination of plasmids expressing FLAG-Bcl2, HA-malin, 

and CFP-laforin. Cells were lysed and 1.5 mg of proteins were analyzed as in the legend of 

Fig. 2A using the appropriated antibodies. B) Laforin/malin complex does not ubiquitinate 

Bcl2. HEK293 cells were transfected with the indicated plasmids and ubiquitination of Bcl2 

was analyzed as in the legend of Fig. 4A. C) and D) The laforin/malin complex does not 

ubiquitinate AMBRA1 or ULK1. HEK293 cells were transfected with the indicated 
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plasmids and ubiquitination of AMBRA1 (C) and ULK1 (D) was analyzed as in the legend 

of Fig. 4A. In A) to D), a representative blot of three independent experiments is shown. 

Molecular size markers are indicated in kDa on the right of the blots.
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Fig. 10.- Overexpression of laforin and malin increases the levels of PtdIns3P.
U2OS cells were transfected with pEGFP-2xFYVE (which binds to PtdIns3P), pMyc-

laforin, and pFLAG-malin, or the corresponding empty plasmids. The levels of PtdIns3P 

were assessed by measuring the GFP-associated fluorescence by confocal microscopy. The 

fluorescence intensity per cell was measured in 240 control cells (empty plasmids) and 144 

cells expressing at the same time plasmids Myc-laforin and FLAG-malin, which were 

identified using anti-Myc (coupled to an Alexa-Fluor 568 secondary antibody) and anti-

FLAG (coupled to an Alexa-Fluor 633 secondary antibody). DAPI staining was in blue. A 

representative image of each case and a merged image of the fluorescent dyes are also 

shown. Results are expressed as arbitrary fluorescence units per cell in the form of means +/

− SEM (two-tailed Student’s t-tests, ***p<0.001). Bar: 20 μm.
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