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Abstract: Human induced pluripotent stem cells (hiPSCs) are invaluable tools for research into the

causes of diverse human diseases, and have enormous potential in the emerging field of regenerative

medicine. Our ability to reprogramme patient cells to become hiPSCs, and to subsequently direct

their differentiation towards those classes of neurons that are vulnerable to stress, is revealing how

genetic mutations cause changes at the molecular level that drive the complex pathogeneses of

human neurodegenerative diseases. Autophagy dysregulation is considered to be a major contributor

in neural decline during the onset and progression of many human neurodegenerative diseases,

meaning that a better understanding of the control of non-selective and selective autophagy pathways

(including mitophagy) in disease-affected classes of neurons is needed. To achieve this, it is essential

that the methodologies commonly used to study autophagy regulation under basal and stressed

conditions in standard cell-line models are accurately applied when using hiPSC-derived neuronal

cultures. Here, we discuss the roles and control of autophagy in human stem cells, and how autophagy

contributes to neural differentiation in vitro. We also describe how autophagy-monitoring tools can

be applied to hiPSC-derived neurons for the study of human neurodegenerative disease in vitro.
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1. General Introduction

The autophagy cytoplasmic quality control system supports the function and survival of diverse

cell-types within most if not all tissues in the body. It is upregulated in response to environmental and

cellular stresses, and consequently provides protection against most of the significant human diseases

including cancer, neurodegeneration, cardiovascular disease, and diabetes. While work continues

to map the cellular general signalling pathways that contribute to the initiation and coordination of

autophagy responses to a variety of internal and external triggers, we are now entering an applied

phase that requires an appreciation of autophagy regulation in those cells and tissues that are directed

affected by disease. The expectation is that the basic control elements will be identical across different

cells/tissues (e.g., the core autophagy machinery represented by the AuTophaGy-associated (ATG)

family of proteins), but we are learning that specific cell-types possess distinct autophagy regulatory

inputs at the transcriptional and post-translational levels. This raises an important question: how

can we study the intricacies of autophagy control in defined, disease-linked human cell-types in vitro,

while assuring the molecular accuracy of appropriate model systems? The application of human stem

cell-derived model systems promises to provide the solution to this important challenge.

It is generally accepted that autophagy plays a vital protective role in brain. Targeted depletion of

core autophagy genes in mouse models leads to progressive neuronal loss, often preceded by neuronal
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dystrophy, and often associated with the build up of toxic intra- and extra-cellular protein aggregates

(reviewed in [1]). Tellingly, defects in autophagy pathways—including those caused by specific

autophagy-specific patient mutations—have been strongly linked with neurodegenerative diseases

in humans [1]; meanwhile, increasing autophagy activity in mouse models of neurodegenerative

disease (e.g., Parkinson’s disease (PD)), can slow or prevent the progress of pathology (e.g., [2]). Thus,

a general principle that autophagy is needed to protect long-lived, post-mitotic neurons from the

rigours of sustained neuronal function in the brain has emerged. However, despite an enormous effort

globally to understand the pathogenesis of neurodegenerative diseases, we are still uncertain of the

exact causes of neuronal cell death in most cases, thus emphasising the need for faithful cell-based

models to understand the molecular pathways involved (Table 1). One approach is to grow neurons in

the laboratory from human stem cells that have the potential to become any cell-type. This technology

has enormous potential for improving our understanding of cellular responses to disease-related

stresses, and the impact of disease-associated genetic mutations on key cellular pathways [3], but it is

essential that stem cell-derived cell-types are thoroughly characterised before assumptions can be made

about how closely these mirror their counterparts in vivo. Equally, the in vivo cellular environment

(including neighbouring cells and the surrounding extracellular matrix) should be taken into account

in the experimental design, potentially necessitating complex 3D and co-culture-based approaches. In

this review we will discuss the methodologies for autophagy research in human stem cell neuronal

models. We also discuss how stem cell neuronal models are informing our knowledge of how patient

genetic mutations impact on the autophagy pathway, and how this in turn contributes to the onset and

progression of human neurodegenerative diseases. While this manuscript was in preparation, a review

on a very similar topic was published by Jungverdorben et al. [4], so to avoid unnecessary overlap, we

have focused more on the technical strengths and limitations of using stem technology in neuronal

autophagy research.

Table 1. Advantages and disadvantages of various assays systems to monitor human neuronal function

in vitro. Green boxes indicate positive properties; pink boxes, negative properties.
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2. Autophagy: Types and Regulation

Autophagy is a catabolic process in which cytoplasmic material is delivered to the lysosome for

degradation and recycling. This provides the cell with the capability to rapidly remove toxic waste, and

to repurpose non-essential material during times of stress. Autophagy can be non selective or highly

selective depending on the induction pathways, and the autophagy machinery has adapted to sequester

and degrade whole organelles (including mitochondria (mitophagy)), and invading microorganisms

(xenophagy), which is does through the availability of adaptor proteins that recognise specific cargoes

and recruit the autophagy machinery (e.g., P62/SQSTM1; optineurin; NDP52). Together, these

properties make autophagy an essential component of cellular stress defence pathways, particularly in

long-lived, post-mitotic cells that cannot dilute damaged/waste material via cell division. An obvious

example of such a cell-type is the neuron. Here, autophagy contributes to axonal regeneration

and presynaptic homeostasis [5,6]. It is needed to degrade neurotoxic factors (e.g., α-synuclein),

as well as damaged organelles (particularly mitochondria) that are tagged by poly-ubiquitin and

subsequently recognised by autophagy adaptors [7,8]. Consequently, its dysregulation has been

linked to the development of neurodegenerative diseases [9], and crucially decreased autophagic

activity is a characteristic of aging [10]. Suppression of basal (housekeeping) autophagy triggers

neurodegeneration [11,12], and several ATG proteins have been linked to neuronal survival in the face

of stress [13,14]. Clearly, a thorough understanding of autophagy regulation in neurons—particularly

those affected in neurodegenerative disease—will be beneficial.

Autophagy can be divided into 3 distinct forms, each having an unique mechanism for lysosomal

substrate delivery: microautophagy, in which material is delivered into the lysosome through a

process of limiting membrane invagination; chaperone-mediated autophagy (CMA), which describes

the selective lysosomal delivery of soluble protein cargo containing KFERQ-like motifs, via hsc70

and the LAMP2A receptor; and macroautophagy (described herein simply as “autophagy), which

describes the de novo assembly of an isolation membrane that sequesters cargo within a ~500nm

double membrane-bound autophagosome that ultimately fuses with the lysosome. It is not within

the scope of this review to describe in detail the autophagosome assembly pathways, so the reader is

instead directed to excellent, recent descriptions of this process [15–17], and we apologise to the many

authors whose primary work we are unable to cite. In brief, the autophagy pathway is wired into the

nutrient-sensing functions of the mTORC1 complex that monitors amino acid flux at the lysosome

and responds to growth factor availability, and AMPK that detects changes in cellular ATP levels.

These control autophagy via the ULK1 complex, which is assembled and activated during autophagy

stimulus (e.g., starvation). The ULK1 complex consists of ULK1 (ATG1 in yeast), ATG13, ATG101,

and FIP200 (FAK family kinase-interacting protein of 200 kDa; also known as RB1CC1 (RB1 inducible

coiled-coil 1)). The active ULK1 complex is enriched at presumptive autophagosome assembly sites,

where it engages downstream machinery including ATG9-positive vesicles and the autophagic class

III phosphatidylinositol 3-kinase (PI3K). The PI3K complex contains Beclin1 (BECN1; ATG6 in yeast),

VPS34 (the catalytic PIK3C3 subunit), VPS15, ATG14L (also known as Barkor), and NRBF2. When

activated, the PI3K complex generates PI3P on the platform membrane (most typically of ER origin),

and this in turn recruits PI3P effectors of the WIPI (WD repeat domain phosphoinositide-interacting

protein 1) family, to engage downstream events.

At PI3P-enriched nascent assembly sites, autophagosome nucleation begins, and this process

proceeds towards the autophagosome membrane expansion stage that requires the conjugation of

ATG12 to ATG5, and of ATG8 to the lipid phosphatidyl ethanolamine (PE), mediated by E1- and

E2-like proteins, ATG7, ATG3 and ATG10. ATG12-ATG5 associates with ATG16L1 to form a larger

complex that is recruited to the isolation membrane in part via an interaction between ATG16L1 and

WIPI2B [18]. This complex functions as an E3-like ligase to drive the local lipidation of ATG8 family

members (including LC3A, LC3B, LC3C, GABARAP, GABARAP-L1, GABARAP-L2/GATE-16) that,

in turn, coordinate autophagosome membrane expansion, cargo selection and membrane closure.

Members of the ATG8 family of lipid modifiers are synthesised as immature precursors, and need
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to be activated by a cleavage event mediated by ATG4 endopeptidases, that reveals a C-terminal

glycine residue for covalent attachment to PE. ATG4 also acts as an ATG8 deconjugase, releasing ATG8

into the cytoplasm for recycling by a mechanism that is coupled to the autophagosome maturation

process. The sealed autophagosome then traffics to the lysosome, fusing en route with organelles of

the endocytic network, by a process that is coordinated by various Rab GTPases, membrane tethers

and SNARES [17].

3. Stem Cells in Laboratory Research: Focus on Autophagy

Stem cells have two main capacities: self-renewal, and the ability to generate differentiated

cell-types. There are two major classes of stem cells depending on their plasticity: embryonic stem (ES)

cells which are pluripotent, hence can give rise to cells from each of the three embryonic germ layers,

and thereby derive each of the myriad differentiated cell-types in the body; and somatic- adult stem

cells, which are multipotent, hence can seed those lineage-specific cell-types that are found within a

specific tissue or organ. Human ES cells have thus emerged as attractive tools for the development

of cell and gene therapies [19]; however, their use is controversial [20]. Even without such barriers,

there remains the problem of immune rejection in any cellular transplantation-based therapy, as ES

cells are not genetically tailored to the patient. Alternative systems have been developed in order to

bypass some of these problems. For example, ES cells can be generated by somatic cell nuclear transfer

(SCNT) of patient somatic cell nuclear donation into the cytoplasm of enucleated human oocytes [21],

although this does not entirely avoid ethical controversies (Figure 1).

Human induced pluripotent stem cell (hiPSC) technology has recently emerged as a powerful

and exciting tool for both research and cellular transplantation [22–25]. This was first achieved

by Yamanaka with the addition of factors that force cellular reprogramming towards a stem cell

state [26], and this drives a cascade of molecular changes that promote and sustain “stemness” [27].

Reprogramming can be divided into 3 different phases: initiation, maturation and stabilization [28].

The initiation phase is stochastic, and is key to the loss of cell-type background and the continuation

of reprogramming. The two last phases are deterministic, and are based on the activation of

pluripotency genes, such as those of the Sox2 locus [29]. Once hiPSC lines have been generated,

the timely addition of specific growth and patterning factors, cytokines, and inhibitors—in the correct

order/combination/concentration—enables the generation of tissue-specific and also region-specific

cell-types. This technology is therefore useful for the study of molecular disease mechanisms in

pertinent cell-types, for drug screening again in the appropriate cell-type, and for the advancement of

regenerative medicine [23,30,31] (Figure 1). HiPSC lines can be generated from patient fibroblasts and

gene edited in vitro to provide isogenic controls and a source of differentiated cells to re-introduce into

the patient for restorative therapy, thereby circumventing possible immune rejection concerns.

In many stem cell-types—including mesenchymal, epidermal, dermal, and hematopoietic stem

cells—basal autophagy has been reported to be constitutively high [32,33]. This may be because stem

cells are long-lived and require efficient homeostatic pathways to restrict the accumulation of protein

aggregates and damaged organelles to remain healthy. High levels of autophagy in stem cells prevents

genomic instability, maintains metabolism, and protects against aging-related factors like reactive

oxygen species that can affect the self-renewal or differentiation capacity [34–36] (Figure 1). In hiPSC

cells, the need to undergo an intense reshaping process—including a reduction in mitochondrial

mass (see Section 3.1) [37,38]—correlates with elevated autophagic activity during the reprogramming

phase [39,40] (Figure 2). Indeed, pharmacological induction of autophagy, through the inhibition of

the mTOR or insulin pathways, improves hiPSC reprogramming efficiencies [41–43]; meanwhile,

hyperactivation of the mTOR pathway inhibits somatic cell reprogramming [42]. Accordingly,

reprogramming is inhibited by the loss of key autophagy proteins in mouse, such as Atg3, Atg5

and Atg7 [44]. It has been suggested that the four pluripotency factors used as standard to

generate hiPSCs (OCT4, SOX2, c-MYC, KLF4) coordinately and transiently repress mTOR during

the reprogramming phase, thereby upregulating autophagy (although the individual contributions
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of each factor during autophagy gene expression control are varied and complex [40,44]). The idea

that autophagy activation is involved in the induction of pluripotency is somewhat countered by

the suggestion that accumulation of P62/SQSTM1 (a selective autophagy substrate and adapter) is

needed for effective reprogramming [40]. It is therefore argued that a subtle balance between the need

for mitochondrial remodelling (mitophagy) during reprogramming, alongside a somewhat muted

non-selective autophagy pathway is needed [40] (Figure 2).

Figure 1. Schematic representation of different types of stem cells and their applications. Pluripotent

stem cells can be obtained from human blastocysts, by somatic cell nuclear transfer (SCNT) into a

recipient, enucleated oocyte, or by human induced pluripotent stem cell (hiPSC) reprogramming.

Each has its advantages, with hiPSCs providing a source of cells for mechanistic research that also

overcomes important ethical concerns. Autophagy levels have been reported to be high in pluripotent

stem cell, and here autophagy coordinates metabolism, prevents genome instability, and protects

against aging-associated stress. The requirement for autophagy during differentiation is tissue- and

cell-type dependent.
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Figure 2. Schematic showing the control of autophagy and cellular metabolic status during the switch to

pluripotency. Autophagy is upregulated during the initiation phase, and this correlates with complete

mitochondrial depletion/renewal (via mitophagy and new biogenesis), and a metabolic switch from

mitochondrial oxidative phosphorylation dependency, to glycolysis [45].

3.1. hiPSC Neuronal Models and Autophagy

The ability to differentiate hiPSC into neurons has provided researchers with the tools to study

human neuronal function and stress responses in vitro, and to carry out drug testing in applicable

cell-line models. Until recently, the main resource for neuronal study in vitro had been primary

neurons from rodent brains. This has obvious advantages in that cells can be obtained from specific

brain regions (e.g., the hippocampus), and these quickly re-establish synaptic contacts, while the

presence of support cells such as glia enables their maintenance in culture for up to ~8 weeks

under the right conditions [46]. Research focused specifically on human neurons has mainly been

restricted to post-mortem studies [47] or to studies using human cell-lines with neuronal characteristics

(e.g., SH-SY5Y–a bone marrow-derived neuroblastoma cell-line that displays some properties of

dopaminergic neurons, but can be driven towards other neuronal sub-types by the application of

specific factors [48]). Primary human cultures (including human foetal cultures [49]) are limited by

sample availability and by obvious ethical concerns. Biopsies of olfactory epithelium have been used

for studies of oxidative stress in Alzheimer’s disease (AD) patient “neurons” (although these cells were

not sufficiently characterised [50]), while tissue obtained from surgical procedures has been used for

single cell transcriptomics, either directly [51], or following prolonged culture in vitro [52]. In recent

years, a novel technique of direct reprogramming has been described in which fibroblasts are converted

into neurons (termed iNeurons) by the addition of Ascl1, Brn2 and Myt1l transcription factors, thus

skipping the de-differentiation (pluripotency) step [53]. This has great potential for studies in the

laboratory and in the clinic, and although conversion rates typically remain quite low (~20% [54]), the

neurons generated retain age-specific characteristics (unlike hiPSC-derived neurons), allowing the

analysis of aging-related disease parameters (e.g., [55]). Interestingly, a similar approach can be used

to directly convert astrocytes into dopaminergic neurons in vitro and in vivo [56], suggesting that this
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technique has the potential to allow the generation of specific types of neurons for research and/or

regenerative medicine.

