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Abstract

The Acadian variant of Fanconi Syndrome refers to a specific condition characterized by generalized proximal tubular
dysfunction from birth, slowly progressive chronic kidney disease and pulmonary interstitial fibrosis. This condition occurs
only in Acadians, a founder population in Nova Scotia, Canada. The genetic and molecular basis of this disease is unknown.
We carried out whole exome and genome sequencing and found that nine affected individuals were homozygous for the
ultra-rare non-coding variant chr8:96046914 T > C; rs575462405, whereas 13 healthy siblings were either heterozygotes or
lacked the mutant allele. This variant is located in intron 2 of NDUFAF6 (NM_152416.3; c.298-768 T > C), 37 base pairs upstream
from an alternative splicing variant in NDUFAF6 chr8:96046951 A > G; rs74395342 (c.298-731 A > G). NDUFAF6 encodes
NADH:ubiquinone oxidoreductase complex assembly factor 6, also known as CBORF38. We found that rs575462405—either
alone or in combination with rs74395342—affects splicing and synthesis of NDUFAF6 isoforms. Affected kidney and lung
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showed specific loss of the mitochondria-located NDUFAF6 isoform and ultrastructural characteristics of mitochondrial dys-
function. Accordingly, affected tissues had defects in mitochondrial respiration and complex I biogenesis that were corrected
with NDUFAF6 cDNA transfection. Our results demonstrate that the Acadian variant of Fanconi Syndrome results from
mitochondrial respiratory chain complex I deficiency. This information may be used in the diagnosis and prevention of this
disease in individuals and families of Acadian descent and broadens the spectrum of the clinical presentation of mitochon-
drial diseases, respiratory chain defects and defects of complex I specifically.

Introduction

Renal Fanconi Syndrome (RFS) is a rare condition associated
with decreased proximal tubular uptake of electrolytes and or-
ganic compounds, resulting in metabolic acidosis, aminoacid-
uria, phosphaturia and uricosuria (1,2). RFS may be caused by
medications (3), toxins (4) or genetic mutations affecting the
function of the proximal tubule (1,5). RFS is often caused also by
mitochondrial defects because bulk transport in the proximal
tubule is highly energy dependent (6-10). For many familial RFS
cases, the genetic and molecular basis remains unknown. The
Acadian variant of Fanconi Syndrome (AVFS) refers to a form
of RFS found only in Acadians, a founder population in Nova
Scotia, Canada. This specific form of RFS is associated with ab-
normalities in proximal tubular reabsorption, chronic kidney
disease leading to the need for renal replacement therapy
and pulmonary fibrosis (11,12). In this investigation, we identi-
fied a causative non-coding mutation in NADH:ubiquinone
oxidoreductase complex assembly factor 6 (NDUFAF6) that
leads to aberrant splicing of NDUFAF6 mRNA and loss of
the mitochondria-located NDUFAF6 isoform, resulting in
NADH:ubiquinone oxidoreductase complex (mitochondrial re-
spiratory chain complex I) deficiency. These findings are in con-
trast to a previously reported mutation in NDUFAF6 that
resulted in loss of both the mitochondrial and cytoplasmic
isoforms and causes Leigh syndrome and early death (13).

Results

AVFS is characterized by proximal tubular dysfunction,
slowly progressive chronic kidney disease, pulmonary
interstitial fibrosis and autosomal recessive inheritance

Acadian variant of Fanconi Syndrome has been characterized
by generalized proximal tubular dysfunction from birth, slowly
progressive chronic kidney disease and pulmonary interstitial
fibrosis occurring later in life (11,12). In this study, all affected
individuals presented with genu valgum (a sign of phosphate
deficiency due to phosphaturia associated with RFS) before age
10 years (Table 1). Due to the historical characterization of af-
fected individuals, all laboratory analyses were not available in
each participant. However, when available, all results consis-
tently pointed to a proximal tubular defect with the following
characteristics: (a) proximal renal tubular acidosis, (b) the ab-
sence of potassium wasting, (c) generalized aminoaciduria,
(d) phosphaturia with hypophosphatemia requiring phosphate
replacement, (e) hyperuricosuria with hypouricemia, (f) absence
of nephrocalcinosis and (g) elevated wurinary lactate
(Supplementary Material, Table S1). Over time, each affected in-
dividual developed slowly progressive kidney failure. Renal ul-
trasound examination was unremarkable. Pathologic findings
from kidney biopsies in two individuals yielded similar results.
The majority of glomeruli were normocellular. The interstitium
showed patchy fibrosis associated with tubular atrophy and
focal collections of chronic mononuclear inflammatory cells.
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An occasional cystic dilated tubule was present. There was no
tubulitis. Affected individuals progressed to end-stage kidney
disease between ages 25 and 40 years (Fig. 1A). One individual
died of uremia prior to the onset of renal replacement therapy.
Six individuals received a kidney transplant, and three individ-
uals were placed on maintenance dialysis.

Individuals affected with AVFS developed symptoms of dys-
pnea in their third to fifth decades of life. Initial pulmonary
function studies revealed a low carbon monoxide diffusing ca-
pacity (DLCO) in the presence of a well-preserved forced vital
capacity (FVC) and forced expiratory volume at 1 s (FEV1). The
DLCO declined gradually over time, leading to respiratory failure
(Fig. 1B). None of the affected individuals received lung trans-
plantation, with all older individuals involved in the study
eventually dying from respiratory failure. Lung biopsies and
pathologic specimens from autopsies showed pulmonary inter-
stitial fibrosis as the predominant finding. Computerized axial
tomographic scans revealed diffuse interstitial fibrosis, emphy-
sema, and in one individual pulmonary microlithiasis. One indi-
vidual suffered from the premature onset of lung cancer.
Table 1 provides a summary of the individual characteristics.

In total, 12 affected individuals from eight families were
studied retrospectively (see Fig. 2). There were five individuals
from one family with six affected individuals (F1), one family
with two affected individuals (F4), two cases were from families
with two (F2) and one (F3) unaffected siblings, respectively, and
three cases were singletons (F5-7). The pedigree structures and
expected founder effect in Acadian population suggested that
the disease is inherited in an autosomal recessive manner

(Fig. 2).

Homozygosity mapping and genome sequencing
identified a candidate intronic variant in a gene
encoding NADH:ubiquinone oxidoreductase
complex assembly factor, NDUFAF6

Given the known genetic heterogeneity of RFS, we initially se-
quenced all coding and miRNA exons (NimbleGen SeqCap V2) in
four individuals (F1_IV.1, F1.1V.7, F1.IV.19 and F1_V.2) from
family 1 using SOLiD™ 4 System (Applied Biosystems, Carlsbad,
CA) at the Institute for Inherited Metabolic Disorders (Prague,
Czech Republic). Data analysis was performed according to the
expected autosomal recessive model with an assumption of a
founder effect. We therefore searched for homozygous CNVs,
homozygous genomic regions > 2 Mb or homozygous single nu-
cleotide variants (SNVs) or indels shared by all three affected in-
dividuals (F1_1V.7, F1_1V.19 and F1_V.2) but not present in the
healthy individual (F1_IV.1). We identified only one such region
on chromosome 8 (chr8:90958422-96960058). This region did not
contain any candidate causal variant except for two low-fre-
quency variants in OTUD6B (chr8:92097062 G/A; rs3210518) and
RBM12B (chr8: 94746049 T/G; rs16916188).

We next confirmed the rs3210518 genotypes in all four indi-
viduals from Family 1 and genotyped the other nine healthy
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Table 1. Clinical characteristics of affected individuals

Tobacco Ageofdxof Pulmonary diagnosis

Age  Age of kidney

Current

Kidney biopsy

Age of last  Status Genu

follow-up

Participant

pulmonary
disease

usage

transplantation

eGFRor ESRD ESRD

valgum

Autopsy: pulmonary fibrosis in accelerated phase

39

42 Yes

ESRD

Deceased Yes Not done

47

F1.1v.2
F1.1v.7

Lung biopsy at age 50 years: chronic interstitial fibro-

39

Yes

41

Deceased Yes Tubulointerstitial fibrosis ESRD 40

52

sis. No emphysema
Pulmonary microlithiasis on chest x-ray

22
50
20
25

Not transplanted No

22
36

ESRD

Not done
Tubulointerstitial fibrosis ESRD

Tubulointerstitial fibrosis

Deceased Yes

22
56
25
32
27

F1.1vV.19

F1.1V.13

Non-specific micronodular interstitial fibrosis

Decreased DLCO of unknown cause

No
Not transplanted Yes

37

Deceased Yes

Alive

F1.V.2

N/A

30

Yes

F2_I1.1

Decreased DLCO of unknown cause

Yes
Not transplanted Yes

18

N/A

Not done ESRD
ESRD 19

Not done

Yes

Alive

F3_IL.1

Decreased DLCO of unknown cause, CT scan of chest

19

Yes

Alive

normal
Adenocarcinoma of lung at 37 and bullous

37

Yes

30

28

ESRD

Not done

Deceased Yes

38

F4_ 111

emphysema
Bullous emphysema and lung biopsy with emphyse-

37

Yes

37

37

Tubulointerstitial fibrosis ESRD

48 Alive Yes

F4_11.2

matous changes
Centrilobular emphysema, granulomas present

Decreased DLCO of unknown cause

30
30
31

Not transplanted No

20
35
26

ESRD
ESRD
ESRD

Not done
Not done
Not done

35 Alive Yes
42

F5_I1.1

No

35

Yes

Alive

F6_I1.1

F7_111

Decreased DLCO of unknown cause

No

38

Yes

Alive

44

ESRD, end-stage renal disease; N/A, not applicable; DLCO, carbon monoxide diffusing capacity.
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Figure 1. Clinical characteristics of individuals affected with the Acadian variant
of Fanconi syndrome. (A) Change in estimated glomerular filtration rate (eGFR)
over time for affected individuals. Laboratory values were obtained by chart re-
view. eGFR at the start of renal replacement therapy was estimated at 10ml/
min/1.73 m?. eGFR was calculated with the modified Modification of Diet in
Renal Disease (MDRD) equation (14). (B) Change in the diffusion coefficient of
carbon monoxide (DLCO) over time in affected individuals. The number at the
beginning of each individual’s data series is the age of onset of end-stage kidney
disease (ESRD) for that individual. This value is included in the figure to enable
the reader to see the relationship between progression of kidney disease and
pulmonary disease.

family members using Sanger sequencing. This analysis con-
firmed the relevance of the homozygous region in this family,
as all affected individuals were homozygous for the minor
rs3210518 variant, whereas all healthy individuals were either
heterozygotes or lacked the minor allele (homozygous for the
major allele). We also genotyped rs3210518 in three other unre-
lated individuals affected with AVRFS (F4_I1.2, F5_I.1 and
F6_I1.1). We found that one individual (F4_I1.2) was homozygous
but two individuals (F5_II.1 and F6_II.1) were heterozygous for
the minor rs3210518 allele, excluding this variant as causative.

To identify mutations that we may have missed in the first
round of exome sequencing (NimbleGen SeqCap EZ Exome v2)
and to identify homozygous regions in both affected individuals
that were heterozygous for the minor rs3210518 allele, we se-
quenced all coding exons and 5'- and 3’-untranslated regions of
their corresponding mRNAs (UTRs) in a pool of genomic DNA
obtained from three affected individuals from Family 1 (F1_IV.7,
F1_IV.19 and F1_V.2) and DNA samples from two affected indi-
viduals (F5_II.1 and F6_II.1) who have been found to be heterozy-
gous for rs3210518; (SeqCap EZ Human Exome +UTR library,
Mlumina HiSeq 1500). Using this approach, we again did not
identify any plausible candidate variants. Nevertheless, using
homozygosity mapping, we detected in F5_IL.1 and a pooled
DNA sample recombination events at the centromeric and telo-
meric ends of their corresponding homozygous regions, which
delimited the candidate homozygous region to chr8:94242350-
97172487 (Fig. 3A and B).

To identify non-coding variants within the candidate region,
we sequenced the whole genomes of F5_II.1 and F1_IV.7 at 30X
coverage using the Illumina HiSeq X Ten System. Homozygosity
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Figure 2. Pedigrees of Acadian families (F1-F7) affected by Fanconi syndrome. Black symbols denote affected individuals, open symbols denote unaffected parents and
siblings. Black and gray boxes indicate individuals who underwent whole exome (black boxes) and/or whole genome (gray boxes) sequencing, respectively. (+/—)
denotes presence (+) or absence (—) of the chr8:96046914 T > C mutation. na indicates DNA was unavailable for investigation.
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Figure 3. Identification of non-coding mutation in NDUFAF6. (A) Candidate region on chromosome 8 identified by homozygosity mapping. Allele frequency was calcu-
lated and visualized using TTR R-package. The Y-axis shows the proportion of individuals homozygous for a given genomic region, and the x-axis shows the position
of the homozygous region on chromosome 8. (B) Annotated transcripts within the homozygous interval. (C) Schematic illustration of the NDUFAF6 transcript.
(D) Visualization in the Integrative Genomics Viewer of the homozygous non-coding variants rs575462405 (chr8:96046914 T > C) and rs74395342 (chr8:96046951 A > G)
located in intron 2 of NDUFAF6 identified in all affected individuals.

mapping further narrowed candidate homozygous region to genome database (10 genomes). We found 16 non-coding vari-
chr8: 94423201-96206283. From the 322 variants identified ants; 11 variants were intronic, 1 downstream, 3 intergenic and
within the candidate homozygous region, we searched for those one was located in the 5-UTR (Supplementary Material, Table
that were either novel or present at frequencies <0.005 in the S2). We prioritized the variants according to conservancy (GERP
1000 Genomes database, dbSNP database and our internal conservation score) (15,16) and predicted deleteriousness of
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SNV’s (raw and scaled CADD scores) (17). Using this approach
we defined one candidate variant, chr8:96046914 T > C, in the
gene NDUFAF6 (Fig. 3C and D). This variant, rs575462405, is
located in intron 2 of NDUFAF6 (NM_152416.3; c.298-768 T > C),
37 base pairs upstream from another variant in NDUFAF6
(chr8:96046951 A > G (c.298-731 A > G), 1s74395342, minor allele
frequency 0.1), which creates an alternative splice donor site. To
predict the possible effects of the ¢.298-768 T >C mutation on
NDUFAF6 splicing, we used SpliceSiteFinder, MaxEntScan,
NNSPLICE, GeneSplicer and Human Splicing Finder algorithms
that are incorporated in the Alamut Mutation Interpretation
Software. These programs predicted that the c.298-768 T > C nu-
cleotide change would create a novel splice acceptor site. The
Alamut splicing window also includes exonic splice enhancer
prediction software, ESEFinder, which predicted that the muta-
tion creates a putative binding site for the pre-mRNA-splicing
factor SRp40 (Supplementary Material, Fig. S1).

Using Sanger sequencing, we confirmed homozygosity for
the chr8:96046914 T > C variant in all 3 affected individuals from
Family 1 as well as in the other 6 individuals affected with
AVFS; 13 healthy siblings were either heterozygotes or lacked
the mutant allele (Fig. 2). This variant was absent in 13 200 ge-
nomes reported in the Kaviar database (18). Interestingly, it was
found once among 104 individuals from a Puerto Rican sample
set that was analyzed within the 1000 genome project; (1000
Genomes Browser).

Identified mutation affects splicing and synthesis
of NDUFAF6 isoforms

NDUFAF6 encodes assembly factor 6 of the NADH dehydroge-
nase (ubiquinone) complex I (NDUFAF6), also known as
C8ORF38. Knockdown of NDUFAF6 reduces the abundance and
activity of mitochondrial complex I (19) and a previously re-
ported mutation of NDUFAF6 led to clinical symptoms of respi-
ratory chain deficiency (OMIM 612392) (13,20). RFS is caused by
generalized proximal tubular dysfunction, often of mitochon-
drial origin (7,9,21). We therefore considered that mitochondrial
dysfunction resulting from complex I deficiency due to alterna-
tive splicing of NDUFAF6 mRNA might be responsible for this
phenotype.

Three transcript variants of human NDUFAF6 resulting from
alternative mRNA splicing have been proposed to exist (20).
Isoform 1 (NM_152416), (v_1), encodes a 38-kDa protein of 333
amino acids (Q330K2-1), V_1. The protein contains a mitochon-
drial targeting sequence leading to association of this isoform
with the matrix face of the inner mitochondrial membrane (20).
Compared to isoform v_1, isoform 2 (AY444560.1), (v_2), has dif-
ferent exons 1 and 2 and encodes for a protein of 281 amino
acids that lack the N-terminal mitochondrial targeting se-
quence (Q330K2-2), V_2. Isoform 3 (BC028166), (v_3), encodes for
a protein of 121 amino acids (Q330K2-3), V_3, which is predicted
to have the same N-terminal mitochondrial targeting sequence
as V_1 and is truncated due to a stop codon, resulting from al-
ternative splicing of the exon 4/intron 4 boundaries and inclu-
sion of a unique exon 5. This NDUFAF6 isoform is predicted
to be targeted to mitochondria (20), though this has not been
proven experimentally.

To explore why AVFS predominantly affects the kidney and
lung, we looked at NDUFAF6 expression in the Genotype-Tissue
Expression, (GTEX) portal (http://www.gtexportal.org/home/)
(22). NDUFAF6 is ubiquitously expressed in all tissues with lower
expression in kidney and lung compared to heart, brain or

55

Human Molecular Genetics, 2016, Vol. 00, No. 00 | 5

skeletal muscle. The splicing pattern is more complex than
previously reported.

To assess the effect of the ¢.298-768 T>C mutation on
NDUFAF6 mRNA expression, splicing and stability, we isolated
total RNA from a participant’s skin fibroblasts and autoptic lung
tissue and performed reverse transcription polymerase chain
reaction (RT-PCR) analyses of the three NDUFAF6 mRNA iso-
forms. In fibroblasts and lung tissue from affected individuals,
we found an altered profile of RT-PCR products (Fig. 4A). The
amounts of RT-PCR products were similar but larger in size than
those of control specimens that were obtained from individuals
who were either wild-type, heterozygous or homozygous for the
€.298-731 A > G splicing SNP. The analysis thus showed that the
G nucleotide in this position itself is preferentially used for
splicing in the presence of the causative c.298-768 T > C muta-
tion. In both, control and affected samples there were also addi-
tional PCR products suggestive of a more complex mRNA
splicing pattern. To identify the differences in the splicing pat-
tern of NDUFAF6 in control and affected individuals we isolated
and Sanger sequenced major RT-PCR fragments. In parallel we
also pair-end sequenced the obtained RT-PCR products using
the Mlumina HiSeq 1500 system. In addition to the known iso-
forms v_1, v_2 and v_3 this analysis revealed the existence of
several other isoforms. In control samples we identified novel
isoforms that we name v_4, v_5, v_6, v_7, v_8, v_9 and v_10
(Supplementary Material, Table S3). These isoforms may encode
several novel NDUFAF6 isoforms (Supplementary Material,
Table S4). In affected samples we did not identify isoforms v_1,
v_7 and v_8. All other identified cDNA isoforms that we name
(v_Nm) had the insertion of 102 nucleotides corresponding to
chr8:96046850-96046951 (Fig. 4B, e_mut). This sequence repre-
sents the exonized intronic fragment that contains the c.298-
768 T>C mutation and uses the alternative splice donor site
created by the chr8:96046951 A >G variant (minor variant of
1s74395342). Excluding v_3m and v_5m, the exonized intronic
fragment introduces a premature stop codon to identified cDNA
variants. This encodes for several classes of truncated NDUFAF6
proteins that either contain the N-terminal mitochondrial tar-
geting sequence or correspond to the truncated N-terminal part
of the cytoplasmic isoform V_2. Interestingly all these cDNA iso-
forms contain the alternative initiation codon beyond the pre-
mature stop codon in exon 6. This encodes in all cases for
cytoplasmic NDUFAF6 proteins that lack 67 amino acid residues
on their N-terminal end compared to the V_2 variant (Fig. 4B
and Supplementary Material, Table S5).

To test whether these alternative initiation codons are used
for translation, we translated the v_1 and v_2 NDUFAF6 cDNA
isoforms in vitro. This analysis revealed the presence of poly-
peptides of molecular weights corresponding to nascent V_1
and V_2 isoforms (at ~38 and 33 kDa) together with polypep-
tides of isoforms ~29 and 26 kDa, theoretically corresponding to
cytoplasmic isoforms translated from the alternative initiation
codons (Fig. 5A). This indicates that affected individuals may
lose the mitochondrial NDUFAF6 but may have preserved cyto-
plasmic function by the expression of this truncated cytosolic
NDUFAF6 forms.

To assess the effect of the identified splicing mutation
on NDUFAF6 expression and intracellular localization we per-
formed Western-blot analysis of affected and control skin fibro-
blasts along with HelLa and HEK cells transiently expressing
recombinant human mitochondrial NDUFAF6 isoform V_1. For
Western-blot detection we used three types of commercially
available polyclonal antibodies that were raised against differ-
ent epitopes of NDUFAF6. In agreement with the cDNA analysis
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Figure 4. NDUFAF6 cDNA analysis. (A) Agarose gel electrophoresis profiles of RT-PCR products amplified from total RNA isolated from fibroblasts of control and proband
F2_I1.1. Lane 1—RT-PCR analysis of isoforms v_1 and v_3 in control sample that is homozygous (A;A) for the major allele of rs74395342. Two RT-PCR products with sizes
325 and 444 base pairs expected for NDUFAF6 isoforms v_1 and v_3, respectively are detected. Lane 2—RT-PCR analysis of isoforms v_1 and v_3 in the proband sample
demonstrate multiple RT-PCR products that are longer than the control bands. Lane 3—RT-PCR analysis of isoforms v_1 and v_3 in control sample that is homozygous
(G;G) for the minor allele of rs74395342 show similar profile to (A;A) in Lane 1. Lane 4—RT-PCR analysis of the isoform v_2 in a control sample (rs74395342 A;A) demon-
strates the presence of two RT-PCR products: one with a size of 408 base pair corresponding to the isoform v_2,and one with size of ~300 base pair whose identity was
unknown. Lanes 5 and 6—RT-PCR analysis of the proband’s fibroblasts and lung, respectively, demonstrate products longer in sizes than those present in the control
sample. Lane 7—RT-PCR analysis of the isoform v_2 in a control sample (rs74395342 G;G) show similar profile to (A;A) in Lane 4. Lanes M show a 100-base pair DNA lad-
der. Products from 300 to 600 base pairs are shown. (B) Schematic representations of the exonic structures of NDUFAF6 mRNA isoforms v_1-v_1 0 identified by cDNA se-
quencing. Individual boxes represent individual exons (el-e13). Black boxes attached to exon 4 (e4) demonstrate the presence of the additional four base pairs
introduced by alternative splicing of exon 4. Open reading frames present in the cDNA isoforms identified in control skin fibroblasts are demonstrated by green and or-
ange colors. Note that some isoform may have two open reading frames. A gray box (e_mut) represents the exonized intronic fragment that contains the ¢.298-768
T>C mutation and uses the alternative splice donor site created by the chr8:96046951 A > G variant (minor variant of rs74395342) identified in the NDUFAF6 cDNA
isoforms in affected skin fibroblasts. Open reading frames present in these cDNA isoforms are demonstrated by red and blue lines.
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Figure 5. NDUFAF6 analysis. (A) In vitro translation of cDNA plasmids v-1 and v_2 encoding NDUFAF6 isoforms V_1 and V_2, respectively, shows a specific presence of
nascent polypeptides of a molecular weights ~38 and 33 kDa, corresponding to predicted molecular weights of the non-processed precursor of V_1 (e.g. with mitochon-
drial targeting signal, MTS) and V_2, respectively. Prominent translational products at ~29 and 26 kDa (V_?) are likely polypetides that are translated from alternative
initiation codons. (B) Western-blot analysis of NDUFAF6 in total homogenates (TL), cytoplasmic fractions (CYT) and mitochondrial fractions (Mito) prepared from HeLa
and HEK cells transiently expressing recombinant human NDUFAF6 V_1 as well as control and affected skin fibroblasts from F2_II.1. Detection with anti-NDUFAF6 anti-
body (ab150975) shows a specific increase in the amount of the immune-reactive protein of a molecular weight ~33kDa corresponding to predicted molecular weight
of the processed (e.g. with mitochondrial targeting signal removed) NDUFAF6 isoform V_1 in transiently transfected HeLa and HEK cells. Analysis of the cytoplasmic
and mitochondrial fractions demonstrates specific presence of the processed NDUFAF6 V_1 isoform in the mitochondria. In the skin fibroblasts, the amounts of
NDUFAF6 V_1 isoform are reduced in total homogenate and mitochondrial fraction from F2_II.1 versus control (arrow). The amounts of the immune-reactive proteins
of a molecular weight ~29 and 26 kDa in the cytoplasmic fraction theoretically corresponding to predicted molecular weights of the cytoplasmic NDUFAF6 isoforms are
either comparable or reduced in the proband versus control (dotted and dashed arrows, respectively). Immunodetection of the ATPSB shows efficiency of the cyto-
plasm/mitochondria fractionation and demonstrate that approximately equal protein amounts have been analyzed in paired samples. (C) Western-blot analysis of
NDUFAF6 in control human tissues. Detection with anti-NDUFAF6 antibody (ab151096) shows a decreased amount of NDUFAF6 in lung and kidney compared to heart,
skeletal muscle and liver. Volumes of tissue lysates corresponding either to 30 ug of total protein (heart, muscle, liver and kidney) or to 50 ug of total protein (lung) were
analyzed. The graphs show the relative amounts of NDUFAF6 compared to heart when normalized either to SDHA (left) or to actin (right).
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and predicted outcome, this analysis revealed loss of the mito-
chondrial NDUFAF6 isoform V_1 in affected fibroblasts (at
~33 kDa). The amounts of the immune-reactive proteins of a
molecular weight ~29 and 26 kDa in the cytoplasmic fraction
theoretically corresponding to predicted molecular weights
of the cytoplasmic NDUFAF6 isoforms were either comparable
or reduced in affected individual F2_II.1 (Fig. 5B). Thus, in the af-
fected individual NDUFAF6 is present in the cytoplasm but not
in the mitochondria.

We also performed Western-blot analysis of NDUFAF6 in
various control human tissues. In accordance with tissue spe-
cific gene expression profiles (see above) there was decreased
NDUFAF6 in lung and kidney (41% and 23%, respectively, when
normalized to SDHA and compared to heart; and 7% and 47%,
respectively, when normalized to actin and compared to heart),
(Fig. 5C), which may explain why the kidney and lung are exclu-
sively affected in this condition.

Affected kidney and lung have altered intracellular
distribution of NDUFAF6 and ultrastructural
characteristics of mitochondrial dysfunction

To assess effects of the aberrant NDUFAF6 mRNA splicing on ex-
pression and intracellular localization of NDUFAF6 isoforms
and to evaluate the histopathologic and ultrastructural aspects
of this disease, we performed immunohistochemical and im-
munofluorescence analyses of NDUFAF6 and electron micro-
scopic analysis of kidney and lung from controls and affected
individuals (Figs. 6-9).

In the controls (Fig. 6A and B), there was a distinctive granu-
lar pattern and concentration of the NDUFAF6 signal in the

Human Molecular Genetics, 2016, Vol. 00, No. 00 | 7

basal zone of the proximal tubular cells—a site of maximal con-
centration of mitochondria. In the kidney biopsy of F1_IV.2
(Fig. 6C and D), foci of interstitial and periglomerular fibrosis
with small groups of atrophic tubules were detected (Fig. 6C),
and increased desquamation and vacuolar degeneration of
proximal tubular cells with frequent protrusions of the plasma
membranes was present (Fig. 6D). Immunohistochemical stain-
ing for the NDUFAF6 protein was reduced in the proximal
tubules (Fig. 6C and D) in comparison with controls (Fig. 6A and
B). In affected individuals concentration of the NDUFAF6 sig-
nal in the basal zone of the proximal tubular cells was not
present.

Immunofluorescence detection and colocalization of
NDUFAF6 with mitochondrial ATP synthase subunit p (ATPB)
and cytoplasmic located heat shock protein 90 (HSP90) (Fig. 7)
demonstrated in affected kidney absence of NDUFAF6 staining
in mitochondria (Fig. 7G and H) and reduced colocalization sig-
nal of NDUFAF6 and HSP90 in the cytoplasm (Fig. 70 and P).

Electron microscopic analysis was performed on the kidney
biopsy of F1_V.2 (Fig. 8). Pathologic changes were expressed
with maximal intensity in the proximal tubules. The ultrastruc-
tural pattern was dominated by the presence of numerous
electron lucent vacuoles in the cytoplasm (Fig. 8A and B),
microvillous loss and plasma membrane blebbing (Fig. 8B), mi-
tochondrial structural abnormalities and significant signs
of autophagy and mitophagy in particular (Fig. 8C-E).
Mitochondrial cristae appeared electron dense and thick (Fig. 8C
and D). Abnormal configuration or reduction of mitochondrial
cristae (Fig. 8C-E), intramitochondrial electron dense inclusions
(Fig. 8F) and occasional megamitochondria (Fig. 8F) were de-
tected in tubular epithelial cells.

Figure 6. Kidney biopsy from patient F1_IV.2 stained for NDUFAF6 in comparison with control kidney tissue. (A) Shows granular staining for NDUFAF6 with maximal
intensity in proximal tubular cells beneath their apical zones in control kidney tissue. (B) This is a detailed view of a proximal tubule (PT) from the control biopsy.
(C) This is from an affected kidney and shows reduced and less distinctive staining for NDUFAF6 in proximal tubules without clear cut accentuation in the basal zones
of epithelial cells. The signal for NDUFAF6 is strong in distal tubules (DT) and collecting ducts (CD). (D) This is a detailed view of the proximal tubule in the affected

individual displaying changes compatible with vacuolar degeneration.
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Figure 7. Intracellular localization of NDUFAF6 in affected kidney. In control kidney NDUFAF6 is present in finely granular structures (A and I). Co-staining of NDUFAF6
with (B) mitochondrial ATP synthase subunit  (ATP5B) and (J) cytoplasmic heat shock protein 90 (HSP90) demonstrate (C and D) localization of the NDUFAF6 in the mi-
tochondria and (K and L) in the cytoplasm. In affected kidney NDUFAF®6 is present in finely granular structures with reduced and less distinctive staining signal (E and
M). Co-staining with (F) ATP5B and (N) HSP90 demonstrates (G and H) loss of localization of NDUFAF6 in mitochondria and (O and P) reduced colocalization signal of
NDUFAF6 and HSP90 in the cytoplasm. The degree of NDUFAF6 colocalization with selected markers is demonstrated by the fluorescent signal overlap (Manders) coeffi-
cient values ranging from 0 to 1. The resulting overlap coefficient values are presented as the pseudo color whose scale is shown in the corresponding lookup table.

