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Summary 

Unlike peripheral nervous system (PNS), the adult mammalian central nervous system (CNS) has 

limited ability to regenerate after injury.  Several factors are known to either promote or inhibit 

axonal regeneration. In this work, we used phylogenetic profiling to determine whether neuronal 

regeneration is an evolutionarily conserved process or not. We utilized PrePhyloPro database to 

find the correlation and similarity in phylogenetic profiles of 13 genes that are known to be 

involved in either promoting or inhibiting axonal regeneration. Although axonal regeneration does 

not seem to be evolutionarily conserved, clusters of potentially linked genes were identified. 

EPHNB3, SEMA3A, SEMA4D, STAT3 and SOCS3 and MAG showing a high degree of 

correlation in their phylogenetic profiles. The whole proteome analysis of the phylogenetic profiles 

identified candidate genes that might interact with the reference genes, based on the clustering of 

the factors and the high degree of correlation with the phylogenetic profiles of the reference genes. 

These functional linkage between reference and candidate genes suggests involvement in axonal 

regeneration. 
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Introduction 

The central nervous system (CNS) injuries including the spinal cord and brain  are the 

major health problems in the world (1). As many as 500,000 people around the world suffer from 

spinal cord injury each year. These people are 2 to 5 times more vulnerable to die prematurely (2; 

3). According to the World Health Organization (WHO), traumatic brain injury (TBI) will be the 

major cause of death and disability by the year 2020 (4). More than 2 million people per year suffer 

from traumatic brain injuries in US (1). Over 500,000 people suffer from stroke and at least 10,000 

people suffer from spinal cord injury annually (1). According to United States Centers for Disease 

Control and Prevention (CDC), 50,000 people die from TBI each year and 85,000 people live with 

long-term disability (5).  

Injury to the adult central nervous system is highly destructive because central neurons are 

unable to spontaneously regenerate after injury. (6; 7). Two main obstacles exist for CNS 

regeneration: myelin-associated inhibitors and glial scar formation (6; 8). The glial scar which acts 

as a physical barrier to growth is formed by astrocytes after injury. It contains inhibitory molecules 

that prevent axon growth. The main inhibitory molecules found in glial scar are chondroitin sulfate 

proteoglycans (CSPGs). These molecules are upregulated by astrocytes after injury. They both 

bind to the membrane and are secreted to extracellular space. However, it is no receptor identified 

yet for them (6). Myelin-associated inhibitors are proteins expressed by oligodendrocytes and are 

distributed in the myelin (8).The most important myelin-associated inhibitors included: Nogo-A, 

myelin-associated glycoprotein (MAG) and oligodendrocyte myelin glycoprotein (OMgp). All 

these three bind to an axonal Nogo 66 receptor (NgR) (6; 8). There are also shows affinity to paired 
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immunoglobulin-like receptor B (PirB) (9). We can also name Ephrin B3 and Semaphorin 4D 

(SEMA4D) as myelin-associated inhibitors (10; 11). Administration of Semaphorin 3A 

(SEMA3A) inhibitor to rat’s injured spinal cord also shows enhancing regenerative responses and 

functional recovery suggesting the role of SEMA3A in an axon regeneration inhibition (12). 

Axon regeneration in the peripheral nervous system 

In contrast to CNS, axons in peripheral nervous system readily regenerate after injury. 

Proximal portion of the axon forms buds that regenerate and re-innervate their distal targets. After 

injury, the debris is removed by glial cells and macrophages clearing the path for growing axons. 

In the meantime, the distal portion of the axons undergoes Wallerian degeneration that includes 

myelin and axons degeneration but not endoneurium. The endoneurium will later serve as a duct 

to direct axons to their correct target (6; 13). 

After nerve injury, numerous regeneration-associated genes (RAGs) are upregulated. 

These include Activating transcription factor 3 (ATF3), signal transducer and activator 

transcription 3 (STAT3), SRY-box containing gene 11 (SOX11), growth-association protein 43 

(GAP43) and c-Jun (6; 14). 

  The absence of Nogo and rapid clearance of MAG by macrophage can lead to successful 

axon regeneration in the peripheral nervous system (PNS). Myelin-associated inhibitors are 

proteins expressed by oligodendrocytes and are distributed in the myelin (8). Moreover, Schwann 

cells down regulate all myelin proteins after injury. This can also be a factor for different 

regeneration capacity between CNS and PNS (8). Another important factor in CNS regeneration 

failure is that CNS neurons do not upregulate growth-associated genes in the same way as PNS 

neurons. Therefore, even in the absence of inhibitors, CNS regeneration is limited (6). 
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Generally, we categorized genes that associated with regeneration in two groups: 1- Genes 

inhibiting regeneration 2-Genes promoting regeneration. Here, we briefly discuss these genes and 

product and their association with regeneration. 

Genes inhibiting regeneration 

Nogo-A 

Nogo-A is an isoform of Nogo or reticulon-4 protein and is known as neurite outgrowth 

inhibitor. It is expressed in oligodendrocytes, neocortical neurons, cerebellum, spinal motor 

neurons, optic nerves, dorsal root ganglion (DRG) neurons, dentate gyrus, amygdala, thalamus, 

hypothalamic nuclei and etc. Nogo-A is a membrane protein of 1163 amino acids and ~ 190-250 

kDa. It has two inhibitory domains: A 66-amino acid domain which expressed on the surface of 

oligodendrocytes inhibit axon outgrowth through interaction with NgR. The other adjacent 24 

amino acids sequence which is not inhibitory itself facilitates binding of Nogo-66 to NgR. It has a 

specific N-terminal domain which is known to inhibit neurite outgrowth and fibroblast spreading. 

Nogo-A has seven N-glycosylation sites and multiple potential O-glycosylation sites (15-17). 

Two intracellular signaling pathways are linked to Nogo: calcium and Rho-A/Rho kinase 

(ROCK) pathway. Blocking each of these pathways resulted in inhibition of myelin- or Nogo-

induced growth inhibition. Myelin inhibitors trigger growth cone collapse and growth inhibition 

via RhoA activation and Rac inactivation. The growth cone is a specialized structure at the distal 

end of neurite that is associated with axonal development and regeneration. This conical expansion 

actively extends and retracts during neurite outgrowth and axon pathfinding. The inhibitory effect 

of myelin is modulated through modulating RhoA activation by protein kinase C (PKC). PKC 

modulates RhoA activation in a calcium-dependent manner.  Another mechanism underlying the 
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role of calcium in neuronal growth and nogo-induced inhibition is that myelin inhibitors binding 

to NgR1 trigger phosphorylation of epidermal growth factor receptor (EGFR) in a calcium-

dependent manner. Moreover, cytoplasmic Ca2+ regulates neurite elongation and motility of 

growth cone by regulating cytoskeletal structure (15; 18-21).  

It is shown that genetic deletion of Nogo-A promotes raphespinal and corticospinal tract 

growth. Using antibodies against Nogo-A caused dorsal root ganglion neurites to grow on myelin 

and CNS. Nogo-A knockout resulted in moderate enhancement in regenerative sprouting and 

elongation. Generally, gene deletion or neutralization of NogoA and blockade of NgR or 

downstream messenger ROCK and Rho increased regenerative sprouting and functional recovery. 

In addition to the role in inhibiting neuronal regeneration, it is suggested that Nogo-A may have a 

role in tumor development and regulating apoptosis (22; 23). 

Myelin-associated glycoprotein  

Myelin-associated glycoprotein (MAG) is a transmembrane protein belongs to the 

immunoglobulin superfamily. MAG is a sialic acid-binding protein. It is expressed by glia in the 

peripheral and CNS nerves. MAG has two isoforms: L-MAG which is formed early in 

development and exist in considerable amounts in adult CNS nerves. L-MAG is moderately 

expressed in peripheral nerves during development and is almost absent in the adult. The other 

isoform S-MAG is the abundant form in the adult PNS but not in adult human CNS (16). 

MAG has a role in formation and maintenance of myelin sheaths and is found in both CNS 

and peripheral myelin. It is known as a potent inhibitor of axonal regeneration. It seems that MAG 

is a bifunctional regulator of axon growth, therefore in addition to the inhibitory role in neurite 
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outgrowth, it has role in promoting neurite extension depending on the age and type of neurons 

(24; 25). 

Lee et al. showed that MAG deletion resulted in increasing sprouting of serotonergic axons while 

reducing sprouting in CST (26). Wong et al. indicated that in situ inactivation of MAG in chick 

retinal optic nerve increases the optic nerve regeneration (27). 

Oligodendrocyte myelin glycoprotein 

Oligodendrocyte myelin glycoprotein (OMgp) is a glycosyl phosphatidylinositol (GPI)-

linked protein with 440 amino acids long and ~ 110-120 kDa molecular weight.  OMgp is 

expressed by oligodendrocytes and neurons in CNS. OMgp is mainly found in purkinje cells of 

the cerebellum, motor neurons of brainstem and pyramidal cells of hippocampus. It is also found 

in PNS (16). 

The expression of OMgp is extensively increased following spinal cord injury. OMgp is known to 

involve in growth cone collapse and inhibition of neurite outgrowth. It contains a leucine-rich 

repeat domain which is needed for its function. OMgp is also suggested to play a role in formation 

and maintenance of myelin sheaths as well as regulation of cell proliferation. OMgp is the minor 

component of myelin and is localized predominantly in paranodal loops, next to the node of 

Ranvier (8; 28). 

Nogo receptor 

The Nogo receptor (NgR) is a common receptor for at least three myelin-associated 

inhibitors Nogo, MAG and OMgp. NgR is a GPI-linked protein with 473 amino acids in length 

and ~85kDa molecular weight. It contains a series of leucine-rich repeats (LRRs) followed by C-

terminal sequence. Nogo receptor is found in neocortex, amygdala, thalamus, hippocampus, 
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substantia nigra and caudate putamen. NgR is also presented in non-neuronal cells including 

macrophages, fibroblasts, glioma cells and some human immune cells. Since Nogo receptor is a 

GPI-linked protein it is unable to transduce the signal across the membrane, therefore, requires co-

receptor. NgR is often assembled in a heterotrimeric complex composed of p75, Leucine-rich 

repeat and Immunoglobin-like domain-containing nogo receptor-interacting protein (LINGO-1) 

and TROY (16; 29). 

The Nogo receptor mediates growth cone collapse and inhibit axon regeneration by 

interacting with Nogo, MAG and OMgp. NgR antagonist NEP-40 treatment resulted in sprouting 

of serotonergic fibers and enhancement of axonal growth in corticospinal tract. Moreover, 

blocking NgR was shown to increase raphespinal and corticospinal axonal sprouting into lumbar 

spinal cord after spinal cord injury. Using neutralizing NgR antibody was also indicated that NgR 

has a role in neurite outgrowth inhibition (30; 31). 

