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Abstract: Autosomal dominant lateral temporal epilepsy (ADLTE) is a genetic focal epilepsy asso-
ciated with mutations in the LGI1, RELN, and MICAL1 genes. A previous study linking ADLTE
with two MICALI mutations that resulted in the substitution of a highly conserved glycine residue
for serine (G150S) or a frameshift mutation that swapped the last three C-terminal amino acids for
59 extra residues (A1065fs) concluded that the mutations increased enzymatic activity and promoted
cell contraction. The roles of the Molecule Interacting with CasL 1 (MICAL1) protein in tightly
regulated semaphorin signaling pathways suggest that activating MICAL1 mutations could result in
defects in axonal guidance during neuronal development. Further studies would help to illuminate
the causal relationships of these point mutations with ADLTE. In this review, we discuss the proposed
pathogenesis caused by mutations in these three genes, with a particular emphasis on the G150S
point mutation discovered in MICAL1. We also consider whether these types of activating MICAL1
mutations could be linked to cancer.

Keywords: autosomal-dominant lateral temporal epilepsy; LGI1; RELN; MICAL1; semaphorin signal-
ing; axonal development; cancer genomics

1. Clinical Characteristics and Genetic Transmission of ADLTE

Autosomal dominant lateral temporal epilepsy (ADLTE), also known as autosomal
dominant epilepsy with auditory features, is a form of genetic focal epilepsy characterized
by seizures affecting one hemisphere of the brain [1,2]. ADLTE onset is associated with
mutations in the LGI1, RELN, or MICAL1 genes that code for the Leucine-rich Glioma-
Inactivated 1 (LGI1), Reelin, and the molecule interacting with CasL 1 (MICALL1) proteins,
respectively [3-5]. ADLTE is transmitted in an autosomal-dominant fashion, in which
only one dominant acting allele is required for the phenotype to be manifested [6]. This
disease typically presents in patients as auditory symptoms and aphasia, and inabilities
with language comprehension, despite normal computed tomography (CT) and magnetic
resonance imaging (MRI) results [7]. These presentations are usually required to establish a
diagnosis, although clinicians may perform genetic testing for the previously mentioned
genes if symptoms are inconsistent [7].

The typical developmental stages of onset are in adolescence and early adulthood,
with an unknown but estimated very low prevalence within the population. In general, it
has been estimated that epilepsies transmitted in a Mendelian manner, including ADLTE,
account for a small percentage of all individuals living with the condition [8]. Much of
what is known about ADLTE has been discovered through small-scale family studies
with individuals either suspected or confirmed to have the disease, dating back to studies
conducted in the mid-1990s [9]. Given the debilitating symptoms for those individuals
living with ADLTE, more basic science and clinical research is required to understand the
etiologies and molecular pathogenesis of the disease.
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2. LGI1, Reelin and MICAL1 Genes in the Etiology of ADLTE
2.1. LGI1

The LGI1 gene is located on chromosome 10 band 10q23.33, and LGI1 is a secreted gly-
coprotein expressed in neurons [10]. LGI1 has been hypothesized to regulate the expression
of Kv1 potassium channels through its interactions with membrane-anchoring proteins
such as members of the “a disintegrin and metalloproteinase” (ADAM) family including
ADAM22, and the postsynaptic membrane-associated guanylate kinase (MAGUK) protein
family, thus ensuring normal neuronal signaling [11,12]. LGI1 forms a heterotetramer with
ADAM22 in neuro, and this protein complex has been suggested to regulate receptors
such as a-amino-3-hydroxyl-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-
aspartic acid (NMDA) receptors [13,14]. In addition, Kv1 channels responsible for neuronal
repolarization were found to be positively regulated by LGI1-ADAM?22 complexes [15].
Two groups of LGI1 mutations have been proposed to affect these interactions, classified
either as secretion-defective or secretion-competent [16]. In secretion-defective mutations,
misfolded protein products are degraded by the endoplasmic reticulum and are therefore
unable to bind to ADAM?22 [13]. Disruptions in electrical currents may occur as a result.
In secretion-competent mutations, the protein is secreted, but mutations render it inca-
pable of binding ADAM22 [13]. However, there are other secretion-competent mutations
that result in binding to ADAM?22 but failure to form heterotetramers [17]. In any case,
defective LGI1-ADAM?22 complexes can disrupt Kvl-mediated currents, resulting in a
failure to inactivate the neuron following depolarization [12,13] and consequent neuronal
overexcitability, which ultimately may be responsible for the epilepsy symptoms observed
in ADLTE (Figure 1a,b) [12,14].
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Figure 1. The predicted pathogenic mechanism of Autosomal Dominant Lateral Temporal Epilepsy
(ADLTE)-associated LGI1 mutants. (a) Leucine-rich Glioma-Inactivated 1 (LGI1) normally regulates
neuronal currents through its indirect association with potassium channels. (b) Through several
different mechanisms, mutant LGI1 is unable to decrease Kv1 currents, inhibiting repolarization and
subsequently increasing glutamate secretion, overexciting the postsynaptic neuron. Created with
BioRender.com (accessed on 27 February 2022).

Mutant LGI1-mediated alterations in glutamatergic synapse development have also
been proposed as a causative mechanism of ADLTE [18]. During the postnatal period,
neurons downregulate the release of glutamate from presynaptic neurons and reduce
expression of on postsynaptic neurons. LGI1 was shown to play a key role in this NMDA
receptor downregulation [18]. Transgenic mice harboring a truncated LGI1 mutation
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(835delC) implicated in ADLTE showed increased presynaptic glutamate release and
NMDA-receptor expression in the neurons of the hippocampal dentate gyrus compared to
mice with the wild-type form of the protein [18]. The lower epileptic threshold of patients
with ADLTE could result from the increased activation of excitation circuitry that remains
throughout their lives [19].

Over 40 ADLTE-causing LGI1 mutations have been identified, with most mutations
inhibiting the secretion of the protein into the extracellular matrix [17,20]. However, some
studies have also found secretion-independent pathogenic mechanisms, leaving open the
possibility of other mechanisms being responsible for the molecular pathogenesis [21].
The ADLTE-associated LGI1 mutation accounts for 67% of patients manifesting symptoms
of the disease, and an estimated 30% of total ADLTE diagnoses are attributable to LGI1
mutations [1,22]. Current research on the involvement of LGI1 in ADLTE is largely focused
on identifying and characterizing new mutations [23].

