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Abstract 

TDP-43, a RNA-binding protein (RBP) involved in different steps of RNA metabolism, 

forms pathological aggregates in affected tissues of the majority of amyotrophic  

lateral sclerosis (ALS) patients and of a subset of frontotemporal dementia (FTLD) 

cases. Our group has recently demonstrated that TDP-43 regulates the alternative 

splicing of several pre-mRNAs related to neuronal metabolism, including TNIK, 

encoding for a Ser/Thr kinase highly expressed in the brain. TDP-43 promotes the 

skipping of TNIK alternative exon 15, which encodes for a 29-amino-acid sequence 

in a region of the protein with unknown function. The TNIK gene was found to be 

genetically associated to psychiatric disorders, such as schizophrenia, as a risk 

factor, and to intellectual disability for null-mutations. In neurons, TNIK is involved in 

regulating different processes, including synapse formation, dendrite arborization 

and neurogenesis.  

In this study, our first aim was to investigate the regulation of TNIK exon 15 

alternative splicing during neuronal differentiation in order to better characterize the 

role played by the ubiquitously expressed and ALS/FTLD-associated TDP-43 

splicing factor in a neuronal context. Our second aim was to investigate if the specific 

expression of TNIK exon15-cointaining (TNIKex15) protein isoforms may be 

important to maintain TNIK physiological function in neurons, mainly focusing on its 

activity in neurite development.  

We first observed that TNIK exon 15 alternative splicing was differently regulated in 

human adult tissues and TNIKex15 isoforms were exclusively expressed in brain,  

spinal cord and skeletal muscle. Given the prevalent expression of TNIKex15 

isoforms in the central nervous system, we further investigated this alternative 

splicing event in in vitro models to evaluate its regulation during the neuronal 

differentiation process. We found a significant increase of TNIKex15 transcripts in 

both SK-N-BE cells treated with retinoic acid and in human iPSCs differentiated into 

neurons. Moreover, TNIKex15 protein isoforms were specifically expressed in 

neuron-differentiated cells showing a prevalent perinuclear distribution in 

immunofluorescence analyses.  

Since we previously showed that TNIK exon 15 inclusion increases upon TDP-43 

knock-down, we measured TDP-43 protein content during neuronal differentiation in 

vitro but we found no changes. We therefore investigated the possible involvem ent 

of the neuron-specific splicing factor NOVA-1, specifically expressed in our neuron-

differentiated cells, in regulating TNIK processing. In HEK293T cells, NOVA-1 over-

expression increased TNIK exon 15 inclusion without negatively affecting TDP-43 

protein content compared to mock-transfected cells. Furthermore, by minigene 

splicing assays we evaluated the NOVA-1 interplay with TDP-43 in regulating TNIK 

exon 15 splicing. In this analysis, we also included hnRNPA2/B1, an ubiquitous RBP 

that co-operates with TDP-43 in regulating its splicing activity and that we found to 

promote TNIK exon 15 skipping, similarly to TDP-43. In competition assay with TDP-
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43 and hnRNPA2/B1, NOVA-1 completely abrogated their exon skipping activity on 

TNIK gene interacting with TDP-43 and hnRNPA2/B1 proteins in a RNA-dependent  

manner.  

As our results suggested a neuronal relevance for TNIKex15 protein isoforms, we 

further investigated the specific function of these isoforms in neurite development in 

murine primary cortical neurons. TNIKex15 over-expression negatively affected 

neurite development, reducing neurite number, as already describe in literature.  

When we analyzed TNIKex15-expressing neurons, we observed reduced filopodia 

number at growth cones, reduced soma area and filamentous actin (F-actin) levels  

compared to control cells. In contrast, upon TNIK exon 15-deleted (TNIKΔ15) over-

expression, we found similar neurite development, soma and growth cones 

morphology and F-actin levels to control cells and also to TNIK KM, a TNIK mutant 

with a defective kinase activity. Moreover, TNIKex15 over-expression affected cell 

spreading in HEK293T cells that showed a prevalent round morphology compared 

to control cells. In contrast, TNIKΔ15-expressing cells presented an intermediate 

phenotype. 

In conclusion, our study has demonstrated that TNIKex15 isoforms are specifically 

expressed in neuronal tissues and during neuronal differentiation in vitro and that 

these isoforms show a specific function in regulating neurite development ,  

influencing F-actin organization. Moreover, the neuron-specific splicing factor 

NOVA-1, probably promoting the formation of new ribonucleoprotein complex(es) 

with the ubiquitous splicing factors TDP-43 and hnRNPA2B1, acts as “silencer” of 

their splicing inhibitory activity on TNIK pre-mRNA.  

These results suggest that investigating NOVA-1/TDP-43 competitive mechanism 

also for other TDP-43 splicing targets may further help the understanding of TDP-43 

splicing activity in a neuronal environment and in ALS/FTD diseases. 



III 
 

Riassunto 

TDP-43, una proteina legante gli RNA e coinvolta in diversi step del metabolismo 

degli RNA, forma aggregati patologici nei tessuti affetti della maggior parte dei 

pazienti colpiti da sclerosi laterale amiotrofica (SLA) e in un sottogruppo di pazienti 

con demenza frontotemporale (FTD). Il nostro gruppo ha recentemente dimostrato 

che la proteina TDP-43 regola lo splicing alternativo di diversi geni coinvolti nel 

metabolismo neuronale, compreso TNIK, che codifica per una serina/treonina 

chinasi, espressa ad alti livelli nel cervello. TDP-43 favorisce l’esclusione dell’esone 

alternativo 15 di TNIK, codificante per una sequenza di 29 amminoacidi contenuta 

in una regione della proteina con funzione ancora ignota. Il gene TNIK è stato 

geneticamente associato come fattore di rischio a disordini psichiatrici, come la 

schizofrenia, e come fattore causativo a ritardo mentale (ID). A livello neuronale, la 

proteina TNIK è coinvolta nella regolazione di diversi processi, come la formazione 

delle sinapsi, l’arborizzazione dendritica e la neurogenesi.  

In questo studio, il nostro primo obiettivo è stato indagare la regolazione dello 

splicing alternativo dell’esone 15 di TNIK durante il differenziamento neuronale, al 

fine di caratterizzare ulteriormente il ruolo svolto dal fattore di splicing TDP-43,  

espresso in modo ubiquitario e associato a SLA/FTD, in un contesto neuronale.  

Inoltre, il nostro secondo obiettivo è stato indagare se l’espressione delle isoforme 

proteiche di TNIK che includono l’esone 15 (TNIKex15) possa essere importante per 

mantenere le funzioni svolte da TNIK nella regolazione dello sviluppo dei neuriti in 

neuroni corticali primari. 

Abbiamo osservato che lo splicing alternativo dell’esone 15 di TNIK è regolato 

diversamente nei tessuti umani di adulto e che le isoforme TNIKex15 sono espresse 

in modo esclusivo nel cervello, nel midollo spinale e nel muscolo scheletrico. Data 

la prevalente espressione di tali isoforme nel sistema nervoso centrale, abbiamo 

ulteriormente indagato questo evento di splicing alternativo in modelli in vitro per 

valutare la sua regolazione durante il processo di differenziamento neuronale.  

Abbiamo osservato un incremento significativo dell’espressione delle isoforme 

TNIKex15 sia in cellule SK-N-BE trattate con acido retinoico che in cellule iPS 

differenziate in neuroni. Inoltre, a livello proteico, le isoforme TNIKex15 sono 

espresse in modo specifico nelle cellule neuronali differenziate, mostrando una 

localizzazione prevalentemente perinucleare in analisi di immunofluorescenza. 

Nel nostro precedente studio avevamo dimostrato che, in condizioni di silenziamento 

di TDP-43, aumenta l’inclusione dell’esone 15 di TNIK. Durante il differenziamento 

neuronale in vitro, tuttavia, a fronte di un’aumentata espressione delle isoforme 

TNIKex15, non abbiamo osservato una riduzione del contenuto proteico di TDP-43.  

Pertanto abbiamo indagato il potenziale ruolo nella regolazione dell’esone 15 di 

TNIK del fattore di splicing neuronale specifico NOVA-1, espresso in modo specifico 

solo nelle nostre cellule neuronali differenziate dove è maggiore l’espressione delle 

isoforme TNIKex15. In cellule HEK293T, l’over-espressione di NOVA-1 determina 
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un aumento dell’inclusione dell’esone 15 di TNIK senza influenzare in modo negativo 

il contenuto proteico di TDP-43 rispetto alla condizione di controllo. Inoltre, mediante 

saggi di minigene, abbiamo valutato l’interazione di NOVA-1 con TDP-43 nella 

regolazione dello splicing dell’esone 15 di TNIK. In questa analisi, è stata inclusa 

anche hnRNPA2/B1, una proteina legante gli RNA ubiquitaria che coopera con TDP-

43 per regolarne la sua attività di splicing, e abbiamo dimostrato che favorisce 

l’esclusione dell’esone 15 di TNIK, similmente a TDP-43. In saggi di competizione 

con TDP-43 e hnRNPA2/B1, la proteina NOVA-1 sopprime completamente la loro 

attività di inibitori di splicing, legando TDP-43 e hnRNPA2/B1 in modo RNA-

dipendente. 

Poiché i nostri risultati suggeriscono un’importanza a livello neuronale delle isoforme 

TNIKex15, abbiamo indagato ulteriormente la funzione specifica di tali isoforme 

proteiche durante lo sviluppo neuritico di neuroni corticali primari di topo. L’over-

espressione dell’isoforma TNIKex15 influenza negativamente lo sviluppo neuritico, 

riducendo il numero di neuriti, come già osservato in letteratura. Inoltre, analizzando 

il soma e i coni di crescita dei neuroni esprimenti l’isoforma TNIKex15, abbiamo 

osservato una riduzione del numero dei filopodi dei coni di crescita, dell’area del 

soma e ridotti livelli di actina filamentosa (F-actina) rispetto ai neuroni di controllo. 

Diversamente, in condizione di over-espressione dell’isoforma di TNIK deleta 

dell’esone 15 (TNIKΔ15), lo sviluppo neuritico, la morfologia del soma e dei coni di 

crescita e i livelli di F-actina risultano comparabili a quelli di neuroni di controllo o 

transfettati con il costrutto TNIK KM mutagenizzato in modo da perdere l’attività 

chinasica. Inoltre, l’over-espressione dell’isoforma TNIKex15 determina 

cambiamenti della morfologia anche di cellule HEK293T, che mostrano una forma 

prevalentemente circolare rispetto alle cellule di controllo. Di contro, l’over-

espressione dell’isoforma TNIKΔ15 mostra un fenotipo intermedio. 

In conclusione, il nostro studio ha dimostrato che le isoforme TNIKex15 sono 

espresse in modo specifico nei tessuti neuronali e durante i l differenziamento 

neuronale in vitro e che tali isoforme mostrano una specifica funzione nella 

regolazione dello sviluppo neuritico, influenzando l’organizzazione dell’actina 

filamentosa. Inoltre, il fattore di splicing neuronale specifico NOVA-1, probabilmente 

favorendo la formazione di nuovi complessi ribonucleoproteici con i fattori di splicing 

ubiquitari TDP-43 e hnRNPA2/B1, agisce come “silenziatore” della loro attività d i 

splicing sul pre-mRNA di TNIK.  

Questi risultati suggeriscono che un’indagine più approfondita del meccanismo di 

competizione tra le proteine NOVA-1 e TDP-43 anche in riferimento ad altri target di 

TDP-43, potrebbe chiarire ulteriormente l’attività di splicing di TDP-43 in un ambiente 

neuronale e in associazione alle patologie SLA e FTD.  
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Abbreviation 

 

ALS  Amyotrophic lateral sclerosis 

CTD  C-terminal domain 

DISC1  Disrupted in schizophrenia 1 

F-actin  Filamentous actin 

FTLD  Frontotemporal lobar degeneration 

hnRNP  Heterogeneous nuclear ribonucleoprotein 

iPSCs  Induced pluripotent stem cells 

NES  Nuclear export signal 

NLS  Nuclear localization signal 

NOVA  Neuro-oncologic ventral antigen 

NSCs  Neural stem cells 

NTD  N-terminal domain 

RNP  RNA binding protein 

RRM  RNA-recognition motifs 

TDP-43  TAR-DNA Binding Protein 43 kDa 

TNIK  Traf2- and NcK-interacting kinase 
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1 INTRODUCTION 
 

 

1.1 The DNA/RNA binding protein TDP-43 
 

1.1.1 TDP-43 protein structure and physiological functions 
  

TAR-DNA Binding Protein 43 kDa (TDP-43) is a DNA/RNA binding protein 

(RBP) ubiquitously expressed and first described in 1995 as a transcriptional 

repressor of the Human Immunodeficiency Virus Type 1 (HIV-1) gene [1]. 

The human TDP-43 protein, encoded by the TARDBP gene located on 

chromosome 1p36.22, is composed of 414 amino acids and belongs to the 

heterogeneous nuclear ribonucleoprotein (hnRNP) family. Similarly to the 

hnRNP proteins, TDP-43 primary amino acid structure (Figure 1.1) includes 

an N-terminal domain (NTD, 1-106 amino acids), two RNA-recognition motifs 

(RRM), RRM1 (106-176 amino acids) and RRM2 (191-262 amino acids), and 

a C-terminal domain (CTD, 263-414 amino acids). The NTD, stably folded, 

is involved in TDP-43 homodimers formation and it is important for TDP-43 

physiological functions, such as splicing activity [2–4]. TDP-43 binds the 

DNA/RNA targets preferentially recognizing the (TG)n/(UG)n consensus 

sequences with a minimum of six repeats and the binding affinity increases 

together with the repeat number [5]. The RRM1 domain has a higher affinity 

to DNA/RNA binding, while the RRM2 domain is less involved, in fact RRM2 

deletion or mutations weakly affect TDP-43 ability to recognize the targets 

[5]. Although its role is not still completely clear, the RRM2 domain seems to 

be important for the correct TDP-43-RNA complex formation by interacting 

with the RRM1 domain [6].  
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Within the NTD, a nuclear localization signal (NLS, 82-98 amino acids), 

important for TDP-43 nuclear import, is present, while a nuclear export signal 

(NES, 239-250 amino acids) located within the RRM2 domain is needed for 

TDP-43 export to the cytoplasm [7]. The CTD, including a Glycine-rich region 

(274-414 amino acids), has a low complexity composition and it is primarily 

disordered [8]. It is mainly involved in TDP-43 interaction with other proteins 

and in RNA processing [9,10]. This region is also rich in Glutamine (Q) and 

Asparagine (N) residues (321-366 amino acids) and it is described to act as 

a prion-like domain that promotes TDP-43 self-association and aggregation 

in vitro and both in yeast and in cellular cultures [11–15]. 

TDP-43 is mainly localized in the nucleus and only about 10% of the protein 

shows a cytoplasmic localization. It is involved in the regulation of several 

biological processes in both the nucleus and the cytoplasm, playing a crucial 

role in different steps of RNA metabolism (Figure 1.2). 

The TDP-43 protein was first described to regulate the transcription process, 

mostly as a transcriptional repressor. In fact, TDP-43 represses the 

expression of the HIV-1 gene when it binds to the viral TAR DNA sequence 

[1] and it also binds to the promoters of the murine testis-specific Acrv1 gene 

and of the human and rat VPS4B gene to repress their expression [16,17]. 

Figure 1.1 TDP-43 protein structure. Schematic representation of the TDP-43 

protein that includes the nuclear localization signal (NLS) in the N-terminal domain,  

the two RNA recognition motifs (RRM1 and RRM2), the Glycine-rich (Gly-rich) 

region, including the prion-like domain (PrLD), within the C-terminal region and the 

nuclear export signal (NES) inside the RRM2 domain. 
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The TDP-43 role in the regulation of transcription process is also supported 

by the described association of TDP-43 with euchromatinic region in both 

human brain [18] and cell cultures [19]. 

Besides this role as transcription regulator, TDP-43 is mostly characterized 

as an alternative splicing regulator and this function will be deeply described 

in the paragraph 1.1.2.  