 

Phosphatase and testin homolog 

Phosphatase and testin homolog (PTEN) is a dual specificity phosphatase that have both 

lipid phosphatase and protein phosphatase activity. PTEN is the tumor suppressor which 

inactivated by gene deletion or mutation in almost all cancers (32). PTEN protein contains 3 parts: 

1- C-terminal C2 domain 2- 50 aminoacid C-terminal tail containing PDZ binding motif and CK2 

phosphorylation sites 3- N-terminal phosphatase catalytic domain (33). 
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Suppressor of cytokine signaling-3 

Suppressor of cytokine signaling 3 (SOCS3) is a member of SOCS family which is known 

as a negative regulator of Janus kinase/signal transducer and activators of transcription 

(JAK/STAT). SOCS3 protein like other members of family contains a short C-terminal, a central 

SH2 domain, SOCS box and N-terminal domain. SOCS3 binds the JAKs and directly inhibiting 

their kinase activity (34). 

SOCS3 deletion in adult retinal ganglion cells promotes injured optic nerve to regenerate. 

This regeneration-promoting effect was shown to be glycoprotein 130 (gp 130) - dependent 

pathway. Consistently, it was demonstrated that deletion of SOCS3 and PTEN could be a 

synergically strategy to promote robust axonal regeneration. SOCS3 deletion by activation of 

STAT3 pathway and PTEN deletion by activation of mTOR pathway could consider as distinctive 

but complementary arms of regenerative program (35-37). 

 

Ephrin B3 

Ephrin B3 is a member of ephrin family which is known to involve in brain development. 

EPH family has an important role in the migration of specific populations of cells in developing 

and adult brain. The EPH and EPH-related receptors contain the largest family of receptor protein 

tyrosine kinases (38; 39).  

Eprin-B3 is a member of transmembrane ephrin B family that binds to the EphA4 receptor 

on axons of the corticospinal tract. It is shown to negatively regulate cell proliferation and 

apoptosis in the adult subventricular zone. Ephrin B3 also regulates synapse and spine formation 

in cortex and hippocampus. Benson et al. proposed ephrin B3 as a myelin-based inhibitor of neurite 
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outgrowth indicating that ephrin B3/EphA4 is active in myelin inhibition, regeneration and 

functional recovery after spinal cord injury (10; 40). 

Myelin-associated glycoprotein which is a member of immunoglobulin super family is 

found in both CNS and PNS. MAG seems to be bifunctional. It promotes regeneration in young 

neurons while inhibiting regeneration in adult neurons. In vitro evidence shows that MAG inhibits 

neurite outgrowth. However, genetic deletion of MAG shows no observable regeneration in 

corticospinal tract after injury in mice (6; 8). 

Oligodendrocyte myelin glycoprotein is a glycosylphosphatidyl inositol (GPI)-linked 

protein which is expressed in both PNS and CNS.  It interacts with NgR1 and PirB through 

interaction via leucine-reach repeat resulting neurite growth inhibition (6; 8; 41). 

Semaphorin 4D 

Semaphorin 4D (SEMA4D), also known as CD100, is a member of class IV membrane-

bound proteins semaphorins. It is first identified in the immune system that has a role in activation 

of B cells and T cells. SEMA4D has two known receptors: Plexin-B1 and CD72. Plexin-B1 with 

high-affinity for SEMA4D, is expressed at a very low level in the adult brain. CD72, another 

SEMA4D receptor with lower affinity, which originally recognized in the immune system, 

expressed widely in adult CNS suggesting an inhibitory activity of SEMA4D in the adult CNS 

(11; 42). 

Moreau-Fauvarque, C. et al. indicated that SEMA4D is expressed by myelin and 

oligodendrocytes in the CNS and is upregulated during myelination period or after spinal cord 

injury near the site of lesion. They suggest SEMA4D as an inhibitory factor for axonal growth and 

regeneration but the exact mechanism is still unknown (11).  
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Recently, it was found that miR-125b, a microRNAs (miRNAs) that conserved between 

Mexican axolotl salamander (Ambystoma mexicanum) and mammals is essential for axonal 

regeneration and functional recovery in axolotls (43). MiR-125b mediates its action through direct 

downstream target SEMA4D. Increasing the miR-125 in mammal downregulated SEMA4D and 

other glial-scar-related genes, therefore promoting regeneration and enhancing functional recovery 

(43). Consistently, it is indicated that knockdown of SEMA4D in oligodendrocytes improves 

functional recovery after spinal cord injury (44). 

Semaphorin 3A 

Semaphorin 3A belongs to the class III semaphorins and is known for its repulsive signals 

and apoptotic activities. SEMA3A is expressed in cranial and spinal motor neurons, neurons of the 

amygdala and subiculum, entorhinal cortex stellate cells and olfactory bulb mitral cells (42). In the 

intact adult brain, SEMA3A is not detectable in glial cells but expressed at low level in the lepto-

meningeal sheet. The expression of SEMA3A in peripheral and central lesions of motor neurons 

is in opposite way. SEMA3A expression is decreased in motor neurons after peripheral nerve 

lesion while it is upregulated after central nerve lesion (42). 

Administration of SM-216289, a selective inhibitor of SEMA3A, into lesion site of 

transected spinal cord of adult rat results in increasing level of regeneration and /or preservation 

of injured neurons, decreasing apoptotic cell number, robust Schwann cell-mediated myelination 

and improvement in functional recovery. These results demonstrate the important role of SEMA3A 

as a regeneration inhibitor (12).  Consistently, it is shown that immediate injection of SEMA3A to 

goldfish eye after nerve injury interferes with several pathways of regeneration including axon 

growth, retinal ganglion cells survival and myelin debris clearance (45).   
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Genes promoting regeneration 

Activating transcription factor-3 

Activating transcription factor 3 is a member of ATF/cyclic AMP-responsive element 

binding (CREB) family of transcription factors. It is characterized by a basic region leucine zipper 

(bZip) motif which has a role in binding to ATF/CRE promoter DNA sequence. This region is also 

necessary to form homo- and hetero-dimer with other bZip protein to regulate transcription. ATF-

3 regulates transcription by binding to DNA sites with Jun proteins. It activates transcription if 

form heterodimer and repress it if form homodimer (46; 47). 

ATF-3 is expressed in axotomized neurons. It is upregulated in neurons projecting to 

injured peripheral nerves. It is also upregulated in some types of CNS neurons after injury. For 

example, in the retina, expression of ATF-3 is linked linearly to the degree of axonal injury. Retinal 

ganglion cells have a greater capacity for axonal regeneration than other CNS neurons. ATF-3 

expression in neurons and glia are at a very low level but it is increased rapidly following injury. 

ATF-3 was upregulated by glia where axons are regenerated while it is upregulated at low level 

where axons are not regenerated. It is suggested that the contribution of ATF-3 in nerve 

regeneration is due to enhancing the growth state of injured neurons (47; 48). 

The transcription factors are essential for axonal regeneration as many genes have to be 

regulated to regrow the axons. ATF-3 down-regulates fibronectine, which is produced by Schwann 

cells and induces neurite outgrowth. Heat shock protein 27 (Hsp27), c-jun, small proline-rich 

protein 1A (SPRR1A), and damage-induced neuronal endopeptidase (DINE) are upregulated by 

ATF-3. The first two are associated with axonal regeneration, the next has role in promoting 

neurite outgrowth and the last in sprouting of motor axons (47; 49). 
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Signal transducer and activator transcription 3 

Signal transducer and activator transcription 3 (STAT-3) belongs to STAT family of 

transcription factors. The 92-kDa protein is consist of 770 amino acid. It comprised of C-terminal 

transactivation domain, SH2 domain, a linker, DNA-binding domain and N-terminal coiled-coil 

domain. STAT-3 is activated through phosphorylation of tyrosine 705 and serine 727 at C-terminal 

domain (50; 51). STAT-3 is known to have role in regeneration after spinal cord and peripheral 

nerve injury. It is shown that spinal cord injury or axotomy stimulates phosphorylation of STAT-

3. Elevation of P-STAT-3 promotes regeneration. STAT-3 also is known to have role in 

neuroprotection after ischemic brain injury. It also has role in development of nervous system. 

STAT-3 is suggested to have dual role in regeneration after spinal cord injury. STAT-3 is known 

to be important for development of glial cells and therefore may contribute to glial scar. As glial 

scar is a physical barrier for regeneration, STAT-3 deletion in astrocytes may be a plausible way 

to protect neurons (50).  

SRY-box containing gene 11 

SRY (sex determining region Y)-box 11 (SOX11) is a member of transcription factor SRY-

box family that all contain a DNA-binding high mobility group (HMG) domain and protein 

specific domains that involve in activation and repression of gene transcription (52; 53). 

SOX11 is a transcriptional activator that is highly expressed in embryonic CNS and PNS during 

axon growth. In PNS, SOX11 significantly expressed in developing trigeminal and dorsal root 

ganglia. SOX11 is known to be involved in neuron survival and neurite outgrowth. It is 

demonstrated that the level of SOX11 expression is enhanced following peripheral but not central 

nerve injury. SOX11 knockdown results in reduction of regeneration capacity. It is shown that 
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expression of ATF3 is decreased by SOX11 knockdown suggesting that the interaction of SOX11 

with ATF3 may involve in axon growth and regeneration (52; 53).  

Recently, Wang et al. demonstrated the effect of SOX11 overexpression in CNS. They 

found that overexpression of SOX11 induced regenerative axon growth and sprouting in 

corticospinal tract while reducing forelimb dexterity. The reason for this negative correlation 

between increased CST sprouting and functional recovery is not yet clear but it may be because of 

formation or maintenance of erroneous connections in absence of activity-dependent mechanisms.  

(54).   

Growth-associated protein 43 

Growth-associated protein 43 (GAP43) is a growth cone protein that expressed in neurons 

especially during axonal elongation. GAP43 is a strictly conserved protein among vertebrates. The 

primary structure of GAP43 has two conserved domains with high degree of homology in 

vertebrates. The first domain is the N-terminal tail that is tightly bound to cytoplasmic face of 

nerve terminal. A second domain is a calmodulin binding region. In vivo, GAP43 mainly exists in 

presynaptic terminals and sometimes at very low level in dendrites (55; 56). 

GAP43 is upregulated during PNS regeneration and also during the primary development 

of CNS projection. It plays an important role in control of axon growth and modulating formation 

of new projections. Although neurons in CNS and PNS have different characteristics relating to 

regeneration, GAP43 expression in the growth state is generally the same in both nervous systems. 

In CNS, GAP43 becomes detectable in neurons after final cell division [34]. 

The expression of GAP43 is at the highest level during the first two postnatal weeks that synapse 

formation and axon terminal branching occurs. In PNS, GAP43 is detectable after final cell 
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division and exists along the length of axon and their terminals at high level until postnatal day 4. 

Likewise the development, during regrowth of injured neurons in PNS, GAP43 is upregulated 

(57). 

Blocking GAP43 result in reduction of growth cone formation. Overexpression of GAP43 

stimulates nerve sprouting in adult nervous system and the blocking result in inability in sprout-

promoting activity. In adult rat retinal ganglion cells, it is demonstrated that expression of GAP43 

is increased after injury and this can enhance the injured CNS neurons potential to regenerate (58; 

59). 

C-jun 

The basic leucine zipper protein c-jun is the primary component of transcription factor AP-

1. It is the cellular homolog of transforming oncogene of the avian sarcoma virus 17 (v-jun) and 

encodes a 39kDa nuclear phosphoprotein. It activates through N-terminal phosphorylation of Ser-

63 and -73 residues by JNK. However, some actions are phosphorylation-independent (60-62).  

