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Abstract

Background: The AHNAK?2 gene encodes a large nucleoprotein expressed in
several tissues, including brain, squamous epithelia, smooth muscle, and neuro-
pil. Its role in calcium signaling has been suggested and to date, clear evidence
about its involvement in the pathogenesis of clinical disorders is still lacking.
Methods: Here, we report a female 24-year-old patient diagnosed with a cardio-
facio-cutaneous-like phenotype (CFC-like), characterized by epilepsy, psycho-
motor development delay, atopic dermatitis, congenital heart disease, hypotonia,
and facial dysmorphism, who is compound heterozygote for two missense muta-
tions in the AHNAK?2 gene detected by exome sequencing.

Results: This patient had no detectable variant in any of the genes known to
be associated with the cardio-facio-cutaneous syndrome. Moreover, the mode of
inheritance does not appear to be autosomal dominant, as it is in typical CFC syn-
drome. We have performed in silico assessment of mutation severity separately
for each missense mutation, but this analysis excludes a severe effect on protein
function. Protein structure predictions indicate the mutations are located in flex-
ible regions possibly involved in molecular interactions.

Conclusion: We discuss an alternative interpretation on the potential involve-
ment of the two missense mutations in the AHNAK?2 gene on the expression of
CFC-like phenotype in this patient based on inter-allelic complementation.
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1 | INTRODUCTION
AHNAKs (AHNAK1 NM_001620.3 and AHNAK2

NM_138420.4) are a class of giant propeller-like proteins
associated with L-type calcium channel activity (Komuro
et al., 2004; Matza et al., 2008; Pankonien et al., 2011).
The AHNAK nucleoprotein 2 (AHNAK?2) gene encodes an
intracellular nucleoprotein, which forms PDZ domain-
mediated homodimers in a similar manner to asperiaxin
(PRX NM_181882.3) (Han & Kursula, 2014). PRX, a ho-
molog of AHNAK proteins, is involved in myelination
of the peripheral nervous system (Gillespie et al., 2000;
Maddala et al., 2011; Takashima et al., 2002), and mu-
tations in the PRX gene are associated with human he-
reditary neuropathies, such as AR-Charcot-Marie-Tooth
(CMT) and Dejerine-Sottas diseases. AHNAKI gene
in cardiomyocytes is associated with Ca** channels
at the plasma membrane (Haase et al., 2005; Komuro
et al., 2004). AHNAK? has recently been identified as a
target for CMT mutations (Tey et al., 2019) and in a pa-
tient reporting a frameshift AHNAK2 mutation (PMID:
28600779), related to dysmorphic features and skeletal
deformities (Monies et al., 2017).

Co-localization of AHNAKI and AHNAK2 demon-
strates that both proteins are components of the costa-
meric network (Marg et al., 2010). AHNAK2 protein is
also expressed in squamous epithelia, respiratory epithe-
lia, smooth muscle, and neuropil (https://www.proteinatl
as.org/ENSG00000185567-AHNAK?2/tissue). Calcium ions
and their concentration gradient in the epidermis are es-
sential in regulating many skin functions, including ke-
ratinocyte differentiation, skin barrier formation, and
permeability barrier homeostasis (Lee & Lee, 2018; Marg
et al., 2010). AHNAK?2 gene (NM_138420.3) localized on
chromosome 14 contains at least 7 exons, overall coding
for 5795 amino acids. The first 6 exons are relatively small,
while exon 7 is nearly18 kb (Komuro et al., 2004).

Cardio-facio-cutaneous syndrome is characterized
by global developmental delay, hypotonia, characteristic
craniofacial dysmorphology, dermatologic abnormalities,
intellectual disability, congenital heart disease, especially
pulmonary valve stenosis, interatrial septal defects, and
hypertrophic cardiomyopathy.

