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Abstract

Gene mutations, mostly segregating with a dominant mode of inheritance, are important causes of dilated cardiomyopathy
(DCM), a disease characterized by enlarged ventricular dimensions, impaired cardiac function, heart failure and high risk of
death. Another myocardial abnormality often linked to gene mutations is left ventricular noncompaction (LVNC) characterized
by a typical diffuse spongy appearance of the left ventricle. Here, we describe a large Bedouin family presenting with a severe
recessive DCM and LVNC. Homozygosity mapping and exome sequencing identified a single gene variant that segregated as
expected and was neither reported in databases nor in Bedouin population controls. The PLEKHM2 cDNA2156_2157delAG
variant causes the frameshift p.Lys645AlafsTer12 and/or the skipping of exon 11 that results in deletion of 30 highly conserved
amino acids. PLEKHM?2 is known to interact with several Rabs and with kinesin-1, affecting endosomal trafficking. Accordingly,
patients’ primary fibroblasts exhibited abnormal subcellular distribution of endosomes marked by Rab5, Rab7 and Rab?9, as well
as the Golgi apparatus. In addition, lysosomes appeared to be concentrated in the perinuclear region, and autophagy flux was
impaired. Transfection of wild-type PLEKHM2 cDNA into patient’s fibroblasts corrected the subcellular distribution of the
lysosomes, supporting the causal effect of PLEKHM2 mutation. PLEKHM?2 joins LAMP-2 and BAG3 as a disease gene altering
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autophagy resulting in an isolated cardiac phenotype. The association of PLEKHM2 mutation with DCM and LVNC supports the

importance of autophagy for normal cardiac function.

Introduction

Dilated cardiomyopathy (DCM) refers to a group of heterogeneous
myocardial disorders that are characterized by ventricular dila-
tion and depressed myocardial contractility in the absence of
abnormal loading conditions (1). It is an important cause of
heart failure (HF) and sudden cardiac death, and represents
~30-40% of patients in multicenter HF trials (2). DCM accounts
for >10000 deaths in the USA annually and for more than half
of heart transplantations in adult and children worldwide (1,3).
In patients with idiopathic DCM, a common estimation is that
25-50% of cases are familial with genetic origin (4,5), although
hitherto reported mutations explain only part of the familial
DCM cases (6). Autosomal-dominant inheritance is the most
common mode of inheritance (7), presenting usually in the se-
cond or third decade of life (8,9). Most of the known mutated
genes [MIM 115200 (10)] encode structural components of the
heart muscle, implying that the disease is caused by impairment
of force generation, sensing and/or transmission. Autosomal-
recessive mutations leading to DCM are far less common.
Among the few existing cases, there are two genes encoding car-
diac structural proteins (TNNI3 and TTN; [MIM 611880 and 611705,
respectively]), which are also linked to dominant DCM forms of
inheritance. Other described genes encode FUKUTIN (FKTN
[MIM 611615]), important for properly transmitting the generated
force, and TAFAZZIN (TAZ [MIM 300395]), involved in cardiolipin
metabolism and ATP production (11). Similarly, we have identi-
fied a mutation in SDHA encoding the flavoprotein subunit of
complex II of the mitochondrial respiratory chain (12). Mutations
in SDHA, TAZ and FKTN cause additional syndromes (Leigh, Barth
and muscular dystrophy dystroglycanopathy [MIM 256000; 30206;
236670]); for reviews, see (13,14).

A unique form of cardiomyopathy, that is gaining attention in
regard to its genetic background, is left ventricular noncompaction
(LVNC [MIM 604169]) (15,16). LVNC is a cardiomyopathy character-
ized by a distinctive spongy appearance of the myocardium, due
to increased trabeculation and deep intertrabecular recesses in
hypertrophied and hypokinetic segments of the left ventricle (LV)
that communicate with the LV cavity (17). However, there is no
current ‘gold standard’ for the diagnosis, which can be also
challenging according to the extent of trabeculation and deep in-
tertrabecular recesses (18,19). Clinical manifestations are highly
variable, ranging from no symptoms to disabling congestive HF,
arrhythmias and systemic thromboembolism (20-22). There is no
specific histological finding in LVNC, although fibrosis has been
described (23,24). Up to 44% of patients have a family history of car-
diomyopathy (25-29). In children X-linked, autosomal-dominant
and mitochondrial inheritance have been reported, whereas in
adults autosomal-dominant inheritance has been described (20).
Mutations in several genes that have previously been associated
with hypertrophic cardiomyopathy and DCM are reported (30-36),
including sarcomeric protein-encoding genes (36). These findings
support the concept that LVNC is part of a diverse spectrum of
cardiac pathologies triggered by sarcomeric protein gene defects,
and that there is a shared molecular etiology of different cardio-
myopathic phenotypes. However, genetic studies have been lim-
ited, and the genetic basis of LVNC s still unresolved in most cases.

We identified here a novel gene, in which a genetic variant
leads to recessively inherited DCM and LVNC that is limited to a

few segments, by using genetic mapping and exome sequencing
of a highly inbred family of Bedouin ancestry.