2.2. RELN

The RELN gene is located on chromosome 7 band q22.1, and the Reelin gene product
is a secreted glycoprotein that contributes to the proper migration of cells in parts of the em-
bryonic forebrain during embryogenesis, and axonal, dendritic and synapse development
in the adult brain [24]. ADLTE patients with RELN mutations were found to have lower
serum levels of the protein than those without the mutation [4]. Clarification of a potential
relationship between the amount of Reelin and the pathogenesis of ADLTE came from a
follow-up study that found that low levels of Reelin in the blood and extracellular matrix
in the brain could lead to epilepsy [25], summarized in Figure 2. However, the precise
mechanisms by which mutant Reelin might cause ADLTE have yet to be elucidated.
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Figure 2. While much is unknown about the mechanism by which mutant Reelin leads to ADLTE,
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decreased serum levels in ADLTE patients suggested causal roles. It is hypothesized that Reelin is
also decreased in the brain of these patients, affecting processes such as neuronal migration, synaptic
potentiation, and dendritic growth, which could result in the development of ADLTE. Created with
BioRender.com (accessed on 27 February 2022).
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Pathogenic mutations in the RELN gene are thought to be causal in 17-18% of ADLTE
diagnoses [1]. Since research has only recently implicated RELN in ADLTE, the penetrance
of the mutations is unknown [1]. In a study that included 33 ADLTE-diagnosed patients,
60% of individuals showed a phenotype characteristic of ADLTE, consistent with the muta-
tion having relatively high penetrance [4]. Additional research is needed to understand the
pathogenic mechanism of mutant Reelin.

2.3. MICAL1

Isolated genetic case reports have suggested that unknown mutant genes at various
chromosomal loci are linked to ADLTE-like symptoms and seizures [26,27]. An estimated
50% of ADLTE cases could be due to mutations of these uncharacterized genes [7]. Mu-
tations of MICALI, located on chromosome 6 band 21, were recently found to be linked
to ADLTE in a cohort of Italian families [3,10]. In two families, researchers identified two
different mutations to MICALI: a glycine to serine substitution at the 150th amino acid
(G150S), and a frameshift deletion mutation at the 1065th alanine (A1065fs) that resulted in
the deletion of the last three C-terminal amino acids and the addition of 59 extra residues [3].
A more thorough review of MICALI and its associated protein product will be provided in
the following section to further understand the significance of these pathogenic variants.

3. Structure and Function of MICAL1

MICALL1 is an intracellular multi-domain enzyme, a member of the MICAL family
of proteins involved in the regulation of filamentous actin (F-actin) dynamics [28]. The
other closely related members of the human MICAL family are MICAL2 and MICAL3,
with each corresponding gene being located on chromosome 11 band p15.3 and 22 band
q11.21, respectively [29]. There are two additional members of the MICAL family that
lack catalytic activity, MICAL-L1 and MICAL-L2, which will not be discussed further
in this review. MICAL2 and MICALS3 share a similar function with MICAL1 in F-actin
disassembly but interact with the actin cytoskeleton in different ways, contributing to
different morphological changes in cells [29]. In HeLa cells, ectopic expression of MICAL1
was shown to directly reduce levels of F-actin, whereas MICAL2 expression led to structural
changes to F-actin, resulting in filopodial-like structures [30]. siRNA-mediated knockdown
of each protein also had different effects on cells; actin protrusions were seen in cells
treated with MICAL1 or MICAL2 siRNA, while increases in cell size were noted in MICAL3
knockdown cells [30]. While the MICAL family of proteins are expressed in the nervous
system and have been found to play key roles in the developing nervous system, expression
levels differ throughout development [31]. MICAL1 and MICAL3 are widely expressed in
the adult rat nervous system, whereas MICAL2 expression is largely absent in areas of the
central nervous system such as the basal ganglia and the hypothalamus [31].

The MICAL1-3 proteins share similar domains, with each containing monooxygenase
(MO), calponin-homology (CH), and Lin-11, Isl-1, and Mec-3 (LIM) domains [32]. The
percentages of amino acid identity between the three MICAL proteins and between their
domains are depicted in Figure 3. MICAL1 and MICAL3 also contain a Rab-binding domain,
also called a C-terminal coiled-coil (CC) domain, which is capable of autoinhibition of
enzymatic activity [27,30]. Another major difference between these proteins is their size;
MICAL1 is composed of 1067 amino acids, and MICAL2 is made of 1124 amino acids,
whereas MICALS3 consists of 2002 residues due to a large addition between the LIM and
RBD segments [27,30]. Interestingly, the degree of amino acid homology suggests that
MICAL2 and MICALS3 are more closely related to each other than to MICAL1, although
MICAL2 is exceptional due to its lack of the the RBD.



Genes 2022, 13,715

50f 15

MICAL1

i

54%
&

MICAL2

i

69%

4

MICAL3

MO

MO

MO

-—LIM— RBD
59% 43% \47%
41%
i
79% 74% | 77%
L

Figure 3. Domain structure and amino acid identity between Molecule Interacting with CasL 1
(MICAL)1-3 family proteins. MO = monooxygenase, CH = Calponin Homology, LIM = Lin-11, Isl-1,
and Mec-3 domain, and RBD = Rab-binding domain. Sequence and domain information was from
UniProt (https://www.uniprot.org, accessed on 27 February 2022). The Basic Local Alignment Search
Tool (BLAST; http:/ /blast.ncbi.nlm.nih.gov/Blast.cgi; accessed on 27 February 2022) was used to
calculate similarities between human MICAL1 (NCBI Reference Sequence: NP_001152763.1), human
MICAL2 (NP_001269592.1), and human MICAL3 (NP_056056.2).

Through its enzymatic MO domain, MICAL1 catalyzes oxidation-reduction (redox)
reactions through a monooxygenase or oxidase mechanism, which is dependent on an
interaction with the 4’-OOH molecule on the flavin adenine dinucleotide (FAD) cofac-
tor [33]. MICAL1 undergoes a two-step redox reaction when interacting with F-actin. An
oxidized flavin ring in FAD reacts with NADPH to form reduced flavin and NADP+. The
reduced flavin then reacts with oxygen to form the intermediate 4a-hydroperoxy-flavin,
which then produces oxidized flavin and hydrogen peroxide (HpOy) [34,35]. Through this
oxidase activity, the HO, produced and the high local concentration of F-actin results
in the stereoselective oxidation of methionine residues, leading to F-actin disassembly
into monomeric globular actin (Figure 4) [36]. The possibility remains that the diffusible
nature of HyO, produced by active MICALL1 could also result in the oxidation of additional
proteins associated with or proximal to the MO domain.

In support of this proposed mechanism of action, a study found that direct binding of
F-actin to MICALL1 increased its catalytic activity, resulting in the reaction of H,O, with
numerous methionine and tryptophan residues on F-actin, and consequent depolymeriza-
tion [37]. Although actin disassembly due to H,O; diffusion is a plausible reaction mecha-
nism, other mechanisms for MICAL1-mediated actin oxidation have been proposed [35].
One theory is that MICAL1 directly binds F-actin and stereospecifically adds oxygen di-
rectly to methionine residues, specifically Met44 and Met47, leading to the formation of
methionine R-sulfoxide [38]. This biochemical mechanism is also supported by studies on
MICAL2 and MICALS3 that made similar conclusions [32].
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Figure 4. The proposed mechanism of MICAL1-mediated filamentous actin (F-actin) disassembly via
the oxidation of methionine residues.

