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Summary 

While axon growth during development is very robust, axon regrowth following 

injury is generally deficient or even abortive. The identity of the molecules and 

mechanisms that participate in the complex process of developmental axon 

growth and adult axon regeneration remain to be fully disclosed. In the Thesis, 

we aimed at identifying and characterizing new genes expressed in the nervous 

system that modulate axon growth and regeneration. Taking advantage of a 

transcriptomic analysis of mouse sciatic nerve, we identified 80 genes annotated 

in the NCBI database with no relevant function assigned in the nervous system. 

Using a bioinformatics approach, these genes were grouped in five categories 

according to their pattern of expression by in situ hybridization and expression 

level in spinal cord or dorsal root ganglion (DRG). Following expression level 

validation, in situ hybridization of genes from top categories was preformed in 

both spinal cord and DRG and their neuronal origin was confirmed. Analysis of 

the regulation of these genes during axon regeneration narrowed our initial list 

to 15 genes differentially expressed after sciatic nerve injury. Of these Consortin, 

D130043K22Rik and N28178 (GINIP) were downregulated after injury and were 

selected to preform further analysis on their biological function. Overexpression 

of these candidates in hippocampal neurons significantly decreased axon length 

suggesting that these genes might act as regeneration inhibitors.  

The D130043K22Rik human homolog, KIAA0319, is a transmembrane 

protein associated with dyslexia that, when disrupted during development, 

impairs neuronal migration. Our results show that overexpressing KIAA0319, 

either in vitro or in vivo, specifically decreases axon growth and that this action is 

exerted by the cytosolic domain of the protein through the engagement of the 

JAK2-SH2B1β pathway, and through the activation of Smad2. Neurons from mice 

with a specific neuronal ablation of Kiaa0319 have increased neurite outgrowth 
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in vitro and increased axon regeneration following injury in vivo further 

supporting the role of KIAA0319 in modulating axon growth and regeneration. 

Given the fact that the homologous protein KIAA0319-like interacts with Nogo 

Receptor 1 (NgR1), we tested the hypothesis that interaction with of KIAA0319 

with NgR1 could trigger its inhibitory effect on axon growth. We observed an 

increase in neurite length of KIAA0319-depleted neurons when plated on top of 

Nogo-22, a short isoform of Nogo-A, suggesting that KIAA0319 decreases axon 

growth through interaction with inhibitory molecules, such as myelin proteins. 

In summary, this Thesis identified novel modulators of axon growth during 

development and regeneration. In the case of KIAA0319, we disclosed its 

functional domain and the signaling cascade required for restricting axon growth. 

Characterization of these newly identified genes will contribute to further 

understand the molecular basis of axonal growth. 
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Sumário 

Apesar do crescimento axonal ser bastante robusto durante o desenvolvimento, 

este é, geralmente, deficiente ou até inexistente após lesão. A identidade das 

moléculas participantes neste processo e o seu mecanismo de ação durante o 

processo complexo de crescimento axonal no desenvolvimento e regeneração 

axonal no adulto é, ainda, parcialmente desconhecida. Esta Tese tem como 

objectivo identificar e caracterizar novos genes expressos no sistema nervoso 

que regulam o crescimento e regeneração axonal. Numa análise transcriptómica 

de nervo ciático de ratinho, identificamos 80 genes anotados na base de dados 

do NCBI sem função relevante atribuída no sistema nervoso. Utilizando 

ferramentas bioinformáticas, agrupámos estes genes em cinco categorias de 

acordo com o seu padrão de expressão por hibridização in situ e nível de 

expressão na espinal medula e gânglio da raiz dorsal. Após validação do nível de 

expressão, a hibridização in situ de genes nas principais categorias confirmou a 

origem neuronal quer na espinal medula quer no gânglio da raiz dorsal. A análise 

dos níveis de expressão destes genes durante a regeneração reduziu a lista 

inicial para 15 genes diferencialmente expressos após lesão do nervo ciático. 

Entre estes, a expressão de Consortin, D130043K22Rik e N28178 (GINIP) estava 

diminuída após lesão e foram selecionados para análise detalhada da sua função 

biológica. A sobrexpressão destes genes em neurónios do hipocampo diminuiu 

significativamente o tamanho do seu axónio sugerindo que estes genes atuam, 

provavelmente, como inibidores da regeneração axonal. 

O gene humano homólogo de D130043K22Rik, KIAA0319, codifica para 

uma proteína transmembranar associada à dislexia que, quando silenciado 

durante o desenvolvimento, afeta a normal migração neuronal. Os nossos 

resultados sugerem que a sobrexpressão de KIAA0319, quer in vitro quer in vivo, 

reduz, especificamente, o crescimento axonal e que este mecanismo é mediado 
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pelo seu domínio citosólico atuando via JAK2-SH2B1β e pela ativação de Smad2. 

Neurónios de ratinho com deleção específica de Kiaa0319 têm maior capacidade 

para estender neurites in vitro e maior capacidade de regeneração após lesão, in 

vivo, reforçando o papel de KIAA0319 na modulação do crescimento axonal e da 

regeneração. Considerando que a proteína homologa KIAA0319-like interage com 

NgR1, testámos a hipótese de que o efeito inibitório de KIAA0319 no crescimento 

axonal pudesse ser induzido pela interação com NgR1. Verificámos um aumento 

do tamanho das neurites em neurónios sem KIAA0319 quando cultivados na 

presença de Nogo-22, uma pequena isoforma de Nogo-A, sugerindo que 

KIAA0319 diminui o crescimento axonal por interação com moléculas inibitórias, 

como as proteínas da mielina. 

Concluindo, esta Tese identificou novos moduladores do crescimento 

axonal durante o desenvolvimento e regeneração. No caso de KIAA0319, 

identificámos também o seu domínio funcional e a cascata de sinalização 

necessária para restringir o crescimento axonal. A caracterização destes novos 

genes poderá contribuir para melhor compreender a base molecular do 

crescimento axonal. 
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Abbreviations list 

ADF Actin depolymerizing factor 

ADP Adenosine diphosphate 

AKT Protein kinase B 

APC Anaphase-promoting complex 

Arp2/3 Actin-related protein 2/3 

ATF Activating transcription factor 

ATP Adenosine triphosphate 

BDNF Brain-derived neurotrophic factor 
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DRG Dorsal root ganglion 

DYX Dyslexia Susceptibility 

EGF Epidermal growth factor 
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Erk Extracellular signal-regulated kinases 
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IFN Interferon 
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IL Interleukin 
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JAK Janus Kinase 
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JNK c-Jun N-terminal kinase 

LP Leading process 

LRR Leucine-rich repeat 
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LRRNT Leucine-rich repeat at N-terminus 

MAG Myelin-associated glycoprotein 

MANEC Motif at N-terminus with eight cysteines 

MAP1B Microtubule-associated protein 1B 

NES Nuclear export sequence 

NGF Nerve growth factor 

NgR Nogo receptor 

NLS Nuclear localization sequence 

NT Neurotrophin 
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P75NRT p75 neurotrophin receptor 

PH Pleckstrin homology 

PKD Polycystic kidney disease 

PNS Peripheral nervous system 

RAG Regeneration-associated genes 

RD Reading disability 

RGCs Retinal ganglion cells 

Robo Roundabout receptor 

ROCK Rho-associated kinase 

RTN Reticulon 

SCI Spinal cord injury 

SEMA Semaphorin 

SH2 src homology-2 

shRNA short-harpin RNA 

SMAD Mothers against decapentaplegic homolog 2 
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STAT Signal transducers and activators of transcription 

TGF Transforming growth factor 

TGN trans-Golgi Network 

TNF Tumor necrosis factor 

TP Trailing process 

TPM Transcripts per million 

Trk Tyrosine Kinase 

WD Wallerian degeneration 
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1. Axon growth during development 

 

nce neuronal development has ended and neuronal migration and 

polarization have occurred, the mature neuron is amongst the most 

polarized cell type in our body having a long thin axon and a cell body 

bearing shorter highly ramified dendrites. The axon is probably the longest cell 

protrusion in the human body having the ability in certain cases to establish 

connections located more than 1 meter away from the cell body. At the tip of the 

growing axon, the growth cone is a highly dynamic and specialized structure that 

is guided by attractive and repulsive cues along the way in the developing 

mammalian nervous system. In this section, we will briefly discuss and integrate 

the available literature on neuronal migration and polarization, the formation of 

the growth cone and the extrinsic and intrinsic cues that guide the axon towards 

its target. 

 

 

1.1. Neuronal polarization as a key step for axon formation 

During mammalian brain development, proper positioning of neurons is a highly 

dynamic process required to achieve functional neural circuitry. Neuronal 

migration is a well-coordinated process where a newly formed neuron is able to 

travel from the deepest cortical layers to the most superficial ones. During this 

process, the migrating neurons go through multiple morphological changes 

(Ohshima, 2014), that include the break of their symmetry with the formation of 

the axon and dendrites. In fact, the ability of neurons to establish an integrated 

circuit of information is dependent on neuron polarization. The specialization of 

the axon and dendrites can be easily studied in vitro by using dissociated 

embryonic (E) day 17/E18 rodent hippocampal neurons (Kaech and Banker, 2006) 

where multiple stages of differentiation are observed (figure 1). Shortly after 

plating, hippocampal neurons are round-shaped (stage 1) surrounded by 

lamellipodia and thin protusions of filopodia. Within few hours in culture, these 

protusions elongate and neurites are formed (stage 2). After 2-3 days in vitro 

(DIV), one of the neurites rapidly extends (stage 3) and becomes the axon. Within 

one week of culture, maturation of the dendrites and axon is established (stage 

4) and synaptic activity with neighboring neurons starts.  

 

O 
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Figure 1 | Polarization of hippocampal neurons in vitro. 

Stage 1 hippocampal neurons are round upon plating. Axon specification (stage 2-3) occurs within 

3-4 days in vitro (DIV) followed by synaptic maturation (stage 4) after DIV 7. Adapted from Barnes 

and Polleux (2009). 

 

Although hippocampal neuron cultures are a great in vitro model to study 

neuronal polarization, in vivo, this process is actively occurring during neuronal 

migration (figure 2). Neuronal polarization has different transitions according to 

the brain region and developmental stage: retinal ganglion cells and bipolar cells 

retain the axon and dendrite polarity from their neural progenitors whereas 

cortical and hippocampal pyramidal neurons establish their polarity during 

differentiation (Barnes and Polleux, 2009). In the case of radial glia cells, these 

give rise to post-mitotic neurons in the ventricular zone, which in the 

intermediate zone, start to extend multiple neurites and become multipolar 

(similar to stage 2 hippocampal neurons in vitro) (Noctor et al., 2004). Once one 

major process is formed in the radial direction it becomes the leading process 

and radial translocation as bipolar cells occur along radial glial fibers. Soma 

translocation occurs as a final step in the migration when the leading process 

reaches the marginal zone to initiate local branching (Barnes and Polleux, 2009). 

The trailing process stays behind, elongates tangentially along the intermediate 

zone and will give rise to the axon. 
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Figure 2 | Polarization of radial glial cells occurring during neuronal migration. 

Projection neurons (orange) are generated by radial glial cells (blue) in the ventricular zone (VZ) as 

bipolar cells (phase I). Neurons acquire a multipolar shape in the intermediate zone (IZ; phase II) 

before the formation of a leading process (LP) that will extend towards the cortical plate (CP) and 

where formation of a trailing process will occur (TP). Radial translocation as bipolar cells occurs 

along radial glial fibers (phase III) prior to soma translocation (phase IV). Adapted from Heng et al. 

(2010). 

 

 

The leading process is generally tipped by highly dynamic filopodia and 

lamellipodia similar to a growth cone (described below), which branches also 

collapse and extend during migration (figure 3). The leading process is highly 

branched and acts as an environmental sensor for guidance cues, which affects 

the number and orientation of branches so that migrating neurons could change 

rapidly its direction without reorientation of pre-existing branches (Valiente and 

Marin, 2010). 

 

 

 

 

 

 

TP	

LP	
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Figure 3 | Leading process as a guidance sensor. 

(A) Structure of a migrating neuron. (B) Different branches of leading process (green arrow) co-exist 

until one extends and remaining branches retract. Centrossome and Golgi apparatus (blue arrow) 

move towards the extending leading process. When the nucleus reaches the branch point (yellow 

arrow), new branches are formed again (Valiente and Marin, 2010). 

 

 

1.2. Establishment of the growth cone 

For successful polarization, axon growth and neuronal connectivity, the 

establishment of a growth cone is mandatory. Growth cone formation requires 

profound and continuous cytoskeletal organization that will enable protrusion 

and growth through the environment. 

In 1890, Ramon y Cajal published his first observations of growth cones in 

the chick embryo spinal cord and described how the morphology of tip of 

growing axons varied within different environments (figure 4). 

 

Figure 4 | Growth cone rearrangements 

during development. 

Ramon y Cajal drawing of spinal cord 

neurons from E4 chick embryos 

demonstrating the diversity and 

dynamics of the growth cones during 

axon growth in the grey matter (A), in 

the ventral commissure (B) and in the 

white matter (C). From Ramón y Cajal 

(1909). 
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Structurally, the growth cone is divided in three domains (figure 5): the 

peripheral domain (the leading edge) that contains bundles of finger-like 

projections of filamentous (F)-actin filaments forming the filopodia and 

lamellipodia (flat sheet-like membrane extensions containing a meshwork of 

actin), the central domain, mainly composed by bundles of stable microtubules 

entering the growth cone, and the transition domain, which lies between the 

peripheral and central domain and is enriched in actomyosin contractile 

structures (Lowery and Van Vactor, 2009). 

 

 

Figure 5 | Structural organization of the growth cone. 

(A) Growth cone of an embryonic mouse hippocampal neuron at DIV 3. Actin is stained in red with 

phalloidin (conjugated with alexa 568) and microtubules are stained in blue with anti-β-tubulin III. 

Scale bar: 5µm. (B) Schematic representation of a growth cone showing that this structure is divided 

in the central (C)-domain, transition (T)-zone and peripheral (P)-domain, the leading edge. Adapted 

from Lowery and Van Vactor (2009). 

 

 

Within the growth cone, axon outgrowth occurs in three stages, initially 

described by Goldberg and Burmeister (1986): protusion, engorgement and 

consolidation. In the protusion phase, bundled F-actin polymerizes and 

elongation of filopodia and lamelipodia occurs. During engorgement, 

microtubules invade protusions, transporting organelles and vesicles. 

Consolidation occurs with compaction of the proximal part of the growth cone, 

giving rise to a new segment of the axon. Motility of the growth cone, as such, 

depends on the dynamic properties of both actin and microtubules (figure 6). 
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Figure 6 | Actin and microtubule dynamics in the growth cone. 

Actin filaments are composed of polymerized actin monomers added at the plus (or barbed) end 

towards the cell membrane. At the transition zone, the minus (or pointed) end of the actin filament 

will give rise to dissociated actin monomers. Microtubules are composed of assembled α- and β-

tubulin dimers, which are added at the plus end and disassembled at the minus end. (Lowery and 

Van Vactor, 2009). 

 

 

Cytoskeletal remodeling for growth cone protrusion depends on cycling 

polymerization and depolymerization of actin filaments. Actin filaments are polar 

polymers containing a barbed end (where new ATP-conjugated monomers of actin 

are incorporated) and a pointed end (where monomers are dissociated upon 

hydrolysis of ATP into ADP) (Dent et al., 2011). Filament elongation is regulated 

by actin nucleators such as the actin-related protein 2/3 (Arp2/3) complex and 

enabled/vasodilator-stimulated phosphoprotein (Ena/Vasp) (Lowery and Van 

Vactor, 2009). The Arp2/3 complex mediates protrusion of filopodia and 

lamellipodia-like veils by decreasing RhoA activity (Korobova and Svitkina, 2008). 

Ena/Vasp proteins antagonize the activity of capping proteins (that block actin 

filament elongation) (Lowery and Van Vactor, 2009). Another key regulator of 

neuritogenesis during development is the actin depolymerizing factor 

(ADF)/Cofilin as it promotes F-actin disassembly and rearrangement facilitating 

the protusion of bundled microtubules (Flynn et al., 2012). 

Similarly to actin, microtubules are capable of exploring the environment in 

the tip of the growth cone. Microtubules are polar polymers composed by two 

GTP-bound sub-units (α- and β-tubulin) dimers that assemble and disassemble at 

the plus end of each polymer (figure 6) although disassembly in the minus end 

can also occur (Coles and Bradke, 2015). During microtubule polymerization, 

binding of stabilizers such as plus-tip (+TIP) proteins and microtubule-associated 

Actin filaments 

Microtubules 
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proteins (MAPs) occurs (Dent et al., 2011). Artificial microtubule stabilization 

using Taxol induces axon formation in unpolarized hippocampal neurons (Hellal 

et al., 2011). Besides the individual contribution of the actin and microtubule 

cytoskeleton, the coordination of actin and microtubules is extremely important 

for axon growth (Tanaka and Kirschner, 1995).  

 

 

1.3. Axon guidance: where to grow? 

During development, axons need to be guided in order to reach their appropriate 

targets. Along their way, the growth cone of the growing axon is attracted or 

repulsed by instructive extracellular cues (figure 7) that coordinated with an 

intrinsic growth program will determine the direction of growth. In this section 

the extrinsic and intrinsic cues governing axon growth during development will 

be discussed. 

 

 

Figure 7 | Growth cone steering in axon guidance. 

In response to an attractive or an inhibitory cue, cytoskeletal changes occur. Actin (red), in the 

leading egde of the growth cone, pushes axon growth towards the direction of an attractive cue 

(chemoattractant) or is repelled when facing inhibitory signals (chemoreppelent). With actin 

dynamics, the microtubules (blue) protrude. 

 

 

1.3.1. Extrinsic cues in axon guidance 

1.3.1.1. Canonical guidance proteins 

So far, four families of canonical guidance proteins have been identified: 

Semaphorins, Ephrins, Netrins and Slits (figure 8). 
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Figure 8 | Guidance cues and their receptors 

Semaphorins interact with plexins and neuropilins to mediate repulsion. Netrins interact with 

Deleted in Colorectal Cancer (DCC) or UNC-5 to mediate attraction or repulsion, respectively. Slits 

interact with Roundabout (Robo) receptors to regulate midline crossing. Ephrins act as either 

attractants or repellents and interact with Eph receptor. Adapted from Van Battum et al. (2015). 

 

 

Semaphorins are a large family of both secreted and membrane-associated 

proteins initially identified has potent inducers of growth cone collapse (Luo et 

al., 1993). Semaphorins are divided in eight classes, though only classes from 

three to seven are found in mammals (Raper, 2000). Proteins from class 3 

semaphorins (SEMA3) are secreted; classes 4 to 6 (SEMA4-SEMA6) are 

transmembrane proteins whereas semaphorin 7A (SEMA7A) is linked via a 

glycosylphosphatidylinositol (GPI) anchor to the plasma membrane (Worzfeld and 

Offermanns, 2014). In the growth cone, the major receptors for semaphorins are 

the plexin and neuropilin family members. Neuropilin acts as a co-receptor for 

SEMA3 to stabilize the semaphorin–plexin interaction (Worzfeld and Offermanns, 

2014). In plexins, the presence of two intracellular GTPase-activating protein 

(GAP) domains separated by a RHO GTPase binding domain (RBD) links 

semaphorin receptors to the actin cytoskeleton. In fact, overexpression of 

constitutively active Rac1 in the presence of SEMA3A induces neuronal growth 

cone collapse whereas an opposite effect is observed with a dominant negative 

Rac1 (Jin and Strittmatter, 1997). The most studied semaphorin is SEMA3A since 

it has a potent inhibitory effect on axonal outgrowth of embryonic dorsal root 

ganglion neurons (Luo et al., 1993). Moreover, SEMA3A-deficient mice show 

abnormal projection of sensory axons in the spinal cord and abnormal 
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orientation of pyramidal neurons and olfactory axons (Behar et al., 1996; 

Schwarting et al., 2000). 

Ephrins are short-range attractants or repellents membrane-bound ligands 

of the Eph family of receptor tyrosine kinases. Based on sequence similarity and 

ligand affinity, two sub-classes of ephrins are described: EphrinA and EphrinB 

(Kullander and Klein, 2002). EphrinA (ephrinA1-ephrinA8) proteins are tethered to 

the membrane via a GPI-anchor that interacts with class A Eph receptors (EphA1-

EphA8). EphrinB (ephrinB1-ephrinB3) are transmembrane proteins with a short 

cytoplasmic region that binds to class B Eph receptors (EphB1-EphB4 and EphB6). 

Due to their membrane-attached nature, ligand binding to receptors can only 

occur by cell-to-cell interactions (Huber et al., 2003). Eph-ephrin signaling can be 

bi-directional (Egea and Klein, 2007) and controls actin cytoskeleton dynamics by 

signaling via the Rho GTPase family (Wahl et al., 2000). Ephrins are also involved 

in establishing the topographic mapping between the eye and the brain together 

with cell migration and axon tracking (Klein, 2012). 

Netrins are structurally similar to proteins of the laminin family and allow 

axons to cross the midline of the nervous system during the formation of brain 

and spinal cord commissures. These commissural axons play a major role in the 

nervous system, as they are crucial for left-right coordination and 

synchronization of information. Netrin attractant or repulsive effects are 

mediated by its ligands, Deleted in Colorectal Cancer (DCC) proteins and UNC-5 

homolog family (Keino-Masu et al., 1996; Leonardo et al., 1997). Netrin binding 

to DCC homodimers induces DCC cytoplasmic domain association and 

consequent growth cone attraction (figure 9) (Huber et al., 2003). However, 

netrin binding to UNC-5 mediates growth cone repulsion (Hong et al., 1999). 

Netrin is secreted in the floor plate at the ventral midline of the developing 

vertebrate spinal cord, which promotes attraction and outgrowth of commissural 

axons (Serafini et al., 1994). 

 

  

 

Figure 9 | Growth cones of primary neurons 

from Xenopus are attracted by netrin (Guan 

and Rao, 2003). 
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Besides netrins, also Slits play an important role during midline crossing. 

Slits (Slit1, Slit2 and Slit3) are secreted proteins that mediate repulsive signaling 

by binding through their leucine-rich repeats to Roundabout (Robo) receptors: 

Robo1/Dutt1, Robo2, Robo3/Rig-1, Robo4/Magic Roundabout (figure 10) (Kidd et 

al., 1998; Battye et al., 2001; Huminiecki et al., 2002). 

 

 

Figure 10 | Robo interacts with Slits. 

(A) Robo proteins contain five immunoglobulin-like domains (IG1-IG5; only two in Robo 4), three 

fibronectin type 3 repeats (only two in Robo 4) and a cytosolic domain with four conserved linear 

motifs (CC0-CC-3). Slits contain four leucine-rich repeats (LRR; D1-D4), six epidermal growth factor 

(EGF)-like domains, one laminin G-like domain (LG), three EGF-like domains (only one in 

invertebrates) and a cysteine knot domain in the C-terminus (Hohenester, 2008). (B) Xenopus 

primary neurons are repulsed by slits (Guan and Rao, 2003). 

 

 

The Slit1/2 double mutant presents multiple defects of axon guidance in 

different projection pathways (Bagri et al., 2002) and displacement of retina 

ganglion cell axons from the optic fiber layer (Thompson et al., 2006) whereas 

Robo1 mutants present aberrant axon pathfinding (excessive growth of both 

corticothalamic and thalamocortical axons) and cortical interneuron migration 

defects (Andrews et al., 2006). Axons from Robo3 deficient mice fail to cross the 

midline and have impaired contralateral projections of cerebellar axons (Marillat 

et al., 2004). Robo1-3 are expressed along commissural axons but in the 

opposite manner: Robo1 and Robo2 levels are decreased before crossing the 

midline and increase afterwards whereas Robo3 expression is increased before 

and decreases after crossing (Sabatier et al., 2004) (figure 11). 

A B 
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Figure 11 | Commissural axons crossing during embryonic development. 

Spinal cord commissural axons (CA) are attracted by netrin to the midline and expression of Robo1 

and 2 is repressed by Robo3.1. Once CA cross the midline, Robo3.1 is dowregulated and Robo3.2 

induces Robo1 and Robo2 expression such that CA gain sensitivity to Slit and are repelled from the 

midline.  

 

Interestingly, two isoforms of Robo3 are described with opposite effects as 

well: Robo3.1 – which is expressed in pre-crossing axons and blocks premature 

repulsion by Slits allowing midline crossing, and Robo3.2 – expressed in post-

crossing axons, acting as a classic Slit2 receptor, repelling from the midline and 

preventing axons from recrossing (Chen et al., 2008) (figure 11). Attraction of 

commissural axons by netrin-1 is then suppressed upon binding of Slit to Robo 

(Stein and Tessier-Lavigne, 2001). During crossing, a transcriptional shift in these 

neurons occurs and they acquire sensitivity to the repellents (to both Slits and 

semaphorins) so they can leave the midline and be prevented from recrossing. 

 

 

1.3.1.2. Neurotrophins as axon guidance proteins 

Neurotrophins are proteins that regulate axon growth, neuronal survival and 

neurotransmission (Lykissas et al., 2007) with long-distance attractant properties. 

The family of neurotrophins includes nerve growth factor (NGF), brain-

derived neurotrophic factor (BDNF), neurotrophin-3 (NT3) and neurotrophin-4 

(NT4) (Thiede-Stan and Schwab, 2015). All neurotophins bind to tyrosine kinase 

receptors (Trks) with selective affinities (figure 12) and to the p75 neurotrophin 

receptor (p75NTR) which belongs to the tumor necrosis factor (TNF) family (Thiede-
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Stan and Schwab, 2015). Binding of the ligand to Trk, dimerizes and 

autophosphorylates the receptor inducing intracellular signaling via protein 

kinase A (PKA), phosphatidylinositol-3 kinase (PI3K) and phospholipase C gamma 

(PLC-γ) (Lykissas et al., 2007). 

 

 

 

 

 

Figure 12 | Selectivity of neurotrophins binding to receptor. 

NGF binds to tyrosine kinase A (TrkA) receptor, BDNF and NT4 

bind to TrkB, and NT3 binds to all tyrosine kinases. All 

neurotrophins bind to p75NTR (p75). Adapted from Thiede-Stan 

and Schwab (2015). 

 

 

During development, all neurotrophins are secreted by skeletal muscles 

supporting the role of neurotrophins as axon guidance proteins during growth of 

spinal cord motor neurons (Ip et al., 2001). 

NGF is released by long distance peripheral organs and retrogradely 

transported in endosomes to neuronal cell bodies to attract and stabilize the 

corresponding axons (Thiede-Stan and Schwab, 2015). Administration of NGF 

induces extensive growth in rat neonatal brain towards the source (Menesini 

Chen et al., 1978). Retinal ganglion cells, hippocampal neurons and cerebellar 

granule neurons respond to BDNF and NT4 (Huang and Reichardt, 2001). Given 

their function, neurotrophins have been extensively used as therapeutical targets 

to promote axon outgrowth. 

 

 

1.3.2. Intrinsic mechanisms that modulate axon growth during 

development 

Besides the effect of extrinsic cues, neurons have a cell-intrinsic program capable 

of leading polarization and growth of an axon as is well demonstrated in the in 

vitro systems used to analyze the different polarization stages of hippocampal 

neurons (Dotti et al., 1988). As already referred to above, for axons and 
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dendrites to grow, rearrangements in the dynamics of the actin cytoskeleton and 

microtubules need to occur and are tightly regulated by major signaling 

pathways. Some of these, including the Rho GTPase family, the AKT-GSK3β 

pathway and Cdh1-APC are discussed below. 

The Rho-family of Small GTPases which includes RhoA, RAC1 and cell 

division cycle 42 (Cdc42), are key regulators of membrane and cytoskeletal- in 

particular actin- dynamics (Hall and Lalli, 2010). Plexin receptors for semaphorins 

contain a GTPase regulatory domain but other receptors activate this pathway 

using different regulators that are recruited by cytoplasmic domains. RhoA and 

its downstream effector Rho-associated kinase (ROCK) are usually associated with 

growth cone collapse and repulsive cues whereas Rac/CDC42 are associated with 

axon extension (Hall and Lalli, 2010). Upstream targets activate Cdc42, Rac and 

RhoA to induce cytoskeletal and morphological changes such as formation of 

filopodia, lamellipodia, and stress fibers, respectively (figure 13A).  

 

 

Figure 13 | Molecular mechanisms that mediate actin remodeling. 

(A) Upstream signaling activates Rho-Family of Small GTPases and induces actin reorganization: 

Cdc42 induces filopodia formation, Rac1 induces formation of lamellipodia and RhoA promotes 

stress fiber formation (Hall, 1998; Tsukada et al., 2008; Lowery and Van Vactor, 2009). (B) Model 

for Rho GTPase coordination during cell protrusion and retraction (Machacek et al., 2009). 

 

 

Simultaneous live-cell observation of RhoA, Cdc42 and Rac1 activation 

suggests that RhoA mediates initial protrusion movements in lamellipodia, 

followed by Cdc42 and Rac1 activation to stabilize the newly expanded cell 

membrane (figure 13B) (Machacek et al., 2009). During lamellipodia extension, 

Rac regulates actin polymerization by activating the ARP2/3 complex and 

removing of barbed end capping proteins or severing actin filaments through 



Introduction 

38 

phosphorylation of the actin depolymerizing factor cofilin (Jaffe and Hall, 2005). 

Cdc42 induces actin polymerization by dephosphorylating cofilin (active form) 

(Garvalov et al., 2007). 

Glycogen synthase kinase 3 (GSK3) is a serine/threonine protein kinase 

involved in microtubule polymerization and microtubule-based transport with two 

isoforms: alpha (GSK3α) and beta (GSK3β). The active form of GSK3β, 

phosphorylates collapsing-response mediator protein-2 (CMRP-2), a microtubule-

binding protein, which decreases binding affinity for tubulin and impairs axon 

formation (Cole et al., 2004) (figure 14). GSK3β substrates also include 

microtubule-associated protein 1B (MAP1B) and cytoplasmic linker associated 

protein 2 (CLASP2) (Goold et al., 1999; Watanabe et al., 2009). Under resting 

conditions, GSK3β is constitutively active by tyrosyl-phosphorylation of its 216 

residue (Hughes et al., 1993). GSK3β activity is blocked by protein kinase B (AKT)-

mediated phosphorylation on its serine 9 residue (GSK3βSer9) (Cross et al., 

1995). Inactivation of GSK3β reduces MAP1B phosphorylation and decreases 

microtubule dynamics. Interestingly, NGF also blocks GSK3βSer9 to increase axon 

growth supporting the relevance of this residue for GSK3β mediated activity 

(Zhou et al., 2004). Neuronal deletion of GSK3β increases microtubule-growth 

speed of regenerating axons by decreasing CRMP-2 phosphorylation (Liz et al., 

2014). 

 

 

 

Figure 14 | GSK3β activity is regulated by dual phosphorylation. 

Constitutively active GSK3β is phosphorylated (P) in Tyrosine 216 (Tyr216) and inactivated by 

phosphorylation on Serine 9 (Ser9). Activation of AKT by phosphatidylinositol 3-kinase (PI3K) 
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inactivates GSK3β by phosphorylation of Ser9. Downstream targets such as collapsin response 

mediator protein 2 (CRMP-2) and adenomatosis polyposis coli (Apc) remain active 

(dephosphorylated) promoting microtubule polymerization and stabilization. GSK3β 

phosphorylation (and activation) of microtubule-associated protein 1B (MAP1B) is essential for axon 

growth as microtubules are maintained in a dynamic state. 

 

 

Axon elongation depends also of coordinated actin and microtubule 

dynamics as polymerization of microtubules provides a pushing force from the 

axon shaft. During P-domain crossing, microtubules associate with F-actin 

bundles (Geraldo and Gordon-Weeks, 2009). Disrupting this interaction, abolishes 

growth cone turning (Williamson et al., 1996). 

