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BACKGROUND: The hypothesis of the Dilated Cardiomyopathy Precision Medicine Study is that most dilated cardiomyopathy 
has a genetic basis. The study returns results to probands and, when indicated, to relatives. While both the American College 
of Medical Genetics and Genomics/Association for Molecular Pathology and ClinGen’s MYH7-cardiomyopathy specifications 
provide relevant guidance for variant interpretation, further gene- and disease-specific considerations were required for 
dilated cardiomyopathy. To this end, we tailored the ClinGen MYH7-cardiomyopathy variant interpretation framework; the 
specifications implemented for the study are presented here.

METHODS: Modifications were created and approved by an external Variant Adjudication Oversight Committee. After a pilot 
using 81 probands, further adjustments were made, resulting in 27 criteria (9 modifications of the ClinGen MYH7 framework 
and reintroduction of 2 American College of Medical Genetics and Genomics/Association of Molecular Pathology criteria 
that were deemed not applicable by the ClinGen MYH7 working group).

RESULTS: These criteria were applied to 2059 variants in a test set of 97 probands. Variants were classified as benign 
(n=1702), likely benign (n=33), uncertain significance (n=71), likely pathogenic (likely pathogenic; n=12), and pathogenic 
(P; n=3). Only 2/15 likely pathogenic/P variants were identified in Non-Hispanic African ancestry probands.

CONCLUSIONS: We tailored the ClinGen MYH7 criteria for our study. Our preliminary data show that 15/97 (15.5%) probands 
have likely pathogenic/P variants, most of which were identified in probands of Non-Hispanic European ancestry. We 
anticipate continued evolution of our approach, one that will be informed by new insights on variant interpretation and a 
greater understanding of the genetic architecture of dilated cardiomyopathy.

CLINICAL TRIAL REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT03037632
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The Dilated Cardiomyopathy (DCM) Precision Medi-
cine Study was launched in 2015 to test the hypoth-
esis that both familial and nonfamilial DCM have a 

genetic basis. For this study, DCM is defined as nonisch-
emic disease and idiopathic, after excluding nongenetic 
etiologies.1 The study, which aims to recruit 1300 indi-
viduals with DCM (600 non-Hispanic ethnicity African 
Ancestry, 600 non-Hispanic ethnicity-European Ancestry, 

and 100 Hispanic ethnicity; 50% female) and 2600 rela-
tives, includes a randomized controlled trial to evaluate 
the effectiveness of an educational guide (Family Heart 
Talk) on the uptake of and adherence to cardiovascular 
screening in at-risk relatives. Families are recruited at 
DCM Consortium sites, by telephone, and mail.2

After exome sequencing in probands and affected 
relatives, results from analysis of 35 DCM genes (see 
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Data Supplement) are returned to probands and relatives 
of probands who are found to carry likely pathogenic or 
pathogenic (LP/P) variants. As part of the study, peri-
odic screening is recommended for unaffected relatives 
with LP/P variants. Unaffected relatives who do not 
carry a known LP or P variant identified in the proband 
are discharged from surveillance. For at-risk relatives 
of probands in whom a LP/P variant is not identified, 
surveillance is recommended. These screening recom-
mendations follow Heart Failure Society of America and 
the American College of Medical Genetics and Genom-
ics (ACMG)3,4 guidelines and depend on accurate variant 
interpretation.

The ability to conduct large-scale molecular genetic 
testing has resulted in an increased volume of sequence 
variants, and, consequently, new challenges in interpre-
tation. This prompted ACMG to revise prior guidance,5 
resulting in updated standards, jointly with the AMP 
(Association for Molecular Pathology).6 Recognizing that 
the ACMG/AMP standards serve a broad spectrum of 
single-gene conditions, the ClinGen7 Cardiovascular 
Domain Working Group tailored ACMG/AMP guidance 
for cardiovascular disease.8 Incorporating the genetic 
features of cardiomyopathy (phenotypic, locus, and allelic 
heterogeneity, reduced and adult onset penetrance, mul-
tiple variants interacting to cause disease), the ClinGen 
Inherited Cardiomyopathy Expert Panel (CMP-EP), which 
included 2 members of this author group (A. Morales, Dr 
Hershberger), published specifications for hypertrophic 
and dilated cardiomyopathies focused on MYH7.9 The 
MYH7 specifications provided a foundation for the vari-
ant interpretation criteria needed to conduct our study; 
however, further specifications were required to incor-
porate considerations that are unique to DCM. To this 
end, we tailored the ClinGen MYH7 variant interpretation 
framework. The resulting criteria, along with preliminary 
data, are presented here.

METHODS
Please see the Data Supplement for complete methods. The 
relevant variant curation criteria are summarized (Table 1). The 
nonpilot variant data used for this analysis, excluding 1500 

unique variants unlikely to change protein function based on pre-
dicted Sequence Ontology10 impacts, are provided in the Data 
Supplement. Source code and complete variant and adjudication 
data are available upon request from the authors. All research 
participants provided signed informed consent. Institutional 
Review Board approval was obtained for this study, initially locally 
at each of the participating clinical sites of the DCM Consortium, 
and later with study oversight provided by a single Institutional 
Review Board at the University of Pennsylvania.

RESULTS
Pilot Study
A pilot study was conducted with the first 81 probands 
enrolled in the study. Of these, 40 (49%) carried only 
likely benign (LB) or benign (B) variants. The rest car-
ried variants of uncertain significance (VUS; n=30, 37%) 
and LP variants (n=11, 14%). Three challenges were 
identified from this exercise: limited gene-specifications 
for predicted loss-of-function (LOF) variants, evaluation 
of a variant’s absence or rarity in reference populations, 
and use of computational data. Further adjustments, as 
described below, were approved by the Variant Adjudica-
tion Oversight Committee (VAOC; Chair, Dr Jarvik; Mem-
bers, Drs Burke, Dorschner, Gastier-Foster, and Rehm).

To address the first challenge, a very strong criterion 
for pathogenicity for LOF variants in LMNA and SCN5A 
(PVS1) and a strong criterion for pathogenicity for LOF 
variants in FLNC, BAG3, and TTN A-band (PVS1_
Strong) were added. The moderate criterion (PVS1_
Moderate) was applied to LOF variants in VCL, PLN, and 
DSP. These modified criteria were applied considering 
available evidence associated with DCM. LOF has been 
established as a disease mechanism for LMNA-DCM 
and other LMNA-associated diseases.11 Supporting this 
are large multicenter studies demonstrating a substan-
tially increased odds ratio in DCM cases versus controls 
(odds ratio=99.7).12 Furthermore, in the latest release 
of gnomAD (v2.1.1), the LMNA pLI (probability of being 
loss-of-function intolerant) was established to be 1.00. 
For SCN5A, LOF variants are pathogenic for Brugada 
syndrome.13,14 Also, a large multicenter study demon-
strated a significantly increased odds ratio of 16.5 for 
LOF variants in SCN5A in DCM cases versus controls.12 
In addition, the p.Arg219His variant, identified in DCM 
and arrhythmias,15 was studied in Xenopus oocytes, lead-
ing to a proton leak but not sodium current alterations. 
While no segregation has been demonstrated for LOF 
in primary DCM, supporting segregation data have been 
published in a family with sick sinus syndrome, and stud-
ies in the human cell line tsA-201 with heterologously 
expressed mutant sodium channels showed LOF proper-
ties of reduced or no sodium current density in conjunc-
tion with gating modulations.16 For this gene, the gnomAD 
pLI score is 0.91. We also note that when a truncating 

Nonstandard Abbreviations and Acronyms

ACMG	� American College of Medical Genetics 
and Genomics

DCM	 dilated cardiomyopathy
LOF	 loss of function
LP	 likely pathogenic
P	 pathogenic
VUS	 variant of uncertain significance
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SCN5A variant is identified in a proband with DCM, a 
search for an arrhythmia phenotype is also warranted.

LOF variants in FLNC, BAG3, and the A-band of TTN 
were assigned strong criteria for pathogenicity. First, for 

FLNC, a LOF mechanism has been reported17 and the 
gnomAD pLI=1.00. Due to the relative gene size of FLNC 
and LMNA, the pLI calculation appears to be reliable. How-
ever, in smaller genes, where variants are less prevalent 

Table 1.  DCM Precision Medicine Study Variant Interpretation Criteria

Strength Specification Type Rule Abbreviation Rule Description

Pathogenic criteria

  Very strong Reintroduced ACMG criterion for 
DCM gene specification

PVS1 Null variant in LMNA or SCN5A

  Strong None PS1 Same amino acid change as a previously established pathogenic variant

None PS2 De novo (paternity confirmed) in a patient with disease and no family 
history

None PS3 Well-established in vitro or in vivo functional studies supportive of a 
damaging effect

None PS4 Prevalence of variant in affected individuals is significantly increased 
compared with controls OR variant identified in ≥15 probands with 
consistent phenotypes OR variant identified in ≥10 confirmed unlreated 
probands with consistent phenotypes

None PP1_Strong Variant segregates in ≥7 meioses in DCM genes with established 
evidence

Strength modification, DCM gene 
specification

PVS1_Strong Null variant in FLNC, BAG3, or TTN A-band

  Moderate DCM gene specification PM1 Located in hotspot (For DCM, RBM20 exon 9, amino acids 634, 636, 637, 
638)

Method specification, DCM gene 
specification, study specific

PM2 Absent from gnomAD or at extremely low frequency in all gnomAD 
nonfounder populations with available data

Reintroduced ACMG criterion, DCM 
gene specification

PM3 For recessive disorders, detected in trans with a pathogenic variant (rarely 
observed with TNNI3 and TNNT2 variants)

None PM4 In-frame deletions/insertions of any size in a nonrepeat region or stop-loss 
variants

None PM5 Different missense change at same amino acid residue previously 
established as pathogenic

DCM specific PM6 De novo without confirmation of paternity (parental clinical data required)

DCM gene specification PVS1 _Moderate Null variant in VCL, PLN, or DSP

None PS4 _Moderate Variant identified in ≥6 probands with consistent phenotypes

None PP1 _Moderate Variant segregates in ≥5 meioses in DCM genes with established 
evidence

  Supporting None PP1 Variant segregates in ≥3 meioses in DCM genes with established 
evidence

Method specification PP3 Multiple lines of computational evidence support a deleterious effect 
(REVEL score >0.7)

None PS4 _Supporting Variant identified in ≥2 probands with consistent phenotypes

Benign

  Stand alone Method specification BA1 Variant allele frequency is >0.1% in any gnomaAD nonfounder population

DCM gene specification BP1_Stand _Alone Missense variant in TTN

  Strong Method specification, DCM gene 
specification, study specific

BS1 Variant allele frequency is >0.05% in any gnomAD nonfounder population

None BS3 Well established in vitro or in vivo functional studies show no damaging 
effect

None BS4 Nonsegregation in affected members of a family

  Supporting None BP2 Observed as a compound heterozygote (in trans) or double heterozygote 
in genes with overlapping function

Method specification BP4 Multiple lines of computational evidence suggest no impact on gene or 
gene product (REVEL score <0.15)

