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Human neurons to model aging: A dish best served old
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Abstract

With the advancing age of humans and with it, growing numbers of age-related diseases, aging has
become a major focus in recent research. The lack of fitting aging models, especially in
neurological diseases where access to human brain samples is limited, has highlighted direct
conversion into induced neurons (iN) as an important method to overcome this challenge. Contrary
to iPSC reprogramming and its corresponding cell rejuvenation, the generation of iNs enables us
to retain aging signatures throughout the conversion process and beyond. In this review, we
explore different cell reprogramming methods in light of age-associated neurodegenerative
diseases and discuss different approaches, advances, and limitations.
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1. Introduction

Aging is one of the most fundamental biological processes, and by far the most crucial risk
factor for several human age-associated diseases, including cancer, cardiovascular diseases,
diabetes and neurodegenerative diseases [1]. As the numbers of elderly increase, so too does
the need for appropriate human disease model systems to advance our understanding of the
contribution of age to the onset of cellular dysfunction and disease (Fig. 1) [2]. As old age
does not cause disease solitarily, a ‘multiple-hit theory’ appears helpful when trying to better
describe the interface between aging and age-related diseases. Here, several ‘hits’ on a cell
or organism are necessary in order for an age-related disease to unfold, and at least one of
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these ‘hits’ is an aging phenotype, while other ‘hits’ are of genomic predisposition,
environmental factor, or unknown nature [3,4]. Animal models for age-related diseases have
yielded important results, but are limited by comparatively short life spans relative to
humans. While the age-related mechanisms compromising the physiology of a one-month-
old nematode, a two-years-old mouse, and an 80-years-old human might partially overlap,
the transferability of results is not trivial, and is further complicated by differences in
physiology. The discovery of induced pluripotent stem cells (iPSCs) 11 years ago has
sparked the development of numerous human patient-specific disease models. The general
strategy is to reprogram patient and control somatic cells, typically skin fibroblasts, into
iPSCs, and subsequently differentiate them into the target cell type(s) affected by the actual
disease [5]. Improved differentiation protocols have made it possible to generate subtype-
specific and mature neuronal cultures from iPSCs [6-8]. This technology has provided a
unique opportunity to investigate important aspects of neurodegenerative diseases, and has
proven particularly useful for conditions with a strong genetic component [9—11]. However,
biological aging is very complex and in addition to genomic mutations, which contribute a
small fraction to the cellular aging phenotype, also involves changes in epigenetic control,
damage of long-lived cellular structures, impaired energy metabolism, and other cellular
mechanisms [12,13]. During cellular reprogramming however, iPSCs transit an embryo-like
state, which is a highly selective process associated with complete epigenetic remodeling
and immense cell proliferation [14]. Consequently, iPSCs and their derivatives have been
found to be largely rejuvenated [15—17] (Figure 1). This fact makes it very challenging to
study potentially critical aging-associated phenotypes, which are likely instrumental in
sporadic forms of Parkinson’s Disease or Alzheimer’s Disease [18,19]. By contrast, direct
transcription factor-based conversion of fibroblasts into induced neurons (iNs), a technology
invented six years ago, was shown to maintain the cellular age of donor cells (Figure 1), and
therefore appears to be a suitable model to study age-associated diseases of the brain [20—
22]. This review will focus on the opportunities that arise from direct conversion as a
relatively young technology for studying neurodegeneration. In each section, we highlight
one aspect of cellular aging present in iNs, and summarize related work where iNs have
been applied.