The current literature does not clarify the precise catalytic mechanism of the en-
zyme [35]. Several studies have suggested that the MICAL1 MO domain undergoes
multiple conformational changes to carry out its catalytic activity, similar to other flavin-
dependent monooxygenases [34,39]. As the first reaction in the catalytic mechanism is
proposed to be NADPH oxidation and subsequent FAD reduction, looking at the residues
involved in facilitating this reaction could provide insights into how the overall mechanism
may be carried out [40]. Structural and functional analysis suggest that a catalytic loop
consisting of amino acids 395 to 405 (Figure 5) is involved in mediating this first step [41].
Conformational changes to the tryptophan at position 400 (W400), which is involved in
pi stacking with the aromatic rings of the bound FAD to stabilize binding [40], could be
involved in transferring a hydride from NADPH to FAD [35,41]. Using crystallographic
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structures of mouse MICAL1, researchers proposed that actin methionine residues are near
W400 during the catalytic cycle, making them highly accessible to the reactive HyO, [35,37].

Figure 5. A conserved catalytic loop of MICAL1 (Residues 395-405, indicated in yellow) showing the
proximity of Trp400 (W400, red) and the isoalloxazine ring of the Flavin Adenine Dinucleotide (FAD)
molecule. MICAL1 protein structure was generated using UCSF Chimera (PDB 2BRA).

The other domains of MICALL1 also play important roles in facilitating and regulating
the oxidase activity of the enzyme. The CH domain in full-length MICAL1 has been
considered to be important for facilitating the interaction between the MICAL1 MO domain
and actin [42]. More recently, a model was proposed in which intermolecular interactions
between the MO domain of one MICALL1 protein and the CH domain of another MICALL1
protein can occur, increasing binding between MICAL1 and F-actin [41].

Structural studies support the theory of the CH domain playing a facilitating role in
enzyme activity as the isolated CH domain was not found to bind actin [43]. Another study
found that both domains may be involved in the kinetics of NADPH binding to MICALL1
via changes in local pH [37]. LIM domains are commonly found in proteins involved in
cytoskeletal dynamics [44], suggesting that they may contribute to MICAL1 localization.
The LIM domain may also be involved in autoinhibiting the catalytic domain and binding
to other proteins in the cytoskeleton [45]. However, it has not yet been established whether
the CH and LIM domains play roles in regulating the catalytic domain by binding other
interacting proteins. The C-terminal domain has been suggested to play an autoinhibitory
role [37], rendering the MICAL1 holoenzyme protein functionally inactive [25]. In vitro
studies found that the removal of the C-terminal region resulted in constitutive activation
of the enzymatic domain [45]. Due to the possibility of MICAL1 existing in multiple
protein conformations, there may be an equilibrium between active and inactive MICAL1
conformations that could be shifted in one direction or the other by factors such as protein
binding or post-translational modifications [37].

The MICAL1 C-terminus interacts with cytoplasmic plexin/semaphorin complexes
that are involved in the axonal growth of developing neurons, which could result in relief
of autoinhibition of the MO domain [37,45]. Understanding the multi-domain structure of
MICALL1 is essential for determining the biochemical means by which mutations lead to
ADLTE. The alanine frameshift mutation (A1065fs) alters the composition of the C-terminal
domain by deleting the terminal three amino acids and adding 59 residues, which could
alter the conformation of the C-terminal region and interrupt the autoinhibitory role that
the domain plays, resulting in increased enzymatic activity [3].
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4. Biochemical Roles of G150 and A1065

The G150 amino acid is located in the MICAL1 MO domain, has identically positioned
homologous glycine residues in human and mouse MICAL2 and MICALS3, and is highly
conserved in MICAL1 across multiple species, suggesting that it is important for enzyme
function [3]. The A1065 residue is the third last, normally followed only by Q1066 and
G1067 residues. The expression of mutant G150S or A1065fs MICAL1 in HEK293T human
embryonic kidney cells resulted in greater levels of oxidoreductase activity relative to
wild-type MICALL, consistent with the mutations increasing enzymatic specific activity [3].
Interestingly, there was a more pronounced increase in activity for human G150S MICALL1
compared to the mouse version with the same mutation, suggesting that there are additional
factors that affect the outcome of the amino acid change [3]. In addition, the increase
in enzyme activity for the A1065fs mutation was greater than for the G150S mutation,
consistent with the C-terminus exerting significant autoinhibition that is relieved by the
A1065fs mutation. The expression of human MICAL1 G150S and A1065fs mutants in COS-7
African green monkey kidney cells induced significant and comparable cell contraction
relative to the wild-type protein, while the G150S mutation in mouse MICAL1 did not
produce significant effects [3]. The observed effects on cell morphology were proposed to
result from the increased oxidoreductase activity that would be predicted to result in actin
depolymerization [3,45].

While the presumed mechanism of action of the C-terminal A1065fs mutation is
straightforward, the position of G150 in the protein does not make it clear how the G150S
mutation would increase catalytic activity. An unpublished crystal structure of mouse
MICALL1 (PDB 4TXK) reveals G150 to be located on a loop that positions the amino acid
on the protein surface directly opposite from the pocket in which FAD sits (Figure 6).
The homologous G152 residue in MICALS3 is similarly positioned, consistent with the
importance of this residue for normal enzyme activity [46]. Interestingly, a published
crystal structure of mouse MICAL1 did not resolve the position of G150, suggesting that
the loop in which it is positioned may be relatively unstructured and flexible [42]. The
study by Dazzo et al. that identified the MICALI mutations associated with ADLTE
hypothesized that the G150S mutation might alter the conformation of the MO domain
such that the autoinhibitory actions of the C-terminal domain would be diminished [3].
However, this model has not been biochemically substantiated. Given the limited amount
of information about the MICAL1 mechanism of catalysis and the apparent distance of
G150 from the conserved catalytic loop that includes W400 (Figures 5 and 6), further
investigation is warranted. Examining the functional interactions between G150 and W400
could help determine the biochemical means by which the G150S substitution increases
enzymatic activity. For example, a particular rotamer of WT MICAL1 may involve G150
interacting with the catalytic loop to facilitate hydride transfer. Mutations of glycine into
the polar serine residue may influence the polarity of interactions in the catalytic loop,
thereby allowing for a greater degree of FAD-binding and subsequent oxidase activity to
occur. An additional possibility is that the G150S substitution creates a potential site of
phosphorylation that could directly affect the MO domain to increase activity or might
result in reduced autoinhibition by the C-terminal domain due to steric hindrance or
charge repulsion. The determination of the structure of the MICAL1 holoprotein would
illuminate the mechanism of autoinhibition by the C-terminus and could reveal how the
G150S mutation increased catalytic activity.
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CH domain MO domain

Figure 6. The location of G150 in MICAL1 Monooxygenase (MO) domain. The surface depiction of
the MICAL1 Calponin Homology (CH) and MO domain structures (amino acids 7-613), with G150
indicated in red. The protein structure was generated using UCSF Chimera (PDB 4TXK).

