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Abstract: The Kriippel-like factor (KLF) family represents a group of transcription factors (TFs)
performing different biological processes that are crucial for proper neuronal function, including
neuronal development, synaptic plasticity, and neuronal survival. As reported, genetic variants within
the KLF family have been associated with a wide spectrum of neurodevelopmental and psychiatric
symptoms. In a patient exhibiting attention deficit hyperactivity disorder (ADHD) combined with both
neurodevelopmental and psychiatric symptoms, whole-exome sequencing (WES) analysis revealed a
de novo heterozygous variant within the Kriippel-like factor 13 (KLF13) gene, which belongs to the
KLF family and regulates axonal growth, development, and regeneration in mice. Moreover, in silico
analyses pertaining to the likely pathogenic significance of the variant and the impact of the mutation on
the KLF13 protein structure suggested a potential deleterious effect. In fact, the variant was localized in
correspondence to the starting residue of the N-terminal domain of KLF13, essential for protein—protein
interactions, DNA binding, and transcriptional activation or repression. This study aims to highlight the
potential involvement of the KLF13 gene in neurodevelopmental and psychiatric disorders. Nevertheless,
we cannot rule out that excluded variants, those undetectable by WES, or the polygenic risk may have
contributed to the patient’s phenotype given ADHD's high polygenic risk. However, further functional
studies are required to validate its potential contribution to these disorders.

Keywords: Kriippel-like factor; axonal growth; transcription factors; next-generation sequencing;
missense mutation; autosomal dominant inheritance

1. Introduction

The Kriippel-like factor (KLF) family of transcription factors plays a role in controlling
various biological functions, such as cell growth, differentiation, development, and survival,
as well as in embryonic development, tissue differentiation, metabolism, and reactions
to environmental stress [1,2]. The typical trait of the KLF family is the presence of three
Kriippel-like zinc finger functional domains. These zinc fingers have an affinity for binding
to CACCC elements and GC-rich regions of DNA, enabling the mediation of transcriptional
activation and/or repression [2,3].

KLFs have emerged as key regulators in the pathogenesis of various neurological dis-
eases. Their involvement spans a wide range of processes that are crucial for proper neuronal
function, including neuronal development, synaptic plasticity, and neuronal survival [4-6].
The dysregulation of KLFs has been implicated in several neurological disorders, including
Alzheimer’s disease (AD), Parkinson’s disease (PD), epilepsy, and intellectual disabilities
(ID). For instance, altered expression levels of KLFs have been associated with the aberrant
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synaptic transmission and neuroinflammation observed in AD [7,8]. Similarly, in PD, dys-
regulated KLFs have been linked to neuronal apoptosis and impaired dopamine signaling
pathways [9-11]. Moreover, mutations in genes encoding KLF proteins have been iden-
tified in individuals with ID, suggesting the critical role of KLFs in neurodevelopmental
processes [12]. In fact, KLF transcription factors have been found to be engaged in late-phase
neuronal maturation in the developing dentate gyrus and during adult hippocampal neu-
rogenesis [13]. For instance, as outlined in diverse studies, KLF7 was recently associated
with developmental delay/ID and neuromuscular and psychiatric symptoms [12,14,15]. Ad-
ditionally, it was associated with learning disorders and autistic behaviors [8,16]. Overall,
understanding the intricate involvement of KLFs in neurological diseases holds significant
promise for the development of novel therapeutic strategies aimed at modulating KLF activity
to mitigate disease progression and improve patient outcomes [10,17,18].

Among the wide array of KLF genes, KLF13 stands as an important transcription factor
containing three classical zinc finger DNA-binding domains consisting of a zinc atom tetra-
hedrally coordinated by two cysteines and two histidines (C2H2 motif) [19-22]. According
to diverse expression databases and studies, KLF13 is ubiquitously expressed in various
tissue types, including the hippocampus and the central nervous system [23,24]. As recently
documented, it was found to be a booster for myelin gene expression in oligodendrocytes in
the central nervous system [25]. Moreover, KLF13 has been identified as a crucial regulator
of heart development and is involved in various cardiac functions [26-29]. Additionally, it
seems to play a significant role as a cross-talking regulator in cancer across different tissue
types, including oral cells, the pancreas, the prostate, and the stomach [30-34].

