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Abstract  
Neurofilament protein is a component of the mature neuronal cytoskeleton, and it interacts with the 
zygosome, which is mediated by neurofilament-related proteins. Neurofilament protein regulates 
enzyme function and the structure of linker proteins. In addition, neurofilament gene expression 

plays an important role in nervous system development. Previous studies have shown that 
neurofilament gene transcriptional regulation is crucial for neurofilament protein expression, 
especially in axonal regeneration and degenerative diseases. Post-transcriptional regulation 

increased neurofilament protein gene transcription during axonal regeneration, ultimately resulting 
in a pattern of neurofilament protein expression. An expression imbalance of post-transcriptional 
regulatory proteins and other disorders could lead to amyotrophic lateral sclerosis or other 

neurodegenerative diseases. These findings indicated that after transcription, neurofilament protein 
regulated expression of related proteins and promoted regeneration of damaged axons, suggesting 
that regulation disorders could lead to neurodegenerative diseases. 

Key Words: axonal regeneration; nerve injury; neurodegenerative diseases; neurofilament protein; 
post-transcriptional regulation; reviews 
Abbreviations: NF, neurofilament; NF-L, light neurofilament; NF-M, midsized neurofilament; NF-H, 
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INTRODUCTION 
    

In the 1830s, the structure of neurofilament 

(NF) protein was first reported
[1]

, but the 

shape and accurate positioning in neurons 

was further confirmed with the development 

of electron microscopy. In recent years, NF 

structure, expression, modification, protein 

interactions, and other biological 

characteristics, as well as post-transcriptional 

gene regulation, have become increasingly 

important in the fields of neurodegenerative 

diseases and neural regeneration. 

NF expression is closely associated with 

axonal growth and maintenance of neuronal 

homeostasis. Current evidence indicates that 

NF plays a key role in axonal regeneration 

and is dependent on post-transcriptional 

mRNA transport, translation, and stability
[2]

. 

Recent studies have demonstrated that 

post-transcriptional regulation increases NF 

gene transcription during axonal regeneration, 

ultimately resulting in NF protein expression 

patterns
[3]

. However, disordered expression 

of post-transcriptional regulatory proteins and 

other variant proteins can lead to 

amyotrophic lateral sclerosis
[4]

. Recent 

studies have shown that NF protein 

expression is closely associated with 

continued growth of normal axons and the 

regeneration of impaired axons. These NF 

functions contribute to the transcription 

process, as well as the regulation of mRNA 

transport, translation, and stability. 

Post-transcriptional regulation plays an 

important role in maintaining stability of adult 

neurons, and regulation disorders may be the 

cause of some neurodegenerative diseases
[5]

. 

These previous studies proposed 

explanations regarding how neurons 

coordinate with function-related proteins to 

promote axonal regeneration, revealing that 

regulation disorders can lead to 

neurodegenerative diseases. This paper 

summarizes current knowledge on NF 

biology, including NF structure, expression, 

modification, protein interactions, and 

post-transcriptional gene regulation related to 

neural regeneration and neurodegenerative 

diseases. 

 

NF STRUCTURE, EXPRESSION, 
MODIFICATION, AND 
INTERACTIONS WITH PROTEIN 
 
NF structure 
The neuronal cytoskeleton is composed of 

actin filament protein (16 nm diameter), 

tubulin (6 nm diameter), and intermediate 
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filament protein (10 nm diameter)
[6]

. Intermediate filaments 

are unique, because they are made of different proteins in 

different tissues. NFs are abundant in neurons, especially 

in large-diameter axons
[7]

. In vitro studies have shown that 

axonal NFs are a parallel array arranged between NFs 

and microtubules, or membranous organelles, 10 nm 

long
[8]

. The light neurofilament (NF-L) subunit itself is a 

10-nm core filament
[9]

. Although these three types of 

protein structures have been previously described, 

midsized neurofilament (NF-M) and heavy neurofilament 

(NF-H) have a long, highly variable carboxyl-terminal tail 

(NF-M 439 amino acids, NF-H 660 amino acids), which 

contains several specific protein phosphorylation targets. 

There are three kinds of cytoskeleton, namely 

intermediate filaments, microtubules, and microfilaments, 

and each have unique structure and assembly 

properties
[6]

. 

