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Abbreviations: asyn = alpha-synuclein; ALDH1A1 = aldehyde dehydrogenase 1 family 

member A1; ACSF = artificial cerebrospinal fluid; CMA = chaperone-mediated autophagy; 

DAPI = 4’,6-diamidino-2-phenylindole; DMSO = dimethyl sulfoxide; GSEA = gene set 

enrichment analysis; ENM = early neural differentiation medium; DA = dopaminergic; HSC70 

= Heat shock cognate 71 kDa protein; iDANs = induced DA neurons; iNs = induced neurons; 

iPSCs = induced pluripotent stem cells; LAMP2 = lysosome-associated membrane protein 2; 

LC3 = microtubule-associated protein 1 light chain 3 beta; LNM = Late neuronal medium; 

PGK  = phosphoglycerate kinase; REST = RE1-silencing Transcription Factor; TTX = 

tetrodotoxin; TH = tyrosine hydroxylase; VIM = vimentin; WB = western blot. 

 

 

Abstract  

Understanding the pathophysiology of Parkinson’s disease has been hampered by the lack of 

models that recapitulate all the critical factors underlying its development. Here, we generated 

functional induced dopaminergic neurons (iDANs) that were directly reprogrammed from adult 

human dermal fibroblasts of patients with idiopathic Parkinson’s disease to investigate disease-

relevant pathology. We show that iDANs derived from Parkinson’s disease patients exhibit 

lower basal chaperone-mediated autophagy as compared to iDANs of healthy donors. 

Furthermore, stress-induced autophagy resulted in an accumulation of macroautophagic 

structures in induced neurons (iNs) derived from Parkinson’s disease patients, independently 

of the specific neuronal subtype but dependent on the age of the donor. Finally, we found that 

these impairments in patient-derived iNs lead to an accumulation of phosphorylated alpha-

synuclein, a hallmark of Parkinson’s disease pathology. Taken together, our results 

demonstrate that direct neural reprogramming provides a patient-specific model to study aged 

neuronal features relevant to idiopathic Parkinson’s disease. 
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Introduction  

Parkinson’s disease is a neurodegenerative disorder that has as part of its core pathology the 

loss of midbrain dopaminergic (DA) neurons and the aggregation of the misfolded protein 

alpha-synuclein (asyn). How the disease arises and develops is currently unknown and no cure 

exists. There is an urgent need for better treatments and disease modifying therapies, but their 

development is hampered by a poor understanding of the pathogenesis of Parkinson’s disease 

and lack of appropriate model systems, in particular ones which capture age – the single biggest 

risk factor for developing this condition – as well as the heterogeneity of idiopathic Parkinson’s 

disease. 

 

The idiopathic nature of most Parkinson’s disease cases (>90%), coupled to the late age of 

onset, complicates experimental studies of the pathophysiology and it is challenging to design 

and interpret models of idiopathic Parkinson’s disease. For example, most animal models 

depend on toxin-induced mitochondrial damage or overexpression of asyn at high levels (i.e. 

levels that exceed that seen in the brain of patients dying with idiopathic Parkinson’s disease). 

Patient-derived induced pluripotent stem cells (iPSCs) are frequently used to study cellular 

features of Parkinson’s disease1–3 but fail to capture the age and epigenetic signatures of the 

patient.4–7 In order to better recapitulate these disease-relevant features, we and others have 

developed protocols for the generation of subtype-specific induced neurons (iNs) that can be 

directly generated from human fetal fibroblasts using specific combinations of transcription 

factors and fate determinants.8–12 This type of direct neural conversion offers several 

advantages. In particular, directly reprogrammed cells have been shown to retain many 

important aspects of the donor-derived starting fibroblasts, including age-related changes in 

the epigenetic clock, the transcriptome and microRNAs, the reactive oxygen species level, 

extent of DNA damage and telomere length, as well as metabolic profile, mitochondrial defects 

and protein degradation defects.6,13–18 

 

In this study, we identified a combination of reprogramming factors that resulted in the 

generation of subtype-specific and functional induced DA neurons (iDANs) when converting 

dermal fibroblasts from aged individuals. Subsequently, we used this protocol to convert 

iDANs from idiopathic Parkinson’s disease patient-derived fibroblasts as well as age- and sex-

matched controls. When analyzing the patient-derived neurons, we found that stress-induced 

chaperone-mediated autophagy (CMA) and macroautophagy impairments could be detected in 
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the idiopathic Parkinson’s disease iNs but not in control iNs nor in parental fibroblasts of the 

patients. This type of pathology has previously mainly been captured in genetic Parkinson’s 

disease variants using iPSC-based models.19–23 This study thus reports Parkinson’s disease-

associated phenotypes in directly converted neurons from patient fibroblasts and provides a 

new model to study idiopathic forms of Parkinson’s disease. 

 

Results  

Generation of functional iDANs from dermal fibroblasts of adult 

donors 
In order to establish a model of Parkinson’s disease using iNs with characteristics of DA 

neurons, we screened 10 different reprogramming factors (Ascl1, Lmx1a, Lmx1b, FoxA2, Otx2, 

Nurr1, Smarca1, CNPY1, EN1, PAX8) that were selected based on their; (i) role during normal 

DA neurogenesis34; (ii) expression in human fetal ventral midbrain35; (iii) value in predicting 

functional DA differentiation from stem cells36, and/or (iv) role on midbrain-specific chromatin 

modeling.37 All factors were expressed in combination with the knockdown of the REST 

according to our published protocol for high efficiency reprograming of adult fibroblasts.24 

Three of the screened combinations gave rise to a significant proportion of TH expressing 

neurons: shREST + Ascl1 + Lmx1a/b + FoxA2 + Otx2 (2.2 % ± 2.0), shREST + Ascl1 + 

Lmx1a/b + FoxA2 + Otx2 + Smarca1 (7.5 % ± 3.6), and shREST + Ascl1 + Lmx1a/b + FoxA2 

+ Otx2 + Nurr1 (Fig. 1a; Supplementary Fig. 1a). The best TH-positive cell yield was 

obtained with the last combination: shREST + Ascl1 + Lmx1a/b + FoxA2 + Otx2 + Nurr1. 