HiPSCs have the potential to differentiate into any of the distinct, region-specific classes of neurons

and glia found in the brain. They capture the genetic diversity of the patient population, and are

currently the most practical way to study human neural development in vitro, and to provide material

for cell-based regenerative medicine [57,58]. Differentiation of hiPSCs to neural progenitors follows

the same temporal course of neural differentiation of embryonic stem cells [59]. There are two main

approaches to derive neural progenitors, and neurons thereafter: embryoid bodies (EB) [33,60,61]

and adherent “monolayers” [62,63]. EB protocols are based on the formation of 3D dimensional

cellular aggregates (e.g., neurospheres or organoids) comprising neurons alongside other cell-types,

and being representative of a complex tissue. Monolayer-based protocols do not provide the same

cell-to-cell connectivity, but have several advantages, including faster differentiation rates, a more

homogeneous population of neurons, and sufficient dispersal to facilitate the study of individual

neurons [64]. The choice of system will be determined by the type of analysis required (for a very

useful comparison of culture systems, see [65]).

A specific combination of different factors guides cellular differentiation towards neural

progenitors that have the capacity to generate specific neuronal subtypes. Thereafter, the

differentiation of hiPSC-derived neural progenitors into terminally differentiated neurons is based

on the recapitulation of the neuralisation process during neural development in vivo [66]. Neural

differentiation is typically correlated with the expression of specific neural markers and the acquisition

of electrophysiological activity [67], although hiPSC-derived neurons display electrophysiological

characteristics indicative of a somewhat immature state [68]. Despite this, hiPSC-derived neurons

can efficiently engraft into primate disease models [62,69], demonstrating that they are at least poised

to integrate into existing, functional neuronal circuitry. Further limitations include the possible

acquisition of genetic mutations (particularly affecting P53) during reprogramming [70], and “resetting”

of ageing characteristics necessitating use of experimental interventions to study ageing parameters

in hiPSC-derived neurons [71]. There are certain additional limitations in the use of hiPSC neuronal

models, including: relatively long differentiation timescales; purity of neuronal populations in culture;

the absence of defined protocols for the differentiation of certain neuronal sub-types; and the high costs

of growth media reagents. Notwithstanding these considerations, there are numerous publications

demonstrating the effective application of hiPSC neuronal models in a range of neuroscience-related

topics [3,4,72,73]. In the following sections, we will explore how hiPSC neuronal models have

been used to examine autophagy in important human neurodegenerative diseases, and the tools

currently available.

4. Studying Autophagy in hiPSC-Derived Neurons

In the autophagy field, there are recognised standards for the monitoring of autophagic activity

(including autophagic flux) that should be adopted in any cell-based assay [74]. Additional practical

difficulties emerge when working with hiPSC-derived neurons—as with any neuron—but it is

essential that the same rigour is applied if we are to be able to make predictions about autophagy

regulation in disease. Herein, we will describe how autophagy monitoring methodologies can be used

hiPSC-derived neurons, and by reviewing published examples of autophagy research in hiPSC-derived

neuronal models, we will consider whether monitoring standards have been applied. One aspect that

is often overlooked when assessing autophagy in neurons is their unique architecture, which means

that events taking place in the cell body (soma) may not necessarily reflect the situation in the periphery

and/or at local pre-and post-synaptic sites. As neuronal cell death in neurodegenerative disease is

so often preceded by the loss of synapses and the collapse of neuronal processes, autophagosome

assembly and retrograde transport kinetics in the periphery ought to be monitored in addition to

events taking place in the soma. This poses a particular challenge in that it is often extremely difficult

to confidently relate cell bodies with their associated extremities, and this approach is rarely used.
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4.1. Activating Autophagy in hiPSC-Derived Neurons

Whilst in many cases it has been sufficient, and indeed often desirable to monitor autophagy

activity in complete growth media, in the absence of stress—as is the case when comparing between

control cells and those harbouring a disease-linked mutation, for example—the impact of a particular

genetic mutation may not be apparent until the hiPSC neuronal culture is subjected to some form of

autophagy-inducing stress. Difficulties with data interpretation arise when considering that different

hiPSC lines can have very different growth properties in culture, meaning that their basal autophagy

states may vary in a manner that does not necessarily reflect their differing genetic backgrounds. There

are several ways in which this ambiguity can be avoided: (i) using several age-matched control and

mutant background hiPSC lines; (ii) applying rigorous autophagy controls to confirm precisely where

any differences in autophagy state originate (induction versus flux rates, for example); (iii) the use of

isogenic controls to introduce disease-associated mutations, or to correct mutations in the same hiPSC

background. For the latter, CRISPR/Cas-9 technology for gene editing is a very useful tool (see [75] for

one relevant example), although the challenge of correcting/introducing complex genetic mutations,

and issues with the requirement to isolate clonal hiPSC populations that might have subtly different

properties and the possibility of off-target effects remain.

In more typical cell-line models, researchers normally test the autophagy response upon removal

of nutrients and growth factors (starvation media). Following a brief lag (~15 min), a rapid induction

phase is normally described, with autophagosome numbers reaching a plateau after around 30–40 min.

During this phase, the synthesis and lysosomal degradation of autophagosomes are balanced (see

below for discussion on autophagic flux). Starvation media is designed to inhibit mTOR (and therefore

activate the autophagy pathway) through both amino acid depletion and growth factor removal, and is

therefore extremely acute and wholly unphysiological. Indeed, treating hiPSC neuronal cultures with

typical starvation media does not trigger a robust autophagy response in all neuronal sub-types (our

unpublished observations); however, pharmacological mTOR inhibitors (e.g., rapamycin; AZD8055

(e.g., Figure 3A)) work well as do mTOR-independent autophagy inducers such as carbamezepine,

verapin, and trehalose [76].

4.2. Taking Account of Autophagic Flux

Autophagic flux describes the entire process of autophagosome assembly, maturation, trafficking,

merging with the lysosomal compartment (to form an autolysosome), and degradation in the lysosome.

Any analysis of autophagosome numbers that does not take autophagic flux into account is flawed,

simply because an apparent steady state change in autophagosome abundance cannot distinguish

between altered rates of autophagy induction, or changes in lysosomal clearance efficiency [74].

The application of a lysosomal acidification inhibitor (e.g., Bafilomycin A1) or lysosomal protease

inhibitors (e.g., leupeptin; E64D) is normally sufficient to allow assessment of autophagic flux: a

further increase in autophagosomes in the presence of a lysosomal inhibitor signifies that autophagy

is switched on; whereas similar autophagosome numbers in the presence of lysosomal inhibitors

is consistent with a block in autophagosome maturation and/or lysosomal fusion. Additional

considerations are needed when applying these parameters to neurons in culture, due to the spatial

separation between peripherally-assembled autophagosomes and the lysosomal population, and the

complex autophagosome assembly and transport-coupled maturation itinerary in these cells [77]. It is

therefore important that researchers consider the different pools of autophagosomes found in neurons

(those initiating in the soma versus those forming in the periphery, for example), as flux parameters

are likely to differ between these.



Cells 2017, 6, 24 9 of 27

 

Figure 3. Example images of autophagy and mitophagy assays in dopaminergic (DA)-enriched

human neuronal hiPSC cultures. (A) Fixed cell, confocal immunofluorescence imaging of DA

neurons co-stained with anti-WIPI2 (autophagosome assembly site marker) and anti-TH (tyrosine

hydroxylase; DA neuronal marker) antibodies. Note that the cell in the lower panel (treated with

AZD8055) has a greater number of WIPI2-positive assembly sites, mainly restricted to the soma,

indicative of upregulated autophagy. Scale bar = 20 µm. (B) TEM images of hiPSC-derived

neurons in a DA neuron-enriched culture. Left: early autophagosomes (AVi) and autolysosomes

(AVd) within a distended region of a neurite. Right: edge of a soma extending into a neurite,

showing mitochondria (mt) and a mitophagosome (mt-AVi). (C) Live-cell imaging of hiPSC-derived

neurons in a DA-enriched culture, expressing GFP-LC3B (introduced using a lentiviral vector) and

co-stained with LysoTracker red (a fluorescent lysosomal stain). Arrows show dynamic autolysosomes

(GFP-LC3B/LysoTracker-positive). Scale bar = 20 µm. (D) Live-cell imaging of a hiPSC-derived neuron

in a DA-enriched culture, expressing GFP-ATG5 (an autophagosome assembly site marker, introduced

using a lentiviral vector). Note the presence of 2 GFP-ATG5 positive assembly sites in the soma (arrows).

Scale bar = 10 µm. (E) Live-cell imaging of a hiPSC-derived neuron in a DA-enriched culture, stained
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with the commercial autophagosomal dye, CYTO-ID. Note the presence of a cluster of autophagic

structures in the soma, and an isolated autophagosome within a neurite (arrows). Scale bar = 10 µm.

(F) Example of post-fix labelling for DA neurons in a hiPSC-derived neuronal culture. In this example,

cells were co-loaded with MitoTracker green (fluorescent mitochondrial dye) and LysoTracker red, and

imaged following treatment with the mitochondrial poison, rotenone, using a wide-field fluorescence

microscope. Arrow depicts a neuron with strong MitoTracker/LysoTracker staining, which, following

fixation and staining with anti-TH and anti-ßIII tubulin (TUJ1) antibodies was confirmed to be of

DA status. Scale bar = 10 µm. (G) Wide-field, live-cell fluorescence microscopy demonstrating the

use of the mCherry-GFP-FIS1 mitophagy reporter in neurons within a DA-enriched hiPSC culture

(mCherry-GFP-FIS1 was introduced using a lentiviral vector). Arrows point to red-only mitolysosomes

that can be quantitated as a measure of mitophagy on account of the quenching of GFP in the acidic

lysosomal environment. Scale bar = 5 µm.

The most often applied tool for directly measuring autophagic flux in non-neuronal model

cell-lines is the “tandem-tag” (RFP-GFP or mCherry-GFP) LC3B construct [78,79], which relies upon

the acidic nature of the lysosomal compartment and the differences in pKa values between the 2

fluorophores to compare early and late autophagic structures in fixed and living cells. Accordingly,

early autophagosomes appear red/green under the microscope, whereas in autolysosomes with

low pH, GFP is quenched resulting in the appearance of red-only punctate structures. Changes

in the relative ratios of yellow (red/green):red puncta can therefore be used to assess autophagic

flux in the absence or presence of lysosomal protease inhibitors. An interesting adaptation to this

system was recently reported by Mizushima and colleagues [80]. Here, an expression construct is

prepared consisting of GFP-LC3-mCherry-LC3 (G120A). This reporter works via the constitutive

cleavage at the C-terminus of the first LC3 by the ATG4 endopeptidase to split the 2 distinct

fluorescently tagged LC3 proteins: the GFP-tagged form can be lipidated and incorporated into

nascent autophagosomes, ultimately reaching the lysosome where GFP is quenched; meanwhile the

mCherry-tagged LC3(G120A) mutant cannot be lipidated and thus remains as an important expression

reference in the cytoplasm. The green:red ratio therefore directly reports autophagic flux, and this

reporter has been used in cell-lines, zebrafish and mice [80]. It is likely that the application of these

flux reporters in hiPSC-derived neurons will become commonplace (e.g., [81]).

4.3. Common Autophagy Assessment Tools

Monitoring LC3B lipidation remains the front-line tool for rapid autophagy analysis in most

autophagy research labs. This provides 2 readouts of autophagy induction: (i) the appearance of

LC3B-decorated autophagosomal puncta in the cytoplasm of fixed or live cells; (ii) a gel shift in

SDS-PAGE/immunoblotting assays (despite having greater mass than the unconjugated form, lipidated

LC3 migrates faster on SDS-PAGE gels due to its increased hydrophobicity [82]). If careful consideration

of autophagic flux is applied (Section 4.2), these assays are relatively fast and straight forward, but

there are several other options that afford researchers with the opportunity to more accurately assess

autophagy status, and the best advice is to use several approaches in tandem (see [74]). In this review

series, Orhon & Reggiori describe in detail techniques for monitoring autophagy in cell culture [83]. In

the following sections, autophagy monitoring tools will be outlined briefly with consideration given to

the best way to apply these when using hiPSC neurons.

4.3.1. Immunoblotting

The conversion of soluble LC3 (LC3-I) to the lipidated form (LC3-II) provides a direct

readout for the amount of LC3 that is associated with autophagic membrane structures during

macroautophagy—researchers can therefore correlate with some confidence the amount of LC3-II at a

given time-point with the autophagic activity of the cell, provided that they account for autophagic

flux. There are difficulties when applying this approach to hiPSC-derived neurons: (i) the amount of

material required can limit the scope of any experiment; and (ii) hiPSC neuronal cultures can be quite
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heterogeneous, with other cell-types concurrent in the culture, meaning that such a population-based

assay provides only a generalised picture of what is taking place in the dish. LC3B immunoblotting

has been used to study autophagy in hiPSC-derived neurons in various conditions (e.g., [84,85]).

Often, and in parallel, immunoblotting for P62/SQSTM1 and for components of the mTORC1/ULK1

signalling axis can be carried out to provide valuable supporting evidence for autophagic flux. Here,

consideration must be given to the influence of de novo synthesis on the P62/SQSTM1 turnover rate

(as is indeed also the case with LC3), particularly during prolonged autophagy induction.

4.3.2. Immunofluorescence Microscopy

Fixing and labelling cells with antibodies for immunofluorescence microscopy is widely applied

to cells and tissues for autophagy research. The detection of LC3 or P62/SQSTM1 puncta is a common

way to monitor the number of autophagosomes and aggregated cargo, respectively, and this method

has been used to study autophagy in hiPSC-derived neurons in different conditions [85]. Co-staining

with antibodies against the lysosomal marker LAMP1, followed by co-localisation analysis to quantify

autolysosomes [85], or measurements of LC3 puncta numbers in the absence or presence of lysosomal

inhibitors provide readouts of autophagy flux. Researchers can also use antibodies that label the

autophagosome assembly sites (e.g., anti-WIPI2 (Figure 3A)) to monitor changes in their abundance

and/or location. The following should be taken into account when carrying out immunofluorescence

studies with hiPSC-derived neurons: (i) in common with autophagy analysis in primary neurons, the

architecture of this cell-type needs to be considered with respect to the location of autophagic structures

and cargo—for example, fewer autophagosomes in the soma might indicate a disrupted autophagy

pathway, but might equally reflect impaired retrograde autophagosome transport away from the

periphery; (ii) fixation conditions can be more difficult to optimise when using neuronal cultures—for

example, methanol fixation disrupts the integrity of delicate neurites, which appear “beaded” with

bright staining, precluding analysis of distal punctate structures (e.g., Figure 3A); (iii) antibodies that

work well in cultured epithelial and fibroblast cell-lines may not necessarily provide good staining

in hiPSC neurons, so additional validation is needed; (iv) linked to the former, problems can be

encountered when determining whether a punctate structure is a “true” autophagosome or, for

example, immunoreactive or autofluorescent cell debris that tend to stick to neuronal processes; and

(v) the need to counterstain for neuronal markers to ensure that the correct cells in the population

are analysed restricts the availability of fluorescence channels and antibody options. We would

recommend separate, quantitative analyses of autophagosome puncta in the soma and at peripheral

sites (e.g., numbers of LC3B puncta per chosen length of neurite and/or within a given distance form

neurite tips).