2. Aspects of cellular aging

2.1. Epigenetic aging

In the course of a neuron’s lifespan, neurons must preserve their cellular identity over a long
period of time. With advancing age, a cell’s grip on its epigenetic state appears to loosen; a
phenomenon also referred to as epigenetic drift [23,24]. Since the epigenome acts as a
unifying platform for intrinsic as well as extrinsic factors, and in turn controls a cell’s
transcriptional state, epigenetic changes are a major focus in aging research [15,23-27].
During the conversion of fibroblasts to iNs, extensive epigenomic reorganization has been
noted [28,29]. Remarkably however, many epigenetic signatures adopted throughout a
person’s life can be transferred from fibroblasts to iNs. A recent study found that the
epigenetic age (or more precisely termed ‘DNA methylation (DNAm) age’), a distinctive
pattern of DNA methylation marks from which a donor’s age can be predicted, was the same
between iNs and their parental fibroblast [30]. Consequently, DNAm age appears to be at
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least in part unaffected by direct conversion. On the contrary, iPSCs from both young and
old donors consistently show prenatal DNAm age, and retain minimal age-related epigenetic
memory only during initial passages [16]. Consistently, while iPSCs generated from young
and old donors don’t show significant age-related gene expression changes, iNs and
fibroblasts show comparable numbers of genes significantly differentially expressed by age
[31]. Importantly, iNs displayed a seven-fold increase in overlap with human brain aging
genes compared to their parental fibroblasts, and also presented age-dependent regulation of
gene categories previously noted in the aging human brain [31,32]. Taken together, direct
conversion represents an interesting model to study aging-related epigenetic drift, as it
enables the visualization of aging-specific epigenetic changes in different cell types from the
same donor Another upcoming technology to generate human neural cell types is the direct
conversion of fibroblasts into induced neural stem cells (iNSCs), which represents a hybrid
technology of direct cell type conversion and reprogramming [33-36]. Interestingly, while
iNSCs have been shown to erase age-associated epigenetic signatures similar to iPSCs,
iNSCs appear to be stuck at a DNAm age of around five years, and extensive passaging does
not further decrease iNSCs” DNAm ages [37]. Considering that passaging of immortalized
fibroblasts increases their mDNA age several folds faster than in vivo [38,39], these results
indicate that DNAm age is not a direct function of replicative aging or dilution of age-related
damage through cell division, and provides fascinating insights into how cell identity and
age appear to be interdependent. Now, more work needs to be done to fully exploit the
potential of iNs to study epigenetic aging in the postmitotic cellular state. The methylation
marks that constitute the epigenetic clock only represent a minor fraction of age-related
epigenetic marks on the human genome. Further, they do not directly account for changes in
histone modifications, nucleosome positioning, and nuclear architecture, all of which impact
chromatin accessibility and gene expression. iNs represent an interesting model system to
explore aging-related epigenetic changes that are consequential for cellular fitness. Further,
single-cell sequencing techniques provided insight into a loss of cellular fitness triggered by
accumulated mutations and transcriptional noise [40,41]. The extent of this transcriptional
noise, and the transcriptional consequences of erosion of epigenetic marks in age-related
diseases in iNs, further remain to be investigated.

2.2. Proteins and aging

Age-related loss of cellular proteostasis mechanisms and accumulation of age-related
damage on long-lived proteins have been regarded as major contributors to cellular aging
[42], and have both been in the focus of studies using iNs [31]. In contrast to iPSCs, the iN
conversion process does not involve any cell divisions, thus preventing the dilution of aged
macromolecular structures that have accumulated damage over time. Further, iN conversion
is a rather non-selective and therefore highly efficient process, as a fraction of typically
>50% of the starting cells actually convert into neurons, which is by far less selection
pressure than during iPSC reprogramming, which typically performs at <1% efficiency [43].
iNs thus represent an interesting model to study aging-related signatures that relate to the
accumulation of damaged protein structures.

Recently, a model of Huntington’s Disease of directly induced medium spiny neurons
(MSNs5) showed that mutant huntingtin (mHTT) spontaneously aggregates specifically in
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neurons from patients, but not in their corresponding fibroblasts or iPSC-derived
counterparts. [44]. This is an important finding, as earlier attempts to model Huntington’s
Disease with iPSC-derived MSNs did not result in spontaneous mHTT aggregates [45].
Interestingly, the difference between these two models can be attributed to the inherent age-
related collapse in proteostasis found in the induced MSNss, but not in their iPSC-derived
counterparts [44].

