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ABSTRACT (250 WORDS)

Accumulation of TDP-43 in the cytoplasm of diseased neurons is the pathological 

hallmark of Frontotemporal Dementia-TDP (FTLD-TDP) and Amyotrophic Lateral 

Sclerosis (ALS), two diseases that lack of efficacious medicine to prevent or to stop 

disease progression. The discovery that mutations in the TARDBP gene (coding for the 

nuclear protein known as TDP-43) in both FTLD and ALS patients provided evidence 

for a link between TDP-43 alterations and neurodegeneration. The knowledge of TDP-

43 function has advanced profoundly in the last years, however its complete role and 

the molecular mechanisms that lead to disease have yet to be fully understood. Here 

we summarize the recent studies of this protein, its relation to neurodegenerative 

diseases and the therapeutic strategies to restore its homeostasis with small 

molecules. Finally, we briefly discuss the available cellular and animal models that help 

to shed light on TDP-43 pathology and could serve as tools to discover 

pharmacological agents for the treatment of TDP-43 related diseases.

KEY WORDS: TDP-43, ALS, FTLD, drug discovery, 
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ABBREVIATIONS LIST:
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kinase 1; DLB, dementia with Lewy bodies; EA, ethacrynic acid; FDA, Food and Drug 

Administration; FL, full-length ; FTLD, frontotemporal lobar dementia; FUS, fused in 

sarcoma protein; GSK-3, glycogen synthase kinase 3; HD, Huntington’s disease; 
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iPSCs, induced pluripotent stem cells; MAPK/ERK, mitogen-activated protein kinases; 

Mfn1, mitofusin 1; MQC, mitochondrial quality control; MSA, multiple system atrophy; 

MSP, multisystem proteinopathy; mTOR, mammalian target of rapamycin; NLS, 

nuclear localization signal; NMD, non-sense-mediated decay; PD, Parkinson’s disease; 

PGRN, progranulin; PPARγ, Peroxisome proliferator-activated receptor gamma PSP, 

progressive supranuclear palsy; SG, stress granules; SMA, spinal muscular atrophy; 

SOD, superoxide dismutase;  TDP-43, TAR DNA-binding protein of 43 KD; TTBK1, tau 

tubulin kinase 1; hUPF1, human up-frameshift protein 1; UPS, ubiquitin–proteasome 

system (UPS);  wt, wild type; XPO1, nuclear receptor exportin-1. 
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1. Introduction

The term proteinopathy refers to a number of neurodegenerative disorders 

characterized by the accumulation of specific proteins in the central nervous system 

(CNS).1 Typically, these proteins are unstructured and monomeric in the healthy brain, 

while under pathological conditions, they undergo conformational changes leading to 

oligomers formation that eventually turn into aggregated structures. These changes 

result in the gain of new toxic function and/or the loss of the physiological function. 

Many factors may affect the conformational stability of aggregation-prone proteins. 

First, mutations in the structural regions of the genes coding for such proteins may 

change their physico-chemical properties.2 In other cases, mutations in the regulatory 

regions of the coding genes may increase their transcription. Increased concentration 

of the protein may facilitate the formation of aggregates.3 Other factors affecting the 

initiation of pathogenic aggregation include age, oxidative stress, virus infection, metal 

ions and chronic inflammation.4, 5 Moreover, the interaction of these proteins in 

aberrant conformation with other molecules may spread the pathogenic changes in a 

prion-like manner.6 Finally, it is also known that post-translational modifications play an 

important role in pathogenic aggregation.7

Proteinopathies are grouped by the nature of the major protein found in the 

aggregates. The so-called amyloidosis comprises a number of diseases in which the 

inclusions have amyloid properties exhibiting positive congo red staining and fibrillary 

structure.8 The most prominent disorder in this group is Alzheimer’s disease (AD) 

characterized by the presence of Aβ amyloid plaques. Taupathies encompass several 

disorders characterized by the presence of insoluble deposits of microtubule-

associated tau protein. They are associated with dementia or degeneration of the 

motor system, and are found in AD, progressive supranuclear palsy (PSP) or 

frontotemporal lobular degeneration (FTLD-TDP).9

The term synucleinopathies is used to name a group of neurodegenerative disorders 

characterized by fibrillary aggregates of alpha-synuclein protein in a selective 

population of neuronal and glial cells.10 These disorders include Parkinson's disease 

(PD), dementia with Lewy bodies (DLB), pure autonomic failure (PAF), and multiple 

system atrophy (MSA). 

Mutations in FUS (fused in sarcoma) and structural alterations of the FUS protein are 

considered one potential cause of ALS and FTLD. The presence of FUS-positive 
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inclusions in affected neurons are typical for both ALS-FUS and FTLD-FUS, being the 

unifying feature of FUSopathies.11

A different type of proteinopathy comprises the so-called polyglutami-

ne (polyQ) diseases, which are neurodegenerative disorders caused by expansion of 

unstable polyQ repeats in their associated disease proteins. Examples are 

Huntington’s disease (HD), or spinocerebellar ataxia type 17.12

TAR DNA-binding protein of 43 KD (TDP-43) was first identified in 2006.13 Since then, 

numerous studies confirmed the presence of this protein as the major component in 

the abnormal neuronal and glial inclusions observed in a number of neurodegenerative 

disorders grouped by the general term of TDP-43 proteinopathies. Prominent TDP-43 

cytoplasmic mislocalization and aggregation are evident in amyotrophic lateral 

sclerosis (ALS) and FTLD-TDP, but also in Perry syndrome, Alexander disease, and 

multisystem proteinopathy (MSP).14 In addition, TDP-43 pathology is a secondary 

feature of several other neurodegenerative disorders, including AD, PD, and HD.15-17 It 

has been reported that its presence may aggravate the primary existing 

proteinopathy.18 Lastly, TDP-43 pathology has also been observed in spinal muscular 

atrophy (SMA), and in infertile men.19, 20

While some of these diseases are characterized by a single type of protein aggregates, 

proteinopathies are often heterogeneous making a definite diagnosis difficult. The 

present work is focused on TDP-43 proteinopathies. We review current knowledge 

about TDP-43 physio-pathological functions and summarize the most promising 

avenues to modulate TDP-43 pathology based on already identified potential 

therapeutic targets.

