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Abstract:

Background - Heterozygous human NKX2-5 homeodomain (DNA binding domain) missense
mutations are highly penetrant for varied congenital heart defects, including progressive
atrioventricular block (AVB) requiring pacemaker implantation. We recently replicated this genetic
defect in a murine knock-in model, in which we demonstrated highly penetrant, pleiotropic cardiac
anomalies. In this study, we examined postnatal AV conduction in the knock-in mice.

Methods and Results - A murine knock-in model (Arg52Gly, Nkx2-5"%2) in a 129/Sv background
was analyzed by histopathology, surface and telemetry ECG, and in vivo electrophysiology

+/+

studies (EPS), comparing with control Nkx2-5"" mice at diverse postnatal stages, ranging from
postnatal day 1 (P1) to 17 months. PR-prolongation (1% degree AVB) was present at 4 weeks, 7
months, and 17 months of age but not at P1 in the mutant mice. Advanced AVB was also
occasionally demonstrated in the mutant mice. EPS showed that AV nodal function, and right
ventricular effective refractory period, were impaired in the mutant mice, while sinus nodal
function was not affected. AV nodal size was significantly smaller in the mutant mice compared
to their controls at 4 weeks of age, corresponding to the presence of PR-prolongation, but not P1,
suggesting, at least in part, that the conduction abnormalities are the result of a morphologically
atrophic AV node.

Conclusions - The highly penetrant and progressive AVB phenotype seen in human

heterozygous missense mutations in NKX2-5 homeodomain was replicated in mice by knocking-

in a comparable missense mutation.

Key words: atrioventricular block, congenital heart disease, genetics, animal models, genetics,
human, knock-in
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Introduction

To date, nearly 40 mutations in the transcription factor NKX2-5 have been found related to familial
congenital heart disease (OMIM, NCBI). Almost half of these mutations have been found in the
homeodomain (DNA binding domain)1'6. NKX2-5 homeodomain missense mutations have a high
disease penetrance, with pleiotropic cardiac effects when compared to missense mutations outside
the homeodomain'®. In addition, humans harboring a heterozygous homeodomain missense NKX2-3
mutation demonstrate near complete penetrance of progressive atrioventricular block (AVB) during
postnatal life" .

In order to understand the potential disease mechanisms underlying heterozygous NKX2-5
mutation, we recently generated and analyzed a heterozygous knock-in mouse model by introducing
a disease-causing missense mutation in homeodomain position 52, and Nkx2-5 protein position 188
in Nkx2-5 proteins, Arg52(188)Gly, Nix2-5"%?“% In contrast to heterozygous knock-out mice
(Nkx2-5""), we found that the cardiac effects of knock-in mice (Nkx2-5"%?%), hereafter described as
Nkx2-5-KI mice, were similar to those observed in humans. Cardiac malformations were highly
penetrant, and the effects on cardiac morphology were pleiotropic. Among them, atrial septal defects
characterized by persistent interatrial communication due to deficiency of the flap valve of the oval
fossa, are the most prevalent cardiac anomaly found in human patients. In knock-in mice, such
interatrial communication was shown to be the consequence of an increased size of the oval fossa
and a decreased length of the flap valve that usually closes the fossa, compared to control wild-type
mice. In addition, ventricular noncompaction (100%), ventricular septal defects (82%),
atrioventricular septal defects (18%) and tricuspid valvar anomalies (47%) were displayed in the
knock-in mice. These lesions were not demonstrated in wild-type mice, but some of them were found

. .. . .8
with lower incidences in heterozygous knock-out mice °.
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In the current study, we analyzed the signature phenotype of human patients having an
NKX2-5 mutation, namely progressive AVB observed during postnatal life. We focused on the
agreements and disagreements between mice and humans by using the combination of surface and
telemetry ECG, in vivo electrophysiology studies (EPS), and histopathology. As in human NKX2-
5 mutations, we found a progressive and highly penetrant AVB phenotype in heterozygous Nkx2-5-

KI mice.

Materials and Methods

Generation of Nkx2-5"%"¢ mice

Nkx2-5"%2¢ knock-in mice were generated as reported previously®. In brief, a targeting vector was
constructed by introduction of a CGT to GGT point mutation in exon 2, insertion of thymidine
kinase (7K) gene for negative selection and floxed-neomycin-resistant gene (NeoR) for positive
selection in the intergenic regions. NeoR gene was deleted subsequently by crossing with Cre-
deleter mice (ACTB-Cre). Cre-deleter transgenes were eliminated during backcrossing to 129/Sv
mice purchased from Charles River (129/SvPasCrl) over 8 generations. All animal experiments
were performed with approval from the University of Florida Institutional Animal Care and Use
Committee.

