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Abstract A number of human genetic disorders, including

Huntington’s disease, myotonic dystrophy type 1, C9ORF72

form of amyotrophic lateral sclerosis and several spinocere-

bellar ataxias, are caused by the expansion of various

microsatellite sequences in single implicated genes. The neu-

rodegenerative and neuromuscular nature of the repeat

expansion disorders considerably limits the access of

researchers to appropriate cellular models of these diseases.

This limitation, however, can be overcome by the application

of induced pluripotent stem cell (iPSC) technology. In this

paper, we review the current knowledge on the modeling of

repeat expansion diseases with human iPSCs and iPSC-derived

cells, focusing on the disease phenotypes recapitulated in these

models. In subsequent sections, we provide basic practical

knowledge regarding iPSC generation, characterization and

differentiation into neurons. We also cover disease modeling in

iPSCs, neuronal stem cells and specialized neuronal cultures.

Furthermore, we also summarize the therapeutic potential of

iPSC technology in repeat expansion diseases.
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Abbreviations

17-AAG 17-Allylaminogeldanamycin

3-MA 3-Methyladenine

ALS Amyotrophic lateral sclerosis

AR Androgen receptor

ATM Ataxia-telangiectasia mutated protein

ATXN3 Ataxin-3

BDNF Brain-derived neurotrophic factor

CNS Central nervous system

CRISPR/Cas9 Clustered, regularly interspaced, short,

palindromic repeats/Cas9 system

DARPP-32 Dopamine- and cAMP-regulated

phosphoprotein

DHT Dihydrotestosterone

DKK-1 Dickopff-1

DM1 Myotonic dystrophy type 1

DRP1 Dynamin-related protein 1

DRPLA Dentatorubral-pallidoluysian atrophy

EB Embryoid body

EGF Epidermal growth factor

ERK Extracellular signal-regulated kinase

ESC Embryonic stem cell

FECD Fuchs endothelial corneal dystrophy

FGF Fibroblast growth factor

FMR1 Fragile X mental retardation 1

FTD Frontotemporal dementia

FXN Frataxin

FXS Fragile X syndrome

FXTAS Fragile X associated tremor/ataxia

syndrome

GABA Gamma-aminobutyric acid

HB9 Homeobox 9

HD Huntington’s disease

HDAC Histone deacetylase

HTT Huntingtin

ICF Immunocytofluorescence

iPSC Induced pluripotent stem cell

KLF4 Krüppel-like factor 4
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MAP-2 Microtubule-associated protein 2

MAPK Mitogen-activated protein kinase

MMR Mismatch repair system

MSH MutS homolog

MSN Medium spiny neuron

NSC Neural stem cell

OCT4 Octamer-binding protein 4

ORF Open reading frame

PAS PolyA signals

PKA Protein kinase cAMP

polyQ Polyglutamine

qPCR Quantitative PCR

RAN Repeat associated non-AUG translation

RBP RNA binding protein

SBMA Spinobulbar muscular atrophy

SCA Spinocerebellar ataxia

SHH Sonic hedgehog

SOD1 Superoxide dismutase 1

SOX2 Sex-determining region Y-box 2

SSEA Stage-specific embryonic antigen

TALEN Transcription activator-like effector

nuclease

UTR Untranslated region

ZFN Zinc finger nuclease

Introduction

More than 30 incurable, neurological diseases are caused

by an expansion of simple sequence repeats in human

genomic DNA [1]. This atypical mutation occurs in coding

or noncoding regions of involved genes and triggers protein

gain of function, RNA gain of function or RNA loss of

function pathogenic mechanisms [2]. A tract containing

expanded trinucleotide CAG repeats is located in the open

reading frame (ORF) of the causative genes for Hunting-

ton’s disease (HD); spinocerebellar ataxias (SCAs) type 1,

2, 3, 6, 7 and 17; spinobulbar muscular atrophy (SBMA);

and dentatorubral-pallidoluysian atrophy (DRPLA) [2].

This expansion leads to the formation of toxic, elongated

polyglutamine (polyQ) proteins. In polyQ disorders,

abnormal proteins misfold, aggregate and alter protein–

protein interactions and cell homeostasis [3]. Recent find-

ings demonstrate that elongated repeats present in

transcripts are also toxic to cells and are involved in the

pathogenesis of polyQ diseases [4–6]. RNA toxicity is a

hallmark of another group of repeat expansion diseases, in

which the mutation is located in noncoding sequences [i.e.,

50 or 30 untranslated region (UTR) or intron] of implicated

genes. In myotonic dystrophies type 1 and type 2 (DM1, 2),

Fragile X associated tremor/ataxia syndrome (FXTAS),

and in Fuchs endothelial corneal dystrophy (FECD), the

mutation triggers RNA toxicity via a gainoffunction

mechanism [2, 7]. In these conditions, the mutant tran-

scripts induce the formation of intranuclear

ribonucleoprotein foci by sequestering RNA-binding pro-

teins (RBPs) and other factors that are essential for cell

function and survival [8–11]. More recently, toxic prop-

erties of transcripts with elongated GGGGCC tracts were

demonstrated for amyotrophic lateral sclerosis and fron-

totemporal dementia (ALS/FTD) [12, 13]. Repeat-

associated non-AUG (RAN) translation is another possible

pathomechanism that leads to cellular dysfunction and

death. RAN translation, initiated at structures formed by

long CAG, CGG or GGGGCC repeats, leads to the pro-

duction and accumulation of the potentially neurotoxic

peptides (reviewed in [14]). In Friedreich’s ataxia (FRDA),

a GAA repeat expansion in the intron of frataxin (FXN)

leads to a substantial reduction in frataxin protein levels

and a consequent loss of function of this important mito-

chondrial protein [15].

Most repeat expansion diseases are chronic, age-related

neurological disorders (Table 1), and induced pluripotent

stem cell (iPSC) technology allows for the possibility of

modeling these conditions. iPSCs research has grown

rapidly over the short time since Yamanaka’s discovery

that somatic cells can be successfully reprogrammed into

iPSCs with use of defined factors [16]. iPSCs are similar to

embryonic stem cells in terms of self-renewal and the

potential to differentiate into any cell type [17]. These

properties make it possible to construct disease models that

contain patient-specific genetic information. For this rea-

son, iPSC technology has become an important basic

research tool for disease pathomechanisms, including

neurodegeneration.

