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When rejuvenation is a problem: challenges of modeling late-
onset neurodegenerative disease
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ABSTRACT
In contrast to the successful modeling of early-onset disorders using
patient-specific cells, modeling of late-onset neurodegenerative
diseases such as Parkinson’s disease remains a challenge. This
might be related to the often ignored fact that current induced
pluripotent stem cell (iPSC) differentiation protocols yield cells that
typically show the behavior of fetal stage cells. Acknowledging aging
as a contributing factor in late-onset neurodegenerative disorders
represents an important step on the road towards faithfully recreating
these diseases in vitro. Here, we summarize progress in the field and
review the strategies and challenges for triggering late-onset disease
phenotypes.
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Introduction
Age is the primary risk factor for many human pathologies,
including neurodegenerative disorders, which represent a major
cause of mortality and disability among elderly people. The global
aging trend in most modern societies, owing to the continuous
increase in longevity and a decrease in fertility, highlights the
importance of developing better models for these diseases.
Although genetically engineered mice can model some aspects of
human brain aging, these animals generally do not recapitulate the
full neuropathological or clinical phenotypes seen in humans.
Moreover, mice do not spontaneously develop neurodegenerative
disorders, suggesting that such diseases are largely human specific
(Jucker, 2010). An additional impediment to studying human
diseases of the nervous system is the limited accessibility of human
brain tissue to direct observation or manipulation.
Given these challenges, human induced pluripotent stem cell

(iPSC) technology appears to be an ideal alternative platform for
recreating human disease in vitro. There has been considerable
success in modeling early developmental disorders of the nervous
system such as spinal muscular atrophy, familial dysautonomia or
primary herpes simplex encephalitis (Ebert et al., 2009; Lee et al.,
2009; Lafaille et al., 2012), among many others. By contrast, the
modeling of late-onset disorders has often failed to faithfully
recapitulate the late-stage features of the disease phenotypes, such
as macromolecular protein aggregates (plaques) or the progressive
deterioration of neuronal structures resulting in cell death (Srikanth
and Young-Pearse, 2014). The difficulties in modeling late-onset
disease phenotypes may be related to the reset of donor age in
human pluripotent stem cells (hPSCs) following reprogramming
(Suhr et al., 2010; Lapasset et al., 2011; Mahmoudi and Brunet,
2012; Frobel et al., 2014). The resulting hPSCs give rise to cells that

typically show the behavior of fetal stage cells following in vitro
differentiation. We have recently proposed that aging should be
incorporated as an independent factor for the in vitro modeling of
late-onset diseases. In a first such attempt, we hijacked the
molecular mechanisms responsible for Hutchinson–Gilford
progeria syndrome (HGPS), a premature aging disorder, to model
late-onset degenerative features of Parkinson’s disease (PD) in an
iPSC-derived lineage (Miller et al., 2013).

In this Spotlight article we summarize different models and
strategies for triggering late-onset diseases, with a special focus on
PD, and discuss the future prospects for accelerating aging as an
integral part of iPSC-based disease modeling.

Aging, reprogramming and beyond
Reprogramming of somatic cells into iPSCs (Takahashi and
Yamanaka, 2006), with embryonic stem cell-like properties, can
be conceptually compared to the reset that occurs during
fertilization in vivo. It is thought that factors in the egg are crucial
for reprogramming the ‘old’ genome of the male gamete to
eventually create a ‘young’ embryo. In fact, several studies have
shown that, in addition to the acquisition of pluripotent properties,
reprogramming resets aspects of cellular and molecular aging
including telomere lengths and mitochondrial fitness (Marion et al.,
2009; Suhr et al., 2010). We have recently shown (Miller et al.,
2013) that iPSCs derived from old fibroblasts no longer present
abnormal nuclear morphologies and age-associated features such as
DNA damage foci, increased reactive oxygen species (ROS),
reduced levels of a set of nuclear organization proteins and loss of
heterochromatin markers. Importantly, upon differentiation of
these iPSCs into fibroblast-like cells, the differentiated cells also
exhibit a ‘young’ phenotype, corroborating that reprogramming has
permanently reset the aging status of these cells.

