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BACKGROUND: Less than 40% of patients with dilated cardiomyopathy (DCM) have a pathogenic/likely pathogenic genetic
variant identified. TBX20 has been linked to congenital heart defects; although an association with left ventricular
noncompaction (LVNC) and DCM has been proposed, it is still considered a gene with limited evidence for these phenotypes.
This study sought to investigate the association between the TBX20 truncating variant (TBX20tv) and DCM/LVNC.

METHODS: TBX20 was sequenced by next-generation sequencing in 7463 unrelated probands with a diagnosis of DCM or
LVNC, 22 773 probands of an internal comparison group (hypertrophic cardiomyopathy, channelopathies, or aortic diseases),
and 124 098 external controls (individuals from the gnomAD database). Enrichment of TBX20tvin DCM/LVNC was calculated,
cosegregation was determined in selected families, and clinical characteristics and outcomes were analyzed in carriers.

RESULTS: TBX20tv was enriched in DCM/LVNC (24/7463; 0.32%) compared with internal (1/22 773; 0.004%) and external
comparison groups (4/124 098; 0.003%), with odds ratios of 73.23 (95% Cl, 9.90-541.45; P<0.0001) and 99.76 (95%
Cl, 34.60-287.62; A<0.0001), respectively. TBX20tv was cosegregated with DCM/LVNC phenotype in 21 families for a
combined logarythm of the odds score of 4.53 (strong linkage). Among 57 individuals with TBX20tv (49.1% men; mean age,
35.9+£20.8 years), 41 (71.9%) exhibited DCM/LVNC, of whom 14 (34.1%) had also congenital heart defects. After a median
follow-up of 6.9 (95% Cl, 25-75:3.6—14.5) years, 9.7% of patients with DCM/LVNC had end-stage heart failure events and
4.8% experienced malignant ventricular arrhythmias.

CONCLUSIONS: TBXZ20tv is associated with DCM/LVNC; congenital heart defect is also present in around one-third of cases.
TBXZ20tw-associated DCM/LVNC is characterized by a nonaggressive phenotype, with a low incidence of major cardiovascular
events. TBX20 should be considered a definitive gene for DCM and LVNC and routinely included in genetic testing panels
for these phenotypes.
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Nonstandard Abbreviations and Acronyms

ASD atrial septal defect
CHD congenital heart defect
DCM dilated cardiomyopathy

EF ejection fraction
LVNC left ventricular noncompaction
TBX20tv  TBX20 truncating variant

acterized by enlargement of the left ventricle, usually

accompanied by systolic dysfunction, not explained
by abnormal loading conditions or significant coronary
artery disease. Its prevalence is estimated to be closer to
1:250 individuals, and it is a leading cause of heart fail-
ure and heart transplantation worldwide.! Left ventricular
noncompaction (LVNC) is morphologically characterized
by the presence of a thinned and compact myocardial
layer and a thickened trabecular layer with excessive
trabeculations and deep recesses.? It is the third most
common cardiomyopathy in the pediatric population after
DCM and hypertrophic cardiomyopathy; it can also occur
in the adult population with an estimated prevalence of
1:2000 individuals.® LVNC has a broad morphological
spectrum and can occur in isolation or association with
other cardiomyopathies (mainly DCM and hypertrophic
cardiomyopathy), early onset arrhythmias, or congenital
heart defects (CHDs). Consequently, LVNC is a clinically
heterogeneous disease, and affected patients can range
from asymptomatic to severe cardiac dysfunction or sud-
den cardiac death.?

Since the introduction of next-generation sequencing
in the late 20th century, many genes have been associ-
ated with the development of DCM/LVNC, with a con-
stant effort to curate and update information on these
genes. However, #60% to 70% of individuals with a
clinical diagnosis of DCM/LVNC still do not have causal
genetic variants identified, despite up to 40% of patients
with genotype-negative DCM being reported as having
familial disease.

TBX20 encodes the T-box transcription factor 20
protein, which is a member of the T-box superfamily
that is highly expressed in embryonic heart tissues.5®
Genetic variants in TBX20 have been linked with
CHD, and a potential association between variants in
TBX20 and the development of DCM in the absence
of CHD has been proposed”; however, this association
has not yet been definitively established. On the same
hand, LVNC associated with TBX20 variants has been
described only in short reports® TBX20 is currently
considered a gene with limited evidence for DCM and
LVNC.81°

The objective of the present study was to explore the
association of the TBX20 truncating variant (TBX20t)

N onischemic dilated cardiomyopathy (DCM) is char-
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with DCM and LVNC phenotypes and to evaluate the
characteristics and clinical outcomes of individuals with
TBX20tv-associated DCM/LVNC.