2. Biology and physiopathological functions of TDP-43

TDP-43 is a highly conserved 414-amino acid nuclear protein. It is encoded by the 

TARDBP gene and it is ubiquitously expressed.21 TDP-43 contains two RNA 

recognition motifs, a nuclear localization sequence, a nuclear export signal,22 and a 

glycine-rich C-terminus that mediates protein-protein interactions.23 The majority of 

ALS causing mutations identified in human disease have been found in the C-terminus 

of TDP-43, indicating that this region of the protein may mediate pathological protein 

modifications and aggregation. TDP-43 pre-dominantly resides in the nucleus, but is 

capable of nucleocytoplasmic shuttling.22

The knowledge of physiopathological functions of TDP-43 is still incomplete. This 
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protein plays a variety of roles in RNA metabolism, including transcription, splicing, 

mRNA transport, mRNA stability through recruitment into stress granules (SGs), and 

microRNA biosynthesis.24 Recently, it has been described that, in contrast to other 

RNA-binding proteins that regulate splicing of conserved exons, TDP-43 repressed the 

splicing of non-conserved cryptic exons, and that this process is impaired in ALS-FTLD 

cases.25 The TDP-43 repressed cryptic exons are cell-type specific and different 

pathways may be altered, which may have mechanistic and therapeutic implications in 

the TDP-43 proteinopathies spectrum.26 Moreover, TDP-43 seems to be involved in 

miRNA biogenesis.27 miRNAs are short non-coding RNA molecules (19-24 nucleotide 

long) that mediate epigenetic regulation of gene expression, mainly at the post-

transcriptional level.28 Emerging evidences indicate that down-regulated TDP-43 levels 

or the presence of mutant TDP-43 impair miRNA biogenesis in cellular models.29, 30

Apparently TDP-43 is required for the correct assembly of the pre-miRNA attached to 

Drosha protein and the cytoplasmatic Dicer protein to produce a mature 20-bp miRNA 

duplex intermediate.27

2.1 Regulation of TDP-43 levels

Given the number and variety functions in which TDP-43 is involved, it is not surprising 

that TDP-43 levels are tightly regulated. TDP-43 controls its own expression through a 

negative feedback loop. TDP-43 binds to the 3′-UTR of its mRNA, leading to non-

sense-mediated decay (NMD)-independent mRNA degradation and a decrease in the 

cellular levels of TDP-43. The integrity of the TDP-43 C-domain in the region 321-366 

seems to be necessary for this autoregulation.31 In addition, TDP-43 expression has 

also been shown to be regulated by miR-b2122.32

On the other hand, control of TDP-43 cellular levels could also occur at a post-

translational level, since changes in the TDP-43 protein half-life have been reported in 

different cell lines.33

The disruption of TDP-43 autoregulation may contribute to TDP-43 proteinopathy, as it 

was reported that TDP-43 overexpression in C. elegans, Drosophila or mouse is 

sufficient to increase the levels of endogenous TDP-43 and to induce 

neurodegeneration.34-36 Therefore, it seems that a treatment that keeps protein levels 

just right would be an attractive therapeutic approach. In this regard, the recent finding 

that manipulating cellular levels of human up-frameshift protein 1 (hUPF1), a master 

regulator of the protective NMD mechanism resulted in download of TDP-43 levels and 

enhanced neuronal survival37 opens an avenue for designing and developing new 

drugs that target this system to maintain normal levels of TDP-43 and protect neurons.

Page 6 of 48

ACS Paragon Plus Environment

ACS Chemical Neuroscience

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7

2.2 Pathological modifications of TDP-43

The term TDP-43 proteinopathy describes the characteristic histopathological 

transformation of TDP-43 homeostasis in disease, namely the deposition of full-length 

and fragmented TDP-43 protein, ubiquitinated and hyperphosphorylated aggregates in 

the cytoplasm, associated with loss of TDP-43 in the nucleus.13 However, the 

mechanistic aspects leading to accumulation of pathological TDP-43 and functional 

consequences are not yet fully understood. It remains to be determined which of these 

events are triggering the development of the disease and which could be potential 

targets for therapeutic intervention (Figure 1).

Here, Figure 1

The key question of whether cytosolic TDP-43 accumulation implicates the gain of a 

new toxic function and/or the concomitant reduced TDP-43 nuclear levels represents 

the loss of its essential role, is still a matter of debate. There is evidence that loss of 

TDP-43 nuclear functions could have pathogenic influence. For example, we found 

nuclear loss of TDP-43 induced repression of CDK6 transcription in lymphoblasts from 

FTLD-TDP patients38 and a deficit in the TDP-43 splicing repressor of non-conserved 

cryptic exons have been detected in brain of FTLD/ALS individuals.25 Direct evidence 

for changes in more than 600 mRNAs in a murine model of ALS following TDP-43 

nuclear depletion was obtained by using massively sequencing and splicing-sensitive 

junction arrays.39 Alternatively, generation and sequestration of abnormal TDP-43 

species such as hyperphopshorylated TDP-43 C-terminal fragments in cytoplasmic 

inclusions might induce a toxic gain of function. The current consensus is that the 

disease likely arises from a combination of both loss and gain of TDP-43 functions. The 

balance between nuclear and cytosolic levels of TDP-43 appears to be controlled by 

both nuclear localization signal (NLS) and nuclear export signal motifs.22, 40 Alterations 

in the NLS motif in cell cultures were reported to induce cytoplasmic TDP-43 

accumulation, associated with changes in TDP-43 solubility and reduced nuclear TDP-

43 levels.22 These observations suggest that perturbation of normal shuttling of TDP-43 

between nucleus and cytoplasm can lead to the formation of TDP-43 aggregates that 

recapitulate features of TDP-43 signature lesions of FTLD-TDP and ALS.

