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Abstract
Recent advances in cell reprogramming have enabled assessment of disease‐re-
lated cellular traits in patient‐derived somatic cells, thus providing a versatile plat-
form for disease modeling and drug development. Given the limited access to 
vital human brain cells, this technology is especially relevant for neurodegenera-
tive disorders such as Parkinson's disease (PD) as a tool to decipher underlying 
pathomechanisms. Importantly, recent progress in genome‐editing technologies 
has provided an ability to analyze isogenic induced pluripotent stem cell (iPSC) 
pairs that differ only in a single genetic change, thus allowing a thorough assess-
ment of the molecular and cellular phenotypes that result from monogenetic risk 
factors. In this review, we summarize the current state of iPSC‐based modeling of 
PD with a focus on leucine‐rich repeat kinase 2 (LRRK2), one of the most promi-
nent monogenetic risk factors for PD linked to both familial and idiopathic forms. 
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1 | THE ERA OF REPROGRAMMING  
TECHNOLOGIES

For centuries, developmental biologists considered cell fate 
decisions that is the development of specialized, differenti-
ated cells from less differentiated precursors, to be unidirec-
tional and irreversible. Only embryonic cells were believed 
to possess the capacity to give rise to all three germ layers 
(ectoderm, endoderm and mesoderm) and the more than 
200 cell types that make up the human body. This paradigm 
was not only challenged but also negated with the advent of 
transcription factor‐based cell reprogramming only one de-
cade ago (Takahashi & Yamanaka, 2006). With a number of 
elegant transfection experiments, the authors could demon-
strate that ectopic expression of a defined set of transcription 

factors (octamer‐binding transcription factor 4 [Oct4], sex‐
determining region Y‐box 2 [Sox2], Krüppel‐like factor 4 
[Klf4], avian myelocytomatosis virus oncogene cellular ho-
molog [c‐Myc], collectively referred to as ‘Yamanaka fac-
tors’ and commonly abbreviated with ‘OSKM’) is capable 
to rewire the gene regulatory networks that define a specific 
cell fate and to put adult mouse fibroblasts back into an 
embryonic‐like state. Only one year later, the same group 
proved general applicability of this approach by translat-
ing the experiments to human fibroblasts (Takahashi et al., 
2007). These rewired cells (referred to as ‘induced pluripo-
tent stem cells’, iPSCs) are highly similar to human embry-
onic stem cells (hESCs), can self‐renew while maintaining 
their identity as stem cells and are able to generate differen-
tiated progeny of all germ layers, including cardiomyocytes, 

The LRRK2 protein is a primarily cytosolic multi‐domain protein contributing to 
regulation of several pathways including autophagy, mitochondrial function, vesi-
cle transport, nuclear architecture and cell morphology. We summarize iPSC‐
based studies that contributed to improving our understanding of the function of 
LRRK2 and its variants in the context of PD etiopathology. These data, along with 
results obtained in our own studies, underscore the multifaceted role of LRRK2 in 
regulating cellular homeostasis on several levels, including proteostasis, mito-
chondrial dynamics and regulation of the cytoskeleton. Finally, we expound ad-
vantages and limitations of reprogramming technologies for disease modeling and 
drug development and provide an outlook on future challenges and expectations 
offered by this exciting technology.
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hepatocytes, blood cells, glial cells and neurons. Cells gen-
erated that way thus reflect the genotype of the donor and the 
identity of tissue‐specific cells, making them an attractive 
resource for studying patient‐, disease‐ and cell‐type spe-
cific traits (e.g. pathophenotypes, drug response patterns) in 
the cell culture dish. These salient findings, which together 
with Sir John B. Gurdon's description of reprogramming of 
frog cells by nuclear transfer were awarded with the Nobel 
prize in 2012, kicked off a new era for in vitro disease mod-
eling and patient‐specific drug development.

Since the advent of iPSC technology 12 years ago, intense 
research in this field has provided a number of modifications 
and improvements to the initial methodology which relied 
on integrating retroviral vectors and co‐culture with murine 
feeder cells. Meanwhile, it has become a standard in the field 
to efficiently reprogram fibroblasts or blood cells under feeder‐
free conditions with the help of non‐integrating vectors such 
as Sendai viruses, synthetic mRNAs or episomal plasmids. 
However, despite these methodological changes, the basic prin-
ciple that is the forced expression of the OSKM reprogramming 
factors is still mainly applied (Takahashi & Yamanaka, 2016).

While reprogramming technologies in combination with 
directed differentiation into specific cell types are, in prin-
ciple, applicable to any somatic tissue and cell type, it is the 
non‐regenerative tissues that have become a key focus of 
iPSC‐related activities. This is particularly true for the cen-
tral nervous system (CNS) and its otherwise inaccessible cell 
types. Today, there is a huge number of protocols enabling 
the generation of various CNS cell types from iPSCs, typi-
cally based on the modulation of developmentally relevant 
signaling pathways by applying morphogens and/or small 
molecules (Tabar & Studer, 2014).

One key question related to in vitro disease modeling is 
which cells to use as appropriate control. While early studies 
employed iPSC derived from unrelated healthy donors or, 
if available, unaffected family members as donors for con-
trol cells, these two types of controls are compromised by 
the significant genomic variation between individuals. This 
variability may obscure phenotypic read‐outs and limit the 
system's capacity to fully depict effects caused by a specific 
mutation. Comparative studies encompassing iPSC lines 
from different donors and donor tissues revealed that vari-
ability derives largely from the genetic background rather 
than the source cell. Accordingly, iPSC lines generated from 
different donor tissues with the same genetic background 
showed a much higher similarity than iPSC lines from dif-
ferent donors (Kyttala et al., 2016; Rouhani et al., 2014). 
Initially, this interindividual variability necessitated an in-
crease of the number of experiments and cell lines studied 
for each pathophenotype, thereby severely delaying or even 
precluding the establishment of reliable disease models.

Luckily, the vast and unexpected technological prog-
ress made during the last 5 years in a complementary field 

of biomedical research now appears as a ‘perfect match’ 
to address this important issue: The recent advances in ge-
nome‐editing technologies and, in particular, CRISPR/
Cas9 technology (Cong et al., 2013; Jinek et al., 2012; Mali 
et al., 2013) have dramatically changed the armamentarium 
for in vitro disease modeling (Avior, Sagi, & Benvenisty, 
2016) (see also the chapter by Thilo Kunath and colleagues 
in this Special Issue). These technologies enable the intro-
duction of sequence‐specific DNA double‐strand breaks at 
single‐base resolution, thus allowing even multiple rounds 
of DNA editing and offering the (theoretical) possibility to 
create any desired genotype. In the context of iPSC‐mediated 
disease modeling, the genome‐editing strategy can start from 
either healthy control iPSCs by introducing the mutation(s) 
to be analyzed, or from patient cells and reverting existing 
aberrations (‘gene correction’). This ‘isogenic’ approach 
(meaning that besides the mutation in question the diseased 
and control cells in theory share the same genome) offers the 
unique possibility to analyze the effects of a single mutation 
within the same genetic background, thus eliminating phe-
notype variations originating from interindividual genetic 
variation.

It is important to note that even before the advent of the 
powerful CRISPR technology Liu et al. already generated 
isogenic PD pluripotent stem cells (PSCs) with or with-
out LRRK2G2019S(see below), by either correcting diseased 
variants in PD iPSCs or knocking in the same pathogenic 
variant in human embryonic stem cells (hESCs) with adeno-
virus‐mediated homologous recombination (Liu et al., 2012). 
This study showed that neural stem cells (NSCs) with the 
LRRK2G2019S variant displayed progressive disorganization 
of the nuclear lamina and a decline in neuronal differentia-
tion potential after extensive passaging. Interestingly, similar 
nuclear envelope abnormalities were also observed in hippo-
campal postmortem samples of LRRK2G2019S carriers and id-
iopathic PD patients (Liu et al., 2012), supporting the validity 
of this experimental approach.

It is expected that the experimental paradigm of using 
isogenic iPSC lines will form the basis for most if not all future 
disease modeling efforts (see Figure 1). We will demonstrate 
the applicability of this approach by providing exemplary data 
based on an isogenic disease model in the context of this arti-
cle to visualize the nature of expected data sets.

2 |  THE ROLE OF LRRK2 IN THE 
PATHOGENESIS OF PARKINSON'S 
DISEASE

2.1 | Introduction to LRRK2 protein 
structure and functions
The LRRK2 gene encodes a multi‐domain protein with a com-
plex structure and highly pleiotropic functions (Figure 2). 
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The central part of the protein contains the catalytic core with 
two distinct enzymatic activities: A Ras of complex proteins 
(ROC) GTPase domain with an adjacent C‐terminus of ROC 
(COR) domain, followed directly by a serine/threonine ki-
nase domain. This catalytic core is surrounded by several 
modules of protein–protein interaction domains, including 
an armadillo (ARM)‐, an ankyrin (ANK)‐ and a leucine‐rich 
repeat (LRR)‐domain at the N‐terminus, and a WD40 domain 
at the C‐terminus (Figure 2a). LRRK2 exists as an almost in-
active monomer in the cytosol, while the predominantly ac-
tive dimer is membrane‐bound and exhibits a higher kinase 
activity compared to cytosolic LRRK2 (Berger, Smith, & 
LaVoie, 2010; Rosenbusch & Kortholt, 2016). The protein 
has been described to localize to a variety of subcellular com-
partments and organelles (Cho et al., 2014; Larsen, Hanss, 
& Krüger, 2018; Li, Tan, & Yu, 2014; Roosen & Cookson, 
2016; Ryan, Hoek, Fon, & Wade‐Martins, 2015; Yang et al., 
2014) and has been implicated in a plethora of different sub-
cellular functions (Figure 2b). LRRK2's GTPase activity is 
considered to mediate its interaction with components of 
the cytoskeleton (such as tubulins and tau), thereby regu-
lating stability of microtubules and thus directly impacting 
cell morphology and vesicle transport processes (Kawakami 

et al., 2014). In addition, LRRK2 has been shown to interact 
with and regulate the actin cytoskeleton regulators moesin, 
p21 (RAC)‐activated kinase 6 (PAK6) and focal adhesion 
kinase (FAK) (Civiero et al., 2015, 2017; Jaleel et al., 2007; 
Wallings, Manzoni, & Bandopadhyay, 2015). In this context, 
it is noteworthy that LRRK2's central catalytic core (compris-
ing a ROC‐GTPase, a COR and a kinase domain) is reminis-
cent of the evolutionary conserved protein family of ROCO 
proteins that are reported to modulate cytoskeleton dynamics 
in eukaryotes (Civiero, Dihanich, Lewis, & Greggio, 2014; 
Lewis, 2009). For example, members of the ROCO family 
regulate chemotaxis and colony formation in the slime mold 
Dictyostelium discoideum, presumably via phosphorylation‐
dependent regulation of myosin dynamics (Bosgraaf et al., 
2005). The involvement of LRRK2 in regulating cytoskeletal 
stability (reviewed in Parisiadou & Cai, 2010) may thus point 
to an ancient and primordial aspect of this protein family's 
functionality.

LRRK2 is pivotally involved in regulating proteostasis by 
its effect on (at least) two major proteostatic mechanisms: on 
the one hand, it regulates macroautophagy by affecting the 
phosphorylation status of the key autophagy protein Beclin‐1 
(Manzoni et al., 2016) and the mammalian target of rapamycin 

F I G U R E  1  Reprogramming approaches in combination with genome editing facilitate disease modeling and drug discovery. Somatic 
cells (skin fibroblasts, blood cells) from healthy or diseased donors are reprogrammed into induced pluripotent stem cells (iPSCs) via various 
approaches, including ectopic expression of reprogramming factors, combinations of transcription factors and microRNAs or application of small 
molecules. The genome of resulting iPSCs can be edited to insert disease‐specific mutations into cells of healthy donors or to repair mutants in 
patient‐derived cells. Both approaches result in isogenic pairs of iPSCs which differ only by the respective disease variant, thereby eliminating 
phenotypic variability due to interindividual genetic differences. Optimized differentiation routines are next applied to generate the desired cell 
type(s) for in vitro disease modeling and drug discovery



   | 565WEYKOPF Et al.