 

Other molecules have emerged as key regulators of axonal 

morphogenesis. Among them, the E3 ubiquitin ligase Cdh1- anaphase-promoting 

complex (Cdh1-APC), which is highly expressed in post-mitotic neurons, 

specifically controls axon growth of cerebellar granule neurons (Konishi et al., 

2004). Disrupting Cdh1 expression strongly increases axon growth and 

decreases sensitivity to inhibitory molecules such as myelin. This effect is 

mediated by formation of a complex in the nucleus with the SnoN (Cdh1-APC/Ski-

related novel gene) transcription factor (Stegmuller et al., 2006). The SnoN 

complex is modulated by transforming growth factor beta (TGFβ)-associated 

SMAD2 (similar to the gene products of the Drosophila gene ‘mothers against 

decapentaplegic’ homolog 2) (Stegmuller et al., 2008). 

An additional mechanism of axon growth is local protein translation as 

mRNA and translation machinery are present in developing axons and dendrites 

(Job and Eberwine, 2001). Stimulation of axons with Netrin-1 or NGF induces 

intra-axonal protein translation although this mechanism occurs in basal levels 

(Hengst et al., 2009). 
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2. Axon (re)growth during regeneration 

Axon regeneration is the mechanism by which the nervous system attempts to 

restore its normal function upon severing or degeneration of a given circuit. 

During development, axon growth is an extraordinary combination of events that 

allows a given axon to reach its target and achieve functional relevance. However, 

axon regeneration is a much more challenging process than axon growth during 

development since axons have to grow in a system that is already established 

and mature, and where the extracellular environment and neuronal-intrinsic 

properties are not permissive. In the adult nervous system axon regeneration is 

even more challenging in the central nervous system (CNS) when compared to the 

peripheral nervous system (PNS). Efforts have been made in this field to unravel 

the mechanisms behind the differences in axon regeneration in the CNS and PNS. 

The ultimate goal of research in axon regeneration is to achieve functional 

recovery. 

 

 

2.1. Successful regeneration in the PNS 

In its first descriptions on nerve regeneration, Ramon y Cajal observed that new 

fibers appeared within a severed nerve (figure 15). In fact, PNS regeneration relies 

on both intrinsic and extrinsic factors that provide to a certain extent to 

successful regrowth of adult peripheral axons after injury. 

 

  

 

 

 

 

 

Figure 15 | Ramon y Cajal drawing of a regenerating nerve where new 

fibers were observed in the lesion site. A, central stump. B, distal 

stump. C, scar tissue (DeFelipe, 2002). 
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Upon lesion, the PNS is capable of creating a permissive environment that 

provides trophic support for neurons to regenerate, which is accomplished by 

orchestrated events between neurons and non-neuronal cells: Schwann cells and 

macrophages. One major event in this process is Wallerian degeneration (WD) 

(figure 16). Classically defined as degeneration of axons distal to an injury, WD is 

an innate-immune response of PNS to injury that comprises recruitment of 

macrophages, phagocytosis of myelin debris and cytokine production. Distally to 

the injury site, axonal disintegration induces permeabilization of the blood-nerve 

barrier that activates Schwann cells, which de-differentiate, proliferate, phagocyte 

and clear the myelin debris (Gaudet et al., 2011). Besides, Schwann cells secrete 

chemokines that will attract circulating monocytes to the nerve, where they 

differentiate into macrophages that will also phagocyte and clear the myelin 

debris (Bigbee et al., 1987; Reichert et al., 1994). Formation of aligned tubes of 

Schwann cells- bands of Büngner, that secrete laminin to the extracellular 

environment (Griffin and Thompson, 2008) will provide a structural support for 

the regenerating axon to regrow. 

 

 

Figure 16 | Wallerian degeneration (WD) is crucial for successful peripheral nerve regeneration. 

(1) Structure of an intact nerve. (2) Early response to injury in the intact nerve induces myelin 

release from Schwan cells (SC). Proliferation of SC occurs to phagocyte myelin debris and produce 

cytokine/growth factors. (3) One week after injury, WD is well established and injured axons 

activate local macrophages inducing circulating macrophage recruitment. Macrophages facilitate 

debris clearance and SC migration and regeneration. (4) Büngner bands composed by SCs guide the 

newly formed growth cone along a permissive environment to their peripheral targets (5). Adapted 

from Gaudet et al. (2011). 
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At the intracellular level, severing of an axon induces calcium influx into 

the axoplasm, local translation of proteins in the growth cone and retrograde 

transport of positive injury signals (such as extracellular signal-regulated kinases 

– Erk, c-Jun N-terminal kinase – JNK – and signal transducers and activators of 

transcription 3 – STAT3) that will induce the expression of regeneration-

associated genes (RAGs) (such as Small Proline-Rich Protein 1A – Sprr1A, 

activating transcription factor 3 – ATF3, c-Jun and growth-associated protein 43 – 

GAP-43) and negative injury signals (such as ATF-2 and the TGFβ/SMAD2/SMAD3 

pathway) (Abe and Cavalli, 2008) that will block the transport of peripheral 

target-derived signals, providing an effective response to a lesion (Abe and 

Cavalli, 2008; Mar et al., 2014). 

After axotomy, intracellular levels of calcium increase and propagate along 

the neurite or cell body of injured axon (Ziv and Spira, 1995). This calcium wave 

was shown to induce nuclear export of histone deacetylase 5 (HDAC5) and 

activate a pro-regenerative gene-expression program (Cho et al., 2013). This 

suggests that this calcium wave might be a priming signal for cell body response 

to injury. Increased levels of calcium also stimulate cyclic adenosine 

monophosphate (cAMP) production by activation of adenylate cyclase. The effect 

of cAMP is mediated by consequent activation of protein kinase A (PKA) and the 

transcription factor cyclic AMP response element binding protein (CREB) required 

to overcome an inhibitory environment (Cai et al., 1999; Gao et al., 2004). Dual-

Leucine zipper Kinase MAPKKK (DLK) is also regulated by calcium-dependent 

switch as a mRNA stabilizer and required to promote axon regeneration (Yan et 

al., 2009). 

All together, these mechanisms promote a successful regenerative 

response (figure 17) (Bradke et al., 2012). 
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Figure 17 | Intrinsic signals that mediate neuronal response to injury. 

Blockage of negative injury signals and electrical activity facilitate axon elongation. Activation of 

cAMP and PKA is triggered by calcium influx to promote regeneration through membrane resealing, 

local protein synthesis and growth cone formation. Retrograde transport of injury signals occurs. 

Moreover, calcium influx induces nuclear export of HDAC5 activating RAGs expression such as 

Arg1, NPY, VIP, IL-6, GAP-43. Arg1, arginase 1; NPY, neuropeptide Y; VIP, vasoactive intestinal 

peptide; IL-6, interleukin 6; cAMP, cyclic adenosine monophosphate; DLK-1, dual leucine zipper 

kinase 1; ERK, extracellular signal-regulated kinase; HDAC5, histone deacetylase 5; JNK, c-Jun 

amino-terminal kinase; RAG, regeneration-associated gene. (Mar et al., 2014) 

 

 

Though, the main goal of the regenerating axon is to establish a new 

competent growth cone. Upon sealing of the membrane, triggered by calcium 

influx (Spira et al., 1993), depolymerization of microtubules and actin along the 

axonal segment occurs providing space for the assembly of the growth cone 

machinery (Bradke et al., 2012) that will lead axon regrowth. One of the most 

widely used paradigms to study the cellular and molecular events that underlie 

axon regeneration in the PNS is the sciatic nerve crush model. However, even 

though PNS neurons regenerate, the functional recovery after nerve injury and 

repair is often disappointing. This can be caused by misdirection of regenerating 

axons as motor neurons at times project towards the skin whereas sensory 

neurons project towards the muscle (de Ruiter et al., 2014). 

 

 

2.2. Why do CNS neurons fail to regenerate? 

One of the most well studied paradigms to assess axon regeneration in the CNS 

is spinal cord injury (SCI). SCI has multiple medical and social implications. 

Worldwide, the estimated incidence rate for traumatic SCI is 23 cases of per 

million with over 170.000 cases per year (Lee et al., 2014) being more prevalent 

in young adult males (van den Berg et al., 2010). In Portugal, the incidence rate 
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for traumatic SCI is 57.8 per million individual (Martins et al., 1998). The health 

care and living expenses with a patient with SCI are very high. Moreover, the life 

expectancy for these patients is more that 10 years earlier than that of a normal 

individual (National SCI Statistical Center, 2014). As no successful therapies are 

yet available for total recovery of movements, the ultimate focus of research in 

SCI is to unravel a therapeutic approach where severed CNS axons can regrow to 

their initial target. This can be achieved by increasing the regenerative capacity of 

CNS neurons or by modulating the inhibitory environment. 

One major determinant for the regenerative failure of CNS neurons is 

related with cell-autonomous factors, as up-regulation of RAGs is not as effective 

as in PNS, limiting, to some extent, functional regeneration. In fact, increasing 

the intrinsic growth capacity of CNS neurons improves axonal regeneration 

(Neumann and Woolf, 1999). Moreover, when provided a permissive environment, 

such as a sciatic nerve graft, severed adult CNS neurons are able to regrow for 

long distances (David and Aguayo, 1981). Below, these issues will be presented in 

a critical perspective. 

 

 

2.2.1. The inhibitory extrinsic environment generated in the CNS after 

injury 

One of the most striking differences when comparing peripheral and central 

nervous system regeneration is the inhibitory environment in the CNS that 

challenges the regrowth of an injured axon. Whereas in the PNS, myelin debris 

are rapidly cleared by Schwann cells in a first stage, and macrophages at a latter 

stage, this process does not occur in the CNS where the myelinating glia- 

oligodendrocytes, is not able to dedifferentiate and acquire phagocytic 

properties. This is very relevant since myelin contains several different inhibitory 

molecules (discussed in further detail below), that will therefore remain 

undegraded in the CNS (Yiu and He, 2006).  

Myelin debris, together with reactive astrocytes that produce inhibitory 

chondroitin sulphate proteoglycans (CSPGs) (Canning et al., 1996) meningeal 

fibroblasts and inflammatory cells including macrophages and microglia will build 

up the glial scar that will act as a physical and chemical barrier for axon 

regeneration to occur (figure 18). Besides myelin debris, CSPGs are upregulated 

in scar tissue (Jones et al., 2003), and their inhibitory effect can last longer than a 
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week (Silver and Miller, 2004). Within the glial scar, release of cytokines such as 

TGFβ, IL-1 and IL-6 occurs at the site of injury inducing upregulation of various 

inhibitory factors (semaphorins and CSPGs) preventing axon regrowth (Afshari et 

al., 2009). One interesting molecular inducer of astrogliosis is TGFβ (Moon and 

Fawcett, 2001) as treatment with a combination of antibodies against TGFβ-1 and 

TGFβ-2 significantly reduced glial scar formation.  

 

 

Figure 18 | Spinal cord injury. 

Upon a spinal cord lesion, axon regeneration is limited by the inhibitory extracellular environment 

namely through the formation of the glial scar composed of myelin debris, reactive astrocytes and 

invading macrophages (Hur et al., 2012). 

 

 

The major inhibitory component of CNS regeneration, or at least the one in 

which the majority of the studies has focused, is myelin. Myelin-associated 

proteins (myelin-associated glycoprotein – MAG, oligodendrocyte myelin 

glycoprotein – OMgp, and reticulon family member Nogo-A; figure 19) strongly 

reduce axon outgrowth in vitro and have been extensively studied in nervous 

system injury in vivo (Baldwin and Giger, 2015). 
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Figure 19 | Myelin-associated proteins and their receptors. 

Myelin-associated glycoprotein (MAG), Nogo and oligodendrocyte myelin glycoprotein (OMgp) share 

the same receptors. Since Nogo receptor 1 (NgR1) lacks a cytoplasmic domain, it associates with 

Lingo-1 and/or p75 neurotrophin-receptor (p75NTR) or tumor necrosis factor-α (TNFα) receptor 

superfamily member 19 (TROY) to signal intracellularly. Paired immunoglobulin receptor B (PirB) 

protein binds with high affinity to myelin inhibitory proteins, although its signaling pathway 

remains unclear (McKerracher and Rosen, 2015). 

 

 

Nogo has three isoforms (Nogo-A, Nogo-B and Nogo-C) homologous in the 

C-terminal reticulon domain (containing 66 hydrophilic amino acids – Nogo-66) 

but different in the N-terminus (Schwab, 2010). Indeed, only the Nogo-66 domain 

of Nogo-A was found to induce a strong inhibitory effect in axon outgrowth 

(Fournier et al., 2001). Nogo receptor 1 (NgR1), a leucine-rich repeat (LRR) protein 

and GPI-linked receptor, was the first receptor described for Nogo-66. Since NgR1 

lacks a transmembrane domain (Fournier et al., 2001), it has to associate with 

other membrane proteins to transduce Nogo signaling. The low-affinity 

neurotrophin receptor p75 (p75NTR), the tumor necrosis factor-α (TNFα) receptor 

superfamily member 19 (TROY) and LINGO-1 (another LRR protein) are well-

known mediators of NgR1 signaling (Schwab, 2010).  

Another myelin-associated protein, MAG, is a transmembrane protein 

expressed by myelinating glia (Schwann cells and oligodendrocytes) that strongly 

inhibits neurite outgrowth and regeneration (Mukhopadhyay et al., 1994) and 

interacts with gangliosides, NgR1 and NgR2 (Schnaar and Lopez, 2009). OMgp, a 

LRR and GPI-linked protein highly abundant in the CNS, also interacts with NgR1 

(Wang et al., 2002b) and promotes growth-cone collapse of multiple neuronal cell 
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populations (Kottis et al., 2002). Thus, modulating external environmental 

inhibitory molecules might be a promising target in inducing axon regeneration. 

 

 

2.2.2. Cell intrinsic determinants leading to axon regeneration failure 

in the CNS 

Besides the inhibitory extracellular environment, CNS neurons fail to initiate a 

pro-regenerative intrinsic response. In the CNS, calcium influx is reduced, 

depolymerization of microtubules is not efficient and their plus ends reach the 

plasma membrane at the tip of the axon, ultimately leading to the formation of 

retraction bulbs (Bradke et al., 2012). The lack in activation of a regenerative 

program is a limiting factor in successful CNS regeneration. Positive injury signals 

such as c-Jun or GAP-43 expression are not activated following CNS axotomy 

(Abankwa et al., 2002). Interestingly, when CNS neurons are provided with GAP-

43 (Bomze et al., 2001) or BDNF (Kwon et al., 2007) expression, the regenerative 

capacity increases even in inhibitory environments. Translocation of signal 

transducer and activator of transcription 3 (STAT3) to the cell body mediated by 

Janus kinase 2 (JAK2) is affected upon a central lesion (Schwaiger et al., 2000). 

This translocation is required for efficient regenerative response (Qiu et al., 

2005). Co-deletion of PTEN (phosphatase and tensin homolog – a negative 

regulator of the mammalian target of rapamycin – mTOR pathway), and 

suppressor of cytokine signaling 3 (SOCS3; a negative regulator of JAK/STAT 

pathway) promotes extensive and sustained regeneration of CNS axons following 

either optic nerve injury (Park et al., 2008; Sun et al., 2011) or spinal cord injury 

(Jin et al., 2015). Administration of rolipram (phosphodiesterase 4 inhibitor) in 

the SCI site blocks cAMP hydrolysis and promotes regeneration with functional 

recovery (Nikulina et al., 2004). These studies support that modulating neuronal 

intrinsic signaling is a relevant therapeutic approach for axon regeneration.  
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3. Neurological disorders related with defective axon 

growth 

Impairments in axon guidance and growth affect brain circuit and processing of 

information. Aberrant pathfinding can occur due to mutations in molecules that 

regulate axon guidance. A number of neurodevelopmental disorders related to 

defects in axon growth and functional circuitry formation have been described, 

including dyslexia (Linkersdorfer et al., 2012), schizophrenia (Muraki and 

Tanigaki, 2015), epilepsy (Thom et al., 2004) and autism spectrum disorders 

(Reiner et al., 2016). Mutations or altered expression levels of several canonical 

guidance cues including semaphorins and ephrins and their receptors are 

causative of these disorders (Van Battum et al., 2015). DCC gene mutations lead 

to congenital mirror movements with abnormal development and crossing of 

corpus callosum and corticospinal neurons (Srour et al., 2010). Patients with 

Robo3 mutations develop scoliosis and horizontal eye movement is impaired by 

the absence of decussating axons in the pons and medulla (Van Battum et al., 

2015). Decreased levels of Robo1 expression are related to dyslexia 

(Lamminmaki et al., 2012). Neuronal migration is also affected by mutations in 

guidance molecules and disruption of migration can contribute to neurological 

disorders such as epilepsy or developmental dyslexia (Van Battum et al., 2015). 

Given the scope of this Thesis, the current knowledge on developmental dyslexia 

will be further explored.  

 

 

3.1. Developmental dyslexia 

Dyslexia, or reading disability (RD) is defined as a difficulty with decoding (ability 

to apply the knowledge of letter-sound relationships, to correctly pronounce 

written words) without affecting listening comprehension (Carrion-Castillo et al., 

2013b). Dyslexia affects 7% of the population (Peterson and Pennington, 2012). 

Dyslexic individual are characterized by difficulties in accurate or fluent word 

recognition and spelling maintaining intact sensory abilities and adequate 

instruction and intelligence (Lyon et al., 2003). Postmortem examination of 

brains from dyslexic individuals revealed brain asymmetry and cortical anomalies 

as neuronal ectopias and dysplasias (Galaburda et al., 1985). Moreover, several 

studies report differences in grey matter volumes in children and adults with 
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dyslexia (Brambati et al., 2004; Hoeft et al., 2007). A strong genetic influence for 

dyslexia in children from families with higher socio-economic status has been 

shown (Friend et al., 2008) whereas in children from a lower socio-economic 

status, reading disabilities would be more related to environmental factors 

(Carrion-Castillo et al., 2013b). Moreover, there is small, but significant, evidence 

for sex difference prevalence of dyslexia, being the disease more frequent in 

boys than girls (Rutter et al., 2004). Interestingly, dyslexia in boys is often 

associated with externalizing disorders such as attention-deficit/hyperactive 

disorder (Willcutt and Pennington, 2000). 

So far, dyslexia has been linked to nine candidate regions of interest in the 

human genome: DYX1-DYX9 (Dyslexia Susceptibility). From these, six candidate 

genes have emerged (table 1): DYX1C1, DCDC2, KIAA0319, C2Orf3, MRPL19 and 

Robo1. 

 

Table 1 | Dyslexia-associated genes and its location in the human genome. 

 

Gene Locus Location Reference 

DYX1C1 DYX1 15q21.1 Taipale et al. (2003) 

DCDC2 DYX2 6p22 Meng et al. (2005) 

KIAA0319 DYX2 6p22.3 Paracchini et al. (2006) 

C2Orf3 DYX3 2p12 Anthoni et al. (2007) 

MRPL19 DYX3 2p12 Anthoni et al. (2007) 

Robo1 DYX5 3p12-q13 Hannula-Jouppi et al. (2005) 

 

The dyslexia susceptibility 1 candidate 1 (DYX1C1) is a candidate gene for 

developmental dyslexia expressed in cortical neurons and glial cells. Disruption 

of DYX1C1 by translocation cosegregates with dyslexia in one family (Tammimies 

et al., 2013). This gene modulates the expression of neuronal migration-

associated genes such as Reelin (that controls terminal translocation) and 

interacts with lissencephaly gene product LIS1 (required for nuclear movement 

during cell migration) reinforcing a putative role for DYX1C1 in dyslexia 

(Tammimies et al., 2013). Knockdown of DYX1C1 using shRNA electroporation in 

utero impairs auditory processing and decreases the size of thalamic neurons in 

adult rats (Szalkowski et al., 2013). Moreover, mice with genetic deletion of 

DYX1C1 present multiple defects associated with loss of ciliary function (primary 

ciliary dyskinesia, PCD), hydrocephaly and laterality defect (situs inversus totalis), 

usually related to primary ciliary dyskinesia (Tarkar et al., 2013). However, 
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individuals with loss-of-function mutation in DYX1C1, although affected by PCD, 

did not present evidences of dyslexia (Tarkar et al., 2013).  

Doublecortin domain containing 2 (DCDC2), expressed in human adult 

brain, is implicated in dyslexia, as a 2kb intronic deletion was strongly associated 

with reading disabilities (Meng et al., 2005). Interestingly, the short tandem 

repeat (STR) BV677278, a highly polymorphic purine-rich sequence within DCDC2 

intron 2, was identified as a regulatory region for DCDC2 suggesting that normal 

DCDC2 expression might be compromised in dyslexic individuals (Meng et al., 

2011). Disruption of DCDC2 using in utero electroporation of interference RNA 

(RNAi) strongly affects proper neuronal migration (Meng et al., 2005) and induces 

periventricular heterotopia formation (Burbridge et al., 2008). However, no 

deficits in neuronal migration or dendritic harborization were found in mice with 

genetic deletion of DCDC2 although these defects could be elicited in mutants by 

downregulation of doublecortin (Dcx) suggesting a partial redundancy between 

the two genes (Wang et al., 2011b). Another gene in the same locus of DCDC2 is 

KIAA0319. As the function of this gene is going to be assessed in this Thesis, a 

more extensive description is given below.  

The well characterized axon guidance receptor (see section “1.3.1.1. 

Canonical guidance proteins”) Robo1 has also been implicated in dyslexia. 

Similarly to DCDC2, a chromosomal translocation of Robo1 was found in one 

patient with developmental delay and congenital anomalies (Hannula-Jouppi et 

al., 2005). A specific haplotype identified in dyslexic individuals strongly 

attenuates Robo1 expression suggesting that defects in axon guidance might 

disrupt proper neuronal positioning as seen in dyslexic individuals (Galaburda et 

al., 1985). Weakened Robo1 expression is also associated with auditory 

processing impairment, a hallmark present in dyslexic individuals (Diaz et al., 

2012).  

Apart from the more studied DYX locus, two other dyslexia-associated 

genes (C2ORF3 and MRPL19) remain poorly characterized. MRPL19 expression 

has a similar pattern to that of KIAA0319 whereas C2ORF3 expression correlates 

well with DYX1C1, ROBO1 and DCDC2 expression pattern (Anthoni et al., 2007). 

Similarly to other dyslexia-associated genes, two haplotypes were identified in a 

Finnish family that attenuated both C2ORF3 and MRPL19 expression (Anthoni et 

al., 2007). 

The defects in these dyslexia-associated genes suggest a regulatory role in 

neuronal processes like neuronal migration (Wang et al., 2006; Burbridge et al., 
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2008; Peschansky et al., 2010) and axon outgrowth, corroborating genetic 

findings with neurophysiological findings, as in dyslexic individuals, neuronal 

connections are probably not formed properly, thus affecting phonological 

processing (Carrion-Castillo et al., 2013b). In fact, DYX1C1, DCDC2, KIAA0319 

polymorphisms were found to be associated with a decrease in the white matter 

volume, which represents axonal or myelin thickness (Darki et al., 2012). 

Despite the multiple chromosomal regions identified as associated with 

dyslexia, the susceptibility locus DYX2 has been the most consistently replicated 

(Carrion-Castillo et al., 2013b). The genetic association study in DYX2 locus has 

identified a 70 kb region spanning TDP2 (tyrosyl-DNA phosphodiesterase 2; 

previously known as TTRAP), the regulatory regions of ACOT13 (acyl-CoA 

thioesterase 13; previously known as THEM2) and the first four exons of the third 

uncharacterized gene - KIAA0319 (Paracchini et al., 2006). As referred to above, 

given its relevance for this Thesis, the available literature on KIAA0319 will be 

further discussed below. 

 

 

4. KIAA0319 

The risk haplotype identified for dyslexia (rs4504469-rs2038137-rs2143340 [1-1-

2]) was associated with decreased levels of expression of KIAA0319 (Paracchini et 

al., 2006). A specific variant (rs9461045) located close to KIAA0319’s 

transcription start site, creates a potential binding site for the silencer 

transcription factor OCT-1 that contributes for the reduced expression of 

KIAA0319 in neuronal and non-neuronal cell lines (Dennis et al., 2009). So far, 

although the structure of KIAA0319 is well described, its function remains 

elusive. The current knowledge on KIAA0319 biology is discussed below. 

 

 

4.1. KIAA0319 structure 

The main transcript of the human KIAA0319 gene is 6.8 kb, although the coding 

sequence is only 3219 bp due to the presence of a large untranslated sequence. 

KIAA0319 shares around 76% homology (figure 20) with its mouse (Kiaa0319 or 

D130043K22Rik) and rat (RGD1307443) homologs (Velayos-Baeza et al., 2007).  
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Figure 20 | Alignment of 

human, mouse and rat 

KIAA0319. 

Result obtained using 

ClustalW2 

(http://www.ebi.ac.uk/Tools

/msa/clustalw2/). Symbols: 

(*) fully conserved residue; 

(:) residue with high 

similarity;       

(.) residue with low 

similarity;     

no symbol, no similarity. 

  

KIAA0319        MAPPTGVLSSLLLLVTIAGCARKQCSEGRTYSNAVISPNLETTRIMRVSHTFPVVDCTAA 60 
Kiaa0319        MVSPPGVLSSLLLLAAMAGGSSQQCSEGRTYSDAIISPNPETIRIMRVSQTFSVGDCTAA 60 
RGD1307443      MVSPPGVLSSLLLLAAMAGGSSQQCSEGRTYSDAIISPNLESIRIMRVSHTFSVGDCTAA 60 
                *. * *********.::** : :*********:*:**** *: ******:** * ***** 
 
KIAA0319        CCDLSSCDLAWWFEGRCYLVSCPHKENCEPKKMGPIRSYLTFVLRPVQRPAQLLDYGDMM 120 
Kiaa0319        CCDLLTCDLAWWFEGSCYLVKCMRSENCEPRTTGPIRSYLTFVRRPVQRPGQLLDYGDMM 120 
RGD1307443      CCDLPSCDLAWWFEGSCYLVNCMRPENCEPRTTGPIRSYLTFVRRPVQRSGQLLDYGDMM 120 
                **** :********* ****.* : *****:. ********** ***** .********* 
 
KIAA0319        LNRGSPSGIWGDSPEDIRKDLTFLGKDWGLEEMSEYSDDYRELEKDLLQPSGKQEPRGSA 180 
Kiaa0319        LSRGSPSGAWGDSLEDLRKDLPFLGKDGGPEETTEYSDEYKDLERGLLQPSNQQDPRGSA 180 
RGD1307443      LGRGSPSGAWGDSLEDLRKDLPFLGKDGGPEETAEYSDDYKELERGLLQPSNQQDPRGSA 180 
                * ****** **** **:**** ***** * ** :****:*::**: ***** :*:***** 
 
KIAA0319        EYTDWGLLPGSEGAFNSSV-GDSPAVPAETQQDPELH--------YLNESASTPAPKLPE 231 
Kiaa0319        EYPDWSLLPSNEGGFNATATGDNSAASMEKLQDPTPHPLDQEQLQALNESTWSPTPGHSS 240 
RGD1307443      EYPDWSLLPSSDGDFNASATGDNSAASTEKLQDLTPYPLDQEQLQSLNESTWSPTPRHSE 240 
                ** **.***..:* **::. **. *.  *. **   :         ****: :*:*   . 
 
KIAA0319        RSVLLPLPTTP-SSGEVLEKEKASQLQEQSSNSSGKEVLMPSHSLPPASLELSSVTVEKS 290 
Kiaa0319        ISSVWPSSASPLPTEEGLEGEETLQLQEQPSNSSGKEVPMPSHNPSPASLESSPATTEKN 300 
RGD1307443      MSSMWPSSVTASPTEEGLEGEETLQLQEQPNNSSGKKVPMPSHNPSPASLESSPTTVEKS 300 
                 * : *  .:   : * ** *:: ***** .*****:* ****.  ***** * .*.**. 
 