5. MICAL1 in Central Nervous System Biology and ADLTE Etiology

The precise molecular pathogenesis of ADLTE is unknown. The current literature
suggests that dysregulated neuronal development is an important contributory factor [7].
MICAL1 has a vital role in the axonal guidance of neurons, the process by which axons
grow along well-defined paths in the nervous system [28]. One way that MICAL1 has been
implicated in this process is through its interaction with semaphorin signaling pathways.
Axons grow using neuronal growth cones, extensions of developing neurons mediated
by actin assembly and disassembly [47]. The path that growth cones take is dictated by
numerous guidance molecules, including semaphorins. These are a class of membrane-
bound, GPI-anchored, and secreted proteins that exert repulsive effects on axonal guidance,
preventing axons from growing into specific areas [48]. Semaphorins accomplish this task
by binding to their plexin transmembrane receptors, which are located on the surface of
growth cones [49]. MICAL1 was proposed to be involved in this signaling modality since
the C-terminus of Drosophila melanogaster MICAL was found to bind to the plexin PlexA,
leading to disassembly of actin filaments and changes in axon movement [28]. MICAL1
may also indirectly affect microtubule dynamics, which play a structural role in developing
growth cones [50] since the H,O, produced by the MICAL1 MO domain oxidized the
collapsing response mediator protein 2 (CRMP2), a protein involved in assembling micro-
tubules [51,52]. The CRMP2 oxidation resulted in the formation of a transient complex with
oxidoreductase thioredoxin, which inhibited microtubule assembly and led to growth cone
collapse, the process by which cells can arrest their current outgrowth [51]. Thus, growth
cone morphology and activity in axon guidance are influenced by the enzymatic activity
of MICALL.

Given the involvement of MICALL1 in semaphorin signaling, mutations that affect
actin filament disassembly may disrupt the tightly regulated movement and stabilization
of the growing axon during development, leading to the symptoms seen in ADLTE [3].
The increased cell contraction induced by mutant MICAL1 compared to the wild-type
protein is consistent with dysregulated growth cone collapse leading to ADLTE onset [3].
The COS7 cell contraction assay used to evaluate the effect of the MICALI mutations has
been suggested to be predictive of neuronal growth cones collapse [53,54]. Therefore,
increased cell contraction suggests an increased ability of the cell to collapse the growth
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cone and subsequently misguide axons, thus contributing to ADLTE. Figure 7 summarizes
the hypothesized role MICAL1 plays in the molecular mechanism of growth cone collapse.
Support for actin dysregulation being a causative mechanism for ADLTE can also be seen in
the function of other proteins implicated in the disease, including Reelin [4,55]. One cellular
function of Reelin is the inactivation of the F-actin severing protein Cofilin, consistent with
the potential links between F-actin regulation and ADLTE [55]. Despite the mechanisms
discussed, the effects of ADLTE-associated MICAL1 mutations on F-actin structures and
cytoskeletal dynamics have not been directly studied.
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Figure 7. MICALL plays roles in axonal guidance through interactions with Plexin receptors. Through
actin disassembly and plexin binding, MICAL1 regulates neurite outgrowth and eventual growth
cone collapse. Mutations in MICALI may affect this signaling pathway in ADLTE-affected individuals.
Created with BioRender.com (accessed on 27 February 2022).

6. ADLTE-Associated MICAL1 Mutations in Cancer

While the most well-characterized functions of MICALL1 are associated with regulation
of the organization of the central nervous system, it has been implicated in several different
cancers, including breast, gastric, colorectal, and melanoma [56-59]. As a regulator of the
actin cytoskeleton, it has been most well studied in the context of metastasis, the process by
which cancer cells disseminate from primary tumors and move to distant tissues within the
body [60]. The cytoskeleton plays important roles in the process of metastasis through its cy-
cles of actin remodeling driven, in part, by actin polymerization and depolymerization [61].
Therefore, metastasis-promoting mutations in cytoskeletal regulators could be those that
increase or decrease enzymatic activity relative to the wild-type protein, depending on the
regulatory role of the specific protein and the context in which the mutations occur. Fur-
thermore, high levels of reactive oxygen species (ROS), such as H,O,, have been associated
with numerous cancer types [62]. In sufficiently high quantities, ROS may interact with
a number of signaling pathways to promote uncontrolled cell proliferation [62]. In terms
of metastasis, numerous in vitro studies using various cancer cells lines have shown that
increased ROS is associated with properties associated with enhanced metastasis, including
increased motility and invasiveness [63,64]. Given that H,O, is produced by MICALL,
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increased MICAL1 activity resulting from point mutations such as G150S truncating muta-
tions, or mutations such as A1065fs that disrupt the autoinhibitory actions of the C-terminal
region, could be tumor-promoting [37].

MICAL1 overexpression has been associated with elevated ROS generation, which
contributed to the increased invasiveness of a number of human breast cancer cell lines [57].
Furthermore, the depletion of MICAL1 in BRAFV600E-expressing melanoma cells led to
an increase in cell apoptosis [59]. MICAL1 gene disruption in MDA MB 231 human breast
cancer cells was also associated with F-actin rearrangements, impaired directional cell mi-
gration, and reduced xenograft tumor growth [56]. Thus, increased MICAL1 activity could
be involved in cancer progression through its effects on the cytoskeleton and increased
ROS production.

The most common sites of MICAL1 point mutations found in over 90,000 tumor sam-
ples from 202 studies in the cBioPortal curated set of non-redundant studies are depicted
in Figure 8 [65,66]. Of the mutations in the MO domain observed at least three times, R98
(R98W or R98Q)) and R230 (R230Q or R230stop) were the amino acids in which mutations
were the most frequent. In the absence of biochemical data, the effect of the amino acid sub-
stitutions is unknown, while the truncating R230stop mutation is likely to be inactivating.
Interestingly, one G150S point mutation was detected in an endometrial carcinoma tumor
sample, suggesting that MICALL1 activation could be tumor-promoting in this case [60].
Mutations outside of the catalytic MO domain, including the more frequent mutations at
A758 and E881, could be activating due to the relief of autoinhibition by the C-terminus.
Of 41 observed truncating mutations, 22 were located outside of the MO domain between
1443 to D1045, any or all of which could be activating due to removal of the C-terminus.
The effect of these mutations on MICAL1 activity would have to be characterized in order
to determine whether MICALL1 gain or loss of function is the predominant consequence of
cancer-associated mutations. Copy number variations were detected in 373 tumor samples,
of which 180 were amplifications and 193 were deep deletions, suggesting that there may
be cancer-specific contexts that favor increased or decreased MICAL1 activity [65,66].
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Figure 8. Common cancer-associated MICALI mutations. MICALI genomic data from 90,279 samples
in 202 studies were analyzed in cBioPortal (https:/ /www.cbioportal.org/; accessed on 1 March 2022).