NFs are the main component of the cytoskeleton in 

mature neurons, as well as the intermediate filaments of 

neurons. NFs are abundant at myelinated axons within 

cytoskeleton polymers in the vertebrate
[10]

. The 

estimated molecular weights of human NF-L, NF-M, and 

NF-H subunits in DNA sequences are 61.5, 102.5 and 

112.5 kDa, respectively. However, the presence of a high 

content of negatively charged amino acids (glutamic 

acid), as well as wide post-translational modification 

(phosphorylation and glycosylation), allows for higher 

molecular weight in sodium dodecyl sulfate 

polyacrylamide gel electrophoresis. NF-M or NF-H alone 

cannot synthesize fibroin if NF-L is not involved. NF-L 

transfection alone in human cells is able to synthesize 

the homopolymer in vitro, but such an efficacy is not 

available in mice and other rodents. In rodents, NFs 

synthesize heteropolymers according to a 4:2:1 ratio of 

NF-L: NF-M: NF-H subunits
[11]

, and this ratio is 

continuously altered during neuronal formation. Currently, 

it is widely held that these proteins are integral 

components of NFs, along with NFL, NFM and NFH. In 

addition to NF-L, NF-M, and NF-H, Yuan et al 
[12]

 showed 

that α-tubulin in the central nervous system acts as a 

fourth type of NF subunit. Different NF subunits form 

intermediate filament proteins; although nucleotide 

binding or hydrolysis is not required, the formation 

depends on ionic strength, pH values, and temperature
[13]

. 

The first step for NF formation consists of NF-L and NF-H 

forming a parallel coiled dimer with a relatively stable bar 

area; this coiled dimer produces an anti-parallel tetramer 

in a half-staggered manner
[14]

. Accordingly, the tetramer is 

incorporated into the protofilament and subsequently 

assembles 10-nm filaments. In vitro studies have 

demonstrated that the interaction between NFs results in 

the deformation of a visco-elastic network, which 

highlights the significance of microfilaments on NF 

mechanical properties
[13, 15]

. Kreplak et al 
[16]

 verified the 

NF mechanical properties using a mechanical microscope, 

showing that NFs are extended over 3 folds, with an 

average of 2.6 folds, indicating that NF functions to absorb 

mechanical shock in vivo. 

NF expression 
NF-L and NF-M genes are closely linked with 

chromosome 8 in humans, while the NF-H gene is 

located on chromosome 22
[17]

. In mice, NF-L and NF-M 

genes are located on chromosome 14, while the NF-H 

gene is located on chromosome 11
[18]

. Expression of the 

three NF subunits is regulated by nervous system 

development and ongoing neuronal differentiation. 

Expression levels modulate location, stability, and 

conversion efficiency at both the transcriptional level and 

mRNA post-transcriptional level
[19]

. To ensure axonal 

growth, NF-L, together with intein and peripherin, is the 

first expressed subunit, followed by NF-M expression
[20]

. 

NF protein mRNA sequential expression occurs in the 

order of NF-L, NF-M, and NF-H
[21]

. In the peripheral 

nervous system and central nervous system, NF 

expression is significantly down-regulated at the early 

period following axonal transection
[22]

, leading to reduced 

NF transport at injured neurons. In contrast, NG subunit 

expression is significantly increased during the 

regeneration of damaged neurons
[23]

. However, this 

increase does not occur when regeneration is prevented 

or in mammalian central nervous system axons that 

normally do not regenerate
[24]

. 

NF translational modification  
NF modification includes phosphorylation and glycosylation, 

which contributes to NF morphology and function. 

Phosphorylation 

NF phosphorylation regulates NF axonal transport in 

neurons, plays a significant role in NF translocation, 

morphology, and function, and is involved in the 

pathogenesis of some neurodegenerative diseases
[25]

. 

NF protein phosphorylation most widely occurs in the 

area from 51 site to NF-H C-terminal region
[26]

. 

Phosphorylation is dense in the axonal head-domain, but 

scarce in the cell body and dendrites. Phosphorylation 

mainly occurs in the N-terminal and carboxyl terminal of 

three subunits, which are second messenger-dependent 

kinase and non-dependent kinase targets
[27]

. 

Head-domain phosphorylation occurs soon after NF 

synthesis in cells, while tail-domain phosphorylation 

begins when it transfers to axons
[28]

. 

NF phosphorylation helps to maintain a dynamic balance 

between kinases and phosphatases in different nerve 

segments. Because head-domain phosphorylation 

inhibits NF assembly, dephosphorylation is necessary 

prior to NF transport into the axons
[29]

. A wide range of 

enzyme dephosphorylation events result in a gradual 

loss of NF functions, a loss of interconnecting in vitro into 

a reticulated network, measured by the formation of 

highly viscous gels in purified preparations of NFs
[30]

. 