In this review, we focus on specific phenotypes and

the instability of repeats observed in human iPSCs and

iPSC-derived neuronal cells, which allow for the

modeling of repeat expansion diseases. Furthermore, we

describe the use of human iPSCs and iPSC-derived

cells in drug discovery and their potential for cell

therapy.

Can iPSCs be considered as models
of neurodegenerative diseases?

The generation and characterization of iPSCs

derived from patients with repeat expansion diseases

The reprogramming process begins with obtaining somatic

cells (e.g., fibroblasts) from patients. Then, reprogramming

factors are delivered to restore the embryonic state. The

‘‘gold standard’’ method for somatic cell reprogramming is

through the use of the four Yamanaka’s factors: Octamer-
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binding protein 4 (OCT4), Sex-determining region Y-box 2

(SOX2), Krüppel-like factor 4 (KLF4) and c-MYC; how-

ever, c-MYC can be omitted or replaced by other factors,

such as NANOG and LIN28 (Fig. 1) [18]. It has also been

shown that the silencing of TP53 expression can improve

iPSC generation [19]. The reprogramming transcription

factors are delivered into parental cells primarily via a

retroviral system; however, other delivery methods that

utilize non-integrating episomal vectors have been descri-

bed more recently (Fig. 1) [20]. The biggest advantage of

episomal vectors over retroviruses is the lower risk they

pose to the integrity of the cell genome, although the

reprogramming efficiency that can be obtained with epi-

somal vectors is considerably lower compared to

integrating methods [21].

iPSCs should demonstrate typical stem cells features,

such as self-renewability and pluripotency, as evidenced by

the expression of specific molecular markers and differ-

entiation potential. Human iPSCs express specific surface

markers, [e.g., stage-specific embryonic antigens (SSEAs)

3 and 4, as well as TRA antigens (TRA-1-60 and TRA-1-

81)], and show the endogenous expression of the tran-

scription factors NANOG, SOX2 and OCT4. These

pluripotency markers are validated by immunocytofluo-

rescence (ICF) staining and quantitative PCR (qPCR).

Additionally, in vitro differentiation into the three

embryonic germ layers and in vivo teratoma assays are the

standard methods of iPSC pluripotency testing (Fig. 1).

Because reprogramming requires global changes in the

chromatin state and may cause extensive chromosome

aberrations, all generated iPSC lines must be karyotyped

[18]. Furthermore, in the case of repeat-associated diseases,

the stability of the repeats (i.e., number of repeated units in

consecutive passages) is an important feature to monitor.

Successful disease modeling with human iPSCs has

been achieved for six polyQ disorders, including HD,

SCA2, SCA3, SCA7, SBMA, and DRPLA, likewise for

five non-polyQ diseases, namely, DM1, Fragile X syn-

drome (FXS), FXTAS, FRDA and ALS/FTD. Table 2

shows informations on the generation and characterization

of iPSCs derived from patients suffering from these

diseases.

Repeat expansion-associated phenotypes in patient-

derived iPSCs

PolyQ diseases

There are no consistent results regarding the formation of

insoluble protein inclusions, the hallmark of polyQ dis-

eases, in patient-derived iPSCs. In differentiated iPSCs

obtained by the HD iPSC Consortium, no aggregation of

Table 1 Repeat expansion diseases modeled with iPSC technology

Disease Localization of

mutation

Expanded

repeats length

Mostly affected cell types Main clinical symptoms

PolyQ diseases

HD HTT Ex. 1 CAG[35 Striatal neurons Movement abnormalities, chorea, dystonia, cognitive

decline, aggression

SCA2 ATXN2 Ex. 1 CAG[32 Purkinje neurons Ataxia, slow eye movement, decreased reflexes, motor

neuropathy

SCA3 ATXN3 Ex. 10 CAG[52 Motor neurons Ataxia, dystonia, parkinsonism, spasticity

SCA7 ATXN7 Ex. 3 CAG[36 Retinal, cerebellar, medulla

oblongata neurons

Ataxia, retinal degeneration dysarthria

SBMA AR Ex. 1 CAG[38 Motor neurons Muscle weakness, swallowing difficulty, disfunction of

gonads

DRPLA ATN1 Ex. 5 CAG[49 Striatal medium spiny and

pallidal neurons

Epilepsy, choreoathetosis, ataxia, dementia

Non-polyQ diseases

DM1 DMPK 30 UTR CTG[50 Neurons, muscle cells Muscle weakness, myotonia, cardiomyopathy, testicular

atrophy, cataracts, dementia

FXS FMR1 50 UTR CGG[200 Forebrain neurons Mental retardation, cognitive decline, facial dysmorphism,

macroorchidism

FXTAS FMR1 50 UTR CGG 55–200 Neurons Ataxia, tremor, cognitive deficits, parkinsonism

FRDA FXN In. 1 GAA[70 Sensory and peripheral neurons,

cardiomiocytes

Sensory ataxia, cardiomyopathy, weakness, diabetes

ALS/

FTD

C9ORF72 In. 1 GGGGCC[25 Motor neurons Muscle weakness, cognitive decline

Ex. exon, In. intron
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the expanded huntingtin (HTT) protein was observed, even

after the addition of cellular stressors, such as H2O2,

3-methyladenine (3-MA), or repetitive exposure to gluta-

mate [22]. However, it was reported that EM48-positive

HTT aggregates were observed when an iPSC line carrying

72 CAG repeats was treated with the proteasome inhibitor

MG132 [23, 24].

Gene microarray and proteomic analyses revealed that

early disease phenotypes, including the deregulation of

genes involved in cell death, oxidative stress and bioen-

ergetics, can be detected in both, HD differentiated and

undifferentiated iPSCs [22, 25]. It has been reported that

HD iPSCs show alterations in intracellular signaling cas-

cades [including mitogen-activated protein kinase (MAPK)

and Wnt pathways], demonstrate altered levels of extra-

cellular signal-regulated kinase (ERK), and exhibit

enhanced lysosomal activity and deregulation of superox-

ide dismutase 1 (SOD1) expression [26–28].

Another pathomechanism frequently linked to neurode-

generation in polyQ diseases is disruption of mitochondrial

integrity and function [29]. In the mitochondrial fraction of

HD iPSCs, levels of proteins involved in mitochondrial

dynamics, such as dynamin-related protein 1 (Drp1) and

p53, were increased threefold to fourfold relative to control

cells. This effect was reversed following treatment with

P110-TAT, a selective Drp1 inhibitor that prevents Drp1/

p53 complex translocation to the mitochondria and initiates

mitochondrial damage and cell death [30]. Additional

support for the role of the p53 pathway in HD pathogenesis

is provided by the observation of decreased p53 protein

levels in a juvenile HD iPSC line [27].