KIAA0319        PVLTVTPGSTEHSIPTPPTSAAPSESTPSELPISPTTAPRTVKELTVSAGDNLIITLPDN 350 
Kiaa0319        SNFTVTPRSRKHSTPTFPTSTVLTGLTPPPWPLSPT-ASRTVKALAVSAGDNLVLTLPDR 359 
RGD1307443      SIFTVTPWSRDPGTPTFPASTVLPGLISPSWPLSPT-TSRTVKALAVSAGDNLVLTLPNG 359 
                  :**** * . . ** *:*:.         *:*** : **** *:*******::***:  
 
KIAA0319        EVELKAFVAPAPPVETTYNYEWNLISHPTDYQGEIKQGHKQTLNLSQLSVGLYVFKVTVS 410 
Kiaa0319        EAELKASVEPAPPADTTYSYEWSLMSHPVDFQGKIKQENKPTLHLSQLSVGLYAFRVAVS 419 
RGD1307443      EAELKASVEPAPPADTAYTYEWSLMSHPVDFQGKIKQENKPTLHLSQLSVGLYAFRVAVS 419 
                *.**** * ****.:*:*.***.*:***.*:**:*** .* **.*********.*:*:** 
 
KIAA0319        SENAFGEGFVNVTVKPARRVNLPPVAVVSPQLQELTLPLTSALIDGSQSTDDTEIVSYHW 470 
Kiaa0319        SENAFGEGYVNVTVMPAARVNQPPVAVVSPQTQELSVPLTSALIDGSQSTDDTEIVSYHW 479 
RGD1307443      GENAFGEGYVNVTVMPAARINQPPVAIVSPQIQELSLPLTSALIDGSQSTDDAEIVSYHW 479 
                .*******:***** ** *:* ****:**** ***::***************:******* 
 
KIAA0319        EEINGPFIEEKTSVDSPVLRLSNLDPGNYSFRLTVTDSDGATNSTTAALIVNNAVDYPPV 530 
Kiaa0319        EEVDGPFLGEEFPADTPILRLSNLVPGNYTFRLTITDSDGATNSTTASLVIRDAVDYPPV 539 
RGD1307443      EEVDGPFLGEAFLDDSPLLRLSNLDPGNYTFRLTITDSDGATNSTTAALIIRGSLDYPPV 539 
                **::***: *    *:*:****** ****:****:************:*::. ::***** 
 
KIAA0319        ANAGPNHTITLPQNSITLNGNQSSDDHQIVLYEWSLGPGSEGKHVVMQGVQTPYLHLSAM 590 
Kiaa0319        ANAGPNQTITLPQNTIILNGNQSSDDHQIVLYEWFAGPGGESKEMVMQGAQTPYLHLSEL 599 
RGD1307443      ANAGPNQTITLPQNTIILNGNQSSDDHQIVLYEWFPDPGGESKEMVMQGAQTPYLHLSEL 599 
                ******:*******:* *****************   **.*.*.:****.******** : 
 
KIAA0319        QEGDYTFQLKVTDSSRQQSTAVVTVIVQPENNRPPVAVAGPDKELIFPVESATLDGSSSS 650 
Kiaa0319        QEGEYTFQLMVTDSSGQQSTALVAVTVQAENNQAPVAVAGPDKELVFPVQSATLDGSRSS 659 
RGD1307443      QEGEYTFQLMVTDSSGQQSTALVTLTVQAENNQAPVAVAGPDKELVFPVQSAMLDGSRSS 659 
                ***:***** ***** *****:*:: ** ***: ***********:***:** **** ** 
 
KIAA0319        DDHGIVFYHWEHVRGPSAVEMENIDKAIATVTGLQVGTYHFRLTVKDQQGLSSTSTLTVA 710 
Kiaa0319        DDHGIVCYHWEHIRGPSAVEMENVDKAIATVTGLQVGIYHFRLTVRDQQGLSSTSTLTVA 719 
RGD1307443      DDHGIVCYRWEHIRGPSAVEMENVDKAIATVTGLQVGTYHFRLTVRDQQGLSSTSTLTVA 719 
                ****** *:***:**********:************* *******:************** 
 
KIAA0319        VKKENNSPPRARAGGRHVLVLPNNSITLDGSRSTDDQRIVSYLWIRDGQSPAAGDVIDGS 770 
Kiaa0319        VKKENNSPPRAQAGGRHVLILPNNSITLDGSRSTDDRGIVSYLWIRDGQSPAAGDVIGGS 779 
RGD1307443      VKKENNSPPRAQAGGRHVLMLPNNSITLDGSRSTDDRGIVSYLWIRDGQSPAAGDIIGSS 779 
                ***********:*******:****************: *****************:* .* 
 
KIAA0319        DHSVALQLTNLVEGVYTFHLRVTDSQGASDTDTATVEVQPDPRKSGLVELTLQVGVGQLT 830 
Kiaa0319        DHRAALQLTNLVEGVYTFHLLVTDSQGASDSDAATVEVLPDPKKDGLVELILQVGVEQLT 839 
RGD1307443      DNGAALQLTNLVEGVYTFHLLVTDSQGASDSDTAIVEVLPDPKKDGMVELILQVGVEQLT 839 
                *. .**************** *********:*:* *** ***:*.*:*** ***** *** 
 
KIAA0319        EQRKDTLVRQLAVLLNVLDSDIKVQKIRAHSDLSTVIVFYVQSRPPFKVLKAAEVARNLH 890 
Kiaa0319        EQQKETLVRQLAVLLNVLDSDVKVLKIQAHTDVSTVIVFYVQSGSPFKVLRAAAVARNLH 899 
RGD1307443      EQQKETLVRQLAVLLNVLDSDVKVLKIQAHTDVSTVIVFYVQSGSPFKVLRAADVARNLH 899 
                **:*:****************:** **:**:*:**********  *****:** ****** 
 
KIAA0319        MRLSKEKADFLLFKVLRVDTAGCLLKCSGHGHCDPLTKRCICSHLWMENLIQRYIWDGES 950 
Kiaa0319        KRLSKEKEAFLLFKVLRVDTAGCLLKCSGHGHCDPITKRCICSQLWMENLIQRYMWDGES 959 
RGD1307443      KRLSKEKGAFLLFKVLRIDTAGCLLKCSGHGHCDPITKRCICSQLWMENLLQRYMWDGES 959 
                 ******  ********:*****************:*******:******:***:***** 
 
KIAA0319        NCEWSIFYVTVLAFTLIVLTGGFTWLCICCCKRQKRTKIRKKTKYTILDNMDEQERMELR 1010 
Kiaa0319        NCEWSVFYVAALALTLTLLTGAVSWLCICCCRRRKRTKIRKKTKYTILDSMDEQERMELR 1019 
RGD1307443      NCEWSVFYVAALALTLTVLTGAVTWVCICCCRRRKRTKIRKKTKYTILDNMDEQERMELR 1019 
                *****:***:.**:** :***..:*:*****:*:***************.********** 
 
KIAA0319        PKYGIKHRSTEHNSSLMVSESEFDSDQDTIFSREKMERGNPKVSMNGSIRNGASFSYCSK 1070 
Kiaa0319        PKYGIKHRSTEHNSSLMVSESEFESDQDTLFSRERMERGVLKGSLNGCARNGVSFGYYSK 1079 
RGD1307443      PKYGIKHRSTEHNSSLMVSESEFESDQDTLFSQERMERGVLKGSLNGSARSGVSFGYYSK 1079 
                ***********************:*****:**:*:****  * *:**. *.*.**.* ** 
 
KIAA0319        DR 1072 
Kiaa0319        DR 1081 
RGD1307443      DR 1081 
                ** 

KIAA0319        MAPPTGVLSSLLLLVTIAGCARKQCSEGRTYSNAVISPNLETTRIMRVSHTFPVVDCTAA 60 
Kiaa0319        MVSPPGVLSSLLLLAAMAGGSSQQCSEGRTYSDAIISPNPETIRIMRVSQTFSVGDCTAA 60 
RGD1307443      MVSPPGVLSSLLLLAAMAGGSSQQCSEGRTYSDAIISPNLESIRIMRVSHTFSVGDCTAA 60 
                *. * *********.::** : :*********:*:**** *: ******:** * ***** 
 
KIAA0319        CCDLSSCDLAWWFEGRCYLVSCPHKENCEPKKMGPIRSYLTFVLRPVQRPAQLLDYGDMM 120 
Kiaa0319        CCDLLTCDLAWWFEGSCYLVKCMRSENCEPRTTGPIRSYLTFVRRPVQRPGQLLDYGDMM 120 
RGD1307443      CCDLPSCDLAWWFEGSCYLVNCMRPENCEPRTTGPIRSYLTFVRRPVQRSGQLLDYGDMM 120 
                **** :********* ****.* : *****:. ********** ***** .********* 
 
KIAA0319        LNRGSPSGIWGDSPEDIRKDLTFLGKDWGLEEMSEYSDDYRELEKDLLQPSGKQEPRGSA 180 
Kiaa0319        LSRGSPSGAWGDSLEDLRKDLPFLGKDGGPEETTEYSDEYKDLERGLLQPSNQQDPRGSA 180 
RGD1307443      LGRGSPSGAWGDSLEDLRKDLPFLGKDGGPEETAEYSDDYKELERGLLQPSNQQDPRGSA 180 
                * ****** **** **:**** ***** * ** :****:*::**: ***** :*:***** 
 
KIAA0319        EYTDWGLLPGSEGAFNSSV-GDSPAVPAETQQDPELH--------YLNESASTPAPKLPE 231 
Kiaa0319        EYPDWSLLPSNEGGFNATATGDNSAASMEKLQDPTPHPLDQEQLQALNESTWSPTPGHSS 240 
RGD1307443      EYPDWSLLPSSDGDFNASATGDNSAASTEKLQDLTPYPLDQEQLQSLNESTWSPTPRHSE 240 
                ** **.***..:* **::. **. *.  *. **   :         ****: :*:*   . 
 
KIAA0319        RSVLLPLPTTP-SSGEVLEKEKASQLQEQSSNSSGKEVLMPSHSLPPASLELSSVTVEKS 290 
Kiaa0319        ISSVWPSSASPLPTEEGLEGEETLQLQEQPSNSSGKEVPMPSHNPSPASLESSPATTEKN 300 
RGD1307443      MSSMWPSSVTASPTEEGLEGEETLQLQEQPNNSSGKKVPMPSHNPSPASLESSPTTVEKS 300 
                 * : *  .:   : * ** *:: ***** .*****:* ****.  ***** * .*.**. 
 
KIAA0319        PVLTVTPGSTEHSIPTPPTSAAPSESTPSELPISPTTAPRTVKELTVSAGDNLIITLPDN 350 
Kiaa0319        SNFTVTPRSRKHSTPTFPTSTVLTGLTPPPWPLSPT-ASRTVKALAVSAGDNLVLTLPDR 359 
RGD1307443      SIFTVTPWSRDPGTPTFPASTVLPGLISPSWPLSPT-TSRTVKALAVSAGDNLVLTLPNG 359 
                  :**** * . . ** *:*:.         *:*** : **** *:*******::***:  
 
KIAA0319        EVELKAFVAPAPPVETTYNYEWNLISHPTDYQGEIKQGHKQTLNLSQLSVGLYVFKVTVS 410 
Kiaa0319        EAELKASVEPAPPADTTYSYEWSLMSHPVDFQGKIKQENKPTLHLSQLSVGLYAFRVAVS 419 
RGD1307443      EAELKASVEPAPPADTAYTYEWSLMSHPVDFQGKIKQENKPTLHLSQLSVGLYAFRVAVS 419 
                *.**** * ****.:*:*.***.*:***.*:**:*** .* **.*********.*:*:** 
 
KIAA0319        SENAFGEGFVNVTVKPARRVNLPPVAVVSPQLQELTLPLTSALIDGSQSTDDTEIVSYHW 470 
Kiaa0319        SENAFGEGYVNVTVMPAARVNQPPVAVVSPQTQELSVPLTSALIDGSQSTDDTEIVSYHW 479 
RGD1307443      GENAFGEGYVNVTVMPAARINQPPVAIVSPQIQELSLPLTSALIDGSQSTDDAEIVSYHW 479 
                .*******:***** ** *:* ****:**** ***::***************:******* 
 
KIAA0319        EEINGPFIEEKTSVDSPVLRLSNLDPGNYSFRLTVTDSDGATNSTTAALIVNNAVDYPPV 530 
Kiaa0319        EEVDGPFLGEEFPADTPILRLSNLVPGNYTFRLTITDSDGATNSTTASLVIRDAVDYPPV 539 
RGD1307443      EEVDGPFLGEAFLDDSPLLRLSNLDPGNYTFRLTITDSDGATNSTTAALIIRGSLDYPPV 539 
                **::***: *    *:*:****** ****:****:************:*::. ::***** 
 
KIAA0319        ANAGPNHTITLPQNSITLNGNQSSDDHQIVLYEWSLGPGSEGKHVVMQGVQTPYLHLSAM 590 
Kiaa0319        ANAGPNQTITLPQNTIILNGNQSSDDHQIVLYEWFAGPGGESKEMVMQGAQTPYLHLSEL 599 
RGD1307443      ANAGPNQTITLPQNTIILNGNQSSDDHQIVLYEWFPDPGGESKEMVMQGAQTPYLHLSEL 599 
                ******:*******:* *****************   **.*.*.:****.******** : 
 
KIAA0319        QEGDYTFQLKVTDSSRQQSTAVVTVIVQPENNRPPVAVAGPDKELIFPVESATLDGSSSS 650 
Kiaa0319        QEGEYTFQLMVTDSSGQQSTALVAVTVQAENNQAPVAVAGPDKELVFPVQSATLDGSRSS 659 
RGD1307443      QEGEYTFQLMVTDSSGQQSTALVTLTVQAENNQAPVAVAGPDKELVFPVQSAMLDGSRSS 659 
                ***:***** ***** *****:*:: ** ***: ***********:***:** **** ** 
 
KIAA0319        DDHGIVFYHWEHVRGPSAVEMENIDKAIATVTGLQVGTYHFRLTVKDQQGLSSTSTLTVA 710 
Kiaa0319        DDHGIVCYHWEHIRGPSAVEMENVDKAIATVTGLQVGIYHFRLTVRDQQGLSSTSTLTVA 719 
RGD1307443      DDHGIVCYRWEHIRGPSAVEMENVDKAIATVTGLQVGTYHFRLTVRDQQGLSSTSTLTVA 719 
                ****** *:***:**********:************* *******:************** 
 
KIAA0319        VKKENNSPPRARAGGRHVLVLPNNSITLDGSRSTDDQRIVSYLWIRDGQSPAAGDVIDGS 770 
Kiaa0319        VKKENNSPPRAQAGGRHVLILPNNSITLDGSRSTDDRGIVSYLWIRDGQSPAAGDVIGGS 779 
RGD1307443      VKKENNSPPRAQAGGRHVLMLPNNSITLDGSRSTDDRGIVSYLWIRDGQSPAAGDIIGSS 779 
                ***********:*******:****************: *****************:* .* 
 
KIAA0319        DHSVALQLTNLVEGVYTFHLRVTDSQGASDTDTATVEVQPDPRKSGLVELTLQVGVGQLT 830 
Kiaa0319        DHRAALQLTNLVEGVYTFHLLVTDSQGASDSDAATVEVLPDPKKDGLVELILQVGVEQLT 839 
RGD1307443      DNGAALQLTNLVEGVYTFHLLVTDSQGASDSDTAIVEVLPDPKKDGMVELILQVGVEQLT 839 
                *. .**************** *********:*:* *** ***:*.*:*** ***** *** 
 
KIAA0319        EQRKDTLVRQLAVLLNVLDSDIKVQKIRAHSDLSTVIVFYVQSRPPFKVLKAAEVARNLH 890 
Kiaa0319        EQQKETLVRQLAVLLNVLDSDVKVLKIQAHTDVSTVIVFYVQSGSPFKVLRAAAVARNLH 899 
RGD1307443      EQQKETLVRQLAVLLNVLDSDVKVLKIQAHTDVSTVIVFYVQSGSPFKVLRAADVARNLH 899 
                **:*:****************:** **:**:*:**********  *****:** ****** 
 
KIAA0319        MRLSKEKADFLLFKVLRVDTAGCLLKCSGHGHCDPLTKRCICSHLWMENLIQRYIWDGES 950 
Kiaa0319        KRLSKEKEAFLLFKVLRVDTAGCLLKCSGHGHCDPITKRCICSQLWMENLIQRYMWDGES 959 
RGD1307443      KRLSKEKGAFLLFKVLRIDTAGCLLKCSGHGHCDPITKRCICSQLWMENLLQRYMWDGES 959 
                 ******  ********:*****************:*******:******:***:***** 
 
KIAA0319        NCEWSIFYVTVLAFTLIVLTGGFTWLCICCCKRQKRTKIRKKTKYTILDNMDEQERMELR 1010 
Kiaa0319        NCEWSVFYVAALALTLTLLTGAVSWLCICCCRRRKRTKIRKKTKYTILDSMDEQERMELR 1019 
RGD1307443      NCEWSVFYVAALALTLTVLTGAVTWVCICCCRRRKRTKIRKKTKYTILDNMDEQERMELR 1019 
                *****:***:.**:** :***..:*:*****:*:***************.********** 
 
KIAA0319        PKYGIKHRSTEHNSSLMVSESEFDSDQDTIFSREKMERGNPKVSMNGSIRNGASFSYCSK 1070 
Kiaa0319        PKYGIKHRSTEHNSSLMVSESEFESDQDTLFSRERMERGVLKGSLNGCARNGVSFGYYSK 1079 
RGD1307443      PKYGIKHRSTEHNSSLMVSESEFESDQDTLFSQERMERGVLKGSLNGSARSGVSFGYYSK 1079 
                ***********************:*****:**:*:****  * *:**. *.*.**.* ** 
 
KIAA0319        DR 1072 
Kiaa0319        DR 1081 
RGD1307443      DR 1081 
                ** 
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Three variants of this gene have been described: A, B and C. Variant A, the 

predominant form, encodes a 1072 aminoacids full-length protein. Full-length 

KIAA0319 contains a single transmembrane (TM) domain with a cytoplasmic C-

terminus (exons 20-21) and in the extracellular region five polycystic kidney 

disease (PKD) domains (exons 5-15), and two cysteine-cysteine-rich motifs: a 

motif at N-terminus with eight cysteines (MANEC; exon 3) and a motif with six 

cysteines (C6; exon 18) just before the TM (exon 19) domain (Velayos-Baeza et 

al., 2007) (figure 21). In variants B and C exons 19 and exons 19 + 20 are 

skipped, respectively; these variants are detectable in both fetal and embryonic 

human samples (Velayos-Baeza et al., 2007). Despite that both variants lack the 

transmembrane domain, being thus soluble isoforms, only variant B could be 

detected as secreted to the extracellular medium (Velayos-Baeza et al., 2008). 

Since full-length KIAA0319, without post-translational modifications, has 116 kDa 

and multiple N- and O- glycosylation sites (figure 21), when overexpressed in 

mammalian cells, it is normally detected as four bands corresponding to the 

glycosylation status: the monomeric and dimeric forms partially glycosylated 

(with 150 and 200 kDa, respectively) and the monomeric and dimeric forms fully 

glycosylated (with 300 and 400 kDa, respectively) (Velayos-Baeza et al., 2008). 

 

 

 

 

 

 

 

 

Figure 21 | KIAA0319 structure and predicted glycosylation sites are depicted. 

SP, signal peptide. PKDs, polycystic kidney disease. C6, cysteine-rich region. TM, 

transmembrane domain. ICD, intracellular domain. Black circles, N-Glycosylation 

consensus sites. Dashed line, predicted O-Glycosylation sites. 

 

 

Given the importance of PKD domains in cell-cell/cell-matrix interactions 

(Ibraghimov-Beskrovnaya et al., 2000) the putative role of KIAA0319 during 

neuronal migration as a mediator of adhesion between neurons and glial fibers, 

was reinforced. The MANEC domain, formerly named MANSC (Guo et al., 2004) is 
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highly similar to the PAN/apple domain described as a mediator of protein-

protein interactions (Hong et al., 2015). At the cytosolic domain, the presence of 

a clathrin-mediated endocytosis motif, YXXΦ (X, any aminoacid; Φ, hydrophobic 

aminoacid), supported by early endossomal localization, suggests that KIAA0319 

might be regulated by endocytosis (Levecque et al., 2009). Proteolytic cleavage is 

one regulatory mechanism described for transmembrane domains (Arribas and 

Borroto, 2002) that gives rise to release of the extracellular domain (ectodomain 

shedding) or of the intracellular domain. This is the case of the p75 neurotrophin 

receptor (p75NTR) where cleavage of the receptor activates it and precedes 

translocation to the nucleus (Schachtrup et al., 2015). Similarly, upon KIAA0319 

internalization, the protein undergoes γ-secretase-independent intramembrane 

cleavage, and the resulting intracellular domain translocates to the nucleus 

(Velayos-Baeza et al., 2010). The enzymes responsible for KIAA0319 cleavage 

remain to be elucidated. 

 

 

4.2. The role of KIAA0319 in neuronal migration and dyslexia 

KIAA0319 expression starts at E14 and in the developing mouse and human 

brain, specifically in the cortical plate and ventricular zone while neuronal 

migration is well underway (Paracchini et al., 2006; Peschansky et al., 2010), 

suggesting that KIAA0319 might play a role during neuronal migration in the 

cerebral neocortex. 

Studies to assess the biological function of KIAA0319 in the developing 

brain were performed using in utero electroporation of plasmids encoding a short 

hairpin RNA (shRNA) against the coding sequence of Kiaa0319. Embryonic 

disruption of Kiaa0319 expression consistently impaired neuronal migration by 

increasing the percentage of cells that remained in the cortical plate (Paracchini 

et al., 2006; Peschansky et al., 2010) and giving rise to cortical abnormalities like 

periventricular heterotopias. However, these periventricular heterotopias were 

also found in non-transfected neurons suggesting that a migration defect could 

be non-cell autonomous (Peschansky et al., 2010). Behavioral assays with 

Kiaa0319 shRNA transfected rats showed impairment in spatial learning and 

auditory processing (Centanni et al., 2014), supporting the relevance of neuronal 

migration in developmental dyslexia. Surprisingly, recent characterization of 

KIAA0319 knockout mice revealed no abnormalities in neuronal migration and 
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minimal behavioural changes were detected (Martinez-Garay et al., 2016). Thus, 

absence of KIAA0319 does not grossly affect normal brain development and 

contradicts the hypothesis of dyslexia as a neuronal migration disorder. 

Interestingly, data available in the Allen brain atlas 

(http://mousespinal.brain-map.org) indicates a high expression of KIAA0319 in 

juvenile and adult dorsal root ganglion (DRG) and in the spinal cord (figure 22) 

suggesting that KIAA0319 might also play a role in adult nervous system 

homeostasis, unrelated to a putative participation in neuronal migration. 

 

 

Figure 22 | In situ hybridization of Kiaa319 (D130043K22Rik) showing expression in juveline 

mouse (post-natal day 4) DRG (left) and adult (post-natal day 56) spinal cord (right), according to 

Allen brain atlas. 

 

 

4.3. The KIAA0319-like protein 

A homologous KIAA0319 gene (KIAA0319-like) was identified in chromosome 

1p34 or DYX8 as a dyslexia-susceptibility gene (Couto et al., 2008). Human 

KIAA0319-like (KIAA0319L) protein, shares 50.3% homology with KIAA0319 

(figure 23), and was suggested to interact and co-localize with NgR1 in cortical 

neurons. Disruption of KIAA0319L, also expressed in the human brain during 

embryonic development (Poon et al., 2011b), affects neuronal migration and 

induces heterotopia formation (Platt et al., 2013). Further studies on a possible 

redundancy of KIAA0319 and KIAA0310L during neuronal migration and 

adulthood should be performed. 

 

Juvenile Adult 
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Figure 23 | Alignment of human KIAA0319 and KIAA0319L. 

Result obtained using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/). Symbols: (*) fully 

conserved residue; (:) residue with high similarity; (.) residue with low similarity; no symbol, no 

similarity. 

Human_KIAA0319       --------------------MAPPTGVLSSLLLL---------VTIAGCARKQCSEGRTY 31 
Human_KIAA0319L      MEKRLGVKPNPASWILSGYYWQTSAKWLRSLYLFYTCFCFSVLWLSTDASESRCQQGKTQ 60 
                                             :  * ** *:            : .:..:*.:*:*  
 
Human_KIAA0319       SNAVISPNLETTRIMRVSHTFPVVDCTAACCDLSSCDLAWWFEGRCYLVSCPHKENCEPK 91 
Human_KIAA0319L      FGVGLRSGG-ENHLWLLEGTPSLQSCWAACCQDSACHVFWWLEGMCIQADCSRPQSCRAF 119 
                       . :      .::  :. *  : .* ****: *:*.: **:** *  ..* : :.*.   
 
Human_KIAA0319       KMGPIRSYLTFVLRPVQRPAQLLDYGDMMLNRGSPSGIWGDSPEDIRKDLTFLGKDWGLE 151 
Human_KIAA0319L      RTHSSNSMLVFLKKFQT-A-----------------DDLGFLPEDDVPHLLGLGWNWASW 161 
                     :    .* *.*: :                         *  ***   .*  ** :*.   
 
Human_KIAA0319       EMSEYSDDYRELEKD--LLQPSGKQEPRGSAEYTDWGLLPGSEGAFNSSVGDSPAVPAET 209 
Human_KIAA0319L      RQSPPRAALRPAVSSSDQQSLIRKLQKRGSPSDVVTPIVT-----QHSKVNDS------- 209 
                     . *      *   ..    .   * : *** . .   ::       .*.* **        
 
Human_KIAA0319       QQDPELHYLNESASTPAPKLPERSVLLPLPTTPS-SGEVLEKEKASQLQEQSSNSSGKEV 268 
Human_KIAA0319L      ---NELGGLTTSGSAEVH----KAITISSPLTTDLTAELSGGPKNVSVQPE--ISEG--- 257 
                         **  *. *.*: .     ::: :  * * . :.*:    *  .:* :   *.*    
 
Human_KIAA0319       LMPSHSLPPASLELSSVTVEKSPVLTVTPGSTEHSIPTPPTSAAPSES----TPSELPIS 324 
Human_KIAA0319L      ----LATTPSTQQVKS------------SEKTQIAVPQP---VAPSYSYATPTPQASFQS 298 
                          :  *:: ::.*              .*: ::* *   .*** *    **.    * 
 
Human_KIAA0319       PTTAPRTVKELTVSAGDNLIITLPDNEVELKAFVAPAPPVETTYNYEWNLISHPTDYQGE 384 
Human_KIAA0319L      TSAPYPVIKELVVSAGESVQITLPKNEVQLNAYVLQEPPKGETYTYDWQLITHPRDYSGE 358 
                      ::   .:***.****:.: ****.***:*:*:*   **   **.*:*:**:** **.** 
 
Human_KIAA0319       IKQGHKQTLNLSQLSVGLYVFKVTVSSENAFGEGFVNVTVKPARRVNLPPVAVVSPQLQE 444 
Human_KIAA0319L      MEGKHSQILKLSKLTPGLYEFKVIVEGQNAHGEGYVNVTVKPEPRKNRPPIAIVSPQFQE 418 
                     ::  *.* *:**:*: *** *** *..:**.***:*******  * * **:*:****:** 
 
Human_KIAA0319       LTLPLTSALIDGSQSTDDTEIVSYHWEEINGPFIEEKTSVDSPVLRLSNLDPGNYSFRLT 504 
Human_KIAA0319L      ISLPTTSTVIDGSQSTDDDKIVQYHWEELKGPLREEKISEDTAILKLSKLVPGNYTFSLT 478 
                     ::** **::********* :**.*****::**: *** * *: :*:**:* ****:* ** 
 
Human_KIAA0319       VTDSDGATNSTTAALIVNNAVDYPPVANAGPNHTITLPQNSITLNGNQSSDDHQIVLYEW 564 
Human_KIAA0319L      VVDSDGATNSTTANLTVNKAVDYPPVANAGPNQVITLPQNSITLFGNQSTDDHGITSYEW 538 
                     *.*********** * **:*************:.********** ****:*** *. *** 
 
Human_KIAA0319       SLGPGSEGKHVVMQGVQTPYLHLSAMQEGDYTFQLKVTDSSRQQSTAVVTVIVQPENNRP 624 
Human_KIAA0319L      SLSPSSKGKVVEMQGVRTPTLQLSAMQEGDYTYQLTVTDTIGQQATAQVTVIVQPENNKP 598 
                     **.*.*:** * ****:** *:**********:**.***:  **:** **********:* 
 
Human_KIAA0319       PVAVAGPDKELIFPVESATLDGSSSSDDHGIVFYHWEHVRGPSAVEMENIDKAIATVTGL 684 
Human_KIAA0319L      PQADAGPDKELTLPVDSTTLDGSKSSDDQKIISYLWEKTQGPDGVQLENANSSVATVTGL 658 
                     * * ******* :**:*:*****.****: *: * **:.:**..*::** :.::****** 
 
Human_KIAA0319       QVGTYHFRLTVKDQQGLSSTSTLTVAVKKENNSPPRARAGGRHVLVLPNNSITLDGSRST 744 
Human_KIAA0319L      QVGTYVFTLTVKDERNLQSQSSVNVIVKEEINKPPIAKITGNVVITLPTSTAELDGSKSS 718 
                     ***** * *****:: *.* *::.* **:* *.** *:  *. *:.**..:  ****:*: 
 
Human_KIAA0319       DDQRIVSYLWIRDGQSPAAGDVIDGSDHSVALQLTNLVEGVYTFHLRVTDSQGASDTDTA 804 
Human_KIAA0319L      DDKGIVSYLWTRDEGSPAAGEVLNHSDHHPILFLSNLVEGTYTFHLKVTDAKGESDTDRT 778 
                     **: ****** **  *****:*:: ***   * *:*****.*****:***::* **** : 
 
Human_KIAA0319       TVEVQPDPRKSGLVELTLQVGVGQLTEQRKDTLVRQLAVLLNVLDSDIKVQKIRAHSDLS 864 
Human_KIAA0319L      TVEVKPDPRKNNLVEIILDINVSQLTERLKGMFIRQIGVLLGVLDSDIIVQKIQPYTE-S 837 
                     ****:*****. ***: *:: *.****: *  ::**:.*** ****** ****: ::: * 
 
Human_KIAA0319       TVIVFYVQSRPPFKVLKAAEVARNLHMRLSKEKADFLLFKVLRVDTAGCLLKCSGHGHCD 924 
Human_KIAA0319L      TKMVFFVQNEPPHQIFKGHEVAAMLKSELRKQKADFLIFRALEVNTVTCQLNCSDHGHCD 897 
                     * :**:**..**.:::*. ***  *: .* *:*****:*:.*.*:*. * *:** ***** 
 
Human_KIAA0319       PLTKRCICSHLWMENLIQRYIWDGESNCEWSIFYVTVLAFTLIVLTGGFTWLCICCCKRQ 984 
Human_KIAA0319L      SFTKRCICDPFWMENFIKVQLRDGDSNCEWSVLYVIIATFVIVVALGILSWTVICCCKRQ 957 
                      :******. :****:*:  : **:******::** : :*.::*  * ::*  ******* 
 
Human_KIAA0319       KRTKIRKKTKYTILDNMDEQERMELRP--KYGIKHRSTEHNSSLMVSESEFDSDQDTIFS 1042 
Human_KIAA0319L      KGKP-KRKSKYKILDATDQ-ESLELKPTSRAGIKQKGLLLSSSLMHSESELDSDD-AIFT 1014 
                     * .  ::*:**.***  *: * :**:*  : ***::.   .**** ****:***: :**: 
 
Human_KIAA0319       REKMERGNPKVSMNGSIRNGASFSYCSKDR---- 1072 
Human_KIAA0319L      WPDREKGKLLHGQNGSVPNGQTPLKARSPREEIL 1048 
                       . *:*:   . ***: ** :   . . *     

Human_KIAA0319       --------------------MAPPTGVLSSLLLL---------VTIAGCARKQCSEGRTY 31 
Human_KIAA0319L      MEKRLGVKPNPASWILSGYYWQTSAKWLRSLYLFYTCFCFSVLWLSTDASESRCQQGKTQ 60 
                                             :  * ** *:            : .:..:*.:*:*  
 
Human_KIAA0319       SNAVISPNLETTRIMRVSHTFPVVDCTAACCDLSSCDLAWWFEGRCYLVSCPHKENCEPK 91 
Human_KIAA0319L      FGVGLRSGG-ENHLWLLEGTPSLQSCWAACCQDSACHVFWWLEGMCIQADCSRPQSCRAF 119 
                       . :      .::  :. *  : .* ****: *:*.: **:** *  ..* : :.*.   
 
Human_KIAA0319       KMGPIRSYLTFVLRPVQRPAQLLDYGDMMLNRGSPSGIWGDSPEDIRKDLTFLGKDWGLE 151 
Human_KIAA0319L      RTHSSNSMLVFLKKFQT-A-----------------DDLGFLPEDDVPHLLGLGWNWASW 161 
                     :    .* *.*: :                         *  ***   .*  ** :*.   
 