Results

Clinical findings in affected patients

The study was initiated following several independent hospitali-
zations of children from a single large Bedouin family. A total of
four patients at age of 7(years)-16 years who were diagnosed with
DCM, focal areas of spongy LV myocardium and sustained
ventricular tachycardia (VT) were examined (Fig. 1A and Table 1).
Two additional family members who died prior to the study
(siblings of patients II-1 and II-2, Fig. 1A) were reported to have
died from sudden death.

In terms of cardiac morphology, two-dimensional (2D) and
Doppler echocardiography (TTE) in the apical four-chamber and
parasternal short-axis images at the level of the ventricles
showed dilatation of both ventricles with global severe depres-
sion of LV function (Table 1). In addition, 4-5 trabeculae and inter-
trabecular recesses in inferior and lateral walls of the LV were
noted with normal origins of the coronary arteries. In these lacu-
nar regions, the ratio of compacted versus noncompacted myo-
cardium was 1:2. Cardiac magnetic resonance imaging (CMRI)
revealed, in short-axis axial and four-chamber images, severe
dilatation of the LV with severely depressed function. Clinically,
the two older patients (II1 and II7, Table 1) were frequently suffer-
ing from VT and, on multiple occasions, underwent recurrent
electrical cardioversion and intravenous administration of amio-
darone. They have undergone implantable cardioverter-defibril-
lator (ICD) implantation and one patient had a heart transplant
(Table 1).

Homozygosity mapping and identification
of the mutation in PLEKHM2

To pursue a molecular diagnosis in this family, genomic DNA was
isolated from blood of all numbered individuals (Fig. 1A), lym-
phoblastoid cells were established for all patients and fibroblast
cultures were established from patients II1 and II2. Assuming
homozygosity by descent of a recessive mutation as the likely
cause of the disorder, we have genotyped three patients (II-1,
II-2 and II-7) and identified the autozygosity regions shared by the
three patients as: chr1:15528487-18566851 and chr11:116305597-
128546634 (GRCh37/Hg 19, total of 15.3 Mb; Fig. 1B). Exome se-
quencing was performed on patient II-1. Analysis of the varia-
tions in the homozygous regions revealed 14 homozygous
variants. Six of them were reported in public databases (ExAc
browser, 1000 Genomes, dbSNP, Exome Variant Server) with a
high frequency, and seven were present in homozygosity in our
collection of Bedouin exomes and were not associated with any
type of cardiac abnormality. Only one variant was novel, a dele-
tion of two nucleotides in Chr 1:16055171_16055172delAG
(GRCh37/Hg 19) in exon 12 and in the coding region of PLEKHM2
(pleckstrin homology domain containing, family M member 2)
cDNA2156_2157delAG, causing the frameshift p.Lys645Alaf-
sTer12. This novel variant segregated as expected in the large
family, namely homozygous in the patients but not in the
parents or in any of the eight healthy siblings (Fig. 1A and C).
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Figure 1. Family pedigree and identification of the homozygous intervals and the mutation. (A) Pedigree: three patients (II-1, II-2 and II-7) were genotyped. The segregation
of the PLEKHM 2 mutation that creates a Mwol site is presented by the restriction analysis using this enzyme, under each individual. Digestion of the 687 bp amplicon
resulted in 25, 73, 75, 83, 190 and 241 bp fragments; if the mutation is present, the 239 bp fragment is cleaved into 135 and 104 bp fragments. All patients were
homozygous for the mutation; all available parents and all healthy siblings were heterozygotes, except sibling II-3 who was homozygous normal. (B)
AgileMultildeogram showing the homozygous regions of chromosomes 1 and 11 shared among patients II-1, II-2 and II-7. The total length of the chromosomal
homozygous regions was 15.3 Mb. (C) Sequence chromatogram of the PCR product of genomic DNA showing the single variant compatible as a causing mutation, a
deletion of two nucleotides 1:16055171_16055172delAG (GRCh37/Hg 19) in exon 12. The chromatograms present the homozygous normal sequence (individual II-3),

heterozygotes (Het) and mutant (Mut).

The variant was excluded as a population-specific variation by
not being present in 102 control Bedouins of the Negev, com-
posed of our Bedouin exome collection and additional samples
that were analyzed by restriction analysis with Mwol, a site cre-
ated by the variation (Fig. 1A). Using RT-qPCR analysis of several
tissues, we confirmed that PLEKHM? is transcribed in the human
heart at intermediate levels in the myocardium, although tran-
scription is most prominent in brain and testis (Supplementary
Material, Fig. S1).

PLEKHM?2, also known as SKIP (SifA and kinesin-interacting
protein), was originally identified as a target of the Salmonella ef-
fector protein SifA and found to bind the light chain of kinesin-1
to activate the motor on the bacteria’s replicative vacuole (37). In
infected cells, SifA contributed to the fission of vesicles from the
bacterial vacuole and the SifA/PLEKHM2 complex was required
for the formation and/or the anterograde transport of kinesin-
1-enriched vesicles (38). PLEKHM2 has an N-terminal RUN
domain, two WD domains (39) and a carboxy-terminal PH do-
main. The position of the frameshift deletion is in the middle
of the protein, and thus, truncation of the protein would elimin-
ate the PH domain (Fig. 2C).