This combination gave rise to up to 70.3 % ± 0.3 of cells expressing the neuronal marker TAU, 

of which 16.1 % ± 2.01 also expressed TH (Supplementary Fig. 1a), with an average TAU 

purity of 9.1% ±3.3 and TH purity of 2.6% ±1.7 (Fig. 1b,c), and showed robust upregulation 

of DA genes as measured by qRT-PCR (Supplementary Fig. 1b).  

 

Further characterization of the iNs obtained using this reprogramming factor combination 

showed that 35.4% ± 9.1 of the TAU-positive and 45.2% ± 14.7 of the MAP2-positive cells 

also expressed ALDH1A1 (Fig. 1d), which is found in a subset of A9 DA neurons that are 

more vulnerable to loss in Parkinson’s disease,38 as well as VMAT2, a key DA neuronal marker 

(Fig. 1e). Gene expression profiling of 76 neuronal genes related to dopaminergic, 
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glutamatergic and GABAergic neuronal subtypes confirmed an up-regulation of key genes 

related to DA patterning and identity (FOXA1, OTX1, SHH, PITX3), as well as DA synaptic 

function - including the receptors DRD1 to DRD5, the DA transporter DAT, the enzymes DDC, 

MAOA, ALDH1A1 and the A9-enriched DA marker GIRK2 (Fig. 1f; Supplementary Fig. 1c, 

d). Thus the iDANs expressed the key markers of the AT-DAThigh subgroup of the DA 

sublineage as identified in Tiklová et al.,39 (expressing ALDH1A1 and TH, and localized 

mainly in the SNc), including the transgenes Lmx1a, Lmx1b, Foxa2, and Nurr1 (Nr4a2), and 

also DAT, VMAT2, AADC and Pitx3. In addition, given that a proportion of the iNs generated 

were TH-negative and given that Ascl1-based conversion protocols have been shown to 

generate excitatory and inhibitory neurons,40 we also looked for expression of genes associated 

with glutamatergic and GABAergic neurons. We found high expression of many of these 

genes, including vGlut1, GABAARb3, GAD, AMPAR2, Kainate R subunit 2 25 days after 

initiation of conversion (Supplementary Fig. 1d), suggesting a mixed culture of these 

neuronal subtypes. Finally, to get a better idea of the identity of the cells that are not iNs, we 

have performed a triple staining using MAP2 to identify iNs, as well as GFAP and Collagen 1 

to identify potential glial cells and cells that remained fibroblasts. We observed that some 

MAP2-negative cells are expressing either Collagen 1 or GFAP alone, or together 

(Supplementary Fig. 1e).  

 

Morphological assessment showed that TH-positive iNs express significantly more neurites 

compared to non-TH iNs but had significantly less branch points (Fig. 1g). Patch-clamp 

electrophysiological recordings 65 days post transduction confirmed that the reprogrammed 

cells had functionally matured (Fig. 1h). They were able to fire repetitive action potentials 

upon injection of current as well as exhibited inward sodium - outward potassium currents with 

depolarizing steps. When a continuous depolarizing voltage ramp was applied, inward currents 

was seen across the membrane and could be blocked by the neurotoxin tetrodotoxin (TTX), 

indicating an involvement of voltage-gated sodium channels in these currents. Without any 

injection of current or voltage, the cells displayed spontaneous firing and 43.8% of iNs also 

showed rebound action potentials and/or pacemaker like activity typical of mesencephalic DA 

neurons (Fig. 1h). Based on this, we refer to the cells as induced DA neurons, iDANs. 

 
Generation of functional iDANs from dermal fibroblasts of 

idiopathic Parkinson’s disease patients 
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Using this new iDAN reprogramming method, we next converted fibroblasts obtained from 

skin biopsies of 18 idiopathic Parkinson’s disease patients and 10 age- and sex-matched healthy 

donors (See Table 1). We found that the fibroblasts obtained from Parkinson’s disease patients 

reprogrammed at a similar efficiency to those obtained from healthy donors (Fig. 1b) and 

displayed a similar neuronal morphological profile (Fig. 1i, j). Moreover, when measuring their 

functional properties using patch clamp electrophysiological recordings, we confirmed that iNs 

derived from healthy donors (H-iNs) and from Parkinson’s disease patients (PD-iNs) displayed 

similar functionalities in terms of the number of current induced action potentials, resting 

membrane potential and the inward sodium - outward potassium currents (Fig. 1k-m). 

 

PD-iDANs show altered chaperone-mediated autophagy 
To assess the presence of age- and Parkinson’s disease-related pathological impairments in 

iDANs derived from idiopathic Parkinson’s disease patients, we focused on autophagy, a 

lysosomal degradation pathway that is important in cellular homeostasis and the efficiency of 

which decreases with age.41 We first looked for CMA alterations as this is one type of 

autophagy that has been suggested to be implicated in the pathophysiology of Parkinson’s 

disease.42 During CMA, HSC70 recognizes soluble, cytosolic proteins carrying a KFERQ-like 

motif and guides these proteins to the transmembrane LAMP2a receptor.43 Thereafter the 

protein cargo is translocated into the lysosomal lumen and as such, the level of LAMP2a 

determines the rate of CMA. 44 To induce autophagy, cells were cultured under starvation 

conditions, which promotes the recycling of non-essential proteins and organelles for reuse. 45 