(mTOR) regulator Leucyl‐tRNA synthetase (LRS) (Ho et al., 
2018). On the other hand, LRRK2 is under normal conditions 
degraded via both proteasomal and lysosomal pathways. The 

lysosomal degradation of LRRK2 is facilitated by the chap-
erone‐mediated autophagy (CMA) pathway that is via bind-
ing of chaperone heat shock cognate 71 kDa protein (Hsc70) 

F I G U R E  2  Leucine‐rich repeat kinase 2 protein structure and functions. (a) LRRK2 protein architecture and disease‐linked variants. Colored 
boxes, domains comprising the catalytic core; white boxes, protein–protein interaction domains, color‐coding of disease‐associated variants: red, 
Parkinson's disease; blue, Crohn disease; gray, leprosy. (b) Pleiotropic functions of LRRK2. The LRRK2 protein is contributing to the homeostasis 
and regulation of several cellular pathways and compartments including autophagy, mitochondrial function, vesicle transport and nuclear 
architecture. CMA, chaperone‐mediated autophagy; Ca2+, Calcium2+; ER, endoplasmatic reticulum; GA, Golgi apparatus; ΔΨ, mitochondrial 
membrane potential. See main text for details
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to cargo protein and mediating its import into the lysosome 
via lysosomal‐associated membrane protein 2A (LAMP‐2A) 
(Kaushik & Cuervo, 2009). Importantly, aggregation of mu-
tant LRRK2 protein with LAMP‐2A at the lysosomal mem-
brane interferes with import and degradation of other CMA 
substrates (Orenstein et al., 2013).

A major body of evidence links LRRK2 function to mi-
tochondrial functionality. LRRK2 interacts with dynamin‐
related protein 1 (DRP1), which controls mitochondrial 
fission, and other mitochondrial control checkpoints such as 
mitochondrial dynamin‐like GTPase (OPA1) and mitofusin1 
(MFN1) (Stafa et al., 2014; Wang et al., 2012). In addition, 
LRRK2 is directly involved in autophagy‐mediated turnover 
of mitochondria (‘mitophagy’) by enabling engulfment of 
damaged or aged mitochondria by autophagosomes via re-
moving the protein motor anchor MIRO1 that orchestrates 
movement of mitochondria along the cytoskeleton via the 
MIRO1/MILTON complex (Hsieh et al., 2016).

LRRK2 is further involved in the control of vesicle en-
docytosis and intracellular transport processes by regulatory 
phosphorylation of various Ras‐related in brain (Rab) pro-
teins (including Rab1a/b, 5, 7/L1, 8, 10, 12, 29, dependent 
on the experimental system chosen) (Purlyte et al., 2018; 
Steger et al., 2016). Interestingly, the LRRK2‐dependent 
phosphorylation of a subset of these bona fide LRRK2 sub-
strates (i.e. Rab8, 10) has been reported to affect their interac-
tion with primary regulators of ciliogenesis such as RILPL1 
and RILPL2 (Rab‐interacting lysosomal protein like 1 and 2) 
(Dhekne et al., 2018). Given the prominent role of primary 
cilia as essential signal transducers of the sonic hedgehog 
(SHH) signaling pathway (Goetz & Anderson, 2010), these 
findings are linking LRRK2 kinase activity to regulation of 
cilia‐dependent developmental signaling. In addition, LRRK2 
has been described to contribute to anterograde vesicle and 
protein transport by anchoring the endoplasmatic reticulum 
(ER) export factor SEC16A (SEC16 homolog A, endoplasmic 
reticulum export factor) to the ER exit site and thus affecting 
ER‐to‐Golgi shuttling of coat protein complex II (COPII) 
vesicles. In the context of neuronal function, this mechanism 
is discussed to be involved in the directed vesicle‐mediated 
transport of neurotransmitter receptors and, as a consequence, 
formation and function of synapses (Cho et al., 2014).

Several lines of evidence link LRRK2 function to regu-
lation of intracellular calcium (Ca2+) homeostasis: LRRK2 
induces the extracellular signal‐regulated kinase (ERK) 1/2‐
dependent upregulation of mitochondrial calcium uptake 
proteins (Verma et al., 2017). Moreover, Ca2+ is mobilized 
from lysosomal storage by LRRK2 in a nicotinic acid ade-
nine dinucleotide phosphate (NAADP)‐dependent manner 
(Gomez‐Suaga, Luzon‐Toro et al., 2012). Finally, LRRK2 
augments Ca2+ influx via voltage‐gated Ca2+ (CaV) chan-
nels, although the underlying mechanisms are still unknown 
(Bedford, Sears, Perez‐Carrion, Piccoli, & Condliffe, 2016). 

The central role of Ca2+ ions in key cellular pathways (e.g. 
as second messenger in signal transduction pathways, as reg-
ulators of vesicle internalization and release) may provide 
a further explanation for the pleiotropic effects of LRRK2 
encompassing lysosomal function, autophagy, mitochondrial 
metabolism as well as vesicle trafficking and neurotransmit-
ter homeostasis (Gomez‐Suaga, Fdez, Blanca Ramirez, & 
Hilfiker, 2012; Li et al., 2014; Rassu et al., 2017).

Finally, LRRK2 function has also been implicated in reg-
ulation of the subcellular architecture: organization of the 
nuclear envelope is affected by phosphorylation status of 
lamins B1 and B2 which have been shown to represent poten-
tial substrates for LRRK2's kinase activity (Liu et al., 2012). 
Moreover, LRRK2 interacts with cyclin‐G‐associated kinase 
(GAK) and RAB29/ RAB7L1 that control morphology and 
function of the Golgi apparatus (GA) and vesicle trafficking 
through GA cisternae and the ER  (Beilina et al., 2014; Liu 
et al., 2018; MacLeod et al., 2013).

2.2 | LRRK2 variants and 
Parkinson's disease
Familial forms of Parkinson's disease are associated with var-
iants in a number of well characterized risk genes, including, 
among others, SNCA (synuclein alpha), LRRK2 (leucine‐rich 
repeat kinase 2), GBA (glucosylceramidase beta), PINK1 
(PTEN‐induced putative kinase 1), PRKN (parkin RBR E3 
ubiquitin protein ligase, formerly known as PARK2), PARK7 
(protein deglycase DJ‐1) and VPS35 (VPS35, retromer com-
plex component). Among these genetic risk factors, the gene 
LRRK2 plays a prominent role as the LRRK2 locus harbors 
one of the most common polymorphisms associated with PD 
(G2019S, see below), which has been reported to be associ-
ated with up to 2% of sporadic cases and up to 6% of total 
familial cases (Bardien, Lesage, Brice, & Carr, 2011; Berg 
et al., 2005; Bonifati et al., 2002). While frequency estimates 
(especially of heterozygote alleles) derived from small‐scale 
clinical studies (in contrast to epidemiological studies) may 
sometimes be biased by clinical referral, large scale genome‐
wide association studies (GWAS) and recent meta‐analyses 
on multi‐ethnic PD cohorts further emphasize the importance 
of individual LRRK2 variants and the associated pathways 
in a wide patient population. Interestingly, it was shown that 
distinct variants in LRRK2 can exert independent and in some 
cases even protective effects on the disease susceptibility 
(Foo et al., 2017; Ross et al., 2011). These data and the pres-
ence of enzymatically active domains (see below) make the 
LRRK2 protein a highly attractive target for PD therapy.

Interestingly, almost all variants associated with PD are 
clustered within the central catalytic core. The most frequent 
variation, affecting position 2019, results in an amino acid 
exchange from glycine to serine (G2019S) within a highly 
conserved DYG (aspartic acid/D, tyrosine/Y, glycine/G; or 
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DFG [aspartic acid/D, phenylalanine/F, glycine/G] in most 
other kinases) motif in direct proximity to the activation loop 
of the kinase activity (Cookson, 2010; Kachergus et al., 2005; 
Mata, Wedemeyer, Farrer, Taylor, & Gallo, 2006). By today, 
several studies have reported that LRRK2G2019S increases 
the kinase activity of the protein (first demonstrated by 
Jaleel et al., 2007; reviewed by Price and colleagues (Price, 
Manzoni, Cookson, & Lewis, 2018)), while the effect of the 
I2020T variant (affecting the adjacent C‐terminal amino acid) 
on LRRK2 kinase activity has been discussed controversially 
(Gloeckner et al., 2006; Jaleel et al., 2007). Variants within 
or close to the ROC/COR domains (e.g. R1441C) have been 
shown to decrease the GTPase function (Lewis et al., 2007). 
A common dominator of these early studies is that they argue 
for a causative role of dysregulated enzymatic activity in PD 
etiopathology. Interestingly, elevated LRRK2 phosphoryla-
tion at Ser1292, that is the residue, that is estimated to be best 
suited to monitor LRRK2 kinase activity by autophosphory-
lation (Sheng et al., 2012), has recently also been shown in 
postmortem samples of substantia nigra tissue from patients 
with idiopathic PD (Di Maio et al., 2018). In this context, it 
is noteworthy that the activity of the kinase domain has also 
been linked to regulation of LRRK2 protein solubility and 
stability, suggesting that abundance of the solube protein—in 
addition to the level of its catalytic activity—may represent a 
causative factor for neuronal cell death (Skibinski, Nakamura, 
Cookson, & Finkbeiner, 2014; Skibinski et al., 2017).

2.3 | Role of LRRK2 in immune disorders
It is noteworthy that LRRK2 variants are not only associ-
ated with PD, but also with susceptibility for immune‐re-
lated disorders, namely the chronic inflammatory bowel 
disease Crohn's disease and leprosy (Franke et al., 2010; 
Jostins et al., 2012; Marcinek et al., 2013; Witoelar et al., 
2017) (Figure 2a). The respective variants for these im-
mune disorders tend to localize outside of the catalytic 
core within the protein interaction modules. The C‐ter-
minal WD40 domain harbors the M2397T variant associ-
ated with excessive inflammation in leprosy (Fava et al., 
2016) and the N2081D risk variant for Crohn's disease 
(Hui et al., 2018). Interestingly, Parkinson's disease and 
Crohn’ s disease share a protective haplotype that involves 
N551K and R1398H located N‐terminally of the cata-
lytic domains, suggesting shared aspects of pathology for 
both diseases. In addition to its role in neurons, LRRK2 
plays an important role in various immune cells: LRRK2 
is strongly expressed in dendritic cells, lymphocytes and 
macrophages and can be even further upregulated by in-
terferon (IFN)‐γ signaling via activation of ERK5 (Kuss, 
Adamopoulou, & Kahle, 2014). Moreover, LRRK2 con-
tributes to activation of microglia (the CNS counterpart 
of monocytes/macrophages) via regulating activity of 

nuclear factor‐kappa B (NF‐κB), a pivotal transcription 
factor involved in pro‐inflammatory signaling via induc-
tion of, for example, tumor necrosis factor (TNF)‐α and 
interleukin (IL)‐6 (Hirsch, Hunot, Damier, & Faucheux, 
1998; McGeer, Itagaki, Boyes, & McGeer, 1988; Russo 
et al., 2015). While microglia have been found to be highly 
activated in PD patient samples irrespective of the LRRK2 
status (Gerhard et al., 2006), it is important to note that 
their migration and activation status can be strongly medi-
ated in a LRRK2‐dependent manner (Choi et al., 2015; Ma 
et al., 2016). In addition, LRRK2 has been shown to be an 
essential part of a protein complex that inhibits the activity 
of the immune‐regulatory transcription factor nuclear fac-
tor of activated T cells (NFAT), and this mechanism may 
have implications for the activation status of the immune 
system in multiple disease scenarios (Liu et al., 2011). 
Finally, LRRK2 activity is described to be stabilized by 
and act downstream of Toll‐like receptors (TLR)‐2 and ‐4 
and their common adaptor myeloid differentiation primary 
response protein 88 (MYD88), placing LRRK2 function in 
the context of sensing of bacterial pathogen‐associated mo-
lecular patterns (PAMPs) (Dzamko et al., 2012). Given the 
well‐established role of inflammation in development of 
neurodegenerative disorders including PD (see below), it 
is tempting to speculate that the emerging immunomodula-
tory functions of LRRK2 (e.g. activation of microglia) may 
contribute to the neuroinflammatory conditions that shape 
PD etiopathology (Russo, Bubacco, & Greggio, 2014).