7. Conclusions

ADLTE-associated mutations have been identified in the LGI1, RELN, and MICAL1
genes. Although not directly involved in the same biological functions, all three genes
likely affect neuronal development and function, consistent with dysfunction of the central
nervous system being the etiological basis of ADLTE. Although relatively infrequent, the
two MICAL mutations, G150S and A1065fs, both result in increased MICALL1 activity.
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The mechanistic basis of the A1065fs mutation is likely due to relief from autoinhibition
imposed by the C-terminal region on the catalytic MO domain. For the G150S mutation,
it is not clear how MICALL1 activity is increased. One possibility is similar relief from
autoinhibition by the protein C-terminus, mediated in this case by a mutation within
the MO domain. Alternatively, the G150S mutation might directly affect the specific
activity of the catalytic domain. The consequence of either MICAL1 mutation is likely
to have comparable effects on F-actin stability, which subsequently could affect axon
guidance during neuronal development. An examination of cancer-associated MICAL1
mutations suggests that there may be both activating and inactivating mutations, although
the biochemical characterization of the consequences of these mutations is lacking. Since an
important function of MICALL is F-actin depolymerization, and there are many biological
processes that depend on the actin cytoskeleton, there may be specific situations or cell
types in which either increased or decreased MICALI activity is tumor-promoting.

Author Contributions: Conceptualization, S.H. and M.FO.; formal analysis, S.H. and M.EO.;
writing—original draft preparation, S.H. and M.F.O.; writing—review and editing, M.F.O.; visualiza-
tion, S.H. and M.E.O,; supervision, M.EO.; project administration, and M.F.O.; funding acquisition,
M.EO. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Canadian Institutes of Health Research (PJT-169125),
Natural Sciences and Engineering Research Council of Canada (RGPIN-2020-05388), Ontario Institute
for Cancer Research (P.CTIP.842) and the Canada Research Chairs Program (950-231665).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the manuscript.

References

1.

10.

Michelucci, R.; Pulitano, P.; Di Bonaventura, C.; Binelli, S.; Luisi, C.; Pasini, E.; Striano, S.; Striano, P.; Coppola, G.; La Neve, A,;
et al. The Clinical Phenotype of Autosomal Dominant Lateral Temporal Lobe Epilepsy Related to Reelin Mutations. Epilepsy
Behav. 2017, 68, 103-107. [CrossRef]

Stafstrom, C.E.; Carmant, L. Seizures and Epilepsy: An Overview for Neuroscientists. Cold Spring Harb. Perspect. Med. 2015, 5,
a022426. [CrossRef] [PubMed]

Dazzo, E.; Rehberg, K.; Michelucci, R.; Passarelli, D.; Boniver, C.; Vianello Dri, V.; Striano, P,; Striano, S.; Pasterkamp, R.J.; Nobile,
C. Mutations in MICAL-1 Cause Autosomal-Dominant Lateral Temporal Epilepsy: MICAL-1 Mutations in ADLTE. Ann. Neurol.
2018, 83, 483-493. [CrossRef] [PubMed]

Dazzo, E.; Fanciulli, M.; Serioli, E.; Minervini, G.; Pulitano, P.; Binelli, S.; Di Bonaventura, C.; Luisi, C.; Pasini, E.; Striano, S.; et al.
Heterozygous Reelin Mutations Cause Autosomal-Dominant Lateral Temporal Epilepsy. Am. J. Hum. Genet. 2015, 96, 992-1000.
[CrossRef]

Dazzo, E.; Santulli, L.; Posar, A.; Fattouch, J.; Conti, S.; Lodén-van Straaten, M.; Mijalkovic, ].; De Bortoli, M.; Rosa, M.; Millino, C.;
et al. Autosomal Dominant Lateral Temporal Epilepsy (ADLTE): Novel Structural and Single-Nucleotide LGI1 Mutations in
Families with Predominant Visual Auras. Epilepsy Res. 2015, 110, 132-138. [CrossRef] [PubMed]

Michelucci, R.; Pasini, E.; Malacrida, S.; Striano, P.; Bonaventura, C.D.; Pulitano, P; Bisulli, F.; Egeo, G.; Santulli, L.; Sofia, V.; et al.
Low Penetrance of Autosomal Dominant Lateral Temporal Epilepsy in Italian Families without LGIT Mutations. Epilepsia 2013,
54,1288-1297. [CrossRef] [PubMed]

Michelucci, R.; Nobile, C. Autosomal Dominant Epilepsy with Auditory Features. In GeneReviews®; Adam, M.P,, Ardinger, HH.,
Pagon, R.A., Wallace, S.E., Bean, L.J., Gripp, KW., Mirzaa, G.M., Amemiya, A., Eds.; University of Washington: Seattle, WA, USA,
1993.

Ottman, R.; Winawer, M.R.; Kalachikov, S.; Barker-Cummings, C.; Gilliam, T.C.; Pedley, T.A.; Hauser, W.A. LGI1 Mutations in
Autosomal Dominant Partial Epilepsy with Auditory Features. Neurology 2004, 62, 1120-1126. [CrossRef]

Ottman, R.; Risch, N.; Hauser, W.A_; Pedley, T.A.; Lee, ].H.; Barker-Cummings, C.; Lustenberger, A.; Nagle, K.J.; Lee, K.S.; Scheuer,
M.L; et al. Localization of a Gene for Partial Epilepsy to Chromosome 10q. Nat. Genet. 1995, 10, 56—60. [CrossRef]

Sayers, E.W.; Bolton, E.E.; Brister, ].R.; Canese, K.; Chan, J.; Comeau, D.C.; Connor, R.; Funk, K,; Kelly, C.; Kim, S.; et al. Database
Resources of the National Center for Biotechnology Information. Nucleic Acids Res. 2022, 50, D20-D26. [CrossRef]


http://doi.org/10.1016/j.yebeh.2016.12.003
http://doi.org/10.1101/cshperspect.a022426
http://www.ncbi.nlm.nih.gov/pubmed/26033084
http://doi.org/10.1002/ana.25167
http://www.ncbi.nlm.nih.gov/pubmed/29394500
http://doi.org/10.1016/j.ajhg.2015.04.020
http://doi.org/10.1016/j.eplepsyres.2014.12.004
http://www.ncbi.nlm.nih.gov/pubmed/25616465
http://doi.org/10.1111/epi.12194
http://www.ncbi.nlm.nih.gov/pubmed/23621105
http://doi.org/10.1212/01.WNL.0000120098.39231.6E
http://doi.org/10.1038/ng0595-56
http://doi.org/10.1093/nar/gkab1112

Genes 2022, 13,715 13 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Seagar, M.; Russier, M.; Caillard, O.; Maulet, Y.; Fronzaroli-Molinieres, L.; De San Feliciano, M.; Boumedine-Guignon, N.;
Rodriguez, L.; Zbili, M.; Usseglio, E; et al. LGI1 Tunes Intrinsic Excitability by Regulating the Density of Axonal Kv1 Channels.
Proc. Natl. Acad. Sci. USA 2017, 114,7719-7724. [CrossRef]

Baudin, P.; Cousyn, L.; Navarro, V. The LGI1 Protein: Molecular Structure, Physiological Functions and Disruption-Related
Seizures. Cell. Mol. Life Sci. 2022, 79, 16. [CrossRef] [PubMed]

