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Abstract: With the development of deep sequencing, a significant proportion of mutations already listed in studies
have inconclusive pathogenicity. We aim to establish the proportion of cases in which familial studies are possible
and cosegregation analysis is informative. We also compare cosegregation analysis with in silico software and a
proposed pathogenicity score. 204 consecutive positive tests were reviewed. 4 different in silico software programs
were used. Spaendonck-Zwarts’ pathogenicity score was also calculated. A total of 73 of the missense variants
could be classified by the score as being likely or definitively pathogenic. A high percentage of nonsense variants
were found in desmosomal genes and missense variants in sarcomeric genes. 36.3% of the missense variants
in our cohort classified as very likely or definitively pathogenic were novel. Cosegregation analysis was positive in
19.5% and could be discarded in 15.6%. There was a significant discrepancy between the in silico tools used in
the setting of inherited heart disease. Multiparametric scoring systems which include cosegregation and functional
studies seem to perform better than individual prediction software.
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The development of new generation sequencing technologies and massive sequencing has
led to the identification of new genes associated with cardiomyopathy [1]. The number of
genetic variants has increased exponentially. In
the majority of cases, up to two thirds of rarely
(MAF<1%) detected variants are not included in
reference databases (Ensembl, NCBI) [2]. Even
in the case of already listed mutations, pathogenicity studies turn out to be inconclusive.

risk patients might need the implantation of a
defibrillator for the prevention of malignant
arrhythmia [5]. In the cases of carriers of mutations in ion-channel genes, even if asymptomatic in a normal ECG, medication is recommended (those with long QT syndrome (LQTS)
and catecholaminergic ventricular tachycardia
(CPVT) and they are encouraged to adopt lifestyle modifications (avoiding contraindicated
medication in LQTS, CPVT, Brugada syndrome
(BrS), and disqualification from competitive
sports).

A significant proportion of mutations considered to be causally associated with hypertrophic cardiomyopathy (HCM) or dilated cardiomyopathy (DCM) identified in the Sanger era
have been identified in exome sequencing projects in control populations of different ethnicities [3, 4].

Despite genetic studies being recommended in
documents published by experts and international clinical guidelines, the yield of the tests
has geographical variability [6-8]. The use of
deep sequencing or next generation sequencing (NGS) technologies in hereditary heart disease is currently a subject of debate [9].

Establishing pathogenicity in the case of hereditary heart disease has important implications
for diagnosis, prognosis and counseling. High