Surface 6-lead ECG and telemetry ECG recordings

Surface 6-lead ECG and telemetry ECG recordings were performed as previously described ** '°.
Briefly, mice were anesthetized with isoflurane (1-2%) and placed on a heated pad (using water
circulation) at 37°C. ECG recordings were obtained from a 29 gauge subcutaneous electrode. For
ambulatory ECG analysis in conscious unrestrained mice, 1.6-g transmitters (ETA-F10. DSI) were
implanted. After 72 hours recovery time from surgical instrumentation, ECG recordings were

performed in each mouse placed in a separate cage overlying a receiver (DSI) in daytime. Signal-
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averaged ECGs selected from ~20 stable ECG beats from at least three different time points were
analyzed by LabChart with the ECG analysis module (ADInstruments) to confirm the consistency of
the data.

Electrophysiology study (EPS)

Simultaneous atrial and ventricular pacing and recording were performed via 1.1F octapolar
catheter (EPR-800, Millar) inserted via a jugular vein in mice anesthetized with isoflurane (2-3%).
The standard pacing protocols'' ™" were programmed in the multichannel stimulator STG 3008
(Multichannel systems), which was analyzed by LabChart (ADInstruments). Sinus nodal function
was evaluated by measuring sinus node recovery time (SNRT) at three pacing drive rates (150, 120
and 100 ms) and corrected SNRT (SNRT minus sinus cycle length, SCL). AV conduction properties
were assessed with rapid atrial pacing at rates with a minimum pacing cycle length of 50 ms (up to
1,200 bpm). The minimum cycle length maintaining 1:1 AV conduction, the Wenckebach paced
cycle length, and the maximum paced cycle length causing 2:1 AV block were determined. AV
nodal effective refractory periods were determined by the maximum coupling interval causing AV
block at the two pacing drive rates (150 and 120 ms). Right ventricular effective refractory periods
were determined by the maximum coupling interval that failed to stimulate ventricles at the two
pacing drive rates (150 and 120 ms). Right ventricular burst pacing was performed at rates with a
pacing cycle length of 150 to 50 ms (400 -1,200 bpm) to assess retrograde ventriculo-atrial
conduction.

Histological analysis

Serial paraffin-embedded tissue sectioning of 5 um thickness was performed to reveal the

8, 14
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location and dimensions of the atrioventricular conduction axis as described previously or

the purpose of this study, we discriminated the conduction axis as having a ventricular
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component (made up of the ventricular components of the axis and the bundle branches) and a
penetrating component (made up of the bundle of His), from a compact atrioventricular nodal

718 'We distinguished the penetrating component

component, and its inferior nodal extensions)
of the axis on the basis of its insulation from the atrial cardiomyocytes by the fibrous tissues of
the central fibrous body. This definition of the node, as opposed to the penetrating bundle, was
initially proposed by Tawara'> although subsequent investigators have described so-called
“lower nodal cells” as being part of the atrioventricular node. We did not consider these cells as
belonging to the node, although it was possible to trace the cells through the basal part of the
node, where they became continuous with the inferior nodal extensions.

We then digitized the proximal part of the penetrating bundle immediately it had been
insulated from the atrial cardiomyocytes, the compact part of the node, and the inferior nodal
extensions so as to measure their areas, nuclear numbers, and cell width using Image J as

reported previously.'® The width of the cardiomyocytes within the compact node was measured

in the troponin T-positive myocytes at the level of the nuclei as shown previously.'® AV nodal

volume was calculated as (mr) {r + \/m }(r, radius of maximum area size; 1, length, 5 um x
number of tissue sections). Paraffin-embedded tissue sectioning or cryosectioning of
paraformaldehyde-fixed hearts was utilized for immunostaining. Immunostaining was performed
with the following antibodies: actinin (Sigma A7811), connexin 40 (Alpha Diagnostic Inc. cx40-
A), connexin 43 (Zymed 71-700), HCN4 (Millipore, AB5808), Nav1.5(a)(Alomone Labs, ASC-
005), troponin T (Sigma, T6277) and Nkx2-5'®. Presence of fibrosis was examined using
picrosirius red-stained tissue sections. Briefly, the tissue sections were heated at 60°C for 45
min before deparaffinization and stained in 0.1% direct red 80, 0.1% fast green FCF in 1.2%

picric acid for 60 min.
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Acetylcholine esterase (AchE) staining using the serial frozen tissue sections (10 um
thickness) was performed as described previously'.
Statistical analysis
Data presented are expressed as mean values plus or minus the standard error (SE) or standard
deviation (SD) of the mean. Results were analyzed by SPSS (version 22) using independent T-
test. Levene’s test was utilized for equality of variance, and P values were calculated depending
on the assurance of equality. P values are 2-sided and those less than 0.05 were considered

significant. There are no adjustments for multiple comparison.