3 |  PD‐ASSOCIATED LRRK2 
VARIANTS IN IPSC‐BASED DISEASE 
MODELING

In the following paragraphs, we aim at dissecting how 
iPSC‐based disease modeling was applied to study the 
involvement of LRRK2 in pathologically relevant patho-
phenotypes in the context of PD. It is important to note 
that salient findings about the diverse functions of LRRK2 
and the role of its disease‐associated variants are based on 
the use of human cancer cell line models (such as HeLa 
or HEK 293 cells) or immortalized cells, and that these 
approaches represent valid systems to unravel general bi-
ological principles. Still, when it comes to the many pecu-
liarities of neuronal cells and their various subtypes (see 
below), primary cells and iPSC‐based strategies are usu-
ally considered superior to demonstrate cell‐type specific 
effects. We included information about whether a given 
phenotype was found to be specific for LRRK2 or could 
also be shown in other models of familial PD. Where suit-
able we included own data generated with an isogenic pair 
of normal and G2019S iPSC lines (Liu et al., 2012) that 
were differentiated into mesencephalic dopamine (mesDA) 
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neurons following a modified floor plate‐based differ-
entiation protocol (Kriks et al., 2011; Ryan et al., 2013), 
(Figure 3a,b). This differentiation protocol takes into ac-
count the developmental origin of mesDA neurons from 
floor plate progenitor cells and thus recapitulates the devel-
opment of this specific neuronal cell type in vitro (Blaess 
et al., 2011; Joksimovic et al., 2009; Ono et al., 2007). 
Compared to other approaches that involve a neural stem 
cell expansion phase, floor plate‐derived mesDA neurons 
are currently considered to be the most authentic popula-
tion of in vitro generated midbrain dopamine‐like neurons 
(Barker, Parmar, Studer, & Takahashi, 2017). This notion 
is based on the in‐depth analysis of substantia nigra pars 
compacta (SNpc)‐specific marker expression profiles, the 
synthesis and release of dopamine and its metabolites, 

SNpc‐specific electrophysiological properties (e.g. spon-
taneous spiking at 1–3 Hz; ‘pacemaking activity’) and the 
ability to function as midbrain dopaminergic neurons in 
culture slices and upon transplantation in animal models 
(Kikuchi et al., 2017; Kirkeby et al., 2012; Kriks et al., 
2011). We will refer to these iPSC‐derived mesDA neu-
rons simply as ‘mesDA neurons’ in the following sections.

3.1 | Pathogenic protein accumulation
The gene SNCA (previous gene symbols: PARK1, PARK4) 
encoding the protein α‐synuclein (α‐syn) is genetically 
linked to PD, and its accumulation in ‘Lewy bodies’ and 
‘Lewy neurites’ represents a pathological hallmark of the 
disease in vivo (see also the chapter by Andrew West and 

F I G U R E  3  An isogenic iPSC‐based model of LRRK2G2019S‐linked PD reveals alterations in mitochondrial morphology and impaired 
mitophagy in mesDA progenitors. (a) Schematic overview of the experimental setup. Isogenic iPSCs expressing the mito‐RFP‐EGFP reporter were 
subjected to differentiation into floor plate‐derived mesDA neurons. Mitochondrial morphology and mitophagy were analyzed at day 14 (d14). 
LDN, LDN193189; SB, SB431542; B, BDNF; D, DAPT; Db, dbcAMP; G, GDNF; L, LAAP; T, TGFβ. (b) Illustration of the mitophagy reporter 
mito‐RFP‐EGFP, which is imported into the mitochondrial matrix upon translation and indicates mitophagy by a pH‐dependent color shift from 
yellow (RFP+EGFP) to red (RFP only) upon lysosomal delivery. (c–e) Quantification and exemplary images of mitochondrial morphologies in 
isogenic G2019S mesDA progenitors at d14. LRRK2G2019S cultures display reduced levels of filamentous mitochondria (c) and increased levels of 
intermediate and punctate mitochondria (d). (e) At d14, levels of active mitophagy are reduced in G2019S cultures. For each condition, 5–6 wells 
were quantified per experiment (n = 3). The percentages of cells containing mitochondria of a specific category per well are depicted as dot plots. 
Lines indicate the median. For details on the methodology, see Supporting Information
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colleagues, and the chapter by Patrik Brundin and Gerhard 
Coetzee). While α‐syn has been described to be a small 
soluble protein predominantly expressed in the brain, 
many questions regarding its exact physiological function 
as well as the mechanisms leading to α‐syn accumulation 
and finally neurodegeneration remain unanswered (Steiner, 
Quansah, & Brundin, 2018). Given its prominent role in 
the pathology of the disease, several groups investigated 
α‐syn protein levels and subsequent α‐syn accumulation 
in iPSC‐derived mesDA‐neuronal cultures. Significantly 
increased α‐syn protein levels were detected in iPSC‐de-
rived LRRK2G2019S mesDA‐neurons by immunoblotting 
(Nguyen et al., 2011). Subsequently, this striking finding 
was verified by several independent studies comparing ei-
ther cultures of patient lines and controls of different ge-
netic background (Lopez de Maturana et al., 2016; Nguyen 
& Krainc, 2018), or isogenic iPSC pairs (Reinhardt, 
Schmid et al., 2013).

Importantly, accumulation of α‐syn does not represent a 
LRRK2‐specific pathophenotype as similar data have been 
generated for various different models of familial PD, includ-
ing iPSC models for triplication of the SNCA gene (SNCAtrp) 
(Byers et al., 2011; Flierl et al., 2014; Mazzulli, Zunke, 
Isacson, Studer, & Krainc, 2016), the SNCAA53T point mu-
tation (Kouroupi et al., 2017; Mazzulli, Zunke, Tsunemi 
et al., 2016; Ryan et al., 2013), mutations in GBA (Woodard 
et al., 2014), PRKN (Chang et al., 2016; Chung et al., 2016; 
Shaltouki et al., 2015) and PINK1 (Chung et al., 2016), in 
homozygous DJ‐1 mutant cells and in DJ‐1 knock‐out neu-
rons (Burbulla et al., 2017) as well as in iPSC‐derived neu-
rons from an idiopathic PD (iPD) patient (Mazzulli, Zunke, 
Isacson et al., 2016).

In addition, pronounced accumulation of tau (a protein 
family whose members mediate stability of microtubules) 
has been described as a pathological hallmark in postmor-
tem samples obtained from carriers of LRRK2 variants, in-
cluding G2019S and I2020T (Ohta et al., 2015; Rajput et al., 
2006; Zimprich et al., 2004). It has been shown that wildtype 
LRRK2 as well as LRRK2G2019S can either directly or indi-
rectly induce glycogen synthase kinase 3 beta (GSK‐3β)‐me-
diated tau phosphorylation in SH‐SY5Y cells overexpressing 
LRRK2 (Kawakami et al., 2014). Several groups analyzed 
tau and phospho‐tau (p‐tau) levels in iPSC‐derived mesDA 
neurons. A study by Reinhardt et al. revealed elevated lev-
els of total‐tau and p‐tau in LRRK2G2019S mesDA‐neurons 
compared to isogenic controls (Reinhardt, Schmid et al., 
2013), and a similar observation was made in sensory neu-
rons carrying the G2019S variant (Schwab & Ebert, 2015). 
Interestingly, in the same study, the authors did not ob-
serve accumulation of tau or p‐tau in an SNCAtrp patient 
(Schwab & Ebert, 2015). Finally, mesDA neurons carrying 
the LRRK2I2020T variant showed accumulation of total‐tau as 
well as increased phosphorylation of tau (Ohta et al., 2015). 

It is intriguing that tau is cytotoxic when overexpressed not 
only in mesDA neurons but in almost all cell types examined, 
while α‐syn on its own does not convey a comparably strong 
cytotoxicity (Klein, Dayton, Henderson, & Petrucelli, 2006; 
Klein, Dayton, Lin, & Dickson, 2005). This toxic effect of tau 
has been functionally linked to impairment of axonal vesicle 
transport (Beevers et al., 2017; Wu et al., 2013) and can be 
rescued by parkin overexpression (Klein et al., 2006), thus 
arguing for crosstalk at the level of mitochondrial homeosta-
sis and for a potential direct role of dysregulated tau protein 
levels in PD etiopathology.

As with accumulation of α‐syn, this effect is neither spe-
cific for LRRK2 nor restricted to PD. For example, Mazzulli 
and colleagues found a mild increase in tau levels in mesDA‐
neuronal cultures derived from patients with GBAN370S/

ins84GG‐associated Gaucher's disease (GD), a lysosomal stor-
age disease clinically linked to PD (Mazzulli et al., 2011). 
These findings underscore the existence of shared underlying 
disease mechanisms for PD and GD and point to a potential 
involvement of a lysosomal degradation deficit as a common 
pathomechanism.

Taken together, accumulation of pathogenically linked 
proteins such as α‐syn and (hyperphosphorylated) tau rep-
resent highly reproducible phenotypes in iPSC‐based 
models of LRRK2‐associated PD and related models of 
neurodegeneration.

3.2 | Impairment of the autophagy‐
lysosomal system
Evidence for dysregulation of the autophagy–lysosomal sys-
tem (e.g. accumulation of autophagosomes, alterations in lys-
osomal marker expression) has frequently been observed in 
postmortem samples of PD patients, suggesting a pathogenic 
role of this lysosomal degradation pathway in the progression 
of the disease (Anglade et al., 1997; Chu, Dodiya, Aebischer, 
Olanow, & Kordower, 2009). Given the association of 
LRRK2 with autophagy pathways, several groups assessed 
whether iPSC‐derived mesDA neuronal cultures show altera-
tions in autophagic clearance. Sanchez‐Danes and colleagues 
found increased levels of LC3‐II (the activated form of au-
tophagy marker microtubule‐associated protein light chain 
3/LC3) and inhibition of autophagosome–lysosome fusion 
in LRRK2G2019S and idiopathic PD‐derived mesDA neurons 
compared to healthy controls, suggesting a general impair-
ment of autophagic flux in PD‐derived mesDA neurons 
(Sanchez‐Danes et al., 2012). In addition, electron microscopy 
of these cells showed massive accumulation of autophago-
somes indicative for a defect in autophagic flux through in-
hibited fusion of autophagosomes with lysosomes. Reinhardt 
and colleagues (Reinhardt, Schmid et al., 2013) also found 
evidence for a decreased autophagic flux in G2019S versus 
isogenic control mesDA neurons under starvation conditions. 
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Interestingly, another study interpreted similar findings as in-
dication for excessive autophagy induction in G2019S iPSC‐
derived neurons (Su & Qi, 2013). Along this line, Borgs and 
colleagues showed an upregulation of autophagy genes (e.g. 
LC3A, LC3B, autophagy‐related (ATG)5, ATG7) in imma-
ture LRRK2G2019S neurons (Borgs et al., 2016). These data 
might collectively be interpreted as a compensatory effect to 
counteract impairment of the autophagic system. Strikingly, 
Ohta et al. (2015) found that the LRRK2 variant I2020T, 
too, is associated with increased LC3‐II levels. In a recent 
study, Ho and colleagues used several cell models including 
iPSC‐derived mesDA neurons from G2019S carriers to dem-
onstrate that the mTOR regulator leucyl‐tRNA synthetase 
(LRS) is phosphorylated by LRRK2 in a genotype‐depend-
ent way, and that G2019S‐associated hyperphosphorylation 
was linked to impairment of the autophagic system (Ho et al., 
2018). These data suggest that LRRK2 may affect macroau-
tophagy at several levels, including phosphorylation of LRS 
and Beclin‐1 (Manzoni et al., 2016).