Studying diseases in vitro generally requires the differentiation
of patient-specific iPSCs into differentiated, disease-relevant cell
types. Differentiation protocols to obtain cell types of interest from
human iPSCs typically take weeks to several months but still only
generate immature, embryonic-like cell types. For instance, iPSC-
derived neurons have been shown to match the first trimester stage
of human development (Mariani et al., 2012). In the case of
midbrain dopamine neurons, a cell type that requires approximately
30 days for cell fate specification, full maturation requires periods of
several months to generate functional neurons capable of rescuing
dopamine deficits in animal models of PD upon transplantation
(Kriks et al., 2011). The process of maturation is distinct from aging
and is defined as the gain of full functionality of a given cell or
tissue. Maturation is typically completed by early adulthood. By
contrast, aging is defined as the time-driven loss of physiological
proficiency that determines the functional decline from adulthood to
death.

Current iPSC differentiation protocols yield cells that are both
‘immature’ and ‘young’. In the case of maturation, obtaining fully

Developmental Biology, Center of Stem Cell Biology, Memorial Sloan Kettering
Cancer Center, New York, NY 10065, USA.

*Author for correspondence (studerl@mskcc.org)

3085

© 2015. Published by The Company of Biologists Ltd | Development (2015) 142, 3085-3089 doi:10.1242/dev.120667

D
E
V
E
LO

P
M

E
N
T

mailto:studerl@mskcc.org


functional cells within a reasonable time frame remains an
important issue for disease modeling, drug screening and,
eventually, any downstream translational applications. However,
even after full maturation is achieved, cells are phenotypically still
young. The ‘young’ identity of iPSC-derived cells represents a
scientific challenge for modeling diseases that appear only late in
life.

Late-onset disease modeling: insights from Parkinson’s
disease
The establishment of reliable models for age-related
neurodegenerative diseases, such as PD, is crucial for the
development and testing of novel therapeutic strategies. PD, the
second most common neurodegenerative disease, is characterized at
the cellular level by the loss of dopamine (DA) neurons within the
substantia nigra. Surviving DA neurons progressively accumulate
α-synuclein, eventually resulting in the formation of Lewy bodies.

The main symptoms associated with PD are resting tremor, rigidity
and slowness of voluntary movements (Goedert et al., 2013).

Traditionally, PD has been modeled in animals. There are two
main categories of animal models: neurotoxic models, via injection
of compounds that selectively kill DA neurons; and genetic models,
which target PD-related genes (Fig. 1). Animal models can be very
useful, as they allow the disease to be explored over time at the
organismal level and may enable behavioral studies to monitor
disease symptoms. Some genetic mouse models of PD show α-
synuclein aggregation, mitochondrial dysfunction or mild deficits
in dopamine transmission or behavioral impairments (Lee et al.,
2012b; Le et al., 2014). However, there is no animal model that fully
captures the molecular mechanisms, pathophysiology, progressive
nature and clinical symptoms of the human disease. In particular,
genetic PD mouse models generally do not recapitulate the
degeneration of DA neurons within a reasonable time window –
perhaps due to the substantial difference in lifespan between human
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Fig. 1. Late-onset disease modeling: cues from Parkinson’s disease. Schematic illustration of mouse and iPSC models of PD and strategies used to trigger
PD phenotypes. These strategies include, in the case of mouse models, the manipulation of PD-related genes (genetic) or toxin-induced neuronal loss using
compounds, such as MPTP or 6-hydroxydopamine, that specifically target mDA neurons (neurotoxic). Current genetic models in the mouse or other model
organisms allow for mechanistic studies on molecular and biochemical changes associated with a given PD-related gene. However, few of these genetic models
show evidence of neuronal degeneration and, even less so, of degeneration in mDA neurons, a cell type particularly and characteristically affected in the human
disease. However, a key feature of PD animal models is the ability to study behavioral phenotypes (highlighted in yellow), a feature particularly prominent in
neurotoxic models of disease. The iPSC models are based on the study of genetic susceptibility in patient-specific PD iPSC-derived lineages. Most monogenic
PD iPSC models can recreate some of the biochemical changes associated with the specific genetic defect. However, in order to measure disease-related
phenotypes such as hypersensitivity to toxins (highlighted in purple) or age-associated features (highlighted in red), additional extrinsic factors are required.
These include stress paradigms such as exposure to CCCP, rotenone or hydrogen peroxide or novel ‘aging’-inducing tools to trigger late-onset disease
phenotypes.
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and mouse. By contrast, neurotoxic models can induce an acute
degeneration of DA neurons but are far from reproducing the
physiological development of the disease (Fig. 1). In addition to
these scientific challenges of modeling PD in the mouse, generating
transgenic mice is also a slow and expensive process (Merkle and
Eggan, 2013; Le et al., 2014).
Considering the lack of an accurate animal model, hPSC lines