Figure 8. Electron microscopy of tubular epithelial cells in an affected individual F1_V.2. (A) Electron lucent vacuoles predominantly in the apical zone and numerous
autophagic structures in proximal tubular epithelium. (B) proximal tubular epithelial cell contains electron lucent and autophagic vacuoles and also displays partial
microvillous loss and plasma membrane blebbing (marked by arrowheads). (C and D) Higher magnification demonstrates autophagic structures (marked by arrows)
and abnormal mitochondria with thick and aberrantly formed electron dense cristae in the cytoplasm of a proximal tubular cell. Megamitochondrion in (C) is marked
by an asterisk. Structures indicative of mitophagy in (D) are marked by arrowheads. (E) Irregular mitochondrial swelling with reduction of mitochondrial cristae in col-
lecting duct epithelium. (F) Proximal tubular epithelial cell with partial loss of microvilli, prominent vacuolization in the cytoplasm corresponding with severe swelling
of organelles and increased number of autophagic structures. Electron dense intramitochondrial inclusions are marked by arrowheads.
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Figure 9. Immunohistochemical detection of NDUFAF6 expression in pulmonary epithelium. (A and B) NDUFAF6 intracytoplasmic positivity in bronchial respiratory
epithelium in a control (A) and affected individual (B) shows reactive epithelial changes and lower NDUFAF6 signal in the affected individual. (C) A positive signal for
NDUFAF6 is seen in a control in flat alveolar lining cells (marked by arrows) that are positive for cytokeratin 7 (marked by arrows in E) and thus considered to be type I
pneumonocytes. (D) NDUFAF6 positivity is seen in a proband in cuboidal cells lining alveolar spaces that express surfactant protein (F) as seen in hyperplastic type II

pneumocytes.

Histologic examination of lung samples of family members
F1.1V.7, F1_IV.19 and F4_I1.2 (Fig. 9) revealed either irregular
patchy (F1_IV.19, F4_II.2) or more uniform diffuse (F1_IV.7) inter-
stitial fibrosis. Interstitial inflammatory infiltrate was sparse,
consisting of mostly lymphocytes. Acute purulent bronchitis
and incipient bronchopneumonia were seen in affected individ-
ual F1_IV.7. Intraluminal collection of pigment-laden macro-
phages was conspicuous in F4_I1.2. Hyperplasia of type II
pneumonocytes was detected in affected individuals F1_IV.19
and F1_IV.7 using surfactant protein immunohistochemistry
(Fig. 9F). Focal calcifications of cartilaginous tissue in bronchial
walls were found in F1_IV.19. Secondary pulmonary hyperten-
sion changes were most prominent in F1_IV.19. Positive
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immunohistochemical signal for NDUFAF6 was detected in
bronchial and bronchiolar respiratory epithelium, bronchial
mucinous glands, alveolar epithelial cells, vascular endothelial
cells, smooth muscle cells, fibroblasts and chondrocytes.

In a similar manner to the kidney, immunofluorescence de-
tection and colocalization of NDUFAF6 with Translocase Of
Outer Mitochondrial Membrane 20 (TOMM20), (Supplementary
Material, Fig. S2), mitochondrial ATP synthase subunit § (ATPSB)
and cytoplasmic located heat shock protein 90 (HSP90) (Fig. 10)
demonstrated in affected lung the absence of NDUFAF6 staining
in mitochondria (Supplementary Material, Figs S2H and L and
10F and I) and reduced colocalization signal of NDUFAF6 and
HSP90 in the cytoplasm (Fig. 100 and R).
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Figure 10. Intracellular localization of NDUFAF6 in affected lung. NDUFAF6 is present in control lung (A and M) in finely granular structures. Co-staining of NDUFAF6
with (B) mitochondrial ATP synthase f subunit (ATP5B) and (N) cytoplasmic heat shock protein 90 (HSP90) demonstrates (C and D) localization of NDUFAF6 in the mito-
chondria and (O and P) in the cytoplasm. In affected lung (E, I, Q and U), NDUFAF®6 is present in finely granular structures with reduced and less distinctive staining sig-
nal. Co-staining with ATPSB (F and J) and HSP90 (R and V) demonstrates loss of localization of NDUFAF6 in mitochondria (G, H, K and L) and absent (S and T) or reduced
(W and X) colocalization signal of NDUFAF6 and HSP90 in the cytoplasm. The degree of NDUFAF6 colocalization with selected markers is demonstrated by the fluores-
cent signal overlap (Manders) coefficient values that range from 0 to 1. The resulting overlap coefficient values are presented as the pseudo color whose scale is shown

in corresponding lookup table.

Affected tissues have defects in mitochondrial
respiration and complex I biogenesis

To obtain insight into the molecular and functional conse-
quences of the NDUFAF6 mutation we followed complex I bio-
genesis, the content of respiratory chain enzymes and oxidative
phosphorylation (OXPHOS) activity.

First, we checked the steady state levels of representative
subunits for complex I and other OXPHOS components on SDS-
PAGE (Fig. 11A). Both in isolated mitochondria from affected
lung (F1_IV.19), and whole cells or isolated mitochondria from
affected fibroblasts (F2_II.1), we found a profound decrease in
the levels of all complex I subunits checked (NDUFA9, NDUFS3
and NDUFB8). Depending on the tissue or particular subunit,
the residual content varied between 3% and 63% of control lev-
els when expressed relative to the amount of SDHA. Content of
other OXPHOS complexes was either unchanged (complex III,
complex V) or displayed slight compensatory increase (complex
V) in fibroblasts. We also performed mass spectrometry label-
free quantification of protein content on affected individual ver-
sus control fibroblasts (Fig. 11C). Altogether we quantified 3249
proteins, with 512 of them classified as mitochondrial in the
Mitocarta 2.0 database (23), obtaining coverage of 44% of the
mitoproteome. Similarly to the SDS-PAGE, amounts of 23 out of
24 detected complex I subunits were decreased (17/24 signifi-
cantly) in fibroblasts from an affected individual (F2_IL1). In
contrast, other OXPHOS complexes showed tendency towards
increase (not shown).

Next we utilized native electrophoretic techniques (Blue
native-BN and Clear native-CN PAGE) to study the native orga-
nization of OXPHOS complexes in the inner mitochondrial
membrane (Fig. 11B). Using the mild detergent digitonin, we ob-
served most of complex I to be present in several supercomplex
forms associated with complex III and complex IV (24). In both
the isolated mitochondria from the lung of an affected individ-
ual (F1_1V.19), and fibroblasts (whole cells or isolated mitochon-
dria) from another affected individual (F2_I1.1), the detected
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in-gel activity and amount of complex I were significantly lower
than in control samples. For detection of complex I we used an
NDUFA9 antibody, as NDUFA9 is one of the subunits that incor-
porates into the early subassemblies of complex I (25). We did
not observe any assembly intermediates of complex I, indicat-
ing that subcomplexes with stalled assembly are readily de-
graded. The absence of complex I in affected individuals also
led to a profound increase in the amount of free complex III di-
mer, especially in fibroblast samples, as it was no longer associ-
ated into supercomplexes with complex I. This pattern of an
isolated complex I defect and subsequent redistribution of com-
plex III between its supercomplex and free forms is remarkably
similar to the pattern observed in the previously described case
of an NDUFAF6 mutation presenting as Leigh syndrome (20,26).
Thus, while the cytosolic chaperoning function of NDUFAF6 (26)
is likely retained in our probands, for proper complex I assembly
both cytosolic and mitochondrial NDUFAF6 is required.

The functional impact of complex I deficiency caused by
NDUFAF6 mutation was evaluated by high-resolution respirom-
etry (Fig. 11D). Oxygen consumption of digitonin-permeabilized
fibroblasts was recorded in the presence of saturating concen-
trations of substrates feeding electrons to the respiratory chain
through complex I (pyruvate +malate + glutamate) and ADP to
achieve state 3 respiration. Under these conditions, the affected
individual’s fibroblasts (F2_I1.1) displayed profound respiratory
deficiency, with an almost 4-fold decreased respiratory rate
compared to control fibroblasts. The defect was partially allevi-
ated by the addition of succinate, which contributes electrons to
the respiratory chain through alternative entry at complex II
Nevertheless, the overall state 3 respiratory rate of an affected
individual’s fibroblasts in the presence of saturating substrate
combination was still significantly decreased by 35% compared
to controls (Fig. 11D). Expressed in relative terms, the oxidation
of complex I-dependent substrates accounted for only 28% of
the overall state 3 respiration, whereas in controls complex I
substrates respiration contributed 74%. Under FCCP-induced
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Figure 11. Complex I defect in individuals with the NDUFAF6 mutation. (A and B) Isolated mitochondria from the lungs or fibroblasts and the fibroblast whole cell lysate
from control (C) and affected proband (P). The lung specimen is from F1_IV.19, and the fibroblast sample from F2_II.1). (A) Samples were separated on SDS-PAGE and in-
cubated with antibodies against NDUFAF6 protein, individual subunits of complex I (NDUFA9, NDUFS3, NDUFBS), complex II subunit SDHA, complex III subunit CORE2,
complex IV subunit COX4 and complex V ATP synthase subunit o. (B) Samples were solubilized by digitonin (2 g/g) and analyzed on a 4-13% gradient gel using CNE for
complex I in-gel activity and BNE for Western blot. Specific monoclonal antibodies were used for detection of complex I (NDUFA9) and complex III (CORE1). CIII is the
dimer of complex III; CIII + CIV denotes the supercomplex of complex IIl and complex IV and SC’s denotes various supercomplexes containing complex I, complex IIl
and complex IV. (C) Control and proband fibroblasts were analyzed using MS LFQ. Data are expressed as the ratio of affected proband/control sample and visualized us-
ing a volcano plot with asymptotes of the hyperbola indicating proteins significantly changed at FDR =0.01. Proteins on the left (negative) side of the X axis are de-
creased in the affected proband sample. Complex I associated proteins detected by the MS are highlighted in black. (D) Respiratory rates are displayed as mean values
of five independent experiments with control (black) and affected individual (gray) fibroblasts. Rates were calculated from measurements in the presence of 10 mm
pyruvate + 2 mm malate + 10 mu glutamate + 1 mm ADP (state 3 CI substrates), or the above + 10 mu succinate (state 3 CI+ CII substrates); *P < 0.05, ***P < 0.001.

uncoupled respiration conditions, where the maximum transfection, their content in affected fibroblasts increased

OXPHOS capacity can be determined, the decreased content
of complex I also limited the affected individual’s fibroblast res-
piration by 49% compared to controls (not shown).

Altered mitochondrial respiration and complex I
biogenesis of fibroblasts from an affected individual
were corrected with NDUFAF6 cDNA transfection

To prove the effect of the NDUFAF6 deficiency on mitochondrial
respiration and complex I biogenesis we transiently transfected
affected fibroblasts with the wild-type mitochondrial NDUFAF6
isoform v_1 cDNA. At the level of protein content (Fig. 124A), we
observed an increase in the amount of all examined complex I
subunits (NDUFA9, NDUFS3 and NDUFB8). Upon NDUFAF6
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from ~3-10% to 30-40% of control levels, expressed relative to
SDHA. NDUFAF6 transfection did not change the content of rep-
resentative complex II (SDHA) and complex III (CORE2) subunits.
This increase in the steady state content of complex I subunits
was also mirrored by an increase in the signal of fully assembled
complex I on native electrophoreses (Fig. 12B). NDUFAF6 transfec-
tion clearly increased in-gel complex I activity and complex I con-
tent, with almost all complex I present in supercomplex forms, as
observed also in control cells. While complex III content in the
supercomplex area was also significantly higher (Fig. 11B, right-
most panel), there was still a considerable amount of complex III
present as free dimer, observed also in affected cells. In agree-
ment with SDS-PAGE, native electrophoresis also showed no
changes in complex II content upon transfection, indicating the
specificity of NDUFAF6 for complex I assembly.
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Figure 12. Rescue of the complex I defect by wt NDUFAF6. (A) SDS-PAGE and Western-blot analysis of the fibroblasts from control (C), affected proband (P) and affected
proband transfected with wt NDUFAF6 (P+ NDUFAF6). Antibodies specific to NDUFAF6 protein, complex I subunits (NDUFA9, NDUFS3, NDUFBS8), complex II subunit
SDHA, complex III subunit CORE2 and actin were used. (B) Fibroblasts from control (C), affected proband (P) and affected proband transfected with wt NDUFAF6
(P+ NDUFAF6) were solubilized by digitonin (2 g/g) and analyzed on 4-13% gradient gel using CNE for complex I in-gel activity and BNE for Western blot. Specific monoclo-
nal antibodies were used for detection of complex I (NDUFA9), complex II (SDHA) and complex III (CORE1) native forms. CIII, denotes the dimer of complex III; CIII + CIV
denotes the supercomplex of complex III and complex IV and SC’s denotes various supercomplexes containing complex I, complex III and complex IV. (C) Oxygen con-
sumption traces of representative complementation experiment with control (black), proband (dark gray) and NDUFA6-transfected affected proband’s fibroblasts (light
gray). Rates are normalized to protein content. Additions of 0.05 g/g protein of digitonin (DIG), 10 mu pyruvate + 2 mm malate (P + M), 1 mm ADP (ADP), 10 mum glutamate
(GLU), 10 mm succinate (SUC), 10 mum glycerol 3-phosphate (G3P), 500 nm oligomycin (OMY), FCCP (0-300 nu titration), 500 nm rotenone (ROT) and 10 mm malonate (MAL)
are indicated by arrows. (D) Respiratory rates are displayed as mean values of five independent experiments with control (black) and affected proband’s (dark gray) fibro-
blasts, or two independent experiments with NDUFAF6-transfected fibroblasts from affected individual (light gray). Rates were calculated from measurements in the
presence of 10 mum pyruvate + 2 mm malate + 10 mum glutamate + 1 mm ADP (state 3 CI substrates), or the above + 10 mum succinate (state 3 CI+ CII substrates); *P < 0.05.

This partial restoration of complex I content after transfec- restoration of complex I dependent respiration was in good
tion of affected fibroblasts with wtNDUFAF6 was sufficient to agreement with the observed increase in complex I content and
functionally correct the complex I defect at the level of respira- both mirrored the average transfection efficiency (~40%) of the
tion with complex I-dependent substrates. As shown by the electroporation system.

representative oxygen consumption traces (Fig. 12C), the
NDUFAF6-transfected fibroblasts displayed an intermediary

phenotype between controls and non-transfected affected cells. Discussion

Specifically, the NDUFAF6 transfection caused a significant, 2.3- In this investigation we identified an intronic mutation in
fold increase in state 3 respiration with complex I substrates NDUFAF6 as a cause of RFS, chronic kidney failure and progres-
(Fig. 12D). While we did not observe full correction of the defect, sive pulmonary fibrosis in several families and unrelated
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individuals of the Acadian population of eastern Canada. The
mutation fully segregates with the phenotype in the expected
autosomal recessive mode of inheritance. It is ultra-rare, being
present only once in >13 200 genome sequences reported in
publicly available databases.

As part of this investigation, we identified several novel
mRNA isoforms of NDUFAF6, and we showed that the mutation
alters their splicing. From the experiments we performed, we
were able to predict and prove that the mutation affects the
synthesis and intracellular localization of NDUFAF6 isoforms.
This is best demonstrated with the mitochondrial isoform V_1,
which was not found in affected tissues based on the results of
RT-PCR, cDNA sequencing, Western-blot analyses and immuno-
histochemical and immunofluorescence studies. These experi-
ments also indicate that the cytosplasmic function of NDUFAF6
(26) may be partially preserved due to the synthesis of truncated
NDUFAF6 isoforms that localize in the cytoplasm.

A homozygous mutation in NDUFAF6, c.296A > G, that is pre-
dicted to result in GIn99Arg substitution in NDUFAF6 was previ-
ously identified in two siblings who suffered from persistent
lactic acidosis, Leigh syndrome, isolated generalized complex I
deficiency and death before age 3 years (13). This phenotype re-
sulted from altered splicing and instability of the v_1 isoform
through a mechanism of nonsense mediated decay, whereas
the stability and amounts of the v_3 isoform encoding truncated
mitochondrial isoform V_3 was unaffected (20). In this case, the
expected NDUFAF6 deficiency led to reduced levels of the ma-
ture complex I in affected fibroblasts, due to loss of the mito-
chondrial encoded subunit ND1 and disruption of the initial
stages of complex I biogenesis. Effects of the mutation on pro-
duction of the cytoplasmic isoform V_2 were not studied (20).

We made similar observations in affected fibroblasts and
lung from individuals with AVFS. We found a profound decrease
in the levels of all complex I subunits that was associated with
reduced activity and amount of the mature complex I and an al-
tered pattern of redistribution of complex III between its super-
complex and free forms. This was accompanied by profound
respiratory deficiency shown by high-resolution respirometry.
All these specific abnormalities were restored when affected fi-
broblasts were transiently transfected with the cDNA encoding
wild-type NDUFAF6 isoform V_1.

We believe that these genetic, molecular biologic, immuno-
histochemical and biochemical findings firmly established that
AVFS is caused by homozygosity for the specific mutation that
is composed of the private non-coding mutation ¢.298-768 T > C
(rs575462405) which is in linkage with the population frequent
splicing variant ¢.298-731 A>G (rs74395342). This particular
haplotype affects the splicing, synthesis and intracellular distri-
bution of NDUFAF6 isoforms and leads to isolated complex I
deficiency.

Fanconi syndrome results from a generalized disturbance in
cellular metabolism that affects the primary function of the
proximal tubular cell: bulk translocation of electrolytes, organic
compounds and macromolecules from the tubular space. As
this transport requires a high amount of energy, it is unsurpris-
ing that both primary and secondary mitochondrial defects
have been identified as causes of the Fanconi syndrome
(1,6-9,21,27,28).

Why is it that one mutation (c.296A > G) leads to Leigh syn-
drome and early death, whereas another mutation (c.298-768
T > C)—or more specifically the haplotype formed by combina-
tion of ¢.298-768 T > C and ¢.298-731 A > G—leads to specific tu-
bular dysfunction and later in life to chronic kidney failure
and pulmonary fibrosis with no other clinical manifestations
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characteristic of respiratory chain defects such lactic acidosis,
cardiomyopathy, myopathy and neurodegeneration?

The explanation might be that in the case of Leigh syndrome
the mutation lead to complete loss of both mitochondrial (20)
and cytoplasmic NDUFAF6 isoforms while in the case of AVFS
some of the identified mutated mRNA (cDNA) isoforms may
produce truncated cytoplasmic proteins that can sustain
NDUFAF6 cytoplasmic function, as suggested by RT-PCR, in vitro
translation, Western blot and immunofluorescence colocaliza-
tion studies. This would be very similar to investigations with
Drosophila melanogaster where the complete loss of Sicily, a ho-
mologue of the human NDUFAFS, lead to progressive neurode-
generation and structural mitochondrial abnormalities that are
compatible with other forms of severe complex 1 deficiencies
(26). In that study it was shown that the cytoplasmic form of
Sicily interacts with Hsp90 and prevents degradation of cytosolic
complex I subunits. Interestingly, and very similar to AVFS,
the neurodegenerative phenotype of the Sicily mutants was
almost completely rescued by the cytoplasmic form of the Sicily
itself, with the exception of the mitochondrial structural
abnormalities.

In a similar manner, in AVFS the cytoplasmic NDUFAF6 iso-
forms may interact with HSP90 (as demonstrated by immuno-
fluorescence studies) and sustain other functions, thereby
preventing development of the myopathic and/or neurodegen-
erative phenotype. On the other hand, the loss of the mitochon-
drial NDUFAF6 isoforms may lead to partial complex I
deficiency and structural mitochondrial defects that may specif-
ically affect systems and tissues with high energy requirements
for endocytosis/membrane transport processes, and over time
lead to chronic changes that would manifest only in the cell
types that have endogenously lower expression of NDUFAF6
and/or that are increasingly sensitive to excessive production of
reactive oxygen species (ROS) (e.g. tubular epithelial cells and
type I pneumocytes). This is consistent with histopathologic
and ultrastructural evaluation of the kidney from an affected in-
dividual, which revealed proximal tubulopathy of mitochon-
drial origin and slowly progressive chronic tubulointerstitial
changes. Investigations of affected lung tissue demonstrated
distinctive expression of NDUFAF6 in pulmonary epithelial
cells that are targeted in idiopathic pulmonary fibrosis.
Mitochondrial dysfunction in these cells (29,30) may disturb the
integrity of the alveolar epithelium and provoke hyperplasia of
type II pneumocytes and progressive interstitial fibroplasia that
are established pathogenetic mechanisms in interstitial pulmo-
nary fibrosis.

In conclusion, we describe a genetically distinct form of
Fanconi syndrome. This information may be used in the diag-
nosis and prevention of this disease in individuals and families
of Acadian descent and broadens the spectrum of the clinical
presentation of mitochondrial diseases, respiratory chain de-
fects and defects of complex I specifically.

Materials and Methods

Study subjects and clinical examination

An individual affected with proximal renal tubular acidosis
(RTA) contacted one of the investigators (AJB) to help identify
the genetic cause of this disorder. Further affected individuals
were referred by the index case or local nephrologists. After ob-
taining informed consent, medical records, a blood sample
for genetic analysis and other clinical samples were obtained.
This investigation was approved by the Wake Forest University
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School of Medicine, the First Faculty of Medicine of the Charles
University, Prague, the Czech Republic and the Moncton
Regional Hospital, Moncton, New Brunswick.

Whole exome sequencing

Genomic DNA of all available individuals was extracted from
whole blood samples in a standard manner. Whole exome
sequencing (WES) was performed using the SOLiD™ 4
(ThermoFisher Scientific, Waltham, MA) and HiSeq 1500 sys-
tems (Illumina, San Diego, CA).

SOLID 4 sequencing

For DNA enrichment, bar-coded DNA libraries and NimbleGen
SeqCap EZ Exome v2 (Roche, Madison, WI) were used according
to the manufacturer’s protocol. DNA sequencing was performed
on the captured barcoded DNA library of three affected individ-
uals using the SOLiD™ 4 System at the Institute for Inherited
Metabolic Disorders (Prague, Czech Republic) as previously de-
scribed (31,32). Reads were aligned in color space to the refer-
ence genome (hgl9) using NovoalignCS version 1.08 (Novocraft,
Malaysia) with default parameters. Sequence variants in ana-
lyzed samples were identified using the SAMtools package
(version 0.1.19) (33). The high confidence variants list was anno-
tated using the ANNOVAR Annotation tool (34) (hg19). Only the
sequence variants present in all three affected individuals and
having a frequency <0.05 in the dbSNP, 1000 Genomes, Exome
Variant Server (http://evs.gs.washington.eduw/EVS/) and our in-
ternal exome database were prioritized for further analysis.
Identified genetic variants were filtered according to the ex-
pected autosomal recessive model of the disease and evaluated
according to the biological relevance of corresponding genes.
Candidate variants were visualized in Integrative Genomics
Viewer (IGV)—version 2.3.32 (35).

Illumina sequencing

For DNA enrichment, barcoded DNA libraries and NimbleGen
SeqCap EZ Exome v3 (Roche, Madison, WI) were used according
to the manufacturer’s protocol. DNA sequencing was performed
on the captured barcoded DNA library using the Illumina Hiseq
1500 system at the Genomic facility in Motol University Hospital
in Prague. The resulting FASTQ files were aligned to the Human
Genome Reference (hgl9) using Novoalign (3.02.10). Following
genome alignment, conversion of SAM format to BAM and du-
plicate removal were performed using Picard Tools (1.129).
The Genome Analysis Toolkit, GATK (3.3) (36) was used for local
realignment around indels, base recalibration and variant reca-
libration and genotyping. Variant annotation were performed
with SnpEff (37) and GEMINI (38). Variants with minor allelic fre-
quencies (MAFs) in ESP6500, EXAC and 1000 Genomes databases
<0.05 were further evaluated as described above.

CNV prediction

CNV were identified from exome read counts using CoNIFER
(0.2.2) (39).

Homozygosity mapping

Runs of homozygosity (ROHs) were identified from genotyping
data using the GEMINI framework and the ROH tool (38). Allele
frequency was calculated and visualized using TTR R-package
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by smooth moving average (SMA) algorithm, where the moving
average was set to 8000 in genome dataset.

Whole genome sequencing (WGS)

DNA libraries were prepared using the TruSeq Nano DNA
Library Prep kit (Illumina) and sequenced on the Illumina HiSeq
X Ten System (Macrogen, Rockvill, MD). Alignment, variant
calling, annotation and copy number analysis were done as
described (40).

Genotyping

All genetic variants of interest were genotyped by direct Sanger
sequencing using the version 3.1 Dye Terminator cycle sequenc-
ing kit (ThermoFisher Scientific) with electrophoresis on an ABI
3500XL Avant Genetic Analyzer (ThermoFisher Scientific).
Data were analyzed using Sequencing Analysis software
(ThermoFisher Scientific).

In silico splice site prediction

For prediction of eventual splicing effects of the identified non-
coding variants we used Alamut Mutation Interpretation
Software (Interactive Biosoftware, Rouen, France).

Cell culture

Skin fibroblasts were maintained in Dulbecco’s modified eagle
medium (DMEM), (ThermoFisher Scientific), supplemented with
10% fetal bovine serum (FBS), (ThermoFischer Scientific) and
penicillin/streptomycin ~ (Sigma-Aldrich, = Prague,  Czech
Republic).

RNA analysis and cDNA sequencing

Total RNA was isolated from fibroblast cell line pellets or snap-
frozen lung specimens using TRIzol solution (ThermoFischer
Scientific). RNA concentrations were determined spectrophoto-
metrically at A260 nm by NanoDrop (NanoDrop Technologies,
Wilmington, DE), and RNA quality was verified using an Agilent
2100 bioanalyser—RNA Lab-On-a-Chip (Agilent Technologies,
Santa Clara, CA). Aliquots of isolated RNA were stored at —80°C
until analysis. The first-strand cDNA synthesis was carried out
using an oligo-dT primer and either SuperScript® III Reverse
Transcriptase or ThermoScript Reverse Transcriptase
(ThermoFisher Scientific) or ProtoScript II First Strand cDNA
Synthesis Kit (NEB, Ipswich, MA). NDUFAF6 cDNA were PCR-
amplified from the synthesized first-strand cDNA using oligo-
nucleotide primers (Generi Biotech, Hradec Krélové, Czech
Republic) designed to span and amplify NDUFAF6 isoforms v_1
and v_3 in parallel and isoform v_2 separately. The resultant
PCR products were analyzed using agarose gel electrophoresis.
Individual DNA fragments were extracted from gel slices using
PureLink Quick Gel Extraction Kit (ThermoFisher Scientific) and
sequenced using the version 3.1 Dye Terminator cycle sequenc-
ing kit (ThermoFisher Scientific) with electrophoresis on an ABI
3500XL Avant Genetic Analyzer (ThermoFisher Scientific).
Obtained RT-PCR products were also sequenced in parallel us-
ing the Illumina HiSeq 1500 system as described for WES and
WGS above. The resulting FASTQ files were aligned to the
Human Genome Reference (hgl9) using TopHat 2.0.12 (41)
integrated in the RAP: RNA-Seq Analysis Pipeline (42).
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In vitro translation assay

Wild-type NDUFAF6 isoforms v_1 and v_2 cDNA were synthe-
sized by GenScript (Piscataway, NJ). Protein precursors were
synthesized in the presence of **S-methionine using TNT T7
Quick Coupled Transcription/Translation System (Promega,
Madison, WI) with plasmids as a DNA template, according to
manufacturer recommendation. Translation products were cen-
trifuged at 13 000g for 2 min and supernatant was mixed with
SDS sample lysis buffer. Samples were analyzed by SDS-PAGE
and radioactivity was detected using Pharos system (Bio-Rad
Laboratories; Hercules, CA).

Transient transfection and Western-blot analysis of
NDUFAF6

Wild-type NDUFAF6 isoform v_1 cDNA was synthesized by
GenScript (Piscataway, NJ). HeLa and HEK 293 cells were main-
tained in DMEM High Glucose medium supplemented with 10%
(vol/vol) fetal calf serum (PAA), 100 U/ml penicillin G (Sigma-
Aldrich) and 100 pg/ml streptomycin sulfate (PAA Laboratories
GmbH, Pashing, Austria). Transfections were carried out using
Lipofectamine 3000™ (ThermoFischer Scientific) with either 1.5
or 4 ug DNA for 1.5x10° or 8x10° cells, respectively.

Cells were harvested either 24 h (for HeLa and HEK 293 cells)
or 5 days (for fibroblasts) post-transfection, and mitochondrial
and cytoplasmic fraction were prepared using Mitochondria/
Cytosol Fractionation Kit (BioVision, Inc., San Francisco, CA).

Control human tissue lysates from muscle (Muscle NB820-
59253), liver (Liver NB820-59232) and kidney (Kidney NB820-
59231) were purchased from Novus Biologicals (Littleton, CO).
Lysates from heart and lung were prepared from frozen autopsy
tissues. Briefly, frozen tissue was cut out and homogenized in a
Teflon/glass homogenizer in RIPA Buffer (150 mwm NaCl, 1%
Nonidet NP-40, 1% sodium deoxycholate, 0.1% SDS, 50 mwm Tris-
HCI, pH 8.0; 10% homogenate), incubated for 30 min at 37°C and
centrifuged for 5 min at 18 000g to remove non-lysed proteins.

Denatured protein samples were separated on 13% SDS-
PAGE and blotted onto a PVDF membrane. NDUFAF6 was visual-
ized by incubation with rabbit polyclonal antibodies supposedly
capable of detecting NDUFAF6 isoforms V_1 and V_2—ab150975
and ab151096 (Abcam, Cambridge) or sc-87001 (Santa Cruz
Biotechnology, Heidelberg, Germany), followed by incubation
with anti-rabbit IgG-peroxidase antibody—A8924 (Sigma_
Aldrich), and detection by SuperSignal West Pico Maximum
Sensitivity Substrate (ThermoFisher Scientific). Succinate dehy-
drogenase complex, subunit A (SDHA) was visualized using
mouse monoclonal antibody ab14715 (Abcam). Actin was visu-
alized using mouse monoclonal anti-Actin (Ab-1) antibody
CPO1-1EA (Calbiochem, CA).