Recently, nuclear pores have moved into the spotlight as potential drivers and/or targets of
age-related dysregulation of protein quality. Nuclear pore complexes consist of proteins, the
so-called nucleoporins, which are incorporated into the nucleus during mitosis. They
regulate nucleo-cytoplasmic compartmentalization of nucleic acids and proteins within cells,
and function as an anchor point for gene regulation, transcription, and global nuclear
organization [46]. Nucleoporins represent a central target for aging, because they are
exceptionally long-lived proteins, and were shown deteriorate and become ‘leaky’ with
progressive aging [47-49]. As iNs are induced directly from fibroblasts without cell
division, aging features encoded at the nuclear pore level are preserved: In the first study
describing age-retention in iNs, we detected an age-related loss of nucleo-cytoplasmic
compartmentalization, meaning that proteins from the cytoplasm enter the nucleus and vice
versa. Interestingly, both fibroblasts and iNs showed age-related nuclear pore dysfunction
similar to the age-dependent loss of the importin-f3 family transport factor RanBP17, while
iPSCs did not [31]. In another study, direct reprogramming of fibroblasts was used to
generate induced motor neurons (MNs) as an age-equivalent in vitro model for MN diseases
[50]. In contrast to iPSC-derived MNss, the aging hallmarks of old donors were conserved in
their corresponding induced MNss, including increased DNA damage, loss of
heterochromatin, and changes in nuclear morphology. Nuclear structural protein LaminB1
displayed folded structures and blebbing in the nuclear envelope of induced MNs from old
donors, but not in iPSC-derived MNs from the same donors [50]. Further, tau protein has
been shown to interact with the nuclear pore complex, with pathological tau leading to
dissociation of nucleoporins and impaired nuclear transport [51]. Also, in two independent
iN models for amyotrophic lateral sclerosis (ALS), one based on C9orf72 repeat-expansion
patients and the other on FUS mutation-carrying patients, nucleocytoplasmic mislocalization
of RCC1/RanGEEF or FUS were reported [52,53].

2.3. Energy metabolism and aging

Despite its comparatively small size, the brain consumes around 20% of the body’s energy
[54]. During the differentiation of a neuron from stem cells, newborn and developing
neurons undergo a metabolic switch in order to fulfill this huge energy demand. Neural stem
cells and progenitors rely on glycolysis, reflected by high levels of glycolytic genes such as
HK2 or LDHA. During differentiation, metabolic regulators like PGC-1a or ERRY facilitate
the expression of genes involved in mitochondrial biomass generation, tricarboxylic acid
cycle and the electron transport chain. This metabolic switch allows for high rates of
oxidative phosphorylation (OXPHOS) within mitochondria, ultimately generating
approximately 18 times as much ATP as glycolysis would provide [55,56]. The
downregulation of glycolysis during the differentiation process is crucial for neuronal
specification and survival, and forced overexpression of glycolysis genes in neural
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progenitor cells results in their inability to differentiate [56]. This highlights the dramatic
importance of cellular metabolism for neural function, and further, age-related mitochondrial
dysfunction has been well documented as a common component of neurodegenerative
diseases, like Parkinson’s disease or Alzheimer’s disease [57,58]. Consistently, iNs derived
from old donors show marked decreases in the expression of mitochondrial genes and show
dysfunctional OXPHOS, accompanied by decreased mitochondrial membrane potential,
morphological changes of neuronal mitochondria, and low levels of ATP [59]. These
changes were not present in rejuvenated iPSC-derived neurons from the same donors, and
were found to be only weakly developed in glycolysis-dependent fibroblasts. In addition to
compromised energy supply, mitochondrial aging is further associated with elevated levels
of reactive oxygen species, which in turn further damage the mitochondria and also other
cellular structures such as long-lived protein complexes and genomic DNA [59]. Neurons
are particularly susceptible to DNA damage that can be caused by ROS, as they are post-
mitotic and therefore lack division-mediated DNA repair (20), making them dependent on
other repair mechanisms, such as the NAD* dependent DNA repair machinery to maintain
genome stability [60]. This connection is also highlighted by diseases that involve inefficient
DNA repair, which in turn results in NAD* shortage and metabolic dysfunctions [61,62].
Increasing DNA mutation rates with age suggests similar mechanisms apply in normal
aging, as caloric restriction or supplementation of NAD+ precursors have been shown to
increase lifespan of mice or other model animals, further stressing the importance of cellular
energy homeostasis in old age [63—66]. Thus far, studies have shown that iNs show age-
related accumulation of ROS and elevated DNA damage represented by long comet tail
lengths [30,50], together suggesting that age-related neuronal metabolic dysfunctions can be
studied in the iN system. Further studies will aim to explore metabolic aging in human
neurons to better understand how the age-related increase of ROS and a global cellular
energy crisis underlie the neuronal sensitivity for DNA damage in the aging human brain in
order to help determine where mechanistic intervention is possible.

