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ABSTRACT

NK6 Homeobox 2 (NKX6-2) is a member of the NKX family of transcriptional regulators,
responsible for governing oligodendrocyte maturation and the fate of motor neurons and
pancreatic cells. Loss-of-function mutations in the NKX6-2 gene result in a rare autosomal
recessive genetic disorder known as Spastic Ataxia (SPAX8) with hypomyelinating
leukodystrophy. This disease is characterized by cerebellar dysfunction, loss of white matter
and, in some cases, atrophy of the vermis and cerebellar hemispheres. Some of the mutations
on NKX6-2 affect a putative transactivation domain (TAD), located at the C-terminus of the
protein and which function is unclear. Consultation of public databases indicate that TAD
contains three residues that have been found phosphorylated in high-throughput mass
spectrometry analyses: 5246, T252 and Y238. However, the function of these phosphorylation
events remains completely unknown. This study attempted to address a fundamental
question related to the role of post-translational modifications on the intracellular location of
NKX6-2. We have developed mammalian expression constructs encoding NKX6-2 fused to
the Venus fluorescent reporter, where the transcription factor carries point mutations that
inhibit and mimic phosphorylation at 5246, T252, and Y238. Specifically, mutating 5246 and
T252 to alanine, and Y238 to phenylalanine, would prevent their phosphorylation while
keeping similar structure. On the other hand, mutating 5246 and T252 to aspartic acid added
an extra negative charge at these sites, partially mimicking phosphorylation. The tyrosine
residue was not mutated to mimic phosphorylation, because there are no natural amino
acids with an extra negative charge that share the phenolic ring of tyrosine. No mutation
produced alterations in the nuclear localization of NKX6-2 in living cells. However,
mutations in this protein were associated with nuclear morphology abnormalities, as well as
increased protein stability. Additionally, we identified endogenous expression of NKX6-2 in
human cancer cell lines where we could study NKX6-2 in normal and pathological, SPAX8-
related conditions. These results offer crucial insights into molecular and cellular aspects of
NKX6-2 biology, with potential implications for SPAXS8.

Keywords: NKX6-2; Transcription factor; Spastic ataxia 8; Phosphorylation; Transactivation
domain.
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RESUMO

NK6 Homeobox 2 (NKX6-2) é um membro da familia NKX de reguladores transcricionais,
responsdvel por controlar a maturacao de oligodendrdcitos e o destino de neurénios motores
e células pancredticas. MutagOes de perda de funcdo no gene NKX6-2 resultam numa rara
doenga genética autossémica recessiva conhecida como Ataxia Espdstica 8, em inglés: Spastic
Ataxia 8 (SPAX8) com leucodistrofia hipomielinizante. Esta doenga é caracterizada por
disfungdo cerebelar, perda de substancia branca e, em alguns casos, atrofia do vermis e dos
hemisférios cerebelares. Algumas das muta¢des em NKX6-2 afetam um dominio de
transativagdo putativo (TAD), localizado no C-terminus da proteina, cuja funcdo é incerta.
Consultas em bases de dados ptblicas indicam que o TAD contém trés residuos que foram
encontrados fosforilados em andlises de espectrometria de massa de alta resolucdo: S246,
T252 e Y238. No entanto, a funcdo desses eventos de fosforilagio permanece completamente
desconhecida. Este estudo procurou abordar uma questdo fundamental relacionada com o
papel das modificagdes pds-traducionais na localizagdo intracelular do NKX6-2.
Desenvolvemos construgdes de expressao em mamiferos codificando o NKX6-2 fundido com
o marcador fluorescente Venus, em que o fator de transcricdo transporta mutagSes
pontuais que inibem e imitam a fosforilacio em 5246, T252 e Y238. Especificamente, a
mutacdo de S246 e T252 para alanina e Y238 para fenilalanina impediria a sua
fosforilagdo, mantendo uma estrutura semelhante. Por outro lado, a mutag¢do de 5246
e T252 para d4cido aspdrtico adicionou uma carga negativa extra nesses locais, imitando
parcialmente a fosforilagdo. O residuo de tirosina ndo foi mutado para imitar a
fosforilacdo, porque ndo existem aminodcidos naturais com uma carga negativa extra
que partilhem o anel fendlico da tirosina. Nenhuma mutagdo produziu alteragbes na
localizagdo nuclear do NKX6-2 em células vivas. No entanto, mutagGes nesta
proteina foram associadas a anomalias na morfologia nuclear, bem como a um
aumento na estabilidade da proteina. Além disso,identificimos a expressdo endégena do
NKX6-2 em linhas celulares de cancro humano, onde pudemos estudar o NKX6-2 em
condigdes normais e patoldgicas relacionadas com o SPAXS.
Estes resultados oferecem informagdes cruciais sobre aspetos moleculares e celulares da
biologia do NKX6-2, com possiveis implicagdes para o SPAXS.

Palavras-chave: NKX6-2; Fator de transcrigdo; Ataxia Espdstica 8; Fosforilagdo; Dominio
de Transativagéo.
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INTRODUCTION

1.1 The cerebellum

The cerebellum is a key structure in the central nervous system (CNS), derived from
the rhombencephalon, located posterior to the IV cerebral ventricle, in the posterior fossa of
the skull [1, 2]. It plays an important role in the coordination and balance of motor activity,
as well as in cognition and processing sensory information from movement [3, 4, 5], among
other CNS functions. Anatomically, the cerebellum is divided into two hemispheres connect-
ed by a structure called vermis and separated into three lobes by three main fissures. The
primary or anterior fissure divides the anterior and posterior lobes; the posterolateral fissure
divides the flocculonodular lobe from the posterior lobe; and the horizontal fissure borders
the superior and inferior surfaces of the cerebellum itself [1] (Figure 1.1). The lobes can be

divided into the spino-cerebellum, ponto-cerebellum and vestibulo-cerebellum [6].
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Figure 1.1 — Representative image of cerebellar divisions. Adapted from Schuenke, M., et al.
[6], created with BioRender.com.


https://www.biorender.com/

The role of PTMs on NKX6-2 behavior and function

The cerebellum has a medullary body with an abundance of gray matter and a cortex
that surrounds a white matter center, similar to the brain [7]. The white matter contains 4
pairs of deep cerebellar nuclei surrounded by the cerebellar cortex [8]. The medial nucleus is
called the fastigial nucleus, the dentate nucleus corresponds to the lateral nucleus, and the
globose and emboliform nuclei, which correspond to the anterior and posterior interbody,
respectively, are called interposed nuclei [8] (Figure 1.2). These nuclei project efferent fibers

to the brainstem nuclei [9].
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Figure 1.2 — Representation of the deep cerebellar nuclei. Adapted from Schuenke, M., et al.
[6], created with BioRender.com.

Three pairs of cerebellar peduncles allow fibers to enter and exit the cerebellum: the
inferior cerebellar peduncle connects the cerebellum to the spinal cord; the middle cerebellar
peduncle transmits information about voluntary motor activities and connect it to the pons
and the midbrain, with the aid of the superior cerebellar peduncle, which extends to outside

the cerebellum at the exit of the trochlear nerve [10] (Figure 1.3).
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Figure 1.3 — Representation of the cerebellar peduncles. Adapted from Schuenke, M., et al.
(2020) [6], created with BioRender.com.
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Despite occupying only 10% of the brain volume, approximately 60% of all brain neu-
rons are contained in the cerebellum, organized into six main neuronal populations:
Purkinje, Lugaro, stellate cells, Golgi, basket and granule cells [2]. Most of the major neu-
ronal cells mentioned are GABAergic, i.e. inhibitory, except for the granular cells which are
glutamatergic, i.e. excitatory [11, 12]. The cerebellum receives sensory information from the
afferent fibers and the principal afferent pathways are the climbing and mossy fibers, which
are excitatory and interconnect different regions [13]. These fibers form complex connections
with the Purkinje cells and granular cells that exert an excitatory effect before penetrating the
white matter. The climbing fibers move independently during development through the lay-
ers of cortex and wrap around the dendrites of Purkinje cells while the mossy fibers are high-
ly branched and stimulate inhibitory interneurons, granular cells, cerebellar nuclei and
Purkinje cells [13, 14]. Basket, stellate, and Golgi cells can limit the excited area and control
the amount of excitation brought to the Purkinje cells by the climbing and mossy cells be-
cause they are inhibitory neurons [15]. The fastigial, dentate and interposed nuclei all project
efferent fibers that have an impact on both motor and non-motor activities, such as the pro-
cessing of emotions and thoughts [11, 13]. The cerebellar cortex is formed by the inner, mid-
dle and outer layers. The inner layer is composed of granular cells and Golgi cells. The mid-
dle layer is mainly composed of Purkinje cells, which are the only efferent neurons of the
cerebellar cortex, responsible for inhibiting neurons in the deep cerebellar nuclei. Berg-
mann's glia is also found in this layer, these specialized astrocytes being closely linked to the
Purkinje cells. Finally, the outer molecular layer is mainly composed of stellate and basket

cells [14] (Figure 1.4).
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Figure 14 — Layers of the cerebellar cortex. Image adapted from

https./fwww.lecturio.com/pt/concepts/cerebelo-anatomia/ (2020) and created with BioRender.com.
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There are three arteries responsible for the irrigation of the cerebellum, namely:
the superior cerebellar artery, the anterior inferior cerebellar artery and the posterior
inferior cerebellar artery. The superior cerebellar artery irrigates the trigeminal nerve,
dentate nucleus, superior vermis, part of the midbrain and cerebellar white matter [15]. It
can be associated with the development of aneurysms, ischemic syndromes and
neurovascular compressions, such as oculomotor nerve palsy, hemifacial spasm and ocular
neuromyotonia [15]. The anterior inferior cerebellar artery has a variable course, and may
anastomose with other arteries, in addition to giving rise to the labyrinthine artery, which
irrigates the inner ear [16]. In this artery, aneurysms are very rare and represent less than
1% of all existing intracranial aneurysms [16]. Finally, the posterior inferior cerebellar artery,
which is the largest branch of the vertebral artery, and irrigates the cerebellar tonsils, the
gracilis nucleus of the medulla and the caudal medulla, among others [17]. The occlusion
of this artery can cause serious sequelae, ranging from silent ischemic injury, edema,
hemorrhage, brainstem infarction and death [17].