Within this context, the objective of the current manuscript is to highlight the potential
implications of a genetic variant found within KLF13 in a patient showing neurodevel-
opmental and psychiatric symptoms encompassing attention deficit and hyperactivity
disorder (ADHD).

2. Materials and Methods
2.1. Library Preparation and Next-Generation Sequencing (NGS)

Genomic DNA was obtained from the patient’s and their parents’ peripheral blood
leukocytes, as previously described [35]. Library preparation (TRIOS) and exome enrich-
ment were performed employing the Agilent SureSelect V7 Kit (Santa Clara, CA, USA),
following the manufacturer’s instructions. The sequencing run was carried out on an
INlumina HiSeq 3000 instrument (San Diego, CA, USA). This specific method allowed the
achievement of 97% of regions covered at least 20 x The identified variants were filtered
based on (i) a recessive/de novo/X-linked pattern of inheritance; (ii) allele frequencies
(mean average frequency, MAF) < 1%, using, as a reference, the following genomic datasets:
1000 Genomes, ESP6500, EXAC, GnomAD. Notably, the reference genome was HG38.
The confirmation of the de novo event was achieved through conventional Sanger se-
quencing using the BigDyeTM Terminator v1.1 Cycle Sequencing Kit (Life Technologies,
Carlsbad, CA, USA) with the SeqStudio Genetic Analyzer instrument (Thermo Fisher
Scientific, Waltham, MA, USA). The sequences of the primers employed for the trial were
for. 5-TGACGACTCGCAGCAAGAG-3, rev. 5'-CTGGTTGAGGTCCGCTAGGA-3". In
alignment with a previous protocol [36], DNA fingerprint analysis was carried out to
confirm maternity and paternity for both the patient and parents.

2.2. Data Analysis

The variant was searched on the Human Gene Mutation Database (HGMD Professional
2023). Furthermore, it was filtered employing VarAft (2.17-2) [37]. The described variant
was classified in alignment with the “American College of Medical Genetics” (ACMG)
guidelines [38] through VarSome, according to previous research [39]. The criteria adopted
for variant classification are listed in Table 1.

The prediction of the inheritance pattern of the KLF13 gene was performed by DOMINO
(https://domino.iob.ch/) (accessed on 6 June 2024), as previously described, assigning a
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probability score ranging from 0 (recessive) to 1 (autosomal dominant) [40]. The KLF13
gene expression patterns were investigated using the GTEx (https://www.gtexportal.org/
home/) (accessed on 6 June 2024) and Human Protein Atlas (HPA) (https://www.proteinatlas.
org/) (accessed on 6 June 2024) databases. PhastCons100way and PhyloP100way scores
(from VarSome analysis) were used to analyze the conservation tendency of the specific
mutation region. Gene ontology (GO) terms related to the protein and functional domain
annotations were obtained via the QuickGO database (https://www.ebi.ac.uk/QuickGO/)
(accessed on 6 June 2024), in addition to the Uniprot (https://www.uniprot.org/) (accessed
on 6 June 2024), InterPro (https:/ /www.ebi.ac.uk/interpro/) (accessed on 6 June 2024),
and Prosite (https://prosite.expasy.org/) (accessed on 6 June 2024) databases. Protein—
protein interactions based on experimental studies were investigated on the STRING and
IntAct (https:/ /www.ebi.ac.uk/intact/home) (accessed on 6 June 2024) databases. Protein
structure predictions were generated employing the UCSF ChimeraX software version
1.7. The structure analysis was conducted based on the AlphaFold algorithm, generating
five models and selecting the “best model”, as previously described [41]. Protein stability
changes were predicted using the in silico tools DUET (https:/ /biosig.lab.ug.edu.au/duet/)
(accessed on 6 June 2024) and PONDR (http://pondr.com/) (accessed on 6 June 2024). The
heatmap and dendrogram for the 18 KLF proteins, based on the percentage of sequence
identity, were generated using RStudio version 3.6.3 with the following packages: ggplot2,
pheatmap, ggdendro, and dplyr. Additionally, the line plots for PONDR analysis were
created using the ggplot2 package.