Study specific BP7 Unlikely to affect protein function based on calculated Sequence Ontology 
terms for the transcript(s) of interest

ACMG indicates American College of Medical Genetics and Genomics; and DCM, dilated cardiomyopathy.
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in the DCM population although absent from controls, the 
pLI may not reflect the actual contribution of LOF variants 
to disease. For BAG3, a gene comprising 4 coding exons, 
despite LOF been known as a disease mechanism,18,19 
the gnomAD pLI=0.62. In the case of TTN, the coding 
sequence leads to the generation of alternative splicing 
isoforms,20 with the heart expressing 2 major isoforms 
(N2B from transcript NM_003319.4 and N2BA from 
transcript NM_001256850.1) that incorporate the Z-line, 
I-band, A-band, and M-line.20 The N2B and N2BA isoforms 
diverge mainly for the incorporation in the long-cardiac 
isoform N2BA of a large portion of I-band coding exons, 
similar to the skeletal muscle isoform N2A derived from 
transcript NM_133378.4.20 It is known that LOF variants 
affecting the TTN A-band (defined as chr2:179483218-
179400709, NM_001267550.1, GRCh37/hg19) are 
overrepresented in DCM,21,22 establishing LOF as a mech-
anism of disease.12 However, due its large size, potential 
LOF variants are differently distributed across the various 
functional domains between DCM cases and controls.23 
The high prevalence in the control population of LOF vari-
ants in TTN regions other than the A-band led to a calcu-
lated gnomAD pLI=0.00; however, the calculation does not 
discriminate between the various transcripts and protein 
domains and thus does not accurately reflect the deleteri-
ous role of LOF variants in the A-band.24

LOF variants in VCL, PLN, and DSP were assigned a 
moderate degree of pathogenicity, although for a DSP vari-
ant in this category, the variant must have been observed 
in at least one unrelated DCM case. We implemented this 
criterion for VCL and DSP LOF variants based on their 
enrichment in DCM cases versus controls (ORVCL=21.3; 
ORDSP=41.0).12 In addition, the constraint metrics for DSP 
support a LOF mechanism (pLI=1.00). For PLN, a trend for 
enrichment of LOF variants was observed in DCM cases 
versus controls (ORPLN=13.8).12 In addition, PLN LOF vari-
ants have been shown to be pathogenic and described 
in both DCM and HCM.25–29 For both PLN and VCL, the 
constraint metrics from gnomAD are below threshold 
(PLN, pLI=0.45; VCL pLI=0.05); however, the PLN coding 
sequence has only one exon, possibly being too small a 
target to reliably detect population levels of LOF variants. 
Haploinsufficiency of VCL, although enriched in DCM, may 
represent a low penetrant event. However, we suggest that 
additional data are needed to confirm our preliminary VCL 
observations for LOF.

When evaluating PM2, Wilson’s score CIs could not 
be calculated if there were no genotype calls at the 
variant position in both exomes and genomes, which 
could occur due to either the absence of the variant in 
all populations or lack of coverage. To allow using PM2 
in the former scenario, the criterion was adjusted so 
it was met if the allele count was sufficient (120 000) 
in neighboring nucleotides, coverage was sufficient, 
and a mix of exome and genome data was available in 
gnomAD.

Evaluation of computational data (PP3 and BP4) 
was performed manually for this pilot using a holistic 
approach. To harmonize computational data evaluation, 
a method based on the REVEL score30 was introduced. 
Cutoffs were developed for this study on the basis of the 
publication (which estimated the sensitivity and specific-
ity of each potential cutoff using out-of-bag predictions 
for 6182 HGMD disease mutations and 123 706 rare 
putatively neutral exome sequence variants)30 and made 
these data publicly available (https://sites.google.com/
site/revelgenomics/). On the basis of these data, variants 
meeting BP4 must have a REVEL score below 0.15, a 
cutoff estimated to falsely predict no deleterious effect 
for ≈5% of pathogenic variants while correctly identifying 
≈55% of neutral variants (Figure). Variants meeting PP3 
must have a REVEL score >0.7, which would correctly 
identify ≈58% of pathogenic variants and falsely predict a 
deleterious effect for only ≈5% of neutral variants. When 
comparing calls made before REVEL implementation to 
those that would have been made after, we found that 
5/6 variants <0.15 cutoff had been manually classified as 
meeting BP4. Among the 13 variants that had a REVEL 
score >0.7, 12 had been previously classified as meet-
ing PP3. Of 26 variants with a REVEL score between 
0.15 and 0.7, 4 had been manually classified as meeting 
BP4, 14 met PP3, and 8 met neither. Although variants 
with a score between 0.15 and 0.7 would not receive 
an automatic PP3 or BP4 evaluation using the REVEL 
method, manual review of the data and clinical judgment 
can be applied if application of the PP3 or BP4 criteria 
would lead to a clinically significant difference in variant 
classification.

RESULTS USING DCM VARIANT 
INTERPRETATION CRITERIA ADAPTATIONS
Our modifications resulted in 27 criteria for vari-
ant interpretation in DCM as summarized (Table  1); 
full documentation is also provided (Data Supple-
ment). Using this framework, curation was performed 
between August 2018 and April 2019 for 2059 vari-
ants in an additional set of 97 probands (Data Sup-
plement). Variants were classified as B (n=1702), LB 
(n=33), VUS (n=71), LP (n=12), and P (n=3). Two 
hundred sixteen (10%) were not adjudicated (low 
impact variants for which BP7 was met); 22 (1%) 
were classified as low quality.

Among the 97 probands, P variants were identified in 
3%, LP in 12%, and VUS in 46%, (Table 2). Most LP/P 
variants were in TTN (n=8; Table 3). Variants reached 
LP/P classifications based on case (n=1, PS4; n=3, 
PS4_Moderate; n=3, PS4_Supporting) and segregation 
data (n=2, PP1_Strong; n=2, PP1), allele frequency 
(n=15, PM2), predicted loss of function (n=1, PVS1; 
n=11, PVS1_Strong), protein length change (n=1, 
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PM4), hotspot location (n=1, PM1), and computational 
evidence (n=2, PP3). LP/P variant types included stop 
gained (n=6/15, 40%), frameshift (n=6/15, 40%), in-
frame deletion (n=1/15, 7%), and missense (n=2/15, 
13%). Of the 15 LP/P variants, 13 were found in indi-
viduals of non-Hispanic European ancestry. More than 
one VUS and above variant were identified in 20 (21%) 
probands; however, combinations including more than 
one LP/P variant were not observed in this preliminary 
sample.

DISCUSSION
We tailored the ACMG and ClinGen MYH7 variant interpre-
tation criteria to DCM. Previous publications report a ≈27% 
detection rate for LP/P variants in DCM31; however, the 
detection rate for LP/P variants using our criteria so far has 
only been 15.5%. A significant proportion of these variants 
are predicted LOF. Significant due diligence was done when 
applying PVS1 rules for this study. Variants affecting the 
initiation codon were not automatically assumed to cause 

Figure. Automated REVEL score utilization.
Cutoffs for BP4/PP3 were based on the estimated sensitivity and specificity reported in Figure S1 in the Data Supplement of Ioannidis et 
al.30 Comparison of holistic evaluations of variants in the pilot phase with automatic evaluations for the same variants based on the selected 
REVEL score cutoffs are shown above the blue line. Reprinted from Ioannidis et al with permission. Copyright 2016 ©, Elsevier.

Table 2.  Most Severe Variant Among 97 Probands With DCM, by Ethnicity and Ancestry

Benign/
Likely Benign Uncertain Signficance Likely Pathogenic Pathogenic Total

 N (Row %)

Non-Hispanic, White 14 (29.2%) 21 (43.8%) 10 (20.8%) 3 (6.3%) 48

Hispanic, White 0 (0%) 2 (100%) 0 (0%) 0 (0%) 2

Non-Hispanic, African Ancestry 23 (48.9%) 22 (46.8%) 2 (4.3%) 0 (0%) 47

Hispanic, African Ancestry 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0

Total 37 (38.1%) 45 (46.4%) 12 (12.4%) 3 (3.1%) 97

Row percentages may not add to exactly 100% due to rounding

DCM indicates dilated cardiomyopathy.
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haploinsufficiency due to the possible rescue mechanism 
of a downstream methionine. Also, variants predicted to 
lead to premature termination codon or predicted to affect 
mRNA stability occurring in the last exon and last 55nt of 
the second-last exon possibly escaping nonsense medi-
ated decay were excluded from PVS1 application. Similarly, 
invariant splice site variants would be considered as leading 
to a null variant only if a new in-frame splice junction is not 
predicted and the variant affects all biologically functional 
transcripts known to be active in the heart and altered in 
DCM. These principles are consistent with published guid-
ance for interpretation of LOF variants.32

Compared with a decade ago, concluding pathogenicity 
in Mendelian disorders requires a higher level of evidence.33 
This approach strengthens the degree of certainty when 
reporting variants. While our approach adds gene-spec-
ificity, a limitation not unique to this study is that variant 
adjudication is a probabilistic process. Achieving precision 
medicine in DCM requires large data sets and functional 
studies that demonstrate pathogenicity. Further evaluation 
of these criteria by an independent group, such as the Clin-
Gen CMP-EP, could serve the community by generating 
international consensus on variant interpretation for DCM.

With continued use of our criteria and an ever-expand-
ing literature body on variant interpretation, cases will 
emerge that provide opportunities to refine this frame-
work. For example, we recognize that restricting pathoge-
nicity to the A-band of TTN excludes potentially relevant 

regions that can be identified with more granular analy-
ses.34,35 We have the infrastructure to support ongoing, 
thoughtful reanalysis and refinement of our criteria. At 
study completion, a re-evaluation will be undertaken, 
incorporating best practices and any new data. In addition, 
there is potential for reassessment of low-quality vari-
ants and those that were not adjudicated. Variant reclas-
sifications may result from this process, and, following 
published principles for researchers returning results,36 
should this occur while the study is active, our protocol 
has provisions for re-contacting participants.

DCM genetic testing results almost always impact 
families. In probands, LP/P results may directly affect 
treatment. For example, DCM patients with LP/P vari-
ants in arrhythmogenic genes (eg, LMNA, FLNC) should 
have an implantable cardioverter defibrillator placed ear-
lier.3 Negative testing results neither exclude the possi-
bility that the proband’s condition has a genetic etiology 
nor relieve relatives from risk.