Results

Phenotypes associated with Arg52(189)Gly, NKX2-5"7%% homeodomain missense mutation
The pedigree of the family having Arg52(189)Gly mutation previously reported’ was recently
found to include a new patient in the 5™ generation who demonstrated atrioventricular block (AVB),
as well as atrial and ventricular septal defects, resulting in six members of the family with a
mutation (Figure 1). All 6 genotype-positive individuals demonstrate AVB (first, second or third
degree). Atrial septal defect (ASD) was present in 5 patients, ventricular septal defect (VSD) or a
small tricuspid valve was present in one patient each.

AVB in heterozygous knock-in Nkx2-5 mutant mice, (Arg52(188)Gly, Nkx2-5"%% G), measured
by surface and ambulant ECG recordings

As shown above, the signature phenotype of humans harboring a heterozygous homeodomain
missense NKX2-5 mutation is development of progressive AVB during postnatal life. A newly
generated mouse model having a single missense mutation by knock-in®, Nkx2-5"%2 (Nkx2-5-K1),
was evaluated by surface ECG recording at postnatal day 1 (P1), 4 weeks, 7 months and 17 months

of age (Figures 2A-D). The PR interval was not prolonged in P1 Nkx2-5-KI mice, but was prolonged
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after 4 weeks of age under low isoflurane anesthesia (1%). The difference was significant; but
was subtle, in particular at 4 weeks of age (Figure 2E, Table 1). Exposure to the higher dose of
isoflurane (3%) for 5 minutes prolonged the PR interval, even in the control mice (33.2 + 0.8 vs.
41.5 + 1.5 ms), but the effect was more profound in Nkx2-5-KI mice (36.5 0.6 vs. 54.2 + 2.2
ms)(Figure 2F, Supplemental Table 1). These results suggest that the mutant mice demonstrate
postnatal progressive AVB with the lower dose of anesthesia, which became more evident under the
higher dose of anesthesia.

In order to confirm that the PR prolongation was not a side effect of anesthesia, and to
examine the presence of advanced AVB, we utilized ambulatory ECG analysis in conscious
unrestrained aged mice at 17 months of age (Figure 3A, Table 2). The PR interval was significantly
longer in Nkx2-5-KI mice relative to the controls (38.0 £ 0.9 vs. 33.3+ 0.9 ms, p< 0.01). One of 16
Nix2-5-KI mice also demonstrated advanced AVB (complete AVB) (Figure 3B), while none of the
control mice showed any degree of AVB.

Wide QRS, indicative of prolonged ventricular conduction times, was demonstrated in Nkx2-
5-KI mice at all ages, with or without anesthesia (Figure 2E, Tables 1, 2). This finding is consistent
with the previous studies analyzing conditional Nkx2-5 homozygous, as well as heterozygous, Nkx2-

910141718 Hyman patients with NKX2-5 mutations, in contrast, do not

5 knockout mice
demonstrate wide QRS”.

In vivo endocardial electrophysiological studies (EPS)

To determine the electrophysiological functions of conduction systems, in vivo EPS were performed
in mice at 7 month of age, when AVB is well-established, and mouse body size is large enough for

EPS following the standard pacing protocol with the basal pacing rate of 150 ms. To be paced at 150

ms, endogenous sinus cycle length (CL) was kept longer than 150 ms by a higher dose of isoflurane
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(2-3%). The sinus CL was maintained between 160-180 ms (heart rate 350-370 bpm) (Table 3),
which was slower than those utilized for surface ECG recording at 7 months of age (Figure 2E, Table
D).

Under higher isoflurane anesthesia, the PR interval of mice at 7 months of age was prolonged
similar to those at 4 weeks of age, even in the control mice (36.9 + 1.2 vs. 40.9 £ 0.7 ms), compared
to those observed in the surface ECG recordings, but the effect was more profound in Nkx2-5-K1
mice (42.5 +2 vs. 53.8 £2.5 ms) (Table 1 vs. 3). EPS in Nkx2-5-KI mice consistently showed
impaired AV nodal conduction properties, as assessed by AV nodal effective refractory period, and
the longest pacing CL when 1:1 AV conduction failed to Wenckebach type (AVWBCL) and 2:1
AV conduction (AV2:1 CL) (Table 3). In addition, Nkx2-5-KI mice demonstrated a prolonged
ventricular effective refractory period, which reflects the wide QRS with an impaired ventricular
peripheral conduction system. Sinus nodal conduction properties assessed by sinus node recovery
time (SNRT) and rate-corrected SNRT (CSNRT) were unchanged in Nkx2-5-KI mice (Table 3).