C-jun is an important regulator of axonal response and produced immediately after nerve injury. 

It expressed at high level during peripheral regenerative process. C-jun activation in Schwan cells 

regulates Wallerian degeneration and control transdifferentiation of myelin and non-myelinated 

Schwan cells to repair cells (63; 64). 

C-jun is essential for neuronal regeneration and survival. It acts as negative regulator of 

myelination in Schwan cells so that its expression is at low level when the myelination is started. 

In the absence of c-jun, specifically in Schwan cells, the neuronal regeneration is impaired and the 

neuronal death is enhanced.  The absence of c-jun resulted in impairment of perineuronal 

sprouting, lymphocyte recruitment and microglial activation. A suggested mechanism for this 
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effect is that c-jun deficiency resulted in decreased expression of CD44 and galanin that are known 

to be involved in regeneration (60; 63-65). 

Objective and significance of the present study 

Assessing the molecular mechanisms inhibiting the axon regeneration can help us in 

development of therapeutics to promote recovery after axonal injury. Due to devastating effect of 

CNS injuries on both injured people and public, it is very important to explore the molecular 

mechanisms of axon regeneration. To gain further insight into this, it is necessary to find genes 

and proteins involved in neuronal regeneration or inhibition. In this project, we use phylogenetic 

profiling to find new genes that may be involved in neuronal regeneration. 

Phylogenetic profiling 

The exponentially increasing number of sequenced genomes, using experimental 

techniques to find protein functional linkage is costly and time-consuming. Therefore, 

computational methods is needed to help the experimental methods. Several computational 

methods are developed to predict the functional linkage between proteins based on the co-

occurrence patterns.  

Phylogenetic profiling is a bioinformatics technique to identify co-occurrence between a 

set of genes or proteins across a large number of species. In other words, in this method the 

evolutionary co-occurrence pattern is used to find the functionally related proteins. The 

phylogenetic profiling methods are based on the assumption that co-evolve pattern, co-absence 

and co-presence of genes or protein across organisms is the result of functionally-dependence of 

the proteins (66). 
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Phylogenetic profiling compares genome sequences across different species. In the 

simplest form, it is dual marking of absence or presence of a given protein across a set of organism. 

This can be for example showing by 0 for absence of a gene or protein and 1 for its presence. This 

profile then will be compared with other genes or proteins to find out if these genes or proteins 

cooperate in same cellular system (67). Many studies successfully used this technique to find 

unknown new members of protein complexes. 

The efficiency of phylogenetic profiling depends on four factors: 1) The ability to detect 

proper homologs in a set of genomes. 2) The method used to represent the phylogenetic distribution 

of a protein family profile. 3) Selecting the target species: the increasing number of species 

enhances the accuracy of prediction. 4) Using the appropriate method to score and compare a 

match between phylogenetic profiles. These methods could be Jaccard coefficients, statistical 

measures, simple distance measures and mutual information content (67). 

Phylogenetic profiling can help us in identifying genes or proteins that are function in same 

cellular system. This approach is based on the hypothesis that genes work together in the same 

cellular system are gained and lost together during evolution. This technique is also used for 

inferring biological roles of unknown proteins (66-68) 

The purpose of this study was to identify novel genes or new pathways potentially involved 

in axonal regeneration. Our hypothesis was that the factors involved in promoting or inhibiting 

axonal regeneration are likely to have evolved together. We used phylogenetic profiling to test this 

hypothesis. Examining the phylogenetic profile of genes involved in regeneration can further help 

us to propose novel genes and mechanisms involved in axonal regeneration. 
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PrePhyloPro 

PrePhyloPro is a user-friendly web-based software to predict whole genomic linkage. The 

database is a collection of whole genome protein sequences of 276 eukaryotic, 614 bacterial and 

82 archaeal species. It is included at least one species in every known Class or Phylum. It also 

contains mitochondrial and chloroplast proteins. The protein sequences and annotation 

information from 972 species were retrieved from the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) database. 20,127 human proteins sequences compared with the selected species using 

BLASTP (69). 

The phylogenetic profiling method is named “Top” which is the combination of Pearson 

correlation coefficient (ranging from -1 to 1, threshold θC) and Jaccard similarities (ranging from 

0 to 1, threshold θJ). The “Top” method uses co-occurrence pattern to detect linkage. A 

phylogenetic tree is also applied displaying model-based method. The phylogenetic tree is created 

based on small ribosomal RNA (16S/18S) sequences retrieving from SILVA database. 

PrePhyloPro has three steps to obtain prediction result. The first step which is choosing 

algorithm parameters includes top number threshold, BLAST E-value threshold and the reference 

organisms. The top number is the number of linkage corresponding to each queried protein. For 

BLAST E-value threshold three options (0.001, 0.0005, and 0.0001) are available. The smaller top 

number and BLAST E-value get more reliable but less number of linkage. The second step is 

setting the size of protein names. The third step is uploading a table of query genes in “txt” or 

“csv” format. The gene ID is retrieved from the “input gene list”. The cyan color is set for genes 

that promote neuronal regeneration and the violet color is set for inhibitors of neuronal 

regeneration. In all processes of obtaining phylogenetic profiling using PrePhyloPro, we set 

linkage number = 100, Blast Value = 0.0001 and Homo sapiens for reference organism. 
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Methods 

To understand the exact mechanism of regeneration we need to study both promotors and 

inhibitors. Thus, we choose two sets of genes: First, the regeneration associated genes including: 

ATF-3 (48), STAT3 (70; 71), SRY (sex-determining region Y)-box 11 (SOX11) (53; 54), GAP43 

(58; 59), and c-Jun (60; 63). And the second, the genes which is known to inhibit regeneration 

including: nogo-A (72; 73), myelin-associated glycoprotein gene (MAG) (24), oligodendrocyte-

myelin glycoprotein gene (OMgp) (74; 75), nogo-A receptor (NgR) (72), phosphatase and testin 

homolog (PTEN) (36; 37; 76), suppressor of cytokine signaling 3 (SOCS3) (35-37), ephrin B3 

(EPHNB3) (10), semaphorin 4D (SEMA4D) (11) and semaphorin 3A (SEMA3A) (12). 

The reference genes were entered in into the PrePhyloPro database to compare their 

phylogenetic profiling (http://prephylopro.org/phyloprofile/ ). The database determined the 

Correlation score (Cor score). In addition to showing the correlation degree, the database presented 

genes with similar phylogenetic profiling from Homo sapiens genome.  Each gene may exist in 

the proposed list of more than one genes. So that, the genes with the maximum number of the 

repetition were chosen. These include: 

Neuromedin B receptor (NMBR), RAR-related orphan receptor B (RORB), dopamine 

receptor D1 (DRD1A), semaphorin 3D (SEMA3D), G protein-coupled receptor 174 (GPR174), 

tetraspanin 19 (TSPAN19), Ets2 repressor factor (ERF), δ-opioid receptor (OPRD), wingless-type 

MMTV integration site family (WNT4), galanin receptor 1 (GALR1), nuclear receptor subfamily 

4 group A member 2 (NR4A2), V-set and immunoglobulin domain containing 10 (VSIG10), 

http://prephylopro.org/phyloprofile/
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oligodendrocyte lineage transcription factor 2 (OLIG2) and insulin-like growth factor binding 

protein 7 (IGFBP7). 

We refer to the reference genes as gene set 1 (G1) and the candidate genes identified by 

PrePhyloPro database with 4 repetitions as set genes 2 (G2). The combination of G1 and G2 was 

referred to as set genes 3 (G3). We repeated this process with set genes 3 (G3). 

 

Results 

To compare the phylogenetic profiling of genes involved in regeneration, 14 genes that are 

known to involve in regeneration (either by stimulatory or inhibitory activity) were selected. The 

reference genes include genes that promote neuronal regeneration (ATF3, STAT3, SOX11, C-JUN 

and GAP43) and those inhibiting it (NOGO, MAG, OMgp, NgR, PTEN, SOCS3, EPHNB3, 

SEMA3A and SEMA4D). The reference genes were entered to the PrePhyloPro database 

exploring the degree of correlation among phylogenetic profiles (Fig. 1, 2). The phylogenetic 

correlation between the genes is scored from 0 to 1 (from lowest to the highest).  

A random set of 14 genes was also considered as negative control (Fig. 3). The average 

Cor score for reference genes is 0.67 and the average Cor score for random genes is 0.52. The 

small difference between the two Cor scores might be due to the fact that reference genes are from 

multiple pathways. 

A detailed analysis of the correlation score of the reference genes indicates that 16% have 

the Cor score above 0.9. The Cor score for 6% of reference genes is between 0.8 to 0.9, 22% 

between 0.7 to 0.8, 16% between 0.6 to 0.7, 20% between 0.5 to 0.6 and 20% below 0.5 (Fig. 4). 
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However, just 4% of the random genes have a Cor score above 0.9. The Cor score for 48% of 

random genes is below 0.5.  

Not surprisingly, these results demonstrate that not all genes involved in neuronal 

regeneration evolve together. Neural regeneration consists of several functional groups that may 

follow different patterns of evolution. It is noteworthy that one highly correlated subset, including 

SOCS3, SEMA3A, SEMA4D, MAG, EPHNB3 and STAT3, appeared within this group. 

The genes involved in regeneration are clustered in two main group based on 

their phylogenetic profiling 

According to phylogenetic profiling data, the reference genes are clustered in two main 

groups. Group one including OMgp, NgR, PTEN and SOX11 are originated from a common 

ancestor and group 2 including SOCS3, SEMA3A, SEMA4D, MAG, EPHNB3, STAT3, GAP43, 

NOGO, ATF3 and C-JUN are originated from a common ancestor (Fig. 1). It is demonstrated that 

all reference genes exist in animals. OMgp, NgR, PTEN and SOX11 (group 1) have homologs in 

both fungi and plants. OMgp and NOGOR are also shown to have some homologs in bacteria 

suggesting that they might be in the same evolutionary family group. The phylogenetic profiling 

clustered OMgp and NOGOR in one subgroup and PTEN and SOX11 in another one. The 

correlation score between the first two is 0.84 and the second is 0.85. OMgp, NgR and PTEN have 

inhibitory activity regarding neuronal regeneration while SOX-11 has regeneration-promoting 

activity. Most of the genes in group 2 are just found in animals except for the ATF-3, c-jun and 

Nogo. ATF-3 and c-jun are also found in fungi. Nogo is shown to have some homologs in both 

fungi and plants (Fig. 1).  
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Considering the role of each gene in regeneration it can be seen that 5 of genes that have a 

role in inhibiting neuronal regeneration are just found in animals: SOCS3, SEMA3A, SEMA4D, 

MAG and EPHNB3 (Fig. 1). The other four genes involved in neuronal regeneration (OMgp, NgR, 

PTEN and Nogo) have homologs in fungi and plants as well as animals. OMgp and NgR also have 

some homologs in bacteria. 

