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Abstract

NKX2-5 is a homeodomain transcription factor that plays a crucial role
in heart development. It is the first gene where a single genetic variant (GV)
was found to be associated with congenital heart diseases in humans.

In this study, we carried out a comprehensive survey of NKX2-5 GVs in
order to build a unified, curated and updated compilation of all available GVs.

We retrieved a total of 1380 unique GVs. From these, 970 had
information on their frequency in the general population and 143 have been
linked to pathogenic phenotypes in humans. In vitro effect was ascertained for
38 GVs.

The homeodomain had the biggest cluster of pathogenic variants in the
protein: 49 GVs in 60 residues, 23 in its third alpha-helix, where 11 missense
variants may affect protein-DNA interaction or the hydrophobic core. We also
pinpointed the likely location of pathogenic GVs in 4 linear motifs. These
analyses allowed us to assign a putative explanation for the effect of 90 GVs.

This study pointed to reliable pathogenicity for GVs in helix 3 of the
homeodomain and may broaden the scope of functional and structural studies
that can be done to better understand the effect of GVs in NKX2-5 function.
Keywords: NKX2-5; genetic variant evaluation; curated database; associated

phenotypes; linear motif.
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1 | Background

NKX2-5 belongs to the NK2 subfamily of the NK homeobox gene
family. It is a conserved homeodomain cardiac transcription factor that is
present in animals from flies to humans (Bodmer, 1993; Harvey, 1996). It is
one of the earliest cardiac transcription factors expressed in the heart and its
expression is maintained through adulthood (Harvey 1996; H. Kasahara et al.
1998). It plays a crucial role in the development of the heart, regulating the
proliferation, differentiation, and electrophysiological properties of cardiac
cells. Itis also expressed during thyroid (Fagman & Nilsson, 2011) and spleen
development (Brendolan et al., 2005; Burn et al., 2008).

The canonical sequence of the NKX2-5 gene encodes the NKX2-5
protein of 324 residues. The three most conserved domains in the NK2
subfamily of proteins are the Tinman (TN) domain, the Homeobox domain
(HD) and the NK2-specific domain (NK2-SD) (Chung & Rajakumar, 2016; Su
et al., 2017). The TN domain was suggested to mediate the repressive activity
of NKX2-5 (Elliott et al. 2010). The HD is a conserved helix-loop-helix domain
with three alpha helices (Pradhan, Gopal, and Nam 2014) that recognizes and
binds to DNA and can homo or heterodimerize (Elliott et al., 2010). The NK2-
SD was suggested to function as an intramolecular transactivation regulator
(Watada et al. 2000).

A number of other regions have been shown to have specific functions,
like a tyrosine-rich region (YRR, also known as the tyrosine-rich domain or
YRD), which serves as a dimerization interface (Bouveret et al., 2015; Elliott
et al.,, 2006; Harvey, 1996; Y.N. Liu et al.,, 2015), two putative nuclear

localization signals (NLS) (H. Kasahara & Izumo, 1999; Ouyang et al., 2016),
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a SUMOylation motif (E. Y. Kim et al., 2011; Jun Wang et al.,, 2008), a
phosphorylation site and an acetylation site, both located in the HD (p.S164
and p.K183, respectively) (H. Kasahara & lzumo, 1999; T. Li et al., 2007;
Tang et al., 2016), an NKX2-5 box motif, which seems to be important for the
transcriptional effect mediated by the C-terminal region of the protein (Elliott et
al., 2006; Evans, 1999), and a GIRAW motif, which is believed to play a role
in protein interactions (Elliott et al., 2010; Evans, 1999).

NKX2-5 mostly binds to DNA as a homodimer or paired with TBX5 as a
heterodimer (Luna-Zurita et al., 2016; Pradhan et al., 2016). In particular, it
binds to a 5’-TNAAGTG-3’ motif (C. Y. Chen & Schwartz, 1995; Dupays et al.,
2015), as shown in its interaction with the NPPA gene promoter (Pradhan et
al., 2012, 2016).

There are 3 reported alternative transcripts for this gene: two have
shorter splice variants of exon 2 (NM_001166176.2 and NM_001166175.2)
and the other one is a predicted isoform with no evidence of being transcribed
(XM_017009071.2). There seems to be no further information on these
alternative transcripts besides their first description by Shiojima and co-
workers (Shiojima et al., 1996).

Genetic defects in murine Nkx2-5 result in embryonic death and
abnormal structure and function of the heart (Biben et al., 2000; Briggs et al.,
2008; Choquet et al., 2018; Lyons et al., 1995; Terada et al., 2011; Wakimoto
et al., 2003; Zakariyah et al., 2018). Moreover, NKX2-5 is the first gene where
a single genetic variant (GV) was found to be associated with congenital heart
disease (CHD) in humans (Muntean et al., 2017; Schott et al., 1998). CHD

encompasses a broad spectrum of anomalies and it is estimated to affect
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around 0.6%-0.9% of all live births worldwide (J. I. Hoffman, 2013; J. I. E.
Hoffman & Kaplan, 2002; van der Linde et al., 2011). It is the leading non-
infectious cause of death in the first year of life (J.-B. Huang et al., 2010; Zaidi
& Brueckner, 2017) and the most frequent type of congenital disease (J.-B.
Huang et al., 2010; Su et al., 2017; Zaidi & Brueckner, 2017). Pathogenic GVs
in NKX2-5 have been described in patients with atrioventricular conduction
blocks (AVB), atrial septal defect (ASD), ventricular septal defect (VSD),
Tetralogy of Fallot (ToF), hypoplastic left heart syndrome, double outlet right
ventricle, arrhythmia and sudden death, among others (Ellesge et al., 2016;
Stella Marie Reamon-Buettner & Borlak, 2010; Zakariyah et al., 2017). In
addition, NKX2-5 pathogenic GVs were detected in patients with thyroid
ectopia or athyreosis (Dentice et al., 2006).