Fukata, Y.; Hirano, Y.; Miyazaki, Y.; Yokoi, N.; Fukata, M. Trans-Synaptic LGI1-ADAM22-MAGUK in AMPA and NMDA
Receptor Regulation. Neuropharmacology 2021, 194, 108628. [CrossRef] [PubMed]

Schulte, U.; Thumfart, J.-O.; Klocker, N.; Sailer, C.A.; Bildl, W.; Biniossek, M.; Dehn, D.; Deller, T.; Eble, S.; Abbass, K.; et al. The
Epilepsy-Linked Lgil Protein Assembles into Presynaptic Kvl Channels and Inhibits Inactivation by Kv31. Newuron 2006, 49,
697-706. [CrossRef] [PubMed]

Fukata, Y.; Chen, X.; Chiken, S.; Hirano, Y.; Yamagata, A.; Inahashi, H.; Sanbo, M.; Sano, H.; Goto, T.; Hirabayashi, M.; et al.
LGI1I-ADAM22-MAGUK Configures Transsynaptic Nanoalignment for Synaptic Transmission and Epilepsy Prevention. Proc.
Natl. Acad. Sci. USA. 2021, 118, €2022580118. [CrossRef]

Yamagata, A.; Miyazaki, Y.; Yokoi, N.; Shigematsu, H.; Sato, Y.; Goto-Ito, S.; Maeda, A.; Goto, T.; Sanbo, M.; Hirabayashi, M.; et al.
Structural Basis of Epilepsy-Related Ligand—Receptor Complex LGI1-ADAM?22. Nat. Commun. 2018, 9, 1546. [CrossRef]
Yamagata, A.; Fukai, S. Insights into the Mechanisms of Epilepsy from Structural Biology of LGI1-ADAM?22. Cell. Mol. Life Sci.
2020, 77, 267-274. [CrossRef]

Zhou, Y.-D,; Lee, S; Jin, Z.; Wright, M.; Smith, S.E.P.; Anderson, M.P. Arrested Maturation of Excitatory Synapses in Autosomal
Dominant Lateral Temporal Lobe Epilepsy. Nat. Med. 2009, 15, 1208-1214. [CrossRef]

Anderson, M.P. Arrested Glutamatergic Synapse Development in Human Partial Epilepsy. Epilepsy Curr. 2010, 10, 153-158.
[CrossRef]

Senechal, K.R.; Thaller, C.; Noebels, J].L. ADPEAF Mutations Reduce Levels of Secreted LGI1, a Putative Tumor Suppressor
Protein Linked to Epilepsy. Hum. Mol. Genet. 2005, 14, 1613-1620. [CrossRef]

Dazzo, E.; Leonardi, E.; Belluzzi, E.; Malacrida, S.; Vitiello, L.; Greggio, E.; Tosatto, S.C.E.; Nobile, C. Secretion-Positive LGI1
Mutations Linked to Lateral Temporal Epilepsy Impair Binding to ADAM22 and ADAM23 Receptors. PLoS Genet. 2016, 12,
€1006376. [CrossRef]

Rosanoff, M.J.; Ottman, R. Penetrance of LGI1 Mutations in Autosomal Dominant Partial Epilepsy with Auditory Features.
Neurology 2008, 71, 567-571. [CrossRef] [PubMed]

Hu, P; Wu, D.; Zang, Y.; Wang, Y.; Zhou, Y,; Qiao, E; Teng, X; Chen, J.; Li, Q.; Sun, J.; et al. A Novel LGI1 Mutation Causing
Autosomal Dominant Lateral Temporal Lobe Epilepsy Confirmed by a Precise Knock-in Mouse Model. CNS Neurosci. Ther. 2022,
28, 237-246. [CrossRef] [PubMed]

D’Arcangelo, G. Reelin in the Years: Controlling Neuronal Migration and Maturation in the Mammalian Brain. Adv. Neurosci.
2014, 2014, 597395. [CrossRef]

Dazzo, E.; Nobile, C. Epilepsy-Causing Reelin Mutations Result in Impaired Secretion and Intracellular Degradation of Mutant
Proteins. Hum. Mol. Genet. 2021, 31, 665-673. [CrossRef] [PubMed]

Fanciulli, M.; Pasini, E.; Malacrida, S.; Striano, P; Striano, S.; Michelucci, R.; Ottman, R.; Nobile, C. Copy Number Variations and
Susceptibility to Lateral Temporal Epilepsy: A Study of 21 Pedigrees. Epilepsia 2014, 55, 1651-1658. [CrossRef] [PubMed]
Bisulli, E; Naldi, I.; Baldassari, S.; Magini, P.; Licchetta, L.; Castegnaro, G.; Fabbri, M.; Stipa, C.; Ferrari, S.; Seri, M.; et al.
Autosomal Dominant Partial Epilepsy with Auditory Features: A New Locus on Chromosome 19q13.11-q13.31. Epilepsia 2014, 55,
841-848. [CrossRef]

Terman, ].R.; Mao, T.; Pasterkamp, R.J.; Yu, H.-H.; Kolodkin, A.L. MICALS, a Family of Conserved Flavoprotein Oxidoreductases,
Function in Plexin-Mediated Axonal Repulsion. Cell 2002, 109, 887-900. [CrossRef]

Giridharan, S.S.P,; Caplan, S. MICAL-Family Proteins: Complex Regulators of the Actin Cytoskeleton. Antioxid. Redox Signal.
2014, 20, 2059-2073. [CrossRef]

Giridharan, S.S.P,; Rohn, J.L.; Naslavsky, N.; Caplan, S. Differential Regulation of Actin Microfilaments by Human MICAL
Proteins. J. Cell Sci. 2012, 125, 614-624. [CrossRef]

Pasterkamp, R.J.; Dai, H.; Terman, J.R.; Wahlin, K.J.; Kim, B.; Bregman, B.S.; Popovich, P.G.; Kolodkin, A.L. MICAL Flavoprotein
Monooxygenases: Expression during Neural Development and Following Spinal Cord Injuries in the Rat. Mol. Cell. Neurosci.
2006, 31, 52-69. [CrossRef]

Wu, H.; Yesilyurt, H.G.; Yoon, J.; Terman, J.R. The MICALs Are a Family of F-Actin Dismantling Oxidoreductases Conserved
from Drosophila to Humans. Sci. Rep. 2018, 8, 1-20. [CrossRef] [PubMed]

Brondani, P.B.; Dudek, H.M.; Martinoli, C.; Mattevi, A.; Fraaije, M.W. Finding the Switch: Turning a Baeyer-Villiger Monooxyge-
nase into a NADPH Oxidase. J. Am. Chem. Soc. 2014, 136, 16966-16969. [CrossRef] [PubMed]

Palfey, B.A.; McDonald, C.A. Control of Catalysis in Flavin-Dependent Monooxygenases. Arch. Biochem. Biophys. 2010, 493, 26-36.
[CrossRef] [PubMed]