One of Nkx2-5-KI mice from a total of 7, demonstrated advanced second degree, 3:1 AVB,
shortly after induction of anesthesia (atrial sinus CL, 135 ms), which persisted (Figure 4A, atrial
sinus CL 135 ms), while none of the control mice demonstrated advanced AVB. Due to lack of the
1:1 AV conduction, we could not assess PR and QRS interval from surface ECG, as well as AV
nodal function and ventricular conduction from this Nkx2-5-KI mouse (see Table 3).

Reduced AV nodal size composed of smaller cardiomyocytes in Nkx2-5" 326G in 4-week-old but
not in P1 Nkx2-57**¢ mice

Using the combination of immunostaining with hyperpolarization activated cyclic nucleotide-gated
potassium channel 4 (HCN4) and hematoxylin and eosin staining (H&E), we defined the AV nodal

area as being HCN4-positive, containing less-organized sarcomere structure (reduced H&E staining),
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19,20 . .
<. We excluded from consideration

and having cardiomyocytes in direct contact with atrial muscle
the area of the conduction axis insulated from the atrial muscle by connective tissue, defining this
component as the penetrating AV bundle (Figures 4B, C, see Methods, Histological analysis for
details).

Atrophy of AV conduction axis has been postulated as an underlying mechanism of the PR-

prolongation observed in multiple conditional homozygous Nkx2-5 knockout mice’ ' '*

. In keeping
with this notion, we found that, in Nkx2-5-KI mice at 4 weeks of age, when the PR prolongation was
first displayed, the area made up of the compact node was markedly reduced, analyzed by AV
nodal maximum area size, and estimated AV nodal volume modeled as a 3D cylindrical structure
(see Methods)(Figures SA, B). The areas of the penetrating bundle and nodal extensions were also
smaller in Nkx2-5-KI mice. Nuclear density, in contrast, calculated as the number of nuclei per area
size in the maximum AV node, was increased. The width of the cardiomyocytes visualized by
sarcomeric troponin-staining revealed that the AV nodal cardiomyocytes were smaller in Nkx2-5-K1
hearts (Figure 5B). The ratio of the number of Nkx2-5-positive (indicating cardiomyocytes) vs.
Nkx2-5-negative (non-myocytes) nuclei was unchanged (Figures 5C, D), suggesting that the cellular
component of myocytes and non-myocytes is most likely un-changed between Nkx2-5-KI mice and
the controls.

Massive AV nodal fibrosis has been demonstrated in conditional Nkx2-5 knockout mice
using a myosin-light chain 2v-Cre'®. As judged by the extent of picrosirius red staining in our
material, we did not observe any apparent increase of fibrosis, either at 4 weeks (data not shown)
nor 7 months of age (Figure SE).

In contrast, in P1 mice, when PR-prolongation of Nkx2-5-KI mice was not evident, AV

nodal maximum area size and nuclear density were unchanged between Nkx2-5-KI mice and the

10
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controls (Figures 6A-D). In addition, immunostaining of positive- or negative-markers for AV node,
penetrating AV node and left bundle branch, including HCN4, connexin 40, connexin 43, and Na,1.5
was not different between the two groups neither at P1 (Figure 7A) nor 4 weeks of age, except that
the left bundle branch was under-developed in Nkx2-5-KI mice (Supplemental Figure S2). Notably,
to detect P1 AV nodes, we needed to utilize picrosirius red staining instead of H&E staining, due to
less organized sarcomeric structure in the surrounding atrial myocytes at this age.

In summary, therefore, Nkx2-5-KI mice were found to have smaller AV nodes at 4 weeks but
not at P1. The cardiomyocytes within the compact AV node at 4 weeks were smaller than those
of the wild-type animals, but without any noted difference in the ratio of myocyte to non-
myocyte nuclei, and without any noted increase in fibrosis.

Reduced acetylcholine esterase (AchE) activity in ventricular trabeculations

Wide QRS, indicative of prolonged ventricular conduction times, was demonstrated in Nkx2-5-KI
mice at all ages from the neonatal stage onward. This finding was consistent with P1 hearts
demonstrating the under-developed left bundle branch in Nkx2-5-KI compared to control mice
(Figure 7A). Further, histopathology of the ventricular conduction system in E18.5 hearts was
examined by AchE activity, which is known to coincide with parts of the developing ventricular
conduction system and probably controls conduction of electrical impulses during embryonic
stages®' . AchE staining in ventricular trabeculations and left bundle branch was slightly weaker in
E18.5 Nkx2-5-KI than in control hearts under the same experimental conditions (Figure 7B, n=4
each). An under-developed ventricular conduction system during the embryonic stage, therefore,

could be causative, at least in part, of the wide QRS.