The cerebellum uses a mechanism for movement control, divided between movement
planning and movement correction in execution. Movement initiation is controlled by the
spinocerebellum, which compares the characteristics of the movement in execution with the
motor plan, formulates the corrections and adjusts whatever is necessary to carry out the
movement [18]. The dentate nucleus is activated before the onset of movement and the in-
terpositus nucleus after the movement begins, as it is involved in movement correction [13].
Just as the cerebellum regulates strength, precision of movement, muscle tone, balance,
speed and rhythm, it is also able to control consistency, some types of non-motor cognition
and the speed of cognitive processes, such as memory, language, visuoconstructive skills,
attention and locomotor learning [19]. Cerebellar dysfunction can happen at any stage of life
and normally cause alterations in body and eye movements and balance, usually resulting in
a characteristic type of uncoordinated movement known as ataxia [20]. Symptoms of cerebel-
lar damage are varied and can include posture and gait disturbances, behavioral abnormali-

ties of higher functions, loss of balance, irregular steps, speech changes and tremors.

1.1.1 Ataxias

Ataxias are a group of neurodegenerative diseases characterized by irregular move-
ments, lack of motor coordination, hypotonia, asynergy, excessive tremor, gait abnormality,

dysarthria, and impaired balance [21]. Hereditary ataxias are genetic and passed down
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through families. Some ataxias begin during childhood or adolescence, such as Spastic Atax-
ia 8 (SPAX8) and Autosomal Recessive Spastic Ataxia of Charveloix-Saguenay (ARSACS),
leading to progressive symptoms over time, while others begin in adulthood, such as spino-
cerebellar ataxias or Machado-Joseph disease [22]. These ataxias can have mitochondrial
inheritance, linked to X and autosomal recessive or dominant. Since initial diagnosis is
sometimes difficult due to similarities between the symptoms of the different ataxias [22],
genetic testing often needs to consider family history and age [22]. In contrast to the
dominantly inherited spinocerebellar ataxias, or SCAs, recessive ataxias do not have a
common abbreviation for classification. The term autosomal recessive spinocerebellar ataxia
(SCAR) was assigned based on the discovery of the locus and has been used to designate new
recessive ataxias, but this nomenclature does not include the most frequent or previously
described ataxias. The term spastic ataxia (SPAX) has also been used to describe ataxias with
significant spasticity, regardless of inheritance pattern [23]. Acquired ataxias, on the other
hand, are caused by non-genetic factors such as traumatic injuries, stroke, tumors, infections
or toxins affecting the brain or cerebellum [24]. In older individuals with no family history for
a particular ataxia, sporadic etiology becomes more likely. However, a negative family history
or advanced age does not completely rule out hereditary ataxia, as they can also be caused by
de novo mutations [21].

In the last decade, there has been great progress in the diagnosis of hereditary
ataxias, due to application of next-generation sequencing (NGS) in clinical practice. This
technique is based on the binding of single-stranded genetic material to a solid surface
coated with adapter oligonucleotides, it is more sensitive and capable of reading many
genes at the same time. However, it has high error rates when sequencing large amounts
of genome and can identify new variants or other health conditions that the patient has and
that are not related to the disease under study. There is still no consensus on the
best approach for diagnosing ataxia: despite the usefulness of bioinformatic tools, they
are still not able to provide a de-finitive answer without other functional studies, and

the protocol is variable [25, 26].

Beyond genetic testing, some formal instruments are used to quantify motor deficit
and disease progression in ataxias. Among the most widely used are the International
Cooperative Ataxia Rating Scale [27], the Scale for the Assessment and Rating of Ataxia [28]
and the Brief Ataxia Rating Scale [29]. The International Cooperative Ataxia Rating Scale was
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developed to evaluate cerebellar ataxias and is the most used scale in pediatric studies due to
its sensitivity from mild to severe cases, but it consists of 19 items and a 100-point scale,
limiting its use because it is time-consuming. The Scale for the Assessment and Rating of
Ataxia scale contains 8 items and 40 points, presents similar problems to the previous one,
which makes it unfeasible in wider clinical practices due to the time spent using it [21].
Finally, the more recent scale created is the Brief Ataxia Rating Scale and is a briefer version
of the International Cooperative Ataxia Rating Scale, reliable and easy to apply, having only
a 30-point scale.

Ataxias can have different particularities depending on the location of the lesion. For
example, midline lesions of the cerebellar vermis or flocculonodular lobes cause truncal atax-
ia, abnormal eye movements, nausea, vomiting, and vertigo, while lateral lesions
typically result in appendicular or limb ataxia. Ataxia can also result from infarcts in the
lateral medulla or pons because these structures are directly connected to the cerebellar
peduncles [30]. It can also be a symptom of hereditary polyneuropathies, mitochondrial
diseases, hereditary spastic paraplegias, and neurodevelopmental disorders, such as
neuronal ceroid lipofuscinoses, Jourbert syndrome and recessive Behr's syndrome [31]. The
phenotype of ataxias varies drastically across patients from different families as well as
within the same family with the same mutated gene, depending upon the type of mutation,
age of onset, location in the gene, the presence of modifying genes, and environmental
exposures [23]. Recessive ataxias have more complex phenotypes than dominant ataxias,
including pyramidal and extrapyramidal involvement, neurophaty, hypogonadism,

cognitive involvement, seizures, retinopathy and many others [23].

Ataxias are rare disorders, but autosomal recessive ataxias are slightly more common
(3.3/100,000 people) than autosomal dominant ataxias (2.7/100,000 people) [32]. Friedreich's
ataxia and ataxia-telangiectasia are the most common autosomal recessive ataxias, while Ma-
chado-Joseph disease and spinocerebellar ataxia type 2 are the most common autosomal
dominant ataxias [32]. Spain and France have the largest prevalence of autosomal recessive
ataxias, while Portugal, Japan, and Norway have the highest prevalence of autosomal
dominant ataxias [32]. In Portugal, the most prevalent autosomal ataxias are Machado-
Joseph disease and dentatorubro-palidoluysian atrophy; and the most prevalent autosomal
recessive ataxias are ataxia with oculomotor apraxia and Friedreich’s ataxia [33]. Machado-
Joseph disease typically manifests after the age of 40, when the patient begins to show slow
and progressive cerebellar ataxia associated with neuropathy and possible movement

disorders [34]. The dentatorubro-palidoluysian atrophy has a wide range of onset ages with
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younger patients having progressive myoclonic epilepsy associated with ataxia and
older patients having chorea associated with ataxia [35]. Ataxia with oculomotor apraxia
presents slowly progressive cerebellar ataxia in childhood, peripheral neuropathy, and
oculomotor apraxia over the years [36]. Friedreich’s ataxia begins between 10 and 16 years
of age, and shows non-neurological symptoms, sensory ataxia, and neuropathy [37].

While the most frequent ataxias, being rare, have attracted much attention and fund-
ing support in the last decades, there are still many rarer ataxias that need further characteri-
zation at cellular and molecular levels. In this project, the ataxia addressed is called

Spastic Ataxia 8 (SPAX8) [38].

1.1.2 SPAXS

Spastic ataxia 8 is a rare autosomal recessive neurodegenerative disorder
characterized by loss of motor function in the first year of life and caused by loss-
of-function mutations in the NK6 Homeobox 2 gene (NKX6-2) [39, 40]. The prognosis of
patients can be classified into two types based on the age of onset. The severe type begins
in the neonatal period and progresses rapidly, manifesting as nystagmus, severe spastic
tetraplegia with joint contractures and scoliosis, hearing impairment, visual impairment, and
death in early childhood [38]. On the other hand, the milder type is characterized by normal
acquisition of early motor skills in the first year of life, followed by slowly progressive
symptoms and cerebellar signs with loss of developmental landmarks [39]. These
symptoms are primarily caused by a progressive decrease in myelination and white matter in
the CNS, known as hypomyelinating leukodystrophy [38, 39]. The symptoms of SPAX8 are
similar to those of other leukodystrophies, such as Pelizaeus-Merzbacher disease, Alexander
disease and ARSACS, suggesting a possible connection between the molecular and cellular
mechanisms of these disorders [41]. However, the correlation between SPAX8 genotype and
phenotype is still barely understood [39]. NKX6-2 loss-of-function mutations have been
linked to myelination defects in SPAX8 and other neurological and behavioral disorders [42,
43]. Additionally, hypermethylation of the NKX6-2 gene is linked to pathologies such as
cancer [44] intellectual impairment and autism [45].

To date, 40 cases of SPAXS8 in 24 families have been identified involving 18 mutations in
the NKX6-2 gene worldwide: eight missense mutations, six nonsense mutations and four

frameshift mutations [46, 47, 48, 49] (Table 1.1). The two most recent cases are two women
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from different families, diagnosed at ages 6 and 17, with the nonsense mutation
c.475C>T (p.GIn159*) and frameshift mutation c.234delG (p.Leu79CysfsX109), respectively.
Symptoms of both were similar, and led scoliosis, central hypotonia, hyperreflexia, spastic
quadriplegia, osteopenia, and bilateral hip dysplasia [48].