4.3.3. Electron Microscopy (EM)

Transmission electron microscopy (TEM) remains a useful imaging standard to detect the presence

of autophagic vacuoles in any cell-type [74]. Early autophagosomes are identified as double-membrane

structures of ~500nm diameter, sometimes containing organelles, whose general content differs little

from the surrounding cytoplasm (Figure 3B). More mature autolysosomes tend to present as single

membrane-bound or multi-lamella vacuoles, often somewhat larger in size than earlier autophagic

structures (Figure 3B). These can be distinguished from multivesicular bodies of the endocytic pathway

by virtue of their more heterogeneous membranous content (for examples of TEM images of autophagic

structures at different stages of maturity in primary human CD34+ stem cell-derived erythroid cells,

see [86]). This method has been used to study autophagy in hiPSC-derived neurons in different

conditions [85], and can be very useful for detecting changes in autophagic activity in disease-related

hiPSC neurons. Caution needs to be applied when it is necessary to assess particular sub-classes

of neurons in heterogeneous hiPSC-derived neuronal cultures, and immunoEM to detect suitable

neuronal markers should be considered [87]. Here, it may be possible to use correlative light and

electron microscopy (CLEM) using fluorescent reporters to identify certain types of cells.
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4.3.4. Fluorescence Live-Cell Imaging and Flow Cytometry

Vital dyes (e.g., MitoTracker; LysoTracker; redox reporters) work well in hiPSC neuronal

cultures, and allow rapid and relatively straightforward live-cell imaging of organelle dynamics

(Figure 3C,F) [88,89]. They are also applicable for flow cytometry analysis (e.g., [90]). GFP-based

genetic reporters (e.g., GFP-LC3B (Figure 3C); GFP-ATG5 (Figure 3D); LAMP1-GFP; mito-dsRed;

autophagy/mitophagy flux reporters (see Section 4.2)) are also available, and these are typically

introduced into hiPSC cells or derived neuronal cultures via lentiviral vectors (e.g., [89]). Here it

is important to identify the best promoter to drive expression in the neuronal cell-type of choice,

since some commonly used mammalian promoters can be silenced in mature neuronal cultures (brain

region-specific). Although there have been some outstanding imaging-based studies of autophagosome

assembly and dynamics in primary mouse cultures—see for example the work of the Holzbaur lab

using primary neurons obtained from the GFP-LC3B mouse [77,91], and the mitophagy work of the

Schwarz lab [92]—these tools are not yet widely applied to hiPSC-derived neurons. In our lab, we are

using the CYTO-ID reagent (Enzo Life Sciences)—a fluorescent dye that labels autophagic membranes

with minimal cross over with lysosomes—for rapid autophagosome quantitation in hiPSC midbrain

dopaminergic neuronal cultures (Figure 3E). Recently, a novel photoconvertable CMA reporter was

described, allowing, for the first time, rapid assessment of CMA activity in living cells [93].

When using any live-cell imaging methodology with hiPSC neurons, the following should be

considered: (i) neurons are relatively fragile cells which are less resistant to illumination-related

oxidative damage, meaning that the duration of live imaging experiments and the exposure

length/illumination intensity need to be taken into account; (ii) the highly asymmetric architecture

of any neuron means that careful consideration of the location of any observed event is necessary

(i.e., soma or neurite?); and (iii) the complexity of the neuronal culture—including the presence of

additional, non-neuronal cell-types—means that it is often difficult to determine the relationships

between cell body and neurite, and therefore direction of transport (retrograde or anterograde) of any

dynamic organellar structures. For the latter, it is often desirable to image a population of neurons

with relative few cells expressing a marker, so that these cells can be imaged in relative isolation

(we refer the reader to the clear account of how to dilute cultures of GFP-LC3B expressing primary

mouse neurons with a vast excess on non-expressing cells in Maday & Holzbaur [91]). Finally, when

carrying out microscopy-based live-cell imaging experiments using hiPSC-derived neurons, it is

essential that the precise identity of the cell being imaged is confirmed if we are to make accurate

assumptions about autophagy control in a given neuronal sub-type. It is not unusual to encounter

published examples in which the findings of imaging-based analyses have been assigned to rare

neuronal sub-types within a hiPSC neuronal culture, without additional measures being applied to

confirm neuronal identity (e.g., [89]). The approach that we take in PD-related work is to carry out

live-cell imaging of hiPSC neuronal cultures that we have confirmed to be enriched with dopaminergic

neurons (>50%), followed by fixing and labelling using anti-tyrosine hydroxylase (TH) antibodies

(Figure 3F). Imaging parameters are then assessed only in those cells that have been retrospectively

confirmed as TH-positive. This can be slow, painstaking work, but at least the data can be confidently

attributed to the unique properties of those cells that are affected in disease.

4.3.5. Monitoring Mitophagy

Given the strong correlation between mitochondrial dysfunction and neuronal decline and death

in neurodegenerative disease, it is becoming increasingly important to monitor mitochondrial activity

and quality control in human neuronal cultures. As mentioned above, there are vital dyes that

measure mitochondrial parameters that can be applied to hiPSC-derived neuronal cultures (e.g.,

MitoTracker; MitoSOX). It is also possible to measure mitochondrial function in hiPSC neurons using,

for example, Seahorse Analyzers (Agilent), but here it is important to take relative cell numbers and

neuronal population characteristics into account. Fixed cell immunofluorescence analysis of, e.g.,

mitochondria/lysosome co-localisation and/or combined MitoTracker/LysoTracker live imaging can
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be used to assess mitophagy, provided that mitophagy flux is considered. Increasingly, researchers are

using genetically-encoded mitophagy monitoring tools that act in a similar way to the tandem-tagged

LC3 constructs (see Section 4.2) in that they emit different fluorescence signatures depending on

whether mitochondria are located in the cytoplasm or in the lysosome. Mitophagy tools that have

been developed and validated in vitro and in vivo include: mt-mKeima, a mitochondrial-targeted

fluorophore (using the targeting domain of COX VIII) that shifts fluorescence characteristics from

green to red when moving from neutral pH to acidic pH (such as in the lysosomal compartment) [94];

and tandem-tagged FIS1, a fusion construct consisting of the mitochondrial-targeted C-terminal tail of

the outer mitochondrial membrane fusion factor FIS1 appended with GFP and mCherry; the former

becoming quenched in the acid environment of the lysosome [95,96]. While either of these can in

theory be used in hiPSC-derived neurons (we are currently trialling these in dopaminergic hiPSC

neuronal cultures (e.g., Figure 3G)), the FIS1 construct has the advantage of being fixable.

4.3.6. Gene Expression

Autophagy pathways are controlled at the transcriptional level by a number of key transcription

factors, including TFEB and FOXO1/3 [97]. The availability of tools to monitor the actions of

transcription factors can allow for rapid assessment of transcriptional pathways promoting autophagy.

TFEB is a member of the MiTF/TFE family of basic helix-loop-helix leucine-zipper family of

transcription factors. Under starvation conditions, TFEB stimulates lysosomal biogenesis and

promotes autolysosomal efficiency by controlling the expression of more than 200 autophagy and

lysosomal-related genes. It does so by binding to the CLEAR (Coordinated Lysosomal Expression and

Regulation Network) elements of target genes. To monitor the induction the CLEAR gene network in

cells, four tandem copies of the CLEAR sequence have been incorporated into luciferase expression

constructs [98,99]. This assay has been applied successfully to iPSC-derived neurons [81,100],

demonstrating that this general approach can be used to monitor transcription factor activity in

these cells.

5. Autophagy Studies of Human Neurodegenerative Diseases Using hiPSC-Derived
Neuronal Cultures

The idea that failures in autophagy quality control pathways contribute to the progress of

neurodegenerative disease is based on the association of patient mutations in autophagy regulatory

components, and on observations of accumulated autolysosomal structures in degenerating neurons.

Using hiPSC technology, researchers are able to generate many (but not yet all) of the exact types of

neurons that are lost in disease in order to study the regulation of autophagy in these cells in vitro, as

well as being able to directly analyse the impact of patient mutations, either using hiPSCs derived from

patients’ cells or using genome editing to generate isogenic hiPSC cell-lines. To this end, a number of

hiPSC neuronal models have been generated that allow the study of autophagy and related neuronal

stress response pathways in vitro, and the reader should consult [4] for a recent account of these. Given

that autophagy provides protection against cell stress in long-lived cells such as neurons, it is perhaps

unsurprising to find that that rare inherited genetic conditions associated with neurological defects

have been identified that are caused by mutations in autophagy genes [101]. For these conditions,

hiPSC technology is likely to provide a useful platform to pinpoint precisely where defects arise in the

autophagy pathway. In the following sections, we will describe studies that have used hiPSC-derived

neurons to study autophagy in common human neurodegenerative diseases, selecting examples that

showcase the strengths and weaknesses of particular approaches.

5.1. Autophagy in hiPSC Models of Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common neurodegenerative disease, and is characterized by

the abnormal processing of the amyloid precursor protein (APP) through the amyloidogenic pathway,

and the hyperphosphorylation of TAU protein. These two processes—along with an impaired activity
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of the proteolytic machinery, including autophagy—lead to extracellular accumulation of amyloid

β (Aβ) peptides in senile plaques and aggregation of intracellular hyperphosphorylated TAU in

neurofibrillary tangles (NFT) [102]. hiPSC-derived neurons have been used to study AD as they

recapitulate some of the features characteristic of this disease, including an increase in Aβ secretion,

reduced γ-secretase activity, and increases in phosphorylated TAU levels [24]. In this context, human

iPSCs might be derived from either dominant familial AD (FAD) or sporadic AD (SAD) patients’

somatic cells [89]. The study of autophagy in iPSC-derived human AD neurons has improved our

understanding of autophagy in this disease, and has facilitated the discovery of new factors, including:

sphingomyelin metabolism; nuclear calcium signalling; and homocysteine exposure [81,100,103].

Lee et al. [81,100,103] studied autophagy dysfuntion in iPSC-derived neurons derived from FAD

patient cells with presenilin-1 (PS-1) mutation following previous protocols [104]. In these neurons,

acid sphingomyelinase (ASM) activity was increased, correlating with previous findings suggesting

elevated ASM levels in the brain and plasma of AD patients. They analysed the presence of autophagic

vacuoles using TEM, and found an increase in autophagic vacuole accumulation in PS-1 mutated

neurons, and a decrease in TFEB target genes indicative of decreased autophagic flux. In addition,

when they suppressed ASM, lysosomal biogenesis and autophagy activity were restored to normal

levels [103]. Reddy et al. generated iPSC-derived human forebrain cortical neurons from AD patients

with M146L and A246E mutations, as well as a PS-1 knockdown in control neurons [100]. They

found a reduction in the CLEAR-luciferase reporter activity in iPSC-derived human AD neurons

as a well as decrease in LC3II levels in PS-1 knockdown neurons, suggesting decreased autophagy

initiation as well as flux potential. In addition, they found that PS-1 mutant neurons exhibited

decreased nuclear calcium levels, and the restoration of these levels rescued mTORC1 tethering and

initiation of the autophagy process [100]. The same group studied the potential role of the amino acid

metabolite homocysteine (Hcy)—whose raised levels are considered to be a risk factor for AD—in the

autophagy pathway and in the development of AD [81]. They used iPSC-derived forebrain cortical

neurons [105], and found that exposure to Hcy caused reduced autophagic activity including: an

increase in mTORC1 activity; a reduction in autophagy flux (assessed using tandem tag LC3); and

a reduction in TFEB activity, suggested by the increase of the phosphorylated form of TFEB and

inhibition of the CLEAR-luciferase reporter activity. In addition, increasing the concentration of Hcy

in iPSC-derived cortical neurons resulted in an increase in A42/40 ratio, and these levels were restored

when autophagy was pharmacologically induced using rapamycin or TAT-Beclin1 [81].

5.2. Autophagy in iPSC Models of TAUopathy

TAU is a microtubule-associated protein mainly expressed in mature neurons. In TAUophaties,

like AD or frontotemporal dementia (FTD), TAU is abnormally hyperphosphorylated and is found

in aggregated form within neurofibrillary tangles (NFT) [106]. hiPSC technology has been a useful

tool to study the role of autophagy in TAUopathy. For example, Verheyen et al. studied the effect of

the P301L TAU mutation [107]. They generated iPSC-derived cortical neurons [108], and these were

transduced to express the mutated P310L form of TAU. They found an increase in TAU aggregation and

hyperhosphorylation that was reduced after the induction of autophagy with rapamycin or trehalose,

suggesting the important role of autophagy to remove TAU aggregates in human neurons [107]. Also,

Silva et al. analysed the effect of the A152T TAU mutation from FTD patients on the function of the

proteolytic machinery [109]. Neurons displayed aberrant TAU accumulation, and the authors found an

upregulation of autophagy activity indicated by increases in key autophagy markers (LC3II, ATG12/5,

P62/SQSTM1, LAMP1 and LAMP2A). In addition, the pharmacological induction of autophagy with

rapamycin downregulated TAU expression and maintained cell viability [109].

5.3. Autophagy in hiPSC Models of Parkinson’s Disease

Parkinson’s disease (PD) is second only to AD in its prevalence, with >160,000 people projected

to be afflicted with the disease in the UK alone by 2020. It is a progressive neurodegenerative
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disorder, which causes motor, physical and cognitive impairments, leading to major disabilities,

with the signature presence of α-synuclein-rich Lewy bodies in the brain. PD is caused by the loss

of dopaminergic (DA) neurons in the substantia nigra leading to the disruption of the nigrostatal

pathway. Although PD is mostly idiopathic, 5–10% cases are familial in which specific mutations

are associated with autosomal dominant and autosomal recessive forms of PD. To date, 17 genes

with PD-causing mutations have been identified, and iPSC technology has been used to obtain

hiPSC-derived dopaminergic neurons from many of these. The selective loss of midbrain DA

neurons in patients with PD is due to their unusual physiology, in particular their exposure to

elevated levels of oxidative and energy stress [110]. It is therefore essential that researchers very

carefully characterise iPSC-derived DA neuronal populations before making assumptions about

autophagy control within these cells. Methods to generate midbrain DA neurons from hiPSCs include

lentiviral-mediated overexpression of the midbrain transcription factor, LMX1A in combination

with patterning factors [111], and by the timed application of inhibitors and patterning factors

alone [62]; however, these do not generate pure midbrain DA neuronal populations (e.g., double

FOXA2/TH-positive), meaning that markers should be used as standard when interpreting data. The

application of hiPSC technologies to study neuronal processes including autophagy control in PD has

been covered extensive elsewhere [4,65], so we will focus on a few prominent studies as exemplars of

the use of autophagy assessment tools in hiPSC-derived neurons.

Autophagy flux has been studied in iPSC-derived DA neurons from PD patients (idiopathic

or having the familial G2019S mutation in Leucine-Rich Repeat Kinase 2 (LRRK2)), using the

LMX1A overexpression protocol [85]. After 75 days in culture, DA neurons from the PD patients

possessed fewer and shorter neurites than aged/gender-matched healthy controls, and in some

cases neurites were entirely absent—a phenomenon that has been previously associated with

impaired autophagy [112]. Correspondingly, significantly increased numbers of autophagosomes

and raised levels of P62/SQSTM1 were recorded in untreated idiopathic and LRRK2 derived DA

neurons, indicative of defective basal autophagic flux (confirmed using lysosomal inhibitors in

the absence/presence of rapamycin) [85]. To support these findings, TEM was used to show that

the numbers of autophagosomes in PD-derived neurons were significantly higher than in controls.

This approach also revealed accumulation of lipid droplets and the presence of dilated ER in the

PD lines [85]. The hiPSC LMX1A overexpression differentiation protocol has also been utilised to

investigate CMA regulation in PD. For instance, Orenstein et al. detected compromised lysosomal

degradation of LRRK2 via CMA in dopaminergic neurons derived from PD patients carrying the

G2019S-LRRK2 mutation due to abnormal accumulation of α-synuclein [113]. They found that

α-synuclein levels were significantly higher and showed greater co-localisation with LAMP2A in PD

lines in comparison with their age/gender matched controls, after 30 days of differentiation [113].

Furthermore, knocking down LAMP2A further increased α-synuclein levels and suggested that the

G2019S-LRRK2 mutation attenuates α-synuclein clearance via CMA [113].

