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Abstract  

Frontotemporal dementia (FTD) describes a group of clinically heterogeneous conditions that 

frequently affect people under the age of 65 (1). There are multiple genetic causes of FTD, 

including coding or splice-site mutations in MAPT, GRN mutations that lead to 

haploinsufficiency of progranulin protein, and a hexanucleotide GGGGCC repeat expansion 

in C9ORF72. Pathologically, FTD is characterised by abnormal protein accumulations in 

neurons and glia. These aggregates can be composed of the microtubule-associated protein 

tau (observed in FTD with MAPT mutations), the DNA/RNA-binding protein TDP-43 (seen 

in FTD with mutations in GRN or C9ORF72 repeat expansions) or dipeptide proteins 

generated by repeat associated non-ATG translation of the C9ORF72 repeat expansion. There 

are currently no disease-modifying therapies for FTD and the availability of in vitro models 

that recapitulate pathologies in a disease-relevant cell type would accelerate the development 

of novel therapeutics. It is now possible to generate patient-specific stem cells through the 

reprogramming of somatic cells from a patient with a genotype/phenotype of interest into 

induced pluripotent stem cells (iPSCs). iPSCs can subsequently be differentiated into a 

plethora of cell types including neurons, astrocytes and microglia. Using this approach has 

allowed researchers to generate in vitro models of genetic FTD in human cell types that are 

largely inaccessible during life. In this review we explore the recent progress in the use of 

iPSCs to model FTD, and consider the merits, limitations and future prospects of this 

approach. 
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Introduction 

It is estimated that approximately 50 million people world-wide are currently living with 

dementia, a figure that is predicted to reach 152 million by 2050 (https://www.who.int/news-

room/fact-sheets/detail/dementia). Frontotemporal dementia (FTD) accounts for up to 15% of 

dementia cases, and is the second most common cause of dementia in patients below 65 years 

of age (2). Around 40% of FTD cases are familial (3), with heritability varying between 

clinical symptoms (4). FTD is a clinically, genetically and pathologically heterogeneous 

disorder. The main clinical subtypes of FTD are behavioral variant FTD (bvFTD) and 

primary progressive aphasia (PPA), which are characterized by changes in behavior and 

language deficits respectively (5). FTD also clinically overlaps with a number of motor 

disorders including progressive supranuclear palsy (PSP), corticobasal syndrome (CBS), 

parkinsonian disorders (FTD-PD), and motor-neuron disease (FTD-MND or FTD-ALS) (4). 

Multiple genetic causes of familial FTD have been identified. The most common mutations 

associated with FTD are in the genes encoding the microtubule-associated protein tau; MAPT 

(6-9), progranulin; GRN (10, 11), and C9ORF72 (12, 13). Rarer causative mutations in VCP 

(14, 15), TARDBP (16) and CHMP2B (17) have also been identified. The pathology of FTD 

can be classified according to the constitution of its protein inclusions. FTLD-tau accounts 

for 30-50% of FTD cases (18-20) and is pathologically identified by the presence of tau-

positive inclusions which are a hallmark of FTD with MAPT mutations (21, 22).  FTLD-TDP 

occurs in 50-60% of FTD patients (18-20) and displays tau-negative but ubiquitin /TDP-43 

positive inclusions. FTLD-TDP  pathology is present in cases of FTD with GRN mutations 

(23), VCP mutations (24, 25), TARDBP mutations (26) and C9ORF72 repeat expansions (24, 

27). The third major histological category, FTLD-FUS, occurs in around 10% of FTD cases 
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(28). Protein inclusions in FTLD-FUS are tau negative, TDP-43 negative, ubiquitin-positive, 

FUS (fused in sarcoma) positive (29).  

 

Overlap in the genetics, clinical symptoms and pathology between FTD and ALS have led to 

the interpretation that ALS and FTD are two diseases on a single spectrum (30). Indeed, 

patients with FTD can develop motor deficits (1, 5) . Lashley et al. have written a thorough 

overview of the clinical, genetic and pathological heterogeneity in FTD (31). There are 

currently no disease-modifying treatments for FTD. This may be due, in part, to a lack of 

disease models that accurately recapitulate the complex pathologies of the disease. Progress 

towards a disease-modifying therapy would be greatly enhanced by the availability of disease 

models which reliably recapitulate disease pathologies in the cell type(s) that degenerate in 

disease.   

 

The ability to reprogram somatic cells into induced pluripotent stem cells (iPSCs) has 

revolutionised in vitro disease modelling, particularly for neurological disorders where in 

vitro cultures of human neurons are not available. Briefly, somatic cells such as fibroblasts or 

peripheral blood mononuclear cells can be taken from a person with a genotype/phenotype of 

interest, and reprogrammed to a pluripotent state by the exogenous expression of the 

pluripotency-associated transcription factors Oct4, Klf4, Sox2 and cMyc (32). The resulting 

iPSCs can be subsequently differentiated into disease-relevant cell types, including multiple 

subclasses of neurons, astrocytes and microglia, thus permitting the generation of disease 

models which contain the patient’s precise genome in the cell type that selectively 

degenerates (Figure 1). These human iPSC-neurons have the advantage of endogenous 

expression of the mutant gene of interest, in the cell type specifically affected by disease. 
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Here, we will review insights into genetic FTD that have been gained through the use of 

iPSCs and discuss future directions and challenges.  

 

iPSC models of MAPT mutations 

Tau pathology and the MAPT gene 

Hyperphosphorylated, insoluble aggregates of the microtubule associated protein tau are the 

pathological hallmark of a range of clinically diverse neurodegenerative diseases collectively 

termed the tauopathies (21). Alzheimer’s Disease (AD) is the most common of these 

diseases, although AD is widely accepted to be a secondary tauopathy, as genetic and in vivo 

evidence supports the notion that tau pathology is downstream of amyloid (33-35). Even so, 

multiple lines of evidence suggest tau dysfunction is essential to neurodegeneration in AD. 

Tau pathology spreads in a well-defined manner that correlates with clinical severity and the 

extent of neurodegeneration (36-39). Further, tau knockout rodents are largely protected 

against amyloid toxicity (40-43). The primary tauopathies, where tau is the defining 

pathological feature, include progressive supranuclear palsy (PSP), corticobasal degeneration 

(CBD) and FTD linked to mutations in MAPT (21). However, it was the discovery of 

causative mutations in MAPT linked to FTD that provided confirmation that tau dysfunction 

was sufficient to cause neurodegeneration (6-9).  

 

The tau protein is encoded for by the MAPT gene, located on chromosome 17q21.31. MAPT 

consists of 16 exons, and alternative splicing of exons 2, 3, and 10 results in the generation of 

multiple tau isoforms in the adult CNS. These differ in the inclusion of 0, 1 or 2 N terminal 

repeats (0N, 1N and 2N), encoded by exons 2 and 3, and in the presence of 3 or 4 C-terminal 

microtubule binding domains (3R or 4R) encoded by exon 10. Exon 3 is not translated 

without exon 2, therefore six protein isoforms are generated: 0N3R, 0N4R, 1N3R, 1N4R, 
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2N3R and 2N4R (44-47). The levels of 3R and 4R tau are approximately equal in the healthy 

adult human CNS (46, 48). 

 

Over 40 mutations in MAPT linked to FTD have been described, and these can either affect 

the coding sequence or result in altered tau splicing. The majority of mutations are clustered 

between exons 9-13, within and around the microtubule binding repeats. MAPT missense 

mutations associated with FTD have been identified in exons 1, and 9 to 13. Such mutations 

(e.g. G272V, P301L, P301S, V337M, R406W) do not influence tau splicing, however they 

have been shown to decrease the ability of tau to bind to microtubules (49) and increase tau 

aggregation, resulting in neurodegeneration (50). Mutations located in intron 10 of the MAPT 

gene (10+3, 10+11, 10+12, 10+13, 10+14, and 10+16) cause a dysregulation of MAPT 

splicing. These mutations destabilise a stem loop structure, unmasking the 5’ splice site, 

resulting in the increased inclusion of exon 10, and an increase in the 4R:3R tau ratio (51). 

Additionally, there are a number of mutations present in exon 10 that also disrupt the 4R:3R 

tau ratio by altering splicing enhancers (N279K) or suppressors (L284L and N296H) (52-56). 

Mutations that cause an imbalance of the 3R/4R tau ratio are sufficient to cause tauopathies 

(7, 9, 51, 57), but the mechanisms of how these mutations cause neurodegeneration has not 

yet been elucidated. The composition of tau pathology in FTD varies depending on the 

mutation and isoforms affected, and can either consist of all 6 tau isoforms in paired helical 

filaments, or a subset of isoforms such as 4R-only pathology (31). 

 

The generation of appropriate models to investigate the molecular mechanisms underpinning 

tauopathies such as FTD has been challenging, as immortalised cell lines and animal models 

do not recapitulate the complex pattern of MAPT splicing seen in the adult human CNS. For 

example, in the adult murine brain, tau only exists in three isoforms, each with 4R 
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microtubule binding domains (0N4R, 1N4R and 2N4R) (58). Additionally, many studies 

have relied on tau overexpression models to investigate the proteins role in disease, however 

this can lead to extreme phenotypes, such as the clogging of axons and re-organisation of the 

neuronal cytoskeleton, which are not truly reflective of endogenous tau expression in disease 

(59). Primary human neurons have been shown to correctly express all tau isoforms, however 

these are not widely used due to the limited availability of aborted fetal tissue (60). Thus, 

iPSC-neurons provide an attractive model system to study the effect of tau mutations at the 

endogenous level, and a wide range of iPSCs from tauopathy patients are now accessible to 

the field (61).  

 

 

Tau splicing in iPSC-neurons 

Tau splicing is developmentally regulated, and proper stoichiometry of tau isoforms appears 

to be critical for neuronal health (7, 62). In the fetal stages of development, only the shortest 

tau isoform, 0N3R, is expressed, however in the post-natal CNS, all six isoforms are present 

(45, 47).  

Multiple studies using comparative transcriptomics have demonstrated that iPSC-neurons 

closely resemble fetal neurons, at least in terms of global gene expression profiles (63, 64). 

This raises the question of whether iPSC-neurons express the full complement of tau 

isoforms present in the adult human brain, and several groups have investigated this. Sposito 

et al. demonstrated that control iPSC-cortical neurons express mainly the fetal tau isoform 

(0N3R from D20 to D100) (65). However, neurons cultured for 365 days showed a switch in 

tau splicing from exclusively 0N3R, to 0N3R, 0N4R, 1N3R and 1N4R. Interestingly, Sposito 

et al. did not observe the presence of 2N tau, which is the least abundant isoform in the CNS, 

accounting for only 9 % of total tau, although this could be due to sensitivity of the detection 
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method. Other studies have reported the expression of exon-10 containing tau isoforms from 

4-10 weeks in iPSC-dopaminergic and mixed neuronal populations (66-69). These 

differences in MAPT splicing between studies may be driven by the use of different 

differentiation protocols, neuronal subtype specific regulation of MAPT splicing, or 

differences in the sensitivity of methods used to detect tau. However, these studies have 

important implications for modelling tauopathies, as they demonstrate that iPSC-neurons 

have the ability to recapitulate the complex developmental splicing of MAPT, and express 

multiple tau isoforms. 

 

The use of mass spectrometry can provide sensitive and unambiguous identification of tau 

isoforms.  Paonessa et al. reported expression of 3R and 4R tau after 120 days using non-

quantitative mass spectrometry (70). Sato et al. developed a stable isotope labelling kinetics 

(SILK) quantitative mass spectrometry protocol to examine tau production and turnover (71). 