METHODS
Full methods of this research are available in Supplemental
Methods.

The study conforms with the principles of the Declaration
of Helsinki, and the study protocol was approved by the
Independent Review Board of A Corufa-Ferrol (registry code
2022/435). Participants provided written informed consent.
The authors from each center guaranteed the integrity of the
data from their institution and received local approval for ano-
nymized patient data collection and analysis.

All the data that support the findings of this study are avail-
able from the corresponding author upon reasonable request.

RESULTS
Enrichment of TBX20tvin DCM/LVNC

The flowchart of the study can be observed in Figure 1.
We detected 22 different TBX20tv in 24 of 7463 DCM/
LVNC probands. TBX20tv was significantly enriched in
DCM/LVNC probands (24/7463; 0.32%) compared with
internal (1/22 773; 0.004%) and external comparison
groups (4/124 098; 0.003%), with an odds ratio of 73.23
(95% ClI, 9.90-541.45; ~<0.0001) and 99.76 (95% Cl,
34.60-287.62; F<0.0001), respectively. The enrichment
of TBX20tvwas also demonstrated after performing a sub-
group analysis, including DCM (isolated DCM and DCM
with hypertrabeculation) and isolated LVNC, respectively
(Table S1). Of these subgroups, the highest probability
was obtained for the phenotype of DCM with hypertra-
beculation, in which TBX20tv was detected in 5.26% of
the probands with this phenotype (12/228 probands).

Of note, the only patient with a TBX20tvin the internal
comparison group was a 65-year-old patient with hyper-
trophic cardiomyopathy with no left ventricular dilatation
and normal ejection fraction (EF) but with a history of
atrial fibrillation and nonsustained ventricular tachycar-
dia; cardiac magnetic resonance imaging showed that he
was positive for LGE. No other disease-causing variants
except for the TBX20tv variant p.Arg420" were identi-
fied in the genetic study. This variant has been previously
reported in the literature, identified in a family with a his-
tory of atrial septal defects (ASDs) but considered a VUS
because it had been found to be a nonsegregating vari-
ant (one of the affected members with ASD was a non-
carrier of the variant).’

A separate analysis to determine enrichment was
performed for nontruncating variants in TBX20. We
identified 31 probands with rare nontruncating variants
in TBX20 out of 7463 (0.41%) probands with DCL/
LVNC, which, therefore, were not found to be signifi-
cantly enriched compared with internal (95/22 694;
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Probands in which
TBX20 was sequenced |
‘7 n =30,236 —¢
Probands with
DCM/LVNC Inteﬂa;;%n;;ols
n= 7,463 !
Y
DCM/LVNC probands Internal controls
| with TBX20tv with TBX20tv
n = 24 (22 variants) n=1(HCM)
3 probands not
participating in |[€——
segregation study  J
21 families Figure 1. Flowchart of the study.
91 individuas Flowchart of the study after evaluating
(19 variants) 30 236 probands in whom TBX20
Non-carriers was sequenced. CHD indicates
of TBX20tv - congenital heart defect; DCM, dilated
N=34 i cardiomyopathy; HCM, hypertrophic
- cardiomyopathy; LV, left ventricular; and
Carries of TBX20tv LVNC, left ventricular noncompaction.
n=>57
(21 probands - 36
relatives)
Isolated DCM/LVNC Isolated Unaffected
DCM/LVNC and CHD CHD relatives
n=27 n=14 n=2 n=12
26 patients LV systolic
dysfunction
3 patients heart transplant
1 patient heart failure death

0.42%) and external (gnomAD) comparison groups
(357/116 510; 0.031%), with an odds ratio of 0.99
(95% ClI, 0.64-1.51; P=nonsignificant) and 1.36 (95%
Cl, 0.91-1.96; P=nonsignificant).