Itisaveryrare syndrome and only 300 cases are reported
in the literature but the real incidence is still unidentified
probably because mildly affected individuals may go undi-
agnosed. All known cases are due to autosomal dominant
mutations in four different genes: BRAF (7q34) is present
in about 75% of cases, MEK1 (15q22.1-q22.33) and MEK2
(19p13.3) are both present in about 25% of the cases, and
KRAS (12p12.1) is present in less than 2% of the cases, all
these genes are implicated in KRAS signaling pathways
(Jurci et al., 2021).

The dysregulation of KRAS signaling pathways
strongly influences embryonic development, organogene-
sis, and synaptic plasticity (Pierpont et al., 2014).

In this study, we report a patient with the cardio-facio-
cutaneous-like phenotype (CFC-like), borderline intellec-
tual functioning, and epilepsy, showing on whole-exome
sequencing (WES) compound heterozygosity for two mis-
sense variants in the AHNAK?2 gene.

2 | MATERIALS AND METHODS
2.1 | Editorial policies and ethical
considerations

This study was approved by the ethics committee of the
Oasi Research Institute-IRCCS, Troina, Italy (Protocol n.
CE/149, May 4, 2020). Written informed consent was ob-
tained from the patient's parents. All investigations were
compliant with the principles expressed in the Declaration
of Helsinki.

2.2 | Genetic detection

Genomic DNA was isolated from peripheral blood leu-
kocytes of a female patient and her parents. Exome
analysis was performed using the Ion AmpliSeq™
Exome RDY Kits following the manufacturer's instruc-
tions (Thermo Fisher Scientific). The quality of post-
amplification libraries was assessed using DNA 1000
chips on the Tape Station 4200 (Agilent) and Qubit
fluorimetric quantitation using Qubit dsDNA BR Assay
Kits (Invitrogen). We used pooled libraries to emulsion
PCR on the Ion Chef Instrument according to the man-
ufacturer's protocol (Thermo Fisher Scientific). Finally,
we sequenced each loaded Ion 550™ chip on the S5plus
System (Thermo Fisher Scientific) with the use of rec-
ommended reagents. 97% and 95% of regions of inter-
ests (ROI) have a minimum coverage of at least 20X and
30X, respectively. Single-nucleotide variants (SNVs)
and short insertions/deletions (INDELs) were identi-
fied by a mapping alignment program from Thermo
Fisher with germ-line and low stringency settings. We
confirmed pathogenic variants using a conventional
Sanger sequencing (Applied Biosystems Prism 3130
DNA Analyzer). Reads were aligned to GrCh37 - h19
human reference sequence using the Torrent Browser
5.10 software (Thermo Fisher Scientific). The result-
ing alignment BAMs were further processed using Ion
Reporter 5.10.5 pipeline (Thermo Fisher Scientific),
which incorporated variant calling. The existence of
potentially significant variants was reassessed through
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IGV 2.5 software. The predictions “in silico analy-
ses” (SIFT, Polyphen) were retrieved from the Ion
Reporter result files (Thermo Fisher Scientific). We
filtered the identified variants according to recessive/
de novo/X-liked pattern of inheritance, gene features,
and MAF < 1% using as references dbSNP154, 1000
Genomes, ESP6500, ExAC, gnomAD. Subsequently,
variants were evaluated for their phenotypic and bio-
logical impact (Vetri et al., 2020).

Predictions of AHNAK?2 protein structure and flexibil-
ity were carried out using ANCHOR and IUPred2 (Erdés
& Dosztanyi, 2020; Mészaros et al., 2009). For the region
encompassing amino acids 5300-5600, 3D structure pre-
diction was done using AlphaFold2 (Jumper et al., 2021).
In addition, secondary structures were predicted using
JPred4 (Drozdetskiy et al., 2015).

3 | RESULTS

3.1 | Patientreport
Here, we describe a 24-year-old girl. The pregnancy and
delivery were uncomplicated, and her APGAR scores
were 9 and 10 at 1 and 5 min, respectively. Her birth
weight was 3500g (Z-score 0.203), length 52cm (Z-score
1.072), and head circumference 35cm (Z-score 0.834).
Psychomotor development was mildly delayed. At 1 year
of life, some characteristics of the CFC-like phenotype
were identified, such as atopic dermatitis, patent ductus
arteriosus, thin hair, downslanting palpebral fissures, hy-
pertelorism, squint, depressed nasal bridge, and posteri-
orly rotated ears.