derived from affected patients appear to provide the desired tool to
model a wide range of human diseases – particularly since the
technology enables differentiation to potentially any cell type, and
hence analysis in the disease-relevant target cell of interest. Indeed,
such iPSC-based disease models are rapidly developing into a key
platform for drug discovery and preclinical testing of candidate
compounds (Lee et al., 2009, 2012a; Merkle and Eggan, 2013;
Wainger et al., 2014). In the case of PD, recent studies have
demonstrated that neurons derived from patient-specific iPSCs
could successfully reproduce several disease-related phenotypes
such as increased α-synuclein levels, mitochondrial dysfunction
and hypersensitivity to toxins such as compounds that trigger
mitochondrial stress or ROS (Byers et al., 2011; Devine et al., 2011;
Seibler et al., 2011; Soldner et al., 2011; Cooper et al., 2012;
Imaizumi et al., 2012; Liu et al., 2012; Sánchez-Danés et al., 2012;
Miller et al., 2013; Reinhardt et al., 2013; Su and Qi, 2013; Sanders
et al., 2014; Woodard et al., 2014). Most of these models showed
evidence of biochemical changes that are directly dependent on the
disease-specific genetic defects (Fig. 1). For example, patient-
specific iPSC-derived neurons with an α-synuclein gene (SNCA)
triplication show increased accumulation of α-synuclein, which is
the main component of the Lewy bodies (Byers et al., 2011). PD
iPSC-derived DA neurons mutant for the mitochondrial kinase
PINK1 show changes in mitochondrial function (Seibler et al.,
2011). iPSC-derived midbrain dopamine (mDA) neurons that carry
the G2019S mutation in the leucine-rich repeat kinase 2 (LRRK2)
gene showed evidence of reduced neurite length (Reinhardt et al.,
2013). However, age-associated features such as neuromelanin
accumulation and age-dependent disease phenotypes including
neuronal degeneration or the accumulation of Lewy body-like
structures could not be observed in most of these models (Fig. 1).
The difficulty of detecting late-onset disease phenotypes in iPSC-
based models is even more challenging in sporadic disease with
unknown contribution of genetic versus environmental factors.
Given that age is the key PD risk factor not taken into account in

current PD iPSC models, the next logical step would be to develop
strategies to induce ‘age’ in iPSC-derived neurons. Such induced
aging paradigmsmay convert cells from a default fetal stage towards
a more aged-like status capable of exhibiting late-onset features of
the disease that only occur in ‘old’ PD individuals.