The frameshift mutation in exon 12, which is an inner exon of
the gene, may lead to either nonsense-mediated decay of the
mRNA (40) or to rescue of translation by exon skipping. Thus,
we verified the effect of the gene variant on mRNA level. RNA
was extracted from lymphoblastoid cells and fibroblasts of
patient II-1 and from comparable cells of control individuals,
and cDNA was prepared. PCR was performed on the cDNA
using primers in exons 10 and 15, flanking exon 12 that contains

the mutation. The RT-PCR products of the patient-derived cells
demonstrate two fragments in contrast to the one expected frag-
ment of normal splicing shown in control cells (Fig. 2A). Sanger
sequencing of the PCR products demonstrated that the large frag-
ment of the patient (579 bp) contains exon 12 with the deleted AG
and the smaller fragment of 488 bp that appears only in patient
cells reflecting skipping of exon 11 (Fig. 2B). The expected pro-
teins are presented in Figure 2C. Conventional splicing leading
to the large fragment would produce the truncated protein p.Ly-
s645AlafsTer12, whereas the mutation-induced splicing with the
skipping of exon 11 would result in a smaller fragment rescuing
the reading frame of translation. However, the later protein prod-
uct is missing 30 highly conserved amino acids encoded by exon
11 and 4 amino acids of exon 12 that are replaced by three novel
amino acids. Figure 2D represents the evolutionary conservation
and Supplementary Material, Figure S2 represents the 3D struc-
ture of PLEKHM?2 using the modeller v9.14 program showing the
location of the deleted amino acids. To further ascertain that the
PLEKHM2 protein missing exon 11 is expressed in patients II-1
and II-2, we performed western blot on protein lysates of fibro-
blasts of these patients in comparison with control fibroblasts
of two control individuals as well as commercially available fibro-
blasts (ScienCell-HDF-a cat. no. 2320). Using antibodies directed
against the C-terminal region (Fig. 2E) and the N-terminal region
(Fig. 2F) of the protein, PLEKHM?2 was detected in patients’ cells.
The 30 amino acids difference (encoded by exon 11) could not
be distinguished from the 1019 amino acids protein while sepa-
rated on 12% polyacrylamide gel. The reduction in the total pro-
tein quantity is, however, in agreement with the RT-PCR result,
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Table 1. Clinical evaluation of patients

Patient Age at Presenting symptoms  Echo at onset Age at follow-up and Echo at CMRI CMRI description Late gadolinium enhancement
onset at onset present situation follow-up cine-SSFP Cine-SSFP four chambers  (LGE)
(years) LVEDV (ml/sgs) short axis
LVESV (ml/sgs)
EF (%)
-1 16 Ventricular LVESD 59 mm 18 LVESD Severe dilatation LV Noncompaction on mid- Large patches of diffuse/
tachycardia LVEDD 68 mm ICD followed by heart 60 mm Severe global LV lateral anterior and transmural and longitudinal
EF—35% transplantation, LVEDD 73 dysfunction posterior segments striae of mid-wall enhancement
presently 22 years EF—35% LVEDV—181 Compact—3.4 mm
LVESV—122 Noncompact—10 mm
EF—30
11-2 13 Asymptomatic familial LVESD 34 mm 18 LVESD Severe dilatation LV Noncompaction on mid- Large transmural patches in apical
cardiomyopathy LVEDD 51 mm ICD at 17.5 years due to 57 mm Severe global LV lateral anterior and and mid-anterior lateral
checkout EF—58% VPBS LVEDD dysfunction posterior segments and segments. Longitudinal striae in
Asymptomatic 70 mm LVEDV—176 apex the mid-wall of the septum
EF—35% LVESV—114 Compact—6.9 mm
EF—35 Noncompact—14 mm
-7 16 Exercise induced LVESD 38 mm 21 LVESD Not done
ventricular LVEDD 54 mm ICD at 17.5 years 59 mm
tachycardia EF 56% Died at 22 while waiting ~ LVEDD
Mid-lateral for heart 65 mm
trabeculations transplantation EF <11%
11-12 7 Asymptomatic familial LVESD 24 mm 14 LVESD Moderate dilatation LV Noncompaction on mid- No enhancement
cardiomyopathy LVEDD 43 mm asymptomatic, fully 32 mm Normal global LV lateral anterior and
checkout EF—70% active LVEDD function posterior segments
59 mm LVEDV 91 mm Compact—6.4 mm
EF—70% LVESV 39 mm Noncompact—16 mm
EF—65