The most common hiPSC DA neuronal differentiation protocols mimic the midbrain DA neuronal

specification pathways in vivo [66]. Protocols apply small molecules—the SB431542 (activin/nodal)

inhibitor, and LDN193189 (BMP inhibitor)—that induce neuronal fate by blocking the TGFβ pathway

via inhibition of the SMAD2/3 and SMAD1/5/8 (dual SMAD inhibition) signalling cascades,

respectively. Midbrain DA identity is acquired by application of the patterning factors SHH, FGF8a and

CHIR99021 (GSK3B inhibitor; WNT agonist) in the presence of knockout serum replacement (KOSR)

medium which is progressively exchanged for N2 and B27 supplemented medium. The neural inducers

and patterning factors are eventually replaced with BDNF (brain-derived neurotrophic factor), ascorbic

acid, GDNF (glial cell line-derived neurotrophic factor), TGF3, dibutyryl cAMP, and DAPT for terminal

differentiation and maturation [62]. Schondorf et al. used this protocol to generate DA neurons from

iPSCs obtained from PD patients with acid α-glucocerebrosidase (GBA1) mutation (15-20% TH +ve), in

order to demonstrate the association of this mutation with dysfunctions in the autophagic/lysosomal

system [114] (see Section 5.6 for more detail on GBA1 and Gaucher’s disease). Co-staining for lysosomal
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LAMP1 and the autophagosomal LC3 markers revealed significantly increased numbers of lysosomes

and autophagosomes in the PD-derived neurons in comparison with controls in basal conditions.

On the other hand, treatment with the lysosomal degradation inhibitors leupeptin and ammonium

chloride (NH4Cl) caused significantly lower levels of autophagosomal-lysosomal co-localisation

(autolysosomes), suggesting impaired autophagosome content degradation as would be expected

with mutations associated with lysosomal storage diseases. Using a modified Studer protocol [62,105],

Fernandes et al. generated midbrain DA neurons using iPSC from PD patients with the GBA-N370S

mutation [87]. They recorded increased autophagosome numbers associated with elevated beclin1

and P62/SQSTM1 levels in the GBA-N370S lines. Additionally, LAMP1, LAMP2 and cathepsin D

expression was higher, and careful TEM analysis (using anti-TH immunolabelling) revealed distended

lysosomes with accumulated cargo in DA neurons, demonstrating impaired lysosomal degradation

and therefore, deficient autophagic flux [87].

Two research groups have used the Studer protocol [62,105] to study mitochondrial properties and

quality control in midbrain DA neurons derived from patient-derived iPSCs with mutations in the E3

ubiquitin ligase, Parkin or in PINK1 (PTEN-induced putative kinase 1) [115,116]. Valinomycin-induced

mitochondrial Parkin recruitment was attenuated in PINK1 mutant DA neurons, and this was rescued

by overexpression of WT-PINK1 [115]. Based on the recorded elevated mtDNA levels in mutated PINK1

lines, these authors hypothesised that mitophagy was deficient, although increased levels of PGC1α

suggested a parallel compensatory mechanism to restore mitochondrial dysfunction [115]. In Parkin

and PINK1 mutant iPSC-derived DA neurons, enlarged mitochondria and elevated mitochondrial

oxidative stress have been recorded, suggestive of defective mitophagy quality control [115,116]. Using

a similar differentiation system, Suzuki et al. used FACS-sorting with CD184high/CD44− markers, in

an effort to purify DA neurons from iPSCs from patients with Parkin mutations [117]. They reported

impaired mitophagy in PD lines in comparison with the controls using the mt-mKeima reporter (see

Section 4.3.5) [117].

Using a patterning protocol that is based on doses of FGF8a, WNT1 and retinoic acid [118], Hsieh

et al. studied mitochondrial dynamics and mitophagy in iPSC-derived DA neurons from patients

with the LRRK2-G2019S mutation [89]. They described differences in stress-associated mitochondrial

motility parameters, and recorded a slowing of Miro degradation during mitochondrial stress in

LRRK2-G2019S mutant iPSC-derived neurons. This was associated with delayed optineurin and

GFP-LC3 recruitment to damaged mitochondria [89]. To examine mitophagy, they used mt-mKeima,

again finding a delay in mitochondrial quality control in LRRK2-G2019S. Overall, these extensive

studies clearly show how one particular PD-associated mutation affects mitochondrial behaviour

and quality control, although with such a low proportion of DA neurons in the cultures (10-12%), it

remains to be determined that these parameters accurately describe the situation in PD-vulnerable

neurons. Finally, autophagy induction has been studied in neurons harbouring the PD-associated

R258Q synaptojanin 1 mutation (in the SAC1 domain) [119]. Synaptojanin 1 is a lipid phosphatase

which drives synaptic endocytosis, and the R258Q mutation alters PtdInsP signalling. Vanhauwaert

et al. used iPSC-derived neurons from 2 PD patients with the R258Q mutation (and 2 age-matched

controls) to study role of synaptojanin in neuronal autophagosome formation (note: these were not

midbrain DA neurons) [119]. They found an increase in WIPI2 puncta in neurons harbouring the

mutation, and this was emphasised in starvation conditions, suggestive of defects in the translation of

the PI3P signal into productive autophagosome assembly [119].

5.4. Autophagy in hiPSC Models of FTD

FTD is a neurodegenerative disorder with brain atrophy involving the frontal and anterior

temporal lobes [120]. It is characterised by abnormal accumulation of TAU protein (see Section 5.2)

and TAR DNA-binding protein 43 (TDP43) [121]. FTD can also be present in motor neuron diseases,

including amyotrophic lateral sclerosis (ALS). ALS is characterised by the loss of cortical and spinal

motor neurons at the spinal or bulbar level. Whilst the cause of ALS remains undetermined in many
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patients, it is often linked to mutations in superoxide dismutase 1 (SOD1). Other genes known

to cause ALS associated with FTD include the hexanucleotide repeat expansion in C9ORF72 gene,

and mutations in progranulin or in TDP43. Almeida et al. generated iPSC-derived neurons from

FTD-ALS patients with the GGGGCC repeat expansion in the C9ORF72 gene [122]. They found

that treatment with chloroquine or 3-methyladenine (3-MA—inhibits autophagy via PI3K) decrease

cell viability in FTD-ALS neurons. In addition, they found an increase in P62/SQSTM1 levels by

immunoblotting, suggesting that autophagy function might be compromised (although LC3-II levels

were not assessed) [122]. Meanwhile, Holler et al. studied progranulin (PGRN) haploinsufficiency

through the generation of iPSC-derived neurons from FTD patients with GRN mutations [123]. They

identified trehalose as a novel autophagy modulator of PGRN levels in FTD neurons. To characterise

the effect of a pathogenic TDP43 gene (TARDBP) mutation, Baramada et al. generated iPSC-derived

motor neurons from ALS patients [124] as previously described [125]. They proposed that two potent

autophagy inducers, fluphenazine and methotrimeprazine, can enhance cell survival in TARDBP

neurons, suggesting the induction of autophagy as a good strategy for ALS/FTD. However, no further

characterisation of the autophagy process was carried out.

5.5. Autophagy in hiPSC Models of Other Neurodegenerative Diseases

Huntington’s disease (HD) is caused by a mutation in the gene encoding huntingtin (htt). It is

characterised by the loss of medium spiny neurons. Previous studies in mouse and using human

tissue have proposed that alterations in autophagy contributes to the development of HD and

the accumulation of htt suggests a dysregulation of the autophagy pathway [126,127]. Nekrasov

et al. generated GABAergic-like neurons from HD patients [90]. They showed a recapitulation

of some of the HD features including huntingtin protein aggregation and an increase number of

autophagosomes/lysosomes using flow cytometry and electron microscopy. In addition, normal levels

were restored with a drug previously identify in mouse as a possible treatment for HD [128].

Charcot-Marie-Tooth 2A (CMT2A) is a sensorimotor neurodegenerative disorder most often

caused by mutations in the mitochondrial fusion protein, MFN2 [129]. To analyse the involvement of

autophagy quality control in disease progress, Rizzo et al. generated spinal motor neurons from hiPSC

derived from CMT2A patients [130]. They reported an induction of general autophagy genes such as

TFEB and ATG5, and most importantly, several genes involved in mitophagy control including PINK1,

PARK2 (Parkin), BNIP3 and Beclin1. They also found an increase in LC3II levels and a reduction of

P62/SQSTM1 by immunoblotting, and increased colocalization of mitochondria and lysosomes in the

mutant cells, supporting an increase of autophagy levels, particularly mitophagy, in CMTA2 motor

neurons [130]. Whether this increased mitochondria/lysosomal colocalisation was due to decreased

mitophagy flux was not measured.

Spinocerebellar ataxia type 3 (SCA3) is the most common dominantly inherited form of cerebellar

ataxia. It is characterised by the misfolding of the ataxin 3 (ATXN3) protein due a CAG trinucleotide

expansion in the ATXN3 gene. To analyse the effect of this mutation in neuronal autophagy, Ou et al.

generated hiPSC-derived neurons from SCA3 patients using a commercial neural-induction media

that specifies a general neuronal population [131]. They found an increase in the turnover of mutated

ATXN3 upon autophagy induction using rapamycin in comparison to the wild type ATXN3 [131], an

interesting observation given the recent demonstration that ATXN3 interacts with and controls the

stability of beclin-1 to regulate autophagy [132].

Tuberous sclerosis complex (TSC) is a neurodevelopmental disease characterised by the formation

of hamartoma in almost every organ. It is caused by mutations in the genes TSC1 or TSC2, required

for the activation of the mTORC1 kinase. Ebrahimi-Fakhari et al studied the effect of TSC1 and

TSC2 mutations in human neurons particularly in mitochondrial function [133]. They generated

iPSC-derived cortical neurons from TSC patients (using a neurogenin-2 overexpression protocol [134]),

and found an increase in the mitochondrial population with low TMRE signal (fluorescent dye

that accumulates in polarised, active mitochondria), suggesting an accumulation of depolarized
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mitochondria [133]. This could indicate dysfunctions in the mitophagy process, however this was not

formally assessed.

5.6. Autophagy in hiPSC Models of Neuronal Lysosomal Storage Diseases

Gaucher disease (GD) is a lysosomal storage disorder caused by mutations in the acid

glucosylceramidase (GlcCerase; GBA1) gene, leading to the accumulation of glucosylceramide in the

cell. The severe forms of GD include a low (Type 2) or fast (Type 3) progressive neurodegeneration [135].

Awad et al. used iPSC-derived generic neurons from GD patient iPSCs to study lysosomal alterations

and the pathological changes affecting neurons with GBA1 mutation [136]. They found a reduction in

lysosomal number—with a decrease in LAMP1 and LAMP2 levels—and a block in autophagic flux

due to defective lysosomal clearance of autophagosomes in GD neurons (LC3II levels were not altered

after chloroquine treatment, and the colocalization of LC3-GFP with LAMP1 was reduced with GBA1

mutations) [136]. In addition, reduced lysosomal biogenesis due a downregulation in TFEB expression

was recorded in GD neurons, whilst GCase treatment restored lysosomal number and autophagy

levels [136].

Niemann Pick type C1 (NPC1) is a rare lysosomal storage disorder leading to severe

neurodegeneration and liver failure. It is caused by mutations in the cholesterol transporter NPC1,

present in the lysosomal membrane. Previous work in hES-derived neurons suggested that aberrant

autophagy control is associated with NPC1 neurons [137]. In this context, Maeztel et al. generated

iPSC-derived neurons and hepatocytes derived from NPC1 patient iPSCs, with an isogenic control

line prepared using TALEN technology [76]. In NPC1-derived neurons, they found cholesterol

accumulation, an increase in the number of autophagic vacuoles (assessed using EM), and an increase

in LC3II and P62/SQSTM1 levels by immunoblotting [76]. Notably, BafA1 treatment did not increase

LC3II levels in NPC1 neurons, suggesting a block in autophagic flux [76]. Importantly, pharmacological

induction of autophagy using rapamycin, carbamezepine, verapin and trehalose treatments reduced

P62/SQSTM1 levels in NPC1 neurons [76]. By contrast, Lee et al. studied the effect of the vascular

endothelial growth factor (VEGF)/sphingosine kinase pathway, and showed activity is reduced

in NPC1 patients [138]. They generated iPSC-derived NPC1 neurons from NPC1 patients, and

found, as previously described, an increase in LC3II and P62/SQSTM1 and a block in autophagy

flux as determined by TEM and using mCherry-GFP-LC3B [138]. These levels were reduced after the

treatment with VEGF [138]. Following this path, Soga et al. [139] studied the effects of cholesterol

accumulation in iPSC-derived neurons from NPC1 patients, and found an increase in in LC3II and

P62/SQSTM1 levels by immunoblotting that could be restored when cholesterol levels were reduced

using 2-hydroxypropyl-γ-cyclodextrin and 2-hydroxypropyl-β-cyclodextrin (2HPβCD) [139]. Finally,

Dai et al. used a variety of flux assays to show that methyl-β-cyclodextrin, an analogue of 2HPβCD,

can restore autophagy levels in iPSC-derived neurons from NPC1 patients through the activation of

the AMPK pathway [140].

5.7. Autophagy in hiPSC Models of Ocular Diseases

hiPSC have been differentiated into retinal ganglion-like neurons following affinity purification

using the retinal marker THY1 to study the pathogenesis of glaucoma—an eye disease characterised

by the loss of retinal ganglion cells in the optic nerve [141]. hiPSC-derived retinal cells from normal

tension glaucoma patients with duplications in the TBK1 gene were reported to have an increase in

LC3II levels [141]. Retinitis pigmentosa is a disorder that is characterised by the loss of the light-sensing

photoreceptor cells of the outer neural retina. Retinal organoids established in 3D culture using Retinitis

Pigmentosa patient-derived hiPSCs with mutations in TRNT1 (tRNA nucleotidyl transferase 1) showed

altered autophagy activity, including an increase in LC3II levels and in elevated oxidative stress [142].

Further work will be needed to determine whether these changes in LC3 lipidation are caused by

upregulated autophagic activity or impaired flux.
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6. Future Perspectives and Challenges

Over recent years, progress in the application of iPSC neural differentiation protocols has provided

researchers with an unrivalled opportunity to study the cell biology of human neurodegenerative

diseases in vitro. In particular, iPSC-derived human neuronal cultures are enabling careful dissection

of the roles of essential cellular protective pathways—such as the autophagy/mitophagy cytoplasmic

quality control systems—in neuronal stress responses. Importantly, by carefully selecting the correct

differentiation conditions, it is now possible to generate neurons in culture that faithfully preserve

brain region-specific properties—an important consideration when studying the biology of vulnerable

neuronal sub-classes that are often present in relatively small numbers in the brain. That said, we

have somewhat rushed to find explanations for genetic mutations using patient iPSC-derived neurons,

often without fully understanding the core biology of “wild-type” state, and studies continue to use

population-based assessments of generic or heterogeneous neuronal cultures to make assumptions

about the properties of rare, disease-affected neuronal sub-types. Challenges therefore remain in

achieving accurate neuronal classifications and characterisation in iPSC neuronal cultures, and with

developing complex 3D organotypic culture systems for accurate neuronal functionality tests in

tissue models. There are clearly also some challenges when applying common autophagy tools to

iPSC-derived neurons in order to accurately measure those autophagy parameters that we take for

granted when using undifferentiated laboratory cell-line models [74,83]. As we move ahead, it is likely

that more of these will be applied as standard in autophagy studies using iPSC-derived neurons, and

through their careful use, we will inevitably learn more of how autophagy pathways contribute to

neuronal function and survival in complex human neurodegenerative diseases, and how these can be

exploited for neuroprotective and/or neurorestorative therapies.

Acknowledgments: Work in the authors’ labs is supported by Parkinson’s UK (G1402), Alzheimer’s Society, and
BBSRC BrisSYnBio. NJM is supported by the Wellcome Trust Ph.D. studentship awarded through the Dynamic
Cell Biology programme (grant number 083474). PS is funded by an Medical Research Council PhD studentship.