After validating that the starvation regimen had no impact on the number of neurons and 

induced changes in LAMP2a and HSC70 expression using WB (Supplementary Fig. 2a-c), 

we assessed CMA expression using a high content screening approach, which allowed us to 

analyze cytoplasmic puncta in parental fibroblasts, iNs (TAU-positive and TH-negative) and 

iDANs (TAU-positive and TH-positive) in a quantitative manner, and also to determine their 

subcellular location. When investigating this in parental fibroblasts and PD-iNs at baseline and 

in the context of starvation using an antibody specific to the “a” isoform of LAMP2, we did 

not observe a difference in LAMP2a-positive cytoplasmic puncta in parental fibroblasts 

between H-iNs and PD-iNs (Supplementary Fig. 3a,b) nor in the neurites of TAU-positive 

iNs upon starvation in both H-iNs and PD-iNs (Supplementary Fig. 4a,b). However, when 

looking specifically at iDANs, we observed a lower number of LAMP2a-positive cytoplasmic 

puncta in the neurites at baseline in the PD-iDANs compared to H-iDANs, suggesting a lower 
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basal rate of CMA in PD-iDANs (Fig. 2a,b). Importantly, the decrease in LAMP2a-positive 

cytoplasmic puncta seen in TAU-positive neurites was only present in iDANs from the healthy 

group of donors, suggesting that PD-iDANs have an altered response to starvation, and that 

this alteration is specific to the DA subtype (Fig. 2a,b). We next looked at HSC70 expression, 

the main chaperone responsible for the degradation of asyn via CMA.46 Both parental 

fibroblasts from healthy and Parkinson’s disease donors showed a decrease in HSC70 

expression in response to starvation (Supplementary Fig. 3c,d). While the number of HSC70-

positive puncta in the neurites of starved H-iDANs increased (154.0 % ± 117.2 of the non-

starved condition), starvation-induced autophagy led to a decrease of HSC70-positive puncta 

in PD-iDANs (55.9 % ± 28.1 of the non-starved condition) (Fig. 2c). Taken together, and in 

line with what has been previously reported in animal models of Parkinson’s disease,47,48 these 

results suggest that there is both an alteration in baseline CMA as well as stress-induced 

autophagy that is specific to idiopathic Parkinson’s disease derived iDANs.  

 

Altered macroautophagy response to stress-induced autophagy in 

iNs from Parkinson’s disease patients 
CMA preferentially degrades specific proteins, rather than organelles and other 

macromolecules.49,50 However, while there is considerable cross talk between CMA and 

macroautophagy, starvation predominantly induces macroautophagy - a process involving the 

formation of double membraned autophagosomes which fuse with lysosomes, resulting in 

degradation of their contents. Given that we observed CMA alteration in PD-iDANs in 

response to starvation, we sought to further investigate whether there is an impairment in 

macroautophagy in PD-iNs. To validate the activation of macroautophagy upon starvation, we 

first looked at the cargo receptor p62, which decreases in the context of nutrient deprivation.51 

In the parental dermal fibroblasts, our starvation regimen induced a decrease in p62-positive 

cytoplasmic puncta in both healthy and Parkinson’s disease donor derived lines 

(Supplementary Fig. 5a, b). This decrease was also observed in H-iNs (70.6 % ± 27.2 of the 

non-starved condition in the cell body and 77.1% ± 22.8 in neurites) (Fig. 3a, b). However, 

once converted to neurons, the majority of Parkinson’s disease lines failed to degrade p62 upon 

starvation, resulting in an accumulation of p62-positive puncta in PD-iNs as compared to H-

iNs, which was observed in all TAU-positive iNs, regardless of the neuronal subtype or 

neuronal compartment (115.3 % ± 38.4 of the non-starved condition in the cell body and 

108.4% ± 47.1 in neurites) (Fig. 3a, b). We then assessed more specifically LC3 to identify 
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autophagic structures.30 We found that starvation significantly reduced the size of LC3-positive 

cytoplasmic puncta in the cell bodies of H-iNs (26.5 % ± 15.9 of the non-starved condition). 

However, LC3-positive cytoplasmic puncta in the cell bodies of PD-iNs were not significantly 

smaller after starvation (56.5 % ± 44.2 of the non-starved condition). When comparing the 

level of size reduction of LC3-positive cytoplasmic puncta in the cell bodies after starvation, 

PD-iNs failed to reduce dot size to the level that was seen in the H-iN group (Fig. 3c, d), 

whereas no effect of starvation was observed in the neurites of H-iNs and PD-iNs (116.3 % ± 

53.6 of the non-starved condition for H-iNs, and 104.4 % ± 51.8 for PD-iNs). Furthermore, this 

difference in macroautophagy between H-iNs and PD-iNs in the cell bodies was a cell type 

specific feature as it was not seen in the parental fibroblasts (Supplementary Fig. 5c, d).  

 

Once autophagosomes have enclosed their autophagy substrates, they can fuse with endosomes 

or lysosomes to form amphisomes and autolysosomes. We thus used LAMP2 (detecting all 

three isoforms: LAMP2a, LAMP2b and LAMP2c) to visualize these structures. LAMP2-

positive cytoplasmic puncta decreased upon starvation in the parental fibroblasts of Parkinson’s 

disease lines (Supplementary Fig. 5e, f). However, while an increase of the size of these 

structures upon starvation was similar in the cell bodies of both H- and PD-iNs (140.1 % ± 41.6 

of the non-starved condition for H-iNs and 130.06 % ± 43.8 for PD-iNs), in the neurites, the 

size of LAMP2-positive puncta was unaffected by starvation in H-iNs (118.9 % ± 42.3 of the 

non-starved condition), whereas they were significantly bigger in PD-iNs (251.8 % ± 177.7 of 

the non-starved condition) (Fig. 3e, f). Unlike the altered CMA response (Fig. 2a-c), these 

phenotypes were present in all iNs and not just DA neurons (Supplementary Fig. 6). 