TDP-43 is also involved in the regulation of the non-coding RNAs, as 

microRNAs (miRNAs) and long-non-coding RNAs (lncRNAs). TDP-43 plays 

a role in miRNAs processing, as it is a component of both Drosha and Dicer 

complexes involved in miRNAs maturation in the nucleus and in the 

cytoplasm, respectively [20]. Moreover, our group demonstrated that TDP-

43 knock-down in cellular models is associated to an increased DICER1 

expression both at transcript and protein levels [21]. TDP-43 regulates 

miRNAs processing also binding directly their precursors and many studies 

reported dysregulated levels of several miRNAs, such as let-7b, miR-9, miR-

1/miR-206, miR-520, miR-132, miR-663, miR-588, miR-143, miR-NID1 and 

miR-574, in condition of TDP-43 depletion [20,22–26]. Nowadays, few 

lncRNAs were identified to be regulated by TDP-43, as gadd7 [27], MALAT1 

[28,29], NEAT 1_2 [28] and lncLSTR [30].  

In the cytoplasm, TDP-43 participates to the regulation of mRNA stability, 

transport and translation. Like many RBPs, in order to regulate mRNA 

stability, TDP-43 binds to the 3’UTR of its mRNA targets, among which 

VEGFA and GRN, identified by our group [31], Add2 [32] and IL-6 [33] were 

experimentally validated.  

TDP-43 role in mRNA transport is mostly studied in neurons, high polarized 

cells where mRNA transport into dendrites or axons is fundamental for the 

neuronal metabolism [34]. In primary murine motor neurons and human 

iPSC-derived motor neurons, TDP-43 was described to be transported along 

axons in RNA granules, where it colocalizes with other RBPs, such as SMN, 
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FMRP and Staufen, and with specific transcripts, including the neurofilament 

NLF, βactin and CAMKII mRNA [35–37].  

TDP-43 role in mRNA transport is supposed to be closely associated to the 

regulation of local mRNA translation that is experimentally supported by 

proteomic studies that described TDP-43 association with the translation 

machinery [38]. Moreover, TDP-43 was described to repress translation in in 

vitro assay [35] and the futsch mRNA, the Drosphila homolog of mammalian 

Map1b, and the murine Rac1 mRNA have been identified as specific TDP-

43 targets, regulated at translational level [39-42]. Map1b and Rac1 play a 

important role in neuromuscular junction organization and spinogenesis, 

suggesting that TDP-43 regulatory activity is also involved in these neuronal 

processes. Another evidence of TDP-43 involvement in translation control is 

the observation that, under acute stress condition, TDP-43 protein is 

recruited into the stress granules (SGs) [43], cytoplasmic foci composed of 

mRNAs, ribosomal subunit 40S, translation initiation factors and other RBPs, 

that temporary sequester housekeeping mRNAs and block their translation 

to improve the stress-response proteins expression that helps the cells to 

effort the stress. 

 

 

Figure 1.2 TDP-43 cellular functions. Schematic diagram of TDP-43 nuclear and 

cytoplasmic functions. The RNA targets of TDP-43 that have been validated are 

reported in the boxes below each function. This figure is adapted from Ratti and 

Buratti, Journal of Neurochemistry, 2016 (doi: 10.1111/jnc.13625) 
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1.1.2 TDP-43 protein as an alternative splicing regulator 
 

Given its main nuclear localization, the TDP-43 protein is widely studied for 

its regulatory activity in the splicing process. The first identified TDP-43 

splicing target was the human CFTR gene, as, in condition of TDP-43 

depletion, the CFTR exon 9 inclusion increases [44]. Since in 2006, TDP-43 

protein was described as the major component of the neuropathological 

aggregates present in the affected neurons of amyotrophic lateral sclerosis 

(ALS) and frontotemporal lobar degeneration (FTLD) patients [45,46], a 

plethora of high-throughput studies have attempted to define the splicing 

alterations following a TDP-43 dysfunction in ALS/FTLD human and murine 

disease models [28,47–49]. All these approaches defined that many 

alternative splicing events regulated by TDP-43 occur within transcripts with 

an important function in neuronal metabolism. Additionally, further gene-

specific analyses and biological validation led to the identification of apoA-II 

[50], POLDIP3/SKAR [51, 52], BCRA1, ETF1 [53], STAG2, MADD [54], 

SORT1 [55,56] and TNIK, described by our group in [21], as direct splicing 

targets regulated by TDP-43. TDP-43 binds also its own pre-mRNA in the 

3’UTR region [48,57] and it induces the spliceosome assembly at the 

normally silent intron 7 leading to a differential use of polyadenylation sites, 

that results in decreased TDP-43 mRNA and protein content [57–59]. Using 

this auto-regulatory mechanism, TDP-43 is able to maintain its own protein 

content at physiological levels in cells. 

The TDP-43 RRM1 domain preferentially binds the pre-mRNA splicing 

targets at UG-rich sequences, repeated in tandem or in clusters, that are 

mainly localized in intronic regions [5]. The consensus binding sites seem to 

influence TDP-43 splicing activity based on their position [28], supporting the 

hypothesis of a position-dependent regulation similarly to the neuronal RBP 

NOVA-1 [60]. In fact, analysis of cross-linking clusters of TDP-43 RNA 
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targets suggests that TDP-43 preferentially promotes exon inclusion when it 

binds to UG-rich motifs located within the first 150 nucleotides of the 

downstream intron, while if these consensus binding sites are located in the 

first 150 nucleotides upstream from or within the regulated exon, TDP-43 

seems to act promoting exon skipping [28]. In addition, UG-rich sites in a 

deep position (150-500 nucleotides) in the downstream intron are 

preferentially associated to TDP-43 exon skipping activity [28].  

However, the TDP-43 splicing activity is not exclusively dependent on the 

consensus binding site position, but also the interplay with other RBPs 

modulates TDP-43 splicing regulation. Proteomic studies have identified 

more than 100 potential protein interactors of TDP-43 and most of them have 

a described function in RNA metabolism [38,61,62]. Among this array of 

interactors, many of the validated TDP-43 binding partners are members of 

the hnRNP family, such as hnRNPA2/B1, hnRNPA1 [9], hnRNPA2 [10], 

hnRNPH, hnRNPK and hnRNPQ [38, 61]. The TDP-43 ability to interact with 

the hnRNP proteins was shown to be associated with its inhibitory splicing 

activity, as described for CFTR exon 9 skipping that does not occur if TDP-

43 interaction with hnRNPA2 is disrupted [9,10]. The Q/N-rich region (321-

366 amino acids) of TDP-43 protein is indispensable for the interaction with 

the hnRNPs A2/B1 and A1, defining in this way a role also for the C-terminal 

tail in splicing regulation [9,10]. The interaction with hnRNP proteins seems 

to be less important when TDP-43 acts promoting exon inclusion, as 

described for the regulation of POLDIP3/SKAR exon 3 that is not affected by 

mutant TDP-43 deleted of the Q/N-rich region [51]. Moreover, the DAZAP1 

protein was described as a TDP-43 splicing modifier competing with TDP-43 

for the binding to the pre-mRNAs [63].  

Recently, some studies have defined a role in TDP-43 splicing regulation for 

the NTD. Biochemical and biophysical approaches demonstrated that the 

NTD is able to form homodimers and tetradimers [3,64], and mutations in 
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NTD, disrupting TDP-43 monomeric folding and/or homodimerization, affect 

CFTR exon 9 inclusion mimicking the TDP-43 loss-of-function condition in 

cellular models [2–4].  

Based on all these findings, TDP-43 splicing activity is defined by regulatory 

mechanisms including both the binding to specific RNA sequences of the 

targets and the interplay with several RBPs. 

 

1.1.3 TDP-43 involvement in human diseases  

 
TDP-43 protein has been widely associated to the neurodegeneration 

process since the wild-type form was described as a component of the 

neuropathological aggregates in the affected tissues of ALS and FTLD 

patients [45,46]. TDP-43-positive pathological inclusions are, in fact, 

observed in the majority of ALS patients (97%) and in about 45% of FTLD 

cases, independently on their familial or sporadic etiology [65]. The affected 

neuronal cells with TDP-43 aggregates usually show a concomitant depletion 

of the nuclear TDP-43 protein content [45,46]. It is still a debated issue if 

TDP-43 pathology is dependent on a loss of the nuclear TDP-43 functions 

(loss-of-function) or on a toxic effect of the cytoplasmic aggregates (gain-of-

function) or if both mechanisms contribute to the pathology even if in a not 

temporally linked manner [66, 67]. The loss-of-function mechanism has been 

largely investigated by the TARDBP gene silencing in both cellular and 

animal models, studying the effects on the transcriptome (splicing and gene 

expression changes) [21,28,47–49]. As regards the gain-of-function 

hypothesis, unfortunately the molecular mechanisms that lead to the 

aggregates formation still remain unknown. The TDP-43 prion-like domain is 

mainly described to induce self-aggregation due to its biophysical properties 

[12], although recent studies identified a role also for the NTD [68,69]. 

Considering that TDP-43 is recruited into the SGs [43], one hypothesis is that 
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the aggregates would derive from SGs, that persist in the cytoplasm because 

of an impairment of their dynamics that may occur in condition of prolonged 

stress [70]. Recently, liquid-liquid phase separation (LLSP), a process that 

regulates the dynamics of membrane-less organelles, such as RNP 

granules, has been described to drive physiologically TDP-43 liquid droplets 

formation. A LLSP impairment would also lead to persistent TDP-43 liquid 

droplets, that may be precursors of the pathological TDP-43 aggregates [71]. 

According to another hypothesis, TDP-43 aggregation would be linked to 

many other cellular dysfunctions, such as an impairment of 

autophagic/proteasome pathways, an aberrant TDP-43 cleavage or an 

unbalanced increase of the physiological TDP-43 protein levels [72]. 

Furthermore, the maintenance of the physiological expression levels and of 

the correct balance of TDP-43 nucleo/cytoplasm protein content is finely 

regulated in healthy cells and alterations of nucleo-cytoplasm transport lead 

to a TDP-43 mislocalization in the cytoplasm that may represent the first step 

of pathological aggregate formation [73]. On another hand, few studies 

support the hypothesis of a protective role of the TDP-43 protein inclusions. 

In fact, especially in the first stage of the disease, the TDP-43 aggregates 

and the reduction of soluble nuclear protein could be protective, preventing 

TDP-43 aberrant binding and functions [74].  

Additionally to the self-association, TDP-43 is also described to co-aggregate 

with other RNA-binding proteins, such as the RBM45 protein that colocalizes 

with TDP-43 inclusions in the affected tissues of ALS and FTLD patients [75] 

and the RPBs RBM14, NonO and PSF that co-aggregate with TDP-43 in 

cellular models of TDP-43 pathology [76]. Recently, Disrupted in 

schizophrenia 1 (DISC1), a key protein in schizophrenia pathology with a role 

in mRNA transport into dendrites and local translation [77,78], has been also 

described to co-aggregate with TDP-43 both in affected neurons of FTLD 

patients and in mice models with TDP-43 inclusions [78]. The sequestration 
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of other proteins in the pathological TDP-43 aggregates suggests that also 

these proteins may influence the neurodegenerative process, although the 

mechanisms involved are still unclear.  

As TDP-43 contains a simil-prionic domain, the hypothesis that TDP-43 

aggregates may propagate from the affected cells to the neighboring healthy 

ones through a prion-like mechanism is also supported, thus accounting for 

the spreading of the neurodegenerative process [79 ,80]. 

In the pathological aggregates, TDP-43 is post-translationally modified and, 

in particular, it is described to be ubiquitinated, phosphorylated, acetylated 

and cleaved in C-terminal fragments (25 kDa and 35 kDa) [45,46,81–83]. 

The role of these modifications in the process of aggregation is not well 

defined yet and need to be further studied. 

In 2008, mutations in the TARDBP gene were discovered as causative of 

about 5% of familial ALS and FTLD forms and of very few sporadic 

ALS/FTLD cases, establishing a direct link between TDP-43 and ALS/FTLD 

pathogenesis [84–86]. To date, more than 50 TARDBP mutations have been 

reported occurring mostly in exon 6 that encodes for the CTD [87].The 

functional consequences of the TARDBP mutations appear to be mainly 

related to increased TDP-43 self-aggregation propensity and half-life or 

altered stress granules dynamics, TDP-43 subcellular distribution and 

protein-protein interaction [8,14,88,89]. Regarding the splicing activity, one 

group evidences dysregulation of a set of the TDP-43 splicing targets in a 

TDP-43-mutated mouse model [90], while other experimental findings 

described a very slight splicing alteration associated to TARDBP mutations 

[51,91] and we did not identify splicing dysfunction in fibroblasts derived from 

TARDBP mutated ALS patients [21]. 

TDP-43 protein is also associated to other diseases, as the presence of TDP-

43 pathological inclusions has been described in Alzheimer’s Disease [92], 

Guam Parkinsonism-dementia [93], Lewy bodies Disorders [94], 
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Hippocampal Sclerosis [95], Perry Sindrome [96], Corticobasal 

Degeneration, Facial Onset sensory and Motor Neuronopathy [97], 

Niemann-Pick C disease [98], Progressive Muscular Atrophy [99], Inclusion 

Body Myositis [100] and Fascioscapulohumeral Dystrophy [101].  

Finally, in the brain tissues of a small group of aged healthy individuals, TDP-

43 aggregates were described, suggesting a potential involvement of TDP-

43 in the aging process [102]. 

 

 

1.2 The protein kinase Traf2- and NcK-interacting 

kinase (TNIK) 
 

1.2.1 TNIK protein structure and its splicing regulation by 

TDP-43 protein 
 

The human TNIK gene on chromosome 3q26.21 encodes for a 

serine/threonine kinase classified as member of the germinal center kinase 

(GCK) family, a subgroup of the Ste20 family. It is a 130 Kda protein with two 

functional domains, an N-terminal kinase domain (25-289 amino acids) and 

a regulatory citron homology domain (CNH) (1047-1334 amino acids) located 

in the C-terminal region (UniProtKB-Q9UKE5) (Figure 1.3). The N-terminal 

and C-terminal domains are linked by a long intermediate region (290-1046 

amino acids) where no functional domains are annotated and whose 

biological significance is still unclear.  

The human TNIK gene is composed of 33 exons, among which three 

alternative exons (exon 15, 17 and 22) encode for amino-acid sequences 

inserted in frame in TNIK intermediate region. The combination of the 

alternative splicing of these three exons results in eight different isoforms 

(Figure 1.3) described, for the first time, in 1999 by Fu et al [103]. To date, 
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no studies have identified the splicing regulation of the exon 17 (165 

nucleotides) and 22 (24 nucleotides), while exon 15 (87 nucleotides) is 

regulated by TDP-43 RBP. By iCLIP-Seq, Tollervey et al identified an 

increase of TNIK exon 15 inclusion both in brain tissues of FTLD patients 

showing a TDP-43 pathology and in cellular models of TDP-43 depletion [28]. 

By exon array analysis, in condition of TDP-43 knock-down, mimicking a 

loss-of-function as in ALS disease, our group confirmed and further analyzed 

this alternative splicing event to demonstrate a direct effect of TDP-43 on 

TNIK exon 15 skipping [21]. By immunoprecipitation of endogenous TDP-43-

ribonucleoprotein complexes in human neuroblastoma cells, we also 

demonstrated that TDP-43 binds TNIK pre-mRNA. 

 

 

Figure 1.3 Schematic representation of TNIK protein isoforms. The graphic  

representation shows the functional domains of TNIK protein (N-terminal Kinase 

domain and C-terminal CNH domain) and the intermediate region. Three alternative 

exons (orange and yellow boxes) in the intermediate region are spliced in different  

combination and define eight different TNIK isoforms. Four of them contain the 

amino-acid region encoded by exon 15 (orange box). 
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We also observed that, in neuroblastoma cells silenced for TDP-43, the over-

expression of siRNA-resistant TDP-43 plasmid was able to rescue the 

altered splicing and to restore TNIK exon 15 skipping. For the first time, we 

investigated this alternative splicing event also at protein level using a 

homemade antibody generated to recognize specifically the amino-acid 

region encoded by the TNIK exon 15. Upon TDP-43 knock-down, we 

described increased levels of the TNIK protein isoforms containing the exon 

15 (TNIKex15) showing a peculiar subcellular localization in the 

neuroblastoma cells perinuclear region [21]. 