Variant reclassifications also have an impact. The 
highest-impact reclassifications involve downgrading 
of LP/P variants. In this scenario, where at-risk rela-
tives would have been offered cascade testing, those 
found not to carry the variant would have been informed 
in error that no additional cardiac surveillance is rec-
ommended. We note, however, that in the case of LP 
variants, where  a 10% error rate is assumed,6 partici-
pants in this category are informed that no additional 

Table 3.  Variant Details for Likely Pathogenic and Pathogenic Variants, by Ethnicity and Ancestry

Adjudication
Ethnicity, 
Ancestry Gene HGVSc HGVSp Impacts

Pathogenic Non-Hispanic, 
White

LMNA NM_170707.3:c.673C>T NP_733821.1:p.Arg225Ter Stop gained

TNNT2 NM_000364.3:c.650_652delAGA 
NM_001001430.2:c.629_631delAGA

NP_000355.2:p.Lys217del 
NP_001001430.1:p.Lys210del

Inframe deletion

TTN NM_001267550.1:c.61876C>T 
NM_133378.4:c.54172C>T

NP_001254479.1:p.Arg20626Ter 
NP_596869.4:p.Arg18058Ter

Stop gained

Likely pathogenic Non-Hispanic, 
White

BAG3 NM_004281.3:c.1417C>T NP_004272.2:p.Arg473Ter Stop gained

FLNC NM_001458.4:c.4926_4927insACGTCACA NP_001449.3:p.Val1643ThrfsTer26 Frameshift variant

FLNC NM_001458.4:c.1948C>T NP_001449.3:p.Arg650Ter Stop gained

LMNA NM_170707.3:c.949G>A NP_733821.1:p.Glu317Lys Missense variant

RBM20 NM_001134363.1:c.1906C>T NP_001127835.1:p.Arg636Cys Missense variant

TTN NM_001267550.1:c.90844delA 
NM_133378.4:c.83140delA

NP_001254479.1:p.Thr30282ArgfsTer8 
NP_596869.4:p.Thr27714ArgfsTer8

Frameshift variant

TTN NM_001267550.1:c.88703_88704delAC 
NM_133378.4:c.80999_81000delAC

NP_001254479.1:p.His29568LeufsTer7 
NP_596869.4:p.His27000LeufsTer7

Frameshift variant

TTN NM_001267550.1:c.66804_66807delGAAG 
NM_133378.4:c.59100_59103delGAAG

NP_001254479.1:p.Lys22269HisfsTer10 
NP_596869.4:p.Lys19701HisfsTer10

Frameshift variant

TTN NM_001267550.1:c.64915C>T 
NM_133378.4:c.57211C>T

NP_001254479.1:p.Arg21639Ter 
NP_596869.4:p.Arg19071Ter

Stop gained

TTN NM_001267550.1:c.71307_71310dupTGAC 
NM_133378.4:c.63603_63606dupTGAC

NP_001254479.1:p.Ser23771Ter 
NP_596869.4:p.Ser21203Ter

Frameshift variant

Non-Hispanic, 
African Ancestry

TTN NM_001267550.1:c.83515C>T 
NM_133378.4:c.75811C>T

NP_001254479.1:p.Arg27839Ter 
NP_596869.4:p.Arg25271Ter

Stop gained

TTN NM_001267550.1:c.66931_66932delAA 
NM_133378.4:c.59227_59228delAA

NP_001254479.1:p.Lys22311ValfsTer3 
NP_596869.4:p.Lys19743ValfsTer3

Frameshift variant
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surveillance is needed beyond what would routinely be 
recommended for the general population. The counsel-
ing conversation also includes discussion of symptoms 
that should be reported to their physician. Despite these 
caveats, relatives who do not carry a familial LP or P vari-
ant may be discharged from surveillance. When instead 
of downgraded, variants are upgraded to LP/P, cascade 
testing is made possible, without which at-risk relatives 
would have had only the option of cardiac screening. 
Reclassifications involving changes to and from LB/B 
and VUS have less clinical impact: cardiac screening 
should continue in at-risk relatives in every case.3,4

Although we prefer a conservative approach for 
return of results in this study, understanding the genetic 
architecture of DCM will require substantial further 
research. Indeed, a proportion of DCM may be oligo-
genic,37 but the proportion following such a mechanism 
remains uncertain. We note that a high rate of VUSs in 
BRCA genes were reclassified as LB or B, although in 
that study only 6.4% (2868 of 44 777) of unique vari-
ants were reclassified38; whether these data predict a 
similar eventual resolution of VUSs observed in DCM 
also remains uncertain. Augmented methods for variant 
interpretation allowing the assessment of criteria con-
sistent with oligogenic inheritance will be needed for 
disorders with complex genetics, including DCM. Such 
methods may provide a pathway to evaluate variants 
that currently do not exceed a VUS classification.

Cohort diversity is essential to understanding the 
genetic architecture of complex inherited disorders,39 
including DCM. Our study aims to evaluate the genetic 
foundation of DCM, regardless of family history, racial, 
or ethnic background. Our sample of 97 probands 
included 47 individuals of Non-Hispanic, African 
Ancestry; actionable variants were identified in only 2 
of these participants (4.3% versus 27.1% in those of 
Non-Hispanic European ancestry). Although a variant 
may reach a pathogenic classification based on data 
from a single family, in reality most pathogenic variants, 
particularly missense variants, reach such classification 
only after combining evidence from multiple families 
and resources. Our study is contributing to the evidence 
base needed to adjudicate variants in non-European 
ancestry populations, but at the same time depends on 
currently existing evidence to classify variants in individ-
uals of diverse backgrounds. Although we present these 
preliminary results for the purpose of detailing the devel-
opment and performance of our variant adjudication and 
return of results framework, our findings echo the call 
for ongoing attention to and inclusion of non-European 
ancestry families in genetics research.40,41

CONCLUSIONS
The DCM Precision Medicine Study has developed an 
approach to variant classification by adapting ACMG/

AMP and ClinGen guidelines. Following modifications 
that were deemed necessary after a pilot study of 81 
probands, the new framework was applied to a test set of 
97 probands, and locked for continued use in this DCM 
research study. Our preliminary data show that 15.5% 
of DCM probands had LP/P variants, and most of these 
were identified in individuals of Non-Hispanic European 
ancestry. Our results highlight the value of ethnically and 
racially diverse family units in research, but also illustrate 
the challenges in variant interpretation for genetically 
complex disorders.
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SUPPLEMENTAL MATERIALS 
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• DCM Precision Medicine Study Variant Classification Rules 
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SUPPLEMENTAL METHODS  

Criteria Development 

A gene list was generated in April of 2014 by the principal investigator (R.E.H.) based on 

literature evaluation and experience in DCM genetics (Supplemental Table 1). Study experts in 

cardiology (R.E.H.), variant interpretation (A.M.), and bioinformatics (D.D.K.), began criteria 

development in 2014 and finalized specifications leveraging the ClinGen MYH7 work. The 

resulting gene list and criteria were submitted for approval by the Variant Adjudication Oversight 

Committee (VAOC), a group of internationally recognized experts (G.P.J., Chair, W.B., M.D., 

J.G.F., H.R.) convened to provide external guidance on variant interpretation.  

Two ACMG criteria deemed not applicable by the ClinGen MYH7 CMP-EP were 

reintroduced: 1) a moderate criterion for loss of function (LOF) variants in LMNA and TTN; 2) a 

moderate criterion for pathogenicity for detection of a variant in trans with a pathogenic variant 

(PM3) because recessive inheritance has been rarely observed with TNNI31 and TNNT22. New 

specifications were created, including stand-alone evidence for a benign classification for missense 

variants in TTN (BP1_Stand Alone) and a moderate degree of pathogenicity for RBM20 exon 9 

hotspot variants affecting amino acids 634, 636, 637, and 6383, 4 (PM1). Adjustments to 

operationalize the study were also incorporated. First, to evaluate population frequency criteria, 

confidence intervals for the minor allele frequency were calculated from the combined exome and 

genome data in each non-founder population (African/African American, Latino, East Asian, Non-

Finish European, and South Asian) in the Genome Aggregation Database (gnomAD) using 

Wilson’s method5 and used to conclude minor allele frequency <0.05% in all available populations 

with 95% confidence (PM2) or >0.05%/0.1% in at least one population with 99.99% confidence 

(BS1/BA1). In addition, BP7 would be met for variants unlikely to change protein function based 
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on calculated Sequence Ontology6 impact rather than only synonymous or non-consensus intronic 

variants with no predicted splice impact. Finally, due to DCM genetic heterogeneity2, 7 and bilineal 

inheritance,8 BP5 would not be met if a variant was found in a case with an alternate molecular 

basis for disease. 

Data Production and Management 

Exome sequencing and post-processing steps up to and including variant calling were 

performed at the University of Washington Northwest Genomics Center. Briefly, exomes were 

sequenced on an Illumina HiSeq 4000 sequencer with paired-end 75 bp reads to a coverage of >8x 

for >90% and >20x for >80% of the exome targets. Reads were aligned to the hs37d5 (GRCh37) 

human reference, and per-sample detection and genotyping of single-nucleotide variants and indels 

was performed using the GATK HaplotypeCaller. GATK GenotypeGVCFs was applied to these 

per-sample results to perform joint genotyping in two batches of at least 100 individuals (102 and 

135) to improve variant detection. Coverage metrics are provided in Supplemental Table 1. All 

clinical and genomic data are maintained within the Ohio State University’s Division of Human 

Genetics Data Management Platform (DHGDMP). Additional details are provided below.  

Exome Sequence Data Production 

750 ng of genomic DNA was subjected to a series of shotgun library construction steps, 

including fragmentation through acoustic sonication (Covaris), end-polishing and A-tailing, 

ligation of sequencing adaptors, and PCR amplification with 8 bp barcodes for multiplexing. 

Libraries underwent exome capture using the Roche/Nimblegen SeqCap EZ v2.0 (~36.5 MB 

target). Prior to sequencing, the library concentration was determined by triplicate qPCR and 
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molecular weight distributions were verified on the Agilent Bioanalyzer (consistently 150 ± 15 

bp).  

Barcoded exome libraries were pooled using liquid handling robotics prior to clustering 

(Illumina cBot) and loading. Massively parallel sequencing-by-synthesis with fluorescently 

labeled, reversibly terminating nucleotides was carried out with 75 bp paired-end reads on the 

Illumina HiSeq 4000 sequencer. Base calls were generated in real-time on the instrument (RTA 

2.7.6), and demultiplexed, unaligned BAM files were produced by Picard v1.111 

ExtractIlluminaBarcodes and IlluminaBasecallsToSam. Reads were aligned to the hs37d5 

(GRCh37) human reference using BWA9 v0.7.10. Read-pairs not mapping within ± 2 standard 

deviations of the average library size (~150 ± 15 bp for exomes) were removed. Aligned reads 

were further processed with Picard MarkDuplicates for duplicate removal, GATK10  v3.2-2 

IndelRealigner for realignment around short insertion-deletions, and GATK v3.2-2 

BaseRecalibrator for base quality score recalibration. Per-sample variant detection and genotyping 

were performed using the GATK v3.2-2 HaplotypeCaller, and GATK v3.4-46 GenotypeGVCFs 

was used to produce a multi-sample VCF for each batch of samples sequenced. The GATK v3.4-

46 filtration walker was used to mark variant sites that may be of lower quality (e.g., low quality 

scores, allelic imbalance, long homopolymer runs, and/or low quality by depth). Additional quality 

control metrics that were evaluated for a given sample included: (1) total paired-end 75 bp reads, 

(2) library complexity, (3) capture efficiency, (4) coverage distribution, (5) capture uniformity, (6) 

raw error rates, (7) transition/transversion ratio, (8) distribution of known and novel variants 

relative to dbSNP, (9) fingerprint concordance >99%, (10) sample homozygosity and 

heterozygosity, and (11) sample contamination validation. Exomes were considered completed 

with >90% of the exome targets covered >8x and >80% of the exome targets covered >20x. 
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Summaries of individual-level coverage metrics, including mean coverage per relevant base and 

% of relevant bases covered ≥20x, are provided for each transcript used in adjudication 

(Supplemental Table 1). 