Despite several works reviewing GVs for NKX2-5 have been conducted
(Stella Marie Reamon-Buettner & Borlak, 2010; Su et al., 2017), unaccounted
information regarding pathogenicity can still be found distributed among
several sources. Given the importance of the NKX2-5 gene, we decided to
carry out a comprehensive survey of all available GVs, both in public
databases and from the bibliography, in order to build a unified, curated and
updated compilation of the GVs of this gene.

2 | NKX2-5 database of genetic variants

We compiled the information of GVs in NKX2-5 from 6 public
databases, 381 published articles from scientific literature and a cohort of 64
CHD patients from the Centro Nacional de Genética Médica (CNGM) (Figure

1). The analysis was limited to the region encompassing the whole canonical
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transcript of NKX2-5 (chr5:173,232,109-173,235,206; GRCh38/hg38). All of
the compiled GVs were uploaded to the LOVD database.

The consulted databases were: NCBI's dbSNP
(https://www.ncbi.nim.nih.gov/SNP/) (Sherry et al., 2001), NHLBI-ESP's EVS
(https://evs.gs.washington.edu/EVS/), ExPASYyY's SwissVar
(https://swissvar.expasy.org/cgi-bin/swissvar/home/) (Mottaz et al., 2010),
EXAC (https://exac.broadinstitute.org/) (Lek et al., 2016), Clinvar
(https://www.ncbi.nim.nih.gov/clinvar) (Landrum et al., 2018) and LOVD
(http://lwww.lovd.nl/3.0/home/) (Fokkema et al., 2011). All of the variants were
gathered from the public databases on July 2018 and a second batch of
variant was added from LOVD and ClinVar on July 2019. One specific CHD
database was also evaluated (ACGV, https://www.cardiodb.org/acgv/) (Walsh
et al., 2017), but genetic variants were not found for NKX2-5.

The methods with which data was retrieved from the different
databases depended on the options offered by each one of them. All of the
databases were then formatted and stored into the same fields in order to
make them easily comparable.

The 381 published articles were obtained from PubMed
(https://www.ncbi.nim.nih.gov/pubmed) on August 2018 by searching for the
different names for the gene in GeneCards (https://www.genecards.org/cgi-
bin/carddisp.pl?gene=NKX2-5) and either of the terms “mutation” and “genetic
variant”. The compiled GVs were restricted to variations spanning equal or
under 50 base pairs.

The 64 CHD patients from the CNGM were analyzed by direct DNA

sequencing (Supp. Text S1).
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In order to integrate the information from different sources into a single
database, we first had to establish a unique identifier. The two most frequently
used identifiers are the refSNP identification number (rs#) and the HGVS
identification standard (den Dunnen et al., 2016), the latter one being the best
option for unambiguous identification of GVs. For this reason, our database
uses an identifier following the HGVS identification standard.

The identifier was built in three parts: a reference sequence or scaffold,
the position of the GV within that scaffold and the variation as defined by the
HGVS convention system. Our scaffold was the build 38, patch 12 of the
Genome Reference Consortium (GRC) human genome (GRCh38.p12). As of
July of 2018, this is the standard reference assembly sequence used by the
NCBI. All but two of the databases already had their GVs with positions
relative to it. Lastly, some variations were manually curated because they
didn’t follow HGVS standards, as was the case for some deletions, insertions
and duplications and some of the data from the scientific literature (Supp. Text
S1).

In parallel, the cDNA and protein references had the same scaffold
through all sources (NM_004387.3 and NP_004378.1, respectively), so they
only needed minor adjustments to be consistent with HGVS standards (Supp.
Text S1).

We extracted information on frequencies of the variants from general
databases (GDBs): dbSNP, EVS and ExXAC. In parallel, we used the VarAFT
system (http://varaft.eu) (Desvignes et al., 2018) for variant annotation of all

GVs in the compiled database (Supp. Text S1).
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We further compiled information regarding the relationship to a
disease- associated phenotype, allele origin and experimental evidence for
each variant, either from the scientific literature or from LOVD, ClinVar and
SwissVar (Supp. Text S1).

In silico analysis were performed using PDBsum (Laskowski et al.,
1997) in order to obtain information on predicted protein-DNA interactions
within the HD of NKX2-5. All of this information was studied and presented
using UCSF Chimera (Pettersen et al., 2004).

Lastly, information about functional sites in the NKX2-5 protein (Uniprot
ID P52952) was retrieved from the scientific literature (post-translational
modification sites, nuclear localization signals, etc.). This information was
matched to predicted linear motifs from the eukaryotic linear motif resource
(http://lelm.eu.org/) (Gouw et al., 2018) in order to better define their exact
location in the protein.
3| Variants of NKX2-5

Each of the consulted sources contained different numbers of, and
information about, NKX2-5 GVs. A vast majority of the variants were found in
the dbSNP database, but every single one of the sources had at least one GV
that was unique to them (data not shown).

The compiled database has a total of 1380 unique GVs (Supp. Table
S1); 1314 of these variants come from the different databases, which
accumulated 1706 GVs before curating repeated variants. In addition, 170
GVs were found among 97 of the 381 publications reviewed for the present

work; 64 of these GVs were not found in any of the online databases. Lastly,
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the data obtained from the cohort from CNGM provided two novel GVs out of
the 11 found (Supp. Table S2).

Frequency information was retrieved for 970 of the variants.
Frequencies analysis showed that only 26 GVs are present in more than
1/100 individuals, and 131 between 1/100 and 1/10,000. Therefore, 83.8% of
these GVs are present in less than 1/10,000 individuals.

Types of GV in NKX2-5

From the total of 1380 unique variants, 626 were found in the
translated region (TR), and 754 in the non-translated region (NTR, including
the 5'and 3' UTRs and introns) (Table 1).