Strategies for triggering late-onset diseases
The etiology of neurodegenerative diseases is thought to be
multifactorial, with both genetic and environmental factors
contributing to their onset and progression. A late onset indicates
that the genetic mutation provides susceptibility but is not sufficient
to trigger the disease. Interestingly, the severity of a mutation can
also be directly correlated with an earlier disease onset, as in the case
of the dominant autosomal form of PD associated with the SNCA
locus. SNCA gene dosage is known to influence disease onset and
progression in patients, with triplications causing earlier onset and
more rapid progression than disease alleles associated with lower
increases in SNCA expression (Byers et al., 2011). In any case, aging
is required for the development of any late-onset disease. During the
aging process there are a number of cellular alterations, such as the

accumulation of misfolded proteins, mitochondrial dysfunction and
increased levels of ROS, that may contribute to the development or
potentiate the symptoms of aging-related diseases (Keating, 2008).
Additional external factors, including lifestyle or exposure to
pesticides and other chemicals (Chin-Chan et al., 2015), are linked
with disease risk, while most likely triggering some of the age-
associated cellular changes. In an effort to mimic the stress-induced
changes that can occur in cells during normal aging, several iPSC-
derived models of late-onset diseases use exposure to toxins
(Fig. 1), including hydrogen peroxide, which induces the
production of ROS, or compounds that trigger mitochondrial
stress such as CCCP or rotenone (Byers et al., 2011; Cooper et al.,
2012).

Current theories of aging can be classified into programmed
versus damage- or error-induced aging. The concept of programmed
aging implies regulation by intrinsic mechanisms, such as changes
in gene expression, that affect the systems responsible for tissue
homeostasis and repair. By contrast, the concept of damage- or
error-induced aging argues for the main culprit being cumulative
damage such as ROS, cross-linked macromolecules, DNA damage,
and altered energy machines (Jin, 2010). Neither of these two
theories can alone fully explain the phenomenon of aging, as there is
still no consensus on the specific molecular and biochemical
mechanisms of organismal aging. Exposing iPSC-derived models
to toxins is an attempt to reproduce aging under the scope of the
‘error theories’. The alternative approach to recreate aging is by
altering specific genes or functional pathways involved in aging,
hence considering aging under the ‘programmed theories’ point of
view. The specific pathways to be altered could include genetic or
pharmacological strategies to shorten telomeres, the induction of
heterochromatin loss, prompting mitochondrial dysfunction, the
induction of cellular senescence or triggering the accumulation of
damaged or inappropriately folded proteins (López-Otín et al.,
2013). A key question is whether any of these manipulations
triggers a broad ‘age-inducing’ response or is limited to inducing the
specific hallmark associated with their function.

Human progeroid syndromes (in which patients display
premature aging) such as HGPS, dyskeratosis congenita, ataxia
telangiectasia, Werner syndrome (WS), Bloom or Cockayne
syndrome can provide additional clues about the mechanisms that
control aging. For example, a recent publication links WS, a
premature aging disorder associated with telomere shortening and
defects in DNA repair, to a defect in heterochromatin maintenance,
suggesting heterochromatin loss as a potential driver of aging
(Zhang et al., 2015). The various pathways triggering progeroid
syndromes might be particularly suitable to trigger premature aging-
like cellular phenotypes. Interestingly, several iPSC models of
progeroid syndromes have demonstrated a reset of the age-
associated phenotypes upon reprogramming but that cells rapidly
reacquire the aging-related cellular features upon differentiation
(Agarwal et al., 2010; Batista et al., 2011; Liu et al., 2011; Zhang
et al., 2011; Andrade et al., 2012). These results suggest that the
molecular mechanisms underlying progeroid syndromes could
potentially be harnessed in iPSC-based models as age-inducing
tools.