Table 1. Criteria used for the classification of the observed nucleotide variation.

Criteria for Classification of Variants Category Code Description

De novo (both maternity and paternity confirmed) in a patient with

Strong PS2 the disease and no family history.
Absent from controls (or at extremely low frequency if recessive) in
Moderate PM2 Exome Sequencing Project, 1000 Genomes Project, or Exome
Aggregation Consortium.
Supporting PP4 Patient’s phenotype or fam_ily history .is highly specific for a disease
with a single genetic etiology.
Multiple lines of computational evidence suggest no impact on gene
Benign supporting BP4 or gene product (conservation, evolutionary,
splicing impact)
ACMG variant classification Likely pathogenic

3. Results
3.1. Clinical Report

We describe a 10-year-old boy diagnosed with ADHD—combined presentation and a
specific learning disorder (SLD) according to the DSM-5 criteria. He was the firstborn of
non-consanguineous parents, from a normal pregnancy that required an urgent cesarean
section due to complications during labor, although no perinatal distress was reported. His
birth weight was 2970 g, and he had mild jaundice. He was breastfed for three months
and weaned without complications. His psychomotor development was normal; he started
walking at 14 months, talking at 18 months, and speaking in full sentences by 24 months.

He first presented to a child neuropsychiatrist at age 5 due to behavioral problems,
such as irritability with destructive rages, hyperactivity, and impulsivity with a lack of
awareness of danger. He was diagnosed with oppositional defiant disorder. At age 7,
he was observed to exhibit sudden and unexplained behavioral worsening during his
second year of primary school, including extreme tantrums, violent aggressive outbursts,
and cognitive rigidity. After administering tests and multi-evaluation checklists (WISC
IV, CPRS-R, CBCL, CTRS-R), he was diagnosed with combined-type, moderate ADHD.
His treatment plan included 10 mg of immediate-release methylphenidate twice a day;,
resulting in a remarkable improvement. Upon discharge, the methylphenidate dosage was
titrated up to 30 mg per day (modified release).
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The phenotype was characterized by excess weight with a BMI of 23.1 kg/m? (95th
percentile), myopic astigmatism, a rounded face, small eyes, a wide nose with a bulbous
tip, small ears with hypoplastic lobes, fleshy lips with an everted lower lip, short distal
phalanges, and ligament hyperlaxity. Cardiac and thoracic examinations were normal.
Other systemic examinations were unremarkable, and the EEG was normal

3.2. Next-Generation Sequencing (NGS)

WES Trio analysis unveiled a de novo heterozygous variant (c.20T>G) within the
KLF13 gene (NM_015995) (Figure 1).
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Figure 1. Detection of ¢.20T>G within KLF13 gene. (a) Depiction of the nucleotide sequence corre-
sponding to the region where the mutation was identified within the KLF13 gene. Furthermore,
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the chromosomal localization of this gene is illustrated. Figure was modified from the UCSC genome
database. The asterisk indicates the precise variant site. (b) Whole-exome sequencing (WES) results
are presented using the Integrative Genomics Viewer (IGV) visualization tool. As shown in the picture,
WES was carried out for the examined patient and both healthy parents. (c) Conventional Sanger
sequencing was performed to highlight the ¢.20T>G variant identified by WES. In the electropherograms,
the black, blue, green, and red profiles indicate nucleotides G, C, A, and T.

NGS analysis did not identify genetic variants in genes known to be associated with
the patient’s symptoms. The variant was confirmed by conventional Sanger sequencing.
DOMINO analysis indicated that the KLF13 gene displayed an autosomal dominance
inheritance pattern, with a probability score of 0.96.