A total of 389 out of 626 (62.1%) GVs located in the TR were missense
variants, of which 100 were classified as pathogenic. We also found 169
(27%) synonymous variants, none of which were linked with human disease.
In addition, we found 20 (3.2%) nonsense, 33 (5.3%) frameshift and 1 (0.2%)
stop loss variations, 41 of which were reported with putative effects in the
function of the protein and thus with a possible implication in human health.
Furthermore, we counted a total of 14 (2.2%) in-frame variants: 7 deletions, 6
duplications and 1 insertion-deletion. No in-frame variants have been
implicated with disease nor predicted to cause an effect on the protein.

From the 754 GVs located in the NTR, two were classified as
pathogenic: ¢.(334+1G>T) and c.(335-1G>T). Both variants were located in
consensus splicing sites.

Distribution of GVs in NKX2-5
The distribution of all variants compiled for the NKX2-5 gene was

slightly denser in the TR of both exons of the canonical isoform of the protein
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(Figure 2A, blue lines). This may correspond with the fact that most of the
GVs come from studies focusing on coding regions.

There was also an accumulation of variants in a small region within the
intron (chr5:173,233,490-173,233,550). This is located close to the TR in exon
2 of one of the isoforms (NM_001166175.2) and consists mostly of GVs from
GDBs. Other than that, GVs retrieved from GDBs do not seem to have a
preferential distribution in the gene (Figure 2A, green lines).

Finally, there was an accumulation of variants classified as pathogenic
in the TR of exon 2 but there are no confirmed pathogenic variants within the
NTR except for those in the canonical splice acceptor/donor sites (Figures 2.A
and 2.B, red lines).

4 | Evaluation of pathogenicity in NKX2-5 GVs

Information on the pathogenicity of the variants was obtained from the
LOVD, ClinVar and SwissVar databases and the scientific literature for a total
of 163 GVs. Variants classified as “Pathogenic”, “Likely benign” or “Conflicting
evidence”, as well as the two novel variants found in patients from the cohort
at CNGM, were also classified according to the American College of Medical
Genetics and Genomics’ (ACMG) standards (Richards et al., 2015).

Taking into account scientific reports and clinical databases, a total of
143 variants have been grouped as pathogenic (Table 2 and Figure 2), 6 as
conflicting evidence and 14 as likely benign in the compiled database (Supp.
Table S1). From the 143 pathogenic GVs, 126 have been implicated in human
disease in the scientific literature and 17 others have been predicted to be
pathological according to LOVD/ClinVar. Of note, 42 of these GVs have not

been deposited in any of the public databases consulted (Table 2, in bold).
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Following the ACMG recommendations, 107 variants were classified as
pathogenic or likely pathogenic, 15 were classified as benign or likely benign
and 43 were classified as variants of uncertain significance (VUS), including
the two novel variants from the CNGM cohort, one synonymous change and
one intronic change (Table 2 and Supp. Table S1). Allele origin was
ascertained for 108 GVs, from which 65 were familial and 10 de novo (Supp.
Table S1).

In total, for 118 GVs the effects in pathogenicity were coincident, as
either benign/likely benign or pathogenic/likely pathogenic. Only two GVs,
p.(Pro275Thr) and p.(Ala42Pro), have discordant classifications, both being
classified as pathogenic in the scientific literature and predicted to be likely
benign following ACMG standards. Of note, other two GVs, p.(Lys183Asn)
and p.Cys270Tyr, which have conflicting evidence in the scientific literature,
were classified as likely pathogenic and likely benign, respectively, using the
ACMG criteria. Lastly, 35 GVs classified as pathogenic in the scientific
literature were classified as VUS according to the ACMG criteria.

For seven pathogenic GVs in the NKX2-5 gene, one or more variants
in other relevant genes were concomitantly found in patients (Supp. Table
S3). One of the concomitant variants (c.1349G>A, p.Arg450His in TSHR
found with ¢.872A>T, p.(Asn291lle) in NKX2-5) was observed in a patient with
congenital hypothyroidism and predicted to be likely pathogenic by the
Varsome online tool (https://varsome.com/). Other two were predicted to be
VUS (for 2 different NKX2-5 GVs) and 6 were predicted to be benign/likely

benign (for 4 different NKX2-5 GVs).
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It should be noted that 32 out of the 143 pathogenic GVs have also
been found in GDBs. Nonetheless, 24 of these GVs had a frequency of less
than 1/10,000 and 7 between 1/10,000-1/100, leaving only one GV with a
frequency of 1.07/100 (Table 2). Considering the classification following the
ACMG guidelines, four out of these last eight variants were classified as VUS
and two as likely benign.

Lastly, cardiac diseases are the most frequent patient phenotypes,
present in 134 of the pathogenic GVs. Within cardiac phenotypes, the most
common subtypes are ASD (78), followed by VSD (55), AVB (47),
atrioventricular septal defect (AVSD) (18) and ToF (14) (Table 2). Other
extracardiac phenotypes include thyroid dysgenesis, heterotaxy, asplenia and
polysplenia.
5| Location of pathogenic GVs

Among the pathogenic GVs, 141 are located within the canonical TR:
23 frameshift, 17 nonsense, 100 missense, 1 stop loss. The two remaining
GVs occuring in the NTR correspond to the two splice site variants. Figure 2B
depicts the 141 pathogenic variants located within the TR of the NKX2-5
protein.

No variants in the canonical NTR except for GVs on the splice
donor/acceptor sites were found that had been classified as pathogenic. Thus,
no pathogenic variants were found in the alternative exons of any of the
putative isoforms. Moreover, the fact that no synonymous nor in-frame
variants have been found to be pathogenic restricts all pathogenic GVs to
being missense, frameshift, nonsense, stop loss or splice acceptor/donor

variants (Table 1).
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Pathogenic GVs in different protein motifs

The analysis of the distribution of pathogenic variants along different
identified regions of the protein shows that the TN domain (residues 10-21)
has 4 variants, the HD (residues 138-197) has 49 GVs and the NK2-SD
(residues 212-234) has 5 GVs. These account for 58 pathogenic GVs from
the total of 141 in the TR. In addition, 16 pathogenic GVs are located in the
YRR (residues 237-274), 3 in the NKX2-5 box (residues 291-304) and 3 in the
GIRAW motif (residues 320-324), leaving 61 GVs in the rest of the protein
(Table 2 and Figure 2B).