Immunohistochemistry and immunofluorescence
analysis

Formaldehyde fixed kidney and lung samples were analyzed.
Immunodetection of NDUFAF6 on paraffin sections was per-
formed using the rabbit polyclonal anti-NDUFAF6 antibody
sc-87001 (Santa Cruz Biotechnology) diluted 1:200 in 5% BSA, in
PBS. Detection of bound primary antibody was achieved using
the Dako EnVision + TM Peroxidase Rabbit Kit (Dako, Glostrup,
Denmark) with 3,3’-diaminobenzidine as substrate. The specif-
icity of the antigen detection was always ascertained by omis-
sion of the primary antibody binding step.
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For intracellular localization in kidney and lung, NDUFAF6
was detected with rabbit polyclonal anti-NDUFAF6 antibody di-
luted 1:300 in 5% BSA, in PBS. Mitochondrial ATP synthase subu-
nit B (ATP5B) and cytoplasmic located heat shock protein 90
(HSP90) were detected with mouse monoclonal anti-ATP5B anti-
body (ab14730, Abcam) and anti-Hsp90 antibody (ab 79848,
Abcam), respectively, both diluted 1:100 in 5% BSA, in PBS. For
fluorescence detection, corresponding species specific second-
ary antibodies Alexa Fluor® 488 and Alexa Fluor® 555
(ThermoFisher Scientific) were used. Slides were mounted in
the fluorescence mounting medium ProLong Gold Antifade
Mountant with DAPI (ThermoFisher Scientific) and analyzed by
confocal microscopy.

Confocal microscopy, image acquisition and analysis

XYZ images were sampled according to Nyquist criterion using
a Leica SP8X laser scanning confocal microscope, HC PL Apo ob-
jective (63x, N.A.1.40), 405 nm diode/50 mW DMOD Flexible, and
488 and 555 laser lines in 470-670 nm 80 MHz pulse continuum
WLL2 (Leica, Wetzlar, Germany). Images were restored using a
classic maximum likelihood restoration algorithm in the
Huygens Professional Software (SVI, Hilversum, Netherlands).
The colocalization maps, employing single pixel overlap coeffi-
cient values ranging from 0 to 1, were created in the Huygens
Professional Software. The resulting overlap coefficient values
are presented as the pseudo color whose scale is shown in the
corresponding lookup tables (LUT).

Electron microscopy

Kidney biopsies were fixed with 3% glutaraldehyde in 0.1 m
phosphate buffer, post-fixed with 1% OsO,, dehydrated and em-
bedded into Durcupan-Epon mixture. Ultrathin sections were
double contrasted with uranyl acetate and lead nitrate and then
analyzed using a transmission electron microscope (JEOL 1200
EX).

Isolation of mitochondria

For the analysis of complex I assembly, mitochondria from fi-
broblast cells were isolated at 4°C by a hypo-osmotic shock
method (43). The freshly harvested cells were disrupted in
10 mum Tris-HCI, pH 7.4, homogenized in a Teflon/glass homoge-
nizer (10% homogenate, w/v) and then sucrose was added to a
final concentration of 0.25 M. Mitochondria were sedimented
from the 600-g post-nuclear supernatant by 10-min centrifuga-
tion at 10 000g, washed and resuspended in 0.25 M sucrose, 2 mum
EGTA, 40 mm KCl, 20 mu Tris, pH 7.4.

Electrophoresis, Western-blot analysis, in-gel
complex I activity

SDS-PAGE was performed on 10% (w/v) polyacrylamide slab mini-
gels (MiniProtean System, Bio-Rad Laboratories) at room temper-
ature. Samples of whole cells or isolated mitochondria were
heated for 5 min at 95°C in a sample lysis buffer [2% (v/v) 2-mer-
captoethanol, 4% (w/v) SDS, 50 mm Tris (pH 7.0), 10% (v/v) glyc-
erol]. Separation of native OXPHOS complexes by blue-native
(BNE) or clear-native electrophoresis (CNE system) (44) was per-
formed on polyacrylamide gradient (4-13%) minigels at 7°C.
Mitochondrial proteins were solubilized with digitonin at 2 g/g
(detergent/protein ratio) for 15 min on ice. The samples were
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centrifuged for 20 min at 4°C and 30 000g, and Coomassie
Brilliant Blue G dye (Serva Blue G-250, 0.125 g/g detergent) and 5%
glycerol were added to the supernatants before electrophoresis.
Gels were blotted onto a PVDF membrane (Millipore) and the
membrane was blocked in 5% defatted milk in TBS (150 mwm Nacl,
10 mu Tris, pH 7.5). The membranes were washed twice in TBST
(TBS with 0.1% (v/v) Tween-20) and incubated overnight with the
following primary antibodies diluted in TBST: rabbit polyclonal
antibody to NDUFAF6 (Abcam ab151096, 1:500), mouse monoclo-
nal antibodies to actin (IgM, Calbiochem CP01-1EA, 1:6000),
NDUFA9 (Abcam ab14713, 1:1000), NDUFS3 (Abcam ab14711,
1:1000), NDUFB8 (Abcam ab110242, 1:1000), SDHA (Abcam
1:10 000, ab14715), CORE1 (Abcam ab110252, 1:1000), CORE2
(Abcam ab14745, 1:1000) and a cocktail of monoclonal antibodies
to OXPHOS subunits (Abcam ab110412, NDUFA9, SDHA, CORE2,
COX4, F1-0). For a quantitative detection, the infra-red fluorescent
secondary antibodies diluted in TBST were used (Alexa Fluor 680
A10038 or A10043, 1:3000, Life Technologies; IRDye 800CW 926-
32212 or 926-32213, 1:15 000, Li-Cor Biosciences). The fluorescence
was detected using ODYSSEY infra-red imaging system (Li-Cor
Biosciences) and the signal was quantified using Aida 3.21 Image
Analyzer software. Complex I activity was detected on native gels
immediately after electrophoresis according to (44). Briefly, gels
were incubated in complex I activity assay buffer (2.5 mg/ml
nitrotetrazolium blue, 0.1 mg/ml NADH, 5 mwm Tris-HCl, pH 7.4)
from 1 h to overnight. The gels were transferred to 5 mm Tris-HCl
PpH 7.4 and scanned.

LFQ protein mass spectrometry analysis

Cell pellets (affected individual versus control NHDFC fibro-
blasts) corresponding to 100 pg of protein were solubilized
using sodium deoxycholate (1% (w/v) final conc.), reduced with
TCEP [tris(2-carboxyethyl)phosphine], alkylated with MMTS (S-
methyl methanethiosulfonate), digested sequentially with Lys-
C and trypsin and extracted with ethylacetate saturated with
water as described (45). Samples were desalted on Empore C18
columns, dried in Speedvac and dissolved in 0.1% TFA + 2% ace-
tonitrile. About 1 pg of peptide digests were separated on 50 cm
C18 column using 2.5 h elution gradient and analyzed in a DDA
mode on a Orbitrap Fusion Tribrid (Thermo Scientific) mass
spectrometer. Resulting raw files were processed in MaxQuant
(v. 1.5.3.28) (46) with label-free quantification (LFQ) algorithm
MaxLFQ (47). Downstream analysis and visualization was per-
formed in Perseus (v. 1.5.3.1).

Complementation of fibroblasts with wt cDNA

Affected or control fibroblasts were transfected either with vec-
tor containing either the wtNDUFAF6 isoform v_1 cDNA (in the
same manner as used for HeLa and HEK293 cells) or the green
fluorescent protein (GFP) (used as a control) using Nucleofector
device and NHDF nucleofection kit (VPD-1001, Lonza,
Switzerland). For each transfection 3x10° cells and 2 ug of DNA
was used. Cells were analyzed 5-day post-transfection.

Mitochondrial respiration measurement

Respiration of fibroblasts was measured at 30°C using
Oxygraph-2k (Oroboros, Austria), essentially as described (48).
Briefly, freshly harvested cells were suspended in KCl medium
(80 mm KCl, 10 mm Tris-Cl, 3 mm MgCl,, 1 mm EDTA, 5 mwum potas-
sium phosphate, pH 7.4) and permeabilized with digitonin
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(0.05 g/g of protein). Substrates and inhibitors were used at the
following concentrations: 10 mm pyruvate, 2 mm malate, 1 mum
ADP, 10 mum glutamate, 10 mum succinate, 10 mwum glycerol 3-phos-
phate, 500 nm oligomycin, 100-200 nu FCCP, 1 pm rotenone,
10 mm malonate, 1 um antimycin A, 2 mm ascorbate, 1 mm TMPD,
0.5 mm KCN. Oxygen consumption was expressed in pmol oxy-
gen/s/mg protein.

Supplementary Material

Supplementary Material is available at HMG online.
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Congenital heart disease is the most common type of birth defect, accounting for one-third of all congenital anomalies.
Using whole-exome sequencing of 2718 patients with congenital heart disease and a search in GeneMatcher, we identified
30 patients from 21 unrelated families of different ancestries with biallelic phospholipase D1 (PLD7) variants who
presented predominantly with congenital cardiac valve defects. We also associated recessive PLD7 variants with isolated
neonatal cardiomyopathy. Furthermore, we established that p.I668F is a founder variant among Ashkenazi Jews (allele
frequency of ~2%) and describe the phenotypic spectrum of PLD7-associated congenital heart defects. PLD1 missense
variants were overrepresented in regions of the protein critical for catalytic activity, and, correspondingly, we observed

a strong reduction in enzymatic activity for most of the mutant proteins in an enzymatic assay. Finally, we demonstrate
that PLD1inhibition decreased endothelial-mesenchymal transition, an established pivotal early step in valvulogenesis.
In conclusion, our study provides a more detailed understanding of disease mechanisms and phenotypic expression
associated with PLD1 loss of function.
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Introduction

Congenital heart disease is the most common type of birth defect,
accounting for one-third of all congenital anomalies, with a world-
wide occurrence of 7 per 1000 live births (1). The majority of these
defects include abnormalities of valve formation. Right-sided
congenital heart disease includes abnormalities of the pulmonary
and tricuspid valves, the right ventricle, and the right ventricular
outflow tract. Recessive variants in PLDI, which encodes phos-
pholipase D1, a signal transduction enzyme that hydrolyses the
membrane lipid phosphatidylcholine to generate the lipid second
messenger phosphatidic acid (2), were recently associated with
severe right-sided congenital cardiac valve defects in 2 small fam-
ilies (3). Although no overt structural cardiac defects were noted,
mice lacking PLD1 displayed moderately impaired function of the
pulmonary and tricuspid valve on echocardiography (3). However,
the functional consequences of PLD1 enzymatic activity and the
mechanism by which PLD1 dysfunction leads to congenital valve
abnormalities remain unknown.

Using whole-exome sequencing (WES) data from 2718
patients with congenital heart disease and a search in Gene-
Matcher (4), we identified 30 patients from 21 unrelated families
of different ancestries with biallelic PLDI variants. We estab-
lished that p.I668F is a founder variant among Ashkenazi Jews.
We expanded the phenotypic spectrum of PLDI-associated con-
genital heart defects and, for the first time to our knowledge,
provide evidence that recessive variants in PLDI can also cause
neonatal cardiomyopathy in the absence of congenital heart
defects. Placement of the missense variants on the 3D crystal
structure of PLD1, recently reported by several of the co-authors
(5), localized them primarily to sites important for catalytic site
integrity. Correspondingly, we uncovered a substantial loss of
enzymatic activity through functional analysis. Finally, in line
with a loss-of-function mechanism of PLD1, we demonstrate here
that PLD1 inhibition decreased endothelial-mesenchymal transi-
tion (EndoMT), a pivotal eatly step in valvulogenesis (6).

Results

PLD] variants cause congenital valvular defects or neonatal cardionyy-
opathy in multiple families. To uncover the genetic cause of severe
right-sided congenital heart defects in a consanguineous Afghan
family with 2 affected siblings (family A, Figure 1A), we performed
WES for both parents and one of the affected siblings. In line with
the expected recessive inheritance pattern, we identified a homo-
zygous variant, p.R695C, in PLDI (GenBank accession number:
NM_002662) as the only cosegregating variant. We then searched
for additional patients carrying biallelic variants in PLDI by perform-
ing (a) WES for 75 patients with similar severe right-sided congenital
heart defects from the National Registry of Congenital Heart Defects
(CONCOR) in the Netherlands (7); (b) analysis of 2643 patients with
congenital heart disease trios (i.e., the affected patient and both par-
ents) who underwent WES from the Pediatric Cardiac Genomics
Consortium (PCGC) (8, 9); and (c) a search using GeneMatcher (4).
In total, we identified 30 patients from 21 unrelated families of differ-
ent ancestries (Figure 1A, Table 1, and Supplemental Table 1) carrying
either homozygous or compound heterozygous PLDI variants. All
30 patients were diagnosed with severe congenital heart disease or
cardiomyopathy at the fetal or neonatal stage.
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Twenty-eight patients from 19 families (families A-S, Figure 1)
presented with congenital cardiac valve malformations predom-
inantly affecting the right side of the heart. These defects were
characterized by severe tricuspid and/or pulmonary valve abnor-
malities (27 of 28), hypoplastic right ventricles (16 of 28), and /or
hypoplastic pulmonary arteries (11 of 28) (Table 1, Supplemental
Table 1, detailed phenotypic descriptions in Supplemental Note
1, and echocardiography in a selection of patients in Supplemen-
tal Videos 1-4; supplemental material available online with this
article; https://doi.org/10.1172/JCI142148DS1). Five of these 28
patients were diagnosed with Ebstein’s anomaly. The extremely
thin right ventricular wall in both patients from family A prompt-
ed a diagnosis of Uhl’s anomaly, a rare heart defect character-
ized by a congenital partial or complete absence of right ventric-
ular wall myocardium (Figure 1C and ref. 10). Two patients had
dilated left ventricles and mitral regurgitation in addition to tri-
cuspid and/or pulmonary valve defects. Six pregnancies were
terminated because of a complex heart defect with poor progno-
sis (gestational age range, 13-22 weeks). One patient underwent
an orthotopic heart transplantation at the age of 45 days because
of worsening heart function (family S). Four patients survived
less than 1 year as a result of their underlying structural heart
defect. The majority of live-born infants required surgery in the
first days or months of life, most commonly the placement of a
Blalock-Taussig shunt and bidirectional Glenn palliation (Table 1).

Of note, 2 patients presented with severe isolated neonatal
cardiomyopathy (i.e., in the absence of a structural congenital
heart defect), a new finding for this syndrome (families T and U,
Figure 1 and Table 1). At 33 weeks of gestation, the patient from
family T was found to have persistently reduced fetal movement.
A fetal ultrasound revealed hydrops fetalis due to severe cardio-
myopathy, and an emergency delivery by caesarean section was
performed. Postnatal echocardiography showed severe systolic
dysfunction of the left ventricle with severe mitral regurgitation
(Supplemental Videos 5 and 6). Despite medical treatment, the
child died on the third postnatal day as a result of intractable car-
diac failure. The other patient (family U) was a full-term neonate
who developed difficulty breathing and bloody vomiting and died
on postnatal day 8. The autopsy showed sections of the heart with
patchy replacement of the myocardium by histiocytoid cells and
occasional plasma cells and eosinophils, a finding most consistent
with histiocytoid cardiomyopathy. Both patients were screened
for variants in approximately 300 cardiomyopathy-related genes
and were found to be negative.

Overall, none of the patients who survived beyond infancy had
dysmorphic features, intellectual disability, or notable develop-
mental delays, suggesting that in the context of overt phenotypes,
PLDI loss of function (see below) is predominantly associated
with isolated cardiac disease in humans.

We noted an autosomal-recessive mode of inheritance in all
of the families and found that variants in PLDI were inherited
from each of the unaffected parents. In total, we report 31 PLDI
variants, of which 21 are missense variants and 10 are expected
to result in protein truncation (Supplemental Table 2). Two vari-
ants are predicted to affect splicing. Reverse transcription PCR
(RT-PCR) analysis of mRNA isolated from a peripheral blood
sample from the parents of family E confirmed mis-splicing that
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Figure 1. Recessive variants in PLD1 cause a spectrum of valvular
congenital heart di and al cardiomyopathy. (A) Pedigrees.
Solid symbols indicate the affected individuals (black indicates individuals
with a congenital heart defect; red indicates individuals with fetal/neo-
natal cardiomyopathy), and symbols with a slash through them indicate
deceased individuals. A double line indicates consanguinity. Males are
indicated by squares and females by circles. Solid black triangles with a
slash through them indicate fetal death or termination of pregnancy. Gray
triangles indicate a miscarriage. Dup, duplication; ex, exon; fs, frame shift;
NA, not available; Ter, termination; wk, age in weeks at termination of the
pregnancy. *Previously published family (3). Families H-M were identified
through analysis of PCGC data, and pedigrees were not available (8, 9). (B)
PLD1 domain structure and location of pathologic (bottom) and presump-
tive nonpathologic (top) missense variants. Black indicates an inactive
allele (16) used as a baseline control. Gray dots, homozygous missense
variants found in gnomAD individuals (11). Statistical comparison of loop
variants in patients versus controls was performed using Fisher’s exact
test (P = 0.017). (C) Macroscopic appearance of the heart of fetus II-5
from family A. Upper left panel: Position of the heart in the thorax. Note
the extremely dilated right ventricle with a thin translucent wall. A sharp
demarcation can be seen between the abnormal right ventricular myocar-
dium and normal left ventricular myocardium. Upper right panel: Anterior
view of a formalin-fixed heart including large vessels, showing the paper-
thin right ventricular wall, which was partially collapsed because of tissue
weakness. Bottom panels: Postnatal echocardiograms of child 11-1 from
family A displaying a thin-walled right ventricle with Ebstein’s anomaly

of the tricuspid valve and tricuspid regurgitation (see also Supplemental
Video 1). This child also had pulmonary atresia. Ao, ascending aorta; Diaph,
thoracic diaphragm; LA, left atrium; LAA, left atrial appendage; LV, left
ventricle; PT, pulmonary trunk; RAA, right atrial appendage; RV, right
ventricle; TV, tricuspid valve; TR, tricuspid regurgitation.

is predicted to result in a truncated PLD1 protein (Supplemental
Figure 1). The duplication of exons 13-21 found in family F is pre-
dicted to result in a premature stop codon in exon 13. Although 12
of 31 variants were not present in Genome Aggregation Database
(gnomAD) (11), the minor allele frequency (MAF) for the others
ranged from 0.0008% to 0.16% (Supplemental Table 2). With 2
exceptions, theidentified variants were not homozygous in 123,136
exomes and 15,496 genomes from the gnomAD (accessed Octo-
ber 2019; ref. 11), suggesting that homozygosity for these variants
is not tolerated. The 2 exceptions are p.E6K and p.E290Q, which
were found in compound heterozygosity with p.R712W in family
C and p.G237C in family M, respectively. The gnomAD contains
42 predicted loss-of-function PLDI variants (expected number,
62); none of them occurs in the homozygous state, suggesting that
PLD] is intolerant to homozygous loss-of-function variants.

The p.1668F missense variant in PLD1 is a founder variant among
Ashkenazi Jews. Given that we found the same homozygous PLDI
variant, p.I668F, in 3 families, we hypothesized that this was a
founder variant. Intriguingly, all 3 families with the homozygous
PLDI p.I668F congenital heart defect were of Ashkenazi Jewish
ancestry, suggesting a novel founder variant. Ashkenazi Jewish
descent was self-reported for family G and determined through
principal component analysis (PCA) for families H and I, which
were recruited through the PCGC and found to cluster with an
Ashkenazi Jewish reference population (ref. 12 and Supplemen-
tal Figure 2). As expected for a founder variant, all homozygous
patients shared p.I668F on the background of a common haplo-
type spanning approximately 881kb (chr3:171087469-171969077,
hg19). Using the Gamma method (13), we estimated the age of
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the p.I668F founder variant at 46 generations (95% CI, 15-154
generations). Assuming a 20-year generational span, a common
ancestor with this haplotype would have lived approximately 920
years ago (CI: 300-3080 years). Interestingly, p.I668F has a MAF
of approximately 2% among the Ashkenazi Jewish subpopulation
in gnomAD and is rare among the other populations (0.004%-
0.14%; ref. 11).

Missense variants in PLD1 lead to reduced enzymatic activity.
Placement of the 21 missense variants described above onto the
PLD1 structure revealed that they largely clustered in the highly
conserved HxKxxxxD (HKD) domains and the C-terminal region
(Figure 1B) that are critical for enzymatic activity (14). In con-
trast, 18 presumed nondeleterious PLDI missense variants found
homozygously in the general population (according to gnomAD,
ref. 11; MAF range: 0.001%-18%) were distributed along the
entire length of the protein, including in the N-terminus, PX and
PH domains, and loop regions that are dispensable for catalytic
activity (14). Of note, while 5 of 18 variants that were found in
the homozygous state in gnomAD resided in the loop region of
PLDI, none of the patients carried a variant in the PLD1 loop
region (Figure 1B, P = 0.017).

To test their effect on PLD1 enzymatic activity, we engineered
the disease-associated missense variants into an HA-tagged WT
PLD1 expression vector (15) and transfected them into HEK293
cells. Western blot analysis showed levels of expression of the
mutant proteins that were comparable to the levels seen for WT
PLD1 and PLD1-p.K898R, a previously identified catalytically
inactive variant (Supplemental Figure 3 and ref. 16). Enzymatic
activity was assessed using an in vitro cellular transphosphatidyla-
tion assay in the presence of PMA, which activates PKC, a potent
stimulator of PLD1 activity (15, 17). PLD1-p.K898R (16) was used
as a baseline control (Supplemental Figure 4). We observed a
strong to dramatic reduction in PLD1 enzymatic activity for 17 of
the 19 variants tested, leading to the prediction that patients carry-
ing biallelic PLDI variants will generally have less than 25% resid-
ual PLD1 activity in comparison with individuals with WT PLDI
alleles (Figure 2A). Of note, the 2 variants that occurred in the
homozygous state in individuals from gnomAD (i.e., p.E6K and
p-E290Q) and compound heterozygously in the patients did not
affect PLD1 enzymatic activity as measured in this assay.

Since an intact C-terminus is required for enzymatic activity (5,
14), we expected that all of the variants resulting in premature termi-
nation of PLD1 protein, such as p.R731Ter/p.R848Ter in the patient
with isolated cardiomyopathy from family T, would fully elimi-
nate PLD1 activity. Of note, the other patient who presented with
isolated cardiomyopathy (family U) was compound heterozygous
for 2 missense variants (p.V468D/p.R675Q) that resulted in dras-
tically reduced catalytic activity (2.7% compared with WT). Thus,
residual PLD1 enzymatic activity of variants from patients present-
ing with isolated cardiomyopathy was similar to that of patients who
presented with structural cardiac malformations.

PLD1 disease-associated variants localize to sites important for
catalytic activity. Some of us recently reported the crystal struc-
ture for a catalytically functional PLD1 protein (representing
~60% of the protein, ref. 5) that encompasses most of the disease-
associated variants reported in this study. Figure 2B shows the
placement of 18 of the 21 disease-associated missense variants
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reported here on the 3D structure (see also Supplemental Videos
7-24). Placement of the remaining 3 variants was not assessed,
as these were located in the N-terminal (p.E6K) and PH domain
regions (p.E237C and p.E290Q) of the PLD1 protein, which were
not included in the crystal structure (5). Strikingly, the majority
of the missense variants clustered near sites critical for catalytic
activity, which is consistent with the observed reduction of PLD1
enzymatic activity for these variants.

We categorized these variants into 3 groups according to their
predicted disruptive effects (Figure 2B). The first class of variants
affect the active site of PLD1. These variants either alter a residue
directly involved in catalysis (p.H464) or are located within the
active site (p.G826, p.Y894, and p.G910), thus affecting cataly-
sis. The second class of variants stabilize elements that form the
binding site for the membrane lipid phosphatidylinositol-4,5-
bisphosphate [P1(4,5)P,], which is a required cofactor for PLD1
activity (5, 15). These residues include p.R695, which was mutated
in the index family (family A) of our study, as well as p.H442,
p-R712, and p.R746. Mutation of these residues are predicted to
alter the PI(4,5)P, binding site and decrease PLD1 activity. The
majority and remaining ones fall into a third class of variants that
are distributed throughout the catalytic domain. The mutated
residues are buried within the correctly folded structure and are
involved in interactions with neighboring residues. These variants
would destabilize local interaction networks presumably neces-
sary for proper folding or create new unfavorable interactions.
A notable example is the p.1668F founder variant in Ashkenazi
Jews. For this variant, substitution with the larger phenylalanine
side chain is predicted to create steric clashes with nearby resi-
dues that form part of the substrate-binding pocket (Supplemental
Video 12). These clashes would alter the shape of the pocket, thus
diminishing PLD1 activity.

Only 3 of the variants that we identified in the patients
were found outside the catalytic domain. These were located at
either the extreme N-terminus (p.E6K) or within the PH domain
(p.G237C and p.E290Q), which is required for proper localiza-
tion of PLD1 to the plasma membrane. As discussed above, both
p.E6K (family C) and p.E290Q (family M) seem to be tolerated
in the homozygous state and were associated with disease only
in combination with p.R712W or p.G237C, respectively. Further-
more, these 2 variants retained full PMA-stimulated enzymatic
activity (Figure 2A). In contrast, a 50% reduction of activity was
observed with p.G237C. We predict that this variant may affect
membrane binding, as this is the main function of the PH domain
(18), and p.G237 is near 2 residues, C240 and C241, which are
posttranslationally modified by palmitoylation to anchor PLD1
to membranes and are functionally required for PLD1’s role in
regulating exocytosis (18-20).

We also assessed the location of the 18 variants found homo-
zygously in the general population of individuals in gnomAD (11)
and found that only 7 of these variants localized to the catalytic
domain (Figure 1B and Supplemental Table 3). In contrast to the
disease-associated missense variants above that are embedded
at sites critical for catalysis, these residues all lie on the periphery
of the protein, with their side chains facing outward and having
few, if any, interactions with other residues (Supplemental Fig-
ure 5). This underscores the importance of evaluating amino acid

The Journal of Clinical Investigation

substitutions in the setting of the 3D structure. In addition, the
disease-associated missense variants were more often predicted
to be deleterious and affected residues that were more conserved
across species (Supplemental Figure 6). Taken together, the
disease-associated variants reported here primarily located to
sites critical for catalysis and correspondingly exhibited major loss
of enzymatic activity.

PLD1 is required for endocardial cell endothelial-mesenchymal
transition in atrioventricular cushion explants. Structural atrio-
ventricular (AV) valve defects are the cardinal malformation in
patients with PLD1 loss of function. In the embryonic heart, a
pivotal early step in valvulogenesis occurs when a subpopulation
of endocardial cells overlaying the provalvular cardiac cushions
undergoes endothelial-mesenchymal transition (EndoMT) (6).
These mesenchymal cells seed the cushions leading to remodel-
ing of the extracellular matrix and contribute to development of
the valves and cardiac septa.

To date, many important EndoMT genes have been identified
using an in vitro collagen gel assay system (Supplemental Figure
7), in which chick embryo AV cushions (AVCs) are excised, trans-
fected, and explanted endocardial side down onto a collagen pad
(21). The explant myocardium compacts and beats while the endo-
cardial cells spread out and form a surface monolayer. Some of the
endocardial cells eventually undergo EndoMT, seeding the colla-
gen gel with mesenchymal cells. The spatial specificity observed
in vivo, where the AVC, but not the ventricular endocardium,
undergoes EndoMT, is reproduced in this in vitro assay (21). We
used this assay to investigate the involvement of PLD1 in EndoMT
by incubating chick embryo AVC explants with 1-butanol, which
suppresses the generation of phosphatidic acid by PLD1, and
3-butanol, which does not suppress phosphatidic acid formation,
as a control compound. We observed normal levels of invasion
in 3-butanol-treated explants compared with vehicle-incubated
controls (our unpublished observations). However, 1-butanol
incubation significantly reduced the number of transformed cells
compared with the 3-butanol-treated controls (Figure 3A), sug-
gesting that PLD1 function is involved in EndoMT in vitro.

We then confirmed the role of PLD1 using PLD small-
molecule inhibitors (22). PLD1 inhibition dramatically reduced
the number of transformed cells, whereas no reduction was seen
using an inhibitor of PLD2, the other classic member of the PLD
superfamily (Figure 3, B and C). Similarly, siRNA constructs tar-
geting chick PLD1 significantly decreased the number of trans-
formed cells compared with a scrambled control (Figure 3D).
We used an siRNA targeting TGF-BR3, which is required for
EndoMT in AVCs (23), as a positive control. Finally, PLD1 inhi-
bition did not decrease endocardial cell proliferation or increase
cell death (Supplemental Figure 8, C and D, and Supplemen-
tal Methods, Note 2). Together, these data indicate that PLDI
isrequired for EndoMT, a pivotal early step in valvulogenesis, and
suggest that abnormal EndoMT may underlie, at least in part, the
cardiac structural malformations in patients with loss-of-function
biallelic PLD1 variants.