The annotation of the patients is according to Figure 1A.
LVESD: left ventricular end-systolic diameter; LVEDD: left ventricular end-diastolic diameter; EF: ejection fraction; ICD: implantable cardioverter-defibrillator; VPBS: ventricular prematur beats.
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Figure 2. Expression of PLEKHM2 gene in patients’ cells. (A) RT-PCR products. RNA was extracted from lymphoblastoid cells and fibroblasts of patient II-1 and from
comparable cells of control individuals. PCR was performed on the cDNA using primers in exons 10 and 15, flanking exon 12 that contains the mutation and the PCR
products were separated on 2% agarose gel. The patient cells exhibited two fragments in contrast to control cells that had only one. The large PCR product of the
patient (579 bp) contains the deletion of AG in exon 12 and the smaller fragment of 488 bp that appears only in patients’ cells results from skipping of exon 11. (B)
Sequence chromatogram of the 581 bp PCR product of the control cells (upper), the 579 bp PCR product of the patient (middle) and the 448 bp PCR product showing the
skipping of exon 11 (exon 12 joining directly to exon 10 is marked by darker letters). (C) Diagram of the domains of the protein and the location of the mutation. RUN-PH-
WD detail of names of domains is according to the predictions by UniProt and literature (39). The mutant diagram presents the result of the frameshift mutation that will
be created by the PLEKHM2 mRNA that produces the 579 bp RT-PCR product. The 12 amino acids marked in darker are created by the frameshift translation. The diagram of
the mutantlacking exon 11 presents the amino acids flanking the deletion and in darker are the amino acids that are produced by the frameshift thatis created by splicing
exon 10-12 until the deletion of the AG nucleotide rescues the frameshift. (D) Sequence conservation of exon 11 and the first amino acids of exon 12 that are missing in the
patients. The amino acids that are deleted by the mutation are shaded by gray. (E) PLEKHM2 protein is expressed in fibroblasts cells of patients II-1 and II-2 as demonstrated
by western blot using an antibody to the C-terminal region. Control cells (C) are from fibroblasts from two control individuals as well as commercial fibroblasts. PLEKHM2
protein sample produced by expression of plasmid Pcmv-Myc-PLEKHM2 was loaded in parallel for use as size migration control (PLEKHM?2). (F) Same as (E) with an

antibody to the N-terminal region.

showing that atleast half the transcripts would produce the trun-
cated protein (Fig. 2E and F).

Effect of the mutation on patients’ cells

Various lines of evidence may support the notion that PLEKHM2
is vital for endocytotic trafficking. A specific and direct inter-
action between the late endosomal GTPase Rab9 and the PH
domain of PLEKHM?2 was demonstrated in a GTP-dependent
manner. This interaction was required for the peripheral distri-
bution of lysosomes (41). Rab7 also seems to interact with
PLEKHM?2, being pulled down by SifA in cellular lysates, though
no direct interaction with the PH domain was demonstrated

(41,42). In addition, PLEKHM2 was demonstrated to directly inter-
act with Rabla by its RUN domain (43). In regard to endocytotic
trafficking, the Rab family members of proteins have been impli-
cated as critical regulators of vesicle formation, intracellular
transport (including binding to motor proteins or motor
adaptors), vesicle tethering and vesicle fusion (44). They act
through the GTP-dependent recruitment of protein ligands at
the appropriate time and place. In addition to its direct inter-
action with the Rab proteins, PLEKHM?2 was suggested to be in-
volved in the movement of endosomes through its interaction
with kinesin since its overexpression induced a microtubule-
and kinesin-1-dependent anterograde movement of late endoso-
mal/lysosomal compartments, whereas the opposite was found
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Figure 3. Subcellular distribution of organelles stained with Rabs and Golgi. Representative photographs of the distribution of the endosomes in primary fibroblasts of
patient II-1 relative to control fibroblasts labeled with Rab 5, Rab7 and Rab9. Note perinuclear localization of the various rab in the patient’ cells relative to control cells
and fragmentation and spreading of the Golgi apparatus in patient’ cells relative to control cells (comparable results were obtained for patient II-2, Supplementary
Material, Fig. $3). Blue is DAPI staining for the nuclei, and green is AlexaFluor 488 Phalloidin used to mark the cells’ borders. Dimension bar is 40 um long. Relative
distribution around nuclei, presented at the right side of the respective images, was calculated for a set intensity around the nucleus, and the area giving this
intensity was calculated for each cell. The intensity was measured using ImageJ software (NIH) with a constant threshold. At least 20 cells of each patient and control
with the specific staining were measured. Data are expressed as mean + SD, and P-values are indicated at the right of the bars (Student’s t-test).

for siRNA-induced knockdown of PLEKHM?2 levels (37,38). Thus,
we evaluated whether the mutation affects the subcellular distri-
bution of the Rabs reported to interact with PLEKHM2. Compared
distribution of Rabs in fibroblasts of patients relative to control fi-
broblasts of comparable passages (15) by immunofluorescent la-
beling demonstrated that this is indeed the case. The qualitative
and quantitative results presenting the subcellular distribution
of Rab5, Rab7 and Rab9 for patient II-1 relative to commercial
fibroblast are presented in Figure 3. The distribution of the endo-
somes labeled with different Rab antibodies presents a peri-
nuclear localization in patients’ fibroblasts relative to controls.
Similar results were observed in cells from patient II-2 in
comparison with a healthy control (Supplementary Material,
Fig. $3). In contrast, we could not identify differences in the subcel-
lular distribution of Rab1, Rab4a and Rab11 (not shown). The Golgi
apparatus, detected using an antibody against GM130, exhibited a
significant dispersion in patients when compared with controls
(Fig. 3, for patient II-1 and Supplementary Material, Fig. S3 for
patient II-2). This is in agreement with the findings in the litera-
ture using siRNA-induced knockdown of PLEKHM2 levels (37).