The disease progresses in accordance with the age of onset. As a result, the earlier the
disease manifests, the faster it spreads [40, 41]. Each stage is distinguished by distinct
symptoms that reflect the disease's onset. Individuals who develop the disease before the
first year of life demonstrate a failure of age-appropriate head control skills (70% of cases)
and verbal goals (90%). Clinically, the phenotype stabilizes after development and
adolescence [46], but 12.1% of cases result in death before the age of five years [40]. Children
who develop the disease after the first year of life usually present motor delays and become
wheelchair-dependent 3 to 8 years later [40]. The disease worsens continuously until the age
of 25, when it finally stabilizes, which appears to coincide with the brain's full maturation
[46]. The oldest SPAXS8 patient was 44 years old, although life expectancy is still unclear due
to the disease's rarity [39, 46].
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Table 1.1 Variant description of NKX6-2 mutations that cause SPAX8 [46, 47, 48, 49].

Type.of c¢DNA change | Amino acid change
mutation
c.301C>A p-Argl01Ser
c.487C>G p-Leul63Val
c.501C>G p-Phel67Leu
) c.541C>G p-Leul81Val
Missense
c.545C>T p-Alal82Val
c.592A>G p-Asn198Asp
c.598C>T p-Arg200Trp
c.599G>A p-Arg200GIn
c.121A>T p-Lys41*
c475C>T p.GIn159*
c.571C>T p.GIn191*
Nonsense
c.565G>T p.Glu189*
c.589C>T p.GIn197*
c.608G>A p-Trp203*
c.196delC p-Arg66Glyfs*122
c.224dup p-Leu79Alafs*?
Frameshift
c.234delG p-Leu79CysfsX109
c.606delinsTA p-Lys202Asnfs?1

1.2 The NKX family of transcriptional regulators

The NKX family includes four classes of transcriptional regulators known as NKX1, 2,
3, and 6. These classes give rise to 13 different NKX proteins, which typically function as
transcriptional repressors to control the development of organs and cells [50]. The NKX fami-
ly is distinguished by a conserved homeobox domain. The genes that they control and their
biological functions are still barely understood. There is a higher degree of homology shared
by members within the same class (30-50%) than by members of different classes (25%). NKX
genes are expressed in numerous organs and tissues, and their patterns of expression fre-

quently overlap [41].
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The NKX1 class has two known members: NKX1-1 and NKX1-2. NKX1-1 is found on
chromosome 4 and is linked to Wolf-Hirschhorn Syndrome [51, 52], which is characterized
by ataxia, head abnormalities, and impairments in the heart, growth, and urinary system due
to deletions in the short arm of this same chromosome. Energy homeostasis is also influ-
enced by this gene in mice [53, 54]. NKX1-2 affects Wnt/p-catenin signaling, controls the
development of mesendoderm, and promotes adipogenesis [52]. NKX2-1, NKX2-2, NKX2-3,
NKX2-4, NKX2-5, NKX2-6, and NKX2-8 are the seven members of the second class. NKX2-1,
also known as thyroid transcription factor-1 (TTF-1), is an oncogene linked to several forms
of cancer and is a key regulator of gene transcription in the thyroid gland, lung and brain
[55, 56]. NKX2-2 is required for V3 domain specification during neural tube patterning in the
embryonic stage, as well as later oligodendrocyte maturation [57]. NKX2-3 and NKX2-4 are
activated in acute myeloid leukemia, downregulating genes involved in megakaryocytic and
erythroid differentiation processes, contributing to the development of disease subtypes [58].
NKX2-5 controls cardiac development [59], whereas NKX2-6 controls pharyngeal develop-
ment [60]. NKX2-8 still has unspecified function, but recent evidence indicates that it re-
presses the transcription of the multidrug resistance gene 1 (MDR1), indicating a correlation
of NKX2-8 with drug sensitivity of urothelial carcinoma cells [61]. NKX3-1 and NKX3-2 are
the only two members of the third class. NKX3-1 is a tumor suppressor in prostate carcino-
genesis, responsible for regulating prostate development [62]; while NKX3-2 is a regulator of
chondrocyte and distal stomatal cell development in collaboration with Bapx1 [63, 64].

Finally, the fourth class has three members: NKX6-1, NKX6-2, and NKX6-3. The de-
termination and differentiation of neuronal populations and oligodendrocytes in the basal
nuclei, ventral diencephalon, and mesencephalon during early development depends on the
coordination between transcription factors NKX6-1 and NKX6-2 [65, 66, 67]. Additionally,
the function, proliferation and differentiation of pancreatic cells are also significantly influ-
enced by both NKX6-1 and NKX6-2 [64, 65]. The human NKX6-2 protein shares 97% identity
with mouse NKX6-2 [68]. The NKX6 class have almost identical sequences: the only differ-
ences between the homeodomains of NKX6-1 and NKX6-2 are three conserved amino acid
alterations. The C57BL murine models are affected by the loss of NKX6-2 function, as this
impairs myelination and consequently the CNS nerve conduction and motor coordination
[43]. An abnormal structure of myelin sheaths and more severe neurological effects are ob-
served in the same NKX6-2-/- mouse models that also carry a heterozygous inactivating

mutation in NKX2-2 [69]. Despite the sequence similarity of NKX6-1 and NKX6-2, there are
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some critical differences. For example, NKX6-2 is not as expressed in humans in oligoden-
drocyte precursors as NKX6-1 [67] but is expressed in differentiated postmitotic oligoden-
drocytes [70]. Both play a different role in the formation of oligodendrocytes [71], while the
lack of NKX6-2 causes paranodal defects in oligodendrocyte development [43]. This evi-
dence, and the fact that loss-of-function mutations in both NKX6-2 alleles are sufficient to
produce SPAXS8, suggests that there is no redundancy between these NKX6-1 and NKX6-2 in
humans, as opposed to what has been observed in mouse models [46]. Lastly, NKX6-3 inhib-
its metastasis and cancer cell migration and invasion caused by Wnt/p-catenin and Rho-
GTPase; and the development of gastric cancer is directly influenced by the degree of NKX6-

3 expression [72].

1.2.1 NKXe-2

NKX6-2 is found on chromosome 10q26.3, with 3 exons and 2 introns totaling 1033
nucleotides (Ensembl v109 data) [73]. It was initially identified in a mouse embryo cDNA
library searching for homeobox proteins associated with tissue development. The gene, ini-
tially named as the glia- and testis-specific homeobox gene (Gtx), was identified in glial cells
of adult mice and was later reported to be active in mouse embryonic glial cells [74]. Due to
its similarity to other NKX family members, the gene was renamed NKX6-2.

Following translation, a protein with 277 amino acids (29 kDa) is formed, with a pre-
dominantly nuclear localization that has been experimentally confirmed just recently. The
region between amino acids 89-142 possibly corresponds to the repressor domain, but the
confidence score for these residues is still very low (data from Uniprot v2023) [75]. The pro-
tein's structure is still unknown, and the existing structure of the homeobox domain was
only inferred computationally by homology with the crystal structures of the Aristaless and
Clawless homeodomains using the Swiss model repository [76]. The complete structure was
also  computationally  inferred by  AlphaFold v2.0 [77] (AF-Q9C056-F1,
https://alphafold.ebi.ac.uk/entry/Q9C056) (Figure 1.5).
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Figure 1.5 — Predicted structure of NKX6-2. Identifier: AF-Q9C056-F1 by AlphaFold v2.0 (2023).

In an extremely sequence-specific manner, the homeobox (amino acids 148-207), a
highly conserved DNA binding domain, mediates precise interaction with the minor and
major grooves of DNA and mediates transcription [77, 78, 79]. Genes with homeobox do-
mains act as master genes, controlling positional information during embryonic develop-
ment and pattern formation. They normally maintain the differentiated states of adult cell
populations and direct the renewal of specific cell types. These homeobox genes have wide-
spread expression in the development of vertebrate nervous system, but only a few, such as
NKX6-2, remain active in adulthood [80]. The C-terminus (residues 208-277) of NKX6-2 may
feature a transactivation domain (TAD), which was suggested by sequence homology with
other family members and is deleted in most protein-truncating variations. High-throughput
mass spectrometry has shown that this putative TAD can be acetylated (K215) and phos-
phorylated (Y238, S246 and T252) in rats (Figure 1.6). These analyses did not focus specifical-
ly on NKX6-2, and the function of TAD post-translational modifications is still unknown
[81].
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Figure 1.6 — Representation of NKX6-2 phosphorylation and acetylation sites. The G78
phosphorylation site (in blue) seen on the left is outside the transactivation domain. Then the acetyla-
tion site K215 (in green) and the phosphorylation sites Y238, 5246 and T252 (in blue), respectively.
Image retrieved from www.phosphosite.org.

A significant amount of NKX6-2 mRNA was found in the CNS, mostly in
the spinal cord, and shows strong and long-lasting expression in oligodendrocytes
until adulthood [43]. The stomach also shows high levels of NKX6-2 mRNA,
according to transcriptomic analyses of human tissues that were made available in the
Protein Atlas data-base [82]. Lower levels of NKX6-2 mRNA are found in the
pancreas, testicles, esophagus, vagina, kidney, colon, and cardiac muscle [82]. At a
cellular level, high expression was found in oligodendrocytes and gastric mucus-
secreting cells, and lower expression levels in Schwann cells, spermatogonia germinative
cells, and astrocytes. In cancer cells, it is highly concentrated in glioblastoma [83] and to a
lesser extent in gastric and pancreatic cancer. However, NKX6-2 has frequent deletions in
cerebral tumors [84].