Divison of Human Genetics Data Management Platform 

The Division of Human Genetics Data Management Platform (DHGDMP) provides access 

to the BC|Enterprise platform (BC Platforms, Helsinki, Finland) and computational resources at 

the Ohio Supercomputer Center (OSC) through a division-owned server at OSC. The 

BC|Enterprise platform uses an IBM DB2 database (International Business Machines, Armonk, 

NY) back end for data management. Raw genomic data files are versioned and stored outside 

BC|Enterprise in git-annex (http://git-annex.branchable.com/) repositories residing on dedicated 

project space provided by OSC’s IBM Elastic Storage service. The Ohio State University Wexner 

Medical Center Information Security team has audited the DHGDMP for compliance with 

applicable human subjects regulations, including HIPAA, and provides continued oversight. 

Variant Data Management 

The VCF file for a particular batch as well as aligned BAM files are downloaded from 

NWGC’s server to a git-annex repository in the DHGDMP. Each VCF is then uploaded to the IBM 

DB2 back end using modified tools included with the BC|Enterprise platform. As part of this 

process, each alternate allele at a particular genomic position is associated with a normalized 

representation that will be identical across all VCF files and similarly normalized annotation 

sources.11  Each distinct combination of normalized genomic position, normalized reference allele, 

and normalized alternate allele defines a unique variant that is assigned a unique identifier 

throughout the database. For each of these identifiers, annotation data at the variant, transcript, and 

regulatory region levels are obtained, loaded into the IBM DB2 back end, and stored in a key-
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value annotation schema designed in house. The current value for each annotation key is linked to 

the versioned data source from which it was obtained, and IBM DB2 system-period temporal tables 

are used to reproduce values as they were at the time a particular variant adjudication was certified. 

Annotation data sources that contributed to this analysis include the Ensembl Variant Effect 

Predictor script12, 13 v89.4, gnomAD14 release-170228, dbNSFP v2.9.3,15, 16 dbSCSNV17 v1.1, 

ExAC14 r0.3, and PolyPhen-HCM18 v1.0. 

Variant Adjudication 

After upload of a new VCF file to the database, we run an in-house Java application that 

automatically evaluates selected criteria (Supplemental Figure 1). This application facilitates 

reevaluation of previously adjudicated variants in response to changes in certain annotations or 

new exome data on relevant affected individuals. If the application determines that a new 

adjudication entry is necessary, it attempts to automatically determine a classification. It first 

evaluates whether the variant can be classified as benign (B) or likely benign (LB) based on allele 

frequency, calculated Sequence Ontology impact, and computational evidence (Supplemental 

Figure 1). If a variant cannot be classified into these categories, the application excludes it from 

manual curation if it is unlikely to change protein function based on calculated Sequence Ontology 

impact or is low-quality (quality-by-depth < 5.0 or a SNP in a cluster of ≥3 SNPs occurring within 

a window of 10 base pairs). Only when the variant cannot be automatically classified, it is manually 

curated by the adjudication team (A.M., E.J., J.P., T.A.). 

To complete manual curation, an effort-intensive process requiring an average of 4.75 

hours for a single manually curated variant (post-pilot, see Results), the adjudication team relies 

on published literature (identified by using a variant-specific automatically generated custom 

Google search string), unpublished data from the DCM Research Project (1993-2015), as well as 
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phenotype data available in ClinVar (as stated in variant adjudication rationales submitted by 

laboratories or in the Interpreted Condition-Affected status column, when affected status is “yes”). 

Annotations and phenotypic data are recorded using a custom web interface to the BC|Enterprise 

system. This interface was designed and produced in house to deliver features critical for this 

study, including graphical presentation of data in a pedigree rendered on demand by the Madeline 

2.0 pedigree drawing engine19 (https://madeline.med.umich.edu/madeline/), on-demand display of 

individual alignments in the web browser using a JavaScript version of the Integrative Genomics 

Viewer20, 21 (https://github.com/igvteam/igv.js), and dynamic hyperlinks to external resources. The 

interface also includes custom decision support tools that warn about inconsistencies between 

evaluated criteria and automatically combine individual criteria to produce a suggested final 

adjudication. Variant evidence is also used to automatically populate result documents sections. 

After manual adjudication is completed, the variant is automatically routed to a board-certified 

molecular geneticist for certification (M.V.). Sanger confirmation and cascade testing in relatives 

are also automatically ordered for likely pathogenic (LP) and pathogenic (P) variants. Once 

certified, adjudications and associated evidence cannot be modified. Changes to annotations, 

arrival of new exome sequence data, or manual requests for reevaluation trigger a new adjudication 

entry (Supplemental Figure 1). If manual curation of this new entry is required, documentation 

of evidence and criteria selections from the prior entry are carried forward as notes, but reselection 

of each criterion and the final adjudication is required. 

Return of Results  

Once all relevant variants in a family have been evaluated, the return of results process 

begins (Supplemental Figure 2).  A counseling letter, which accompanies the laboratory report, 

is co-signed by a genetic counselor and consortium PI (R.E.H.).  A study genetic counselor calls 
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probands with VUS or higher results as well as relatives who have cascade tests. If the proband 

has a negative or uncertain result, relatives are informed by letter. Site PIs receive an electronic 

copy of result documents for participants enrolled at their site. Documents are then mailed to 

participants.  If relatives enroll after results were returned to the proband, the familial variant is re-

adjudicated, and new result documents are created, and participants contacted, as applicable.  
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SUPPLEMENTAL TABLES: 

Supplemental Table 1: Genes and Transcripts Analyzed in the DCM Precision Medicine Study 
    Mean Coverage 

per Relevant 
Base* 

% Relevant Bases 
Covered ≥20x* 

Gene 
symbol Protein name 

OMIM 
number 

Transcript(s) for 
Adjudications 

Median (25th percentile, 75th percentile) 
[Min, Max] over individuals 

ABCC9 SUR2A 601439 NM_005691.2 64.38 (58.59, 73.92) 
[40.85, 128.15] 

99.82 (99.38, 100) 
[96.68, 100] 

ACTC1 cardiac actin 102540 NM_005159.4 42.35 (38.68, 47.79) 
[30.44, 72.76] 

96.15 (92.35, 98.66) 
[76.88, 100] 

ACTN2 a-actinin-2  102573 NM_001103.3 49.65 (44.89, 53.59) 
[34.44, 90.98] 

93.99 (90.33, 97.08) 
[77.03, 99.97] 

ANKRD1 Ankyrin repeat 
domain-
containing 
protein 1 

609599 NM_014391.2 
63.1 (49.36, 73.35) 

[35.61, 139.41] 
95.62 (93.68, 97.9) 

[82.1, 100] 

BAG3 BCL-associated 
athanogene 3 

603883 NM_004281.3 33.68 (29.08, 37.94) 
[22.58, 52.15] 

82.47 (67.4, 87.42) 
[47.85, 94.68] 

CRYAB alpha B crystalin 123590 NM_001885.1 51.22 (42.55, 57.11) 
[30.24, 83.22] 

100 (99.40, 100) 
[84.23, 100] 

CSRP3 muscle LIM 
protein  

600824 NM_003476.4 50.87 (45.18, 57.6) 
[32.39, 101.95] 

95.12 (92.39, 97.8) 
[72.91, 100] 

DES Desmin 125660 NM_001927.3 29.45 (25.13, 33.03) 
[19.8, 48.28] 

73.39 (64.23, 79.46) 
[37.99, 89.22] 

DSG2 desmoglein 2 125671 NM_001943.3 48.51 (44.55, 53.33) 
[32.57, 91.12] 

95.47 (93.21, 97.72) 
[80.13, 100] 

DSP desmoplakin 125660 NM_004415.2 39.66 (35.01, 43.34) 
[29, 65.11] 

85.15 (77.69, 89.27) 
[64.7, 95.81] 

EYA4 eyes-absent 4 603550 NM_004100.4 73.73 (67.23, 83.53) 
[45.33, 146.62] 

100 (100, 100) 
[96.68, 100] 

FLNC filamin C 102565 NM_001458.4 38.85 (33.64, 43.38) 
[27.24, 65.4] 

87.28 (80.32, 90.93) 
[67.01, 97.86] 

ILK integrin-linked 
kinase 

602366 NM_004517.3 45.25 (40.56, 49.11) 
[31.97, 82.38] 

98.51 (95.42, 99.93) 
[82.56, 100] 

LAMA4 laminin a-4 600133 NM_002290.4 59.84 (52.40, 67.95) 
[39.09, 121.51] 

96.06 (94.74, 96.98) 
[90.96, 98.61] 

LDB3 Cypher/ZASP 605906 NM_001171610.1 42.83 (38.84, 47.16) 
[30.9, 75.02] 

92.23 (89.59, 94.55) 
[77.2, 98.97] 

NM_007078.2 40.47 (36.7, 44.44) 
[30.14, 70.73] 

88.29 (83.98, 91.76) 
[72.13, 98.96] 

LMNA lamin A/C 150330 NM_170707.3 31.58 (24.75, 36.31) 
[18.68, 49.15] 

72.86 (52.89, 83.67) 
[33.33, 99.91] 

MYBPC3 myosin-binding 
protein C  

600958 NM_000256.3 38.47 (35.27, 42.44) 
[28.83, 72.35] 

90.83 (87.52, 92.64) 
[73.83, 97.91] 

MYH6 a-myosin heavy 
chain 

160710 NM_002471.3 46.57 (43.39, 50.92) 
[31.96, 92.01] 

90.63 (89.31, 92.02) 
[82.63, 97.3] 

MYH7 b-myosin heavy 
chain 

160760 NM_000257.2 44.17 (41.75, 48.4) 
[29.27, 90.36] 

92.13 (90.23, 93.75) 
[79.48, 97.96] 
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MYPN myopalladin 608517 NM_032578.3 49.56 (45.76, 54.51) 
[35.07, 91.46] 

98.84 (97.64, 99.47) 
[88.39, 100] 

NEBL Nebulette 605491 NM_006393.2 69.73 (53.76, 80.84) 
[38.73, 151.09] 

99.91 (99.48, 100) 
[95.25, 100] 

NEXN Nexilin 613121 NM_144573.3 60.94 (48.81, 67.85) 
[35.53, 113.23] 

99.21 (94.37, 99.86) 
[81.84, 100] 

PDLIM3 PDZ LIM domain 
protein 3 

605889 NM_014476.5 48.82 (45.37, 53.84) 
[34.64, 94.39] 

98.55 (96.43, 99.69) 
[84.43, 100] 

PKP2 plakophilin 2 602861 NM_001005242.2 44.83 (40.14, 49.43) 
[29.28, 92.43] 

84.42 (81.13, 87.18) 
[71.03, 98.34] 