Non-polyQ diseases

Intranuclear RNA foci were detected in DM1 iPSCs and

iPSC-derived neural stem cells (NSCs), neurons and

astrocytes; no foci were found in the controls at any

stage of cell differentiation [31, 32]. RNA foci were also

detected in ALS/FTD iPSCs with long GGGGCC tracts

of [1000 repeats [33]. These facts suggest that the

nuclear foci phenotype is present only in cases of large

repeat expansions in ALS and DM1 iPSC models.

In FXS, methylation of the fragile X mental retardation

(FMR1) promoter induced by the presence of an elongated

CGG tract leads to the transcriptional silencing of FMR1

and a loss of FMRP protein [34]. Although this methylation

is developmentally regulated and is not detected in undif-

ferentiated FXS embryonic stem (ES) cells, silencing of

FMR1 was demonstrated in all FMR1 iPSC models,

including naı̈ve FXS iPSCs (i.e., without epigenetic

memory) [35–39]. In the case of fibroblasts with

unmethylated FMR1 promoter regions, reprogramming

results in promoter methylation and epigenetic silencing of

the mutated FMR1 [36, 40].

Because FXS and FXTAS are associated with the X

chromosome, it is important to ask whether the inactive X

chromosome is reactivated during reprogramming. To

answer this question, isogenic, epi-isoautosomal (i.e.,

Fig. 1 The workflow of human iPSC technology in repeat expansion

disease research. Patient fibroblasts obtained by skin biopsy are

reprogrammed into iPSCs using defined reprogramming factors

delivered by various integrating or non-integrating systems. iPSCs

can be further differentiated through the intermediate step of neuronal

precursors into heterogeneous or homogenous neuronal populations.

At each differentiation step, the identity of specific cell types is

verified by selected markers. iPSCs and iPSC-derived neurons are

used in basic research to explore disease pathomechanisms and in

therapy development to search for therapeutic compounds
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Table 2 iPSC models of diseases associated with repeat expansions

Cell sources (repeats number) Method of iPSCs generation Analysis of iPSCs References

HD

GM04281 (72) Retroviral with OSKM or OSK ICF, AP, qPCR, T, K, AA

(MIG133), S(CAG), MM,

aCas-3, WB, FC

[25, 51, 26, 23, 95]

Fibroblasts from three patients (43),

(44), (45)

Lentiviral with OSKM or OSK ICF, T, K, EB, S(CAG),

aCas-3

[28]

Fibroblasts from 2 patients (50), (109) Retroviral with OSKM ICF, AP, T, K, EB [111]

GM04693, GM05539 Lentiviral with OSKM AP, ICF, K, EB, WB [30]

GM09197 (180), GM03621 (60),

ND39258 (109)

Retroviral or lentiviral or episomal vectors with

OSKM or OSKM ? NANOG ? LIN28 or

OK ? NANOG ? LIN28 or

OSKM ? LIN28 ? p53 shRNA ? small

molecules: sodium butyrate, CHIR99021, PD

0325901, A 83-01

AP, ICF, qPCR, T, K, EB,

WB, FC

[22, 92, 89]

Fibroblasts from two patients (43) Viral with OSKM ? NANOG ICF, RT-PCR, T, S(CAG) [94]

Fibroblasts from two patients (70), (47) Lentiviral with OSKM – [93]

SCA2

Fibroblasts from one patient (44) Retroviral with OSKM AP, ICF, RT-PCR, K, EB,

S(CAG)

[53]

SCA3

Fibroblasts from four patients (73), (74) Retroviral with OSKM AP, ICF, qPCR, T, K,

S(CAG), WB

[54]

SCA7

Fibroblasts from one patient (45) Retroviral with OSKM AP, ICF, qPCR, K, EB, T,

S(CAG)

[57]

SBMA/DRPLA

Fibroblasts from one patient

(47,49) ? DRPLA: GM13716 (68)

Retroviral with OSK ? LIN28 ? NANOG ICF, RT-PCR, EB, T,

S(CAG)

[55]

Fibroblasts from six patients (49), (47),

(56), (54), (53), (68)

Lentiviral with OSKM or Sendai virusor

episomal vectors
ICF, qPCR, K, EB, T,

S(CAG)

[56]

DM1

GM03991 (120,500,600), GM06076

(57)

Retroviral with OSKM ICF, qPCR, EB, T, S(CTG) [58]

Fibroblasts from two patients

(2829–3575), (1933–3152)

Retroviral with OSKM AP, ICC, RT-PCR, EB,

S(CTG), FISH

[32]

FXS/FXTAS

GM05848 (700), GM07072 ([200),

GM09497 ([200), GM05131 (800/

166), GM05185 (800)

Retroviral with OSKM AP, ICF, qPCR, T, K, EB,

S(CGG), MM

[38, 108, 37, 35]

Fibroblasts from one patient (94) Retroviral with OSKM ICF, RT-PCR, T, K, EB [41]

Fibroblasts from two patients (233),

(380)

Lentiviral with OSKM ICF, AP, RT-PCR, K, EB [36]

Fibroblasts from three patients ([435),

([435/143), (435)

Retroviral with OSKM ICF, RT-PCR, K, EB [39]

Fibroblasts from one patients (480–490) Sendai virus with OSKM ICF, K [112]

Fibroblasts from one patient (300) – ICF, qPCR, S(CGG) [102]

FRDA

GM03816 (433/323), GM04078

(app.500/650)

Retroviral with OSKM ICF, qPCR, T, MM,

S(GAA)

[46, 60, 105]

Fibroblasts from two patients (1026/

532), (718/226)

Retroviral with OSKM ICF, qPCR, K, EB, S(GAA) [45]

Fibroblasts from two patients (500/750),

(580/620)

Lentiviral with OSKM ICF, qPCR, K, EB, S(GAA) [42]
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containing allelic differences elsewhere in the two X

chromosomes), female iPSC models with pre-mutations in

FMR1 were successfully established. All of the iPSC

clones derived from fibroblast sub-clones exhibited active

normal and pre-mutation alleles; no reactivation of the

inactive X chromosome was observed. All of the iPSC

clones maintained the same active X chromosome as the

parental fibroblasts [41].

One of the primary molecular features of FRDA is the

silencing of FXN expression. Significantly lower levels of

FXN mRNA and protein were detected in several FRDA

iPSC models compared to control iPSC lines [42–45].