The protein aggregates in TDP-43 proteinopathies contain TDP-43 extensively 

modified by post-translational mechanisms not observed in healthy neurons, including 

ubiquitination, acetylation, SUMOylation, and phosphorylation,13, 41 the latter being the 

most consistent marker of pathological TDP-43 deposition. Specific sites of 

phosphorylation occur at the C-terminus of the molecule, predominantly at serines 409 
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and 410 (S409/410).42 Phosphorylation at S409/410 has been shown to induce protein 

aggregation, neurotoxicity and neurodegeneration, decreased protein turnover and 

increased cytoplasmic accumulation.43

It has been described that cytosolic aggregates of TDP-43 can be classified in different 

classes of misfolded TDP-43 species based on their vulnerability to degradation by 

proteasome and autophagy and its mobility. Taking these features into account, six 

different classes of misfolded TDP-43 have been distinguished44 (Figure 2):

1) monomeric, highly mobile, proteasome-degradable TDP-43, 

2) a fraction of aggregates, Agg1, possibly in equilibrium with the monomer and 

susceptible to proteasome degradation, 

3) Agg2, oligomeric, slowly mobile, autophagy-degradable fraction of TDP-43 

aggregates, 

4) TDP-43 microaggregated inmobile and degradable by autophagy, 

5) Agg3 non degradabled fraction of cytosolic TDP-43 

6) macroaggregated immobile non degradable TDP-43. 

Here, Figure 2.

Several kinases with ability to phosphorylate or modulate TDP-43 in vitro and in vivo

have been identified so far, including casein kinase 1 (CK-1),45 cell division cycle 7 

(CDC7),46 tau and tubulin kinase 1 and 2 (TTBK1 and TTBK2),47 glycogen synthase 

kinase 3β (GSK-3β)48 and mitogen-activated protein kinases (MAPK/ERK).49 All of 

these kinases may contribute to regulate TDP-43 phosphorylation in humans as all of 

them share target sequence conservation. Whether they act redundantly to promote 

TDP-43 phosphorylation in vivo, or there is specific kinase activation triggered by extra 

or intracellular signals is not yet known. On the other hand, it is worth mentioning that, 

it has been recently reported that the phosphatase calcineurin is able to 

dephosphorylate TDP-43.50 Calcineurin depletion in C. elegans results in accumulation 

of phosphorylated TDP-43, and enhanced motor dysfunction. Similar effects were 

found in human cultured cells following pharmacological inhibition of calcineurin.   

Like other proteins that form intracellular inclusions, the pathological TDP-43 

aggregates are ubiquitinated. It is thought that disruption of the ubiquitin–proteasome 

system (UPS) might contribute to increased levels of ubiquitinated TDP-43 in ALS and 

FTLD-TDP.51 Indeed, inhibition of the UPS leads to increased levels of phosphorylated 

TDP-43 aggregates in cultured cells.22
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The findings that ALS-linked mutations in genes p62/SQSTM1, VCP, UBQL and OPT, 

coding for proteins involved in protein degradation (UPS- and autophagosome-

mediated degradation)52 add further support to the idea that perturbation of protein 

degradation pathways is mechanistically linked to the formation of TDP-43 inclusions. 

p62 and VCP are required to form autophagosomes.53 This is the first step in the 

autophagy pathway; the autophagosome sequesters degradation targets and delivers 

them to lysosomes for degradation, a process orchestrated by a complex network of 

proteins encoded by ATGs.54 It is known that mutant TDP-43 impairs its ability to bind 

and stabilize ATG7 mRNA, thus leading to autophagy dysfunction.55 On the other hand, 

TDP-43 appears to regulate autophagy by affecting the localization and activity of the 

transcription factor TFEB, which results in altered expression of autophagy and 

lysosomal proteins.56 TDP-43 interacts with several proteins involved in autophagy, 

such as the endosomal sorting complexes required for transport,57 ubiquilin 158  and 

sequestosome 1.59 Moreover TDP-43 seems to modulate the autophagosome-

lysosome fusion.56 Together, these findings support the idea that TDP-43 regulates 

autophagy, and thus regulates its own turnover. Conversely, it has been demonstrated 

that molecules able to activate the UPS or autophagy promote TDP-43 clearance and 

ameliorate toxicity in models based on TDP-43 overexpression60,51 and they will be 

discussed in the next section.

TDP-43 has been shown to alter the so-called Mitochondrial Quality Control (MQC) 

system, which functions to assure the homeostasis of mitochondrial proteins.61 For 

example, a direct effect of TDP-43 on mitochondrial biogenesis in different cell models 

of ALS was recently demonstrated.62 Mutant or overexpressed TDP-43 appears to 

localize in the internal mitochondrial membrane.62 TDP-43 is also involved in 

mitochondrial dynamics, apparently by inducing the downregulation of mitofusin 1 

(Mfn1).63 Interestingly, overexpression of Mfn1 in transgenic TDP-43 flies restores 

mitochondrial length and ameliorates and locomotor defects.61 TDP-43 could also play 

a role in mitophagy as several studies on patient tissues and murine models indicate 

that TDP-43 leads to abnormal aggregation of mitochondria in motor neurons that are 

reminiscent of mitochondria undergoing mitophagy.64 However contradictory results 

have been reported regarding the localization of autophagic markers in mitochondria.65