Discussion
We established an international cohort of 30 patients from
21 unrelated families of different ancestries with autosomal-
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Videos 7-24 for rotatable presentations and a depiction of the impact of mutations on local structure.
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Patients with autosomal-recessive variants in PLDI
predominantly presented with nonsyndromic congen-
ital cardiac valve malformations, primarily affecting
the right side of the heart. Specifically, most patients
were diagnosed with tricuspid and/or pulmonary valve
abnormalities in combination with a hypoplastic right
ventricle and hypoplastic pulmonary arteries. While
this is in line with the previous report on 2 families with
individuals who had PLD1-related autosomal-recessive
congenital heart disease (3), in this study, we also identi-
fied 5 patients with autosomal-recessive variants in PLDI
who were diagnosed with Ebstein’s anomaly. Of note,
thus far, the genetic underpinnings of Ebstein’s anomaly
have remained obscure, with only variants in 2 genes,
MYH?7 (24) and NKX2-5 (25), being associated with this
defect through a candidate-based approach. We further
expanded the phenotypic spectrum of PLDI-related dis-
ease, as we also identified 2 patients with PLDI biallelic
variants who were diagnosed with severe neonatal car-
diomyopathy in the absence of congenital heart defects.
Similar to the congenital heart disease cases, both

Figure 3. PLD1is required for EndoMT in AVC explants in vitro. The role of PLD1in

EndoMT was determined using a collagen gel assay by incubating Hamburger-

Hamilton (HH) stage 16 chick AV canal cushion explants on collagen gels for 48 hours
with chemical (A), small-molecule inhibitors (B and C) of PLD, or an siRNA (D). The
number of cells undergoing EndoMT per explant was counted for each condition over 3
separate experiments. (A) HH16 AVC explants were incubated with either 0.6% normal
butanol (1-BuOH), which inhibits PLD generation of phosphatidic acid, or tertiary
butanol (3-BuOH), which does not inhibit phosphatidic acid production. n = 30 explants
for each condition. (B) Representative photomicrographs of AVC explants on collagen
gels incubated with 5 uM doses of small-molecule inhibitors of PLD1i-a (VU0359595),
PLD2i (VU0285655-1), and PLD1/2i (VU0155056, which inhibits both PLD1 and PLD2),
or with DMSO. (C) HH16 AVC explants (n = 30 for each condition) were incubated with
small-molecule PLD inhibitors or DMSO. PLD1/2i (VU0155056) inhibits both PLD1 and
PLD2 (*P = 2.9 x 10" compared with control); PLD1i-B (VU0155069) selectively inhibits
PLD1 (*P = 3.9 x 10-° compared with control); PLD2i (VU0285655-1, *P = 0.28 compared
with control); and PLD1i-a (VU0359595, *P = 1.4 x 10 compared with control). (D)
HH16 AVC explants were incubated with siRNAs targeting TGFBR3 (*P = 2.5 x 10°®
compared with control), 2 different regions of PLOT-A (*P = 5.7 x 10~ compared with
control) and PLDT-B (*P = 0.011 compared with control), or a scrambled siRNA (control).
Control explants (n =19) were GC content-matched, randomized siRNA constructs
with no homology to any known chick gene. TGFBR3 (n = 23) was an siRNA targeting

a gene known to be required for EndoMT in vitro. PLD1-A (n = 26) and PLD1-B (n = 25)
were independent constructs targeting different regions of PLD1. All P values were
calculated using the Student’s t test, and Bonferroni’s correction was used to correct

for multiple testing. Error bars represent the SEM.

recessive variants in PLD]. This allowed us to expand the pheno-
typic spectrum of PLDI-associated congenital heart defects and,
for the first time to our knowledge, provide evidence that reces-
sive variants in PLDI can also cause neonatal cardiomyopathy in
the absence of congenital heart defects. We demonstrated that
the identified missense variants cause a drastic reduction in the
catalytic activity of PLDI. By means of pharmacological inhibition
of PLDI and by siRNA knockdown of PLDI in chick embryo AVC
explants, we demonstrated that PLDI was required for EndoMT,
an established pivotal early step in valvulogenesis.

patients with cardiomyopathy carried biallelic variants
in PLDI that are expected to result in severe loss of enzy-
matic activity. The mechanism underlying this pleotropic
effect of PLDI loss of function, resulting in either valvu-
lar heart defects or isolated cardiomyopathy, is currently
unknown. It may comprise compensatory mechanisms
entailing, among others, modulatory genetics factors,
conditions in utero, and stochastic factors. The identi-
fication of bialellic PLDI variants in additional patients
with cardiomyopathy in the future will provide further
support of causality for this specific phenotype and may
enable insights into the underlying mechanism.

Our study robustly implicates recessive genetic vari-
ation in PLDI as a cause of severe cardiac disease. It is
expected that consideration of PLDI as a disease gene
will enable reproductive counseling and preimplanta-
tion genetic screening in affected families. Although
not all parents or siblings carrying a PLDI variant in the
heterozygous state underwent echocardiography, none
of them was reported to be clinically affected, suggest-
ing that heterozygous carriers are not at risk for severe
congenital heart disease or cardiomyopathy. Notably, in
3 families of Ashkenazi Jewish ancestry, congenital heart
defects were caused by homozygosity for the same PLDI
variant, namely p.1668F, which has a MAF of approxi-
mately 2% in this ethnic group. By means of haplotype
analysis, we demonstrated that in these 3 families, this variant was
inherited from a common ancestor, establishing it as a founder
variant in this ethnic group. As this variant is estimated to occur
homozygously in up to approximately 1 of 2500 births among Ash-
kenazi Jews, this finding has clinical implications for assessing the
risk of congenital heart defects among individuals of this ancestry
(12). As a comparison, a recessive founder variant in GDF1 (MAF
of ~0.9% in the Ashkenazi Jewish subpopulation in gnomAD) was
recently found to account for approximately 5% of severe con-
genital heart defects in Ashkenazi Jews (9). Carriership testing
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for these variants could potentially be used in population-based
preconception and prenatal carrier screening to assess the risk of
congenital heart defects among descendants of Ashkenazi Jews.

We showed that PLDI missense variants localized primarily
to sites important for catalytic site integrity on the 3D crystal
structure of PLDI. Concordantly, we demonstrated that 17 of 19
missense variants led to a drastic reduction in the catalytic activity
of PLD1 in an enzymatic assay. Two missense variants, p.E6K (in
family C) and p.E290Q (in family M), found in the compound het-
erozygous state with other variants, showed full PMA-stimulated
enzymatic activity. The exact role of these 2 variants in determin-
ing the congenital heart defect phenotype in combination with the
mutant allele in trans is unclear. Both variants were found once
in the homozygous state in approximately 140,000 individuals
included in gnomAD (11), which could suggest that these variants
do not contribute to the disease or that they are associated with a
less severe loss-of-function defect. It should be noted, however,
that our enzymatic assay relied on PMA-induced PKC activation
of PLDI, and one could hypothesize that these variants might
impact stimulation through a different activator (e.g., PLD11is also
stimulated by the Arf and Rho small GTPases at distinct sites on
the PLD1 protein, ref. 16) or could alter the subcellular localization
or interaction of PLD1 with a downstream effector. Furthermore,
we cannot exclude the possibility that the 2 individuals homozy-
gous for these variants in gnomAD were clinically affected, as
phenotypic information was not available.

The observation that 10 of 31 variants identified are expected
to result in protein truncation suggests that a loss-of-function
mechanism underlies the observed cardiac defects. This is fur-
ther supported by the observations that PLD1 enzymatic activity
is drastically reduced by the missense variants and that either
pharmacological inhibition or siRNA knockdown of PLD1 in
AVC explants inhibited EndoMT. Mechanisms whereby loss of
PLD1 activity leads to right-sided AV valve defects could entail
established crosstalk between PLD1 signaling and TGF-f sig-
naling (26). In the developing heart, TGF-B signaling is crucial
for the EndoMT that generates the mesenchyme of the cardiac
cushions essential for valve formation (27, 28). In the adult heart,
loss of PLD1 can lead to a reduction in TGF-f signaling activity
in the context of myocardial infarction (MI) (29), suggesting that
PLD1 acts upstream of TGF-p signaling. The hearts subjected to
myocardial infarction had decreased NF-«B signaling, which is
known to be induced by TGF-B (30), and is required for EndoMT
in vitro (31). Intriguingly, NF-kB signaling driven by PLD activity
can form an autoregulatory loop that promotes PLD1 expression
(32). Downstream mechanisms may also involve sonic hedgehog
(Shh) expression, which can be stimulated by TGF-B signaling
(33, 34). Shh maintains secondary heart field cell proliferation, a
requirement for normal arterial pole formation (35). Inhibition of
Shh signaling at this developmental stage leads to pulmonary atre-
sia. Thus, a reduction in TGF-f and SSh signaling resulting from
loss-of-function PLDI variants might underlie the arterial pole
defects seen in affected patients.

In the endocardial cushions, EndoMT provides the mesenchy-
mal cells and remodeled matrix essential for the formation of both
left and right heart structures, with the inflow cushions contrib-
uting to the mitral and tricuspid valves and the outflow cushions
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contributing to the pulmonary and aortic valves. This “sidedness”
offers unique environments with respect to cell populations, extra-
cellular matrix, and hemodynamics, where the mesenchymal cells
are instructed in the formation of left- and right-specific struc-
tures. These differing contexts may underlie the susceptibility of
the right side of the heart to loss of PLD1 activity. In this scenario,
cells contributing to the right side of the heart may be less able in
this environment to compensate for the disruption of EndoMT
in the common cushions. Although no overt structural cardiac
defects were noted, mice lacking PLD1 (36) displayed impaired
function of the pulmonary and tricuspid valves on echocardiogra-
phy (3). The mechanism behind the apparent discrepancy in phe-
notypic severity in humans versus mice is unknown. A potential
explanation might involve a compensatory mechanism through
upregulation of genes that are able to offset the diminished or loss
of function of the mutated PLD1 (37, 38).

In conclusion, we have expanded the phenotypic spectrum of
PLDI-associated congenital heart defects and provide evidence
that recessive variants in PLDI can also cause neonatal cardiomy-
opathy in the absence of congenital heart defects. We show that
p-I668F is a recessive founder variant among the Ashkenazi Jews.
We demonstrated that missense variants in PLDI predominantly
resulted in a strong enzymatic loss of function and that PLD1 is
implicated in EndoMT, an established pivotal early step in val-
vulogenesis, providing a possible mechanism whereby loss of
PLD1 function may have led to the cardiac defects observed in the
patients studied here. Together, these data provide an increased
understanding of disease mechanisms and phenotypic expression
associated with genetic defects in PLDI.

Methods
Case recruitment and DNA sequencing. The index patient in family A
was enrolled at the Amsterdam UMC in Amsterdam, the Netherlands.
Family B was identified among 75 unrelated patients with severe
right-sided valvular congenital heart disease (i.e., tricuspid atresia or
stenosis, Ebstein’s anomaly, or pulmonary atresia) from the National
Registry and DNA bank of congenital heart defects (CONCOR) (7) in
the Netherlands. We subsequently used GeneMatcher (4) and an anal-
ysis of 2643 congenital heart disease trios (i.e., the affected patient and
both parents) from the PCGC who underwent WES (8, 9) to identify
other patients with biallelic variants in PLD]1. Details on case recruit-
ment and next-generation sequencing methods for each family can be
found in the Supplemental Methods. Genetic variants were submitted
to the NCBI’s ClinVar database (www.ncbi.nlm.nih.gov/clinvar/), and
the following accession number was obtained: SUB9058450.

cDNA analysis of the c.3000+2T>A PLDI splicing variant and the
proband carrying p.G826R/p.G910V. Total RNA was isolated from
PBMCs using TRIzol solution (Thermo Fisher Scientific). RNA con-
centrations were determined spectrophotometrically at A260 nm by
NanoDrop (NanoDrop Technologies), and RNA quality was verified
using an Agilent 2100 Bioanalyzer - RNA Lab-On-a-Chip (Agilent
Technologies). Aliquots of isolated RNA were stored at -80°C until
analysis. First-strand cDNA synthesis was carried out using an oligo-
dT primer and SuperScript III Reverse Transcriptase (Thermo
Fisher Scientific). PLDI ¢cDNA was PCR amplified from the syn-
thesized first-strand ¢cDNA using oligonucleotide primers (Generi
Biotech) designed to span and amplify the variant-bearing PLD1
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sequence. The resultant PCR products were analyzed using agarose
gel electrophoresis. Individual DNA fragments were extracted from
gel slices using the PureLink Quick Gel Extraction Kit (Thermo Fisher
Scientific) and sequenced by direct Sanger sequencing as described
above. The p.G826R/p.G910V ¢cDNA was subcloned into pcDNA3.1
(Invitrogen, Thermo Fisher Scientific) and Sanger sequenced to deter-
mine whether the variants were on the same strand.

Plasmid constructs, cell line, and transfections. We purchased a
human PLD1 c¢DNA clone (BC068976) set in a pGEM-T plasmid (Sino
Biological). The clone was fully sequence verified and contained no
nucleotide changes. Variants were introduced using site-directed
mutagenesis (Q5, New England BioLabs), and the mutant constructs
were fully verified by sequencing. Next, the WT and mutant cDNA
clones were subcloned into a pcDNA3.1(+) vector for expression and
sequence verified. The COS7 cells were cultured according to stan-
dard methods. Transfections were performed using polyethylenimine
(PEI) in a plasmid to a PEI ratio of 1:4.

In vitro cellular PLD activity. Enzymatic activity was measured
on the basis of the ability of PLD1 to catalyze a transphosphatidyla-
tion reaction using 1-butanol to generate phosphatidylbutanol (39).
Human embryonic kidney 293T (HEK293T) cells were incubated
overnight in a 6-well plate and transfected in full media the next
day with PLD1 expression plasmids using Fugene (Promega). After
overnight transfection for 12-16 hours, the cells were labeled with
[*H]-palmitate (ART 129, American Radiolabeled Chemicals) and cul-
tured for 24 hours. The radiolabeled media were then replaced with
Opti-MEM and the cells cultured for 1-2 hours prior to the addition
of 0.3% butanol and 100 nM PMA. After 30 minutes, cold methanol
was added to stop the reaction, and the lipids were extracted and dried
using a speed vacuum and then resuspended in chloroform/methanol
(19:1) containing 50 pg nonradiolabeled phosphatidylbutanol (Avanti
Polar Lipids) to enable location of the labeled enzymatic product on
TLC plates (LK5DF, Whatman, MilliporeSigma). The plates were then
developed as previously described (39), and the lipids were visualized
using iodine flakes (MilliporeSigma) and scraped into 5 mL scintilla-
tion fluid for quantification. In these studies, we used PLD1-K898R as
a baseline control. K898 is located in the second of 2 highly conserved
HKD motifs (Figure 1B and ref. 15) that constitute key functional ele-
ments of the 2 halves of the assembled core catalytic site (16, 40, 41).
A representative experiment showing the production of phosphatidyl-
butanol (PtdBut) by the WT allele and the absence of its production by
the fully inactive K898R allele is shown in Supplemental Figure 4. A
limited amount of PtdBut production was observed in the K898R sam-
ple, which derives from the small amounts of endogenous WT PLD1
and PLD2 present in the cell line used for the transfections. The per-
centage of activity of mutant proteins was determined in comparison
with the overexpressed WT PLD1 activity after subtraction from the
baseline activity observed with the fully inactive K898R mutant allele.

Western blot analysis. HEK293T cells were transfected with 2.5 ug
mutant HA-tagged PLD1 or WT PLD1 per well in a 6-well plate using
Fugene (Promega). After 24-48 hours, the cells were collected in 60 L
homogenization buffer (1 mM DTT, 1 mM EDTA, and 0.1 mM PMSF
in PBS) per well and sonicated using a microtip sonicator at the lowest
setting. Lysate (10 pL) plus 10 uL SDS-PAGE loading buffer contain-
ing 8 M urea were combined and loaded onto an acrylamide gel for
electrophoresis and transfer onto a nylon membrane. The PLD1 pro-
tein generated from the transfected expression vector was detected
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using a monoclonal anti-HA antibody (3F10, MilliporeSigma), fol-
lowed by secondary goat anti-rat antisera coupled to an infrared dye
(IR800, Thermo Fisher Scientific). Images were recorded and bands
quantitated using the Odyssey CLx System (LI-COR).

In vitro collagen gel assay. Collagen gel assays (see ref. 21) with
siRNA or small molecule additions were performed as described pre-
viously (42). siRNA-knockdown experiments have been described
elsewhere (43). Briefly, AVCs were excised from stage 16 chick
embryo hearts and collected in M199 medium (Mediatech) at room
temperature for each experimental condition. For transfection, 4 pL
siPORT NeoFX (Ambion) was incubated in a final volume of 100
uL M199 for 10 minutes at room temperature. Next, the appropri-
ate final concentration (for 300 pL total volume) of the siRNA was
added to a final volume of 100 pL. These 2 tubes were mixed and
incubated for 15 minutes at room temperature to allow complexes to
form. The 200 pL mixture was then added to the 100 pL containing
AVCs, and this solution was incubated at 37°C, 5% CO, for 45 min-
utes. Explants were then placed endothelial side down on collagen
gels (1.86 mg/mL) and incubated under the same conditions for 48
hours prior to fixation (0.8% formaldehyde, 0.05% glutaraldehyde
for 5 minutes at room temperature). Controls for siRNA toxicity
were randomized genomic DNA base pair composition-matched
(%GC base pair matched) constructs that did not correspond to
any sequence in the chick genome. The following antisense strand
siRNAs were used: PLD1-A, antisense strand siRNA, AUGGUGUA-
CACGUUGAGGCtt and PLD1-B, antisense strand siRNA, CUUAG-
CGUUCACAUACCACtt. The positive control was an siRNA target-
ing Tgfbr3 (44). For experiments using small-molecule inhibitors,
AVCs were harvested and placed endothelial side down on colla-
gen gels in the presence of the indicated molecule concentrations.
Explants were incubated for 48 hours prior to fixation as above. After
incubation, EndoMT was quantified by counting the number of cells
with mesenchymal morphology that invaded the collagen gel.

PCA to define the ancestry of PCGC congenital heart disease cases.
PCAs were performed in PLINK 2.0 (45) on the WES PCGC cases, as
previously described (46), using data from the 1000 Genomes popu-
lations (Phase 3v5) and on the Ashkenazi Jewish individuals from the
NCBI’s Gene Expression Omnibus (GEO) database (GEO GSE23636;
ref. 12) as a reference. To increase the genetic overlap with the WES
PCGC cases and the 1000 Genomes populations, we performed
genome-wide imputation using Eagle2 phasing, Minimac3, and the
Haplotype reference consortium (HRCrl.1) panel implemented on
the Michigan Imputation Server for the data set for Ashkenazi Jew-
ish individuals. After imputation, we performed stringent genetic
quality control using hard genotype calls after imputation (geno-
type probability >0.9) and restricted to variants with an imputation
score above 0.8. We excluded variants with a genotype missingness
greater than 0.01, a Hardy-Weinberg equilibrium test at a P value of
less than 0.05, a phenotype-biased missing test at a P value of less
than 0.05, and a MAF of less than 0.05. Downstream analyses were
conducted in R, version 3.4.3.

Haplotype analysis and variant dating. Haplotypes were generated
using WES data. Estimation of the p.I668P variant age was conducted
using the Gamma method (13). This method uses the genetic length of
ancestral haplotypes shared between individuals carrying the variant
and has as a major advantage that it can be reliably applied to small
samples with high-density SNP data.
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Statistics. All error bars represent the SEM. Comparisons between
2 groups were performed using the 2-tailed Student ¢ test for nor-
mally distributed continuous variables, the Mann-Whitney U test for
non-normally distributed continuous variables, and the y? or Fisher’s
exact test, as suitable, for categorical variables. A P value of less than
0.05 was considered significant. For multiple comparisons, Bonfer-
roni’s correction for multiple testing was applied. Statistical analyses
were performed with GraphPad Prism (version 7.02, GraphPad Soft-
ware) and R (version 4.0.0).

Study approval. The study protocol was approved by the local IRBs
where the patients were followed, and signed informed consent was
obtained from the patients or their parents. The IRBs’ institutions and
locations are as follows: family A: Amsterdam UMC, Amsterdam, the
Netherlands; family B: National Registry and DNA bank of congenital
heart defects, the Netherlands; family C: Bambino Gesu Children’s
Hospital IRCCS, Rome, Italy; family D: The Cyprus Institute of Neu-
rology and Genetics, Nicosia, Cyprus; family E: Charles University and
General University Hospital, Prague, Czech Republic; family F: Univer-
sity of Minnesota, Minneapolis, Minnesota, USA; family G, N, and O:
Hebrew University Medical Center, Jerusalem, Israel. family P: UPMC
Children’s Hospital of Pittsburgh, Pittsburgh, Pennsylvania, USA; fam-
ily Q: Université Bourgogne-Franche Comté, Dijon, France; family R:
University of Groningen, University Medical Center Groningen, Gron-
ingen, the Netherlands; family S: D Ann & Robert H. Lurie Children’s
Hospital of Chicago, Illinois, USA; family T: Leiden University Medical
Center, Leiden, the Netherlands; and family U: Ochsner Clinic Foun-
dation, New Orleans, Louisiana, USA. Families H-M were recruited to
the Congenital Heart Disease Network Study of the Pediatric Cardiac
Genomics Consortium (CHD GENES: ClinicalTrials.gov identifier
NCT01196182), and the study protocol was approved by the local IRB.
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Genetic architecture of recent-onset dilated cardiomyopathy in Moravian region
assessed by whole-exome sequencing and its clinical correlates
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Aims. Recent-onset dilated cardiomyopathy (RODCM) is a disease of heterogeneous aetiology and clinical outcome.
In this pilot study, we aimed to assess its genetic architecture and correlate genotype with left ventricular reverse
remodelling (LVRR).

Patients and Methods. In this multi-centre prospective observational study, we enrolled 83 Moravian patients with
RODCM and a history of symptoms of less than 6 months, for whole-exome sequencing (WES). All patients underwent
12-month clinical and echocardiographic follow-up. LVRR was defined as an absolute increase in left ventricular ejec-
tion fraction > 10% accompanied by a relative decrease of left ventricular end-diastolic diameter > 10% at 12 months.
Results. WES identified at least one disease-related variant in 45 patients (54%). LVRR occurred in 28 patients (34%),
most often in carriers of isolated titin truncated variants, followed by individuals with a negative, or inconclusive WES
and carriers of other disease-related variants (56% vs. 42% vs. 19%, P=0.041).

Conclusion. A substantial proportion of RODCM cases have a monogenic or oligogenic genetic background. Carriers
of non-titin disease-related variants are less likely to reach LVRR at 12- months than other individuals. Genetic testing
could contribute to better prognosis prediction and individualized treatment of RODCM.

Key words: dilated cardiomyopathy, familial cardiomyopathy, next generation sequencing, genetic architecture,
cardiac remodelling
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INTRODUCTION of favourable prognosis in RODCM (ref.*'?). LVRR may
indicate either the beneficial effect of pharmacotherapy,
Dilated cardiomyopathy (DCM) is a prevalent disease  disappearance of myocardial toxic or inflammatory insult.
leading to chronic heart failure (CHF). It has a hetero- Due to the permanent character of myocardial damage,
geneous aetiology including genetic, inflammatory, toxic =~ LVRR should be less prevalent in genetic forms of DCM
and metabolic causes'?. The clinical diagnosis of DCM  (ref.’!!).
is based on the presence of left ventricular (LV) systolic Tremendous advances have been made in understand-
dysfunction in the absence of abnormal loading condi- ing the genetic basis of DCM over the last 30 years. To
tions or significant coronary artery disease sufficient to  date, hundreds of mutations in more than 40 genes en-
cause global systolic impairment?3. In routine practice, coding proteins with various cellular functions have been
the aetiology of DCM remains often unexplained due to  identified as causing DCM (ref.'*"*). The predominating
incomplete assessment of family history or recognition of  molecular cause seem to be truncating titin variants,
clinical red-flags, suggesting genetic etiology*. In addition,  responsible for almost a quarter cases of familial DCM
potentially reversible causes of DCM like myocarditis and ~ (ref.*). Most familial forms of DCM are monogenic
toxic injury may be undiagnosed due to insufficient ac-  disorders, most commonly with autosomal dominant in-
curacy of non-invasive diagnostic tools to confirm myo- heritance'>'. Some genotypes like mutations of LMNA,
carditis, or concealed history of alcohol, or drug abuse®®.  PLN, and RBM20 have been associated with severe forms
An ultimate diagnostic and prognostic challenge are  of CHF and / or malignant ventricular arrhythmias'”'°.
patients with recent-onset DCM (RODCM) who may Cardiomyopathy gene panels are usually used in clini-
have variable clinical outcomes ranging from complete re-  cal settings to screen the most common disease-causing
covery of LV systolic dysfunction to rapid progression to  genes. Discovery of next-generation sequencing (NGS) en-
end-stage CHF or sudden cardiac death’. Importantly, left  ables us to screen whole protein-coding genome (exome)
ventricular reverse remodelling (LVRR), defined as a par-  in a timely and cost-effective way and thus substantially
tial improvement of LV systolic function accompanied by  increase mutation detection in both sporadic and familial
reduction of LV volumes, has been identified as a marker  cases of DCM (ref.?). Recognition of the genetic com-
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ponent, particularly in patients with RODCM or their
asymptomatic relatives, could improve risk stratification
and thus diagnostic and therapeutic management.

The above formed the motivation for deciding to
assess the genetic architecture of RODCM with whole-
exome sequencing (WES), and to study the genotype-
phenotype correlates. Specifically, we wanted to analyse
the relationship between the results of WES and left ven-
tricular reverse remodelling. The analysis was designed as
a pilot study of the first WES results derived from a large
project of WES in RODCM.

MATERIALS AND METHODS

Patients and study design

Patients were recruited in the Department of 1%
Internal Cardio-angiology, St. Anne’s University Hospital
in Brno, Czech Republic. This multi-centre prospective
observational study was approved by the Institutional
Ethics Committee at all respective participating institu-
tions and all patients signed the written informed consent.
All clinical, genomic data and samples were independent-
ly anonymized and stored in secured local databases ac-
cording to the provisions of the Czech data protection
authority (www.uoou.cz) and in accordance with Act
373/2011 Sb (§28-29). We prospectively enrolled 83 con-

Table 1. Patient characteristics.

Variable Baseline 12-month follow-up
(n=83) (n=83)

Age [years] 48 (40-56) -

Gender (males/females) 68 (82%) -
15 (18%)

Arterial hypertension 33 (40%) -

Diabetes mellitus 10 (12%) -

Positive family history of DCM 14 (17%) -

NYHA class 1-3(4%) 1-22(26%)

II - 40 (48%)
IIT - 39 (47%)

II - 44 (53%)
I - 17 (21%)

IV-1(1%) IV-0(0%)
Systolic BP [mmHg] 120 (115-130) 128 (115-145)
Diastolic BP [mmHg] 80 (75-87) 87 (80-95)
Heart rate [bpm] 80 (69-90) 70 (60-80)
Sinus rhythm 82 (99%) 80 (96%)
QRS duration [ms] 100 (80-120) 108 (100-129)
LVEDD [mm] 65 (60-70) 61 (55-67)
LVEDV [mL] 214 (179-260) 187 (153-237)
LVEF [%] 25 (17-30) 35(2745)
E/Em 13 (10-19) 9 (7-11)
Left atrium (PLAX) [mm] 45 (42-49) 42 (37-46)
RVEDD (PLAX) [mm] 34 (30-38) 32 (28-35)
TAPSE [mm] 18 (16-21) 21 (18-24)
RV Sm [cm/s] 10 (9-12) 13 (11-15)
ACEi 63 (76%) 73 (88%)
ARB 6 (7%) 10 (12%)
Equivalent dose of ACEi or ARB > 50% 25 (30%) 39 (47%)
Beta-blockers 74 (89%) 83 (100%)
Equivalent dose of betablockers > 50% 14 (17%) 27 (32%)
Aldosterone receptor blockers 58 (70%) 66 (79%)
Furosemide 62 (75%) 70 (84%)
Furosemide > 40 mg daily 45 (54%) 46 (55%)
Sodium [mmol/L] 140 (138-142) 141 (139-142) (n=68)
Creatinine [pmol/L] 86 (76-98) 81 (75-91) (n=70)

NT-proBNP [ng/mL] 1664 (751-3232) 446 (109-779) (n=69)

Patient characteristics at baseline and 12-month follow-up. Continuous variables are shown as median and IQR, discrete variables as absolute
and relative frequency.

DCM - dilated cardiomyopathy, NYHA class - New York Heart Association class, BP - blood pressure, LVEDD - left ventricular end-diastolic
diameter, LVEDV - left ventricular end-diastolic volume, LVEF - left ventricular ejection fraction, PLAX - parasternal long axis, RVEDD - right
ventricular end-diastolic diameter, TAPSE - tricuspid annular plane systolic excursion, RV Sm - right ventricular Sm wave, ACEi - angiotensin
converting enzyme inhibitor, ARB - angiotensin receptor blocker.
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secutive patients with recent-onset DCM, specified by a
history of heart failure of less than 6 months. DCM was
defined in accordance with the ESC definition by the
presence of LV dilatation (LVEDD 33mm/m in men and
32 mm/m in women) and LV systolic dysfunction (LVEF
< 45%) in the absence of abnormal loading conditions
(hypertension, valve disease) or coronary artery disease
sufficient to cause global systolic impairment?. Other in-
clusion criteria were age > 18 years and signed informed
consent. DCM was considered familial when at least 2
genetically related first-degree relatives were diagnosed
with DCM, or in cases of premature sudden cardiac death
or CHF in a first-degree relative. Exclusion criteria, except
for the already mentioned hypertension, valvular disease
and coronary artery disease encompassed proven myocar-
ditis or specific antibiotic, antiviral or immunosuppressive
therapy, post-tachycardic, toxic, metabolic or endocrine
aetiology, and specific therapy affecting natural ventricu-
lar remodelling such as resynchronization therapy and
ventricular assist devices.

Initial patient assessment included 3-generation family
history, physical examination, ECG, echocardiographic
examination, routine blood tests, and collection of 5 mL
of noncoagulated peripheral venous blood for molecular
genetic testing. All patients received standard heart fail-
ure pharmacotherapy. Equivalent doses of angiotensin
converting enzyme inhibitors, angiotensin receptor block-
ers and beta-blockers were expressed as a percentage of
the maximum recommended daily dose according to the
latest ESC guidelines'. All patients were followed-up by
clinical examination, ECG, echocardiography and routine
blood tests at 12 months, to assess cardiac remodelling.
Echocardiography was performed by experienced opera-
tors in accordance with the guidelines of the American
Society of echocardiography®-?> - M-mode, 2D images
and Doppler recordings were obtained using a Vivid E9
(GE Healthcare, Chalfont St Giles, UK). The LVEF was
assessed using Simpson’s biplane method.

Patients with a positive genetic screening were invited
for genetic counselling by a clinical geneticist and their
first-degree relatives were invited for clinical cardiology
assessment - ECG, echocardiography, and after signing
an informed consent, a gene-specific genetic testing, in
line with current recommendations®. Table 1 describes
the study group characteristics.

Next-generation sequencing (NGS)

Genomic DNA was extracted from peripheral blood
samples (EDTA blood) using a standard Qiagen SPE ex-
traction kits. Exome sequencing was performed using 1
ug of DNA from affected individuals. For DNA enrich-
ment of barcoded DNA libraries were used SeqCap EZ
MedExome Target Enrichment Kit (Roche, Madison,
USA) according to the manufacturer’s protocol. DNA
sequencing was performed on the captured barcoded
DNA library using the Illumina Hiseq 2500 system at the
Genomic facility in Motol University Hospital in Prague.
The resulting FASTQ files were aligned to the Human
Genome Reference (hgl9) using Novoalign (3.02.10).

&3

Following genome alignment, conversion of SAM for-
mat to BAM and duplicate removal were performed us-
ing Picard Tools (1.129). The Genome Analysis Toolkit,
GATK (3.3) (ref.>*) was used for local realignment around
indels, base recalibration and variant recalibration and
genotyping.

Variant annotation and classification

Variant annotation was performed with SnpEff (ref.?*)
and GEMINI (ref.>). Only the sequence having a frequen-
cy lower than 0.0005 in the dbSNP, EXAC (http://exac.
broadinstitute.org/), gnomAD (http://gnomad.broadinsti-
tute.org/) and our internal exome database were priori-
tized for further analysis. Identified genetic variants were
filtered according to the expected autosomal dominant
model of the disease and evaluated according to the bio-
logical relevance of the corresponding genes. Candidate
variants were visualized in Integrative Genomics Viewer
(IGV) - version 2.3.32 (ref.?’).