Once technological issues have been addressed and the cost has been dramatically
reduced, the main challenge remaining is to
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establish the pathogenicity of new genetic variants [4, 10-16]. Functional analysis and familial
studies are crucial to guarantee the correct
identification of the pathogenicity of genetic
variants.
We aim to establish the proportion of cases in
which familial studies are possible and cosegregation analysis is conclusive. We also compare cosegregation analysis with in silico software and a proposed pathogenicity score.
Material and methods
Patient cohort
Patients included in this study were all evaluated at a specialist Inherited Cardiac Disease
Unit at the Virgen de la Arrixaca University
Hospital (Murcia, Spain) from 2003 to 2015. A
total of 260 consecutive apparently unrelated
index patients with a positive genetic result
were included: 135 (46.4%) HCM, 42 (14.4%)
DCM, 24 (8.2%) ARVC, 26 (8.9%) BrS, 20 (6.9%)
LQTS, 7 (2.4%) SADS, 5 (1.7%) LVNC, 3 (1.0%)
neuromuscular disease with cardiac involvement, and 29 (9.9%) other inherited heart
diseases.
Clinical diagnosis was carried out according to
published international clinical guidelines [17,
18]. The screening of relatives was carried out
when a mutation was identified in an index
case. The average number of affected relatives
studied when families were available for screening was 3.7±3.8. This study was approved by
the local ethics committee at our institution. All
patients were informed about the study and
provided signed consent for the genetic
analysis.
Genetic analysis
Genomic DNA was extracted from blood samples using standard methods (Maxwell 16
blood DNA kit, Promega). Genetic analysis
included selected genes associated with each
type of heart disease. Variants were grouped
into 4 categories, based on their activity and
location: ion-channel genes (SCN5A, KCNQ1,
KCNH2, KCNE1, KCNE2, RYR2, CACNA1B,
CACNA1C, CACNA1D, CACNA1H and CACNAB2),
desmosomal genes (PKP2, DSP, DSC, DSG,
DES), sarcomeric genes (MYBPC3, MYH7,
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TNNT2, TNNI3, TPM1, TNNC1), cytoskeletal or
Z-bands genes (ZASP, MYOT, TTN, DES, FLNC).
Non-missense variations included: ins/del, frameshift, nonsense and intronic variations up to
±6 bp at the end of the exon. Non-missense
variants were not included in the study of bioinformatics, cosegregation or function. These
variants were considered as radical and causative mutations.
Sanger sequencing exon by exon was the method used in studies from 2003 to 2012.
Afterwards, from 2012 to 2015, NGS technologies led to the use of larger panels (45, 29.2%
of the tests (per patient), with a mean of
137.7±71.9 genes/NGS study).
First section of variant analysis: bioinformatic
analysis
To evaluate the pathogenicity of missense variants we used a multiparametric scoring system
based on the one published by van SpaendonckZwarts and her research group [19]. This scoring system includes 10 items in a first phase (in
silico) and 2 items in a second phase (reassessment) which involves functional and cosegregation analysis.
The following in silico tools, more commonly
used for missense variant interpretation in clinical laboratories, were applied: Polyphen v.22
[20], SIFT [21] and MutationTaster [22].
Additional tests carried out for bioinformatic
analysis included Grantham distance, AlignGVGD and Blosum 62 matrix; and for the evaluation of evolutionary conservation level alignments between different isoforms and different
species, the splicing module from Alamut visual
v.2.7.0.0.software was used. The allele frequency in the Caucasian population of the control group was available (http://evs.gs.washington.edu/EVS/). A comprehensive literature and
database search was preformed (Ensembl,
HGMD, the Exome Variant Server and a functional analysis). A detailed explanation of the
scoring system used is provided in the supplementary material (Supplementary Table 1).
In the first phase of the analysis, a score was
assigned to each one of the parameters, and
variants were classified into 4 different categories. The van Spaendonck-Zwarts’ score ranged
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from 0 to 13.75, and as the score increased,
the likelihood of the variant being pathogenic
also increased. Variants scoring <25% were
considered as benign while those between
25-45% were probably benign, Variant of
Uncertain Signficance-1 (VUS1). A score of
between 45-70% indicated a variant of
Uncertain Clinical Significance (VUS2), and a
score of >70% mean it was likely to be pathogenic (VUS3).
A study carried out by Jordan and his research
group describes a computational method for
the assessment of missense variants in HCM.
This predictor uses phylogenetic and structural
features specific to genes involved in HCM.
Based on its predictions, we have analyzed and
compared the final scores of our sarcomeric
variants (N=49) with the results using Jordan’s
scoring system.
We analyzed all 154 missense variants with the
in silico software. However in some variants it
could not be carried out by some of the software. One hundred and eight variants had a
prediction result from all the programs which
were used to correlate the quality parameters.
Second section of variant analysis: cosegregation and functional study
The final result of the prediction analysis was
calculated including the functional analysis
(when it was available in the literature search)
and the familial cosegregation analysis (either
from the literature or from our own series).
In the second phase of the analysis, and following Van Spaendonck-Zwarts’ scoring system,
variants were reclassified into 5 categories:
definitively benign, VUS1, VUS2, VUS3 and
definitively pathogenic.
Cosegregation analysis
In this section we analyzed the cosegregation
value in families with informative pedigrees:
ones having at least 3 affected relatives. In
addition, in families with 2 affected members,
with one of them being a non-carrier, the variant was considered as non-disease-causing.
Statistical analysis
Statistical analysis was performed using SPSS
(version 15.0) statistical software (SPSS Inc.,
1726