As outlined above, LRRK2 may be degraded via both 
proteasomal and lysosomal pathways, in particular via CMA, 
under normal conditions. The Cuervo laboratory was able to 
demonstrate that CMA is impaired in LRRK2G2019S mesDA 
neurons (Orenstein et al., 2013). Investigation of the underly-
ing mechanisms revealed a dramatic increase in co‐localiza-
tion of LAMP‐2A with α‐syn (a known substrate of CMA) 
(Vogiatzi, Xilouri, Vekrellis, & Stefanis, 2008). As LRRK2 
itself also represents a prominent CMA substrate, these data 
point toward an impairment of CMA by competition between 
α‐syn and LRRK2 for binding to and import via the CMA 
receptor LAMP‐2A. It is tempting to speculate that this in-
hibitory effect on CMA is pivotally involved in PD‐associ-
ated accumulation of α‐syn. Along the same line, it has been 
discussed that accumulation of (hyperphosphorylated) tau 
results from dysregulated autophagic activity caused by PD‐
associated LRRK2 variants (Guerreiro et al., 2016).

Importantly, impairment of the autophagy‐lysosomal deg-
radation system and its enzymatic activities (e.g. glucocere-
brosidase/GCase activity) is not restricted to LRRK2G2019S 
and LRRK2R1441C/G variants (Nguyen & Krainc, 2018) and 
has been convincingly demonstrated for several PD risk fac-
tors: GBA (Fernandes et al., 2016; Schöndorf et al., 2014; 
Woodard et al., 2014), SNCAtrp (Mazzulli, Zunke, Isacson 
et al., 2016), OPA1 (Iannielli et al., 2018), DJ‐1 (Burbulla 
et al., 2017), for iPD (Burbulla et al., 2017; Mazzulli, Zunke, 
Isacson et al., 2016; Sanchez‐Danes et al., 2012) and for GBA 
mutant cells from GD patients (Aflaki et al., 2016; Mazzulli 
et al., 2011; Schöndorf et al., 2014).

Taken together, the observations summarized above 
demonstrate significant functional crosstalk between LRRK2 
and autophagy pathways in the context of PD etiopathol-
ogy which could be linked to at least two possible underly-
ing mechanisms: Direct regulation of macroautophagy by 

LRRK2 at the level of Beclin‐1 and LRS, and competition 
between CMA substrates, ultimately resulting in a break-
down of the proteostatic system.

3.3 | Disrupted mitochondrial 
dynamics and mitophagy
Mitochondria are highly dynamic cell organelles that are es-
sential for a variety of cellular functions, including energy 
metabolism, regulation of Ca2+ homeostasis as well as cell 
death pathways, stress responses and immune signaling. Since 
the 1980s, mitochondria dysfunction is known to be strongly 
linked to the progression of PD, based on the demonstra-
tion that the pro‐drug 1‐methyl‐4‐phenyl‐1‐2‐3‐6‐tetrahy-
dropyridine (MPTP) can induces PD‐like features in rodents 
(Heikkila, Hess, & Duvoisin, 1985). MPTP is capable to cross 
the blood–brain barrier and is then metabolized into its active 
form MPP+ (1‐methyl‐4‐phenyl‐4‐dihydropyridine). MPP+ is 
imported into mesDA neurons where it induces mitochondrial 
adenosine triphosphate (ATP) depletion and oxidative stress, 
ultimately resulting in neuronal cell death (reviewed in Cannon 
& Greenamyre, 2010). Further evidence for mitochondrial 
dysfunction in PD were the identification of defects in the mi-
tochondrial respiratory chain in post‐mortem samples of pa-
tients with sporadic PD (reviewed by Larsen et al., 2018), and 
the fact that several autosomal recessive genetic risk factors 
for PD (PRKN, PINK1, DJ‐1) are associated with mitochon-
drial function (see the chapter by Anindita Bose and Flint Beal 
in this Special Issue). In consequence, many studies focused 
on various aspects of mitochondrial biology in the context 
of PD pathogenesis. Basal oxygen consumption rate (OCR) 
was decreased in LRRK2G2019S, LRRK2R1441C, SNCAA53T, 
DJ‐1mut and OPA1mut compared to controls, in mesDA neu-
rons or neural progenitor cells (NPCs) (Burbulla et al., 2017; 
Cooper et al., 2012; Iannielli et al., 2018; Ryan et al., 2013). 
Schwab and colleagues confirmed these findings in cortical 
and mesDA neurons of LRRK2G2019S patients (Schwab et al., 
2017). The authors found increased expression of sirtuins, a 
family of nicotinamide adenine dinucleotide (NAD)+‐depend-
ent protein deacetylases involved in mitochondrial metabo-
lism, but a decrease in deacetylase activity and complex III 
levels. LRRK2 kinase inhibitor treatment was not sufficient to 
normalize levels of sirtuins in LRRK2G2019S mesDA neurons 
(Schwab et al., 2017). Interestingly, the authors could not ob-
serve these phenotypes in iPSC‐derived peripheral neurons, 
indicating neuronal subtype‐specific susceptibility. Moreover, 
LRRK2G2019S neurons were shown to display decreased ATP 
content (Schwab et al., 2017; Su & Qi, 2013), accompanied 
by a decrease in mitochondrial membrane potential (Hsieh 
et al., 2016; Su & Qi, 2013). Both findings were also ob-
served in other PD models in SNCAtrp and mutant OPA1 
neural progenitor cells (NPCs) (Flierl et al., 2014; Iannielli 
et al., 2018). Decreased mitochondrial membrane potential 



   | 571WEYKOPF Et al.

was also reported for SNCAtrp and SNCAA53T mesDA neu-
rons (Little et al., 2018). As these observations hint towards 
a profound disturbance of mitochondrial function in familial 
forms of PD, several groups consequently investigated ef-
fects of PD risk factors on mitochondrial redox homeostasis 
and found increased levels of mitochondrial reactive oxygen 
species (ROS) in mesDA neurons carrying polymorphisms 
in LRRK2, DJ‐1, PINK1, PRKN and SNCA (Burbulla et al., 
2017; Chung et al., 2016; Ryan et al., 2013; Su & Qi, 2013; 
Suzuki et al., 2017), as well as in NPCs with SNCAtrp and 
OPA1 variants (Flierl et al., 2014; Iannielli et al., 2018). 
Intriguingly, damage to mitochondrial DNA, presumably as 
a result of increased ROS production, was detectable already 
at the NPC stage of LRRK2G2019S and LRRK2R1441C carriers 
(Sanders et al., 2014).

Several groups have analyzed mitochondrial length in iPSC 
models of familiar PD. The results are ambiguous, underscor-
ing the complexity of this cellular trait. Su and Qi reported 
shortened mitochondrial length in mesDA neurons carry-
ing the LRRK2G2019S variant, and Schwab and colleagues 
revealed a reduced mitochondrial distribution in neurites 
(Schwab et al., 2017; Su & Qi, 2013). In contrast, Hsieh et al. 
showed evidence that mitochondria were significantly longer 
in LRRK2G2019S neurons as compared to controls (Hsieh et al., 
2016). Cooper and colleagues reported no significant differ-
ence in mitochondrial length compared to controls for PINK1 
and LRRK2G2019S neural cultures, but decreased mitochon-
drial length in LRRK2R1441C cultures (Cooper et al., 2012). 
These discrepancies may reflect differences in the methodol-
ogy used for morphological analyses or different cell types 
analyzed. Schwab and colleagues revealed decreased mito-
chondrial content in mesDA neurons carrying LRRK2G2019S 
or PRKN variants (Schwab et al., 2017; Shaltouki et al., 2015), 
while this was not observed in cortical or peripheral neurons 
(Schwab et al., 2017). Focusing on movement of mitochondria 
within neuronal cells along the cytoskeleton, two indepen-
dent groups showed that the G2019S and R1441C variants in 
LRRK2 induced a significant increase in mitochondrial mo-
bility in iPSC‐derived neurons compared to controls (Cooper 
et al., 2012; Schwab et al., 2017).

In summary, alterations in mitochondrial morphology 
were repeatedly shown not only for LRRK2 variants (Su 
& Qi, 2013) but also for mutants of SNCAtrp/A53T PINK1, 
PRKN and OPA1 (Chung et al., 2016; Iannielli et al., 2018; 
Imaizumi et al., 2012; Little et al., 2018; Shaltouki et al., 
2015; Zanon et al., 2017).

Our own data (Figure 3) confirm that LRRK2G2019S 
mesDA progenitor cells show alterations in mitochondrial 
morphology as compared to isogenic controls. Figure 3c+d 
depicts representative images of cells displaying mitochon-
dria that were manually classified according to their mor-
phology. At day 14 of differentiation (d14), the number 
of cells with filamentous mitochondria was significantly 

decreased in LRRK2G2019S, while intermediate and punctate 
morphologies were increased (Figure 3c+d). Our data are 
in line with the results of other studies showing a prominent 
effect of LRRK2 and its variants on regulation of mitochon-
drial dynamics and indicate that alterations in mitochondrial 
morphology can already be detected at early time points of 
mesDA neuronal differentiation.

Several lines of evidence are furthermore hinting toward 
PD‐associated impairment in the turnover of damaged mi-
tochondria from the cytosol, referred to as ‘mitophagy’ 
(Zhang, Duan, & Yang, 2015). This process by which aged 
or dysfunctional mitochondria are trapped within an autopha-
gosome and transported toward the lysosomal compartment 
is tightly regulated and crucial to maintain the balance be-
tween mitochondrial biogenesis and degradation, as well as 
to prevent the accumulation of ROS (Von Stockum, Nardin, 
Schrepfer, & Ziviani, 2016). Hsieh and colleagues demon-
strated that LRRK2 mediates mitophagy by removing the 
adaptor protein MIRO from the MIRO/MILTON/KINESIN 
motor complex that facilitates mitochondrial movement 
along the cytoskeleton (Hsieh et al., 2016). LRRK2‐de-
pendent removal of MIRO results in retarded movement of 
mitochondria, thus enabling engulfment by the LC3‐coated 
autophagosomes and subsequent mitophagic degradation. 
In addition, the authors were able to demonstrate that the 
LRRK2G2019S polymorphism results in delayed MIRO deg-
radation in mesDA neurons upon induction of mitochondrial 
damage by complex III inhibition, thus leading to impaired 
recruitment of LC3 and the mitophagy receptor optineurin. 
Importantly, the authors observed this also in mesDA neu-
ronal cultures from idiopathic PD patients, which points to a 
general role of compromised mitophagy in the pathology of 
PD. Evidence for a connection between altered mitochondrial 
morphology and mitophagy was further provided by the find-
ing that LRRK2G2019S fibroblasts display increased numbers 
of fragmented mitochondria, and that LRRK2 is involved in 
regulation of mitochondrial fission by regulating the phos-
phorylation and activation status of DRP1 (Su & Qi, 2013).

Using a well‐described tandem‐fluorochrome‐based 
read‐out for mitophagy, we could confirm the impact of the 
LRRK2G2019S variant on mitophagy. This system is based 
on a lentivirally expressed mito‐RFP‐EGFP fusion protein, 
which is imported into the mitochondrial matrix and indi-
cates mitophagy by a color shift from yellow to red upon lyso-
somal delivery (Figure 3b) (Kim et al., 2013; Klionsky et al., 
2016; Till et al., 2015). We found that impaired mitophagy in 
LRRK2G2019S cells is already apparent at an early stage of in 
vitro differentiation. Specifically, we assessed mitophagy in 
isogenic LRRK2G2019S and control cells at day 14 of the floor 
plate‐based differentiation protocol. Figure 3e shows a repre-
sentative image displaying active mitophagy as evident from 
appearance of ‘red only’ structures. LRRK2G2019S cultures 
exhibited significantly decreased levels of active mitophagy 
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compared to the control (Figure 3e). Together with the results 
of previously published studies, these data point to a vital 
and hitherto underappreciated detrimental effect of LRRK2 
dysfunction on mitochondrial homeostasis already at early 
stages of differentiation.