NKX6-2 regulates myelin-related genes such as myelin basic protein (MBP) and pro-
teolipid protein (PLP), in addition to genes involved in differentiation and development
such as Dbx2 and Mytl [62]. The NKX6-2 gene binds to the promoter regions of MBP and
PLP1, which are directly related to the regulation of axon-glial interactions in myelin
paranodes in oligodendrocytes (data from Uniprot v2023) [75]. The consensus DNA
response element is 5'-(A/T)TTAATGA-3' wusually exerting repressive effects on

transcription [84].
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1.2.2 NKX6-2 as a transcriptional repressor and regulator of motor

neurons

Sonic hedgehog (Shh) is an extended morphogen responsible for the division of five
distinct spatial domains called p0, pl, p2, pMN (progenitor of the motor neurons), and p3
[85]. The Shh pathway and NKX6-2 function are closely associated during embryonic devel-
opment and, in conjunction with a contrasting gradient of the BMP/Wnt pathway, deter-
mine the dorsal-ventral axis in the CNS [86]. The proteins controlled by the Shh pathway are
classified into two classes: Class I, where the constitutive expression of proteins is inhibited
by Shh, and Class II, where the expression of proteins is activated by Shh [87]. A protein
from Class I represses a protein from Class II, and vice-versa. During brain development, the
interaction between NKX6-1 and NKX6-2 (Class II) and Dbx1 and Dbx2 (Class I) regulate the
spatial patterning from p0 towards pMN. Shh morphogen levels then rise from the dorsal to
the ventral area, increasing the expression of NKX6 genes and decreasing the expression of
Dbx genes [88]. In a subsequent step, the four proteins inhibit one another's transcription,
resulting in the development of four distinct cell populations that only express one of the
proteins. These populations will differentiate into multiple types of neural progenitors (p0,
pl, and p2). If NKX6-2 is absent, NKX6-1 can compensate by repressing the expression of
Dbx1 [89]. Another combination might be NKX6-1 and Dbx2, which separate the p1 and p2
cells in neural tissue, and NKX6-1 can inhibit NKX6-2 during the transitions between these
populations. In other words, NKX6-2 and NKX6-1 are initially co-expressed in a broad ven-
tral domain, but their expression eventually becomes mutually exclusive, partly due to the
repression of NKX6-2 by NKX6-1 [67, 68]. NKX2-2 (Class II) and Olig2 (Class I) transcrip-
tional factors are additionally paired directly to generate a divide between pMN and p3 pro-
genitor cells [88]. The four proteins define the different neural cell populations before coor-
dinating the transition to motor neurons (MNs) and the V0-3 neural cell subtypes (Figure
1.7) [89, 90]. The pathway would later advance to the generation of astrocytes from p0-p3
progenitors and oligodendrocytes from pMN cells [69], with NKX6-2 engaged in oligoden-

drocyte maturation [91].
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Figure 1.7 — p0, p1, p2, and pMN's neural cell fate is influenced by interactions between
the NKX6 and Dbx transcription factors. NKX6-2/Dbx1, NKX6-1/Dbx2, and NKX6-1/NKX6-2
interact in the development of distinct cell populations. The four proteins cooperate genetically to
determine the destiny of neural cells. Image adapted by A. Vallstedst, ef al. (2001) [89] and created with
BioRender.com.

Oligl/2 is required for the generation of all oligodendrocytes [92]. Oligodendrocytes
originate from the ventral pMN domain as well as from dorsal progenitors. This phenome-
non is attributed to the inhibition of Olig2-dependent cell specification, induced by elevated
concentrations of bone morphogenic proteins (BMPs). Under normal circumstances, Olig2
expression is facilitated when BMP signaling is suppressed, so the gradual reduction in dor-
sal BMP signaling exerts an influence on the temporal emergence of oligodendrocytes within
the dorsal neural tube through development [93].

Other transcription factors contribute to ventral neural patterning in collaboration with
NKX6-1 and NKX6-2 [94, 95]. The proteins NKX6-1 and NKX6-2 are expressed in the ventral
neural tube and are required for ventral Olig2 expression and the generation of MNs in the
spinal cord. In mice lacking NKX6-1/2 proteins, ventral extinction of Olig2 expression possi-
bly affects pMN-derived oligodendrocytes [88, 93]. NKX2-2 is both sufficient and necessary
for the generation of V3 neurons in the spinal cord, and it is a confirmed repressor of Olig2
expression at this axial level [95]. Nevertheless, the differential regulation of oligodendro-
cytes by NKX6-1/2 proteins is strongly associated with NKX2-2 expression and the distinc-
tive ventral origins of oligodendrocytes within the spinal cord and hindbrain [95]. Onecut
Factors OC-1, OC-2 and OC-3 are also transcriptional regulators that influence MN diversifi-
cation in the spinal cord [96, 97, 98]. Upregulation of NKX6-2 expression was observed in the
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Oc1/0Oc2-/- conditional knockouts (cdKO), while constitutive Ocl/Oc2-/- knockouts showed

downregulation of NKX6-2 expression [96] (Figure 1.8).
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Figure 1.8 — NKX6-2 expression is up-regulated in conditional double mutant while it is
down-regulated in the spinal cord of Oc1/Oc2-/- mutant embryos. The scheme represents an in
situ hybridization for NKX6-2 at the lumbar, thoracic and brachial levels in control and constitutive
Oc mutant (Oc1/Oc2/-) el11.5 and conditional double mutant (cdKO) e12.5. In control embryos,
NKX6-2 was expressed in pl progenitors and in ventral INs at all 3 levels (brachial, thoracic, and lum-
bar) and in some MNs at the lumbar and brachial levels. In the Oc1/Oc2-/- mutant, NKX6-2 continued
to be expressed in pl progenitors, was completely lost in ventral INs, and expanded in brachial and
lumbar MNs. In cdKO, NKX6-2 expression remains in pl progenitors, ventral INs and MNs. With this
result, it is concluded that the negative regulation of NKX6-2 expression in the Oc1/Oc2-/- mutant is
due to the elimination of expression in ventral INs despite expanding the MNs, while the positive

regulation in the cdKO mutant is due to the expansion in MNs, without loss of ventral INs. Image
adapted by M. Toch, et al. (2020) [96] and created with BioRender.com.

In summary, NKX6-2 acts as a transcriptional repressor and regulator of several
genes ultimately necessary for motor functions, by promoting either the proper differentia-
tion and distribution of specific types of neurons or the maturation and function of oli-

godendrocytes.

1.3 Regulation of the NKX family by phosphorylation

Among the more than 400 identified post-translational modifications (PTMs), phos-
phorylation, ubiquitination and acetylation are the most common and stand out as signal

transducers. A PTM can be both reversible and irreversible. For example, covalent modifica-
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tions (phosphorylation, acetylation, methylation, ubiquitination, etc.) are reversible reac-
tions, whereas proteolytic cleavage are irreversible reactions [100]. Numerous protein behav-
iors and characteristics are impacted by these modifications, such as enzyme function and
assembly [101], interactions between proteins [102], molecular trafficking [103], receptor ac-
tivation [104], protein solubility, folding, localization or degradation/recycling [104, 105].
Phosphorylation can regulate the shuttle of transcription factors between the cytoplasm and
the nucleus as well as their binding to DNA and activity, a role especially relevant in the
context of this thesis. For example, STAT3 dimers phosphorylated at Y705 translocate to
the nucleus and activate the transcription of genes involved in cell proliferation and
survival [106]. Consequently, PTMs have a role in several biological processes,
including signal transduction, gene expression regulation and activation, cell cycle
control and DNA repair [100]. In this project, we focused on protein phosphorylation [107,
108]. For instance, the first phosphoprotein discovered was a metabolic enzyme called
glycogen phosphorylase [109]. Phosphorylation occurs predominantly on Serine,
Threonine and Tyrosine residues [110]. Kinases transfer a phosphate group from
adenosine triphosphate, through a covalent attachment, to target residues. Conversely,
different phosphatases catalyze protein dephosphorylation, that is, the removal of a
phosphate group [111]. This mechanism is straightforward and adaptable, and ATP is readi-
ly available as a phosphoryl donor (Figure 1.9), and extremely common in eukaryotic organ-
isms [109, 112]. Around 30% of the proteins encoded by the human genome are thought
to include covalently bound phosphate, and aberrant phosphorylation is now understood to
be a primary or secondary cause of a wide range of human disorders [113]. There are more

than 250.000 phosphorylation sites throughout the proteome (www.phosphosite.org) in

addition to more than 500 kinases [114] and more than 200 phosphatases [115] encoded

by the human genome.
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Figure 1.9 — Protein phosphorylation represents a molecular replacement mechanism. The
addition of phosphate from ATP and the removal of phosphate from a phosphorylated protein sub-
strate, which are both performed by enzymes called kinase protein and phosphatase (PP), respective-
ly, are the two characteristics of reversible protein phosphorylation. This common post-translational
modification (PTM) operates as a molecular replacement mechanism, regulating a variety of protein
functions such as protein turnover, conformation, localization, interactions, enzymatic activity, and
crosstalk with other PTMs, which in consequently control extensive cellular biological functions.
Adapted image by Humphrey, S. J. (2015) [109] and created with BioRender.com.

The role of phosphorylation on the behavior and function of the NKX family is not so
clear. NKX2-1 is phosphorylated on seven serine residues by a serine-threonine kinase.
NKX2-1 transcriptional activation may require phosphorylation only in specific cell types
[116]. The NK2-specific domain of NKX2-2 contains a potential Mitogen-activated Protein
Kinase (MAPK) phosphorylation site, which plays a key role in the oligodendrocyte differen-
tiation. The transcriptional activity of this protein can be regulated by phosphorylation of
proteins through the specific domain of NK2 and modified by structural effects of specific
sequences [117]. LIM Domain Kinase 2 (LIMK2) is a serine/threonine kinase that regulates
cytoskeletal dynamics, is overexpressed in prostate cancer, and phosphorylates NKX3-1.
NKX3-1 phosphorylation does not alter its subcellular localization but results in its pro-
teasomal degradation. When overexpressed, LIMK2 modulates NKX3-1 expression at mRNA
levels and decreases its stability [118]. NKX3-1 interacts with prostate-derived Ets factor
(PDEF) and suppresses its ability to transactivate the prostate-specific antigen promoter. The
high density and conservation of tyrosine residues in the C-terminal tail of NKX3-1 raises the
possibility that perhaps this domain and the interaction between NKX3-1 and PDEF may be
regulated by phosphorylation, as the ability to suppress PDEF transactivation in tumor cells

18


https://www.biorender.com/

Brenda Franca 2023 MSc Thesis

is interrupted if there is deletion of the C-terminal amino acids of NKX3-1 [119]. NKX6-1
presents six possible phosphorylation sites identified by high throughput mass spectrome-
try, whose influence and function are not yet known. On the other hand, NKX6-1 regulates
Aurora Kinase A, causing its overexpression, which phosphorylates and degrades p53, re-
moving this inhibitory factor and allowing the proliferation of p cells involved in type 1 and
2 diabetes [120]. NKX6-2 has four phosphorylation sites with yet unknown biological func-

tions (see entry www.phosphosite.org), which are the focus of this thesis.