Two of genes that involve in promoting regeneration are just found in animals (STAT3 and 

GAP43). However, the other three genes promoting regeneration (SOX11, ATF3 and C-JUN) are 

also found in fungi. SOX11 also have some homologs in plants. 

The phylogenetic profile of SOCS3, SEMA3A, SEMA4D, MAG, Ephrin B3 and 

STAT3 are highly correlated. 

Analyzing the correlation score between the reference genes shows that the average Cor 

score among these 14 genes is 0.67. The minimum Cor score which is assigned to phylogenetic 

profiling correlation between OMgp and GAP-43 is 0.35 and the maximum Cor score which is 

assigned to the correlation between SOCS3 and SEMA3A is 1. The average Cor score between 

genes in group one is 0.76 and between genes in group two is 0.78. 

Interestingly, we found that SOCS3, SEMA3A, SEMA4D, MAG, EPHNB3 and STAT-3 

are highly similar based on evolutionary aspects (Average Cor score = 0.97, 0.94 ≤ Cor ≤ 1). We 

named this group as H1. They are just found in the animals and no other kingdoms.  Interestingly, 

the phylogenetic profiling of SEMA3A and SOCS3 is exactly similar (Cor = 1). As expected, 

SOCS3 that activates STAT-3 has correlated evolution (correlation score = 0.96). Except for 

STAT3, all genes in H1 group has inhibitory activity for regeneration. These genes have a minor 
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evolutionary correlation with OMgp, NgR, PTEN and SOX11 (Average Cor score = 0.49, 0.42 ≤ 

Cor ≤ 0.59). 

 

Figure 1. Phylogenetic profiling of reference genes associated with axonal regeneration. The vertical axis shows the 

reference genes. The horizontal axis shows different kingdom of the creature. The existence of genes in different 

kingdom is shown in steel blue. The violet color shows the genes inhibit axonal regeneration and the cyan color 

indicates the genes promote neural regeneration. 
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Figure 2. Correlation matrix plot of reference genes that associates with axonal regeneration. The vertical and 

horizontal axis shows the reference genes. It is clear that the reference genes are categorized in two subgroup, based 

on the phylogenetic profiling. The colors spectrum shows the correlation score from 0 (blue) to 1 (red). The red color 

shows that 6 genes are highly correlated in their phylogenetic profile.  
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Figure 3. Correlation matrix plot of random genes. The horizontal and vertical axis shows the random genes. The 

colors spectrum shows the correlation score from 0 (blue) to 1 (red). 
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Figure 4. The correlation score range distribution of reference genes and random genes. The horizontal axis shows 

the correlation rate from 0.0 to 1.0 and it is divided into eight bands. Each vertical bar shows the distribution percentage 

of reference genes (blue) and random genes (green) falling in the corresponding correlation score rate band.  

Prediction of new genes that may involve in neuronal regeneration using 

PrePhyloPro 

There is a hypothesis describing that proteins with similar phylogenetic profiling strongly 

tend to be functionally linked. In other words, proteins that function in a pathway or make up a 

multimeric structural complex are likely to evolve in a correlated fashion. Based on this 

hypothesis, we assume that genes that involve in axonal regeneration may evolve together (77). 

To examine this, 14 genes that are known to involve in axonal regeneration (either by regeneration-

promoting or inhibitory activity) were selected. The reference genes were entered to the 

PrePhyloPro database exploring the degree of correlation among phylogenetic profiles. 
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Setting the linkage number = 100, the blast value = 0.0001 and the organism: Homo 

sapiens, the PrePhyloPro suggested 2302 evolutionary homologs with the reference genes. We 

choose the genes that have the most repetition within the suggested genes (4 repetitions). The genes 

are: neuromedin B receptor (NMBR), RAR-related orphan receptor B (RORB), dopamine receptor 

D1 (DRD1A), semaphorin 3D (SEMA3D), G protein-coupled receptor 174 (GPR174), tetraspanin 

19 (TSPAN19), Ets2 repressor factor (ERF), δ-opioid receptor (OPRD), wingless-type MMTV 

integration site family (WNT4), galanin receptor 1 (GALR1), nuclear receptor subfamily 4 group 

A member 2 (NR4A2), V-set and immunoglobulin domain containing 10 (VSIG10), 

oligodendrocyte lineage transcription factor 2 (OLIG2) and insulin-like growth factor binding 

protein 7 (IGFBP7).  

To see the phylogenetic profiling correlation of G3, we entered G3 in PrePhyloPro (Fig. 5 

and 6.). All the G2 genes show a high degree of phylogenetic correlation with SEMA3A, 

SEMA4D, MAG and SOCS3. As expected, G2 exist only in animals (Fig. 5). 

STAT3, EFNB3, MAG, SOCS3, OLIG2, VSIG10, NR4A2, GALR1, WNT4, OPRD1, ERF, 

TSPAN19, SEMA3A, GPR174, SEMA3D, DRD1, NMBR, RORB, SEMA4D and IGFBP7 are 

shown a high degree of correlation in their phylogenetic profiles (Fig. 6). However, SOX11, 

PTEN, NOGOR and OMgp show a low degree of correlation with the mentioned genes. 
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Figure 5. Phylogenic profile of reference and candidate genes. The vertical axis shows the reference genes and 

candidate genes. The horizontal axis shows different kingdom of creatures. The existence of genes in different 

kingdom is shown in steel blue. The violet color shows the genes inhibit axonal regeneration and the cyan color 

indicates the genes promote neural regeneration. The blue color shows the candidate genes. All the candidate 

expressed just in animals. 

 

 

  



27 

 

 

 

Figure 6. Correlation matrix plot of reference and candidate gens. The horizontal and vertical axis shows the reference 

genes and candidate genes. The genes in group3 are categorized in two subgroups. All the candidate genes are 

categorized in same group. The candidate genes are highly correlated based on their phylogenetic profiling. 

 

To assess the possible shared functions of G1, G2 and G3 we did gene ontology enrichment 

analysis using biological process, cell component and molecular function. The gene ontology of 

reference genes from 20972 human genes indicates 87 biological processes with significant p-

value. The biological process assigned to majority of G1 (12 genes or more) includes cell 
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differentiation, developmental process, neurogenesis, nervous system development, cell 

differentiation, anatomical structure morphogenesis and signal transduction. The cellular 

component of G1 shows MAG and PTEN both present in myelin sheath adaxonal region and 

Schmidt-Lanterman incisure. There is no similar cellular component for other genes. The 

molecular function of G1 shows no assigned function. The common known biological process for 

candidate genes was phospholipase C-activating G-protein coupled receptor signaling pathway 

which is shared between NMBR, DRD1, OPRD and GALR1. The GO molecular function analysis 

for candidate genes was shown that receptor activity, molecular and signal transducer activity is 

common in half of the genes. The cellular component for candidate genes was not same with each 

other. 

The GO ontology for G3 shows common biological processes such as cellular response to 

a stimulus, cell communication, signaling, organism process, developmental process, cellular 

process, neurogenesis and etc. in a majority of genes. The GO ontology molecular function for G3 

was signal and molecular transducer activity, receptor activity, transmembrane receptor activity, 

RNA polymerase II transcription factor activity, sequence-specific DNA binding and etc. There is 

no same cellular component in G3. 

Using KEGG PATHWAY Database indicates that SEMA3A, SEMA4D, ephrin B and 

WNT4 are involved in axonal guidance pathway (Fig. 7). Axon guidance is regarded as a key stage 

for neuronal network. Axonal guidance factors such as semaphorins, ephrins, netrins and slits are 

read by growth cone receptors. The downstream signal transduction pathway converges onto the 

Rho GTPase. This makes the changes in cytoskeletal organization that determine the way the 

growth cone turns (78). 
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Figure 7. Pathway of axonal guidance. Adapted from: http://www.genome.jp/kegg/pathway.html (78) 

The genes with high phylogenetic homology in the G1 and G2 are expressed exclusively 

in animals. As the candidate genes are highly correlated with 4 of reference genes, we, therefore, 

decided to assess five genes with higher Cor score for each gene in G1 and G2. This resulted in 
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Persephin A, FOXD4, Grainhead-like family, Leucine-rich repeat containing family, leucine-rich 

repeat and sterile alpha motif-containing 1, Vesicle-associated membrane protein 1, leucine-rich 

repeat and Ig domain-containing and Rho GTPase activating protein 32. 

 

Discussion and conclusion 

There are many factors that are suggested to have a role in axonal regeneration. However, 

the exact mechanism of regeneration is still a mystery. In order to overcome the inability of mature 

CNS to regenerate, we need to know the exact mechanism of axonal regeneration, the factors that 

promote or inhibit axonal regeneration and how these factors are linked to each other. The 

phylogenetic profiling is a method to find the functionally linked proteins and predict the function 

of uncharacterized proteins. 

From 14 reference genes, the phylogenetic profiles of 6 of them are highly correlated, 

suggesting functional linkage. These are SOCS3, SEMA3A, SEMA4D, MAG, EPHNB3 and 

STAT3. Except STAT3, all these genes have inhibitory activity in neural regeneration. There is 

no evidence for direct interaction of these genes except for SEMA3A and STAT3. Sequence 

analysis of SEMA3A in human, rat and mouse illustrated a consensus DNA binding motif for 

STAT3 (79). 

PrePhyloPro showed that SOCS3 and SEMA3A are highly correlated based on 

phylogenetic profile (Cor score =1). We performed a literature search to find evidence for 

interaction between these genes. Although no direct interaction between SOCS3 and SEMA3A 

has been reported, there might be indirect interaction between the two genes. It is known that 

SOCS3 and PTEN regulate two independent pathways that promote axonal regeneration 
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synergistically. SOCS3 negatively regulates JAK/STAT and PTEN negatively regulates mTOR 

pathway. Deletion of either SOCS3 or PTEN resulted in enhanced optic nerve regeneration in adult 

retinal ganglion cells which tapered off after two weeks. However, simultaneous co-deletion of 

SOCS3 and PTEN causes sustained axonal regeneration (36). 

Until now, it has not been reported if SOCS3 and SEMA3A have any interaction with each 

other. However, it is known that SEMA3A induces PTEN accumulation at the growth cone. 

Moreover, STAT3 regulates the expression of SEMA3A (79). It is found that mammalian target 

of rapamycin complex1 (mTORC1) activity is decreased following SEMA3A knockdown in 

cancer stem-like cells. It is also shown that tumor cells down regulated SEMA3A by activating 

mTOR pathway (80; 81). The similar phylogenetic profile of SEMA3A and SOCS3 could suggest 

that SEMA3A may link these two pathway.  

Unexpectedly, the phylogenetic profile of Nogo and its receptor was not similar (Cor 

score= 0.61). They are classified as different evolutionary groups. Nogo receptor was found in 

animal, fungi, plant and some species of bacteria but Nogo was just found in animal and few 

species of fungi and plant. Due to close interaction these two protein have, we assume that Nogo 

receptor undergoes modular evolution. 