Author Contributions: N.J.-M., P.S. and J.D.L. wrote the manuscript. N.J.-M., P.S. and J.D.L. prepared the figures
M.A.C. and J.D.L. proof read the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Menzies, F.M.; Fleming, A.; Caricasole, A.; Bento, C.F.; Andrews, S.P.; Ashkenazi, A.; Fullgrabe, J.; Jackson, A.;

Jimenez Sanchez, M.; Karabiyik, C.; et al. Autophagy and neurodegeneration: Pathogenic mechanisms and

therapeutic opportunities. Neuron 2017, 93, 1015–1034. [CrossRef] [PubMed]

2. Decressac, M.; Mattsson, B.; Weikop, P.; Lundblad, M.; Jakobsson, J.; Bjorklund, A. Tfeb-mediated autophagy

rescues midbrain dopamine neurons from alpha-synuclein toxicity. Proc. Natl. Acad. Sci. USA 2013, 110,

E1817–E1826. [CrossRef] [PubMed]

3. Weick, J.P. Functional properties of human stem cell-derived neurons in health and disease. Stem Cells Int.

2016, 2016, 4190438. [CrossRef] [PubMed]

4. Jungverdorben, J.; Till, A.; Brustle, O. Induced pluripotent stem cell-based modeling of neurodegenerative

diseases: A focus on autophagy. J. Mol. Med. (Berl) 2017, 95, 705–718. [CrossRef] [PubMed]

5. Maday, S. Mechanisms of neuronal homeostasis: Autophagy in the axon. Brain Res. 2016, 1649, 143–150.

[CrossRef] [PubMed]

6. Hernandez, D.; Torres, C.A.; Setlik, W.; Cebrian, C.; Mosharov, E.V.; Tang, G.; Cheng, H.C.; Kholodilov, N.;

Yarygina, O.; Burke, R.E.; et al. Regulation of presynaptic neurotransmission by macroautophagy. Neuron

2012, 74, 277–284. [CrossRef] [PubMed]

7. Lim, J.; Yue, Z. Neuronal aggregates: Formation, clearance, and spreading. Dev. Cell. 2015, 32, 491–501.

[CrossRef] [PubMed]

8. Walden, H.; Muqit, M.M. Ubiquitin and parkinson's disease through the looking glass of genetics. Biochem J.

2017, 474, 1439–1451. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.neuron.2017.01.022
http://www.ncbi.nlm.nih.gov/pubmed/28279350
http://dx.doi.org/10.1073/pnas.1305623110
http://www.ncbi.nlm.nih.gov/pubmed/23610405
http://dx.doi.org/10.1155/2016/4190438
http://www.ncbi.nlm.nih.gov/pubmed/27274733
http://dx.doi.org/10.1007/s00109-017-1533-5
http://www.ncbi.nlm.nih.gov/pubmed/28593578
http://dx.doi.org/10.1016/j.brainres.2016.03.047
http://www.ncbi.nlm.nih.gov/pubmed/27038755
http://dx.doi.org/10.1016/j.neuron.2012.02.020
http://www.ncbi.nlm.nih.gov/pubmed/22542182
http://dx.doi.org/10.1016/j.devcel.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/25710535
http://dx.doi.org/10.1042/BCJ20160498
http://www.ncbi.nlm.nih.gov/pubmed/28408429


Cells 2017, 6, 24 20 of 27

9. Nixon, R.A. The role of autophagy in neurodegenerative disease. Nat. Med. 2013, 19, 983–997. [CrossRef]

[PubMed]

10. Cuervo, A.M. Autophagy and aging: Keeping that old broom working. Trends Genet. 2008, 24, 604–612.

[CrossRef] [PubMed]

11. Hara, T.; Nakamura, K.; Matsui, M.; Yamamoto, A.; Nakahara, Y.; Suzuki-Migishima, R.; Yokoyama, M.;

Mishima, K.; Saito, I.; Okano, H.; et al. Suppression of basal autophagy in neural cells causes

neurodegenerative disease in mice. Nature 2006, 441, 885–889. [CrossRef] [PubMed]

12. Komatsu, M.; Waguri, S.; Chiba, T.; Murata, S.; Iwata, J.; Tanida, I.; Ueno, T.; Koike, M.; Uchiyama, Y.;

Kominami, E.; et al. Loss of autophagy in the central nervous system causes neurodegeneration in mice.

Nature 2006, 441, 880–884. [CrossRef] [PubMed]

13. Xi, Y.; Dhaliwal, J.S.; Ceizar, M.; Vaculik, M.; Kumar, K.L.; Lagace, D.C. Knockout of atg5 delays the

maturation and reduces the survival of adult-generated neurons in the hippocampus. Cell. Death Dis. 2016,

7, e2127. [CrossRef] [PubMed]

14. Yazdankhah, M.; Farioli-Vecchioli, S.; Tonchev, A.B.; Stoykova, A.; Cecconi, F. The autophagy regulators

ambra1 and beclin 1 are required for adult neurogenesis in the brain subventricular zone. Cell. Death Dis.

2014, 5, e1403. [CrossRef] [PubMed]

15. Galluzzi, L.; Baehrecke, E.H.; Ballabio, A.; Boya, P.; Bravo-San Pedro, J.M.; Cecconi, F.; Choi, A.M.; Chu, C.T.;

Codogno, P.; Colombo, M.I.; et al. Molecular definitions of autophagy and related processes. EMBO J. 2017,

36, 1811–1836. [CrossRef] [PubMed]

16. Ktistakis, N.T.; Tooze, S.A. Digesting the expanding mechanisms of autophagy. Trends Cell Biol. 2016, 26,

624–635. [CrossRef] [PubMed]

17. Lamb, C.A.; Yoshimori, T.; Tooze, S.A. The autophagosome: Origins unknown, biogenesis complex. Nat. Rev.

Mol. Cell Biol. 2013, 14, 759–774. [CrossRef] [PubMed]

18. Dooley, H.C.; Wilson, M.I.; Tooze, S.A. Wipi2b links ptdins3p to lc3 lipidation through binding atg16l1.

Autophagy 2015, 11, 190–191. [PubMed]

19. Doss, M.X.; Koehler, C.I.; Gissel, C.; Hescheler, J.; Sachinidis, A. Embryonic stem cells: A promising tool for

cell replacement therapy. J. Cell. Mol. Med. 2004, 8, 465–473. [CrossRef] [PubMed]

20. Lo, B.; Parham, L. Ethical issues in stem cell research. Endocr. Rev. 2009, 30, 204–213. [CrossRef] [PubMed]

21. Tachibana, M.; Amato, P.; Sparman, M.; Gutierrez, N.M.; Tippner-Hedges, R.; Ma, H.; Kang, E.; Fulati, A.;

Lee, H.S.; Sritanaudomchai, H.; et al. Human embryonic stem cells derived by somatic cell nuclear transfer.

Cell 2013, 153, 1228–1238. [CrossRef] [PubMed]

22. Hamazaki, T.; El Rouby, N.; Fredette, N.C.; Santostefano, K.E.; Terada, N. Concise review: Induced

pluripotent stem cell research in the era of precision medicine. Stem Cells 2017, 35, 545–550. [CrossRef]

[PubMed]

23. Li, M.; Izpisua Belmonte, J.C. Looking to the future following 10 years of induced pluripotent stem cell

technologies. Nat. Protoc. 2016, 11, 1579–1585. [CrossRef] [PubMed]

24. Shi, Y.; Inoue, H.; Wu, J.C.; Yamanaka, S. Induced pluripotent stem cell technology: A decade of progress.

Nat. Rev. Drug Discov. 2017, 16, 115–130. [CrossRef] [PubMed]

25. Ardhanareeswaran, K.; Mariani, J.; Coppola, G.; Abyzov, A.; Vaccarino, F.M. Human induced pluripotent

stem cells for modelling neurodevelopmental disorders. Nat. Rev. Neurosci. 2017, 13, 265–278. [CrossRef]

[PubMed]

26. Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast

cultures by defined factors. Cell 2006, 126, 663–676. [CrossRef] [PubMed]

27. Schmidt, R.; Plath, K. The roles of the reprogramming factors oct4, sox2 and klf4 in resetting the somatic

cell epigenome during induced pluripotent stem cell generation. Genome Biol. 2012, 13, 251. [CrossRef]

[PubMed]

28. Buganim, Y.; Faddah, D.A.; Jaenisch, R. Mechanisms and models of somatic cell reprogramming. Nat. Rev.

Genet. 2013, 14, 427–439. [CrossRef] [PubMed]

29. Zhang, S.; Cui, W. Sox2, a key factor in the regulation of pluripotency and neural differentiation. World J.

Stem Cells 2014, 6, 305–311. [CrossRef] [PubMed]

30. Grskovic, M.; Javaherian, A.; Strulovici, B.; Daley, G.Q. Induced pluripotent stem cells–opportunities for

disease modelling and drug discovery. Nat. Rev. Drug Discov. 2011, 10, 915–929. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nm.3232
http://www.ncbi.nlm.nih.gov/pubmed/23921753
http://dx.doi.org/10.1016/j.tig.2008.10.002
http://www.ncbi.nlm.nih.gov/pubmed/18992957
http://dx.doi.org/10.1038/nature04724
http://www.ncbi.nlm.nih.gov/pubmed/16625204
http://dx.doi.org/10.1038/nature04723
http://www.ncbi.nlm.nih.gov/pubmed/16625205
http://dx.doi.org/10.1038/cddis.2015.406
http://www.ncbi.nlm.nih.gov/pubmed/26938300
http://dx.doi.org/10.1038/cddis.2014.358
http://www.ncbi.nlm.nih.gov/pubmed/25188513
http://dx.doi.org/10.15252/embj.201796697
http://www.ncbi.nlm.nih.gov/pubmed/28596378
http://dx.doi.org/10.1016/j.tcb.2016.03.006
http://www.ncbi.nlm.nih.gov/pubmed/27050762
http://dx.doi.org/10.1038/nrm3696
http://www.ncbi.nlm.nih.gov/pubmed/24201109
http://www.ncbi.nlm.nih.gov/pubmed/25629784
http://dx.doi.org/10.1111/j.1582-4934.2004.tb00471.x
http://www.ncbi.nlm.nih.gov/pubmed/15601575
http://dx.doi.org/10.1210/er.2008-0031
http://www.ncbi.nlm.nih.gov/pubmed/19366754
http://dx.doi.org/10.1016/j.cell.2013.05.006
http://www.ncbi.nlm.nih.gov/pubmed/23683578
http://dx.doi.org/10.1002/stem.2570
http://www.ncbi.nlm.nih.gov/pubmed/28100040
http://dx.doi.org/10.1038/nprot.2016.108
http://www.ncbi.nlm.nih.gov/pubmed/27490631
http://dx.doi.org/10.1038/nrd.2016.245
http://www.ncbi.nlm.nih.gov/pubmed/27980341
http://dx.doi.org/10.1038/nrneurol.2017.45
http://www.ncbi.nlm.nih.gov/pubmed/28418023
http://dx.doi.org/10.1016/j.cell.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16904174
http://dx.doi.org/10.1186/gb-2012-13-10-251
http://www.ncbi.nlm.nih.gov/pubmed/23088445
http://dx.doi.org/10.1038/nrg3473
http://www.ncbi.nlm.nih.gov/pubmed/23681063
http://dx.doi.org/10.4252/wjsc.v6.i3.305
http://www.ncbi.nlm.nih.gov/pubmed/25126380
http://dx.doi.org/10.1038/nrd3577
http://www.ncbi.nlm.nih.gov/pubmed/22076509


Cells 2017, 6, 24 21 of 27

31. Singh, V.K.; Kalsan, M.; Kumar, N.; Saini, A.; Chandra, R. Induced pluripotent stem cells: Applications in

regenerative medicine, disease modeling, and drug discovery. Front. Cell Dev. Biol. 2015, 3, 2. [CrossRef]

[PubMed]

32. Oliver, L.; Hue, E.; Priault, M.; Vallette, F.M. Basal autophagy decreased during the differentiation of human

adult mesenchymal stem cells. Stem Cells Dev. 2012, 21, 2779–2788. [CrossRef] [PubMed]

33. Salimi, A.; Nadri, S.; Ghollasi, M.; Khajeh, K.; Soleimani, M. Comparison of different protocols for neural

differentiation of human induced pluripotent stem cells. Mol. Biol. Rep. 2014, 41, 1713–1721. [CrossRef]

[PubMed]

34. Liu, F.; Lee, J.Y.; Wei, H.; Tanabe, O.; Engel, J.D.; Morrison, S.J.; Guan, J.L. Fip200 is required for the

cell-autonomous maintenance of fetal hematopoietic stem cells. Blood 2010, 116, 4806–4814. [CrossRef]

[PubMed]

35. Ito, K.; Hirao, A.; Arai, F.; Takubo, K.; Matsuoka, S.; Miyamoto, K.; Ohmura, M.; Naka, K.; Hosokawa, K.;

Ikeda, Y.; et al. Reactive oxygen species act through p38 mapk to limit the lifespan of hematopoietic stem

cells. Nat. Med. 2006, 12, 446–451. [CrossRef] [PubMed]

36. Ho, T.T.; Warr, M.R.; Adelman, E.R.; Lansinger, O.M.; Flach, J.; Verovskaya, E.V.; Figueroa, M.E.; Passegue, E.

Autophagy maintains the metabolism and function of young and old stem cells. Nature 2017, 543, 205–210.

[CrossRef] [PubMed]

37. Armstrong, L.; Tilgner, K.; Saretzki, G.; Atkinson, S.P.; Stojkovic, M.; Moreno, R.; Przyborski, S.; Lako, M.

Human induced pluripotent stem cell lines show stress defense mechanisms and mitochondrial regulation

similar to those of human embryonic stem cells. Stem Cells 2010, 28, 661–673. [CrossRef] [PubMed]

38. Prigione, A.; Fauler, B.; Lurz, R.; Lehrach, H.; Adjaye, J. The senescence-related mitochondrial/oxidative

stress pathway is repressed in human induced pluripotent stem cells. Stem Cells 2010, 28, 721–733. [CrossRef]

[PubMed]

39. Sotthibundhu, A.; McDonagh, K.; von Kriegsheim, A.; Garcia-Munoz, A.; Klawiter, A.; Thompson, K.;

Chauhan, K.D.; Krawczyk, J.; McInerney, V.; Dockery, P.; et al. Rapamycin regulates autophagy and cell

adhesion in induced pluripotent stem cells. Stem Cell Res. Ther. 2016, 7, 166. [CrossRef] [PubMed]

40. Wu, Y.; Li, Y.; Zhang, H.; Huang, Y.; Zhao, P.; Tang, Y.; Qiu, X.; Ying, Y.; Li, W.; Ni, S.; et al. Autophagy

and mtorc1 regulate the stochastic phase of somatic cell reprogramming. Nat. Cell. Biol. 2015, 17, 715–725.

[CrossRef] [PubMed]

41. Chen, T.; Shen, L.; Yu, J.; Wan, H.; Guo, A.; Chen, J.; Long, Y.; Zhao, J.; Pei, G. Rapamycin and other

longevity-promoting compounds enhance the generation of mouse induced pluripotent stem cells. Aging Cell

2011, 10, 908–911. [CrossRef] [PubMed]

42. He, J.; Kang, L.; Wu, T.; Zhang, J.; Wang, H.; Gao, H.; Zhang, Y.; Huang, B.; Liu, W.; Kou, Z.; et al. An

elaborate regulation of mammalian target of rapamycin activity is required for somatic cell reprogramming

induced by defined transcription factors. Stem Cells Dev. 2012, 21, 2630–2641. [CrossRef] [PubMed]

43. Menendez, J.A.; Vellon, L.; Oliveras-Ferraros, C.; Cufi, S.; Vazquez-Martin, A. Mtor-regulated senescence and

autophagy during reprogramming of somatic cells to pluripotency: A roadmap from energy metabolism to

stem cell renewal and aging. Cell Cycle 2011, 10, 3658–3677. [CrossRef] [PubMed]

44. Wang, S.; Xia, P.; Ye, B.; Huang, G.; Liu, J.; Fan, Z. Transient activation of autophagy via sox2-mediated

suppression of mtor is an important early step in reprogramming to pluripotency. Cell Stem Cell 2013, 13,

617–625. [CrossRef] [PubMed]

45. Ito, K.; Suda, T. Metabolic requirements for the maintenance of self-renewing stem cells. Nat. Rev. Mol.

Cell Biol. 2014, 15, 243–256. [CrossRef] [PubMed]

46. Kaneko, A.; Sankai, Y. Long-term culture of rat hippocampal neurons at low density in serum-free medium:

Combination of the sandwich culture technique with the three-dimensional nanofibrous hydrogel puramatrix.

