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We report familial cardiac conduction disease (FCCD) in a 3-generation pedigree, including 

some family members with congenital junctional ectopic tachycardia (JET) (Fig. 1A). The 

proband presented during a febrile illness at 3.5-years of age with variable atrio-ventricular 

(AV) block (1st, 2nd, and 3rd degrees) together with left anterior fascicular block (LAFB) 

and right bundle branch block (RBBB) (Fig. 1B). Viral studies and echocardiogram were 

normal and he received a pacemaker; he subsequently developed clinical junctional 

tachycardia. Family history revealed a maternal grandmother with RBBB diagnosed at 5 
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years of age. The electrocardiogram (ECG) from the proband’s mother revealed sinus 

rhythm (SR), 1st degree AV block and a nonspecific intraventricular conduction delay. 

Clinical genetic testing of SCN5A did not reveal any disease-associated mutations. 

Subsequently she gave birth to identical twin girls. Both girls had rapid JET in the 

immediate post-natal period that was initially difficult to control. There was rate dependent 

RBBB and LAFB in both children prior to use of antiarrhythmic drugs. The arrhythmia has 

resolved in one twin but persists in the other as a catecholamine dependent accelerated 

junctional rhythm/congenital JET that is modified by propranolol therapy (Fig. 1C). The 

resting ECGs now both show LAFB and intermittent incomplete RBBB. The mother has 

subsequently developed symptomatic palpitations and shows electrocardiographic features 

consistent with typical atrioventricular nodal re-entrant tachycardia (AVNRT) on symptom-

rhythm correlation observed on loop recorder. Thus, the conduction defects in this family 

were of varying severity and the relationship to congenital JET in the three children is 

important as it is well recognized that congenital JET may progress to heart block [1,2]. At 

this stage the conduction abnormalities are minor in the twins who presented with the JET 

and have not progressed.

To determine the genetic basis of this novel FCCD and congenital JET, with the approval 

from the Children’s Hospital of Eastern Ontario Ethics Board and informed consent from the 

family, we performed whole exome sequencing (WES) on peripheral blood DNA samples 

from the affected boy, one of the affected twin girls, and the unaffected father using methods 

previously described [3]. Coding variants and those present in intron–exon boundaries were 

filtered to a frequency of less than 1% for all 3 family members. Given the dominant 

inheritance from the maternal lineage, we then looked for heterozygous variants shared by 

the two patients but not the father, which resulted in 34 rare candidate variants 

(Supplementary Table 1). Of the 34 rare variants, one was present in a gene recently 

associated with cardiac arrhythmia in humans: TNNI3K (NM_015978.2:c.1615A>G; 

p.Thr539Ala). The previous report of a p.Gly526Asp mutation in TNNI3K associated with 

variable atrial arrhythmias, conduction disease and dilated cardiomyopathy [4] suggests that 

this gene is causative in the family reported here. We confirmed that the variant was 

inherited from the affected mother (Fig. 2A).

TNNI3K is a cardiac-specific gene, encoding a cardiac troponin I-interacting MAP kinase. 

In mice, Tnni3k is shown to play an important role in the regulation of cardiac 

differentiation and cardiac contractility [5]. Overexpression of Tnni3k accelerated disease 

progression in mouse models of cardiomyopathy [6]. Moreover, increased level of Tnni3k 

resulted in prolonged PR interval duration, indicating its critical role in cardiac conduction 

[7]. The TNNI3K protein is comprised of nine N-terminal ankyrin repeats, followed by a 

serine/threonine kinase domain and a C-terminal serine-rich region (Fig. 2B). Thr539 is 

located in the kinase domain, and sequence analysis combined with phylogenetic analysis 

shows that conservation of Thr539 can be traced back to the basal member of the animal 

lineage namely Capsaspora (Fig. 2B). This conservation over large evolutionary time is 

suggestive of a functional constraint on this residue. We generated the homology model for 

the TNNI3K kinase domain and found that Thr539 is in the ATP-binding pocket (Fig. 2C). 

In contrast to the active site residues Lys490 and Asp606, which contact the triphosphate 

moiety and Mg2+ on one side of the pocket, Thr539 interacts with the adenine ring of the 
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ATP on the side opposite to them (Fig. 2C and D). Importantly, this position has been shown 

to be a key determinant controlling the kinase activity and the accessibility of the ligand-

binding pocket to selective kinase inhibitors (a “gatekeeper” residue) [8–10]. As suggested 

by previous experimental studies on other kinases [8,9], any substitution of the gatekeeper 

Thr to a hydrophobic amino acid (including Thr539Ala substitution) increases activity of the 

kinase domain. On the other hand, a mutation of the equivalent gatekeeper residue in the Tec 

kinase Itk to glycine or alanine inactivates the kinase [10]. Thus, alteration of the gatekeeper 

Thr in TNNI3K could lead to altered phosphorylation of its substrates, such as cardiac 

troponin I, and may result in cardiac dysfunction. In addition, the TNNI3K p.Gly526Asp 

mutation recently associated with cardiac arrhythmia and dilated cardiomyopathy [4] is 

located at the β strand structurally adjacent to the one containing Thr539 (Fig. 2C) and is 

extremely conserved across kinase domains, suggesting an important structural role for the 

residue. It is possible that the p.Gly526Asp mutation might affect the positioning of Thr539 

in the active site pocket via disruption of interactions with the adjacent β strand.

In summary, using WES we identified a heterozygous p.Thr539Ala mutation in TNNI3K, a 

cardiac-specific kinase, as the likely cause for a novel FCCD including congenital JET. 

Comparative sequence analysis and in silico modeling of TNNI3K kinase domain indicates 

the p.Thr539Ala substitution could result in an alternation of its kinase activity, but further 

experiments are required to investigate this hypothesis and how this alteration of TNNI3K 

kinase activity results in changes of specialized conduction tissues and arrhythmogenesis. 

This is the second family reported to date with variants in this gene associated with FCCD 

and arrhythmias. Additional families will need to be identified to understand the spectrum of 

disease associated with disruption of TNNI3K.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
A) Pedigree of the family with novel cardiac conduction system disease. Affected 

individuals are represented by black symbols. B) Electrocardiogram (ECG) from proband 

(IV-1) at presentation during a period of stable rhythm. The ECG shows sinus rhythm with 

first degree AV block, left anterior fascicular block (LAFB) and RBBB with QRS duration 

of 200 ms. C) Strip from Holter tape showing onset of tachycardia with AV dissociation and 

accelerating rate consistent with congenital junctional ectopic tachycardia (JET) (IV-2).
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Fig. 2. 
A) Sanger sequencing validation of TNNI3K (NM_015978.2:c.1615A>G; p.Thr539Ala) 

heterozygous variant identified by whole exome sequencing. B) Domain architecture of 

human TNNI3K and conservation of Thr539 position in animal lineage. C) Visualization of 

active site residues of human TNNI3K kinase domain together with ATP and Mg2+. 

Homology model was constructed using the Modeller9v11 program on the basis of four 

PDB templates, 3PPZ, 3KMW, 2EVA and 3BLQ, and evaluated by the ModFOLD program 

(score 0.81; any score >0.4 is a generally confident model). The α helices are shown in 

salmon, β sheets in blue, and loops in gray; catalytic residues Lys (K490) shown in red, Asp 

(D606) in green, Gly (G526) in light blue and gatekeeper residue Thr (T539) in dark blue; 

ATP in yellow and Mg2+ in purple. D) Surface view of ATP-binding pocket of human 

TNNI3K kinase domain in which the ATP and Mg2+ were hold by three key residues K490 

in red, D606 in green and T539 in dark blue.
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