Searching for functional explanations for these 61 variants, we found
four different linear motifs in the scientific literature, three of which were
predicted by the ELM resource. These linear motifs and their corresponding
pathogenic GVs are summarized in Table 3. Excluding 14 GVs that are also
located in the HD, these linear motifs accounted for five pathogenic GVs: 3 in
the SUMOylation motif and 1 in each of the two predicted NLS motifs.
Therefore, 56 pathogenic GVs are located in regions with barely any
information regarding their function.

To further study the pattern distribution of pathogenic GVs, we plotted
the number of missense variants (considering those classified as pathogenic
and also those found in GDBs with a frequency over 1/10,000) in every
window of three residues along the protein (Figure 3). This analysis shows
that there is a high number of pathogenic clusters in the third helix of the HD
(23 GVs), which, interestingly, is also devoid of missense GVs from the GDBs
with higher frequencies than 1/10,000.

Missense pathogenic variants in the Homeodomain
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The HD has 35 missense pathogenic GVs distributed in 30 of its 60
residues (Table 2). These GVs can be found on the three alpha helices,
although 18 of them are located in the third one (residues 179-194) where all
but two of the residues had missense pathogenic GVs (Figure 4A, in red).

The in silico analyses showed that 8 residues in the HD point out to the
hydrophobic core (Figure 4B), while 12 are predicted to interact with the DNA
(Figure 4C-G). Among them, 4 of the residues pointing into the hydrophobic
core and 10 of the residues predicted to interact with the DNA have missense
pathogenic GVs (Table 2). Moreover, from the 16 residues with pathogenic
GVs in the third alpha-helix, 7 were predicted to interact with the DNA or to be
part of the hydrophobic core of the HD. These residues concentrate 11 of the
18 missense pathogenic GVs of the third helix.

6 | Functional implications of NKX2-5 GVs

To further understand the biological implications of the NKX2-5 GVs,
we also compiled information of functional assays available for 38 GVs, 32 of
them classified as pathogenic (Table 2 and Supp. Table S1). A total of 22
GVs were located in the HD, 3 in the YRR and 3 in the TN domain.

From the 22 GVs in the homeodomain, 15 were missense, 5 nonsense,
1 frameshift and 1 synonymous. All of the different in vitro studies performed
for nonsynonymous GVs in the HD confirm a severe reduction in
transactivation (Table 2). For the synonymous variant ¢.543G>A (glutamine
181) a synergistic effect was demonstrated when combined with p.Alal19Glu
and c.63A>G (glutamic acid 21).

There were 11 GVs from the HD in which the effects on dimerization

were tested and 6 showed a clear impairment of dimerization. Five of these
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studies also showed decreased interaction with GATA4 and three of them
reduced interaction with TBX5, as well. Furthermore, 12 of the 22 GVs (6 in
the third alpha helix) included studies of DNA binding, all of which showed a
reduction in comparison with wild type NKX2-5. From these, 6 were located in
residues predicted to interact with the DNA or to be part of the hydrophobic
core of the HD (Figure 4B-G).

From the three GVs with in vitro studies located in the YRR, only one
(p.Cys270Tyr) showed no change in transactivation compared to the wild
type. Of note, p.Cys270Tyr is the variant classified as conflicting evidence that
was defined as likely benign following the ACMG guidelines. Additionally, two
GVs (p.Glu21GIn and p.Asn19Asp) in the TN domain showed diminished
transactivation across different experiments. The other one, c.63A>G
(glutamic acid 21), was a synonymous change that was found to cause a
small reduction in transactivation and a synergistic effect when combined with
the variants p.Alal19Glu and the synonymous change c.543G>A (glutamine
181).

Lastly, from the remaining 10 variants, the most severe effect was seen
for the splice donor GV ¢.334+1G>T which was shown to not accumulate in
the cell, while only one variant (p.Val315Leu) showed no change compared to
wild type transactivation. Of note, there were two variants (p.Arg25Cys and
p.GIn198*) which showed increased transactivation in some conditions and
reduced in others.

7 | Discussion and future prospects
NKX2-5 is a homeobox protein that plays an important role in the

formation of the early heart (Ellesge et al., 2016; Shiojima et al., 1995).
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Starting with Schott and co-workers (Schott et al., 1998), several pathological
variants have been reported for this gene over the years, mostly in patients
with CHD (Ellesge et al., 2016; Stella Marie Reamon-Buettner & Borlak, 2010;
Suetal., 2017).

The present update compiles 1380 GVs in NKX2-5 retrieved from
different sources, including 6 public databases, 97 scientific publications and
a cohort of CHD patients from Argentina. It contains a comprehensive list of
all pathogenic GVs, along with their phenotypes, and variants found in the
general databases, with their respective frequencies. The retrieved GVs were
evaluated in relation to their location in domains, regions, motifs and sites with
relevance in the gene. In addition, when available, data of in vitro effect of the
variants was collected. The integration of this information allows us to analyze
the data in ways that would otherwise be hard to ascertain when individually
evaluating GVs.

Among the GVs in the scientific literature, more than a third were not
present in any of the public databases. Additionally, the two novel variants
from CNGM were obtained in a cohort of 64 patients. This points out the
importance of compiling information from different sources when
characterizing GVs on a gene. Moreover, the analysis of patients in
populations often underrepresented in the databases, like ours, reinforces the
notion that novel variants can still be found and for which biological
implications could be studied. In that sense, although neither of the novel
variants from the CNGM cohort affect the protein sequence, we cannot rule
out that these variants could have an effect on protein expression and/or

contribute with other concomitant GVs to the causality of the disease. Indeed,
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synonymous variants have been found to modulate transactivation both by
themselves (Ouyang et al., 2011) and/or when associated with a pathogenic
variant (Stella Marie Reamon-Buettner et al., 2013). Additional studies
searching for GVs in NKX2-5 gene in Latin American countries would also be
of interest in order to increase our knowledge of their roles in pathogenicity
among different populations.