They demonstrated that iPSC-neurons express lower levels of 4R tau and have a faster tau 

turnover rate (6 days) when compared to the human brain (23 days). 4R tau and 

phosphorylated tau was degraded faster than 3R and non-phosphorylated tau in iPSC-

neurons, suggesting unique processing of these tau species. 

 

The full impact of differentiation protocol and cell culture conditions remains to be 

determined.    Interestingly, in a chimeric model, whereby human iPSC-neurons are 

transplanted into mouse frontal cortex, iPSC-neurons express equimolar levels of 3R and 4R 

tau at 6 months post injection (72). This work suggests that iPSC-neurons may mature faster 

in an in vivo environment, with a combination of cell types and increased structural diversity. 

Several groups have reported a more mature tau expression profile in 3D cultures, including a 
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3D neuronal culture derived from immortalised neuronal progenitor cells (73), and a 3D 

iPSC-neuronal system (74). 

Several protocols have been established for the culture of 3D organoids from iPSCs (75), 

resulting in self-organising neuronal structures that can recapitulate fetal brain development 

(76-79). It is also possible to directly convert fibroblasts into neurons by the exogenous 

expression of pro-neuronal transcription factors in a process known as transdifferentiation 

(80). This has been shown to promote the retention of biological signals of aging, suggesting 

that transdifferentiated neurons may be more mature than those converted from iPSCs (81). 

Tau splicing in organoids and neurons generated by transdifferentiation has not yet been 

investigated. 

Despite the apparent fetal nature of iPSC-neurons, they have been successfully used by 

multiple groups to investigate mutations that affect tau splicing (summarised in Table 1). 

Multiple studies have shown that iPSC-neurons with intron 10 splicing mutations, 10+16 and 

10+14, express 4R tau isoforms significantly earlier than controls (65, 82, 83). Similar results 

have been determined in neurons carrying the exon 10 N279K missense mutation, which also 

increases the 4R:3R tau ratio at early developmental timepoints (67, 84, 85). These results 

indicate that mutations that alter MAPT splicing can override the developmental regulation of 

tau isoforms.   

Investigating mechanisms of tau-mediated neurodegeneration in iPSC-neurons 

i) Tau pathology 

Multiple reports have examined neurons with MAPT mutations for hallmarks of tau 

pathology, including hyperphosphorylation, detergent insolubility and formation of 

aggregates (Figure 2).  Tau phosphorylation has been reported to be significantly higher than 

controls in iPSC-neurons carrying MAPT mutations including 10+16, P301L, N279K, and 
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V337M (67, 70, 84). In all these cases phosphorylation was increased at S202 and T205 (as 

detected by AT8 antibody), epitopes that are typically hyperphosphorylated in tauopathies 

(86, 87), but not in the developing brain (88). Interestingly Nakamura et al. report that in 

R406W iPSC-neurons, tau isotopes S404 and S409 are less phosphorylated compared to 

control neurons (89). Further investigation revealed that the R406W mutation impaired the 

phosphorylation of S404 by GSK and CDK5, and S409 by Rho-associated protein kinase and 

protein kinase A (89).  Tau phosphorylation is also developmentally regulated, and multiple 

epitopes in human (88) and mouse brain (90) show higher phosphorylation at early 

developmental stages. Thus, it is also important to consider the fetal identity of iPSC-neurons 

and how this may impact on assigning disease-associated phosphorylation events. 

 

Imamura et al. reported that 10+14 and R406W iPSC-neurons displayed an accumulation of 

intracellular misfolded tau detected using the anti-oligomeric tau antibody, TOC1 (82). 

Interestingly, the high molecular weight species observed in 10+14 cell lysates, were not the 

same as those observed in R406W cell lysates. This suggests that the conformation of 

misfolded tau is not uniform between mutations, which could contribute to the heterogeneity 

seen in FTD. Iovino et al. demonstrated that iPSC-neurons with N279K mutations displayed 

occasional dot-like structures when stained with a phosphorylated S212 and S214 antibody 

(AT100), indicating filamentous tau aggregates. These aggregates were only observed in 

N279K neurons, not in controls or in P301L mutation neurons (67). 

 

These data collectively demonstrate the ability of iPSC-neurons to model early stages of tau 

pathology. However, so far the presence of tau tangles in MAPT mutation neurons (by 

Gallyas positive staining or visualisation of tau filaments) has not been demonstrated, even in 

cell lines where multiple MAPT mutations have been engineered (91).  
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ii) Tau seeding and spread 

Braak and Braak postulated that tau pathology spreads from one brain region to another, 

contributing to progressive white matter loss, as evidenced by pathology studies which show 

tau pathology progresses in a predictable sequence that correlates with neurodegeneration and 

the extent of dementia (36). This has promoted numerous studies investigating the 

transcellular spreading of tau in disease, which are reviewed in Demaegd et al. (92). 

Recently, iPSCs have begun to be utilized to model tau spread. Tau can be released from 

wild-type iPSC-neurons into the extracellular space and taken up trans-neuronally by primary 

neurons (93). Evans et al. reported that monomeric wild type and P301S tau, and aggregated 

P301S tau, can efficiently enter iPSC-neurons by endocytosis, suggesting that tau spread is a 

biological event, not a necessarily a disease-specific phenomenon (94). Interestingly, Sato 

and colleagues demonstrated that in human iPSC-neurons, newly synthesized tau is truncated 

and released into the media after 3 days, further suggesting that tau release is a regulated, 

physiological event (71). 

 

iii) Alterations in neuronal morphology 

A range of morphological differences have been observed in iPSC-neurons carrying MAPT 

mutations (Figure 2). P301L neurons exhibited thicker, contorted processes with varicosity 

structures containing alpha synuclein and 4R tau deposits (67), a feature that could also be 

observed in post-mortem tissue from the same patient. An increased frequency of nuclear 

lamina invaginations and folds was observed in 10+16 and P301L iPSC-neurons and post 

mortem tissue from 10+16 mutation donors (70).  iPSC-neurons with N279K and V337M 

mutations displayed significantly shorter neurites compared to controls (84). In addition, 

N279K and V337M neurons showed a significant increase in tau fragmentation at the 
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expense of full-length tau, which may be contributing to the disturbed neurite morphology 

(84).  

 

iv) Transport and function of mitochondria 

Tau mis-localisation from the axons, to the cell body and dendrites was reported in iPSC-

neurons carrying 10+16 and R406W mutations (70, 89). The primary function of tau is to 

stabilize microtubules, which are essential for the anterograde and retrograde transport of 

cargo along the axon (95). Hyperphosphorylation and redistribution of tau may impede its 

ability to stabilise microtubules, resulting in an impairment in axonal transport, and 

eventually axonal degeneration.  

 

The transport of mitochondria throughout neurons is essential for the maintenance of normal 

cellular function, as neurons have high energy demands, requiring large amounts of ATP 

(96). As such, disruption of mitochondrial transport, and mitochondria activity in general, 

have been implicated in the pathogenesis of numerous neurodegenerative diseases (97).  

Iovino et al. reported more stationary mitochondria in N279K and P301L neurons, in addition 

to a reduction in anterogradely moving mitochondria in N279K and P301L neurons by 23% 

and 15.3 % respectively (67). In contrast to this finding, Nakamura et al. observed an increase 

in mitochondria movement in R406W neurons, with more mitochondria moving in the 

retrograde direction compared to controls. It has previously been reported that the 

microtubule binding domain of tau has the ability to inhibit the motility of kinesin and dynein 

(98). Nakamura et al. therefore suggested that the dissociation of mutant tau from 

microtubules promotes dynein to become more motile, resulting in increased retrograde 

transport (89). Alternatively, differences may be due to unknown molecular effects driven by 

different tau mutations.   
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Elevated reactive oxygen species (ROS) can directly damage macromolecules, membranes 

and organelles which have deleterious consequences on the effected cell. Increased 

mitochondrial membrane potential was observed in 10+16 iPSC-neurons, leading to the 

overproduction of ROS in mitochondria, oxidative stress and cell death (99). Cell death was 

prevented by the addition of mitochondrial antioxidants, suggesting that damage caused by 

mitochondrial ROS is a key facilitator of neurodegeneration. Ehrlich et al. also demonstrated 

that N279K neurons display a significant increase in the release of lactate dehydrogenase 

after rotenone treatment, suggesting an increased sensitivity to oxidative stress. This was also 

confirmed by a reduction in cell death after neurons were treated with antioxidants (84).  

 

Biswas et al. reported an increase in MMP-9 and MMP-2, Zn containing proteolytic 

enzymes, in iPSC-neurons with 10+16 and A152T mutations (100). These neurons displayed 

an increased sensitivity to the cell stressor rapamycin, and treatment of control neurons with 

MMP-9 and MMP-2 was enough to induce cell death, suggesting MMP-9 and MMP-2 may 

play a role in neurodegeneration. Interestingly, these results are consistent with a publication 

(101) which reports that MMP-9 contributes to neuronal vulnerability in ALS, strengthening 

the idea that FTD and ALS are two diseases on a single spectrum.  

 

v) Neuronal function 

Neurons carrying the N279K and P301L mutations revealed an earlier neuronal maturation 

compared to controls (67), suggesting a link between tau dysfunction and neuronal activity. 

Further evidence for this is provided by Imamura et al., who demonstrated that 10+14 

neurons evoked an elevated calcium transient compared to controls when stimulated, 

indicating increased electrical activity of mutant neurons (82). Additionally, transcriptomic 
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analysis of neurons with the R406W mutation revealed reduced expression of GABA 

receptors (102). In characterising 10+16 and A152T (a risk modifying mutation) iPSC-

neurons, Biswas et al. reported that when treated with tetrodotoxin, both mutant cultures 

exhibited an increased number of neurons that responded with action potentials (100). Tau 

release from neurons is positively modulated by neuronal activity (103), therefore it is 

tempting to speculate that earlier, more frequent, and stronger electrical activity of mutant 

neurons could be contributing to the development and spread of tau pathology.  

 

vi) Modelling tau variants that increase risk of tauopathy 

 The mutations discussed above (10+16, 10+14, N279K, V337M, R406W) are all causative 

of FTD. The A152T variant has recently been shown to increase risk of tauopathy (104, 105). 

iPSC-neurons with the A152T variant display prominent neurodegenerative phenotypes, such 

as increased tau fragmentation and phosphorylation, tau misocalization and axonal 

degeneration (106-108). It is curious that such strong phenotypes can be observed in 

relatively young neurons with a variant that is a risk-modifier rather than a causative 

mutation, however similar phenotypes have also been reported in patients with the A152T 

mutation (106). It is also possible that cellular phenotypes are exacerbated in vitro due to a 

lack of other cell types, such as astrocytes, which would normally provide trophic support. 

Importantly, Silva et al. demonstrated that tau accumulation and phosphorylation phenotypes 

these phenotypes could be rescued in A152T neurons following the targeted degradation of 

tau (108). In addition Silva et al. showed that degradation of tau prevented cell death of 

A152T neurons after Aβ(1-42) treatment (108).   

 

The MAPT gene sits in the largest known region of linkage disequilibrium in the human 

genome, where two major haplotypes exist: H1 and H2 (109). The H1 haplotype confers 
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increased risk for PSP  and CBD (110). Both PSP and CBD are characterised by selective 

deposition of 4R tau isoforms, and therefore it is possible that H1/H2 have haplotype-specific 

effects on tau expression and splicing (111, 112). Beevers et al. demonstrated that mature 

dopaminergic iPSC-neurons show haplotype differences in MAPT expression, with H1 

haplotypes expressing 22% higher levels of MAPT than H2 (69). No changes in exon 10 

expression associated with MAPT haplotype were observed.  