 

To assess whether this altered autophagy response could be due to basal changes in the 

transcriptome of PD-iNs, we performed RNA-seq analysis on the iNs and the parental 

fibroblasts. This analysis confirmed a profound change in gene expression profile as fibroblasts 

were reprogrammed towards a neuronal transcriptome (Supplementary Fig. 7). Moreover,  

GSEA using KEGG pathways identified  genes in the lysosome pathway (hsa014142) to be 

significantly enriched (adjusted p-value = 0.026) (Supplementary Fig 8a).When analyzing 

specifically the lysosomal genes, we found that the lysosomal cholesterol trafficking gene 

NCP1 involved in the inherited metabolic disease Niemann-Pick, type C,52 as well as three 

other lysosomal enzymes (NAGA, NCSTN, NAGLU) were down-regulated in PD-iNs 

compared to H-iNs (Fig. 3g), supporting the data suggesting that there are alterations in 

lysosomal functions at baseline and is in line with observations that these inherited disorders 
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can lead to parkinsonian states clinically.53 Importantly, when analyzing expression of these 

genes between the healthy controls and Parkinson’s disease patients in parental fibroblasts, 

they were not differentially expressed (Supplementary Fig. 8b). 

 

We next sought to determine the impact of blocking the autophagic flux in starved cells using 

Bafilomycin A1, which inhibits the fusion of endosomes/lysosomes with autophagosomes/ 

amphisomes.44 Here again, we observed a different response in PD-iNs (108.9 % ± 28.8 of the 

starved condition), which accumulated significantly less LC3-positive cytoplasmic dots upon 

inhibition of autophagy in the cell body as compared to H-iNs (146.1 % ± 56.8 of the starved 

condition) (Supplementary Fig. 8c-e). This suggests there is an impairment in the early phases 

of autophagy. In support of this, differential gene expression analysis of autophagy-related 

genes (ATG) revealed that multiple genes involved in the early autophagy processes were 

significantly changed at baseline in the PD-iNs. These were genes involved in the autophagy 

initiation ATG1 kinase complex and regulators (ATG13, CAMK2B), in the ATG12 (ATG7 and 

FBXW7) and ATG8 conjugation systems (ATG7), and the ATG2-ATG18 complex (WDR45) 

(Supplementary Fig. 8f). This was also accompanied by a down-regulation of TM9SF1, that 

is involved in autophagosome formation and which also interferes with starvation-induced 

autophagy when down-regulated in cells (Supplementary Fig. 8d).54 These genes were not 

differentially expressed in the parental fibroblasts (Supplementary Fig. 8e), consistent with 

the absence of autophagic alterations observed in the starting cells (Supplementary Fig. 5a-

d). 

 

Age-related correlation in disease-associated impairments and 

accumulation of phosphorylated asyn 
Recent reports have shown that age-associated properties of the human donors are maintained 

in iNs but not in iPSC-derived neurons.6,15–18 We therefore assessed if the accumulation of 

lysosomal structures in H- and PD-iNs was associated with the age of the donor. In addition to 

a positive correlation between the age and the accumulation of lysosomes in neurites (Fig. 3h), 

we also found a trend towards a positive correlation of this accumulation with age of onset at 

diagnosis (Fig. 3i). This was more pronounced in lines derived from patients carrying the H2 

haplotype of MAPT, which has previously been associated with a more rapid progression and 

cognitive decline in Parkinson’s disease and other neurodegenerative disorders (Fig. 3j).55–58 
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Next, we used RNA-seq from iNs derived from healthy donors and Parkinson’s disease patients 

to assess age-related aspects in the resulting neurons. First, a gene set enrichment analysis was 

performed to determine if any molecular features relating to cellular aging were associated with 

donor age in iNs. Genes were ranked based on their association (using Pearson correlation 

coefficient) with age at sampling and six gene sets related to aging were extracted from the 

gene ontology database. Despite the limited age span of the donors (58 to 80 years old), we 

observed a positive correlation between donor age with expression of an age-related gene 

signature (normalized enrichment score 1.4, adjusted p-value = 0.015) (Fig 4a-c). To 

complement the GSEA data, we also looked at DNA damage, another independent marker of 

cellular aging, using gH2AX. This analysis comparing the number of gH2AX spots in the 

nucleus of parental fibroblasts with reprogrammed iNs showed a maintenance of the number 

of gH2AX spots after 27 days of conversion (Fig 4d,e). Next, we looked at the presence of the 

isoforms of tau that are expressed in adult mature neurons (4 repeat; 4R). This analysis showed 

that exon 10 (giving rise to 4R isoforms) is only expressed in iNs from adult fibroblasts (in 

approximately 40% of the transcripts), and not in iNs derived from fetal fibroblasts24 (Fig 4f). 

Moreover, the 3R/4R ratio for adult fibroblasts was 23%, whereas it was <1% for hFL1s. Taken 

together, this analysis suggests that donor age is at least partially maintained during iN 

conversion.  

 

Phosphorylated asyn is a hallmark of Parkinson’s disease pathology and this has been 

recapitulated in some iPSC-based cellular models of genetic forms of Parkinson’s disease59,60 

but not idiopathic Parkinson’s disease. We therefore sought to investigate whether alterations 

in stress-induced autophagy in iNs from idiopathic Parkinson’s disease patients could lead to 

changes in the levels of phosphorylated asyn at the Serine 129 site (pSer129 asyn). No pSer129 

asyn staining could be detected in parental fibroblasts. However, we found that while a 

concurrent activation of macroautophagy by starvation and a blockage of the flux with 

Bafilomycin A1 did not induce significant changes in pSer129 asyn in H-iNs (83.1 % ± 53.9 

of the starved condition), it did lead to an increase in the number of PD-iNs with pSer129 asyn 

-positive cytoplasmic dots (126.5 % ± 54.0 of the starved condition) (Fig. 5a,b). This increase 

in pSer129 asyn-positive cytoplasmic dots was also observed when looking specifically in PD-

iDANs as identified with TH staining (128.1% ± 21.4 of the starved condition), as compared 

to H-iDANs which again did not show any changes in pSer129 asyn upon Bafilomycin A1 

treatment (98.2% ± 16.0 of the starved condition) (Supplementary Fig. 9a,b). Finally, to 
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assess whether elevated basal level of total asyn could explain the elevated levels of pSer129 

asyn observed in lines starved and treated with Bafilomycin A1, we plotted the measure of the 

total asyn fluorescence intensity (Supplementary Fig. 4c) against the pSer129 asyn 

expression measured in iDANs. There was no correlation between basal total asyn levels and 

the Bafilomycin A1-induced accumulation of pSer129 asyn in iDANs (Supplementary Fig. 