 

1.2.2 The neuronal functions of TNIK protein  
 

TNIK plays several roles in neuronal metabolism (Figure 1.4) and all 

experimental findings regarding its functions are related to the full-length 

isoform, so the biological significance of the other protein isoforms remains 

to be investigated.  

In human adult tissues, the TNIK gene is highly expressed in heart, skeletal 

muscle and brain [103] and in mouse and rat brain, in situ hybridization 

shows that TNIK mRNA is particularly enriched in cerebellum, dentate gyrus 

of hippocampus and cortex [104]. Moreover, TNIK protein is enriched in 

dendritic spines in murine cerebral cortex and striatum [105] and specifically 

localizes at the postsynaptic density (PSD), a region of the postsynaptic 

membrane specialized for plasticity and signaling [106,107]. Following 

studies have further described the TNIK role in the structural organization 

and the activity of synapses in murine and rat models [104,108,109] (Figure 

1.4 A). In particular, in rat primary neurons, TNIK knock-down or its kinase 

activity inhibition was associated to reduced levels of PSD scaffold proteins, 

such as PSD-95 and stargazing, and to a decreased AMPAR currents due 

to a reduced GluR1 and GluR2 localization at the postsynaptic membrane 
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[104]. In the PSD, DISC1, a genetic rick factor for schizophrenia, interacts 

directly with TNIK inhibiting its kinase activity and this interaction is important 

for the synaptic composition and functionality [104]. Furthermore, from PSD 

fractions of mouse brain, TNIK has been also isolated in complex with NMDA 

receptors that seem able to decrease phosphorylation of TNIK serine 735, 

that may be necessary for its kinase activation [109]. Moreover, TNIK is also 

required for excitatory synaptic function, as in TNIK knock-out mice reduced 

mEPSCs frequency in CA1 pyramidal neurons was recorded [109]. 

In mammalian neurons, TNIK is also involved in the dendritic growth and 

arborization by regulating the actin cytoskeleton dynamics [110] (Figure 1.4 

B). The first experimental findings describing TNIK function in cytoskeleton 

regulation came from studies in non-neuronal cells [103,111], where the 

activated Rap2A (GTP-Rap2A), a GTP-binding protein member of the Ras 

family, binds TNIK CNH domain promoting TNIK phosphorylation and kinase 

activity on effectors, such as Gelsolin, responsible of F-actin disassembly 

[103,111]. This pathway activation induces a change in cell morphology, that 

from a flat and spreading one, becomes round with a reduced adhesion to 

the substrate [103,111]. In neurons, Nedd4-1, an ubiquitin ligase with a 

positive regulatory effect on dendritic arborization, also participates in this 

mechanism by binding to the TNIK intermediate region and forming a ternary 

complex with TNIK and Rap2A. This complex is necessary to inactivate 

Rap2A activity by Nedd4-1-dependent ubiquitination, thus promoting 

dendrites arborization [110]. Furthermore, both TNIK silencing and over-

expression in murine cortical and hippocampal neurons are responsible of 

dendrite retraction and immature neurites formation [110], suggesting that a 

fine regulation of TNIK protein content is important for a proper dendrite 

organization.  

Through the intermediate region, TNIK also interacts with NcK, an adaptor 

protein with a role in the cytoskeleton organization and with Traf2 protein, 
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involved in JNK (cJun N-terminal kinase) pathway activation [103] (Figure 

1.4 C). In neurons, during the synaptic depotenziation, TNIK, interacting with 

Rap2A, determines JNK pathway activation that promotes synaptic 

membrane removal and AMPA receptors internalization and degradation 

[112]. Furthermore, TNIK together with MINK and MAP4K4 proteins, two 

other members of the Ste20 family, acts as an upstream regulator of DLK 

(dual leucine zipper kinase) that is required for stress-induced activation of 

JNK pathway in neurons [113].  

TNIK plays a role also during the dentate gyrus neurogenesis [109] (Figure 

1.4 D), that requires the Wnt proteins and β catenin expression [114,115]. In 

mice, TNIK knock-out is associated to a reduction of differentiating and newly 

born neurons in murine dentate gyrus, due to increased GSK3β levels that 

highly phosphorylate the transcriptional factor NeuroD1, inhibiting the Wnt/β 

catenin transcription [109].  

To date, few TNIK kinase substrates are known, among which TNIK itself 

has been the first described and its autophosphorylated form is required for 

its kinase activity [103]. Two serine residues, p.S764 and p.S769, identified 

by proteomic studies of the human kinome [116,117] are proposed as 

autophosphorylation sites. In in vitro kinase assay, TNIK phosphorylates 

Gelsolin, a F-actin fragmenting protein [103], and, recently, Wang Q et al 

have identified p-120-catenin, δ-catenin, armadillo repeat gene deleted in 

velo-cardio-facial syndrome (ARCVF) and formin-like protein 2 (FMNL2), as 

endogenous substrates of TNIK kinase, in neurons [118]. By a 

phosphopeptide sequence analysis, they defined also three putative 

phosphorylation consensus sequences for TNIK such as pT/S-L/I/V-D/E-x-x-

x-K/R, pT/S-L/I/V-x-K/R, and pT/S-L-P/Q-L/I-x-x-K/R [118].  

As the majority of the identified TNIK substrates have a role in actin 

regulation mechanisms, the TNIK function in cytoskeleton dynamics is further 

supported.  
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1.2.3 TNIK involvement in neurological diseases 
 

Biological and genetic evidences support a TNIK role in the pathogenesis of 

psychiatric disorders, like schizophrenia and bipolar disorders and recently 

also in intellectual disability. 

The TNIK gene knockout is associated with both defects of dentate gyrus 

neurogenesis and NMDA and AMPA postsynaptic signaling in mice that 

show also an impairment of the pattern separation and the object-location 

paired associates learning [109]. The dentate gyrus neurogenesis and the 

NMDA and AMPA receptors signaling result impaired in schizophrenia 

Figure 1.4 TNIK neuronal functions. Schematic representation of the main TNIK 

neuronal functions (A, post-synaptic architecture and functionality; B dendrite 

arborisation; C JNK pathway activation; D, neurogenesis). The experimentally  

validated TNIK effectors, interactors and other proteins cooperating with TNIK are 

indicated. 
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patients [119–121] that may present also a compromised object-location 

paired associates learning [122]. Another biological evidence that supports 

the potential TNIK role in pathogenic mechanisms of psychiatric disorders is 

TNIK interaction with DISC1 [104], the genetic risk factor for schizophrenia, 

bipolar disorders and autism [123]. 

Furthermore, genetic studies support a direct link between TNIK and 

psychiatric disorders, as TNIK was identified as a genetic risk factor for 

schizophrenia in different genome-wide association studies (GWAS). The 

five associated SNPs (single-nucleotide polymorphisms) including 

rs2088885, rs7627954 [124], rs13065441 [125], rs260769 and rs12639373 

[126] map in intronic regions (intron 2 and 3) of TNIK gene and no functional 

studies have further investigated their biological significance. Interestingly, a 

recent Chinese GWAS identified a new SNP (rs6444970) in the intergenic 

region upstream the TNIK gene associated to the antipsychotic treatment 

that is usually somministrated to manage the symptoms of schizophrenic 

patients [127]. In post mortem dorsolateral prefrontal cortex of schizophrenic 

patients, gene expression analysis showed increased levels of TNIK [128] 

which negatively correlated with the mRNA content of its interactor DISC1 

[129], suggesting that TNIK gene expression is altered in schizophrenia 

brain. Increased expression of the TNIK gene was also reported in 

lymphoblastoid cell lines from bipolar disorder patients, further supporting a 

role of this gene in disease pathogenesis [130]. 

A recent exome sequence analysis of two consanguineous families with non-

syndromic intellectual disability has identified a truncating mutation 

(c.538C>T) in the TNIK gene in a homozygous state that lead to the total loss 

of TNIK protein levels [131]. 

All these findings underline that TNIK dysregulation or depletion in brain may 

be responsible of dysfunctions that may manifest in both psychiatric and 

mental disorders. 
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1.3 Alternative splicing in neurons 

 

1.3.1 Alternative splicing mechanism 
 

In mammals, the alternative splicing, a post-transcriptional process important 

for pre-mRNA maturation, occurs in 95% of human genes [132]. Different 

alternative splicing forms, including cassette exon, mutually exclusive exons, 

alternative 5’ or 3’ splice site recognition, intron retention and alternative 

promoter or polyA site are described and among them, the cassette exon is 

the alternative splice event more frequent in the humans [133]. The 

alternative splicing process is regulated by cis-acting elements, including 

specific intronic or exonic sequences in the pre-mRNA, and by trans-acting 

splicing regulators, including RNA binding proteins, among which the best 

characterized ones are the members of the SR (serine/ariginine rich) or the 

hnRNP families. The complex interplay of both cis- and trans-acting 

regulators defines the splicing event, which depend on the accessibility and 

binding of spliceosome machinery to the target pre-mRNA [134]. 

Furthermore, other biological mechanisms, such as transcription and 

chromatin organization, may also influence the alternative splicing process 

[135,136].  

By the alternative splicing, a single gene may generate alternative transcripts 

with different mRNA stability encoding for protein isoforms with specific 

structures and biological functions, subcellular localization and biochemical 

properties [137]. In this way, the alternative splicing determines the single 

cells proteomic complexity and specificity, playing an important role during 

the different tissues development, where the alternative splicing regulation is 

mainly the result of an integrated activity of ubiquitous and tissue-specific 

splicing factors [138]. Among the different tissues, the higher number of 

alternative splicing events occurs in the brain and these events are highly 
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conserved along the vertebrates evolution [139–141], suggesting that the 

alternative splicing may give an important contribution to the high complexity 

of the human nervous system. 

 

1.3.2 Alternative splicing in neurons and during neuronal 

differentiation  

 

All stages of neuronal development, from the neural stem cells differentiation 

into neurons to the axon and dendrite formation, synapses maturation and 

neuronal plasticity, are spatio-temporally regulated by many mechanisms 

among which the alternative splicing process seems to play an essential role 

[142,143].  

In developing and mature neurons, the neuronal activity may act as a splicing 

regulator that contributes to synaptic remodeling [144]. The activity-

dependent splicing regulation include pre-mRNAs encoding for 

neurotransmitter receptors (NMDA receptor 1; [145]), ion-channels (BK 

channels; [146]), and post-synaptic (Homer 1; [147]), pre-synaptic (SNAP25; 

[148]) and cell adhesion (NCAM, Neurexin, [149]; Neuroligin, [150]) proteins. 

Splicing changes in all these factors modulate the synaptic function, 

representing an example of how alternative splicing may be regulated by 

synaptic signaling and in turn modify the neuronal physiology. 

The alternative splicing is also regulated by the combinatorial control of more 

than one RBP and this is particularly evident in the nervous system where 

the regulatory activity of ubiquitous splicing factors is integrated by neuronal 

RBPs defining specific splicing patterns for pre-mRNAs [151,152]. The 

splicing factors known to act during neuronal development and in mature 

neurons include the nSR100 protein and the members of RBFOX (RNA-

binding Fox), PTB (Polypyrimidine Tract-binding protein), Hu/Elav and NOVA 

(neuro-oncologic ventral antigen) families. The nSR100 (neural specific SR 
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related protein of 100 kDa) protein is highly expressed in neurons, where it 

regulates the processing of transcripts, such as PTB2 and the REST/NRSF, 

necessary for neurogenesis and neuronal differentiation [153,154]. The 

members of the RBFOX family (RBFOX1, 2 and 3) are also specifically 

expressed during neuronal development and they control splicing of genes 

up-regulated during this process [155,156]. PTB1 and PTB2 are members of 

the PTB family and during differentiation of neural progenitors into post-

mitotic neurons, a switch from the non-neuronal PTB1 to the neuronal PTB2 

expression occurs with a consequent alternative splicing regulation of 

several genes important for the neuronal differentiation process [157,158]. 

The Hu/ELAV family includes four members, HuA (HuR), ubiquitously 

expressed, and HuB, HuC and HuD specifically expressed in neurons [159]. 

Although the neuronal Hu proteins have been mainly described to regulate 

mRNA stability by binding to the 3’UTR of their targets [160], one study 

reported also a role as competitors of the ubiquitous RBPs TIA-1 and TIAR 

in regulating calcitonin/CGRP gene splicing to produce the neuropeptide 

CGRP transcript in neurons [161]. 

 

1.3.3 The neuron-specific splicing factors NOVA 
 

The members of NOVA family, NOVA-1 and NOVA-2 RBPs, were the first 

neuron-specific splicing factors described and they are specifically 

expressed in neurons of the central nervous system [162–164]. NOVA-1 and 

NOVA-2 were firstly identified as autoantigens in patients affected by the 

paraneoplastic opsoclonus myoclonus ataxia (POMA), an autoimmune 

syndrome [162,163]. 

NOVA-1 knockout mice show important motor defects and post-natal death 

(7-10 days after birth) due to an extensive apoptosis of motor neurons in 

spinal cord and brain stem [164]. Instead, NOVA-2 depletion in mice model 
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is responsible of inhibitory synapses impairment in hippocampus [165]. Mice 

with a double knockout of NOVA proteins are paralyzed and die within few 

days from birth [166]. 

The human NOVA-1 and NOVA-2 genes encode for proteins with high 

identity that are classified as K-homology (KH) RBPs. Structurally, they 

present a NLS in the N-terminal region and three KH domains (KH1-2-3) that 

are RNA binding elements. The first two KH domains are in tandem 

arrangement and are connected by a large linker sequence to the KH3 

domain, located in the C-terminal region (Figure 1.5). NOVA proteins bind 

the pre-mRNA targets recognizing a stem-loop RNA sequence, that contains 

a minimum of three YCAY-clusters (Y=pyrimidine) in the loop region [167]. 

How the KH-domains act together in the RNA recognition is not well defined 

yet.  

In the post-natal mouse brain, NOVA-1 protein is particularly enriched in the 

hindbrain and the ventral spinal cord, while NOVA-2 is expressed at high 

levels in the hippocampus and the neocortex [163]. At the cellular level, 

NOVA proteins are mainly localized in the nucleus and more weakly in the 

cytoplasm of neurons [168]. In particular, in somatic and dendritic cytoplasm 

of murine ventral horn neurons, NOVA proteins have been described to 

colocalized with the inhibitory glycine receptor α2 subunit (GlyRα2) mRNA 

[169], one of the first described NOVA-1 target [167]. 

 

 

 

Figure 1.5 NOVA-1 and NOVA-2 protein structure. Schematic representation of 

NOVA-1 and NOVA-2 protein primary structure. Both proteins contain a NLS in the 

NTD and three RNA binding domains (KH1, KH2 and KH3). NOVA-1 (UniProtKB - 

P51513) and NOVA-2 (UniProtKB - Q9UNW9). 
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High-throughput approaches have identified several NOVA proteins splicing 

targets that play important role in synaptic architecture, function and axon 

guidance. Many of these targets are synaptic proteins, such as 

neurotransmitter receptors, scaffold and adhesion proteins [60,170–172].  

NOVA proteins splicing activity is regulated by the YCAY binding motifs in a 

position-dependent manner [60]. In particular, if NOVA-1 binds exonic YCAY-

elements, it blocks spliceosome assembly and promotes the exon skipping, 

whereas NOVA binding to intronic YCAY-clusters improves exon inclusion 

by favoring the spliceosome assembly [60]. NOVA proteins may also 

regulate the alternative splicing of its targets in a combinatorial control with 

other tissue-specific or ubiquitous splicing factors. For example, NOVA-2 

promotes exon 19 inclusion of the NMDA receptor 1 pre-mRNA in the murine 

neocortex, while in the spinal cord, where similar expression levels of both 

NOVA proteins were detected, NMDAR1 exon 19 is mainly skipped [171]. 

This finding suggests a possible interplay with other splicing factors, such as 

the hnRNPA1 that is also described as a NMDAR1 exon 19 regulator [173]. 