Chicago, IL, USA). We used the analysis of software described by group of Thusberg [23]. The
quality of the predictions is described using 6
parameters: accuracy, precision, sensitivity,
specificity, negative predictive value (NPV) and
the Matthews correlation coefficient (MCC).
The MCC [24] statistic is unaffected by the differing proportion of neutral and pathogenic
datasets predicted by the different programs.
The MCC is in essence a correlation coefficient
between the observed and predicted binary
classifications returning a value between -1
and +1. A coefficient of +1 represents a perfect
prediction, 0 no better than a random prediction, and -1 indicates total disagreement between the prediction and observation. Because
of its insensitivity to differing test set sizes, it
gives a more balanced assessment of performance than the other performance measures
[25]. Correlations between the program outputs were calculated by counting all of the common cases and those predicted correctly, and
using Spearman’s rank correlation coefficient.
Results
Genetic study type of variant
Two hundred and sixty consecutive index
patients with inherited heart disease who had a
positive genetic result were included. A total of
204 variants were detected in 42 different
genes, 102 (66.2%) of these were novel variants. The following types of genetic variants
were detected: 154 (75.5%) missense variants
and 50 (24.5%) radical variations (24 premature stop codons, 12 intronic variants likely to
alter splicing, 9 ins/del variants and 5 frameshift mutations). Cascade screening in relatives
led to the identification of a total of 554 gene
carriers. In 84 missense variants there were 2
or more carriers.
Distribution of missense variants per group of
genes was: 50 (32.5%) variants in sarcomeric
genes, 18 (11.7%) in desmosomal genes, 45
(29.2%) variants in ion-channels and 15 (9.7%)
in Z-band genes. Eleven premature stop codons
were identified in desmosomal genes, which
accounted for 45.8% of the truncation variants
detected (followed by 6 in Z-band, 5 in sarcomeric genes and 3 in ion-channel genes). Two
(40.0%) of the 5 frameshift variants were identified in sarcomeric and desmosomal genes
respectively while in Z-band and ion-channel
Am J Transl Res 2019;11(3):1724-1735
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Figure 1. Number of each type of variant (insertion/deletion, frameshift, intronic, truncation and missense) and
distributed by group of genes.