The theory of modular evolution suggests that proteins evolve partly from rearrangements 

of their domains. This can result in evolution of novel biological functions in different evolutionary 

lineages (82-84). The phylogenetic profiling database suggested some genes that have high 

evolutionary homology with the reference genes including neuromedin B receptor (NMBR), RAR-

related orphan receptor B (RORB), dopamine receptor D1 (DRD1A), semaphorin 3D (SEMA3D), 

G protein-coupled receptor 174 (GPR174), tetraspanin 19 (TSPAN19), Ets2 repressor factor 

(ERF), δ-opioid receptor (OPRD), wingless-type MMTV integration site family (WNT4), galanin 
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receptor 1 (GALR1), nuclear receptor subfamily 4 group A member 2 (NR4A2), V-set and 

immunoglobulin domain containing 10 (VSIG10), oligodendrocyte lineage transcription factor 2 

(OLIG2)  and insulin-like growth factor binding protein 7 (IGFBP7). These genes show a high 

degree of correlation in their phylogenetic profiles with SEMA3A, SOCS3, SEMA4D and MAG. 

We suggested that these genes might be functionally linked to each other. To confirm this, the 

published articles were assessed to find evidences for interaction of each of these genes or their 

encoded proteins with the suggested genes or proteins that is shown to have high evolutionary 

homology. 

Neuromedin B receptor is a G protein coupled receptor which belongs to bombesin receptor 

family. NMBR may have role in regulation of cell growth and neuronal response and is known to 

have role in cancer. NMBR antagonists reduces the tumor cell growth (85). There is no evidence 

if neuromedin B receptor has role in neuronal regeneration. However, it is known that NMBR 

transactivates epidermal growth factor receptor (EGFR) in lung cancer cells (79). Myelin inhibitors 

and CSPGs produced influx of intracellular calcium which leads to activation of EGFR. Moreover, 

EGFR suppress myelin inhibitors and chondroitin sulfate proteoglycans in inhibiting neurite 

outgrowth (86). 

The similar phylogenetic profile of NMBR with SEMA3A, SOCS3, SEMA4D and MAG 

and the interaction with EGFR in lung cells suggests that neuromedin B receptor might interact 

with EGFR in nervous system and this interaction might play a role in in axonal regeneration.  

RAR-related orphan receptor beta is expressed in brain, retina and pineal glands. There is no 

evidence of participation of this gene in neuronal regeneration or any neuronal activity. RORB 

interacts with NM23-2 which is a metastasis suppressor and also regulates cell proliferation and 
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promotes neuronal differentiation (87). The involvement of RORB in neuronal development and 

neuronal regeneration could be a subject of future studies. 

Dopamine increases neurite outgrowth and growth cone formation through activation of 

D1 receptor in embryonic striatal neurons. In addition to the role of D1R in striatal neurons 

development, dopamine controls neurogenesis during regeneration of dopamine neurons in adult 

salamander. Many of these effects attributed to D1 dopamine receptor. (88-91). In contrast, some 

studies ascribed opposite role to dopamine D1 receptors. They showed that activation of D1R 

reduces neurite outgrowth in frontal cortical cultures. This is further demonstrated that is the result 

of destabilization of dendritic microtubule associated protein (MAP2) which is due to increased 

phosphorylation. The different effect of dopamine on neuronal growth is shown that this effect is 

subtype-specific (92; 93).  

Semaphorin family are secreted, transmembrane glycoproteins that were initially identified 

by their importance in axonal guidance and development of nervous system. The semaphorin 

family are classified in 8 groups based on the structure, amino acid sequences and phylogenetic 

tree analysis. Class I and II exist in invertebrates, class III to VII found in vertebrates and class 

VIII belong to viruses. Semaphorins are mostly expressed in nervous system but are also found in 

other tissues. Class III semaphorins (SEMA3s) are important modulators of neuronal regeneration, 

remyelination and revascularization after CNS trauma. Most of the action of semaphorins are 

ascribed to binding to neuropilins which are the receptor for several members of this family (94; 

95).  

SEMA3D promotes proliferation of hindbrain neuroepithelial cells during neural crest 

development suggesting to act downstream of Wnt/TCE signaling. SEMA3D can repel or collapse 

the growth cone under control of cyclic adenosine monophosphate (cAMP) and cyclic guanosine 
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monophosphate (cGMP). The conversion behavior from repulsion to attraction and vice versa has 

potential implication for neuronal regeneration (96; 97). 

Tetraspanins are a family of glycoproteins with four transmembrane domains that are 

known to have a role in cell-cell interactions. Chernousov et al. examined the role of five groups 

of tetraspanin in Schwann cell-axon interaction. They found that two types of tetraspanin CD63 

and CD81 are crucial for extension of Schwan cell processes along axons. The role of tetraspanin 

19 in Schwan cell-axon interaction is not assessed yet. However, due to the importance of Schwan 

cells in promoting axonal regeneration and the similar phylogenetic profile of tetraspanin 19 with 

genes involved in regeneration, it would be worthy to study on the role of tetraspanin 19 on Schwan 

cells spreading along axons (98-101). 

Opioid receptors (δ, μ and κ) are G protein coupled receptors that are involved in various 

physiological activities such as cell proliferation, neurogenesis and gliogenesis. δ-opioid receptor 

(DOR) activation is neuroprotective against hypoxic/excitotoxic stress, while its inhibition 

resulted in neuronal injury. It is found that DOR triggers neurite outgrowth and neuronal 

differentiation via STAT5-Gαi/o signaling pathway (102; 103). 

Wingless-type MMTV integration site family (Wnt’s) plays an important role in 

developing and mature nervous system. Wnt proteins are signaling molecules regulating 

embryonic patterning, cell proliferating and cell determination. They are axon guidance molecules 

that control synapse formation and maintenance, axon pathfinding, axon remodeling and dendritic 

morphogenesis. During development, WNT4 attracts ascending sensory axons. Wnts are not 

detected in the normal adult spinal cord. However, WNT1, WNT4 and WNT5 are shown to induce 

after spinal cord injury. Inhibiting repulsive Wnt signaling resulted in enhanced sprouting of CST 
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axons and more robust regeneration suggesting the inhibitory effect of repulsive Wnt signaling 

following central nervous system injury (104-108). 

Nuclear receptor subfamily 4 group A member 2 (NR4A2) is a transcription factor that 

belongs to the orphan nuclear receptor family 4 subgroup A. NR4A2 has a role in regulating axon 

outgrowth, neuronal patterning and terminal differentiation. It is responsible for regulating 

expression of key enzymes for dopamine synthesis. It is involved in maturation, differentiation 

and survival of dopaminergic neurons (109). 

The oligodendrocyte lineage transcription factor 2 (OLIG2) is expressed in the developing 

CNS and postnatal brain. OLIG2 is known to regulate the genesis and differentiation of 

oligodendrocytes which are crucial for myelination of axons. It modulates neurogenesis and 

astrogenesis. Complete knockout of OLIG2 in mice leads to embryonic lethal because of lacking 

motor neurons (110-113). 

GAP43 is shown to have high homology with Persephin A (PSPN) (COR=0.94). PSPN is 

a neurotrophic factor that promotes the survival of motor neurons and dopaminergic neurons in 

culture. PSPN inhibits the degeneration of ventral midbrain dopaminergic neurons after 6-

hydroxydopamine treatment in vivo. PSPN is expressed in embryonic and adult brain. It is 40% 

identical to glial cell line-derived neurotrophic factor (GDNF) and neurturin (NTN) (114-117). 

Several family members of FOXD4 are shown to have phylogenetic homology with c-jun 

and ATF3. FOXD4 is a forkhead box family transcription factor. It plays an important role in 

directing embryonic stem cells towards a neural stem cells lineage in Xenopous and mouse 

embryo. However, little is known about its function in other vertebrates. It downregulates genes 
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promoting the differentiating of neural plate and upregulates genes that maintain immature neural 

ectoderm. This function is the same in marine and mammals (118; 119).  

The phylogenetic profiling showed that some members of the Grainhead-like family 

(GRHL1, GRHL2, and GRHL3) has similar phylogenetic profile with ATF3. GRHLs are 

mammalian homologs of Grainhead in Drosophila (GRH). GRH is a developmental transcription 

factor that positively regulates cell proliferation in post-embryonic development. In mammals, 

GRHLs involve in epithelial morphogenesis and development. Interestingly, Grainhead-like 2 

(GRHL2) is shown to have a role in neurulation (120-122). 

Several members of Leucine-rich repeat containing family is suggested by PrePhyloPro 

database to have homology with OMgp, NgR and STAT3. Leucine-rich repeats (LRR) is one of 

the most common and evolvable motifs in many proteins with various functions such as nervous 

system development and innate immunity. LRR is a structural motif with 20 to 30 amino acids 

consisting a conserved 11-aminoacid rich in leucine at N-terminal end (123). 

LRR proteins are involved in axonal guidance, dendritic arborization and synapse 

formation during development of nervous system. They regulate axon myelination and neural 

circuit stabilization in mature nervous system. In zebrafish, there is a transmembrane leucine-rich 

protein (zfNLRR) that its expression is increased during regeneration suggesting that may function 

as ligand binding receptor or neuronal-specific adhesion molecule during regeneration after nerve 

injury. The same protein binding motifs were found in frog, mouse and human (124; 125). 

Another gene set that is shown to have similar phylogenetic profiling with OMgp is 

leucine-rich repeat and sterile alpha motif-containing 1 (LRSAM1). LRSAM1 is an E3 ubiquitin 

ligase that is involved in receptor endocytosis, viral budding and regulation of cell adhesion 



37 

 

molecules. LRSAM1 is expressed at high level in fetal and adult nervous system as well as muscle 

tissue. It is expressed highly in peripheral sensory and motor neurons. It is found that LRSAM1 is 

linked to Huntington’s disease by its role in the clearance of protein aggregates. It is also suggested 

that LRSAM may develop Parkinson’s disease in Charcot-Marie-Tooth (CMT) patients. Charcot-

Marie-Tooth disease is an inherited motor and sensory neuropathy characterized by peripheral 

axon degeneration. (126-128). 

Vesicle-associated membrane protein 1 (VAMP1) has a similar phylogenetic profile to that of 

PTEN (Cor score = 0.91). VAMP1 play a role in synaptic vesicle and exocytosis in neurons. It is 

selectively expressed in the retina and distinct brain regions such as zona incerta and rostral 

periolivary region. VAMP1 mRNA is transiently reduced after facial neuron axotomy suggesting 

may have a role in nerve regeneration (129; 130). 

Another group of genes that is shown to have similar phylogenetic profiling with OMgp and NgR, 

belongs to the family of leucine-rich repeat and Ig domain-containing. LINGO1 is a human 

homolog of Slit-a in drosophila which is an axonal guidance molecule. LINGO1 is a principal 

component of NgR1/p75NTR complex. It has been suggested that inhibition of neurite outgrowth 

by Nogo-A, OMgp and MAG is mediated by multi-component complex including NgR1, LINGO1 

and a member of tumor necrosis factor (TNF) receptor (p75NTR or TROY). LINGO1 negatively 

regulates neuronal survival, oligodendrocyte differentiation and myelination and axonal 

regeneration through inhibiting protein kinase B (Akt) phosphorylation and activating Ras 

homolog gene family member A (Rho) signaling pathway. Several lines of evidence indicated that 

blocking LINGO1 promotes axonal regeneration, neuronal survival, oligodendrocytes 

differentiation and remyelination.  To our knowledge, there is no study done on the effect of the 

other member of LINGO family but it can be assessed in further studies (131-134). 
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The phylogenetic profiling data also shows that Rho GTPase activating protein 32 (RICS) has high 

homology with SOX11. RICS is a beta-catenin-interacting protein that has GAP activity against 

Rac1 and Cdc42. RICS which is primarily expressed in brain is known to involve in synaptic 

adhesion, regulating neurite extension and dendritic development. RICS modulate dendritic 

morphogenesis by suppressing RhoA/Rock signaling (135-137). 