PLoS ONE 2014, 9, e102703. [CrossRef] [PubMed]

47. Lake, B.B.; Ai, R.; Kaeser, G.E.; Salathia, N.S.; Yung, Y.C.; Liu, R.; Wildberg, A.; Gao, D.; Fung, H.L.; Chen, S.;

et al. Neuronal subtypes and diversity revealed by single-nucleus rna sequencing of the human brain. Science

2016, 352, 1586–1590. [CrossRef] [PubMed]

48. Kovalevich, J.; Langford, D. Considerations for the use of sh-sy5y neuroblastoma cells in neurobiology.

Methods Mol. Biol. 2013, 1078, 9–21. [PubMed]

http://dx.doi.org/10.3389/fcell.2015.00002
http://www.ncbi.nlm.nih.gov/pubmed/25699255
http://dx.doi.org/10.1089/scd.2012.0124
http://www.ncbi.nlm.nih.gov/pubmed/22519885
http://dx.doi.org/10.1007/s11033-014-3020-1
http://www.ncbi.nlm.nih.gov/pubmed/24469709
http://dx.doi.org/10.1182/blood-2010-06-288589
http://www.ncbi.nlm.nih.gov/pubmed/20716775
http://dx.doi.org/10.1038/nm1388
http://www.ncbi.nlm.nih.gov/pubmed/16565722
http://dx.doi.org/10.1038/nature21388
http://www.ncbi.nlm.nih.gov/pubmed/28241143
http://dx.doi.org/10.1002/stem.307
http://www.ncbi.nlm.nih.gov/pubmed/20073085
http://dx.doi.org/10.1002/stem.404
http://www.ncbi.nlm.nih.gov/pubmed/20201066
http://dx.doi.org/10.1186/s13287-016-0425-x
http://www.ncbi.nlm.nih.gov/pubmed/27846905
http://dx.doi.org/10.1038/ncb3172
http://www.ncbi.nlm.nih.gov/pubmed/25985393
http://dx.doi.org/10.1111/j.1474-9726.2011.00722.x
http://www.ncbi.nlm.nih.gov/pubmed/21615676
http://dx.doi.org/10.1089/scd.2012.0015
http://www.ncbi.nlm.nih.gov/pubmed/22471963
http://dx.doi.org/10.4161/cc.10.21.18128
http://www.ncbi.nlm.nih.gov/pubmed/22052357
http://dx.doi.org/10.1016/j.stem.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24209762
http://dx.doi.org/10.1038/nrm3772
http://www.ncbi.nlm.nih.gov/pubmed/24651542
http://dx.doi.org/10.1371/journal.pone.0102703
http://www.ncbi.nlm.nih.gov/pubmed/25032834
http://dx.doi.org/10.1126/science.aaf1204
http://www.ncbi.nlm.nih.gov/pubmed/27339989
http://www.ncbi.nlm.nih.gov/pubmed/23975817


Cells 2017, 6, 24 22 of 27

49. Ray, B.; Chopra, N.; Long, J.M.; Lahiri, D.K. Human primary mixed brain cultures: Preparation,

differentiation, characterization and application to neuroscience research. Mol. Brain 2014, 7, 63. [CrossRef]

[PubMed]

50. Ghanbari, H.A.; Ghanbari, K.; Harris, P.L.; Jones, P.K.; Kubat, Z.; Castellani, R.J.; Wolozin, B.L.; Smith, M.A.;

Perry, G. Oxidative damage in cultured human olfactory neurons from alzheimer’s disease patients.

Aging Cell 2004, 3, 41–44. [CrossRef] [PubMed]

51. Darmanis, S.; Sloan, S.A.; Zhang, Y.; Enge, M.; Caneda, C.; Shuer, L.M.; Hayden Gephart, M.G.; Barres, B.A.;

Quake, S.R. A survey of human brain transcriptome diversity at the single cell level. Proc. Natl. Acad.

Sci. USA 2015, 112, 7285–7290. [CrossRef] [PubMed]

52. Spaethling, J.M.; Na, Y.J.; Lee, J.; Ulyanova, A.V.; Baltuch, G.H.; Bell, T.J.; Brem, S.; Chen, H.I.; Dueck, H.;

Fisher, S.A.; et al. Primary cell culture of live neurosurgically resected aged adult human brain cells and

single cell transcriptomics. Cell Rep. 2017, 18, 791–803. [CrossRef] [PubMed]

53. Vierbuchen, T.; Ostermeier, A.; Pang, Z.P.; Kokubu, Y.; Sudhof, T.C.; Wernig, M. Direct conversion of

fibroblasts to functional neurons by defined factors. Nature 2010, 463, 1035–1041. [CrossRef] [PubMed]

54. Treutlein, B.; Lee, Q.Y.; Camp, J.G.; Mall, M.; Koh, W.; Shariati, S.A.; Sim, S.; Neff, N.F.; Skotheim, J.M.;

Wernig, M.; et al. Dissecting direct reprogramming from fibroblast to neuron using single-cell RNA-seq.

Nature 2016, 534, 391–395. [CrossRef] [PubMed]

55. Mertens, J.; Paquola, A.C.; Ku, M.; Hatch, E.; Bohnke, L.; Ladjevardi, S.; McGrath, S.; Campbell, B.; Lee, H.;

Herdy, J.R.; et al. Directly reprogrammed human neurons retain aging-associated transcriptomic signatures

and reveal age-related nucleocytoplasmic defects. Cell Stem Cell 2015, 17, 705–718. [CrossRef] [PubMed]

56. Rivetti di Val Cervo, P.; Romanov, R.A.; Spigolon, G.; Masini, D.; Martin-Montanez, E.; Toledo, E.M.; La

Manno, G.; Feyder, M.; Pifl, C.; Ng, Y.H.; et al. Induction of functional dopamine neurons from human

astrocytes in vitro and mouse astrocytes in a parkinson's disease model. Nat. Biotechnol. 2017, 35, 444–452.

[CrossRef] [PubMed]

57. Dolmetsch, R.; Geschwind, D.H. The human brain in a dish: The promise of ipsc-derived neurons. Cell 2011,

145, 831–834. [CrossRef] [PubMed]

58. Nakamura, M.; Okano, H. Cell transplantation therapies for spinal cord injury focusing on induced

pluripotent stem cells. Cell Res. 2013, 23, 70–80. [CrossRef] [PubMed]

59. Hu, B.Y.; Weick, J.P.; Yu, J.; Ma, L.X.; Zhang, X.Q.; Thomson, J.A.; Zhang, S.C. Neural differentiation of

human induced pluripotent stem cells follows developmental principles but with variable potency. Proc.

Natl. Acad. Sci. USA 2010, 107, 4335–4340. [CrossRef] [PubMed]

60. Dhara, S.K.; Stice, S.L. Neural differentiation of human embryonic stem cells. J. Cell. Biochem. 2008, 105,

633–640. [CrossRef] [PubMed]

61. Velasco, I.; Salazar, P.; Giorgetti, A.; Ramos-Mejia, V.; Castano, J.; Romero-Moya, D.; Menendez, P. Concise

review: Generation of neurons from somatic cells of healthy individuals and neurological patients through

induced pluripotency or direct conversion. Stem Cells 2014, 32, 2811–2817. [CrossRef] [PubMed]

62. Kriks, S.; Shim, J.W.; Piao, J.; Ganat, Y.M.; Wakeman, D.R.; Xie, Z.; Carrillo-Reid, L.; Auyeung, G.;

Antonacci, C.; Buch, A.; et al. Dopamine neurons derived from human es cells efficiently engraft in

animal models of parkinson's disease. Nature 2011, 480, 547–551. [PubMed]

63. D’Aiuto, L.; Zhi, Y.; Kumar Das, D.; Wilcox, M.R.; Johnson, J.W.; McClain, L.; MacDonald, M.L.; Di Maio, R.;

Schurdak, M.E.; Piazza, P.; et al. Large-scale generation of human ipsc-derived neural stem cells/early neural

progenitor cells and their neuronal differentiation. Organogenesis 2014, 10, 365–377. [CrossRef] [PubMed]

64. Nistor, P.A.; May, P.W.; Tamagnini, F.; Randall, A.D.; Caldwell, M.A. Long-term culture of pluripotent

stem-cell-derived human neurons on diamond–a substrate for neurodegeneration research and therapy.

Biomaterials 2015, 61, 139–149. [CrossRef] [PubMed]

65. Poon, A.; Zhang, Y.; Chandrasekaran, A.; Phanthong, P.; Schmid, B.; Nielsen, T.T.; Freude, K.K. Modeling

neurodegenerative diseases with patient-derived induced pluripotent cells: Possibilities and challenges.

New Biotechnol. 2017. [CrossRef] [PubMed]

66. Arenas, E.; Denham, M.; Villaescusa, J.C. How to make a midbrain dopaminergic neuron. Development 2015,

142, 1918–1936. [CrossRef] [PubMed]

67. Mertens, J.; Marchetto, M.C.; Bardy, C.; Gage, F.H. Evaluating cell reprogramming, differentiation and

conversion technologies in neuroscience. Nat. Rev. Neurosci. 2016, 17, 424–437. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s13041-014-0063-0
http://www.ncbi.nlm.nih.gov/pubmed/25223359
http://dx.doi.org/10.1111/j.1474-9728.2004.00083.x
http://www.ncbi.nlm.nih.gov/pubmed/14965355
http://dx.doi.org/10.1073/pnas.1507125112
http://www.ncbi.nlm.nih.gov/pubmed/26060301
http://dx.doi.org/10.1016/j.celrep.2016.12.066
http://www.ncbi.nlm.nih.gov/pubmed/28099855
http://dx.doi.org/10.1038/nature08797
http://www.ncbi.nlm.nih.gov/pubmed/20107439
http://dx.doi.org/10.1038/nature18323
http://www.ncbi.nlm.nih.gov/pubmed/27281220
http://dx.doi.org/10.1016/j.stem.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26456686
http://dx.doi.org/10.1038/nbt.3835
http://www.ncbi.nlm.nih.gov/pubmed/28398344
http://dx.doi.org/10.1016/j.cell.2011.05.034
http://www.ncbi.nlm.nih.gov/pubmed/21663789
http://dx.doi.org/10.1038/cr.2012.171
http://www.ncbi.nlm.nih.gov/pubmed/23229514
http://dx.doi.org/10.1073/pnas.0910012107
http://www.ncbi.nlm.nih.gov/pubmed/20160098
http://dx.doi.org/10.1002/jcb.21891
http://www.ncbi.nlm.nih.gov/pubmed/18759328
http://dx.doi.org/10.1002/stem.1782
http://www.ncbi.nlm.nih.gov/pubmed/24989459
http://www.ncbi.nlm.nih.gov/pubmed/22056989
http://dx.doi.org/10.1080/15476278.2015.1011921
http://www.ncbi.nlm.nih.gov/pubmed/25629202
http://dx.doi.org/10.1016/j.biomaterials.2015.04.050
http://www.ncbi.nlm.nih.gov/pubmed/26002787
http://dx.doi.org/10.1016/j.nbt.2017.05.009
http://www.ncbi.nlm.nih.gov/pubmed/28579476
http://dx.doi.org/10.1242/dev.097394
http://www.ncbi.nlm.nih.gov/pubmed/26015536
http://dx.doi.org/10.1038/nrn.2016.46
http://www.ncbi.nlm.nih.gov/pubmed/27194476


Cells 2017, 6, 24 23 of 27

68. Randall, A.D. Are stem cell-derived neural cells physiologically credible? J. Physiol. 2016, 594, 6569–6572.

[CrossRef] [PubMed]

69. Wakeman, D.R.; Hiller, B.M.; Marmion, D.J.; McMahon, C.W.; Corbett, G.T.; Mangan, K.P.; Ma, J.; Little, L.E.;

Xie, Z.; Perez-Rosello, T.; et al. Cryopreservation maintains functionality of human ipsc dopamine neurons

and rescues parkinsonian phenotypes in vivo. Stem Cell Rep. 2017. [CrossRef] [PubMed]

70. Merkle, F.T.; Ghosh, S.; Kamitaki, N.; Mitchell, J.; Avior, Y.; Mello, C.; Kashin, S.; Mekhoubad, S.; Ilic, D.;

Charlton, M.; et al. Human pluripotent stem cells recurrently acquire and expand dominant negative p53

mutations. Nature 2017, 545, 229–233. [CrossRef] [PubMed]

71. Miller, J.D.; Ganat, Y.M.; Kishinevsky, S.; Bowman, R.L.; Liu, B.; Tu, E.Y.; Mandal, P.K.; Vera, E.; Shim, J.W.;

Kriks, S.; et al. Human ipsc-based modeling of late-onset disease via progerin-induced aging. Cell Stem Cell

2013, 13, 691–705. [CrossRef] [PubMed]

72. Gurwitz, D. Human ipsc-derived neurons and lymphoblastoid cells for personalized medicine research in

neuropsychiatric disorders. Dialogues Clin. Neurosci. 2016, 18, 267–276. [PubMed]

73. Yang, J.; Li, S.; He, X.B.; Cheng, C.; Le, W. Induced pluripotent stem cells in alzheimer's disease: Applications

for disease modeling and cell-replacement therapy. Mol. Neurodegener. 2016, 11, 39. [CrossRef] [PubMed]

74. Klionsky, D.J.; Abdelmohsen, K.; Abe, A.; Abedin, M.J.; Abeliovich, H.; Acevedo Arozena, A.; Adachi, H.;

Adams, C.M.; Adams, P.D.; Adeli, K.; et al. Guidelines for the use and interpretation of assays for monitoring

autophagy (3rd edition). Autophagy 2016, 12, 1–222. [CrossRef] [PubMed]

75. Chen, H.; Qian, K.; Du, Z.; Cao, J.; Petersen, A.; Liu, H.; Blackbourn, L.W.t.; Huang, C.L.; Errigo, A.; Yin, Y.;

et al. Modeling als with ipscs reveals that mutant sod1 misregulates neurofilament balance in motor neurons.