5.6% in ion channel genes
(Figure 1). Intronic variants accounted for 7.5% of
those found in ion-channel genes, 8.6% in desmosomal genes, 4.0% in cytoskeletal genes and 0.0% in
sarcomeric genes. Ins/del
accounted for 12.0% of
those found in cytoskeletal genes, 5.0% in sarcomeric genes and 1.9% in
ion-channel genes and
2.8% in desmosomal genes. Frameshift accounted for 5.7% in desmosomal genes, 3.3% of thoFigure 2. Congruence between 2. 3 or 4 types of software. Congruence is considse found in sarcomeric
er positive when different software agree that a variant is pathogenic and negagenes, and 0.0% in cytotive when the results of the software agree that the variant is non-pathogenic.
skeletal genes and ionchannels. Radical variants
genes we failed to find any frameshift variant.
in desmosomal genes accounted for 48.6%
variants, followed by 40.0% in cytoskeletal
We found 12 intronic variants; 4 (33.3%) in
genes, 16.6% in sarcomeric genes and 15.1%
ion-channels, 3 (25.0%) in desmosomal genes
in ion-channel.
and 1 (8.3%) in cytoskeletal genes.
When we analyzed each group of genes by type
of variant, we found a high percentage of missense variants, particularly in both ion-channel
genes (84.9% of which corresponded to missense variants), and sarcomeric genes; missense variants were detected in 83.3%. However, in cytoskeletal and desmosomal genes
the percentage was lower, comprising 60.0%
and 51.4% respectively. It is noteworthy that
truncation variants accounted for 31.4% of
those found in desmosomal genes, 24.0% in
Z-band genes, 8.3% in sarcomeric genes and
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Pathogenicity analysis of missense variants
In silico prediction: MutationTaster was the
software with the highest proportion of likely
pathogenic mutations (120, 78.9%), followed
by Pmut (96, 77.4%), Polyphenv.2 (85, 65.9%),
and Sift (81, 55.9%). All 4 types of software had
a similar positive result in 46 (27.3%) of the
variants (positive congruence), and they had a
similar negative result in 6 (3.9%) (Figure 2). A
correlational study was conducted to determine the concordance between the different
software used for the prediction of pathogenic-
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We compared the concordance between genes with a
structural (N=62) and ionic
transporter function (N=38)
which needed to have predictions from all 4 types of
software. All 4 kinds of prediction software matched in
55.2% of the ionic transporter variants and 3 matched in
42.1% (97.3%, 3 or 4). The
congruence of the different
kinds of software was lower
for variants in structural
genes, and 4 types of software gave similar results in
33.9% and 3 matched in
32.3% (in 66.2% 3 or 4 had
similar results).
Phase I Spaendonck-Zwarts’
scoring system
All missense variants were
analyzed and scored using
this algorithm. Fifty-eight
Figure 3. On the left the columns represent the percentage of congruence be(37.7%) variants were classitween the kinds of software. The right columns show the correlation between
fied as very likely to be
software calculated as the Spearman correlation coefficient.
pathogenic (VUS3) in the
first phase of in silico predicity present in Figure 3. MutationTaster software
tion. Sixty (38.9%) were classified as VUS2 and
35 (22.7%) as VUS1. Only 1 (0.6%) variant could
presented a ρ(rho) value of 0.453 using
be classified as clearly benign.
Polyphen v.2 software, interpreted as having
moderately positive agreement. Polyphen v.2
The Jordan prediction system for sarcomeric
with SIFT showed moderate agreement too:
variants
0.424. The prediction program Pmut obtained
the least concordance with the rest of the softWe applied the Jordan prediction system to sarware: with SIFT it was ρ=0.160, with Polyphen
comeric variants; 49 (31.8%) of the 154 variv.2, ρ=0.136 and with MutationTaster, ρ=0.101,
ants could be predicted with this score. Fifteen
all interpreted as having a ρ value with poor
(9.7%) were not predicted, with readings such
agreement.
as “no call”, 10 (6.5%) variants were predicted
to be benign, and 11 (7.1%) as pathogenic.
The performance of sensitivity and specificity
of the software programs were compared with
the considered “gold standard”, cosegregation,
in variants with an available prediction for the 4
kinds of software (Table 1). MutationTaster had
the highest sensitivity (82.0%) but the worst
negative predictive value (NPV) (22.0%).
Polyphen v.2 showed a sensitivity of 72.0% and
a 41% NPV, Pmut had 74% sensitivity and a
41% NPV and SIFT showed a sensitivity of
53.0% and an NPV of 25%.
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Phase II Spaendonck-Zwarts’ scoring
In the second phase we introduced cosegregation and functional study information to carry
out the final prediction of pathogenicity.
Cosegregation obtained a score of 2 (possible
cosegregation) for 11 variants, 3 (probable
cosegregation) for 3 variants and 4 (very likely
pathogenic) for 10 variants. Only 24 (15.6%)
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Table 1. Performance of prediction methods
Performance
tp

Taster

Polyphen

Sift

28

Pmut
28

31

tn
fp
fn
Cases +
Cases Accuracy = TP+TN/TP+TN+FP+FN
Precision = TP/TP+FP
Specificity = TN/TN+FP
Sensitivity = TP/TP+FN
NPV = TN/TN+FN
MCC = (TPxTN)-(FNxFP)/√(TP+FN)(TP+FP)(TN+FP)

2
14
7
84
24
0.61
0.69
0.13
0.82
0.22
-0.07

7
11
11
70
38
0.61
0.72
0.39
0.72
0.39
0.11

7
11
10
82
26
0.63
0.72
0.39
0.74
0.41
0.13

6
12
18
64
44
0.46
0.63
0.33
0.53
0.25
-0.13

20

TN: true negative; TP: true positive; FN: false negative; FP: false positive; NPV: Negative predicted value; MCC: Matthews correlation coefficient.