Segregation Study, Penetrance, and Main
Clinical Characteristics of TBX20tv Carriers

A total of 21 probands from the 24 individuals with
DCM/LVNC and TBX20tvidentified accepted to partic-
ipate in the segregation and clinical evaluation studies;
9 of the probands (42.9%) had also a CHD in addition
to DCM/LVNC. Patients were evaluated at 15 hospi-
tals from 5 European countries: Spain (15 probands),
United Kingdom (3 probands), Ireland (1 proband),
Denmark (1 proband), and Portugal (1 proband). Of
the 19 different loss-of-function variants identified, 9
were frameshift (47.37%), 3 nonsense (15.79%), and
affected splicing (26.32%); a stop-loss variant (5.26%)

Circ Genom Precis Med. 2024;17:e004404. DOI: 10.1161/CIRCGEN.123.004404

and a complete deletion of 2 exons (5.26%) were iden-
tified as well (Figure 2; Table S2).

In addition to the 21 probands of the families, clinical
and genetic evaluations were undertaken in 70 relatives
(range, 1-21 relatives per family). Thirty-six relatives
(51.4%) were found to be carriers of TBX20tv, and a
DCM/LVNC phenotype was found in 20 (58.8%), of
whom 15 (75.0%) had an isolated DCM/LVNC and 5
(25.0%) had also a concomitant CHD. Twelve relative
carriers of a TBX20tv (33.3%) were unaffected, and
2 (5.6%) had an isolated CHD (bicuspid aortic valve
in both cases). The phenotype of the 2 carriers was
unknown. None of the 34 relatives noncarriers of the
TBX20tv present in the family had a diagnosis of DCM/
LVNC or CHD.

Although most of the families were small, segrega-
tion analysis provided a combined logarythm of the
odds score of 4.63, which is strongly indicative of the
linkage between TBX20tv and DCM/LVNC.'? The most
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p.His225GInfs*22
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DNA binding domain (TBox)
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Figure 2. TBX20 protein and localization of the variants detected in the study and reported in the literature.

Scheme of the TBX20 protein, with the relevant domains and coding exons, and the variants detected in the study (black) and described
previously in the literature (blue). Truncating variants (nonsense and frameshift) are represented at the top of the figure, while splicing variants
and CNVs are represented at the bottom. TA indicates transactivation; and TR, transrepression.

frequently identified TBX20tv was p.His225GInfs*22,
which had been detected in 15 patients from 2 large fam-
ilies coming from the same isolated geographic region in
Spain. The identified TBX20tv was clearly cosegregated
with DCM/LVNC in these families, with an independent
logarythm of the odds score of 2.11. Pedigrees of all the
families, logarythm of the odds scores, and the clinical
characteristics of probands and affected relatives can be
found in Table S4 and Figure S1, respectively.

Analysis of disease penetrance in all 57 individuals
including probands and relatives harboring TBX20tv
revealed an estimated median age of diagnosis in men
of 30.0 (95% Cl, 20.0-59.0) years and 46.0 (95% ClI,
30.0-61.0) years in women (P=0.80; Figure 3). Interest-
ingly, we also did not find differences in the age of onset
of the disease between probands and relatives (Figure
S2). On the other hand, the median age at diagnosis of
patients with CHD in isolation or in combination with
DCM/LVNC was 25.0 (95% Cl, 9.0-45.0) years, while
it was 43.0 (95% ClI, 32.0-54.0) years in those with
DCM/LVNC without CHD (P=0.08). Similarly, patients
with LVNC were diagnosed earlier than those with iso-
lated DCM (30.0 [95% CI, 12.0-41.0] versus 570 [95%
Cl, 10.0-73.0] years, respectively; P=0.054; Figure S2).
Valvular involvement was the most common CHD (6
patients had bicuspid aortic valve and 5 had mitral valve
defects), followed by heart septal defects (3 atrial and 3
ventricular), coronary anomalies (2), and aortic coarcta-
tion (2). Three patients had complex CHD: one patient
had a ventricular septal defect, double outlet right ven-
tricle, subaortic stenosis, and a single coronary artery; the
second and third patients had both coarctation of the
aorta and bicuspid aortic valve (one of them also with
aortic dilatation).

Clinical characteristics and outcomes of patients with
DCM/LVNC harboring TBX20tv demographic, clinical,

Circ Genom Precis Med. 2024;17:e004404. DOI: 10.1161/CIRCGEN.123.004404

echocardiographic, and electrocardiographic character-
istics of the 41 patients with DCM/LVNC with TBX20tv
are shown in the Table.