3. iPSC-based models to identify age-related disease triggers

iNs are just entering the stage as a model system for age-related neurodegenerative
disorders. Although they are rapidly being appreciated as a highly useful model that allows
investigators to perform studies in an age-equivalent human neuronal context, the most
widely used in vitro models in neurodegeneration research remain iPSC-based.

Most genetic or sporadic neurodegenerative diseases do not affect young people, but are
thought to rely on one or more age-related triggers that jump-start or permit the development
of a pathogenic cascade. Obviously, identification and interference with those triggers holds
a tremendous biomedical potential. In this context, the rejuvenated identity of iPSCs, thus
far seen as a hurdle for aging research, might turn into a particular strength. The first
generation of iPSC-based disease models for neurodegenerative diseases typically detected
no disease-associated phenotypes in normal culture conditions. For example, antioxidant
culture supplements had to be omitted from dopaminergic neurons to model phenotypes
associated with Parkinson’s disease [67]. Further, glutamate-based overexcitation or
oxidative stress have been used to tease out patient-specific neuronal dysfunctions, including
aggregate formation in iPSC models for Huntington’s Disease, spinocerebellar ataxia, or
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Parkinson’s Disease [45,68,69]. Additionally, pharmacological insults were shown to
increased proteostasis-related defects in ALS iPSC-derived MNs [70]. These studies have
demonstrated the unique value of iPSC-based models for exploring neurodegenerative
diseases, as they allow for the detection of patient- and disease-specific cellular phenotypes.
However, these studies also emphasized that iPSC-derived neurons represent prenatal
neurons that lack both adult neuron-specific identity as well as aging-related signatures, both
of which are thought to be essential for modeling age-related diseases, and thus rely on an
exogenous trigger to elicit disease-specific phenotypes. Following this concept, laboratories
have started to more generally induce ‘age’ rather than one particular ‘stressor’ in their
iPSC-based models (Figure 1). Using overexpression of the premature aging-associated
protein progerin, which impairs nuclear envelope structures, dopaminergic neurons from
Parkinson’s patients developed increased changes in nuclear morphology including folding
and blebbing as well as DNA damage, mtROS and breakdown of established neurites, while
no comparable phenotypes were observed without progerin-mediated age induction [18].
Similarly, inhibition of telomerase during the stem cell stages was used to generate neurons
with short telomeres that manifested aging- and disease-related phenotypes in otherwise
rejuvenated iPSC-derived neurons [19]. Further, induction of DNA damage with chemical
stressors resulted in dysfunction of DNA damage repair and increased ROS among others
phenotypes [71]. It appears conceivable that these ‘age-inducing’ strategies might more
broadly simulate aging than, for example, a ‘proteostasis-only’ approach. However, the
concept of adding ‘old age’ piece by piece, and in different combinations into rejuvenated
neurons until a disease-defining phenotype is detected, appears to warrant a more systematic
approach, and such experiments, however, could help elucidate the most upstream and
disease-relevant aging triggers that permit and promote the variety of age-related
neurodegenerative diseases (Figure 1).