Discussion:

Heterozygous missense mutations in the homeodomain of human NKX2-5 lead to near-complete

11
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penetrance of AV conduction defects, along with high penetrance of diverse cardiac anomalies
compared to mutations outside the homeodomain’. We recently replicated a disease-causing

+/R52 . .
/ G, which is

missense mutation in the homeodomain in a knock-in mouse model, Nkx2-5
currently the most clinically relevant mouse model®. These mice demonstrate a high incidence of
diverse cardiac malformations®. Our current study showed that Nkx2-5-KI mice also have
developed PR-prolongation sufficient to produce first degree AVB by 4 weeks of age, having by
this age smaller AV nodes composed of smaller AV nodal cardiomyocytes. In addition, two
Nkx2-5-KI mice demonstrated advanced AVB: 3:1 AVB, and complete AVB, at 7 and 18 months of
age respectively.

As yet, the steps involved in the formation of the AV node during development are not
fully understood, but it is known that the atrial components of the AV conduction axis, including
parts of the AV node, are derived from the embryonic atrioventricular canal, whereas the
penetrating AV bundle is developed from the interventricular ring®*. It has been postulated that
the rate of proliferation of whole AV nodal cells originating from the engaged myocytes from the
embryonic stage could be insufficient, and recruitment from adjacent working myocardium is
required”. A recent study, in contrast, argued that Tbx3-positive AV nodal cells engaged from
the embryonic stage would be sufficient, and would proliferate from embryonic day E14.5 to
postnatal day 14, increasing nearly 5-fold**. To our knowledge, however, maintenance of the
cellular architecture of the AV node has not been investigated. Additional studies, possibly using
laser capture to compare the content of mRNA and proteins in the AV node between control and
Nkx2-5-KI mice, could cast further light on this possibility. We are unable to explain, however,

why the Nkx2-5(R52G) mutant protein should produce the situation of the compact node being

composed of smaller cardiomyocytes.

12
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The population of the Nkx2-5-positive cardiomyocytes as opposed to Nkx2-5-negative
non-myocytes was unchanged in the AV nodes of Nkx2-5-KI mice compared to their age-matched
controls. Thus, the previously hypothesized mechanisms, including failure of development of the
AV nodal cardiomyocytes, or recruitment of cardiomyocytes from the adjacent working
myocardium demonstrated in Nkx2-5 knockout mice'” ', would not be conserved in Nkx2-5-KI
mice.

One substantial discordance between the phenotypes observed in Nkx2-5-KI mouse
model and human patients with NKX2-5 mutation is the prolongation of QRS, which was
uniquely demonstrated in Nkx2-5-KI mice from the neonatal stage onward. AchE-positive
ventricular trabeculations, which likely represent components of the developing ventricular
conduction system, are morphologically changed and poorly developed in E18.5 Nkx2-5-KI mice
shortly before birth. Ventricular noncompaction demonstrated in Nkx2-5-KI mouse could be
attributed to abnormal development of the ventricular conduction system. Prolongation of QRS
complex has been also demonstrated in multiple heterozygous and conditional homozygous
Nkx2-5 knockout mice, and related to poor development of the ventricular conduction system,
with reduced expression of selected gap junction protein, such as connexin40, and transcription
factor Id2” 1% '+ 171826 This suggests that, in mice, Nkx2-5 plays a more substantial role in the
formation and function of the ventricular conduction system than it does in humans. Reduction
of connexin40, however, was not evident in Nkx2-5-KI mouse when using immunostaining
(Figure 7A) nor expression profile from whole hearts (data not shown).

Nkx2-5 is also expressed in the sinus node, and has been implicated in playing a role in
nodal formation under the control of Shox2 homeodomain transcription factor’™'. Some

heterozygous Nkx2-5 knockout mice, furthermore, demonstrated sinus bradycardia®, while other

13
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heterozygous and conditional homozygous Nkx2-5 knockout mice did not” ' '"-1% 3 We also
failed to observe any sinus arrhythmias, including sinus bradycardia, nor did we observe sinus
nodal dysfunction in our EPS, consistent with the findings in human patients with NKX2-5
mutations’.

In summary, we report the presence of progressive AVB in our recently developed Nkx2-
5-KI mouse model having a heterozygous Nkx2-5 missense mutation in the homeodomain. We
have focused on the phenotypic similarities and differences between our mice and humans. Our
findings suggest that the mouse model is likely to provide important insights into the molecular

mechanisms underlying conduction through the AV conduction axis.
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Table 1: Summary of surface ECG analysis

genotype age SCL (ms) HR (bpm) PR (ms) QRS (ms) Qtc (ms)
P1 W/W (n=8) P1 162 + 16 371+ 33 52.9+6.3 92+09 23.1+1.8
W/R52G (n=6) P1 172+ 17 351 +£38 50.2+£8.6 11.9+£0.6%** 2594+ 2.6*
4 wks W/W (n=11) 4 weeks 144 + 23 425+ 69 329+1.9 9.6+0.8 23.1+1.1
W/R52G (n=8) 4 weeks 143 £ 11 421 + 38 36.1 £4.5* 12.2 £ 1.8%* 26.7+4.7
adult W/W (n=6) 7.4+04M 141 £ 17 429 + 54 36.9+3.0 10.9 £ 0.6 27.6+3.2
W/R52G (n=06) 7.4+04M 145+ 18 419 + 57 42.5+4.9* 13.6 & 1.0%** 29.4+3.9
aged W/W (n=10) 174+ 0.8 M 146 + 15 413 £ 36 37.6+3.4 11.2+0.6 26.4+2.8
W/R52G (n=18) 17511 M 145+ 24 422 £ 63 459 £5.6%** 148 £ 1.9%** 26.5+3.7