The mean age at diagnosis was 36.8+21.8 years.
The most frequent symptom was the presence of dys-
pnea (47.5%), with 20.0% of carriers being in NYHA
classes Il and IV. Palpitations or dizziness were present
in 22.0% of the patients, and 39.0% were asymptomatic.
Ventricular dysfunction (left ventricular EF, <65%) was
identified in 62.5% of the carriers and was moderate to
severe in 37.5% of the cases. There was no significant
difference between the clinical presentations between
men and women, except for higher left ventricular end-
diastolic diameter in men (51.4£8.5 mm) than in women
(45.445.8 mm; P=0.021). The relation between left
ventricular EF and the age of the carriers of TBX20tv at
which the measurement was performed can be observed
in Figure 4. Left ventricular EF is decreasing at older
ages, with this decrease being much more marked in
men compared with women.

Events in carriers of TBX20tv with DCM/LVNC dur-
ing a median follow-up of 6.9 (95% Cl, 25-75:3.6—
14.5) years were infrequent despite being severe in
some cases. Survival curves free of major adverse car-
diovascular events can be observed in Figure S3. Six
patients (14.6%) experienced a major adverse cardio-
vascular event: 2 (4.8%) had major ventricular arrhyth-
mia and 4 (9.7%) had end-stage heart failure. Three
carriers (7.3%) required cardiac transplantation; they
had in common the presence of CHD and a diagnosis
at an early age. The first case was a boy diagnosed at
10 years of age with a bicuspid aortic valve and LVNC
with a restrictive filling pattern. The second case was
a male patient diagnosed with sinus venosus ASD at
the age of 10 years. At 22 years, he began presenting
symptoms of heart failure, progressing to ventricular
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Figure 3. Penetrance (age of diagnosis) of TBX20tv.

Penetrance of TBX20tv in the whole cohort (A) and in men and women (B). It can be observed how diagnosis begins early in life and is
maintained constant through the years, with patients being diagnosed even after the age of 60 years.

dysfunction, a restrictive filling pattern, and pulmonary
hypertension. He received a heart transplant at the age
of 48 and died of postsurgical complications 1 week
later. Finally, the third case was a 10-year-old girl ini-
tially diagnosed with hypertrophic cardiomyopathy with
severe ventricular dysfunction and ASD. She had a

Circ Genom Precis Med. 2024;17:e004404. DOI: 10.1161/CIRCGEN.

complex genotype: de novo TBXZ20tv p.Lys198Thrfs*6
and 2 biallelic LP/P variants in MYBPCS3 inherited
from each progenitor. The patient evolved unfavorably
and required a heart transplant at the age of 24. The
remaining carrier with end-stage heart failure died due
to refractory heart failure at age 73, after surgery for an
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Table. Characteristics of Patients With DCM/LVNC Carrying Truncating Variants in

TBX20
Men (n=24) | Women (n=17) | Overall (n=41) P value
Demographics
Age at diagnosis, y 35.9 (+24.0) | 38.0 (+18.9) 36.8 (+21.8) 0.546
Proband 13 (54.2%) 8 (47.1%) 21 (51.2%) 0.448
Symptoms
Asymptomatic 10 (41.7%) 6 (35.3%) 16 (39.0%) 0.412
Dyspnea
NYHA| 13 (54.2%) 8 (50.0%) 21 (52.5%) 0.448
NYHA I 5 (20.8%) 6 (37.5%) 11 (27.5%) 0.980
NYHA Il 3 (12.5%) 1 (6.3%) 4 (10.0%) 0.491
NYHA IV 3 (12.5%) 1 (6.3%) 4 (10.0%) 0.491
Palpitations/dizziness 4 (16.7%) 5 (29.4%) 9 (22.0%) 0.336
Phenotype
Isolated DCM/LVNC 15 (62.5%) 12 (70.6%) 27 (65.9%) 0.591
LVNC+CHD 9 (37.5%) 5 (29.4%) 14 (34.1%) 0.591
Cardiomyopathy subtype
DCM 3 (12.5%) 4 (23.5%) 7 (17.1%) 0.361
LVNC 12 (50.0%) 6 (36.3%) 18 (43.9%) 0.352
DCM/LVNC (overlapping) 9 (37.5%) 7 (41.2%) 16 (39.0%) 0.812
CHDs 9 (32.1%) 7 (25.9%) 16 (29.1%) 0.812
Septal defects
Ventricular 1 (4.2%) 2 (11.7%) 3 (7.3%) 0.377
Auricular 2 (8.3%) 1 (5.8%) 3 (7.3%) 0.767
Other CHDs
Bicuspid aortic valve 2 (8.3%) 3 (17.6%) 5 (12.1%) 0.379
Mitral valve prolapse/dysplasia 4 (16.6%) 1 (5.8%) 5 (12.1%) 0.319
Coronary abnormalities 1 (4.2%) 1 (5.8%) 2 (4.8%) 0.802
Aortic coarctation 1 (4.2%) 1 (5.8%) 2 (4.8%) 0.802
ECG
Sinus rhythm 18 (75.0%) 14 (82.3%) 32 (78.0%) 0.576
Atrial fibrillation 6 (25.0%) 2 (11.8%) 8 (20.5%) 0.302
Pacemaker 0 (0%) 1 (5.8%) 1 (1.8%) 0.369
Transthoracic echocardiography
LVEF, % 43.8+17.2 48.7t12.1 459+15.3 0.375
LV systolic dysfunction
Mild 3 (13.0%) 7 (41.2%) 10 (25.0%) 0.044
Moderate 2 (8.7%) 3 (17.6%) 5 (12.5%) 0.379
Severe 8 (34.8%) 2 (11.8%) 10 (25.0%) 0.128
LVEDD, mm 51.4+8.5 45.4+58 48.9179 0.021
Cardiac MRI
Hypertrabeculation 1 (6.6%) 2 (11.8%) 3 (8.1%) 0.377
Noncompaction 12 (80.0%) 11 (64.7%) 23 (71.9%) 0.352
Late gadolinium enhancement 4 (26.7%) 2 (14.3%) 6 (20.7%) 0.663
ICD/ICD-CRT implantation 5 (20.8%) 4 (23.5%) 9 (21.9%) 0.837
Events
MACE 4 (16.6%) 2 (11.8%) 6 (14.6%) 0.663
Hearth failure death 1 (4.2%) 0 (0.0%) 1 (2.4%) 0.629
(Continued)
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Table. Continued