PLN phospholamban  172405 NM_002667.3 54.67 (49.42, 62.59) 
[30.6, 102.21] 

100 (99.41, 100) 
[75.74, 100] 

RBM20  RNA binding 
protein 20 

613171 NM_001134363.1 41.77 (37.41, 45.01) 
[29.74, 72.22] 

87.32 (81.01, 90.54) 
[66.76, 97.07] 

SCN5A sodium channel 600163 NM_198056.2 41.15 (36.73, 45.1) 
[30.16, 71.32] 

86.44 (82.21, 89.77) 
[71.76, 97.83] 

SGCD d-sarcoglycan 601411 NM_000337.5 59.62 (55.06, 66.53) 
[41.01, 114.12] 

99.27 (97.9, 100) 
[85.62, 100] 

TCAP titin-cap or 
telethonin 

604488 NM_003673.3 22.85 (18.7, 27.28) 
[12.31, 39.2] 

40.65 (30.98, 53.88) 
[16.22, 82.06] 

TNNC1 cardiac troponin C 191040 NM_003280.2 41.68 (38.59, 46.47) 
[26.08, 86.59] 

99.45 (97.01, 100) 
[72.71, 100] 

TNNI3 cardiac troponin I 191044 NM_000363.4 42.16 (39.24, 46.36) 
[27.78, 84.3] 

79.66 (77.84, 80.08) 
[68.3, 80.08] 

TNNT2 cardiac troponin T 191045 NM_000364.3 50.34 (44.49, 57.55) 
[32.17, 107.63] 

99.71 (98.07, 100) 
[83.14, 100] 

NM_001001430.2 50.96 (45.07, 58.14) 
[33.08, 108.69] 

99.71 (98.03, 100) 
[82.79, 100] 

TPM1 a-tropomyosin  191010 NM_001018005.1 47.04 (41.77, 51.45) 
[33.76, 80.24] 

95.29 (91.69, 98.46) 
[77.49, 100] 

TTN  titin 188840 NM_001267550.1** 44.54 (36.38, 51.96) 
[25.8, 99.17] 

88.91 (83.58, 91.2) 
[65.18, 95.47] 

NM_133378.4 46.6 (38.12, 54.4) 
[27, 103.8] 

92.73 (87.01, 95.06) 
[68.04, 99.44] 

VCL metavinculin 193065 NM_014000.2 47.48 (42.99, 51.85) 
[33.35, 82.05] 

95.75 (91.93, 97.77) 
[78.43, 100] 

* An individual's coverage at a particular position in the reference sequence was defined as the number of reads 
with minimum base quality ≥10 and mapping quality >20 at that position in an individual. Positions residing 
outside of exome capture target intervals were counted as having zero coverage. For each of the 237 individuals 
that contributed to the VCFs containing individuals presented in this analysis, the mean coverage was taken across 
all positions in coding exons and 5 bases into surrounding sequence (introns or UTRs) for each transcript listed, 
and the percentage of these positions with ≥20x coverage was also calculated. Summaries of individual-level 
coverage metrics across all individuals are presented in the table. All numbers are rounded to the hundredths 
place, and trailing zeros after the decimal point are not displayed. 
** Added February 6, 2018. 

 

Supplemental Table 2: Variants identified in 97 Probands with DCM. This excludes 216 
unique variants that were not adjudicated based on meeting BP7 alone and 1,284 for which BP7 
was met and that were classified as Benign or Likely Benign. See separate Excel file.  
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SUPPLEMENTAL FIGURES: 

Supplemental Figure 1. Process for Automatic (re)Adjudication of a Single Variant.   

 

  

Pending manual evaluation by a variant 
adjudication team member

BP1A or BA1 met

Existing adjudication entry for 
the variant?

Automatically evaluate:
1) Allele frequency (PM2/BA1/BS1)
2) TTN missense (BP1A)
3) REVEL score from 
    dbNSFP v2.9.3 (PP3/BP4)
4) Predicted impact (BP7)

Any changes in automatically 
evaluated criteria from the most 
recent adjudication entry, ignor-
ing manual overrides?

Any new families with the variant 
in individuals with idiopathic 
DCM since creation of the most 
recent adjudication entry?

New adjudication entry request-
ed explicitly?

No

Yes

Yes

Yes

QDFilter/SNPCluster 
filter flags

Create new adjudication entry

Yes

No

No

No

No new adjudication entry

Yes

No

BS1 and at least one 
of BP4 and BP7 met

BP7 met

Benign

Likely Benign

Not Adjudicated

Low Quality

No

No

No

Yes

Yes

Yes

Any new exome data on individ-
uals with idiopathic DCM in 
families with the variant since 
creation of the most recent 
adjudication entry?

No

Yes
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Supplemental Figure 2. Return of Results Process. 

 

 
Supplemental Figure 2. Return of Results Process. 1) Variant adjudication is performed by 
genetic counselors and variant adjudication specialists. FACMG molecular geneticists are 
consulted as needed and certify adjudications to finalize before moving on to the result 
communication phase. 2) All LP and P variants are confirmed by Sanger sequencing. If a variant 
adjudicated as LP or P is negative on Sanger confirmation, the proband and family will follow 
the ROR workflow for VUS or LB/B proband results, as applicable. 3) All result communication 
documents (lab reports and counseling letters) are provided to the PI at the site of participant 
enrollment through the consortium portal or via email. Participants receive result communication 
documents by mail. 4) Result phone calls are made by a board certified genetic counselor. 5) If 
an affected family member enrolls after a proband has received genetic results, re-adjudication of 
the variant(s) will occur. If there are no changes to the adjudication upon re-evaluation, the ROR 
workflow process will continue based on the original adjudication. If the adjudication of the 
variant changes with new family data, the proband and site PI will receive a phone call and new 
result communication documents. Other family member participants will also be made aware of 
classification changes. 6) Family members of probands with LP or P results undergo cascade 
testing by Sanger sequencing. All family members of probands with LP and P results, regardless 
of positive or negative cascade testing, will receive a lab report, phone call, and counseling letter. 

 
  

Proband Exome 
Sequence

2. Variant Adjudication1 3. Proband Result 
Communication3

4. Family Member Result 
Communication5

1. Genetic 
Testing of 
Proband

Likely Benign or 
Benign (LB, B)

• Lab Report
• Counseling 

Letter
Counseling Letter

Likely Pathogenic 
or Pathogenic 

(LP, P)2

• Lab Report
• Phone Call
• Counseling 

Letter

Sanger 
cascade 
testing

• Lab Report
• Phone Call
• Counseling 

Letter

Variant of 
Uncertain 

Significance
(VUS)

• Lab Report
• Phone Call4
• Counseling 

Letter
Counseling Letter
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DCM Precision Medicine Study Variant Classification Rules 
Adapted from the ClinGen Cardiovascular Working Group ACMG Classification Rules for 
MYH7. Initial development 2015-2016, with first internal pilot finalized February 16, 2016. First 
Variant Adjudication Oversight Committee approval: February 8, 2017; Modifications approved: 
February 5, 2018. 
 
RULES FOR COMBINING CRITERIA FOR VARIANT CLASSIFICATION 
Count the number of applied criteria in each evidence strength category (Stand-Alone (A), 
Strong (S), Moderate (M) or Supporting (P)) and calculate final classification using the following 
combinations.22 If a variant meets criteria for both Likely Pathogenic and Pathogenic 
classifications and no benign criteria are met, the variant should be classified as Pathogenic. If a 
variant meets criteria for both Likely Benign and Benign classifications and no pathogenic 
criteria are met, the variant should be classified as Benign. If both pathogenic and benign criteria 
are met, see Uncertain Significance definitions below. A different classification than indicated by 
the scoring rubric below may be chosen based on clinical discretion with a documented reason, 
particularly for variants classified as Uncertain Significance. 
Pathogenic 

i. 1 Very Strong AND 
a. ≥ 1 Strong OR 
b. ≥ 2 Moderate OR 
c. 1 Moderate AND 1 Supporting OR 
d. ≥ 2 Supporting 

ii. ≥ 2 Strong OR 
iii. 1 Strong AND 

a. ≥ 3 Moderate OR 
b. 2 Moderate AND ≥ 2 Supporting OR 
c. 1 Moderate AND ≥ 4 Supporting  

 
Likely Pathogenic 

i. 1 Very Strong AND 1 Moderate OR 
ii. 1 Strong AND 1-2 Moderate OR 

iii. 1 Strong AND ≥ 2 Supporting OR 
iv. ≥ 3 Moderate OR 
v. 2 Moderate AND ≥ 2 Supporting OR 

vi. 1 Moderate AND ≥ 4 Supporting  
 
Benign 

i. ≥ 1 Stand-alone OR 
ii. ≥ 2 Strong  

 
Likely Benign 

i. 1 Strong AND 1 Supporting OR 
ii. ≥ 2 Supporting  

 
Uncertain Significance 

i. Other criteria shown above are not met OR 
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ii. The criteria for benign and pathogenic are contradictory 
 
 
 
VERY STRONG EVIDENCE OF PATHOGENICITY  
 
PVS1 Null variant (nonsense, frameshift, canonical +/- 1 or 2 splice sites, initiation codon, single 
or multi-exon deletion) in LMNA or SCN5A.23-28 

Notes: 
 
• Apply rule as very strong evidence in genes where LOF is a known mechanism of 

disease. 
• LOF data for other genes will be reviewed as variants are evaluated for the DCM study 

and discussed with the variant classification team as well as the Variant Adjudication 
Oversight Committee, as needed. 

 
Caution: 
 
• when interpreting LOF variants at the extreme 3’ end of a gene. 
• with splice variants that are predicted to lead to exon skipping, but leave the remainder of 

the protein intact. 
• in the presence of multiple transcripts. 
 

STRONG EVIDENCE OF PATHOGENICITY 

 
PVS1_Strong Null variant (nonsense, frameshift, canonical +/- 1 or 2 splice sites, initiation 
codon, single or multi-exon deletion) in FLNC, BAG3, or TTN A-band.24 

Notes: 

• Apply rule as strong in genes where there is strong evidence supporting LOF as a 
mechanism of disease.  

• LOF data for other genes will be reviewed as variants are evaluated for the DCM study 
and discussed with the variant classification team as well as the Variant Adjudication 
Oversight Committee, as needed. 

 
Caution: 
 
• when interpreting LOF variants at the extreme 3’ end of a gene. 
• with splice variants that are predicted to lead to exon skipping, but leave the remainder of 

the protein intact. 
• in the presence of multiple transcripts. 
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PS1 Same amino acid change as a previously established pathogenic variant (as defined by these 
guidelines) regardless of nucleotide change 
 
Example: Val->Leu caused by either G>C or G>T in the same codon 
 

Notes: 
 
• Apply rule as stated (same exact amino acid change and NOT a different amino acid 

change at the same position; see PM5). 
• Beware of changes that impact splicing rather than at the amino acid/protein level. 
• While this is not known to be the case with DCM genes, this rule may be applied if the 

two variants are seen in two homologous genes (for example, KRAS and HRAS, HBA1 
and HBA2).    