Taking one additional step forward, we have recently presented a
strategy to genetically trigger aging-like features in iPSC derivatives
towards the goal of modeling of a late-onset disease based on the
premature aging syndrome HGPS (Miller et al., 2013). In HGPS
patients, progerin, which is a mutant form of the nuclear scaffold
protein lamin A, accumulates in the nuclear membrane and in turn
triggers changes in nuclear morphology, chromatin organization,
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heterochromatin, DNA damage response, cell cycle, gene
transcription, and telomere maintenance (Dechat et al., 2009).
Using a model of PD, we engineered the overexpression of progerin
in iPSC-derived mDA neurons, the cell predominantly affected in
PD. Progerin expression in neurons induced both general aging-
associated phenotypes, such as accumulation of DNA damage and
ROS, as well as features more specific to neuronal aging. We
observed that progerin-treated mDA neurons present shorter
dendrites, a transcriptome compatible with a neurodegenerative
process, and the accumulation of neuromelanin, an mDA neuron-
specific, age-related pigment. Moreover, progerin overexpression in
PD iPSC-derived neurons could synergize with the genetic
vulnerability of these cells to trigger relevant phenotypes such as
the loss of tyrosine hydroxylase expression and the formation of
inclusion bodies, mimicking disease progression (Miller et al.,
2013) (Fig. 1). Interestingly, neurons are thought to express only
low levels of progerin compared with other cell types such as
fibroblasts. Furthermore, a recent study reported that the ectopic
expression of progerin in the mouse brain induces structural nuclear
abnormalities without significant alterations in gene expression or
mouse behavior (Baek et al., 2015). Therefore, it remains to be
determined whether progerin expression levels, neuronal subtype
identity or mouse versus human origin can explain the presence
versus absence of age-related neuronal phenotypes. More
importantly, it remains an open question to what extent the aging
phenotype induced by progerin mimics physiological or
pathological aging. In this regard, alternative strategies, the
alteration of which might be more closely associated to
physiological aging, such as telomere shortening or
heterochromatin loss, should be tested for their ability to induce
age-related phenotypes in iPSC-based late-onset disease models.

Conclusions and perspectives
The dream of rejuvenation is as old as humankind. The cellular
rejuvenation response observed during reprogramming of somatic
cells to iPSCs represents a proof of concept that many aspects of
cellular aging are reversible. In fact, the iPSC paradigm could
provide a new platform to study mechanisms of both aging and
rejuvenation. The ultimate goal of such studies is the identification
of drug targets that can slow down or potentially reverse aging
phenotypes. Such studies could have important implications for the
treatment of age-associated pathologies and might yield novel
classes of cosmetic products or strategies that lead to actual
extension of human lifespan. Although considered controversial by
some, there are clear benefits to such goals, and most would see
relief from aging phenotypes as a desirable outcome. However,
what if we accelerate the clock and trigger aging instead of reversing
or slowing the process? Beyond the famous quote “Live fast, die
young and leave a good-looking corpse” (from the 1947 book
‘Knock on Any Door’ by Willard Motley) there seems to be no
obvious benefit in learning how to induce aging. Our Spotlight
article argues that there is at least one tangible benefit from such an
effort: the modeling of late-onset neurodegenerative diseases using
human iPSCs (Fig. 1).
Here, we propose that cellular aging strategies can and should be

added as an important parameter in order to obtain age-appropriate
cell types from iPSCs. However, a fundamental challenge for the
concept of induced aging is the assumption that a small set or,
ideally, one key driver of aging will allow us to fast-forward cellular
life. Although this assumption appears to be correct in the case of
human progeroid syndromes, normal aging might elude such a
simplistic notion. An obvious alternative could involve the

derivation of the desired cell type from affected individuals
without erasing cellular age, either by finding strategies that
decouple cell fate reprogramming from the rejuvenation process or
by direct reprogramming techniques that bypass the iPSC state. We
are uncovering only the first few pieces of a much larger puzzle that
is yet to be explored on our journey of using iPSCs in human disease
modeling and drug discovery. An important parallel track that has
emerged on this road is the question of cellular rejuvenation and
aging. The future will reveal whether these two tracks can merge to
form a larger highway that will ultimately lead us to solutions for
some of the most devastating of human disorders.
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