Cell Stem Cell 2014, 14, 796–809. [CrossRef] [PubMed]

76. Maetzel, D.; Sarkar, S.; Wang, H.; Abi-Mosleh, L.; Xu, P.; Cheng, A.W.; Gao, Q.; Mitalipova, M.; Jaenisch, R.

Genetic and chemical correction of cholesterol accumulation and impaired autophagy in hepatic and neural

cells derived from niemann-pick type c patient-specific ips cells. Stem Cell Rep. 2014, 2, 866–880. [CrossRef]

[PubMed]

77. Maday, S.; Wallace, K.E.; Holzbaur, E.L. Autophagosomes initiate distally and mature during transport

toward the cell soma in primary neurons. J. Cell. Biol. 2012, 196, 407–417. [CrossRef] [PubMed]

78. Kimura, S.; Noda, T.; Yoshimori, T. Dissection of the autophagosome maturation process by a novel reporter

protein, tandem fluorescent-tagged lc3. Autophagy 2007, 3, 452–460. [CrossRef] [PubMed]

79. Pankiv, S.; Clausen, T.H.; Lamark, T.; Brech, A.; Bruun, J.A.; Outzen, H.; Overvatn, A.; Bjorkoy, G.; Johansen, T.

P62/sqstm1 binds directly to atg8/lc3 to facilitate degradation of ubiquitinated protein aggregates by

autophagy. J. Biol.Chem. 2007, 282, 24131–24145. [CrossRef] [PubMed]

80. Kaizuka, T.; Morishita, H.; Hama, Y.; Tsukamoto, S.; Matsui, T.; Toyota, Y.; Kodama, A.; Ishihara, T.;

Mizushima, T.; Mizushima, N. An autophagic flux probe that releases an internal control. Mol. Cell 2016, 64,

835–849. [CrossRef] [PubMed]

81. Khayati, K.; Antikainen, H.; Bonder, E.M.; Weber, G.F.; Kruger, W.D.; Jakubowski, H.; Dobrowolski, R.

The amino acid metabolite homocysteine activates mtorc1 to inhibit autophagy and form abnormal proteins

in human neurons and mice. FASEB J. 2017, 31, 598–609. [CrossRef] [PubMed]

82. Mizushima, N.; Yoshimori, T. How to interpret lc3 immunoblotting. Autophagy 2007, 3, 542–545. [CrossRef]

[PubMed]

83. Orhon, I.; Reggiori, F. Assays to monitor autophagy progression in cell cultures. Cells 2017, 6, 20. [CrossRef]

[PubMed]

84. Ohta, E.; Nihira, T.; Uchino, A.; Imaizumi, Y.; Okada, Y.; Akamatsu, W.; Takahashi, K.; Hayakawa, H.;

Nagai, M.; Ohyama, M.; et al. I2020t mutant lrrk2 ipsc-derived neurons in the sagamihara family exhibit

increased tau phosphorylation through the akt/gsk-3beta signaling pathway. Hum. Mol. Genet. 2015, 24,

4879–4900. [CrossRef] [PubMed]

85. Sanchez-Danes, A.; Richaud-Patin, Y.; Carballo-Carbajal, I.; Jimenez-Delgado, S.; Caig, C.; Mora, S.; Di

Guglielmo, C.; Ezquerra, M.; Patel, B.; Giralt, A.; et al. Disease-specific phenotypes in dopamine neurons

from human ips-based models of genetic and sporadic parkinson’s disease. EMBO Mol. Med. 2012, 4,

380–395. [CrossRef] [PubMed]

86. Betin, V.M.; Singleton, B.K.; Parsons, S.F.; Anstee, D.J.; Lane, J.D. Autophagy facilitates organelle clearance

during differentiation of human erythroblasts: Evidence for a role for atg4 paralogs during autophagosome

maturation. Autophagy 2013, 9, 881–893. [CrossRef] [PubMed]

http://dx.doi.org/10.1113/JP273348
http://www.ncbi.nlm.nih.gov/pubmed/27870124
http://dx.doi.org/10.1016/j.stemcr.2017.04.033
http://www.ncbi.nlm.nih.gov/pubmed/28579395
http://dx.doi.org/10.1038/nature22312
http://www.ncbi.nlm.nih.gov/pubmed/28445466
http://dx.doi.org/10.1016/j.stem.2013.11.006
http://www.ncbi.nlm.nih.gov/pubmed/24315443
http://www.ncbi.nlm.nih.gov/pubmed/27757061
http://dx.doi.org/10.1186/s13024-016-0106-3
http://www.ncbi.nlm.nih.gov/pubmed/27184028
http://dx.doi.org/10.1080/15548627.2015.1100356
http://www.ncbi.nlm.nih.gov/pubmed/26799652
http://dx.doi.org/10.1016/j.stem.2014.02.004
http://www.ncbi.nlm.nih.gov/pubmed/24704493
http://dx.doi.org/10.1016/j.stemcr.2014.03.014
http://www.ncbi.nlm.nih.gov/pubmed/24936472
http://dx.doi.org/10.1083/jcb.201106120
http://www.ncbi.nlm.nih.gov/pubmed/22331844
http://dx.doi.org/10.4161/auto.4451
http://www.ncbi.nlm.nih.gov/pubmed/17534139
http://dx.doi.org/10.1074/jbc.M702824200
http://www.ncbi.nlm.nih.gov/pubmed/17580304
http://dx.doi.org/10.1016/j.molcel.2016.09.037
http://www.ncbi.nlm.nih.gov/pubmed/27818143
http://dx.doi.org/10.1096/fj.201600915R
http://www.ncbi.nlm.nih.gov/pubmed/28148781
http://dx.doi.org/10.4161/auto.4600
http://www.ncbi.nlm.nih.gov/pubmed/17611390
http://dx.doi.org/10.3390/cells6030020
http://www.ncbi.nlm.nih.gov/pubmed/28686195
http://dx.doi.org/10.1093/hmg/ddv212
http://www.ncbi.nlm.nih.gov/pubmed/26056228
http://dx.doi.org/10.1002/emmm.201200215
http://www.ncbi.nlm.nih.gov/pubmed/22407749
http://dx.doi.org/10.4161/auto.24172
http://www.ncbi.nlm.nih.gov/pubmed/23508006


Cells 2017, 6, 24 24 of 27

87. Fernandes, H.J.; Hartfield, E.M.; Christian, H.C.; Emmanoulidou, E.; Zheng, Y.; Booth, H.; Bogetofte, H.;

Lang, C.; Ryan, B.J.; Sardi, S.P.; et al. Er stress and autophagic perturbations lead to elevated extracellular

alpha-synuclein in gba-n370s parkinson's ipsc-derived dopamine neurons. Stem Cell Rep. 2016, 6, 342–356.

[CrossRef] [PubMed]

88. Esteras, N.; Rohrer, J.D.; Hardy, J.; Wray, S.; Abramov, A.Y. Mitochondrial hyperpolarization in ipsc-derived

neurons from patients of ftdp-17 with 10+16 mapt mutation leads to oxidative stress and neurodegeneration.

Redox Biol. 2017, 12, 410–422. [CrossRef] [PubMed]

89. Hsieh, C.H.; Shaltouki, A.; Gonzalez, A.E.; Bettencourt da Cruz, A.; Burbulla, L.F.; St Lawrence, E.; Schule, B.;

Krainc, D.; Palmer, T.D.; Wang, X. Functional impairment in miro degradation and mitophagy is a shared

feature in familial and sporadic parkinson’s disease. Cell Stem Cell 2016, 19, 709–724. [CrossRef] [PubMed]

90. Nekrasov, E.D.; Vigont, V.A.; Klyushnikov, S.A.; Lebedeva, O.S.; Vassina, E.M.; Bogomazova, A.N.;

Chestkov, I.V.; Semashko, T.A.; Kiseleva, E.; Suldina, L.A.; et al. Manifestation of huntington’s disease

pathology in human induced pluripotent stem cell-derived neurons. Mol. Neurodegener. 2016, 11, 27.

[CrossRef] [PubMed]

91. Maday, S.; Holzbaur, E.L. Autophagosome biogenesis in primary neurons follows an ordered and spatially

regulated pathway. Dev. Cell. 2014, 30, 71–85. [CrossRef] [PubMed]

92. Ashrafi, G.; Schlehe, J.S.; LaVoie, M.J.; Schwarz, T.L. Mitophagy of damaged mitochondria occurs locally in

distal neuronal axons and requires pink1 and parkin. J. Cell. Biol. 2014, 206, 655–670. [CrossRef] [PubMed]

93. Koga, H.; Martinez-Vicente, M.; Macian, F.; Verkhusha, V.V.; Cuervo, A.M. A photoconvertible fluorescent

reporter to track chaperone-mediated autophagy. Nat. Commun. 2011, 2, 386. [CrossRef] [PubMed]

94. Katayama, H.; Kogure, T.; Mizushima, N.; Yoshimori, T.; Miyawaki, A. A sensitive and quantitative technique

for detecting autophagic events based on lysosomal delivery. Chem. Biol. 2011, 18, 1042–1052. [CrossRef]

[PubMed]

95. Allen, G.F.; Toth, R.; James, J.; Ganley, I.G. Loss of iron triggers pink1/parkin-independent mitophagy.

EMBO Rep. 2013, 14, 1127–1135. [CrossRef] [PubMed]

96. McWilliams, T.G.; Prescott, A.R.; Allen, G.F.; Tamjar, J.; Munson, M.J.; Thomson, C.; Muqit, M.M.; Ganley, I.G.

Mito-qc illuminates mitophagy and mitochondrial architecture in vivo. J. Cell. Biol. 2016, 214, 333–345.

[CrossRef] [PubMed]

97. Fullgrabe, J.; Klionsky, D.J.; Joseph, B. The return of the nucleus: Transcriptional and epigenetic control of

autophagy. Nat. Rev. Mol. Cell Biol. 2014, 15, 65–74. [CrossRef] [PubMed]

98. Sardiello, M.; Palmieri, M.; di Ronza, A.; Medina, D.L.; Valenza, M.; Gennarino, V.A.; Di Malta, C.;

Donaudy, F.; Embrione, V.; Polishchuk, R.S.; et al. A gene network regulating lysosomal biogenesis and

function. Science 2009, 325, 473–477. [PubMed]

99. Cortes, C.J.; Miranda, H.C.; Frankowski, H.; Batlevi, Y.; Young, J.E.; Le, A.; Ivanov, N.; Sopher, B.L.;

Carromeu, C.; Muotri, A.R.; et al. Polyglutamine-expanded androgen receptor interferes with tfeb to elicit

autophagy defects in sbma. Nat. Neurosci. 2014, 17, 1180–1189. [CrossRef] [PubMed]

100. Reddy, K.; Cusack, C.L.; Nnah, I.C.; Khayati, K.; Saqcena, C.; Huynh, T.B.; Noggle, S.A.; Ballabio, A.;

Dobrowolski, R. Dysregulation of nutrient sensing and clearance in presenilin deficiency. Cell Rep. 2016, 14,

2166–2179. [CrossRef] [PubMed]

101. Ebrahimi-Fakhari, D.; Saffari, A.; Wahlster, L.; Lu, J.; Byrne, S.; Hoffmann, G.F.; Jungbluth, H.; Sahin, M.

Congenital disorders of autophagy: An emerging novel class of inborn errors of neuro-metabolism. Brain J.

Neuro. 2016, 139, 317–337. [CrossRef] [PubMed]

102. Liang, J.H.; Jia, J.P. Dysfunctional autophagy in alzheimer’s disease: Pathogenic roles and therapeutic

implications. Neurosci. Bull. 2014, 30, 308–316. [CrossRef] [PubMed]

103. Lee, J.K.; Jin, H.K.; Park, M.H.; Kim, B.R.; Lee, P.H.; Nakauchi, H.; Carter, J.E.; He, X.; Schuchman, E.H.;

Bae, J.S. Acid sphingomyelinase modulates the autophagic process by controlling lysosomal biogenesis in

alzheimer's disease. J. Exp. Med. 2014, 211, 1551–1570. [CrossRef] [PubMed]

104. Okada, Y.; Matsumoto, A.; Shimazaki, T.; Enoki, R.; Koizumi, A.; Ishii, S.; Itoyama, Y.; Sobue, G.;

Okano, H. Spatiotemporal recapitulation of central nervous system development by murine embryonic stem

cell-derived neural stem/progenitor cells. Stem Cells 2008, 26, 3086–3098. [CrossRef] [PubMed]

105. Chambers, S.M.; Fasano, C.A.; Papapetrou, E.P.; Tomishima, M.; Sadelain, M.; Studer, L. Highly efficient

neural conversion of human es and ips cells by dual inhibition of smad signaling. Nat. Biotechnol. 2009, 27,

275–280. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.stemcr.2016.01.013
http://www.ncbi.nlm.nih.gov/pubmed/26905200
http://dx.doi.org/10.1016/j.redox.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28319892
http://dx.doi.org/10.1016/j.stem.2016.08.002
http://www.ncbi.nlm.nih.gov/pubmed/27618216
http://dx.doi.org/10.1186/s13024-016-0092-5
http://www.ncbi.nlm.nih.gov/pubmed/27080129
http://dx.doi.org/10.1016/j.devcel.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/25026034
http://dx.doi.org/10.1083/jcb.201401070
http://www.ncbi.nlm.nih.gov/pubmed/25154397
http://dx.doi.org/10.1038/ncomms1393
http://www.ncbi.nlm.nih.gov/pubmed/21750540
http://dx.doi.org/10.1016/j.chembiol.2011.05.013
http://www.ncbi.nlm.nih.gov/pubmed/21867919
http://dx.doi.org/10.1038/embor.2013.168
http://www.ncbi.nlm.nih.gov/pubmed/24176932
http://dx.doi.org/10.1083/jcb.201603039
http://www.ncbi.nlm.nih.gov/pubmed/27458135
http://dx.doi.org/10.1038/nrm3716
http://www.ncbi.nlm.nih.gov/pubmed/24326622
http://www.ncbi.nlm.nih.gov/pubmed/19556463
http://dx.doi.org/10.1038/nn.3787
http://www.ncbi.nlm.nih.gov/pubmed/25108912
http://dx.doi.org/10.1016/j.celrep.2016.02.006
http://www.ncbi.nlm.nih.gov/pubmed/26923592
http://dx.doi.org/10.1093/brain/awv371
http://www.ncbi.nlm.nih.gov/pubmed/26715604
http://dx.doi.org/10.1007/s12264-013-1418-8
http://www.ncbi.nlm.nih.gov/pubmed/24610177
http://dx.doi.org/10.1084/jem.20132451
http://www.ncbi.nlm.nih.gov/pubmed/25049335
http://dx.doi.org/10.1634/stemcells.2008-0293
http://www.ncbi.nlm.nih.gov/pubmed/18757299
http://dx.doi.org/10.1038/nbt.1529
http://www.ncbi.nlm.nih.gov/pubmed/19252484


Cells 2017, 6, 24 25 of 27

106. Iqbal, K.; Liu, F.; Gong, C.X.; Grundke-Iqbal, I. Tau in alzheimer disease and related tauopathies. Curr.

Alzheimer Res. 2010, 7, 656–664. [CrossRef] [PubMed]

107. Verheyen, A.; Diels, A.; Dijkmans, J.; Oyelami, T.; Meneghello, G.; Mertens, L.; Versweyveld, S.; Borgers, M.;

Buist, A.; Peeters, P.; et al. Using human ipsc-derived neurons to model tau aggregation. PLoS ONE 2015, 10,

e0146127. [CrossRef] [PubMed]

108. Shi, Y.; Kirwan, P.; Livesey, F.J. Directed differentiation of human pluripotent stem cells to cerebral cortex

neurons and neural networks. Nat. Protoc. 2012, 7, 1836–1846. [CrossRef] [PubMed]

109. Silva, M.C.; Cheng, C.; Mair, W.; Almeida, S.; Fong, H.; Biswas, M.H.; Zhang, Z.; Huang, Y.; Temple, S.;

Coppola, G.; et al. Human ipsc-derived neuronal model of tau-a152t frontotemporal dementia reveals

tau-mediated mechanisms of neuronal vulnerability. Stem Cell Rep. 2016, 7, 325–340. [CrossRef] [PubMed]

110. Surmeier, D.J.; Obeso, J.A.; Halliday, G.M. Selective neuronal vulnerability in parkinson disease. Nat. Rev.

Neurosci. 2017, 18, 101–113. [CrossRef] [PubMed]

111. Sanchez-Danes, A.; Consiglio, A.; Richaud, Y.; Rodriguez-Piza, I.; Dehay, B.; Edel, M.; Bove, J.; Memo, M.;

Vila, M.; Raya, A.; et al. Efficient generation of a9 midbrain dopaminergic neurons by lentiviral delivery of

lmx1a in human embryonic stem cells and induced pluripotent stem cells. Human Gene Ther. 2012, 23, 56–69.

[CrossRef] [PubMed]

112. Chu, C.T.; Plowey, E.D.; Dagda, R.K.; Hickey, R.W.; Cherra, S.J., 3rd; Clark, R.S. Autophagy in neurite injury

and neurodegeneration: In vitro and in vivo models. Methods Enzymol. 2009, 453, 217–249. [PubMed]

113. Orenstein, S.J.; Kuo, S.H.; Tasset, I.; Arias, E.; Koga, H.; Fernandez-Carasa, I.; Cortes, E.; Honig, L.S.;

Dauer, W.; Consiglio, A.; et al. Interplay of lrrk2 with chaperone-mediated autophagy. Nat. Neurosci. 2013,

16, 394–406. [CrossRef] [PubMed]

114. Schondorf, D.C.; Aureli, M.; McAllister, F.E.; Hindley, C.J.; Mayer, F.; Schmid, B.; Sardi, S.P.; Valsecchi, M.;

Hoffmann, S.; Schwarz, L.K.; et al. Ipsc-derived neurons from gba1-associated parkinson’s disease patients

show autophagic defects and impaired calcium homeostasis. Nat. Commun. 2014, 5, 4028. [CrossRef]

[PubMed]

115. Seibler, P.; Graziotto, J.; Jeong, H.; Simunovic, F.; Klein, C.; Krainc, D. Mitochondrial parkin recruitment

is impaired in neurons derived from mutant pink1 induced pluripotent stem cells. J. Nurosci. 2011, 31,

5970–5976. [CrossRef] [PubMed]

116. Chung, S.Y.; Kishinevsky, S.; Mazzulli, J.R.; Graziotto, J.; Mrejeru, A.; Mosharov, E.V.; Puspita, L.; Valiulahi, P.;

Sulzer, D.; Milner, T.A.; et al. Parkin and pink1 patient ipsc-derived midbrain dopamine neurons exhibit

mitochondrial dysfunction and alpha-synuclein accumulation. Stem Cell Rep. 2016, 7, 664–677. [CrossRef]

[PubMed]

117. Suzuki, S.; Akamatsu, W.; Kisa, F.; Sone, T.; Ishikawa, K.I.; Kuzumaki, N.; Katayama, H.; Miyawaki, A.;

Hattori, N.; Okano, H. Efficient induction of dopaminergic neuron differentiation from induced pluripotent

stem cells reveals impaired mitophagy in park2 neurons. Biochem. Biophys. Res. Commun. 2017, 483, 88–93.