The interaction of PLEKHM2 with lysosomes is mediated
through the binding of the constitutive lysosomal membrane
protein Arl8. Both PLEKHM2 and Arl8 are required for lysosomes
to distribute away from the microtubule-organizing center (39).
Thus, we further evaluated the effect of the mutation on the dis-
tribution of lysosomes using LAMP1 antibodies and found that
lysosomes of patient cells are more concentrated near the nu-
cleus compared with controls (Fig. 4A and Supplementary Mater-
ial, Fig. S4). This finding was supported by quantitative analysis
as shown in Figure 4B and Supplementary Material, Figure S4,
and is in agreement with the findings in the literature using
siRNA-induced knockdown of PLEKHM?2 levels (37,38). In add-
ition, the size of the lysosomes in patient cells was larger
(Fig. 4A and C), suggesting a possible disruption of function.

To further evaluate the cause and effect relationship between
the PLEKHM2 mutation and lysosomal distribution, we tested
whether exogenous expression of wild-type PLEKHM?2 in the pa-
tient fibroblasts may correct the abnormality of lysosome distri-
bution. For that purpose, the fibroblasts of patient II-1 were
transfected with the PLEKHM2-myc plasmid and lysosomes
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were visualized by LAMP1-specific antibodies. Indeed, the results
indicated that transfected cells which expressed the normal
PLEKHM?2 converted their distribution of LAMP1 toward the dis-
persed distribution normally seen in healthy fibroblasts. In con-
trast, cells which were not transfected demonstrated abnormal
distribution of LAMP1 (Fig. 5). Cells transfected with a control vec-
tor expressing GFP only also demonstrated abnormal distribution
of LAMP1 (not shown).

Autophagy is highly dependent on Rab proteins at various
stages. Rabl, Rab5, Rab7, Rab9A, Rabll, Rab23, Rab32 and
Rab33B participate in autophagosome formation (45), whereas
Rab9 is required in noncanonical autophagy. Rab7, in addition
to Rab8B and Rab24, has a key role in autophagosome maturation
(45). Additionally, autophagy depends on lysosomal function
(46,47). Thus, we evaluated the autophagic flux in fibroblasts
with mutated PLEKHM2 derived from two of the patients in com-
parison with those from two controls. The accumulation of two
proteins widely used for monitoring autophagy flux LC3-II and
P62 (48) upon treatment of the cells with leupeptin was measured
by Western blotting using specific antibodies. The result showed
amarked decrease in the ability of fibroblasts from the patients to

accumulate these proteins (Fig. 6), suggesting marked impair-
ment in autophagic flux.

Inhibition of autophagy was reported by several studies to en-
hance migration of both normal (49-51) and tumor cells (50-53).
Thus, we aimed to determine whether the fibroblasts with mu-
tated PLEKHM2 demonstrate changes in cell migration. To this
end, fibroblasts of identical passages (16-18) from patient II-1
and control fibroblasts were plated with culture inserts of
500 um. When the cell density reached ~80%, the inserts were re-
moved, thus creating a ~500 pm-wide gap within the culture.
Fibroblast movement toward closing the gap was traced by time-
lapse live cell microscopy. Indeed, the patient’s fibroblasts bridged
the gap within 29+ 2 h in comparison with 46 + 6 h for control fi-
broblasts (Fig. 7, P=0.002), indicating faster movement of the fibro-
blasts with mutated PLEKHM2 compared with controls.

Discussion

Our results demonstrate that a mutation in PLEKHM2 causes re-
cessive DCM with LVNC that is limited to a few segments in our
patients, and indicates that a likely mechanistic explanation for
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A LAMP1 PLEKHM2-myc Merge

Figure 5. Correction of the distribution of lysosomes in patient fibroblasts by overexpression of normal PLEKHM2 protein. (A) The fibroblasts of patient II-1 were transfected
with PLEKHM2-myc plasmid and lysosomes visualized by LAMP1-specific antibodies as detailed in Figure 4. Myc was visualized by monoclonal antibody and secondary
antibody was Cy5. The white arrows point cells transfected with the plasmid and the yellow arrow points untransfected cells. (B) Patient’s cells in the same experiment

that were not transfected. Dimension bar is 40 um long.