Another example of splicing combinatory control involving NOVA proteins is 

the regulation of the Dopamine D2 receptor (DR2) pre-mRNA. In particular, 

both NOVA-1 and the ubiquitous hnRNPM bind the DR2 exon 6 and compete 

to regulate its splicing in an opposite direction [174]. 

All these findings support that NOVA proteins, through the alternative splicing 

regulation of several transcripts, play an important role in neuronal 

metabolism. 
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2 AIM  
 

 

In this study, we aimed to investigate the regulation of TNIK exon 15 

alternative splicing during the neuronal differentiation, in order to better 

characterize the role played by the ubiquitously expressed and ALS/FTD 

associated TDP-43 splicing factor in a neuronal context. To address this 

issue, we analysed TNIK exon 15 splicing in human adult tissues and in two 

distinct models of neuronal differentiation in vitro, such as human 

neuroblastoma cells treated with retinoic acid (RA) and human iPSCs 

differentiated into neurons. Assuming that, in neurons, tissue-specific 

splicing factors may play a role in TNIK splicing regulation together with TDP-

43, we investigated the RBP NOVA-1 as a neuron-specific TNIK splicing 

regulator, evaluating the possible interplay with TDP-43. 

Since TNIK plays an important role in neuronal metabolism and all literature 

data about TNIK functions are referring only to the full-length protein, our 

second aim was to investigate if the specific expression of TNIKex15 

isoforms may be important to maintain TNIK physiological functions in 

neurons, mainly focusing on its activity on F-actin organization. In this view, 

we studied the already described effect of the full-length TNIK isoform on cell 

morphology in comparison to the effect of exon 15-deleted isoform, in murine 

primary cortical neurons.  
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3 MATERIALS AND METHODS 

 

 

3.1 Cell cultures  
 

The human neuroblastoma SK-N-BE cells were maintained in RPMI-1640 

(Thermo Fisher Scientific) medium supplemented with 10% fetal bovine 

serum (FBS, SigmaAldrich), 2 g/l glucose, 2 mM L-glutamine (Gibco), 1 mM 

sodium pyruvate (Gibco), 100 U/ml penicillin and 100 μg/ml streptomycin 

(Gibco).  

Human embryonic kidney (HEK) 293T cells were cultured in DMEM (Thermo 

Fisher Scientific) medium supplemented with 10% FBS, 100 U/ml penicillin 

and 100 μg/ml streptomycin. 

Human inducent pluripotent stem cells (iPSCs) were previously obtained in 

our laboratory by reprogramming fibroblasts from healthy donors with Sendai 

virus (Thermo Fisher Scientific) and were maintained in E8 essential medium 

(Thermo Fisher Scientific) in wells coated with Matrigel (Corning). The iPSCs 

were characterized by RT-PCR and immunofluorescence (both described 

later) for the expression of the pluripotency markers Oct 3/4, Sox 2, Nanog 

and TRA1-60. All iPSCs lines presented a normal karyotype [175]. 

Primary cortical neurons were isolated from wild-type murine embryos (E14.5 

or E15.5) and seeded on glass coverslips coated with 0.125 mg/mL of poly 

D-Lysine Hydrobromide (Sigma) and 5 ug/mL of laminin (Corning) at the 

concentration 4x105 cells/well in 6-well plates. Primary cortical neurons were 

maintained in Neurobasal (Thermo Fisher Scientific) medium supplemented 

with 2% B-27 (Gibco), 2 mM GlutaMAX (Gibco) and 100 U/ml penicillin and 

100 μg/ml streptomycin (Gibco). 
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3.2 Plasmid constructs and cell transfection 
 

For NOVA-1 over-expression experiments, HEK293T cells were transfected 

with the pCGN-ha-tagged-NOVA-1 plasmid (a kind gift of Prof. E. Battaglioli, 

Università degli Studi di Milano) or empty vector using Lipofectamine 2000 

(Life Technologies) according to the manufacturer’s instructions and 

harvested after 24 h for the following analysis.  

The TNIKex15 minigene construct (pTBminigene_TNIKex15) already 

described [21] and containing the genomic region of TNIK exon 15 (87 bp) 

along with part of 5′ (141 bp) and 3′ (126 bp) flanking introns, was used. 

The pFLAG-CMV2 human full-length and mutated (ΔRRM1, ΔC-term, 4FL) 

TDP-43 constructs or pFLAG-CMV2 human hnRNPA2B1 (all kind gifts from 

Dr. E. Buratti, ICGEB, Trieste) were co-transfected with ha-tagged-NOVA-1 

in HEK293T cells using Lipofectamine 2000 and harvested after 24 h for the 

co-immunoprecipitation (co-IP) assays.  

The human TNIK full-length (TNIK FL) and human TNIK kinase mutant (TNIK 

KM) pCI-ha-tagged plasmids were kindly provided by Prof. Ken-ichi Kariya 

(Graduate School of Medicine, University of the Ryukyus, Japan). The ha-

tagged TNIKΔ15 plasmid was obtained by mutagenesis of ha-tagged TNIK 

FL as described below. For morphological cell assay, HEK293T cells were 

seeded on glass coverslips in 24-well plates and transiently co-transfected 

with 3 μg of green fluorescent protein (GFP) and the different TNIK 

constructs in a 1:3 ratio. Cells were fixed after 24 h for images analyses. 

To analyse neuronal arborization, primary murine cortical neurons were 

seeded on glass coverslips in well of 12-well plate and at DIV4 were 

transiently transfected with 1.3 μg DNA using Lipofectamine 2000. A ratio of 

1:3 was used for GFP and TNIK constructs. Three days after transfection 

cells were fixed for the following analysis. 
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3.3 Site-directed mutagenesis  
 

The ha-tagged TNIK FL plasmid was mutagenized using the QuikChange II 

Site-Directed Mutagenesis Kit (Agilent Technologies) with the two oligos 5’-

CGTGCGGAGCATGAACAGGAATATAAGCGCAAACAA-3’ and 5’-TTGTTT 

GCGCTTATATTCCTGTTCATGCTCCGCACG-3’ to delete exon 15 

nucleotide-sequence and obtain the human TNIKΔ15 construct. Briefly, the 

QuickChange Primer Design program (www.agilent.com/genomics/qcpd) 

was used to design primer pairs and the PCR reaction was performed using 

10 ng of template ha-tagged TNIK FL plasmid, 125 ng of each primer, 2.5 U 

di PfuUltra HF DNA polymerase in a final volume of 50 μl (annealing: 58°C 

for 1 min; extension: 68°C for 10 min; 18 cycles). 10 U of DpnI restriction 

enzyme were added to the amplification reaction to digest the parental 

supercoiled dsDNA at 37°C for 1 h. Subsequently, 4ul of DpnI-treated 

amplicons were used to transform the One Shot TOP10 chemically 

competent E. coli cells (Life technologies) according to the manufacturer’s 

instruction. The obtained colonies were screened by DNA sequencing and 

one mutagenized clone was amplified and used for cell transfection. 

 

 

3.4 Neural and neuronal differentiation 
 

The human neuroblastoma SK-N-BE cells were treated with 10 uM of RA for 

six days to induce neuronal differentiation. The medium was replaced every 

two days and the cells were analysed before treatment (T0) and after two 

(T2), four (T4) and six (T6) days. The neuronal differentiation was evaluated 

by immunofluorescence using the neuronal cytoskeleton marker βIII-Tubulin 

staining.  
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The human iPSCs were differentiated into neural stem cells (NSCs) using 

PSC Neural Induction Medium (Thermo Fisher Scientific). Briefly, iPSCs 

were seeded at low density on Matrigel-coated wells and maintained in 

Neural Induction Medium for six days, replacing the medium every two days. 

On day 7 cells were harvested, seeded on Geltrex (Thermo Fisher Scientific)-

coated wells and expanded for two passages before being characterized. 

Neural induction into neural stem cells (NSCs) was evaluated by 

immunostaining with the NSC marker Nestin. 

iPSCs were differentiated into neurons (iPSC-neurons) using a modified 

protocol from Amoroso et al. [176]. Briefly, iPSCs were seeded in low 

adhesion dishes and were grown in suspension in HuES (Thermo Fisher 

Scientific) medium supplemented with 20 ng/ml basic fibroblast growth factor 

(FGF) (Peprotech) and 20 μM Rho-associated kinase (ROCK) inhibitor 

Y27632 (Selleckchem) for the first 2 days in order to induce embryoid bodies 

(EBs) formation. The third day neuralization was induced by the addition of 

10 μM SB431542 and 0.2 μM LDN193189 (both from Stemgent). The fourth 

day, EBs were switched to neural induction medium (DMEM/F12, 2 mM L-

glutamine, 10 U/ml penicillin, 10 μg/ml streptomycin, 0.1mM MEM NEAA, 2 

μg/ml heparin (Sigma-Aldrich), 1% N2 supplement (Thermo Fisher 

Scientific), supplemented with 20 μM ROCK inhibitor, 0.4 μg/ml ascorbic acid 

(AA) (Sigma-Aldrich), 1 μM RA (Sigma-Aldrich), 10 ng/ml brain-derived 

neurotrophic factor (BDNF) (Peprotech) to induce caudalization. SB431542 

and LDN193189 were added until day 7 when cultures were supplemented 

with the ventralizating factors smoothened agonist (1 μM; Merck) and 

purmorphamine (0.5 μM; Sigma-Aldrich). EBs were grown for additional ten 

day with a medium change every alternate day and at day 17, they were 

dissociated with 0.05% trypsin (Sigma-Aldrich) and plated on poly-D-Lysine 

(Sigma-Aldrich)/laminin (Thermo Fisher Scientific)-coated coverslips in 24-

well plates at a concentration of 5x105 cells/well. Cells were cultured in neural 
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differentiation medium (Neurobasal (Thermo Fisher Scientific), 2 mM L-

glutamine, 10 U/ml penicillin, 10 μg/ml streptomycin, 0.1 mM MEM NEAA, 

1% N2 supplement), supplemented with 2% B27 (Thermo Fisher Scientific), 

1 μg/ml laminin, 25 μM glutamate (Sigma-Aldrich), 0.4 μg/ml ascorbic acid, 

10 ng/ml glial-derived neurotrophic factor (GDNF) and 10 ng/ml ciliary 

neurotrophic factor (CNTF) (both from Peprotech). Neurons were allowed to 

differentiate for 10 days and then were characterized by immunostaining with 

the βIII-Tubulin and the anti-neurofilament SMI-312 markers. 

 

 

3.5 RNA isolation and RT-PCR assay 

 

RNA samples from human adult tissues (brain, spinal cord, skeletal muscle, 

kidney, testis, liver and lung) were purchased by Clontech and were pools of 

three different healthy donors. Whole RNA was isolated from cells using 

TriZol reagent (Thermo Fisher Scientific) according to the manufacturer's 

instructions. RNA samples were quantified using a ND-1000 NanoDrop 

spectrophotometer (NanoDrop Technologies) and 5 μg or 3 μg of total RNA 

from cell lines or from human tissues, respectively, were treated with 1 U of 

DNaseI (Roche) for 20 min at 37°C and then retro-transcribed using 1 U of 

SuperScript II-RT (Thermo Fisher Scientific) and oligodT. Specific primers 

for TNIKex15 (exons 14-16), TNIKex17 (exons 16-18), TNIKex22 (exons 21-

23) splicing isoforms were designed. RT-PCR was performed using 300nM 

of each primer and GoTaq G2 DNA polymerase (Promega) for 26-35 cycles. 

Amplicons were visualized on 2% agarose gel. For data normalization, 

GAPDH gene was used in cell cultures RT-PCR, while RPL10a gene was 

used in tissue analysis because of the high tissue-variability of GAPDH gene 

expression. All primer sequences are reported in Table 3.1. By densitometric 

analyses performed using Image J software (NIH), the TNIK isoforms relative 
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amount in human tissues and TNIKex15 inclusion in neuronal-differentiated 

cells were quantified.  

The TNIK alternative exons nomenclature is referred to the database 

EASANA FAST DB 2010_2. 

 

 

3.6 Quantitative real-time PCR 
 

Total RNA from differentiated SK-N-BE cells and HEK293T cells transfected 

with ha-tagged NOVA-1 plasmid or empty vector was retro-transcribed as 

already described and real-time PCR (qPCR) was performed for 45 cycles 

with SYBR Green PCR Master mix (Applied Biosystems) and specific 

primers for TNIK gene total (exons 30-31) and exon 15-containing isoforms 

(for primer sequences see Table 3.1). Reactions were run in duplicate for 

each sample on ABI Prism 7900HT (Applied Biosystems) and a dissociation 

curve was generated at the end. Threshold cycles (Ct) for each tested gene 

were normalized on the housekeeping RPL10a gene Ct value (ΔCt) and 

every experimental sample was referred to its control (ΔΔCt). Fold change 

values were expressed as 2−ΔΔCt. 

 

 

3.7 Minigene assay 
 

HEK293T cells were transiently co-transfected with pTBminigene_TNIKex15 

and flag-tagged TDP-43, flag-tagged hnRNPA2/B1, ha-tagged NOVA-1 

plasmids or empty vectors, alone or in combination with each other, using 

Lipofectamine 2000 (Life Technologies) according to the manufacturer’s 

instructions. After 24h-transfection, cell were harvested and divided for 

protein and RNA extraction. Total RNA was extracted 24 h after transfection 
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and retro-transcribed as described above. RT-PCR reactions were carried 

out using specific primers (a2-3 For and Bra2 Rev) designed on pTB plasmid 

(Table 3.1) and GAPDH gene was used for sample normalization. Proteins 

were extracted as described above and used for western blot analysis to 

assess the transfection efficiency. 

 

Table 3.1 Primer sequences for RT-PCR and qPCR assays. 

Gene   Foward primer Reverse primer Ref Assay 
TNIK(ex15) CAAAGGCGAGAGAAGGAGCTG CTGATGCTGAAGGGAAACTAAG [21]  RT-PCR 

TNIK(ex17) CTTCAGCATCAGCGGCAGGAGC ACTGACTGGGAGGCGGTCAAG -  RT-PCR 

TNIK(ex22) CAGAAGAATCCAGGGACATTAC CACCTTCTTCATTGGGCGGTTTG -  RT-PCR 

RPL10a CAAGAAGCTGGCCAAGAAGTATG TCTGTCATCTTCACGTGAC -  RT-PCR 

GAPDH TCCCCACTGCCAACGTGTCAGTG ACCCTGTTGCTGTAGCCAAATTCG [21]  RT-PCR 

MINIGENE CAACTTCAAGCTCCTAAGCCACTGC GGTCACCAGGAAGTTGGTTAAATCA [177]  RT-PCR 

OCT3/4 GACAGGGGGAGGGGAGGAGCTAGG CTTCCCTCCAACCAGTTGCCCCAAAC [178]  RT-PCR 

SOX2 TTGCGTGAGTGTGGATGGGATTGGTG GGGAAATGGGAGGGGTGCAAAAGAGG [178]  RT-PCR 

NANOG CAGCCCTGATTCTTCCACCAGTCC GTTCTGGAACCAGGTCTTCACCTG -  RT-PCR 

TNIK(ex15) AATACATCAGGCGACAGTTAG GCTTATATTCCAGAAGTAGAGC T -  qPCR 

TNIK(Total) ACATACCATCTCATATTCAGGGC CATTCCATCTGTTTTAGGCAAGA [175]  qPCR 

RPL10a GAAGAAGGTGTTATGTC TGG TCTGTCATCTTCACGTGAC [21]  qPCR 

 

 

3.8 Immunofluorescence and image acquisition 

 

Cells were fixed with 4% paraformaldehyde in phosphate buffered saline 

(PBS, pH 7.4) for 15 min at room temperature (RT), permeabilized with 0.3% 

Triton X-100 and blocked with 10% normal goat serum (NGS) in PBS 

(blocking solution) for 20 min at RT. Incubation with primary antibodies was 

performed in blocking solution for 2 hr at 37°C. The fluorescent-tagged 

secondary antibodies Alexa Fluor 488 and 555 (Thermo Fisher Scientific) 

(dilution 1:500) were used for detection. DAPI staining was used to visualize 

nuclei. Coverslips were mounted onto glass slides using FluorSave mounting 

medium (Calbiochem). Images were acquired using the confocal inverted 

microscope (Nikon Eclipse C1). Images were acquired as Z-stacks (0.2 μm 

step size) using a 60X magnification.  
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Murine primary cortical neurons were fixed as described above. Fixed cells 

were treated with hot 10mM citrate buffer pH 6 for 20 min and permeabilized 

with 0.2% Triton X-100 for 5 min at RT. Cells were blocked with 5% bovine 

serum albumin in PBS for 45 minutes at RT and hybridized with primary 

antibodies overnight at 4°C. Anti-mouse goat secondary antibody and 

phalloidin, conjugated with Alexa Fluor 647 and Alexa Fluor 546 (Thermo 

Fisher Scientific) respectively, were incubated for 1h at RT. Coverslips were 

mounted onto a glass slide using Prolong Gold mounting medium (Thermo 

Fisher Scientific) and images were acquired using an epifluorescence 

microscope (Nikon Ti E) equipped with a cooled CMOS camera (Andor Zyla). 