 

iPSC models of FTD associated with TDP-43 pathology 

TDP-43 pathology and the TARDBP gene 

Mutations in TARDBP, the gene that encodes Transactive response DNA-binding protein 43 

(TDP-43), can cause both ALS and FTD (26, 113). TDP-43 is a ubiquitously expressed 

RNA/DNA binding protein, which is the main constituent of the ubiquitinated inclusions 

found in the cytoplasm and nucleus in the majority of ALS patients and approximately 50% 

of FTD patients (FTLD-TDP) (114-117). TDP-43 pathology is found in familial FTD caused 

by mutations in GRN, C9ORF72, and VCP (23-25, 27). Although, TARDBP mutations are 

more commonly associated with ALS, they can also cause FTD (16, 26, 118, 119) and due to 

the clinical and pathological overlap these models are also relevant to understanding FTD and 

have therefore been included in this review. TDP-43 inclusions and/or alterations have also 

been linked to a number of other diseases and injuries, including Alzheimer’s Disease, 

Niemann-Pick C and Traumatic Brain Injury (120-125). TDP-43 can undergo a number of 

post-translational modifications (PTMs) that affect its function, with the PTM profile and 

resulting pathology appearing to be disease-specific. Although detection methods limit our 

identification and knowledge of the effect of certain PTMs, some of the most common 

disease-associated modifications identified in the ALS/FTD spectrum are; phosphorylation, 

acetylation, cysteine oxidation, ubiquitination and the generation of C- terminal domains 
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(125). Phosphorylation of TDP-43 reduces its solubility (126). Cohen et al. found that 

acetylation resulted in hyper-phosphorylated, aggregated TDP-43, with reduced RNA binding 

(127). Ubiquitination of TDP-43 has also been found to affect its interaction with p62, which 

may play a role in clearing TDP-43, with lower rates of coimmunoprecipitation in FTLD-

TDP patients than controls (128). C-terminal TDP-43 fragments (25kDa and 35kDa) 

commonly identified in ALS and FTD lack the nuclear localization signal, which is likely to 

affect localization and movement between the nucleus and cytoplasm (125, 129).  

 

iPSC models of FTD caused by mutations in GRN 

GRN mutations in FTD 

GRN is located on chromosome 17q21, in the same region as MAPT, and codes for the 

progranulin protein (10, 11). Mutations in the GRN gene that cause haploinsufficiency of 

progranulin account for 5-10% of all frontotemporal dementia cases (1) and lead to FTD with 

TDP-43 pathology (23, 130, 131). GRN mutations that result in FTD, such as nonsense 

mutations, splice-site mutations and deletions, have been identified throughout the gene 

(www.molgen.vib-ua.be/FTDmutations). However, there is significant variability in the age 

of onset and disease progression, even for patients with the same mutation (130-134). 

Progranulin is an 88 kDa secreted glycoprotein, expressed in the brain by both neurons and 

glia. When progranulin is internalised by cells it can be cleaved to generate seven and a half 

smaller peptides termed granulins, thought to be the intracellular functional units of 

progranulin (135-138). Multiple functions for progranulin/granulins have been suggested, 

including the regulation of neuronal differentiation and neurite outgrowth, synaptogenesis, 

inflammation and wound repair (136, 139-141). More recently, a role for progranulin in 

lysosome function has emerged. Complete loss of progranulin causes a lysosomal storage 

disorder, Neuronal Ceroid Lipofuscinosis (NCL) (142-144). Lysosomal dysfunction is also 
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observed in patients with heterozygous progranulin mutations (145, 146), as well as 

progranulin knock-out mice (147, 148). Cleavage of progranulin into the individual granulins 

is mediated in the lysosome by cathepsins B and L, and progranulin/granulins can regulate 

the activity of several lysosomal enzymes including glucocerebrosidase (GBA) and cathepsin 

D (138, 149-153).  Cathepsin D activity is upregulated in GRN
-/-

 mice and pull down assays 

have identified an interaction between progranulin and cathepsin D (150). TDP-43 aggregates 

have also been detected in mice deficient in cathepsin D and both mice and humans with 

cathepsin D (CTSD) mutations exhibit symptoms of NCL (145, 154, 155) 

 

iPSC-neurons with GRN mutations 

i) Progranulin haploinsufficiency and mislocalised TDP-43 in GRN iPSC-neurons 

Almeida et al. generated iPSC-neurons from an FTD patient with a heterozygous GRN 

nonsense mutation (S116X), a healthy control and a sporadic FTD patient (156). GRN mRNA 

was reduced by 41% and intracellular and extracellular progranulin protein levels were 

reduced by approximately 50% in the GRN mutation iPSC-neurons, compared to the healthy 

and sporadic FTD controls. This demonstrates that patient-derived neurons are a good model 

of progranulin haploinsufficiency. Mutant GRN iPSC-neurons exhibited an increased 

sensitivity to tunicamycin and lactacystin, which inhibit protein N-glycosylation and 

proteasome activity respectively. GRN S116X iPSC-neurons also showed increased 

sensitivity to staurosporine, a broad spectrum kinase inhibitor. Cytoplasmic TDP-43 was 

increased in the GRN S116X iPSC-neurons, in line with previous findings that increased 

caspase-3 leads to higher levels of cleavage and mislocalisation of TDP-43 (157), 

demonstrating that iPSC-neurons from GRN patients can recapitulate the main disease 

pathology of GRN mutation FTD. These phenotypes were proposed to be due to progranulin 

haploinsufficiency affecting the PI3K/AKT and MEK/MAPK signaling axis.  
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ii) Modulating progranulin levels in GRN iPSC-neurons 

As all GRN mutations result in progranulin haploinsufficiency, methods to restore 

progranulin levels provide an attractive therapeutic strategy. Several groups have used iPSC-

neurons to investigate strategies to upregulate progranulin levels. In Almeida et al.’s (2012) 

study the increased sensitivity to inhibitors of the PI3K/AKT and MEK/MAPK pathways was 

rescued by exogenous introduction of GRN to restore progranulin levels. A number of 

follow-up studies used the same iPSC lines as this initial study (158-161). Lee et al. tested 

methods of preventing binding of progranulin to sortilin (158). Sortilin is a neuronal receptor 

that can internalise progranulin by endocytosis and regulate its trafficking to the lysosome 

(162). They identified amino acids 588-593 of progranulin as the region where sortilin binds 

and developed small molecules to prevent this interaction, resulting in an increase in 

extracellular progranulin levels by blocking progranulin uptake. Although this increased 

extracellular progranulin levels, the impact of reduced lysosomal progranulin/granulins was 

not explored. Almeida et al. found that 24-hour treatment of 2 week old iPSC-derived cortical 

neurons with suberoylanilide hydroxamic acid (SAHA) increased levels of GRN mRNA and 

protein in all control, sporadic FTD, and S116X mutation lines without affecting survival 

rates (160). Unfortunately, as SAHA is a histone deacetylase inhibitor and affects the 

expression of many genes, it is unlikely to be suitable as a therapeutic. Another study by 

Holler et al. found that progranulin was increased in iPSC-neurons treated with trehalose, a 

disacharride that activates autophagy independently of the mTOR signalling pathway (163). 

Genetic screens in primary neurons and neuroblastoma lines have identified further modifiers 

of progranulin levels, including RIPK1 and TRAP1 (164, 165). The development of CRISPR-

based interference screens will enable further identification of genetic modifiers of 

progranulin levels in human neurons (166). 
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iii) Altered neuronal development and neuronal function in GRN iPSC-neurons 

Gascon et al. examined the levels of miR-124 and AMPA receptors (AMPARs) in iPSC lines 

from a GRN (S116X) patient and two C9ORF72 repeat expansion patients with bvFTD (159). 

MiR-124 is a small non-coding RNA that plays a role in neural development, and is predicted 

to target GluA2, GluA3 and GluA4 (167, 168). Gascon et al. found no difference in miR-124 

levels at 2 weeks post differentiation but reduced miR-124 levels and increased GluA2 and 

GluA4 AMPAR subunits in 8 week old S116X neurons, compared to controls. This would 

likely result in an increase in Ca
2+

 impermeable AMPARs, as GluA2 subunits are Ca
2+

 

impermeable. They also found a decrease in miR-124 levels and associated increases in 

GluA2 and GluA4 AMPAR subunits in the frontal cortices of patients with sporadic bvFTD 

and GRN haploinsufficiency mutations. They did not detect any difference in NMDA 

receptors, kainate receptors or miR-9 levels between the groups. Other studies have also 

found that miR-124 suppresses the expression of GluA2 receptor subunits (169, 170). 

 

Raitano et al.  generated iPSCs and then cortical neurons from three patients with a GRN 

(IVS1+5G>C) mutation (171). When compared with embryonic stem cells and control 

iPSCs, they observed less efficient cortical neuronal differentiation in the GRN lines, with 

only a small proportion expressing TUBB3 mRNA, but no difference in neural progenitor or 

motor neuron differentiation efficiency. This impairment in cortical neuronal differentiation 

efficiency was rescued by restoration of progranulin levels. This finding is in contrast to the 

initial Almeida et al. study, which found similar rates of differentiation and no difference in 

the proportion of cells positive for neuronal or astrocytic markers (156). However, Almeida 

et al. used a protocol to produce a mixed neuronal population and characterised them between 

2-4 weeks, whereas Raitano et al. did not identify differences until D40 in vitro and used a 
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protocol to produce predominantly cortical neurons. This could suggest progranulin has a 

specific role in cortical neuron differentiation. 

 

iv) Lysosomal dysfunction in GRN iPSC-neurons 

The lysosomal function of progranulin has gained recent attention and warrants investigation 

in iPSC models. Lee et al. found that progranulin was localised to the lysosome where it co-

localised with cathepsin L, a lysosomal cysteine protease (161). Complementary approaches 

using cathepsin overexpression and pharmacological inhibition support a role of cathepsin L 

in the cleavage of progranulin into granulins in the lysosome. In addition to being a substrate 

for cathepsins, progranulin/granulins may also regulate cathepsin maturation and activity. 

Valdez et al. found decreased cathepsin D activity but no difference in the levels of mature 

cathepsin D, cathepsin B activity or cathepsin L activity in iPSC-cortical neurons with the 

A9D GRN mutation (151). They identified granulin E, specifically, as an activator of 

cathepsin D. They also found decreased nuclear TDP-43, along with an increase in insoluble 

TDP-43. CRISPR/Cas9 correction of the mutation to generate an isogenic control 

ameliorated these phenotypes. These studies suggest that cathepsin L regulates the levels of 

full-length progranulin and individual granulins, whereas progranulin regulates cathepsin D 

activity. 

 

iPSC-derived neurons generated from patients with GRN mutations display many of the 

pathological phenotypes seen in patients (summarised in Table 2 and Figure 3). To date, 

these studies have been largely restricted to iPSC-neurons. However, accumulating evidence 

suggests loss of progranulin disrupts microglia function. Transcriptomics of GRN knockout 

mice revealed specific alterations in microglia that were absent from neurons (172) and a 

further study showed the microglial signature from GRN -/- mice is similar to those isolated 
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from neurodegeneratvive disease brain (173). Loss of progranulin appears to be associated 

with altered lipid metabolism, leading to an accumulation of polyunsaturated 

triacylglycerides in knockout mice (174) and a genetic screen idenfified GRN as a genetic 

modifier of lipid droplet formation in microglia (175). Future studies investigating the cell-

type specific consequences of progranulin haploinsufficiency in iPSC-microglia are eagerly 

anticipated, and robust protocols have recently been optimised to enable this (176).  Further, 

the contribution of progranulin versus individual granulins to disease aeitiology has not been 

fully dissected and remains an important knowledge gap for investigation in patient cells. 

iPSC models of FTD caused by a repeat expansion in C9ORF72  

The GGGGCC hexanucleotide repeat expansion (HRE) in the first intron of C9ORF72 is the 

most common genetic cause of both FTD and amyotrophic lateral sclerosis (ALS) (12, 13). 