FRDA iPSCs showed disturbances in gene expression,

especially in genes related to mitochondrial function and

DNA repair. In addition, the expression profile of many

microRNAs was altered in these models [46].

Repeat instability in patient-derived iPSCs

Repeat instability is a dynamic type of mutation that is not

only transmitted to offspring (parental transmission) but

also generates somatic heterogeneity (mosaicism) [47].

Several properties of tandem repeats make iPSC generation

and maintenance in culture challenging. First, longer tracts

undergo expansion more often than shorter tracts [48].

Second, the nucleotide composition of the repeated tracts

affects its stability [49]. Third, there is a correlation

between the number of repeats and both the age of disease

onset and the severity of the symptoms [50]. This effect is

referred to as genetic anticipation and may substantially

affect the molecular and cellular phenotypes observed in

cell culture. For these reasons, simple repeated elements in

cellular models should be carefully monitored during

somatic cell reprogramming and subsequent subculture.

No expansion or contraction of CAG repeats was

observed during reprogramming and long-term passaging

in HD iPSC models. It has been shown that HD iPSCs

carrying the same number of repeats as parental fibroblasts

(72 CAG) [26, 51, 52] and iPSCs with 44 CAG repeats in

HTT were stable for at least 40 passages [23, 28]. However,

expansions were observed after iPSC differentiation in

lines with long (109 CAG) repeats [22].

In the case of SCA2 and SCA3 iPSCs, the CAG repeat

number was stable during iPSC reprogramming, long-term

passaging (up to 26 and 20 passage, respectively), and

differentiation into neuronal cells [53, 54]. Similarly, no

expansion of the polyQ-coding sequence was observed in

iPSCs obtained from SBMA and DRPLA patients [55].

However, in another study in which the SBMA iPSCs were

generated by three different reprogramming methods, the

authors identified some iPSC clones with elongated and

shortened CAG repeat tracts compared to the parental

fibroblasts. Observed differences might be caused by

mosaicism within the fibroblast population [56]. In the case

of SCA7 iPSCs, the number of CAG repeats has not been

analyzed during reprogramming and proliferation [57].

In contrast to long CAG repeats, CTG repeats are highly

unstable during both reprogramming and subsequent pas-

sages. CTG repeats expand more rapidly when the initial

CTG tract in the parental cells is longer. In DM1 iPSCs, the

interval between 57 and 126 CTG repeats appears to be an

important range of lengths. When the tract is longer, the

Table 2 continued

Cell sources (repeats number) Method of iPSCs generation Analysis of iPSCs References

Fibroblasts from two patients (900/400),

(800/600)

Lentiviral with OSKM ? NANOG ? LIN28 ICF, qPCR, T, K, EB,

S(GAA), WB

[44]

Fibroblasts from one patient ([600) Retroviral with OSKM ICF, qPCR, T, K, WB [43]

Fibroblasts from one patient (560/1400) Retroviral with OSKM ICF, qPCR, K, EB, WB [109]

ALS/FTD

Fibroblasts from two patients (1000),

(1600,730,650)

Retroviral with OSKM ICF, qPCR, K, EB,

S(GGGGCC), FISH

[33]

Fibroblasts from four patients ([1150),

([850), ([620)

Retroviral with OSKM ICF, K, S(GGGGCC) [61]

Fibroblasts from four patients (70),

(800)

Episomal vectors with OSKM ? LIN28 ? p53

shRNA

AP, ICF, qPCR, K, EB,

S(GGGGCC), FC, RNA-

Seq

[62, 101]

Fibroblasts from two patients Lentiviral or Sendai virus with OSKM ICF, RT-PCR, K, EB,

S(GGGGCC)

[72]

Fibroblasts from four patients ([850)

([30)

Retroviral with OSKM ICF, qPCR, EB [99]

AA protein aggregates, aCas-3 active caspase-3 analysis, AP alkaline phospatase staining, EB embroid bodies formation, FC flow cytometry,

FISH fluorescence in situ hybridization, ICC immunocytofluorescent staining, K karyotyping, MM microarray analysis, OSKM Yamanaka’s

reprogramming factors: OCT3/4, SOX2, KLF4, c-MYC, respectively, qPCR quantitative PCR, RT-PCR reverse transcription PCR, S(repeats)

repeats stability analysis, T teratoma assay, WB western blot
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expansion rate increases dramatically [58]. Components of

the mismatch repair (MMR) system were shown to be

involved in the phenomenon of CTG repeat instability for

the first time in E. coli [59]. In DM1 iPSCs, MutS homolog

(MSH) 2 and MSH6 were up-regulated compared to the

parental fibroblasts, and their expression levels resembled

those observed in ESCs. Similar observations were made

for MSH2, MSH3 and MSH6 proteins levels. MSH2

showed increased occupancy upstream and downstream of

CTG repeats in DM1 iPSCs with a long pathogenic allele.

The knockdown of MSH2 decreased the repeat expansion

rate, indicating that elements of the MMR system can

block CTG repeat instability [58]. Similarly to DM1, the

MMR system has been shown to be responsible for the

regulation of GAA repeat stability. Increased protein levels

of MSH2, MSH3 and MSH6 were observed in FRDA

iPSCs [44, 46, 60]. This effect related to considerable GAA

repeat instability, was manifested by either expansion or

contraction of the GAA tract in both alleles [43–46, 60].

The expansion of GAA repeats in FRDA iPSC models can

be blocked by shRNA silencing of MSH2 and MSH6 genes

[60]. Furthermore, the b-alanine-linked pyrrole-imidazole

polyamides that specifically bind to the GAA triplet-repeat

sequence impede GAA triplet repeat expansion by dis-

placing MMR enzymes from the repeat region [60].