could be classified using this cosegregation
score.
A functional analysis was available in the literature in only 12 (7.8%) variants, being convincingly deleterious in 6 (50.0%) cases, likely to be
aberrant in 4 (33.3%), and inconclusive or not
functionally aberrant in 2 (16.6%).
In the final prediction 16 variants (10.4%) were
classified as definitively causative, 8 (57.1%) in
sarcomeric genes, 3 (21.4%) in the ion-channels and 1 in cytoskeletal genes. Fifty-seven
(37.0%) variants were classified as very likely to
be causative (VUS3); 23 (40.3%) in sarcomeric
genes, 16 (28.1%) in ion-channel genes, 6
(10.5%) in desmosomal genes and 4 (7.0%) in
cytoskeletal genes. Fifty-one variants were
classified as VUS2, 31 as VUS1, and only 1 as
clearly not pathogenic. Eleven of the definitively
causative variants were described in the literature but only 3 (21.4%) appeared in the ClinVar
public archive (http://www.ncbi.nlm.nih.gov/
clinvar/) classified as pathogenic. Application
of the score with the data presented in this
study led to the reassessment of the pathogenic variant of 4 variants with conflicting interpretations of pathogenicity.
When we analyzed the yield of genetic testing in
the different groups of genes, shown in Figure
4, in the sarcomeric group (N=50), 23 (46.0%)
of the variants were classified as VUS3 and 8
(16.0%) as definitively pathogenic. In the ionchannel group (N=45) 16 (35.5%) variants were
shown to be VUS3 and 3 (6.6%) were definitive1729

ly pathogenic. In the desmosomal group (N=18),
6 (33.3%) variants were classified as VUS3 and
none as definitively pathogenic. Finally, in the
cytoskeletal group (N=15), 4 (26.6%) variants
were classified as VUS3 and 1 (6.6%) as being
definitively pathogenic.
An analysis of phases I and II of the SpaendonckZwarts’ scoring system is shown in Figure 4.
Cosegregation analysis
Cosegregation analysis was possible in 44
(28.6%) variants with informative pedigrees
(with at least 3 affected relatives with available
DNA samples). Cosegregation was probable
(positive) in 31 (19.5%) and could be ruled out
in 14 (9.1%) of the variants in which a wildtype
affected relative was found. Thirty-three variants were present in families with 2 affected
relatives. In these cases the cosegregation
analysis was inconclusive for 3 variant while 10
variants were classified as definitively negative
and 20 as possible. In total, positive or negative cosegregation was possible in 54 (35.1%)
variants (Figure 5).
The variants with at least 2 affected relatives
had an average of 4.3±4.4 affected wildtype
subjects and 3.7±3.8 affected carriers per
variant.
Recurrent variants
Fifteen of the 154 variants were present in at
least 2 families. These variants were described
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Figure 4. A. Number of variants detected (N) according to the type of variant grouped by cluster of genes. B. Study of prediction of pathogenicity in 2 phases. The
first score, it is not considered the cosegregation study. The second score, the cosegregation study was included, and a reclassification of the variants studied is
showed. The variants are classified as benign, VUS1, VUS2 and VUS3. VUS (variant of uncertain significance).
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meric genes [26, 27]. The
percentage of missense mutations in MYBPC3 (66.6%),
the genes most frequently
associated with HCM, was
higher in our series than in
the one reported by Jordan
(35%) [11].

Figure 5. Cosegregation value according to the number of affected relatives
per variant. In the X axis the number of relatives carrying a variant is showed.

in the literature but only 11 were registered in
ClinVar: 9 had conflicting interpretations of
pathogenicity, 1 had associated clinical significance which was benign and the other was
pathogenic. Twelve variants were in sarcomeric
genes (5 MYBPC3, 1 MYH6, 4 MYH7, 1 TNNT2),
2 in SCN5A, 1 in a DSP gene and 1 in a ZASP.
Five variants were upgraded one level after
cosegregation and a functional analysis, and 3
variants were upgraded two levels. In total, 6
variants were reassessed as definitively causing variations. Described recurrent variations
are listed in Table 2.
Discussion
Geneticists and cardiologists working in inherited heart disease units worldwide would agree
that the challenge of the integration of genetic
information into medical practice is necessary
for the correct evaluation of the pathogenicity
of detected variants.
It is notable that half of the missense variants
detected were already reported in the literature
(53.1%). The proportion of novel missense variants in our cohort classified with a score indicating a very likely or definitively pathogenic
variant was 34.2%. This highlights the importance of causality studies in order to appropriately classify novel variants and to reassess
the pathogenicity of old variants.
In keeping with other series, there was a high
percentage of non-sense mutations in desmosomal genes and missense mutations in sarco1731

With the help of the proposed
Spaendonck-Zwarts score, a
total of 73 (47.4%) of the missense variants identified in
our inherited heart disease
unit could be classified as
very likely or definitively causative. This percentage was
higher in sarcomeric genes
(62.0%) and lower in cytoskeletal genes (33.2%).