Images were acquired as a single focal plane using a 20X magnification or 

as Z-stacks (0.2 μM step size) using a 60X magnification. Primary antibodies 

used are listed in Table 3.2. 

 

 

3.9 Western blot assay 
 

Cells were homogenized in lysis buffer (20 mM Tris–HCl pH 7.5, 150 mM 

NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100 (Sigma-Aldrich), protease 

inhibitor cocktail (Roche)), sonicated and incubated 15 min on ice. Protein 

lysates were quantified by BCA protein assay (Thermo Fisher Scientific) and 

25 μg protein samples were resolved by SDS-PAGE on 10% NuPAGE Bis-

Tris pre-cast polyacrylamide gels (Thermo Fisher Scientific) and transferred 

to nitrocellulose membranes. Immunoblots were performed with specific 

primary antibodies (listed in Table 3.2), diluted in 5% milk in TBS with 0.1% 

Tween-20. The Novex ECL kit (Thermo Fisher Scientific) was used for 

detection. Densitometric analyses were performed using Image J software 

(NIH). 
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Table 3.2 Primary antibodies for immunofluorescence and western blot 
assays. 

 

 

3.10 UV-Cross-linking and immunoprecipitation  
 

PCR amplicons containing the genomic region of TNIK exon 15 (87 bp) with 

141 bp of 5′ (TNIK A) or 126 bp of 3′ (TNIK B) flanking introns were cloned 

into the TA TOPO vector (Thermo Fisher Scientific) downstream of the T7 

promoter. TNIK A and TNIK B plasmids were linearized by 30 U of HindIII 

restriction enzyme and radio-labeled riboprobes were obtained by 

transcribing 0.5 μg of each linearized construct with 20 U T7 RNA 

polymerase, 20 μCi α-[32P] UTP, 0.5 mM NTPs, and 20 U RNase inhibitor. 

After template DNA removal by DNaseI digestion, the resulting 32P-labeled 

riboprobes were purified on ProbeQuant G-50 microcolumns. UV-Cross-

linking and immunoprecipitation (UV-CLIP) experiments were performed as 

previously described [179]. Briefly, 300,000 cpm riboprobes were incubated 

with 200 μg of protein lysates of HEK293T cells transfected with flag-tagged-

TDP-43 or ha-tagged-NOVA-1 constructs in 25 μl ligation buffer (1.3 mM 

MgCl2, 19 mM HEPES-KOH pH 7.4, 1.5 mM ATP, 19 mM Creatine 

phosphate) for 10 min at 30 °C. After addition of 5 μg tRNA, samples were 

Antibody Source Assay 

βIII Tubulin (1:800) Abcam_ab52623 Immunofluorescence 

TNIK exon 15 (1:500) home-made (mouse) Immunofluorescence 

TRA1-60  (1:500) Invitrogen_14-8863-80 Immunofluorescence 

NESTIN (1:200) Chemicon_MAB5326 Immunofluorescence 

SMI 312 (1:700) Covance_SMI-312R Immunofluorescence 

TNIK (1:500) Gene Tex_GTX13141 Immunofluorescence 

HA (1:200) Sigma aldrich_H6908 Immunofluorescence 

Alexa Fluor 546 Phalloidin (1:500) ThermoFisher_A22283 Immunofluorescence 

TDP-43 (1:1000) Protein Tech_10782-2-AP Western blot 

NOVA-1 (1:1000) Thermo Fisher Scientif ic_PA5-21459  Western blot 

GAPDH (1:1000) Santa Cruz_sc-47724 Western blot 

HA-Peroxidase (HRP) (1:10000) Miltenyi biotec_130-091-972 Western blot 

FLAG-Peroxidase (HRP) (1:1000) Sigma-Aldrich_A8592  Western blot 

hnRNPA2B1 (1:500) Santa Cruz_sc-32316 Western blot 

α Tubulin (1:500) Santa Cruz_sc-8035 Western blot 
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irradiated with UV light for 5 min and RNase A treated (25 U) for 30 min. 

Immunoprecipitation (IP) was then conducted by the addition of 2 μg of the 

selected antibody (anti-ha, -flag or the irrelevant IgG (Santa Cruz 

Biotechnology) pre-coated to protein G Dynabeads (Thermo Fisher 

Scientific). Immunocomplexes were washed several times in PBS with 0.02% 

Tween-20, run on a 10% SDS-PAGE and analyzed by autoradiography. 

 

 

3.11 Co-immunoprecipitations 
 

HEK293T cells transiently transfected as described above, were harvested 

after 24 h, lysed in lysis buffer (see above) by sonication and treated with 

RNAse inhibitor (10 U/100 μ protein lysate) or RNAse A (5 μg/100μ protein 

lysate). For immunoprecipitation, 2 ug of anti-ha (Sigma Aldrich), anti-flag 

(Sigma Aldrich) or the irrelevant IgG (Santa Cruz Biotechnologies) antibody 

were pre-coated to 450 ug of Dynabeads protein G (Thermo Fisher Scientific) 

and incubated with 200 ug of cell lysate for 45 min at room temperature. 

Immunocomplexes were washed four times in PBS with 0.02% Tween-20, 

eluted in 20μl 3x sample loading buffer (50mM Tris-HCL pH 6.8, 2% SDS, 

0.1 % bromophenol blue, 10% glycerol) and 200mM DTT, resolved on 10% 

SDS-PAGE and processed for western blot as described above.  

 

 

3.12 Cell morphological analyses 
 

To measure the cell circularity, HEK 293T, transiently co-transfected with 

GFP and ha-tagged TNIK constructs, were fixed and stained to detect ha-

TNIK expression. GFP was used to visualize the whole cell shape. Confocal 
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images were acquired as Z-stacks (0.2μm step size) using a 40X 

magnification. Using the software ImageJ (NIH), images were pre-processed 

to eliminate noise and, after applying a threshold, cellular circularity was 

measured using the shape descriptor “circularity” (4π(area/perimeter2)). At 

least 25 cells/group were analyzed in three biological replicates.  

To analyse neuronal arborization, primary murine cortical neurons, 

transiently transfected with GFP and ha-tagged TNIK constructs were fixed 

at DIV7 and stained for HA and F-actin (phalloidin) markers. For 

morphological analysis, epifluorescence images as individual focal planes 

were acquired using 20X lens, while cells bodies and growth cones were 

imaged as Z-stacks (0.2μm step size) using a 60X lens. Immunofluorescence 

images acquired at 60X were deconvolved using an adaptive blind 

deconvolution algorithm (Autoquant X3, Media Cybernetics) before analysis. 

Sholl analysis was used to describe the cortical neurons neuronal arbors, by 

ImageJ software. Images of isolated neurons were pre-processed to 

eliminate noise and background fluorescence, were segmented by applying 

an appropriate threshold and the binary images obtained were skeletonized. 

Concentric circles were drawn at 7.5 μm intervals around a common center 

in the cell body and the numbers of crossing neurites were counted at each 

of these circles starting from the second circle (15μm radius). To quantify F-

actin levels in cell body or in the growth cone, the phalloidin fluorescence 

intensity was measured. The specific signal was thresholded to eliminate the 

background fluorescence and the integrated densities were measured into 

the cell body and growth cone marked as ROI (Region of interest) and 

normalized on the appropriate area. Raw values were normalized to the 

mean of the control condition for each replicates. At least 20 cells/group were 

analyzed in four biological replicates. 
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3.14 Statistical analysis  
 

Statistical analyses were conducted with PRISM 5 software package 

(GraphPad). The D’Agostino & Pearson Omibus test was used to evaluate 

normality of the samples and the appropriate parametric or non-parametric 

tests were used to assess significance, according to the data normality. 

Student’s t-test and one-way analysis of variance followed by appropriate 

post-hoc tests were applied to compare two or multiple groups, respectively. 

Data are presented as mean±s.e.m. Significance value was defined as p< 

0.05. 
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4 RESULTS 
 

 

4.1 TNIK alternative splicing in human adult tissues 
 

We previously showed that in human neuroblastoma cells the RBP TDP-43 

negatively regulates the inclusion of TNIK exon 15, encoding for a 29 

aminoacid-long region [21]. In different human adult tissues, we evaluated 

TNIK exon 15 alternative splicing by RT-PCR analysis (Figure 4.1 A). We 

found TNIK exon 15 inclusion as the only splicing event occurring in brain, 

spinal cord and skeletal muscle (Figure 4.1 B), while in the other tissues we 

observed the expression of both TNIK containing-exon15 isoforms 

(TNIKex15) and the skipped ones (TNIKex14-16). Moreover, TNIKex14-16 

isoforms were more abundant than TNIKex15 ones, except in liver where 

TNIK exon 15 inclusion was higher (Figure 4.1 B).  

As TNIK gene is alternatively spliced also in exons 17 (55 amino-acid 

sequence) and 22 (8 amino-acid sequence), we tested their alternative 

splicing by RT-PCR assay (Figure 4.2). The TNIK isoforms containing the 

alternative exon 17 (TNIKex17) were mainly expressed in all tissues 

analyzed, while the exon 17 skipped isoforms (TNIKex16-18) were weakly 

expressed, excluding skeletal muscle where they are absent (Figure 4.2 A).  

Moreover, in all tissues analyzed we found the concomitant expression of 

TNIK isoforms including and skipping exon 22 (TNIKex22 and TNIKex21-23, 

respectively), except in liver where TNIKex22 isoforms were missing (Figure 

4.2 A). Interestingly, exon 22 was differently regulated in the neuronal tissues 

analysed, as exon 22 inclusion was prevalently in brain, while in spinal cord, 

it is mainly skipped (Figure 4.2 A). The relative ratio of TNIKex17/TNIKex16-
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18 and TNIKex22/TNIKex21-23 was quantified and represented in Figure 4.2 

B. 

These data suggest a specific neuronal role of TNIKex15 isoform, as all TNIK 

isoforms expressed in both brain and spinal cord always include exon 15, 

unlike for exon 22 that is contemporary included or skipped and exon 17 that 

is mainly expressed not only in neuronal, but in all tissues analyzed.  

 

 

 

Figure 4.1 Analysis of TNIK exon 15 alternative splicing in different human 

adult tissues. A) Agarose gel images of semi-quantitative RT-PCR analysis of the 
TNIK exon 15 alternative splicing in the indicated tissues (upper band: TNIKex15 
isoforms, lower band: TNIKex14-16 isoforms). RPL10a was used for sample 

normalization. B) Densitometric analysis of the relative amount of the two alternative 

splicing isoforms for each tissue analyzed. 
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Figure 4.2 Analysis of TNIK exon 17 and 22 alternative splicing in different 
human adult tissues. A) Semi-quantitative RT-PCR analysis of the TNIK exon 17 

(upper panel) and exon 22 (middle panel) alternative splicing in the indicated tissues. 
For both alternative splicing events, the upper band indicates exon inclusion 
(TNIKex17 or TNIKex22 isoforms), while the lower band represents exon skipping 

(TNIKex16-18 or TNIKex21-22 isoforms). RPL10a was used for sample 
normalization. B) Densitometric analysis representing the relative amount of 
TNIKex17 and TNIKex16-18 (left panel) and of TNIKex22 and TNIKex21-23 (right  

panel) isoforms in the analyzed tissues.  
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4.2 TNIK exon 15 alternative splicing during human 

neuroblastoma cell differentiation in vitro 

 

As TNIKex15 isoforms showed a prevalent expression in central nervous 

system, we further investigated this alternative splicing event in a cell model 

of neuronal differentiation in vitro to evaluate its regulation during the 

differentiation process. Since in human neuroblastoma SK-N-BE cells TNIK 

exon 15 skipping is physiologically prevalent (Figure 4.3 A), we investigated 

whether this alternative splicing event is regulated upon SK-N-BE neuronal 

differentiation.  

By treating SK-N-BE cells with RA for a time-frame of 6 days, we observed 

an increase of TNIK exon 15 inclusion by RT-PCR analysis, although not 

statistical significant (Figure 4.3 A, B). However, quantification by real-time 

PCR showed a significant increase of TNIKex15 isoforms expression from 

T0 to T4, with mRNA levels at T6 comparable to T4 (Figure 4.3 C). Using 

primers designed on TNIK exons 31-32, we observed that the all TNIK 

isoforms expression was also significantly up-regulated during neuronal 

differentiation (Figure 4.3 C).  

Immunofluorescence analysis (IF) using a custom-made anti-TNIKex15 

antibody, previously described [21], showed the appearance of the 

TNIKex15 protein isoforms specifically at 6 days post-differentiation (T6) 

(Figure 4.4), when βIII-tubulin staining showed a concomitant increase in 

neuronal outgrowth and branching, less evident already at 4 days post-

differentiation (T4) (Figure 4.4). In differentiated neuroblastoma cells, 

TNIKex15 protein isoforms localized in the cytoplasm showing a prevalent 

localization in the perinuclear region (Figure 4.4). 
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Figure 4.3 Analysis of TNIK exon 15 splicing during SK-N-BE cells neuronal 
differentiation. SK-N-BE cells were differentiated with RA (10μM) and analysed 
before treatment (T0), after two (T2), four (T4) or six days (T6). A) Representat ive 

agarose gel image of RT-PCR of TNIK exon 15 alternative splicing isoforms. GAPDH 
was used for data normalization. B) Densitometric and statistical analysis of TNIK 
exon 15 inclusion (mean ± s.e.m.; n = 3 independent experiments; one-way ANOVA 

and Tukey post hoc test). C) Real-time PCR assay of TNIKex15 isoforms (left) and 
total TNIK (right). Fold change values were calculated versus T0 stage (mean ± 
s.e.m.; n = 3 independent experiments; one-way ANOVA and Tukey post hoc test; 

** p < 0.01, *** p < 0.001).  
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4.3 Analysis of TNIK exon 15 alternative splicing in 

human iPSC-derived neural stem cells and neurons 
 

The alternative splicing of TNIK exon 15 was also studied in an alternative 

differentiation cell model, including human iPSCs committed into neural stem 

cells (NSCs) or differentiated into neuronal cells (iPSC-Neurons). We used 

iPSCs already available in our laboratory and derived from the 

reprogramming of three healthy control fibroblasts that were characterized 

by immunofluorescence and RT-PCR for the expression of the pluripotency 

markers TRA1-60, Oct 3/4, Sox 2 and Nanog (Figure 4.5 A, B). 

Figure 4.4 TNIKex15 protein expression during SK-N-BE cells neuronal 
differentiation. Representative IF images of βIII-Tubulin (red) and TNIKex15 
(green) immunostaining in SK-N-BE cells at T0, T2, T4 and T6. Nuclear staining is 

indicated in blue (DAPI) in the merged images. Bar, 20 μm. 
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Culturing iPSCs in a commercial medium for one week, we obtained a neural 

population that showed 100% of Nestin-positive cells when characterized by 

immunofluorescence analysis (Figure 4.6 A). iPSC differentiation into 

neurons, performed by a modified protocol of Amoroso et al. [176], was 

assessed by the expression of the neuronal βIII-tubulin and the 

neurofilament SMI-312 cytoskeleton markers in immunofluorescence 

images. We obtained a neuronal population with 100% βIII-tubulin-positive 

cells and ~80% of SMI-312-positive cells for all the three differentiated iPSC 

lines (Figure 4.6 B).  