9c), suggesting that the increase seen in the Parkinson’s disease group is not due to higher basal 

asyn expression.  

Discussion  

This study reports age- and disease-relevant features in subtype-specific iNs derived from 

idiopathic Parkinson’s disease patients. Here, we have used a REST knockdown approach to 

enable neuronal gene transcription in adult cells,24 and combined that with an optimal 

combination of DA fate determinants (Lmx1a, Lmx1b, FoxA2, Otx2, Nurr1). This new 

reprogramming approach increased the efficiency, subtype identity and functional maturation 

of iDANs, making it possible to perform studies at a scale suitable for disease modeling, drug 

screening and other biomedical applications. By analyzing lines from 18 patients and 10 

healthy donors, we found abnormal accumulation of structures involved in autophagy in iNs 

derived from idiopathic Parkinson’s disease patients, and impairment in CMA specifically in 

iNs with a dopaminergic phenotype. This analysis revealed that the accumulation of certain 

autophagic structures was restricted to neurites (e.g. accumulation of late 

endosomes/lysosomes). While it remains unclear as to why this occurs, such neurite specific 

accumulation has been previously reported in models of neurodegenerative disorders and has 

been attributed to deficits in retrograde transport of lysosome precursors, leading to their 

accumulation and further blockade in their maturation.61 

 

CMA is the primary degradation pathway of the wild-type form of asyn in neurons46,62 and it 

is present in DA neurons of the SNc.48 In line with this, LAMP2a and HSC70 are both down-

regulated in the SNc of Parkinson’s disease patients.63 Our results also show a down-regulation 

of LAMP2a in iDANs of Parkinson’s disease patients at baseline. In addition to CMA, 

macroautophagy (which includes mitophagy, an autophagy pathway specific to mitochondria) 

has also been associated with Parkinson’s disease,64,65 and there is considerable crosstalk 

between CMA and macroautophagy. In fact, aggregates of asyn have been shown to impair 
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autophagosome clearance during macroautophagy.66 Our study shows that by blocking the 

autophagic flux the context of in stress-induced autophagy, an accumulation of pSer129 asyn 

in PD-iNs/iDANs was seen, but not in iNs/iDANs from control donors. 

 

The phosphorylation of asyn at Serine 129 is observed in the brain of Parkinson’s disease 

patients67 and is thought to be critical in Parkinson’s disease pathogenesis.68 Moreover, 

aggregate clearance of asyn depends mainly on the autophagy pathway,69 which is supported 

by the data in our study showing an increase in pSer129 asyn in PD-iNs/iDANs. However, one 

outstanding question is whether the accumulation of pSer129 asyn is triggered by, or 

modulated by, similar factors in every case of idiopathic Parkinson’s disease. Arguments 

against this hypothesis include that i) at the cellular level, other pathophysiological processes 

have been identified in models and post-mortem Parkinson’s disease brains that lead to pSer129 

asyn accumulation, and ii) it is increasingly recognized that idiopathic Parkinson’s disease can 

be stratified based on different parameters, including clinical features and rate of progression 

and with this, extent of pathology.70 As such, cellular processes that trigger pSer129 asyn 

accumulation are likely to differ within the idiopathic Parkinson’s disease patient population, 

leading to the clinical heterogeneity observed. In order to study such a hypothesis, there is a 

great need for models of idiopathic Parkinson’s disease that can reveal such differences in 

Parkinson’s disease-associated pathophysiology.  

 

In the study we report here, a new reprogramming method allowed us to compare iNs from 18 

different idiopathic Parkinson’s disease patients that were all processed in parallel, and which 

uniquely revealed baseline disease-relevant pathology in the neurons to some extent across all 

the lines. We observed alterations in stress-induced autophagy as a group effect as compared 

to sex- and age-matched healthy donor lines. Disease-associated impairment could not be 

detected in the parental fibroblasts. This shows that direct conversion of fibroblasts, where age-

related aspects of the donor is maintained, uniquely allows for cell-based models of idiopathic 

Parkinson’s disease for which iPSC-based modeling is challenging due to the large number of 

patient lines that needs to be studied and the inability to generate isogenic controls. Importantly, 

our cellular model based on fibroblast-to-neuron conversion showed that iNs from different 

patients are not impaired to the same degree, and as such, the iDAN system is more likely 

suitable to molecular-based stratification of idiopathic Parkinson’s disease while iPSC-derived 

neurons from patients with monogenic Parkinson’s disease and their isogenic controls may be 
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more suitable to study more defined aspects of disease pathology. In line with the use of iDANs 

for disease stratification, we found that the degree of impairment relates, at least to some extent, 

to the age of the donor, the age of onset of their Parkinson’s disease and their Tau haplotype. 

This effect of age and genetic variance on disease pathology has not been modeled before and 

suggests that direct conversion to iDANs could be used for differential diagnostics, drug 

screening and disease modeling of late onset neurogenerative diseases.  

 

On a more general level, our results demonstrate the importance of establishing models of 

neurodegenerative disease with cells that resemble the subtype and functionality of the affected 

neurons in individual patients as closely as possible. For example, we could not detect any 

autophagy-related impairment in the fibroblasts prior to conversion, clearly demonstrating that 

the reprogramming to neurons is essential to reveal disease-related phenotypes, especially as 

some phenotypes were detected in neurites. Also, specific CMA impairments were detected 

only in iNs with a DA phenotype. In addition to this, our data supports other studies reporting 

that direct reprogramming maintains the aging signature of the donor cell,6,15–18 which uniquely 

allows for modeling aspects of disease such as age of onset.  