• A splice-site variant differing from an established pathogenic splice-site variant by one 
base may meet PS1 criteria if in silico splicing predictions show that the variant is 
equally or more damaging than the established pathogenic one. If in silico tools show that 
the variant is not damaging, PS1 is not met. If PS1 is met based on this caveat, PP3 (in 
silico prediction) would not apply.    
 

PS2 De novo (paternity confirmed) in a patient with the disease and no family history. 
 

Notes: 
 

• Generally only applicable in the absence of any other suspicious/possible disease-causing 
variants, but if other suspicious variants are present, recommend using as a moderate 
criterion. (See PM6).  

• Genetic testing in the parents to assess de novo inheritance: 
o Both parents must have been tested and shown to NOT carry the variant. 
o Paternally inherited rare familial variants are sufficient to “confirm” paternity (i.e. 

proband had several VUSs identified, variant is de novo and father carries some 
of the other rare VUSs). 

• DCM Precision Medicine Study tests a limited number of genes, therefore, even when the 
parents have a negative phenotype and are negative for the variant identified in the 
parent, there may be a possibility that the parents may harbor additional variants that may 
be influencing the proband’s phenotype. 

• If using data from the literature, and cases were tested for a large number of genes, bring 
up for discussion with the variant classification team and escalate to Variant Adjudication 
Oversight Committee, as needed. 

• Family history evaluation to assess de novo inheritance requires thorough collection of 
history, with confidence of accuracy, demonstrating a negative family history. 

o Every attempt should be made to obtain a clear history and medical records, if 
possible, to clarify features of the family history. 

o To be considered a negative family history, both parents must have been carefully 
phenotyped, ideally with echocardiograms (ECHO) and electrocardiograms 
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(ECG) or a cardiac MRI (CMR) for maximum sensitivity, without evidence 
suggestive of cardiomyopathy.  

§ While parental ECGs or CMR are not universally reported in the literature, 
all attempts should be made to seek complete cardiovascular data in the 
parents of DCM Precision Medicine subjects in whom a de novo variant is 
suspected.  

§ Clinical judgment may be applied and exceptions can be made after 
variant classification team consultation with a clinical cardiovascular 
genetics expert. 

o For the rest of the family, a three-generation family history should not have 
anything suspicious reported. Examples of suspicious family history include any 
of the following in a 1st or 2nd degree relative: 

§ Sudden death under 60 years of age 
§ Heart transplant 
§ ICD under 60 years of age 
§ Features of cardiomyopathy (e.g. systolic dysfunction, hypertrophy, LV 

enlargement in individual without risk factors) 
§ Other related/overlapping cardiomyopathies 
§ Gene-specific phenotypes should be kept in mind (e.g. conduction system 

disease (CSD) or skeletal myopathy, as may be seen with LMNA) and 
should be defined per gene  

§ Every attempt should be made to clarify non-suspicious family history 
features. Examples of non-suspicious family history can include "non-
specific" clinical features (e.g. palpitations, unconfirmed syncope 
(“fainting” or “near fainting”), borderline/inconclusive ECHO findings, 
"heart attack" if age appropriate and suspected to result from CAD). 

o Any variants where this criterion is applied and family history is questionable will 
be reviewed by variant classification team and escalated to the study Variant 
Adjudication Oversight Committee, which includes a clinical cardiovascular 
genetics expert review. 

PS3 Well-established in vitro or in vivo functional studies supportive of a damaging effect on the 
gene or gene product 
 

Notes: 
 

• Functional studies that have been validated and shown to be reproducible and robust in a 
clinical diagnostic laboratory setting are considered the most well established. 

• Functional data sufficient to be considered as strong evidence:  
o Mammalian “knock in” model (other in vivo evidence such as whole gene models 

are not acceptable) 
o Cell model (or other in vitro assay) if the variant in question produces a cellular 

phenotype that reliably predicts the clinical phenotype, and causality is 
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demonstrated with appropriate controls (e.g. correction of the variant reverses the 
phenotype).  

§ Substantial judgment regarding cell-based versus in vivo models should be 
applied when using this rule.  

• Strength of all functional studies should be assessed for a high-specificity for the 
assay/model as well as for the associated phenotype being sufficiently rare and the 
direction of effect on the gene product consistent with what is known for that disease (i.e. 
GOF vs LOF). 

• If applying this rule based on in vitro data would make a difference between VUS or 
LP/P, functional evidence should be discussed with variant classification team and 
escalated to Variant Adjudication Oversight Committee as needed. 

PS4 Scenario 1: The prevalence of the variant in affected individuals is significantly increased 
compared to the prevalence in controls. 

 
Notes:  

 
• Apply ONLY when a well-designed case-control study has been performed.  

o Can only use DCM cases. Will count as DCM if left ventricular non compaction 
(LVNC) is present, as long as DCM criteria are met. 

o When reviewing the literature, confirm that DCM cases meet study criteria. If 
they do not, bring up to discussion with variant classification team and escalate 
for clinical cardiology review as needed. 

o Due to the challenge in distinguishing between end-stage HCM and DCM, 
caution should be exercised when considering DCM cases for inclusion in 
proband or segregation counts for primarily HCM variants. 

o Affected individuals refers to an individual diagnosed with DCM as defined by 
study entry criteria. If, however, the variant is in LMNA, SCN5A (loss of 
function), DES, documented cases with arrhythmia, CSD and skeletal myopathy. 
While these cases should always be documented, only count the cases for the 
purpose of variant interpretation if: 

§ Case is < 40 years old, 
§ Adding case will make a difference in variant interpretation, and 
§ A clinical cardiovascular genetics expert agrees.  

• Relative risk (RR) or odds ratio (OR), as obtained from case-control studies, is >5.0 and 
the confidence interval around the estimate of RR or OR does not include 1.0. See 
ACMG22 and MYH7 ClinGen29 manuscripts for detailed guidance. 

• Controls should have been thoroughly clinically evaluated without evidence suggestive of 
cardiomyopathy (ideally using a combination of ECG, ECHO, or CMR for maximum 
sensitivity). 

• Any variant with published statistical calculations (p-value, OR, RR) or variant where 
this rule could possibly be applied should be reviewed for statistical validity. 

• Any variant with published statistical calculations (p-value, OR, RR) or variant where 
this rule could possibly be applied should be brought to full Expert Panel for review, 
including review by a statistical expert. 
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Caution: 
 
• It is recommended that this rule NOT be used for variants that have been reported in 

multiple independent patient cohorts.  See PS4_Strong_Scenario 2, and rules 
PS4_Moderate and PS4_Supporting on how to assign weight to multiple proband 
occurrences. 

 
Scenario 2: Variant identified in ≥15 probands with consistent phenotypes (between 
probands and for the gene); can lower to ≥10 probands if it has been verified that all 
probands are unrelated. 

 
Prerequisite Rule: 
 
• Only applicable if PM2 criteria is met.  
 
Notes: 

 
• Threshold of ≥15 probands was deliberately chosen to be stringent to counteract the risk 

for double counting probands (the inclusion of the same individuals in >1 published study 
is not always disclosed) and an option for reducing the strong threshold to ≥10 was 
factored in if such double counting can be definitively ruled out. 

• Can only use DCM cases.  
o Phenotypes should be clinically confirmed and should not include individuals 

with a suspected diagnosis. 
o Will count as DCM if left ventricular non compaction (LVNC) is present, as long 

as DCM criteria are met. 
o Because we have validated the phenotype by stringent medical record review to 

prove DCM, this count includes current DCM Study probands. 
o When reviewing the literature, confirm that DCM cases meet study criteria. If 

they do not, bring up to discussion with variant classification team and escalate 
for clinical cardiology review as needed. Due to the challenge in distinguishing 
between end-stage HCM and DCM, caution should be exercised when 
considering DCM cases for inclusion in proband or segregation counts for 
primarily HCM variants. Affected individuals in this context means DCM as 
defined by study entry criteria. If, however, the variant is in LMNA, SCN5A (loss 
of function), DES, document cases with arrhythmia, CSD and skeletal myopathy. 
While these cases should always be documented, only count the cases for the 
purpose of variant interpretation if: 

§ Case is < 40 years old, 

§ Adding case will make a difference in variant interpretation, and 

§ A clinical cardiovascular genetics expert agrees.  
 



 19 

• If a variant has been reported in another cardiomyopathy, and the DCM study patient has 
the reported variant along with another variant, discuss with variant classification team 
(and escalate to Variant Adjudication Oversight Committee as needed) if applying this 
rule would elevate a VUS to LP/P.  

• When evaluating a variant reported in other forms of cardiomyopathy: 
o Proband counts may combine cases of HCM and RCM. The combination of 

probands with other phenotypes should be reviewed by a clinical expert to 
determine if their inclusion in proband counts is appropriate.  

o Generally, individuals with isolated LVNC should NOT be added to proband or 
segregation counts (including individuals with isolated LVNC in a family where 
other cardiomyopathy is present).  

PP1_Strong: ≥7 segregations with disease (LOD score of ~2.1, or ~1/100 occur by chance) in 
DCM genes with strongest and strong evidence. Please refer to DCM Precision Medicine Study 
Gene List (Supplement 2). 
 

Prerequisite Rule: 
 
• Only applicable if PM2 criteria is met.  
 
Notes:  
 
• Only count DCM segregations. Do not count the proband. If, however, the variant is in 

LMNA, SCN5A (loss of function), DES, document cases with arrhythmia, CSD and 
skeletal myopathy. While these cases should always be documented, only count the cases 
for the purpose of variant interpretation if: 

a. Adding case will make a difference in variant interpretation, and 
b. A clinical cardiovascular genetics expert agrees.  

• If the segregating variant is found in a gene with variable evidence or in an ARVC gene, 
the variant should be discussed with adjudication team when applying this criterion.  

• Second family is not required to decrease likelihood of linkage disequilibrium for 
strong/definitive gene-disease associations. 

• Due to reduced penetrance, segregations only include affected individuals and never 
include negative unaffected individuals.   

• Genotype positive/phenotype negative individuals are generally less informative due to 
variable age at onset and reduced penetrance. 

• Segregation does not count in monozygotic (identical) twins.  
 

Caution: 
 
• when counting segregations in presence of other possible disease-causing variants.  

• when family members are distantly related (≥3rd degree) and affected individuals are 
linked by unknown or unaffected relatives (raises possibility of multiple causes of 
disease). 
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MODERATE EVIDENCE OF PATHOGENICITY 
 
PVS1_Moderate Null variant (nonsense, frameshift, canonical +/- 1 or 2 splice sites, initiation 
codon, single or multi-exon deletion) in VCL, PLN, and DSP (as long as the DSP truncating 
variant has been reported with DCM).24, 30 

Notes: 
 
• Apply rule as moderate for genes where there is evidence supporting, but it has not been 

established, that LOF is a mechanism of disease.  
• LOF data for other genes will be reviewed as variants are evaluated for the DCM study 

and discussed with the variant classification team as well as the Variant Adjudication 
Oversight Committee, as needed. 