3.3. Protein Structure Prediction and Pathway Analysis

This novel variant was a missense mutation (p.Val7Gly) localized at position 7, corre-
sponding to the first amino acid of the N-terminal domain of KLF13 (from aa 7 to aa 168)
(Figure 2).

a b
A
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C d
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1.7 288
T T T T T T T T T T T T T T
/ 20 40 60 80 100 120 140 160 180 200 220 240 260 280 \
C2H2 type C2H2 type
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I N-terminal domain of Kruppel-like factor 13  Zinc finger C2H2 type domain profile
e
x

Figure 2. Structure prediction analysis and functional domains related to KLF13 protein. (a) Protein
structure prediction related to the wild-type KLF13. Each functional domain is marked by different
colors. (b) Focus on the wild-type valine residue at position 7, which did not engage in hydrogen
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bonds with other amino acids. (c) Mutated KLF13 protein. As predicted, the different structural
protein folding as result of the mutation is evident. (d) Close-up of the mutated residue as a result of
the missense mutation p.Val7Gly. (e) Domain organization patterns related to the KLF13 protein. The
specific mutation site is indicated by the black arrow. The light blue asterisk in (b,d,e) indicates the
precise position of the missense mutation. (a-d) were generated by UCSF ChimeraX software, while
(e) was modified from Uniprot database.

The PhyloP100way and the PhastCons100way scores related to the conservation rate
among 100 vertebrate species of the specific mutated site at position 7 were 5.905 and 1,
respectively. This indicates the high conservation of valine 7 among various species.

In comparison to the various KLF proteins, the protein identity percentage of KLF13
among all 18 KLF proteins ranges from 25.68% for KLF18 to 53.77% for KLF6 (Figure Sla). No-
tably, KLF13 exhibits the highest sequence similarity with KLF6 (53.77%), KLF9 (48.10%), and
KLF16 (51.11%), as shown in the dendrogram based on the sequence similarity (Figure S1b).

The protein structure prediction analysis conducted using UCSF ChimeraX revealed
a significant structural alteration between the wild-type and mutated forms of KLF13.
Specifically, the number of interprotein hydrogen bonds increased from 111 in the wild type
to 123 in the mutated form. Furthermore, while the wild-type valine residue at position
7 lacked hydrogen bonds, the mutated glycine residue at the same position formed a
hydrogen bond with alanine at position 11 (Figure 2).

As is clearly depicted in Figures 2 and 3, as predicted, the mutation caused the
generation of an « helix from alanine at position 3 to serine at position 19.

a b
> VAL 7
| CYS14  SER19
e Ala3 val7 Primary structure — 2 hbonds Ser19
_~— \_,C_VS(/S_ER . N —
C d

Ala3 Gly7* Alpha helix — 17 hbonds Serl9
< >

<

Figure 3. Structure prediction analysis of the KLF13 protein, focusing on the amino acid residues
from positions 3 to 19, revealed significant structural variation from the primary structure to an «
helix. Notably, the N-terminal domain of Kriippel-like factor 13 (from residues 7 to 168) begins at the
specific mutation site at amino acid 7. The colors used are consistent with the domain organization
patterns shown in Figure 2. (a) Wild-type KLF13 protein. (b) Close-up of the wild-type protein
segment from alanine 3 to serine 19. (¢) Mutated KLF13 protein, with visibly different predicted
protein folding compared to the wild type. (d) Close-up of the segment from alanine 3 to serine 19,
highlighting the mutated glycine 7 (marked with an asterisk). The missense mutation is predicted to
result in the formation of an « helix containing 17 hydrogen bonds. (a-d) were generated by UCSF
ChimeraX software and subsequently modified.
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The predicted new « helix, consisting of 16 amino acids, resulted in a higher number
of hydrogen bonds (17 hydrogen bonds) in comparison to the wild-type primary structure
(two hydrogen bonds).