[CrossRef] [PubMed]

118. Cooper, O.; Hargus, G.; Deleidi, M.; Blak, A.; Osborn, T.; Marlow, E.; Lee, K.; Levy, A.; Perez-Torres, E.;

Yow, A.; et al. Differentiation of human es and parkinson's disease ips cells into ventral midbrain

dopaminergic neurons requires a high activity form of shh, fgf8a and specific regionalization by retinoic

acid. Mol. Cell. Neurosci. 2010, 45, 258–266. [CrossRef] [PubMed]

119. Vanhauwaert, R.; Kuenen, S.; Masius, R.; Bademosi, A.; Manetsberger, J.; Schoovaerts, N.; Bounti, L.;

Gontcharenko, S.; Swerts, J.; Vilain, S.; et al. The sac1 domain in synaptojanin is required for autophagosome

maturation at presynaptic terminals. EMBO J. 2017, 36, 1392–1411. [CrossRef] [PubMed]

120. Bott, N.T.; Radke, A.; Stephens, M.L.; Kramer, J.H. Frontotemporal dementia: Diagnosis, deficits and

management. Neurodegener. Dis. Manag. 2014, 4, 439–454. [CrossRef] [PubMed]

121. Zarei, S.; Carr, K.; Reiley, L.; Diaz, K.; Guerra, O.; Altamirano, P.F.; Pagani, W.; Lodin, D.; Orozco, G.;

Chinea, A. A comprehensive review of amyotrophic lateral sclerosis. Surg. Neurol. Int. 2015, 6, 171.

[CrossRef] [PubMed]

122. Almeida, S.; Gascon, E.; Tran, H.; Chou, H.J.; Gendron, T.F.; Degroot, S.; Tapper, A.R.; Sellier, C.;

Charlet-Berguerand, N.; Karydas, A.; et al. Modeling key pathological features of frontotemporal dementia

with c9orf72 repeat expansion in ipsc-derived human neurons. Acta Neuropathol. 2013, 126, 385–399.

[CrossRef] [PubMed]

http://dx.doi.org/10.2174/156720510793611592
http://www.ncbi.nlm.nih.gov/pubmed/20678074
http://dx.doi.org/10.1371/journal.pone.0146127
http://www.ncbi.nlm.nih.gov/pubmed/26720731
http://dx.doi.org/10.1038/nprot.2012.116
http://www.ncbi.nlm.nih.gov/pubmed/22976355
http://dx.doi.org/10.1016/j.stemcr.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/27594585
http://dx.doi.org/10.1038/nrn.2016.178
http://www.ncbi.nlm.nih.gov/pubmed/28104909
http://dx.doi.org/10.1089/hum.2011.054
http://www.ncbi.nlm.nih.gov/pubmed/21877920
http://www.ncbi.nlm.nih.gov/pubmed/19216909
http://dx.doi.org/10.1038/nn.3350
http://www.ncbi.nlm.nih.gov/pubmed/23455607
http://dx.doi.org/10.1038/ncomms5028
http://www.ncbi.nlm.nih.gov/pubmed/24905578
http://dx.doi.org/10.1523/JNEUROSCI.4441-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21508222
http://dx.doi.org/10.1016/j.stemcr.2016.08.012
http://www.ncbi.nlm.nih.gov/pubmed/27641647
http://dx.doi.org/10.1016/j.bbrc.2016.12.188
http://www.ncbi.nlm.nih.gov/pubmed/28057485
http://dx.doi.org/10.1016/j.mcn.2010.06.017
http://www.ncbi.nlm.nih.gov/pubmed/20603216
http://dx.doi.org/10.15252/embj.201695773
http://www.ncbi.nlm.nih.gov/pubmed/28331029
http://dx.doi.org/10.2217/nmt.14.34
http://www.ncbi.nlm.nih.gov/pubmed/25531687
http://dx.doi.org/10.4103/2152-7806.169561
http://www.ncbi.nlm.nih.gov/pubmed/26629397
http://dx.doi.org/10.1007/s00401-013-1149-y
http://www.ncbi.nlm.nih.gov/pubmed/23836290


Cells 2017, 6, 24 26 of 27

123. Holler, C.J.; Taylor, G.; McEachin, Z.T.; Deng, Q.; Watkins, W.J.; Hudson, K.; Easley, C.A.; Hu, W.T.;

Hales, C.M.; Rossoll, W.; et al. Trehalose upregulates progranulin expression in human and mouse models of

grn haploinsufficiency: A novel therapeutic lead to treat frontotemporal dementia. Mol. Neurodegener. 2016,

11, 46. [CrossRef] [PubMed]

124. Barmada, S.J.; Serio, A.; Arjun, A.; Bilican, B.; Daub, A.; Ando, D.M.; Tsvetkov, A.; Pleiss, M.; Li, X.;

Peisach, D.; et al. Autophagy induction enhances tdp43 turnover and survival in neuronal als models.

Nat. Chem. Biol. 2014, 10, 677–685. [CrossRef] [PubMed]

125. Bilican, B.; Serio, A.; Barmada, S.J.; Nishimura, A.L.; Sullivan, G.J.; Carrasco, M.; Phatnani, H.P.;

Puddifoot, C.A.; Story, D.; Fletcher, J.; et al. Mutant induced pluripotent stem cell lines recapitulate aspects of

tdp-43 proteinopathies and reveal cell-specific vulnerability. Proc. Natl. Acad. Sci. USA 2012, 109, 5803–5808.

[CrossRef] [PubMed]

126. Ravikumar, B.; Duden, R.; Rubinsztein, D.C. Aggregate-prone proteins with polyglutamine and polyalanine

expansions are degraded by autophagy. Hum. Mol. Genet. 2002, 11, 1107–1117. [CrossRef] [PubMed]

127. Martin, D.D.; Ladha, S.; Ehrnhoefer, D.E.; Hayden, M.R. Autophagy in huntington disease and huntingtin in

autophagy. Trends Neurosci. 2015, 38, 26–35. [CrossRef] [PubMed]

128. Wu, J.; Shih, H.P.; Vigont, V.; Hrdlicka, L.; Diggins, L.; Singh, C.; Mahoney, M.; Chesworth, R.; Shapiro, G.;

Zimina, O.; et al. Neuronal store-operated calcium entry pathway as a novel therapeutic target for

huntington's disease treatment. Chem. Biol. 2011, 18, 777–793. [CrossRef] [PubMed]

129. Hoyle, J.C.; Isfort, M.C.; Roggenbuck, J.; Arnold, W.D. The genetics of charcot-marie-tooth disease: Current

trends and future implications for diagnosis and management. Appl. Clin. Genet. 2015, 8, 235–243. [PubMed]

130. Rizzo, F.; Ronchi, D.; Salani, S.; Nizzardo, M.; Fortunato, F.; Bordoni, A.; Stuppia, G.; Del Bo, R.; Piga, D.;

Fato, R.; et al. Selective mitochondrial depletion, apoptosis resistance, and increased mitophagy in human

charcot-marie-tooth 2a motor neurons. Hum. Mol. Genet. 2016, 25, 4266–4281. [CrossRef] [PubMed]

131. Ou, Z.; Luo, M.; Niu, X.; Chen, Y.; Xie, Y.; He, W.; Song, B.; Xian, Y.; Fan, D.; OuYang, S.; et al. Autophagy

promoted the degradation of mutant atxn3 in neurally differentiated spinocerebellar ataxia-3 human induced

pluripotent stem cells. Biomed. Res. Int. 2016, 2016, 6701793. [CrossRef] [PubMed]

132. Ashkenazi, A.; Bento, C.F.; Ricketts, T.; Vicinanza, M.; Siddiqi, F.; Pavel, M.; Squitieri, F.; Hardenberg, M.C.;

Imarisio, S.; Menzies, F.M.; et al. Polyglutamine tracts regulate beclin 1-dependent autophagy. Nature 2017,

545, 108–111. [CrossRef] [PubMed]

133. Ebrahimi-Fakhari, D.; Saffari, A.; Wahlster, L.; Di Nardo, A.; Turner, D.; Lewis, T.L., Jr.; Conrad, C.;

Rothberg, J.M.; Lipton, J.O.; Kolker, S.; et al. Impaired mitochondrial dynamics and mitophagy in neuronal

models of tuberous sclerosis complex. Cell Rep. 2016, 17, 1053–1070. [CrossRef] [PubMed]

134. Zhang, Y.; Pak, C.; Han, Y.; Ahlenius, H.; Zhang, Z.; Chanda, S.; Marro, S.; Patzke, C.; Acuna, C.; Covy, J.;

et al. Rapid single-step induction of functional neurons from human pluripotent stem cells. Neuron 2013, 78,

785–798. [CrossRef] [PubMed]

135. Vitner, E.B.; Futerman, A.H. Neuronal forms of gaucher disease. Handb Exp. Pharmacol. 2013, 405–419.

136. Awad, O.; Sarkar, C.; Panicker, L.M.; Miller, D.; Zeng, X.; Sgambato, J.A.; Lipinski, M.M.; Feldman, R.A.

Altered tfeb-mediated lysosomal biogenesis in gaucher disease ipsc-derived neuronal cells. Hum. Mol. Genet.

2015, 24, 5775–5788. [CrossRef] [PubMed]

137. Ordonez, M.P.; Roberts, E.A.; Kidwell, C.U.; Yuan, S.H.; Plaisted, W.C.; Goldstein, L.S. Disruption and

therapeutic rescue of autophagy in a human neuronal model of niemann pick type c1. Hum. Mol. Genet.

2012, 21, 2651–2662. [CrossRef] [PubMed]

138. Lee, H.; Lee, J.K.; Park, M.H.; Hong, Y.R.; Marti, H.H.; Kim, H.; Okada, Y.; Otsu, M.; Seo, E.J.; Park, J.H.; et al.

Pathological roles of the vegf/sphk pathway in niemann-pick type c neurons. Nat. Commun. 2014, 5, 5514.

[CrossRef] [PubMed]

139. Soga, M.; Ishitsuka, Y.; Hamasaki, M.; Yoneda, K.; Furuya, H.; Matsuo, M.; Ihn, H.; Fusaki, N.; Nakamura, K.;

Nakagata, N.; et al. Hpgcd outperforms hpbcd as a potential treatment for niemann-pick disease type c

during disease modeling with ips cells. Stem Cells 2015, 33, 1075–1088. [CrossRef] [PubMed]

140. Dai, S.; Dulcey, A.E.; Hu, X.; Wassif, C.A.; Porter, F.D.; Austin, C.P.; Ory, D.S.; Marugan, J.; Zheng, W.

Methyl-beta-cyclodextrin restores impaired autophagy flux in niemann-pick c1-deficient cells through

activation of AMPK. Autophagy 2017. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s13024-016-0114-3
http://www.ncbi.nlm.nih.gov/pubmed/27341800
http://dx.doi.org/10.1038/nchembio.1563
http://www.ncbi.nlm.nih.gov/pubmed/24974230
http://dx.doi.org/10.1073/pnas.1202922109
http://www.ncbi.nlm.nih.gov/pubmed/22451909
http://dx.doi.org/10.1093/hmg/11.9.1107
http://www.ncbi.nlm.nih.gov/pubmed/11978769
http://dx.doi.org/10.1016/j.tins.2014.09.003
http://www.ncbi.nlm.nih.gov/pubmed/25282404
http://dx.doi.org/10.1016/j.chembiol.2011.04.012
http://www.ncbi.nlm.nih.gov/pubmed/21700213
http://www.ncbi.nlm.nih.gov/pubmed/26527893
http://dx.doi.org/10.1093/hmg/ddw258
http://www.ncbi.nlm.nih.gov/pubmed/27506976
http://dx.doi.org/10.1155/2016/6701793
http://www.ncbi.nlm.nih.gov/pubmed/27847820
http://dx.doi.org/10.1038/nature22078
http://www.ncbi.nlm.nih.gov/pubmed/28445460
http://dx.doi.org/10.1016/j.celrep.2016.09.054
http://www.ncbi.nlm.nih.gov/pubmed/27760312
http://dx.doi.org/10.1016/j.neuron.2013.05.029
http://www.ncbi.nlm.nih.gov/pubmed/23764284
http://dx.doi.org/10.1093/hmg/ddv297
http://www.ncbi.nlm.nih.gov/pubmed/26220978
http://dx.doi.org/10.1093/hmg/dds090
http://www.ncbi.nlm.nih.gov/pubmed/22437840
http://dx.doi.org/10.1038/ncomms6514
http://www.ncbi.nlm.nih.gov/pubmed/25417698
http://dx.doi.org/10.1002/stem.1917
http://www.ncbi.nlm.nih.gov/pubmed/25522247
http://dx.doi.org/10.1080/15548627.2017.1329081
http://www.ncbi.nlm.nih.gov/pubmed/28613987


Cells 2017, 6, 24 27 of 27

141. Tucker, B.A.; Solivan-Timpe, F.; Roos, B.R.; Anfinson, K.R.; Robin, A.L.; Wiley, L.A.; Mullins, R.F.; Fingert, J.H.

Duplication of TBK1 stimulates autophagy in iPSC-derived retinal cells from a patient with normal tension

glaucoma. J. Stem Cell Res. Ther. 2014, 3, 161. [CrossRef] [PubMed]

142. Sharma, T.P.; Wiley, L.A.; Whitmore, S.S.; Anfinson, K.R.; Cranston, C.M.; Oppedal, D.J.; Daggett, H.T.;

Mullins, R.F.; Tucker, B.A.; Stone, E.M. Patient-specific induced pluripotent stem cells to evaluate the

pathophysiology of trnt1-associated retinitis pigmentosa. Stem Cell Res. 2017, 21, 58–70. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.4172/2157-7633.1000161
http://www.ncbi.nlm.nih.gov/pubmed/24883232
http://dx.doi.org/10.1016/j.scr.2017.03.005
http://www.ncbi.nlm.nih.gov/pubmed/28390992
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	General Introduction 
	Autophagy: Types and Regulation 
	Stem Cells in Laboratory Research: Focus on Autophagy 
	hiPSC Neuronal Models and Autophagy 

	Studying Autophagy in hiPSC-Derived Neurons 
	Activating Autophagy in hiPSC-Derived Neurons 
	Taking Account of Autophagic Flux 
	Common Autophagy Assessment Tools 
	Immunoblotting 
	Immunofluorescence Microscopy 
	Electron Microscopy (EM) 
	Fluorescence Live-Cell Imaging and Flow Cytometry 
	Monitoring Mitophagy 
	Gene Expression 


	Autophagy Studies of Human Neurodegenerative Diseases Using hiPSC-Derived Neuronal Cultures 
	Autophagy in hiPSC Models of Alzheimer’s Disease 
	Autophagy in iPSC Models of TAUopathy 
	Autophagy in hiPSC Models of Parkinson’s Disease 
	Autophagy in hiPSC Models of FTD 
	Autophagy in hiPSC Models of Other Neurodegenerative Diseases 
	Autophagy in hiPSC Models of Neuronal Lysosomal Storage Diseases 
	Autophagy in hiPSC Models of Ocular Diseases 

	Future Perspectives and Challenges 