Calcium signaling in axonal regeneration 

Calcium signaling has been implicated in axonal regeneration. Elevated Ca2+ or cAMP accelerates 

growth cone formation in injured axons. Conversely, blocking the voltage-gated calcium channels 

decreases regenerative growth (138). In growth cone, elevated levels of intracellular Ca2+ activates 

cAMP. cAMP activation reduces the intracellular level of cGMP. Increasing the ratio of cAMP to 

cGMP activates ryanodine receptors (RyRs). RyRs mediate release of Ca2+ from endoplasmic 

reticulum (ER). The increase in Ca2+ induces more cAMP to be formed. cAMP promotes neurite 

growth, inhibit the inhibitory interaction of growth cone and act as axonal guidance cue. cAMP is 

shown to induce regeneration of Mauthner axon that has a poor capacity to regenerate after spinal 

cord injury in Zebrafish. Moreover, increasing Ca2+ leads to activation of Ca2+-dependent enzymes 

like adenylate cyclase. It is known that adenylate cyclase activity increases for several hours after 

axonal injury. In rat sciatic nerve, the regeneration increased by adenylate cyclase stimulation or 

exogenous dibutyryl-cAMP (139; 140). 

Assessing the reference genes and the candidate genes indicated that some of them are 

linked to calcium signaling: extracellular gradients of MAG induces calcium-dependent growth 

cone turning responses. C-AMP signaling activity enhancement increases MAG-induced Ca2+ 

signals that result in the conversion of growth cone repulsion to attraction. NgR and P75 
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neurotrophin receptor (P75NTR) co-expression is required for MAG-induced Ca2+ enhancement in 

growth cone (18; 141; 142). 

Localization of PTEN in ER regulates Ca2+ transfer from ER to mitochondria and 

sensitivity to apoptosis. This ability is the result of inhibition of PI3K/Akt pathway. PI3K/PTEN 

pathway has an important role in translocation of cation channel TRPC6 to plasma membrane 

which may affect Ca2+ signaling in cells endogenously express TRPC6 (143; 144). 

Ephrin B3 modulates NMDA receptors at hippocampal synapses. NMDA receptors are glutamate-

gated cation channels that have high permeability to calcium. The influx of Ca2+ through NMDA 

receptors mediates synaptic plasticity, cell growth, apoptosis, kinase and phosphatase activity and 

protein trafficking (145; 146).  

SEMA3A facilitates axonal transport and dendritic development through local calcium 

signaling and sensitive voltage-gated sodium channels. SEMA3A induced growth cone collapse 

by increasing the intracellular calcium concentration through R-type calcium channels (147-149). 

Depolarization in mature neurons causes STAT3 activation which induces calcium influx through 

L-type voltage-gated calcium channels. In keratinocytes, it is shown that IL31 induced calcium 

influx. Calcium entry cause activation of STAT3 therefore, increasing beta-endorphin release. In 

another study, it is indicated that intracellular calcium chelation inhibited epidermal growth factor-

induced STAT3 activation. In human dorsal root ganglion, it is shown that GAP43 become active 

in response to hypotonicity. Activation of GAP43 induces Ca2+ releasing from inositol 

triphosphate-sensitive intracellular store that regulates actin dynamics at growth cone (150-152). 
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GAP43 is involved in Ca2+-dependent fusion of synaptic core complex. GAP43 is suggested to act 

as a calmodulin sponge which absorbs free calmodulin and sequesters submembranous regions 

and releases free calmodulin in response to activation of protein kinase C. (153-155).  

ATF3 is a nuclear calcium-regulated gene protects against dendrotoxicity and facilitates 

neuroprotection recovery after excitotoxic change. Calcium entry through synaptic NMDA 

receptors leads to ATF3 expression in hippocampal neurons. ATF3 acts as a transcriptional 

repressor that protects hippocampal neurons from apoptosis. (156; 157).  

C-jun acts as a calcium-regulated transcription activator that mediates transcription activation 

following activation of L–type voltage-gated calcium channels. The regulation of c-jun activity by 

calcium signals requires calcium/calmodulin (CaM)-dependent protein kinase IV and CREB-

binding protein (CBP) (158). 

 Assessing the relation of calcium signaling with the candidate genes (G2) indicates that D1 

dopamine receptors and δ-opioid receptors are linked to calcium signaling. Calcium signaling is 

involved in D1-like dopamine receptors modulation of neocortical and hippocampal neuronal 

excitability and synaptic processes. D1-D2 dopamine heterodimer activates intracellular calcium 

signaling leading to activation of CaMKII and production of BDNF in striatal neurons (159; 160). 

Opioid receptors are also known to negatively modulate calcium channels. As other GPCRs, Gα 

and Gβγ dissociated from each other following opioid receptors activation. Dissociated Gβγ 

subunit binds to calcium channel resulting in inhibition of calcium signaling. It is reported that 

opioid receptor activation inhibits N- and P/Q-type calcium channels but not L-channels in rat 

nucleus tractus solitaries (161; 162). 
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The link between the G3 genes and protein kinases are also assessed to find if they involve 

in similar pathway. PKC is known to interact with STAT3 and phosphorylate STAT3 serine 727. 

PKC is also shown to interact with GAP43. Phosphorylation of GAP43 by PKC regulates 

postsynaptic gephrin aggregation in developing GABAergic synapses (163-166). 

PKC mediates the actions of D1R and regulates D1R signaling. PKC activation augmented 

agonist-induced D1R signaling. Phosphor-PKC is also regulated by D1R. Activation of renal D1R 

translocates PKC from intracellular compartments to the plasma membrane. PKC and D1R are 

shown to colocalize in goldfish retina. PKC is also demonstrated to phosphorylate δ-opioid 

receptor leading to β-arrestin and catherin-mediated internalization and desensitization of receptor 

(167-172).  

Another protein kinase that is involved in phosphorylation of proteins encoded by G1 and 

G2 genes is mitogen-activated protein kinase (MAPK). MAPK negatively modulates STAT3 

activity by reducing tyrosine phosphorylation or maybe by association. MAPK regulates ATF3 

gene expression. MAPK-dependent activation of c-jun is suggested to be involved in neuronal 

differentiation. Neuromedin B stimulates the activation of an isoform of MAPK known as P42 

MAPK (48; 173-177).  

Some of the genes involved in regeneration are transcription factors 

The genes are known to involve in regeneration belong to different functional groups. One 

of these groups is transcription factors. ATF3, STAT3, SOX11 and c-jun are among these genes. 

From the reference genes, it is found that RORB is a transcription factor perhaps in circadian 

pacemaking system. Another gene is NR4A2 also known as Nurr1 which is an important 

transcription factor for development and maintenance of midbrain dopaminergic neurons. OLIG2 
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is a transcription factor that is expressed in brain oligodendroglial tumors. It regulates ventral 

neuroectodermal progenitor cell fate (178-180). 

To conclude, the phylogenetic profiling data suggests that the axonal regeneration does not 

seem to be an evolutionarily conserved process. However, the data shows that the similarity in the 

phylogenetic profile of 80% of reference genes are more than 50% and about 43% of the reference 

genes have high similarity in their phylogenetic profile (more than 80%). The genes with high 

similarity in their phylogenetic profile are just expressed in animals. This may be due to the fact 

that these specific genes are evolved together in animals to do specific function in axonal 

regeneration.  

In order to find the best result from phylogenetic profiling, it is better to assess all genes 

involved in a specific function. Since axonal regeneration is a multifunctional process and several 

molecules and signaling pathways are involved in and our knowledge about the factors is still 

incomplete, finding a consecutive evolutionary tree is difficult. To gain this, we need to expand 

knowledge about different factors that are involved in axonal regeneration. 

Interestingly, we find that most of the candidate genes identified by PrePhyloPro are likely 

to be either directly or indirectly linked to axonal regeneration. They are known to participate in 

various physiological functions such as neurogenesis, neuronal regeneration, neuronal 

differentiation, dendritic arborization, axonal guidance, synapse formation, neuronal response, 

axonal outgrowth, gliogenesis, remyelination and dendritic developments. This confirms the basic 

notion behind phylogenetic profiling that the genes or proteins with a similar evolutionary profile 

are likely to be functionally linked. Confirming the method strengthens the potential involvement 

of the candidate genes in axonal regeneration or related physiological functions. 



43 

 

 

References 

1. McKnight Brain institute UoF. CNS injury. http://mbi.ufl.edu/research/research-
areas/cns-injury/ 

2. Organization WH. Spinal cord injury. 
http://www.who.int/mediacentre/factsheets/fs384/en/ 

3. Organization WH.  
4. Hyder AA, Wunderlich CA, Puvanachandra P, Gururaj G, Kobusingye OC. 2007. 

NeuroRehabilitation 22:341-53 
5. association Ibi.  
6. Huebner EA, Strittmatter SM. 2009. Results and problems in cell differentiation 48:339-

51 
7. Horner PJ, Gage FH. 2000. Nature 407:963-70 
8. Filbin MT. 2003. Nature reviews. Neuroscience 4:703-13 
9. Atwal JK, Pinkston-Gosse J, Syken J, Stawicki S, Wu Y, et al. 2008. Science 322:967-70 
10. Benson MD, Romero MI, Lush ME, Lu QR, Henkemeyer M, Parada LF. 2005. Proceedings 

of the National Academy of Sciences of the United States of America 102:10694-9 
11. Moreau-Fauvarque C, Kumanogoh A, Camand E, Jaillard C, Barbin G, et al. 2003. The 

Journal of neuroscience : the official journal of the Society for Neuroscience 23:9229-39 
12. Kaneko S, Iwanami A, Nakamura M, Kishino A, Kikuchi K, et al. 2006. Nature medicine 

12:1380-9 
13. Knott EP, Assi M, Pearse DD. 2014. BioMed research international 2014:651625 
14. van Kesteren RE, Mason MR, Macgillavry HD, Smit AB, Verhaagen J. 2011. Frontiers in 

molecular neuroscience 4:46 
15. Schwab ME. 2004. Current opinion in neurobiology 14:118-24 
16. Hunt D, Coffin RS, Anderson PN. 2002. Journal of neurocytology 31:93-120 
17. Oertle T, van der Haar ME, Bandtlow CE, Robeva A, Burfeind P, et al. 2003. The Journal 

of neuroscience : the official journal of the Society for Neuroscience 23:5393-406 
18. Henley J, Poo MM. 2004. Trends in cell biology 14:320-30 
19. Decurtis I. 2007. Intracellular Mechanisms for Neuritogenesis. Springer US 
20. Gallo G, Lanier LM. 2010. Neurobiology of Actin: From Neurulation to Synaptic Function. 