The analysis conducted using MuPRO to assess the impact of the mutation on the
protein structure revealed a decrease in protein stability. Specifically, the mutation was
assigned a delta delta G score of —2.175, indicating a significant destabilizing effect on
the protein. In the protein stability analysis performed with the DUET tool, a significant
structural variation was observed, resulting in the destabilizing effect of the mutation.
This was reflected in the values of the mCSM, SDM, and DUET scores, which indicated a
predicted stability change of —0.437 kcal mol !, —0.51 kcal mol~!, and —0.239 kcal mol !
at the mutated point, respectively. In addition, MutPred?2 indicated that the amino acid
change can lead to the gain of protein intrinsic disorder, as well to an alteration in the
metal-binding activity. Furthermore, the protein disorder analysis conducted using PONDR
revealed a structural alteration in KLF13 due to the genetic variant, resulting in an elevated
level of disorder in residues three and four compared to the wild-type protein (Figure 4).
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Figure 4. Line plots generated with PONDR tool with VLXT score to assess the impact of the
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mutation on protein stability and flexibility. (a) The VLXT score (blue line) from PONDR analysis for
the wild-type KLF13 protein indicates a high rate of structural order at the specific site (green line
indicating valine at position 7), with scores lower than 0.5 (orange line). (b) The VLXT score from
PONDR analysis for the mutated KLF13 protein shows a higher rate of disorder as a result of the
mutation. This is evidenced by the values of the residues before the mutation site being higher than
0.5 (orange line).

According to the STRING and IntAct databases, supported by various experimental
studies, the KLF13 protein has been found to correlate with the CHCHD10, KAT2B, and
MMP28 proteins.
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4. Discussion

In the current manuscript, we present a clinical case exhibiting neurodevelopmen-
tal and psychiatric symptoms encompassing ADHD. WES Trio analysis identified a het-
erozygous de novo variant within KLF13. This gene belongs to the KLFs, a gene family
widely associated with a broad spectrum of neurological conditions [14,42]. In the WES
analysis performed, variants with an allele frequency greater than 1%, as well as those
deemed benign according to the ACMG criteria, were excluded. The variant described
in the current manuscript was deemed likely pathogenic according to the ACMG criteria
listed in Table 1. Furthermore, the WES analysis revealed no variants in the candidate
genes for ADHD, consistent with the filters applied. Nonetheless, we cannot rule out the
possibility that the excluded variants, along with other genetic factors undetectable by
WES—such as mutations in non-coding regions or the polygenic risk involving inter-allelic
complementation—may have contributed to the patient’s phenotype, given the high poly-
genic risk associated with ADHD. We hypothesize a potential correlation between KLF13
and the patient’s symptoms due to its ontology and its role as a transcriptional repressor in
various pathways, including JAK/STAT signaling [43].

Additionally, the phenotype examined in the current study was characterized by excess
weight, with a BMI of 23.1 kg/m? (95th percentile). The association found in the literature
between KLF13 methylation and orexigenic features, as well as digestive physiology and
obesity [23,44,45], may be attributed to inflammatory conditions resulting from altered
KLF13 activity. Variations in KLF13 can disrupt the chemokine systems, which are closely
linked to energy metabolism, insulin resistance, and obesity. Additionally, KLF13 has
been reported as a pro-adipogenic transcription factor and a key regulator of adipocyte
differentiation [46,47].

The identified variant was not described in either the Exome Aggregation Consortium
(ExAC) or the 1000 Genomes Project (1000G) databases. Furthermore, the allele frequency
of the variant was not found in the Genome Aggregation Database (GnomAD). According
to ACMG criterion BP4, described in Table 1, the in silico analysis did not provide sufficient
evidence to classify the variant as likely pathogenic. However, based on criteria PS2,
PM2, and PP4, the variant was classified as likely pathogenic (Table 1). According to the
DOMINO analysis, the KLF13 gene displays an autosomal inheritance pattern. Additionally,
both the PhastCons100way and PhyloP100way analyses indicated that the specific mutated
site is a well-conserved region among 100 vertebrate species, suggesting its likely functional
relevance in the KLF13 gene across different species.