The overall mutation frequency of C9ORF72 is 20% for familial FTD, 16% for familial ALS 

and around 6%–8% for sporadic ALS and FTD (177). Unaffected individuals usually carry 2-

23 repeats in C9ORF72, whereas an arbitrary cut off of 30 repeats is commonly used as the 

pathogenic repeat size threshold (178, 179). C9ORF72 has three main pre-mRNA transcripts 

(V1, V2 and V3) producing the two main C9ORF72 protein isoforms, a 481amino acid long 

isoform (C9-L) and a 222 amino acid short isoform (C9-S). C9ORF72 has high homology to 

Differentially Expressed in Normal and Neoplasia (DENN) related proteins, which act as 

GDP/GTP exchange factors (GEFs) that activate Rab-GTPases (180). Several lines of 

evidence suggest that C9ORF72 is involved in autophagy and lysosomal trafficking (181-

189) but little is known about the distinct functions of the two C9ORF72 protein isoforms. 

The C9ORF72 HRE is located in the first intron of C9ORF72 and following transcription and 

alternative splicing, V1 and V3 transcripts contain the intronic repeat, but not V2, resulting in 

different potential pathogenic mechanisms. Studies on C9ORF72
 
HRE patient tissue have 

shown that the HRE leads to (i) a reduction in C9ORF72
 
mRNA V2 transcript (13, 190, 191), 
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(ii) the formation of sense and antisense RNA foci, produced via bi-directional transcription 

of the C9ORF72
 
HRE from transcripts V1 and V3, which may subsequently sequester RNA-

binding proteins (12, 13, 192), and (iii) the production of aggregation-prone dipeptide repeat 

proteins (DPRs) via repeat-associated, non-ATG (RAN) translation of both sense and anti-

sense expanded RNA transcripts in all reading frames (Gly-Ala, Gly-Pro, Pro-Ala, Gly-Arg 

and Pro-Arg) (193-195). These findings altogether have led to the hypothesis that C9ORF72
 

HRE causes FTD/ALS by three potential mechanisms; loss of C9ORF72 function, toxic gain 

of RNA function or toxic gain of DPR function respectively.  

 

Using iPSCs to model the underlying molecular aetiology of the C9ORF72
 
repeat expansion 

is an attractive approach, as it offers the advantage of fully recapitulating the pathological 

repeat expansion size present in C9ORF72 HRE carriers. Nonetheless, it is also challenging 

as similar to other repeat expansions, the C9ORF72
 
HRE is prone to genomic instability 

(196) leading to HRE mosaicism which is an additional source of genetic heterogeneity in 

iPSC cultures. Examples of HRE genomic instability and subsequent mosaicism in cell 

cultures are evident across published C9ORF72 iPSC studies (197-201). Moreover, all three 

potential disease mechanisms leading to neurodegenerative phenotypes co-exist in patient-

derived iPSC models, and although this adds to their physiological relevance, the 

contribution of each to cellular phenotypes cannot be easily dissected. Here, we provide a 

comprehensive review of C9ORF72 iPSC studies and their findings, which are also 

summarised in Table 3 and illustrated in Figure 4.         

 

i) Capturing the pathology of C9ORF72 FTD in iPSC-neurons 

Since the discovery of C9ORF72 gene as the major genetic cause of FTD/ALS almost a 

decade ago, several iPSC studies have emerged that recapitulate some of the major 
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pathological hallmarks of C9-FTD/ALS. Multiple groups have shown the presence of sense 

and/or antisense RNA foci in the nuclei of C9ORF72 patient-derived cortical neurons (197, 

202, 203), mixed neurons (204), motor neurons (MNs) (198, 199, 202, 205-207) and 

astrocytes (208). Importantly, some of these iPSC studies have demonstrated that RNA foci 

can sequester RNA binding proteins such as RNA-editing deaminase-2 (ADARB2) (204), 

heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) and purine-rich binding protein-α 

(Pur-α) (198) as well as other proteins such as Ran GTPase activating Protein 1 (RANGAP1) 

(209). It is not known whether this expanded RNA-mediated toxicity is the major driver of 

neurodegeneration in C9-FTD/ALS similar to what is known for the sequestration of 

muscleblind proteins by the CUG repeats in myotonic dystrophy (210). 

 

In addition to the presence of RNA foci, DPRs have been identified in iPSC-neurons by 

multiple studies (197, 199, 202-205, 207, 208). Evidence for cell-to-cell transmission of 

DPRs was provided by Westergard et al. who showed transmission of poly-GA and poly-GR 

to control spinal MNs using co-cultures and conditioned media from C9ORF72 patient-

derived spinal MNs (211).  

 

Finally, C9ORF72 haploinsufficiency has also been observed in C9ORF72 HRE neurons via 

a reduction in C9ORF72 transcript expression (197, 204) or in C9ORF72 protein levels (189, 

212, 213). Loss of C9ORF72 can be caused epigenetically due to the presence of the CpG-

rich HRE via extensive DNA methylation of CpG residues at the promoter region of the 

gene. Indeed, hypermethylation of the C9ORF72 promoter region, consisting of the 

C9ORF72
 
HRE

 
and its flanking CpG islands, is a frequent finding in patient brain and blood 

(214-217) and has been reported as a disease modifier in ALS/FTD (218). To date, only a 

limited number of studies have assessed DNA methylation in C9ORF72 HRE iPSC models 
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(200, 207, 219). The first iPSC study to assess DNA methylation and hydroxymethylation at 

the C9ORF72 promoter reported a reduction in 5-methylcytosine (5mC) levels during 

reprogramming and re-acquiring upon neuronal specification, alongside an increase in 5-

hydroxymethylcytosine (5hmC) levels following reprogramming with elevated levels present 

in iPSCs and MNs (200). However, the use of one patient line and the considerable 

heterogeneity due to different HRE
 
sizes within and between cellular populations of different 

developmental stages require cautious interpretation of the results.   

Cohen-Hadad et al. assessed DNA methylation at the C9ORF72 HRE and the upstream 

5’CpG island (C9ORF72 promoter region) in differentiated neural precursors and teratomas 

derived from C9ORF72 HRE human embryonic stem cell (hESC) and iPSC lines (219). The 

5’ CpG and the HRE itself were found to be hypermethylated in the C9ORF72 HRE iPSC-

NPCs and teratomas. Despite the considerable difference in the HRE size between the iPSC 

and hESC lines, the authors concluded that reprogramming leads to hypermethylation of the 

C9ORF72 promoter region in iPSCs which may lead to milder phenotypes in iPSCs 

compared to ESCs. This is supported by the finding of increased intron 1-retaining C9ORF72 

transcripts in NPCs and teratomas differentiated from C9ORF72 HRE hESCs compared to 

iPSCs. The DNA methylation status of the 5’ CpG island upstream of the HRE was also 

assessed in a recent study (207). The authors reported hypermethylation of the 5’ CpG island, 

increased intron 1-retaining C9ORF72 transcripts as well as a reduction in total, V1 and V2 

C9ORF72 RNA in iPSC-MNs from one patient which were all restored following 

CRISPR/Cas9 isogenic correction of the C9ORF72 HRE. 

 

Finally, other major neuropathological hallmarks of C9-FTD/ALS such as p62 inclusions co-

localising with DPRs or TDP-43 cytoplasmic mislocalisation and aggregation are not a 

common finding in C9ORF72 iPSC models. Some iPSC studies have shown evidence for 
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elevated p62 levels (197, 199), and p62 cytoplasmic inclusions have been observed under 

basal conditions (199) and upon chronic sodium arsenite stress (220), however, p62 

pathology is not a common finding among iPSC studies. Importantly, even though a 

nucleocytoplasmic shift of TDP-43 has been reported in iPSC studies (203, 209), the typical 

cytoplasmic TDP-43 inclusion pathology in C9-FTD/ALS has not been yet recapitulated in 

vitro by iPSC studies under basal conditions. However, it was recently shown that chronic, 

mild oxidative stress insult by sodium arsenite treatment was able to induce the recruitment 

of TDP-43 into stress granules as well as the formation of distinct cytoplasmic aggregates of 

phosphorylated TDP-43 in C9ORF72 iPSC-MNs (220). 

Together, these studies show that iPSC-neurons from patients with the C9ORF72 HRE can 

recapitulate RNA foci, DPRs and C9ORF72 haploinsufficiency. 

 

ii) Investigating C9ORF72 function in iPSC-neurons 

A role of C9ORF72 protein in endosomal trafficking and autophagy has been suggested (181) 

and several independent studies have further supported the function of C9ORF72 in the 

induction of autophagy (182, 183, 185, 186). C9ORF72 iPSC studies have confirmed the role 

of C9ORF72 protein in autophagy and elucidated novel aspects of C9ORF72 cellular 

function. C9ORF72 patient-derived neurons were found to exhibit elevated levels of the 

autophagy marker p62 compared to controls (197, 199) reminiscent of the p62 

positive/ubiquitin positive/TDP43 negative DPR pathology observed in C9-FTD/ALS 

patients (221). Compromised autophagy and a reduction in basal autophagy levels have been 

observed in C9ORF72 iPSC-neurons (182, 197). Compromised extracellular vesicle secretion 

and endosome formation as well as dysfunctional trans-Golgi network were also observed in 

C9ORF72 HRE MNs by Aoki et al. (189). The C9ORF72 protein was found to localise in 

early endosomes and was required for normal vesicle trafficking and lysosomal biogenesis in 
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iPSC-MNs (212). C9ORF72 haploinsufficiency could therefore trigger neurodegeneration by 

causing accumulation of glutamate receptors, leading to MN excitotoxicity, and 

hypersensitivity of MNs to neurotoxic DPRs by impairing their clearance (212). This could 

be rescued by restoring C9ORF72 levels or treatment with small molecule modulators of 

vesicle trafficking. Finally, Sivadasan et al. provided evidence that C9ORF72 regulates 

axonal actin dynamics via regulation of the GTPase activity of Arf6 and the phosphorylation 

of cofilin, an ubiquitous actin-binding factor required for the reorganization of actin filaments 

(213). 

 

iii) Novel pathways identified in C9ORF72 iPSC-neurons 

Importantly, apart from recapitulating C9-FTD/ALS pathology, a plethora of iPSC studies 

have shed light on novel disease mechanisms linked to C9ORF72 HRE. Nucleocytoplasmic 

transport has been found by several independent groups to be impaired in FTD/ALS linked to 

C9ORF72 HRE (209, 222-225). A disrupted nuclear-cytoplasmic pattern for total RNA 

(222), Ran GTPase-activating protein 1 (RanGAP1) (209, 224), TDP-43 (209), Ran-GEF 

RCC1 (223), and RNA editing enzyme adenosine deaminase acting on RNA 2 (ADAR2) 

(225) have been identified in C9ORF72 HRE neurons. 

 

Several studies have investigated dysregulated cellular processes leading to increased 

vulnerability C9ORF72 iPSC-neurons to ER and oxidative stress, mitochondrial dysfunction 

and excitotoxicity (199, 204-206, 212, 226). Dafinca et al. reported elevated ER calcium 

levels, reduced mitochondrial membrane potential and reduced levels of the antiapoptotic 

protein Bcl-2 in C9ORF72 patient-derived MNs compared to control MNs (199). 

Furthermore, C9ORF72 HRE cortical and MNs displayed increased susceptibility to 

apoptosis, elevated p62 levels, abnormal protein aggregation and stress granule formation 
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compared to control neurons. In a follow-up study, Ababneh et al. reported reversal of all 

HRE-related phenotypes upon CRISPR/Cas9 correction of the HRE in iPSC lines from one 

patient (207). The phenotypes included susceptibility of C9ORF72 MNs to apoptosis, 

increased number of stress granules, HRE-containing intron 1 retention, 5’ CpG 

hypermethylation and reduced C9ORF72 RNA expression. Several other studies have also 

shown vulnerability of C9ORF72 patient-derived neurons to excitotoxicity (204, 206, 212). 