Springer New York 
21. Mattson MP, Kater SB. 1987. The Journal of neuroscience : the official journal of the 

Society for Neuroscience 7:4034-43 
22. Watari A, Yutsudo M. 2003. Apoptosis : an international journal on programmed cell 

death 8:5-9 
23. Chen MS, Huber AB, van der Haar ME, Frank M, Schnell L, et al. 2000. Nature 403:434-9 
24. DeBellard ME, Tang S, Mukhopadhyay G, Shen YJ, Filbin MT. 1996. Molecular and 

cellular neurosciences 7:89-101 
25. Liu BP, Fournier A, GrandPre T, Strittmatter SM. 2002. Science 297:1190-3 

http://mbi.ufl.edu/research/research-areas/cns-injury/
http://mbi.ufl.edu/research/research-areas/cns-injury/
http://www.who.int/mediacentre/factsheets/fs384/en/


44 

 

26. Lee JK, Geoffroy CG, Chan AF, Tolentino KE, Crawford MJ, et al. 2010. Neuron 66:663-70 
27. Wong EV, David S, Jacob MH, Jay DG. 2003. The Journal of neuroscience : the official 

journal of the Society for Neuroscience 23:3112-7 
28. Vourc'h P, Moreau T, Arbion F, Marouillat-Vedrine S, Muh JP, Andres C. 2003. Journal of 

neurochemistry 85:889-97 
29. McDonald CL, Steinbach K, Kern F, Schweigreiter R, Martin R, et al. 2011. Journal of 

neuroinflammation 8:113 
30. Li S, Kim JE, Budel S, Hampton TG, Strittmatter SM. 2005. Molecular and cellular 

neurosciences 29:26-39 
31. Cao Y, Shumsky JS, Sabol MA, Kushner RA, Strittmatter S, et al. 2008. 

Neurorehabilitation and neural repair 22:262-78 
32. Shi Y, Wang J, Chandarlapaty S, Cross J, Thompson C, et al. 2014. Nature structural & 

molecular biology 21:522-7 
33. Chu EC, Tarnawski AS. 2004. Medical science monitor : international medical journal of 

experimental and clinical research 10:RA235-41 
34. Carow B, Rottenberg ME. 2014. Frontiers in immunology 5:58 
35. Smith PD, Sun F, Park KK, Cai B, Wang C, et al. 2009. Neuron 64:617-23 
36. Sun F, Park KK, Belin S, Wang D, Lu T, et al. 2011. Nature 480:372-5 
37. Luo X, Park KK. 2012. International review of neurobiology 105:141-73 
38. Hruska M, Dalva MB. 2012. Molecular and cellular neurosciences 50:35-44 
39. Rodger J, Salvatore L, Migani P. 2012. Neuro-Signals 20:190-201 
40. Ricard J, Salinas J, Garcia L, Liebl DJ. 2006. Molecular and cellular neurosciences 31:713-

22 
41. Vourc'h P, Andres C. 2004. Brain research. Brain research reviews 45:115-24 
42. Pasterkamp RJ, Verhaagen J. 2006. Philosophical transactions of the Royal Society of 

London. Series B, Biological sciences 361:1499-511 
43. Diaz Quiroz JF, Tsai E, Coyle M, Sehm T, Echeverri K. 2014. Disease models & 

mechanisms 7:601-11 
44. Zhang HL, Wang J, Tang L. 2014. Cell biochemistry and biophysics 68:489-96 
45. Rosenzweig S, Raz-Prag D, Nitzan A, Galron R, Paz M, et al. 2010. Graefe's archive for 

clinical and experimental ophthalmology = Albrecht von Graefes Archiv fur klinische und 
experimentelle Ophthalmologie 248:1423-35 

46. Linda H, Skold MK, Ochsmann T. 2011. Frontiers in neurology 2:30 
47. Hunt D, Raivich G, Anderson PN. 2012. Frontiers in molecular neuroscience 5:7 
48. Seijffers R, Mills CD, Woolf CJ. 2007. The Journal of neuroscience : the official journal of 

the Society for Neuroscience 27:7911-20 
49. Nakagomi S, Suzuki Y, Namikawa K, Kiryu-Seo S, Kiyama H. 2003. The Journal of 

neuroscience : the official journal of the Society for Neuroscience 23:5187-96 
50. Dziennis S, Alkayed NJ. 2008. Reviews in the neurosciences 19:341-61 
51. Aggarwal BB, Kunnumakkara AB, Harikumar KB, Gupta SR, Tharakan ST, et al. 2009. 

Annals of the New York Academy of Sciences 1171:59-76 
52. Jankowski MP, Cornuet PK, McIlwrath S, Koerber HR, Albers KM. 2006. Neuroscience 

143:501-14 



45 

 

53. Jankowski MP, McIlwrath SL, Jing X, Cornuet PK, Salerno KM, et al. 2009. Brain research 
1256:43-54 

54. Wang Z, Reynolds A, Kirry A, Nienhaus C, Blackmore MG. 2015. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 35:3139-45 

55. Aarts LH, Schotman P, Verhaagen J, Schrama LH, Gispen WH. 1998. Advances in 
experimental medicine and biology 446:85-106 

56. Caprara GA, Perni S, Morabito C, Mariggio MA, Guarnieri S. 2014. European journal of 
histochemistry : EJH 58:2453 

57. Benowitz LI, Routtenberg A. 1997. Trends in neurosciences 20:84-91 
58. Doster SK, Lozano AM, Aguayo AJ, Willard MB. 1991. Neuron 6:635-47 
59. Aigner L, Arber S, Kapfhammer JP, Laux T, Schneider C, et al. 1995. Cell 83:269-78 
60. Ruff CA, Staak N, Patodia S, Kaswich M, Rocha-Ferreira E, et al. 2012. Journal of 

neurochemistry 121:607-18 
61. De Felipe C, Hunt SP. 1994. The Journal of neuroscience : the official journal of the 

Society for Neuroscience 14:2911-23 
62. Parkinson DB, Bhaskaran A, Arthur-Farraj P, Noon LA, Woodhoo A, et al. 2008. The 

Journal of cell biology 181:625-37 
63. Arthur-Farraj PJ, Latouche M, Wilton DK, Quintes S, Chabrol E, et al. 2012. Neuron 

75:633-47 
64. Raivich G, Bohatschek M, Da Costa C, Iwata O, Galiano M, et al. 2004. Neuron 43:57-67 
65. Fontana X, Hristova M, Da Costa C, Patodia S, Thei L, et al. 2012. The Journal of cell 

biology 198:127-41 
66. Lin TW, Wu JW, Chang DT. 2013. PloS one 8:e75940 
67. Basu MK, Selengut JD, Haft DH. 2011. BMC bioinformatics 12:434 
68. Chang GS, Hong Y, Ko KD, Bhardwaj G, Holmes EC, et al. 2008. Proceedings of the 

National Academy of Sciences of the United States of America 105:13474-9 
69. Niu Y, Liu C, Moghimyfiroozabad S, Yang Y, Alavian KN. 2017. PeerJ 5:e3712 
70. Leibinger M, Andreadaki A, Diekmann H, Fischer D. 2013. Cell death & disease 4:e805 
71. Qiu J, Cafferty WB, McMahon SB, Thompson SW. 2005. The Journal of neuroscience : the 

official journal of the Society for Neuroscience 25:1645-53 
72. Brittis PA, Flanagan JG. 2001. Neuron 30:11-4 
73. Huber AB, Schwab ME. 2000. Biological chemistry 381:407-19 
74. Kottis V, Thibault P, Mikol D, Xiao ZC, Zhang R, et al. 2002. Journal of neurochemistry 

82:1566-9 
75. Wang KC, Koprivica V, Kim JA, Sivasankaran R, Guo Y, et al. 2002. Nature 417:941-4 
76. Liu K, Lu Y, Lee JK, Samara R, Willenberg R, et al. 2010. Nature neuroscience 13:1075-81 
77. Pellegrini M, Marcotte EM, Thompson MJ, Eisenberg D, Yeates TO. 1999. Proceedings of 

the National Academy of Sciences of the United States of America 96:4285-8 
78. KEGG PATHWAY Database. http://www.genome.jp/kegg/pathway.html 
79. Minor KH, Bournat JC, Toscano N, Giger RJ, Davies SJ. 2011. Brain : a journal of 

neurology 134:1140-55 
80. Yamada D, Takahashi K, Kawahara K, Maeda T. 2016. Biochemical and biophysical 

research communications 480:375-9 

http://www.genome.jp/kegg/pathway.html


46 

 

81. Yamada D, Kawahara K, Ozaki M, Maeda T. 2016. Bioscience, biotechnology, and 
biochemistry 80:942-4 

82. Patthy L. 2003. Genetica 118:217-31 
83. Weiner J, 3rd, Beaussart F, Bornberg-Bauer E. 2006. The FEBS journal 273:2037-47 
84. Moore AD, Bjorklund AK, Ekman D, Bornberg-Bauer E, Elofsson A. 2008. Trends in 

biochemical sciences 33:444-51 
85. Park HJ, Kim SR, Kim MK, Choi KS, Jang HO, et al. 2011. Cancer letters 312:117-27 
86. Koprivica V, Cho KS, Park JB, Yiu G, Atwal J, et al. 2005. Science 310:106-10 
87. Lombardi D, Palescandolo E, Giordano A, Paggi MG. 2001. Cell death and differentiation 

8:470-6 
88. Iwakura Y, Nawa H, Sora I, Chao MV. 2008. The Journal of biological chemistry 

283:15799-806 
89. Berg DA, Kirkham M, Wang H, Frisen J, Simon A. 2011. Cell stem cell 8:426-33 
90. Wang H, Wu M, Zhan C, Ma E, Yang M, et al. 2012. Neural regeneration research 7:620-6 
91. Schmidt U, Pilgrim C, Beyer C. 1998. Molecular and cellular neurosciences 11:9-18 
92. Reinoso BS, Undie AS, Levitt P. 1996. Journal of neuroscience research 43:439-53 
93. Song ZM, Undie AS, Koh PO, Fang YY, Zhang L, et al. 2002. The Journal of neuroscience : 

the official journal of the Society for Neuroscience 22:6092-105 
94. Yazdani U, Terman JR. 2006. Genome biology 7:211 
95. Mecollari V, Nieuwenhuis B, Verhaagen J. 2014. Frontiers in cellular neuroscience 8 
96. Berndt JD, Halloran MC. 2006. Development 133:3983-92 
97. Song H, Ming G, He Z, Lehmann M, McKerracher L, et al. 1998. Science 281:1515-8 
98. Charrin S, Jouannet S, Boucheix C, Rubinstein E. 2014. Journal of cell science 127:3641-8 
99. Hemler ME. 2001. The Journal of cell biology 155:1103-7 
100. Toy D, Namgung U. 2013. Experimental neurobiology 22:68-76 
101. Chernousov MA, Stahl RC, Carey DJ. 2013. Journal of neuroscience research 91:1419-28 
102. Georganta EM, Tsoutsi L, Gaitanou M, Georgoussi Z. 2013. Journal of neurochemistry 

127:329-41 
103. Feng Y, He X, Yang Y, Chao D, Lazarus LH, Xia Y. 2012. Current drug targets 13:230-46 
104. Liu Y, Wang X, Lu CC, Kerman R, Steward O, et al. 2008. The Journal of neuroscience : the 

official journal of the Society for Neuroscience 28:8376-82 
105. Hollis ER, 2nd, Zou Y. 2012. Proceedings of the National Academy of Sciences of the 

United States of America 109:14663-8 
106. Patapoutian A, Reichardt LF. 2000. Current opinion in neurobiology 10:392-9 
107. Ciani L, Salinas PC. 2005. Nature reviews. Neuroscience 6:351-62 
108. Inestrosa NC, Arenas E. 2010. Nature reviews. Neuroscience 11:77-86 
109. Ancin I, Cabranes JA, Vazquez-Alvarez B, Santos JL, Sanchez-Morla E, et al. 2013. 