Full mutation in the FMR1 (over 200 CGG repeats,

Table 1) shows instability in iPSC models. Interestingly, the

length of the CGG repeat tract in FXS iPSCs appeared to be

shorter than in parental fibroblasts [36, 37]. In pre-mutated

FXTAS iPSCs, the length of CGG repeats was unchanged

during reprogramming [41]. The expansion of pathogenic

GGGGCC repeats during long-term passaging was not

observed; however, repeat expansion during reprogramming

was detected in some ALS iPSC clones due to somatic

mosaicism of the parental fibroblasts [33, 61, 62].

iPSC-derived neuronal cells

Heterogeneous and homogeneous neuronal

populations

Early phenotypes detected in iPSCs derived from patients

with repeat expansion diseases show that even pluripotent

cells can model certain aspects of neurodegenerative pro-

cesses. iPSC technology is generally perceived as a tool that

grants access to cells that would otherwise be extremely

difficult to obtain human neurons. In a typical scenario,

established and validated iPSCs are differentiated into the

relevant neuronal subpopulation. The majority of available

protocols result in heterogeneous cell cultures that contain

only a fraction of expected cells. For some research purposes,

pure cell cultures of not required as the desired neuronal

populations can be easily detected with microscopy-based

imaging techniques [63, 64]. However, despite the relative

simplicity of the protocols, several limitations reduce the

usefulness of heterogeneous neuronal cultures (see Ref. [65])

and may even lead to misinterpretation of the obtained

results. First, heterogeneous cultures are not well suited for

high-throughput analyses, including gene expression profil-

ing using deep sequencing methods. Cells of different types

and differentiation states, including NSCs, neurons, and glia,

contribute considerably to culture variability and can mask

the signal from cells of interest. Second, many of the mor-

phological and physiological features of analyzed neurons

that can be used to monitor degeneration are dependent on

the cellular maturation status [66, 67]. Therefore, the con-

tribution of progenitors at different stages of differentiation

can greatly increase experimental variability and hinder the

assessment of disease phenotypes. Lastly, long-term culture

of heterogeneous neuronal populations is not trivial given

that dividing cells in a culture can quickly overgrow post-

mitotic neurons. It is, therefore, difficult to reproduce the

exact composition of heterogeneous cultures in independent

experiments. For this reason, typical experimental designs

often require homogenous neuronal populations that can be

obtained with additional purification steps. There is a steady

flow of protocols for generating specific neuronal cell types

[68], but iPSC and NSC differentiation into homogeneous

neuronal populations is still a challenge. Differentiation to

specialized neurons requires specific supplements, culture

media, or extracellular matrices. When combined with the

required rigorous purification procedures, these factors make

such protocols expensive and time-consuming. Neurons

generated using most of the currently available protocols

resemble cells at an immature fetal stage, although a great

deal of effort is now being dedicated to enhance the maturity

and electrophysiological activity of neurons [63, 69–71].

Another limitation of homogenous cultures is the low

quantity of material obtained from mature neurons for

analysis. Despite these constraints, homogenous neuronal

cultures approach should greatly reduce molecular, physio-

logical and morphological variation and facilitate reliable

interpretation of results. Available protocols can produce

subtypes of neurons that are relevant to specific repeat

expansion disease, including medium spiny neurons (MSN)

for HD [22, 26, 30], motor neurons for ALS and SBMA

[56, 62, 72], dorsal root ganglion peripheral neurons for

FRDA [42, 45] and forebrain neurons for FXS [39].

Differentiation of iPSCs into neuronal subtypes

affected in repeat expansion diseases

NSCs derived from iPSCs can be obtained through the for-

mation of embryoid bodies (EBs), rosettes, stromal feeder

layer co-cultures or EZ spheres [i.e., free floating cell
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aggregates in medium with epidermal growth factor (EGF)

and fibroblast growth factor (FGF)-2] [73–76]. In the next

step, NSCs are exposed to growth factors involved in cell fate

choices that induce specific neuronal subtype differentiation

[77]. The process of iPSCs differentiation into mature neurons

usually requires induction or inhibition of the cellular path-

ways that are normally involved in the maturation of neurons

affected in particular repeat expansion diseases.

The activation of the sonic hedgehog (SHH) pathway

appears to be essential for gamma-aminobutyric acid

(GABA)ergic striatal neurons and motor neurons [78, 79].

SHH is the best-known morphogen of the central nervous

system (CNS) that regulates the regionalization the sub-

pallial region, from which the striatum develops. SHH also

promotes axon guidance and neuronal specialization at

later stages of CNS development [80]. It has been shown

that the use of SHH agonists in vitro (e.g., purmorphamine)

promotes differentiation into (1) HD-associated GABAer-

gic cells that express striatal MSN markers [e.g.,

dopamine- and cAMP-regulated phosphoprotein (DARPP)-

32, CTIP2, and microtubule associated protein 2 (MAP-2)]

[78] and (2) ALS-associated motor neurons that express

ChAT, SEMI32, and homeobox 9 (HB9) [61, 62, 72]. In

the case of iPSC differentiation into peripheral sensory

neurons involved in FRDA, activators of SHH, such as

bone morphogenic proteins, are used to obtain PRPH-

positive cells [45]. Moreover, methods that apply neu-

rotrophin-3 and dbcAMP were used to generate cells

expressing BRN3A, PRPH and ISL1 [42].

Coordination of SHH and Wnt signaling is important

in striatal development. These proteins induce PAX6

expression, which stimulates cortical neuron development

[78]. During MSN formation, the Wnt pathway is

blocked. One commonly used antagonist of Wnt signal-

ing is Dickopff-1 (Dkk-1) [81]. Wnt pathway inhibition

in combination with SHH pathway activation is essential

for striatal neuron specialization [78]; however, other

factors may also be required, such as valproic and reti-

noic acids. Valproic acid increases the number of

GABAergic neurons and enhances neurite outgrowth

[82]. Retinoic acid is a morphogen that promotes striatal

and motor neuron differentiation through the regulation

of NolzI/GAD67 and cooperation with neurogenin 2,

respectively [83, 84]. Moreover, the GAD67 enzyme is

involved in GABA neurotransmitter synthesis [83]. The

different supplements that were used for iPSC differen-

tiation to specialized neurons affected in repeat

expansion disorders are shown in Table 3.