As evident from the studies outlined above, impairment 
of mitophagy is not restricted to LRRK2‐associated PD but 
emerges as a central pathomechanism of the disease. While 
LRRK2 appears to modulate mitophagy by affecting mito-
chondrial movement, other PD risk factors are more directly 
involved in mitochondrial turnover. Upon mitochondrial 
damage, the kinase PINK1 is stabilized on the cytosolic face 
of the outer mitochondrial membrane and recruits parkin via 
a series of phosphorylation steps. Parkin (encoded by PD 
risk gene PRKN) represents a E3 ubiquitin ligase that sub-
sequently mediates polyubiquitination of mitochondrial sub-
strates, ultimately forming the molecular basis for attraction 
of autophagy receptors and initiation of mitophagy (Menzies, 
Fleming, & Rubinsztein, 2015). Consequently, several inde-
pendent studies have focused on the pivotal role of PRKN 
and PINK1 mutants in iPSC‐based and other models of PD 
(Chung et al., 2016; Imaizumi et al., 2012; Seibler et al., 
2011; Shaltouki et al., 2015; Suzuki et al., 2017).

Taken together, these data underscore the vital role of mi-
tochondrial function and quality control in mesDA neurons 
and point to the functional implications of LRRK2 variants 
(and, although by different mechanisms, variants of PINK1, 
PRKN and SNCA) that result in impaired mitophagy, accu-
mulation of damaged mitochondria and disturbed cellular 
redox homeostasis.

3.4 | Increased susceptibility toward 
cellular stress
Differential vulnerability of distinct neuronal subpopula-
tions is a hallmark of numerous neurodegenerative diseases. 
Stunningly, in many of these disorders it is a specific neuronal 
population or even subpopulation of neurons that is suscep-
tible to neurodegeneration while other, even closely related, 
neuronal subsets remain completely or largely unaffected. 
Identification of the factors responsible for this differential 
vulnerability is expected to improve our understanding of dis-
ease mechanisms and to support the development of novel 
therapeutic approaches for the treatment of neurodegenera-
tive diseases. In the context of PD, selective vulnerability of 
mesDA neurons has already been described almost 100 years 
ago (Foix & Nicolesco, 1925). MesDA neurons are com-
monly distinguished by their anatomical position, projection 
field, function and marker expression. The largest population 
of mesDA neurons is localized in the SNpc and the ventral 
tegmental area (VTA) from where they project to motor and 
corticolimbic structures, respectively (A9 and A10 dopamine 
pathways). The initial cell loss observed in PD is almost 

entirely restricted to mesDA neurons in the ventral tier of the 
SNpc. These neurons project almost exclusively to the dorsal 
striatum. MesDA cells from the neighboring dorsal tier of the 
SNpc and the VTA display a significantly lower degree and a 
later onset of degeneration (Alberico, Cassell, & Narayanan, 
2015; Damier, Hirsch, Agid, & Graybiel, 1999; Dauer & 
Przedborski, 2003; Hassler, 1938). Loss or functional impair-
ment of SNpc mesDA neurons results in a severe reduction 
in dopamine release in the dorsal striatum, ultimately causing 
the main motor symptoms of PD. While several genetic risk 
factors for PD are known (see above and chapter by Marie‐
Thérèse Fuzzati‐Armentero in this Special Issue) the major-
ity of them is ubiquitously expressed. Thus, their expression 
profile cannot account for the cell type‐selective degenera-
tion of mesDA neurons in the SNpc. The current view is that 
mesDA neuron degeneration is based on genetically deter-
mined intrinsic susceptibility to cell death but is ultimately 
triggered by cellular stress conditions (such as proteotoxic 
or oxidative stress). Thus, both cell‐intrinsic factors (during 
the first steps of disease manifestation) and environmental/
extrinsic factors (during disease progression) are involved 
in the etiopathology (Surmeier, Obeso, & Halliday, 2017). 
With respect to intrinsic factors, the emerging concept is that 
SNpc‐mesDA neurons display a set of cellular and molecular 
features that renders them more vulnerable toward external 
stress triggers than neighboring VTA‐mesDA neurons (for a 
comprehensive review see Brichta & Greengard, 2014). The 
following cellular characteristics of SNpc‐mDA neurons are 
discussed in this context: (a) high expression levels of certain 
subtypes of dopamine receptors and glycosylated (and thus 
matured) dopamine transporter (DAT) may mediate the up-
take of neurotoxic substances (Reyes, Cottam, Kirik, Double, 
& Halliday, 2013). (b) The differential expression and/or se-
lective activity of ATP‐sensitive potassium (K‐ATP) chan-
nels or their subunits (i.e. Kir6.2 and SUR1). K‐ATP channels 
display selective sensitivity toward external stimuli that may 
alter cell viability, potentially through mitochondria‐triggered 
ROS generation (Liss et al., 2005; Schiemann et al., 2012). 
(c) The specific electrophysiological properties of SNpc 
mesDA neurons, in particular, their endogenous pacemaking 
activity (Lammel et al., 2008) driven by CaV1‐type calcium 
channels may render them increasingly dependent on well‐or-
chestrated calcium homeostasis (Bishop et al., 2010; Mercuri 
et al., 1994; Nedergaard, Flatman, & Engberg, 1993). This 
might be particularly detrimental in SNpc mesDA neurons as 
they have a low capacity for intrinsic calcium buffering and 
display particular sensitivity to excitatory amino acid‐induced 
damage (Bywood & Johnson, 2000; Foehring, Zhang, Lee, & 
Callaway, 2009). (d) SNpc mesDA neurons are described to 
form much larger axon terminal arbors and display a higher 
number of synapses than VTA mesDA neurons (Aransay, 
Rodriguez‐Lopez, Garcia‐Amado, Clasca, & Prensa, 2015; 
Bolam & Pissadaki, 2012; Matsuda et al., 2009; Surmeier, 
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Guzman, Sanchez‐Padilla, & Goldberg, 2011). Thus, these 
cells are supposed to have increased energy demands, which 
necessitate high motility and plasticity of mitochondria 
(Pacelli et al., 2015; Pissadaki & Bolam, 2013). Impairment 
of mitochondrial function and/or homeostasis would thus be 
particularly detrimental in SNpc‐mesDA neurons (Liang, 
Wang, Luby‐Phelps, & German, 2007). (e) Metabolism of the 
neurotransmitter dopamine requires detoxification systems to 
prevent neurotoxic effects due to metabolite accumulation. 
Differential expression of metabolite clearing enzymes such 
as aldehydedehydrogenases (ALDHs) may contribute to in-
creased vulnerability of subsets of mesDA neurons at various 
stages of disease progression (Fitzmaurice et al., 2013; Liu 
et al., 2014). In how far these molecular features of specific 
mesDA subpopulations, or a specific combination thereof, 
contribute to the observed higher vulnerability during PD 
progression, and whether these may at some point offer entry 
points for prevention or therapy remains to be elucidated in 
future studies, for example by direct comparison of specific 
neuronal subpopulations.

Among the various types of external stress conditions, 
increased sensitivity toward oxidative stress is thought to 
be one of the most common underlying mechanisms for PD 
leading to dysfunction of the cells and finally neuronal cell 
loss. Major evidence for this idea is based on a large num-
ber of studies in postmortem samples of PD patients showing 
that these samples display evidence for oxidative stress, for 
example increased levels of oxidized proteins and deregu-
lation of antioxidant proteins (Toulorge, Schapira, & Hajj, 
2016). Surprisingly, in vitro model systems have contributed 
to the notion that patient neurons display increased vulner-
ability even under normal cultivation conditions: Several 
studies provide evidence for increased neuronal degeneration 
(indicated by detection of cleaved‐caspase 3 [c‐casp3]) in 
cultured mesDA neurons from LRRK2G2019S, LRRK2I2020T, 
iPD background, PRKNmutant as well as SNCA triplication 
carriers compared to healthy controls (Lin et al., 2016; 
Ohta et al., 2015; Sanchez‐Danes et al., 2012; Suzuki et al., 
2017). In the context of apoptosis regulation, it is import-
ant to mention that Lopez and colleagues recently described 
an impaired NF‐κB response in mesDA neuronal cultures 
of both G2019S and R1441G variants, which might point 
to fundamental defects in antiapoptotic signaling (Lopez de 
Maturana et al., 2016). A recent study linked LRRK2 to neu-
ronal cell death regulation via the direct phosphorlyation and 
activation of apoptosis signal‐regulating kinase 1 (ASK1). 
The authors demonstrated that MG132‐induced suscepti-
bility toward apoptosis, nuclear aberration and impairment 
of colony formation were rescued by either LRRK2 kinase 
inhibitor‐1 (IN‐1) or ASK1 inhibitor treatment in isogenic 
LRRK2G2019S NPCs (Yoon et al., 2017). In addition, Sandor 
and colleagues performed transcriptomic profiling of puri-
fied LRRK2G2019S and control mesDA neuronal cultures, 

thereby revealing significant functional convergence among 
differentially expressed genes, with ‘oxidative stress’ rep-
resenting one of the top four affected gene ontology terms 
(Sandor et al., 2017). The relevance of oxidative stress in PD 
pathogenesis is supported by the observation that exposure 
to pro‐oxidative industrial chemicals or cellular stressors like 
rotenone, hydrogen peroxide (H2O2) or 6‐hydroxydopamine 
(6‐OHDA) can suffice to induce PD‐related neurodegenera-
tion in various model systems (Goldstein, Kopin, & Sharabi, 
2014). In consequence, several groups assessed whether pa-
tient‐derived mesDA neuronal cultures exhibit increased sus-
ceptibility toward these stressors. Cellular models including 
LRRK2G2019S, LRRK2I2020T and SNCAtrp variants revealed 
increased c‐casp3 levels upon treatment with H2O2 compared 
to control cultures (Byers et al., 2011; Nguyen et al., 2011; 
Ohta et al., 2015). Intriguingly, decreased survival after ex-
posure to H2O2 has been shown previously in mouse primary 
cortical neurons transfected with either wild‐type or mutant 
LRRK2 (G2019S/I2020T) (West et al., 2007).

In a similar approach, 6‐OHDA treatment decreased cell 
survival in LRRK2G2019S neurons as well as in SNCAtrp cul-
tures (Lin et al., 2016; Nguyen et al., 2011; Reinhardt, Glatza 
et al., 2013; Reinhardt, Schmid et al., 2013). Further under-
scoring these findings, LRRK2 variant mesDA neuronal cul-
tures showed decreased cell survival after exposure to rotenone 
(Reinhardt, Glatza et al., 2013; Reinhardt, Schmid et al., 2013) 
and increased sensitivity toward the mitochondrial stressors 
valinomycin and concanamycin A (Cooper et al., 2012).

Increased vulnerability of patient‐derived mesDA neurons 
is not restricted to oxidative stress: This is exemplified by the 
finding that LRRK2G2019S mesDA neurons and NPCs (Liu 
et al., 2012; Nguyen et al., 2011; Yoon et al., 2017) display 
significantly increased sensitivity toward treatment with the 
proteasomal inhibitor MG132, pointing to a higher suscep-
tibility of mutant carriers toward proteotoxic stress. In this 
context, it is important to note that, aside from LRRK2, sev-
eral models for familial PD show evidence for increased sen-
sitivity toward various forms of cellular stress, e.g. PRKN 
(Chang et al., 2016; Chung et al., 2016; Imaizumi et al., 2012; 
Suzuki et al., 2017), SNCAtrp (Flierl et al., 2014), A53Tmut 
(Kouroupi et al., 2017), PINK1 (Chung et al., 2016; Cooper 
et al., 2012) and GBA (Schöndorf et al., 2014).

In summary, LRRK2 variant carriers display increased vul-
nerability under normal growth conditions and under oxidative 
as well as proteotoxic stress conditions. This increased stress 
sensitivity may derive from the discussed role of LRRK2 in 
regulation of mitochondrial function and proteostasis pathways.