Schizophrenia bulletin 39:555-63 
110. Miron VE, Kuhlmann T, Antel JP. 2011. Biochimica et biophysica acta 1812:184-93 
111. Meijer DH, Kane MF, Mehta S, Liu H, Harrington E, et al. 2012. Nature reviews. 

Neuroscience 13:819-31 
112. Prata DP, Kanaan RA, Barker GJ, Shergill S, Woolley J, et al. 2013. Human brain mapping 

34:2025-31 



47 

 

113. Mei F, Wang H, Liu S, Niu J, Wang L, et al. 2013. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 33:8454-62 

114. Milbrandt J, de Sauvage FJ, Fahrner TJ, Baloh RH, Leitner ML, et al. 1998. Neuron 20:245-
53 

115. Akerud P, Holm PC, Castelo-Branco G, Sousa K, Rodriguez FJ, Arenas E. 2002. Molecular 
and cellular neurosciences 21:205-22 

116. Yin XF, Xu HM, Jiang YX, Zhi YL, Liu YX, et al. 2015. Neural regeneration research 
10:1814-8 

117. Razavi S, Nazem G, Mardani M, Esfandiari E, Salehi H, Esfahani SH. 2015. Advanced 
biomedical research 4:53 

118. Moody SA, Klein SL, Karpinski BA, Maynard TM, Lamantia AS. 2013. American journal of 
stem cells 2:74-94 

119. Neilson KM, Klein SL, Mhaske P, Mood K, Daar IO, Moody SA. 2012. Developmental 
biology 365:363-75 

120. Chen W, Xiao Liu Z, Oh JE, Shin KH, Kim RH, et al. 2012. Cell death & disease 3:e450 
121. Petrof G, Nanda A, Howden J, Takeichi T, McMillan JR, et al. 2014. American journal of 

human genetics 95:308-14 
122. Menke C, Cionni M, Siggers T, Bulyk ML, Beier DR, Stottmann RW. 2015. Genesis  
123. Dolan J, Walshe K, Alsbury S, Hokamp K, O'Keeffe S, et al. 2007. BMC genomics 8:320 
124. Bormann P, Roth LW, Andel D, Ackermann M, Reinhard E. 1999. Molecular and cellular 

neurosciences 13:167-79 
125. de Wit J, Hong W, Luo L, Ghosh A. 2011. Annual review of cell and developmental 

biology 27:697-729 
126. Weterman MA, Sorrentino V, Kasher PR, Jakobs ME, van Engelen BG, et al. 2012. Human 

molecular genetics 21:358-70 
127. Bogdanik LP, Sleigh JN, Tian C, Samuels ME, Bedard K, et al. 2013. Disease models & 

mechanisms 6:780-92 
128. Aerts MB, Weterman MA, Quadri M, Schelhaas HJ, Bloem BR, et al. 2016. Annals of 

clinical and translational neurology 3:146-9 
129. Nystuen AM, Schwendinger JK, Sachs AJ, Yang AW, Haider NB. 2007. Neurogenetics 8:1-

10 
130. Che YH, Yamashita T, Tohyama M. 2002. Journal of chemical neuroanatomy 24:147-52 
131. Rubenstein J, Rakic P. 2013. Cellular Migration and Formation of Neuronal Connections: 

Comprehensive Developmental Neuroscience. Elsevier Science 
132. Mi S, Pepinsky RB, Cadavid D. 2013. CNS drugs 27:493-503 
133. Xing HY, Meng EY, Xia YP, Peng H. 2015. Journal of Huazhong University of Science and 

Technology. Medical sciences = Hua zhong ke ji da xue xue bao. Yi xue Ying De wen ban = 
Huazhong keji daxue xuebao. Yixue Yingdewen ban 35:54-7 

134. Selzer M, Clarke S, Cohen L, Kwakkel G, Miller R. 2014. Textbook of Neural Repair and 
Rehabilitation. Cambridge University Press 

135. Nasu-Nishimura Y, Hayashi T, Ohishi T, Okabe T, Ohwada S, et al. 2006. Genes to cells : 
devoted to molecular & cellular mechanisms 11:607-14 

136. Hayashi T, Okabe T, Nasu-Nishimura Y, Sakaue F, Ohwada S, et al. 2007. Genes to cells : 
devoted to molecular & cellular mechanisms 12:929-39 



48 

 

137. Long H, Zhu X, Yang P, Gao Q, Chen Y, Ma L. 2013. Cerebral cortex 23:71-9 
138. Ghosh-Roy A, Wu Z, Goncharov A, Jin Y, Chisholm AD. 2010. The Journal of neuroscience 

: the official journal of the Society for Neuroscience 30:3175-83 
139. Shay J. 2013. Enhancement of neuronal regeneration by optogenetic cellular activation 

in C. elegans. Boston university 
140. Bhatt DH, Otto SJ, Depoister B, Fetcho JR. 2004. Science 305:254-8 
141. Henley JR, Huang KH, Wang D, Poo MM. 2004. Neuron 44:909-16 
142. Wong ST, Henley JR, Kanning KC, Huang KH, Bothwell M, Poo MM. 2002. Nature 

neuroscience 5:1302-8 
143. Bononi A, Pinton P. 2015. Methods 77-78:92-103 
144. Monet M, Francoeur N, Boulay G. 2012. The Journal of biological chemistry 287:17672-

81 
145. Antion MD, Christie LA, Bond AM, Dalva MB, Contractor A. 2010. Molecular and cellular 

neurosciences 45:378-88 
146. 2009. In Biology of the NMDA Receptor, ed. AM Van Dongen. Boca Raton (FL). Number 

of. 
147. Yamane M, Yamashita N, Yamamoto H, Iizuka A, Shouji M, et al. 2012. Biochemical and 

biophysical research communications 422:333-8 
148. Yamashita N, Aoki R, Chen S, Jitsuki-Takahashi A, Ohura S, et al. 2016. Brain research 

1631:127-36 
149. Treinys R, Kaselis A, Jover E, Bagnard D, Satkauskas S. 2014. PloS one 9:e102357 
150. Murase S, McKay RD. 2014. The European journal of neuroscience 39:557-65 
151. Davis FM, Azimi I, Faville RA, Peters AA, Jalink K, et al. 2014. Oncogene 33:2307-16 
152. Lee CH, Hong CH, Yu WT, Chuang HY, Huang SK, et al. 2012. The British journal of 

dermatology 167:794-803 
153. Haruta T, Takami N, Ohmura M, Misumi Y, Ikehara Y. 1997. The Biochemical journal 325 

( Pt 2):455-63 
154. Skene JH. 1990. Neuroscience research. Supplement : the official journal of the Japan 

Neuroscience Society 13:S112-25 
155. Caprini M, Gomis A, Cabedo H, Planells-Cases R, Belmonte C, et al. 2003. The EMBO 

journal 22:3004-14 
156. Ahlgren H, Bas-Orth C, Freitag HE, Hellwig A, Ottersen OP, Bading H. 2014. The Journal 

of biological chemistry 289:9970-82 
157. Zhang S-J, Buchthal B, Lau D, Hayer S, Dick O, et al. 2011. The Journal of Neuroscience 

31:4978-90 
158. Cruzalegui FH, Hardingham GE, Bading H. 1999. The EMBO journal 18:1335-44 
159. Hasbi A, O'Dowd BF, George SR. 2011. Molecular brain 4:26 
160. Lezcano N, Bergson C. 2002. Journal of neurophysiology 87:2167-75 
161. Al-Hasani R, Bruchas MR. 2011. Anesthesiology 115:1363-81 
162. Rhim H, Miller RJ. 1994. The Journal of neuroscience : the official journal of the Society 

for Neuroscience 14:7608-15 
163. Jain N, Zhang T, Kee WH, Li W, Cao X. 1999. The Journal of biological chemistry 

274:24392-400 
164. Aziz MH, Manoharan HT, Sand JM, Verma AK. 2007. Molecular carcinogenesis 46:646-53 



49 

 

165. Wang CY, Lin HC, Song YP, Hsu YT, Lin SY, et al. 2015. Molecular and cellular biology 
35:1712-26 

166. Oehrlein SA, Parker PJ, Herget T. 1996. The Biochemical journal 317 ( Pt 1):219-24 
167. Kruse MS, Adachi S, Scott L, Holtback U, Greengard P, et al. 2003. Pflugers Archiv : 

European journal of physiology 445:534-9 
168. Alpern RJ, Caplan MJ, Moe OW. 2012. Seldin and Giebisch's The Kidney: Physiology and 

Pathophysiology. Elsevier Science 
169. Yazulla S, Studholme KM, Marc RE, Cameron D. 2012. Chemical Anatomy of the 

Zebrafish Retina. Springer US 
170. Ueda H, Miyamae T, Hayashi C, Watanabe S, Fukushima N, et al. 1995. The Journal of 

neuroscience : the official journal of the Society for Neuroscience 15:7485-99 
171. Xiang B, Yu GH, Guo J, Chen L, Hu W, et al. 2001. The Journal of biological chemistry 

276:4709-16 
172. Jackson A, Sedaghat K, Minerds K, James C, Tiberi M. 2005. Journal of neurochemistry 

95:1387-400 
173. Meng A, Zhang X, Shi Y. 2014. Experimental and therapeutic medicine 8:1772-6 
174. Jain N, Zhang T, Fong SL, Lim CP, Cao X. 1998. Oncogene 17:3157-67 
175. Davies C, Tournier C. 2012. Biochemical Society transactions 40:85-9 
176. Eriksson M, Taskinen M, Leppa S. 2007. Journal of cellular physiology 210:538-48 
177. Charlesworth A, Rozengurt E. 1997. Oncogene 14:2323-9 
178. Sumi Y, Yagita K, Yamaguchi S, Ishida Y, Kuroda Y, Okamura H. 2002. Neuroscience letters 

320:13-6 
179. Rodriguez-Traver E, Solis O, Diaz-Guerra E, Ortiz O, Vergano-Vera E, et al. 2016. 

Neurotoxicity research 30:14-31 
180. 2017. OLIG2 oligodendrocyte transcription factor 2 [ Homo sapiens (human) ]. 

https://www.ncbi.nlm.nih.gov/gene/10215 

 

 

http://www.ncbi.nlm.nih.gov/gene/10215