Table 3 Factors and supplements to differentiation of specialized neurons affected in repeat expansion diseases

Disease Subtype of

neuronal

cells

Supplements to neuronal differentiation References

EB Neuronal induction Neuronal culture

HD Striatal

neurons

Suspension culture without bFGF bFGF SHH, DKK1, BDNF, Y27632,

dbcAMP, valproic acid

[26]

SB435142, LDN193189 N2, B27, sodium pyruvate,

bFGF

B27 [94]

Absence of bFGF N2, bFGF SHH, DKK1, BDNF, Y27632,

dbcAMP, valpromide

[26]

– SB435142, Noggin, FGF2,

EGF, B27, N2

SHH, DKK1, BDNF, Y27632, B27,

N2, ascorbic acid, cAMP

[30]

Astrocytes Suspension culture with bFGF B27, bFGF Absence of bFGF [111]

SBMA Motor

neurons

Y27632, bFGF, SB435142,

LDN193189

Heparin, N2, retinoic acid,

ascorbic acid, BDNF, SHH,

human Smo agonist (HAG),

purmorphamine

IGF-1, GDNF, CNTF, B27 [56]

– N2 N2, B27, retinoic acid, SHH [55]

ALS B27, N2 Retinoic acid, B27, N2,

purmorphamine

B27, purmorphamine, dbcAMP,

ascorbic acid, BDNF, GDNF

[62]

Chemically defined lipid,

monothioglycerol, insulin,

transferin, N-acetyl cysteine,

activin inhibitor, dorsomorphin

N-Acetyl cysteine, FGF, retinoic

acid, B27, N2, heparin,

purmorphamine

B27, N2, heparin, BDNF, GDNF,

forskolin, retinoic acid,

purmorphamine, bFGF, mouse

Smo agonist SAG, CNTF

[72]

FXS Forebrain

neurons

Noggin, SB431542, N2, heparin N2, heparin, B27 N2, B27, BDNF, GDNF, cAMP,

ascorbic acid

[39]

FRDA Peripheral

sensory

neurons

Suspension culture Noggin, bFGF, EGF bFGF, EGF, Y27632 [45]

– CHIR99021, SB431542,

dorsomorphin, Y27632

BDNF, neurotrophin-3, nerve growth

factor, ascorbic acid, dbcAMP

[42]
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Repeat expansion-associated phenotypes

in iPSC-derived neuronal cells

Neuronal stem cells

Characteristic pathophysiological markers that are associ-

ated with repeat expansion disorders can be observed even

at the early stages of neuronal differentiation. For example,

abnormal neural rosette formation was observed during the

differentiation of SCA2 iPSCs into NSCs, and ataxin-2

expression in SCA2 NSCs was lower than in fibroblasts.

Although ataxin-2 was expressed more abundantly in

SCA2-derived neuronal cells than in glial cells, it was not

form cytoplasmic or nuclear polyglutamine protein inclu-

sions [53]. Another example of early pathophysiological

markers associated with repeat expansion is the formation

of RNA foci, which were observed in the nuclei of iPSC-

derived NSC models of DM1 [32], ALS [62] and HD [85].

RNA foci exert their cytotoxicity by sequestering and

reducing the functional levels of important cellular proteins

(reviewed in [12, 85–87]).

Compared to NSCs with no CAG tract expansion, NSCs

derived from HD iPSCs showed changed gene expression

pattern, disturbances in cytoskeletal structure, cellular

adhesion and energy metabolism, as well as increased cas-

pase 3/7 activity [22, 26, 88]. Moreover, some HD NSC-

related phenotypes are associated with neuronal cell devel-

opment. Mattis et al. [89] showed that after differentiation of

iPSCs into mixed population of astrocytes and neuronal

cells, HD-derived cultures maintained significantly more

nestin-expressing neural progenitors compared to control

cells. These persistent progenitors were selectively suscep-

tible to brain-derived neurotrophic factor (BDNF)

withdrawal due to a loss of signaling from the TrkB receptor.

The resulting cell death was connected with increased sen-

sitivity to glutamate-induced cellular toxicity [89].

The length of CAG expansions was stable during both

iPSC differentiation into NSCs [26, 53] and long-term pas-

saging [28, 54]; however, mild expansion (*3 CAG repeats

per passage) in NSC lines with more than 100 CAG repeats in

HTT was observed [22]. On the other hand, CTG and GAA

repeats, which are highly unstable in iPSC lines, exhibit no

length instability for 6 and 10 weeks in culture, respectively,

when differentiated into NSCs [58, 60]. Thus far, no studies

regarding the stability of CGG and GGGGCC repeats in

neuronal precursors have been published.

Mature neurons

Morphological and functional changes The presence of

expanded repeats can cause morphological changes or alter

the electrophysiology of neurons. Compared to control

cells, morphological alterations of neurites were observed

in HD neuron-like cells obtained by direct conversion of

fibroblast cells. Some of the neurites were degenerated and

exhibited abnormal branching [90]. Reduced neurite out-

growth was also observed in HD MAP2-positive cells [25].

Fewer, considerably shorter, less branched and flatter Tuj1-

positive neurons were observed in FXS iPSC-derived cells

[37]. Fewer and shorter neurites were also observed in

forebrain neurons differentiated from FXS iPSCs, and that

effect was explained by defects in both neurite initiation

and extension [39]. In FXTAS, the pre-mutation led to

shorter neurite extensions and a reduced postsynaptic

density of protein 95 expression [41]. An increased number

of degenerating DARPP-32- and GABA-positive cells was

reported in HD neuron-like cultures compared to control

cells [90]. This result is consistent with the selective loss of

GABAergic neurons in the striatum of HD patients [91].

Similarly, a higher rate of cell death was observed in HD

neurons [22]. Following BDNF withdrawal, the death rate

was significantly higher for cells with expanded CAG

repeats compared to control lines [22, 89, 92]. However,

the addition the ataxia-telangiectasia mutated (ATM) pro-

tein inhibitors, e.g., KU-60019, protected against cell death

[92]. It was also shown that the neuronal loss and caspase-3

activation observed in HD iPSC-derived DARPP-32-posi-

tive neurons following BDNF withdrawal can be

suppressed by silencing Gpr52. This protein is a neural

surface receptor that stabilizes the HTT protein in vitro and

in vivo [93]. These observations confirmed that BDNF

plays important role in striatal degeneration observed in

HD patients.

Increased glutamate receptor-dependent cell death was

observed in HD iPSC-derived neurons [22] and in ALS

iPSC-derived neurons [61]. In these experiments, cells with

expanded repeat tracts were 100-fold more sensitive to

glutamate treatment than control cells [61]. Higher sensi-

tivity to cellular stressors (e.g., 3-MA, chloroquine and

H2O2) was also observed in these cells compared to control

neurons [22, 33, 94]. Stress induced by H2O2 caused

changes in the expression of genes involved in the repair of

DNA double strand breaks. This effect can explain why

HD iPSC-derived neurons are more susceptible to H2O2-

induced DNA damage than normal cells [22]. However, the

activation of A2AR can prevent DNA damage and apop-

tosis via a protein kinase cAMP (PKA)-dependent pathway

[94]. A shorter life span was also observed in SCA2 iPSC-

derived neurons [53].

Electrophysiological alterations of iPSC-derived neurons

are commonly caused by expanded repeats. ALS iPSC-

derived motor neurons demonstrated electrical excitability.