Human_KIAA0319       EMSEYSDDYRELEKD--LLQPSGKQEPRGSAEYTDWGLLPGSEGAFNSSVGDSPAVPAET 209 
Human_KIAA0319L      RQSPPRAALRPAVSSSDQQSLIRKLQKRGSPSDVVTPIVT-----QHSKVNDS------- 209 
                     . *      *   ..    .   * : *** . .   ::       .*.* **        
 
Human_KIAA0319       QQDPELHYLNESASTPAPKLPERSVLLPLPTTPS-SGEVLEKEKASQLQEQSSNSSGKEV 268 
Human_KIAA0319L      ---NELGGLTTSGSAEVH----KAITISSPLTTDLTAELSGGPKNVSVQPE--ISEG--- 257 
                         **  *. *.*: .     ::: :  * * . :.*:    *  .:* :   *.*    
 
Human_KIAA0319       LMPSHSLPPASLELSSVTVEKSPVLTVTPGSTEHSIPTPPTSAAPSES----TPSELPIS 324 
Human_KIAA0319L      ----LATTPSTQQVKS------------SEKTQIAVPQP---VAPSYSYATPTPQASFQS 298 
                          :  *:: ::.*              .*: ::* *   .*** *    **.    * 
 
Human_KIAA0319       PTTAPRTVKELTVSAGDNLIITLPDNEVELKAFVAPAPPVETTYNYEWNLISHPTDYQGE 384 
Human_KIAA0319L      TSAPYPVIKELVVSAGESVQITLPKNEVQLNAYVLQEPPKGETYTYDWQLITHPRDYSGE 358 
                      ::   .:***.****:.: ****.***:*:*:*   **   **.*:*:**:** **.** 
 
Human_KIAA0319       IKQGHKQTLNLSQLSVGLYVFKVTVSSENAFGEGFVNVTVKPARRVNLPPVAVVSPQLQE 444 
Human_KIAA0319L      MEGKHSQILKLSKLTPGLYEFKVIVEGQNAHGEGYVNVTVKPEPRKNRPPIAIVSPQFQE 418 
                     ::  *.* *:**:*: *** *** *..:**.***:*******  * * **:*:****:** 
 
Human_KIAA0319       LTLPLTSALIDGSQSTDDTEIVSYHWEEINGPFIEEKTSVDSPVLRLSNLDPGNYSFRLT 504 
Human_KIAA0319L      ISLPTTSTVIDGSQSTDDDKIVQYHWEELKGPLREEKISEDTAILKLSKLVPGNYTFSLT 478 
                     ::** **::********* :**.*****::**: *** * *: :*:**:* ****:* ** 
 
Human_KIAA0319       VTDSDGATNSTTAALIVNNAVDYPPVANAGPNHTITLPQNSITLNGNQSSDDHQIVLYEW 564 
Human_KIAA0319L      VVDSDGATNSTTANLTVNKAVDYPPVANAGPNQVITLPQNSITLFGNQSTDDHGITSYEW 538 
                     *.*********** * **:*************:.********** ****:*** *. *** 
 
Human_KIAA0319       SLGPGSEGKHVVMQGVQTPYLHLSAMQEGDYTFQLKVTDSSRQQSTAVVTVIVQPENNRP 624 
Human_KIAA0319L      SLSPSSKGKVVEMQGVRTPTLQLSAMQEGDYTYQLTVTDTIGQQATAQVTVIVQPENNKP 598 
                     **.*.*:** * ****:** *:**********:**.***:  **:** **********:* 
 
Human_KIAA0319       PVAVAGPDKELIFPVESATLDGSSSSDDHGIVFYHWEHVRGPSAVEMENIDKAIATVTGL 684 
Human_KIAA0319L      PQADAGPDKELTLPVDSTTLDGSKSSDDQKIISYLWEKTQGPDGVQLENANSSVATVTGL 658 
                     * * ******* :**:*:*****.****: *: * **:.:**..*::** :.::****** 
 
Human_KIAA0319       QVGTYHFRLTVKDQQGLSSTSTLTVAVKKENNSPPRARAGGRHVLVLPNNSITLDGSRST 744 
Human_KIAA0319L      QVGTYVFTLTVKDERNLQSQSSVNVIVKEEINKPPIAKITGNVVITLPTSTAELDGSKSS 718 
                     ***** * *****:: *.* *::.* **:* *.** *:  *. *:.**..:  ****:*: 
 
Human_KIAA0319       DDQRIVSYLWIRDGQSPAAGDVIDGSDHSVALQLTNLVEGVYTFHLRVTDSQGASDTDTA 804 
Human_KIAA0319L      DDKGIVSYLWTRDEGSPAAGEVLNHSDHHPILFLSNLVEGTYTFHLKVTDAKGESDTDRT 778 
                     **: ****** **  *****:*:: ***   * *:*****.*****:***::* **** : 
 
Human_KIAA0319       TVEVQPDPRKSGLVELTLQVGVGQLTEQRKDTLVRQLAVLLNVLDSDIKVQKIRAHSDLS 864 
Human_KIAA0319L      TVEVKPDPRKNNLVEIILDINVSQLTERLKGMFIRQIGVLLGVLDSDIIVQKIQPYTE-S 837 
                     ****:*****. ***: *:: *.****: *  ::**:.*** ****** ****: ::: * 
 
Human_KIAA0319       TVIVFYVQSRPPFKVLKAAEVARNLHMRLSKEKADFLLFKVLRVDTAGCLLKCSGHGHCD 924 
Human_KIAA0319L      TKMVFFVQNEPPHQIFKGHEVAAMLKSELRKQKADFLIFRALEVNTVTCQLNCSDHGHCD 897 
                     * :**:**..**.:::*. ***  *: .* *:*****:*:.*.*:*. * *:** ***** 
 
Human_KIAA0319       PLTKRCICSHLWMENLIQRYIWDGESNCEWSIFYVTVLAFTLIVLTGGFTWLCICCCKRQ 984 
Human_KIAA0319L      SFTKRCICDPFWMENFIKVQLRDGDSNCEWSVLYVIIATFVIVVALGILSWTVICCCKRQ 957 
                      :******. :****:*:  : **:******::** : :*.::*  * ::*  ******* 
 
Human_KIAA0319       KRTKIRKKTKYTILDNMDEQERMELRP--KYGIKHRSTEHNSSLMVSESEFDSDQDTIFS 1042 
Human_KIAA0319L      KGKP-KRKSKYKILDATDQ-ESLELKPTSRAGIKQKGLLLSSSLMHSESELDSDD-AIFT 1014 
                     * .  ::*:**.***  *: * :**:*  : ***::.   .**** ****:***: :**: 
 
Human_KIAA0319       REKMERGNPKVSMNGSIRNGASFSYCSKDR---- 1072 
Human_KIAA0319L      WPDREKGKLLHGQNGSVPNGQTPLKARSPREEIL 1048 
                       . *:*:   . ***: ** :   . . *     

Human_KIAA0319       --------------------MAPPTGVLSSLLLL---------VTIAGCARKQCSEGRTY 31 
Human_KIAA0319L      MEKRLGVKPNPASWILSGYYWQTSAKWLRSLYLFYTCFCFSVLWLSTDASESRCQQGKTQ 60 
                                             :  * ** *:            : .:..:*.:*:*  
 
Human_KIAA0319       SNAVISPNLETTRIMRVSHTFPVVDCTAACCDLSSCDLAWWFEGRCYLVSCPHKENCEPK 91 
Human_KIAA0319L      FGVGLRSGG-ENHLWLLEGTPSLQSCWAACCQDSACHVFWWLEGMCIQADCSRPQSCRAF 119 
                       . :      .::  :. *  : .* ****: *:*.: **:** *  ..* : :.*.   
 
Human_KIAA0319       KMGPIRSYLTFVLRPVQRPAQLLDYGDMMLNRGSPSGIWGDSPEDIRKDLTFLGKDWGLE 151 
Human_KIAA0319L      RTHSSNSMLVFLKKFQT-A-----------------DDLGFLPEDDVPHLLGLGWNWASW 161 
                     :    .* *.*: :                         *  ***   .*  ** :*.   
 
Human_KIAA0319       EMSEYSDDYRELEKD--LLQPSGKQEPRGSAEYTDWGLLPGSEGAFNSSVGDSPAVPAET 209 
Human_KIAA0319L      RQSPPRAALRPAVSSSDQQSLIRKLQKRGSPSDVVTPIVT-----QHSKVNDS------- 209 
                     . *      *   ..    .   * : *** . .   ::       .*.* **        
 
Human_KIAA0319       QQDPELHYLNESASTPAPKLPERSVLLPLPTTPS-SGEVLEKEKASQLQEQSSNSSGKEV 268 
Human_KIAA0319L      ---NELGGLTTSGSAEVH----KAITISSPLTTDLTAELSGGPKNVSVQPE--ISEG--- 257 
                         **  *. *.*: .     ::: :  * * . :.*:    *  .:* :   *.*    
 
Human_KIAA0319       LMPSHSLPPASLELSSVTVEKSPVLTVTPGSTEHSIPTPPTSAAPSES----TPSELPIS 324 
Human_KIAA0319L      ----LATTPSTQQVKS------------SEKTQIAVPQP---VAPSYSYATPTPQASFQS 298 
                          :  *:: ::.*              .*: ::* *   .*** *    **.    * 
 
Human_KIAA0319       PTTAPRTVKELTVSAGDNLIITLPDNEVELKAFVAPAPPVETTYNYEWNLISHPTDYQGE 384 
Human_KIAA0319L      TSAPYPVIKELVVSAGESVQITLPKNEVQLNAYVLQEPPKGETYTYDWQLITHPRDYSGE 358 
                      ::   .:***.****:.: ****.***:*:*:*   **   **.*:*:**:** **.** 
 
Human_KIAA0319       IKQGHKQTLNLSQLSVGLYVFKVTVSSENAFGEGFVNVTVKPARRVNLPPVAVVSPQLQE 444 
Human_KIAA0319L      MEGKHSQILKLSKLTPGLYEFKVIVEGQNAHGEGYVNVTVKPEPRKNRPPIAIVSPQFQE 418 
                     ::  *.* *:**:*: *** *** *..:**.***:*******  * * **:*:****:** 
 
Human_KIAA0319       LTLPLTSALIDGSQSTDDTEIVSYHWEEINGPFIEEKTSVDSPVLRLSNLDPGNYSFRLT 504 
Human_KIAA0319L      ISLPTTSTVIDGSQSTDDDKIVQYHWEELKGPLREEKISEDTAILKLSKLVPGNYTFSLT 478 
                     ::** **::********* :**.*****::**: *** * *: :*:**:* ****:* ** 
 
Human_KIAA0319       VTDSDGATNSTTAALIVNNAVDYPPVANAGPNHTITLPQNSITLNGNQSSDDHQIVLYEW 564 
Human_KIAA0319L      VVDSDGATNSTTANLTVNKAVDYPPVANAGPNQVITLPQNSITLFGNQSTDDHGITSYEW 538 
                     *.*********** * **:*************:.********** ****:*** *. *** 
 
Human_KIAA0319       SLGPGSEGKHVVMQGVQTPYLHLSAMQEGDYTFQLKVTDSSRQQSTAVVTVIVQPENNRP 624 
Human_KIAA0319L      SLSPSSKGKVVEMQGVRTPTLQLSAMQEGDYTYQLTVTDTIGQQATAQVTVIVQPENNKP 598 
                     **.*.*:** * ****:** *:**********:**.***:  **:** **********:* 
 
Human_KIAA0319       PVAVAGPDKELIFPVESATLDGSSSSDDHGIVFYHWEHVRGPSAVEMENIDKAIATVTGL 684 
Human_KIAA0319L      PQADAGPDKELTLPVDSTTLDGSKSSDDQKIISYLWEKTQGPDGVQLENANSSVATVTGL 658 
                     * * ******* :**:*:*****.****: *: * **:.:**..*::** :.::****** 
 
Human_KIAA0319       QVGTYHFRLTVKDQQGLSSTSTLTVAVKKENNSPPRARAGGRHVLVLPNNSITLDGSRST 744 
Human_KIAA0319L      QVGTYVFTLTVKDERNLQSQSSVNVIVKEEINKPPIAKITGNVVITLPTSTAELDGSKSS 718 
                     ***** * *****:: *.* *::.* **:* *.** *:  *. *:.**..:  ****:*: 
 
Human_KIAA0319       DDQRIVSYLWIRDGQSPAAGDVIDGSDHSVALQLTNLVEGVYTFHLRVTDSQGASDTDTA 804 
Human_KIAA0319L      DDKGIVSYLWTRDEGSPAAGEVLNHSDHHPILFLSNLVEGTYTFHLKVTDAKGESDTDRT 778 
                     **: ****** **  *****:*:: ***   * *:*****.*****:***::* **** : 
 
Human_KIAA0319       TVEVQPDPRKSGLVELTLQVGVGQLTEQRKDTLVRQLAVLLNVLDSDIKVQKIRAHSDLS 864 
Human_KIAA0319L      TVEVKPDPRKNNLVEIILDINVSQLTERLKGMFIRQIGVLLGVLDSDIIVQKIQPYTE-S 837 
                     ****:*****. ***: *:: *.****: *  ::**:.*** ****** ****: ::: * 
 
Human_KIAA0319       TVIVFYVQSRPPFKVLKAAEVARNLHMRLSKEKADFLLFKVLRVDTAGCLLKCSGHGHCD 924 
Human_KIAA0319L      TKMVFFVQNEPPHQIFKGHEVAAMLKSELRKQKADFLIFRALEVNTVTCQLNCSDHGHCD 897 
                     * :**:**..**.:::*. ***  *: .* *:*****:*:.*.*:*. * *:** ***** 
 
Human_KIAA0319       PLTKRCICSHLWMENLIQRYIWDGESNCEWSIFYVTVLAFTLIVLTGGFTWLCICCCKRQ 984 
Human_KIAA0319L      SFTKRCICDPFWMENFIKVQLRDGDSNCEWSVLYVIIATFVIVVALGILSWTVICCCKRQ 957 
                      :******. :****:*:  : **:******::** : :*.::*  * ::*  ******* 
 
Human_KIAA0319       KRTKIRKKTKYTILDNMDEQERMELRP--KYGIKHRSTEHNSSLMVSESEFDSDQDTIFS 1042 
Human_KIAA0319L      KGKP-KRKSKYKILDATDQ-ESLELKPTSRAGIKQKGLLLSSSLMHSESELDSDD-AIFT 1014 
                     * .  ::*:**.***  *: * :**:*  : ***::.   .**** ****:***: :**: 
 
Human_KIAA0319       REKMERGNPKVSMNGSIRNGASFSYCSKDR---- 1072 
Human_KIAA0319L      WPDREKGKLLHGQNGSVPNGQTPLKARSPREEIL 1048 
                       . *:*:   . ***: ** :   . . *     

Human_KIAA0319       --------------------MAPPTGVLSSLLLL---------VTIAGCARKQCSEGRTY 31 
Human_KIAA0319L      MEKRLGVKPNPASWILSGYYWQTSAKWLRSLYLFYTCFCFSVLWLSTDASESRCQQGKTQ 60 
                                             :  * ** *:            : .:..:*.:*:*  
 
Human_KIAA0319       SNAVISPNLETTRIMRVSHTFPVVDCTAACCDLSSCDLAWWFEGRCYLVSCPHKENCEPK 91 
Human_KIAA0319L      FGVGLRSGG-ENHLWLLEGTPSLQSCWAACCQDSACHVFWWLEGMCIQADCSRPQSCRAF 119 
                       . :      .::  :. *  : .* ****: *:*.: **:** *  ..* : :.*.   
 
Human_KIAA0319       KMGPIRSYLTFVLRPVQRPAQLLDYGDMMLNRGSPSGIWGDSPEDIRKDLTFLGKDWGLE 151 
Human_KIAA0319L      RTHSSNSMLVFLKKFQT-A-----------------DDLGFLPEDDVPHLLGLGWNWASW 161 
                     :    .* *.*: :                         *  ***   .*  ** :*.   
 
Human_KIAA0319       EMSEYSDDYRELEKD--LLQPSGKQEPRGSAEYTDWGLLPGSEGAFNSSVGDSPAVPAET 209 
Human_KIAA0319L      RQSPPRAALRPAVSSSDQQSLIRKLQKRGSPSDVVTPIVT-----QHSKVNDS------- 209 
                     . *      *   ..    .   * : *** . .   ::       .*.* **        
 
Human_KIAA0319       QQDPELHYLNESASTPAPKLPERSVLLPLPTTPS-SGEVLEKEKASQLQEQSSNSSGKEV 268 
Human_KIAA0319L      ---NELGGLTTSGSAEVH----KAITISSPLTTDLTAELSGGPKNVSVQPE--ISEG--- 257 
                         **  *. *.*: .     ::: :  * * . :.*:    *  .:* :   *.*    
 
Human_KIAA0319       LMPSHSLPPASLELSSVTVEKSPVLTVTPGSTEHSIPTPPTSAAPSES----TPSELPIS 324 
Human_KIAA0319L      ----LATTPSTQQVKS------------SEKTQIAVPQP---VAPSYSYATPTPQASFQS 298 
                          :  *:: ::.*              .*: ::* *   .*** *    **.    * 
 
Human_KIAA0319       PTTAPRTVKELTVSAGDNLIITLPDNEVELKAFVAPAPPVETTYNYEWNLISHPTDYQGE 384 
Human_KIAA0319L      TSAPYPVIKELVVSAGESVQITLPKNEVQLNAYVLQEPPKGETYTYDWQLITHPRDYSGE 358 
                      ::   .:***.****:.: ****.***:*:*:*   **   **.*:*:**:** **.** 
 
Human_KIAA0319       IKQGHKQTLNLSQLSVGLYVFKVTVSSENAFGEGFVNVTVKPARRVNLPPVAVVSPQLQE 444 
Human_KIAA0319L      MEGKHSQILKLSKLTPGLYEFKVIVEGQNAHGEGYVNVTVKPEPRKNRPPIAIVSPQFQE 418 
                     ::  *.* *:**:*: *** *** *..:**.***:*******  * * **:*:****:** 
 
Human_KIAA0319       LTLPLTSALIDGSQSTDDTEIVSYHWEEINGPFIEEKTSVDSPVLRLSNLDPGNYSFRLT 504 
Human_KIAA0319L      ISLPTTSTVIDGSQSTDDDKIVQYHWEELKGPLREEKISEDTAILKLSKLVPGNYTFSLT 478 
                     ::** **::********* :**.*****::**: *** * *: :*:**:* ****:* ** 
 
Human_KIAA0319       VTDSDGATNSTTAALIVNNAVDYPPVANAGPNHTITLPQNSITLNGNQSSDDHQIVLYEW 564 
Human_KIAA0319L      VVDSDGATNSTTANLTVNKAVDYPPVANAGPNQVITLPQNSITLFGNQSTDDHGITSYEW 538 
                     *.*********** * **:*************:.********** ****:*** *. *** 
 
Human_KIAA0319       SLGPGSEGKHVVMQGVQTPYLHLSAMQEGDYTFQLKVTDSSRQQSTAVVTVIVQPENNRP 624 
Human_KIAA0319L      SLSPSSKGKVVEMQGVRTPTLQLSAMQEGDYTYQLTVTDTIGQQATAQVTVIVQPENNKP 598 
                     **.*.*:** * ****:** *:**********:**.***:  **:** **********:* 
 
Human_KIAA0319       PVAVAGPDKELIFPVESATLDGSSSSDDHGIVFYHWEHVRGPSAVEMENIDKAIATVTGL 684 
Human_KIAA0319L      PQADAGPDKELTLPVDSTTLDGSKSSDDQKIISYLWEKTQGPDGVQLENANSSVATVTGL 658 
                     * * ******* :**:*:*****.****: *: * **:.:**..*::** :.::****** 
 
Human_KIAA0319       QVGTYHFRLTVKDQQGLSSTSTLTVAVKKENNSPPRARAGGRHVLVLPNNSITLDGSRST 744 
Human_KIAA0319L      QVGTYVFTLTVKDERNLQSQSSVNVIVKEEINKPPIAKITGNVVITLPTSTAELDGSKSS 718 
                     ***** * *****:: *.* *::.* **:* *.** *:  *. *:.**..:  ****:*: 
 
Human_KIAA0319       DDQRIVSYLWIRDGQSPAAGDVIDGSDHSVALQLTNLVEGVYTFHLRVTDSQGASDTDTA 804 
Human_KIAA0319L      DDKGIVSYLWTRDEGSPAAGEVLNHSDHHPILFLSNLVEGTYTFHLKVTDAKGESDTDRT 778 
                     **: ****** **  *****:*:: ***   * *:*****.*****:***::* **** : 
 
Human_KIAA0319       TVEVQPDPRKSGLVELTLQVGVGQLTEQRKDTLVRQLAVLLNVLDSDIKVQKIRAHSDLS 864 
Human_KIAA0319L      TVEVKPDPRKNNLVEIILDINVSQLTERLKGMFIRQIGVLLGVLDSDIIVQKIQPYTE-S 837 
                     ****:*****. ***: *:: *.****: *  ::**:.*** ****** ****: ::: * 
 
Human_KIAA0319       TVIVFYVQSRPPFKVLKAAEVARNLHMRLSKEKADFLLFKVLRVDTAGCLLKCSGHGHCD 924 
Human_KIAA0319L      TKMVFFVQNEPPHQIFKGHEVAAMLKSELRKQKADFLIFRALEVNTVTCQLNCSDHGHCD 897 
                     * :**:**..**.:::*. ***  *: .* *:*****:*:.*.*:*. * *:** ***** 
 
Human_KIAA0319       PLTKRCICSHLWMENLIQRYIWDGESNCEWSIFYVTVLAFTLIVLTGGFTWLCICCCKRQ 984 
Human_KIAA0319L      SFTKRCICDPFWMENFIKVQLRDGDSNCEWSVLYVIIATFVIVVALGILSWTVICCCKRQ 957 
                      :******. :****:*:  : **:******::** : :*.::*  * ::*  ******* 
 
Human_KIAA0319       KRTKIRKKTKYTILDNMDEQERMELRP--KYGIKHRSTEHNSSLMVSESEFDSDQDTIFS 1042 
Human_KIAA0319L      KGKP-KRKSKYKILDATDQ-ESLELKPTSRAGIKQKGLLLSSSLMHSESELDSDD-AIFT 1014 
                     * .  ::*:**.***  *: * :**:*  : ***::.   .**** ****:***: :**: 
 
Human_KIAA0319       REKMERGNPKVSMNGSIRNGASFSYCSKDR---- 1072 
Human_KIAA0319L      WPDREKGKLLHGQNGSVPNGQTPLKARSPREEIL 1048 
                       . *:*:   . ***: ** :   . . *     
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4.4. SH2B1β as a putative signaling molecule downstream of 

KIAA0319 

Large transmembrane proteins with multiple domains are potential binding 

partners of other molecules in vivo. A screening preformed by Nakayama et al. 

(2002) with over 1000 KIAA proteins with both transmembrane and cytoplasmic 

domains identified the transcript variant 2 of SH2B adaptor protein 1 (SH2B1β) as 

a putative interactor of KIAA0319. SH2B1 (originally named SH2-B) is a member 

of the SH2B family of adaptor proteins together with SH2B2 (or APS) and SH2B3 

(or Lnk) (figure 24). These family members are conserved from insects through 

humans and share structural domains that include: src homology-2 (SH2) domain 

(a sequence-specific phosphotyrosine-binding module), a dimerization domain, 

multiple proline-rich sites and a pleckstrin homology (PH) domain (that allows 

binding to phosphoinositides) (Gery and Koeffler, 2013). 

 

 

 

 

Figure 24 | SH2B gene family members and 

SH2B1β isoforms. 

DD, dimerization domain. P, proline-rich sites. PH, 

pleckstrin homology domain. SH2, src homology-2 

domain. SH2B1β isoforms α, β, γ and δ are 

depicted. Y, Tyrosines. The number of aminoacids 

for each isoform is indicated. Adapted from 

Maures et al. (2007) 

 

 

The SH2B1 transcript gives rise to four different isoforms of the protein: α, 

β, γ and δ (Yousaf et al., 2001) which only differ in the c-terminus. Of these, 

SH2B1β isoform is ubiquitous (Doche et al., 2012) and has been more extensively 

studied. SH2B1β lacks enzymatic domain. However, its PH and SH2 domains, 

together with the proline-rich regions, suggest that SH2B1β may serve as an 

adaptor or scaffold to recruit proteins to membrane-receptor complexes 

(Diakonova et al., 2002). Interestingly, SH2B1β interacts with the catalytic loop of 

Tyrosine kinase A (TrkA) receptor (Qian et al., 1998) and promotes neurite 

outgrowth in PC12 cells upon NGF stimulation (Rui et al., 1999) whereas SH2B1α 
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does not (Pearce et al., 2014). SH2B1β interacts with multiple receptor Tyrosine 

kinases including insulin receptor (Riedel et al., 1997) and platelet-derived 

growth factor (Rui and Carter-Su, 1998).  

Besides the multiple domains, SH2B1β (which is mainly located in the 

plasma membrane) also contains a nuclear localization sequence (NLS) and a 

nuclear export sequence (NES) that allows shuttling between the cytoplasm and 

the nucleus (Chen and Carter-Su, 2004; Maures et al., 2009). Nuclear import of 

SH2B1β is crucial to increase the expression of NGF-responsive genes (Maures et 

al., 2009). Disrupting the SH2 domain of SH2B1β by replacing a critical arginine 

in the 555 position by a glutamine (R555E mutant) blocks several functions such 

as binding to TrkA (Rui et al., 1999) or neurite outgrowth (Rui et al., 1999), as 

SH2B1β remains in the plasma membrane.  

SH2B1β was found to bind Rac (Diakonova et al., 2002) and to be required 

for actin-based cell motility (Diakonova et al., 2002; Rider and Diakonova, 2011) 

suggesting a role in cytoskeleton remodeling. In fact, SH2B1β has two actin-

binding sites (figure 25) that promote binding and cross-linking of F-actin and 

localization to membrane ruffles (enriched in polymerized actin) and filopodia 

(Rider et al., 2009) supporting a more complex role for SH2B1β in cell 

homeostasis.  

 

 

Figure 25 | SH2B1β co-localizes with the actin cytoskeleton through actin-binding domains (ABD). 

3T3 F442A cells overexpressing SH2B1β (green) and stained with phalloidin-rhodamine (red). Long 

arrows indicate filopodia, and short arrows indicate ruffles. Adapted from Rider et al. (2009).  

 

 

Mice with disruption of the SH2B1 gene develop multiple symptoms 

associated with impairment in insulin signaling activation: obesity, age-

dependent hyperinsulinemia, hyperglycemia, and glucose intolerance (Duan et 

al., 2004). Interestingly, Doche et al. (2012) identified a SH2B1 loss-of-function 

mutation in patients with early-onset obesity. Moreover, altered speech and 

ABD ABD 
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language development were reported in mutation carriers. Thus, this phenotype 

supports a role for SH2B1 in human behavior. 

 

 

4.4.1. JAK2 as a intermediate player in SH2B1β signaling 

Janus kinases (JAKs) are receptor-associated Tyrosine kinases that comprise four 

members: JAK1, JAK2, JAK3 and TYK2. All members share similar structural 

domains (figure 26): JAK homology domain 1 (JH1) is a typical eukaryotic kinase 

domain; JH2 is a catalytic inactive domain that regulates JAK functions; JH3 and 

JH4 contain a SH2 domain; a Band-4.1, a ezrin, radixin, moesin (FERM) domain is 

located within the JH6 and JH7 region which was described to positively regulate 

JAK catalytic activity (Yamaoka et al., 2004). 

 

 

Figure 26 | JAK structure. 

Each JAK gene has 7 JH domains where lies one kinase domain, one pseudokinase domain, one SH2 

domain and one FERM domain. “P”s indicate JAK autophosphorylation sites (Yamaoka et al., 2004). 

 

 

Of the four mammalian JAKs, JAK1, JAK2 and TYK2 are expressed fairly 

ubiquitously, whereas JAK3 is restricted to natural killer (NK) cells and 

thymocytes (Kawamura et al., 1994; Yamaoka et al., 2004). Despite the high 

homology, different JAKs are activated in response to different cytokines and 

activate multiple STATs and their depletion gives rise to different phenotypes 

(table 2). For multiple cytokines and receptors, JAK2 is the major signaling 

partner (table 2). JAK2 is activated by phosphorylation in Tyr1007/1008 in the 

JH1 domains (Feng et al., 1997) and multiple tyrosyl-phosphorylation potentiate 

its activity (Ungureanu et al., 2011). 
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Table 2 | JAK mutant mouse phenotypes and cytokine or receptor that associates with each JAK. 

Adapted from Ghoreschi et al. (2009). 

 

Gene Knockout mouse phenotype Cytokine/receptor association Reference 

JAK1 

Viable but with perinatal 

lethality; severe deficit in 

lymphocytic development 

IL-6, IL-10, IL-11, IL-19, IL-20, 

IL-22 and IFN-γ 
Rodig et al. (1998) 

JAK2 
Embryonically lethal; absence 

of erythropoiesis 

GH, prolactin, erythropoietin, 

thrombopoietin, insulin, leptin, 

IL-3, IL-5, IL-6, IL-10, IL-11, IL-

19, IL-20, IL-22 and IFN-γ 

Neubauer et al. 

(1998) 

JAK3 
Viable; severe combined 

immunodeficiency 

IL-2, IL-4, IL-7, IL-9, IL-15 and 

IL-21 

Nosaka et al. 

(1995) 

TYK2 

Viable; insensitive to LPS 

stimulation; susceptible to 

parasite infection 

IFN-β, IFN-α, IFN-γ, IL-6, IL-10, 

IL-12, IL-13 

Karaghiosoff et al. 

(2000); Shaw et al. 

(2003) 

 

 

Over a decade ago, the SH2 domain of SH2B1β was found to interact with 

tyrosyl-phosphorylated JAK2 (specifically Tyr813) in response to growth hormone 

(GH) stimulation (Rui et al., 1997; Kurzer et al., 2004) and to potentiate kinase 

activity of JAK2 (Rui and Carter-Su, 1999). SH2B1β induces phosphorylation of the 

JAK2 residue Tyr813 upon leptin stimulation (Li et al., 2007) enhancing leptin 

signaling. Thus, receptor-induced activation of JAK2 recruits SH2B1β, which, in 

turn, increases JAK2 phosphorylation-dependent signaling. JAK2 recognizes and 

phosphorylates tyrosines that lie within the YXX[L/I/V] motif (where X is any 

aminoacid) present in multiple receptors such as the growth hormone and the 

epidermal growth factor receptors (Argetsinger et al., 2004) and also present in 

SH2B1β (O'Brien et al., 2003) to induce their activation (figure 27). Moreover, 

JAK2 activity is regulated by autophosphorylation of Tyr221 (which increases its 

activity) and Tyr570 (which is inhibitory) that are present in the YXX[L/I/V] motif 

of the FERM domain and in the SH2 domain, respectively, reinforcing the 

regulatory role of this motif (Argetsinger et al., 2004).  
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Figure 27 | JAK2 activity. 

JAK2 autophosphorylates in response to growth hormone (GH) association with GH receptor (GHR). 

SH2B1β is recruited, enhances tyrosil-phosphorylation of JAK2 which, in turn, phosphorylates 

SH2B1β therefore creating binding sites for other proteins such as Rac1 (Maures et al., 2007). 

 

 

A point mutation in JAK2 pseudokinase domain where a valine is 

substituted for a phenylalanine at codon 617 (JAK2V617F) is recurrent in patients 

with myeloproliferative disorders (Kralovics et al., 2005). With this dominant gain-

of-function mutation, JAK2 is constitutively active and confers hypersensibility to 

cells that co-express erythropoietin receptor such that erythroid cells of mutation 

carrier patients can grow in the absence of exogenous erythropoietin (Quintas-

Cardama et al., 2011). Thus, an effective therapeutic approach would be to 

develop ATP-competitive inhibitors to decrease JAK2 activity. Ruxolitinib was the 

first pharmacological inhibitor approved by food and drug administration (FDA) 

and has a potent inhibitory effect against JAK2 and JAK1. Although non-curative, 

long-term follow-up of oral administration of Ruxolitinib ameliorates 

splenomegaly and myelofibrosis-associated symptoms such as bone pain and 

fever (Sonbol et al., 2013; Deininger et al., 2015). JAK2 is also activated in 

patients with systemic sclerosis where excessive amounts of extracellular matrix 

components are produced by fibroblasts (Gabrielli et al., 2009). Selective 

inhibition of JAK2 decreases the stimulatory effects of TGF-β on fibroblasts (Dees 

et al., 2012) suggesting the involvement of JAK2 in multiple disorders.  

 

In this Thesis we will explore the possibility that the JAK2-SH2B1β pathway 

might be a signaling cascade triggered by KIAA0319 activation. 
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Research goals 

 

The main focus of this work was to identify and characterize a possible 

involvement in axon growth and regeneration of genes of unknown function 

expressed in the spinal cord and dorsal root ganglion. For that, the following 

objectives were established: 

  

 

• Identify genes of unknown function expressed in the spinal cord and dorsal 

root ganglion. By taking advantage of a transcriptomic analysis, we 

categorized and studied the biological function of genes of unknown 

function expressed in the nervous system (Chapter 1). 

 

 

• Characterize the function of KIAA0319 in neurons.  KIAA0319 was found to 

specifically decrease axon length acting as an axonal regeneration inhibitor. 

Using both in vitro and in vivo approaches, we characterized the molecular 

mechanism by which KIAA0319 inhibits axon growth (Chapter 2). 

 

 

• Identify the extracellular mechanism responsible for KIAA0319 activation. 