Finally, dephosphorylation of the NF termination 

contributes to degradation and regulates their 

interactions with other cytoskeletal proteins
[31]

. NF 

subunit dephosphorylation is catalytically achieved via 

phosphatase 2A and is assisted by phosphatase 1
[32]

. 

Lobsiger et al 
[33]

 studied NF-H and NF-M 

phosphorylation in gene knockout mice, demonstrating 
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that amyotrophic lateral sclerosis is delayed compared to 

normal animal models with identical total NF levels, 

suggesting that abnormal NF phosphorylation induces 

amyotrophic lateral sclerosis. 

Glycosylation 

NFs are modified by O-linked N-acetyl glucosamine or by 

post-translational serine and acetyl glucosamine 

residues, which regulate protein stability, subcellular 

localization, and protein-protein interactions
[34]

. Similar to 

phosphorylation, O-glycosylation is a dynamic process 

that alternates with phosphorylation. Glycosylated NF is 

present around peripheral nerves in diabetic patients, 

which may be related to peripheral neuropathy
[35]

. 

Post-translational modified NFs may be significant in 

family and single amyotrophic lateral sclerosis
[36]

. 

NF interactions with proteins and organelles 
As a complex, dynamic network, the interactions 

between NF and its zygosome are mediated by 

NF-associated proteins, which regulate enzyme function 

and NF linker protein structure. Linker proteins are 

responsible for the interaction between actin and cell 

organelles, while kinase and phosphatase are involved in 

regulating NF structure, assembly, and spacing. 

According to Tashiro et al 
[37]

, studies of the rat sciatic 

nerve showed that phosphorylated NF significantly 

stabilizes microtubules within axons, thereby promoting 

axonal regeneration. Other results have shown that 

dynein and kinesin in molecular motors together with 

C-terminal NF phosphorylation, promote NF transport 

along axons and dendrites
[38]

. Using a yeast 

double-hybrid and affinity chromatography model, dynein 

intermediate chain binding NF-M was shown to bilaterally 

participate in NF transport in axons
[39]

. This study 

summarized and analyzed well-known or likely proteins, 

enzymes, and receptors that interact with NF (Table 1). 

. 

NF GENE EXPRESSION, HIERARCHICAL 
CONTROL, AND POST-TRANSCRIPTIONAL 
REGULATION 
 
NF gene expression plays an important role in nervous 

system development, as well as repair of damaged nervous 

system and neurodegenerative diseases
[55]

. Results have 

suggested that the regulation of NF gene transcription is 

crucial for the control of NF expression, especially in neural 

regeneration and neurodegenerative diseases
[56]

. 

Effect of altered NF expression on axon growth, 
regeneration, and neurodegenerative diseases  
NF subunit expression is continuously changing in the 

developing vertebrate, indicating that expression 

correlates with nervous system regulation. As a protein 

expressed in the peripheral nerve system, NF-L maintains 

a high level in axons
[57]

. In the central nervous system, 

type III intermediate filament protein and vimentin 

expressions disappear in newly differentiated neurons, 

which is similar to the role of peripheral proteins
[8]

. 

Unexplained type III intermediate filament protein 

expression is conducive to axonal growth, and the majority 

of organisms survive due to wide axonal regeneration 

following severe nerve injury. The appropriate regulation 

of NF expression delays neural aging, and immunoblotting 

assays have shown that neuronal growth in aged rats is 

less than in young rats, because NF-L expression 

decreases in distal axons, while NF-M and NF-H mRNA 

expression is also selectively reduced
[58]

. Therefore, NF 

dysfunction leads to neurodegenerative diseases. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hierarchical control of NF protein expression 
Regulation of gene expression was originally found to 

occur at the transcriptional level. Clearly, the 

transcriptional controlling effect is effective for NF 

expression and specificity of neuronal growth
[59]

. Gene 

expression includes transcriptional and 

post-transcriptional control, and the latter is of equal 

significance in NF expression. Post-transcriptional 

regulation of gene expression makes protein synthesis 

more effective and can coordinate related proteins. With 

a better understanding of eukaryotic gene expression 

transcription and post-transcriptional regulatory 

mechanisms, current studies focus on regulation points 

of gene expression (Figure 1).  