 

Taken together, our study demonstrates the potential of direct neuronal conversion to study late 

onset neurodegenerative diseases. It is the first study to model disease heterogeneity within the 

idiopathic Parkinson’s disease population at the neuronal level in directly converted cells, and 

to report that stress-induced macroautophagy impairments are present and linked to the 

accumulation of relevant asyn pathology in the cells. Future studies using this cellular model 

will contribute to a deeper understanding of the age-associated pathology of Parkinson’s 

disease along with the cellular basis of disease subtypes and variable progression and through 

this allow us to better assess therapeutic interventions.  

 

Materials and methods  

Cell lines, genotyping and DNA-sequencing 
Adult dermal fibroblasts were obtained from the Parkinson’s Disease Research clinic at the 

John van Geest Centre for Brain Repair (Cambridge, UK) and used under full local ethical 

approvals: REC 09/H0311/88 (University of Cambridge) and CERSES-18-004-D (University 
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of Montreal) (Table 1). The subjects’ consent was obtained according to the declaration of 

Helsinki. Cell lines used in this study will be available subject to appropriate ethical approval 

and an MTA from the requestor. For biopsy sampling information see.24 All patients were 

screened for three common Mendelian mutations associated with late onset Parkinson’s 

Disease: LRRK2 G2019S as well as GBA L444P and GBA N370S. One out of 19 patients was 

identified as a LRRK2 G2019S mutation carrier and was removed from further analysis. 

Samples were also screened for SNCA gene expression levels in our RNA-seq dataset to detect 

any overexpression of the SNCA gene in the iN samples that would suggest a duplication or 

triplication. All Parkinson’s Disease samples included in the RNA-seq analysis had SNCA 

expression that followed a normal distribution without any outliers. For MAPT haplotype 

genotyping, single nucleotide polymorphism (SNP) genotyping was undertaken using a 

predesigned assay, rs9468 (Applied Biosystems), tagging the MAPT H1 versus H2 haplotype, 

and run on a Quantistudio 7 Flex Real-Time PCR System (ThermoFisher), according to the 

manufacturer’s instructions. There were no inconsistencies amongst the 28 samples genotyped 

in triplicates.  

 

Cell culture  
Fibroblasts were expanded in T75 flasks with standard fibroblast medium (DMEM, 10 % FBS, 

100U/mL penicillin-streptomycin) at 37°C in 5 % CO2. After thawing, cells were kept for a 

minimum of two days in culture before starting experiments. When confluent, the cells were 

dissociated with 0.05 % trypsin and plated at a lower density to expand them. To freeze the 

fibroblasts from a confluent T75 flask, the cells were detached after 5 minutes incubation in 

0.05 % trypsin at 37°C, spun for 5 minutes at 400 g and frozen in a 50/50 mixture of DMEM 

and FBS with 10 % DMSO. All cell lines were routinely tested for mycoplasma and were 

negative. For experiments on fibroblasts, cells were plated at a density of 1,900-3,800 cells per 

cm2 in 24-well plates (Nunc) and analyses were performed three days later.  

 

Viral vectors and virus transduction 
DNA plasmids expressing mouse open reading frames (ORFs) for Ascl1, Lmx1a, Lmx1b, 

FoxA2, Otx2, Nurr1, Smarca1, CNPY, En1 or Pax8 in a third-generation lentiviral vector 

containing a non-regulated ubiquitous phosphoglycerate kinase (PGK) promoter were 

generated, as well as two short hairpin RNAs (shRNAs) targeting RE1-silencing Transcription 

Factor (REST) containing a non-regulated U6 promoter. Plasmids used in this study have been 
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deposited in Addgene (#33013, #33014, #34997, #35000, #35001, #127573, #127574) 

Furthermore, the pB.pA.shREST all-in-one vector from24–26 was used to reprogram iNs for 

RNAseq and western blot (WB). All the constructs have been verified by sequencing. 

Lentiviral vectors were produced as previously described27 and titrated by qPCR analysis.28 

Transduction was performed at a MOI of 5 for each vector (all viruses used in this study were 

titered between 1 x 108 and 9 x 109) or MOI of 20 in the case of the pB.pA.shREST vector.  

 

Neural reprogramming 
For direct neural reprogramming, fibroblasts were plated at a density of 26,300 cells per cm2 

in 24-well plates (Nunc). Prior to plating, the wells were coated overnight with either 0.1 % 

gelatin (Sigma), or a combination of PFL for long-term cultures: Polyornithine (15 µg/mL), 

Fibronectin (0.5 ng/µL) and Laminin (5 µg/mL). Cells used for electrophysiological recordings 

were directly plated onto glass coverslips coated with PFL as described in26. Three days after 

the viral transduction, the fibroblast medium was replaced with early neural differentiation 

medium (ENM) (NDiff227; Takara-Clontech) supplemented with growth factors at the 

following concentrations: LM-22A4 (2 µM, R&D Systems), GDNF (2 ng/mL, R&D Systems), 

NT3 (10 ng/µL, R&D Systems), as well as with db-cAMP (0.5 mM, Sigma) and the small 

molecules CHIR99021 (2 µM, Axon), SB-431542 (10 µM, Axon), noggin (0.5 µg/ml, R&D 

Systems), LDN-193189 (0.5 µM, Axon), valproic acid sodium salt (VPA; 1mM, Merck 

Millipore). Half medium changes were performed twice a week. At 18 days post-transduction, 

the small molecules were stopped, and the neuronal medium was supplemented only with LM-

22A4 (2 µM), GDNF (2 ng/mL), NT3 (10 ng/µL) and db-cAMP (0.5 mM) until the end of the 

experiment (Late neuronal medium; LNM). To assess the reprogramming efficiency of each 

line, all 28 lines were reprogrammed at the same time with the same virus mixture, and this 

was repeated three times using different batches of virus for each of the 8 lentiviral vectors 

required for the iDAN reprogramming. 