4. Outlook

The possibility of directly converting human fibroblasts into various neuronal cell types
represents a fascinating opportunity for studying age-related diseases, as iNs retain a broad
spectrum of aging signatures which their iPSC-derived counterparts are lacking. Age-related
neurodegenerative disorders often follow certain stages of development where some brain
regions are affected earlier than others, and some diseases even exclusively affect certain
brain regions. It thus appears conceivable, that different neuronal subtypes show differential
susceptibility to aging mechanisms — they might age differently. Midbrain dopaminergic
neurons might be specifically vulnerable to mitochondrial aging, while cortical excitatory
neurons might have trouble coping with age-related nuclear pore deterioration in particular
[48,72]. While yet this notion remains mainly speculative, iNs represent an excellent
opportunity to address this concept experientially, as protocols for the conversion of human
fibroblasts into several specific neuronal subtypes using co-expression of region-specific
transcription factors have been developed [73-75].

One major challenge to overcome in this model, however, is the limitation of cell numbers.
Contrary to the inexhaustible cell source for the generation of iPSC derivatives, the cell
source for iN experiments are adult human skin fibroblasts. Since fibroblasts are the only
proliferating cell type during direct conversion and their expandability is limited to typically
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under 20 — 30 passages, high conversion efficiencies and optimized downstream protocols
are necessary. Indeed, the translation of direct conversion into pharmacological drug
discovery faces exactly these obstacles, as large-scale high-throughput drug screenings
require multiple hundreds of millions of cells. Where iPSC-derived neurons can be relatively
easily generated, generating the same number of iNs currently represents a challenge.
Additionally, as proliferating precursor cells that recapitulate human development are
lacking during direct conversion, an iN model for an organoid-like 3D system appears
technically harder to obtain. Further, in addition to neurons, glial cell types such as
astrocytes, oligodendrocytes and microglia play pivotal roles in neurodegenerative diseases.
It will thus be important to develop age-retaining human direct conversion strategies for glial
cells in order to study aspects of age-related diseases that are not autonomously present in
neurons [76]. Next, even though one of the major strengths of iNs is the possibility to
generate neurons from large cohorts of patients, targeted genetic studies might also become
important in several cases. Here, the lack of a clonal and proliferating intermediate during iN
conversion limits the applicability of classical genetic tools such as zinc finger nucleases,
adeno-associated viruses, TALENs and CRISPR. However, new optimized tools that have
high-efficiencies, low off-target effects, and that can be packaged into viruses are becoming
available right now [77-80].

Taken together, new technologies that are advancing towards ‘low-input-big-data’ strategies,
complex 3D culture systems, and precise and efficient (epi)genetic tools, will all ultimately
also benefit iN studies to better understand age-related diseases of the nervous system and to
define new treatment strategies.
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Figure 1 |. Direct iN conversion and iPSC reprogramming to study neuronal aging and age-

related diseases.

Cultures of functional human neurons can be generated via direct conversion of human

somatic cells into induced neurons (iNs), as well as via iPSC reprogramming and

differentiation. Directly converted iNs from fibroblasts from elderly humans preserve key

features of cellular aging and are in many aspects considered an ‘age-equivalent’ reflection

of an old person’s brain cells. As a result, iNs represent a new and upcoming model system

to study cellular and molecular aspects of brain aging, as well as of age-related diseases in a

patient-specific context. By contrast, iPSC reprogramming is associated with a widespread

rejuvenation of cellular and molecular aging phenotypes, as iPSC-derived neurons even from

very old human donors resemble rejuvenated and prenatal-like ‘baby’ neurons. Extended in

vitro or in vivo culture of iPSC derivatives as monolayers or 3D cultures could lead to

cellular phenotypes that more closely resemble adult or even aged cells. Further, rejuvenated

iPSC-derived neuronal cultures can be ‘made old’ by the application of age-inducing

stressors; a strategy that might help to uncover aging-related triggers of diseases.
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