1.4 Objectives

The main objective of this work is to determine the possible influence of phosphoryla-
tion on the subcellular distribution of NKX6-2. To do this, we will create new NKX6-2
mammalian expression plasmids mutated at different described phosphorylation sites (5246,
T252 and Y238) to mimic or inhibit phosphorylation. These plasmids will be transiently
transfected into HelLa cells and tested by Immunoblotting and microscopy, so that both
methods can serve as confirmation of each other regarding the expression, subcellular loca-
tion and general behavior of the plasmids in living cells. This study provides new molecular

tools for studying the regulation of NKX6-2 function in normal and pathological conditions.
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2

MATERIALS AND METHODS

2.1 NKX6-2 Venus constructs

The pcDNA3.1-NKX6-2-Venus construct was synthesized by Invitrogen and deposit-
ed in the Addgene repository. The construct contains the sequence of the human NKX6-2
cDNA fused to the Venus fluorescent protein and optimized for mammalian expression, as
well as ampicillin and neomycin selection cassettes. The single mutant constructs were pro-
duced by polymerase chain reaction (PCR)-based site-directed mutagenesis using the NKX6-
2-Venus plasmid as a template. The double mutant construct S246A/T252A was produced
by the same method but using the previously created single mutant NKX6-2-Venus S246A as
DNA template. The original serine (S) on position 246 was replaced by alanine (A) or aspar-
tic acid (D), the threonine (T) on position 252 was replaced by alanine (A) or aspartic acid (D)
and the tyrosine (Y) on position 238 was replaced by phenylalanine (F) (Figure 2.1). Muta-
genesis was performed using 20 ng of the plasmid template, 0,2 mM of deoxynucleotide tri-
phosphates (ANTP) mix (NZYTech, Lisbon, Portugal), 0.2 pM of forward and reverse pri-
mers, and 2.5 U of PfuTurbo DNA Polymerase (Agilent Technologies, Santa Clara, CA,
USA). The primers used for the mutagenesis were designed using PrimerX free software

(https://www.bioinformatics.org/primerx/) (Table 2.1). The conditions were 2 min at 95° C and

30 cycles of 30 sec at 95° C, 7 min at 72° C (1 minute per kb) and 10 additional minutes at 72°
C. The template DNA was digested with 10 U of Dpn I (NZYTech, Lisbon, Portugal) for 1
hour at 37° C, and the reaction was used to transform 25 pL of competent Escherichia coli cells

(NZYtech, Lisbon, Portugal).
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GACACCATGGACACAAACAGACCTGGCGCCTTTGTGCTGTCTAGCGCTCCTCTGGCCGCTCTGCACAATATGGCCGAGATGAAGACCAGCCTGTTTCCAT
ACGCTCTGCAGGGACCTGCCGGCTTTAAGGCTCCTGCTCTTGGAGGACTGGGAGCACAACTGCCTCTGGGAACACCTCACGGCATCAGCGATATTCTGGG
CAGACCTGTTGGAGCTGCTGGCGGAGGATTGCTCGGAGGACTGCCTAGACTGAATGGACTGGCTTCTTCTGCCGGCGTGTACTTTGGACCTGCTGCTGCC
GTTGCCAGAGGCTATCCTAAACCTCTGGCTGAGCTTCCCGGCAGACCTCCTATTTTTTGGCCTGGTGTTGTGCAGGGCGCTCCTTGGAGAGATCCTAGAC
TTGCTGGACCAGCTCCTGCAGGCGGAGTGCTGGATAAGGATGGCAAGAAGAAGCACAGCAGACCCACCTTCAGCGGCCAGCAGATCTTTGCCCTGGARAR
GACCTTCGAGCAGACCAAGTATCTGGCTGGCCCTGAGAGAGCCAGACTGGCCTATTCTCTGGGCATGACCGAGAGCCAAGTGAAAGTGTGGTTCCAGAAC
AGACGGACCAAGTGGCGGAAGAGACATGCCGTGGAAATGGCCAGCGCCHEBAAGAAACAGGACAGCGACGCCGAGAAGCTGAAAGTTGGAGGCTCCGATG
CCGAGGACGACGACGAGTATAATAGACCTCTGGACCCCAACAGEGACGATGAGARGATCACCCGGCTGCTGAAGARACACAAGCCCAGCAATCTGGCCCT
GGTGTCTCCTTGTGGTGGCGGAGCTGGGGATGCACTTGGATCCGGCGGAGGTGGAAGCGGCGGAGGCGGATCTGGTACCATGGTTTCTAAGGGCGAAGAR
CTGTTCACCGGCGTGGTGCCTATCCTGGTGGAACTGGATGGGGATGTGAACGGCCACAAGTTCTCTGTGTCTGGCGAAGGCGARGGGGATGCCACATACG
GCAAGCTGACCCTGAAGCTGATCTGCACCACAGGCARACTGCCCGTGCCTTGGCCTACACTGGTCACAACACTCGGCTACGGCCTGCAGTGCTTTGCCAG
ATATCCCGACCACATGAAGCAGCACGATTTCTTCAAGAGCGCCATGCCTGAGGGCTACGTGCAAGAGCGGACCATCTTCTTCARGGACGACGGCAACTAC
AAGACCAGGGCCGAAGTGAAGTTCGAGGGCGACACCCTGGTCAACAGAATCGAGCTGAAGGGCATCGACTTTAAAGAGGACGGCAACATCCTGGGCCACA
AGCTCGAGTACAACTACAACAGCCACAACGTGTACATCACCGCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTCAAGATCCGGCACARCATCGAGGA
TGGCGGCGTGCAGCTGGCCGATCACTATCAGCAGAACACCCCTATCGGAGATGGCCCCGTCCTGCTGCCTGATARCCACTACCTGAGCTACCAGTCTGCC
CTGAGCAAGGACCCCAATGAGAAGAGGGATCACATGGTGCTGCTGGAATTCGTGACAGCCGCCGGAATCACACTCGGCATGGACGAGCTGTACAAATGAG

Figure 2.1 — pcDNA3.1 NKX6-2-Venus plasmid map. Sequence of NKX6-2 (Pink), linker (Light

Pink) and Venus (Green). Phosphorylation sites location (G78, Y238, 5246, T252, respectively) in blue
and the acetylation site K215 in dark green.
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Table 2.1 — Sequence of the primers used to perform PCR-based site-directed mutagenesis. Fwd: for-

ward. Rev: reverse

Mutations Primers
Fwd: 5' CTCTGGACCCCAACGCCGACGATGAGAAG 3!
52464 Rev: 5' CTTCTCATCGTCGGCGTTGGGGTCCAGAG 3!
Fwd: 5'CTCTGGACCCCAACGACGACGATGAGAAG 3
5246D Rev: 5' CTTCTCATCGTCGTCGTTGGGGTCCAGAG 3!
Fwd: 5’ ACGATGAGAAGATCGCCCGGCTGCTGAAG 3!
2524 Rev: 5' TTCAGCAGCCGGGCGATCTTCTCATCGTC 3
Fwd: 5' GACGATGAGAAGATCGACCGGCTGCTGAAGAAAC 3!
252D Rev: 5' TTTCTTCAGCAGCCGGTCGATCTTCTCATCGTCG 3!
Fwd: 5' CGACGACGAGTTTAATAGACCTCTGGACC 3'
235K Rev: 5' GGTCCAGAGGTCTATTAAACTCGTCGTCG 3'
Fwd: 5’ ACGATGAGAAGATCGCCCGGCTGCTGAAG 3!
S246A/T252A
Rev: 5' TTCAGCAGCCGGGCGATCTTCTCATCGTC 3'

2.2 Bacterial transformation and DNA purification

The mixture of DNA and competent cells was incubated at 4° C for 30 minutes, fol-
lowed by a heat shock at 42 °C for 45 seconds. Cells were then returned to 4° C for 2 addi-
tional minutes. Subsequently, 300 pL of Luria Broth (LB) medium (25 g/L of LB - NZYtech,
Portugal) without antibiotics were added to the bacterial suspension and incubated at 37° C,
in agitation (180 rpm) for 1 hour. Transformed bacteria were seeded on LB agar (40 g/L of
LB Agar Miller - VWR Chemicals, USA) containing 100 pg/mL of ampicillin (AppliChem
Panreac, Darmstadt, Germany) were used to seed the transformed bacteria and incubated
overnight at 37° C. The colonies were poked the next day and cultured in 3 mL of LB medi-
um containing 100 pg/mL of ampicillin overnight at 37° C in agitation (180 rpm). DNA was
then extracted and purified using the ZR Plasmid MiniprepTM-Classic D4016 (Zymo Re-
search, Irvine, CA, USA), following manufacturer’s instructions. Finally, DNA was quanti-
fied by means of a Nanodrop 1000 (Thermo Fisher Scientific, Waltham, MA, USA) before it
was submitted to STAB VIDA for sequencing (Caparica, Portugal). These constructs were
later deposited In the Addgene public repository, and they will be available upon publica-

tion of these results.
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2.3 Cell culture