TBX20 Truncating Variants and DCM/LVNC

Men (n=24) | Women (n=17) | Overall (n=41) | Pvalue
Cardiac transplant 2 (8.4%) 1 (5.9%) 3 (7.3%) 0.767
Sudden cardiac death 1 (4.2%) 1 (5.9%) 2 (4.8%) 0.802
Ventricular arrhythmias
NSVT 0 (0%) 4 (23.5%) 4 (14.2%) 0.067
Frequent PVC 2 (9.5%) 4 (23.5%) 6 (15.8%) 0.191

CHD indicates congenital heart defects; CRT, cardiac resynchronization therapy; DCM, dilated cardiomyopa-
thy; ICD, implantable cardioverter defibrillator; LV, left ventricle; LVEDD, left ventricular end-diastolic diameter;
LVEF, left ventricular ejection fraction; LVNC, left ventricular noncompaction; MACE, major adverse cardiovas-
cular event; MRI, magnetic resonance imaging; NSVT, nonsustained ventricular tachycardia; NYHA, New York
Heart Association functional class; and PVC, premature ventricular contractions.

infrarenal aortic aneurysm with progressive worsening
of his clinical situation, developing severe pulmonary
hypertension. He had been diagnosed at 69 years of
age with DCM/LVNC, being anticoagulated due to an
apical thrombus (it was the only carrier with this com-
plication in all the cohort).

The 2 patients with major ventricular arrhythmia
events debuted with a recovered sudden cardiac death

at 57 and 32 years of age, respectively; at the time of the
event, only the male had systolic dysfunction (EF, 43%),
but both evolved during follow-up with ventricular dilata-
tion and dysfunction. Fibrosis on cardiac magnetic reso-
nance imaging was not observed in either of the 2 cases.

The presence of other ventricular arrhythmias was
infrequent in the cohort, with only 4 carriers (14.2%)
presenting with nonsustained ventricular tachycardia

80
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Figure 4. Left ventricular ejection fraction (LVEF) according to the age of measurement.
Scatter plot representing the LVEF against the age in carriers of TBX20tv when the measurement was done. It can be observed how LVEF
decreases over the years, being this phenomenon more pronounced in males.
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and 6 (15.8%) with frequent ventricular extrasysto-
les. Nine carriers (21.9%) required the implantation of
a defibrillator (7 in primary prevention) and 1 (1.8%) a
conventional pacemaker. The prevalence of atrial fibril-
lation was 20.5% (8 patients), being higher in men (6
patients; 25.0%) than in women (2 patients; 11.8%) but
not reaching statistical significance (P=0.30).