 
Whole cell patch clamp recordings 
Prior to recording, the cells on the coverslips were transferred from the culture medium to 

BrainPhys medium 29 for 30 minutes and maintained at 34.5 °C. Cells were then moved to a 

recording chamber and submerged in a flowing artificial cerebrospinal fluid (ACSF) solution 

gassed with 95 % O2 and 5 % CO2. The composition of the ACSF was (in mM): 126 NaCl, 2.5 

KCl, 1.2 NaH2PO4-H2O, 1.3 MgCl2-6H2O, and 2.4 CaCl2-6H2O, 22 NaHCO3, 10 glucose 
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adjusted to pH = 7.4. Temperature of the chamber was maintained at 34 °C throughout the 

entire recording session. Multi-clamp 700B (Molecular Devices) was used for the recordings 

and signals were acquired at 10 kHz using pClamp10 software and a data acquisition unit 

(Digidata 1440A, Molecular Devices). Current was filtered at 0.1 Hz and digitized at 2 kHz. 

Borosilicate glass pipettes ranging between 4-7 MΩ were used and they were filled with the 

following intracellular solution (in mM): 122.5 potassium gluconate, 12.5 KCl, 0.2 EGTA, 10 

Hepes, 2 MgATP, 0.3 Na3GTP and 8 NaCl adjusted to pH = 7.3 with KOH as in11. The 

intracellular solution was kept on ice during the recordings. Cells with neuronal morphology 

characterized by a rounded cell body were selected for recordings. Input resistances and 

injected currents were monitored throughout the experiments. Passive properties of the 

membrane were monitored, and recordings were discarded when changes in the capacitance 

were higher than 20 % from the beginning to the end of the recording session. Resting 

membrane potentials were monitored immediately after breaking-in, in current-clamp mode. 

The membrane potential was kept between -40 mV to -60 mV and currents were injected for 

500 ms from -20 pA to +90 pA with 10 pA increments to induce action potentials. The number 

of action potentials for each cell was taken as the highest frequency of action potential induced 

by a step of current within the same cell and averaged over the total cells patched per line. 

Voltage ramp was characterized by constant increase in voltage from -70 mV to +20 mV in 0.5 

sec intervals. Inward sodium and delayed rectifying potassium currents were measured in 

voltage clamp at depolarizing steps of 10 mV for 100 ms. Spontaneous firing was recorded in 

voltage-clamp mode at resting membrane potentials.  

 

Starvation and Bafilomycin A1 treatment 
On day 28 following viral transduction, iNs were starved for 4 hours by replacing the culture 

medium with HBSS and Ca2+/Mg2+ and compared to the condition without starvation, where 

cells were left in their original culture medium. The duration of starvation treatment was chosen 

based on a starvation curve performed on the iNs (0, 2, 4h), which showed clear increases in 

p62 and microtubule-associated protein 1 light chain 3 beta, LC3) expression by WB 

(Supplementary Fig. 2b,c) in the absence of neuronal cell death (Supplementary Fig. 2a). 

For the experiment with Bafilomycin A1, cells were starved in HBSS Ca2+/Mg2+ containing 

Bafilomycin A1 (100 nM; Sigma Aldrich) for 2 hours and compared to cells incubated in HBSS 

Ca2+/Mg2+ containing dimethyl sulfoxide (DMSO; vehicle). This regimen was chosen based on 

the increase of LC3-II and the LC3-II/LC3-I ratio as assessed by WB (Supplementary Fig. 
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2d,e). At the end of the incubation period, cells were fixed in 4 % paraformaldehyde. 

 

Western blots 
Cells were lysed and homogenized as described elsewhere.30 Protein concentration was 

determined using a DC protein assay kit (Bio-Rad, 5000116). 10-15 μg of protein was boiled 

at 95°C for 5 min in Laemmli buffer (Bio-Rad), separated on a 4–12 % SDS/PAGE gel and 

then transferred using the Transblot®-Turbo™ Transfer system (Bio-Rad). After 1 hour 

blocking in Tris-buffered saline (TBS; 50 mM Tris-Cl, 150 mM NaCl, pH 7.6) with 0.1 % 

Tween 20 (Sigma-Aldrich, P7949) and 2.5 % (wt:vol) non-fat dry milk (Bio-Rad Laboratories), 

membranes were incubated overnight at 4°C in one of the primary antibodies summarized in 

Supplementary Table 1. After washing with TBST, membranes were incubated for 1 hour at 

room temperature with HRP-conjugated secondary antibodies. Protein expression was 

developed with the ECL™ Prime Western Blotting Detection Reagent (Life Technologies, 

RPN2232). Signal was captured using a Chemidoc MP system (Bio-Rad). Band intensity was 

quantified using ImageJ software (ImageJ, 1.48v) by densitometry. 

 

Immunocytochemistry and high content screening quantifications 
Following fixation in 4 % paraformaldehyde, cells were permeabilized with 0.1 % Triton-X-

100 in 0.1 M PBS for 10 minutes. Thereafter, cells were blocked for 30 minutes in a solution 

containing 5 % normal serum in 0.1 M PBS. The primary antibodies used are listed in 

Supplementary Table 1 and were diluted in the blocking solution and applied overnight at 4 

°C. Fluorophore-conjugated secondary antibodies (1:200; Jackson ImmunoResearch 

Laboratories) as well as 4’,6-diamidino-2-phenylindole (DAPI; 1:1,000, Sigma Aldrich) were 

diluted in blocking solution and applied for 2 hours. Fluorescence images of the Heat shock 

cognate 71 kDa protein (HSC70, also known as HSPA8), lysosome-associated membrane 

protein 2a (LAMP2a) and tyrosine hydroxylase (TH) and the TAU-81A stainings were taken 

using a confocal laser scanning microscope (Leica, TCS SP8), whereas the rest of the images 

were taken using either an inverted microscope (Leica, DFC360 FX-DMI 6000B) or 

CellInsight CX5 or CX7 High-Content Screening (HCS) microscopes (Thermo Scientific).  