this phenotype involves perturbation of lysosomal function and
autophagy. This is the first report implicating a mutation in
PLEKHM? in any human disease or mouse phenotype. Our data
indicate the importance of PLEKHM?2 for normal cardiac function.
Moreover, the link between PLEKHM2 and DCM contributes to the

notion that tightly controlled regulation of autophagy is import-
ant for maintaining cardiac homeostasis, and that dysregulation
of this pathway may have deleterious effects (54). Autophagy is a
dynamic process that ensures cellular homeostasis by eliminat-
ing damaged organelles, long-lived proteins and toxic protein
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Figure 6. Autophagic flux was impaired in patient fibroblasts. (A) Representative immunoblot performed on crude proteins from fibroblasts of two patients [VT1 (II-1) and
VT4 (II-2)] and two controls. Cells were treated or not with 100 pM leupeptin for 24 h. Immunoblots were stained with antibodies against LC3 or p62. (B) Quantification of
LC3-II and p62 normalized to Ponceau as a loading control. Treated samples were related to untreated controls for each cell line to compare the autophagic flux
independent of varying basal expression levels among cell lines. Bars represent mean + SEM with *P <0.05 and **P <0.001 versus untreated control, one-way ANOVA

with Bonferroni’s post-test (n=4 per group).
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Figure 7. PLEKHM?2 patient’s fibroblasts migrate faster than control fibroblasts.
Fibroblasts of patient II-1 and control fibroblasts were plated with 500 um
culture inserts. When the density reached ~80%, the inserts were removed and
fibroblasts movement was monitored using time-lapse live cell microscopy for
65-70 h. The DIC images were acquired every 15 min. The bridging time was
defined as the time passed from the insert removal till formation of a
continuous string of cells across the gap. The results represent four
independent experiments each in quadruplicates. Data are expressed as
mean + SEM, P=0.002 (Student’s t-test).

aggregates, as well as recycling nutrients during starvation and
stress (47). Tightly controlled regulation of autophagy is import-
ant for maintaining cardiac homeostasis, and dysregulation of
this pathway resulting in either excessive or insufficient autop-
hagy is suggested to have deleterious effects (54). Altered autop-
hagy has been observed in many cardiovascular diseases in
response to pathological stimuli, including cardiac hypertrophy
and HF (55). Animal models suggest that impaired autophagy
may lead to cardiac dysfunction over time (56). PLEKHM?2 joins
two other genes (LAMP2 and BAG3) with a role in autophagy as
causes of cardiomyopathy. LAMP2 is an important constituent
of the lysosomal membrane; mutations in LAMP2 were demon-
strated to cause Danon disease, a condition of severe and pro-
gressive myopathy and cardiomyopathy with multisystem
glycogen-storage disease (OMIM 300257) associated with accu-
mulation of autophagic material in striated myocytes (57), hyper-
trophic cardiomyopathy with skeletal muscle weakness (58) and
prominent cardiac hypertrophy and electrophysiological abnor-
malities (52). Mutations in BAG3 can cause childhood onset of
rapidly progressive myofibrillar myopathy (MFN) (59,60) or auto-
somal-dominant DCM (61-63). However, human BAG3 mutations
have not been characterized sufficiently, and two DCM-asso-
ciated mutations rather fall into the category of stress-induced
apoptosis (61). After gene transfer of BAG3 mutations in neonatal
rat cardiomyocytes or H9c9 cells, the assembly and integrity of
Z-discs and nuclear localization of BAG3 were disturbed and
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cells exhibited a higher susceptibility to stress-induced apoptosis
(61). On the contrary, myotube formation was disturbed after
gene transfer of MFN-associated, but not DCM-associated BAG3,
mutations in C2C12 myoblasts (61).

LVNC has been considered to be a developmental failure of
the heart to fully form the compact myocardium during the
later stages of cardiac development resulting in persistence of
multiple prominent ventricular trabeculations and deep intertra-
becular recesses (64). Several genetically engineered mouse mod-
els that have defects in cardiac trabeculation and compaction
indicate that cellular growth and differentiation signaling path-
ways are keys in these ventricular morphogenetic events and
point to several important genes participating in the NOTCH
pathway (65). One study reported that inactivating mutations in
the NOTCH pathway regulator MIB1 cause LVNC in humans
(66). However, the etiology and pathogenesis causing LVNC are
not known (64). Although LVNC is classified as a primary genetic
cardiomyopathy by the American Heart Association (1), it is still
considered unclassified in the European Society of Cardiology
classification, as it remains unclear whether it represents a dis-
tinct disease process or a morphological trait shared by many
phenotypically different cardiomyopathies (2). Mutations in 24
nuclear genes, in addition to mitochondrial disorders and
chromosome abnormalities, present with LVNC together with
multiple cardiac disorders. The extensive genetic heterogeneity
of LVNC suggests that the uniform morphology of LVNC is attrib-
utable to embryonic noncompaction, as well as from induction of
hypertrabeculation as a compensatory reaction of an impaired
myocardium (67). This suggestion is supported by the observa-
tions thatin some patients, LVNC develops later in life, can be ac-
quired by intense athletic training or as an adaptive mechanism
of an impaired myocardium, such as ischemic heart disease or
trauma, and may even disappear (24,67,68). Cardiac fibroblasts
appear to be of critical importance in heart repair and cell migra-
tion is essential in wound healing (69). In this regard, inhibition of
autophagy was reported by several studies to enhance migration
of both normal (49-51) and tumor cells (50-53). This mechanism
is suggested as ‘signalphagy’, where active signaling proteins are
not degraded by autophagy, for example RHOA-GTP (70) or the
oncogenic transcription factor, Twist1 (49). Since derangements
in cell movement could contribute to the noncompaction ob-
served in patients, we tested the migration of fibroblasts of a pa-
tient compared with fibroblasts of a control. Our data clearly
indicate enhanced movement of the patient’s fibroblast relative
to controls. Thus, although noncompaction was observed at
age 7 in our youngest patient (II-12, Table 1) and thus could be
caused by a defect in development, it is plausible that this abnor-
mally facilitated migration may contribute to the noncompaction
morphology.