Fourteen carriers (34.1%) had isolated LVNC/hyper-
trabeculation (without CHD or dysfunction/dilatation);
these patients had neither complications nor severe
arrhythmias during follow-up (only 3 patients had a high
burden of ventricular extrasystoles).

DISCUSSION

In this multicenter study, we demonstrate a clear asso-
ciation between TBX20tv and DCM/LVNC. We docu-
mented a significant excess of loss-of-function variants
in this gene among patients with DCM/LVNC com-
pared with internal and external comparison groups
and confirmed segregation of TBX20tv with DCM/
LVNC in several families for a combined logarythm
of the odds score of >3, which is highly indicative of
significant linkage. Furthermore, we performed a deep
characterization of clinical features and outcomes of
TBX20tv-associated DCM/LVNC to realize that it fol-
lows a nonaggressive course, with a low incidence of
ventricular arrhythmias, being the prognosis defined by
progression to severe cardiac dysfunction and heart
failure symptoms.

Genetic variants in TBX20 had been proposed to
cause DCM and LVNC, but most of the evidence for this
association was based on functional studies and animal
models.”®'* Clinical evidence was scarce, with disease-
causing variants reported in small families and with vari-
able segregation data.'® For these reasons, TBX20 was
considered a gene with limited evidence of association
with DCM by the ClinGen curation consortium2' and
the association with LVNC has also not been considered
definitive.? A previous study about the genetic architec-
ture of LVNC found significant enrichment of TBX20tv
among patients with this phenotype although the number
of patients was small and the authors did not consider
the evidence to be sufficient to include this gene in the
main section of the article (the analysis is given in the
Supplemental Material)."”

The first report that TBX20 with cardiomyopa-
thy in humans came from the work by Kirk et al.'®
They described 2 variants in TBX20, p.lle1562Met and
p.Glu195% in 2 patients with both CHD and DCM. The
nonsense truncating p.Glu195" was cosegregated into
6 members of a family with a mixed and variable phe-
notype that included ASD, mitral valve disease, and
cardiomyopathy. Since then, several missense and few
truncating variants have been identified in cohorts of
patients with cardiomyopathy or isolated case reports,
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but cosegregation (with variable penetrance) was sug-
gested for only a few of these variants.”'92°

Our study provides solid evidence confirming that
loss-of-function variants in TBX20 are clearly associ-
ated with disease; according to our data, TBX20tv could
explain at least 0.26% of cases with a diagnosis of DCM
(isolated or with hypertrabeculation) and 0.75% of iso-
lated LVNC cases. Our results also confirm that TBX20
is a gene intolerant to haploinsufficiency, as it has been
recently proposed by ClinGen'®; this is relevant because
new refinements of the American College of Medical
Genetics criteria for specific conditions, such as DCM,
are being proposed.?' In this sense, detecting a TBX20tv
in a patient with DCM or LVNC should activate PVS1_
Strong criteria and be considered likely pathogenic if it is
also absent from controls and used predictively.

We did not find any association between nontruncat-
ing variants in TBX20 and a DCM/LVNC phenotype. This
does not necessarily mean that some rare nontruncating
variants are not pathogenic; in fact, cosegregation has
been demonstrated for a few variants but mainly with
a CHD phenotype. As in other cardiomyopathy genes,
these findings indicate that nontruncating variants have
different effects—from gain to loss of function, includ-
ing a neutral effect—and need to be evaluated separately
and independently due to the absence of a class effect,
as seems to happen with truncating variants. We can-
not rule out the possibility that a few nontruncating vari-
ants are associated predominantly with DCM/LVNC, but
the probability of explaining the phenotype when one
of these variants is detected by genetic testing is lower
than for truncating ones. From a practical point of view,
the American College of Medical Genetics criteria PP2
(missense variant in a gene with a low rate of benign
missense variants and common pathogenic missense
variants) should not be applied to the TBX20 gene.

Iltis also important to note that not all TBX20tv variants
are necessarily equal in terms of their ultimate biologi-
cal consequences. Although haploinsufficiency is prob-
ably the main final mechanism in most of these variants,
there could be special cases in which the final products
are viable proteins that can be associated with a differ-
ent effect. For example, the stop-loss variant’448Cys
only adds 3 new amino acids before a new stop codon,
and nonsense variants in the last exon could escape the
nonsense-mediated decay process, producing a slightly
truncated protein (a fact that is not expected for non-
sense variants in internal exons). On the same hand,
whether any of the splicing variants can be associated
with exon skipping and viable products is not known. One
of the limitations of our work is the lack of functional
studies exploring these possibilities, which could explain
part of the variability observed in the phenotypes.