Around 10% of the total GVs compiled represents pathogenic GVs and
a high degree of concordance was observed when applying ACMG guidelines
for prediction of pathogenicity. For the variants showing discordant results, the
differences could be explained considering the classification criteria used. Any
variant classified as pathogenic in the literature or predicted as such in clinical
databases was classified as “Pathogenic” in the compiled database and
therefore considered as having relevance in human health. The ACMG
criteria, on the other hand, includes population frequencies, third party in silico
predictive tools, allele origin and in vitro resuls, among others. It is important
to note, however, that the finding of healthy carriers of NKX2-5 GVs in some
families and GDBs could skew predictions of pathogenicity. Incomplete
penetrance has been repeatedly observed in cardiopathies (D. Woodrow
Benson, 2002), which could explain the reported healthy carriers of
pathogenic variants in the NKX2-5 gene (D. W. Benson et al., 1999; De Luca
et al., 2010; Hideko Kasahara & Benson, 2004; X.-Y. Liu et al., 2011; Stella
Marie Reamon-Buettner & Borlak, 2010; Stallmeyer et al., 2010; J. Wang et
al., 2011). In addition, some GVs in GDBs may represent individuals that are

actually affected but were not registered as patients.

This article is protected by copyright. All rights reserved.



Although a detailed analysis of genotype-phenotype correlation is
beyond the scope of the current update, it is important to note that the most
common pathologies associated with NKX2-5 GVs in our database are ASD,
followed by VSD, AV block, AVSD and ToF. This observation reinforces
similar data from the literature (Ellesge et al., 2016; Stella Marie Reamon-
Buettner & Borlak, 2010; Su et al., 2017). We also found other non-cardiac
phenotypes besides the already known thyroid-related ones: two GVs in
patients with heterotaxy and asplenia or polysplenia (lzumi et al., 2014;
Watanabe et al., 2002) and one GV in patients with isolated congenital
asplenia (Koss et al., 2012).

In the final compiled database, GVs have been found along the NKX2-
5 gene, but all pathogenic variants have been found in sites where they
directly affect the protein sequence. As noted in other studies (Elliott et al.,
2010; Su et al., 2017) and in this update, the HD has the biggest cluster of
pathogenic variants in the protein. Our study further reinforces that there is a
cluster of GVs in the third alpha-helix of the HD, supported by the fact that we
observed no high-frequency missense GVs in this helix. We also made more
detailed in silico predictions of residues that might be involved in protein-DNA
or hydrophobic core interactions in the HD. These predictions suggest that
around 61% of missense pathogenic GVs in the third alpha-helix are located
in residues that may either interact with the DNA or be part of the hydrophobic
core.

In summary, these studies highlight an important role of the third helix
of the homeodomain, which is supported by tridimensional structures showing

it is the part of the HD that is inserted in the major groove of the DNA (Luna-
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Zurita et al., 2016; Pradhan et al., 2012, 2016). Nevertheless, the fact that
there are pathogenic variants in helix 3 not pointed to the DNA nor its
hydrophobic core suggests that other factors may be playing an important role
in the physiological function of these residues, like interaction with other
proteins. For example, residue C193 may interact with TBX5 based on 3D
structure observations (Pradhan et al., 2016). It is plausible to predict that any
missense GV in the third helix of the HD might have a high risk of being
pathogenic.

The possible functional effect of genetic variants as interpreted with in
vitro assays can be roughly divided in two groups. On one hand, missense
GVs and inframe insertions/deletions most likely affect the residues that are
being modified by the change in protein sequence, so their location in a
functional region of a protein would hint that their effect is related to that
region. Therefore, in vitro studies of missense GVs can help illustrate the
function of both a region and a GV. Examples are those missense GVs
related to DNA binding and/or dimerization. Frameshift, nonsense and splice
site GVs, on the other hand, most often have an effect on the entire protein,
either by the deletion of residues downstream of their location leading to a
truncated protein, to a protein with a different coding frame or even to the
absence of the protein.

It is important to note that some of these variants might cause
functional haploinsufficiency, like the splice donor site ¢.334+1G>T found in a
patient with AV block (H. Kasahara et al., 2000). Haploinsufficiency has been
demonstrated to be related to cardiac defects in animal models (Azhari et al.,

2004; Biben et al., 2000; Tanaka et al., 2002; Winston et al., 2010). Moreover,
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deletions encompassing NKX2-5 have been described in patients presenting
ASD, VSD and ventricular myocardial noncompaction (Joseph et al., 1990;
Kleczkowska et al., 1993; Pauli et al., 1999). It should be remembered that,
since our database does not include GVs that directly changed over 50 base
pairs, some partial or complete deletions of the gene were not compiled, and
information should be expanded upon when studying NKX2-5
haploinsufficiency.

While functional assays are one of the main sources of confirmation for
functional effect on GVs, we have observed that most of the compiled GVs
retrieved from the literate or clinical databases do not have functional studies
associated with them. It would be of interest to fill this gap, especially in
regions outside of the homeodomain, which could contribute to shed light into
the function of less studied regions of the NKX2-5 protein. In this regard,
variants classified as VUS would be of particular interest. Alternatively, further
studies finding these variants in either families with heart disease or in
individuals in the general population could clarify their role in pathogenesis.