Lopez-Gonzalez et al. demonstrated that poly-GR led to mitochondrial dysfunction, age-

dependent increase in oxidative stress and DNA damage as indicated by an increase in DNA 

damage marker γH2AX, in C9ORF72 patient-derived MNs (205). They also showed that 

reduction of oxidative stress partially reduced DNA damage in C9ORF72 patient-derived 

MNs suggesting that oxidative stress could play an important role in the disease pathogenesis 

and its reduction has therapeutic potential in C9-FTD/ALS. Additional studies have further 

implicated the DNA damage response in C9ORF72 neurodegeneration. Increased DNA 

damage marker γH2AX as well as RAD5, a component of the SSA repair machinery, and 

phosphorylated RAD52, were found in C9ORF72 patient-derived MNs (226). CRISPR/Cas-

9-mediated excision of the HRE resulted in reduction of RAD52 hyperactivation. These 

findings suggest HRE-mediated DNA damage in patient-derived MNs leads to deficits in 

homology-directed DNA double strand break (DSB) repair pathways.  

 

Altered axonal trafficking, axonal degeneration and synaptic vesicle recycling have also been 

observed in C9ORF72 patient-derived neurons (203, 227, 228). Coyne et al. showed that 

synaptic vesicle cycling was impaired in C9ORF72 patient-derived MNs due to 

posttranscriptional reduction in the levels of the Hsc70-4/HSPA8 chaperone (228). Axonal 

degeneration and partial TDP-43 translocation to the cytoplasm, reminiscent of the TDP-43 

pathology observed in C9-FTD/ALS patients, was observed in C9ORF72 patient-derived 
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neurons (203). The authors demonstrated that transcription elongation factor AFF2/FMR2 

regulates the transcription of the HRE and CRISPR-Cas9-mediated knockout of AFF2/FMR2 

resulted in decreased expression of the mutant C9ORF72 allele containing the HRE and 

rescue of axonal degeneration and TDP-43 mislocalisation. Finally, patient-derived MNs 

exhibited axonal transport defects, as indicated by lysosomal track displacement in distal and 

proximal axons, compared to control MNs (227). This was accompanied by reduced levels of 

ubiquitously expressed chaperone HSP70 and altered stress granule formation compared to 

control MNs. Interestingly, all these phenotypes were exacerbated in isogenic C9ORF72 

patient-derived MNs that contained the HRE as well as a C9ORF72 knockout, supporting a 

combination of gain and loss of function mechanisms in C9-ALS/FTD pathogenesis.  

 

Finally, the first C9ORF72 three dimensional neuronal model revealed re-engagement of cell 

cycle-associated proteins and a senescence-associated secretory phenotype in C9ORF72 

patient-derived neurons (229). Specifically, C9ORF72 patient-derived neurons grown on 

Alvetex scaffold spontaneously re-expressed cyclin D1 12 weeks post-differentiation, 

suggesting cell cycle re-engagement. C9ORF72 neurons exhibited increased expression of 

senescence-associated genes including CXCL8, a chemokine overexpressed by senescent 

cells. In addition to this, increased levels of components of the senescence-associated 

secretory phenotype were present in media from C9ORF72 neurons compared to controls. 

 

iv) Alterations in neuronal function in C9ORF72 iPSC-neurons 

Neuronal excitability impairments are frequently observed in C9ORF72
 
patients (230), 

therefore several studies have investigated the electrophysiological properties of C9ORF72
 

iPSC-neurons. Two studies have found that C9ORF72
 
patient-derived MNs were 

characterised by hyperexcitability compared to control MNs at 2 to 4 weeks post 
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differentiation (231, 232). In direct contrast, Sareen et al. reported loss of excitability in 2-

month-old C9ORF72
 
patient-derived MNs as well as altered expression of genes involved in 

membrane excitability, including the delayed rectifier potassium channel (KCNQ3) which is 

consistent with hypoexcitability (198). These conflicting findings between the studies may be 

attributed to the different developmental stage of the MNs, as indicated by a temporal 

analysis of C9ORF72
 
patient-derived MN excitability (231). Devlin et al. showed that 

C9ORF72
 
patient-derived MNs were characterised by intrinsic hyperexcitability at early time 

points (3-4 weeks) in culture, followed by progressive loss of action potential output and 

synaptic activity in MNs reaching 9-10 weeks in culture. Interestingly, the loss of excitability 

manifests at a similar timepoint during MN differentiation as in the study of Sareen et al. 

(198). Finally, Selvaraj et al. showed no differences in the excitability of C9ORF72
 
patient-

derived MNs compared to control MNs and isogenic CRISPR/Cas9 C9ORF72
 
HRE-

corrected MNs (206). The authors attributed the lack of changes in excitability to the purity 

of MN cultures, compared to other studies using mixed cultures of MNs and glia, suggesting 

glia-mediated non-cell-autonomous mechanisms may alter MN function. Indeed, in a follow-

up study, Zhao et al. demonstrated that C9ORF72
 
patient-derived astrocytes induced 

progressive loss of action potential output in control iPSC-MNs caused by an underlying loss 

of voltage activated Na+ and K+ currents (208).  

 

v) Non-cell-autonomous disease mechanisms in C9ORF72 iPSC-neurons 

Patient-derived iPSC models provide an ideal platform to investigate non-cell-autonomous 

disease mechanisms. To date, several groups have demonstrated a toxic effect of C9ORF72 

patient-derived astrocytes and oligodendrocytes to MNs or other cell types either in co-

cultures or via conditioned media. In an early study of non-cell-autonomous toxicity 

mechanisms in C9-ALS, Meyer et al. showed that C9ORF72 transdifferentiated human 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 30 

astrocytes were toxic to co-cultured mouse MNs (233). C9ORF72 iPSC-astrocytes were 

shown to modulate the autophagy pathway in a non-cell-autonomous manner (234). 

Specifically, cells treated with patient-derived astrocyte conditioned medium exhibited 

reduced expression of the autophagosomal marker LC3-II, with a concomitant accumulation 

of p62 puncta and increased SOD1 expression. Increased oxidative stress was detected in 

C9ORF72 patient-derived astrocytes and C9ORF72 astrocyte conditioned media was also 

found to be neurotoxic by inducing oxidative stress in control MNs (235). Varcianna et al. 

reported dysregulation of extracellular vesicle formation and miRNA cargo in C9ORF72 

induced astrocytes which affected neurite network maintenance and MN survival (236). They 

identified downregulation of miR-494-3p, a negative regulator of the axon guidance protein 

semaphorin 3A (SEMA3A), and showed that restoration of miR-494-3p levels can 

downregulate Sema3A levels in MNs and increase MN survival. C9ORF72
 
patient-derived 

astrocytes recapitulated key pathological features of C9-ALS and caused a progressive loss of 

action potential output in co-cultured control MNs which was reversed upon CRISPR/Cas-9-

mediated excision of the HRE (208). Importantly, these phenotypes were only present in 

control MNs co-cultured with C9ORF72
 
patient-derived astrocytes and not in C9ORF72

 

patient-derived MN-enriched cultures alone, providing further evidence for the role of non-

cell-autonomous toxicity mechanisms in neurodegeneration. Finally, apart from astrocytes, 

patient-derived oligodendrocytes have also been shown to induce MN death in both co-

cultures and via oligodendrocyte conditioned media (237).  

 

vi) Using C9ORF72 iPSC models for the development of novel therapeutics 

Ultimately, the use of iPSCs for the study of C9ORF72 FTD/ALS pathogenic mechanisms is 

aimed at the development of novel therapies. Two independent studies have provided 

evidence for the therapeutic potential of antisense oligonucleotides (ASOs) in C9-FTD/ALS 
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which are currently being tested in C9ORF72 HRE patients 

(https://clinicaltrials.gov/ct2/show/study/NCT03626012) (198, 204). Donnelly et al. reported 

sequestration of RNA editing regulator ADARB2 by the C9ORF72 HRE expanded RNA, 

aberrant gene expression and susceptibility to glutamate excitotoxicity in C9ORF72 HRE 

mixed neurons compared to controls (204). In the second ASO study by Sareen et al. the 

C9ORF72 patient-derived MNs exhibited RNA foci that co-localised with RNA-binding 

proteins hnRNPA1 and Pur-α, as well as aberrant gene expression, and reduced excitability 

compared to control MNs (198). In both studies the use of ASOs targeting the C9ORF72 

transcript resulted in reversal of the toxicity phenotypes in patient-derived neurons. 

Furthermore, as the ASO-mediated C9ORF72 knockdown had no adverse effect on patient-

derived neurons, the authors argued against a loss of function mechanism as the major 

pathogenic cause of C9-FTD/ALS. However, recent studies have elucidated the important 

function of C9ORF72 in autophagy and provided evidence for a contribution of C9ORF72 

haploinsufficiency in FTD/ALS pathogenesis, proposing the use of ASOs that do not reduce 

C9ORF72 expression. Interestingly, the use of ASOs restored the impaired 

nucleocytoplasmic transport phenotype that was responsible for the abnormal 

nuclear/cytoplasmic ratios of Ran and TDP-43 in another study of C9ORF72 HRE neurons 

(209). Collectively, the ASO intervention studies in human C9ORF72 iPSC neurons have 

shown that specific targeting of the C9ORF72 transcript can rescue gain of function toxicity 

and has therapeutic value. Using small molecules that bind and specifically stabilise the 

C9ORF72 HRE G-quadruplex RNA, Simone et al. demonstrated a reduction in RNA foci 

burden in both C9ORF72 HRE cortical neurons and MNs as well as a reduction in the levels 

of poly-GP in C9ORF72 HRE MNs (202). These data provide proof of principle that 

targeting the C9ORF72 HRE G-quadruplex structure has therapeutic potential. Finally, in a 

phenotypic screen to repurpose existing drugs, Imamura et al. identified the Src/c-Abl 
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pathway as a novel potential therapeutic target in ALS, and Bosutinib, a Src/c-Abl inhibitor, 

was shown to increase survival of C9ORF72 patient-derived MNs (238).  

 

iPSC models of TARDBP mutations  

Bilican et al. differentiated clonal iPSC lines from two controls and an ALS patient with a 

TARDBP M337V mutation into MNs (239). They noted higher levels of soluble and 

detergent-resistant TDP-43 in M337V MNs, despite apparently normal levels of nuclear 

TDP-43. They found higher levels of C-terminal TDP-43 fragments in the insoluble fraction 

and higher levels of full-length TDP-43 in the soluble fraction. M337V MNs had reduced cell 

viability and an increased sensitivity to a PI3K inhibitor (LY294002), although no differences 

in the response to a MAPK inhibitor (U0126) or an endoplasmic reticulum stressor 

(tunicamycin) were observed. The same iPSC lines were used by Serio et al. to generate 

astrocytes (240). The astrocytes had similar phenotypes to the MNs including mis-localised, 

cytoplasmic TDP-43, increased levels of soluble TDP-43 and reduced viability. The authors 

suggested that the increased TDP-43 levels are likely due to the mutation resulting in PTMs 

that increase TDP-43 stability and/or slow its clearance. In contrast to the MNs, they found 

no difference in detergent-resistant, insoluble TDP-43, indicating that the mutation has 

distinct cell type specific effects. Co-culture of MNs with either control or M337V astrocytes 

resulted in improved viability, showing that M337V astrocytes do not exert a toxic effect on 

MNs, unlike what has previously been observed in SOD1-linked ALS (241). 