To further uncover the extracellular signal that mediates KIAA0319 

inhibitory response, we tested the hypothesis that KIAA0319 might act as a 

co-receptor for the Nogo- Nogo receptor pathway (Chapter 3). 
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Abstract 

Although Peripheral Nervous System (PNS) axons regenerate, the identity of the 

molecules involved in axon growth following injury is still obscure. By microarray 

analysis of WT mouse sciatic nerves, we identified expression of over 70 genes 

without an assigned function. Differential categorization of these genes was 

performed using the Expressed Sequence Tag (EST) database and the ALLEN 

Mouse Spinal Cord Atlas. Twenty-five genes were selected given their strong 

positive in situ hybridization signal in the ALLEN Atlas (both in motorneurons in 

the spinal cord and in sensory dorsal root ganglion – DRG neurons) and an EST 

profile of over 10 transcripts per million. Their high expression level was 

confirmed by qPCR and comparison to the expression of beta-actin. In situ 

hybridization confirmed expression in cell bodies of DRG and motor neurons. To 

evaluate a putative involvement of these genes in axon growth and regeneration, 

sciatic nerve transection was performed in mice and levels of expression (1 and 7 

days after injury) were assessed by quantitative-PCR. From the 25 selected genes, 

Consortin, D130043K22Rik and N28178 were selected for further analysis given 

their downregulation following injury in the PNS. Overexpression of these 

constructs in hippocampal neurons significantly decreased axon length thus 

suggesting that these genes are potential candidates that modulate axon growth 

and regeneration. The detailed characterization of each of the genes identified 

will certainly shed light on important processes occurring both during 

physiological neuronal development, and axon degeneration and regrowth 

following injury and disease. 
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Introduction 

 

lthough the peripheral nervous system regenerates, target innervation is 

often incomplete, resulting in disappointing functional recovery. As such, 

nerve injury/disease, can have serious and unrecoverable consequences 

with a total loss of functionality in the most severe cases. The PNS reaction to 

injury is characterized by a neuronal extrinsic response comprising the removal 

of myelin debris initially by Schwann cells and later by infiltrating macrophages 

and the formation of bands of Büngner by Schwann cells that provide guidance 

cues for regenerating fibers (Stoll and Muller, 1999; Koeppen, 2004). Besides the 

extrinsic reaction, the intrinsic response is characterized by an increase in the 

expression of regeneration associated genes (RAGs) by injured nerves (Huebner 

and Strittmatter, 2009). However, the complete identity of the molecules involved 

in axon regeneration is still obscure. Thus, the identification and characterization 

of such molecules would have a high impact in developing new compounds and 

therapies to successfully promote regeneration. 

With technology development in recent years, research has been focusing 

in identify novel pathways that modulate axon growth either by transcriptomic or 

proteomic arrays. Proteomic analysis of axoplasm from injured nerves identified 

multiple proteins associated with both anterograde and retrograde transport 

(including dyneins and kinesins) emphasizing the role of the transport machinery 

in an injury scenario (Michaelevski et al., 2010). Also, apart from GAP-43 (Dent 

and Meiri, 1998), novel markers for the growth cone were identified using a 

combinatorial approach of proteomics and RNAi (Nozumi et al., 2009). 

Interestingly, genes with well-established functions were found to be relevant in 

the context of axon growth and regeneration as the case for c-myc and stathmin 

1. The oncogene c-myc, is of outmost importance in regulating apoptosis in 

cancer (Hoffman and Liebermann, 2008). Recently, c-myc was found to be 

differentially regulated in a proteomic assay of injured retinal ganglion cells 

(RGCs) and its overexpression in nervous tissue promotes axon regeneration 

(Belin et al., 2015). However, in this study, ambiguous results were found for 

different neuronal cell types: in RGCs, c-myc expression was downregulated 

following injury, whereas, in DRGs neurons, the expression levels were elevated. 

This strongly supports the divergent regenerative capacity between PNS and CNS. 

Stathmin 1 is a plus-end microtubule depolymerase that regulates cell cycle exit 

A 
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according to the phosphorylation status (Nemunaitis, 2012). Using quantitative 

proteomics, it was recently found that stathmin 1 expression is temporally 

regulated and highly enriched in developing corticospinal tract (Fuller et al., 

2015). 

In an attempt to unravel new modulators of axon growth, microarray 

analysis of sciatic nerves from mice was performed using the Affymetrix 

GeneChip Mouse Genome 430 2.0 Arrays and analyzed with the Affymetrix GCOS 

1.4 software and subsequently with the DNA chip analysis at the Affymetrix 

facility (IGC, Oeiras). Microarray analysis of sciatic nerves allows us to unravel, 

not only transcripts that derive from resident Schwann cells but, most 

importantly, transcripts that travel along the axon. With this approach, we 

identified over 70 genes expressed in the normal nerve with no function assigned 

in spinal cord or DRG. 

The characterization of the function of these genes will contribute to 

clarify nerve biology and possibly to identify new players in nerve regeneration. 
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Results 

Microarray analysis provides us with a valuable tool to identify the transcriptome 

of WT nerves. We were particularly interested by the high number of genes with 

unknown function or not annotated identified by microarray analysis. As such, 

from the initial list obtained of 39316 accession numbers with detectable 

expression in the nerve of WT mice we selected all the genes (a total of 223) 

where the name contained phrases such as: riken, expressed sequence, predicted 

gene, cDNA sequence, zinc finger protein, LOC, cDNA, hypothetical protein, 

transcribed, DNA segment, Rik cDNA or MM. For each of these 223 genes, 

information was collected from the NCBI database and only annotated genes 

lacking relevant functional information in Pubmed were selected. For each of the 

80 genes that passed the above criteria, we assessed their expression levels in 

the Expressed Sequence Tag (EST) database 

(http://www.ncbi.nlm.nih.gov/nucest/) and checked the number of transcripts 

per million (TPM) in the spinal cord and/or DRG. Next, the expression pattern for 

each of the genes was analyzed in the ALLEN Mouse Spinal Cord Atlas 

(http://mousespinal.brain-map.org/), which provides information on in situ 

hybridization in the spinal cord and DRG. The genes were categorized into five 

categories described below.  

The first category (category A; figure 1) included all genes where ALLEN 

Atlas pictures were strongly positive and presented an EST profile with over 10 

TPM in the DRG or spinal cord (25 genes). 
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A B C A B C Juvenile (P4) Adult (P56)
Pic Brain Atlas

/ 10163 91 2 / 21810

/ 10163 45 1 /
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0
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Figure 1 (previous page) | Genes in category A. 

Genes in this category have over 10 transcripts per million in either spinal cord (SC) or DRG 

according to the EST database and have a strong in situ hybridization signal in both tissues 

according to ALLEN spinal cord atlas. A, Transcripts per million. B, Gene EST. C, Total EST in pool. 

 

 

Category B (figure 2) included all genes where ALLEN Atlas pictures were 

strongly positive and presented an EST profile with less that 10 TPM in the DRG 

or Spinal Cord (7 genes). 

 

 

Figure 2 | Genes in category B. 

Genes in this category have less than 10 transcripts per million in either spinal cord (SC) or DRG 

according to the EST database and have a strong in situ hybridization signal in both tissues 

according to ALLEN spinal cord atlas. A, Transcripts per million. B, Gene EST. C, Total EST in pool. 

 

 

The third category (category C; figure 3) included all genes where ALLEN 

Atlas pictures were moderately positive irrespective of the value of the EST profile 

in the DRG or spinal cord (27 genes). 
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(table continues next page) 
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Figure 3 | Genes in category C. 

Genes in this category have a moderate in situ hybridization signal in both tissues according to 

ALLEN spinal cord atlas, independently of the number of transcripts in the EST database. A, 

Transcripts per million. B, Gene EST. C, Total EST in pool. 

 

 

In category D (figure 4), all genes without ALLEN Atlas pictures and EST 

profile with over 10 TPM in the DRG or spinal cord, were included (11 genes). 
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Figure 4 | Genes in category D. 

Genes in this category do not have any information in the ALLEN spinal cord atlas despite having 

over 10 transcripts per million in either spinal cord or DRG according to the EST database. A, 

Transcripts per million. B, Gene EST. C, Total EST in pool. 

 

 

The last category (category E; figure 5) included all genes with negative 

ALLEN Atlas pictures (no signal was detected) and an EST profile with over 10 

TPM in the DRG or spinal cord (10 genes). 
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Figure 5 | Genes in category E. 

Genes in this category have a negative in situ hybridization signal in both tissues according to the 

ALLEN spinal cord atlas and over 10 transcripts per million in either spinal cord or DRG according to 

the EST database. A, Transcripts per million. B, Gene EST. C, Total EST in pool. 

 

 

For most of the genes included in categories A and B, the ALLEN spinal 

cord atlas revealed an in situ hybridization pattern compatible with neuronal 

expression. Genes from these categories were selected to start the validation 

studies.  

To further evaluate the putative relevance of the expression of the above 

genes, and to assure that expression levels were not negligible, quantitative PCR 

analysis was performed in the spinal cord and DRG. The majority of genes (30 out 

of 32) in both categories had detectable levels of expression in both spinal cord 

and DRG when comparing to the expression of a housekeeping gene (β-actin) 

(figure 6) whereas only two genes were below the detection levels. 
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Figure 6 | Thirty genes from category A and B had detectable levels of expression in nervous 

tissues. 

Graph indicates genes with at least 1% of expression in relation to β-actin in mouse DRG. 

 

 

To analyze, at the cellular level, the site of synthesis of each of the genes 

and confirm their neuronal origin, we generated constructs to synthesize RNA 

probes for in situ hybridization. Three genes (D130043K22Rik, N28178 and 

2900011O08Rik) were randomly selected to start the in situ hybridization 

analysis. Further details in the analysis of D130043K22Rik expression will be 

addressed in the Chapter 2 of this Thesis. These genes were positive in DRG 

neurons and spinal cord (figure 7) although no signal for 2900011O08Rik was 

detected in the spinal cord. 
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Figure 7 | Genes with unknown function selected for validation have neuronal expression. 

2900011O08Rik (A,B), D130043K22Rik (C–F) and N28178 (G–J) are highly expressed in DRG (A,C,G) 

and spinal cord (E,I) when labeled with an antisense probe. Controls with sense probes were 

performed (right panels) and no unspecific signal was found. Arrowheads indicate labeled motor 

neurons. Scale bar, 100 μm. 

 

 

To identify the genes with a putative role during axon regeneration, we 

assessed for modulation of expression levels by injury. For that, mice with sciatic 

nerve crush were left to recover for 24h or 1 week before collecting L4-L6 DRGs. 

Only genes that were differentially regulated in at least one time point were 

considered as candidates. Of the 30 initial candidates tested (figure 6), 11 were 
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downregulated, 4 were upregulated and 15 were not significantly altered by 

injury (figure 8). 

 

 

Figure 8 | Differentially regulated genes after injury as candidates. 

Genes expressed in DRG were assessed for changes in expression 24h or 1 week after sciatic nerve 

crush (SNI 24h and SNI 1wk, respectively). Only genes with significant variations induced by injury 

are shown. Results are expressed in mean ± SEM. *p<0.05, **p<0.01, ***p<0.001. 

 

 

To gain insight into the biological function of candidates we selected three 

genes (N28178, Consortin and D130043K22Rik) to perform overexpression in 

hippocampal neurons. Both N28178 and D130043K22Rik belong to category A 

and Consortin belongs to category B (as EST levels are below 10 TPM). These 

candidate genes were downregulated following peripheral nerve injury. In this 

system, increasing genes that promote axon growth and downregulating genes 

that inhibit axon regeneration is crucial to promote functional recovery. As such, 

we hypothesized that these genes might act as regeneration inhibitors.  

N28178 (currently annotated as PHD finger protein 24 or Phf24) is located 

in chromosome 4 and encodes a highly conserved 400 aminoacid sequence. 

N28178 was recently described as containing a plant homeodomain (PHD) and 

two EF-hand domains, which interact with Gα inhibitory proteins (Gaillard et al., 

2014). Overexpression of N28178 in hippocampal neurons (figure 9A) strongly 

affected the overall neurite outgrowth as observed by the reduced the number of 

polarized cells (figure 9B) and decreased axon (figure 9C) and dendrite length 
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(figure 9D) when comparing to control (figure 9E). Overall, our results suggest 

that neuronal expression of N28178 impairs neurite outgrowth. 

 

 

Figure 9 | Expressed sequence N28178 (N28178) affects axon length of transfected hippocampal 

neurons. 

(A) Representative images of hippocampal neurons transfected with either empty vector (control; n 

= 65 neurons) or N28178 (N28178; n = 45 neurons). The arrowhead points to a transfected neuron. 

Green, GFP. Red, βIII-tubulin. Scale bar, 50 μm. (B-E) Quantification of A for the percentage of 

polarized hippocampal neurons (B), axon length (C), dendrite length (D) and average number of 

segments (E). Results are expressed as mean ± SEM. **p<0.01, ***p<0.001, n.s. = non significant.  

 

 

Consortin is a integral membrane protein located at the trans-Golgi 

network and targets connexins to the plasma membrane (del Castillo et al., 

2010). More recently, consortin was identified as a candidate gene in gender-

specific regulation of bone mass (Mohan et al., 2013). Overexpression of 

consortin in hippocampal neurons (figure 10A) did not affect the number of 

polarized cells (figure 10B) although it significantly reduced axon length (figure 

10C). No effect was observed in the size of dendrites (figure 10D) or neurite 

formation (figure 10E). Thus, our results suggest that consortin specifically 

regulates axon growth. 
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Figure 10 | Overexpression of candidate gene, Cnst (Consortin), regulates axon length. 

(A) Representative merged images of hippocampal neurons transfected with either empty vector 

(control; n = 67 neurons) or Consortin (n = 52 neurons). Green, GFP. Red, βIII-tubulin. Scale bar, 

50 μm. (B-E) Quantification of A for percentage of polarized hippocampal neurons (B), axon length 

(C), dendrite length (D) and average number of segments (E). Results are expressed in mean ± SEM. 

***p<0.001.  

 

 

KIAA0319 (D130043K22Rik human homolog) is a transmembrane protein 

that has been implicated in neuronal migration and in dyslexia (Paracchini et al., 

2006) but no function has been assigned outside the brain. RNA interference with 

rat KIAA0319 leads to a significant impairment in radial neuronal migration 

(Paracchini et al., 2006), one key step in the formation of the cerebral neocortex. 

Five polycystic kidney disease (PKD) domains in KIAA0319 have been implicated 

in cell-cell adhesion (Ibraghimov-Beskrovnaya et al., 2000) suggesting a role in 

adhesion between neurons and the glia during neuronal migration. We found that 

overexpression of this gene significantly reduced axon growth. Further details on 

KIAA0319 function will be addressed in Chapter 2 of this Thesis. 

Together, these results suggest that our screen unveiled candidate genes 

with a potential role in axon growth and regeneration.  
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Discussion 

Nerve regeneration is a complex process that requires neurons to activate all 

potential resources to overcome neurodegeneration; however, not all molecules 

intervening in this process are totally known nor is their function completely 

understood. As such, and taking advantage of the sciatic nerve microarray 

analysis, we initiated the study of genes with unknown function or not annotated 

identified in our analysis. For that, we selected only genes, where the name 

suggested lack of annotation or specific function, to further screen for available 

information in multiple databases in NCBI that included Gene 

(http://www.ncbi.nlm.nih.gov/gene) and EST databases. Due to constant update 

of these databases, some of the identified genes were already annotated and with 

function assigned which reduced the initial list of 223 to 80 genes. For these, we 

took advantage of the EST database to investigate the expression levels. ESTs are 

short sequences of cDNA that represent portions of expressed genes in a given 

tissue (Adams et al., 1991; Nagaraj et al., 2007). Genes with detectable 

expression levels in spinal cord or DRG were considered as candidates. Next, we 

analysed the expression pattern by in situ hybridization using Allen Mouse Brain 

atlas (Lein et al., 2007) available online. Genes were then grouped according to 

ISH levels of expression (strong, mild or negative signal). Thus, the top candidate 

genes (genes from category A) had predicted high levels of expression in spinal 

cord or DRG according to both databases. Our data strongly supports the 

database information as most of the genes from categories A and B had 

detectable levels of expression in both tissues. In addition, by ISH, we validated 

the expression of some of these genes in both motor and sensory neurons and 

obtained similar data to the Allen Mouse Brain atlas. 

Interestingly, we found that some of these genes were differentially 

regulated after sciatic nerve injury. In fact, most of these were downregulated 

consistent with a potential role as regeneration inhibitors. Upon an injury to the 

peripheral nervous system, it is crucial to mount a pro-regenerative response to 

successfully overcome degeneration and promote neurite regrowth (Abe and 

Cavalli, 2008). As up-regulation of regeneration-associated genes occurs, it is 

likely that some of our candidate genes (such as 1700025G04Rik or 

2900010M23Rik) might act as nerve regeneration enhancers. 

Our pursuit of new modulators of axon growth identified three candidate 

genes highly expressed in the nervous tissue and differentially regulated after 
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injury (D130043K22Rik – the mouse homolog of KIAA0319 –, N28178 and 

Consortin). Our results suggest that both N28178 and Consortin are inhibitors of 

axon growth as overexpression in hippocampal neurons significantly decreased 

axon length. 

At the time of the initial screening, no biological function was assigned in 

the nervous system for either N28178 or Consortin. However, recent updates 

suggested that N28178, named GINIP – Gα
i
-interacting protein – is required for 

modulation of tissue injury-induced mechanical hypersensitivity (Gaillard et al., 

2014). In this study, GINIP is expressed in nonpeptidergic nociceptors DRG 

neurons, which is in accordance with our ISH results, although no expression was 

detected in spinal cord neurons (Gaillard et al., 2014). Moreover, GINIP-deficient 

mice display prolonged tissue injury-induced mechanical hypersensitivity 

resistant to baclofen-mediated analgesia (Gaillard et al., 2014). This data further 

suggest that N28178/GINIP plays an important role in neuron homeostasis. 

So far, the biological function of Consortin in the nervous system is 

unknown. It is described as an ubiquitously-expressed connexin-binding protein 

(del Castillo et al., 2010) that acts a TGN receptor to target and recycle connexins 

to the plasma membrane. Depletion of consortin induces intracellular 

accumulation of connexins suggesting that consortin plays an important role in 

vesicular trafficking. Consortin interacts with connexin 32 (del Castillo et al., 

2010) that, when mutated, causes the X-linked form of Charcot-Marie-Tooth 

disease (CMTX). Most connexin 32 (Cx32) mutations have altered cellular 

localization suggesting that trafficking is also impaired (Yum et al., 2002). 

Moreover, transport of organelles is crucial for axon outgrowth (van Bergeijk et 

al., 2015) suggesting that trafficking might be impaired by overexpression of 

consortin, thus contributing to the decrease in axon length observed. As deficits 

in transport of organelles is implicated in multiple neurological disorders 

(Olkkonen and Ikonen, 2006), consortin is a prime candidate for further studies. 

In summary, our results suggest that most of our candidates are 

implicated in nerve biology, being putative candidates to modulate axon growth 

and regeneration. 
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Materials and Methods 

Animals. Mice (8- to 10-week-old) were handled according to European Union and 

National rules, maintained under a 12-h light/dark cycle and fed with regular 

rodent chow and water ad libitum. 

 

RNA Isolation, Target Synthesis and Hybridization to Affymetrix GeneChips. Intact 

nerves from 6 months old WT animals (129/SvJ background) were collected and 

total RNA was extracted using the RNeasy Micro Kit (Qiagen) from nerve pools of 

6 animals. Samples were collected in duplicates. At the Genomics Unit of Instituto 

Gulbenkian de Ciência (Oeiras, Portugal), RNA concentration and purity was 

determined by spectrophotometry and integrity was confirmed using an Agilent 

2100 Bioanalyzer with a RNA 6000 Nano Assay (Agilent Technologies, Palo Alto, 

CA). RNA was processed for use on Affymetrix (Santa Clara, CA, USA) GeneChip® 

Mouse Genome 430 2.0 Arrays, according to the manufacturer’s Two-Cycle 

Target Labeling Assay, that allows the analysis of over 39,000 transcripts on a 

single array. Briefly, 35 ng of total RNA containing spiked in Poly-A RNA controls 

(GeneChip Expression GeneChip Eukaryotic Poly-A RNA Control Kit; Affymetrix) 

was used in a reverse transcription reaction (Two-Cycle DNA synthesis kit; 

Affymetrix) to generate first-strand cDNA. After second-strand synthesis, double-

stranded cDNA was used in an in vitro transcription (IVT) reaction to generate 

cRNA (MEGAscript T7 kit; Ambion, Austin, TX). The cRNA obtained was used for a 

second round of cDNA and cRNA synthesis, resulting in biotinylated cRNA 

(GeneChip Expression 3’-Amplification Reagents for IVT-Labeling; Affymetrix). 

Size distribution of the cRNA and fragmented cRNA, respectively, was assessed 

using an Agilent 2100 Bioanalyzer with a RNA 6000 Nano Assay. 15 µg of 

fragmented cRNA was used in a 300μl hybridization containing added 

hybridization controls. 200 µl of mixture was hybridized on arrays for 16h at 

45ºC. Standard post hybridization wash and double-stain protocols (FS450_0001; 

HWS kit) were used on an Affymetrix GeneChip Fluidics Station 450. Arrays were 

scanned on an Affymetrix GeneChip scanner 3000 7G. 

 

GeneChip Data Analysis. Scanned arrays were analyzed first with Affymetrix 

GCOS 1.4 software to obtain Absent/Present calls and for subsequent analysis 

with DNA-Chip Analyzer (dChip) Version Release 2008 (http://www.dchip.org, 

Wong Lab, Harvard). The arrays were normalized to a baseline array with median 
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CEL intensity by applying an Invariant Set Normalization Method (Li and Wong, 

2001). Normalized CEL intensities of the arrays were used to obtain model-based 

gene expression indices based on a PM (Perfect Match)-only model (Li and Hung 

Wong, 2001). All genes compared were considered to be differentially expressed 

if the 90% lower confidence bound of the fold change between experiment and 

baseline was above 1.2. The lower confidence bound criterion means that we can 

be 90% confident that the fold change is a value between the lower confidence 

bound and a variable upper confidence bound. Li and Hung Wong (2001) have 

shown that the lower confidence bound is a conservative estimate of the fold 

change and therefore more reliable as a ranking statistic for changes in gene 

expression. Annotations for the >39.000 transcripts and variants from >34.000 

well-characterized mouse genes that are represented on the GeneChip Mouse 

Genome 430 2.0 Array were obtained from the NetAffx database 

(www.affymetrix.com) and imported into dChip using ChipInfo software (Zhong et 

al., 2003). 

 

Bioinformatic analysis. The microarray data obtained from both analyses was 

filtered to identify genes that were present at least in one of the arrays and of 

unknown function expressed in the peripheral nerve. For that, the phrases riken, 

expressed sequence, predicted gene, cDNA sequence, LOC, cDNA, hypothetical 

protein, transcribed, DNA segment, Rik cDNA or MM were used as filter. Each of 

the genes of unknown function identified was searched in: i) the NCBI Gene 

database (http://www.ncbi.nlm.nih.gov/gene) to gather most information 

available, ii) the NCBI Expressed Sequence Tag (EST) database 

(http://www.ncbi.nlm.nih.gov/nucest) to evaluate the predicted expression 

pattern in the nervous system, and iii) the ALLEN Mouse Spinal Cord Atlas 

(http://mousespinal.brain-map.org) to evaluate the expression specifically in the 

mouse spinal cord and dorsal root ganglion (DRG). The generated data was 

stratified by priority starting with genes with the strongest positive signal in the 

ALLEN Atlas and an EST profile value over 10 transcripts per million. 

Categorization was preformed according to information provided by databases 

up to March, 2016. 

 

Mouse lesions. Sciatic nerve crush at the mid-thigh level was performed using 

Pean forceps, closed completely twice during 15 seconds in 8-week old NMRI 



Chapter 1 

87 

mice (n = 5 mice/group). Animals recovered for 24h or 1 week, after which 

collection of L4-L6 DRGs was performed. 

 

RNA extraction and quantitative real-time PCR. RNA from adult mouse DRG and 

spinal cord was extracted using NZY Total RNA Isolation Kit (NZY Tech). Mouse 

DRGs (L4-L6) were collected 24h and 1 week after sciatic nerve (n = 5 each). RNA 

concentration and purity were determined by NanoDrop® spectrophotometry, and 

integrity was assessed using BioRad’s Experion RNA chip. cDNA synthesis was 

performed with SuperScript™ First-Strand Synthesis System for RT-PCR 

(Invitrogen). Quantitative real-time PCR (qRT-PCR) for mouse samples was done 

with the iQ™ SybrGreen Supermix Kit (Biorad) using specific primers (table 1) 

designed with Biorad Beacon designer software. All samples were run in triplicate, 

qPCR analysis was performed with BioRad’s iQ5 2.1 software and quantification 

was done using the 2-ΔΔCt (Livak) method (Livak and Schmittgen, 2001). 

 

Table 3 | List of primers used for the analysis of expression of genes with unknown function by 

qPCR. 

 

Accession number Gene name Primers sequences 

NM_007393 β-Actin 
5’- TATGCTCTCCCTCACGCCATCC -3’; 
5’- TGTCACGCACGATTTCCCTCTC -3’ 

NM_029978 Fam57b 
5’- ACAAGGCAAGGGAGATTTC -3’; 
5’- CTACTCAGCTTCCTGTGC -3’ 

NM_172930 Fam70a 
5’- TCAATAGGAGGAAGCGGAAC -3’; 
5’- CTGGTGGCTTCTATCGTGT -3’ 

NM_178872 Trim36 
5’- CTATGCGTTCCGAGTGAGAG 3’;  
5’- CACCTCTTGCTGAACCTGAA -3’ 

NM_197990 1700025G04Rik 
5’- GATGTGTTTGGCGATGAGTATAGG 3’; 
5’- CACATCTCTGAAAGCCAACAAGAA -3’ 

NM_144518 2900011O08Rik 
5’- ATGATGCCGAGGTGGAAC 3’; 
5’- CACTCATCAAGGATTGCTGT -3’ 

NM_153509 AF529169 
5’- AACCATCACATACACCAACC 3’;  
5’- GATGGCTTCCTGGTGGAG -3’ 

NM_025824 Bzw1 
5’- GCAGCACAAGAAGACCTAGAGAC 3’; 
5’- CTGGTGTCCTTCTGGCTAATGG -3’ 

NM_177233 Fam19a4 
5’- GCAATAAGAACCGCATAGAG 3’;  
5’- CACATGAATCCTTGCTTGG -3’ 

NM_153791 Flywch1 
5’- CAAGTCCAAGTCCAAGTC 3’;  
5’- CAACTTCCTGGTGTATGAG -3’ 

NM_172690 N28178 
5’- ACCTTAACCTGCTGCTTAC 3’;  
5’- CTGACTGACGAGCAAGAG -3’ 

NM_201354 CTIF 
5’- GCTGGAAGATGGAGATGGTATC -3’ 
5’- CATACCAAGAAGTTGTTCCGAAG -3’ 
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NM_001163145 1810041L15Rik 
5’- CCATAACAACACTGTCTTC -3’ 
5’- CTGCTCTATTATTCCGCC -3’ 

NM_001114098 1110012J17Rik 
5’- GCGAGGTGGCACAGATGG -3’ 
5’- CAGAACATCTTCCTCTTC -3’ 

NM_146105 Cnst 
5’- GCGAGGTGGCACAGATGG -3’ 
5’- CAAATCTTTCTGCCATTCAGGAAC -3’ 

NM_177572 RimklA 
5’- AGACACCTTCTCCTATGG -3’ 
5’- CTGTTCCAGAAGTATGTGA -3’ 

NM_028341 Ttc39c 
5’- ATGCTATCCACGGCTACTTC -3’ 
5’- CTGATCGTGGAGCGTATGTA -3’ 

NM_001141983 Golga7b 
5’- GCGAGGTGGCACAGATGG -3’ 
5’- CAAATCTTTCTGCCATTCAGGAAC -3’ 

NM_028262 Setd3 
5’- TTCACTTACGAGGACTACAG -3’ 
5’- GAAGATGACCGCTGTGAG -3’ 

NM_001035509 Zcchc18 
5’- CTTGCTAGGATGGGTAACAG -3’ 
5’- CTAAGCCAAGTCCATGAGG -3’ 

NM_176834 Rnf208 
5’- CCAGTGATAGCAGGTGAG -3’ 
5’- CCTAAGTACAAGTTCATCTCC -3’ 

NM_176848 Fbxo2 
5’- CCAAGATGACAGCGTTAAG -3’ 
5’- GTGAAGGACTGGTACTCG -3’ 

NM_145562 Parm1 
5’- GCCCAAGGAGAAATCACC -3’ 
5’- CGTAGTGTTGCTGGTGTT -3’ 

NM_026063 2900010M23Rik 
5’- GAGAGAACACCCAGATTGC -3’ 
5’- CCTGTCCGTGGAAGAGTA -3’ 

NM_001081051 D130043K22Rik 
5’- GTGGAGATGGAGAATGTG -3’ 
5’- GTTCTTATACTTCCCAATAATTC -3’ 

 

 

Cloning. To obtain in situ hybridization (ISH) probes for the genes of interest 

approximately 500bp fragments of each were amplified by PCR from WT mouse 

DRG cDNA using primers listed in table 2. Briefly, 200ng of cDNA were mixed 

with 0.2mM of each dNTP, 3nM MgCl
2
, 250nM of each primer and 2U of Taq DNA 

polymerase (Fermentas, Thermo Fisher Scientific Inc.) and amplified [94ºC, 3 min; 

35 cycles (94ºC, 1 min; 55ºC, 2 min; 72ºC, 3 min); 72ºC, 6 min). The reaction 

products were analysed by agarose gel electrophoresis. Bands were extracted 

from gel using 500µl of NaI 6M and 20µl of 10% silica suspension. The purified 

DNAs were ligated into the pGEM-T Easy Vector (Promega, Madison, WI) and 

clones were selected in JM109 E. coli cells by standard procedures. Minipreps of 

plasmid DNA preparations were produced and tested by sequencing, as a service 

by SEQLAB (Germany) using the T7 primer. 
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Table 4 | List of the primers used to amplify the sequences of candidate genes for ISH probes 

synthesis. 

 

Accession number Gene name Primers sequences 

NM_144518 2900011O08Rik 
5’- AGCGGAGGGACTGGGAAG -3’ 
5’- CACTCATCAAGGATTGCTGT -3’ 

NM_001081051 D130043K22Rik 
5’- GTGGAGATGGAGAATGTG -3’ 
5’- GGTGTTGAGCAGCTGACAGA -3’ 

NM_172690 N28178 
5’- ACCTTAACCTGCTGCTTAC -3’ 
5’- ATAGCAGACAGCAGCCCAG -3’ 

 

 

In situ hybridization. For each gene, selected plasmids were linearized and RNA 

probes (both antisense and control sense probes) were synthesized and labeled 

with digoxigenin using DIG RNA Labeling Kit (SP6/T7) (Roche) according to 

manufacturer’s instructions. To quantify the probes synthesized, these were 

spotted in a positively charged nylon membrane and developed with DIG Nucleic 

Acid Detection Kit (Roche) according to manufacturer’s instructions. Adult mouse 

tissues (spinal cord and DRG) were collected and fixed in 2% formalin/2% 

glutaraldehyde, dehydrated and paraffin embedded. 4 µm sections of mouse 

spinal cord and DRG were incubated with 50µg/ml proteinase K, refixed in 10% 

formalin and treated with 0.5% acetic anhydride. After incubating sections with 

prehybridization solution (50% formamide, 4xSSC) for 2h at 37ºC, denatured 

probes (0.5µg/µl) were mixed in hybridization buffer (40% formamide, 4x SSC, 

1mg/ml denatured sheared salmon sperm DNA, 1mg/ml yeast t-RNA, 10 mM 

DTT, 10% dextran sulfate, 1x Denhardt’s reagent) overnight. The stringency of 

washes varied according to the probe used. Following incubation for 2h (37ºC) 

with sheep anti-DIG-alkaline phosphatase antibody (1:1000, Roche), sections were 

developed overnight using NBT/BCIP (Roche). Photos were taken using an 

Olympus DP 25 microscope. 

 

Hippocampal neuron cultures. Hippocampal neuron cultures were performed as 

described (Kaech and Banker, 2006) using NMRI E16.5 embryos. Cells were co-

nucleofected (4D Nucleofector Amaxa system; CU#110 program) with 200ng 

pmaxGFP™ (Lonza) and 300ng of plasmid DNA. After transfection, 200,000 

cells/well were plated in 24-well plates containing glass cover slips treated with 

20µg/mL poly-L-lysine (Sigma, P2636), and cultured in Neurobasal medium 

(Invitrogen) supplemented with 1x B27 (Gibco), 1% penicillin/streptomycin (Gibco) 

and 2mM L-glutamine (Gibco). Cells were fixed 96h post-plating, 
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immunofluorescence against βIII-tubulin (Promega, G7121, 1:2000) was 

performed and GFP-positive/βIII-tubulin-positive cells were photographed using a 

Zeiss Axio Imager Z1. The axon length, non-longest process (dendrite) length and 

number of neurites (branching) were quantified with ImageJ NeuronJ 1.4.1 plug-in 

(Meijering et al., 2004b). 