In summary, around 40% of the pathogenic GVs in our compiled
database are in the most conserved domains of the NK2 subfamily of proteins
(TN, HD, NK2-SD). When accounting for other regions (YRR, NLS motif,
Nkx2-5 box, GIRAW motif, SUMOylation site, phosphorylation site and
acetylation site), we were able to assign a possible functional effect on protein
motifs of approximately 60% of the pathogenic GVs. Functional studies
confirm an effect for 26 of the GVs in the above mentioned regions and further
add information on 5 GVs out of them. Therefore, a total of 63% of the

pathogenic GVs have a putative explanation for their assigned pathogenicity.
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Finally, it was suggested that oligogenic combinations of inherited
genetic variants could explain the majority of CHD that lack a detectable
monogenic basis (D’Alessandro et al., 2016; De Luca et al., 2010; Y. Li et al.,
2016; Topf et al.,, 2014). In addition, genetic modifiers may contribute to
modulate or even to abolish or promote the effect of a given genetic variant
(Winston et al., 2010). Although physical and functional interactions between
NKX2-5 and GATA4 and NKX2-5 and TBX5 are well documented (Durocher
et al., 1997; Hiroi et al., 2001), it has been reported that NKX2-5 may interact
with other proteins like KDM6 (Lee et al., 2012), JARID2 (T.G. Kim et al.,
2004), CAMTAZ2 (Song et al., 2006) and Fbxo25 (Jeong et al., 2015). Also,
high-throughput experiments identified interactions of NKX2-5 with RBPJ,
FOXAL, FOXE1l, SMAD4 and GRB2 (Huttlin et al., 2017; X. Li et al., 2015).
Altogether this data could provide a polygenic explanation for both the
incomplete penetrance and phenotypic variability seen for NKX2-5 GVs. In
line with this concept, we have documented in our database GVs in NKX2-5
seen concomitantly with variants in other relevant genes related to diseases.
Even though some of these GVs are classified as likely pathogenic, others -
classified as likely benign or VUS- could still possibly impact the development
of the disease in combination with the NKX2-5 variants.
8| Concluding remarks

This study was designed to build an exhaustive database of NKX2-5
variants. All of the compiled information pointed to reliable pathogenicity for
GVs in helix 3 of the homeodomain. In addition, the compiled data may
broaden the scope of functional and structural studies that can be done to

better understand the effect of pathogenic GVs in NKX2-5 function.
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FIGURES

Figure 1. Compilation of the genetic variants. Pipeline used to compile the
different genetic variants is shown as a workflow. Databases in orange are
general databases from which frequency information was obtained.
Databases in green are clinical databases from which phenotype information
was obtained. Publications and the cohort of CHD patients also supplied
phenotype information. The databases listed are: NCBI's ClinVar
(https://www.ncbi.nim.nih.gov/clinvar) (Landrum et al., 2018); NCBI's dbSNP
(https://www.ncbi.nim.nih.gov/SNP/) (Sherry et al., 2001); NHLBI-ESP's EVS
(https://evs.gs.washington.edu/EVS/); ExPASYyY's SwissVar
(https://swissvar.expasy.org/cgi-bin/swissvar/home/) (Mottaz et al.,, 2010);
EXAC (https://exac.broadinstitute.org/) (Lek et al., 2016); LOVD
(http://mwww.lovd.nl/3.0/home/) (Fokkema et al., 2011). CHD: Congenital heart

disease; GV: Genetic variant.
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Figure 2. Distribution of genetic variants over the NKX2-5 gene and in the
protein. (A) Genetic variants in the compiled database are depicted along with its
location in the NKX2-5 gene structure. Boxes represent the two exons of the gene,
while the thin line represents the intron. The analysis was limited to the region
encompassing the whole canonical transcript of NKX2-5 (chr5: 173,232,109-
173,235,311, RefSeq: NC_000005.10). Every line above the NKX2-5 gene represents
the position of each of the genetic variants: in blue, all the 1380 variants retrieved; in
red, variants classified as pathogenic; in green, variants retrieved from general
databases with a frequency above 1/10,000. The two pathogenic splice site variants
are detailed below, represented by their “c.” descriptor (RefSeq: NM_004378.1).
3’UTR and 5’UTR: 3’ and 5’ untranslated region; GV: Genetic variant; TR: translated
region. (B) The positions of pathogenic genetic variants from the compiled database
are shown. In the middle, a representation of the NKX2-5 protein highlighting the
known regions/domains of the protein. On the upper part of the figure, every line in
red represents the position of each genetic variant classified as pathogenic in the
translated region, while on the bottom, the same genetic variants are noted by their
"p." descriptor (RefSeq: NP_004378.1). If two different variants cause the same effect
on the protein sequence, the "p." identifier is noted only once. The line graphs were
generated with the PyGame library in the Python 3 programming language
(http://www.python.org). HD: Homeodomain; NK2-SD: NK2-Specific domain; TN:
Tinman domain; YRR: Tyrosine-rich region.
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Figure 3. Analysis of distribution of genetic variants in the NKX2-5
protein. Number of missense variants along the canonical NKX2-5 protein
(residues 1-324), in windows of three residues. In green, variants from the
general databases with a frequency over 1/10,000 individuals. In red, variants
classified as pathogenic. Thick lines below represent different
regions/domains of the protein: in yellow, the Tinman domain; in bordeaux,
the homeodomain; in red the 3 alpha-helices of the homeodomain; in purple,
the NK2-specific domain; in blue, the Tyrosine-rich region (YRR); in cyan, the
NKX2-5 box motif; in green, the GIRAW motif. The figure was generated with
the PyPlot library in the Python 3 programming language

(http:/mwww.python.org). GVs: Genetic variants.

Figure 4. Tridimensional structure of the NKX2-5 Homeodomain and its
interaction with DNA. The image was generated with help from UCSF
Chimera (http://www.rbvi.ucsf.edu/chimera). A. Schematic 3D representation
of the NKX2-5 homeodomain along with a segment of the ANF promoter
(PDB ID 3RKQ, B chain). In red, residues that contain genetic variants
classified as pathogenic. H1-3: Helixes 1 to 3. B. Pipe and planks
representation of the NKX2-5 homeodomain. Helices 1 to 3 are represented
as yellow pipes (H1-3). Loops between helices are shown in blue. The

hydrophobic residues that point towards the inner face or "hydrophobic core"
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of the alpha helices are shown in beige. C. Schematic representation of the
ANF sequence of DNA which NKX2-5 binds. Phosphate groups, ribose,
nitrogenous bases and interactions with NKX2-5 residues are indicated.
Contacts between the DNA and NKX2-5 residues indicate water molecules
mediating the interaction with the residue. D-G. Close inspection of residues
which interact with different parts of the ANF promoter sequence. Contacts
with the DNA and the water molecules that could mediate the interaction are

shown. H1-3, Helixes 1-3.