Standard variant classification?® was adopted accord-
ing to the guidelines for the interpretation of sequence
variants? dividing variants into 5 groups as 1. Benign,
2. Likely benign, 3. Variants of uncertain significance,
4. Likely pathogenic and 5. Pathogenic. Mutation Taster
tool (www.mutationtaster.org) (ref.*°) was used to evalu-
ate the disease-causing potential of the sequence variants
and only variants in group 5. pathogenic, 4. likely patho-
genic, and selected 3. variants of unknown significance
where Mutation Taster predicted pathogenic variant were
considered to be disease-related, the remaining variants
were classified as non-significant.

Cardiology assessment and gene-specific testing
in first-degree relatives

All patients with positive genetic results were invited
by letter for genetic counselling by a clinical geneticist
and their first-degree relatives were invited for clinical
cardiology assessment - ECG, echocardiography, and af-
ter signing an informed consent, a gene-specific genetic
testing using Sanger sequencing method to study segrega-
tion in families.

Statistical analysis

Categorical data were expressed as percentages and
compared using the chi-squared test and Fisher’s exact
test. Continuous variables were expressed as means (SD)
or medians and interquartile range. They were compared
using the Student t-test for paired or unpaired data, and
by the non-parametric Mann-Whitney test, or Wilcoxon
test where appropriate. For all tests, a probability value
of P<0.05 was considered significant. The data were ana-
lysed using statistical software SPSS (Chicago, Illinois,
USA) for Windows, version 17.0.

Genotype-phenotype association analysis

Patients with RODCM were characterized by age,
gender, family history of DCM, concomitant diseases,
NYHA class, blood pressure and ECG characteristics,
pharmacotherapy, laboratory results, and echocardiog-
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raphy parameters at baseline and at 12-month follow-up.
Whole-exome sequencing was carried out for all subjects.
LVRR was defined as an absolute increase in left ventricu-
lar ejection fraction (LVEF) > 10% accompanied by a
relative decrease of left ventricular end-diastolic diameter
(LVEDD) >10% at 12-month follow-up. Association with
genetic causes and specific gene mutations was examined.

o

=
F=
fad
=

L

RESULTS

Clinical and genetic screening for familial DCM

In our well-defined cohort of 83 consecutive patients
with RODCM (for patient characteristics see Table 1)
we found a positive family history of DCM in 14 patients
(17%), while 69 patients (83%) appeared to be sporadic

Panel A

Panel A shows gene variant distribution. Only
genes with disease-related variants shown, the
variants classified as non-conclusive, or where
no variants were found are labelled as “None”.
Abbreviations: ACTN2 - alpha-actinin 2,
ANKRD] - ankyrin repeat domain 1, CASZ] -
castor zinc finger 1, DES - desmin, DSP - des-
moplakin, DTNA - dystrobrevin alpha, FLNC
- filamin C, LAMA4 - laminin subunit alpha 4,
LMNA - lamin A/C, MYBPC3 - myosin bind-
ing protein C, MYH6 - myosin heavy chain 6,
MYH7 - myosin heavy chain 7, MYL2 - myo-
sin light chain 2, MYLK - myosin light chain
ligase, MYLK3 - myosin light chain kinase
3, MYOMI - myomesin 1, MYPN - myopal-
ladin, NEB - nebulin, NEXN - nexilin, RBM20
- RNA-binding protein 20, SCN54 - type V
voltage-gated cardiac Na channel, SYNE2 -
nesprin, 7BX20 - T-box 20, TNNI3 - Cardiac
troponin 13, TNNI3K - Cardiac troponin 13
interacting kinase, 7PM I- alpha-tropomyosin,
TTN - titin, XIRP2 - Xin Actin Binding Repeat
Containing 2

Tiwa ar piare Panel B

Naone: 46%

Fig. 1. A, B. Gene distribution in RODCM.

84

genes! 2% Panel B illustrates the percentage of RODCM

patients divided into 4 categories according

to identified variants - none/non-conclusive

“None”, only titin (7TN) variant “TTN”, only

other cardiomyopathy-related gene variant

“Other CMP gene”, and > 2 identified disease-
TTN: 1% related gene variants “Two or more genes”.
Eight patients had variants in 2 genes (MYPN
+ MYOM1, MYPN + MYH6, TNNI3 + LAMA4,
TNNI3 + MYL2, CASZI + TTN, CASZI +
SCN5A4, RBM20 + ACTN2 and DES + LMNA).
In one patient we identified 2 rare variants in
NEB gene and 1 variant in DTNA gene.
Abbreviations: TTN - titin, CMP - cardio-
myopathy, ACTN?2 - alpha-actinin 2, 1, CASZ1
- castor zinc finger 1, DES - desmin, DTNA -
dystrobrevin alpha, LAMA4 - laminin subunit
alpha 4, LMNA - lamin A/C, MYH6 - myosin
heavy chain 6, MYL2 - myosin light chain 2,
MYOM]I - myomesin 1, MYPN - myopalladin,
NEB - nebulin, RBM20 - RNA-binding protein
20, SCN54 - type V voltage-gated cardiac Na
i i channel, TNNI3 - Cardiac troponin 13, TTN
(hber CMP - titin
wene; 31%
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Table 2. Left ventricular reverse remodelling and results of WES.

Exom negative Isolated titin Other variant P
or non-conclusive truncating mutation or combination
(n=38) (n=9) (n=36)
12 months A LVEF absolute 16 (6-23) 15 (9-34) 6 (3-15) 0.036 *
(percent points)
12 months -1.7 (-13.4 t0 3.7) -11.3 (-18.9to -7.1) -1.5(-12to 1.7) 0.086
A LVEDD relative (%)
12 months 24 (63%) 7 (78%) 13 (36%) 0.019 *
A LVEF > 10 points (n= 44; 53%)
12 months 18 (47%) 6 (67%) 10 (28%) 0.058
A LVEDD <-10% (n= 34; 41%)
12 months 16 (42%) 5(56%) 7 (19%) 0.041*

A LVEF > 10 points and A LVEDD <-10%
(n=28; 34%)

Relationship between results of whole-exome sequencing and LVRR

n - number, ALVEF absolute - absolute change of left ventricular ejection fraction, A LVEDD relative - relative change of left ventricular end-

diastolic diameter

cases. WES suggested much stronger genetic determi-
nation of RODCM than the family history itself. NGS
genetic testing uncovered disease-causing pathogenic vari-
ants in 45 patients (54%) and only 38 patients (46%) had
non-conclusive, or negative genetic result.

Whole-exome sequencing data (WES)

As expected, the gene spectrum of identified variants
in RODCM was quite wide (Fig. 1) comprising a total of
28 different genes, with the majority of truncating variants
in titin (7TN) gene which was found in 10 (12%) patients.
Other known cardiomyopathy genes were identified in 26
(31%) of all patients, with most variants in sarcomeric
genes - cardiac myosin binding-protein C (MYBPC3),
beta-myosin heavy chain 7 (MYH7), cardiac troponin
I3 (TNNI3). Other rare variants included genes coding
proteins in various myocyte compartments - sarcomere
(MYH6, TPM1, TNNI3K, MYL2, MYL3, MYLK, MYOM1),
Z-disc (ACTN2, MYPN, NEXN, NEB, ANKRDI), cytoskel-
eton (DES, FLNC), desmosomes (DSP), nuclear envelope
(LMNA, SYNE?2), nucleus (RBM20, CASZ1, TBX20), ion
channels (SCN5A), dystrophin complex (DTNA), and
extracellular matrix (LAMA4). Some of the pathogenic
gene variants affected genes which were not previously de-
scribed as typical DCM genes but were annotated to other
cardiomyopathies or affect heart development. A large
number of studies suggest the additive effect of several
mutations in different genes in a single patient, some-
times dubbed as oligogenic inheritance?. In our cohort,
10 patients (12%) had pathogenic variants in > 2 genes.

Fig. 1. A and B pie chart shows gene distribution in
RODCM.

Cardiology assessment and gene-specific testing
in first-degree relatives

The clinical and genetic cascade screening in families
is still ongoing. To date, the family response rate is 23
(48%) for genetic testing and 18 (37.5%) for cardiology
assessment. In total, we already assessed 47 first-degree
relatives genetically and 35 clinically, the mean was 2 first-
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degree relatives per patient. Sanger sequencing uncovered
13 (48.1%) family members with positive segregation of
the disease-causing variant, all of them were asymptom-
atic and none of them met the DCM echocardiographic
criteria, even though we were able to detect mild changes
as grade I diastolic dysfunction and non-specific ECG
abnormalities (early repolarization, negative T waves).
Cardiology assessment uncovered only 1 patient (2.9%)
with DCM who was previously diagnosed and treated,
and the gene-specific testing results of this patient are not
available yet). In addition, 16 (45.7%) of asymptomatic
first-degree relatives showed mild echocardiographic and
ECG abnormalities which may precede the development
of the disease.

Development of clinical and echocardiographic
characteristics at 12 months

‘We observed a significant improvement in several im-
portant clinical characteristics at 12 months of follow-up.
Both subjective (NYHA class P < 0.001) and objective
(NT-proBNP level, P<0.001) markers of heart failure im-
proved significantly in the whole cohort (Table 1). Left
ventricular echocardiographic parameters also showed
significant improvement (LVEF, P<0.001) and LVEDD,
P<0.001) (Table 1).

Genetic prediction of reverse remodelling

We found a moderate association between the devel-
opment of left ventricular echocardiographic parameters
at 12 months and WES results in our recent-onset DCM
patient cohort. Individuals with a negative or non-con-
clusive WES result had a higher occurrence of LVRR
and more favourable changes of LVEF and LVEDD than
patients with non-titin disease-related variants (Table 2).
Interestingly, 9 carriers of isolated titin truncating variants
achieved similar or even better improvement in LVEF and
LVEDD (LVRR prevalence in 56% of cases) compared to
individuals with negative or non-conclusive WES. (Table
2). Table 3 describes the other baseline variables and their
relationship to 12-month LVRR. Interestingly, female gen-



Piiloha la

Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2018; 162:XX.

Table 3. Left ventricular reverse remodelling and baseline patient characteristics.

Variable Prediction of 12 months ALVEF > 10 points and A LVEDD < -10% P-value

Positive pts Negative pts

(n=28 pts) (n=55 pts)
Age [years] 46 (38-54) 49 (44-57) 0.200
Gender 18 (64%) 50 (91%)
(males / females) 18 (64%)/10 (36%) 50 (91%)/5 (9%) 0.003 **
Arterial hypertension 15 (53%) 18 (33%) 0.067
Diabetes 2(7%) 8 (14%) 0.126
Positive family history of DCM 3(11%) 11 (20%) 0.285
NYHA class I1-1(4%) 1-2(4%) 0.116

IT-9(32%) II - 31 (56%)

I - 17 (44%) I - 22 (40%)

IV -1(4%) IV -0(0%)
Systolic BP [mmHg] 120 (110-132) 124 (116-130) 0.477
Diastolic BP [mmHg] 80 (75-85) 80 (75-87) 0.659
Heart rate [bpm] 83 (70-100) 80 (69-88) 0.156
QRS [ms] 90 (80-100) 100 (80-132) 0.225
LBBB 6 (21%) 16 (29%) 0.318
LVEDD [mm] 63 (59-71) 65 (60-70) 0.370
LVEF [%] 23 (16-25) 25 (17-30) 0.339
E/Em 13 (8-17) 13 (10-19) 0.878
Left atrium (PLAX) [mm] 45 (40-49) 45 (42-49) 0.518
RVEDD [mm] 33 (28-38) 35(31-39) 0.347
TAPSE [mm] 18 (17-20) 18 (15-23) 0.774
RV Sm [cm/s] 10 (8-11) 11 (9-12) 0.092
ACEi 22 (78%) 41 (65%) 0.685
ARB 5 (18%) 1(2%) 0.348
Equivalent dose of ACEi or ARB > 50% 8 (28%) 17 (31%) 0.444
Beta-blockers 25 (89%) 49 (66%) 0.978
Equivalent dose of betablockers > 50% 6 (21%) 8 (14%) 0.309
Aldosterone receptor blockers 19 (71%) 39 (68%) 0.482
Furosemide > 40 mg daily 12 (43%) 33 (60%) 0.106
Sodium [mmol/L] 140 (138-142) 140 (138-143) 0.375
Creatinine [pmol/L] 78 (63-91) 88 (78-100) 0.018 *
NT-proBNP [ng/mL] 2053 (1087-3741) 1298 (745-2801) 0.134

Association between baseline patient variables and LVRR (ALVEF > 10% and ALVEDD <-10%)

n - number, pts - patients, ALVEF - change of left ventricular ejection fraction, A LVEDD - change of left ventricular end-diastolic diameter,
DCM - dilated cardiomyopathy, NYHA class - New York Heart Association class, BP - blood pressure, LBBB - left bundle branch block,
LVEDD - left ventricular end-diastolic diameter, LVEDV - left ventricular end-diastolic volume, LVEF - left ventricular ejection fraction, PLAX
- parasternal long axis, RVEDD - right ventricular end-diastolic diameter, TAPSE - tricuspid annular plane systolic excursion, RV Sm - right
ventricular Sm wave, ACEi - angiotensin converting enzyme inhibitor, ARB - angiotensin receptor blocker

der and a lower baseline creatinine serum levels predicted
LVRR.

DISCUSSION

To the best of our knowledge, our project is the first
study correlating prospective genotyping and clinical fol-
low-up in RODCM. The main results of this pilot analysis
can be summarized as follows: firstly, more than half of
RODCM cases has a monogenic or oligogenic genetic
background. Secondly, carriers of non-titin disease-related
variants are less likely to reach LVRR at 12 months as
compared with remaining individuals.
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Clinical and genetic screening to detect genetic cause of
DCM

A positive family history of DCM is reported in 10
to 20% of cases'>*. Echocardiographic screening in first-
degree relatives may uncover LV enlargement and / or LV
systolic dysfunction in almost one third of the relatives. A
quarter of these relatives with abnormal echocardiography
later develop symptomatic cardiomyopathy?. Most cases
of familial DCM have an autosomal dominant mode of
inheritance sometimes with incomplete penetrance and
variable expressivity’>. This exposes the relatives to risk
of major adverse cardiovascular events, which could
be prevented. Therefore, recent guidelines recommend
obtaining a family history of at least 3 generations and
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clinical screening in first-degree relatives in all patients
with unexplained cardiomyopathy®. Genetic testing in
unexplained DCM is a recommendation level A. Our data
suggest genetic determination in a substantial proportion
of unselected patients with recent-onset dilated cardiomy-
opathy and thus support the recommendation of genetic
testing.

Genetic architecture of RODCM and its reversibility
Whole-exome genetic screening in our RODCM co-
hort revealed disease-related variants in 28 different genes
with predominance of truncating variants of 7TN (12%).
Since our study group contained mainly sporadic cases
of DCM, this is in agreement with previous studies show-
ing that truncating variants of 77N contribute to 12-18%
of sporadic cases and 20-25% of familial cases of DCM
(ref.'#1920) Truncating variants in cardiac long isoform
of TTN can be detected also in 0.5% of healthy general
population and were previously associated with larger left
ventricular volumes in their carriers. Animal studies sug-
gested that these 77N variants lead to increased fragil-
ity to metabolic insults or volume overload, which may
trigger evolution of DCM (ref.*!). This was confirmed in
2 landmark clinical trials showing increased prevalence
of truncating TTN variants in alcoholic and peripartum
cardiomyopathy reaching values of 9.9% and 15%, respec-
tively?>*3, Both alcoholic and peripartum cardiomyopathy
are known as relatively reversible diseases. There are few
retrospective studies showing a marked reversibility also in
dilated cardiomyopathy due to truncating variants of 77N
suggesting the role of other contributing factors in this dis-
ease as pressure or volume overload or a toxic insult®**>.
Non-titin gene variants involved in the pathophysiol-
ogy of our RODCM cases were extremely heterogeneous
with a predominance of sarcomeric genes. The most com-
mon were variants of cardiac myosin binding protein C3
(MYBPC3) and cardiac beta myosin heavy chain (MYH?7)
accounting for 4 to 6% of cases. Interestingly, in this real-
life cohort of RODCM patients, we found very few vari-
ants of genes associated with a poor outcome of dilated
cardiomyopathy like LMNA, DES, RBM20 and FLNC
(ref.'®). There is limited evidence regarding the occurrence
of LVRR in non-titin mutation carriers with the exception
of laminopathies. The available studies in laminopathies
have documented the absence of LVRR and poor prog-
nosis**. Further studies are needed to assess LVRR and
prognosis in non-titin mutation carriers with RODCM.

Study limitations

We performed this pilot study to develop the method-
ology of genomic and clinical data analysis in individuals
with RODCM. The relatively small sample size limits the
applicability of the data and precludes conclusions re-
garding association between genotype and hard clinical
outcomes as mortality and morbidity. One of the general
limitations of WES compared to predefined gene panels
is the difficulty in interpretation of the results. In clinical
settings it is advisable to assess WES only if f the fam-
ily size is large enough for segregation analysis**. We are
aware of incomplete clinical and genetic screening in af-
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fected families, which could improve interpretation of
pathogenicity in detected variants. The main reason was
the relatively poor participation of families in the genetic
and clinical screening, presumably due to often long travel
distances. However, this screening is still ongoing and will
hopefully bring in more relatives in the near future.

CONCLUSION

This pilot study is a first whole-exome sequencing
study describing the genetic architecture of recent-onset
dilated cardiomyopathy in the Moravian region. We dis-
covered that a substantial proportion of RODCM cases
have a monogenic or oligogenic genetic background. We
found that carriers of non-titin disease-related variants
were less likely to reach left ventricular reverse remodel-
ling at 12 months compared to the remaining individuals.
This could be seen as a negative prognostic marker of
disease development. Further studies are needed to assess
the relationship between genotype and hard clinical out-
comes in RODCM. We believe that genetic testing could
contribute to prognostic evaluation and even individual-
ized treatment of RODCM in the near future.
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Abstract: Background: The pleomorphic clinical presentation makes the diagnosis of desminopathy
difficult. We aimed to describe the prevalence, phenotypic expression, and mitochondrial function
of individuals with putative disease-causing desmin (DES) variants identified in patients with an
unexplained etiology of cardiomyopathy. Methods: A total of 327 Czech patients underwent whole
exome sequencing and detailed phenotyping in probands harboring DES variants. Results: Rare,
conserved, and possibly pathogenic DES variants were identified in six (1.8%) probands. Two DES
variants previously classified as variants of uncertain significance (p.(K43E), p.(S57L)), one novel
DES variant (p.(A210D)), and two known pathogenic DES variants (p.(R406W), p.(R454W)) were
associated with characteristic desmin-immunoreactive aggregates in myocardial and/or skeletal
biopsy samples. The individual with the novel DES variant p.(Q364H) had a decreased myocardial
expression of desmin with absent desmin aggregates in myocardial/skeletal muscle biopsy and
presented with familial left ventricular non-compaction cardiomyopathy (LVNC), a relatively novel
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phenotype associated with desminopathy. An assessment of the mitochondrial function in four
probands heterozygous for a disease-causing DES variant confirmed a decreased metabolic capacity
of mitochondrial respiratory chain complexes in myocardial/skeletal muscle specimens, which was in
case of myocardial succinate respiration more profound than in other cardiomyopathies. Conclusions:
The presence of desminopathy should also be considered in individuals with LVNC, and in the
differential diagnosis of mitochondrial diseases.

Keywords: desmin; dilated cardiomyopathy; mitochondrial dysfunction; myopathy; non-ischemic
cardiomyopathy; whole exome sequencing

1. Introduction

Desminopathy (OMIM # 601409) represents a group of autosomal inherited disorders caused by
pathogenic variants in the disease-causing desmin (DES) gene, encoding the major muscle specific
intermediate filament protein desmin (OMIM: #125660) [1]. Desmin is the major component of
intermediate filaments in cardiac, skeletal, and smooth muscle cells, with a particularly high content in
Purkinje fibers and diaphragmatic muscle cells [1]. Consequently, cardiomyopathy, cardiac conduction
disease, and progressive skeletal myopathy are the most common clinical presentations of desminopathy.
It may occur as an isolated cardiac disease or in variable combinations and with different onsets. As
summarized in a meta-analysis [1], 49%, 60%, and 74% of individuals harboring a pathogenic DES
variant develop cardiomyopathy, cardiac conduction disease, and skeletal myopathy, respectively. The
most common form of myocardial involvement is dilated cardiomyopathy (DCM) [1-3], followed
by restrictive (RCM) [4-7], arrhythmogenic (ACM) and hypertrophic cardiomyopathy (HCM), and
arrhythmogenic cardiomyopathy pattern [8-11]. On the other hand, there is low evidence regarding
an association between desminopathy and left ventricular noncompaction cardiomyopathy (LVNC).
Importantly, intermediate filaments are essential not only for cellular integrity, organization, and
differentiation, but also for a signal transduction and adequate mitochondrial function [12]. Accordingly,
several experimental [12-14] and clinical [15,16] studies have proven a secondary mitochondrial
dysfunction in desminopathy, which in one case even mimicked mitochondrial disease [16].

The pleomorphic clinical presentation makes the diagnosis of desminopathy challenging.
Fortunately, massively parallel sequencing (MPS) utilizing either cardiomyopathy panels and/or
even whole exome sequencing (WES) aid in the diagnosis of desminopathy regardless of its clinical
presentation. Hereby, we aimed to describe the prevalence of desminopathy and their phenotypes in a
large representative cohort of patients with cardiomyopathy of unexplained etiology using WES.

2. Materials and Methods

A representative cohort of 327 Czech patients with an unexplained etiology of cardiomyopathy
underwent WES between September 2015 and June 2017. The cohort consisted mainly of cases with
familial and sporadic DCM (81%), LVNC (13%), and less frequently of RCM (6%) or ACM (6%). Rare
and possibly pathogenic missense DES variants were identified in 6 (1.8%) index patients from 6
different families (Figure 1).
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Figure 1. (A) shows pedigrees of the affected families and segregation of desmin variants (+/—
heterozygous status, —/— wild type). In the fourth family (with P4) we also assessed a segregation
of the rare variant of MYH7 (NM_000257.3), c.4679G > C, p.(Argl560Pro), which was present just
in P4 (II/1) and absent in 11/3, 1I/4, 11I/1, and III/2. (B) summarizes the structure of the desmin gene
with localization of the detected variants. (C) illustrates the detection of desmin by western blot in
myocardial samples (P2, P4, P6, control sample; 30ug protein aliquots) with an obvious reduction of
signal in P4 with left ventricular non-compaction cardiomyopathy (DES-p.(Q364H)). Abbreviations:
AC = arrhythmogenic cardiomyopathy, AVB = atrioventricular block, DCM = dilated cardiomyopathy,
DES = desmin, HTx = heart transplantation, LAH = left anterior hemiblock, LVNC = left ventricular
non-compaction cardiomyopathy, LVSD = left ventricular systolic dysfunction, RBBB = right bundle
branch block, and RCM = restrictive cardiomyopathy.

2.1. Clinical Description of Studied Patients and of Their Families

Comprehensive clinical, laboratory, and electrophysiological data of all index cases were collected.
Two probands of them (P2, P4) also underwent cardiovascular magnetic resonance imaging (Siemens
Trio scanner, Siemens Medical Solutions, Erlangen, Germany) as described previously [17]. All available
relatives undertook cardiologic screening, which included physical examination, electrocardiography,
and echocardiography as well as a collection of blood samples for genetic analysis. Patients
with suspected disease-causing DES variants were subjected to a detailed neurologic assessment,
measurement of serum creatine phosphokinase, nerve conductance, and electromyography of two
muscles (left vastus medialis and left deltoid muscle), as reported previously [17].
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The study was approved by the Institutional Review Board’s representing all clinical collaborators
(Institute for Clinical and Experimental Medicine and Thomayer’s Hospital; 1st Faculty of Medicine of
the Charles University and General Faculty Hospital; both Prague) and was conducted in accordance
with the principles of the Declaration of Helsinki. Written informed consent was obtained from
all probands.

2.2. Genetic Analysis and Detection of Variants

To detect causal genetic variants, WES was performed according to internationally accepted
guidelines [18]. Full technical details are provided in the Supplementary Materials. The criteria
for classifying variants as putative disease-causing variants included their rare occurrence (<0.05%
among control samples), changes in predicted amino acid sequences, conservation across different
species (http://www.ncbi.nlm.nih.gov/BLAST/), segregation within the family, and previously reported
pathogenicity in databases.

Exons with identified variants of the DES gene were PCR amplified (Table S1) from genomic
DNA of all available individuals from the analyzed families and sequenced using the version 3.1 Dye
Terminator cycle sequencing kit with electrophoresis on an ABI 3500XL Avant Genetic Analyzer (both
ThermoFisher Scientific; Waltham, MA, USA). Data were analyzed using Sequencing Analysis software
version 6.0 (both ThermoFisher Scientific; USA) and the segregation of the candidate DES variants
with the phenotype was evaluated.

2.3. In Vitro Analysis of DES Variants

As many but not all pathogenic DES variants cause an abnormal cytoplasmic desmin aggregation,
we constructed for the identified DES variants expression plasmids by site-directed mutagenesis (Agilent
Technologies, Santa Clara, CA, USA) according to the manufacturer’s instructions. Desmin encoding
parts of all plasmids were verified by Sanger sequencing (Macrogen, Amsterdam, Netherlands). The
plasmid pmRuby-N1-DES and pmRuby-N1-DES-p.(Y122C) have been previously described [19,20].
Previously reported variant DES-p.(Y122C) was used as a positive control forming abnormal cytoplasmic
aggregates [20]. HT1080 cells, which do not express endogenous desmin and cardiomyocytes derived
from human induced pluripotent stem cells (iPSC) (NP00040-8) were transfected using Lipofectamin
3000 (ThermoFisher Scientific) or nucleofection using the 4D Nucleofector (Lonza, Cologne, Germany) in
combination with the P3 Primary Cell 4D Nucleofector Kit according to the manufacturer’s instructions.
The differentiation of hiPSCs has been previously described [21]. Transfected HT1080 cells were fixed
using 4% paraformaldehyde, permeabilized using 0.05% Triton X100, and stained with phalloidin
conjugated with Alexa-488. Transfected hiPSC-derived cardiomyocytes were stained with primary
antibodies against the Z-band protein x-actinin as a cardiomyocytes specific marker (Sigma-Aldrich,
Missouri, MO, USA, #A7732) in combination with secondary antibodies conjugated to Alexa-488
(ThermoFisher). Confocal microscopy was performed as previously described [22].

2.4. Statistical Analysis of Aggregate Formation

A total of 3 to 4 independent transfection experiments were analyzed by counting the number
of aggregate forming cells. Non-parametric Kruskal-Wallis for multiple comparison was performed
using GraphPad Prism version 8.3.0 for Windows (GraphPad Software, San Diego, CA, USA). p-values
<0.05 were considered as significant.

2.5. Histopathology, Immunohistochemistry, Desmin Western Blot, and Electron Microscopy

In 5 probands (P1-P4, P6), formalin-fixed paraffin-embedded samples of myocardium were
available either from endomyocardial biopsy (P2, P3) and/or from hearts explanted during
transplantation (P1, P2, P6) or post-mortem (P4). The samples were snap frozen in liquid nitrogen
and stored at —70 °C. Resin-embedded myocardial samples for electron microscopy were analyzed
in 4 patients (P1, P2, P4, and P6). A biopsy of skeletal muscle was performed in 3 individuals with
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clinical signs of myopathy (P4 and P5: Soleus-, P6: Deltoid muscle). In P4, also we obtained
samples of intercostal muscles post-mortem. The excisions from the skeletal muscle (approx.
10 X 5 x 5 mm in size) were snap frozen in isopentane (2-methylbutane; Merck, Kenilworth, NJ,
USA) and cooled in liquid nitrogen. Cryosections were examined by routine hematoxylin—eosin
staining and a conventional spectrum of histochemical reactions, including myofibrillary ATPase,
nicotinamide adenine dinucleotide-tetrazolium reductase (NADH-TR), succinate dehydrogenase
(SDH), and cytochrome c oxidase (COX), as described elsewhere [23].

Desmin immunohistochemistry and electron microscopy were performed on both skeletal muscle
and myocardium samples according to standard protocols (Supplementary Materials).

2.6. Analysis of Mitochondrial Function in Biopsies

Skeletal muscle homogenate (5%, w/v) was prepared from fresh tissue by using a glass-Teflon
homogenizer in a medium containing 150 mM KCl, 50 mM Tris-HCl, 2 mM EDTA, pH 7.4, and 0.2 ug/mL
Aprotinin at 4 °C. Mitochondria were isolated from the homogenate by differential centrifugation as
described elsewhere [24]. Heart tissue homogenates (7%, w/v) were prepared from —80 °C stored
frozen samples of left and right heart ventricles in 0.32 M sucrose, 10 mM Tris-HCl, 1 mM EDTA, pH?7 4,
and 1pug/mL PIC (protease inhibitor mixture Sigma P8340) using glass-Teflon and glass-glass Dounce
homogenizers. The subsequent methods are described in detail in Supplementary Materials. A western
blot analysis of mitochondrial proteins, measurement of mitochondrial DNA content, measurement
of activities of respiratory chain complexes and citrate synthase [25], high resolution oxygraphy, and
measurement of the content of total coenzyme Q10 were described previously in details and in the
Supplementary Materials.