 

Statistics. Data are shown as mean ± SEM. For single comparisons, Student’s t 

test was used and for multiple comparisons, one-way ANOVA was chosen 

followed by Tukey’s or Bonferroni’s correction using Prism (GraphPad Software). 

When p<0.05, differences were considered statistically significant.  
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Abstract 

 

KIAA0319 is a transmembrane protein associated with dyslexia with a 

presumed role in neuronal migration. Here we show that KIAA0319 expression 

is not restricted to the brain occurring in sensory and spinal cord neurons, 

increasing from early postnatal stages to adulthood and being downregulated 

by injury. This suggested that KIAA0319 participates in functions unrelated to 

neuronal migration. Supporting this hypothesis, overexpression of KIAA0319 

repressed axon growth in hippocampal and DRG neurons, and its intracellular 

domain was sufficient to elicit this effect. A similar inhibitory effect was 

observed in vivo as axon regeneration was impaired after transduction of 

sensory neurons with KIAA0319. Conversely, the deletion of Kiaa0319 in 

neurons increased neurite outgrowth in vitro and improved axon regeneration 

in vivo. At the mechanistic level, KIAA0319 engaged the JAK2-SH2B1 pathway 

to activate Smad2, which played a central role in KIAA0319-mediated 

repression of axon growth. In summary, we establish KIAA0319 as a novel 

player in axon growth and regeneration with the capacity to represses the 

intrinsic growth potential of axons. This study describes a novel regulatory 

mechanism operating during PNS and CNS axon growth, and offers novel 

targets for the development of effective therapies to promote axon 

regeneration.  
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Introduction  

 

n the developing brain, correct axon growth and pathfinding are essential 

for accurate circuit formation and processing of information. In fact, 

several neurodevelopmental disorders are known to be related to defects in 

axon growth and circuitry, including schizophrenia (Muraki and Tanigaki, 

2015), epilepsy (Thom et al., 2004), autism spectrum disorders (Reiner et al., 

2016) and dyslexia (Linkersdorfer et al., 2012). Following the establishment of 

connections, the axon growth capacity severely declines. As a consequence, in 

the adult central nervous system, following either injury or disease, axon 

(re)growth and guidance generally fail. The cell intrinsic mechanisms that 

regulate axon growth during development and axon regeneration in the adult 

remain poorly understood.  

In a transcriptomic-based analysis using Affymetrix microarrays 

(GeneChip Mouse Genome 430 2.0 Arrays), our group identified Kiaa0319 as a 

highly expressed gene in adult dorsal root ganglia (DRG) neurons (unpublished 

data). The human KIAA0319 gene has several splicing variants (Velayos-Baeza 

et al., 2007) although the predominant form is the full-length transcript 

encoding isoform A of the protein with 1052 amino acids and 116 kDa that 

can assemble into a highly glycosylated dimer (Velayos-Baeza et al., 2008). 

KIAA0319 is very conserved among species. It contains a single 

transmembrane (TM) domain with a cytoplasmic C-terminus, and in the 

extracellular region five polycystic kidney disease (PKD) domains, and two 

cysteine-rich motifs: a motif at N-terminus with eight cysteines (MANEC) and a 

motif with six cysteines (C6) just before the TM domain (Velayos-Baeza et al., 

2007) (Fig. 1A). Given the importance of PKD domains in cell-cell/cell-matrix 

interactions (Ibraghimov-Beskrovnaya et al., 2000), a putative role of KIAA0319 

during neuronal migration was suggested. The MANEC domain of KIAA0319 is 

highly similar to the PAN/apple domain described as a mediator of protein-

protein interactions (Hong et al., 2015). Interestingly, KIAA0319 is located in 

the dyslexia susceptibility locus DYX2 (Dyslexia Susceptibility 2) that resides on 

chromosome 6p22 being the most consistently replicated in this disorder 

(reviewed in Carrion-Castillo et al. (2013a)). KIAA0319 was found to be less 

expressed in individuals with a specific haplotype associated with dyslexia – 

variant rs9461045 (Paracchini et al., 2006), later on proven to be caused by 

I 
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the introduction of a binding site for the transcription factor OCT1 in the 

KIAA0319 promoter (Dennis et al., 2009). Decreasing specifically the 

expression of KIAA0319 by in utero electroporation of short-hairpin RNA 

(shRNA) in rats was reported to impair cortical neuronal migration, which could 

be rescued by overexpressing the full-length gene (Paracchini et al., 2006; 

Peschansky et al., 2010). This suggested that KIAA0319 participates on radial 

migration in the developing rat neocortex (Paracchini et al., 2006). However, a 

recent study on Kiaa0319 knock-out mice indicates that lack of KIAA0319 does 

not have any obvious effect on mouse brain development suggesting that, at 

least in mice, this protein is not required for neuronal migration (Martinez-

Garay et al., 2016).  

Besides being expressed in different regions of the developing mouse 

and human brain (Paracchini et al., 2006), our transcriptonic analysis and data 

available in the Allen brain atlas (http://mousespinal.brain-map.org) also 

support that KIAA0319 is also highly expressed in spinal cord neurons and in 

DRG neurons of juvenile and adult animals, thus suggesting that this protein 

has additional roles unrelated to its putative involvement in cortical neuronal 

migration during development. The current study aimed at clarifying the 

biological role of KIAA0319 in neurons. Our results provide evidence that the 

KIAA0319 cytosolic domain modulates axon growth and regeneration through 

Smad2 activation. 
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Results 

The expression of KIAA0319 increases with age and is downregulated 

after injury 

Kiaa0319 expression in the nervous tissue has been assigned to multiple 

regions in the developing mouse brain in sites where neuronal migration takes 

place, including the cortical plate of the neocortex (Paracchini et al., 2006). We 

examined the expression of this gene in other regions of the nervous system 

and determined that it is not restricted to the brain.  Using in situ 

hybridization, we detected expression in spinal cord neurons (Fig. 1B) and 

sensory neurons within the dorsal root ganglia (DRG) (Fig. 1C) of adult mouse 

(Fig. 1B,C, upper panels) and human (Fig. 1B, lower panels) tissues. RT-PCR 

was performed on RNA isolated from adult human DRG and spinal cord to 

further confirm KIAA0319 expression (Fig. 1D). Interestingly, in mice, 

Kiaa0319 expression increased from the early postnatal stage up to adulthood 

in the brain (Fig. 1E) and spinal cord (Fig. 1F). Moreover, this expression was 

strongly downregulated by injury as adult DRG neurons collected 24 h and 1 

week after either sciatic nerve or spinal cord transection (Fig. 1G) showed 

significantly decreased levels of Kiaa0319 mRNA (Fig. 1H). These data support 

KIAA0319 participation in additional functions unrelated to developmental 

neuronal migration and a possible KIAA0319-mediated repression of axon 

growth as its expression is increased in mature neurons and decreased upon 

injury to the nervous system. 
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Figure 1 | Expression of Kiaa0319 in nervous tissue during development and after injury.  

(A) Schematic representation of KIAA0319 domains: SP, signal peptide; MANEC, motif at N-

terminus with eight cysteines; PKD, polycystic kidney disease; C6, domain with 6 cysteines; TM, 

transmembrane; ID, intracellular domain. The dashed line indicates the region corresponding to 

the in situ hybridization probe. (B) Representative microphotographs of in situ hybridization of 

Kiaa0319 / KIAA0319 in ventral horn spinal cord neurons from mice (upper, P60, n = 4; scale 

bar, 20 µm) and human (lower, 33 years-old, n = 1; scale bar, 50 µm). AS-antisense probe; S-

sense probe. Arrows in B highlight labeled neurons. (C) In situ hybridization of Kiaa0319 in 

mouse DRG (P20, n = 3). AS-antisense probe; S-sense probe; Scale bar, 50 µm. (D) RT-PCR of 

KIAA0319 and β-actin (loading control) in human DRG and human spinal cord (SC) samples. (E-F) 

Quantitative-PCR analysis of the levels of Kiaa0319 expression in the mouse brain (E) and spinal 

cord (F) at post-natal days 2, 9, 18 and 100 (n = 4 each sample/age). (G) Schematic 

representation of the lesion model used to assess Kiaa0319 expression. L4, L5 and L6 DRGs 

were collected 24h or 1 week after sciatic nerve (SN) or spinal cord (SC) transection at the T9 

level. Red stars indicate lesion site. (H) Kiaa0319 mRNA expression levels 24 h and 1 week after 

either sciatic nerve (SNI) or spinal cord transection (SCI); unj = uninjured. Results were compared 

to the uninjured condition and are expressed as mean ± SEM *P < 0.05, **P < 0.01, ***P < 0.001. 

 

 

The intracellular domain of KIAA0319 is required for inhibition of axon 

growth 

To test the hypothesis that KIAA0319 might be a negative regulator of axon 

growth, we overexpressed full-length human KIAA0319 (hKA) in neurons. 

KIAA0319 over-expression was confirmed by immunofluorescence in GFP-

positive hippocampal neurons and CAD cells co-transfected with KIAA0319 and 
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pmaxGFP™ (Supplementary Fig. 1). In DRG neurons a tagged version of 

KIAA0319 was used (pCAGIG-hKA; Table 1). Overexpression of hKA in primary 

DRG neurons and in the neuronal cell line CAD significantly reduced total 

neurite length (Fig. 2A,B). We next tested the effect of KIAA0319 in primary 

hippocampal neurons, as this protein is expressed in the hippocampus 

(Peschansky et al., 2010) and as hippocampal neurons are highly polarized in 

culture with the axon being easily distinguished from the dendrites within 3-4 

days in vitro (DIV) (Kaech and Banker, 2006). Interestingly, overexpression of 

hKA led to a specific decrease in axon length without affecting dendrite length 

(Fig. 2A,C). Moreover, KIAA0319 overexpression significantly reduced 

branching not only in DRG neurons but also in hippocampal neurons and CAD 

cells (Fig. 2D). These data strongly support a KIAA0319-mediated repression of 

axon growth and branching in several different neuron types. 
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To assess which KIAA0319 domain is responsible for this effect, 

different KIAA0319 deletion mutants were generated (Fig. 2E; Table 1) and 

tested in primary hippocampal neuron cultures at DIV4 after transfection. Of 

note, expression of myc-His tagged versions of KIAA0319 did not interfere 

with its axon growth repressor activity (not shown). Overexpression of each 

KIAA0319 construct was validated by Western blot analysis (Fig. 2F). When full-

length hKA was overexpressed in CAD cells (Fig. 2F – hKA), several bands were 

detected under denaturing conditions, corresponding to partially (150 kDa) or 

fully (200 kDa) glycosylated forms, and to dimeric form(s) (~300 kDa), as 

described previously (Velayos-Baeza et al., 2008). KIAA0319 mutants lacking 

either the MANEC domain encoded by the first part of exon 3 (hKAd3a), the 

PKD domains encoded by exons 5-15 (hKAd5-15) or the complete extracellular 

portion of the protein (hKAd3-18) had a similar effect on axon growth as the 

full-length protein (Fig. 2G). These results suggest that at least in vitro, the 

extracellular domain of KIAA0319 is not required for repression of axon 

growth in hippocampal neurons.  

In hippocampal neurons transfected with a mutant lacking the 

cytoplasmic domain of the protein (hKAd20-21), overexpression did not result 

in decreased axon length (Fig. 2H), suggesting that this domain is crucial for 

the activity of KIAA0319 in repressing axon growth. To specifically determine 

the region of the cytoplasmic domain of KIAA0319 responsible for this effect, 

we tested a mutant lacking the initial portion of the cytoplasmic domain 

(hKAd20-21a) and a mutant lacking the terminal portion of the cytoplasmic 

domain (hKAd21b). Whereas the hKAd21b mutant lacking the final portion of 

the cytoplasmic domain was still capable of inhibiting axon growth (Fig. 2H), 

the hKAd20-21a mutant lacking the initial portion of the cytoplasmic domain 

did not show such an effect (Fig. 2H). A deletion mutant lacking the highly 

conserved sequence SSLMVSE (Fig. 2I, dashed line on exon 21), present in both 

hKAd20-21a and hKAd21b deletion proteins, was still capable of inhibiting 

axon growth (Fig. 2H). These results strongly support that the initial region of 

the KIAA0319 cytoplasmic domain is necessary for axon growth inhibition. To 

further dissect this region, site directed mutagenesis of full-length hKA (in a 

pcDNA4 backbone- Table 1) was performed in several putative phosphorylation 

sites present in this sequence as predicted using PhosphoNET database (i.e., 

T993, Y995, Y1013 and S1019; Fig. 2I). Control hKA in pcDNA4 was 

overexpressed and the inhibition of axon growth was similar to that obtained 
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with hKA in a pCAGIG backbone. For a matter of simplicity, in Fig. 2H, only the 

effect of hKA overexpression in a pCAGIG backbone is shown. Overexpression 

in hippocampal neurons of mutants in highly conserved putative phospho-

residues (Fig. 2I, arrows) revealed that hKA-Y995A was the only mutant 

capable of reverting KIAA0319 effect as an axon growth repressor (Fig. 2H). In 

summary, our data show that the intracellular domain of KIAA0319 is 

responsible for its effect as a repressor of axon growth. 
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Figure 2 | The initial region of the cytosolic domain of KIAA0319 is necessary for inhibition of 

axon growth. 

(A) Representative anti-βIII-tubulin immunofluorescence images of DRG neurons, differentiated 

CAD cells and hippocampal neurons transfected with either control empty plasmid or full-length 

human KIAA0319 (hKA); Scale bar, 50 µm. (B) Quantification of the total neurite length in 

transfected DRG (control: n = 75; hKA: n = 50 neurons) and transfected CAD cells (control: n = 

162; hKA: n = 152 neurons). (C) Quantification of axon and dendrite length in transfected 
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primary hippocampal neurons (control: n = 105; hKA: n = 71 neurons). (D) Quantification of the 

total number of segments in transfected DRG neurons (control: n = 68; hKA: n = 40), 

hippocampal neurons (control: n = 75; hKA: n = 62) and CAD (control: n = 162; hKA: n = 152 

neurons). (E) Schematic representation of KIAA0319 constructs (see also Table 1). The numbered 

upper boxes correspond to the different KIAA0319 exons. In the upper part of the boxes, the 

region codified is indicated (SP- signal peptide; MANEC domain, PKD domains 1-5, C6 region and 

TM- transmembrane domain) together with specific antibody recognition sites for KIAA0319 (R2 

in the PKD2 domain and R7 in the cytoplasmic domain). (F) Western blot analysis of KIAA0319 

(hKA- upper) with R2 antiserum (R7 antiserum for the two far right lanes) and β-actin (lower) in 

CAD cells overexpressing each of the constructs represented in E. Arrowheads indicate different 

protein forms commonly detected after overexpression (Velayos-Baeza et al. 2008): dimers (top), 

fully glycosylated monomer (middle) and partially glycosylated monomer (bottom). Due to the 

large deletions in the hKAd3-18 and hKAd5-15 mutants a big shift in molecular weight is 

observed. Molecular weight markers used in each of the gels are shown. (G) Quantification of 

axon length in hippocampal neurons transfected with control empty plasmid (control; n = 105 

neurons), full-length KIAA0319 in pCAGIG backbone (hKA; n = 71 neurons), hKAd3a (n = 66 

neurons), hKAd5-15 n = 60 neurons) and hKAd3-18 (n = 58 neurons). (H) Quantification of axon 

length in hippocampal neurons transfected with control plasmid (control; n = 64 neurons), hKA 

(n = 54 neurons), hKAd20-21 (n = 65 neurons), hKAd20-21a (n = 62 neurons), hKA Y995A (n = 

57 neurons), hKAd21b (n = 50 neurons), hKAdSSLMVSE (n = 74 neurons), hKA T993A (n = 58 

neurons), hKA Y1013A (n = 61 neurons) and hKA S1019A (n = 63 neurons). (I) Sequence 

alignment of the transmembrane domain and cytosolic tail of mammalian KIAA0319 proteins 

(encoded by exons 19-21 of the human gene, as shown on top). The accession number of each 

species is depicted. Strongly conserved positions are shown below the sequence, as annotated 

by the alignment software: (*) single, fully conserved residue; (:) residues with strongly similar 

properties; (.) residues with weakly similar properties. Boxes in the human sequence represent 

the transmembrane domain and the regions deleted in hKAd20-21a and hKAd21b mutants. The 

SSLMVSE sequence is highlighted above the alignment with a dashed line. Putative 

phosphoresidues predicted using PhosphoNET are highlighted with arrows, below the alignment. 

Results are expressed in mean ± SEM * P < 0.05, **P < 0.01, ***P < 0.001, ns = not statistically 

significant. 
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KIAA0319 modulates axon growth through Smad2 activation 

To unravel the molecular pathways triggered by KIAA0319, we analyzed the 

activation of key signaling molecules, including ERK, JNK, AKT, STATs and Smads, 

24 and 48 h after the overexpression of the full-length protein in CAD cells. 

Twenty-four hours after transfection of KIAA0319, phosphorylated Smad2 and 

JNK were significantly increased  (Fig. 3A,C) but only the increase of 

phosphorylated Smad2 was sustained 48 h after transfection (Fig. 3B,D). 

Interestingly, 48h after transfection, phosphorylated AKT (S473 and T308) was 

also increased (Fig. 3B). Activated AKT mediates the downstream inactivation of 

GSK3β through phosphorylation of its S9 residue (Doble and Woodgett, 2003). 

Accordingly, at this timepoint, phosphorylated GSK3β(S9) was slightly increased 

(Fig. 3B). The signaling pathway involving PI3K/AKT/GSK3β is important in the 

regulation of axon extension (Seira and Del Rio, 2014). Recent work from our 

group using mouse models with different levels of GSK3β activity showed that 

reduced GSK3β activity results in increased axon growth (Liz et al., 2014). As 

such GSK3β inactivation resulting from KIAA0319 overexpression is unlikely to be 

involved in the decrease of axon growth induced by this membrane protein. 

Given the early and sustained activation of Smad2 as a response to KIAA0319 

overexpression, and its known role as a player in axon growth inhibition 

(Stegmuller et al., 2008; Hannila et al., 2013), we further dissected which 

KIAA0319 domain mediates this activation. Mutants lacking the extracellular 

domains of KIAA0319 (hKAd5-15 and hKAd3-18) were still capable of activating 

Smad2 (Fig. 3E,F). However, overexpression of the KIAA0319 mutant lacking the 

cytosolic domain (hKAd20-21) abolished the KIAA0319-mediated Smad2 

activation (Fig. 3G,H). To determine whether Smad2 activation by KIAA0319 is 

necessary for KIAA0319-mediated inhibition of axon growth, we overexpressed 

KIAA0319 in hippocampal neurons treated with SM16, a small-molecule inhibitor 

of TGF-β type I receptor  (TGF-βRI) that has high affinity for its ATP-binding site 

(Suzuki et al., 2007). SM16 blocks the phosphorylation of the glycine-serine rich 

domain of TGF-βRI and the downstream activation of Smad2 (Singh et al., 2003), 

with moderate off-target activity only against Raf and p38/SAPKa when tested 

against >60 related and unrelated kinases (Suzuki et al., 2007; Ling et al., 2008). 

2µM SM16, a concentration previously shown to almost totally prevent TGFβ-

dependent elevation of phosphorylated Smad2 levels (Suzuki et al., 2007), was 

used. Of note, SM16 had no basal effect on axon growth in hippocampal neurons 

(Fig 3J). SM16 effectively blocked Smad2 phosphorylation (Fig. 3I) and totally 
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reverted the inhibitory effect of KIAA0319 on axon growth (Fig. 3J,K). To further 

reinforce Smad2 signaling as a key downstream target of KIAA0319, we 

downregulated Smad2 expression in CAD cells using two independent shRNAs 

(Fig. 3L,M). CAD cells with Smad2 downregulation and control CAD cells were 

subsequently transfected with full-length human KIAA0319 or control plasmid. 

Whereas decreased neurite outgrowth was observed in WT CAD cells upon 

KIAA0319 overexpression, no effect was observed in both Smad2-deficient cell 

lines (Fig. 3N,O). Together, these results reinforce the role of the KIAA0319 

cytosolic domain in the negative regulation of axon growth through Smad2 

signaling. 
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Figure 3 | KIAA0319 inhibits axon growth through Smad2 activation. 
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(A-B) Quantification of the ratios of phosphorylated/total ERK (pERK/ERK), JNK (pJNK/JNK), AKT 

(pAKT(S473)/AKT and pAKT(T308)/AKT), STAT3 (pSTAT3/STAT3), Smad2 (pSmad2/Smad2), 

Smad1/5/8 (Smad1/5/8/AKT), and GSK3β (pGSK3βS9/GSK3) as determined by western blot of CAD 

cell lysates collected either 24 h (A), or 48 h (B) after transfection with full-length WT human 

KIAA0319 (hKA); controls were CAD cells transfected with empty plasmid. (C-D) Representative anti-

pSmad2 and anti-total Smad2 western blots 24 h (C) and 48 h (D) post-transfection of CAD cells 

with full-length WT human KIAA0319 (hKA). (E-G) Quantification of pSmad2 and Smad2 48h post-

transfection of CAD cells with either hKA or KIAA0319 mutants lacking the PKD domains (hKAd5-

15) (E), the whole extracellular domain (hKAd3-18) (F), or a KIAA0319 mutant lacking the cytosolic 

domain (hKAd20-21) (G). (F-H) Representative western blots of E (F) and G (H). (I) Western blots of 

pSmad2 and total Smad2 in hippocampal neurons treated either with TGF-βRI inhibitor SM16 (SM16) 

or with vehicle DMSO (control). (J) Quantification of axon length in I; DMSO (control: n = 83; hKA: n 

= 64 neurons) or SM16 (control: n = 30; hKA: n = 44 neurons). (K) Representative images of βIII-

tubulin immunofluorescence of GFP-positive hippocampal neurons transfected with either hKA or 

empty vector (control) and grown in the presence of SM16 or DMSO. Scale bar, 50 µm.  (L) Western 

blot analysis of Smad2 levels in CAD cells transfected with shRNAs against Smad2 (shSmad2#1 and 

shSmad2#2) or a control plasmid (shControl). (M) Quantification of L. (N) Quantification of neurite 

length in CAD cells transfected with a control shRNA or specific shRNAs against Smad2 (shSmad2#1 

and shSmad2#2) and overexpressing either KIAA0319 (hKA) or an empty vector (control); shControl 

(control: n = 143; hKA: n = 186 cells), shSmad2#1 (control: n = 155; hKA: n = 169 cells) and 

shSmad2#2 (control: n = 153; hKA: n = 104 cells). (O) Representative photomicrographs of βIII-

tubulin immunofluorescence images of differentiated CAD cells transfected with either a control 

shRNA plasmid (shControl) and two shRNA against Smad2 (shSmad2#1 and shSmad2#2) and 

overexpressing either KIAA0319 (hKA) or an empty vector (control). Scale bar, 50 µm. Results are 

expressed in mean ± SEM *P < 0.05, **P < 0.01, ***P < 0.001, n.s. = non significant. 

 

 

KIAA0319 overexpression in vivo decreases axon regeneration 

Given the inhibitory role of KIAA0319 in axon growth in vitro, we tested the 

effect of its overexpression in vivo in the setting of sciatic nerve lesion, a 

paradigm that is followed by successful axon regeneration. We used adeno-

associated virus (AAV)-based gene transfer in rat DRG neurons of a mutant form 

of eGFP-tagged KIAA0319 lacking the PKD domains (hKAGd5-15). This mutant 

was chosen due to AAV size constraints and because it had a similar effect to that 

displayed by full-length KIAA0319 both in terms of axon growth inhibition (Fig. 

2G) and Smad2 activation (Fig. 3E). As a control, similar experiments were 

performed with a similar AAV virus carrying eGFP. Before in vivo delivery of the 

viruses, we evaluated the effect of the viral constructs in vitro. As expected, 

hippocampal neurons transfected with hKAGd5-15 plasmid had decreased axon 

length when compared to neurons transfected with the control construct (Fig. 
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4A). One week after viral injection in the DRG, bilateral sciatic nerve crush was 

performed (Fig. 4B) and axon regeneration was assessed by tracing of eGFP-

positive axons distal to the crush. A robust eGFP expression was observed in 

DRGs transduced with either control or hKAGd5-15 viruses (Fig. 4C). Three days 

after injury, regenerating sensory axons injected with hKAGd5-15 had a 31% 

decreased axon length when compared to control eGFP-expressing axons (Fig. 

4D,E). In contrast to the long axons with elongated growth cones observed in 

animals injected with control viruses (Fig. 4D,F), in hKAGd5-15 overexpressing 

neurons, regenerating axons accumulated closer to the lesion site and retraction 

bulbs were extensively observed (Fig. 4 D,F). Together, these data strongly 

support that KIAA0319 is not only able to restrict axon growth in vitro but is also 

capable of inhibiting axon regeneration of DRG sensory neurons in vivo. 
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Figure 4 | Overexpression of KIAA0319 decreases axon regeneration in vivo. 

(A) Quantification of axon length in hippocampal neurons transfected with control plasmid (control; 

n = 81 neurons) or hKAGd5-15 mutant (n = 76 neurons). (B) Schematic representation of AAV 

injections at L5 and L6 DRGs (green) and lesion site in the sciatic nerve (red stars). Boxes indicate 

the region of the sciatic nerve collected for analysis. (C) Representative micrographs of L5 DRGs 10 

days after transduction with control AAV-eGFP or hKAGd5-15. Scale bar, 50 µm. (D) Representative 

micrographs of sciatic nerves from rats with DRGs transduced with either control eGFP (left) or 

hKAGd5-15 (right) expressing viruses. The micrographs presented were taken 300 µm distally of 

distance from lesion border. Scale bar, 500 µm. P- proximal; D-distal. (E) Quantification of the 

length of regenerating axons (considering as origin the distal border of the lesion site) of AAV-

transduced DRGs with either control eGFP (n = 5 animals) or hKAGd5-15 (n = 6 animals). (F) 

Representative growth cones of control and retraction bulbs of hKAGd5-15 transduced DRGs. 
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Axonal tips are highlighted with arrows. Scale bar, 50 µm. Results are expressed in mean ± SEM **P 

< 0.01, ***P < 0.001. 

 

 

The intracellular domain of KIAA0319 engages JAK2 and SH2B1β to induce 

Smad2 activation and decreased axon growth 

The pathway triggered by KIAA0319 is probably initiated by interaction with its 

signaling partners. The cytoplasmic domain of KIAA0319 was suggested to 

interact with the SH2B1β signaling protein, as determined by yeast-two-hybrid 

(Nakayama et al., 2002). SH2B1 belongs to the SH2B family and is an adaptor 

protein with four splicing variants (α, β, γ, δ) with distinct C-terminal sequences 

(Yousaf et al., 2001). SH2B1 is ubiquitous, interacting with multiple receptor 

tyrosine kinases (Maures et al., 2007). To assess if SH2B1 regulates KIAA0319 

function, we knocked-down SH2B1 expression in CAD cells using specific shRNAs 

(Fig. 5A,B). SH2B1 depleted CAD cells and control neurons were subsequently 

transfected with full-length human KIAA0319 or a control plasmid, and Smad2 

phosphorylation was assessed by western blot. Unlike control cells expressing 

SH2B1, which induced Smad2 phosphorylation upon overexpression of KIAA0319, 

cells depleted of SH2B1 failed to induce Smad2 phosphorylation (Fig. 5C,D). This 

data suggests that SH2B1 is necessary for the activation of Smad2 induced by 

KIAA0319. 

SH2B1β has been extensively described as a Janus Kinase 2 (JAK2) 

substrate. JAK2 binds to SH2B1β via its SH2-domain promoting tyrosyl 

phosphorylation of SH2B1β which, in turn, increases JAK2 activation (Rui and 

Carter-Su, 1999). To check whether JAK2 is also a partner of KIAA0319 signaling, 

we overexpressed KIAA0319 in gamma-2-A (γ2A) cells, a cell line derived from 

human fibroblasts specifically depleted of JAK2 (Kohlhuber et al., 1997) and in 

the parental WT cell line 2C4. Interestingly, whereas KIAA0319-dependent Smad2 

activation occurred in the parental cell line, γ2A cells overexpressing KIAA0319 

failed to induce Smad2 activation (Fig. 5E,F). These results suggest that JAK2 is a 

crucial player in KIAA0319 intracellular signaling. 

To determine whether defective Smad2 activation by KIAA0319 in the 

absence of SH2B1 and JAK2 correlated with reversion of axon growth inhibition, 

we evaluated neurite outgrowth in KIAA0319-overexpressing CAD cells depleted 

of either SH2B1 (Fig. 5A,B) or JAK2 (Fig. 5G,H). Whereas total neurite length was 

severely diminished in WT CAD cells by KIAA0319 overexpression, this KIAA0319-
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mediated effect was not observed in CAD cells where either SH2B1 or JAK2 were 

depleted (Fig. 5I,J). Of note, as previously reported (Maures et al., 2009; Shih et 

al., 2013), the knockdown of SH2B1 restricted neurite outgrowth (however to a 

lower extent than KIAA0319 overexpression) (Fig. 5J) but this reduction was not 

further exacerbated by the presence of KIAA0319. Similarly, in primary 

hippocampal neurons, overexpression of KIAA0319 and downregulation of SH2B1 

(Supplementary Fig. 2) or JAK2 (Supplementary Fig. 3) also reverted the inhibitory 

effect of KIAA0319 in axon growth (Fig. 5K), further supporting the physiological 

involvement of JAK2/SHB21 in KIAA0319-mediated repression of axon growth. In 

summary, our results support that KIAA0319 is a negative regulator of axon 

growth that engages the JAK2-SH2B1 pathway through its cytosolic tail to activate 

Smad2 and decrease neurite outgrowth. 

 

 

Figure 5 | JAK2 and SH2B1β are necessary for KIAA0319-induced activation of Smad2 and inhibition 

of axon growth. 
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(A) Western blot analysis of SH2B1β levels in CAD cells transfected with different shRNA against 

SH2B1 (shSH2B1#1, upper panel; and shSH2B1#2, lower panel) or a control plasmid (shControl) 

following puromycin selection. (B) Quantification of A. (C) Western blot analysis of pSmad2 and total 

Smad2 levels in CAD cells depleted of SH2B1 (shSH2B1#1, upper pannel and shSH2B1#2, lower 

panel) or transfected with a control shRNA plasmid (shControl) overexpressing either KIAA0319 

(hKA) or an empty vector (control). (D) Quantification of C. (E) Western blot analysis of pSmad2 and 

Smad2 levels in JAK2-deficient cells (gamma-2-A; γ2A) and in the control parental cell line (2C4) 

upon overexpression of KIAA0319 (hKA) or an empty vector (control). (F) Quantification of E. (G) 

Western blot analysis of JAK2 levels in CAD cells transfected with different shRNA against JAK2 

(shJAK2#1, upper panel; shJAK2#2 and shJAK2#3, lower panel) or a control shRNA, following 

puromycin selection. (H) Quantification of G. (I) Representative photomicrographs of anti-βIII-tubulin 

immunofluorescence in differentiated GFP-positive CAD cells (highlighted with an arrowhed) stably 

transfected with either a control shRNA plasmid (shControl), a shRNA against SH2B1 (shSH2B1#1), 

or a shRNA against JAK2 (shJAK2#1) and overexpressing either KIAA0319 (hKA) or an empty vector 

(control). Scale bar, 50 µm. (J) Quantification of total neurite length of I; shControl (control: n = 162; 

hKA: n = 152 cells), shSH2B1#1 (control: n = 112; hKA: n = 72 cells), shSH2B1#2 (control: n = 201; 

hKA: n = 149 cells), shJAK2#1 (control: n = 126; hKA: n = 89 cells), shJAK2#2 (control: n = 136; 

hKA: n = 167 cells) and shJAK2#3 (control: n = 80; hKA: n = 87 cells). (K) Quantification of axon 

length of hippocampal neurons transfected with both hKA and different shRNAs- shControl (control: 

n = 188; hKA: n = 67 cells), a shRNA against SH2B1 (shSH2B1#1; control: n = 78; hKA: n = 56 cells) 

or a shRNA against JAK2 (shJAK2#1; control: n = 32; hKA: n = 81 cells). Results are expressed in 

mean ± SEM **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not statistically significant. 