Compared to control motor neurons, these cells produced

fewer spikes upon depolarization, exhibited a progressive

loss of action potential output, and showed spontaneous

synaptic activity and ionic conductance [62, 72]. These
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results indicate that early dysfunction or loss of ion channels

(e.g., channels conducting Na? or K?) may contribute to the

initiation of downstream degenerative pathways that lead to

a loss of motor neurons in ALS. FRDA iPSC-derived neuron

cells were capable of firing action potentials and demon-

strated Na? and K? current activity. However, these cells

also showed delayed functional maturation compared to

control cells, as evidenced by poor excitability of young

neurons (*35 days of differentiation) and the acquisition of

normal electrophysiology by older cells at *60 days after

differentiation [44]. FXTAS iPSC-derived neurons showed

aberrant calcium activity, with a higher number of sponta-

neous Ca2? transients that had significantly larger mean

amplitudes compared to control neurons. Additionally, a

glutamate challenge caused a profound and sustained ele-

vation of intracellular Ca2? levels in neurons containing

CGG expansions, whereas normal cells quickly recovered to

baseline after a transient rise in Ca2? levels [41]. These data

demonstrate that different pathogenic mechanisms and dis-

turbances in signaling pathways occur in neuronal in vitro

cultures derived from patient iPSCs.

Protein aggregation Protein aggregation is the most com-

mon hallmark of polyQ diseases. It has been shown that

excitation-induced Ca2? influx into iPSC-derived neurons

containing CAG expansions in the ATXN3 induces calpain-

dependent proteolysis of the mutant ataxin-3 protein. As a

consequence, excitation led to the generation of expanded

polyQ fragments that formed SDS-insoluble aggregates. This

aggregation of ataxin-3 involved a neuron-specific cascade

and depended on functional Na?, K? and Ca? channels.

Excitation-induced aggregation was not observed in non-

neuronal cells, including iPSCs, fibroblasts or glia [54]. Two

publications described experiments in which GABAergic

NSCs differentiated from HD iPSCs were injected into the

striata of YAC128 transgenic mice and QUIN-lesioned rats. In

these conditions, no EM48-positive HTT aggregates were

observed 12 weeks after transplantation [23, 95]. However,

clear EM48-positive signals were observed 33 weeks after

transplantation of HD iPSC-derived NSCs into the lateral

ventricle of neonatal CF-1 mouse brains [23]. These results

may suggest that HTT aggregates develop at later time points

after transplantation. In neuron-like cells that were directly

reprogrammed from HD fibroblasts, mutant HTT aggregates

formed in both the nucleus and non-nuclear regions, including

cell soma and the neuropils [90]. In neurons derived from

SBMA iPSCs, the aggregation of androgen receptor (AR)

protein following dihydrotestosterone (DHT) treatment

increased compared to control cells [55, 56]. AR aggregates

were not observed in iPSCs, which may indicate that aggre-

gation is suppressed in the pluripotent state [55]. Moreover,

motor neurons from patient iPSCs containing [60 CAG

repeats had increased acetylated a-tubulin levels compared to

controls. Additionally, these cells showed alterations in

lysosomal localization and post-translational modification,

which may be a consequence of reduced histone deacetylase 6

(HDAC6) activity and a disruption of HDAC6-mediated

microtubule transport [56].

Toxic RNA mechanism RNA foci containing mutant

transcripts with expanded repeats, which have been observed

in iPSCs, were also detected in different types of neurons.

Small, discrete and punctate nuclear inclusions of transcripts

containing GGGGCC repeats were found in neurons derived

from ALS iPSCs [33]. In addition, GGGGCC repeats were

shown to form a G-quadruplex structure [96, 97], which

sequestered different RBPs. As many as 19 proteins that bind

to GGGGCC repeat mRNA were identified in a heteroge-

neous neuronal population derived from ALS iPSCs [61].

One of these proteins, ADARB2, was experimentally vali-

dated. ADAR proteins comprise a family of CNS-enriched

adenosine deaminases that not only co-localize with

GGGGCC RNA but also mediate A-to-I RNA editing in non-

specialized neurons [61, 98]. Neurons treated with siRNA

against ADARB2 showed a reduced number of RNA foci,

confirming an interaction between ADARB2 and GGGGCC

mRNA. Similarly, GGGGCC-containing foci were observed

in ALS iPSC-derived motor neurons. These foci co-localized

with hnRNPA1 and PUR-a RBPs, supporting the hypothesis

that RNA toxicity contributes to C9ORF72 repeat expansion

diseases [62]. It has also been shown that GGGGCC RNA

co-localizes with RanGAP1, which regulates nucleocyto-

plasmic transport mechanisms that are related to

neurodegeneration [99]. GGGGCC RNA foci occur both in

the nucleus as well as neurites, where branching defects were

observed [100]. An analysis of RNA-seq datasets from ALS

iPSC-derived neurons showed that a wide range of extra-

cellular matrix proteins and matrix metalloproteinases was

reduced in ALS iPSC-derived motor neurons [101]. RAN-

translation products may sporadically co-localize with

C9ORF72 RNA foci in the same cell [14]. The cytoplasmic

accumulation of dipeptide poly-(Gly-Pro) RAN proteins and

large, cytoplasmic RNA foci were observed in heteroge-

neous neuronal cultures [33, 61]. Notably, the RAN

translation products were not detected in homogeneous

cultures of motor neurons [62]. Foci containing mutant DM1

mRNA and sequestered splicing factors, such as muscle-

blind-like (MBNL) family proteins, were found in terminally

differentiated iPSC-derived neurons and astrocytes [32].

Therapeutic potential of iPSC technology

Different compounds can reverse negative disease

phenotypes

iPSCs and their derived cells can be used for high-

throughput screening of compounds that may have a
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therapeutic potential. For example, NSCs derived from

FXS iPSCs were used to screen approximately 5000

compounds, including approved drugs, in a highly sensi-

tive, time-resolved Förster resonance energy transfer

(FRET) assay. Six of these compounds modestly increased

FMR1 expression and FMRP levels [102]. Other authors

demonstrated that decreased levels of FMR1 mRNA could

be specifically rescued after 5-azaC treatment in both FXS

iPSCs and derived neurons [38].

In neurons derived from SBMA iPSCs, the aggregation

of mutant AR with an expanded polyQ tract was decreased

by 17-allylaminogeldanamycin (17-AAG) treatment [55].