 

Zhang et al. differentiated iPSC lines from an FTD/ALS patient with TARDBP A90V 

mutation, an unaffected family member with no known disease-causing mutations, and the 

M337V iPSC line previously used in the Bilican et al. study into neurons (106, 239). 

Treatment with the broad-spectrum kinase inhibitor staurosporine resulted in cytoplasmic 
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mislocalisation of TDP-43 in both control and patient lines, but with a higher ratio of 

cytoplasmic: nuclear TDP-43, lower levels of total TDP-43 and higher rates of neuronal 

death in the patient neurons. They also identified decreased levels of the neuroprotective 

miR-9 and its precursor (miR-9-2) in the patient-derived neurons. They did not find 

differences in TDP-43 profile between the control and patient iPSC-neurons under control 

conditions or in response to other stressors. Bossolasco et al. also did not find any significant 

increase in cytoplasmically mislocalised TDP-43 in neurons with the A382T mutation (242) 

under control conditions. 

 

Multiple studies have also shown the potential of iPSCs from patients with TARDBP 

mutations as a suitable model for drug screening. Egawa et al. found cytoplasmically 

mislocalised, aggregated TDP-43 and shorter neurites in iPSC-MNs from ALS patients with 

TARDBP (Q343R/ M337 V/G298S) mutations (243). It is not clear if this identification of 

aggregates, which were either not detected or not mentioned in the previous studies using 

iPSCs with M337V mutations, was due to differentiation to a particular cell-type or 

differences in detection methods. Ratti et al. did find stress granules and phosphorylated 

TDP-43 aggregates in TARDBP iPSC-MNs after inducing stress through sodium arsenite 

treatment, whereas there were only very low levels of phosphorylated TDP-43 under control 

conditions (220). This suggests that stress might be necessary to induce TDP-43 pathology in 

iPSC-derived neurons and might explain differences in TDP-43 observations between 

studies. In the patients MNs, Egawa et al. found the spliceosomal factor SNRPB2 bound to 

TDP-43, which could be rescued by the histone acetyltransferase inhibitor, anacardic acid. 

Another study found abnormalities in mitochondria, lysosomes and axonal trafficking in 

G294V neurons, the latter was rescued by treating with the osmolyte D-sorbitol (244). 

Burkhardt et al. developed a screen using iPSC-MNs from sporadic and familial ALS 
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patients, including a patient with a TARDBP mutation and found hyper-phosphorylated TDP-

43 aggregates in neurons from the sporadic ALS patients but did not detect aggregates in 

control neurons or neurons from the TARDBP A315T patient. They identified compounds 

that reduced TDP-43 aggregation in patient neurons. They also detected higher levels of 

TDP-43 in MNs but did not find higher levels in the sporadic ALS neurons with aggregates 

(245). Yang et al. used iPSC-neurons further validate the treatment potential of Kenpaullone, 

a multikinase inhibitor that had been found to increase neuronal survival in mutant SOD1 

mouse embryonic stem cells (246). Together, these studies show that iPSC-neurons with 

mutations in TARDBP can recapitulate key aspects of TDP-43 pathology (Figure 5), although 

they may not display all of the phenotypes seen in TARDBP mutation patients, and that they 

can be used to identify or validate promising treatment options.   

 

Summary and Future Directions 

The generation of iPSCs from patients with phenotypes/genotypes of interest and their 

subsequent differentiation into homogenous populations of specific cell types has enabled the 

development of patient-specific in vitro models of familial FTD (Figure 1). This approach 

has been successfully used in an ever-increasing number of studies to model the most 

common genetic causes of FTD and FTD-ALS. In spite of this early success, several 

challenges still remain. The advantages and limitations of using iPSC-derived cells to model 

FTD have been summarised in Table 5.  

On a technical level, the cost of iPSC work can be prohibitive, and restricts the number of 

patient and control lines that can be used in a single study. Although iPSC-neurons do present 

with some key markers of FTD, for example increased tau phosphorylation and tau 

mislocalisation in FTD with MAPT mutations (Figure 2), progranulin haploinsufficiency in 

FTD with GRN mutations, (Figure 3) and TDP-43 mislocalisation in FTD with GRN or 
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TARDBP mutations (Figures 3 and 5), these models do not recapitulate the full pathologies 

observed in FTD patients. For example, iPSC- neurons with MAPT mutations, do not show 

neurofibrillary tangles, only occasional accumulations of insoluble phosphorylated or 

misfolded tau species (67, 247) and studies using iPSC-neurons with GRN and TARDBP 

mutations do not always find TDP-43 aggregation, mislocalisation or increased levels of 

insoluble TDP-43 (Tables 2 and 4). Similarly, although C9ORF72 iPSC studies have 

successfully recapitulated C9-FTD/ALS pathology associated with RNA foci and DPRs, they 

do not develop robust TDP-43 pathology, only early-stage TDP-43 mislocalisation, unless 

chronic stress is applied in neuronal cultures (220). Multiple transcriptomics studies have 

demonstrated that iPSC-neurons are fetal in nature (63, 64), which presents a challenge when 

investigating age-related neurodegenerative diseases such as FTD. Induction of age-

associated phenotypes to increase the physiological relevance of iPSC-derived models could 

be explored, for example, introducing reactive oxidative stress, DNA damage and 

mitochondrial damage, traits typically associated with aged cells (248). Telomerase inhibitors 

(249) and progerin, a derivative of lamin A associated with premature ageing, (250) have 

been used to induce age-associated phenotypes, such as accumulation of ROS and DNA 

damage and shorter dendrites in iPSC-neurons. 

  

Inter and intra-patient variability in iPSCs, linked to genetic heterogeneity, is a known 

challenge of working with human iPSCs (251), and the generation of isogenic controls by 

gene-editing may help to control this issue (252). However, understanding the contribution of 

gene modifiers to cellular phenotypes is an important question: for example, TMEM106B 

variants can modify the phenotype of both GRN and C9ORF72 mutation carriers (253-255) 

and the protective variant has been shown to ameliorate lysosomal phenotypes in vitro (256). 

Most studies discussed here did not mention the TMEM106B genotype of the cell lines used. 
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Further, the genetic and neuropathological overlap between FTD and ALS due to C9ORF72 

repeat expansions and TDP-43 pathology respectively, means that most studies have used 

either cortical or MNs, and we must exercise caution when extrapolating results from one to 

other. Future studies to examine neuronal subtype-specific effects, in cells from deeply-

phenotyped patients with either ALS or FTD will help us understand the selective 

vulnerability of these cell types. It should be noted that the majority of studies have generated 

and analysed only one iPSC-derived neural cell type, such as neurons. It will again be 

important to understand the contribution of astrocytes and microglia to FTD, and the cross-

talk between these cell types in complex, co-culture models. Increased optimisation of 3D 

cell culture, whereby astrocytes and microglia are infused into neuronal organoids may help 

us explore cellular crosstalk in FTD (257). However, using organoids to model 

neurodegeneration comes with its own merits and limitations. Whilst organoids are 

advantageous in that they better replicate the complex structural architecture of the brain 

compared to 2D models, a lack of tissue maturity and vascularisation limit their usefulness 

(258). To date, the majority of research using organoids to model neurodegeneration has been 

focused on Alzheimer’s disease (257, 259, 260), however it will be interesting to see how 3D 

models are used to research FTD and ALS as organoid protocols and molecular techniques 

continue to improve. 

 

In spite of the aforementioned challenges, iPSC models have given unique insights into 

disease mechanisms of MAPT, GRN, C9ORF72 and TARDBP mutations, and provide a 

novel, physiologically relevant model for drug screening. As future work addresses the 

challenges outlined above, these patient-derived models will continue to give us unique 

insights into the molecular mechanisms underpinning neurodegeneration in FTD. 
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Figure Legends 

Figure 1. An overview of iPSC technology 

Somatic cells (such as fibroblasts or PBMCs) can be obtained from patients with 

genotypes/phenotypes of interest and reprogrammed into iPSCs via the exogenous expression 

of the transcription factors Oct4, Klf4, Sox2 and cMyc. iPSCs can then be differentiated into 

multiple cell types affected in FTD, which in turn can be used for disease modeling, drug 

screening and in vivo chimeric disease modeling. Somatic cells can also be directly converted 

into neurons via transdifferentiation. 

 

Figure 2. Common phenotypes observed iPSC-neurons with MAPT mutations 

A schematic representation displaying common phenotypes observed in iPSC-cortical 

neurons with MAPT mutations, including nuclear invaginations and folds, increased tau 

phosphorylation, accumulation of misfolded tau, increased electrophysiological activity, 

increased 4R:3R tau ratio, increased tau fragmentation, decreased neurite length, and 

increased reactive oxygen species.  

 

Figure 3. Common phenotypes observed iPSC-neurons with GRN mutations 

A schematic representation displaying common phenotypes observed in iPSC-cortical 

neurons with GRN mutations. These include; reduced intracellular and extracellular 

progranulin protein, reduced GRN mRNA, reduced nuclear TDP-43, increased insoluble and 

cytoplasmic TDP-43, impaired lysosomal function, reduced Cathepsin D activity, reduced 

miR-124 and increased expression of GluA2 and GluA4 AMPAR subunits. Deficits in WNT 

signaling, PI3K/AKT pathways and MEK/MAPK pathways have also been also been 

identified, as well as the cleavage of progranulin into individual granulins by cathepsin L at 

the lysosome. 
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Figure 4. Common phenotypes observed iPSC-neurons with C9ORF72 mutations 

A schematic representation displaying common phenotypes observed in iPSC-neurons from 

patients carrying the C9ORF72 HRE including intranuclear RNA foci that sequester RNA-

binding proteins, DNA damage, nucleocytoplasmic transport defects, DPR aggregates, 

vulnerability to ER stress and excitotoxicity, mitochondrial dysfunction, compromised 

autophagy, lysosomal dysfunction and impaired excitability. Non-cell-autonomous toxicity 

from patient-derived astrocytes and oligodendrocytes has also been demonstrated.  

 

Figure 5. Common phenotypes observed iPSC-neurons with TARDBP mutations 

A schematic representation displaying phenotypes observed in iPSC-cortical neurons with 

TARDBP mutations. These include; increased insoluble and cytoplasmic TDP-43, TDP-43 

aggregation, shorter neurites, shrunken lysosomes, reduced miR-9 and pre miR-9-2, initial 

hyperexcitability followed by a loss of electrophysiological signal, neurofilament 

abnormalities and abnormal trafficking of organelles. 
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Table 1 : Summary of phenotypes identified in studies using MAPT mutation iPSC-

neurons 

 

Gene 

(Mutation

) 

Referenc

e 

Cell 

type 

Phenotype 

  

4R 

tau 

 

 Tau 

phosphorylatio

n 

 

Tau mis-

localisatio

n 

 

Accumulatio

n of 

misfolded, 

insoluble or 

aggregated 

tau species 

Additional 

observations 

MAPT 

(10+16) 

Sposito et 

al., 

(2015). 

(65) 

Cortica

l 

neuron

s 

 

Y 

 

N 

 

N/A 

 

N/A 

 Neurons in 

extended 

culture up to 

365 days 

expressed all 6 

tau isoforms  

Paonessa 

et al., 

(2019). 

(70) 

Cortica

l 

neuron

s 

 

 

Y 

 

 

Y 

 

 

Y 

 

 

N 

 Mislocalization 

of tau from 

axons to cell 

body and 

dendrites 

 Nuclei were 

more frequently 

seen with folds 

and 

invaginations 

 Defective 

nucleocytoplas
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mic transport 

MAPT 

(10+14) 

Imamura 

et al., 

(2016). 