3. Results

3.1. Description of DES Variants and Their Segregation in Families

Probably disease-causing DES variants in heterozygous constitution were identified in six index
cases (1.8%). Two missense variants were identified within the non-helical head (amino-teminal) domain
of desmin, i.e., in P1 with biventricular form of ACM (NM_001927.3: c.127A > G; NP_001918.3: p.(K43E))
and in P2 with DCM (NM_001927.3: ¢.170C > T; NP_001918.3: p.(S57L)) (Figure 1, Tables S2 and S3).
Both of them were previously reported in Clinvar database as variants of uncertain significance. In
addition, we analyzed the desmin filament formation in transfected HT1080 and in iPSC-derived
cardiomyocytes, revealing an abnormal cytoplasmic aggregation in the DES-p.(K43E) variant and
known pathogenic DES-p.(R406W) variant (Figure 2). Two novel variants were found in the highly
conserved central «-helical rod domain, i.e., in P3 with familial DCM located in the 1B helical domain
(NM_001927.3:c.629C > A; NP_001918.3: p.(A210D)) and in P4 with familial LVNC in combination
with skeletal myopathy located in the 2B helical domain (NM_001927.3: ¢.1092G>T; NP_001918.3:
p-(Q364H)) (Figure 1, Tables S2 and S3). The findings in the biopsies are described below. The
remaining two probands had the following known DES pathogenic variants: P5 with ACM and
skeletal myopathy in the 2B helical domain (NM_001927.3: ¢.1216C>T; NP_001918.3: p.(R406W);
HGMD database ((http://www.hgmd.cf.ac.uk/ac/index.php) CM000368) [6] and P6 with RCM and
skeletal myopathy within the non-helical tail (carboxy-terminal) domain (NM_001927.3: ¢.1360C > T;
NP_001918.3: p.(R454W); HGMD CMO071700) [26] (Figure 1, Tables S2 and S3). Table S4 contains lists
of rare genetic variants of further cardiomyopathy associated genes in all probands (frequency in Exac
database less than 0.00001). Just the variant of MYH7 (NM_000257.3) c.4679G > C, p.(Arg1560Pro) in
proband 4 could be relevant in a patient with LVNC. However, it was not present in other members
of the family tested (Il 1, 3, 4; III 1, 2) (Figure 1) and did not co-segregate with the phenotype of
LVNC. Importantly, any pathogenic variants in mitochondrial proteins coded by nuclear DNA or
mitochondrial DNA were not found in these six probands.
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Figure 1 illustrates the segregation of DES variants in families. Family history or clinical screening
revealed a similar cardiac disease in a first-degree relative in P3, P4, and P6 segregating with occurrence
of DES variants (Figure 1, Table S2). In the father of P2, heterozygous for DES p.(S57L) variant, we
observed an incomplete penetrance of the disease with atrioventricular block grade I, right bundle
branch block, left anterior hemiblock, normal echocardiography, and a mild elevation of creatinine
phosphokinase of 6.1 pkat/l (upper limit of normal 2.3 pkat/L) without clinical signs of myopathy.
Cases P1 and P5 seemed to be sporadic (segregation assessed in mother and sister of P1, and three
siblings of P5).
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Figure 2. Cell transfection experiments of transfected HT1080 cells and iPSC-derived cardiomyocytes.
Mutant and wild-type desmin was expressed with the red fluorescent protein-tag mRuby at the
C-terminus (shown in red). Representative confocal images are shown (A). In case of HT1080 cells,
F-actin was stained using phalloidin-Alexa488 (shown in green) and the nuclei were stained using
4’ ,6-diamidin-2-phenylindole (shown in blue). In case of iPSC-cardiomyocytes, the cardiomyocyte
marker x-actinin was stained using antibodies (shown in green) and the nuclei were stained with DAPI
(shown in blue). Scale bars represent 10 um. (B) Quantification of aggregate formation was performed
in three to four independent transfection experiments of HT1080 cells. * p < 0.05 and ** p < 0.01. The
variant DES-p.(Y122C) was used as a positive control forming abnormal cytoplasmic aggregates [20].

3.2. Phenotypes of Desminopathy

The initial clinical presentation included cardiac arrest due to ventricular tachycardia in the
2nd decennium (P1), complete atrioventricular blockade in the 3rd decennium (P5, P6), and heart
failure in the 3rd to 5th decennium (P2, P3, and P4). Skeletal myopathy and dysfunction of bulbar
muscles became apparent during the 4th to 6th decennium in cases 46 (Table S2 and S3). An unusual
clinical presentation had proband 2. A young female presented with acute heart failure, a severe
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systolic dysfunction of mildly dilated left ventricle, persistent elevation of troponin T (> 10 times
the upper limit of normal) (Table S3), and an extensive mid-wall late gadolinium enhancement of
the septum and anterior wall of the left ventricle (Figure 3). These findings mimicked inflammatory
cardiomyopathy however, there was no sign of inflammation as assessed by endomyocardial biopsy.
Inflammation was absent also in her heart explanted during transplantation three years later. The
arrhythmogenic left ventricular cardiomyopathy was considered as an alternative diagnosis in P2.
However, her electrocardiogram was unremarkable and ventricular extrasystoles were infrequent.
Proband 4 presented with a unique phenotype of LVNC. Magnetic resonance imaging (Figure 3)
confirmed the diagnosis of LVNC with a percentage of non-compaction within the total left ventricular
mass of 43%. Proband 6 was incorrectly diagnosed with mitochondrial disease based on skeletal
muscle biopsy performed several years ago. This diagnosis was reclassified to desminopathy after
the identification of known pathogenic desmin mutation (p.(R454W)) and morphological analysis of
myocardial samples from the explanted heart. Table S3 illustrates additional clinical and laboratory
data of the study group including echocardiography. During a median follow-up of 56 months (31-182),
five probands (83%) developed end-stage heart failure.

Figure 3. Cardiovascular magnetic resonance imaging in patients with left ventricular non-compaction
cardiomyopathy (P4) and dilated cardiomyopathy with an extensive late gadolinium enhancement (P2).
(A,B): Four chamber and short axis views of left ventricular non-compaction cardiomyopathy in P4.
(C,D): Two chamber long axis and four chamber views of an extensive late gadolinium enhancement in
the ventricular septum and left ventricular anterior wall mimicking inflammatory cardiomyopathy
in P2.
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3.3. Morphology of Desminopathy in Myocardial and Skeletal Muscle Samples

An immunohistochemical examination of myocardial samples in P1-P3 and P6 showed a diffuse
alteration of desmin distribution in cardiomyocytes with a formation of desmin aggregates revealing
strong immunoreactivity in the cytoplasm (shown in P1, P3; Figure 4A,E). Electron microscopy of
cardiomyocytes in P1, P2, and P6 revealed myofibrillar disruption, streaming Z bands, and deposits
of dense, amorphous granulofilamentous material of variable size and shape (shown in P1, P2;
Figure 4B,C). In addition, we constructed a set of expression plasmids for the six DES missense variants
and transfected HT1080 as a cell model without endogenous desmin expression and iPSC-derived
cardiomyocytes. These experiments revealed a severe intermediate filament formation defect for
DES-p.(K43E) and DES-p.(R406W) underlining their pathogenicity. Furthermore, electron microscopy
of cardiac tissue demonstrated in P2, P4, and P6 focally increased the number of mitochondria, often
in clusters, with loss of mitochondrial spatial organization (P2; Figure 4D). Importantly, desmin
aggregates were absent in myocardial samples of P4 both at immunohistochemical and ultrastructural
analysis. An expression of desmin in myocardium (P2, P4, and P6) was also assessed by Western blot
analysis. There was an obvious reduction of the signal in P4 (Figure 1B).

Samples of the skeletal muscle (P4-P5 m. soleus, P4 intercostal muscle, P6 m. deltoideus) showed
different findings in P4 and P6 as compared with P5. The morphological analysis in P4 and P6 detected
only mild myopathic changes. The light microscopy with hematoxylin-eosin staining showed a marked
variability in fiber size and increased number of internal nuclei (P4; Figure 4F). No inclusions were
observed by light microscopy. Similarly, desmin immunohistochemistry did not reveal any protein
aggregates in the sarcoplasma of P4 and P6 (P4; Figure 4G). In the NADH and SDH reactions, many
fibers did not possess the characteristic checkerboard pattern, and in a proportion of fibers there
was increased oxidative activity at the periphery of the muscle fibers, indicating the pathological
accumulation of mitochondria (P4; Figure 4H). However, no typical ragged red fibers were observed.
The distribution of COX reactivity was altered similarly to a NADH/SDH pattern with very few
COX-negative fibers present (P4; Figure 4I). On the other hand, the muscle biopsy in P5 showed severe
myopathic changes with a large amount of fibro-fatty tissue in the interstitium of the muscle. Desmin
immunohistochemistry confirmed in P5 a diffuse alteration of desmin distribution with a formation of
desmin aggregates in the cytoplasm of muscle fibers (data not shown).

An ultrastructural analysis of skeletal muscle biopsies revealed a focally increased number of
mitochondria, often in clusters, with an altered distribution in P4 and P6 (P4; Figure 4]) however, no
ultrastructural abnormality in mitochondria morphology was observed. Typical deposits of dense
granulofilamentous material were absent in P4 and were not observed in P6 at the first reading. Thus
the first description of the skeletal muscle biopsy in P6 led to the diagnosis of mitochondrial myopathy.
Nevertheless, the second reading of the skeletal muscle biopsy performed with the knowledge of the
results of genetic tests and abnormal immunostaining of desmin in myocardium discovered a focus of
dense amorphous material in a single fiber at electron microscopy (not shown).
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Figure 4. [llustration of histopathology, immunohistochemistry, and electron microscopy in individuals
with the novel desmin variants. (A): Desmin immunohistochemistry (left ventricular myocardium,
explanted heart, P1) documenting a diffuse alteration of desmin distribution with a formation of desmin
aggregates revealing strong immunoreactivity in the cytoplasm. Original magnification x400. (B): Electron
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microscopy (left ventricular myocardium, explanted heart, P1) detects amorphous granulofilamentous
material in the cytoplasm of cardiomyocytes compatible with desmin aggregates. Original magnification
x10,000. (C,D): Electron microscopy (left ventricular myocardium, explanted heart, P2). (C):
Pathological dense granulofilamentous inclusions in the cytoplasm of cardiomyocyte. Original
magnification x12,000. (D): Increased number of mitochondria in cardiomyocyte, often in clusters,
with altered distribution. Original magnification X8000. (E): Desmin immunohistochemistry (right
ventricular myocardium, endomyocardial biopsy, P3) revealed an abnormal staining of cardiomyocytes
with a formation of desmin positive aggregates. Original magnification x400. (F-J) Diagnostic skeletal
muscle biopsy specimens, Soleus muscle, P4, original magnification x400. (F): By light microscopy
with hematoxyllin-eosin, there was a marked variability in fiber size, absent inclusions, and increased
number of internal nuclei. (G): Desmin immunohistochemistry did not reveal any protein aggregates
in the sarcoplasma. (H): Nicotinamide adenine dinucleotide (NADH) and succinate dehydrogenase
(SDH) immunohistochemistry identified few muscle fibers with increased oxidative activity at their
periphery, indicating the pathological accumulation of mitochondria. However, no typical ragged red
fibers were observed. (I): Very few COX-negative fibers were also present. (J): Electron-microscopic
analysis revealed increased number of mitochondria, often in clusters, with altered distribution. No
accumulation of intermediate filaments was observed. Original magnification X6000.

3.4. Indications for the Pathogenicity of the Novel Desmin Variants

A typical myocardial histopathology and ultrastructure with pathological desmin-immunoreactive
aggregates strongly supported the pathogenicity of desmin variants p.(K43E), p.(S57L), and p.(A210D).
In addition, the desmin filament formation experiments in transfected HT1080 and in iPSC-derived
cardiomyocytes revealed an abnormal cytoplasmic aggregation of DES-p.(K43E). On the other hand,
the pathogenicity of the novel desmin variant p.(Q364H) is supported mainly by decreased myocardial
desmin expression and co-segregation of the above desmin variant in the family in the absence of other
segregating cardiomyopathy-related genes as assessed by WES in the proband.

3.5. Mitochondrial Function and Content in Skeletal Muscle and Heart

An analysis of mitochondrial respiratory enzymes in skeletal muscle homogenates (Table 1)
revealed a decreased activity of citrate synthase in P5, the activity of respiratory chain complex IV, and
the quantity of mitochondrial respiratory chain proteins were decreased (Figure 5A). An oxygraphy
analysis of P6 skeletal muscle fibers further showed a decrease in coupled (state 3-ADP) oxidation of
NADH-dependent substrates (pyruvate + malate) to 35% of the mean of the controls (Table 1). More
consistent data were provided by the analysis of isolated mitochondria from skeletal muscles of P4-P6.
Specific activities of respiratory chain complexes I + III (NADH: Cytochrome c reductase), complex IV
(cytochrome ¢ oxidase), and citrate synthase were decreased to 30%-50% of the mean of the controls.
Both P5 and P6 had a decreased content of coenzyme Q (Table 1). A low specific content of respiratory
chain enzymes, citrate synthase, and porin was further apparent in isolated muscle mitochondria of
P4-P6, with the most pronounced decrease observed in P5 (Figure 5A).

99



Piiloha la

J. Clin. Med. 2020, 9, 937 11 of 19

Table 1. Activities of respiratory chain enzymes in skeletal muscle homogenates (A), muscle fibers
(B), and isolated mitochondria (C) of proband P4-P6. For analysis samples of m. tibialis (P4, P5) or
m. deltoideus sin. (P6) were used. Enzyme activities and Coenzyme Q10 content are expressed per

mg protein.
(A)
Enzyme Activity of Muscle
Homogenates P4 P5 Pé6 Controls
. . n =230
(nmol/min/mg protein)
Complex IV 130.1 38.1 81.8 68-213
Citrate synthase (CS) 109.5 41.4 97.8 48-128
Complex IV/CS 1.19 0.92 0.84 080-160
Coenzyme Q10 content 282.9 1405 1125 180460
(pmol/mg)
(B)
Respiratory Activity of Permeabilized
Muscle Fibers P6 C(;nirgls
(pmol O,/s/mg protein) -
ADP-stimulated oxidation of
NADH-dependent substrates 74 16-26
ADP-stimulated oxidation of succinate 10.7 9-18
Cytochrome c oxidase respiration 63 43-83
©)
Enzyme Activity of Isolated
Mitochondria P4 P5 P6 Controls
. . n =230
(nmol/min/mg protein)
Complex I 3285 230.8 131.2 110-290
Complex [+II1 94.1 18.7 53.2 126-316
Complex I 69.7 50.5 49.5 21-93
Complex II+I1T 174.2 92.9 146.7 82-251
Complex IIT 303.0 342.7 535.0 200-600
Complex IV 578.4 311.6 236.6 658-1552
Citrate synthase 372.5 240.4 384.2 435-1234
Complex I/CS 0.88 0.96 0.34 0.17-0.41
Complex I+III/CS 0.25 0.07 0.13 0.07-0.27
Complex II/CS 0.19 0.21 0.13 0.04-0.12
Complex II+III/CS 047 0.39 0.38 0.35-0.36
Complex III/CS 0.81 1.43 1.39 0.56-1.46
Complex IV/CS 1.55 1.30 0.62 0.82-1.88

Abbreviations: ADP-adenosine diphosphate, ATP-adenosine triphosphate, and NADH-reduced form of
nicotinamide adenine dinucleotide.

Myocardium of two patients with desminopathy (P2, P6) (Table 2) revealed a general decrease
in respiratory chain enzyme activities. An oxidation of NADH and succinate and cytochrome ¢
oxidase respiration decreased to 20%-55% of the controls and activities of respiratory complexes I+III,
II+1II, and IV decreased to 15%-81%, respectively, indicating more extensive impairment in P2 heart
ventricles (Table 2). The impairment of succinate respiration was the most profound with a mean of
277 pmol O,/s/mg. This was much lower than in our historical controls from donor hearts unsuitable
for transplantation (653 + 244 pmol O,/s/mg, n = 38) and even myocardium explanted during heart
transplantation or ventricular assist device implantation (508 + 211 pmol Oy/s/mg, n = 91) [25]. Western
blot quantification of mitochondrial proteins showed a decrease in specific content of respiratory
chain complexes, also more pronounced in P2, where a very low content of complexes IV and I was
associated with the upregulation of complex II (Figure 5B). Other mitochondrial proteins, as porin
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(shown in Figure 5A) and adenine nucleotide translocator (not shown) were less affected. Analysis of
native forms of respiratory chain complexes by BlueNative electrophoresis (Figure 5C) confirmed a
marked reduction of complexes I and IV in P2 heart and further showed that it led to a pronounced
decrease of high molecular weight respiratory supercomplexes consisting of complexes I, I1I, and IV.
Similar, yet a smaller decrease of supercomplexes was observed in soleus of R349P desmin knock-in
mouse [15] or heart of desmin knockout mouse [27]. The content of mitochondrial DNA (relative to
nuclear DNA, D-loop/GAPDH, and 16S RNA/GAPDH) was slightly decreased in P6 heart ventricles
(60%-90% of the average value of the controls) but was unchanged in P2 heart. These data indicate mild
to pronounced attenuation of the energetic function of mitochondria due to a decreased content and
activity of respiratory complexes and supercomplexes in failing hearts of patients with desminopathy.
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Figure 5. Western blot detection of mitochondrial proteins in skeletal muscle and heart. Analysis
of SDS-PAGE resolved proteins from (A) muscle homogenates (6 ug protein aliquots) and isolated
muscle mitochondria (2 ug protein aliquots) demonstrated a pronounced decrease of respiratory chain
complexes (CI-CV), citrate synthase (CS), and porin in skeletal muscle of P5 compared to controls
(C), P4 and P6 were less affected. Analysis of (B) heart homogenates (4 ug protein aliquots) from left
and right heart ventricles (LV, RV) demonstrated a marked decrease of respiratory chain enzymes in
P2 and a mild decrease in P6 compared to controls (C). CS and porin were less affected. BlueNative
electrophoresis (C) further showed a marked decrease of native respiratory supercomplexes consisting
of CI + CIII + CIV in P2 heart ventricles (12 ug protein aliquots).
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Table 2. Activities of respiratory chain enzymes and mtDNA content in hearts of proband 2 and 6.

. P2 P2 Pé6 Pé6
ResP‘it‘:.ry./f“Zyme Left Right Left Right C°‘fr3‘;ls
cuvity Ventricle Ventricle Ventricle Ventricle n=
(pmol Oy/s/mg) .
NADH respiration 245 203 448 229 235-2356
Succinate respiration 295 242 254 319 365-1529
Cytochrome ¢ 766 991 1003 1047 561-4120
oxidase respiration
(nmol/min/mg) 26.1 303 145.1 83.9 44-386
Complex I+I1I
Complex II+1II 88.0 713 59.5 56.7 27-195
Complex IV 262.6 432.4 430.5 276.8 389-1989
Citrate synthase (CS) 915.9 975.2 562.2 483.6 446-1207
(activity ratio)
Complex I+11I/CS 0.03 0.03 0.26 0.17 0.09-0.63
Complex II+III/CS 0.10 0.07 0.11 0.12 0.04-0.37
Complex IV/CS 0.29 0.44 0.77 0.57 0.54-2.60
mtDNA content
(Z—ACt)
D-loop/GAPDH 4980 5499 2863 3592 2052-10519
165 RNA/GAPDH 11629 10914 8017 7299 3715-15843

Enzyme activities are expressed per mg protein, mtDNA content is expressed as 2—ACt value indicating the number
of mtDNA copies per a haploid genome. Abbreviation: GADPH—glyceraldehyde 3-phosphate dehydrogenase.

As changes in mitochondria energetic function can affect a generation of reactive oxygen species,
the content of antioxidative enzymes was analyzed by Western blot analysis in skeletal muscle and
heart samples from patients with desminopathy (Figure 6). Both P4 and P5 muscle homogenates
revealed highly increased glutathione reductase (GR) and superoxide dismutase 1 (SOD1) as well as
a variable increase of catalase (CAT) and superoxide dismutase 2 (SOD2). Higher CAT was found
in P5 isolated mitochondria, while the most increased SOD1 was of extra-mitochondrial origin (also
apparent from the SOD1/SOD2 ratio). An increased content of GR and SOD1 was also found in heart
ventricles of Pé6.

Muscle Muscle Heart homogenate
homogenate mitochondria
P6 P6 P2P2 C1 C2
P5 P4 C1 C2 P5 P4 P6 C2 LV RV LVRV LV LV
| T I N | kDa T kDa
4 100 - 100
CAT P CAT e
GR BRE = e = - 55 GR TR ——
SoD2 - 25 B T TN Ay AT Y 25
SoD1 - SOD2 i
- ‘ 15 SOD1 s s
— - 15
Ccs - - ———q 49 (R el ———— 49

Figure 6. Western blot detection of antioxidative enzymes in skeletal muscle and heart. Both P4 and P5
muscle homogenates revealed variable increase in antioxidative enzymes glutathione reductase (GR),
catalase (CAT), and superoxide dismutases 1 and 2 (SOD1, SOD2). Increased content of CAT, GR, and
SOD1 was also found in heart ventricles of P6. Protein aliquots-muscle homogenate 30 g, muscle
mitochondria 15 ug, and heart homogenate 20 ng. For comparison, citrate synthase signal (CS) from
Figure 5 is shown.

102



Piiloha la

J. Clin. Med. 2020, 9, 937 14 of 19

4. Discussion

Firstly, the prevalence of desminopathy in a large cohort of patients with an unexplained
etiology of cardiomyopathy assessed with WES was 1.8%. Secondly, the presence of pathological
desmin aggregates in myocardial/skeletal muscle samples of P1-P3 and decreased myocardial desmin
expression in P4 suggested a pathogenicity of two novel DES variants and two DES variants previously
classified as of uncertain significance. Thirdly, a pathogenicity of one variant of uncertain significance
(DES-p.(K43E)) was supported also by abnormal desmin filament formation and its cytoplasmic
aggregation in transfected HT1080 cells and in iPSC-derived cardiomyocytes. Fourthly, we provided
further evidence for LVNC as a novel phenotype of desminopathy. Fifthly, we described secondary
mitochondprial dysfunction in skeletal muscle and in myocardium, which was in case of myocardial
succinate respiration more profound than in end-stage heart failure of other etiology. To the best of
our knowledge, this seems to be the first comprehensive description of mitochondrial dysfunction in
human myocardium affected by desminopathy. Finally, secondary mitochondrial dysfunction and/or
an extensive left ventricular late gadolinium enhancement in desminopathy may imitate a primary
mitochondrial disease or an inflammatory cardiomyopathy.

4.1. Clinical and Histopathological Correlates of Desminopathy

The majority of 68 pathogenic desmin variants that were reported so far are missense or small
in-frame deletion variants localized in the helical rod domain [26,28]. A phenotype-genotype correlation
meta-analyses revealed that pathogenic variants in the rod 2B domain of DES are common among
patients with both skeletal and cardiac muscle phenotype, whereas head and tail domain pathogenic
variants result mainly in clinically isolated cardiac phenotype [1,29,30]. In agreement with these
findings, we found that two DES variants in head region (p.(K43E), p.(S57L)) and one novel DES
variant (p.(A210D)) in the 1B helical domain had in probands isolated cardiac involvement. On the
other hand, the novel DES mutation located in the 2B helical domain (p.(Q364H)) and two known DES
variants (p.(R406W), p.(R454W)) affected both the cardiac and skeletal muscle.

Immunohistochemistry revealed pathological desmin aggregates in skeletal or cardiac myocytes
in five probands from our study group. Importantly, desmin aggregates were absent in the deltoid
muscle of proband 6 (DES-p.(R454W)), but present in her myocardial samples. Desmin aggregates were
completely absent in proband 4 (DES-p.(Q364H)). Inmunohistochemistry and electron microscopy of
diagnostic muscle soleus biopsy and post-mortem myocardial and intercostal muscle samples failed
to detect any pathological protein aggregates. Interestingly, Western blot analysis of the myocardial
sample showed a decreased expression of desmin suggesting decreased protein synthesis. This is in
agreement with the experience of pathologists that myopathological findings in genetically proven
desminopathies may range from no overt pathology over subtle myopathic changes with sporadic
protein aggregates to the picture of a vacuolar myopathy [31]. An absence of desmin aggregates has
been recently documented both in autosomal dominant [32] and autosomal recessive [33] desminopathy.

4.2. Novel Cardiac Phenotypes of Desminopathy

In addition to known cardiac phenotypes of desminopathy like DCM, RCM HCM, and
ACM [1,28,29], we observed LVNC as a relatively novel phenotype. So far, DES variants have
been associated with LVNC just in a few individuals [34-37]. The first report from Arbustini et al. [34]
described a family with a segregation of DES variant p.(G84S) with non-obstructive hypertrophic
cardiomyopathy and one case of LVNC. Another group [35] reported one sporadic case of LVNC in
a child with a DES variant p.(L398P). An occurrence of two cases of LVNC in one family has been
recently associated with an in-frame mutation of desmin p.(Q113_L115del) affecting the a—helical
rod domain [36] with a formation of typical desmin-immunoreactive aggregates. We expanded the
available evidence by a description of another familial occurrence of two cases of LVNC associated
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with the desmin variant p.(Q364H) with a decreased myocardial expression of desmin and absent
desmin aggregates in myocardial/skeletal biopsy.

Recently, a novel phenotype of desminopathy describing left ventricular arrhythmogenic
cardiomyopathy was reported to have a significant amount of subepicardial fibrosis [32]. A similar
phenotype had our P2, which mimicked inflammatory cardiomyopathy by an extensive late gadolinium
enhancement in the left ventricle and persistent elevation of cardiac troponins. However, ventricular
ectopy and an inversion of T waves in inferior and precordial leads were absent. Taken together, the
presence of desminopathy should be considered also in unexplained cases of LVNC and non-ischemic
left ventricular systolic dysfunction with an extensive subepicardial or intramural fibrosis.

4.3. Mitochondrial Dysfunction in Desminopathy

Desminopathy may also imitate a mitochondrial disease, as was shown by Mc Cormic et al. [16].
The presence of SDH positive/COX negative muscle fibers, decreased activities of mitochondrial
respiratory chain enzymes, and reduced mitochondrial DNA content in skeletal muscle biopsy lead
to the suspicion of mitochondrial disease. We observed similar findings in our patient (P6) with an
absence of desmin aggregates and signs of mitochondrial dysfunction in deltoid muscle biopsy. The
correct diagnosis in our case provided genetic testing and immunostaining of myocardial samples.

Studies in desmin null mice and patients with recessive desmin-null muscular dystrophy
revealed abnormalities in nuclear and mitochondrial localization and morphology, as well as impaired
mitochondrial respiratory capacity [13,14]. Secondary mitochondrial dysfunction was also confirmed
by Schroder et al. [38] and Vincent et al. [39] in skeletal muscle biopsies of heterozygous patients with
desminopathy. Furthermore, Vincent et al. [39] reported a deficiency of respiratory chain complex I
and IV compared to age matched controls and a low mitochondrial mass compared to controls. Our
morphological and functional data from skeletal muscle samples are in agreement with the above
mentioned studies and further evidence [40,41]. We observed a variable mitochondrial dysfunction
characterized by a decreased expression of mitochondrial respiratory chain components and other
mitochondprial proteins, as well as decreased enzyme activities, suggesting secondary changes in
mitochondprial energetic function. The upregulation of several anti-oxidative enzymes, in particular
that of superoxide dismutase 1 in homogenates, but not in isolated mitochondria, indicated increased
antioxidative defense outside mitochondria.

Novel findings provided our analysis of myocardial energetic function in the explanted failing
hearts of two probands with desminopathy. In one case harboring p.(R454W) desmin tail mutation
we found a mild decrease in the content and activities of respiratory chain complexes while in the
other case with p.(S57L) mutation in the desmin head region was present a very pronounced decrease
in mitochondria proteins and an alteration of the bioenergetics function. Interestingly, changes in
respiratory chain enzymes thus also caused a downregulation of respiratory supercomplexes that
are expected to modulate the catalytic function as well as reactive oxygen species production by the
respiratory chain [42]. This was associated with a decrease in several marker proteins of different
mitochondrial compartments suggesting a complex mitochondrial dysfunction. The most pronounced
was the impairment of myocardial succinate respiration, which was in our patients with desminopathy
more profound than in end-stage heart failure of other etiologies.

4.4. Study Limitations

There are several limitations to our study. First, the small study group size reflects the rare
occurrence of desminopathy and may limit the general applicability of the study results. Secondly, the
small size of affected families limited the segregation studies. However, WES enabled us to exclude
the presence of other pathogenic variants in cardiomyopathy- and skeletal myopathy-related genes,
including genes coding mitochondrial proteins. Thirdly, an assessment of the mitochondrial function
in tissues was possible only in a subgroup of patients with a clinical indication to biopsy or undergoing
cardiac surgery. Finally, decreased desmin expression in P4 with a missense variant of DES might be
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related to replacement fibrosis of the myocardium or epigenetic factors. Unfortunately, we cannot
provide data supporting any of these hypotheses.

5. Conclusions

Desminopathy is a rare cause of cardiomyopathy and/or skeletal muscle myopathy with a
pleomorphic clinical presentation and poor prognosis. This diagnosis should also be considered
in individuals with LVNC. Differential diagnosis also includes mitochondrial and inflammatory
myocardial diseases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/4/937/s1,
Table S1 Primers for PCR Amplification of DES for segregation analysis in families, Table S2 Main clinical
characteristics of probands, Table S3 Additional clinical, electrocardiographic, laboratory and echocardiographic
data of probands, Table S4 Rare variants of non-desmin genes in probands, frequency in Exac database less than
0.00001.
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Abbreviations and Acronyms

ACM arrhythmogenic cardiomyopathy

CAT catalase

COX cytochrome c oxidase

DCM dilated cardiomyopathy

DES desmin gene

GADPH glyceraldehyde 3-phosphate dehydrogenase

GR glutathione reductase

HCM hypertrophic cardiomyopathy

LVNC left ventricular non-compaction cardiomyopathy
NADH reduced form of nicotinamide adenine dinucleotide
MPS massively parallel sequencing

RCM restrictive cardiomyopathy

SDH succinate dehydrogenase

SOD superoxide dismutase

WES whole exome sequencing
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Abstract

Aims Danon disease (DD) is a rare X-linked disorder caused by mutations in the lysosomal-associated membrane protein type
2 gene (LAMP2). DD is difficult to distinguish from other causes of dilated or hypertrophic cardiomyopathy (HCM) in female
patients. As DD female patients regularly progress into advanced heart failure (AHF) aged 20—40 years, their early identification
is critical to improve patient survival and facilitate genetic counselling. In this study, we evaluated the prevalence of DD among
female patients with non-ischemic cardiomyopathy, who reached AHF and were younger than 40 years.

Methods and results The study cohort comprised 60 female patients: 47 (78%) heart transplant recipients, 2 (3%) patients
treated with ventricular assist device, and 11 (18%) patients undergoing pre-transplant assessment. Aetiology of the cardiomy-
opathy was known in 15 patients (including two DD patients). LAMP2 expression in peripheral white blood cells (WBC) was
tested by flow cytometry (FC) in the remaining 45 female patients. Whole exome sequencing was used as an alternative inde-
pendent testing method to FC. Five additional female DD patients (two with different novel LAMP2 mutations) were identified
by FC. The total prevalence of DD in this cohort was 12%. HCM phenotype (57% vs. 9%, "P = 0.022) and delta waves identified
by electrocardiography (43% vs. 0%, * P = 0.002) were significantly more frequent in DD female patients.