SCL - sinus cycle length; HR - heart rate; bpm - beats per minute
Mean £ SD. P, P value. *P < (.05, ¥**P < 0.01, ***P < 0.001.

Table 2: Summary of telemetry ECG analysis

Age

(month) SCL (ms) HR (bpm) PR (ms) QRS (ms) Qtc (ms)

aged W/W (n=10) 174408  96+8 629453 33.3+2.8 11.4+0.7 32.8429
W/R52G (n=15) 17.5+12  96+9  628+55 38.0+3.6(P=0.002)** 14.6+1.9 (P <0.001)*** 351+43

SCL - sinus cycle length; HR - heart rate; bpm - beats per minute
Mean + SD. P, P value. **P < 0.01, ***P < 0.001.
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Table 3: Summary of electrophysiology studies (EPS) and simultaneous surface ECG analysis at

7 months of age.

WW (n=5) W/R52G (n=6 or 7) P value
body weight 23.1+0.6 242 +1.5 0.525
SCL (ms) 170 + 14 163+5 0.261
HR (bpm) 352+ 29 368 +12 0.293
PR (ms) 409=+1.6 53.8+6.2 0.003**
QRS (ms) 10.1+1.0 146+1.4 <0.001***
QT (ms) 36.3+3.2 36.8+4.7 0.845
QTec (ms) 27.8+3.1 31.5+42 0.136
SNRT 150 (ms) 212 +45 204 +23 0.696
SNRT 120 (ms) 243 + 56 277 +58 0.333
SNRT 100 (ms) 288 +53 275 + 66 0.742
¢SNRT 150 (ms) 48 £42 40+ 21 0.666
¢SNRT 120 (ms) 78 + 53 85+29 0.762
c¢SNRT 100 (ms) 123 +51 82+ 44 0.165
AVWBCL (ms) 87+ 10 115+ 15 0.007**
AV2:1CL (ms) 69 + 12 83+9 0.047*
AVERP 150 (ms) 46+15 70+ 9 0.01*
AVERP 120 (ms) 42+18 70 £ 15 0.021*
VERP 150 (ms) 37+ 10 60+ 14 0.013*
VERP 120 (ms) 38+ 11 63+ 18 0.021*

One Nkx2-5"%?% mouse demonstrating 3:1 AV block could not be assessed for PR and QRS interval from
surface ECG, as well as AV nodal function and ventricular conduction due to lack of the 1:1 AV conduction. SCL -
sinus cycle length; HR - heart rate; bpm - beats per minute; SNRT - sinus node recovery time; cSNRT — rate
corrected SNRT; AVWBCL - atrioventricular Wenckebach block cycle length; AV2:1CL - atrioventricular 2:1
conduction block cycle length; AVERP - atrioventricular effective refractory period; VERP - ventricular

effective refractory period.

Mean £ SD. P, P value. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure Legends:

Figure 1: Phenotypes associated with Arg52(189)Gly, NKX2-5"%?  homeodomain missense
mutation. In the kindred, males are denoted by squares, females by circles. Darkened quadrants
indicate AVB, ASD, VSD, or tricuspid valve abnormality. Open symbols denote normal genotype
and phenotype. Arg52 is positioned at amino acid 189 in human NKX2-5. ASD, atrial septal defect;

VSD, ventricular septal defect; TV, tricuspid valve.

Figure 2: Prolongation of PR interval and QRS duration in Nkx2-5"%"?“ mice. Representative
surface ECG recordings obtained from P1 (A), 4 weeks (B), 7-month-old (C) and 17 month-old
(D) control Nkx2-5""* (top) and Nkx2-5 *R32G (bottom) mice. (E) PR-interval and QRS duration
over time with individual values plotted from control Nkx2-5"" (open circle) and Nkx2-5"%*¢
(closed circle) mice. The averages of values, and number of mice examined were indicated. (F)
PR interval under two different isoflurane dose (1% and 3%) from control Nkx2-5"* (open
circle) and Nkx2-57%¢ (closed circle) mice at 4 weeks of age. Signal-averaged ECG waves

were utilized for analysis. Summarized data is shown in Table 1. HR, heart rate. Mean + SE.