Further work is needed to definitely clarify the role of mitophagy in the pathogenesis of 

these proteinopathies. Should this happen, pharmacological agents should be 

designed to restore the MQC system and particularly mitophagy, as treatments of 

these diseases.
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From the above considerations, it seems obvious that alterations of protein TDP-43 

homeostasis have many downstream consequences that contribute to the 

neurodegenerative process.66 Understanding the specific features of protein imbalance 

is thus important to design novel therapeutic strategies. The strategies based on TDP-

43 biology should be directed mainly to prevent ubiquitination and phosphorylation, to 

enhance protein aggregates clearance and block TDP-43 cytosolic mislocalization, as 

they are the most likely causative mechanisms of ALS/FTLD pathogenesis.52

3. Modulation of TDP-43 proteostasis by small molecules

As it has been mentioned, TDP-43 has emerged as a valuable therapeutic target for 

the discovery of effective treatments of several neurological severe and unmet 

diseases.67 Thus, modulation of its post-translational modifications by small molecules 

offers a great opportunity in the discovery of efficient drug candidates for the future 

treatment of ALS or FLTD, especially the ones directed towards homeostasis recovery. 

With the aim to provide new ideas for further drug discovery, some modulators of TDP-

43 are collected in the following section, mainly grouped by their mechanism of action.

3.1 Protein kinase inhibitors

One of the principal TDP-43 post-translational modifications that influences in its 

aggregation is phosphorylation.68 The phosphorylation of TDP-43 by kinases occurs at 

different residues present in the C-terminal domain of the protein, being the epitope 

S409/410 crucial for the abnormal oligomerization and fibril formation in vivo. Different 

protein kinases have been identified to phosphorylate TDP-43 so far: CK-1, CDC-7 and 

TTBK1/2. 45-47

CK-1 was the first kinase identified to directly phosphorylate TDP-43.45 The CK-1 gene 

codifies for seven different isoforms, but only isoforms δ and ε are associated with 

TDP-43 phosphorylation.69, 70 Although several CK-1δ selective and dual δ/ε selective 

inhibitors have been described,71 only the modulation of TDP-43 phosphorylation has 

been extensively studied for the benzothiazole family72   (Figure 3A). In 2014 Salado et 

al., described a new family of CK-1δ inhibitors, being the N-Benzothiazolyl-2-phenyl-

acetamides the most potent ones with IC50 values in the nano molar range. These 

inhibitors are ATP-competitive and show an excellent kinase selectivity profile against 

a wide panel of 456 kinases.72 These molecules were tested in a cellular assay 

showing their ability to decrease the ethacrynic acid (EA)- induced rise in p-TDP-43 

levels. Cell treatment with EA causes a depletion of glutathione and consequent TDP-
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43 hyperphoshprylation.4 Finally, these small heterocyclic compounds were tested in a 

Drosophila Melanogaster transgenic model that expressed human TDP-43 and 

reproduced some of the human proteinopathy features such as neuron degeneration, 

cognitive impairment, reduced life span and abnormal hTDP-43 phosphorylation. Four 

inhibitors were tested and the lifespan of the animals was analyzed. All the active 

compounds were able to avoid the neurotoxic effect of the hTDP-43 expression and 

extend the lifespan of the flies, directly correlating with their IC50 values. The protective 

effects of CK-1δ inhibitors in TDP-43 proteinopathies suggest a potential therapeutic 

role for modulating TDP-43 hyperphosphorylation.

More recently, some of these compounds were further investigated in human cellular 

models of FTLD and ALS. These cells recapitulate some TDP-43 features present in 

human pathologies and represent an innovative, human-derived platform for drug 

discovery.73, 74 CK-1 inhibitors, named IGS2.7 and IGS3.27 (Figure 3A), were tested in 

lymphoblasts of patients with FTLD-TDP and sporadic ALS showing significant results 

in the reduction of TDP-43 phosphorylation. Moreover, they were able to restore TDP-

43 homeostasis by recovering nuclear protein localization. Finally, an in vivo

pharmacokinetic study of IGS2.7 proved that the compound is brain penetrant and 

orally bioavailable. These results suggest that inhibition of TDP-43 phosphorylation 

may be a promising therapy for ALS and FTLD and that CK-1 inhibitors can be 

considered promising candidates for their effective pharmacotherapy.

In 2016, Joshi et al.75 described two new CK-1δ inhibitors based on the benzothiazole 

derivatives described previously. These compounds, named as CHC and DHC (Figure 

3A), were designed trough a novel QSAR computational model from a combinatorial 

library and their predicted activity pIC50 is 7.8, but their synthesis or experimental 

activity against the kinase has not been reported. 

In 2018, a family of 28 new 1-(benzo[d]thiazol-2-yl)-3-phenylureas as CK1 inhibitors 

was described (Figure 3A). The inhibitory activity of the compounds was tested for 

CK1δ and CK1ε. Two of these ureas showed selective micro molar inhibition CK1δ as 

well as the ability to cross the blood brain barrier. Further assays need to be performed 

in order to test the role these new compounds in the modulation of  TDP-43 

hyperphosphorylation76.

Cell division cycle kinase 7 (CDC7) is a Ser/Thr kinase involved in the control of  DNA 

replication and cell cycle progression, which has been associated with cancer. Liachko 

et al. identified the C. elegans homolog for this kinase as responsible for the 

phosphorylation of TDP-43 in vivo.46 The authors described that the previously known 

ATP-competitive CDC7 inhibitor known as PHA767491 (Figure 3B), could revert the 
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effects of TDP-43 hyperphosphorylation. The compound was tested in several cellular 

models and in C. elegans, showing toxic effects at concentrations higher than 90 µM, 

most likely due to the role of CDC-7 in cell cycle progresion . At 70 µM the authors 

observed significant lower levels of TDP-43 phosphorylation. In addition, this inhibitor 

was able to reduce the loss of GABAergic motor neurons without interfering with the 

animal’s growth. However, PHA767491 is not able to cross the human blood brain 

barrier77 and thus cannot be therapeutically applied to TDP-43 proteinopathies. 