Vanoni, M. A. Structure-Function Studies of MICAL, the Unusual Multidomain Flavoenzyme Involved in Actin Cytoskeleton
Dynamics. Arch. Biochem. Biophys. 2017, 632, 118-141. [CrossRef]

Zucchini, D.; Caprini, G.; Pasterkamp, R.J.; Tedeschi, G.; Vanoni, M. A. Kinetic and Spectroscopic Characterization of the Putative
Monooxygenase Domain of Human MICAL-1. Arch. Biochem. Biophys. 2011, 515, 1-13. [CrossRef]


http://doi.org/10.1073/pnas.1618656114
http://doi.org/10.1007/s00018-021-04088-y
http://www.ncbi.nlm.nih.gov/pubmed/34967933
http://doi.org/10.1016/j.neuropharm.2021.108628
http://www.ncbi.nlm.nih.gov/pubmed/34089731
http://doi.org/10.1016/j.neuron.2006.01.033
http://www.ncbi.nlm.nih.gov/pubmed/16504945
http://doi.org/10.1073/pnas.2022580118
http://doi.org/10.1038/s41467-018-03947-w
http://doi.org/10.1007/s00018-019-03269-0
http://doi.org/10.1038/nm.2019
http://doi.org/10.1111/j.1535-7511.2010.01386.x
http://doi.org/10.1093/hmg/ddi169
http://doi.org/10.1371/journal.pgen.1006376
http://doi.org/10.1212/01.wnl.0000323926.77565.ee
http://www.ncbi.nlm.nih.gov/pubmed/18711109
http://doi.org/10.1111/cns.13761
http://www.ncbi.nlm.nih.gov/pubmed/34767694
http://doi.org/10.1155/2014/597395
http://doi.org/10.1093/hmg/ddab271
http://www.ncbi.nlm.nih.gov/pubmed/34508592
http://doi.org/10.1111/epi.12767
http://www.ncbi.nlm.nih.gov/pubmed/25243798
http://doi.org/10.1111/epi.12560
http://doi.org/10.1016/S0092-8674(02)00794-8
http://doi.org/10.1089/ars.2013.5487
http://doi.org/10.1242/jcs.089367
http://doi.org/10.1016/j.mcn.2005.09.001
http://doi.org/10.1038/s41598-017-17943-5
http://www.ncbi.nlm.nih.gov/pubmed/29343822
http://doi.org/10.1021/ja508265b
http://www.ncbi.nlm.nih.gov/pubmed/25423359
http://doi.org/10.1016/j.abb.2009.11.028
http://www.ncbi.nlm.nih.gov/pubmed/19944667
http://doi.org/10.1016/j.abb.2017.06.004
http://doi.org/10.1016/j.abb.2011.08.004

Genes 2022, 13,715 14 of 15

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.
59.
60.
61.
62.
63.

64.

Vitali, T.; Maffioli, E.; Tedeschi, G.; Vanoni, M.A. Properties and Catalytic Activities of MICAL1, the Flavoenzyme Involved in
Cytoskeleton Dynamics, and Modulation by Its CH, LIM and C-terminal Domains. Arch. Biochem. Biophys. 2016, 593, 24-37.
[CrossRef]

Hung, R.-].; Pak, C.W.; Terman, J.R. Direct Redox Regulation of F-Actin Assembly and Disassembly by Mical. Science 2011, 334,
1710-1713. [CrossRef]

Huijbers, M.M.E.; Montersino, S.; Westphal, A.H.; Tischler, D.; van Berkel, W.J.H. Flavin Dependent Monooxygenases. Arch.
Biochem. Biophys. 2014, 544, 2-17. [CrossRef]

Siebold, C.; Berrow, N.; Walter, T.S.; Harlos, K.; Owens, R.J.; Stuart, D.I.; Terman, J.R.; Kolodkin, A.L.; Pasterkamp, RJ.;
Jones, E.Y. High-Resolution Structure of the Catalytic Region of MICAL (Molecule Interacting with CasL), a Multidomain
Flavoenzyme-Signaling Molecule. Proc. Natl. Acad. Sci. USA. 2005, 102, 16836-16841. [CrossRef]

Alqassim, S.S.; Urquiza, M.; Borgnia, E.; Nagib, M.; Amzel, L.M.; Bianchet, M.A. Modulation of MICAL Monooxygenase Activity
by Its Calponin Homology Domain: Structural and Mechanistic Insights. Sci. Rep. 2016, 6, 22176. [CrossRef]

Nadella, M.; Bianchet, M.A.; Gabelli, S.B.; Barrila, J.; Amzel, L.M. Structure and Activity of the Axon Guidance Protein MICAL.
Proc. Natl. Acad. Sci. USA 2005, 102, 16830-16835. [CrossRef] [PubMed]

Jin, X.; Zhang, J.; Dai, H.; Sun, H.; Wang, D.; Wu, J.; Shi, Y. Investigation of the Four Cooperative Unfolding Units Existing in the
MICAL-1 CH Domain. Biophys. Chem. 2007, 129, 269-278. [CrossRef] [PubMed]

Kadrmas, ].L.; Beckerle, M.C. The LIM Domain: From the Cytoskeleton to the Nucleus. Nat. Rev. Mol. Cell Biol. 2004, 5, 920-931.
[CrossRef] [PubMed]

Schmidt, E.E; Shim, S.-O.; Strittmatter, S.M. Release of MICAL Autoinhibition by Semaphorin-Plexin Signaling Promotes
Interaction with Collapsin Response Mediator Protein. J. Neurosci. 2008, 28, 2287-2297. [CrossRef]

Kim, J.; Lee, H.; Roh, YJ.; Kim, H.-U.; Shin, D.; Kim, S.; Son, ].; Lee, A.; Kim, M.; Park, J.; et al. Structural and Kinetic Insights into
Flavin-Containing Monooxygenase and Calponin-Homology Domains in Human MICAL3. IUCrJ 2020, 7, 90-99. [CrossRef]
Tessier-Lavigne, M.; Goodman, C.S. The Molecular Biology of Axon Guidance. Science 1996, 274, 1123-1133. [CrossRef]

Alto, L.T,; Terman, J.R. Semaphorins and Their Signaling Mechanisms. In Semaphorin Signaling; Terman, J.R., Ed.; Methods in
Molecular Biology; Springer: New York, NY, USA, 2017; Volume 1493, pp. 1-25. ISBN 978-1-4939-6446-8.