Figure 4.5 Characterization of pluripotency of human iPSCs. Pluripotency of the 
three human healthy iPSCs lines was evaluated A) by IF analysis of TRA-1-60 

(green) and B) by RT-PCR assay of OCT 3/4, SOX 2 and NANOG staminal markers. 
In the representative IF images the nuclear staining is indicated in blue (DAPI) in the 
merged images. Bar, 20 μm.  
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A 

 

 

B 

 

Figure 4.6 Characterization of iPSCs neural and neuronal differentiation. Three 
human healthy iPSCs lines were differentiated into neural stem cells (NSCs 1-2-3) 

and were characterized by IF analysis of the neural marker Nestin (green) showed 
in the representative images A). The three iPSCs lines were also differentiated into 
neurons (iPSC-Neurons 1-2-3) and the neuronal differentiation efficiency was 

evaluated by IF analysis of the neuronal βIII-Tubulin (red) and the neurofilament SMI 
312 (green) markers B). Nuclear staining is indicated in blue (DAPI) in the merged 
images. Bar, 20 μm. 
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Quantitative analysis of TNIK exon 15 alternative splicing by RT-PCR 

showed that in iPSCs the TNIKex14-16 isoforms were prevalent with only 

5.8% of exon 15 inclusion, while during neuronal differentiation the inclusion 

of exon 15 significantly increased to 25% in NSCs and to 50% in iPSC-

Neurons (Figure 4.7 A, B).  

Immunofluorescence analyses confirmed the exclusive expression of 

TNIKex15 protein isoforms in iPSC-Neurons (Figure 4.7 C), but not in iPSCs 

and in NSCs (data not shown). The cellular distribution of TNIKex15 protein 

was prevalent in the cytoplasm, particularly enriched in the perinuclear 

region, as observed in SK-N-BE differentiated cells, but also distributed along 

few neurites. The TNIK protein, detected with a commercial antibody 

generated against an amino acidic region common to all the isoforms, was 

mainly distributed like the TNIKex15 isoforms but showed a weak diffuse 

staining also in other cytoplasmic regions (Figure 4.7 C). 

Our results from both human neuroblastoma and iPSCs in vitro models 

suggest that TNIK exon 15 inclusion is up-regulated and that the TNIKex15 

protein isoforms are specifically present in differentiated neuronal cells. 
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Figure 4.7 Analysis of TNIK alternative splicing during neuronal differentiation 
of human iPSCs. A) RT-PCR analysis of TNIK exon 15 alternative splicing in three 
differentiation stages: before differentiation (iPSCs), in the intermediate stage of 

neural stem cells (NSCs) and in the late stage of iPSC-Neurons. B) Densitometric  
and statistical analysis of RT-PCR assay showed in A (mean ± s.e.m, one-way 
ANOVA and Tukey post hoc test; n=3 is referred to the differentiation of three human 

healthy iPSC lines; * p<0,05; ** p<0,01; *** p<0,001). C) Representative IF images 
of TNIKex15 (green) and TNIK (red), detected with a home-made and a commercial 
antibody, respectively, in differentiated iPSC-Neurons. Nuclear staining is indicated 

in blue (DAPI) in the merged images. Bar, 20 μm.  
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4.4 Regulation of TNIK exon 15 inclusion by the 

neuronal-specific splicing factor NOVA-1 
 

As TDP-43 acts by inhibiting TNIK exon 15 inclusion, we assessed whether 

TDP-43 protein content changes during neuronal differentiation to account 

for the observed increase in TNIK exon 15 inclusion. By Western blot (WB) 

analyses, TDP-43 protein levels were comparable both in all stages of 

neuroblastoma differentiation (Figure 4.8 A) and during differentiation of 

iPSC into NSCs and iPSC-neurons (Figure 4.8 B). Moreover, 

immunofluorescence analysis showed that TDP-43 mainly localized in the 

nucleus of both neuron-differentiated cells, excluding a loss of TDP-43 

nuclear function (data not shown).  

We therefore investigated whether TNIK splicing is regulated by other 

splicing factors in neuronal cells. We focused on NOVA-1, which is reported 

to be expressed specifically in neurons and to regulate the alternative 

splicing of a wide array of genes involved in synapse architecture and 

functioning [170]. NOVA-1 protein content significantly increased in 

differentiated neuroblastoma cells at T6 by WB analysis (Figure 4.8 A). 

During iPSCs differentiation, NOVA-1 was detected only in iPSC-neurons 

(Figure 4.8 B), confirming literature data about its neuron-specific 

expression. 

To test if NOVA-1 RBP can regulate TNIK pre-mRNA splicing, we first 

assessed TNIK exon 15 alternative splicing upon NOVA-1 over-expression. 

In non-neuronal HEK293T cells, not physiologically expressing the NOVA-1 

gene, TNIK exon 15 was prevalently skipped as showed by RT-PCR analysis 

(Figure 4.9 A), while we observed an increased exon 15 inclusion upon ha-

tagged NOVA-1 over-expression (Figure 4.9 A). We confirmed these findings 

by quantitative real-time PCR that showed a significant three-fold increase 

of TNIK exon 15 isoforms together with unchanged levels of all TNIK 
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isoforms (Total TNIK) (Figure 4.9 B). We also tested if NOVA-1 over-

expression influenced TDP-43 protein levels by WB analysis (Figure 4.9 A) 

that showed unchanged TDP-43 content in NOVA-1 over-expressing cells in 

comparison to the mock-transfected ones (Figure 4.9 C). 

 

 

Figure 4.8 NOVA-1 and TDP-43 protein levels in neuronal differentiation 
models in vitro. Representative WB images and densitometric analysis of TDP-43 

and NOVA-1 protein levels A) during SK-N-BE neuronal differentiation (mean ± 
s.e.m.; n = 3 independent experiments; one-way ANOVA and Tukey post hoc test; * 
p <0.05) and B) in iPSCs, neural stem cells (NSCs) and iPSC-Neurons (mean ± 

s.e.m.; n = 3 is referred to the differentiation of three human healthy iPS cells; one-
way ANOVA and Tukey post hoc test; ** p <0.01, *** p<0.001).  
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To further investigate if NOVA-1 may act as a TNIK exon 15 splicing 

regulator, we performed a minigene assay that we previously used to 

demonstrate TDP-43-mediated splicing of TNIK [21]. TNIK exon 15 (87bp) 

and part of its flanking 5’ (141bp) and 3’ (126bp) intronic regions were cloned 

into the pTB minigene system as already described [21]. Figure 4.10 

Figure 4.9 TNIK exon 15 alternative splicing and TDP-43 protein levels upon 
NOVA-1 over-expression in HEK293T cells. A) Representative RT-PCR image 
of TNIK exon 15 splicing upon ha-tagged NOVA-1 or empty vector (pcDNA) over-

expression in HEK293T cells (Upper panel). Representative WB images to assess 
ha-tagged NOVA-1 transfection efficiency and endogenous TDP-43 protein levels  
(Lower panel). GAPDH was used for data normalization. B) Real-time PCR of 

TNIKex15 isoforms and total TNIK gene. Fold change values were calculated 
versus mock-transfected cells (pcDNA) (mean ± s.e.m.; n = 3 independent  
experiments; Unpaired t-test; *** p < 0.001). C) Densitometric analysis of TDP-43 

protein levels showed in A (mean ± s.e.m.; n = 3 independent experiments;  
Unpaired t-test).  
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schematically reports the pTB minigene system and the full TNIK sequence 

cloned, highlighting the TDP-43 consensus binding motif (TG)18 within the 

intronic region downstream exon 15.  

 

 

 

In our analysis, we also included hnRNPA2/B1, an ubiquitous RBP that is 

known to interact directly with TDP-43 and to co-operate in regulating its 

splicing activity [9]. Therefore, in HEK293T cells upon the over-expression of 

the splicing factors TDP-43, NOVA-1 and hnRNPA2/B1 alone or in 

combination with each other, we evaluated the exon 15 inclusion/skipping of 

TNIK-minigene construct (Figure 4.11 A). When TDP-43 was over-

expressed, TNIK exon 15 inclusion decreased to 53.5% compared to mock-

transfected cells (88.2%), as already shown [21] (Figure 4.11 A lane 1, 2; B). 

Similar results were obtained upon transfection of flag-tagged hnRNPA2/B1 

showing a 68.8% of exon 15 inclusion (Figure 4.11 A lane 4; B). Transfection 

with ha-tagged NOVA-1 showed a slight, although not significant, increase 

of exon 15 inclusion (92.2%) compared to mock-transfected cells even if 

TNIK exon 15 inclusion is almost complete in these cells (Figure 4.11 A lane 

3, 1; B). In competition experiments, by co-expression of NOVA-1 with TDP-

Figure 4.10 TNIK exon 15 minigene construct. Schematic representation of the 

pTB minigene system. TNIK exon 15 (orange box) along with parts of 5’ (141 bp) 
and 3’ (126 bp) introns were subcloned into the NdeI restriction site of the pTB vector.  
The sequence of the subcloned region is reported highlighting exon 15 sequence 

(orange) and the TDP-43 consensus motif (underlined bolt). The primers used for 

the RT-PCR are also indicated (a2-3 For; Bra2 Rev). 



49 
 

43 or hnRNPA2/B1, we observed that NOVA-1 completely abrogated both 

TDP-43 and hnRNPA2/B1 skipping activity on exon 15 (90.8% and 92.8% 

exon inclusion, respectively) (Figure 4.11 A lane 5, 6; B). The co-expression 

of TDP-43 and hnRNPA2/B1 synergistically decreased to 32.2% the exon 15 

inclusion (Figure 4.11 A lane 7; B), while the presence of NOVA-1 was able 

to completely inhibit TDP-43/hnRNPA2/B1 splicing activity by restoring TNIK 

exon 15 inclusion (93.5%) similarly to control cells (88.2%) (Figure 4.11 A 

lane 8; B). WB analyses assessed that the recombinant proteins content was 

comparable in all minigene splicing assays (Figure 4.11 A). 

 

 

 

Figure 4.11 TNIK exon 15 minigene assay in HEK293T cells A) Representat ive 
RT-PCR image of the splicing pattern of TNIKex15-minigene in HEK293T cells co-
transfected with pTBminigene_TNIKex15 and flag-tagged TDP-43, flag-tagged 

hnRNPA2/B1, ha-tagged NOVA-1 or empty vector (pcDNA) as indicated (Upper 
panel). The scheme of TNIKex15 inclusion (ex2-ex15-ex3) and skipping (ex2-ex3) 
in α-globin gene is indicated. Representative WB images to evaluate transfection 

efficiency of the different constructs (Lower panel). GAPDH was used for data 
normalization in WB and RT-PCR analysis. Arrow, flag-TDP-43; arrowhead, flag-
hnRNPA2B1; asterisk, recombinant flag-tagged TDP-43 or hnRNPA2/B1 protein.  

B) Densitometric and statistical analysis of TNIKex15-minigene inclusion data (mean 
± s.e.m, one-way ANOVA and Tukey post hoc test; n=3 independent experiments;  
** p< 0,01; *** p< 0,001). 
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4.5 NOVA-1 and TDP-43 interplay in regulating TNIK 

alternative splicing 
 

According to our minigene results, a competitive mechanism between TDP-

43 and NOVA-1 is suggested in the regulation of TNIK exon 15 splicing. We 

previously showed by RNA-immunoprecipitation (RIP) assay that TDP-43 

binds the TNIK pre-mRNA in human neuroblastoma cells [21].  

We tested NOVA-1 binding by UV-CLIP experiments using protein lysates of 

HEK293T cells transfected with ha-tagged NOVA-1 or flag-tagged TDP-43 

and two riboprobes, TNIK A and TNIK B, encompassing specifically the TNIK 

intronic regions included in the minigene assay and exon 15, as 

schematically reported in Figure 4.12 A. While we confirmed TDP-43 binding 

to TNIK, demonstrating that specifically recognizes intron 15, containing the 

UG-consensus binding motif, we failed to detect NOVA-1 binding to the 

intron14-exon15-intron15 selected region (Figure 4.12 B), although the 

recombinant NOVA-1 protein was recovered successfully in the 

immunoprecipitation (IP) assay (Figure 4.12 C). This result was also 

supported by in silico analysis using the RBPmap software 

(http://rbpmap.technion.ac.il/; [180]) of TNIK pre-mRNA that did not identify 

the canonical NOVA-1 specific consensus motif (YCAY clusters) within the 

selected TNIK sequence also used in the minigene assay (data not shown). 

Excluding a direct binding of NOVA-1 on TNIK pre-mRNA, we tested if this 

RBP binds to TDP-43 protein and if this interaction is RNA-mediated. Co-

immunoprecipitation (co-IP) experiments on HEK293T lysates co-

transfected with flag-tagged TDP-43 and ha-tagged NOVA-1 constructs 

showed that NOVA-1 bound TDP-43 only if RNA was preserved by adding a 

ribonuclease (RNAse) inhibitor in the cell lysates (Figure 4.13). This result 

was further supported by the reduced NOVA-1 interaction with TDP-43 in cell 

lysates treated with RNAse A to digest the RNA component (Figure 4.13).  
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Figure 4.12 Analysis of NOVA-1 interaction to TNIK pre-mRNA. A) Schematic 

representation of TNIK A and TNIK B riboprobes designed for the UV-CLIP assay. 
TNIK A riboprobe includes 141 bp-intron14 and exon15 region, while exon15 and 
126bp-intron15 sequence is contained in TNIK B. B) SDS-PAGE of UV-CLIP 

experiment with anti-ha (first and second lanes) anti-flag (fourth and fifth lanes) 
antibody and radiolabeled TNIK A (first and fourth lanes) or TNIK B (second and fifth 
lanes) riboprobes. The irrilevant IgG antibody was used as a negative control (third 

and sixth lanes). C) WB representative images of IP samples to check the 
transfection efficiency (INPUT) and the ha-tagged NOVA-1 and flag-tagged TDP-43 
recovery in IP assay. GAPDH was used to data normalization.  



52 
 

 

 

 

In order to confirm that this interaction occurs only in a RNA-dependent 

manner and to map TDP-43 protein region involved in the binding, we 

performed co-IP assay on HEK293T cell lysates, co-transfected with ha-

tagged NOVA-1 and flag-tagged full-length or mutated TDP-43. We used two 

TDP-43 constructs unable to bind the RNA targets, such as the flag-tagged 

TDP-43 ∆RRM1, where the entire RRM1 domain was deleted, and flag-

tagged TDP-43 4FL, where four phenylalanines residues (p.F147 and 

p.F149 in RRM1 and p.F229 and p.F231 in RRM2 domain), indispensable 

for the binding to RNA, were mutated into lysines [5]. As the C-terminal TDP-

43 domain is described to be mainly involved in protein-protein interaction, 

we also used a C-terminal deleted TDP-43 construct (flag-tagged TDP-43 

ΔC) to assess if this region may be involved in TDP-43/NOVA-1 interaction 

(Figure 4.14 A). Co-IP experiments on lysates treated with RNAse inhibitor 

confirmed NOVA-1 binding to TDP-43 only if the TDP-43 ability to recognize 

Figure 4.13 NOVA-1 protein interaction with TDP-43. Representative WB 
image of co-IP on HEK293T cell lysates transfected with ha-tagged NOVA-1 and 
flag-tagged TDP43 constructs and treated with RNAse A or RNAse inhibitor to 

digest or preserve RNA, respectively. Anti-flag or anti-ha antibody was used to 
immunoprecipitate the recombinant proteins and their complexes (n=3 
independent experiments); asterisk, indicate IgG heavy chain. 
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RNA was preserved, as NOVA-1 failed to bind both TDP-43 ∆RRM1 and 

TDP-43 4FL protein (Figure 4.14 B). The NOVA-1 interaction with the mutant 

TDP-43 ΔC was maintained, indicating that TDP-43 C-terminal domain is not 

necessary for NOVA-1 binding (Figure 4.14 B). 