Conclusions Danon disease is an underdiagnosed cause of AHF in young female patients. LAMP2 expression testing in periph-
eral WBCs by FC can be used as an effective screening/diagnostic tool to identify DD in this patient population.

Keywords Advanced heart failure; Danon disease; Lysosomal-associated membrane protein type 2; Screening; White blood cells
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Introduction

Danon disease (DD, OMIM 300257) is a rare X-linked disorder
caused by mutations in the lysosomal-associated membrane
protein type 2 gene (LAMP2, Xq24).* All three LAMP2
isoforms (B, A, and C) contribute to lysosomal processing of
autophagic substrates.? Almost all LAMP2 mutations result
in the absence of the protein [LAMP2 deficiency (LAMP2def)].

X-hemizygous male DD patients present with a complex phe-
notype that is dominated by cardiomyopathy with massive
left ventricular hypertrophy, delta waves by electrocardiogra-
phy, muscle weakness, and mild cognitive disability. Impor-
tantly, male DD patients have extremely poor prognosis due
to end-stage congestive heart failure and malignant ventricu-
lar arrhytmias. Their mean age at heart transplantation or
death is 18-19 years.>*

© 2020 The Authors. ESC Heart Failure published by John Wiley & Sons Ltd on behalf of the European Society of Cardiology
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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Unless modified by processes such as formation of
syncytia,® expression of the mutant LAMPZ allele is mosaic
(mosaic LAMP2def) because of X-chromosome inactivation
(XCI) in the tissues of the X-heterozygous female DD patients.
As a likely consequence, females present with a milder cardiac
DD phenotype with an equal prevalence of (on many occa-
sions isolated) dilated cardiomyopathy (DCM) and hypertro-
phic cardiomyopathy (HCM). DD female patients also
become symptomatic approximately 15 years later than male
patients, have an average survival ~35 years, and are less af-
fected by skeletal myopathy and cognitive defects.> However,
as shown by the latest meta-analysis of published DD studies,
similar proportions of DD females and males progress into
end-stage heart failure.® Some DD females are also at risk of
sudden cardiac death.” Timely identification of DD female pa-
tients is therefore important for their prognostic stratification
and family counselling.

Peripheral white blood cells (WBCs) can be used to assess
LAMP2 expression/LAMP2 deficiency in suspect male and fe-
male DD patients. LAMP2 western blotting in WBCs homoge-
nates was described by Fanin et al.® who documented the
protein deficiency in male DD patients. In their single female
DD patient, however, the latter authors showed nearly nor-
mal LAMP2 levels and highlighted the inefficiency of this ap-
proach due to problematic interpretation of the results in
this particular patient group. Flow cytometric (FC) detection
of LAMP2 in WBCs was first reported by Regelsberger et al.’
Expanding these seminal studies, we optimized and presented
a polychromatic FC protocol that allows quantitation of
LAMP2def WBC populations not only in male DD patients
but also in female DD patients and somatic mosaic carriers
of LAMP2 mutations.***?

Even though female patients are frequently the first af-
fected individuals in DD families, many are identified retro-
spectively or even post-mortem after the diagnosis is
established in their affected male relative(s) (brother or
son). To the best of our knowledge, no large-scale study(ies)
evaluating prevalence of DD among female patients with car-
diologic pathologies has been presented. To fill this unfortu-
nate information gap, we assessed the prevalence and
evaluated the clinical characteristics of DD in female patients
who reached advanced heart failure (AHF) due to
non-ischemic cardiomyopathy and were younger than
40 years of age. LAMP2 FC in WBCs was used as a screening
diagnostic method. Whole-exome sequencing (WES) served
as an alternative independent testing approach.

Methods
Study design and patient cohort

This was a two-centre cohort study. The study group was re-
cruited from patients of the two Czech heart transplant

centres. From November 2016 to October 2018, 60 female
patients with AHF due to non-ischemic cardiomyopathy were
identified and agreed to inclusion in the study (Figure 1A). All
patients were younger than 40 years at the time of heart
transplantation or at pre-transplant assessment and were ei-
ther living female heart transplant recipients, female patients
on mechanical circulatory support or female patients referred
to pre-transplant assessment. The selected cut-off age of
40 years was based on previously presented data of mean
age of cardiac transplant (32.3 + 14.5 years)® and median
age of end-stage cardiomyopathy [28 years (18.0-50.0)]° in
female DD patients.

The study was approved by the Ethics Committee of the
authors’ home institution and was conducted in accordance
with the principles of the Declaration of Helsinki. All patients
provided a written informed consent prior to participating in
the study.

Study protocol

Medical records of the 60 female patients were reviewed, and
their clinical data, electrocardiographic, and echocardio-
graphic findings were collected. Abnormal electrocardiograms
suggesting pre-excitation were reviewed by an electrophysiol-
ogist blinded to the aetiology of the cardiomyopathy, to
confirm/exclude the presence of delta waves. Among the 60
patients (Figure IA, Table 1), 15 female patients (25%) had
a known aetiology of the cardiomyopathy (for details, see
supporting information). Two patients (#1 and #2, Table 2)
who were diagnosed with DD prior the start of this study
were among these 15 patients. The remaining 45 patients
(75%) underwent LAMP2 FC in WBCs and WES analyses. For
these analyses, 5 ml of peripheral venous blood were col-
lected into an EDTA-containing tube(s). Samples for FC were
maintained at room temperature and tested within 24 h of
collection.

LAMP2 flow cytometry in white blood cells

Intracellular LAMP1 and LAMP2 protein content in peripheral
WABCs was assessed by polychromatic FC based on previously
reported protocols.* In short, leukocytes were isolated by
sedimentation over 2% dextran, fixed and permeabilized (BD
FACS Lyse and Perm solution (BD Bioscience, San Jose, CA,
USA)), and then incubated with fluorochrome-conjugated an-
tibodies anti-LAMP2 (CD107b, clone H4B4) phycoerythrin,
anti-LAMP1 (lysosomal-associated membrane protein type 1,
CD107a, clone H4A3) Alexa Fluor 488, anti-CD45 PerCP,
anti-CD19 APC, anti-CD3 Alexa Fluor 700 and anti-CD14 Pacific
Blue (all from Exbio Praha, Vestec, Czech Republic), anti-CD15
Brilliant Violet 510 (BioLegend, Inc, San Diego, CA, USA), for
30 min, washed twice, and measured using BD LSRII flow
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Figure 1 LAMP2 flow cytometric screening in the patient cohort. (A) Schematic summary of the findings in the patient cohort. Symbols correspond to
panel B. Summary of the whole-exome sequencing findings is provided in the supporting information. (B) % fractions of LAMP2 deficiency (LAMP2def)
granulocytes identified by the LAMP2 flow cytometry screening in 45 female patients. The numbers correspond to individual female DD patients as
listed in Table 2. Values shown for Patients #1'° and #2'"> were measured prior the start of this screening study. The threshold of 5% of LAMP2def
granulocytes is highlighted by the dashed line. The minute fraction of LAMP2def granulocytes (2.6%) in Patient #4 is a result of her unique Xgq24 mo-
lecular pathology resulting in extremely skewed X-chromosome inactivation ratios in white blood cells (Table 2 and also Majer et al." for further details
including the LAMP1/LAMP2 scatterplots in monocytes and granulocytes of patient #4). (C) LAMP1/LAMP2 flow cytometry scatterplots demonstrating
the typical profiles seen healthy control, female DD patient (Patient #7 is shown), and male DD patient (patient I1.3 from Majer et al. ' is shown).
LAMP2def and LAMP2+ granulocytes are gated. The deficit is mosaic (LAMP2def and LAMP2+ cells are found) and corresponds to white blood cell
X-chromosome inactivation ratios in the X-heterozygous female DD patient, whereas it is uniform (only LAMP2def cells are found) in X-hemizygous male

DD patient. DD, Danon disease.
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cytometer (BD Biosciences) equipped with 405, 488, and
633 nm lasers. Technical details (sample processing/staining
protocol and gating strategy), interpretation, and representa-
tive examples of positive results in female and male DD pa-
tients are summarized in a Standard Operating Protocol,
which is included in the supporting information (pages 7-9).

Populations of LAMP2def granulocytes and LAMP2def
monocytes were analysed by FC specialists (T.K. and O.P.)
blinded to the aetiology of cardiomyopathy and results of
the WES analyses. Anti-LAMP1 staining served as a perme-
abilization control. A threshold of 5% of LAMP2def

granulocytes (or monocytes) was set to calculate the sensitiv-
ity and specificity of the FC assay. This value was selected be-
cause ~98.3% of healthy adult females have WBC XCl ratios
within the >5:95/<95:5 range.15

Molecular genetic analyses
To detect causal genetic variants, WES was performed accord-

ing to internationally accepted guidelines.*® Full technical de-
tails are provided in the supporting information. Analyses of
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the LAMPZ2 genomic DNA, full-length isoform LAMP2 messen-
ger RNAs/complementary DNAs and HUMARA XCI assays in
DD patients #5, #6, and #7 were performed as reported
previously. %!

Myocardial LAMP2 immunohistochemistry

In DD patients #5, #6 and #7, myocardial LAMP2 immunohis-
tochemistry (IHC) was performed in endomyocardial biopsies,
explanted hearts or excisions from the left ventricle obtained
at implantation of ventricular assist devices. The staining pro-
tocol followed previous studies.*®*

Statistical analyses of the clinical,
electrocardiographic, and echocardiographic data

Categorical data were expressed as percentages and com-
pared using a y*-test or Fisher’s exact test. Normally distrib-
uted continuous variables were expressed as a mean and

standard deviation. Abnormally distributed continuous vari-
ables were given as a median and interquartile range. Con-
tinuous variables were compared using the Student’s t-tests
or by the non-parametric Mann-Whitney U test, where ap-
propriate. For all tests, a probability value of P < 0.05 was
considered significant. All analyses were performed using
the statistical software SPSS, version 17.0 (Chicago, lllinois,
USA).

Results
Clinical findings in the patient cohort

The study group of 60 female patients included 47 (78%)
heart transplant recipients, 2 individuals (3%) treated by a
ventricular assist device, and 11 patients (18%) in the
pre-transplant phase. Table 1 summarizes the clinical
findings. Median ages at disease onset, surgery or
pre-transplant assessment, and the LAMP2 FC screening were

Table 1 Study group characteristics and comparison of clinical and instrumental findings between individuals with Danon disease and

other aetiologies of non-ischemic heart failure

Characteristic Danon disease (n = 7) Non-Danon disease (n = 53) Overall (n = 60) P value
Age at first symptoms (year) 16 (15-24) 24 (12-32) 22 (12-31) 0.398
Age at progression (year) 25 (21-28) 30 (19-36) 28 (20-35) 0.228
Cardiomypathy type 0.022

Hypertrophic 4 (57%) 5 (9%) 9 (15%)

Dilated 3 (43%) 43 (81%) 46 (77%)

Restrictive 0 (0%) 4 (8%) 4 (6%)

Left-ventricular non-compaction 0 (0%) 1 (2%) 1 (2%)
NYHA functional class (n=7) (n = 45) (n = 52) 0.754

| 1 (14%) 3 (7%) 4 (8%)

1] 1 (14%) 10 (22%) 11 (21%)

] 4 (58%) 21 (47%) 25 (48%)

v 1 (14%) 11 (24%) 12 (23%)
Arrhythmia 0.052

Atrial fibrillation 3 (43%) 4 (8%) 7 (12%)

Ventricular tachyarrhythmia 0 (0%) 5 (10%) 5 (8%)
Electrocardiogram (n=7) (n =42) (n = 49)
PR duration (ms) 154 (152-160) 166 (159-184) 162 (154-184) 0.268 ,
QRS duration (ms) 144 (137-187) 96 (80-110) 102 (83-121) 0.001
Delta-waves 3 (43%) 0 (0%) 3 (6%) 0.002
LBBB 3 (43%) 5 (12%) 8 (16%) 0.068
Echocardiography (n=7) (n = 46) (n = 53)
LVEDD (mm) 62 (49-67) 61 (56-69) 62 (56-68) 0.537
LVEF (mm) 20 (20-39) 25 (20-30) 24 (20-30) 0.749
Interventricular septum (mm) 14 (9-14) 8 (7-9) 8 (7-9) 0.001
Posterior wall (mm) 12 (10-14) 8 (7-9) 8 (7-9) 0.002
Mitral regurgitation (n=7) (n = 50) (n = 57) 0.899

None or trace 4 (58%) 20 (40%) 24 (42%)

Mild 1 (14%) 10 (20%) 11 (19%)

Moderate 1 (14%) 12 (24%) 13 (23%)

Severe 1 (14%) 8 (16%) 9 (16%)

LBBB, left bundle branch block; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; NYHA, New York

Heart Association.
P<0.05.
“P<0.01.
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22, 28, and 37 years, respectively. DCM was found in 46 pa-
tients (77%), HCM in nine patients (15%), restrictive cardio-
myopathy in three patients (5%), and left ventricular
non-compaction cardiomyopathy in one patient (2%).

Note
1112 in Majer et al."®
2) in reference
3
13
14

1.1 (family
Majer et al.

LAMP2 flow cytometry in white blood cells

Novel LAMP2 mutation

Known LAMP2 mutation
(Figure S1C)

(Supporting Information,
(Figure S 75’)17

1.1 (family 1) in

1.1 in Majer et al.
Novel LAMP2 mutation
Figure S1A)

Majer et al. .

Patients #1° and #2,* who were diagnosed with DD prior the
start date of this study, had fractions of LAMP2def
granulocytes larger than 5% (Figure 1A,B, Table 2).

Of the 45 female patients tested by FC in this study, pop-
ulations of LAMP2def granulocytes larger than 5% were iden-
tified in four female patients (Patients #3, #5, #6, and #7)
(Figure 1A,B, Table 2). Additional five female patients had
distinct populations of LAMP2def granulocytes that were
smaller than 5% (0.17-2.6%). The most suspect of DD was
the values of 2.6% LAMP2def granulocytes and 3.9%
LAMP2def monocytes in a single patient. This result was
later explained by identifying a very complex LAMP2 molec-
ular pathology®* that skewed WBC XCI ratios in DD patient
#4 (Figure 1B and Table 2). No LAMPZ2 mutation was de-
tected in the remaining four patients harbouring the very
small LAMP2def cellular subsets. The remaining 36 samples
did not contain any distinct populations of LAMP2def
granulocytes.

Including patients #1 and #2, the total prevalence of DD in
this cohort of female patients with non-ischemic heart failure
was 12% (7/60). At a threshold of 5% LAMP2def granulocytes
or monocytes, DD female patients were identified with a sen-
sitivity of 86% and specificity of 100%. Positive predictive
value (PPV) and negative predictive value (NPV) of the test
were 100% and 98%, respectively. The presence of any dis-
tinct subpopulation of LAMP2def granulocytes identified DD
female patients with a sensitivity of 100%, specificity of
92%, PPV 63%, and NPV 100%.

], deletion of LAMP2

exons 4-9C/no tissue available
], deletion of LAMP2

]/ mosaic expression

] /mosaic expression
1/ mosaic expression

*

p.[Asp149Phefs 2];[

%

1/ mosaic expression
p.[Leu139Phefs 8];[

*

p.[Ala314GInfs 32];[

.

LAMP2 mutation/ LAMP2 cardiac IHC
p.[GIn240 ];[

Heterozygous deletion of CUL4B, LAMP2, ATP1B4,
TMEM255A, and ZBTB33 genes/mosaic expression

g.19925_45401[del25477];
9.17916_29069[del11154];[
exons 4-8/no tissue available

XCl in WBCs (HUMARA)
Not informative

57:44

20:80

30:70
40:60
96:4°
46:54

Whole-exome sequencing analyses, LAMP2
mutations, HUMARA X-chromosome inactivation
ratios, and immunohistochemistry assessment of
the myocardial samples

LAMP2def monocytes (%)

Whole-exome sequencing results are summarized in the
supporting information. ACMG class 3-5 variants in
disease-related genes were found in 24 patients (53%) includ-
ing the five newly identified DD patients (Figure IA,B). Impor-
tantly, characterization of the LAMPZ2 mutations in DD
patients #3 and #4 mandated an individualized methodologi-
cal approach that was far beyond the standard WES analytics
in both patients.*** WES testing was negative or inconclusive
in 21 patients (47%).

Table 2 summarizes the molecular genetic analyses, WBC
XCl, and myocardial LAMP2 IHC findings in the female DD

LAMP2def granulocytes (%)

87.2
323
35.5
2.6

66.7
25.2
44.3

Table 2 LAMP2 flow cytometry, LAMP2 molecular genetic analyses, and LAMP2 myocardial expression in Danon disease female patients

84.9
38.0
49.1
3.9

70.8
28.9
52.7

DD, Danon disease; HUMARA, human androgen receptor assay; IHC, immunohistochemistry

*Skewed WBC XCl ratios are an effect of the parallel mutation in the CUL4B gene.

°DD diagnosis established prior the LAMP2 FC screening study.
‘DD diagnosis established by the LAMP2 FC screening study.

Patient
#1°
#2°
#3¢
#4°
#5°¢
#6°
#7°¢
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Table 3 Clinical findings in Danon disease female patients

LVEDD (mm) LVEF (%) IVS (mm) PW (mm)

67

1, 11, 1l, aVF, V5-6 33

Delta waves
Absent

I, aVL, V4-6

Patient Age at disease onset (years) Age at HTx (years) Age at DD diagnosis (years) Cardiac phenotype QRS width (ms)

#1

10
21
15
7

14
12
10

10
22
15
8

14
14
9

15
60
20
20
20
55
23

68
62
68
59

I, 11, 1, aVF, V4-6 40

Absent
Absent
Absent

140
134
208
112
200
174
144

DCM
HCM
HCM
DCM
HCM
HCM
DCM

33
17
42
36
48
25
23

29
21
26
28
27
24

15
11
12
25
25
16
23

DCM, dilated cardiomyopathy; DD, Danon disease; HCM, hypertrophic cardiomyopathy; HTx, heart transplantation; IVS, interventricular septum end-diastolic thickness; LVEDD,

left-ventricular end-diastolic diameter; LVEF; left-ventricular ejection fraction; PW, left-ventricular posterior wall end-diastolic thickness.

#2
#3
#4
#5
#6
#7

patients. Patient #1 was heterozygous for a frame-shift c.
del940G LAMP2 mutation.'® Patients #2 and #3 carried het-
erozygous deletion exon copy number variants encompassing
LAMP2 exons 4-9C and 4-8, respectively.'® Patient #4 had an
Xq24 re-arrangement that caused a heterozygous deletion of
several C-terminal exons of CUL4B and the complete deletion
of LAMP2, ATP1B4, TMEMZ255A, and ZBTB33 genes.'* Patient
#5 was  heterozygous for a novel frameshift
c.445 449delGACCT mutation in the LAMP2 exon 4
(Supporting Information, Figure SZA). A previously reported®’
heterozygous c.718C>T non-sense mutation (Figure SIB) in
the LAMPZ exon 5 was found in patient #6. Patient #7 was
heterozygous for a novel frameshift c.478delC mutation in
the LAMPZ2 exon 4 (Figure S1C).

White blood cell XCI ratios were within the >5:95/<95:5
range and corresponded to percentages of LAMP2def
granulocytes and monocytes in patients #2, #3, #5, #6, and
#7. The extremely skewed WBC XCI ratios in patient #4
(96:4) were an effect of the parallel mutation in the CUL4B
gene. LAMP2 expression in cardiomyocytes was mosaic in
all DD patients from whom tissue samples were available (Ta-
ble 2).

Family screening in newly identified Danon
disease patients

Patients #3,'% #4,'* and #7 (Figure SIC) were the only af-
fected individuals in their families. Patient #5 transmitted
the LAMP2 mutation to her daughter (Ill.3, Figure SIA). At
30 years of age, the daughter had a sinus rhythm with a
short PQ interval (98 ms) and discrete delta waves in leads
I, I, aVF, and V4-V6. Her echocardiography showed a bor-
derline systolic function of the non-dilated left ventricle
(end-diastolic diameter 49 mm, ejection fraction 50-55%,
and interventricular septum thickness 10 mm). The popula-
tions of her LAMP2def granulocytes and monocytes were
22.1% and 27.2%, respectively. XCl ratios by HUMARA were
33:67. Patient #6 had the most complex family history (Fig-
ure SIB). Her mother (an obligatory heterozygote for the
LAMPZ2 mutation) had a DCM and died at 27 years of age.
Hypertrophic cardiomyopathy was diagnosed in the patient’s
brother who carried the same LAMP2 mutation as Patient #6
and died aged 18 years. For additional clinical details see
supporting information.

Clinical characteristics of Danon disease female
patients

Hypertrophic cardiomyopathy phenotype (57% vs. 9%,
P = 0.022) and delta waves by electrocardiograms (43% vs.
0%, ~"P = 0.002) were significantly more frequent in DD fe-
male patients in comparison with the rest of the patients in
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the cohort. The presence of HCM identified DD female pa-
tients with a sensitivity of 57%, specificity of 91%, PPV of
44%, and NPV of 94%. Delta waves identified DD female pa-
tients with a sensitivity of 43%, a specificity of 100%, PPV of
100%, and NPV of 93%. The sensitivity of these clinical vari-
ables was thus much lower than sensitivity of the LAMP2 FC
test. The increased thickness of the left ventricular walls and
broader QRS complexes in DD female patients corresponded
to higher prevalence of HCM and delta waves in these individ-
uals (Table I1). Electrocardiograms of DD female patients are
shown in Supporting Information, Figure S2.

Discussion

To the best of our knowledge, we present the first study spe-
cifically assessing the prevalence of DD among female pa-
tients with AHF. This is also the first large-scale study that
uses LAMP2 flow cytometry as a primary screening tool in this
particular patient group.

Our key findings are (i) the prevalence of DD among young
female patients (<40 years of age) with AHF due to
non-ischemic cardiomyopathy is relatively high (12%), (ii)
LAMP2 FC in WBCs is an effective screening/diagnostic tool
to detect female (and also male) DD patients, and (iii) despite
more frequent than in non-DD patients, DD female patients
cannot be reliably identified based on the presence of hyper-
trophic cardiomyopathy and/or delta waves in their
electrocardiograms.

Danon disease screening studies

The overall population frequency as well as population ratio
of male and female DD patients is, to the best of our knowl-
edge, not known. The recent extensive review of the available
DD literature documented 90 male and only 56 female
patients.® It is very likely that female patients heterozygous
for pathogenic LAMPZ2 variants remain an underdiagnosed
DD patient group despite they are often the first affected
family members. Furthermore, DD affects female patients in
their reproductive age. Timely and correct diagnosis is there-
fore also critical for genetic counselling in their families.
There are several studies that used molecular genetic test-
ing and evaluated the frequency of DD in specifically selected
patient cohorts. Again, male DD patients predominated
among probands identified by most of these studies.
Prevalence of DD was suggested to be ~1-3% among pa-
tients with HCM.*®1° The values are higher among similarly
affected paediatric patients (4—6%)*° or patients with
end-stage HCM (7.7%).2* DD is, nonetheless, most frequent
(~33%) among patients presenting with both HCM and
preexcitation.’>  When tested among patients, who
underwent endomyocardial biopsy because of suspected

cardiac storage disease, the prevalence of DD reached 8% af-
ter exclusion of patients with amyloidosis.?® Interestingly,
a large scale study that combined oligonucleotide
hybridization-based and dideoxy-based DNA sequencing tech-
niques of selected genes including LAMPZ2 did not identify any
DD individual among 558 HCM patients.>*

Almost all reported LAMP2 mutations (106—108 in Decem-
ber 2019 by the authors’ review of literature) putatively result
in the absence of the protein. LAMPZ2 missense mutations are
very rare in DD patients.® Residual LAMP2 was unambiguously
documented for very few variants (e.g. a leaky splice-site
mutation®® or a mutation in the isoform specific exon 982°).
Given this mutation spectrum, LAMP2 protein testing iden-
tifies uniform LAMP2 deficiency in cells and tissues of male
DD patients (Figure 1C).

XCl triggers mosaic expression of the wild-type and mutant
LAMPZ alleles in tissues of female DD patients (Figure 1B,
().1012-14 setting thresholds for skewing or extreme skewing
of XCl is arbitrary. Importantly, ~98% of females have WBC
XCl ratios within the >5:95/<95:5 range.™® A large-scale sur-
vey evaluating XCI ratios in DD female patients has never
been reported; however, a systematic extreme skewing be-
yond the aforementioned range is unlikely in these patients
based on the dataset presented in this manuscript. The only
patient in our cohort (#4), who had extremely skewed WBC
XCl ratios resulting in fractions of LAMP2def granulocytes
(and monocytes) <5%, had a complex Xq24 re-arrangement
that deleted not only the entire LAMP2 but also several
C-terminal exons of the neighbouring CUL4B gene.** Although
clinically asymptomatic, female patients heterozygous for mu-
tations in the latter gene have extremely skewed WBC XCl ra-
tios as a result of selective pressure, most likely tissue-
specific, against the CUL4B deficient cellular clones.**

Critical for interpretation of the sensitivity and specificity
values of the LAMP2 FC assay in WBCs, all six female DD pa-
tients (#1-3 and #5-7) with mutations impacting solely the
LAMPZ2 gene had unambiguously detectable LAM2def popula-
tions larger than 5%. Identifying patient #4 among the individ-
uals with LAMP2def fractions <5% supports the robustness of
the method. Rather than expression-related, we attribute the
LAMP2def populations <5% in the other four patients with no
LAMPZ2 molecular abnormality to sample
collection/processing-induced errors.

Clinical implications

Prognostic stratification of patients with non-ischemic heart
failure is difficult. It is particularly problematic in patients with
recent-onset DCM, because clinical outcomes in these pa-
tients may range from full recovery to sudden death or pro-
gressive heart failure.?” Clarification of a monogenic
aetiology (DD in this case) may considerably improve the risk
assessment and facilitate family counselling. Although no
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specific therapy is currently available, further development of
efficient diagnostic algorithms for DD is substantiated by the
currently ongoing LAMPZB gene-therapy trial in male
patients.28

It is not easy to establish the diagnosis of DD in male pa-
tients. However, identification of female patients is even
more complicated.® As we show in this study, hypertrophic
cardiomyopathy and/or the presence of delta waves may
suggest DD. Documenting these clinical clues, however,
does not have the sufficient sensitivity and specificity to ef-
fectively support the diagnosis in female patients. A study
by Boucek et al.?® evaluated 18 DD female patients and re-
ported pre-excitation in 27% of them. Brambatti et al.®
identified pre-excitation in 32% of 56 DD female patients in-
cluded into their review of previously published DD reports.
The slightly higher fraction of patients with delta waves
(43%), that we observed in our study, potentially reflects
a combined effect of the relatively limited number of eval-
uated DD female patients and stringent electrocardiogram
assessment criteria.

Laboratory diagnostic implications

Massively parallel sequencing technologies increased the effi-
ciency of molecular genetic DD diagnostics.>” However, path-
ogenicity validation/prediction of many of the variants
identified by these methods is often inconclusive and certain
LAMPZ2 mutation types (e.g. copy number variants) can be
easily missed.'® Contrary to these high-throughput genomic
analytical techniques, the outlined FC method is a selective
protein-level expression test. Unlike to analyses of WBCs ho-
mogenates by western blotting,® the fraction of LAMP2def
cells is directly quantified by the FC method. The FC test iden-
tifies uniform LAMP2 deficiency in X-hemizygous male pa-
tients as well as mosaic LAMP2 deficiency in X-heterozygous
female DD patients (Figure IC). In specific pedigree situations,
the test may also be modified to allow identification of indi-
viduals with extremely small LAMP2def populations (<1%)
resulting from somatic mosaicism.%*2

Sample collection is minimally invasive, the FC test uses
commercially available reagents and the turnover time is
short (<24 h). Flow cytometers are a standard laboratory
equipment and the overall cost of the test is low. Most impor-
tantly, the test is easy to set-up—Standard Operating Proto-
col is part of the supporting information (pages 7-9) for
those interested in using the methodology in their local diag-
nostic practice.

Given the high prevalence of DD among young female pa-
tients with non-ischemic cardiomyopathy, that we identified
in this study, we suggest screening of similarly affected pa-
tients by flow cytometry since this technique allows direct as-
sessment of the (XCl-driven) mosaic expression of the mutant
LAMPZ2 allele. Additionally, the information about the

presence or absence of LAMP2def cells may facilitate molecu-
lar genetic testing and expedite the correct diagnostic
classification.

Study limitations

Patients with AHF constitute ~5% of the patients with heart
failure.?® AHF is also rare among female patients aged 20—
40 years (e.g. 6-23 cases per one million people in a study
by authors from Northeast France®°). Genetic cardiomyopa-
thies, myocarditis, and peripartum cardiomyopathy are the
most common causes of heart failure in young female pa-
tients. Contrary to infectious and pregnancy-related insults,
genetic defects almost exclusively result in irreversible cardiac
damage. The high prevalence (12%) of DD seen in our cohort
likely reflects a combination of the listed reasons—that is,
small number of young female AHF patients in the general
population and possible proportional increase of patients with
genetic causes of cardiomyopathy in the tested population.

Patients included in our study were gathered from two
centres that participate in the nation-wide heart transplan-
tation program and jointly serve the entire population of
the Czech Republic (~10 million). The studied population
of female patients with non-ischemic heart failure younger
than 40 vyears is not composed of patients who were
followed long-term to reach the inclusion criteria but rather
is a snapshot group of young female patients recruited
within 24 months, who lived with a heart transplant, ven-
tricular assist device or were undergoing a pre-transplant
assessment.

Lastly, almost all of currently known LAMPZ2 pathogenic
variants result in the absence of the protein. The set-up of
the LAMP2 FC assay allows identification of LAMP2 deficient
cells. Given the spectrum of LAMPZ2 variants identified in the
Czech DD patient cohort, samples of patients with residual
LAMP2 were not tested.

Conclusions

Danon disease is an underdiagnosed cause of AHF in young
female patients. LAMP2 flow cytometry in peripheral WBCs
can be used as an effective screening method to facilitate
the timely diagnosis, treatment, and family counselling in
these patients.
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1 | INTRODUCTION

Danon disease (DD) is an X-linked disorder caused by mutations in the lysosomal-associated
membrane protein 2 (LAMP2) gene (Xq24). DD is characterized by cognitive deficit, myopathy,
and cardiomyopathy in male patients. The phenotype is variable and mitigated in females. The
timely identification of de-novo LAMP2 mutated family members, many of whom are heterozy-
gous females, remains critical for their treatment and family counseling. DD laboratory testing
builds on minimally invasive quantification of the LAMP2 protein in white blood cells and char-
acterization of the specific mutation. This integrative approach is particularly helpful when
assessing suspect female heterozygotes. LAMP2 exon-copy number variations (eCNVs) were so
far reported only in X-hemizygous male DD probands. In heterozygous female DD probands,
the wild-type allele may hamper the identification of an eCNV even if it results in the complete
abolition of LAMP2 transcription and/or translation. To document the likely underappreciated
rate of occurrence and point out numerous potential pitfalls of detection of the LAMP2 eCNVs,
we present the first two DD heterozygote female probands who harbor novel multi-exon
LAMP?2 deletions. Critical for counseling and recurrence prediction, we also highlight the need to

search for somatic-germinal mosaicism in DD families.