3.5 | Alterations in subcellular organization
LRRK2 has been described to be involved in regulation 
of subcellular architecture and organelle organization 
(reviewed by Roosen & Cookson, 2016). In 2012, the 
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Belmonte lab focused on alterations of nuclear morphol-
ogy in isogenic NPCs carrying the G2019S mutations (Liu 
et al., 2012). Using lamin B staining, the authors revealed 
the appearance of deformed nuclei in late passages of 
G2019S carriers, accompanied by impaired clonal expan-
sion and defective neuronal differentiation, which could 
be rescued either by LRRK2‐kinase inhibitor treatment or 
targeted correction of the LRRK2 gene. Interestingly, disor-
ganized nuclear envelope architecture manifested already 
at the neural progenitor stage at late passages and was not 
conserved upon differentiation of the NPCs into neurons, 
suggesting that this phenotype manifests early during devel-
opment and may be harder to detect at later stages. Besides 
affecting nuclear organization, LRRK2 has also been 
linked to regulation of GA morphology: LRRK2 interacts 
with cyclin‐G‐associated kinase (GAK) and RAB29 (also 
known as RAB7L1), both of which represent risk factors 
for sporadic PD that are controlling function and morphol-
ogy of the GA (Beilina et al., 2014). Moreover, RAB7L1 is 
a direct LRRK2 kinase substrate, and the G2019S mutation 
of LRRK2 significantly increases RAB7L1 phosphoryla-
tion and recruitment of LRRK2 to the GA cisternae (Liu 
et al., 2018; MacLeod et al., 2013). Joseph Mazzulli and 
colleagues showed in a different genetic model for PD 
that SNCAtrp iPSC‐derived dopaminergic cultures con-
tained increased numbers of neurons with a highly frag-
mented GA (Mazzulli, Zunke, Isacson et al., 2016). These 
findings support the notion of overlapping GA‐associated 
phenotypes in different genetic models of PD. In addition 
to modulation of the architecture of the nucleus and GA, 
LRRK2 has been linked to formation of the primary cilium 
through interaction with Rab10 and RILPLs in a recent 
publication (Dhekne et al., 2018). The authors have shown 
that pathogenic LRRK2 has a profound inhibitory effect on 
cilia formation in human cancer cells, in human G2019S 
iPSCs as well as R1441C mouse primary neurons. They 
conclude that this impairment of ciliogenesis may inhibit 
cilia‐mediated signaling via the SHH signaling pathway. It 
is important to note that SHH signaling is not only pivot-
ally involved in neurogenesis but also has been shown to 
protect dopaminergic neurons against cytotoxic effects of 
the neurotoxin MPP+ (Miao et al., 1997). Further studies 
are warranted to assess the details underlying LRRK2's role 
in ciliogenesis and SHH signaling. Taken together, LRRK2 
and its variants are tightly linked to the organization and 
function of various subcellular structures.

3.6 | Changes in cell morphology
One key function of LRRK2 with respect to cell homeo-
stasis is the regulation of cytoskeleton balance (as outlined 
above). The vital importance of this process in the con-
text of neurodegenerative diseases is underscored by the 

essential role of the cytoskeleton in maintaining structural 
polarity of neurons and thus their physiological function. In 
particular, the extensive axon length of DA neurons, their 
high level of arborization (see below) and the requirement 
for orchestrated dopamine vesicle transport points to the ne-
cessity of tight cooperation between microtubule dynamics, 
motor protein activity and maintenance of cell morphology 
through actin fibers and membrane anchoring components. 
Moreover, it is intriguing to realize that Lewy bodies have 
been shown to contain tubulins, microtubule‐associated 
proteins and neurofilament components. Finally, several 
PD‐associated proteins, including α‐syn, PINK1 and parkin 
have been linked to actin remodeling (Kim & Son, 2010; 
Lim et al., 2007). These data emphasize the central role of 
LRRK2 as key regulator of cytoskeletal dynamics and point 
to potential connections between this homeostatic role and 
PD etiopathology. Consequently, several studies focused 
on the analysis of neurite length and complexity of mesDA 
neuronal cultures. It was shown by independent studies that 
neurite length and complexity are significantly reduced in 
LRRK2G2019S mesDA neurons (Borgs et al., 2016; Lin et al., 
2016; Sanchez‐Danes et al., 2012; Schwab & Ebert, 2015; 
Su & Qi, 2013). Reinhardt and colleagues demonstrated a 
reduced neurite outgrowth velocity of LRRK2G2019S mesDA 
neuronal cultures which could be rescued by continuous 
treatment with the LRRK2 kinase inhibitor‐1 (IN‐1) or ERK 
inhibitor (Reinhardt, Schmid et al., 2013). Surprisingly, in a 
recent study, the same group demonstrated that a decrease in 
neurite outgrowth in G2019S cultures was not corrected by 
CZC‐251146, another well characterized inhibitor of LRRK2 
kinase activity (Marrone et al., 2018). As shown by Schwab 
and Ebert, peripheral neurons carrying the LRRK2G2019S var-
iant exhibit no significant reduction in neuronal length, but 
display significantly larger and more neurite aggregates com-
pared to controls, a phenotype which could be partially res-
cued by the LRRK2 kinase inhibitor IN‐1 (Schwab & Ebert, 
2015). Recently, the results of another study corroborated the 
phenotype of reduced neurite length and showed that treat-
ment of LRRK2G2019S neurons with IN‐1 could rescue the 
shortened neurite length (Qing et al., 2017).

From our own data, we would conclude that treatment with 
IN‐1 can rescue the reduced neurite lengths in LRRK2G2019S 
mesDA neuronal cultures. For these experiments, immature do-
paminergic cultures generated according to the floor plate pro-
tocol were dissociated at day 24 of differentiation and replated 
for 24 hr (Figure 4a). Staining for tyrosine hydroxylase (TH) 
was used to identify mesDA neurons, and neurite length was 
determined using quantitative image analysis. LRRK2G2019S 
mesDA neurons displayed significantly reduced neurite lengths 
when compared to controls. This decrease in neurite length was 
rescued by treatment with IN‐1 (Figure 4b,c).

Interestingly, reduced neurite length appears to be specific 
for only a subset of PD risk genes. While this phenotype was 
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repeatedly demonstrated for LRRK2 and also for SNCAtrp 
(Lin et al., 2016), A53Tmut (Kouroupi et al., 2017) and iPD 
(Sanchez‐Danes et al., 2012), conflicting or inconclusive 
data have been presented for PRKN and PINK1 (Lin et al., 
2016; Miller et al., 2013; Ren et al., 2015). In addition, a 
model for GBA1N370S did not show clear evidence for reduced 
neurite length (Woodard et al., 2014). Neurite aggregates as 
described by Schwab and Ebert for LRRK2G2019S (Schwab 
& Ebert, 2015) were also observed in A53Tmut cultures 
(Kouroupi et al., 2017). Given the functional involvement of 
LRRK2 in regulation of cytoskeleton dynamics and directed 
vesicle transport, these findings may point to LRRK2‐spe-
cific defects in the establishment of neuronal morphology.

3.7 | Cell–cell communication
As outlined above, LRRK2 function is linked to regulation 
of Ca2+ homeostasis, cytoskeleton dynamics, cell morphol-
ogy and vesicle trafficking as well as several other pathways. 
Considering the contribution of all these cellular mechanisms 
to neuronal functionality and the role of LRRK2 in synapse 
formation and function (discussed above), it is tempting to hy-
pothesize that LRRK2 variants may alter neuronal activity and 
network function in mesDA neurons. Consequently, electro-
physiological properties of LRRK2G2019S and control mesDA 

neuronal cultures were analyzed in detail: Using multi‐elec-
trode array (MEA) measurements Lin and colleagues found 
that neuronal networks composed of LRRK2G2019S cells 
showed significantly reduced firing rates and synchrony as 
compared to control cultures (Lin et al., 2016), which points 
to a LRRK2G2019S‐based impairment of neuronal network 
activity. Focusing on the key neurotransmitter dopamine, 
several groups assessed dopamine metabolism of mesDA 
neuronal cultures of control and PD patients. Nguyen and 
colleagues observed reduced dopamine levels in G2019S cul-
tures compared to controls (Nguyen et al., 2011). Along the 
same line, LRRK2I2020T mesDA neuronal cultures were found 
to exhibit a decreased Ca2+‐dependent dopamine release com-
pared to controls (Ohta et al., 2015). While reliable detection 
of altered dopamine release remains challenging in the con-
text of LRRK2‐focused iPSC models (as demonstrated by two 
studies that could not confirm alterations in dopamine release 
of LRRK2G2019S mesDA neurons (Reinhardt, Schmid et al., 
2013; Lin et al., 2016), several PD risk factors aside from 
LRRK2 have been shown to elicit alterations in either release 
or uptake of DA, including GBA (Woodard et al., 2014) and 
PRKN (Jiang et al., 2012). A negative effect of LRRK2 mu-
tations on dopamine release, likely caused by altered burst 
firing in SNpc‐mesDA neurons, has been confirmed in an in 
vivo rat model in which LRRK2G2019S and LRRK2R1441C are 

F I G U R E  4  LRRK2G2019S mesDA neuronal cultures exhibit decreased neurite length which can be rescued by LRRK2 kinase inhibitor 
treatment. (a) Schematic overview of the experimental set up. Control (Ctrl) and isogenic G2019S (GS) mesDA neuronal cultures were either 
untreated (left), treated with DMSO or treated with 1 μM LRRK2‐IN1 (IN‐1) and subjected to a neurite outgrowth assay. LDN, LDN193189; SB, 
SB431542. (b) Quantification of neurite length demonstrates that decreased neurite lengths in LRRK2G2019S neurons can be rescued by treatment 
with IN‐1. For each condition, 2–3 wells were analyzed in three independent experimental sets (n = 3). A total of 4982 neurites were quantified. 
Each dot represents the neurite length of one individual neurite (expressed as percentage from the mean of the respective healthy control). Red lines 
indicate the median. (c) Exemplary images of isogenic control and LRRK2G2019S TH+ neurons under different experimental conditions. For details 
on the methodology, see Supporting Information
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overexpressed. In addition, experimental data from overex-
pression studies and animal models suggest a central role for 
LRRK2 in release of dopamine‐containing vesicles as well as 
in regulation of dopamine receptor abundance and internaliza-
tion (Cirnaru et al., 2014; Migheli et al., 2013; Rassu et al., 
2017; Sloan et al., 2016). A recent study demonstrated that 
the LRRK2 variants R1441C/G and G2019S increase phos-
phorylation of auxilin (a protein that mediates uncoating of 
clathrin‐coated vesicles) and thus impair synaptic vesicle en-
docytosis (SVE) (Nguyen & Krainc, 2018). Consequences 
of impaired SVE were a lower synaptic vesicle density and 
increased oxidized DA levels found in LRRK2G2019S and 
LRRK2R1441C/G variants (Nguyen & Krainc, 2018), similar to 
findings in DJ‐1mut mesDA neurons in a previous publication 
(Burbulla et al., 2017).

While the majority of studies on LRRK2 variants in PD 
pathogenesis focus on the role of the variants in dopami-
nergic neurons as the main site of manifestation of PD (see 
also the chapter by Emma Lane in this Special Issue), recent 
evidence suggests a role for LRRK2 in the maturation of stri-
atal projection neurons (SPNs), one of the neuronal popu-
lations that receives dopaminergic input. LRRK2 is highly 
expressed in SPNs (Parisiadou et al., 2014). It also interacts 
with the PKA regulatory subunit II beta to regulate activity 
of protein kinase A (PKA) during synapse formation and in 
response to dopamine. Loss of LRRK2 results in increased, 
PKA‐mediated phosphorylation of the actin‐cytoskeletal reg-
ulator cofilin and the glutamate receptor Glut1, and deficient 
synaptogenesis (Parisiadou et al., 2014). Importantly, dis-
ease‐associated mutations in LRRK2 mutation interfere with 
synapse formation and synaptic function, both in SPNs and 
in hippocampal neurons (Matikainen‐Ankney et al., 2016, 
2018; Sweet, Saunier‐Rebori, Yue, & Blitzer, 2015).