The current study associates a mutation disrupting lyso-
somes and autophagy with pathology selectively affecting the
human heart. Thus, these results may pave the way for better un-
derstanding of the apparently critical link between autophagy
and normal cardiac function.

Materials and Methods

Patients

The study was approved by the Soroka Medical Center institu-
tional review board, and all participants gave written informed
consent prior to participation. Genomic DNA was extracted
from white blood cells by using standard procedures. Medical re-
cords were carefully reviewed, and details of somatic growth,

psychomotor development, clinical course, hospitalizations
and laboratory results were obtained. Parents and siblings were
interviewed and underwent a complete physical examination,
which particularly focused on the cardiac and neuromuscular
findings. Cardiac evaluation included standard transthoracic
2D and Doppler echocardiography (TTE) using a Vivid 7 system
(GE Medical Systems, Saskatchewan, Canada) and CMRI using a
1.5T scanner (Achieva, Philips Medical Systems, Best, The
Netherlands), which included phase contrast images. TTE mea-
surements of LV end-diastolic dimension (LVED) and LV end-
systolic dimension (LVES) were obtained in accordance with the
recommendations of the American Society of Echocardiography
(71). Dimensions were corrected for age and bovine serum
albumin (BSA) according to the formula of Henry et al. (72):
LVED (percent predicted) = (measured LVED/predicted LVED) x
100; predicted LVED = (45.3 x BSA®®) — (0.03 x Age) — 7.2. LV abnor-
malities were classified as follows: DCM, LVED >117% predicted
and fractional shortening <25% in the absence of known causes
of ventricular dilatation (72,73). LV noncompaction evaluation
was performed according to the echocardiographic criteria de-
scribed by Jenni et al. (17,74).

Genomic DNA was isolated from blood by standard proce-
dures. Lymphoblastoid cells and fibroblast cultures were estab-
lished by standard procedures.

Genotyping and exome sequencing

Genotyping was performed using Affymetrix (CA, USA) Gene-
Chip Human SNP5 array. We determined the genotype calls by
using Affymetrix GeneChip Genotyping Console Analysis
Software (GTYPE) and identified the autozygosity using Agile-
Multildeogram (http:/dna.leeds.ac.uk/agile/AgileMultildeogramy/).
Whole exome sequencing was performed using NimbleGen v2
exome capture followed by 50 bp paired-end sequencing using
an Illumina HiSeq Sequencing System. The resulting sequence
data were analyzed as described (75).

Verification of a mutation

PCR amplification of exon 12 was performed using primers for-
ward: TTGTAGACGAGGCTGACTCTCA and reverse: CAGAAACCA
CACCGTGACAT (annealing temperature 61°C). Direct sequencing
the PCR products was performed on an ABI PRISM 3100 DNA Ana-
lyzer with the BigDye Terminator v.1.1 Cycle Sequencing Kit (Ap-
plied Biosystems, CA, USA) according to the manufacturer’s
protocol. Mwol (NEB) digestion was done according to the manu-
facturer’s instruction. Restriction digest of the 687 bp amplicon
resulted in 25, 73, 75, 83, 190 and 241 bp fragments; if the muta-
tion is present, the 239 bp fragment is cleaved into 135 and
104 bp fragments. Digested products were separated by electro-
phoresis on 2% agarose gel.

RT-qPCR analysis

About 500 ng of total RNA from different human tissues obtained
from Clontech (Takara Bio Europe/Clontech) was primed with
random hexamers and reverse-transcribed with the SuperScript
Reverse Transcription Kit from Invitrogen, following the manu-
facturer’s instructions. cDNAs were PCR-amplified in the ABI
7500 Software V2.0.3 (Applied Biosystems) with the SYBR Green
(Applied Biosystems). The ubiquitously expressed GAPDH gene
was used as an internal control to normalize the data. The results
represent one experiment done in duplicates, means + sem (not
visible). The sequences of the primers used in the experiment
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are the following: PLEKHM2 (Ex11-Ex12+13): forward: 5’
TGCTGCTCACAGACTGCTAT 3’; reverse: 5 AAGGCCAACCGACA
CATA 3'. GAPDH forward: 5 AGAAGGCTGGGGCTCATTTG 3’; re-
verse: 5° GGGGCCATCCACAGTCTTC 3'.The PLEKHM2 primers
yielded a linear standard curve with an R?=0.99.

Analysis of splicing

RNA was extracted from lymphoblastoid cells and fibroblasts of
patient II-1 and from comparable cells of control individuals
using the EZ-RNA II Kit (Biological Industries, Israel). cDNA was
prepared using the SuperScript Kit (Invitrogen), PCR was per-
formed on the cDNA using primers in exons 10 and 15, forward:
TCGGAGTTCAGAGTAGACAACAA and reverse: ATGCCTTCTT
TGGTGATGGT flanking exon 12 that contains the mutation and
the PCR products were separated on 2% agarose gel.