AFRZIGE NHT
Lys183

) Lentiid o1 | Gluisl

A TmEl Teierom
Argl 0 NI

W2 GIni8T
N Asm188

O Glni&i

N2 AsnIAE
NHI Argl42

* Pheldd

T2 Asni88

NED Trplss

NH1 Argl42

E}meﬂhv stigab aind ave-nidnl= e ':D Phisjrhats griij Hydrgen bond e DNA Water' malscule Nk boiided camtact i INA (= 3.354)

This article is protected by copyright. All rights reserved.



Table 1. Types of genetic variants in the different regions/domains of the NKX2-5

gene.
Misse Synony Nonse Infra Frames Stop
nse mous nse me hift loss  Total
Tinman 10 (4) 6 (0) 0@ 0O 10 0@ 1714
Helix
1 18(4) 11(0) 11 00 2@ 0O 32(
Helix
2 13 (4) 6 (0) 2(2) 10 232 0() 24(8
HD felix 28
3 (18) 11 (0) 4(4) 0 1(1) 0() 4423
Loop
Translat S 26 (9) 13(0) 2(1) 0O 1(1) 0() 42(11
ed region
Total 85 142
(35) 41 (0) 9(8) 1(0) 6(6) 00 (49
NK2-SD 27 (4) 9 (0) 10 40 2@ 0() 43(5
YRR 44 (5) 10(0) 7(7) 0(© 5() 0(0) 66(16)
NKX2-5
box 19 (3) 9 (0) 0@ 10 10 0@ 303
GIRAW
motif 6 (3) 2 (0) 0@ 0@ 0@ 0O 8(3
Others 198 320
47) 92 (0) 3(2) 8(0) 18(12) 1(1) (62
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Tot 389 20 626

al (101) 169(0) (17) 14(0) 33(23) 1(1) (142
Untransl

ated 755 (2)
region

. 1381

Total: (144)

Number and type of unique genetic variants in the compiled database, grouped by
protein region/domain. In parenthesis, number of pathogenic variants. HD:
Homeodomain; NK2-SD: NK2-Specific Domain; YRR: Tyrosine-Rich Region.

Table 2. Genetic variants classified as pathogenic in the compiled database.
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ASD,
VSD,
AVSD

LP

Reamon-
Buettner
and
Borlak,
2004;
Reamon-
Buettner
etal.,,
2004

€.340T>A

p.(Cys114Ser)

ASD,
AVSD

LP

Reamon-
Buettner
and
Borlak,
2004;
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Affect Frrfcq”e Asti%c'a ACMG  Invitro e
cDNA variant Protein variant ed y Classifica effect
region (per phenoty tion impaired ces
1000) pe
Reamon-
Buettner
etal.,
2004
splice Predicted
€.335-1G>T p.? varian '\A/SSDD P by
t ClinVar
Benson
splice No etal.,
€.334+1G>T p.? varian AVB P a}ccu_mulat 1999;
¢ ioninthe Kasahara
cell etal.,
2000
Wang et
€.326A>T p.(Glu109Val) VSD LP al.,
2011a
ASD,
VSD, Akcaboy
€.325G>T p.(Glu109%*) 5.84 PS, P etal.,
AVB, 2008
PFO
p.(Aspl05Thrf ASD, Konig et
c.313del s*71) AVB P al., 2006
Hirayam
a_
Yamada
¢.262del p'(A'agg)PrOfs* s P etal,
2005;
Matsuok
a, 2005
Esposito
C.244T>A p.Cys82Ser 0.017 IAVC VUS TA etal.,
2009
Reamon-
Buettner
and
€.230C>T p.(Pro77Leu) VSD VUS Borlak,
2004;
Reamon-
Buettner
etal.,
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Affect Frrfcq”e Asti%c'a ACMG  Invitro e
cDNA variant Protein variant ed y Classifica effect
region (per phenoty tion impaired ces
1000) pe
2004
Watanab
*
¢.228_229del p'(P“’;g)P hefs NS p cetal,
2002
ASD
- ' Watanab
€.215_221del p.(Glu72Alafs AVB, P eetal.,
102) AF, HT, 2002
PP
Tian et
al., 2008;
c.214G>A p.(Glu72Lys) ASD VUS Mattapal
ly et al.,
2018
Reamon-
Buettner
and
Borlak,
€.206T>C p.(Leu69Pro) VSD VUS 2004;
Reamon-
Buettner
etal.,
2004
Tian et
c.202G>A p.(Glu68Lys) ASD P al., 2008
MCcElhin
€.188C>T p-(Alaé3Val) 0.03 L-TGA VUS ney et
al., 2003
Wang et
c.175C>G p.Pro59Ala VSD P TA al.,
2011c
€.147_163delinsGCC  p.(Ala50Profs* ASD P Pre(k:i)lcted
TCCT 123) oy
ClinVar
Wang et
€.160G>A p.(Glu54Lys) ToF LP al.,
2011b
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Affect Frrfq”e Asti%c'a ACMG  Invitro e
cDNA variant Protein variant ed Y Classifica effect
region (per phenoty tion impaired ces
1000) pe
Reamon-
Buettner
and
Borlak,
¢.151T>C p-(Phe51Leu) 0.006 VSD VUS 2004;
Reamon-
Buettner
etal.,
2004
p.(Pro43Glyfs* ASD, Liu et
€.126_142del 59) AVE [ al. 2011
ASD, Liu et
¢.138C>G p.(Cys46Trp) VSD, LP al. 2011
AVB "
Reamon-
Buettner
and
Borlak,
€.133T>C p-(Ser45Pro) 0.009 VSD VUS 2004;
Reamon-
Buettner
etal.,
2004
Gioli-
C.124G>C 0.(Ala42Pro) 0.33 EA LB Peetr;’l' ra
2010
ASD, Ellesge
c.112del p.(GLuls;%)Argfs VSD, [ etal.,
AVB 2016
Liu et
al.,
2009b;
¢.106C>A p.(Arg36Ser) VSD LP Wang et
al.,
2011b
Khatami
C.95A>T p.(Glu32Vval) \_/I_SE P etal.,
0 2018
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Freque Associa
cDNA variant Protein variant ed ney ted
region (per phenoty
9 1000) pe