As the detailed molecular analysis of cell–cell commu-
nication represents a key challenge in the investigation of 
various disorders of the CNS (including neurodegeneration), 
establishment of iPSC‐centered technologies for quantita-
tive assessment of associated parameters warrants further 
investigation.

3.8 | Neuroinflammation
Inflammation in the CNS (and to a certain degree also in the 
periphery) is a major pathological hallmark of PD (Doorn 
et al., 2014; Imamura et al., 2003; Vawter, Dillon‐Carter, 
Tourtellotte, Carvey, & Freed, 1996), accompanied by mi-
croglia activation and the presence of reactive astrocytes 
(Miklossy, Doudet et al., 2006) (see also the chapter by Malú 
Tansey and Marina Romero‐Ramos in this Special Issue). 
Currently, it still needs to be elucidated if mesDA neuronal 
loss is causative for changes in microglia activation status 
and behavior or a consequence of neuron demise (as re-
viewed by Le, Wu, & Tang, 2016). Interestingly, microglia 

and macrophages express high levels of LRRK2 and further 
upregulate LRRK2 expression in response to pro‐inflamma-
tory cytokines. In addition, the LRRK2 protein is involved in 
regulation of phagocytosis, cytokine release as well as migra-
tion, suggesting a pivotal role for LRRK2 in immune cells 
(Lee, James, & Cowley, 2017). LRRK2 is also expressed in 
astrocytes (Miklossy, Arai et al., 2006), and several stud-
ies implicate a role for the protein in the autophagy–lyso-
somal pathway in those cells (reviewed by Booth, Hirst, & 
Wade‐Martins, 2017). Given the fact that astrocytes and 
microglia have been linked to the progression of PD and 
both express LRRK2, future studies involving iPSC‐derived 
astro‐ and microglia alone or in co‐culture with mesDA neu-
rons could provide further insight into potential contribution 
of these cell types to the progression of the disease. So far, 
only few iPSC studies have focused on non‐neuronal cells. 
Haenseler and co‐workers derived macrophages (which have 
a similar ontogeny as microglia) from iPSCs carrying dif-
ferent variants in the SNCA gene (Haenseler et al., 2017). 
The authors reported that SNCAtrp but not SNCAA53T vari-
ant macrophages exhibited significantly elevated intracellu-
lar α‐syn levels and increased release of α‐synuclein into the 
medium. Furthermore, phagocytosis was reduced in SNCAtrp 
macrophages compared to A53T variant and control mac-
rophages (Haenseler et al., 2017). These data point to the rel-
evance of the macrophage lineage in the pathogenesis of PD 
and warrant a detailed analysis of other PD risk factors such 
as LRRK2 in the context of immune cell activity.

In summary, the plethora of iPSC‐based studies presented 
here, including our own exemplary data, underscore the mul-
tifaceted role of LRRK2 and its variants in PD etiopathology. 
While some pathologically relevant mechanisms (including 
proteostasis, mitochondrial function, stress response) emerge 
as common disease pathways that are also affected by polymor-
phisms in other PD‐related candidate genes (SNCA, PINK1, 
PRKN), other traits (such as effects on cell morphology) ap-
pear to be more specific for LRRK2. Unraveling the functional 
implications of disease‐linked variants (e.g. LRRK2G2019S) in 
combination with detailed knowledge about the affected path-
ways will be vital for gaining a comprehensive understanding of 
PD etiopathology for a given genotype. As outlined here, iPSC 
technology (and especially an isogenic approach) is a powerful 
experimental tool to identify and study specific  phenotypes in 
vitro and to establish suitable experimental routines and cell‐
based assays for disease modeling and drug discovery.

4 |  CURRENT LIMITATIONS AND 
FUTURE DIRECTIONS OF IN VITRO 
DISEASE MODELING

The examples outlined above illustrate how iPSC technology 
can be used to explore potential disease mechanisms and to 
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assess candidate drugs in the context of a neurodegenerative 
disease (i.e. PD). This methodology offers a number of ad-
vantages over more conventional model systems such as ani-
mal models, human cancer cell lines or immortalized cells: 
(a) easy access to human neurons which are otherwise not 
accessible; (b) derivation of desired cell type(s) (e.g. mesDA 
neurons) presumably directly affected by the disease; (c) ap-
plication of non‐immortal cells that may react authentically 
to internal and external stress conditions (in contrast to e.g. 
cancer cell lines); and (d) usability of patient‐specific ma-
terial for individualized analysis and/or drug development 
approaches. In addition, the advances in genome‐editing 
technologies have enabled the establishment of target cells 
with desired genomic make‐up, expanding the possibilities 
of using genotype‐specific cells in combination with highly 
selective reporter systems and/or genetic interference tech-
nology. Intriguingly, iPSC‐based in vitro models appear to 
exhibit disease‐related phenotypes (such as protein aggrega-
tion, altered cell morphology or stress‐induced cell death) 
much earlier than in the patient in vivo. While it takes years 
to decades for a certain defect to appear in patient tissue, 
in vitro models display pathophenotypes sometimes within 
weeks or months of continued cultivation. Reasons for this 
accelerated manifestation may be stress‐inducing cell cul-
tivation conditions (high oxygen levels, minimal media 
composition, non‐physiological oxidant/antioxidant levels), 
accelerated proliferation and forced differentiation due to 
high levels of growth and patterning factors, and the lack of 
adaptation and compensatory mechanisms present in a mul-
ticellular organismic context (e.g. contact inhibition, extra-
cellular matrix, glial and endothelial cells). Supporting this 
notion, Chen and colleagues (Chen et al., 2014) reported 
neurofilament aggregation and neurite degeneration in an 
iPSC model for SOD1‐associated amyotrophic lateral scle-
rosis within weeks in the absence of glial cells. In this con-
text, it is also important to note that the respective in vitro 
conditions may favor appearance of phenotypes that are 
genotype‐ and cell type‐specific but not directly linked to the 
diseased condition in vivo. While these features may prove 
helpful for screening purposes and for unraveling of under-
lying general principles linked to disease manifestation and 
progression, accelerated phenotype manifestation in vitro 
might further contribute to phenotypic variability. In order 
to address this issue and to optimize experimental efforts, a 
careful statistical power analysis for the observed data sets 
and their intrinsic variations is highly desirable. While proper 
power analysis and sample size estimation is routinely ap-
plied in the context of animal studies, systematic use of these 
tools in the field of in vitro disease modeling is still to be 
improved. One reason for this might be that to estimate how 
many replicates are necessary to detect a given phenomenon, 
it is crucial to not only define the analysis’ alpha‐level and 
power but also to appreciate the expected effect size. This is 

not trivial, especially in cases where the effect under investi-
gation is not well studied and potentially not even described 
for the cell type under investigation. It becomes even more 
challenging once several techniques are implemented to ana-
lyze one effect or in cases where technical variation is com-
parably high (e.g. protein quantification by western blot). 
Moreover, iPSC‐based studies are typically very laborious, 
thus limiting the experimental sample sizes and number of 
repeats feasible in the context of a single study. However, 
choosing appropriate experimental designs a priori and suit-
able analysis methods reduces the risk of identifying effects 
unspecific to the investigated condition, for instance effects 
caused by genetic or epigenetic variability instead of being 
truly disease‐associated. In 2017, Germain and Testa pub-
lished a study demonstrating the importance of these aspects 
by analyzing the effect of sample sizes in iPSC‐based models 
on detecting differentially expressed genes by transcriptomic 
profiling (Germain & Testa, 2017). In this study, the authors 
addressed the high degree of genetic variation between dif-
ferent donors and critically reflected on the common habit in 
the iPSC field to make use of various clones of one donor to 
address this biological variability. The results of their study 
clearly argue for an increase in the number of individuals 
analyzed, although using different clones of one individual 
can be additionally implemented to increase the sensitivity 
of the performed analyses. However, in case of using more 
than a single clone per donor, it is mandatory to carefully 
consider the choice of statistics performed during analysis in 
order to prevent a drastic increase of the false discovery rate 
(Germain & Testa, 2017). In conclusion, careful experiment 
planning, such as to implement isogenic systems whenever 
applicable to mitigate genetic variability from the beginning, 
is mandatory to ensure the validity of data provided by iPSC 
in vitro systems.

In addition to interindividual genetic heterogeneity be-
tween different iPSC donors, genetic heterogeneity in neu-
rons of the same individual is increasingly emerging as a 
further confounder. As revealed by single cell whole genome 
sequencing, neurons accumulate somatic single‐nucleotide 
variants (SNVs) as a result of active transcription or retro-
transposon activity (Coufal et al., 2009; Kurnosov et al., 
2015; Lodato et al., 2015; Muotri et al., 2005). Recent evi-
dence suggests that this process could also be instrumental 
in the development of neurodegenerative diseases such as 
Alzheimer's disease (Lee et al., 2018). It has yet to be ex-
plored whether and to what extent this phenomenon can be 
recapitulated using in vitro systems such as iPSC models.

Despite the obvious advantages offered by iPSC‐based 
approaches , it is important to realize that iPSC models come 
with a number of limitations intrinsic to the current technol-
ogy. In vitro models naturally represent reductionist systems 
and can only serve as proxy for the physiological situation. 
In a typical setting, one would focus on one gene or a small 
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number of variants at a time and analyze a limited number 
of phenotypes. A global assessment of the plethora of the 
disease‐related mechanisms usually exceeds the scope of a 
single study. Also, while some of the phenotypes observed in 
a cell culture scenario may not directly be related to in vivo 
pathogenesis, they can still provide valuable information on 
molecular pathways affected by distinct genetic variants in a 
defined and disease‐relevant human cell type.

A further challenge in iPSC‐based disease modeling is 
that in vitro differentiation protocols may yield variable re-
sults with respect to quality, quantity and purity of the target 
cell population. An illustrative example in the context of PD 
research is the derivation of different populations of mesDA 
neurons from iPSCs by using distinct differentiation para-
digms: While the ‘floor plate protocol’ (Kirkeby et al., 2012; 
Kriks et al., 2011; Nolbrant, Heuer, Parmar, & Kirkeby, 2017; 
Xi et al., 2012) is based on early patterning of the differen-
tiating cells toward a floor plate stage and thus recapitulates 
the developmental origin of primary mesDA neurons, other 
protocols include a rosette‐like stage for expansion of neural 
progenitor‐like cells (e.g. Perrier et al., 2004). A number of 
elegant studies indicate that floor plate‐derived mesDA neu-
rons are superior to dopamine‐like neurons generated from 
expanded NPC populations with respect to both functional-
ity (Kirkeby et al., 2012; Kriks et al., 2011; Steinbeck et al., 
2015) and the induction of disease‐associated phenotypes in 
vitro (Chung et al., 2016). Addressing the topic of cell type 
authenticity, an array of mesDA‐specific markers is typically 
used to characterize in vitro differentiated dopamine neurons, 
including enzymes involved in the synthesis of dopamine 
(TH, AADC), dopamine and monoamine transporter (DAT 
and VMAT, respectively) as well as transcription factors 
that indicate ventral midbrain specification (e.g. LMX1A, 
FOXA2, OTX2) and specificity (NURR1, PITX3, GIRK2, 
ALDH1A1, CALB) (Arenas, Denham, & Villaescusa, 2015). 
It is important to note that none of these factors is specifically 
expressed in mesDA neurons and that only the combined ex-
pression of these markers validates that the generated cell 
types are bona fide mesDA neurons.