 

 

KIAA0319 deletion results in increased axon growth in vitro and increased 

axon regeneration in vivo 

As our data strongly support that KIAA0319 is a repressor of axon growth, we 

generated a mouse model with an inducible Kiaa0319 specific deletion in 

neurons to assess whether the absence of Kiaa0319 results in increased axon 

regeneration. For that we crossed Kiaa0319F/F mice with Slick-H mice that co-

express both inducible-CreERT2 and yellow fluorescent protein (YFP) under the 

control of the neuronal Thy1 promoter (Young et al., 2008). qRT-PCR using a 

primer in the targeted exon 6 validated the decreased Kiaa0319 expression in 

the spinal cord and DRG (60% and 80% reduction, respectively) of Thy1-

cre+Kiaa0319F/F mice when compared to Thy1-cre+Kiaa0319+/+ (Fig. 6A). Western 

blot analysis of the spinal cord was performed to confirm the deletion of 

KIAA0319 at the protein level. A 58% decrease was observed in Thy1-

cre+Kiaa0319F/F when compared to control Thy1-cre+Kiaa0319+/+ mice (Fig. 6B) 

correlating well with the qPCR data (Fig. 6A). Supporting our previous findings, 

Thy1-cre+Kiaa0319F/F DRG neurons had an increased total neurite length (Fig. 
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6C,D) and branching (Fig. 6E) when compared to control Thy1-cre+Kiaa0319+/+ 

neurons. To determine whether increased neurite outgrowth in vitro in the 

absence of KIAA0319 was related to increased axon regeneration in vivo, Thy1-

cre+Kiaa0319+/+ and Thy1-cre+Kiaa0319F/F mice were subjected to sciatic nerve 

crush and axon regrowth was assessed using GAP-43 staining (Woolf et al., 

1990). Of note, in the Thy1-cre+ line, all the myelinated axons in the sciatic nerve 

are YFP-positive (Fig. 6F). Three days after sciatic nerve crush, GAP-43 

immunostaining was increased in Thy1-cre+Kiaa0319F/F animals when compared 

to controls (Fig. 6G,H) supporting a higher regenerative capacity in the absence 

of Kiaa0319. To determine if a similar response was obtained after spinal cord 

injury, dorsal column hemisection was performed and axon regeneration of 

ascending dorsal column sensory fibers was assessed after cholera toxin B 

injection in the sciatic nerve. Thy1-cre+Kiaa0319F/F animals had an increased 

number of YFP-positive axons with the ability of growing within the glial scar (Fig. 

6I,J) and only axons from Thy1-cre+Kiaa0319F/F were capable of regrowing for 

distances longer than 100 µm (Fig. 6I, box c). These results support the absence 

of KIAA0319 as increasing the intrinsic regenerative capacity of axons and 

reinforce the hypothesis that KIAA0319 plays an inhibitory role in axon growth 

and regeneration.  
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Figure 5 | Deletion of Kiaa0319 increases axon growth. 

(A) qPCR analysis of Kiaa0319 in the spinal cord and DRG of Thy1-cre+Kiaa0319+/+ and Thy1-

cre+Kiaa0319F/F animals. (B) Western blot analysis of KIAA0319 (left) and respective quantification 

(right) in spinal cord lysates of Thy1-cre+Kiaa0319+/+ and Thy1-cre+Kiaa0319F/F animals. (C) 

Representative photomicrographs of anti-βIII-tubulin staining of YFP-positive DRG neurons isolated 

from adult Thy1-cre+Kiaa0319+/+ and Thy1-cre+Kiaa0319F/F mice plated on laminin and grown for 12 

h. Scale bar, 50 µm. (D) Quantification of the total neurite length of C. (E) Sholl analysis of DRG 

neurons from Thy1-cre+Kiaa0319+/+ and Thy1-cre+Kiaa0319F/F animals. (F) Representative 

photomicrographs of Thy1-Cre+ mice sciatic nerve in transverse section. Scale bar, 500 µm. (G) 

GAP43 staining in sciatic nerves of Thy1-cre+Kiaa0319+/+ and Thy1-cre+Kiaa0319F/F mice isolated 3 
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days after sciatic nerve crush. The dashed line indicates the lesion border. Scale bar, 200 µm. (H) 

Quantification of F (n = 5 each genotype). (I) Representative photomicrographs of CT-B staining in 

spinal cords of Thy1-cre+Kiaa0319+/+ and Thy1-cre+Kiaa0319F/F mice after dorsal column 

hemisection. The dashed line indicates the lesion border; C, caudal; R, rostral; V, ventral; D, dorsal. 

Scale bar, 100 µm. A higher magnification of the boxed regions (a-c) is shown in the right panels. 

Arrowheads highlight CT-B+ (red)/ YFP+ (green) axons. Scale bar, 25 µm. (J) Quantification of the 

average number of axons within the glial scar in Thy1-cre+Kiaa0319+/+ and Thy1-cre+Kiaa0319F/F 

mice (n = 8 each genotype). Results are expressed in mean ± SEM *P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001. 
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Discussion 

Our work establishes the dyslexia-associated transmembrane neuronal protein 

KIAA0319 as an inhibitor of axon growth, both in embryonic and adult neurons. 

This effect is released in the adult injured nervous system, as KIAA0319 

expression is downregulated. During neuronal development, the growth cones at 

the tip of the projected axons are continuously sensing the surrounding 

environment navigating through the recognition of attractive and repulsive cues. 

Among these guidance cues, Robo1 is an important player (Kidd et al., 1998). In 

dyslexic individuals genetically linked to a specific haplotype of ROBO1, the 

expression of this gene is decreased (Hannula-Jouppi et al., 2005) similarly to 

what is described for KIAA0319 (Paracchini et al., 2006). Interestingly, and again 

similarly to KIAA0319, overexpression of Robo1 decreases axon growth whereas 

silencing of Robo1 or of its ligand, Slit1, promotes neurite extension (Mire et al., 

2012). Together these findings suggest that in dyslexia, the dysregulation of 

pathways that negatively regulate axon growth is of high relevance.  

Here we show that KIAA0319 inhibitory activity is dependent on JAK2-

SH2B1β signaling and Smad2 activation. Smad2 activation has been previously 

identified as a key signaling pathway inhibiting axon growth. During 

development, phosphorylated Smad2 interacts with SnoN leading to impaired 

neuritogenesis, and the knockdown of Smad2 enhances neurite outgrowth in the 

presence of inhibitory substrates such as myelin (Stegmuller et al., 2008). Later, 

Smad2 was further demonstrated to be an axon growth inhibitor that participates 

in myelin-mediated inhibition (Hannila et al., 2013). Of note, inactivation of the 

Robo1 pathway also decreases Smad2 activation (Chang et al., 2015). 

Interestingly, activation of Smad signaling through the bone morphogenetic (BMP) 

pathway, which leads to the phosphorylation of Smad1, 5 and 8, has the opposite 

effect, resulting in enhanced axon growth (Parikh et al., 2011). The fate of a 

growing/regenerating axon may therefore be highly dependent on competing 

Smad transcriptional pathways.  

Apart from Smad2 activation, KIAA0319 leads to increased AKT 

phosphorylation, which is a known effect of SH2B1β activation (Wang et al., 2004; 

Lu et al., 2010). SH2B1β is an SH2 domain-containing adaptor protein that can be 

recruited and phosphorylated by multiple ligand-activated receptor tyrosine 

kinases and cytokine receptor-associated JAK family kinases. Of note, SH2B1β 

binds the tyrosine kinase A (TrkA) receptor in response to NGF binding (Rui et al., 
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1999) to promote NGF-related gene transcription and neurite outgrowth (Maures 

et al., 2009). However, SH2B1β is required for KIAA0319-mediated axon growth 

inhibition. How SH2B1β exerts opposing effects when it is downstream to 

different receptors is unknown but one possibility might be that KIAA0319 

competes with TrkA for SH2B1-mediated signaling. In this respect, the SH2B 

family member SH2B3 negatively modulates axon growth in PC12 cells through a 

mechanism involving the competition of TrkA binding with the positive-acting 

SH2B1β (Wang et al., 2011a). SH2B1β binds and potentiates JAK2 phosphorylation 

(Rui and Carter-Su, 1999). JAK2 is a key signaling protein activated by several 

receptors including the receptors for erythropoietin (Witthuhn et al., 1993), 

growth hormone and leptin (Maures et al., 2007). JAK2 can be activated in 

response to TGF-β stimulation (Dees et al., 2012), which supports, similarly to 

what occurs following KIAA0319 overexpression, a link between JAK2 and Smad2 

signaling. Also in support of a link between the SH2B1β-JAK2 pathway and Smad2 

activation, SH2B1β enhances JAK2 activity and binds directly to filamin A (Rider 

and Diakonova, 2011) which may function as a cytoplasmic anchor for Smad2 

(Sasaki et al., 2001). 

In vitro, our results show that the cytosolic KIAA0319 tail, specifically the 

juxtamembrane region of the cytoplasmic domain, is sufficient for Smad2 

activation and axon growth inhibition. The Tyr995 residue, which lies in this 

domain, is here shown to be an important residue for activity of KIAA0319. Of 

note, the KIAA0319 Y995A mutant impairs KIAA0319 internalization from the 

plasma membrane (Levecque et al., 2009), which may be the reason behind the 

observed effect instead of a possible alteration of the phosphorylation status of 

the protein. Our results also support that the activity of KIAA0319 is independent 

of its extracellular domain. Examples of receptors that are constitutively active in 

the absence of their extracellular domains include the thyrotropin (TSH) receptor 

(Zhang et al., 1995) and epidermal growth factor (EGF) receptor (Voldborg et al., 

1997). In this respect, one should consider that the KIAA0319 homologous 

protein, KIAA0319-like, that has also been associated with developmental 

dyslexia (Couto et al., 2008), has been reported as an interactor of Nogo 

Receptor 1 (NgR1) (Poon et al., 2011a). NgR1 is a glycosyl phosphatidylinositol 

(GPI)-anchor protein that binds to Nogo-66 (Fournier et al., 2001), the inhibitory 

portion common to all three isoforms of Nogo (A, B and C), to promote growth 

cone collapse and inhibit neurite outgrowth in several neuronal types (GrandPre 
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et al., 2000). Given the GPI nature of NgR1, it lacks an intracellular domain 

thereby requiring additional neuronal transmembrane proteins to transduce the 

inhibitory signals (Schwab and Strittmatter, 2014). NgR1 might therefore interact 

with KIAA0319, leading to activation of the JAK2-SH2B1β signaling cascade, 

restricting elongation, although this hypothesis is yet to be explored. To date, 

this is the first work that starts to unravel the signaling pathway triggered by 

KIAA0319 in neurons and that establishes this dyslexia-associated 

transmembrane neuronal protein as a player in axon growth and regeneration. 
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Supplementary material 

 
 

  

Supplementary Figure 1.  Hippocampal neurons (upper panels) and CAD cells (lower panels) co-transfected
with a plasmid carrying KIAA0319 and pmaxGFPTM. Arrows highlight transfected cells and arrowheads highlight
non-transfected cells. BF, brightfield. GFP, fluorescence in the GFP channel. R2, KIAA0319 immunofluorescence. 
Scale bar, 50 μm.
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Supplementary Figure 3. Analysis of JAK2 downregulation in hippocampal neurons.  Transfected cells were
identified by GFP fluorescence (GFP). Immunofluorescence against JAK2 (JAK2) confirmed reduction of protein
levels in transfected cells (expressing shJAK2#1). Scale bar, 50 μm.

Supplementary Figure 2. Analysis of SH2B1 downregulation in hippocampal neurons. Transfected cells were
identified by GFP fluorescence (GFP). Immunofluorescence against SH2B1β (SH2B1β) confirmed reduction of protein
levels in transfected cells (expressing shSH2B1#1). Scale bar, 50 μm.
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Materials and Methods 

Animals. NMRI mice and Wistar rats (8- to 10-week-old) of either sex, were 

handled according to European Union and National rules, maintained under a 12-

h light/dark cycle and fed with regular rodent chow and water ad libitum. In all 

animal experiments, the investigator was blinded to the group allocation. 

C57BL/6J-D130043K22Riktm1c(KOMP)Wtsi mice carrying an exon 6 floxed Kiaa0319 

allele (Kiaa0319-Flx; Kiaa0319F/F) were generated at the Wellcome Trust Centre 

for Human Genetics (Oxford, UK) using “knockout-first”-targeted stem cells 

(Skarnes et al., 2011) from the Knock-Out Mouse Project (KOMP) repository at UC 

Davis, California (www.komp.org) and have been described elsewhere (Martinez-

Garay et al., 2016). To generate a neuron-specific Kiaa0319 deletion in adult 

animals, Kiaa0319F/F mice were crossed with Slick-H mice (from Dr Guoping Feng, 

Duke University Medical Center) that co-express inducible-CreERT2 and YFP under 

the control of the neuronal Thy1 promoter (Young et al., 2008). The resulting 

Thy1-cre+Kiaa0319F/+ mice were selected and crossed with Kiaa0319F/+ mice so 

that Thy1-cre+Kiaa0319F/F mice were generated. Recombination was induced by 

injecting i.p. 20 mg/ml of tamoxifen for five days starting at post-natal day 21 

(P21). Cre-mediated deletion of exon 6 generates a predicted p.D374VfsX14 

effect at the protein level, leading to absence of Kiaa0319. Given the 

neuroprotective effects of tamoxifen (Wakade et al., 2008), tamoxifen-treated 

Thy1-cre+Kiaa0319+/+ littermates were used as controls. 

 

Human samples. Adult human spinal cord and DRG were obtained from the 

NICHD Brain and Tissue Bank for Developmental Disorders at the University of 

Maryland, Baltimore, MD. Both 10% formalin-fixed spinal cord, and frozen DRG 

and spinal cord samples were derived from healthy adult males. 

 

In situ hybridization. 4 µm sections of human and mouse spinal cord and DRG 

were incubated with 50 µg/ml proteinase K, refixed in 10% formalin and treated 

with 0.5% acetic anhydride. RNA probes for human KIAA0319 and for its mouse 

homologue D130043K22Rik (NM_001081051) (both antisense and control sense 

probes) were synthesized and labeled with digoxigenin using the DIG RNA 

Labeling Kit (SP6/T7) (Roche). After incubating sections with prehybridization 

solution (50% formamide, 4x SSC) for 2 h at 37ºC, denatured probes (0.5 µg/µl) 

were mixed in hybridization buffer (40% formamide, 4x SSC, 1 mg/ml denatured 
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sheared salmon sperm DNA, 1 mg/ml yeast t-RNA, 10 mM DTT, 10% dextran 

sulfate, 1x Denhardt’s reagent) overnight. The stringency of washes varied 

according to the probe used. Following incubation for 2 h (37 ºC) with sheep anti-

DIG-alkaline phosphatase antibody (1:1000, Roche), sections were developed 

overnight using NBT/BCIP (Roche). Photos were taken using an Olympus DP 25 

microscope. 

 

RNA extraction, reverse transcription PCR and quantitative real-time PCR. RNA 

from mouse DRG, spinal cord and brain at post-natal day 2, 18 and 100 (P2, P18 

and P100) (n = 4 of each age) and adult human DRG and spinal cord (NICHD Brain 

and Tissue Bank for Developmental Disorders at the University of Maryland, 

Baltimore, MD) was extracted using NZY Total RNA Isolation Kit (NZY Tech). 

Mouse DRGs (L4-L6) were collected 24 h and 1 week after either sciatic nerve or 

spinal cord transection (n = 5 each). RNA concentration and purity were 

determined by NanoDrop® spectrophotometry, and integrity was assessed using 

BioRad’s Experion RNA chip. cDNA synthesis was performed with SuperScript™ 

First-Strand Synthesis System for RT-PCR (Invitrogen). Reverse transcription PCR 

(RT-PCR) for human samples was performed using specific primers for KIAA0319 

(5’-TGGACTCGGACATTAAGG-3’, in exon 16, forward, and 5’-

CAACCTGCTGTATCAACC-3’, in exon 17, reverse, for amplification of a 196 bp 

fragment) and β-actin (5’-ACCACACCTTCTACAATGAG-3’, forward and 5’-

TAGCACAGCCTGGATAGC-3’, reverse). Quantitative real-time PCR (qRT-PCR) for 

mouse samples was done with the iQ™ SybrGreen Supermix Kit (Biorad) using 

specific primers designed with Biorad Beacon designer software for β-actin (5’-

TATGCTCTCCCTCACGCCATCC-3’, forward and 5’-TGTCACGCACGATTTCCCTCTC-

3’, reverse) and Kiaa0319 (5’-CCAGTAGACTTCCAAGGT-3’, in exon 6, forward, 

and 5’-CCACTCTGAAGGCATAGA-3’, in exon 7, reverse, for amplification of a 

91bp fragment). All samples were run in triplicate, qPCR analysis was performed 

with BioRad’s iQ5 2.1 software and quantification was done using the 2-ΔΔCt (Livak) 

method (Livak and Schmittgen, 2001). 

 

Expression constructs. Full-length and different deletion human KIAA0319 cDNA 

constructs have been previously described (Velayos-Baeza et al., 2008; Levecque 

et al., 2009; Velayos-Baeza et al., 2010). Inserts of these plasmids were sub-

cloned into the pCAGIG vector to obtain the expression constructs used in this 
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work (Table 1). Multiple alignment of mammalian KIAA0319 (region encoded by 

exons 19-21, containing the transmembrane and cytosolic domains) was 

performed using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). 

Putative phosphorylation sites within the KIAA0319 cytosolic tail were predicted 

using PhosphoNet (http://www.phosphonet.ca, Kinexus Bioinformatics 

Corporation). Single missense mutants of predicted phosphorylation sites 

between positions 984-1023, corresponding to the juxtamembrane cytosolic 

fragment deleted in construct hKAd20-21a, were obtained from the human 

KIAA0319 full-length construct (hKA) (cloned in pcDNA4) using the QuikChange® 

kit (Stratagene) and two mismatched primers introducing 1 or 2 bp substitutions 

in the original sequence. To generate the deletion mutant where the highly 

conserved 1024-SSLMVSE-1030 intracellular region was replaced by two Glycine 

residues, the following pair of primers was used: 5’-

GGGTCTGAGTTTGACAGTGACCAGGACACAATCTTC-3’, forward, and 5’-

CCCGTTGTGCTCTGTGCTTCGGTGCTT G-3’, reverse. Modified plasmid inserts 

were confirmed by DNA sequencing. 

 

DRG neuron cultures. DRG neuron cultures were performed as detailed in Miranda 

et al. (2011) from 8-week-old Wistar rats or from Thy1-cre+Kiaa0319F/F and Thy1-

cre+Kiaa0319+/+ mice. In the case of DRG from Wistar rats, KIAA0319 was 

overexpressed in an IRES-eGFP backbone (plasmid pCAGIG-hKA; table 1) by 

nucleofection (4D Nucleofector Amaxa system; CM#138 program). Transfected 

DRG neurons (200000 neurons/transfection) were left in suspension for 24 h and 

thereafter plated in 24-well plate coverslips coated with 20 µg/mL poly-L-lysine 

and 5 µg/mL laminin. Cells were grown for 12 h in DMEM:F12 supplemented with 

1x B27, 1% penicillin/streptomycin, 2 mM L-glutamine and 50 ng/mL NGF. 

Neurons were fixed with 2% paraformaldehyde and βIII-tubulin immunoreactivity 

was detected using immunofluorescence (1:2000; Promega). In the case of Thy1-

cre+Kiaa0319F/F and Thy1-cre+Kiaa0319+/+ mice, only YFP-positive neurons were 

considered. For Wistar rats, only eGFP-positive/βIII-tubulin-positive cells were 

traced. At least 100 cells per condition were traced. All experiments were 

repeated at least twice and the investigator was blind to the group allocation. 

Scholl analysis was performed using Synapse Detector (SynD) software (Schmitz 

et al., 2011) where the total neurite length and branching and the number of 

processes crossing concentric circles centered at the cell body, with radiuses of 

consecutive multiples of 20 µm, were quantified. 
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Hippocampal neuron cultures. Hippocampal neuron cultures were performed as 

described (Leite et al., 2016) using NMRI E16.5 embryos. Cells were cultured in 

Neurobasal medium (Invitrogen) supplemented with 1x B27 (Gibco), 1% 

penicillin/streptomycin (Gibco) and 2 mM L-glutamine (Gibco) on PLL-coated 

coverslips. Hippocampal neurons (750000 neurons/transfection) were 

nucleofected using the 4D Nucleofector Amaxa system (CU#110 program). For 

the analysis of different KIAA0319 mutants, nucleofection was done with 300 ng 

of plasmid DNA coding either the full-length or deletion mutants of the KIAA0319 

protein (Table 1 and Fig. 2E). For neurite tracing, co-nucleofection with 200 ng 

pmaxGFP™ (Lonza) was done and detection of KIAA0319 was performed using 

the rabbit R2 antiserum (1:500; Supplementary Fig. 1) (Velayos-Baeza et al., 

2008). In the experiments using shRNA for SH2B1 and JAK2, co-nucleofection was 

performed with KIAA0319 and pmaxGFP™. Analysis of downregulation of 

expression in hippocampal neurons was done using rabbit anti-SH2B1β (1:2500) 

(Rui et al., 1997) (Supplementary Fig. 2) and rabbit anti-JAK2 (Cell Signaling 

Technology #3230, 1:500) (Supplementary Fig. 3).  Transfected hippocampal 

neurons were cultured for 96 h. Cells were fixed with 2% PFA. For tracing 

analyses, immunofluorescence for βIII-tubulin was performed after which axon 

length of GFP-positive/βIII-tubulin-positive cells was measured using NeuronJ. The 

axon length, dendrite length and total number of branches were quantified with 

ImageJ NeuronJ 1.4.1 plug-in (Meijering et al., 2004a). For assays using SM16 (4-

(5-(benso[d][1,3]dioxol-5-yl)-4(6methylpyridin-2-yl)1H-imidazol-2-

yl)biclyclo[2.2.2]octane-1carboxamide; kindly provided by Dr Engebretsen, 

Institute for Experimental Medical Research, Oslo University Hospital), 2 µM of 

drug in DMSO were added before plating and cells were cultured for 96 h. In 

experiments using drugs, DMSO was used as control. All experiments were 

repeated at least twice. In all experiments, the investigator was blinded to the 

group allocation. 

 

CAD cell cultures. CAD (Cath.-a-differentiated) cells, derived from a CNS 

catecholaminergic cell line (Qi et al., 1997), were cultured in DMEM 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. 

To induce neurite differentiation, serum was withdrawn for 48 h. For analysis of 

signaling cascades activated by KIAA0319 overexpression, transfection of the 

neuronal cell line CAD with either WT KIAA0319 or KIAA0319 deletion mutants 
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was used. Briefly, cells (180000 cells/well on 24-well plates) were transfected in 

quadruplicate using Lipofectamine® 2000 (ThermoFisher Scientific) and 500 ng of 

plasmid DNA. Protein extraction was performed either 24 h or 48 h post-

transfection for western blot analysis. For neurite tracing, whenever KIAA0319 

was overexpressed, cotransfection using pmaxGFP™ was performed and 

KIAA0319 was detected by immunofluorescence using the rabbit R2 antiserum 

(1:500; Supplementary Fig. 1) (Velayos-Baeza et al., 2008). Sholl analysis was 

done with SynD software. 

 

Western blotting. Protein lysates of spinal cord of adult Thy1-cre+Kiaa0319F/F and 

Thy1-cre+Kiaa0319+/+ mice, transfected CAD cells and hippocampal neurons (25 

to 50 µg/lane) were separated on 12% SDS-PAGE gels, transferred to 

nitrocellulose, blocked in 5% non-fat dried milk and incubated with the following 

primary antibodies: rabbit anti-phospho-Smad2 (Ser465/467) (Cell Signaling 

Technology #3108, 1:1000), rabbit anti-Smad2 (Cell Signaling Technology #5339, 

1:1000), rabbit anti-phospho-AKT (Ser473) (Cell Signaling Technology #4060, 

1:1000), rabbit anti-phospho-AKT (Thr308) (Cell Signaling Technology #2965, 

1:1000), rabbit anti-AKT (Cell Signaling Technology #4961, 1:1000), rabbit anti-

phospho-GSK3β (Ser9) (Cell Signaling Technology #9323, 1:1000), rabbit anti-

GSK3β (Cell Signaling Technology #9315), rabbit anti-JNK (Cell Signaling 

Technology #9252, 1:1000), rabbit anti-phospho-ERK (Thr202/Tyr204) (Cell 

Signaling Technology #4370, 1:2000), rabbit anti-ERK (Cell Signaling Technology 

#9102, 1:1000), rabbit anti-phospho-Smad1 (Ser463/465)/phospho-Smad5 

(Ser463/465)/phospho-Smad8 (Ser465/467) (Cell Signaling Technology #9511, 

1:200), rabbit anti-phospho-STAT3 (Tyr705) (Cell Signaling Technology #9145, 

1:1000), rabbit anti-STAT3 (Cell Signaling Technology #4904, 1:2000), rabbit 

anti-JAK2 (Cell Signaling Technology #3230, 1:1000), rabbit anti-SH2B1β 

(1:50000) (Rui et al., 1997) and mouse anti-β-actin (Sigma A5441, 1:5000).  

Overexpressed WT and mutant KIAA0319 proteins were detected using rabbit R2 

antiserum (1:5000) (Velayos-Baeza et al., 2008) except for hKAd5-15 and hKAd3-

18 where rabbit R7 antiserum (1:5000) was used (Velayos-Baeza et al., 2010) (Fig. 

2E). In spinal cord lysates R7 was used for detection of KIAA0319. Secondary 

antibodies were: donkey anti-mouse IgG conjugated with HRP (Jackson 

Immunoresearch Europe 715-035-151, 1:5000) or donkey anti-rabbit IgG 

conjugated with HRP (Jackson Immunoresearch Europe 711-035-152, 1:5000). 

Membranes were developed using Luminata Crescendo Western HRP substrate 
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(Millipore) and chemiluminescence was analyzed by exposure to Fuji Medical X-

Ray Film (Fujifilm Europe GmbH). 

 

In vivo transduction of DRG neurons with an adenoviral associated virus 

expressing hKAGd5-15. The insert from pCAGGS-hKAGd5-15 plasmid (Table 1) 

was cloned into a control plasmid driven by cytomegalovirus (CMV) promoter 

(AAV1.CMV.PI.eGFP.WPRE.bGH) to obtain the hKAGd5-15 (eGFP-tagged, PKD-

deletion-KIAA0319) plasmid (AAV1.CMV.PI.hKAd5-15-eGFP.WPRE.bGH). Control 

and hKAGd5-15-AAV vectors were produced by the Penn Vector Core at the 

University of Pennsylvania as described (Lock et al., 2010). Both mentioned 

plasmids were packaged in AAV2/1 particles (with AAV1 viral capsid and with 

AAV2 inverted terminal repeats). Genome copy (GC) titers of AAV vectors were 

determined by TaqMan (Applied Biosystems). Control AAV yielded 2.16 x 1013 

GC/ml and hKAGd5-15 yielded 2.6 x 1012 GC/ml. For DRG injection, dorsal 

laminectomy was performed in 7-week old Wistar rats to expose L5 and L6 DRGs 

bilaterally (Yu et al., 2016) and 1 µL of AAV was injected in each DRG using a 

Hamilton syringe (33G) (n = 6 rats/group). Seven days after injection, bilateral 

sciatic nerve crush was performed and animals recovered for 3 days before 

sacrifice. Sciatic nerves were collected after 4% paraformaldehyde perfusion, 

cryoprotected in 30% sucrose and sectioned at 12 µm thickness. Image 

acquisition was performed using In Cell Analyzer 2000 and the length of 

regenerating eGFP-positive axons was measured from the tip of the axon to the 

lesion border using Fiji software. The length of regenerating axons (at least 20 

axons per section) was quantified and at least two sections of each sciatic nerve 

were analyzed. 

 

2C4 and Gamma-2-A (γ2A) cell lines. 2C4 (parental control) and γ2A (that lack 

endogenous JAK2) cell lines are derived from human fibroblasts (Kohlhuber et al., 

1997) and were a kind gift from Dr. Ana P. Costa-Pereira (Imperial College, 

London). Both the parental cell line (2C4) and γ2A cells were cultured in DMEM 

supplemented with 10% FBS, 1% penicillin/streptomycin and 400 µg/ml G418.  

 

Downregulation of SH2B1, JAK2 and SMAD2 by shRNA in CAD cells. CAD cells 

were transfected with shRNAs against either SH2B1 (shSH2B1#1: 

TRCN0000247807; shSH2B1#2: TRCN0000247811, Sigma), JAK2 (shJAK2#1: 
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TRCN0000278125; shJAK2#2: TRCN0000023652; shJAK2#3: TRCN0000023649, 

Sigma), SMAD2 (shSMAD2#1: TRCN0000010477; shSMAD2#2: 

TRCN0000089336, Sigma) or empty vector (pLKO, Sigma), selected with 2 µg/ml 

puromycin for 48h (a concentration and timepoint at which control non-

transfected cells were not resistant to puromycin) and expanded. Puromycin-

selected cell lines were then co-transfected with either full-length WT KIAA0319 

or the corresponding empty vector and pmaxGFP™ (Lonza), as described above. 

Medium without serum was used 24 h post-transfection to promote 

differentiation and neurite outgrowth. Cells were fixed 96 h post-transfection and 

βIII-tubulin immunofluorescence was performed. Neurite length of eGFP-

positive/βIII-tubulin-positive cells was measured using NeuronJ. 

 

Analysis of axon regeneration after sciatic nerve injury. Sciatic nerve crush at the 

mid-thigh level was performed using Pean forceps, closed completely twice 

during 15 seconds in Thy1-cre+Kiaa0319+/+ and Thy1-cre+Kiaa0319F/F mice (n = 5 

mice/group). Animals recovered for 3 days, after which collection and sectioning 

of sciatic nerves at 20 µm was performed. Consecutive longitudinal sections were 

collected for free-floating immunofluorescence with sheep anti-GAP-43 (1:5000; 

kindly provided by Dr. Larry Benowitz, Harvard Medical School) and antigen 

detection was performed following incubation with biotinylated horse anti-goat 

(1:100; Vector) and streptavidin Alexa 568 (1:1000, Invitrogen). Image acquisition 

was done with Zeiss Axio Imager Z1 microscope (using the same settings for all 

the samples analysed) and image analysis was performed with ImageJ. The lesion 

site was determined as the area with severely decreased YFP staining. GAP-43 

staining intensity was determined distally from the proximal border of the injury 

site. 

 

Analysis of axon regeneration of dorsal column fibers. Dorsal hemisection was 

performed, as described (Liz et al., 2014) using a micro ophthalmic scalpel 

(Feather, Safety Razor Co. Ltd) in Thy1-cre+Kiaa0319+/+ and Thy1-cre+Kiaa0319F/F 

mice (n = 8 mice/group). Animals recovered for five weeks and 4 days prior to 

euthanasia, 2 µL of 1% cholera toxin-B (List Biologicals, Campbell, CA, USA) were 

injected in the left sciatic nerve. Serial spinal cord sagittal sections were collected 

for free floating immunohistochemistry with anti-cholera toxin-B (CT-B) (1:30000; 

List Biologicals). Antigen detection was performed with biotinylated horse anti-

goat (1:200; Vector) and streptavidin Alexa 568 (1:1000, Invitrogen). Image 
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acquisition was done with a Laser Scanning Confocal Microscope (Leica SP5) and 

image analysis was performed with Fiji. Regeneration of dorsal column fibers was 

quantified by counting the total number of CT-B+/YFP+ axons within the glial scar. 