Table 1  Protein interactions with neurofilament (NF) 

Protein Known or possible functions Source   

Tubulin Integrity of cytoskeleton Miyasaka et al [40]   

Fodrin Interaction between 

cytoskeleton and organelles 

Frappier et al [41]   

H1 histone Regulating DNA synthesis Young et al [42]   

G-actin Maintaining neuronal structure Hao et al [43]   

Hamartin Interaction between NF and 

actin 

Haddad et al [44]   

Microtubule- 

associated 

protein 2 

Bridge between NF and MT Perkins et al [45]   

Synapsin 1 Interaction between NF and 

synaptic non-secretory 

vesicle 

Loureiro et al [46]   

Motor proteins     

Dynein NF transport in axon Shah et al [47]   

Kinesin NF transport in axon Yabe et al [48]   

Kinase and 
phosphokinase 

    

Stress activated 

protein kinase 

NF-H C-terminal 

phosphorylation 

Ackerley et al [49]   

Casein kinase NF-L and NF-M C-terminal 

phosphorylation 

Nakamura et al [50]   

Cyclin- 

dependent 

kinase 5 

NF-M and NF-H phenylalanine 

motif phosphorylation 

Sharma et al [51]   

Extracellular 

signal-regulated 

kinase 

NF-M and NF-H phenylalanine 

motif semi-phosphorylation 

Guidato et al [52]   

Protein kinase A, 

C  

NF triplex N-terminal 

phosphorylation 

Sihag et al [25]   

Receptors     

Dopamine 

receptor 

Regulating cell surface 

expression and 

desensitization 

Kim et al [53]   

N-methyl-D- 

aspartate 

receptor 

Reticular nucleus anchoring 

and positioning 

Ehlers et al [54]   
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Translated mRNA in axons containing ribosomes is 

restricted to a specific segment of the axon. Willis et al 
[60]

 

discovered limitations of NF mRNA within growth cone 

axons. Similarly, post-transcriptional regulation of NF 

subtype expression was observed to be significant, and 

NF-L protein expression was significantly increased 

compared to NF-H in gene dosage tolerance in 

transgenic mice, which directly relates to 

post-transcriptional inhibition of NF-L mRNA 

expression
[61]

.  

Transcription and post-transcriptional interaction 
controls NF axonal regeneration in the central 
nervous system  
A number of studies on NF expression in Xenopus optic 

nerve regeneration have provided clear evidence for the 

role of transcriptional and post-transcriptional control on 

NF expression
[62]

. In these studies, heterogeneous 

nuclear RNA (hnRNA)-related mRNA changes were used 

as alternative measurements of gene transfer following 

optic nerve damage. hnRNA is an intermediate during 

transcription; it exists transiently and can be determined 

by introns that lack mature mRNA. Polysomal 

artherectomy serves as an analysis indicator of NF 

messenger RNA translation efficiency. Using introns and 

exons as probes, quantitative analysis of reverse 

transcription-polymerase chain reaction showed that 

NF-M transcription and linker protein subunit expression 

are similar to the normal side following optic nerve injury. 

In addition, NF mRNA expression is decreased in the 

surgical side of the optic nerve, although transcription 

was blocked during the initial regeneration phase. Even 

at the peak of axonal regeneration, hnRNA levels remain 

several times greater than mRNA levels
[63]

. During 

regeneration, NF information transcription efficacy 

fluctuates, with a greater amount of NF mRNA in 

polyribosomes at the operated side of the optic nerve
[64]

. 

Motor neurons from the normal side (no injury) mediate 

the injured side via the spinal cord, and similar signal 

transductions occur following retinal damage. Multi-path 

synaptic pathways are transferred from both eyes to the 

thalamus and visual nerve center. A small amount of 

NF-M mRNA is transformed to polyribosomes in the eyes 

and brain of the non-operated side, whereas about 85% 

of NF-M mRNA transform into polyribosomes in eyes 

from the surgical side when neural regeneration peaks, 

indicating that NF mRNA protein aggregation requires 

more NF-M structural proteins for neural regeneration
[65]

. 

Increased NF-M transcription on the normal and 

operated sides of the optic nerve reflects both optic 

nerve pathways in response to the initial fracture. For 

example, following peripheral nerve transection, 

instantaneous peripheral nervous system regeneration 

occurs in contralateral non-damaged neurons in rodent 

models. These neurons germinate towards the injury 

side, which is mediated by the spinal cord
[66]

. Similar 

signal transduction is also observed in the damaged 

retina, because signals are transferred from the 

thalamus and visual center to the eyes via a 

multi-synaptic pathway. Another possibility is that signals 

are mediated by body fluids, although the differences 

between these two mechanism require further studies
[67]

.  