KEYWORDS

Danon disease, X-chromosome, lysosomal-associated membrane protein 2, female

heterozygotes, flow cytometry, exon-copy number variations

membrane protein 2 (LAMP2, Xq24) (Nishino et al., 2000). The alterna-
tive LAMP2 exons 9 (B, A, and C) code three protein variants differing

Danon disease (DD, MIM #300257) is a rare X-linked disorder charac-
terized by cognitive deficit, cardiomyopathy and skeletal myopathy in

males. DD is caused by mutations in the lysosomal-associated

"These authors contributed equally to the work

in C-termini. The majority of the mutations affect the isoform shared
regions (exons 1-8) of the gene and result in the complete and uni-
formly distributed absence of the LAMP2 protein in tissues of male
DD patients (Boucek, Jirikowic, & Taylor, 2011; D'Souza et al., 2014).

LAMP2 exon-copy number variations (eCNVs) have, thus far, all been
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reported in X-hemizygous male probands (Lines et al., 2014; Majer
et al.,, 2014; Yang et al., 2010).

Heterozygous females for LAMP2 mutations also develop
DD. However, the tissue expression of their two LAMP2 alleles is
mosaic due to X-chromosome inactivation (XCI). In fact, the healthy
allele may actually hamper characterization of the complementary
LAMP2 mutation in tissue homogenates from DD females, making
eCNVs particularly difficult to identify during molecular genetic
and/or genomic diagnostics.

To document the probable higher frequency of occurrence and
demonstrate the numerous potential pitfalls posed by X-heterozygos-
ity, we present the first two heterozygote female DD probands who

harbor novel multi-exon deletions in the LAMP2 gene.

2 | CLINICAL REPORTS

2.1 | Family 1—Proband I1.1F!

1.1t (Figure 1a) was diagnosed with hypertrophic cardiomyopathy at
12 years old. By 16 years of age, the patient's left ventricular
(LV) hypertrophy had reached 22-25 mm, however the systolic func-
tion remained preserved. At 21 years, 117! developed end-stage

heart failure with severe LV systolic dysfunction and underwent

(a)SNP rs12097 - exon 2 (b)
(NG_007995.1:9.17672T)

Flow cytometry
female I1.17*

L O 35.5%
1 2 5
=
<
|
42y| xcI
40/60
II. ] : :
Htx 21y e e
. 2 0 10 10* 10 108
Family 1 LAMP2

(e)

female II.1F! - deletion breakpoint/junction mapping

cardiac transplantation. A recent re-evaluation of her pretransplant
electrocardiogram identified sinus rhythm and delta waves in most
limb leads. Unfortunately, myocardial samples from her explanted
heart were not available for histological, immunohistochemical, or
ultrastructural testing. The plasma/serum activity levels of amino-
transferases and creatine kinase were/are normal. I1.17* has a mild
cognitive deficit and normal muscle strength and is currently

42 years old.

2.2 | Family 2—Proband 11.172

1.172 (Figure 2a) was diagnosed with hypertrophic cardiomyopathy
and pre-excitation at 11 years of age. The patient’s electrocardiogram
showed sinus rhythm with delta waves in inferior and precordial leads.
At 14 vyears, the patient underwent radiofrequency ablation of two
right-sided atrio-ventricular accessory pathways with a high capacity
of antegrade conduction. At 15 years, the concentric LV hypertrophy
(without obstruction of the outflow tract) reached 15-16 mm.
Plasma/serum aspartate aminotransferase activity (0.95-1.45 pkat/I;
normal range 0.16-0.78 pkat/I) and myoglobin levels (62-66 pg/I; nor-
mal range 19-51 pg/l) were slightly elevated throughout the patient’s
late childhood/adolescence. The patient experienced two episodes of
palpitations at 17 and 18 years of age. Electrocardiography showed no
arrhythmia at that time. At 19 years, the concentric LV hypertrophy
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FIGURE 1

DD family 1—proband 11172, (a) Current age, setup of the LAMP2 exon 2 rs12097 SNP, and WBC XCl ratio are given for Il.17%. 1.1, 1.2,

and 11.2 were not available for analyses. (b) LAMP1/LAMP2 coexpression FC profile shows LAMP2def granulocytes (blue gate) in 11.172. (c, d)
Short aberrant LAMP2 mRNA/cDNA isoforms (black arrowheads) lack exons 4-8. (e) gPCR (red dots) and NGS (red squares) values of LAMP2
exon-copy number in 1.172. Black arrowheads mark positions and orientation of primers used to map the deletion breakpoint/junction. The
deletion is flanked by short identical sequences. (f) Specific detection of the deletion junction (arrow), the wild-type allele, and/or the length of
the product(s) may compromise PCR efficiency and specificity (*) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE2 DD family 2—proband 11.172. (a) Current age and WBC XCl ratio are given for I1.172. Setup of the LAMP2 exon 2 rs12097 SNP is shown
for all family members. (b) LAMP1/LAMP2 coexpression FC profile shows LAMP2def granulocytes (blue gate) in 11.172. (c) Profile of the full-length
LAMP2 mRNA/cDNA isoforms (B, A, and C) in 11.172 is normal. (d) gDNA and mRNA/cDNA sequence analyses of the exon 2 rs12097 SNP show
exclusive expression of the maternal LAMP2 allele in WBCs of 1.172 (see also Supporting information Table S2 for NGS data). (e) PCR (red dots) and
NGS (red squares) values of LAMP2 exon-copy number in 1I.172. Black arrowheads mark positions and orientation of primers used to map the
deletion breakpoint/junction site. The deletion is flanked by Alu-Sq2 and Alu-Sz sequences. (f) Specific detection of the deletion junction (arrow) in
1172, (g) PCR screening in the family identified the mutation only in WBCs of I1.172 0.00, 6.55, 13.10, or 32.75 pg of 11.17> WBC gDNA were mixed
with 50 ng of XY control gDNA to demonstrate the efficiency of the nested PCR (Supporting information Table S1). These ratios correspond
(Dolezel, Bartos, Voglmayr, & Greilhuber, 2003) to 0, 1, 2, or 5 mutant X-chromosome templates in the reaction mix and suggest that 1 cell carrying
the mutation can be identified in ~7800 diploid or ~15600 haploid cells [Color figure can be viewed at wileyonlinelibrary.com]

progressed to 21-22 mm, nonetheless the LV systolic function and XClI HUMARA assay were performed in WBCs as previously

remained normal. Recurrent syncopes and nonsustained ventricular
tachycardia were treated by implantation of a dual-chamber cardio-
verted defibrillator. 11.172 is currently 22 years old and has normal intel-
lect and skeletal muscle strength.

Parents and brothers of both probands are without symp-
toms of DD.

3 | MATERIALS AND METHODS
To diagnose DD in both probands, LAMP2 expression was tested by flow
cytometry (FC) in peripheral white blood cells (WBCs), and LAMP2 molec-
ular genetic analyses were performed. Informed consent (approved by
the Ethics Committee of the authors’ home institution) for participation
and presentation of results was obtained from all tested individuals.
LAMP1/LAMP2 FC, polymerase chain (PCR), and
sequence analyses of the coding gDNA and full-length LAMP2 mRNA/
cDNAs, quantitative PCR (qPCR) LAMP2 exon-copy number testing,

reaction

121

described (Majer et al., 2012, 2014).

Primers used for LAMP2 exon dosage gPCR assessment, mapping
of the breakpoint/junctions, and mutation-specific screening in Family
2 are listed in Table S1 (Supporting information).

LAMP2 exon dosage was also tested by next generation sequenc-
ing (NGS) using targeted enrichment panels and sequenced using the
MiSeq platform (lllumina, San Diego, CA). The maternal/paternal LAMP2
gDNA and mRNA/cDNA ratios, as well as the presence of the paternal
wild-type LAMP2 allele in 11.1F2, were tested by NGS. For additional
details see Supporting Materials and Methods (Supporting information).

4 | RESULTS

4.1 | Flow cytometry

FC identified ~35% (Figure 1b) and ~33% (Figure 2b) of LAMP2 defi-
cient (LAMP2def) granulocytes in I11.1F* and 1.1, respectively.
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LAMP2 profiles were retested after one year in 11.172 with the same

result. FC findings corresponded with the XCI ratios by HUMARA
assay in both probands (Figures 1a and 2a).

4.2 | Full-length LAMP2 isoform mRNA/cDNA
analyses and comparison to gDNA

In 1.17%, a shorter (~550 bp) variant was detected in all three isoform
mRNA/cDNAs in addition to the normal LAMP2 splicing products
(Figure 1c). Direct sequencing showed that these abnormal LAMP2
mRNAs/cDNAs lack exons 4-8 (Figure 1d).

In 11.172, the profile of the LAMP2 full-length mRNA/cDNAs was
usual (Figure 2c), and the sequencing of all three isoforms did not
identify any abnormality. However, analyses of her LAMP2 gDNA cod-
ing regions revealed heterozygosity (A/T) for a known single nucleo-
tide polymorphism (SNP) (rs12097) in exon 2. Comparison to the
mRNA/cDNA sequences (using both direct sequencing and NGS)
showed exclusive expression of the maternal LAMP2 allele in 11.172

(Figure 2a,d and Supporting information Table S2).

4.3 | LAMP2 gDNA exon-copy number testing,
deletion breakpoint/junction mapping, and mutation
specific screening

gDNA gPCR eCNV analyses revealed abnormal (1 instead of 2) rela-
tive copy number of LAMP2 exons 4-8 and 4-9C in I1.17* and 11.17?,
respectively. Identical results were observed by NGS when evaluating
normalized read depth coverage (Figures 1e and 2e and Supporting
Materials and Methods in Supporting information).

To characterize the breakpoint/junctions in both probands, primer
pairs were designed to span the presumed deleted gDNA regions.
Alignment of the resultant PCR products (Figure 1f and 2f) to the ref-
erence LAMP2 gene sequence (NG_007995.1) identified the TGCAGT
motif to flank the breakpoint/junction in 11.1F! (Figure 1e) and Alu-Sq2
and Alu-Sz repeats in 1.1F2 (Figure 2e).

Mutation-specific screening was performed in gDNA from WBCs
of .17, 1.272, and 11.2F2. To test for somatic-germinal mosaicism, hair
folliculi, buccal swabs, urine epithelia, and sperm were tested in 1.172.

The deletion found in 11.172

was not detected in any of these samples
(Figure 2g). Similarly, the wild-type paternal LAMP2 allele was not
detected (using three SNPs in LAMP2 intron 5) in WBCs of 11.172 by
NGS (Table S3, Supporting information).

These analyses were not performed in Family 1 because of

advanced age of .17 and 1.2F%.

5 | DISCUSSION

Heterozygous females for LAMP2 mutations still likely remain an
underdiagnosed DD patient group despite the growing body of infor-
mation about their phenotype. Clinical presentation in heterozygous
females is more variable (Toib et al., 2010) and mitigated in compari-
son to male DD patients (Boucek et al., 2011). Yet, early onset and/or
malignant DD was documented in a number of females (Bottillo et al.,
2016; Samad et al., 2017; Sugie et al., 2016). DD females were also

reported at risk of sudden death and timely ICD implantation was sug-
gested as an appropriate therapeutic intervention (Miani et al., 2012).

To minimize late or retrospective (postmortem included) diagno-
sis, the clinical and laboratory DD workup should therefore account
for pitfalls posed by X-chromosome heterozygosity. Minimally inva-
sive and quantitative analyses of the cellular LAMP2 protein content
in WBCs combined with comparative gDNA and full-length isoform
LAMP2 mRNAs/cDNAs testing meet such requirements (Fanin et al.,
2006; Majer et al, 2012, 2014; Regelsberger et al., 2009; Sikora,
Majer, & Kalina, 2015). To further document the robustness of this
protocol and highlight additional potential detection problems, we
present the first two female DD probands affected by LAMP2 eCNVs.

Clinical presentation was indicative of DD in the patients. How-
ever, it was the discrete populations of LAMP2def WBCs found by
LAMP2 FC that provided unambiguous evidence and advocated fur-
ther LAMP2 molecular genetic analyses in both females. Whereas
the deletion of exons 4-8 in I.17* was anticipated based on the
presence of the abnormally short PCR products while testing full-
length LAMP2 isoform mRNAs/cDNAs, 11.172 unexpectedly showed a
normal profile. The absence of the aberrant mRNA/cDNA species
(lacking exons 4-9C) in 11172 s likely the result of decay of the trun-
cated LAMP2 mRNAs. Rationale for continued exploration of an
eCNV was based on results from the LAMP2 exon 2 SNP genotyping
of the parents that suggested exclusive expression of the maternal
LAMP2 allele in 11.172,

Although unable to categorize the flanking elements (TGCAGT) of
the breakpoint/junction in 11.1F%, the results suggest that the underly-
ing mutagenic mechanism in both patients is a recombination medi-
ated by repetitive sequences. Both deletions start/end in LAMP2
intron 3. This localization is identical to four out of five LAMP2 eCNVs
reported in male DD patients (Lines et al., 2014; Majer et al., 2014;

Yang et al., 2010). Moreover, the rearrangement in 1172

encompasses
the same AluSq2 repeat as that involved in an earlier reported duplica-
tion of LAMP2 exons 4 and 5 (Lines et al., 2014). Collectively, these
data imply that the LAMP2 intron 3 could be a recombination hotspot
and therefore warrants specific analysis of eCNVs in suspected
patients.

DD is an important differential diagnostic option among patients
with (hereditary) cardiomyopathies. The current diagnostic schemes
for such patient cohorts frequently employ nonselective NGS-based
approaches (Fu et al, 2016). Our findings document that LAMP2
eCNVs not only occur in female DD probands but also constitute at
least 10% of all reported (78-80 in March 2018 by the authors’
review of the literature) LAMP2 mutations. To avoid false-negative
diagnostic conclusions and similar to others (Mates et al., 2018), we
strongly suggest systematic (re)evaluation of NGS datasets for this
type of molecular LAMP2 pathology in suspected individuals.

Although frequent and critical for determining risk of recurrence
in the siblings and progenies of the affected probands, mosaicism
remains generally under-recognized in counseling practice (Campbell
et al., 2014). For example, instances of maternal somatic-germinal
mosaicism were previously shown (Chen et al, 2012; Majer et al.,
2014; Takahashi et al., 2002) but also missed in DD (Sikora et al.,
2015). To the best of our knowledge, a paternal variant of this phe-

1F2

nomenon has never been presented in DD. As Il carries the
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mutation on the paternal LAMP2 allele, we examined an array of the
father's somatic tissues and sperm but did not identify the deletion-
specific sequence. Moreover, high-resolution analyses of WBCs from
1.1F2 did not detect the paternal wild-type LAMP2 allele, suggesting
homogenous distribution of the abnormal variant.

To conclude, LAMP2 eCNVs are an important type of mutation
causing DD and can be found in female probands. To avoid missing
such variants, the outlined integrative approach to clinical, protein,
and molecular genetic/genomic DD diagnostics is fully advocated, par-

ticularly in suspect females.
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Abstract

Cullin 4B (CUL4B), lysosomal-associated membrane protein Type 2 (LAMP2),
ATP1B4, TMEM255A, and ZBTB33 are neighboring genes on Xg24. Mutations in
CUL4B result in Cabezas syndrome (CS). Male CS patients present with dysmor-
phic, neuropsychiatric, genitourinary, and endocrine abnormalities. Heterozygous
CS females are clinically asymptomatic. LAMP2 mutations cause Danon disease
(DD). Cardiomyopathy is a dominant feature of DD present in both males and het-
erozygous females. No monogenic phenotypes have been associated with muta-
tions in ATP1B4, TMEM255A, and ZBTB33 genes. To facilitate diagnostics and
counseling in CS and DD families, we present a female DD patient with a de novo
Alu-mediated Xq24 rearrangement causing a deletion encompassing CUL4B,
LAMP2, and also the other three neighboring genes. Typical to females heterozy-
gous for CUL4B mutations, the patient was CS asymptomatic, however, presented
with extremely skewed X-chromosome inactivation (XCI) ratios in peripheral white
blood cells. As a result of the likely selection against CUL4B deficient clones, only
minimal populations (~3%) of LAMP2 deficient leukocytes were identified by flow
cytometry. On the contrary, myocardial LAMP2 protein expression suggested ran-
dom XCI. We demonstrate that contiguous CUL4B and LAMP2 loss-of-function

Am J Med Genet. 2019;1-5.
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1 | INTRODUCTION

Cullin 4B (CUL4B), lysosomal-associated membrane protein type
2 (LAMP2), ATPase Na+/K+ transporting family member beta
4 (ATP1B4), transmembrane protein 255A (TMEM255A), and KAISO
(ZBTB33) are neighboring genes that occupy ~300 kb of Xq24.

Cabezas syndrome (CS, MIM #300354) is caused by mutations in
CUL4B (Tarpey et al., 2007; Zou et al, 2007). Male CS patients
express developmental, neuropsychiatric, genitourinary, endocrine,
and dysmorphic symptoms. Females heterozygous for CUL4B muta-
tions are clinically asymptomatic but skewed ratios of X-chromosome
inactivation (XCI) in their peripheral blood suggest a selection against
CUL4B deficient leukocyte clones (Ravn, Lindquist, Nielsen, Dahm, &
Tumer, 2012; Zou et al., 2007).

Danon disease (DD, MIM #300257) results from mutations in
LAMP2. DD is characterized by cognitive deficit, cardiomyopathy, and
myopathy in male patients while delayed progression and cardiomy-
opathy dominate in heterozygous females (Brambatti et al., 2019).

No monogenic clinical phenotypes have been linked to variants in
ATP1B4, TMEM255A, and ZBTB33 genes.

Loss-of-function copy number variations (CNVs) in either CUL4B
or LAMP2 were reported in CS and DD families, respectively
(Brambatti et al., 2019; Isidor, Pichon, Baron, David, & Le Caignec,
2010; Ravn et al., 2012). Despite their proximity, a simultaneous defi-
ciency of the two genes has not yet been documented (Isidor
et al,, 2010).

To demonstrate the pitfalls of diagnostic assessment and facilitate
counseling in CS and DD families, we present clinical, tissue and
molecular findings in a female DD patient who carried a unique de
novo Alu-mediated Xq24 rearrangement causing a
encompassing CUL4B, LAMP2, ATP1B4, TMEM255A, and ZBTB33

genes.

deletion

2 | CLINICAL REPORT

Aged 25 years, the proband (Il.1) was diagnosed with dilated cardio-
myopathy and severe bilateral heart failure. The left ventricle (LV) had
normal wall thickness by echocardiography. LV ejection fraction was
20%. Moderate mitral and tricuspid valve regurgitation were also
detected. A pulsatile biventricular assist device was implanted after
10 months of pharmacological treatment due to refractory cardio-
genic shock with liver and kidney failure. Heart transplantation was

performed 3 months later. Reevaluation (at the age of 36 years) of the
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copy number variations occur and speculate that male patients carrying similar
defects could present with features of both CS and DD.

Cabezas syndrome, cullin 4B, Danon disease, female heterozygotes, lysosomal-associated

proband's pretransplantation electrocardiograph identified discrete
delta waves in lateral leads (Figure S1a).

The Wechsler Adult Intelligence Scale-ll test in the proband (per-
formed at the age of 37 years) suggested mild mental retardation (ver-
bal 1Q—66, performance IQ—68, full-scale IQ—64), with verbal scores
worse than performance subtest scores (see Supporting Materials and
Methods for index and subtest scores). No additional psychiatric
abnormalities were identified by the evaluation of anamnestic data.

No abnormalities were found by neurological examination and
brain MRI (Figure S1b-e).

The patient has no subjective visual complaints. Best-corrected visual
acuity is 1.0 in both eyes. Fundus examination in dilatation revealed salt
and pepper retinopathy (Figure S2a-d), altered autofluorescence distribu-
tion that spared the foveal and parafoveal zones (Figure S2e,f) and mild
visual field defects (Figure S2gh). High-resolution spectral-domain optical
coherence tomography detected deposits in the retinal pigment epithe-
lium/Bruch's membrane layer and hyper-reflective foci in the outer
nuclear layer. OCT angiography revealed normal retinal vasculature
(Figure S2k)). The hyperreflective signal was noted in the avascular cen-
tral zone (Figure S2m,n) by automated segmentation. Retinal nerve fiber
layer thickness of the right and left eye was normal (Figure S20,p). The
patient has a normal perception of colors, but her contrast sensitivity is
bilaterally decreased to 1.20.

The cardiologic examination was normal in the proband's mother
and brother. The father has mild hypertrophy (13 mm) of the inter-
ventricular septum as a likely consequence of arterial hypertension.

3 | MATERIALS AND METHODS

3.1 | Editorial policies and ethical considerations

The study was approved by the Ethics Committee of the authors'
home institution. Informed consent (also approved by the Ethics Com-
mittee of the authors' home institution) for presentation of the results
was obtained from all participants.

Standard laboratory protocol based on LAMP2 protein assessment
and molecular genetic studies (Majer et al., 2014; Majer et al., 2018;
Sikora, Majer, & Kalina, 2015) confirmed DD in the clinically highly
suspect proband (Il.1, Figure 1a). Multicolor flow cytometry (FC) of
the lysosomal-associated membrane protein Type 1 (LAMP1) and
LAMP2, PCR and sequence analyses of the coding gDNA and full-
length LAMP2 mRNA/cDNAs, quantitative PCR (QPCR) LAMP2 exon-
copy number testing, and XClI HUMARA assay were performed in
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FIGURE 1 (a) Family pedigree. Current age and age at heart transplantation (Htx) are shown for II.1. Two SNPs (rs5910740 and rs5910797—
positions are highlighted in Figure 1d and Figure S7) helped to identify, which of the parental alleles was affected by the rearrangement in the
proband. The genetic setup of rs5910740 (upper) and rs5910797 (lower) is color-coded in both parents and the proband. rs5910740 localizes to
a region with relative copy number 3 (Figure 1d). Paternal variant of rs5910797 was not detected (n.d.) in the proband (see also Figure S7). XCl
ratios were assessed by the HUMARA assay. (b) FC dot plots show LAMP2def monocytes and granulocytes (red arrows) with normal presence of
LAMP1 in I1.1. (c) representative image of the mosaic LAMP2 expression (brown signal) in the patient's myocardium of the interventricular septum
(borderline of LAMP2def and LAMP+ patches is highlighted, for further details see Figure S3), scale bar = 200 pm. (d) gPCR relative copy number
values (green circles) in the critical Xq24 region. Alu elements in the region with abnormally increased copy number values 3 and 4 are highlighted
in orange. Black arrowheads indicate the position and orientation of the forward (F1 and F2) Alu PCR genome walking primers used to map the
CUL4B breakpoint/junction site. Positions and orientation of AluJb and AluSx1 elements are shown by arrows. (e) Sequences of Alu elements in
the Xq24 region with the copy number 3 or 4 were aligned (Figure S5) and three reverse primers for Alu PCR genome walking were designed.
Alu_259_wt_R aligned to the most abundant and conserved part of the Alu sequence. Alu_259_4A_R and Alu_259_3C_R aligned to the most
frequent 3’ Alu variants. (f) Agarose gel of Alu PCR genome walking reactions. Specific products (black arrows) were gained only with the
Alu_259_4A_R primer (4A). The size difference (~177 bp), corresponds to the difference in position of primers F1 and F2 (Figure Sé6 shows the
breakpoint junction sequence in detail). C—control sample. (g) A model of the complex rearrangement at the mutant allele. The orientation of the
AluSx1 element that participates in the CUL4B breakpoint junction highlights the presumed inversion of the RHOXF gene cluster. Violet dotted
line marks the breakpoint junction that was not characterized [Color figure can be viewed at wileyonlinelibrary.com]

peripheral white blood cells (WBCs) as previously described (Majer 4 | RESULTS
et al., 2012, 2014). Primers used for all the PCR-based analyses are
listed in Table S1. Cytogenetic analyses of peripheral blood samples 4.1 | FC, XCl analyses, and myocardial (immuno)
followed standard protocols (Verma & Babu, 1995). histopathology
Quantification of the ratio of LAMP2+ and LAMP2 deficient

s . 49
(LAMP2def) cardiomyocytes was performed on immunohistochemically FC detected small but distinct populations of LAMP2def monocytes (~4%)

and granulocytes (~3%) in the proband (Figure 1b). This corresponded with
XCl ratios assessed by HUMARA (Figure 1a). HUMARA also showed that

the inactive androgen receptor allele was of paternal origin.

(IHC) stained sections from the formalin-fixed and paraffin-embedded
explanted heart. For additional details see Supporting Materials and
Methods.
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Myocardial histopathology showed patchy hypertrophy and
vacuolization of cardiomyocytes and fibrosis (Figure S3a,b). LAMP2
expression in cardiomyocytes was mosaic (Figure 1c) by IHC. The
cell counts of the LAMP2def and LAMP2+ cardiomyocytes were

comparable (Figure 1c, Supplementary Materials and Methods and
Figure S3c-f).

4.2 | LAMP2 molecular studies

Profile and sequence of the three full-length LAMP2 isoform mRNAs/
cDNAs were normal in the proband (Figure S4). gDNA gPCR analyses
identified ~300 kb long Xq24 region with abnormally reduced relative
copy number (1 instead of 2). The deletion started in CUL4B intron
19 (see Figure Sé for details) and encompassed the distal part of
CUL4B (including exons 20-22 that code the last 140 amino acids of
the protein and also the 3’ untranslated sequences with poly(A) sites),
and the entire LAMP2, ATP1B4, TMEM255A, and ZBTB33 genes. Five
gPCR probes downstream of the RHOXF2/RHOXF1/RHOXF2 homeo-
box gene cluster showed abnormally increased copy number values of
3 or 4 (Figure 1d). Alu PCR genome walking method was used to char-
acterize the CUL4B breakpoint/junction site (Figure 1e,f). We identi-
fied residual sequences of AluJb (strand-) from intron 19 of CUL4B
and AluSx1 (strand+) (Figure Sé) from the Xq24 region with relative
copy numbers of 3 and 4 (Figure 1d). G-banded chromosome analysis
identified a normal female (46, XX) karyotype. Genotyping of two
Xq24 single nucleotide polymorphisms (SNPs; rs5910740 and
rs5910797) in the proband and her parents (Figure 1a, Figure S7, and
Table S1) suggested that the Xq24 rearrangement affected the pro-
band's paternal allele. The mutation-specific sequences were not iden-
tified in WBCs of either parent or the father's sperm (Figure S8).

5 | DISCUSSION

We present clinical findings and results of laboratory analyses in a
female proband with a unique complex de novo Xq24 rearrangement
(Figure 1g) that caused a deletion impacting the distal part of CUL4B
and the complete sequences of LAMP2, ATP1B4, TMEM255A, and
ZBTB33 genes.

The ophthalmic symptoms, myocardial histopathology, and mosaic
LAMP2 expression corresponded to findings in DD female patients
(Brambatti et al., 2019). In contrast to the latter study, however, the
patient reached the end-stage heart failure more than 10 years earlier
than DD females presenting with dilated cardiomyopathy.

Instability (and most probably also decay) of the putative CUL4B
transcript is expected in the proband. Any truncated CUL4B protein
(773 instead of 914 amino acids in length) would also likely not be sta-
ble, not complex with its partners, and fail the ubiquitination function
(see Figure S9). Similar to other CUL4B female heterozygotes, our
patient was asymptomatic in nonpsychiatric clinical domains that are
usually impacted in male CS patients (Tarpey et al., 2007; Zou et al.,
2007). Her mild mental retardation could be caused by the pathogenic
effects of both LAMP2 and CUL4B mutations. However, the
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contribution of the pathogenic variants in either of the two genes to
this particular phenotype is impossible to establish.

An additional finding typical for female CS heterozygotes, XCl
ratios were extremely skewed (presumably due to selection against
CUL4B deficient cellular clones) in several of the proband's tissues
including peripheral blood (Zou et al., 2007). This phenomenon was
reflected by minimal but distinct LAMP2def populations of peripheral
WBCs. On the contrary, the fraction of LAMP2def cardiomyocytes
was comparable to the number of cardiomyocytes that expressed
LAMP2 normally. This tissue-specific discrepancy suggests that the
selection may not be universal to all cell types/tissues. Interestingly, a
similar phenomenon was suggested in heterozygous female Cul4b
knock-out mice (Jiang et al., 2012).

Little is known about the function of the three other deleted
genes (ATP1B4, TMEM255A, and ZBTB33). ATP1B4 is a muscle-
specific protein of the inner nuclear envelope (Zhao, Pestov,
Korneenko, Shakhparonov, & Modyanov, 2004), TMEM255A is a
predicted transmembrane protein (UniProtKB), and ZBTB33 (KAISO)
is a zinc-finger containing transcriptional factor involved in cell cycle
regulation and cancer progression (Schackmann, Tenhagen, van de
Ven, & Derksen, 2013). Variants in these three genes have not been
associated with any defined human genetic phenotype. Contribution
of their reduced copy number to the proband's phenotype is thus
speculative.

As repetitive elements often contribute to LAMP2 CNVs (Majer
et al., 2018), we used the Alu PCR genome walking technique and
identified residual AluJb and AluSx1 sequences in the breakpoint junc-
tion (Figure 1e and Figures S5 and Sé). Detailed analysis of this junc-
tional sequence suggested an inversion of the RHOXF2/RHOXF1/
RHOXF2 homeobox cluster as part of the complex Xq24
rearrangement. The full characterization of the other breakpoint(s)
(violet dots in Figure 1g) was not completed because of the high con-
tent of repetitions in the region.

Overall, our data demonstrate that deletion CNVs contiguously
affecting CUL4B and LAMP2 occur. In reference to findings in the
presented proband, the clinical phenotype in heterozygous females
with similar genetic setup is expected to be dominated by cardiac DD
symptoms. The values of XClI ratios in WBCs and quantitation of the
LAMP2def leukocyte populations in these patients should, however,
be interpreted cautiously, because the results of these tests may be
impacted by the (likely tissue-specific) effects of the CUL4B mutation.
In male patients, on the contrary, a contiguous CUL4B and LAMP2
loss-of-function CNV could result in a phenotype combining symp-
toms of CS and DD.
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