The described missense variation localized at the starting amino acid of the N-terminal
domain of KLF13 (from aa 7 to aa 168). In transcription factors like KLF13, the N-terminal
domain is crucial for various functional aspects, such as protein—protein interactions,
DNA binding, transcriptional activation or repression, and subcellular localization [48-50].
This domain plays a critical role in regulating the protein’s activity and its ability to
modulate gene expression. It is worth noting that the N-terminal domain exhibits significant
variability among the KLF transcription factors, highlighting their functional diversity [49].
This variability in the structural motifs outside the DNA-binding domain is associated
with the functional diversity observed within the KLF family [51]. In fact, according
to the InterPro database, each KLF also has a unique N-terminal activation/repression
domain that confers specificity and allows it to bind specifically to a certain partner,
leading to distinct activity in vivo. It is worth noting that the percentage of protein identity
between KLF13 and other KLF proteins ranges from 25.68% for KLF18 to 53.77% for
KLF6 (Figure S1). Furthermore, among the 18 KLF proteins, only KLF1, KLF6, and KLF11
have MIM phenotype numbers, associating them with dyserythropoietic anemia (613673),
prostate (176807) and gastric (613659) cancers, and maturity-onset diabetes of the young,
type VII (610508), respectively. This wide array of diseases associated with these proteins
underscores the intricate functional diversity of the KLF domain among the KLF genes.

Additionally, the structural prediction analysis revealed notable disparities between
the wild-type and mutated proteins. Specifically, employing UCSF ChimeraX, it was
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observed that the mutated protein displayed an increase in the total number of hydrogen
bonds by 12 compared to the wild type. Specifically, as evidenced by the structural
prediction analysis, the mutation altered the protein folding, causing the generation of
an o helix from the residues alanine 3 to serine 19 (Figure 3, Table S1). Compared to
the wild-type primary structure predicted by AlphaFold, the new structure exhibited the
rearrangement of the hydrogen bond patterns in the abovementioned portion, resulting
in an increase from two hydrogen bonds in the wild type to 17 in the mutated protein.
This predicted variation encompasses the beginning of the N-terminal domain of KLF13,
suggesting a potential alteration in its DNA-binding functional activity. Furthermore, both
the DUET and MuPRO algorithms indicated a destabilizing effect of the identified variant
on the protein structure, resulting in decreased protein stability as a consequence of the
genetic alteration. Moreover, MutPred2 suggested a plausible impact of the mutation on
the gain of intrinsic protein disorder and the potential alteration of metal-binding sites.
The PONDR analysis revealed an increase in protein disorder for the residues before the
mutated amino acid at position 7, in comparison to the wild-type protein (Figure 4).

As concerns the gene ontology annotations related to the transcription factor KLF13, it en-
ables RNA polymerase II cis-regulatory region sequence-specific DNA binding (GO:0000978),
DNA-binding transcription factor activity, RNA polymerase II-specific (GO:0000981 and
GO:0001228), DNA binding (GO:0003677), protein binding (GO:0005515), metal ion bind-
ing (GO:0046872), and sequence-specific double-stranded DNA binding (GO:1990837).
Furthermore, as annotated, it is engaged in the regulation of transcription by RNA poly-
merase II (GO:0006357) and transcription by RNA polymerase II (GO:0006366), the negative
regulation of cell population proliferation (GO:0008285), the negative regulation of ery-
throcyte differentiation (GO:0045647), and the positive regulation of transcription by RNA
polymerase I (GO:0045944). Additionally, as annotated, KLF13 is localized in the nucleus
(GO:0005634) and ultimately it is part of the chromatin (GO:0000785). The pathway analysis
revealed that genes regulated by KLF13 are implicated in various processes, including cell
cycle regulation, cell survival, and cytoarchitecture regulation, among others [24]. As is
well known, dendritic anomalies in the hippocampal tissue can lead to neurodevelopmental
disorders [52-54].