The value of cosegregation based on the study
of informative pedigrees was measured to be
35.1% in our cohort. Cosegregation analysis
was possible in a significant proportion of families. This is the first time cosegregation analysis has been evaluated in this context of the
study of inherited heart diseases.
Another novelty of the present study is the analysis of the value of different types of commonly-used in silico software and the correlation
between them. In silico software only gave consistent results in a minority of missense variants evaluated by all 4 software programs
(31.2%).
The majority of prediction software available
have a low level of accuracy of between 65-80%
[23]. Most tools tend to have a low specificity,
resulting in the over-prediction of missense
changes as being deleterious, and they are not
as reliable at predicting missense variants with
a mild effect [28]. Unfortunately, current in silico classification schemes for predicting the
pathogenicity of missense variants have a low
predictive power for classifying cardiomyopathy
variants [26]. In our study the software with the
best prediction results for assessing the clinical significance of variants was MutationTaster.
Due to the fact that genetic information can
influence clinical decision making, the implementation of objective multiparametric methods (integrating in silico software, functional
analysis and cosegregation analysis) for the
Am J Transl Res 2019;11(3):1724-1735
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Table 2. Described recurrent variants found in at least 2 different families
Gene

Variants

Nº
Affected Affected
Affected
families
WT
carriers

Associated
pathology

SubClinVar
ReasAffected
classification Interpreta- sesment
age
pathogenicity
tion
causality

MYBPC3
p.E1179K

3

4

0

4

HCM

35.3

VUS2

CI

VUS3

p.E441K

2

5

3

1

HCM/BSr

46.4

VUS3

CI

VUS3

p.R326Q

3

5

2

3

DCM/HCM/MCE

62.5

VUS2

BPB

VUS2

p.E258K

5

13

0

12

HCM

40.9

VUS3

Pathogenic

DC

p.A1004S

2

5

0

5

HCM

63.0

VUS2

CI

DC

p.R1382Q

3

4

0

3

HCM

33.5

VUS3

----

DC

p.D928N

3

7

0

7

HCM

34.5

VUS3

----

DC

p.A355S

4

7

1

6

HCM

53.3

VUS2

----

VUS2

p.T1377M

5

17

1

15

HCM

39.8

VUS3

CI

VUS3

p.K253R

2

3

0

0

HCM

40.0

VUS1

Benign

VUS1

p.R278C

2

2

0

1

HCM

44.0

VUS3

CI

VUS3

p.G1743R

4

9

0

8

BSr

30.8

VUS3

----

DC

p.D772N

2

2

0

2

BSr

49.0

VUS2

CI

VUS2

p.D2070N

2

2

1

1

BSr/QTL

41.0

VUS2

CI

VUS2

*p.D117N

2

27

6

19

DCM

35.3

VUS2

CI

DC

*p.R636H

1

24

3

21

DCM

VUS2

Pathogenic

DC

MYH6
MYH7

TNNT2

SCN5A

DSP
ZASP
RBM20
*These variants were detected in a big family and we confirmed their pathogenicity. Conflicting interpretations: CI. Benign/probably benign: BPB.
Definitively causing: DC.