HeLa (Clontech, USA) and 10B1 cells were maintained in Dulbecco's Modified Eagle
Medium (DMEM) Low Glucose (1 g/1) with stable Glutamine (862 mg/L) and Sodium Py-
ruvate (110 mg/L) (biowest, Nuaill¢, France), supplemented with 9% of pannexin (PAN-
Biotech GmbH, Aidenbach, Germany), 1% of fetal bovine serum (FBS) (Sigma-Aldrich , St.
Louis, USA) and 1% of a penicillin/streptomycin commercial antibiotic mixture (Thermo
Fisher Cientific, Waltham, USA) at 37° C in a humidified environment containing 5% CO..
The HMC3, C6 (Sigma-Aldrich, St. Louis, USA), C6Sacs/- (previously described in [121]) and
another 10B1 cells plate were maintained under the same conditions but the medium was
supplemented only with 10% FBS and 1% penicillin/streptomycin commercial antibiotic
mixture. Human 10B1 neural precursor cell line and HMC3 microglial cell line were kindly
provided by Dr. Adelaide Fernandes (Faculty of Pharmacy, University of Lisbon). Medium
was changed every other day and cells were passed once a week, when confluence reached
80%, using 3 mL of Trypsin (TrypLE Express, Thermo Fisher Scientific, Waltham, MA, USA)
for 5 minutes at 37° C. After adding 7 mL of medium with serum to inactivate trypsin, the
cell suspension was centrifuged at 500 x g for 5 minutes at room temperature. Cells were
seeded for maintenance in a new 100 mm plate at 1:40 dilution after the pellet was resus-
pended in 5 mL of fresh media. Cells were counted using a Neubauer Chamber (Glas-
warenfabrik Karl Hecht, Sondheim vor der Rhon, Germany) and seeded at a density of
4.8%104 cells/cm? in different types of plates according to the type of assay. Cell transfection
was performed 24 hours after seeding, using the jetPRIME reagent (Polyplus-transfection,
USA) at a 1:3 proportion (1 pg of DNA: 3 pL jetPRIME), following the manufacturer's rec-

ommendations.

2.4 Microscopy

For microscopy experiments, cells were seeded and transfected in 35 mm glass-
bottom dishes. Widefield fluorescent microscopy images were acquired using a Leica
DMI6000B (Leica microsystems, Germany) equipped with a camera Monochrome CMOS 4.0
MP (2048 x 2048 pixels), and a 40x water objective. Image acquisition was carried out by
means of the Las X software (Leica microsystems, Germany). Just prior to observation, nuclei

were counterstained with Hoechst 33342 [0.6 ng/pl (Thermo Fisher, Waltham, USA)] for 5
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minutes, and the excess was washed off with PBS (Thermo Fisher Scientific, Waltham, USA).
Hoechst 33342 was observed using a filter cube that enables excitation at 330-385nm, with
maximum emission at 461 nm, and Venus was observed using a filter cube that enables exci-
tation at 450-490nm, with maximum emission at 528 nm. Microscopy images were analyzed
for area, perimeter, circularity, solidity and average fluorescence using the "Analyze parti-

cles" function in Fiji Image] [122].

2.5 Protein extraction

For total protein extraction, 100mm plates were seeded with 10B1, HMC3, C6 and
Cé6Sacs-/- cells. Cells were washed with 1x PBS and received 200 pL of lysis buffer (50mM Tris
HC, 150 mM NaCl, 1% NP-40, 1x protease inhibitor, 1x phosphatase inhibitor). Then the
cells were transferred to centrifuge microtubes, sonicated (Fisher Scientific, Waltham, MA,
USA) for 10 seconds and incubated on ice for 45 minutes. Finally, cells were centrifuged at
10,000 x g, 15 minutes at 4° C. The supernatant containing the total proteins was
collected into new tubes and stored at -80° C until use.

Cells were seeded in 60 mm dishes for nuclear and cytoplasmatic protein extraction.
Twenty four hours after transfection, cells were washed and collected into a microcentrifuge
tube with 1 mL of PBS. Cells were then centrifuged at 500 x g for 5 min at 4° C. After this
step, cells were incubated with 300 pL of cytosolic extraction buffer (milliQ H.O, 50 mM
HEPES, 2 mM EDTA, 10mM NaCl, 250mM Sucrose, 2 mM DTT, 0.1% NP40) at 4° C for 5
minutes and then centrifuged at 3000 x g for 4 minutes. The supernatant (cytosolic extracts)
was collected into new tubes. An additional 150 pL of cytosolic buffer was added to wash the
pellet, centrifuged again under the same conditions and the supernatant discarded. Next, the
pellets were incubated with 100 pL of nuclear extraction buffer (milliQ H.O, 50 mM HEPES,
2 mM EDTA, 400 mM NaCl, 20% Glycerol, 2 mM DTT) at 4° C for 20 minutes, shaking occa-
sionally with the aid of the vortex every 5 minutes for approximately 10 seconds. A commer-
cial protease inhibitor cocktail (Abcam, Cambridge, United Kingdom) was added to both
buffers. Finally, the tubes were centrifuged at 10 000 x g for 10 minutes and the supernatant
(nuclear extracts) collected into new tubes. Protein concentrations were quantified using the
Bradford assay [123]. A standard curve with known concentrations of Bovine Serum Albu-
min [BSA, 0.125 to 2 pg/pL (G-Biosciences, USA)] was used to determine protein concentra-
tion. Samples were incubated with 200 pL of Bradford reagent (AppliChem Panreac, USA)
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for 10 minutes and absorbance was measured at 595 nm in a Victor 3v microplate reader

(Perkin-Elmer, USA).

2.6 Western Blotting

After protein quantification, 30 ug of total, cytoplasmatic and nuclear extracts were mixed
with 1x loading buffer (25% of Tris-HCl pH 6.8, 10% sodium dodecyl sulphate (SDS), 25%
glycerol, 20% B-mercaptoethanol, 0.008% bromophenol blue), incubated at 95° C for 5
minutes and at 4° C for 5 minutes. Samples were separated by SDS-PAGE in 4% v/v SDS-
acrylamide stacking gel electrophoresis and 10% v/v SDS-acrylamide stacking gel, at
120V for 80 minutes in running buffer (25 mM Tris, 190 mM glycine, 0.1% SDS). The
protein molecular marker used was the NZYColor Protein Marker II (Lisbon, Portugal).
Proteins were transferred to a nitro-cellulose membrane (Bio-rad, USA) at 100V for 1 hour
in transfer buffer (25 mM Tris, 190 mM glycine, 20% methanol). The efficiency of sample
transfer was confirmed by Ponceau S staining [1.4 mM Ponceau S (Amresco, Solon, OH,
USA), 5% acetic acid]. Membranes were washed with Tris-Buffered Saline with Tween 20
(TBS-T) (TBS 1x, 0,05% Tween-20) on a bench rocker 25 (Labnet, USA) at 80 rpm.
Membranes were blocked for 1 hour at room temperature with 5% non-fat dry milk in TBS-
T. After that, they were washed three times for 10 minutes each in TBS-T and then
incubated overnight at 4° C with the primary antibodies (Table 2.2), which were diluted
in 5% BSA, 0.05% sodium azide and TBS-T. Next day, membranes were washed three times
for 10 minutes and incubated for 2 hours at room temperature with the appropriate
secondary antibodies (Table 2.3), which were diluted in 5% non-fat dry milk in TBS-T. Then,
membranes were washed again for 10 minutes each and incubated for 1 minute with
Peroxidase and Luminol Solutions from PierceTM ECL Western Blotting Substrate
(Thermo Fisher Scientific, USA), and chemiluminescence was recorded in an

Amersham Imager 680 RGB (Cytiva, Marlborough, MA, USA).
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Table 2.2 — Primary antibodies used in this project.
Primary antibody | Dilution Manufacturer Reference
Anti-NKX6-2 .
(rabbit) 1:1000 Invitrogen, USA PA5-48988
Anti-GAPDH ) Santa Cruz Biotechnology,
(mouse) 1:1000 Dallas, USA 5¢-32233
Anti-PCNA ) Santa Cruz Biotechnology,
(mouse) 1:500 Dallas, USA 5¢-36
Table 2.3 — Secondary antibodies used in this project.
Secqndary Dilution Manufacturer Reference
antibody
Goat anti-Rabbit 1:10000 Thermo Fisher Scientific, A16096
IgG (H+L) Waltham, MA, USA
Goat anti-Mouse 1:10000 | Thermo Fisher Scientific, | A16066
IgG (H+L) Waltham, MA, USA

2.7 Statistical Analysis

Data were presented as the mean of at least 3 independent experiments + standard er-

ror (SEM). Statistical comparison between two groups was performed using the unpaired t-

test with Welch's correction and experiments involving more than two groups were ana-

lyzed by means of one-way ANOVA test followed by the Dunnett’s post hoc test. All statisti-

cal analyzes were performed with GraphPad Prism 9 (GraphPad Software Inc., San Diego,

CA, USA). P values lower than 0.05 were considered statistically significant (*P < 0.05; **P <
0.01; **P < 0.001; ***P <0.0001).
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RESULTS

3.1 NKX6-2 locates to the nucleus in a phosphorylation-
independent manner.

We developed six NKX6-2 mutants to inhibit (5246A, T252A, S246A/T252A and
Y238F) or mimic (5246D and T252D) phosphorylation. Wild-type (WT) NKX6-2 protein
showed exclusively nuclear localization as determined by both microscopy and western blot-
ting (Figure 3.1). No mutant altered the subcellular distribution of the protein. Despite this,
most of these mutations affecting the TAD domain considerably increased protein levels
compared to WT, as determined by both microscopy (Figure 3.1 A and B) and immunoblot-
ting (Figure 3.1 C and D) approaches. The phosphomimic 5246D showed significant increas-
es in NKX6-2-Venus levels by both microscopy and immunblotting, while the corresponding
phosphoresistant mutant S246A was the one that showed expression levels more similar to
the WT. The T252 mutants showed a strong tendency to higher protein levels, but it only
achieved significance in microscopy analysis (Figure 3.1 A and B). The SA/TA double mu-
tant shows levels of expression between S246A and T252A single mutants (Figure 3.1). The
Y238F mutant significantly increased the concentration of the NKX6-2 protein, presenting the
highest protein levels in both microscopy and immunoblotting experiments (Figure 3.1).