Janssen, B.J.C.; Robinson, R.A.; Pérez-Branguli, F,; Bell, C.H.; Mitchell, K J.; Siebold, C.; Jones, E.Y. Structural Basis of Semaphorin—
Plexin Signalling. Nature 2010, 467, 1118-1122. [CrossRef]

Kahn, O.1.; Baas, PW. Microtubules and Growth Cones: Motors Drive the Turn. Trends Neurosci. 2016, 39, 433-440. [CrossRef]
Morinaka, A.; Yamada, M.; Itofusa, R.; Funato, Y.; Yoshimura, Y.; Nakamura, F.; Yoshimura, T.; Kaibuchi, K.; Goshima, Y.; Hoshino,
M.; et al. Thioredoxin Mediates Oxidation-Dependent Phosphorylation of CRMP2 and Growth Cone Collapse. Sci. Signal. 2011,
4, ra26. [CrossRef]

Schmidt, E.E; Strittmatter, S.M. The CRMP Family of Proteins and Their Role in Sema3A Signaling. In Semaphorins: Receptor and
Intracellular Signaling Mechanisms; Pasterkamp, R.J., Ed.; Advances in Experimental Medicine and Biology; Springer: New York,
NY, USA, 2007; Volume 600, pp. 1-11. ISBN 978-0-387-70955-0.

Zhou, F,; Cohan, C.S. Growth Cone Collapse through Coincident Loss of Actin Bundles and Leading Edge Actin without Actin
Depolymerization. J. Cell Biol. 2001, 153, 1071-1084. [CrossRef]

Turner, L.J.; Hall, A. Plexin-Induced Collapse Assay in COS Cells. In Methods in Enzymology; Elsevier: Amsterdam, The
Netherlands, 2006; Volume 406, pp. 665-676. ISBN 978-0-12-182811-0.

Bamburg, J.R. Proteins of the ADF/Cofilin Family: Essential Regulators of Actin Dynamics. Annu. Rev. Cell Dev. Biol. 1999, 15,
185-230. [CrossRef] [PubMed]

McGarry, D.J.; Armstrong, G.; Castino, G.; Mason, S.; Clark, W.; Shaw, R.; McGarry, L.; Blyth, K.; Olson, M.F. MICAL1 Regulates
Actin Cytoskeleton Organization, Directional Cell Migration and the Growth of Human Breast Cancer Cells as Orthotopic
Xenograft Tumours. Cancer Lett. 2021, 519, 226-236. [CrossRef] [PubMed]

Deng, W.; Wang, Y.; Gu, L.; Duan, B.; Cui, J.; Zhang, Y.; Chen, Y.; Sun, S.; Dong, J.; Du, ]J. MICAL1 Controls Cell Invasive
Phenotype via Regulating Oxidative Stress in Breast Cancer Cells. BMC Cancer 2016, 16, 489. [CrossRef] [PubMed]

Zhao, S.; Min, P; Liu, L.; Zhang, L.; Zhang, Y.; Wang, Y.; Zhao, X.; Ma, Y.; Xie, H.; Zhu, C.; et al. NEDD?9 Facilitates Hypoxia-
Induced Gastric Cancer Cell Migration via MICAL1 Related Racl Activation. Front. Pharmacol. 2019, 10, 291. [CrossRef]

Loria, R.; Bon, G.; Perotti, V.; Gallo, E.; Bersani, I.; Baldassari, P.; Porru, M.; Leonetti, C.; Di Carlo, S.; Visca, P.; et al. Sema6A and
Micall Control Cell Growth and Survival of BRAFV600E Human Melanoma Cells. Oncotarget 2015, 6, 2779-2793. [CrossRef]
Chiang, A.C.; Massagué, ]. Molecular Basis of Metastasis. N. Engl. |. Med. 2008, 359, 2814-2823. [CrossRef]

Olson, M.F; Sahai, E. The Actin Cytoskeleton in Cancer Cell Motility. Clin. Exp. Metastasis 2009, 26, 273-287. [CrossRef]

Liou, G.-Y,; Storz, P. Reactive Oxygen Species in Cancer. Free Radic. Res. 2010, 44, 479-496. [CrossRef]

Kundu, N.; Zhang, S.; Fulton, A.M. Sublethal Oxidative Stress Inhibits Tumor Cell Adhesion and Enhances Experimental
Metastasis of Murine Mammary Carcinoma. Clin. Exp. Metastasis 1995, 13, 16-22. [CrossRef]

Pelicano, H.; Lu, W.; Zhou, Y.; Zhang, W.; Chen, Z.; Hu, Y.; Huang, P. Mitochondrial Dysfunction and Reactive Oxygen Species
Imbalance Promote Breast Cancer Cell Motility through a CXCL14-Mediated Mechanism. Cancer Res. 2009, 69, 2375-2383.
[CrossRef]


http://doi.org/10.1016/j.abb.2016.01.016
http://doi.org/10.1126/science.1211956
http://doi.org/10.1016/j.abb.2013.12.005
http://doi.org/10.1073/pnas.0504997102
http://doi.org/10.1038/srep22176
http://doi.org/10.1073/pnas.0504838102
http://www.ncbi.nlm.nih.gov/pubmed/16275926
http://doi.org/10.1016/j.bpc.2007.06.008
http://www.ncbi.nlm.nih.gov/pubmed/17662518
http://doi.org/10.1038/nrm1499
http://www.ncbi.nlm.nih.gov/pubmed/15520811
http://doi.org/10.1523/JNEUROSCI.5646-07.2008
http://doi.org/10.1107/S2052252519015409
http://doi.org/10.1126/science.274.5290.1123
http://doi.org/10.1038/nature09468
http://doi.org/10.1016/j.tins.2016.04.009
http://doi.org/10.1126/scisignal.2001127
http://doi.org/10.1083/jcb.153.5.1071
http://doi.org/10.1146/annurev.cellbio.15.1.185
http://www.ncbi.nlm.nih.gov/pubmed/10611961
http://doi.org/10.1016/j.canlet.2021.07.039
http://www.ncbi.nlm.nih.gov/pubmed/34314753
http://doi.org/10.1186/s12885-016-2553-1
http://www.ncbi.nlm.nih.gov/pubmed/27430308
http://doi.org/10.3389/fphar.2019.00291
http://doi.org/10.18632/oncotarget.2995
http://doi.org/10.1056/NEJMra0805239
http://doi.org/10.1007/s10585-008-9174-2
http://doi.org/10.3109/10715761003667554
http://doi.org/10.1007/BF00144014
http://doi.org/10.1158/0008-5472.CAN-08-3359

Genes 2022, 13,715 15 of 15

65.

66.

Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.0.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al.
The CBio Cancer Genomics Portal: An Open Platform for Exploring Multidimensional Cancer Genomics Data: Figure 1. Cancer
Discov. 2012, 2, 401-404. [CrossRef] [PubMed]

Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al.
Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using the CBioPortal. Sci. Signal. 2013, 6, pl1. [CrossRef]
[PubMed]


http://doi.org/10.1158/2159-8290.CD-12-0095
http://www.ncbi.nlm.nih.gov/pubmed/22588877
http://doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23550210

	Clinical Characteristics and Genetic Transmission of ADLTE 
	LGI1, Reelin and MICAL1 Genes in the Etiology of ADLTE 
	LGI1 
	RELN 
	MICAL1 

	Structure and Function of MICAL1 
	Biochemical Roles of G150 and A1065 
	MICAL1 in Central Nervous System Biology and ADLTE Etiology 
	ADLTE-Associated MICAL1 Mutations in Cancer 
	Conclusions 
	References