As documented, KLF13 acts as a transcriptional repressor, modulating several signal-
ing pathways that are crucial in the central nervous system (CNS), including the JAK/STAT
pathway [43,55-57]. This pathway serves as the canonical mediator of growth hormone
(GH) signaling, known for its increasingly recognized neurotrophic effects associated with
synaptic plasticity and neuronal stem cells [58,59]. Alterations in this pathway have been
linked to imbalances in dopaminergic receptors [60—-62], which are closely involved in
ADHD as well in neurodevelopmental and psychiatric disorders [63-65]. It has been
suggested that KLF13 could play a role in maintaining the homeostatic state of this path-
way [43,66,67]. As previously reported, KLF13 displays high expression patterns in diverse
brain tissue types (GTEx; HPA). Within this context, it was recently outlined that KLF13
boosts the expression of the myelin gene in oligodendrocytes in the central nervous sys-
tem [25]. Additionally, the expression of Kif13 increases in the hippocampus during postna-
tal development in mice, similarly to its paralog KIf9, supporting their role in promoting
and maintaining neuronal differentiation [24,68]. Furthermore, KLF13 has been found to
play a crucial role in hippocampal cell function, proliferation, survival, and regeneration.
It predominantly acts as a transcriptional repressor in hippocampal neurons and can also
regulate other KLF genes [24]. Both KLF9 and KLF13, in fact, primarily function as transcrip-
tional repressors by associating with chromatin in the proximal promoters of target genes,
inhibiting axon growth by repressing key components of the cAMP signaling pathway.

In population-based studies, clinical assessments for ADHD are often difficult to
predict due to the diagnostic heterogeneity and varying comorbidities [69,70]. As outlined,
ADHD has a high genetic contribution, with heritability estimated at 74% [71-73]. The
regulation of gene expression is crucial in neurological processes, impacting chromatin
accessibility through histone modifications, DNA methylation, and chromatin remodel-
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ing [74-76]. Considering KLF13’s role in chromatin modification and remodeling [77-79],
we suppose that variations in its function might lead to epigenetic changes, such as DNA
methylation, which contribute to ADHD [80,81]. Despite the high polygenic risk and com-
plex genetic architecture of ADHD, we hypothesize that KLF13 might have contributed to
the patient’s intriguing phenotype, either individually or in interaction with other proteins.

According to the STRING and IntAct databases, supported by various experimental
studies, the KLF13 protein has been found to correlate with the CHCHD10, KAT2B, and
MMP28 proteins [77,82-84]. Notably, according to the OMIM database, CHCHD10 is associ-
ated with frontotemporal dementia and/or amyotrophic lateral sclerosis 2 (615911), which
encompasses a wide range of neurodegenerative conditions [7,85]. Furthermore, KAT2A
plays a crucial role in hippocampal synaptic plasticity and long-term memory consolidation,
as evidenced by studies showing defects in these processes in mice lacking Kat2a [86,87].
Additionally, MMP28 has been linked to learning and memory processes [88,89]. Based on
these documented interactions, we hypothesize that alterations in the KLF13 protein may
potentially impact its interaction with the abovementioned genes, although further studies
are required to elucidate this.

Further investigations and functional studies are imperative to confirm the role of this
gene in neurological and psychiatric symptoms.

5. Conclusions

The present manuscript documents a clinical case involving ADHD combined with
neurologic and psychiatric conditions. WES Trio analysis identified a heterozygous de novo
variant within KLF13, a gene belonging to the KLF family, known as transcription factors
and involved in various molecular functions, such as DNA, protein, and metal ion binding.
In this manuscript, we explore the potential association between the KLF13 gene and the
patient’s phenotype based on in silico predictions and variant classification according to
the ACMG criteria. However, further validation through functional studies is necessary to
confirm these findings.
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