TTBK1 and TTBK2 are Ser/Thr and Tyr kinases that belong to the family of CK-1. 

Liachko et al. described the role of TTBK1 and TTBK2 in TDP-43 phosphorylation and 

neurodegeneration. 47, 78 TTBK1 is only expressed in the central nervous system, in 

adult brain cortex, cerebellum and the fetal brain. On the contrary, TTBK2 expression 

is ubiquitous and the enzyme is implicated in multiple crucial roles within the cell such 

as: microtubule stabilization, ciliogenesis and neurotransmitter transport. This 

difference remarks the advantage of selective inhibition of TTBK1 as a promising tool 

for the reduction of TDP-43 hyperphosphorylation, although to date no selective 

inhibitors have been reported.79 There are only three TTBK1/2 inhibitors described in 

the literature (Figure 3C).80, 81 These compounds show moderate inhibitory activity but 

their molecular role against TDP-43 phosphorylation or aggregation has not been 

investigated. 

Finally, tyrosine kinase inhibitors nilotinib and bosutinib display a different mechanism 

of action than previous inhibitors. Nilotinib is a multitarget compound being its 

preferential targets Bcr-Abl with IC50 below 30 nM in murine myeloid progenitor cells. 

Bosutinib is a dual Scr/Abl inhibitor that presents IC50 of 1.2 nM and 1 nM respectively. 

The authors tested these two compounds in homozygous mice expressing human 

TDP-43. This model does not present muscular waste and paralysis, but the animals 

show a more FTLD-TDP phenotype characterized by anxiety, motor and cognitive 

defects. This over-expression triggers an increase in glutamate and γ-amino butiric 

acid (GABA) and a reduced level of both glutamine and aspartate. These changes 

cause oxidative stress and disturbed synaptic function. Both nilotinib and bosutinib are 

able to reverse these toxic effects to the levels in control animals,82 together with a  

reduction in the nuclear and total levels of the protein. These data suggest the potential 

of tyrosine protein kinases inhibitors in recovering TDP-43 homeostasis.83

Here, Figure 3.
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Inhibitors of stress granules

Boyd el al. published a high-content screening assay searching for inhibitors of TDP-43 

inclusion formation.84 It has been reported that most TDP-43 inclusions co-localize with 

stress granules (SGs). TDP-43 associates with SG by interacting with SG proteins, 

either via direct protein-protein interactions, or as RNA.85 Compounds able to reduce 

SG formation have been shown to inhibit the formation of TDP-43 inclusions. The 

authors created a cellular model that increased oxidative stress by addition of sodium 

arsenite to a PC-12 cell line. In this study they tested 75000 molecules from a library 

and identified 16 interesting compounds with different scaffolds that did reduce the 

TDP-43 inclusions without any toxic effect. The selected compounds were tested in a 

C. elegans model expressing wt TDP-43 and mutated A315T TDP-43. Heterocyclic 

compound LND-0130436 (Figure 4) was able to protect against the neuronal loss 

mediated by TDP-43 accumulation and improved some behavioral defects. Further 

studies are needed to identify the exact mechanism of the compound.

The role of cyclin dependent kinases (CDK) and GSK3 inhibitors in TDP-43 stress 

granule formation has also been studied.48 GSK-3 inhibitors SB216736 and SB415286, 

as well as CDK inhibitors arcyriaflavin A, olomoucine and ryuvidine showed a reduction 

on TDP-43-positive stress granule formation, although additional research is needed in 

order to clarify the exact mechanisms of these two kinases in the TDP-43 

proteinopathy.

Here, Figure 4.

Autophagy modulators 

Autophagy degradation pathway has become a potential therapeutic target in 

neurodegenerative diseases with proteins inclusions, including TDP-43 

proteinopathies. Cytosolic TDP-43 is degraded by both, the ubiquitin-proteasome 

system and the autophagy lysosomal pathway, either as a full-length protein or C-

terminal fragments.44 It has been reported that in aging, in ALS and FTLD animal 

models and in other neurodegenerative diseases, a progressive decrease in the 

efficiency of these protein degradation systems occurs.86 Indeed, TDP-43 is implicated 

in autophagy regulation as previously described in section 2.2. TDP-43 stabilizes the 

mRNA of autophagy-related genes like ATG7.55 Failures in these clearance systems 

provoke the accumulation of TDP-43 in form of cytotoxic protein aggregates that could 

establish the onset of the disease.44
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All this data together supports the induction of autophagy as a potential therapeutic 

strategy for accelerating the removal of cytotoxic aggregates. Thus, identification of 

molecules targeting the modulation of TDP-43 degradation pathway might be effective 

drugs for TDP-43 proteinopathies.44

Rapamycin has been proved to be an inductor of autophagy (Figure 5). Rapamycin 

was first discovered as an antifungal metabolite isolated from Streptomyces 

hygroscopius.87 It has been used as a therapeutic drug for cancer due to its anti-

proliferative properties and as an immunosuppressant for organ transplantation.88

Rapamycin is an inhibitor of the mammalian target of rapamycin (mTOR). mTOR 

negatively regulates autophagy, therefore its inhibition would lead to an increase in the 

autophagic flux. Inhibition of mTOR by rapamycin reduces the 25-kDa C-terminal TDP-

43 fragment accumulation and restores protein localization in N2a and SH-SY5Y cells 

that overexpressed the C-terminal fragment.89

Recent studies have revealed that rapamycin could also be used as a therapeutic drug 

for neurodegenerative diseases, due to its neuroprotective effect in several 

neurodegenerative disease models, including diseases with TDP-43 proteinopathies.90

Rapamycin recovered the learning/memory capability and ameliorated motor neuron 

function in FTLD mice carrying a TDP-43 transgene.90 In ALS-TDP Drosophila with 

overexpressed dTDP (Drosophila ortholog of TDP-43), rapamycin could partially 

improve the shortened lifespan and impaired locomotor activity of the flies.91 However, 

failures of rapamycin as a therapeutic drug have also been reported. Some studies 

revealed that rapamycin could not only rescue the phenotype of SOD1G93A ALS mice 

but also exacerbated the symptoms.92 In this sense, alternative activators of the 

autophagy pathway with fewer side effects are needed. 