The patient was admitted to our institution for the first
time at the age of 40 months with the diagnostic suspicion
of psychomotor retardation.

FIGURE 1 Patient frontal view
and profile displaying facial features at

24years old.
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During this hospitalization, the patient showed in-
flammatory keratotic lesions on the face and on the upper
limbs, thin and sparse hair, hypertelorism, epicanthus,
ptosis, small nose with low nasal root, posteriorly ro-
tated auricles with bilateral preauricular fistula, long fil-
ter, prognathism, broad neck, pectus escavatum, bilateral
clinodactyly of the 5th toe, bilateral foot planovalgus de-
formity, compound hypermetropic astigmatism, and exo-
tropia of right eye (Figure 1).

Regarding cognitive functioning, the patient showed
slow processing speed and attentional dysfunction. The
Griffiths Mental Developmental scales were administered
and scored according to standardized procedures and they
provided a developmental age of 30-month skills.

The echocardiographic examination showed the presence
of a patent foramen ovale with a mild left-to-right shunt.

In the light of the clinical picture and associated
instrumental results, a clinical diagnosis of cardio-
facio-cutaneous syndrome with borderline intellectual
functioning was made.

The patient weight-for-height development was nor-
mal but she had hypotonia, ligamental hyperlaxity, and
bilateral valgus flat foot. From 21 months to 4years of
age, she had three febrile generalized tonic-clonic sei-
zures, and from 16years of age, she started having afe-
brile seizures characterized by impaired awareness,
head, and eye deviation toward the right side and occa-
sionally associated with bilateral tonic-clonic seizures.
Interictal EEG pattern was characterized by numer-
ous sequences of spike-and-wave complexes over the
frontal-central-temporal regions of the left hemisphere.
Treatment with levetiracetam was started at 16 years of
age, and focal seizures became sporadic, occurring less
than once per month. The parents refused to give other
antiepileptic drugs to their daughter. Brain MRI was
normal at the same age.
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3.2 | Whole-exome sequencing and
bioinformatic analyses

Whole-exome sequencing (WES) performed on DNA from
the patient (#03982) and her parents revealed that she is
a compound heterozygote for ¢.16379T>C (p.Ile5460Thr)
and ¢.1198G>A (p.Gly400Ser) variants of the AHNAK2
gene (Figure 2) inherited from the mother and the fa-
ther, respectively [ClinVar Submission ID: SUB9751031-
SUB9791538]. In addition, we have identified the following
variants in CFC-associated genes: A2MI11(NM_144670.5):
c.4076G>Ap.Argl359His; GPT(NM_005309.2): ¢.320G>A
p-ArglO7Lys; TTN (NM_001256850.1) c¢.11629A>Tp.
Ile3877Phe. These variants are inherited from one of the
healthy parents, and in silico analysis performed with bio-
informatic tools (Kopanos et al., 2019) predicted that these
mutations have no potential damaging effect (Benign).
Previously, this patient was negative for mutations in
a panel of 14 genes (A2Ml1, BRAF, CBL, HRAS, KRAS,
MAP2K1, MAP2K2, NRAS, PTPN11, RAF1, RIT1, SHOC2,
SOSI1, SPREDI) known to be associated with CFCS.
Neither further causative mutation (WES) nor large dele-
tion (CGH-Array) have been identified in ACTB, ACTGI,
CCNK, CDC42, EPHB4, FGD1, KAT6B, LZTR1, MAP3KS,
MRAS, NF1, PPP1CB, RASA1, RASA2, RRAS, SASHI,
SOS2 genes, previously known as causative to Neuro-
Cardio-Facio-Cutaneous (NCFC) syndromes, confirming
the WES results.