 

 

Figure 4.14 Mapping of TDP-43 protein region interacting with NOVA-1. A) 
Graphical representation of the flag-tagged full-length and mutant TDP-43 

constructs used in B. B) Representative WB image of co-IP using anti-flag 
antibody on HEK293T lysates transfected with ha-tagged NOVA-1 or flag-tagged 
TDP-43 plasmids, showed in A, as indicated to assess TDP-43 protein region 

involved in NOVA-1 binding (n=3 independent experiments). < indicate residual 

flag signal from the previous hybridization.  
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As our minigene data showed that NOVA-1 also abrogated hnRNPA2/B1 

exon skipping activity on TNIK exon 15, we tested if NOVA-1 also binds to 

this RBP by co-IP experiments. Similarly to TDP-43, NOVA-1 bound 

hnRNPA2/B1 only if RNA was preserved with a RNAse inhibitor compared 

to RNAse A treatment (Figure 4.15). Immunoprecipitation using anti-ha, the 

NOVA-1-tag, antibody failed to isolate protein complexes including 

hnRNPA2B1 (Figure 4.15), probably because the ha-sequence may be 

masked in these complexes. This may be also valid to explain the reduced 

NOVA-1/TDP-43 interaction observed when anti-ha antibody was used to IP 

(Figure 4.13).  

These results suggest that the RNA-dependent interactions between the 

tissue-specific NOVA-1 and the ubiquitous TDP-43 and hnRNPA2B1 RBPs 

may play a role in regulating TNIK exon 15 alternative splicing in neurons.  

 
  

 

 

Figure 4.15 NOVA-1 protein interaction with hnRNPA2B1. Western blot image 
representative of co-IP experiments using anti-flag and anti-ha antibody to check 

for NOVA-1 binding to hnRNPA2B1. HEK293T cells were transfected with ha-
tagged NOVA-1 or flag-tagged hnRNPA2B1 and lysates treated with RNAse A or 
RNAse inhibitor to determine if the binding was RNA-mediated (n=3 independent  

experiments). 



55 
 

4.6 Role of TNIKex15 protein isoform on cell 

spreading in HEK293T cells  
 

The full-length TNIK over-expression has already been described to affect 

cell spreading and morphology through the disruption of the filamentous actin 

(F-actin) network [103,111]. This effect has been associated with TNIK 

kinase activity, as the over-expression of a TNIK construct mutated in the N-

terminal domain (K54R) with a defective kinase activity did not show cell 

spreading and morphological defects [103,111].  

To evaluate if also the 29-amino-acid region encoded by exon 15 is 

necessary to affect cell spreading, we transiently over-expressed the human 

full-length TNIK (TNIK FL) and TNIK exon 15-deleted (TNIKΔ15) constructs 

in HEK293T cells, to analyze their effect on cell morphology by measuring 

the cell circularity parameter by ImageJ NIH software (Figure 4.16). In our 

analysis, we included also the kinase mutant TNIK construct (TNIK KM), as 

a negative control (Figure 4.16 A). Our analysis showed that the TNIK FL 

over-expression significantly increased cell circularity compared to control 

cells, while TNIK KM-transfected cells showed a cellular shape comparable 

to mock-transfected ones, as expected [103] (Figure 4.16 B). Moreover, 

TNIK FL circularity resulted significantly increased also compared to TNIK 

KM condition, confirming that the kinase activity is important to affect cell 

spreading (Figure 4.16 B). The TNIKΔ15-expressing cells showed circularity 

values closer to the control cells and significantly different from both TNIK 

full-length and TNIK KM transfected cells (Figure 4.16 B), thus showing an 

intermediate phenotype.  

These results suggest that the amino acidic sequence encoded by TNIK 

exon 15 is required to inhibit cell spreading in HEK293T cells.  
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Figure 4.16 TNIK effect on cell spreading in HEK293T cells. A) Representat ive 
IF images of HEK293T cells transfected with human TNIK constructs (ha-tagged 
TNIK FL, ha-tagged TNIKΔ15 and ha-tagged TNIK KM) (red) or empty vector. GFP 

was co-transfected to label cell morphology and the nuclear staining is showed in 
blue in the merged images (DAPI). Bar 20μM. B) Cell circularity analysis performed 
by ImageJ NIH software. Blue circles, mock-transfected cells; purple circles, TNIK 

FL cells; orange circles, TNIKΔ15 cells; green circles, TNIK KM cells (mean ± s.e.m.; 
n = 3 independent experiments; 75 cells for condit ion were analysed; one-way 
ANOVA Kruskal-Wallis, Dunn’s post hoc test; *** p < 0.001).  
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4.7 Role of TNIKex15 protein isoform in neurite 

development in primary cortical neurons 
 

As our results showed a specific expression of TNIK exon 15 in neuronal 

tissues and during neuronal differentiation in vitro, we hypothesized that the 

amino acidic region encoded by this alternative exon may be important to 

define TNIK neuronal functions. Among the different biological process in 

which TNIK is involved in neurons, its role in regulating dendrite arborization 

has been documented and the TNIK FL over-expression was described to 

negatively affect neurite development in primary rat neurons [110].  

We analyzed the effect of human TNIK FL in comparison to TNIKΔ15 over-

expression on neurite development in DIV7 primary murine cortical neurons 

(Figure 4.17 A). Also in this analysis we included the already described 

kinase mutated TNIK construct [103]. By Sholl analysis, that counted the 

number of neurites crossing concentric circles drawn at 7.5 μm intervals 

around the neurons, we observed a decreased number of crossing neurites 

in TNIK FL-expressing neurons already at 15 μm distance from the cell body 

center compared to the mock-transfected cells (Figure 4.17 B). TNIKΔ15 and 

TNIK KM-transfected neurons showed a similar behavior to control cells 

(Figure 4.17 B). When we compared the more proximal neurites emerging 

from the cell body at 15 μm distance, a significant decrease in TNIK FL-

transfected cells (crossing neurites mean number: 8.4) was observed 

compared to both control (10.2) and TNIK KM-expressing (10.7) neurons 

(Figure 4.17 C). The same trend, although not statistical significant, was 

observed versus TNIKΔ15-transfected cell (9.9) (Figure 4.17 C). No 

differences were observed in the cellular distribution of the transfected 

constructs in the primary cortical neurons analysed, as all TNIK transfected 

proteins localized in the cytoplasm, enriched in the perinuclear region and 

weaker along neurites (Figure 4.17 A), resembling the endogenous TNIK 
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distribution that we observed in neurons differentiated from iPSCs (Figure 

4.7 C). 

 

 

 

Figure 4.17 Neurite development in human TNIK-overexpressing primary 
murine cortical neurons. A) Representative IF images of DIV7 cortical neurons 
transfected with human TNIK constructs (ha-TNIK FL, ha-TNIKΔ15 and ha-TNIK 

KM) (grey) or empty vector. GFP was co-transfected to label cell morphology and is 
showed in the merged images together with the nuclear staining (DAPI, blue). Bar, 
20μM. B) Sholl analysis of transfected neurons. Blue circles, mock-transfected 

neurons (n=72); purple circles, TNIK FL neurons (n=59); orange circles, TNIKΔ15 
neurons (n=72), green circles, TNIK KM neurons (n=59) (mean ± s.e.m; n is referred 
to all the cells analysed for each condition from four independent experiments). C) 

Crossing neurites number at 15 μm from the cell body in all transfected neurons 
analysed (mean ± s.e.m.; n = 4 independent experiments; one-way ANOVA Kruskal-
Wallis, Dunn’s post hoc test; * p < 0.05, ** p<0.01). 
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As neurite development is tightly dependent on actin dynamics and as TNIK 

kinase activity is described to affect actin polymerization [103,111], we 

quantified F-actin levels at growth cones (Figure 4.18) and in the soma 

(Figure 4.19) of transfected neurons.  

Our growth cone analysis showed that TNIK FL over-expression significantly 

reduced F-actin levels compared to control cells (Figure 4.18 A, B) and led 

to a significantly lower filopodia number (Figure 4.18 D), but no changes in 

growth cones area (Figure 4.18 C). In contrast, upon TNIKΔ15 or KM over-

expression, F-actin levels, growth cones morphology and filopodia number 

were unchanged compared to control cells (Figure 4.18 A, B, C).  

When we analysed the soma of TNIK FL-expressing neurons, F-actin levels 

were not altered (Figure 4.19 A, B), however, we observed a significant 

smaller area (Figure 4.19 A, C). TNIKΔ15 over-expression did not change 

soma morphology and F-actin levels, while, surprisingly, TNIK KM-

expressing neurons showed a significant increase of F-actin levels (Figure 

4.19 A, B) albeit the soma area was unchanged compared to control cells 

(Figure 4.19 A, C).  

All these findings evidence that in primary murine cortical neurons TNIK FL 

over-expression has a different effect on neurite development and actin 

dynamics compared to TNIKΔ15 ones. Our data also suggest that 29-amino-

acid sequence encoded by exon 15 may be necessary for TNIK kinase 

activity, as the TNIKΔ15 and TNIK KM-expressing neurons showed a 

comparable effect on both neurite development, growth cones and soma 

morphology and F-actin levels. 
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Figure 4.18 TNIK effect on growth cones morphology and F-actin levels in 
primary murine cortical neurons. A) Representative IF images of growth cones of 
murine cortical neurons (DIV7) transfected with human TNIK plasmids and GFP to 

label the cell morphology. Phalloidin (red) was used to stain and quantify filamentous 
F-actin. Ha (grey) antibody was used to visualized transfected cells. Bar 10μm.  
Quantification of growth cones B) F-actin levels and C) area of TNIK FL (n=45),  

TNIKΔ15 (n=65), TNIK KM-expressing neurons (n=39) or control cells (n=65) 
performed by ImageJ NIH software. D) Filopodia number for growth cone was 
quantified (mean ± s.e.m.; n is referred to total cells analyzed for each condition from 

four indipendent experiments; one-way ANOVA Kruskal-Wallis, Dunn’s post hoc test; 
* p < 0.05; ** p < 0.01). 
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Figure 4.19 TNIK effects on soma morphology and F-actin levels in primary 
murine cortical neurons. A) Representative iIF images of somas of DIV7 cortical 
neurons transfected with human TNIK plasmids. GFP protein was used to label the 

cell morphology. Phalloidin (red) staining was used to quantify filamentous F-actin. 
Ha (grey) antibody shows the expression of transfected plasmid and nuclear staining 
(DAPI) is shown in merged images. Bar 20μm. Quantification of soma F-actin levels  

B) and area C) of cells transfected with TNIK FL (n=35), TNIKΔ15 (n=46), TNIK KM 
cells (n=42) or empty vector (n=46) was performed by ImageJ NIH software (mean 
± s.e.m.; n is referred to total cells analyzed for each condition from four indipendent  

experiments; one-way ANOVA Kruskal-Wallis, Dunn’s post hoc test; ** p < 0.01; *** 
p<0.001). 
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5 DISCUSSION 
 

 

5.1 TNIK alternative splicing in human adult tissues 

and in neuronal differentiation models in vitro  

 

The ubiquitous RBP TDP-43, the neuropathological hallmark of ALS and 

FTLD diseases, is involved in different steps of RNA metabolism, including 

the alternative splicing regulation [181]. Our group has recently 

demonstrated that, upon TDP-43 knock-down in neuroblastoma cells, to 

mimic a loss-of-function mechanism, TNIK alternative splicing is altered with 

an increased exon 15 inclusion and an up-regulation of the corresponding 

protein isoform [21]. The Ser/Thr kinase TNIK is highly expressed in the brain 

and plays an important role in neuronal functions, such as dendrites 

organization, neurogenesis and synaptic structure and functionality [108–

110]. Moreover, it is a genetic risk factors for schizophrenia [124–126] and 

null-mutations in TNIK gene were identified in families with intellectual 

disability [131]. 

In this study, we characterized TNIK alternative splicing in human adult 

tissues and in neuronal differentiation models in vitro to define TNIK splicing 

pattern in neurons.  

So far, only one study analysed TNIK expression in different human adult 

tissues showing higher TNIK mRNA levels in brain [103]. This study also 

described that TNIK pre-mRNA is alternatively spliced in three exons (exon 

15, 17 and 22) encoding for amino-acid sequences inserted in frame in the 

TNIK intermediate region [103]. To date, a characterization of the different 

TNIK isoforms expression is still missing. We demonstrated that TNIK exon 

15 alternative splicing is differently regulated in human adult tissues, showing 
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exon 15 inclusion as the only splicing event occurring in brain and spinal 

cord. Our results suggest a potential role of the specific TNIKex15 isoforms 

in the central nervous system, supported also by literature data where the 

function of the full-length TNIK protein isoform is widely described in neuronal 

models [104,109,110]. We also observed a prevalent TNIKex15 expression 

in skeletal muscle, a tissue in which TNIK function has not been reported yet. 

For a full characterization of TNIK alternative splicing, we also analysed the 

other two alternative splicing events (exon 17 and 22) in human adult tissues. 

We found that exon 17 is not regulated in a tissue-specific manner, as it was 

prevalently included in all tissues analysed, suggesting that the 55 amino-

acid-long sequence encoded by this exon may be necessary for the main 

TNIK functions independently on the tissue type. Regarding exon 22, in 

neuronal tissues both TNIKex22 and TNIKex21-23 isoforms were expressed 

showing, however, a different splicing pattern between brain and spinal cord, 

as exon 22 is mostly included in brain, while it is mainly skipped in spinal 

cord. Indeed, we also found that TNIKex22 isoforms were less expressed 

that TNIKex21-23 ones in all the non-neuronal tissues analysed. TNIK exon 

22 is a 24-nucleotide-long exon and, according to recent literature 

classifications [179,180], it is defined as a “microexon”, whose inclusion has 

been described to increase during neuronal maturation by RNA-Seq analysis 

[182]. Microexons are particularly enriched in the brain and their 

dysregulation has been associated to the autism spectrum [182], so that also 

the analysis of TNIK exon 22 alternative splicing would warrant further 

investigation in association with this disease.  

All these findings support a prevalent neuronal role of TDP-43-regulated 

exon 15, as all the TNIK isoforms expressed in both brain and spinal cord 

always include exon 15 sequence, unlike exon 22, that is contemporary 

included or skipped, and exon 17, that is mainly expressed in all tissues 

analysed. 
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The neuronal relevance of TNIK exon 15 inclusion is further supported by 

our TNIK alternative splicing analyses during neuronal differentiation in vitro. 

In neuroblastoma SK-N-BE cells treated with RA to induce neurites 

outgrowth and branching, we found an increased TNIKex15 expression 

together with an overall increase of total TNIK mRNA content. We confirmed 

these findings in another differentiation model in vitro, using human iPSCs. 

In this model, a clear change of TNIK exon 15 splicing pattern was observed, 

showing 5.8% of inclusion in the undifferentiated iPSCs and more than 50% 

of inclusion in iPSC-neurons. 

The translation of splicing studies from RNA to protein level to assess if the 

alternatively spliced mRNAs are also translated into different proteins, thus 

having an impact on cell biology, is usually limited, mainly due to the absence 

of isoform-specific antibodies. In a previous work, for the first time, we 

analysed TNIK exon 15 splicing at protein level, using a home-made antibody 

generated against the 29-amino-acid region encoded by exon 15 [21]. 

Therefore, using this TNIK-exon15 specific antibody in immunofluorescence 

assay, we confirmed the specific TNIKex15 isoforms expression also at 

protein levels at the late stage of neuroblastoma cell differentiation (6 days-

treatment) and in iPSC-neurons. TNIKex15 protein showed a diffuse 

cytoplasmic localization enriched in the perinuclear region and a weaker 

distribution along neurites. Literature data report that the TNIK longer isoform 

(1360 aa), including exon 15, localizes in the cytoplasm of different cellular 

models [104,105,109,110] and, when over-expressed with the small GTP-

binding protein Rap2A, a functional TNIK partner, it specifically localizes in 

the perinuclear region and regulates the actin cytoskeleton organization 

[111]. 