Protein structure

The predictions of the domains of PLEKHM?2 were retrieved from
UniProt (http:/www.uniprot.org/uniprot/). The 3D structure
modeling was created by using the modeller v9.14 program
(http:/toolkit.tuebingen.mpg.de/modeller) as described in the
manual of the manufacturer. The amino acid sequence of
human PLEKHM? was retrieved from the NCBI protein database
(NP_055979.2). A sequence similarity search was performed
using the NCBI BLASTP server (https:/blast.ncbi.nlm.nih.gov/
Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&BLAST_
SPEC=&LINK_LOC=blasttab&LAST_PAGE=Dblastn). Based on the
sequence identity, 3CXB and 3HW2 were chosen as the most suit-
able templates for homology modeling. Color modifications on the
protein was changed using RasMol v2.7.5.2 (http:/rasmol.org/).

Western blot analyses

Cells were lysed in RIPA lysis buffer (20 mm Tris pH 7.5, 150 mM
NaCl, 1% Triton, 1 mm EDTA, 1 mMm EGTA, 2.5 mM sodium pyro-
phosphate and 1 mm NazVO,4) with 1: 100 PMSF and a protease in-
hibitor (Sigma cat. No. S8830). Prior to separation, Laemmli
sample buffer (62.5 mm Tris-HCI, pH 6.8; 25% glycerol; 2% SDS;
0.01% bromophenol blue and p-mercaptoethanol for a final con-
centration of 5% was added) was added in a 1:1 ratio. Subse-
quently, the samples were heated for 5min at 95°C. About
35 pg of protein tissue extract was loaded on 12% SDS-PAGE. Blot-
ting was done into the nitrocellulose membrane, and the blots
were blocked with 5% nonfat dry milk in TBST (Tris-buffered
saline, 0.05% Tween) and incubated with the primary antibody
(at 4°C, for overnight). For PLEKHM?2 C-terminal region (Thermo
PA5-20850) and for the N-terminal region (Santa Cruz sc-
136808) and respective HRP-conjugated secondary antibody
anti-rabbit IgG (Jackson, USA). Signal intensities of PLEKHM2
bands were normalized against the internal control GAPDH
(Millipore MAB374). Commercial fibroblasts were purchased
from ScienCell-HDF-a (cat. no. 2320).

Immunofluorescence

Fibroblast cells were grown in an eight-well slide (ibidi 80826) in
10% DMEM. Cells were fixed with 4% formaldehyde solution, in-
cubated with 0.1% Triton X-100 for 5 min and blocked with 1%
(BSA; Sigma-Aldrich) in PBS for 30 min. Samples were incubated
at room temperature for 1h with the primary antibody. All
primary antibodies except Rab4a (Santa Cruz biotechnology Ab
sc-312) were from Cell Signaling technology: Rabl Ab #13075,
Rab5 #3547, Rab7 #9367, Rab9 #5118, Rab11 #5589, LAMP1 #9091
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and GM130 #12480 secondary antibody Cy3 (Thermo SAS5-
10169). Blue is DAPI (Vectorlabs H-1200) staining for the nuclei,
and green is AlexaFluor 488 Phalloidin (Molecular probes
A12379) to mark the cells’ borders. Images were acquired with
the confocal FluoView 1000 fluorescence microscope (OLYMPUS),
with a 40x objective and with the manufacturer’s software
FV1000.

Overexpression of normal PLEKHM?2 protein

Fibroblast cells of patient II-1 were transfected using Turbofect
(Thermo #R0531) with PLEKHM2-myc plasmid (pcDNA3.1, gift
of Dr Stéphane Méresse). Myc was visualized by primary anti-
myc antibody (monoclonal, gift of Dr Noah Isakov) and secondary
cy5 anti-mouse antibody (Thermo SA5-10169), and lysosomes vi-
sualized by LAMP1 antibody and cy3 anti-rabbit antibody.

Autophagic flux

Patients’ fibroblasts were plated at a density of 30 000 cells per 24-
well plate well. The next day, cells were treated or not with 100 pM
leupeptin (Sigma, L-8511) and harvested 24 h after treatment in
lysis buffer (3% SDS, 30 mm Tris-base, pH 8.8, 5 mM EDTA, 30 mMm
NaF, 10% glycerol and 1 mm DTT). About 10 pg of protein lysate
was used for immunoblots, which were stained with antibodies
against LC3 (Novus Biologicals, NB100-2331) or p62 (Sigma, P0067).

Cell migration assay

Fibroblasts of identical passages (16-18) of patient II-1 and con-
trol fibroblasts were plated in eight-wells p-slides (ibidi GmBh
Germany, Cat #80826) with culture inserts of 500 um (ibidi
GmBh Germany, cat. #80209). When the density reached ~80%,
the inserts were removed and fibroblast movement was moni-
tored using time-lapse live cell microscopy for 65-70 h. The dif-
ferential interference contrast (DIC) images were acquired every
15 min. The bridging time was defined as the time passed from
the insert removal until formation of a continuous string of
cells across the gap.

Supplementary Material

Supplementary Material is available at HMG online.
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