Affect ACMG In vitro
Classifica effect

tion impaired

Referen
ces

Tian et

C.94G>A p.(Glu32Lys) 0017 ASD P al., 2008

Draus et

c.65A>G p-(GIn22Arg) 0.159 ASD VUS al., 2009

McElhin
c.65A>C p.(GIn22Pro) 0.039 ToF LP ney et
al., 2003

Wang et
c.64C>A p.(GIn22Lys) ASD P al.,
2011b

Reamon-
Buettner
and
Borlak,

¢.56A>G p-(Asn19Ser) TN VSD LP 2004;
Reamon-
Buettner

etal.,

2004

Xie et

¢.55A>G p.-Asn19Asp TN AF P TA al., 2013

Mattapal
c.46G>A p-(Aspl6Asn) TN 0.006 VSD VUS lyetal.,
2018

McElhin
C.44AST p-(Lys15lle) TN 0.013 ASD LP ney et
al., 2003

Reamon-
Buettner
and
Borlak,

¢.20T>C p.(Leu7Pro) AVSD VUS 2004;
Reamon-
Buettner

etal.,

2004
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Freque Associa

Affect ne ted ACMG In vitro Referen
cDNA variant Protein variant ed y Classifica effect
region (per phenoty tion impaired ces
1000) pe
Kodo et
c.17C>T p.Ala6Val ToF P TA al., 2012

Each variant is noted with their “c.” and “p.” descriptors (Ref-seq: NM_004378.1 and NP_004378.1,
respectively), along with its location in a particular protein region/domain. Genetic variants with no
associated phenotype were predicted by either ClinVar or LOVD to be pathogenic but no patient
phenotype was reported. In bold, genetic variants do not present in any of the consulted databases.
ACMG: American College of Medical Genetics; AF: Atrial fibrillation; AP: Asplenia; ASD: Atrial
septal defect; AVB: Atrioventricular block; AVR: Anomalous venous return; AVS: Aortic valve
stenosis; AVSD: Atrioventricular septal defect; BAV: Bicuspid aortic valve; CD: Conduction defects;
CHD: Congenital heart disease; CoA: Coarctation of the aorta; DCM: Dilated cardiomyopathy; D:
Dimerization (tested with the wild type counterpart); DB: DNA Binding; DORV: Double outlet right
ventricle; EA: Ebstein's anomaly; GV: Genetic variant; HD: Homeodomain; H1-3: Alpha-helices 1-3;
HLHS: Hypoplastic left heart syndrome; HT: Heterotaxy; IAVC: Isolated accessory atrioventricular
connection; L-TGA: Levo-transposition of the great arteries; LB: Likely benign; LP: Likely
pathogenic; MVP: Mitral valve prolapse; NCC: Noncompaction cardiomyopathy; NK2-SD: NK2-
Specific domain; P: Pathogenic; PA: Pulmonary atresia; PDA: Patent ductus arteriosus; PFO: Patent
foramen ovale; PP: Polysplenia; PS: Pulmonary stenosis; SD: Sudden death; SSS: Sick sinus
syndrome; TA: Transactivation; TCA: Tricuspid atresia; TD: Thyroid dysgenesis; TN: Tinman; ToF:
Tetralogy of Fallot; TVA: Tricuspid valve anomaly; Tyr-rich: Tyrosine-rich region/domain; VF:
Ventricular fibrillation; VNC: Ventricular noncompaction; VSD: Ventricular septal defect; VT:
Ventricular tachycardia; VUS: Variant of uncertain significance. *: In some experiments,
diminished/weaker, in some others increased/stronger. % Increased protein stability. *: Protein in
nucleus and cytoplasm. *: Small effect. *: showed decreased interaction also with GATA4 and TBX5.
** showed decreased interaction with GATA4.

Table 3. Pathogenic genetic variants in functional and linear motifs.

Number of . .
Description Residues Pathogenic Pathogemc_GVs in the Sources and references
region
GVs
. . i p.(F51L), p.(E54K), ELM; Wang et al.,
SUMOylation motif 51-54 3 0.(A50fs) 2008; Kim et al., 2011
L Li et al., 2007; Tang et
Acetylation site 183 1 p.(K183E) al. 2016
CKII 161-167 6 p.R161P, p.(L163R), EL“fz;uﬁfargg%a“d
Phosphorylation p.(S164*), p.(E167fs), '
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motif p.(E167K), p.E167*
Nuclear 136-143 p.(A135T), p.R139W, ELM; Kasahara and
localization signal p.(P141A), p.R142C Izumo, 1999

Nuclear 192-199
localization signal

p.K192%, p.(K192T), .
p.(K192R), p.(K104R), ~ E-Mi Ovangetal,
p.Q198*

For each functional or linear motif, their positions in NKX2-5 are listed as a range of
residues, along with the pathogenic genetic variants found, represented by their “p.”
descriptors. Genetic variants in bold are unique to the linear motif (not present in
other known regions). CKII: Casein kinase IlI; ELM: Predicted by the Eukaryotic
Linear Motif resource (http://elm.eu.org/) (Gouw et al., 2018); GV: Genetic variant.
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