The fact that the S246 A phosphoresistant mutation demonstrates lower mean fluores-
cence than the corresponding phosphomimic mutation indicates that NKX6-2 phosphoryla-
tion in this residue could control protein stability or degradation. On the other hand, while
the T252A phosphoresistant mutation slightly increases fluorescence compared to the T252D
phosphomimic mutation, it does not present significant difference, suggesting that the phos-
phorylation of this residue is not directly involved in NKX6-2 stability or degradation. How-

ever, it cannot be ruled out that the alteration of this residue induces phosphorylation at S246
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or other structural changes that can influence indirectly the stability of NKX6-2. The results
of this study can also be partially seen in [81].
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Figure 3.1 — Nuclear expression of NKX6-2-Venus mutants in HeLa cells. Nuclear expres-
sion of NKX6-2-Venus mutants in HeLa cells. A) HeLa cells transfected with NKX6-2-Venus (WT) and
NKX6-2-Venus mutants (green) that inhibit (5246A, T252A, S246A/T252A and Y238F) and mimic
(S246D and T252D) phosphorylation. The nuclei were stained with Hoechst and outlined in the imag-
es (yellow). Images processed by image]. Scale bar = 20 pm. B) Graphical representation of the mean
fluorescence of all mutants compared to WT. Only the S246A mutant does not show a significant dif-
ference. The data was obtained using the "Analyze particles" function in image], processed in Excel
and formatted into a graph using GraphPad. Mean fluorescence was measured in n=4 independent
experiments of each construct, counting in total WT: 365 cells, S246A: 333 cells, T252A: 347 cells and
SA/TA: 384 cells. C) NKX6-2-Venus with the mutations of interest (57kDa) was detected in Western
Blots only in the nuclear extract using an anti-NKX6-2 antibody. The loading control of the cytoplas-
mic and nuclear extracts was carried out using GAPDH (36 kDa) and PCNA (35 kDa), respectively. D)
Quantification of NKX6-2 immunoblot bands of nuclear protein extracts from HeLa cells transfected
with 1pg of DNA. Results were normalized with respect to PCNA levels and with respect to the con-
trol group in each experiment. Optical band densities were measured in n = 9 independent experi-
ments for the WT and T252D mutant, n = 5 for the Y238F mutant, and n = 7 for the remainder of the
constructs. The statistical analysis used in both graphs was One Way ANOVA followed by Dunnett's
post hoc test and presented as mean + SEM. Asterisks indicate significance versus WT: *, p<0.05; **,
p<0.01, ****, p<0.0001.
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3.2 NKX6-2-Venus mutants cause abnormal nuclear mor-
phologies

Previous studies from our lab suggested that NKX6-2-Venus caused an abnormal
shape in cells that overexpressed it, compared to cells lacking the transgene [124]. The nuclei
of the human cervical cancer cell line HeLa are already known to have abnormal ellipsoids,
ridged or notched nuclear shapes [125]. However, cells transfected with NKX6-2-Venus
Wild-type tended to increase the percentage of abnormal nuclei from 51% to 64% (Figure
3.2). The T252D mutant further increased the percentage of abnormal nuclei to 77%, being
the mutation in which this event is most observed. The T252A, SA/TA and Y238F mutants
also increased the percentage compared to the nuclei without transfection but had similar
results to the NKX6-2-Venus Wild-type. The S246A and 5246D mutants remained at similar
levels to untransfected nuclei. The nuclear abnormality may be related to the increased con-
centration of proteins, as in some mutants with a high percentage of abnormal nuclei, there

are high levels of Venus fluorescence, that is, a higher concentration of proteins.
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Figure 3.2 — The NKX6-2-Venus-T252D mutation increases the percentage of abnormal
nuclei. A) Microscopy image of living HeLa cells transfected with NKX6-2-Venus. Normal nucleus
transfected with NKX6-2-Venus (WT) represented in white box and abnormal nucleus transfected
with the T252D mutant, represented in red box. B) The percentage of abnormal nuclei increases from
untransfected (-) nuclei to nuclei transfected with the protein in its wild-type (WT) form. The studied
S246 mutations do not considerably increase the number of abnormal nuclei, unlike T252 mutations,
especially T252D. SA/TA and Y238F increases the amount similarly to WT. Compared to nuclei with-
out tranfection, the T252D mutant shows a significant increase in abnormal nuclei (** p<0.01). The
data was analysed in n=4 and presented as mean + SEM and analyzed using One Way ANOVA fol-
lowed by Dunnett's post hoc test. Scale bar = 20 pm.
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A quantitative morphological analysis was performed based on microscopic experi-
ments, comparing the mutants with WT NKX6-2 (Figure 3.3). Regarding the area of the nu-
clei, the Y238F mutant demonstrated a significant increase, indicating larger than normal
nuclei. This result could be related to the increase in protein levels of this mutant (Figure
3.1). The perimeter was similar in most mutations, except for the SA/TA mutants, which
showed a slight but significant increase. The circularity of the nuclei appears to be affected in
the T252A and SA/TA mutants, decreasing considerably. This decrease in the circularity of
these mutants may be related to the slight, non-significant increase in the percentage of ab-
normal nuclei (Figure 3.2). The analysis of the solidity of the nuclei shows practically identi-

cal levels in all mutants.
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Figure 3.3 — The Y238F mutant has relatively larger nuclei, while SA/TA mutant demon-
strates increased perimeter and less circular nuclei, along with T252A. Y238F was the only
mutant to demonstrate a significant increase in area. The levels observed regarding the perimeter
showed little difference, with a significant increase in SA/TA. The circularity analysis demonstrates
that the T252A and SA/TA mutants obtained a decrease in this parameter and the solidity shows
similar levels in all mutants. The data were obtained using the “Analyze particles” function in image],
processed in Excel and formatted into graphs using GraphPad. The different parameters were meas-
ured in n=4 independent experiments of each construct, counting in total WT: 365 cells, S246A: 333
cells, S246D: 372 cells, T252A: 347 cells, T252D: 369 cells, SA/TA: 384 cells and Y238F: 402 cells. Data
are presented as mean + SEM and analyzed using One Way ANOVA followed by Dunnett's post hoc
test, asterisks indicate significance versus WT and the results were considered significant when the P
value <0.05 (**<0.01; ****<0.0001).
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3.3 NKX6-2 endogenous expression

Next, with the intention of developing a knockout cell model for NKX6-2, endoge-
nous expression of the protein was tested in 5 cell lines (HeLa, 10B1, HMC3, C6 and C6Sacs-/-).
The five strains tested showed bands at 29 KDa, compatible with the size of NKX6-2 (Figure
3.4).
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Figure 3.4 — Five cell lines express endogenous NKX6-2. HeLa cells without transfection show
expression of endogenous NKX6-2 (29kDa), 10B1 and HMC3 glial cells also express endogenous
NKX6-2 in agreement with these results. Finally, mouse C6 cells apparently show a weak expression
signal, unlike C6%acs/- cells, which demonstrate greater expression of the NKX6-2 protein. Charge con-
trol of the extracts was performed by GAPDH (36 kDa).

The 10B1 cells are a line of human glial precursor cells that express markers of imma-
ture glial cells [126] and may be useful for studying the role of precursor cells in SPAX8 and
other ataxias. As we had already seen that they expressed NKX6-2 (Figure 3.4), we decided
to analyze whether they also expressed other proteins involved in ataxias, neurodegenera-
tion and neuroinflammation (Figure 3.5). 10B1 cells were cultured and maintained in two
different ways: in culture medium with 10% FBS and in culture medium with 9% PAN + 1%
FBS. This second option would be a possibility to almost replace FBS completely with a syn-
thetic serum. Surprisingly, 10B1 cells did not express Nestin and S100B, typical of astroglia,
regardless of culture conditions. However, they expressed the ataxia-related chaperone Sac-
sin and the transcription factor STAT3, both of which are relevant to neuroinflammatory and
neurodevelopmental processes. Glial fibrillary acidic protein (GFAP) is a type III intermedi-
ate filament expressed by several CNS cell lineages, including astrocytes [82]. In 10B1 we
observed its expression, although it also presents some non-specific bands, probably associ-
ated with the dilution of the primary antibody. Vimentin is also an intermediate filament
that helps in the composition of the cytoskeleton, is expressed in a large part of mesenchymal

cells (data from Uniprot v2023) [75], overexpressed in carcinomas and possibly involved in
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tumor metastases. It shows slight expression only in 10B1 cells cultured and maintained in
10% FBS, indicating a low literal expression in these cells, however, when cultured in 9%
PAN + 1% FBS medium, they did not grow and multiply sufficiently, thus causing a de-

crease in protein that may not even be detectable.
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Figure 3.5 — Sacsin, STAT3, Vimentin and GFAP are expressed in 10B1 cells. Several
proteins were detected by Wester Blots from total protein extracts. In cells cultured and maintained
at 10%FBS, the proteins Sacsin, STAT3, Vimentin and GFAP were detected, while in cells cultured
and maintained at 9%PAN + 1%FBS, GFAP expression was not observed. Nestin and S100B were
not de-tected. Charge control of the extracts was performed by GAPDH (36 kDa).
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4

DISCUSSION

Practically all members of the NKX family have phosphorylation sites, except NKX1-
1 and NKX2-8. However, their function and biological activity remain poorly understood. To
investigate the effect of phosphorylation on NKX6-2 biology, point mutants were developed
to mimic or inhibit phosphorylation at the described sites. As phosphorylation can alter the
subcellular localization of proteins [109], the initial focus was to observe the influence of
phosphorylation on NKX6-2 trafficking. All NKX6-2 PTM mutants, as well as the wild-type
protein (WT), showed exclusive nuclear localization, which suggests that the mutations do
not affect the ability of the protein to enter or remain in the nucleus.