Other potent autophagy activator is the traditional herb medicine, berberine that targets 

the AMPK/mTOR/ULK1 signaling. Berberine is an isoquinoline quaternary alkaloid 

highly used in traditional Chinese medicine in diverse diseases and as dietary 

nutritional supplement (Figure 5).93 Berberine is known to have several 

pharmacological properties such as antidiabetic, antimicrobial, antihyperlipidemic, anti-

inflammatory, antitumoral and antioxidant.94 Different studies have also proved its low 

side effects and cellular toxicity, its high tolerance for orally-taken doses and its blood 

brain barrier permeability, supporting berberine as an alternative drug for 

neurodegenerative diseases.95 Recently, it has been proved that berberine has a 

potent neuroprotective effect by reversing the process by which insoluble TDP-43 

aggregates are formed. Berberine promoted the degradation rates of TDP-43 and 
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decreased aggregate formation of truncated TDP-43 fragments through activating the 

autophagic function in N2a cells transfected with human TDP-43.96

Alternatively, autophagy can be induced by mTOR-independent signaling. Trehalose, a 

natural disaccharide non-synthesized by mammalian cells, induces autophagy by 

different pathways not involving mTOR. Trehalose is an activator of the transcriptional 

activator transcription factor EB (TFEB) (Figure 5). TFEB is a regulator of lysosome 

biogenesis, autophagosome formation and autophagosome-lysosome fusion 

increasing the autophagy degradative pathway.97 Trehalose treatment significantly 

reduced TDP-43 accumulation in an ALS cell model and in models of motor neuron 

degeneration by activation of TFEB which enhanced the autophagy and clearance of 

TDP-43.98 99  Furthermore, trehalose can also promote autophagy mTOR-independent 

mediated by progranulin (PGRN).100 PGRN is a secreted growth factor important for 

neuronal survival, modulation of inflammation and regulation of lysosome homeostasis. 

One of the most common causes of FTLD is the mutation in the GRN gene, that has 

also been reported in other neurodegenerative diseases.101  To the best of our 

knowledge, only two small molecules that increase PGRN have been published, that 

belong to the families of alkalizing agents and inhibitors of the autophagy flux, and 

selective histone deacetylase inhibitors, such as vorinostat. Vorinostat increases 

PGRN transcription and also induces autophagy, but its molecular target and 

mechanism is not clear and it may result toxic in long-term administration.102 Recently, 

it has been proved that trehalose increases the PGRN levels in human fibroblasts and 

in neurons derived from induced pluripotent stem cells (iPSCs) generated from GRN

mutation carriers. Considering all the above, trehalose treatment could be a promising 

therapeutic strategy for neurodegenerative diseases by boosting the autophagy flux.100

Here, Figure 5.

According to all the results summarized here, the modulation of autophagy is a very 

promising therapeutic strategy for TDP-43 proteinopathies as well as for other 

neurodegenerative diseases with protein inclusions. 

3.2 Other TDP-43 modulators

To avoid the pathological nuclear exclusion and cytoplasmic deposition of TDP-43, 

nuclear export inhibitors have been used.103 These compounds target the nuclear 

receptor exportin-1 (XPO1) and are known as KPT-335 and KPT-350 (Figure 6). Both 

XPO1 inhibitors modestly extend cellular survival in neuronal ALS/FTLD models and 

mitigate motor symptoms in an in vivo rat ALS model. Furthermore, they are not able to 
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enhance nuclear TDP-43 levels, while depletion of XPO1 or other exportins had little 

effect on TDP-43 localization.104 These data suggest that therapeutic prevention of 

cytoplasmic TDP-43 accumulation in ALS/FTLD may be enhanced by targeting several 

overlapping mechanisms. It is worth mentioning that when blocking the 

phosphorylation of TDP-43 by CK1 inhibitors, not only this post translational 

modification is avoided but also the nuclear content of TDP-43 was increased reducing 

the cytoplasmic localization in human lymphoblasts of FTLD patients.73 Anyhow, 

Biogen has recently acquired KPT-350 for further development into clinical trials based 

on its potential as ALS therapy.

Finally, in an effort to discover new small molecules to modulate TDP-43 pathology a 

phenotypic screening of 1200 FDA approved molecules was performed in an ALS 

model of Drosophila. Pioglitazone, a PPARγ activator, was neuroprotective in TDP-43 

transgenic flies and also showed a restoration in metabolites alteration and locomotor 

deficits in motor neurons.105 However this activator was not able to reduce locomotor 

deficits in muscle, and produced no beneficial effects on animal lifespan on this or 

other animal models based on FUS or SOD mutations. These results are consistent 

with clinical trial outcomes of pioglitazone in ALS patients106  and therefore more 

research is needed to understand the role of PPARγ activation in TDP-43 modulation. 

Here, Figure 6.