17-AAG is a HSP90 inhibitor and a candidate drug for

SBMA therapy. This compound specifically binds to the

ATP-binding site of HSP90, shifting the HSP90 complex to

the proteasome-targeted form, resulting in enhanced

degradation of mutant AR [103].

In fibroblasts from ALS patients and ALS iPSC-derived

neurons, antisense oligonucleotides designed to activate

RNase H-mediated C9ORF72 RNA degradation or block

the toxic GGGGCC expansion rescued RBP aggregation,

aberrant gene expression and neurotoxicity, but not the

formation of RAN-translation products [61]. RNA foci

formation was also suppressed following treatment with

antisense oligonucleotides targeting the C9ORF72 tran-

script, with no observed toxicity to the iPSC-derived

cultured neurons [62].

iPSC technology allows preclinical testing of new

therapeutic strategies for repeat expansion diseases. Sor-

agni et al. [104] described a phase I clinical trial in which

the authors determined the efficacy of 2-aminobenzamide

HDACi (109) in FXN upregulation and histone modifica-

tion using FRDA iPSC-derived neurons. The patients were

monitored for increases in FXN expression and chromatin

modification in peripheral blood mononuclear cells, as well

as for adverse effects. In iPSC-derived neurons, HDACi

(109) had no effect on GAA repeat stability or the induc-

tion of GAA RNA foci formation [104]. Moreover, NSCs

differentiated from FRDA-derived iPSCs provided insight

into the mechanism by which the FXN upregulation is

achieved by 2-aminobenzamide class HDAC inhibitors.

Quantitative proteomic methods showed that targets of

these HDAC inhibitors are involved not only in transcrip-

tional regulation but also in mRNA translation [104, 105].

However, a large number of observed targets raised con-

cerns regarding the use of 2-aminobenzamides as human

therapeutics for FRDA [105].

Correction of repeat length for regenerative

medicine and diseases modeling

The combination of two powerful technologies, genome

engineering and human iPSC technology, has opened a

new era for disease modeling and regenerative medicine.

Zinc finger nucleases (ZFNs), transcription activator-like

effector nucleases (TALENs), and more recently described

clustered, regularly interspaced, short, palindromic repeats/

Cas9 (CRISPR/Cas9) systems all support homologous

recombination. These systems are promising strategies that

have the potential to correct genes associated with repeat

expansion diseases [106]. The correction of the mutated

gene in iPSCs or their derived differentiated cells is a long-

awaited strategy that gives hope for replacement therapies

and may also be used to generate human isogenic cell line

models without pronounced inter-individual variability due

to diverse genetic and epigenetic backgrounds.

Homologous recombination was used for CAG repeat

correction in HD iPSCs [52]. The mutant HTT allele (with

73 CAG repeats) was successfully altered to have the

normal CAG repeat length of 21. Corrected iPSCs showed

rescued disease phenotypes, such as elimination of the

expanded mutant HTT protein, reduced mitochondrial

bioenergetic disturbances and cell death. Importantly,

corrected cells maintained pluripotency characteristics.

Repeat length correction also normalized altered cellular

signaling, including the cadherin, TGF-b and BDNF

pathways, as well as caspase activation. More importantly,

the transplantation of corrected HD iPSC-derived NSCs

into the mouse striatum resulted in not only cell survival

but also in their ability to differentiate into GABAergic and

DARPP-32-positive neurons [52]. To improve recombina-

tion efficiency, screening and the generation of isogenic

cell line models of HD, the same group recently used the

CRISPR/Cas9 system [107]. CRISPR/Cas9 was also used

for successful CGG correction in FXS iPSC models, after

which the CGG repeats were completely removed. The

authors observed extensive demethylation, an open chro-

matin state and restored FMR1 mRNA and FMRP

expression; these effects persisted in NSCs and mature

neurons [108].

ZFNs were used for genome editing of fibroblasts

obtained from patients with FRDA. Following GAA tract

cutting, the fibroblasts were reprogrammed to iPSCs and

differentiated to neurons. Reduction in the length of the

expanded GAA repeats ameliorated FRDA-associated phe-

notypes in iPSC-derived neurons. Corrected cells expressed

three fold higher levels of FXN mRNA and protein as well as

30 % increased aconitase activity and 25 % higher ATP

levels compared to non-corrected neurons [109]. Interest-

ingly, correction of only one mutant allele causes increased

FXN expression and rescues several FRDA biomarkes,

indicating that even limited genetic intervention in FRDA

homozygous patients might be curative.

Genome editing was also performed in DM1 NSCs

derived from iPSCs, taking advantage of homologous

recombination mediated by a pair of site-specific TALENs.
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This method successfully prevented the production of

expanded CUG transcripts by introducing polyA signals

(PASs) upstream of the CTG expansion. The insertion of

exogenous PASs led to the ablation of nuclear RNA foci

and a return of aberrant alternative splicing to the normal

pattern [110].

Conclusions

Localized pathology, often limited to specific subtypes of

neurons, makes modeling repeat expansion diseases a

challenging task. iPSC technology is expected to help

develop new and necessary cellular model systems that will

broaden our understanding of neurodegeneration and be

suitable for medical research, including drug discovery and

regenerative medicine.

Although iPSCs are usually considered as an interme-

diate step in generating specialized cells that could serve as

an appropriate disease model, a growing body of evidence

demonstrates that phenotypes characteristic of repeat

expansion diseases can be detected even in pluripotent cells

(Fig. 2). In particular, iPSCs can be a good model for

detecting and analyzing molecular changes related to the

early phenotypes of repeat expansion diseases, including

alterations in gene expression, changes in cellular signal-

ing, and mutant RNA/protein aggregation. These studies

address important issues because there is still little known

regarding the transition from the subtle molecular pro-

cesses of the pre-symptomatic stages of neurodegenerative

diseases to the subsequent and pronounced alterations that

characterize symptomatic phases.

One of the biggest advantages of iPSC technology is that

it allows for the generation of virtually any cell type for

more accurate disease modeling. In the case of repeat

expansion diseases, iPSCs allow for the generation of

human neurons, which could otherwise only be obtained

from scarce and ethically problematic sources, including

human embryos and post-mortem fetal tissues. Numerous

protocols enable the generation of neurons that express

markers characteristic of neurons undergoing disease-

specific selective degeneration. These cellular models

facilitate studies of neuropathological processes by pro-

viding an opportunity to analyze phenotypes that are

limited to the affected tissue (Fig. 2). Moreover, the advent

of genome editing technology provides new possibilities

for the production of improved and more reliable isogenic

iPSC-based neuronal models for both basic research and

therapy development.
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