NKX6-2-Venus is located in the nucleus in the phosphorylated and dephosphorylated
mutants 5246 and T252, closest to the C-terminus part of the protein (Figures 3.1 A and C).
The S246A mutation showed less fluorescence than the other mutants (Figure 3.1 B), was
always less detected in the immunoblot bands (Figure 3.1 C and D) and thus obtaining
greater similarity with the WT. Of all the mutants studied, the S246A mutant is the one that
most resembles the NKX6-2 WT, both in mean fluorescence (Figure 3.1 A and B), expression
(Figure 3.1 C and D), abnormality of the nuclei (Figure 3.2), area, perimeter and circularity
(Figure 3.3) indicating that the inhibition of phosphorylation at this site does not have a great
influence on the behavior of the protein. The fact that the phosphomimic counterpart S246D
alters the mean fluorescence and expression levels indicates that phosphorylation of this res-
idue may be fundamental in the stability and/or degradation of NKX6-2. The specification of
MN s is promoted by the phosphorylation of a Serine residue in the transcription factor Ol-
ig2, while dephosphorylation of this same residue later in development imbalances oli-

godendrocyte production [127]. As NKX6-2 is directly involved with Olig2 to generate a di-
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vision between pMN and p3 progenitor cells [88], it is possible that its phosphorylation and
dephosphorylation at this residue also influences this process.

The T252A and T252D mutants have a tendency towards higher levels of protein in
terms of immunoblot bands (Figure 3.1 C and D) but it only achieves significance in fluores-
cence microscopy experiments (Figure 3.1 B). On the other hand, only the abnormality of the
T252D nuclei is significantly different between them (Figure 3.2). The phosphorylation of a
threonine at the C-terminus of phosphoprotein phosphatase-1 (PP1) has been associated with
an inhibitory effect of this protein, so the control of phosphatase activity is also regulated by
PTMs, which can result in various neuronal defects and the interruption of the cell cycle. It is
important to note that PP1 is responsible for catalyzing a variety of phospho-serine (pS) and
phospho-threonine (pT) dephosphorylation reactions in eukaryotes [128]. The differences
observed between phosphomimic (5246D and T252D) and phosphoresistant (5246A and
T252A) mutants in terms of protein expression give us the idea that phosphorylation can
modulate the stability of NKX6-2.

We developed the SA/TA phosphoresistant double mutant to observe the behavior
of the absence of phosphorylation in a mutant composed of two mutations already studied
and analyzed separately, in which opposite effects on NKX6-2 protein levels had already
been observed. The double mutant showed an expression level that was between the two
solo mutants (Figure 3.1). This result suggests complex interactions within the TAD, with the
possibility that multiple phosphorylation sites are involved in the regulation of NKX6-2 ex-
pression [129]. The Y238F mutant served to analyze the same hypothesis of repressive influ-
ence caused by the absence of phosphorylation, but in a region earlier than those we had
already analyzed and a little closer to the homeobox domain. This mutant maintains the sub-
cellular localization of protein in the nucleus and showed the highest increase in protein ex-
pression among the studied mutants (Figure 3.1). This clear increase observed only in this
mutant may be related to the increase in nuclear area (Figure 3.3) or vice versa, as higher
proteins tend to exceed the limits of the nuclei. On the other hand, the significant increase in
protein concentration in the Y238F mutant (Figure 3.1) may indicate a unique role for this
specific residue in regulating the stability or activity of NKX6-2.

As previously stated, the percentage of abnormal nuclei may be related to the in-
creased concentration of the NKX6-2 protein. The S246D mutation contradicts this observa-
tion, as it increases the levels of protein expression observed through the immunoblot bands

analyzed (Figure 3.1 C and D) but does not influence the shape of the nuclei compared to the
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non-transfected nuclei (Figure 3.2). This can be explained through a thorough analysis of all
the microscopic images obtained, in which we observed that protein expression was clearly
higher in nuclei that had a different shape, although this mutation did not significantly in-
crease the percentage of abnormal nuclei. In some specific locations in the nuclei, especially
abnormal ones, a slightly higher concentration of the protein is noted, possibly causing a
more visible immunoblot band to be detected. Another contradiction of this hypothesis is
highlighted by Y238F, which demonstrates very high levels of mean fluorescence (Figure 3.1
B) and nuclear expression (Figure 3.1 C and D) but is not the mutation with the highest per-
centage of abnormal nuclei (Figure 3.2). Analyzing all the microscopy images obtained, we
can notice that the cells transfected with Y238F presented abnormal nuclei always with high
protein expression, while many more circular nuclei were also observed, these with lower
protein expression. These data give us the idea that there are not so many abnormal nuclei,
but those that are present have a very high concentration of the NKX6-2 protein, increasing
the levels of media fluorescence and detection by immunoblot bands. Although this analysis
slightly helps us in understanding the data, the possible relationship between a potential
overexpression of NKX6-2 and nuclear morphology remains intriguing and further studies
are needed to elucidate the underlying mechanisms and potential consequences of these nu-
clear anomalies, so that a conclusive result can be obtained.

We have shown that other point mutations associated with SPAX8 could result in
NKX6-2 aggregation, some of them also close to the TAD. For example, R200W and L163V
are examples of mutations in the NKX6-2 protein that cause exclusively nuclear aggregates
[81]. Our PTM mutants do not produce protein aggregates, only greater protein
concentration in small specific points of the nuclei, but if it was the case of a protein with a
propensity to form aggregates, these aggregates would probably be more concentrated due
to their exclusively nuclear location, which would force the protein to focus only on this
space and not on the entire cell [81].

Hela cells showed endogenous NKX6-2 signal, although at lower levels than the ex-
ogenous NKX6-2 constructs. The behavior of our constructs should be analyzed in future
projects in the context of HeLa knocked out for NKX6-2, to ensure that endogenous NKX6-2
does not interfere with the results. However, we have studied the behavior of several
SPAX8-related mutants and each of them had specific features. The detection of endogenous
NKX6-2 expression in several cell lines, including HeLa, highlights the potential relevance of

NKX6-2 in different cell types (Figure 3.4). The expression of NKX6-2 in HeLa and 10B1 cells
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is intriguing and may indicate a previously unreported role for NKX6-2 in these cells. The
absence of typical astroglial markers (Nestin and S100B) in 10B1 cells, together with the ex-
pression of Sacsin and STAT3 (Figure 3.5), raises questions about the cellular identity of
these cells. This observation suggests that 10B1 cells may have a unique phenotype or differ-
entiation state that still requires further characterization. The expression of GFAP and Vi-
mentin in 10B1 cells (Figure 3.5) may reflect their mesenchymal characteristics. The various
expression patterns under different culture conditions should be further explored to better
understand the factors that influence these intermediate filaments in these cells, as interme-
diate filaments are normally important players in regulating the physiological properties of
cells, influencing cell motility and transduction signal [130].

All these results point to the complexity of the potential regulation of NKX6-2 by
PTMs and highlight the need for additional studies to understand the mechanisms underly-
ing our observations and the potential impact of this protein on cellular and pathological
processes. The phosphorylation sites of NKX6-2 have not been discovered in humans, but
they have the same conserved residues, so it is assumed that they can also be phosphory-
lated. An alternative way of analyzing NKX6-2 PTMs would be to combine immunoprecipi-
tation assays of this protein, whether exogenous or endogenous, with mass spectrometry
focused on the PTMs.

In the future, it would be interesting to develop the doubly phosphorylated SD/TD
mutant to get a full idea of the effect of double phosphorylation and dephosphorylation. Ac-
cording to what was observed in the S246D and T252D single mutants, we can suggest that a
doubly phosphorylated mutant maintains the level of expression between the levels that
were observed in the single mutants, as one is slightly more expressed than the other, just as
we found with the SA/TA dephosphorylated double mutant. However, as the T252D mutant
has the highest percentage of abnormal nuclei, we can also assume that a double mutant will
increase this percentage even more and, consequently, the level of expression. SA/YF and
TA/YF are other phosphoresistant double mutants that would probably yield important
information. We can assume that the SA/YF mutant would slightly increase the expression
level compared to the simple S246 A mutant, since it has low protein detection, while a great-
er increase in the expression level would be expected in TA/YF, due to the strength of ex-
pression already observed in T252A and mainly in Y238F. In this line of phosphoresistant
mutants, it would also be interesting to develop a triple dephosphorylated SA/TA/YF mu-

tant, which would hypothetically increase the level of expression and the mean fluorescence
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beyond what was observed in the single Y238F mutant, which presented the strongest effects
in terms of protein expression. In this case, perhaps S246A would not have a major influence
on expression levels, since the other two mutants T252A and Y238F are highly expressed.
Next, luciferase assays with the luciferase gene under the control of a NKX6-2 response ele-
ment should be carried out to evaluate the actual role of PTMs in NKX6-2 transcriptional
activity.

As mutations in the TAD clearly modify the levels of the NKX6-2 protein, these ef-
fects may be indicative of a general relevance of the charges or structure of this domain in
the stability of the protein, therefore developing mutants at other sites with S, T and Y resi-
dues or even in other amino acids it would be interesting to observe expression levels across
the entire domain. As a continuation of the work developed in this thesis and in the article
[81], we can explore the effect of NKX6-2 PTMs on the stability and aggregation of the pro-
tein, as several mutations related to SPAX8 have already been described and analyzed, some
of them with low expression levels and others that cause aggregates. One way to do this
would be to develop SPAX8-related mutants that are also mutated to mimic or inhibit phos-

phorylation at the specific points we have already studied.
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IE

CONCLUSIONS

The results of our study lead us to the following conclusions:

e NKX6-2 phosphorylation does not regulate its nuclear localization.

e Mutations that affect the TAD domain substantially increase NKX6-2 protein levels,
suggesting a role for this domain in the stability or degradation of this protein.

e Opverexpression of NKX6-2 and some PTM mutants induces anomalies in nuclear
morphologies.

e HelLa, 10B1, HMC3 and C6 cell lines express endogenous NKX6-2.
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