The length of the longest CT-B+/YFP+ axon found rostrally to the injury site was 

measured using as the origin a vertical line placed at the rostral end of the dorsal 

column tract. 

 

Statistics. Data are shown as mean ± SEM. For single comparisons, Student’s t 

test was used and for multiple comparisons, one-way ANOVA was chosen 

followed by Tukey’s or Bonferroni’s correction using Prism (GraphPad Software). 

When p < 0.05, differences were considered statistically significant.  
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Abstract 

 

KIAA0319 is a dyslexia-associated transmembrane protein that inhibits neurite 

outgrowth in vitro and axon regeneration in vivo, by increasing the levels of 

phosphorylated Smad2. A mechanism triggered by a putative extracellular 

KIAA0319 ligand that would initiate its inhibitory effect remains unknown. Nogo 

receptor 1 (NgR1) is an interactor of the KIAA0319 homologous protein, 

KIAA0319-like. Here we tested the hypothesis that the axon growth inhibitory 

effect induced by KIAA0319 might be initiated through a crosstalk with the 

myelin inhibitory protein, Nogo-A and its receptor NgR1. In DRG neurons lacking 

KIAA0319 (from Thy1-cre+Kiaa0319F/F mice), Nogo-22, a short isoform of Nogo-A 

containing the inhibitory domain of the protein, had a decreased effect in neurite 

outgrowth inhibition when compared to the effect elicited in control DRG 

neurons. This suggested that the inhibitory effect of Nogo in axon growth might 

partially occur through interaction with KIAA0319. Interestingly, treatment of 

hippocampal neurons with Nogo-22 activated the Smad2 pathway similarly to 

KIAA0319 overexpression. Our data suggests that KIAA0319 might interact with 

the Nogo-NgR1 pathway to inhibit axon growth and regeneration. 
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Introduction 

 

ogo is a protein derived from the reticulon (RTN) family and comprises 

three main isoforms: Nogo-A, Nogo-B and Nogo-C (figure 1). Although 

the extracellular domain differs between isoforms, the RTN homology 

domain (located between two transmembrane helices) is highly conserved and 

comprises a hydrophilic region with 66 aminoacids termed Nogo-66 (Schwab, 

2010). Whereas Nogo-B has a ubiquitous pattern of expression, Nogo-A is mainly 

expressed in oligodendrocytes, developing cortex, hippocampus, spinal cord, and 

dorsal root ganglion and Nogo-C is more restricted to the muscle (Huber et al., 

2002). Of these isoforms, only Nogo-A has been reported to strongly inhibit axon 

growth (GrandPre et al., 2000). 

 

 

Figure 1 | Nogo isoforms. 

Nogo-A, Nogo-B and Nogo-C are the three major isoforms of Nogo. Neurite outgrowth inhibition of 

Nogo-A is derived from a 20-aminoacid region (Δ20) in the extracellular domain together with the 

Nogo-66 loop. The reticulon domain (RTN) is highly homologous between isoforms. Adapted from 

Schwab (2010). 

 

Nogo signals via Nogo receptors (figure 2). Three isoforms of Nogo 

receptor (NgR) have been identified (NgR1, NgR2 and NgR3) although only NgR1 

has the ability to bind to myelin-associated inhibitors: Nogo-66, myelin-

associated glycoprotein (MAG) and oligodendrocyte-myelin glycoprotein (OMgp) 

(Barton et al., 2003). 

 

 

 

 

 

N 
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Figure 2 | Nogo receptor (NgR) structure. 

NgR is composed by ten leucine-rich repeats (green), a signal peptide (blue) and a 

GPI-stalk (red) composed mainly by prolines, serines and threonines. LRRNT, N-

terminus leucine-rich repeat. LRRCT, C-terminus leucine-rich repeat. 

 

 

Structurally, NgR1 is a glycosylphosphatidylinositol (GPI)-anchored receptor 

that lacks transmembrane and intracellular domains (figure 2). At the N-terminus, 

NgR1 is composed by eight highly conserved leucine-rich repeats (LRR) between 

two cysteine-rich LRR flanking regions: C- and N-terminus (LRRCT and LRRNT, 

respectively) (Wen et al., 2005). This region is required for Nogo-A, MAG and 

OMgp binding to NgR1 (Lauren et al., 2007; Robak et al., 2009). Moreover, Nogo-

66 binding to NgR1 strongly inhibits axon growth and promotes growth cone 

collapse (Fournier et al., 2001). 

The myelin-associated glycoprotein (MAG) is a transmembrane protein 

composed of five immunoglobulin (Ig)-like domains required for association with 

NgR1 and NgR2 (Robak et al., 2009) to mediate axon growth inhibition (Worter et 

al., 2009). Similarly, binding of oligodendrocyte-myelin glycoprotein (OMgp) to 

both LRR and C-terminal LRR (LRRCT) domains of NgR1 strongly inhibits axon 

growth (Wang et al., 2002b). Recently, it has been shown that inhibitory 

properties of both MAG and Nogo-66 are driven by activation of the transforming 

growth factor β (TGFβ) signaling protein Smad2 (Hannila et al., 2013) as Smad2-

depleted neurons are able to regenerate for longer distances and overcome 

myelin inhibition. 

Due to its GPI-nature and absence of cytoplasmic domain, NgR lacks 

intracellular signaling and requires association with co-receptors (figure 3).  

 

 

 

 

LRRNT	

LRRCT	
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Figure 3 | Ligand-receptor interaction in CNS 

regeneration. 

Nogo-receptor 1 (NgR1) is a receptor for myelin 

ligands such as oligodendrocyte-myelin 

glycoprotein (OMgp), myelin-associated 

glycoprotein (MAG) and Nogo-A. As it lacks 

intracellular domains, NgR1 has to associate with 

co-receptors that include p75NTR or Troy and 

Lingo-1, to transduce inhibitory signals. 

 

 

 

The low-affinity neurotrophin receptor p75 (p75NTR) acts as a co-receptor of 

NgR1 to bind to MAG, OMgp and Nogo (Wang et al., 2002a). Moreover, the 

transmembrane protein leucine-rich repeat and Ig domain containing 1 protein 

(LINGO-1) associates with the p75NTR/NgR1 complex to mediate the inhibitory 

activities of myelin proteins (Mi et al., 2004). As upregulation of p75NTR is 

observed in injured neurons (Wang et al., 2002a), enhanced sympathetic 

sprouting and reduced astrocyte activation is observed in p75NTR-deficient mice 

(Walsh et al., 1999; Schachtrup et al., 2015). Ligand binding to p75NTR/LINGO-

1/NgR1 complex increases intracellular calcium, activating Rho-A/ROCK signaling 

which will phosphorylate downstream targets such as CRMP-2 (decreasing 

microtubule polymerization) and cofilin (stabilizing actin) thus promoting axon 

growth inhibition and growth cone collapse (Schwab, 2010; Fujita and Yamashita, 

2014). 

Large transmembrane proteins, like KIAA0319, with extracellular and 

intracellular domains, are structurally similar to receptors with the ability to 

interact with other extracellular proteins and mediate signaling inside the cell. So 

far, the molecules that interact with KIAA0319 to mediate its effect in vitro and in 
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vivo remain to be disclosed. Our results show that KIAA0319 acts as an axonal 

growth/regeneration inhibitor suggesting that it might be responsive to external 

inhibitory molecules. In this sense, KIAA0319L extracellular domain has been 

show to interact (by yeast-two-hybrid) with Nogo-receptor 1 (NgR1) (Poon et al., 

2011a). Given the high homology with KIAA0319, it is likely that NgR1 might also 

interact with the extracellular portion of KIAA0319. 

In this work, we aimed to assess whether inhibitory properties of 

KIAA0319 could be driven by interacting with the Nogo-NgR1 pathway thus acting 

as a NgR1 co-receptor.  
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Results 

Depletion of Kiaa0319 partially releases Nogo-22-mediated neurite 

outgrowth inhibition 

Our previous results show that KIAA0319 overexpression restricts axon growth 

whereas neuronal depletion of Kiaa0319 increases neurite outgrowth. To assess 

whether the inhibitory effect of KIAA0319 could be mediated by interaction with 

Nogo, we produced a short and potent inhibitory form of Nogo-A, Nogo-22 

(Huebner et al., 2011) that comprises the region between the two transmembrane 

domains and the Nogo-66 domain. This isoform has a molecular weight of 22 

kDa (figure 4) and retains the ability to bind to NgR1 with inhibitory properties 

(Huebner et al., 2011). Throughout the purification steps, samples were collected 

to assess the efficiency of purification. As observed in figure 4, Nogo-22 was 

successfully recovered and readily used for in vitro assays. 

 

 

 

 

 

 

 

Figure 4 | Coomassie-stained SDS-PAGE gel showing samples 

from all purification steps of Nogo-22 production.  

(1) uninduced culture, (2) induced culture, (3) cleared lysate, 

(4) insoluble fraction, (5) flow through, (6) washes, (7) eluate, 

(*) asterisk indicate the three observable Nogo-22 bands as 

reported by Alyson Fournier (personal communication). 

 

 

Given the inhibitory role of Nogo in axon growth (Chen et al., 2000) 

together with the interaction of KIAA0319L with NgR1, we assessed whether 

KIAA0319 might restrict axon growth through interaction with Nogo. To test this 

hypothesis, the neurite outgrowth of WT adult DRG neurons (from Thy1-

cre+Kiaa0319+/+ mice) was compared to that of Kiaa0319-depleted neurons 

(isolated from Thy1-cre+Kiaa0319F/F) when grown in the presence of Nogo-22.   

The total neurite growth of WT DRG neurons was inhibited 2-fold in the presence 
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of Nogo-22 (figure 5), thus showing that our Nogo-22 production retained 

inhibitory activity. 

Although the growth of Thy1-cre+Kiaa0319F/F DRG neurons was also 

inhibited by Nogo-22, in the absence of Kiaa0319 a slight but highly statistical 

increase in total neurite length (figure 5A,B) and a modest increase in branching 

were observed (figure 5C).  

 

 

Figure 5 | Depletion of Kiaa0319 promotes axon growth 

(A) Representative photomicrographs of DRG neurons isolated from adult Thy1-cre+Kiaa0319+/+ and 

Thy1-cre+Kiaa0319F/F mice plated on laminin (control) or laminin + Nogo-22 (Nogo-22) and grown 

for 12h. Scale bar, 50 μm. (B) Quantification of the total neurite length of (B). (C) Sholl analysis of 

DRG neurons from Thy1-cre+Kiaa0319+/+ and Thy1-cre+Kiaa0319F/F plated on top of laminin + Nogo-

22. Results are expressed in mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

 

This result suggests that KIAA0319-depleted neurons might be less 

inhibited by Nogo-22, thus raising the possibility that KIAA0319 might interact 

with the Nogo-NgR1 pathway. 

 

Nogo-22 modulates the Smad2 pathway 

It has been recently reported that stimulation of cerebral granule neurons with 

Nogo-22 induces phosphorylation of Smad2 (Hannila et al., 2013). Here we aimed 

to assess whether this pathway is also activated in hippocampal neurons. For 

that, DIV3 hippocampal neurons from NMRI mice were stimulated with Nogo-22 

before lysis (figure 6). Although no differences in phosphorylated Smad2 

(pSMAD2) levels were observed (figure 6A-C), a significant increase in the total 

distance from cell body (µm)

nr
 o

f i
nt

er
se

ct
io

ns

0 10 20 30 40 50 60 70 80 90 10
0

11
0

12
0
13

0
14

0
15

0
16

0
17

0
18

0
19

0
20

0
21

0
22

0
23

0
24

0
25

0
0

5

10

15

20

*
**

Thy1-cre+Kiaa0319+/+

Thy1-cre+Kiaa0319F/F

B A 

C 

N
og

o-
22

Thy1-cre+Kiaa0319+/+ Thy1-cre+Kiaa0319F/F

Co
nt
ro
l

Thy1-cre+

Kiaa0319+/+
Thy1-cre+

Kiaa0319F/F
Thy1-cre+

Kiaa0319+/+
Thy1-cre+

Kiaa0319F/F

0

2000

4000

6000

8000

To
ta

l n
eu

ri
te

 le
ng

ht
 (µ

m
)

***

***

***

Control Nogo-22

****



Chapter 3 

140 

levels of Smad2 was detected (figure 6A,D) suggesting that Nogo-22 modulates 

the Smad2 pathway in hippocampal neurons. 

 

 

Figure 6 | Stimulation of hippocampal neurons with Nogo-22 increases Smad2 levels.  

(A) Western blot analysis of pSmad2, Smad2 and β-actin in hippocampal neurons stimulated with 

control buffer (control) or Nogo-22. (B-D) Quantification of A. Results are expressed as mean ± SEM. 

**p<0.01, ns, non-significant. 

 

To test whether in hippocampal neurons KIAA0319-induced Smad2 

activation is promoted by interaction with Nogo, we generated mice with 

KIAA0319 depletion during early embryonic development. For that, we crossed 

KIAA0319 floxed animals (Kiaa0319F/F) with mice where cre recombinase is 

expressed under the control of the doublecortin promoter (Harris et al., 2014) to 

generate Dcx-cre+-Kiaa0319F/F. In Dcx-cre+-Kiaa0319F/F animals, Kiaa0319 was 

readily depleted in the hippocampus at E17 (2,5-fold decreased expression)  

(figure 7). 

 

 

Figure 7 | Quantification of Kiaa0319 mRNA levels by qPCR in E17 hippocampal neurons of Dcx-cre-

-Kiaa0319F/F and Dcx-cre+-Kiaa0319F/F animals. Results are expressed as mean ± SEM. *p<0.05. 

 

In Dcx-cre--Kiaa0319F/F control hippocampal neurons, an increase in 

pSmad2 levels was observed with Nogo-22 stimulation (figure 8). However, this 

effect was not observed in Dcx-cre+-Kiaa0319F/F (figure 8) supporting that the 

absence of KIAA0319 downregulates Nogo-22 induced Smad2 phosphorylation.  
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Figure 8 | KIAA0319 is involved in Smad2 activation mediated by Nogo. 

(A) Western blot analysis of pSmad2 and Smad2 in Dcx-cre--Kiaa0319F/F and Dcx-cre+-Kiaa0319F/F 

hippocampal neurons treated with Nogo-22 or untreated (control). (B-D) Quantification of (A).  

Results are expressed in mean ± SEM. *p<0.05, ns = non-significant. 

 

This data suggests that Kiaa0319 mediates the activation of the Smad2 

pathway induced by Nogo and reinforces the role of this transmembrane protein 

as a possible Nogo co-receptor, similarly to others previously reported in the 

literature (Wang et al., 2002a; Mi et al., 2004; Park et al., 2005). 
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Discussion 

Our previous results indicate that KIAA0319 acts as an inhibitor of axon 

regeneration. However, the mechanism through which KIAA0319 mediates this 

response in unclear. Due to its large extracellular domain, we hypothesized that 

decrease in axon growth could be triggered by interaction with an extracellular 

signaling molecule. The KIAA0319 homologous protein, KIAA0319-like, was 

shown to interact with NgR1. As Nogo interacts with NgR1/co-receptor complex 

to inhibit neurite outgrowth, we assessed if KIAA0139 could regulate Nogo-

mediated pathways including decreased axon growth and activation of the Smad2 

pathway. When Thy1-cre+Kiaa0319F/F DRG neurons are plated on top of Nogo-22, 

depletion of Kiaa0319 slightly but very significantly released Nogo-22-mediated 

inhibition. In this experimental setup, it is however difficult to uncouple the effect 

of KIAA0319 depletion from a putative interaction with the Nogo-NgR1 pathway, 

as under control conditions Kiaa0319 depleted neurons also display an increased 

neurite outgrowth. The redundancy amongst NgR co-receptors should also be 

considered as a possible cause for the low effect of Nogo in the axon outgrowth 

of KIAA0319 depleted neurons. For example, TROY can replace and compete with 

p75NTR to form a NgR1/LINGO-1 complex, activate RhoA and inhibit neurite 

outgrowth (Shao et al., 2005). This redundancy is also observed for NgR1 and 

NgR3 as both were reported as receptors for chondroitin sulfate proteoglycans 

(Dickendesher et al., 2012). Interestingly, in NgR-/- DRG neurons neurite 

outgrowth is inhibited by Nogo-66 (Zheng et al., 2005). Moreover, the interaction 

between myelin inhibitors and their receptors is also dependent on the temporal 

context: p75NTR is more expressed during embryonic development (with almost no 

expression in the adult) whereas LINGO-1 and NgR1 are widely expressed during 

adulthood (Shao et al., 2005). Of note, Kiaa0319L expression levels in adult DRG 

neurons are barely detectable (data not shown) when comparing to Kiaa0319 

suggesting that no compensatory mechanism is present in this cell type. 

Stimulation of Smad2 signaling by Nogo-22 is associated with poor 

regeneration and neurite outgrowth (Hannila et al., 2013). In hippocampal 

neurons, Nogo-22 resulted in increased levels of Smad2 further supporting that 

this pathway is modulated by Nogo. Given that overexpression of KIAA0319 

potentiates Smad2 phosphorylation, we tested the hypothesis that this increase 

might be associated with an interaction between KIAA0319 and NgR1. As in 

Thy1-cre+Kiaa0319F/F mice, Kiaa0319 is expressed only at a post-natal stage, we 
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generated an alternative mouse model to deplete Kiaa0319 in early embryonic 

development using the doublecortin (Dcx) promoter. In this model, stimulation of 

embryonic hippocampal neurons from control (Dcx-cre--Kiaa0319F/F) animals with 

Nogo-22, led to an increase in Smad2 phosphorylation, in accordance with 

previously described data (Hannila et al., 2013) that was abolished in Kiaa0319-

depleted hippocampal neurons from Dcx-cre+-Kiaa0319F/F mice. The reason why in 

hippocampal neurons from NMRI mice increased total Smad2 levels were induced 

by Nogo treatment whereas in control Dcx-cre-Kiaa0319F/F mice, increased 

phosphorylated Smad2 was obtained is unknown. 

Although we could not directly correlate KIAA0319’s inhibitory effect with 

a direct interaction with NgR1, this crosstalk should certainly be further explored 

in future studies. Alternative KIAA0319 ligands should also be considered. The 

immunoglobulin-like PKD domains (Ibraghimov-Beskrovnaya et al., 2000) of 

KIAA0319 and KIAA0319L are similar to those present in MAG that are required 

for NgR1 binding (Robak et al., 2009). Interestingly, MAG induces cleavage of 

p75NRT to inhibit neurite outgrowth (Domeniconi et al., 2005). KIAA0319 can be 

also cleaved to generate an intracellular domain that is translocated to the 

nucleus (Velayos-Baeza et al., 2010). In this sense, we can hypothesize that a 

similar cleavage might be produced by MAG, or other possible KIAA0319 ligands, 

when interacting with KIAA0319. However, how or whether these interactions 

occur remains to be disclosed. 

In summary, our results reinforce the role of KIAA0319 as a modulator of 

axon growth. Further studies to identify an extracellular ligand that activates 

KIAA0319 need to be performed to clarify KIAA0319’s mechanism of action in the 

process of restricting axon growth. 
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Materials and Methods 

Animals. NMRI mice (8- to 10-week-old) were handled according to European 

Union and National rules, maintained under a 12-h light/dark cycle and fed with 

regular rodent chow and water ad libitum. C57BL/6J-D130043K22Riktm1c(KOMP)Wtsi 

mice carrying an exon 6 floxed Kiaa0319 allele (Kiaa0319-Flx; Kiaa0319F/F) have 

been described elsewhere (Martinez-Garay et al., 2016). To generate a neuron-

specific Kiaa0319 deletion in adult animals, Kiaa0319F/F mice were crossed with 

Slick-H mice (from Dr Guoping Feng, Duke University Medical Center) that co-

express inducible-CreERT2 and YFP under the control of the neuronal Thy1 

promoter (Young et al., 2008). The resulting Thy1-cre+Kiaa0319F/+ mice were 

selected and crossed with Kiaa0319F/+ mice so that Thy1-cre+Kiaa0319F/F mice 

were generated. Recombination was induced by injecting 20 mg/ml of tamoxifen 

for five days starting at post-natal day 21 (P21). Cre-mediated deletion of exon 6 

generates a predicted p.D374VfsX14 effect at the protein level, leading to 

absence of Kiaa0319. Given the neuroprotective effects of tamoxifen (Wakade et 

al., 2008) tamoxifen-treated Thy1-cre+Kiaa0319+/+ littermates were used as 

controls. To generate a neuron-specific KIAA0319 deletion during development, 

KIAA0319F/F mice were crossed to C57BL/6J-Tg(dcx-cre)35MullMmmh mice 

(obtained from the Mutant Mouse Resource &Research Centers supported by NIH- 

MMRRC) where cre recombinase is expressed under the control of the 

doublecortin (Dcx) promoter (Harris et al., 2014). Dcx-cre+-Kiaa0319F/+ mice were 

selected and then crossed with Kiaa0319F/+ mice to generate Dcx-cre+-Kiaa0319F/F 

mice. As controls, Dcx-cre--Kiaa0319F/F mice were used. In all experiments animals 

of either sex were used. 

 

Nogo-22 kDa Protein Production and Purification. Production of the Nogo-22 kDa 

protein, containing residues 950–1192 of mature human Nogo-A, has been 

described previously (Duffy et al., 2009). After induction O/N with 1mM IPTG of 

the bacterial culture, the pellet was washed and lysed in 50mM Tris pH7.5, 

150mM NaCl, 1mM DTT, 1mM PMSF and 2mM EDTA before sonication. 

Glutathione sepharose beads (GE; 17-5132-01) were added to the cleared lysate 

and stacked in a column. Following thrombin cleavage, the slurry was incubated 

with p-aminobenzamidine-agarose beads (Sigma A7155) and the eluate 

concentrated using a 10K cutoff centricon (Millipore). Protein concentration was 

determined using DC protein assay (Bio-Rad). For protein size and purity analysis, 
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concentrated Nogo-22 was separated by SDS-PAGE, and the gel was stained with 

Coomassie Brilliant Blue. For experiments using Nogo-22, PBS was used as 

control buffer. 

 

DRG neuron cultures. DRG neuron cultures were performed following the protocol 

detailed in (Miranda et al., 2011). Briefly, DRG from 8 weeks old Thy1-

cre+Kiaa0319F/F and Thy1-cre+Kiaa0319+/+ mice were collected, digested with 

0.125% collagenase IV-S, triturated and centrifuged in a 15% BSA gradient. DRG 

neurons were plated on poly-L-lysine (20 µg/mL)/laminin (0.75 μg/well) coated 

coverslips with or without 15 μg of Nogo-22/well (in 24-well plates) and grown 

for 12 hours in DMEM:F12 supplemented with 1x B27, 1% penicillin/streptomycin, 

2 mM L-glutamine and 50 ng/mL NGF. Neurons were fixed with 2% 

paraformaldehyde and βIII-tubulin was detected by immunofluorescence (1:2000; 

Promega). At least 100 YFP-positive neurons per condition were traced. Scholl 

analysis was performed using Synapse Detector (SynD) software (Schmitz et al., 

2011) where the mean total neurite length and branching were determined from 

the analysis of each individual neuron image. Using SynD, the number of 

processes crossing concentric circles centered at the cell body, with radiuses of 

consecutive multiples of 10 μm, was quantified. 

 

Hippocampal neuron cultures. Hippocampal neuron cultures were performed as 

described (Kaech and Banker, 2006). Briefly, NMRI or Dcx-cre--Kiaa0319F/F and 

Dcx-cre+-Kiaa0319F/F E17 embryos were dissected and hippocampi digested in 

0.06% trypsin (Sigma, T4799) and triturated. Cells were plated at 200,000 

cells/well in 24-well plates containing pre-coated glass cover slips treated with 

20μg/mL poly-L-lysine (Sigma, P2636), and cultured in Neurobasal medium 

(Invitrogen) supplemented with 1x B27 (Gibco), 1% penicillin/streptomycin (Gibco) 

and 2 mM L-glutamine (Gibco) for 72 h. Before lysis, hippocampal neurons were 

stimulated with 15 μg/well of Nogo-22 for 30 min at 37ºC. 

 

Western blotting. Protein lysates from transfected CAD cells and hippocampal 

neurons (25 to 50 μg/lane) were separated on 12% SDS-PAGE gels and transferred 

to nitrocellulose membranes, blocked in 5% non-fat dried milk and incubated with 

rabbit anti-phospho-Smad2 (Ser465/467) (1:1000), rabbit anti-Smad2 (1:1000), 

and mouse anti-β-actin, (1:5000 Sigma). Secondary antibodies were: donkey anti-

mouse IgG or donkey anti-rabbit IgG conjugated with HRP, 1:5000 (all from 
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Jackson Immunoresearch Europe). Membranes were developed using Luminata 

Crescendo Western HRP substrate (Millipore) and chemiluminescence was 

analyzed by exposure to Fuji Medical X-Ray Film (Fujifilm Europe GmbH). For each 

condition analyzed all lanes correspond to different samples run on the same gel. 

 

RNA extraction, reverse transcription PCR and quantitative real-time PCR. RNA 

from Dcx-cre--Kiaa0319F/F and Dcx-cre+-Kiaa0319F/F E17 hippocampi (n = 4 of each 

genotype) was extracted using NZY Total RNA Isolation Kit (NZY Tech). RNA 

concentration and purity was determined by NanoDrop® spectrophotometry, and 

integrity was assessed using BioRad’s Experion RNA chip. cDNA synthesis was 

performed with the SuperScript™ First-Strand Synthesis System for RT-PCR 

(Invitrogen). Quantitative real-time PCR (qRT-PCR) was done with the iQ™ 

SybrGreen Supermix Kit (Biorad) using specific primers designed with Biorad 

Beacon designer software for β-actin (5’- TATGCTCTCCCTCACGCCATCC-3’, 

forward and 5’- TGTCACGCACGATTTCCCTCTC-3’, reverse) and Kiaa0319 (5’-

CCAGTAGACTTCCAAGGT-3’, in exon 6, forward, and 5’-CCACTCTGAAG 

GCATAGA-3’, in exon 7, reverse, for amplification of a 91bp fragment). All 

samples were run in triplicate, qPCR analysis was performed with BioRad’s iQ5 

2.1 software and quantification was done using the 2-ΔΔCt (Livak) method (Livak 

and Schmittgen, 2001). 

 

Statistics. Data are shown as mean ± SEM. For single comparisons, Student’s t 

test was used and for multiple comparisons, one-way ANOVA was chosen 

followed by Tukey’s or Bonferroni’s correction using Prism (GraphPad Software). 

When p<0.05, data were considered statistically significant.  
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General conclusions and future perspectives 

The differences in axonal regeneration that are found in the peripheral and 

central nervous system are associated with both intrinsic and extrinsic factors: 

whereas peripheral nervous system (PNS) axonal regrowth is favored by the 

establishment of a permissive environment and increased intrinsic regenerative 

capacity, regeneration of central nervous system (CNS) axons does not benefit 

from these factors. However, although PNS axons regenerate, the mechanisms 

and molecules needed for optimal axon growth remain to be fully disclosed. 

Our work identified several genes with unknown function normally 

expressed in the PNS and CNS. Many of these genes were specifically expressed 

in neurons and were differentially regulated following injury suggesting that they 

might regulate axon growth and regeneration. Further analyses will be needed in 

the future to clarify their relevance to neuron biology. 

In our screening, we identified KIAA0319, a transmembrane protein 

associated with dyslexia, as a candidate gene regulating axon growth and 

regeneration. Although disruption of KIAA0319 affects neuronal migration, no 

function for this gene has been assigned outside the brain. Our work provides 

evidence that KIAA0319 is also expressed in the spinal cord and dorsal root 

ganglion. Interestingly, KIAA0319 overexpression decreases axon length and 

impairs axon regeneration suggesting a role in both development and in 

adulthood. We describe that the molecular mechanism through which KIAA0319 

inhibits axon growth is triggered by its intracellular domain and involves SH2B1β 

and JAK2. As SH2B1β associates with TrkA to promote axon growth, it will be 

interesting to determine how its interaction with KIAA0319 results in the 

opposite effect. Although we disclose the intracellular cascade triggered by 

KIAA0319, possible extracellular triggers of its activation remain to be identified. 

Due to its large extracellular domain, it is likely that KIAA0319 interacts with 

inhibitory ligands to impair axon growth and regeneration. Here we specifically 

explored the possibility that KIAA0319 might participate in the Nogo-Nogo 

receptor pathway. The results we obtained support this hypothesis but additional 

data is certainly required, demonstrating directly the interaction of Nogo receptor 

with KIAA0319. The search of additional possible ligands of the KIAA0319 

domain should also be explored. 

KIAA0319 engages several intracellular events that require further 

clarification in the context of axon growth inhibition. Clathrin-mediated 
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internalization and recycling of KIAA0319 was described to occur through the 

conserved motif YXXL located in the cytoplasmic domain where residue Tyr995 

lies (Levecque et al., 2009). Our results show that blocking tyrosyl 

phosphorylation of this residue strongly reduces the inhibitory action of 

KIAA0319. This could be result of two different mechanisms: first, 

phosphorylation of this residue might be a recognition site for docking molecules 

that trigger inhibition (thus released with residue mutation); second, mutation of 

this residue by impairing receptor internalization might be disrupting KIAA0319 

activation. The mechanism through which Tyr995 interferes with KIAA0319 

activity should be further explored in the future. Intriguing facts arise from the 

observation that KIAA0319 can be cleaved in a gamma-secretase independent 

manner and give rise to small fragments of the cytosolic domain that translocate 

to the nucleus (Velayos-Baeza et al., 2010). It is interesting to see that the same 

phenomena occurs with CD44 (a marker for cancer stem cells) where a 

intracellular domain (ICD) fragment generated by ectodomain shedding of the 

cytosolic tail can act as a transcription factor (Zoller, 2011). Similarly, p75NTR ICD 

is required at the nuclear pore complex to promote Smad2 signaling (Schachtrup 

et al., 2015). As the mutant lacking the cytosolic domain of KIAA0319 does not 

inhibit neurite outgrowth and abolishes Smad2 phosphorylation we can 

hypothesize that the generation of an ICD is impaired, thus releasing the 

inhibition. With this in mind, multiple questions may arise: (1) what proteases 

cleave KIAA0319? (2) Does the intracellular domain of KIAA0319 act as a 

transcription factor? (3) What transcripts does it activate? Answers for these 

questions will help to understand how KIAA0319 inhibits neurite outgrowth. 

Endocytic processing and proteolytic cleavage of receptors are also important 

events in the context of axon guidance proteins, such as DCC or Eph receptor 

[reviewed in Bashaw and Klein (2010)].  The possible action of KIAA0319 as a 

axon guidance protein during development should be further explored. As such, 

it would be interesting to assess if (and how) KIAA0319 modulates growth cone 

turning in the presence of attractant or repulsive guidance cues and clarify a 

putative dual role of KIAA0319 during neuronal migration and regeneration. 

 

Our work also identified other genes as potential candidates in modulating 

axon growth including Consortin and N28178 that is strongly expressed in dorsal 

root ganglion neurons. Further assessment of their biological function in neurons 

would be valuable. 
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In conclusion, we contributed to disclose molecules and mechanisms 

involved in the complex regulation of axon growth and regeneration. As our work 

also unravels the function of KIAA0319 in the nervous system, it will significantly 

impact in further studies for understanding how abnormal neuronal growth and 

migration can be associated with dyslexia. 
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