4. Cellular and animal models to evaluate TDP-43 homeostasis

In vitro technologies to model neurological disorders are essential to unravel the 

molecular pathology of and to investigate new therapeutic strategies.107

Different murine and human cell lines such as PC12, SH-SY5Y, HEK293 and Neuro2a 

(N2a) are commonly used to model neuronal cells. Considering that ALS specifically 

affects motor neurons, the NSC-34 cell line is also employed. This cell line expresses 

several motor neuron characteristics and derives from the fusion of neuroblastoma 

cells with spinal cord cells.108

In order to model TDP-43 proteinopathies, cell lines are transfected to overexpress this 

protein. Transfection with human full-length (FL) TDP-43 or with the 25 kDa C-terminal 

fragment results in TDP-43 aggregation in the cytosol.96, 98 TDP-43 aggregates can 

also be pre-formed in transformed bacteria overexpressing FL and C-term TDP-43. 

The resulting inclusion bodies mainly composed by TDP-43 and C-terminal TDP-43 

fragments are injected in the cell lines. It has been proved that these aggregates recruit 
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nuclear TDP-43 in the cytosol causing nuclear depletion, mimicking TDP-43 

pathogenesis.44

Ethacrynic acid (EA) treatment reproduces pathological modification of TDP-43 linked 

to TDP-43 proteinopathies.4 EA provokes glutathione depletion, increasing and 

inducing TDP-43 C-terminal phosphorylation at Ser403/404 and 409/410 with the final 

formation of TDP-43 aggregates in the cytosol. Therefore, it is used in cell lines to 

mimic the pathological process of TDP-43 proteinopathies.4

Primary cultures like mouse spinal cord cultures and motor neurons are also used for 

studying TDP-43 homeostasis.107, 109 These primary cultures can also be obtained from 

transgenic animals with mutations in genes related to ALS. Other in vitro models such 

as organotypic rat spinal cord slice and post-mortem samples of brain and spinal cord 

from ALS patients are frequently used. The examination of post-mortem tissue is the 

most accurate model available currently that confirms disease. This model has led to a 

great understanding of disease pathology and to the discovery of molecular targets that 

may be involved in ALS, but it offers and end-stage phase of the pathology masking 

disease origin.107 Additionally, immortalized lymphocytes from sporadic ALS or FTLD 

patients show an increase in TDP-43 phosphorylation and truncation as well as 

alteration of TDP-43 homeostasis. Therefore, lymphoblasts represent a useful model to 

study the pathological mechanisms of ALS and a platform to select potential 

therapeutic candidates due to their common features involved in the ALS and the cell 

accessibility.74

The use of induced pluripotent stem cells (iPSCs) have opened the possibility of 

developing human in vitro models of neurodegenerative diseases and they have 

enabled for the first time the in vitro use of human neurons without utilizing embryonic 

cells.110 Since Dimos et al. cultured the first human iPSC-derived motor neuron in a 

petri dish in 2008,111 different protocols have been developed and optimized to produce 

iPSC lines through genetic reprogramming. Human fibroblasts from patients are 

reprogrammed to iPSCs by using selected transcription factors and are then 

differentiated under the appropriate conditions to become motor neuron cells.107  This 

technology offers a very promising opportunity to finally develop in vitro models for ALS 

and FTLD carrying a specific mutation.112 iPSCs also present a chance to model not 

only the familiar cases of ALS, but also sporadic types of disease which are the major 

amount of ALS patients. Different studies have already used this in vitro model to 

understand the molecular pathology and for screening potential pharmacological 

agents.113 However, this revolutionary technology has recently emerged and there is 
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still more investigation needed to establish iPSCs as standard models for 

understanding the disease and as a platform for selecting therapeutic agents. 

From the discovery of TDP-43 mutations in sporadic ALS and FTLD patients13, 114 there 

has been a great effort to develop a TDP-43 based animal model that could mimic 

these diseases and replace the SOD mouse model in ALS, which had been the main 

animal model used for preclinical trials, even though SOD mutations account only for 

20% of patients with familial ALS (10%). However, and similarly to other 

neurodegenerative diseases, it remains a challenge to find accurate animal models of 

ALS or FTLD.

A wide variety of animal models of TDP-43 proteinopathy have been developed in 

Drosophila, C. Elegans, Zebrafish, mice and rats, using native or mutant TDP-43, that 

use different promoters or inducing systems.115 The different findings from these animal 

models seem to suggest that TDP-43 mediated neurodegeneration is caused by the 

loss of function of this protein rather than by the potential toxicity of the cytoplasmic 

aggregates, although this controversial fact is not fully understood.116 The ability of 

these TDP-43 models to mimic human disease has been a complicated task, 

encountering multiple challenges such as promoter-dependent effects, tolerability of 

mutant gene expression and overexpression phenotypic artifacts117 not related to 

human diseases.118 The first rodent models overexpressing wildtype or mutated TDP-

43 showed early onset neurological phenotypes associated with varied molecular 

pathology in the first weeks of life.119,120 The high variability of pathological features 

encountered manifest the requirement of a high regulated homeostasis of TDP-43 for a 

normal brain function, together with the elusive nature and limited insights gained on 