appropriate classification of new variants is of
paramount importance. No single in silico software program seems to perform well enough to
be used in isolation.
We have demonstrated significant discrepancies between the in silico tools used in the setting of inherited heart disease (45-65%, Figure
3). MutationTaster with Polyphen v.2 showed a
high level of congruence (92%). Polyphen v.2
turned out to be the one with the best agreement among the software used, and is the
most consistent with the results obtained using
cosegregation. The software with most false
negative results was SIFT. MutationTaster was
the software with the highest sensitivity. This
information is important for the interpretation
of reports from genetic laboratories. Furthermore, algorithms can have vastly different predictive capabilities for different genes [29]. In
this regard, we have demonstrated significantly
higher percentages of agreement in ion-chan-
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nel genes compared to structural genes (97%
vs. 65%, for 3 or 4 congruent results).
The yield of genetic testing per condition published in other series differs from our results.
In the cohort of Hofman, the scoring system
proposed by Spaendock-Zwarts et al. was
used to detect a possible disease-causing variant (pathogenic mutation, VUS3 or VUS2) in
702 families (31%), a percentage that is lower
than in ours. We found 73 (47.4%) variants
which could possibly be disease-causing: an
average of 62% in HCM, 42% in several channelopathies (LQTS, BrS and CPVT) and 22% in
dilated cardiomyopathy [30]. In the SpaendonckZwarts series, they found a mutation in 82 out
of 418 index patients with idiopathic dilated
cardiomyopathy (20%) [19]. Regarding the
Jordan method for sarcomeric variants [11],
81.8% matched with our score compared to
40% of the benign variants. The rest of the
analyzed variants (N=28) were “uncovered”
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(variants not predicted) by the Jordan scoring
system, compared with our prediction; 4 variants could be classified as definitively pathogenic, 12 as VUS3, 11 as VUS2 and 1 as VUS1.
Therefore, the yield of our prediction method is
better in terms of sarcomeric variants: 32.6%
(N=16) of the variants (48 families), would have
not received the familial study and closer monitoring if the cosegregation analysis would not
have been used in the present study.
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Supplementary Table 1. Pathogenicity score
1. Prediction pathogenicity
softwares

2. Evolutive conservation and
amino acids differences

4. Data bases and Literature (HGMD,
TGP, Ensembl, EVS, ClinVar)

5. In silico analysis of
splicing

3.1. Conservation between isoforms……........…score
75%-100%..............................................................0.5
35%-74%..............................................................0.25
0%-34%......................................................................0

4.1. Minor allele Frecuency (%)…….........…score
No present………………………....………...............….2
0< frec ≤0.02………………….…………..........….1.5
0.02< frec ≤0.05………………….……………........1
0.05< frec ≤0.01……………..….…...…….....….0.5
>0.1……………………….…………...…….................0
>40 control allele ………………no pathogenic

Analysis of splicing..........score
Alteration of splicing…......... 2
Very likely……………...........…1.5
Probably……………..............…….1
Possibly…………..…............…..0.5
Not likely……..….….............…….0

1.2. Polyphen v.2………....….score 2.2. Aling-GVGD…………..………......….score 3.2. Conservation between species………......…score
Disease causing……….......…...….1 Clase 65……………………….......…………1.25 All mammals and almost all lower animals.............1
Polymorphism………..….…........…..0 Clase 55………………………..…...........…1.00 All mammals and a few lower animals...............0.75
Clase 45………………………….…......……0.75 Almost all mammals and no lower animals.........0.5
Clase35 ………………………….......………0.50 Other...........................................................................0
Clase 15/25……………….……....……..…0.25
Clase C0……………………..........….……..0.00

4.2. Own laboratory and other sources…score
Single proband…………………………..…................0
>1 (absent in local controls)……….…...........…1
Reported literature in affected………............…2

1.1. SIFT……………............….score 2.1. Grantham distance………..……score
Intolerant..………....….........……..….1 Large distances (>140)………..…….….…2
Tolerant………………….............……..0 Moderate distance (≤140)………..….…..1
Benign (≤70)…………………….…...........…..0

3. Conservation

2.3. Blosum 62……………..….……….score
<-2…………………………………….........…….1
-1……………………………………..........….0.5
≥0……………………………………........……..0
SCORE sub-classification………………………….(0-13.75)
% SCORE
<25%………………..………....not pathogenic
25%≤ score <45%………………………VUS 1
45%≤ score <70%………………………VUS 2
>70%................................................VUS 3
6. Label

Premise

Score

7. Functional analysis

Score

Very likely pathogenic

De novo mutation or ≥6 affected family
members with the mutation and no
affected without the mutation

4

Functionally aberrant

3

Probably cosegregation

5 affected family members with the
mutation and no affected without the
mutation

3

Possibly functionally aberrant

1

Possible cosegregation

3-4 affected family members with the
mutation and no affected without the
mutation

2

Unclear/not functionally aberrant

0

Cosegregation unclear

2 affected family members with the
mutation and no affected without the
mutation

1

Only index/no cosegregation

affected family members without the
mutation

0

Study in silico.

1