All these findings suggest a specific regulation of TNIK exon 15 alternative 

splicing in neurons and a neuron-specific function for TNIKex15 isoforms.  
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5.2 TDP-43 and NOVA-1 interplay in regulating TNIK 

exon 15 splicing 

 

As TDP-43 inhibits TNIK exon 15 inclusion [21, 28] and as our results showed 

that exon 15 inclusion increased during neuronal differentiation in vitro, we 

assessed if TDP-43 protein levels decreased during the neuronal 

differentiation process. TDP-43 protein content did not change in both 

differentiated neuroblastoma cells and iPSC-Neurons, suggesting the 

possible involvement of other splicing factors in regulating TNIK exon15 

processing.  

In the nervous system, the integrated regulatory activity of ubiquitous and 

neuron-specific splicing factors defines tissue-specific splicing patterns 

[151,152] and NOVA-1 is one of the main RBPs specifically expressed in 

neurons [163,164], where it regulates the alternative splicing of several 

genes involved in synaptic architecture and activity [170]. To test our 

hypothesis of NOVA-1 as a TNIK splicing regulator, we first confirmed the 

neuron-specific NOVA-1 expression in our neuronal differentiation models in 

vitro, where an increased exon 15 inclusion was observed. Moreover, we 

demonstrated that TNIK exon 15 inclusion is increased upon NOVA-1 over-

expression in HEK293T cells, a non-neuronal cell line where NOVA-1 is not 

physiologically expressed and exon 15 is prevalently skipped. Furthermore, 

TDP-43 protein levels were unchanged upon NOVA-1 over-expression, 

thereby also excluding that NOVA-1 indirectly influences TNIK exon 15 

splicing by affecting negatively TDP-43 expression. While our results showed 

that NOVA-1 does not alter TDP-43 protein levels, literature data have 

evidenced that TDP-43 depletion is associated to a decreased NOVA-1 and 

NOVA-2 expression in mouse brain and human neuroblastoma cell models 

[48,63], suggesting also a TDP-43-mediated regulation of NOVA gene 

expression in neurons.  
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As in our neuronal differentiation models in vitro, TNIK exon 15 inclusion is 

associated to the contemporary presence of NOVA-1 and TDP-43 proteins, 

we investigate the interplay between these two RBPs in TNIK exon 15 

splicing regulation. Literature data already described NOVA-1 interplay with 

other ubiquitous RBPs to regulate alternative splicing of specific genes, such 

as Dopamine D2 receptor (DR2) exon 6 inclusion, which is favoured by 

NOVA-1 counteracting the hnRNPM splicing inhibition [174], or the NMDA 

receptor 1 exon 19, which is regulated by NOVA-1 and hnRNPA1 interplay 

in spinal cord and cerebral cortex [152]. 

Also TDP-43 was already described to regulate alternative splicing 

cooperating with other ubiquitous RBPs. For example, the SMN2 exon 7 

inclusion is promoted by TDP-43 together with hnRNPG and Htra2-β1, 

counteracting hnRNPA1-mediated SMN2 exon 7 skipping [184]. TDP-43, 

together with hnRNPH, was shown to promote Apo-II exon 3 skipping [50] 

and together with hnRNPA2, hnRNPL and PTBP, to regulate human Sortilin 

exon 17b [56]. Moreover, the ubiquitously expressed RBPs hnRNPQ, 

hnRNPR and DAZAP1 have been recently demonstrated to modulate TDP-

43 splicing activity although for few target transcripts, including also TNIK 

pre-mRNA [63]. However, studies reporting modulation of TDP-43 splicing 

activity by tissue-specific RBPs are missing.  

For the first time, we demonstrated that the neuron-specific NOVA-1 is able 

to counteract TDP-43 skipping activity on TNIK exon 15, as in our minigene 

assay NOVA-1 over-expression completely inhibited TDP-43-mediated exon 

15 exclusion.  

TDP-43 skipping activity is described to be improved by the cooperation with 

several hnRNP family members [72], like hnRNPA2B1 in the regulation of 

CFTR exon 9 splicing [9,10]. We found that the ubiquitous hnRNPA2B1 was 

also involved in regulating TNIK splicing in our minigene assay, by 

synergistically cooperating with TDP-43 in promoting exon 15 skipping. The 
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combined hnRNPA2B1/TDP-43 splicing activity was fully inhibited upon 

NOVA-1 overexpression.  

Therefore, our results show that the TDP-43-mediated TNIK exon 15 

skipping is increased by the ubiquitous hnRNPA2B1 and completely blocked 

by the neuron-specific NOVA-1 RBP. 

We further investigated the molecular mechanisms of such competition 

between TDP-43 and NOVA-1, by the hypothesis of a competitive binding on 

TNIK pre-mRNA. NOVA-1 mainly binds its target transcripts by recognizing 

a stem-loop YCAY-cluster motif (Y=pyrimidine), containing a minimum of 

three clusters in the loop region [167] and NOVA-1 binding consensus motifs 

were previously identified in TNIK intron 2, not likely involved in exon 15 

splicing regulation [170]. By in silico analysis using the RBPmap software, 

we did not evidence any NOVA-1 consensus binding motif in TNIK exon 15 

and within the upstream and downstream intronic regions used in the 

minigene construct (data not shown). Moreover, also by UV-CLIP assay we 

demonstrated that NOVA-1 does not bind such sequences in contrast to 

TDP-43, suggesting an indirect NOVA-1 regulation of this exon splicing.  

To address this issue, we evaluated NOVA-1 binding to both TDP-43 and 

hnRNPA2B1 proteins by co-IP experiments. Proteomic studies already 

identified as main TDP-43 interactors, proteins involved in RNA metabolism, 

including several splicing factors such as hnRNP proteins, PTBP1, SFRS6 

or SFRS7 [38,47,61], and these interactions may occur both in a RNA-

dependent or independent manner [38]. We demonstrated that NOVA-1 

binds TDP-43 in a RNA-dependent manner and that the TDP-43 C-terminal 

domain, which is mainly involved in protein-protein interaction, like for 

hnRNPA2B1 binding [9], is not necessary for NOVA-1 interaction. In 

particular, we demonstrated that TDP-43 binding to RNA is needed for its 

interaction with NOVA-1, as our co-IP experiments showed that the 

recombinant TDP-43 proteins unable to recognize RNA (TDP-43 ΔRRM1 
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and 4FL) both failed to bind NOVA-1, in a condition where total RNA was 

preserved by RNAse inhibitor treatment. 

Moreover, we demonstrated NOVA-1 RNA-dependent binding also to 

hnRNPA2B1, suggesting that NOVA-1 might promote TNIK exon 15 

inclusion by interacting and competing with both TDP-43 and hnRNPA2B1 

RBPs. 

According to our minigene and co-IP results, we propose the neuron-specific 

NOVA-1 RBP as a TDP-43 modifier in TNIK exon 15 splicing regulation. 

Excluding the direct NOVA-1 binding to TNIK intronic regions 14 and 15, we 

may suggest a model whereby, in a neuronal environment, the specific 

expression of NOVA-1 may drive the formation of new ribonucleoprotein 

complex(es) that, probably by sequestering the ubiquitous TDP-43 and 

hnRNPA2/B1 RBPs, repress their inhibitory splicing activity on TNIK pre-

mRNA, favouring exon 15 inclusion. Alternatively, NOVA-1 by binding to 

TDP-43 and hnRNPA2B1 may promote a conformational change in the 

bound TNIK pre-mRNA, favouring spliceosome assembly and, as a 

consequence, exon 15 inclusion.  

However, further studies are needed to confirm these two hypotheses, in 

order to define the molecular mechanisms regulating TNIK alternative 

splicing. 

 

 

5.3 Role of TNIKex15 protein isoforms in neurite 

development and cell spreading  
 

The TNIK alternative exon 15 encodes for a 29 amino-acid-long sequence in 

the TNIK intermediate protein region where no functional domains are 

annotated. The functional role of this long intermediate region is poorly 

investigated, although it is described to be necessary for TNIK interaction 



69 
 

with Traf2, NCK [103] and Nedd4-1 proteins [110]. Our study, by 

demonstrating a neuronal-specific TNIK exon 15 inclusion both at transcript 

and protein levels, suggests a potential neuronal relevance for TNIKex15 

isoforms. 

The TNIK full-length protein is necessary for dendrite organization in primary 

murine and rat neurons and both TNIK silencing or over-expression were 

described to affect negatively dendrite development [110]. Here, we 

demonstrated that the short amino-acid sequence encoded by TNIK exon 15 

is responsible for TNIK-mediated neurite development, because we found 

that, in primary murine cortical neurons, TNIK∆15 over-expression did not 

affect neurite outgrowth in contrast to the full-length TNIK protein that 

reduced neurite number since the soma emergence. Moreover, our results 

suggest that TNIK exon 15-encoded amino-acid sequence might influence 

TNIK kinase activity, as the over-expression of TNIK∆15 and the mutant 

kinase TNIK KM proteins had similar effects on neurite arborisation. 

Neurite development is tightly dependent on cytoskeleton dynamics [185], as 

developing neurites properly form synaptic connections thanks to growth 

cones motility which is strictly dependent on F-actin organization and 

dynamics [183,184]. As TNIK kinase activity regulates actin dynamics, 

promoting F-actin disassembly through Rap2A pathway [110,111], we also 

assessed if TNIK protein affects neurite development influencing actin 

dynamics by measuring F-actin levels and growth cones morphology. In 

transfected primary cortical neurons, recombinant TNIK proteins localized at 

growth cones, indicating that they may be actively involved in this subcellular 

compartment. In particular, TNIKex15 protein impaired growth cones 

dynamics by reducing F-actin levels and filopodia numbers, while TNIK∆15 

did not affect either growth cones morphology or F-actin levels similarly to 

the mutant kinase TNIK protein. A similar analysis of F-actin levels and 

morphology of the soma, as another cellular region representative of actin 
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dynamics, showed unchanged F-actin levels of TNIK FL-transfected cortical 

neurons, although the area were smaller compared to control cells. TNIK∆15-

transfected neurons showed normal soma F-actin and morphology, while, 

unexpectedly, somatic F-actin levels increased upon TNIK KM over-

expression, although soma morphology was unchanged. To try to explain 

this result, we speculate that the increased F-actin levels observed in the 

soma of TNIK KM-positive cells might be the early step of a more active 

neurite formation that we were not able to detect in our cortical neurons 

cultures at DIV7. To support this hypothesis, in fact, in primary rat neurons 

at DIV 10, TNIK KM over-expression was shown to promote dendrite growth 

[110]. 

Our characterization of TNIK alternative splicing in human adult tissues 

showed TNIKex15 expression also in non-neuronal tissues, although at 

lower levels, suggesting also a non-neuronal function for TNIKex15 isoforms. 

In HEK293T cells, the over-expression of full-length TNIK was previously 

described to affect cell spreading, inducing the change to a round cell shape 

contrarily to the mutant kinase TNIK KM that was not able to influence cell 

morphology [103,111]. Our analysis of cell spreading in HEK293T cells 

showed that TNIK∆15 over-expressing cells had an intermediate phenotype 

between TNIKex15 and TNIK KM-expressing cells, suggesting that TNIK 

exon 15-encoded amino-acid sequence is important also to affect cell 

spreading in non-neuronal cells, likely due to F-actin disassembly induced by 

Rap2A/TNIK signalling [111]. 

Taking into account all our results, we can assert that the 29-amino acidic 

sequence encoded by TNIK exon 15 seems to influence TNIK kinase activity 

that, regulating F-actin dynamics through the Rap2A pathway, is important 

both for neurite development in neuronal cells and for cell spreading in non-

neuronal cells.  
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However, future studies are needed to address the specific TNIKex15 

functions in neurons, such as crystallography and NMR studies to clarify the 

structural differences between TNIK protein including and excluding exon-

15-amino-acid sequence, and the investigation of other neurobiological 

aspects already described for TNIK, such as post-synaptic organization and 

signalling or neurogenesis. 
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6 CONCLUSIONS  
 

 

In this study, we have shown for the first time that the alternative splicing of 

TNIK exon 15 is differentially regulated in human adult tissues, highlighting 

the neuronal relevance of TNIKex15 isoforms. Moreover, we showed that 

TNIK exon 15 splicing pattern changes during neuronal differentiation in vitro 

and TNIKex15 protein is specifically expressed in neuronal differentiated 

cells. In other species, such as Mus musculus and Danio rerio, TNIK isoforms 

alternatively spliced in exon 15 are reported in genome databases, 

suggesting a phylogenetic conservation of this alternative splicing event. A 

deeper investigation of TNIK alternative splicing during the central nervous 

system development of these animal models might help to further clarify the 

biological mechanisms occurring during neurodevelopment, whose 

impairment may lead in humans to cognitive dysfunctions, like in intellectual 

disability and autism, or to psychiatric disorders, such as schizophrenia and 

bipolar disorders.  

Genetic data support TNIK as a risk factor for schizophrenia even if 

apparently independently from the TNIK exon 15 splicing dysregulation, as 

SNPs identified in the TNIK gene map in regions (introns 2, 3 and intergenic 

region upstream the TNIK gene) not likely associated to exon 15 splicing. 

Nonetheless, two RNA-Seq studies investigated the alternative splicing in 

post-mortem schizophrenia brains and did not identify splicing alterations in 

TNIK gene in comparison to healthy tissues [185,186]. In the general 

population, the genetic polymorphism rs369149036 (MAF 0.05), a 

(GT)8(GC)3 deletion, is reported to overlap the TDP-43 consensus binding 

sequence (TG)18 and may modify TDP-43 binding affinity to TNIK pre-mRNA. 

Furthermore, since one study reported NOVA-1 binding to TNIK intron 2 
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[170], it would be interesting to study if the reported risk SNPs, mapping in 

intron 2 and not functionally investigated yet, may affect NOVA-1 recognition 

of TNIK pre-mRNA.  

Although the current genetic literature seems not to support TNIK alternative 

splicing dysregulation in association to schizophrenia, experimental data 

strongly suggest that TNIK dysfunction in neurons may play a role in 

schizophrenia pathogenesis. In fact, a dysregulation of dentate gyrus 

neurogenesis and dendrite spines organization and activity, processes in 

which the role of the full-length TNIK protein has been documented, may 

occur in schizophrenia patients [119,121], showing also an altered TNIK 

gene expression [128] and a severe loss of dendritic spines in the affected 

dorsolateral prefrontal cortex [190]. Moreover, TNIK interaction with DISC1 

protein [104], another well-described schizophrenia genetic risk factor [123], 

is important for the proper AMPA receptor activity [104]. In this scenario, our 

study, by demonstrating that TNIK exon 15 inclusion is exclusively promoted 

in neurons and that the 29-amino-acid sequence encoded by exon 15 is 

responsible for TNIK-mediate neurite development, gives new insights 

supporting a possible role of TNIK alternative splicing regulation in 

schizophrenia pathogenesis. 

From another point of view, for the first time, this study highlights a neuron-

specific modulation of TDP-43 splicing activity, completely suppressed by the 

neuron-specific splicing factor NOVA-1, although our findings are restricted 

to only one TDP-43 RNA target so far. 

Since 2006, when TDP-43 was first identified as a major component of the 

neuropathological aggregates in ALS and FTLD patients [45,46], several 

studies have investigated TDP-43 biological functions mainly focusing on its 

splicing activity [191]. It will be of great interest to extend the analysis of 

NOVA-1 and TDP-43 interplay in the splicing regulation of other TDP-43 RNA 

targets. This will help to define if, in a neuronal environment, the ubiquitous 
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TDP-43 RBP remains a fundamental player in splicing regulation or if it is 

mainly required for other neurobiological functions whose impairment may 

better account for the neurodegenerative processes. A similar example is 

represented by survival of motor neuron (SMN), a RBP whose reduced levels 

due to homozygous deletion of the SMN1 gene causes spinal muscular 

atrophy (SMA), an infantile motor neuron disease. Although the ubiquitously 

expressed SMN protein is mainly involved in spliceosome formation, in motor 

neurons the pathogenic mechanisms that lead to SMA seem to be more 

associated to its specific neuronal function of axonal RNA transport [192]. 

In line with this hypothesis, clarifying TDP-43 functions in a neuronal 

environment may help understand the pathogenetic mechanisms associated 

to TDP-43 proteinopathy in ALS and FTLD diseases. 
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