(82) 

Cortica

l 

neuron

s 

 

 

Y 

 

 

N/A 

 

 

N/A 

 

 

Y 

 Sensitivity to 

electrical 

stimulation, 

invoking a 

larger calcium 

release 

compared   to 

controls 

 Inhibition of 

calcium influx 

decreased 

intracellular 

and 

extracellular 

mis-folded tau, 

and increased 

cell survival 

MAPT 

(P301L) 

Iovino et 

al.,  

(2015). 

(67) 

Cortica

l 

neuron

s 

 

 

N 

 

 

Y 

 

 

N 

 

 

N 

 Earlier 

electrophysiolo

gical 

maturation and 

altered 

mitochondrial 

transport 

compared to 

controls 

 Contorted 

processes with 

varicosity like 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 41 

structures, 

some 

containing both 

alpha-synuclein 

and 4R tau 

 Tau localised in 

cell bodies in 

both mutant 

and control 

cells 

MAPT 

(N279K) 

 

Wren et 

al., 

(2015). 

(85) 

NSC 

 

Y 

 

N/A 

 

N/A 

 

N/A 

 Increased stress 

granules and 

impaired 

lysosomal 

trafficking 

Ehrlich et 

al., 

(2015). 

(84) 

Mixed 

neuron

s 

 

Y 

 

Y 

 

N 

 

N 

 Increased tau 

fragmentation 

 Increased 

vulnerability to 

oxidative and 

ER stress 

 Decreased 

neurite length 

MAPT 

(N279K) 

Iovino et 

al., 

(2015). 

(67) 

Cortica

l 

neuron

s 

 

 

Y 

 

 

Y 

 

 

N 

 

 

Y 

 Earlier 

electrophysiolo

gical 

maturation  

 Decreased 

anterograde 

mitochondrial 
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transport 

 Tau localised in 

cell bodies in 

both mutant 

and control 

cells 

MAPT 

(A152T) 

 

Fong et 

al., 

(2013). 

(261) 

Mixed 

neuron

s 

 

 

N/

A 

 

 

Y 

 

 

Y 

 

 

N/A 

 Punctate tau 

 Short neurites 

with bulges, 

constrictions 

and odd bends, 

axonal 

degeneration 

 

Silva et 

al., 

(2016). 

(107) 

Cortica

l 

neuron

s 

 

 

N/

A 

 

 

Y 

 

 

Y 

 

 

Y 

 Accumulation 

of insoluble 

phosphorylated 

tau  

 Increased 

autophagy and 

UPS markers, 

suggesting 

proteostasis 

impairment 

 

MAPT 

(V337M) 

Ehrlich et 

al., 

(2015). 

(84) 

Mixed 

neuron

s 

 

N 

 

Y 

 

N 

 

N 

 Increased tau 

fragmentation 

 Decreased 

neurite length 
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 Increased 

vulnerability to 

cell stress 

MAPT 

(R406W) 

Imamura 

et al., 

(2016). 

(82) 

Cortica

l 

neuron

s 

 

 

N/

A 

 

 

N/A 

 

 

N/A 

 

 

 

Y 

 Sensitivity to 

electrical 

stimulation, 

invoking a 

larger calcium 

release 

compared to 

controls 

 Inhibition of 

calcium influx 

decreased 

intracellular 

and 

extracellular 

misfolded tau, 

and increased 

cell survival 

MAPT 

(10+16 , 

P301L and 

N279K 

triple 

mutant) 

Garcia-

Leon et 

al., 

(2018). 

(91) 

Cortica

l 

neuron

s 

 

 

Y 

 

 

N 

 

 

Y 

 

 

Y* 

 *Endogenously 

triggered tau 

aggregation 

 Increased 

electrophysiolo

gical activity 

 Decreased 

neurite 

outgrowth 

Significant 
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activation of 

stress response 

pathways 

 

 

 

 

 

 

 

Table 2: Summary of phenotypes identified in studies using GRN mutation iPSC 

derived cells 

Gene 

(Mutation) 

Referenc

e 

Cell 

type 

Phenotype 

Progranulin 

haploinsufficien

cy 

Mislocalise

d TDP-43    

 

 

Insoluble 

TDP-43 

or TDP-

43 

aggregate

s 

Additional observations 

GRN 

(S116X) 

 

Almeida 

et al., 

(2012). 

(156)  

Mixed 

neurons 

and 

microgli

a 

Y Y N/A 

 Deficits in 

PI3K/AKT and 

MEK/MAPK 

pathways 

(rescued by 

increasing 

progranulin 

expression) 
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GRN 

(S116X) 

& 

C9ORF72
 

HRE 

Gascon 

et al., 

(2014). 

(159)  

 

 

Mixed 

neurons 

N/A N/A N/A 

  

D

ec

re

as

e

d 

m

i

R

-

1

2

4 

 Increased 

expression of 

GluA2 and GluA4 

AMPAR subunits 

GRN 

(S116X) 

Lee et 

al., 

(2014). 

(158) 

Mixed 

neurons 

Y N/A N/A 

 Increased 

progranulin levels, 

following inhibition 

of SORT1 

endocytosis 

GRN 

(S116X) 

Almeida 

et al., 

(2016). 

(160) 

Cortical 

neurons 

Y N/A N/A 

 Increased 

progranulin after 

suberoylanilide 

hydroxamic acid (a 

histone deacetylase 

inhibitor) 
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GRN 

(S116X) 

Lee et 

al., 

(2017). 

(161) 

Mixed 

neurons 

N/A N/A N/A 

 Cathepsin L cleaves 

progranulin into 

individual granulins 

in the lysosome 

 

GRN 

(IVS1+5G>C

) 

Raitano 

et al., 

(2015). 

(171) 

Cortical 

and 

motor 

neurons 

Y N N 

 Decreased 

corticogenesis 

 Deficits in WNT 

signalling 

 Altered gene 

expression 

GRN 

(R198GfsX1

9) 

Holler et 

al., 

(2016). 

(163) 

Mixed 

neurons 

Y N/A N/A 

 GRN mRNA 

haploinsufficiency 

in fibroblasts 

 Trehalose increased 

progranulin in 

patient -derived 

neurons 

GRN 

(c.26C>A, 

p.A9D) 

 

Valdez et 

al., 

(2017). 

(151) 

Cortical 

neurons 

Y 

 

Y 

 

 

Y 

 

  Decreased 

cathepsin D 

activity, specifically 

due to granulin E  

 Lysosomal 

dysfunction 

 Isogenic control 

line: rescued 

phenotype 
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Table 3: Summary of phenotypes identified in studies using C9ORF72 iPSC-neurons 

 

 

Gene 

(Mutation) 

Reference Cell  type 

Phenotype 

RNA 

foci 

DPRs 

Reduced 

C9ORF72 

expression 

Additional observations 

C9ORF72 

(GGGGCC)n 

Almeida et 

al., (2013). 

(197) 

Cortical neurons Y Y Y 

 Increased p62 

 Compromised autophagy 

Donnelly et 

al., (2013). 

(204) 

Mixed neurons Y Y Y 

 Sequestration of RNA 

binding proteins by the 

expanded RNA 

 Validation of ADARB2 

interaction   

 Aberrant gene 

expression 

 Susceptibility to 

glutamate excitotoxicity 

Sareen et 

al., (2013). 

(198) 

Motor neurons Y N N 

 RNA foci colocalisation 

with hnRNPA1 and Pur-

α 

 Aberrant gene 

expression  

 Reduced excitability  

Meyer et 

al., (2014). 

(233) 

Induced 

astrocytes 

N/A N/A N/A 

 Non cell autonomous 

toxicity of induced 

astrocytes to co-cultured 

mouse MNs 
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Wainger et 

al., (2014). 

(232) 

Motor neurons N/A N/A N/A 

 Hyperexcitability  

 Kv7 channel activator 

retigabine blocked the 

hyperexcitability 

Devlin et 

al., (2015). 

(231) 

Motor neurons Y N/A N/A 

 No changes in cell 

viability 

 Initial hyperexcitability 

followed by a 

progressive loss in 

action potential output 

and synaptic activity 

Zhang et 

al., (2015). 

(209) 

Motor neurons Y N/A N/A 

 Mislocalisation of 

RanGAP1 and 

interaction with HRE 

RNA 

 Disrupted nuclear-

cytoplasmic pattern of 

Ran  

 RanGAP1 

overexpression rescued 

Ran pattern 

 Abnormal 

nuclear/cytoplasmic ratio 

of TDP-43 

 Impaired 

nucleocytoplasmic 

transport 

Freibaum et 

al., (2015). 

Cortical neurons N/A N/A N/A 
 RNA nuclear export 

defect, retention of RNA 
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(222) in nuclei 

 ~ 35% increase in the 

nuclear/cytoplasmic ratio 

of RNA density  

Jovicic et 

al., (2015). 

(223) 

Induced neurons N/A N/A N/A 

 Reduction in nuclear 

localization of RCC1  

Esanov et 

al., (2016). 

(200) 

Motor neurons N/A N/A N/A 

 Reduced 5mC levels 

(methylation) in 

C9ORF72 promoter 

during reprogramming 

and re-acquiring upon 

neuronal specification  

 Increased 5hmC levels 

(hydroxymethylation) in 

C9ORF72 promoter in 

iPSCs and MNs 

Cohen-

Hadad et 

al., (2016). 

(219) 

NPCs, 

teratomas 

N/A N/A N 

 C9ORF72 promoter 

hypermethylated in 

C9ORF72 HRE iPSC 

lines but unmethylated 

in C9ORF72 HRE ESCs 

 Increased levels of 

intron 1-retaining 

C9ORF72 transcripts in 

NPCs and teratomas 

from C9ORF72 HRE 

ESCs compared to those 

derived from iPSCs 

Dafinca et Cortical neurons, Y Y N/A  Increased ER calcium 
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al., (2016). 

(199) 

Motor neurons levels 

 Reduced mitochondrial 

membrane potential  

 Reduced levels of the 

anti-apoptotic protein 

Bcl-2  

 Increased susceptibility 

to apoptosis 

 Elevated p62 levels 

 Abnormal protein 

aggregation and stress 

granule formation  

Westergard 

et al., 

(2016). 

(211) 

Motor neurons N/A Y N/A 

 Cell-to-cell transmission 

of DPRs  

 Transmission of poly-

GA and poly-GR 

aggregates but not poly-

GP from C9ORF72 to 

control MNs in both co-

culture and via 

conditioned media 

Ferraiuolo 

et al., 

(2016). 

(237) 

Oligodendrocytes N/A N/A N/A 

 Patient-derived 

oligodendrocytes 

induced MN death in 

both co-cultures and via 

oligodendrocyte 

conditioned media 

Lopez-

Gonzalez et 

Motor neurons Y Y N/A 
 Mitochondrial 

dysfunction 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 52 

al., (2016). 

(205) 

 Age-dependent increase 

in oxidative stress and 

DNA damage  

 Toxicity caused by poly-

GR  

Sivadasan 

et al., 

(2016). 

(213) 

Motor neurons N/A N/A Y 

 Increased 

phosphorylation of 

cofilin in C9ORF72-

depleted MNs of patients 

vs controls  

 C9ORF72 modulated 

activity of small 

GTPases Arf6 and Rac1, 

resulting in increased 

activity of LIM-kinases 1 

and 2 (LIMK1/2) and 

reduced axonal actin 

dynamics in C9ORF72-

depleted patient MNs 

 Dominant negative Arf6 

reversed phenotype 

suggesting C9ORF72 

acts as a modulator of 

small GTPases to 

regulate axonal actin 

dynamics 

Aoki et al., 

(2017). 

(189) 

Motor neurons N/A N/A Y 

 Deficits in extracellular 

vesicle secretion, 

endosome formation and 

trans-Golgi network 
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Imamura et 

al., (2017). 