Results have shown that NF expression regulates 

several genes that are involved in the repair of central 

nervous system injury
[68]

, which suggests that 

post-transcriptional regulation meet requirements for NF 

subtypes in axonal regeneration, thereby promoting 

neural regeneration. Another study showed that NF 

post-transcriptional gene regulation mechanism is 

activated to promote repair of damaged nerves in the 

adult central nervous system, but also raises the 

question that inappropriate signal activation under the 

same mechanisms could be related to disease 

occurrence
[59]

. 

NF post-transcriptional regulation in 
neurodegenerative diseases 
NF-containing polymers exhibit unique characteristics in 

various neurodegenerative diseases. Amyotrophic lateral 

sclerosis is closely related to out-of-control 

Figure 1  Coding gene chromosomal DNA was transcribed into heterogeneous nuclear RNA (hnRNA), thus producing 
messenger RNA (mRNA).  

This nuclear mRNA forms complexes with ribonucleoproteins, some of which escort the mRNA into the cytosol. In the cytosol, 
mRNAs can join additional mRNAs and ribonucleoproteins to form transport granules, where they await signals that initiate 
translation. mRNA translation results in polymers containing several ribosomes. I, II, III: Modification points. 

hnRNA  

transcription 
mRNA 

Transcription Splicing 

mRNA 

Polyribosome mRNA 

Silent RNA 

Degradation 

Translation 
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location, and 

expression 
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II 

III I 
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post-transcriptional regulation of NF mRNA. Using in situ 

hybridization and reverse transcription-polymerase chain 

reaction, NF-L mRNA has been shown to be selectively 

inhibited at the steady state in degenerated spinal cord 

motor neurons in amyotrophic lateral sclerosis, although 

NF-M and NF-H are not suppressed
[69]

. In contrast, 

although spinal cord motor neurons are a secondary 

factor for total RNA content in ventral spinal cord tissue, 

NF-L levels and peripheral protein in ventral spinal cord 

tissue are increased compared to mRNA from 

non-affected tissue
[70]

. However, the exact causes 

remain to be determined. Thermal denaturation or 

unaffected spinal cord homogenate treatment in 

patients with amyotrophic lateral sclerosis results in 

increased NF-L mRNA stability; therefore, it is also 

possible that unstable NF-L mRNA differential 

expression in amyotrophic lateral sclerosis exhibits the 

opposite effects
[71]

. The turnover of NF-L mRNAs 

regulated by a RNA-binding complex, a 43-kDa 

DNA-binding protein trans-acting region
[72]

, 14-3-3 

protein
[73]

, as well as original or mutant soluble 

superoxide dismutase
[74]

. Various proteins in 

amyotrophic lateral sclerosis are transformed into 

polymers, and further implicating RNA binding proteins 

in human disease. In addition, NFL subunit content 

change in NF-L knockout mice is related to polymers 

within neurons, as well as proliferation of astrocytes and 

microglia activation, which are characteristic signs of 

amyotrophic lateral sclerosis
[75]

. Surprisingly, 

overexpression of the NF-L 3'-untranslated region leads 

to nerve degeneration
[76]

, which suggests a complexity 

of NF-L mRNA regulation in the human and murine 

central nervous system. Ludemann et al 
[77]

, studying 

spinal cord tissues from a transgenic rat model of 

amyotrophic lateral sclerosis, found that dynamic 

alteration of NF-M over-phosphorylation and 

glycosylation in neurons leads to amyotrophic lateral 

sclerosis. Another study found significantly increased 

levels of NF-L and NF-H in Parkinson's disease with 

multiple system atrophy and various protein labeling
[78]

. 

Recent studies addressing NF-related 

neurodegenerative diseases are shown in Table 2. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
CONCLUSION 
 
NF protein expression is closely linked with continuous 

growth of normal axons and impaired axonal 

regeneration. NF protein post-transcriptionally regulated 

changes in mRNA transport, translation and stability are 

now thought to work together with transcription to 

achieve the final expression pattern. Post-transcriptional 

regulation plays an important role in the maintenance of 

adult neuronal stability, and this regulation loss may 

result in neurodegenerative disease. NF 

post-transcriptional regulation is similar to axonal 

growth-related proteins, suggesting that 

post-transcriptional regulatory factors could act on critical 

axon proteins. In recent years, the use of transgenic 

mouse models allows researchers to determine the role 

of NF in axonal caliber during nerve growth. NF 

post-transcriptional gene regulation plays a role in axonal 

regeneration and neurodegenerative diseases. 
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