The p.Ile5460Thr variation has not been referenced
as a single nucleotide polymorphism (SNP) yet and is
not found in the HGMD Professional Database (www.
hgmd.cf.ac.uk). On the other hand, the p.Gly400Ser vari-
ation has been referenced as an SNP (rs140752229) and is
found in GnomAD (with a frequency of 0.001718), EXAC
(0.001741), and 1000G (0.0012), not being found in the
HGMD Professional Database. Neither variant has been
reported in the ClinVar database. The residues at these
positions are highly conserved across species, and in sil-
ico analysis performed with bioinformatic tools predicted
that the two mutations have a potential strong damag-
ing effect on the structure/function of the AHNAK2 pro-
tein.c.16379T>C (p.Ile5460Thr): SIFT = 0.0 (Deleterious),
PolyPhen = 0.996 (Probably damaging); c.1198G>A
(p-Gly400Ser): PolyPhen = 0.975 (Probably damaging).
However, standard procedures for assessment of patho-
genicity of variants (ACMG criteria-Varsome) (Kopanos
et al., 2019), the variant ¢.1196G>A (p.Gly400Ser) should
be judged as “likely benign.” The variant ¢.16379T>C
(p.Ile5460Thr) should be also classified as “likely benign”
or “VUS.”

3.3 | Insilico protein structure analysis

To further understand the possible effects of the vari-
ants at the protein level, we carried out predictions of
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FIGURE 2 Next-generation sequencing with the integrative genomics viewer (top) and sanger (down) visualization of the heterozygous
missense variants ¢.16379T>C (p.Ile5460Thr) (a) and c¢.1198G>A (p.Gly400Ser) (b) in the AHNAK?2 gene.
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FIGURE 3 Predictions of AHNAK?2 protein structure and flexibility. (a) A schematic view of AHNAK2 with known or predicted
interactions. The PDZ-like domain is involved in homodimerization, and the C-terminal domain in AHNAKI binds to the p11/annexin
A2 complex - it is not known if this interaction occurs with AHNAK2. The N- and C-terminal segments of AHNAKI interact with the a1
and p subunits of the VGCC, respectively (Jin et al., 2020; Sundararaj et al., 2021). Some of these interactions may differ between AHNAK1
and AHNAK2. (b) Protein flexibility prediction using IUPred (black) and ANCHOR (red). A score close to 1 reflects a disordered structure
not likely to fold upon ligand binding. I5460T is located in a segment predicted to possibly fold upon protein interactions. (c) AlphaFold2

prediction for the segment corresponding to residues 5300-5600 indicates a lack of globular fold. Ile5460 is shown as spheres.

protein structure and flexibility (Figure 3). Gly400 is in
the N-terminal region of AHNAK2, between the PDZ-
like domain and the repetitive region, in a segment
predicted to be disordered and flexible. Ile5460, on the
other hand, lies in the C-terminal region after the re-
peat domains, and the region comprising residues ap-
proximately 5300-5600 is predicted to possibly fold
upon intermolecular interactions. AlphaFold2 does not
predict a folded globular structure, but short predicted
segments of  strand could represent protein—protein in-
teraction sites.

4 | DISCUSSION

Although our patient presents a CFC-like phenotype, all
the genes causing CFC syndrome screened by WES re-
sulted in negative. Moreover, if we assume a causal link
between the AHNAK?2 gene and CFC in the patient phe-
notype in the patient, the detected heterozygous missense
variants should be in opposition with the autosomal dom-
inant inheritance typical of CFC syndrome.

We performed an extensive bibliomic search to look
for evidence confirming the involvement of the AHNAK2
function in the expression of several endophenotypes
(psychomotor development delay, epilepsy, atopic der-
matitis, congenital heart disease, hypotonia) observed in
the patient. This search revealed that both AHNAKI and

AHNAK?2 are co-expressed and associated with L-type
voltage-regulated calcium channels (Gentil et al., 2001;
Komuro et al., 2004) in the tissues related to the above en-
dophenotype. The implication of calcium channels in epi-
lepsy is well documented (Rajakulendran & Hanna, 2016;
Zamponi et al., 2010), and recently they represent a prom-
ising therapeutic target. Anticonvulsant AMPA glutamate
antagonists are already used to treat seizures and they
work by preventing the entry of calcium and sodium into
the brain cell reducing or abolishing epileptiform activity
(Hanada, 2020).