(238) 

Motor neurons N/A N/A N/A 

 Increased survival in 

C9ORF72 MNs 

following treatment with 

bosutinib, a Src/c-Abl 

inhibitor 

Coyne et 

al., (2017). 

(228) 

Motor neurons N/A N/A N/A 

 Impaired synaptic 

vesicle cycling due to 

posttranscriptional 

reduction in the levels of 

the Hsc70-4/HSPA8 

chaperone 

 HSPA8 levels were 

reduced in the soma and 

dendrites of C9ORF72 

MNs by 57% and 32%, 

respectively 

Simone et 

al., (2018). 

(202) 

Cortical neurons, 

Motor neurons 

Y Y N/A 

 Reduction in RNA foci 

(CNs and MNs) and 

poly-GP levels (MNs) 

following treatment with 

small molecules that 

bind C9ORF72 HRE G-

quadruplex RNA 

Selvaraj et 

al., (2018). 

(206) 

Motor neurons Y Y N 

 No difference in 

excitability  

 Increased GluA1 

AMPAR expression 

leading to enhanced 

vulnerability to 

excitotoxicity 
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 Excision of the HRE 

resulted in reversal of 

RNA foci and 

vulnerability to 

excitotoxicity 

phenotypes 

Shi et al., 

(2018). 

(212) 

Motor neurons N/A N/A Y 

 Reduced survival of 

patient-derived MNs 

 Interaction of 

C9ORF72 with 

endosomes  

 C9ORF72 was required 

for normal vesicle 

trafficking and 

lysosomal biogenesis 

in MNs 

 Low C9ORF72 activity 

sensitised MNs to 

glutamate and DPR 

toxicity suggesting a 

synergistic effect 

between gain and loss 

of function 

mechanisms 

 C9ORF72 restoration, 

constitutively active 

RAB5 or small 

molecule modulators of 

vesicle trafficking all 

rescued patient MN 
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survival 

Moore et 

al., (2019). 

(225) 

Motor neurons N/A N/A N/A 

 Mislocalisation of RNA 

editing enzyme 

adenosine deaminase 

acting on RNA 2 

(ADAR2) to the 

cytoplasm  

Cheng et 

al., (2019). 

(224) 

Motor neurons N/A Y N/A 

 Glutamate-induced 

excitotoxicity 

 Disrupted Ran gradient 

and nucleocytoplasmic 

transport 

 Increased RNA helicase 

DDX3X levels led to 

reduction in DPRs, 

rescuing C9ORF72 HRE 

phenotypes of 

glutamate-induced 

excitotoxicity and 

disrupted 

nucleocytoplasmic 

transport  

Yuva-

Aydemir et 

al., (2019). 

(203) 

Cortical neurons Y Y N/A 

 Axonal degeneration 

 Partially cytoplasmic 

TDP-43 

 Transcription elongation 

factor AFF2/FMR2 

regulates the 

transcription of the HRE 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 56 

 AFF2 knockout resulted 

in decreased expression 

of the C9ORF72 allele 

containing the HRE, 

rescue of axonal 

degeneration and TDP-

43 mislocalisation 

Birger et 

al., (2019). 

(235) 

Astrocytes N/A N/A N/A 

 Increased oxidative 

stress  

 C9ORF72 astrocyte 

conditioned media was 

neurotoxic by inducing 

oxidative stress in 

control MNs 

Zhao et al., 

(2020). 

(208) 

Astrocytes Y Y N 

 Cell-autonomous 

astrocyte pathology 

reversed upon 

CRISPR/Cas-9-mediated 

excision of the HRE 

 Progressive loss of 

action potential output in 

co-cultured control MNs 

which was reversed upon 

CRISPR/Cas-9-mediated 

excision of the HRE 

 Phenotypes only present 

in control MNs co-

cultured with C9ORF72 

patient-derived 

astrocytes and not in 
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C9ORF72 patient-

derived MN-enriched 

cultures alone (non-cell-

autonomous 

mechanisms) 

Andrade et 

al., (2020). 

(226) 

Motor neurons N/A N/A N/A 

 Increased DNA damage 

marker γH2AX  

 Increased RAD5 

(component of the SSA 

repair machinery) and 

phosphorylated RAD52  

 CRISPR/Cas-9-mediated 

excision of the HRE 

resulted in reduction of 

RAD52 hyperactivation 

Abo-Rady 

et al., 

(2020). 

(227) 

Motor neurons N/A Y N/A 

 Axonal transport defects 

 Reduced levels of 

ubiquitously expressed 

chaperone HSP70  

 Altered stress granule 

formation 

 Phenotypes were 

exacerbated in isogenic 

C9ORF72 patient-

derived MNs that 

contained the HRE as 

well as a C9ORF72 

knockout, supporting a 

combination of gain and 

loss of function 
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mechanisms in C9-

ALS/FTD pathogenesis 

 

Porterfield 

et al., 

(2020). 

(229) 

Cortical neurons 

3D 

N/A N/A N/A 

 Spontaneous re-

expression of cyclin D1 

at 12 weeks post-

differentiation, 

suggesting cell cycle re-

engagement 

 Increased expression of 

senescence-associated 

genes including CXCL8, 

a chemokine 

overexpressed by 

senescent cells 

 Increased levels of 

components of the 

senescence-associated 

secretory phenotype 

were present in media 

from C9ORF72 neurons 

Ababneh et 

al., (2020).  

(207) 

Motor neurons Y Y N 

 5’ CpG island 

hypermethylation in 

C9ORF72 MNs 

 Retention of the HRE-

containing intron in 

C9ORF72 MNs 

 Susceptibility of in 

C9ORF72 MNs to 

apoptotic cell death and 
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toxicity 

 Reversal of all 

pathological phenotypes 

and restoration of 

C9ORF72 expression 

and methylation levels 

upon CRISPR/Cas9-

mediated excision of the 

HRE in isogenic MNs  

Ratti et al., 

(2020). 

(220) 

Motor neurons N/A N/A N/A 

 Chronic sodium arsenite 

treatment induced 

recruitment of TDP-43 

into stress granules, 

formation of distinct 

cytoplasmic inclusions of 

phosphorylated TDP-43 

and p62 aggregates in 

C9ORF72 MNs 
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Table 4: Summary of phenotypes identified in studies using TARDBP mutation iPSC- 

neurons and astrocytes 

 
Gene 

(Mutation) 

Reference Cell type Phenotype 

Aggregated 

TDP-43 

Mislocalised 

TDP-43    

 

 

Insoluble 

TDP-43 

Additional 

observations 

TARDBP 

(M337V) 

Bilican et 

al., (2012). 

(239) 

Motor 

neurons 

and 

caudalised 

neurons N/A Y Y 

  Increased total 

TDP-43  

  Decreased survival 

of patient MNs  

  Increased 

sensitivity to PI3K 

inhibitors 

 

 

TARDBP 

(M337V) 

Serio et al., 

(2013). 

(240) 

Astrocytes 

 N Y N 

 Increased soluble 

TDP-43  

 

TARDBP 

(M337V & 

A90V) 

Zhang et 

al., (2013). 

(106) 

Mixed 

neurons 

N/A N N 

 Decreased total 

TDP-43 in A90V 

neurons 

 Increased TDP-43 

mislocalisation in 

patient lines 

following 

staurosporine 

treatment. 

TARDBP Egawa et Motor Y Y Y  TDP-43 binding 
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(M337V, 

Q343R and 

G298S) 

al., (2012). 

(243) 

neurons with SNRPB2 (a 

spliceosomal factor) 

  Shorter neurites 

 Phenotype rescued 

with anacardic acid 

(a histone 

acetyltransferase 

inhibitor) 

TARDBP 

(A315T) 

Burkhardt 

et al., 

(2013). 

(245) 

Motor and 

cortical 

neurons 

N N/A N/A 

 Increased levels of 

TDP-43 and  

 Detected TDP-

43 aggregates in 

MNs from 

sporadic ALS 

patients  

 Decreased 

aggregation 

following treatment 

with; cyclin- 

dependent kinase 

inhibitors, c-Jun N- 

terminal kinase 

inhibitors (JNK), 

Triptolide and 

FDA- approved 

cardiac glycosides, 

Digoxin, Lanatoside 

C, and 

Proscillaridin A 

TARDBP Yang et al., Motor N/A N/A N/A  Decreased survival 
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(M337V) (2013). 

(246) 

neurons of patient MNs 

 Kenpaullone (a 

multikinase 

inhibitor) 

significantly 

improved MN 

survival 

TARDBP 

(M337V) 

& 

C9ORF72
 

HRE 

Devlin et 

al., (2015). 

(231) 

Motor 

neurons 

N/A N/A N/A 

 Initial 

hyperexcitability 

followed by 

progressive loss of 

action potential 

output and synaptic 

activity 

 No changes in cell 

viability 

TARDBP 

(A382T) 

Bossolasco 

et al., 

(2018). 

(242) 

Motor 

neurons 

N N N/A 

 No difference in 

TDP-43 levels, 

compared to 

controls 

 
TARDBP 

(S393L and 

G294V) 

Kreiter et 

al., (2018). 

(244) 

Motor 

neurons 

N N N/A 

 Abnormal 

trafficking, 

mitochondria and 

lysosomes (D-

sorbitol rescued 

trafficking deficits) 

 Decreased survival 

of patient MNs 
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Table 5: Advantages and limitations of using iPSC- derived cells to model FTD. 

Advantages Limitations 

 Production of disease relevant and species-

specific cell types. 

 Endogenous expression of mutant genes of 

interest. 

 Expansive resources of iPSCs with a range 

of FTD mutations available 

 Range of accessible protocols that yield a 

high volume of cells which is beneficial for 

screening assays.  

 Induction of iPSCs into neurons is 

developmentally comparable to in vivo 

neurogenesis. 

 Models have been shown to reflect select 

number of phenotypes present in patients. 

 The ability to investigate cellular 

mechanisms in iPSC derived models 

alongside tracking patient progress from 

which the iPSCs were derived.  

 

 Inter and intra variability in iPSCs linked to 

genetic heterogeneity 

 iPSC derived models do not recapitulate all 

phenotypes observed in disease 

 Often only looking at a single cell type 

which limits biological relevance. 

 Cost of iPSC culture, and the time it takes to 

mature cells may be prohibitive. 

 iPSC-neurons are fetal in nature which 

poses problems for investigating diseases 

associated with aging.  
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Highlights 

 

 iPSC-derived neurons with MAPT mutations display a range of FTD phenotypes including 

increased tau phosphorylation, tau mislocalisation, decreased neurite length and increased 

ROS, however they do not display tau tangles.  

 

 iPSC-derived neurons with GRN mutations recapitulate phenotypes seen in GRN FTD 

patients, such as progranulin haploinsufficiency and lysosomal dysfunction. However, TDP-

43 mislocalisation and aggregation is not always evident. 

  

 iPSC-derived neurons carrying the hexanucleotide repeat expansion (HRE) in C9ORF72 

recapitulate HRE-related pathology and exhibit disease phenotypes including 

nucleocytoplasmic transport defects, vulnerability to glutamate excitotoxicity, compromised 

autophagy, and impaired excitability. Importantly, non-cell-autonomous toxicity mechanisms 

mediated by patient-derived astrocytes or oligodendrocytes have important roles in disease 

pathogenesis. 

  

 iPSC-derived neurons have the advantage of endogenous expression of the mutant gene of 

interest, in the cell type specifically affected by disease. They have been beneficial in 

studying the molecular mechanisms underpinning FTD in a range of familial mutations.  

  

 iPSC-derived models are fetal in nature and do not recapitulate all key aspects of FTD. In 

addition inter and intra patient variability, and the cost of iPSC culture limit their usefulness.  
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