Regarding TBXZ20tw~associated clinical phenotype,
an analysis of clinical and enrichment data according to
the subphenotype suggests that TBXZ20tv-associated
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disease begins as noncompaction cardiomyopathy
(which may be associated with CHD), progressing to a
decrease in EF and dilatation, with several patients reach-
ing a diagnosis of DCM. Almost half of the patients meet
the criteria for DCM at the time of diagnosis although
hypertrabeculation is also present in most cases.

TBX20 protein presents strong transcriptional activa-
tion and repression domains, and it interacts physically,
functionally, and genetically with other cardiac develop-
mental transcription factors, including NKX2-5, GATA4,
GATAD, GATAB, and TBXDb, which are associated with
CHD and have also been linked to DCM/LVNC in recent
years.??~% Different growth factors involved in cardiac
chamber development, ventricular trabeculation, and
valvulogenesis upregulate and downregulate TBX20
expression. Furthermore, functional studies in animal
models have demonstrated that TBX20 itself is important
for cardiovascular development and function,'®?” which
can partly explain why carriers of truncating variants in
the gene initially present with an LVNC phenotype. On
the same hand, it is, therefore, not surprising that variants
in TBX20 have been associated with CHD, with several
functional studies supporting its relevance®'* Most of
the variants associated with CHD are missense variants
reported to cause septal defects.?® Valvular involvement
has also been proposed in some papers in combination
with septal defects.® In our study, several patients with
TBX20tv exhibited congenital septal defects, but valvular
abnormalities in both the mitral valve and the aortic valve
were more frequent than septal defects and occurred
also in patients who did not have septal defects. Accord-
ingly, our results suggest that the clinical phenotype of
TBX20tv is heterogeneous and includes DCM/LVNC,
valvular involvement, and bicuspid aortic valve, septal
defects, and more complex CHD defects. Patients with
LVNC and CHD were diagnosed earlier than those with
isolated DCM, and many of them developed ventricular
dilatation and dysfunction over time. In any case, it is
important to remark that 2/3 (65.6%) of the patients in
our cohort had DCM/LVNC with no evidence of any CHD.

Patients with  TBX20t~associated DCM/LVNC
exhibit a benign clinical course, especially in terms of the
arrhythmic risk, with <6% incidence of major ventricular
arrhythmia. TBX20tv-associated DCM/LVNC was char-
acterized by progressive left ventricular dysfunction and
dilatation, with a prognosis characterized by progression
to end-stage heart failure, observed in 9.7% of patients.
These incidences of major adverse cardiovascular events
are similar to or even lower than the incidence found in
patients with negative genetic testing from large cohorts
of DCM with similar follow-up times.* It is worth noting
that patients with isolated LVNC (without CHD or sys-
tolic dysfunction/dilatation) had no severe arrhythmias or
cardiovascular events during follow-up.

Interestingly, although some other transcript fac-
tors, such as NKX2-b, have been associated with
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cardiomyopathy and septal defects and have also been
linked with cardiac conduction disorders, we did not find
an association of TBX20tv and cardiac conduction disor-
ders, and only one of the patients of the cohort required
pacemaker implantation due to sinus node dysfunction.

Study Limitations

Limitations of the study include its observational nature
and retrospective design. Our study cannot provide pre-
cise data on the prevalence of CHD associated with
TBX20tv because all the probands in our study had a
diagnosis of DCM/LVNC, and data on the prevalence of
CHD among individuals with TBX20tv derive mainly from
the evaluation of relatives.

Finally, this study was designed to prove the associa-
tion of loss-of-function TBX20 variants with DCM/LVNC,
and our results do not necessarily reflect what happens
with other variants such as nonsynonymous variants that
can be associated with the gain of function.

Conclusions

TBX20tv is associated with DCM/LVNC. The clinical
course of the disease is not particularly aggressive, with
a low number of patients evolving to end-stage heart fail-
ure or suffering major ventricular arrhythmia. Our results
should lead to the incorporation of TBX20 into the list
of accepted DCM/LVNC-causing genes in humans.
Moreover, TBX20 should be included among the genes
examined in patients with DCM, particularly among
gene-elusive patients with concomitant hypertrabecula-
tion or CHD.
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