Moreover, calcium signaling has been implicated in
modulating various aspects of cellular functions in the
skin: epidermal homeostasis, keratinocyte differentia-
tion, skin barrier formation, and permeability barrier
homeostasis, being consistent with atopic dermatitis
seen in the patient (Lee & Lee, 2018; Rzepnikowska
et al., 2020). A dysfunction of AHNAK proteins has been
shown to be critical for cardiac calcium channel function
and its beta-adrenergic regulation (Haase et al., 2005;
Monies et al., 2017), suggesting that a similar mecha-
nism could be present in our patient, who has congeni-
tal cardiomyopathy. AHNAK2 is a nucleoprotein forms
homodimers similarly to periaxin, in turn, involved in
myelination of the peripheral nervous system (Gillespie
et al., 2000; Maddala et al., 2011), and many studies
have shown the significance of myelination in relation
to psychomotor development (Kato et al., 2020; Van der
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Knaap et al., 1991). Impaired regulation of myelination
is frequently associated with learning deficits and cogni-
tive dysfunction (Bennett & Madden, 2014; Makinodan
et al., 2012; McKenzie et al., 2014; Xiao et al., 2016).
Altogether, these data are consistent with the delay of
psychomotor development and borderline intellectual
functioning of the patient. We did not observe a delayed
myelination in our patient, but this could be explained
by the timing of brain MRI, at 16years old, when this
feature is usually no more evident. Mutations in both
AHNAK?2 and PRX genes have been described as causing
Charcot-Marie-Tooth disease (Han & Kursula, 2014;
Precenzano et al., 2020; Tey et al., 2019). Altogether, the
literature strongly suggests pleiotropic effects caused by
mutations in the AHNAK?2 gene. In other words, a single
genetic locus harboring variants that are associated with
multiple, sometimes distinct, traits. For instance, plei-
otropy has been challenged by the remarkably diverse
neurodegenerative syndromes (Pang et al., 2017).

Our in silico assessment of mutation severity per-
formed separately for each missense mutation did not
uncover severe predicted effects on protein function.
On the other hand, protein structure predictions indi-
cate that both variants are located in regions with high
flexibility but the possibility for protein-protein interac-
tions. However, we need to point out here that such bio-
informatic tools do not allow to simultaneously assess
the combined effect of the two mutations, nor are they
“quantitative” tests providing a measure of the extent of
protein dysfunction. Thus, the ideal situation, in which
these tools are useful, is when we are dealing with pa-
tients homozygous for the same mutation. In contrast,
because our patient is a compound heterozygote, it is
possible that a dysfunctioning AHNAK2 protein may
arise, when the two mutant polypeptides interact, even
if each mutation does not score “severe” by the specific
algorithm used. The described phenomenon is known
as inter-allelic complementation (IC), and it has been
described to occur in several cases (Elsas et al., 1995;
Ribeiro et al., 2020; Wang et al., 2011). Formally, IC
refers to the change in the properties of a multimeric
protein as a consequence of the interaction of subunits
coded by two different mutant alleles (in contrast to
the protein consisting of subunits derived from a sin-
gle mutant allele). The mixed protein (heteromultimer)
may exhibit more activity (positive complementation) or
less activity (negative complementation, q.v.) than the
homomultimer (cited from Oxford Reference: https://
www.oxfordreference.com/view/10.1093/doi/autho
rity.20110810105137382).