Figure 3: AVB displayed in ambulant telemetry ECG recording from 17 month-old Nkx2-

5729 mice. (A) Representative telemetry ECG recordings from control Nkx2-5"" (top) and Nkx2-

582G (hottom) mice at 17 months of age. Averaged ECG waves from ~ 20 beats at least three

different time points were utilized for analysis shown in Table 2. (B) Representative ECG

+/R52G

recording of advanced complete AVB demonstrated in Nkx2-5 mice. HR, heart rate. Mean

+ SE.
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Figure 4: Advanced 3:1 AVB from Nkx2-5"%?% mouse (7 months of age) detected shortly after
anesthesia for EP study and HCN4-positive AV node vs. penetrating AV bundle. (A)
Representative recording of surface and intracardiac recordings (RV or RA) demonstrating 3:1
AVB obtained from Nkx2-5"%?“ mice during EP analysis shortly after induction of isoflurane
anesthesia with sinus cycle length of 135 ms. (B) Representative HCN4-stained normal heart
tissues of Nkx2-5" at 4 weeks of age including AV node and penetrating AV bundles traced by
black dots. (C) Simplified illustration to define AV node vs. penetrating AV bundle with or
without direct contact to atrial muscle. HCN, hyperpolarization activated cyclic nucleotide-gated

potassium channel. A, right atrial electrogram; V, right ventricular electrogram.

Figure 5: Reduction of AV nodal size composed of smaller cardiomyocytes without apparent

increase of fibrosis in 4 weeks or 7 months-old Nkx2-5"%2¢

mice. (A) Representative H&E stained
heart tissues including AV node and penetrating AV bundles traced in black dots from control
Nkx2-5""" or Nkx2-5"22% mice. (B) Maximum AV nodal area size, calculated AV nodal volume,
and nuclear density (number of nuclei x 10°/mm?). The numbers of mice and nuclei analyzed
were noted. (C) Representative immunofluorescent images of troponin T (red), Nkx2-5 (green)
and nuclei (blue) from control Nkx2-5"" or Nkx2-5"%2% mice. AV nodal area is traced by yellow
dots. (D) Ratio of Nkx2-5-positive vs. total nuclear number in the AV node. (E) Representative
images of picrosirius red-stained tissue sections including AV node from 7-month-old mice.

Fibrotic tissues are stained in red and muscle tissues are stained in green. RA, right atrium; AS,

atrial septum; IVS, interventricular septum. Mean + SE.

Figure 6: Unchanged AV nodal size in P1 Nkx2-5"%? mice. (A) Representative HCN4 and
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picrosirius red-stained normal heart tissues of P1 Nkx2-5""

including AV node traced by black
dots. (B) Representative picrosirius red-stained heart tissues including AV node traced in black
dots from control Nkx2-5"" or Nkx2-5"%?% mice. (C) Maximum AV nodal area size (n=7 each).
(D) Representative immunofluorescent images of HCN4 (green), actinin (red) and nuclei (blue)
from control Nkx2-5"" or Nkx2-5"%2% mice. AV nodal area is traced by yellow dots. Nuclear
density (number of nuclei x 10°/mm?) is measured from the HCN-positive AV nodal area. RA,

right atrium; TV, tricuspid valve; RV, right ventricle; LV, left ventricle; AS, atrial septum; IVS,

interventricular septum. Mean =+ SE.

Figure 7: Expression of positive- and negative AV nodal, penetrating AV bundle and left bundle
branch markers in P1 hearts, and AchE activities in E18.5 developing hearts. (A) Representative
images of serial tissue sections positively (+) or negatively (-) stained with HCN4, connexin 40,
connexin 43, and Na, 1.5 in AV node, penetrating AV bundle (traced by white dots) and left
bundle branch (arrowheads) from P1 mice. (B) Representative images demonstrating AchE activity
(brown) in left bundle branch and ventricular trabeculations (Purkinje fibers) from serial tissue
sectioning of control Nkx2-5"" and Nkx2-5%?% (+/R52G) hearts, is weaker in Nkx2-5"%?% hearts.
Areas a-d selected on the left are shown enlarged on the right. RA, right atrium; RV, right ventricle;

LA, left atrium; LV, left ventricle; AS, atrial septum; IVS, interventricular septum.