TDP-43 mediated pathways. Protein aggregates found in the brain of these rodents 

could be found differently located: only in the cytoplasm for some models121 and both in 

nuclei and cytoplasm for others.122 Also the composition of the aggregates was 

heterogeneous, finding in some cases that TDP-43 was not the most abundant 

protein.122 It is worth mentioning that when the first Prnp-A315T mice120 were 

developed and studied by different groups using congenic instead of mixed genetic 

backgrounds, these mice exhibited progressive neurodegeneration in the colon that led 

to gastrointestinal obstruction and sudden death. This phenotypic artifact masked 

neurodegeneration in these mice, however a posterior study showed that when feeding 

the animals a high fat gel based diet extended their lifespan showing progressive ALS 

phenotype.123 Subsequent mouse models were developed with more restricted 

promoters to isolate TDP-43 effects in the brain; however the results have also been 
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highly heterogeneous. 36, 122, 124 Very recently a new TDP-43 mouse model has been 

described with a human-equivalent mutation in the endogenous 

mouse TARDBP gene125 that reduces the phenotypic artefacts caused by TDP-43 

overexpression. This study emphasizes a central role for TDP-43 in 

neurodegeneration, but did not recapitulate clinical symptoms of human ALS like motor 

impairment, suggesting it could be a model for FTLD. Despite the challenges facing the 

development of a suitable TDP-43 animal model the different attempts have enabled 

the discovery of some insights of TDP-43 proteinopathy and the possibility to find 

potential pharmacological targets.126 For example, it has been recently observed that 

redundant pathways may regulate TDP-43 nuclear export, suggesting the absence of a 

single transporter for TDP-43 nuclear export.104 Nucleo-cytoplasmic transport mediated 

by TDP-43 has also been recently indicated as a possible common molecular pathway 

in ALS and FTLD.127 Interestingly, a mouse model generated with a doxycycline (Dox)-

suppressible expression of human TDP-43 that showed progressive motor neuron 

degeneration leading to death exhibited a rescue of motor impairments, and an 

extension of lifespan and muscle reinnervation through suppression of TDP-43 

expression after disease onset, which highlights the CNS ability to repair itself even at 

developed stages of ALS or FTLD.128 Another recent and very interesting research 

work suggested the spread of TDP-43 pathology in vivo for the first time.129 

Altogether, further research is still needed to generate improved animal models in 

order to understand TDP-43 implication in disease and be used as tools to discover 

new drugs. The pathological features encountered in humans still differ greatly from the 

ones encountered in these transgenic models and still a real translation from animal 

model to patients has yet to be observed.130

5. Conclusions

The nuclear protein TDP-43 plays a key role in the molecular pathology of several 

neurodegenerative diseases, and is emerging as a relevant target for many 

proteinopathies, especially ALS and FLTD. Although great research advances in last 

years have provided valuable information about the physiological and pathological role 

of TDP-43 in the human being, there are many functions that remain to be discovered. 

Anyhow, some small molecules have been assayed as modulators of TDP-43 

homeostasis (Figure 7). Some of them are able to decrease TDP-43 aggregates only, 

such as stress granules or autophagy modulators.  Others are responsible of 

decreasing protein hyperphosphorylation in the cytoplasm. When the dynamic 
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equilibrium between nucleus and cytoplasm that governs functional levels of nuclear 

TDP-43 is altered in the pathological states, post-translational modifications appear in 

the cytoplasm that is the cellular activity location. It is very interesting that reducing 

cytoplasmic phosphorylation on TDP-43 reverts this equilibrium and promotes the 

homeostasis recovery. The fact that this behavior is found not only in different cell 

cultures but also in lymphoblasts from ALS and FLTD patients points to a relevant 

mechanism for further therapeutic intervention.

Here, Figure 7.

Development of new cellular and animal models, including the use of neurons or motor 

neurons derived from iPSCs, provide the basis for searching compounds able to 

interfere with imbalanced TDP-43 homeostasis, thus improving the drug discovery 

process. Studies targeted to foster the race in exploring these new emergent targets 

may be very relevant for the discovery of an effective drug for the severe FLTD or the 

fatal ALS. Meanwhile, valuable chemical tools for the study of the roles of TDP-43 in 

physiology and pathology have been developed. Appropriate optimization of their 

selectivity and drug-like properties such as brain permeability may generate valuable 

drug candidates. However, in the end, only clinical trials will be able to provide the 

urgent answer that patients wait.
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Legends to the Figures

Figure 1.  Pathological TDP-43 modifications. Pathways involved in the pathology of 

TDP-43 proteinopathies. Genetic mutations, environmental stress and other factors 

result in postranlational modifications of TDP-43, such as hyperphosphorylation, 

protein cleavage and aggregates formation, together with cytosolic TDP-43 

accumulation and impairment of UPS and autoghagy.

Figure 2. TDP-43 misfolding and protein degradation. Six different classes of 

misfolded TDP-43 and its mobility and vulnerability to degradation. 

Figure 3. Chemical structure of kinase inhibitors that may recover TDP-43 
homeostasis in cell models: A) benzothiazole compounds targeting CK-1; B) CDC7 

inhibitor PHA767491; C) TTBK1/2 inhibitors described in the literature; D) tyrosine 

kinase inhibitors

Figure 4. Chemical structure of some inhibitors of stress granule formation . 
Small molecules able to inhibit stress granule and TDP-43 inclusions formation are 

shown. 

Figure 5. Autophagy modulators with efficacy in TDP-43 aggregation clearance.

The chemical structure of some autophagy inducers are shown

Figure 6. Chemical structure of small molecules interfering with TDP-43 
pathology. The chemical structure of Exportin-1 inhibitors, KPT-335, and KPT-350, 

and the PPAR  activator, pioglitazone,  are shown

Figure 7. Diagram showing pharmacological interventions in TDP-43 pathology. 
The strategies of pharmacological intervention in pathological events involving TDP.43 

include: targeting the increase in TDP-43 phosphorylation, the activity of UPS and 

autophay machinery, restoring the cytoplasmic TPP-43 accumulation, and preventing 

the formation of TDP.43-containing aggregates.  In boxes, there is a list of the drugs 

interfering at different points of TDP-43 pathology. 
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Figure 1
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Figure 2
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Figure 3
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Figure 7
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Figure 3 

171x268mm (300 x 300 DPI) 

Page 43 of 48

ACS Paragon Plus Environment

ACS Chemical Neuroscience

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Figure 4 
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Figure 5 
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Figure 6 
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