This form of IC is also known as intragenic comple-
mentation and has been described in various species
from plants to mammals and humans. Hereafter, we

provide few examples. Ribeiro et al. (2020) suggested
potential IC, in heterozygous Glutaric Aciduria Type
I (GA-I) patients, based on the fact that in the GCDH
enzyme, the low active p.Arg227Pro variant contributes
to stabilize the tetramer while the structurally unsta-
ble p.Val400Met variant compensates for enzyme ac-
tivity. Wang et al. (2011) proposed that in patients with
Retinitis Pigmentosa (RP10), due to defects in inosine
monophosphate dehydrogenase 1 (IMPDH1), hybrid
tetramers of IMPDH1, mutant subunits, impose their
faulty conformation on normal partners. The interallelic
complementation at the Mitf locus in mice was charac-
terized in detail by Konyukhov and Osipov (1968) who
crossed the MitfMi-Wh mutation to the Mitfmi muta-
tion, which exhibits severe microphthalmia in homozy-
gous condition. Surprisingly, the resulting compound
heterozygote (Mitfmi/MitfMi-Wh) had normal eye size;
pigment was still lacking from eyes and coat. Thus, the
combination of the two alleles resulted in normal eye
development, which is in stark contrast to the micro-
phthalmia seen when each mutation is in homozygous
condition (Steingrimsson, 2010; Steingrimsson et al.,
2003).

Obviously, this speculative model needs experimental
confirmation. For example, one could develop an in vitro
system (cells expressing the two mutant polypeptides) to
test the ability of mutant AHNAK?2 polypeptides to per-
form a specific function, such as interaction with AHNAK1
or calcium channels (see Introduction).

To explore further the potential involvement of
AHNAK?2 in CFC, we have looked at its protein part-
ners as well as its participation in signaling pathways.
By querying the STRING database, we have found
that ANHAK?2 interacts directly with 10 proteins (see
Figure 4, Table S1). However, although some of these
proteins play a role in cellular functions affected in
CFC (i.e., ANXA2 and MYOF for calcium metabolism;
MYOF and S100A10 for neuronal differentiation), none
of these 10 proteins have been so far implicated in CFC
syndrome. On the other hand, several studies have im-
plicated AHNAK?2 in various signaling pathways, al-
though these findings concern exclusively tumor cells.
Interestingly, one of such studies (Wang et al., 2020) per-
formed in lung adenocarcinoma cells it was shown that
a reduction of AHNAK?2 could hinder cell proliferation,
migration, invasion, and apoptosis via inactivating the
RasMAPK signaling pathway. In particular, Wang et al.,
in their study, in order to verify, in an empirical way,
whether AHNAK?2 affects the MAPK pathway measured
the key markers of the MAPK pathway (MEK/ERK/
P9ORSK) after si-AHNAK?2 transfection. The authors
found that the down-regulation of AHNAK?2 induced a
decreased level of p-MEK, p-ERK, and p-P90RSK, and
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FIGURE 4 Ten potential direct
interactors of ANKAK2 detected by the
STRING database (https://string-db.org/).

concluded that AHNAK?2 plays a role in activating the
MAPK signaling pathway. This finding is especially im-
portant for our present study in light of the established
association of CFC with dysfunction of the Ras path-
way (for this reason CFC is classified as a “Rasopathy”)
(Rauen, 2013).

5 | CONCLUSIONS

Although the literature is suggestive of the involvement of
the AHNAK?2 protein in the expression of multiple pheno-
types displayed by the patient it remains unclear what are
the detailed cellular and molecular mechanisms affected
by the lack of function of this protein.

Indeed, database searches, such as KEGG, Gene
Ontology, or STRING, did not reveal detailed information
on biological processes or pathways, which may account
for the pleiotropic effects of the two missense variants.
On the other hand, AHNAK?2 proteins expressed in de-
veloping brain, squamous epithelia, as well as in cardio-
myocytes. In this context, and in the absence of in vitro
(inter-allelic complementation) or in vivo functional
studies, the pathogenic significance of mutations in the
AHNAK?2 gene remains uncertain, and at the present time,
the contribution of this gene to the pathogenesis of the
cardio-facio-cutaneous-like syndrome can only be pro-
posed on a provisional basis, waiting for further evidence.
Finally, more patients need to be analyzed by exome se-
quencing in order to expand the number of cases with mu-
tated AHNAK?2 protein.
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