Today, developmental specification of human pluripotent 
stem cells (hPSCs) into mesDA neurons is relatively well 
understood. Recent protocols for generating mesDA neurons 
from hPSCs offer the possibility of generating an unlimited 
number of subtype‐specific mesDA neurons in vitro that ma-
ture and are functional after transplantation in vivo (Chen 
et al., 2016; Doi et al., 2014; Kirkeby et al., 2012, 2017; 
Kriks et al., 2011). Importantly, the iPSC‐derived mesDA 
neurons even display characteristics of the PD‐susceptible 
SNpc (A9‐subtype specific) mesDA neurons (Kee et al., 
2017; Kirkeby et al., 2012, 2017; Kriks et al., 2011; Mendez 
et al., 2005). In animal models of PD, transplanted human 
PSC‐derived mesDA neurons have been shown to innervate 
distant target structures and to be functionally similar to bona 

fide mesDA neurons derived from fetal ventral midbrain with 
regard to morphology, marker expression and axonal pro-
jection patterns (Grealish et al., 2014; Hallett et al., 2015). 
Grafted iPSC‐derived mesDA neurons were found to release 
dopamine and reverse motor deficits in animal models of PD 
(Kirkeby et al., 2012; Kriks et al., 2011). Moreover, there is 
evidence that they modulate the glutamatergic input into stri-
atal projection neurons (Steinbeck et al., 2015). Thus, it is 
fair to say that human PSC‐derived mesDA neurons represent 
a suitable in vitro model that recapitulates phenotypical and 
physiological hallmarks as well as functional properties of its 
in vivo counterparts.

In addition to authenticity, maturity of the in vitro gen-
erated neurons is of critical importance. This is particularly 
relevant as neurons differentiated from PSCs typically ex-
hibit maturation stages reflecting an early fetal age. While 
automated cell culture systems can facilitate prolonged cul-
tivation across several months under strictly defined condi-
tions (Terstegge et al., 2006), this strategy severely limits 
feasibility and throughput of disease modeling applications. 
One way to expedite the generation of mature functional 
neurons from PSCs is direct cell fate conversion by forced 
expression of lineage‐specific transcription factors (‘forward 
programming’). For instance, doxycyclin‐induced expres-
sion of neurogenin 2 (NEUROG2) in hESCs is sufficient to 
derive highly enriched neuronal cultures which, after matu-
ration on mouse glial cells, exhibit mature properties of ex-
citatory cortical neurons and even form functional synapses 
with mouse host neurons upon transplantation (Zhang et al., 
2013). Consequently, forward programmed neurons are in-
creasingly employed for modeling neurological diseases. For 
example, the Südhof group utilized genome editing in hESCs 
and subsequent NEUROG2 expression to derive neurons car-
rying knock‐out mutations in the autism‐associated SH and 
multiple ankyrin repeat domains 3 (SHANK3) gene (Yi et al., 
2016) or in the autism‐ as well as schizophrenia‐associated 
neurexin 1 (NRXN1) gene (Pak et al., 2015). The functional 
characterization of these in vitro models revealed phenotypes 
that are characterized by changes in electrophysiological 
properties and/or defects in synaptic function and plasticity 
(Pak et al., 2015; Yi et al., 2016).

As an alternative to forward reprogramming, somatic cells 
such as fibroblasts may be directly converted into ‘induced’ 
neurons (iNs). This approach has been pioneered by the 
Wernig laboratory which initially screened a pool of nineteen 
transcription factors involved in neural tissue development or 
epigenetic reprogramming for their ability to transdifferenti-
ate mouse fibroblasts into neurons (Vierbuchen et al., 2010). 
This set was finally reduced to three factors, which proved 
to be crucial for an efficient fibroblast‐to‐iN conversion: 
achaete‐scute homolog 1 (ASCL1), POU class 3 homeobox 2 
(POU3F2, aka BRN2) and myelin transcription factor 1 like 
(MYT1L), a combination that is now commonly known as 
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‘BAM’ (Vierbuchen et al., 2010). Although overexpression 
of BAM alone was shown to be insufficient to obtain iNs 
from human fibroblasts, adding neurogenic differentiation 
1 (NEUROD1) to the transcription factor cocktail resulted 
in the derivation of mostly excitatory glutamatergic neu-
rons, which expressed mature neuronal and synaptic markers 
after five to six weeks of differentiation and were capable of 
functionally integrating into pre‐existing mouse cortical neu-
ronal networks after co‐culture in vitro (Pang et al., 2011). 
Meanwhile, the iN approach has been refined to induce spe-
cific neuronal subtypes such as induced dopamine neurons 
(iDAs): For generating human iDA, the BAM cocktail or the 
neurogenic transcription factor ASCL1 were combined with 
overexpression of genes associated with the establishment of 
the dopaminergic fate such as nuclear receptor related‐1 pro-
tein (NURR1), LIM homeobox transcription factor 1 A and 
B (LMX1A/B), forkhead box protein A2 (FOXA2) and ortho-
denticle homeobox 2 (OTX2) (Caiazzo et al., 2011; Pfisterer 
et al., 2011; Torper et al., 2013). However, these approaches 
still suffer from a rather low yield of mesDA neurons and are 
limited with regard to the degree of iDA maturation (Caiazzo 
et al., 2011; Pereira et al., 2014; Pfisterer et al., 2011).

A major limitation of the iPSC technology is posed by 
the fact that reprogramming of somatic cells into the plurip-
otent state resets not only the cell's identity but also erases 
its age‐associated epigenetic memory (Horvath, 2013). 
Consequently, iPSCs exhibit embryonic‐like epigenetic 
profiles with only very weak residual aging signatures (Lo 
Sardo et al., 2017), thus posing a severe limitation for mod-
eling age‐related pathologies. As a potential work‐around, 
aging hallmarks (such as shortened telomeres, nuclear mor-
phology abnormalities, global loss of the heterochromatin 
markers, increased mitochondrial ROS production, protein 
oxidation, DNA damage and senescence) may be promoted 
in iPSC‐derived fibroblasts and partially also iPSC‐derived 
mesDA‐like neurons (which otherwise lack these cellu-
lar aging signatures) by overexpression of progerin (Miller 
et al., 2013). This protein represents a truncated variant of 
the nuclear envelope complex component lamin A known to 
be involved in the pathology of the premature aging disease 
Hutchinson–Gilford progeria syndrome (Miller et al., 2013). 
Demonstrating the applicability of this approach for model-
ing late‐onset age‐related disease traits, the Studer laboratory 
showed that ectopic expression of progerin induces various 
aging‐related markers, including dopamine‐specific pheno-
types (e.g. neuromelanin accumulation), in iPSC‐derived 
mesDA neurons (Miller et al., 2013). An alternative to the 
artificial induction of cellular aging in iPSC‐derived neurons 
might be the iN approach (described above), which as such 
bypasses the pluripotent stage and thereby might omit cellu-
lar rejuvenation. For example, Mertens and colleagues found 
that directly converted iNs preserve donor age‐dependent 
transcriptomic signatures after comparing the transcriptomes 

of human fibroblasts, fibroblast‐derived iNs, iPSCs, iPSC‐
derived neurons and brain biopsies from young and aged 
donors (Mertens et al., 2015). Besides transcriptomic signa-
tures, iN preserve the donor cell's age‐associated epigenetic 
memory and other aging hallmarks such as shortened telo-
mere lengths, elevated ROS levels and accumulated DNA 
damage (Huh et al., 2016). Thus, it is not surprising that iNs 
have also entered the arena of disease modeling (reviewed by 
Drouin‐Ouellet, Pircs, Barker, Jakobsson, & Parmar, 2017). 
As a recent example, Huntington's disease (HD) patient fi-
broblasts converted into induced medium spiny neurons 
(iMSNs) were found to exhibit multifaceted mitochondrial 
dysfunctions, leading to oxidative DNA damage and spon-
taneous cell death (Victor et al., 2018). More importantly, 
HD‐iMSNs but not iPSC-derived HD-MSNs were shown to 
develop cytoplasmic and intranuclear mutant Huntingtin ag-
gregates, a key hallmark of the HD pathology. Noteworthy, 
some phenotypes (e.g. mitochondrial dysfunction, proteosta-
sis collapse and cell death) are depending on the patient's age 
and not present in iMSNs of young, pre‐symptomatic HD pa-
tients, thus indicating that iNs constitute a promising tool for 
modeling age‐dependent neurological disorders.

The conventional way of culturing cells as two‐dimen-
sional (2D) cell monolayers is increasingly regarded as lim-
ited when it comes to modeling pathological changes in CNS 
tissue. Here, three‐dimensional (3D) cultivation techniques 
giving rise to self‐organizing entities (‘organoid cultures’) 
appear to be a promising strategy to depict the complexity 
of the brain. Pioneered in the context of cerebral organoids 
exhibiting cortical layer formation (Lancaster et al., 2013; 
Sasai, 2013), this field now moves toward the generation 
of other brain region‐specific organoids as exemplified by 
midbrain‐specific 3D cultures. Junghyun Jo and colleagues 
have recently reported on an experimental approach for es-
tablishing a 3D culture model of the human midbrain from 
hESCs (Jo et al., 2016). They demonstrate that hESCs can 
be differentiated into mesencephalic progenitors, which 
form midbrain floor plate‐like aggregates that differentiate 
in an organized manner (ventricular zone, intermediate zone, 
mantle layer) into mesDA neurons that display physiologi-
cal properties of mature mesDA neurons and form functional 
synapses and neuronal networks. Intriguingly, midbrain‐like 
organoids contained mesDA neurons that produce neurome-
lanin, a pigment emerging in the context of SNpc‐mesDA 
neuron degeneration (Zecca, Zucca, Wilms, & Sulzer, 2003). 
So far, neuromelanin granule formation has only been shown 
for iPSC‐derived mesDA neurons in 2D when progerin was 
overexpressed to mimic cellular aging (Miller et al., 2013). 
Thus, the novel 3D midbrain‐like organoid system may pro-
vide a valuable platform to study the role of neuromelanin 
production in authentic and functional mesDA neurons, 
especially in the context of PD etiopathogenesis. Another 
study further underscores the utility of 3D systems for 
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recapitulating cellular brain architecture: Jens Schwamborn's 
group did not use PSCs, but already pre‐patterned NPCs as 
starting population for the derivation of 3D midbrain floor 
plate‐like aggregates. Using this experimental shortcut, they 
demonstrated emergence of mesDA neurons, astrocytes and 
oligodendrocytes in an organized structure, accompanied by 
formation of synaptic connections and the appearance of my-
elinated axons (Monzel et al., 2017).

Although the current 3D models still suffer from signifi-
cant limitations (e.g. the absence of microglia and vasculature 
in brain organoids and the lack of non‐dopaminergic midbrain 
progenitor domains), they clearly illustrate that neural aggre-
gates and organoids are emerging as an exciting intermediate 
between 2D cultures and an organismic tissue context.

While today's in vitro differentiation protocols can deliver 
iPSC‐derived neurons closely resembling their physiological 
counterparts with respect to marker expression, ion channel 
abundance, neurotransmitter metabolism and cell‐intrinsic 
electrophysiological properties, it is by far more difficult to 
determine their functionality in a complex tissue context. In 
particular, the establishment of the input–output circuitry of a 
specific neuron is impossible to model in vitro as of yet. One 
promising experimental approach toward comprehensive anal-
ysis of circuit formation and synaptic connectivity may be ra-
bies virus‐based retrograde transsynaptic tracing. Employing 
tissue clearing and subsequent light sheet microscopy, this ap-
proach has recently been used to delineate the innervation of 
grafted human neurons within a host mouse brain in a whole‐
mount 3D (Doerr et al., 2017). Intriguingly, rabies‐based 
synaptic tracing has revealed that ventral midbrain‐patterned 
human ESC‐derived progenitor cells after grafting to midbrain 
extend axonal projections toward respective target structures 
in the forebrain and integrate into the host circuitry, resulting 
even in functional recovery in an OHDA‐based PD model 
(Cardoso et al., 2018). Future models might aim at translating 
circuitry back to an in vitro scenario, e.g. via the generation of 
defined neuronal networks in cell culture, which could serve 
as reductionist models for pharmaceutical circuit modulation.

Thus, despite a number of challenges, the current conver-
gence of major advances in cell programming technology, ge-
nome editing and translation of cell culture paradigms from 
2D toward organoids and defined networks provides exciting 
opportunities for the refinement of cell‐based disease model-
ing. It is to be expected that progress along this line will have 
a major impact on increasing our understanding of disease 
pathogenesis, the establishment of human cell‐based drug 
discovery platforms and personalized medicine.
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