 
Caution: 
 
• when interpreting LOF variants at the extreme 3’ end of a gene 
• with splice variants that are predicted to lead to exon skipping, but leave the remainder of 

the protein in tact 
• in the presence of multiple transcripts 

 
PM1 Located in a mutational hot spot and/or critical and well-established functional domain 
(e.g. active site of an enzyme) without benign variation (as defined by these guidelines) 
 

Notes: 
 

• Applicable if missense variant in RBM20 exon 9 hotspot (amino acids 634, 636, 637, 
638), which is a documented hot-spot. 

• Head domain variants in MYH7 are not considered a hotspot for DCM at this time. 

• Rule not mutually exclusive with PM5. A variant could lead to a change in a range of 
amino acids in a critical region (PM1, hotspot) and not all changes may have been 
described before (PM5). If another change involving one of the amino acids in the 
hotspot region has been classified as pathogenic, PM5 would also apply. If the hotspot is 
a single amino acid, PM1 and PM5 would be mutually exclusive (this is not the case for 
RBM20). 

• Although this would be a rare scenario, if a variant is identified to be in close vicinity 
(nearby residues) to other frequent pathogenic variants, variant will be reviewed by the 
committee to determine if the region qualifies to be considered a "mutational hot-spot." 

 
PM2 Absent from gnomAD or at extremely low frequency in all gnomAD non-founder 
populations with available data 
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Method 1: Minor allele frequency <0.05% in all non-founder gnomAD populations with 
available data 
 
Notes:  
 
• ClinGen modified the above-mentioned CI approach in favor of a more conservative 

MYH7-based approach.29 The DCM study retains the CI approach: in particular, the 
criterion is met if the upper bound of the 95% CI estimated using Wilson’s method is 
<0.05% in all non-founder gnomAD populations (AFR, AMR, EAS, NFE, SAS) with 
available data. 

• Position must have sufficient coverage (e.g. ≥20x mean coverage). 
• Population data for indels may be poorly called by next generation sequencing. 
• If variant not found in gnomAD, use Method 2 to evaluate PM2. 
 
Caution: 
 
• Population databases may contain presymptomatic individuals for diseases with reduced 

penetrance/variable onset.   
• If combined exome and genome data is below the MAF threshold, PM2 is met, however, 

be aware of differences between exome and genome data and if in doubt over confidence 
intervals on exomes versus genome populations, evaluate MAF and coverage and review 
with variant classification team as needed. 

 
Method 2: Variant not found in gnomAD 
 
Notes:  
 
• If variant appears to be absent in gnomAD, assess absence/rarity based on meeting all of 

the following criteria: 
o Sufficient allele number (120,000) in neighboring nucleotides 
o Position must have sufficient coverage (e.g. ≥20x mean coverage) 
o Mix of exome and genome data available 

 
Caution:  
 
• Population data for indels may be poorly called by next generation sequencing. 

 
PM3 For recessive disorders, detected in trans with a pathogenic variant 
 

Notes:  
 

• This requires testing of parents (or offspring) to determine phase. 
• DCM is thought to rarely be autosomal recessive. To our knowledge, one DCM pedigree 

consistent with recessive inheritance has been reported. The variants in this pedigree 
were in TNNI3. The DCM study also published a consanguineous family with 
homozygous TNNT2 variants.2 Rule may be applicable if overall data is consistent with 
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recessive inheritance, as determined by the variant classification team, and if needed, the 
Variant Adjudication Oversight Committee. 

• The strength of a variant potentially meeting PM3 may be affected by the following:  
o variant on the other allele is suspicious 
o proband is homozygous for variant (with large deletion ruled out) 
o multiple unrelated probands that are compound heterozygous with different 

pathogenic variants in trans.  
o Attention must also be paid to whether consanguinity may be confounding the 

strength of the data.  
 
PM4 Protein length changes due to stop-loss variants or in-frame deletions/insertions of any size 
in a non-repeat region 
 
PM5 Missense change at an amino acid residue where a different missense change determined to 
be pathogenic (as defined by these guidelines) has been seen before 
 
Example: Arg156His is pathogenic; now you observe Arg156Cys 
 

Notes:  
 

• Apply rule as stated (different amino acid change at same codon and NOT the same 
amino acid change due to a different DNA change; see PS1). 

• Rule not mutually exclusive with PM1. A variant could lead to a change in a range of 
amino acids in a critical region (PM1, hotspot) and not all changes may have been 
described before (PM5). If another change involving one of the amino acids in the 
hotspot region has been classified as pathogenic, PM5 would also apply. If the hotspot is 
a single amino acid, PM1 and PM5 would be mutually exclusive (this is not the case for 
RBM20). 

• While this is not known to be the case with DCM genes, this rule may apply if the two 
variants are seen in two homologous genes (for example, KRAS and HRAS, HBA1 and 
HBA2). When assessing amino acid changes in two homologous genes, important to 
confirm that the amino acid translation in the two genes are consistent.    

 
Caution:  
 
• Beware of changes that impact splicing rather than at the amino acid/protein level 
 

PM6 Confirmed de novo, but without confirmation of paternity  
 

Notes:  
 

• Do not use if PS2 (de novo with paternity confirmed in a patient with the disease and no 
family history) has been applied. 

• Both parents must have been tested and shown to NOT carry the variant. 
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• DCM Precision Medicine Study tests a limited number of genes, therefore, even when the 
parents have a negative phenotype and are negative for the variant identified in the 
parent, there may be a possibility that the parents may harbor additional variants that may 
be influencing the proband’s phenotype. 

• If using data from the literature, and cases were tested for a large number of genes, bring 
up for discussion with the variant classification team and escalate to Variant Adjudication 
Oversight Committee, as needed. 

• Requires negative ECHOs or CMR and negative ECGs in parents.  
a. Without clinical data, a negative genotype in the parents is not sufficiently 

informative for evidence to amount to moderate. 
• Family history must be consistent with de novo occurrence. See PS2 for guidance on 

evaluation for family history.  
• If a variant satisfies criteria for PM6 and has been observed to occur de novo ≥3 times, 

then de novo evidence may be elevated to strong (PS2). 
 
PS4_Moderate Variant identified in ≥6 probands with consistent phenotypes  

Prerequisite Rule: 
 
• Only applicable if PM2 criteria is met.  

Notes: 

• Do not use when PS4_Strong has been applied. 
• Can only use DCM cases.  

o Phenotypes should be clinically confirmed and should not include individuals 
with a suspected diagnosis. 

o Will count as DCM if left ventricular non compaction (LVNC) is present, as long 
as DCM criteria are met. 

o Because we have validated the phenotype by stringent medical record review to 
prove DCM, this count includes current DCM Study probands. 

o When reviewing the literature, confirm that DCM cases meet study criteria. If 
they do not, bring up to discussion with variant classification team and escalate 
for clinical cardiology review as needed. Due to the challenge in distinguishing 
between end-stage HCM and DCM, caution should be exercised when 
considering DCM cases for inclusion in proband or segregation counts for 
primarily HCM variants. Affected individuals in this context means DCM as 
defined by study entry criteria. If, however, the variant is in LMNA, SCN5A (loss 
of function), DES, document cases with arrhythmia, CSD and skeletal myopathy. 
While these cases should always be documented, only count the cases for the 
purpose of variant interpretation if: 

§ Case is < 40 years old, 

§ Adding case will make a difference in variant interpretation, and 

§ A clinical cardiovascular genetics expert agrees.   
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• If a variant has been reported in another cardiomyopathy, and the DCM study patient has 
the reported variant along with another variant, discuss with variant classification team 
(and escalate to Variant Adjudication Oversight Committee as needed) if applying this 
rule would elevate a VUS to LP/P.  

• When evaluating a variant reported in other forms of cardiomyopathy: 
o Proband counts may combine cases of HCM and RCM. The combination of 

probands with other phenotypes should be reviewed by a clinical expert to 
determine if their inclusion in proband counts is appropriate.  

o Generally, individuals with isolated LVNC should NOT be added to proband or 
segregation counts (including individuals with isolated LVNC in a family where 
other cardiomyopathy is present).  

PP1_Moderate ≥5 segregations with disease (LOD score of ~1.5, or ~1/30 occur by chance) in 
DCM genes with strongest and strong evidence. Please refer DCM Precision Medicine Study 
Gene List (Supplement 2).  
 

Prerequisite Rule: 
 
• Only applicable if PM2 criteria is met.  
 
Notes:  
 
• Do not use when PP1_Strong has been applied. 
• Only count DCM segregations. Do not count the proband. If, however, the variant is in 

LMNA, SCN5A (loss of function), DES, document cases with arrhythmia, CSD and 
skeletal myopathy. While these cases should always be documented, only count the cases 
for the purpose of variant interpretation if: 

a. Adding case will make a difference in variant interpretation, and 
b. A clinical cardiovascular genetics expert agrees.  

• If the segregating variant is found in a gene with variable evidence or in an ARVC gene, 
the variant should be discussed with adjudication team when applying this criterion.  

• Second family is not required to decrease likelihood of linkage disequilibrium for 
strong/definitive gene-disease associations. 

• Due to reduced penetrance, segregations only include affected individuals and never 
include negative unaffected individuals.   

• Genotype positive/phenotype negative individuals are generally less informative due to 
variable age at onset and reduced penetrance. 

• Segregation does not count in monozygotic (identical) twins.  
 
Caution: 
 

• when counting segregations in presence of other possible disease-causing variants.  
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• when family members are distantly related (≥3rd degree) and affected individuals are 
linked by unknown or unaffected relatives (raises possibility of multiple causes of 
disease). 

 
SUPPORTING EVIDENCE OF PATHOGENICITY 
 
PP1 ≥3 segregations with disease (LOD score of ~0.9, or ~1/10 occur by chance) in DCM genes 
with strongest and strong evidence. Please refer to DCM Precision Medicine Study Gene List 
(Supplement 2).  
 

Prerequisite Rule: 
 
• Only applicable if PM2 criteria is met.  
 
Notes:  

 
• Do not use when PP1_Strong or PP1_Moderate has been applied. 
• Only count DCM segregations. Do not count the proband. If, however, the variant is in 

LMNA, SCN5A (loss of function), DES, document cases with arrhythmia, CSD and 
skeletal myopathy. While these cases should always be documented, only count the cases 
for the purpose of variant interpretation if: 

a. Adding case will make a difference in variant interpretation, and 
b. A clinical cardiovascular genetics expert agrees. 

• If the segregating variant is found in a gene with variable evidence or in an ARVC gene, 
the variant should be discussed with adjudication team when applying this criterion.  

• Second family is not required to decrease likelihood of linkage disequilibrium for 
strong/definitive gene-disease associations. 

• Due to reduced penetrance, segregations only include affected individuals and never 
include negative unaffected individuals.   

• Genotype positive/phenotype negative individuals are generally less informative due to 
variable age at onset and reduced penetrance. 

• Segregation does not count in monozygotic (identical) twins.  
 
Caution: 
 
• when counting segregations in presence of other possible disease-causing variants.  

• when family members are distantly related (≥3rd degree) and affected individuals are 
linked by unknown or unaffected relatives (raises possibility of multiple causes of 
disease). 

PP2 Missense variant in a gene that has a low rate of benign missense variation and where 
missense variants are a common mechanism of disease. 
 