22



pedigree NKX2-5+R52G

| B WAV block

mlASD
! TJ; 5 3vso
TV abnormality
QO | J) El_—‘—O

v c_')bIDcﬁ




A  P1surface ECG B 4wks
mv H+ HR=424 averaged ++ HR=424
14 QRS 14

§
:

QRS
P r T
| ARS
PR

averaged

-
l _QRS
4
100 ms * 20 a0 60 80 100 100 ms 2E| 40 G'U ac 10'0
Rl | I——— )
™| +/R52G HR=439 4 4 ¥Rrs2G HR=447
1 24 2 4
U.UF-J-‘*\..U[«J o4
0 - o
| ARS ¢
FR 4 QRs
1 - |_(
! 100 ms 20 40 60 80 100 ] P_R _‘I/ .
—_— 100 ms 20 40 &0 B0 100
C 7 months D 17 months
++ averaged +H+ averaged
i HR=482 , | HR=403

3

[l 7 -

L b

A 04
I_u.-ons f,r:ms
1 PR PR
100 ms 20 40 60 80 100 100 ms 2040 60 80 400
+ +
5 i /IR52G HR=416 -] IR52G HR=416

:
|

o

1

o AL ___J
o QRs
2

RS
PR
100 ms 20 40 &0 BO 100 . - . v
[— 100 ms 40 60 B0 100
E PR interval QRS duration F PRinterval at 4 wks
P1 4W 7TM 17M P1 4W 7M 17TM 1% isoflurane 3% isoflurane
q.ﬁ.ﬂl' 'ltﬂ: ?ﬂl‘ ""ﬂllﬂ "*<0.001 "0.004 “T"<0.001 *""<0.001 ;ﬂ-} -;m:
| | | | i
- H+ HR H++HR H++R ++ 4R 20 - ++ +/R +/++/R +++/R +/+ +/R +/++/R . #++R
(8) (8) (11)(8) (6) (8) (10)(18) J (8) (6) (11)(8) (6) (6) (10)(18) (5) (8) (5) (6)
1. ° : P60 s0f .
e . . 15 T | ==
8 : . . T _'_ L _!_ 5 l °
. o —e— 0 o o
40 Ay QLI R L O 401 . 40{7
4+ . o ' i + 8.
B 8 ] 2 4
20 5 20 20
msec msec msec msec



A 17 months

" telemetry ECG telemetry ECG (averaged)
m
¥ HR=619 mV QRS
QRS 0.51
/T
+/+ P
0
0 -
-0.51
-0.54
100 ms '
QRS HR=629 1.0 1 QRS
1 =t
+/R52G P
/A-'\ w
0 -

100 ms
——

B +/R52G: complete AV block

mV
24

QRS

S8 '

1 sec




A 3:1 AV block (atrial SCL=135 ms ventricular SCL=416 ms)
my

2 -
QRS QRS QRS aRs
1

P
surface ECG , YJ' 1.} Yl | A, VJI , - Y_L

44

intracardiac .., v

recording l l l l
RV °7

0.2+

0.3

100 ms
—_—

C atrial septum

penetratin
AV bundle

insulated by con-
nective tissue

penetrating
AV bundle




C 4 wks +/+

+/R52G

8 EAGTT @
;‘ 3 lf\. = ] e = ™ =]
- -%}h e g
A TR NG o
"?!ér:f}j S D Nkx2-5 positive/total nuclei
Ton i:\' i - < %60 [ ] +/+ (n=237)
8 L HEl +/R52G (n=312)

40

20 -
B maximum calculated nuclear
area size  volume size density 0-
mm? mm? (x104)  /mm? (x10%) ) )
0034 & 184 &  18d E 7 months fibrosis
0.508 '_l ’—I |_l +fR52(_-‘{_’
0.02- 1.2- Lad ot
8-
0.01 -
0.6 4
0 0- 0.
N 14391269
[ +/+ (n=6)

Il +/R52G (n=6)



A P1 AV node B p1 picrosirius red

icrosirius red +/R52G
. N ) P A T

- ‘.- P
—
~ T i

| Sy "’.’,’,
,{: 'ﬁr.t:,‘f‘,‘.f;-'« ‘i- %-‘Iﬂ}
£ AN RN

C P1AVnode +/R52G P1 AV node
mm?2 Imm? (x10%)
12
0.01-
0.008- e 87
0.0061
0.004- 4
0.002- 8
0 N 704 576
[_1+/+ (n=7) [ 1+/+ (n=3)
B +/R52G (n=7) Bl +/R52G (n=3)




A penetrating
P1 AV node AV bundle left bundle branch

+/R52G . +/R52G +/R52G

,

B E18.5 AchE staining

+/+ +/R52G +/+ +/R52G
RA i tis LA .‘ X a PRLITC Y €. : »
ar— ] cl_l i B T B
br— d | left bundle - »
-J:.. .(I- . : i branCh ‘\_u 2
i BTy o 4% = F
O i A b-y .Purkinje d
RV «= p fibers »
‘\(':‘/ < - \:;-:‘ 1 ."j'l.‘ 5‘ ¥ .’ I ¥ :
; 3 %es’ y
}k‘éﬂ ) \"‘ : - % ’-‘
500 jim B0 jim I E00 pm 500 pm