Note: 
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• Rule does not apply to DCM. 

 
PP3 Multiple lines of computational evidence support a deleterious effect on the gene or gene 
product (conservation, evolutionary, splicing impact, etc.) 
 

Method 1: REVEL score >0.731 
 
Notes: 
 
• Applies only to missense variants on the transcript(s) used in adjudication. 
• Method 1 is the preferred method of PP3 evaluation. 
• 58% of pathogenic and 5% of neutral variants, respectively, are predicted to meet PP3 at 

this cut off. 
• Positive predictive value for benign/no impact predictions is higher than for 

pathogenic/impact predictions. 
 
Method 2: Manual review of multiple computational tools. 
 
Notes: 
 
• Applies only to missense variants on the transcript(s) used in adjudication. 
• Only use when REVEL score is ≤0.7 and ≥0.15 AND selecting PP3 results in a medically 

significant difference in variant classification. 
o Examples of a medically significant difference in variant classification include a 

VUS becoming LP or P, a LP or P variant becoming a VUS, LB or B variant.  
• Although a manual score is ultimately a holistic method, manual evaluation of PP3 may 

be Met if SIFT and Polyphen approach 1 for the appropriate transcript, 
phastCons100way_vertebrate approaches 1, and GERP++ is >2.  

 
PP4 Patient’s phenotype or family history is highly specific for a disease with a single genetic 
etiology 
 

Note:  
 

• Rule does not apply to DCM.  
 
PP5 Reputable source recently reports variant as pathogenic but the evidence is not available to 
the laboratory to perform an independent evaluation 
 

Note:  
 

• Rule does not apply for DCM. 
 
PS4_Supporting Variant identified in ≥2 probands with consistent phenotypes.  
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Prerequisite Rule: 
 
• Only applicable if PM2 criteria is met.  
 
Notes:  

 
• Do not use when PS4_Strong or PS4_Moderate has been applied. 
• Can only use DCM cases.  

o Phenotypes should be clinically confirmed and should not include individuals 
with a suspected diagnosis. 

o Will count as DCM if left ventricular non compaction (LVNC) is present, as long 
as DCM criteria are met. 

o Because we have validated the phenotype by stringent medical record review to 
prove DCM, this count includes current DCM Study probands. 

o When reviewing the literature, confirm that DCM cases meet study criteria. If 
they do not, bring up to discussion with variant classification team and escalate 
for clinical cardiology review as needed. Due to the challenge in distinguishing 
between end-stage HCM and DCM, caution should be exercised when 
considering DCM cases for inclusion in proband or segregation counts for 
primarily HCM variants. Affected individuals in this context means DCM as 
defined by study entry criteria. If, however, the variant is in LMNA, SCN5A (loss 
of function), DES, document cases with arrhythmia, CSD and skeletal myopathy. 
While these cases should always be documented, only count the cases for the 
purpose of variant interpretation if: 

§ Case is < 40 years old, 

§ Adding case will make a difference in variant interpretation, and 

§ A clinical cardiovascular genetics expert agrees.   

• If a variant has been reported in another cardiomyopathy, and the DCM study patient has 
the reported variant along with another variant, discuss with variant classification team 
(and escalate to Variant Adjudication Oversight Committee as needed) if applying this 
rule would elevate a VUS to LP/P.  

• When evaluating a variant reported in other forms of cardiomyopathy: 
o Proband counts may combine cases of HCM and RCM. The combination of 

probands with other phenotypes should be reviewed by a clinical expert to 
determine if their inclusion in proband counts is appropriate.  

o Generally, individuals with isolated LVNC should NOT be added to proband or 
segregation counts (including individuals with isolated LVNC in a family where 
other cardiomyopathy is present).  

 
STAND-ALONE EVIDENCE OF BENIGN IMPACT 
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BA1 Variant allele frequency is >0.1% in any gnomAD non-founder population with available 
data. 
 

Note: 
 

• The criterion is met if the lower bound of the 99.99% CI estimated using Wilson’s 
method is >0.1% in any non-founder gnomAD population (AFR, AMR, EAS, NFE, SAS) 
with available data. 

BP1_Stand_Alone Missense variant in TTN  

 
STRONG EVIDENCE OF BENIGN IMPACT 
 
BS1 Variant allele frequency is >0.05% in any gnomAD non-founder population with available 
data. 

 
Note:  

 
• The criterion is met if the lower bound of the 99.99% CI estimated using Wilson’s 

method is >0.05% in any non-founder gnomAD population (AFR, AMR, EAS, NFE, 
SAS) with available data. 

BS2 Observed in a healthy adult individual for a recessive (homozygous/compound 
heterozygous with pathogenic variant), dominant (heterozygous), or X-linked (hemizygous) 
disorder with full penetrance expected at an early age. 
 

Notes:  
 

Rule does not apply to DCM. 

BS3 Well-established in vitro or in vivo functional studies shows no damaging effect on protein 
function or splicing 
 

Notes: 
 

• Functional studies that have been validated and shown to be reproducible and robust in a 
clinical diagnostic laboratory setting are considered the most well established. 

• Functional data sufficient to be considered as strong evidence:  
o Mammalian “knock in” model (other in vivo evidence such as whole gene models 

are not acceptable) 
o Cell model (or other in vitro assay) if the variant in question produces a cellular 

phenotype that reliably predicts the clinical phenotype, and causality is 
demonstrated with appropriate controls (e.g. correction of the variant reverses the 
phenotype) 

§ Substantial judgment regarding cell-based versus in vivo models should be 
applied when using this rule.  
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• Strength of all functional studies should be assessed for a high-specificity for the 
assay/model as well as for the associated phenotype being sufficiently rare and the 
direction of effect on the gene product consistent with what is known for that disease (i.e. 
GOF vs LOF). 

• If applying this rule based on in vitro data would have an impact on variant classification, 
bring up for discussion with variant classification team and escalate to Variant 
Adjudication Oversight Committee as needed. 

BS4 Lack of segregation in affected members of a family 
 

Notes:  
 

• Requires careful consideration of when to use, due to possible phenocopies and families 
with multiple pathogenic variants. 

• Due to the possibility of phenocopies and the possibility of multiple disease-causing 
variants, minimum of 2 non-segregations without a possible alternate cause required to 
apply criteria. 

• Variants showing non-segregation in a family will likely be interpreted as VUS for that 
particular family. 

• Extra careful consideration required to use this data as conflicting evidence, especially 
when overall evidence supports LP or P. 

• Any variant classified as LB/B based on this criterion or an otherwise P/LP variant that is 
downgraded to VUS based on this criterion will be reviewed by the variant classification 
team. 

 
SUPPORTING EVIDENCE OF BENIGN IMPACT 
 
BP1 Missense variant in a gene for which only primarily truncating variants are known to cause 
disease 

 
Notes:  

 
• This rule only apples to TTN for DCM. See BP1_Stand_Alone. This rule does not apply 

to or DCM genes on the gene list for the DCM Precision Medicine Study (Supplement 2).  
• As data emerges in the literature, keep in mind other variations in which this rule may be 

applicable. This rule has been modified in ClinGen Working Groups to score LOF 
variants when gain of function is the known mechanism or LOF variants when dominant 
negative is the known mechanism. If used, discuss with a cardiovascular genetics expert 
and escalate to Variant Adjudication Oversight Committee as needed.  

 
BP2 Observed as compound heterozygous (in trans) or double heterozygous in genes with 
overlapping function (e.g. sarcomere genes) without increased disease severity or observed in cis 
with a pathogenic variant in any inheritance pattern 
 

Notes:  
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• Due to the reduced penetrance, high degree of locus heterogeneity and multiple rare 
variants observed in DCM, this rule generally will not apply. 

• Consider using this rule when co-occurrence with a pathogenic variant is more common 
than expected for that condition. 

• Requires variant classification team review if applied or if a variant is classified as LB/B 
based on this criterion. 

• Second variant should be pathogenic as defined by DCM Precision Medicine Study 
Variant Classification Rules. 

• Testing of parents or other informative relatives is required to determine cis/trans status 
• If a variant is seen in trans or double heterozygous with another pathogenic variant in two 

or more cases and the phenotype is not more severe than when either of the two variants 
are seen in isolation, this rule may be applied. 

• This rule cannot be applied when the variant has only ever been observed in cis with the 
pathogenic variant as its significance in isolation is unknown in this scenario.  

 
Caution: 
 
• when this rule is the primary piece of evidence for classifying a variant as likely 

benign/benign (only 2 supporting criteria are sufficient for a likely benign classification).  
• if more than one variant in a given proband/family reaches LP/P status, the variant 

classification team will discuss to rule out any caveats, as outlined for MYH7 variant 
adjudication.29 

 
BP3 In-frame deletions/insertions in a repetitive region without a known function 
 

Note:  
 

• Rule does not apply to DCM.  
 
BP4 Multiple lines of computational evidence suggest no impact on gene or gene product 
(conservation, evolutionary, splicing impact, etc.) 
 

Method 1: REVEL score <0.1531 
 
Notes: 
 
• Applies only to missense variants on the transcript(s) used in adjudication. 
• Method 1 is the preferred method of BP4 evaluation. 
• 5% of pathogenic and 55% of neutral variants, respectively, are predicted to meet BP4 at 

this cut off. 
• Positive predictive value for benign/no impact predictions is higher than for 

pathogenic/impact predictions. 
 

Method 2: Manual review of multiple computational tools. 
 
Notes: 
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• Applies only to missense variants on the transcript(s) used in adjudication. 
• Only use when REVEL score is ≥0.15 and ≤0.7 AND selecting BP4 as met results in a 

medically significant difference in variant classification. 
o Examples of a medically significant difference in variant classification include a 

VUS becoming LP or P, a LP or P variant becoming a VUS, LB or B variant.  
• Although a manual score is ultimately a holistic method, manual evaluation of BP4 may 

be met if SIFT and Polyphen approach 0 for the appropriate transcript, 
phastCons100way_vertebrate approaches 0, and GERP++ is <2. 

 
BP5 Variant found in a case with an alternate molecular basis for disease 

 

Note: 

• DCM Study probands are phenotyped for idiopathic DCM and only tested for DCM 
genes. Rule does not apply to DCM. 

 
BP6 Reputable source recently reports variant as benign but the evidence is not available to the 
laboratory to perform an independent evaluation 
 

Note:  
 

• Rule does not apply to DCM. 
 
BP7 Unlikely to affect protein function based on calculated Sequence Ontology terms for the 
transcripts(s) of interest. 
 

Notes:  
 

• A variant not having at least one of the following calculated impacts on the transcript(s) 
used for adjudication: transcript_ablation, splice_acceptor_variant, splice_donor_variant, 
stop_gained, frameshift_variant, stop_lost, start_lost, transcript_amplification, 
inframe_insertion, inframe_deletion, missense_variant, protein_altering_variant, or 
regulatory_region_ablation.  

• For the DCM Precision Medicine Study, rule expanded beyond synonymous variants or 
non-consensus intronic variants with no predicted splice impact to include all variants 
predicted to be unlikely to affect protein function based on calculated Sequence 
Ontology6 terms for the transcript(s) of interest. 
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