 

The total number of DAPI-positive, TAU-positive and TH-positive cells per well, as well as 

the average fluorescence intensity for asyn was quantified using the Cellomics Array Scan 

(Array Scan VTI, Thermo Fischer), which is an automated process ensuring unbiased 
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measurements between groups. Applying the program “Target Activation”, 100-200 fields (10 

X magnification) were acquired in a spiral fashion starting from the center. The same array, 

run at 20 X magnification, was used for the analysis of the number of neurites per TAU-positive 

cell using the program “Neuronal Profiling”. Neuronal purity was calculated as the number of 

TAU- or MAP2-positive cells over the total number of cells in the well at the end of the 

experiment. Dopaminergic subtype purity was calculated as the number of TH- or aldehyde 

dehydrogenase 1 family member A1 (ALDH1A1)-positive cells over the total number of TAU- 

or MAP2-positive cells in the well at the end of the experiment. Average dot number and size 

was measured in those neurons in which the cytoplasm and neurites were defined by TAU or 

TH staining. Puncta of p62, LC3, LAMP2, LAMP2a, HSC70, asyn and 81A were detected 

(using a “Spot Detection” program) and measured in each case. Experiments done on 

fibroblasts were quantified using the same approach, with quantification of puncta of p62, LC3, 

LAMP2, LAMP2a and HSC70 in the cytoplasm, defined by vimentin (VIM)-positive staining. 

For gH2AX measurements, puncta positive for gH2AX were detected in the nuclei of 

fibroblasts and iDANs (defined by the DAPI stained region) at 20 X magnification using a 

“Spot Detection” program. 

 

qRT-PCR for neuronal gene expression 
Total RNA was extracted from human fibroblasts as well as iNs from the same lines using the 

miRNeasy kit (Qiagen) followed by Universal cDNA synthesis kit (Fermentas). Three 

reference genes were used for each qPCR analysis (ACTB, GAPDH and HPRT1). All primers 

were used together with LightCycler 480 SYBR Green I Master (Roche). Standard procedures 

of qRT-PCR were used, and data quantified using the ΔΔCt-method. Statistical analyses were 

performed on triplicates. A custom RT2 profiler PCR Array (Qiagen) containing 90 neuronal 

genes was also used according to the manufacturer instructions. 

 

RNA-seq analysis 
Fibroblasts from the healthy donor (n = 10) and Parkinson’s disease (n = 10) lines were plated 

and either collected for RNA extraction following 3 days in culture or transduced with the 

pB.pA.shREST lentiviral vector24–26 the day following plating and allowed to be 

reprogrammed for 30 days. RNA was extracted using the RNeasy mini kit (Qiagen) with DNase 

treatment. cDNA libraries were prepared using the Illumina truseq library preparation kit and 
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sequenced with 2 x 150 bp paired end reads on an Illumina NextSeq 500 High Output kit. Raw 

base calls were demultiplexed and converted into sample specific fastq format files using 

default parameters of the bcl2fastq program provided by illumina. Quality of reads was 

checked using FastQC and multiQC tools. Reads were mapped to the human genome 

(GRCh37) using the STAR mapping algorithm.31 mRNA expression was quantified using 

RSEM32 and Ensembl version 75 as the gene model. Read counts were normalized to the total 

number of reads mapping to the genome. After sample level QC, differential expression 

analysis was done using the limma/voom algorithm.33 Downstream analyses were performed 

using in house R scripts. Gene Set Enrichment Analysis was performed by fitting a linear model 

adjusting for sex and disease status as covariates -genes were then ranked based on their 

association with age at sampling. Six gene sets related to aging were extracted from the gene 

ontology database and queried using gene set enrichment analysis (GSEA) (as implemented in 

the clusterProfiler R package). Differential splicing of the MAPT gene was visualized in IGV 

(version 2.8). Significant up and down regulated pathways were selected using Bonferroni post 

hoc corrected p values (padj < 1e-4). 

 

Statistical analysis 
All data are expressed as mean ± the standard deviation. Whenever the analysis is performed 

with one cell line, biological replicates (n = 3-4) were used. In case of experiments using 

multiple cell lines, we used a minimum of n = 5 to account for inter-individual variation. A 

Shapiro-Wilk normality test was used to assess the normality of the distribution. When a 

normal distribution could not be assumed, a non-parametric test was performed. Groups were 

compared using a one-way ANOVA with a Bonferroni post hoc or a Kruskal-Wallis test with 

a Dunn’s multiple comparisons tests. To determine whether there was a significant difference 

between two sets of observations repeated on the same lines, a paired sample t-test was also 

performed. In case of only two groups, they were compared using a Student t-test. An F test 

was used to compare variance and in case of unequal variance a Welch's correction test was 

then performed. Statistical analyses were conducted using the GraphPad Prism 8.0. An alpha 

level of p < 0.05 was set for significance. 

 

Data availability  
The RNAseq dataset can be found on the GEO repository under accession number GSE125239. 

 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 23, 2021. ; https://doi.org/10.1101/2021.04.23.441070doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.23.441070
http://creativecommons.org/licenses/by/4.0/


20 
 

 

Acknowledgements  

We thank Marie Persson Vejgården, Sol Da Rocha Baez, Ulla Jarl (Lund University), and Dr. 

Maria Ban (Neurology Unit at the University of Cambridge) for technical assistance as well as 

Dr. Anna Hammarberg at the MultiPark Cellomics platform at Lund University for her valuable 

help with high content screening.  

Funding  

The research leading to these results has received funding from the New York Stem Cell 

Foundation, the European Research Council under the European Union’s Seventh Framework 

Programme: FP/2007-2013 NeuroStemcellRepair (no. 602278) and ERC Grant Agreement no. 

771427, the Swedish Research Council (grant agreement 2016-00873), Swedish Parkinson 

Foundation (Parkinsonfonden), Hjärnfonden (FO2019-0301), Olle Engkvist Foundation 203-

0006 (JJ), the Strategic Research Areas at Lund University MultiPark (Multidisciplinary 

research in Parkinson’s disease) and StemTherapy, the Cure Parkinson’s Trust in the UK and 

Parkinson Canada (2018-00236) (J. D.-O). This research was supported by the NIHR 

Cambridge Biomedical Research Centre (BRC-1215-20014). The views expressed are those of 

the author(s) and not necessarily those of the NIHR or the Department of Health and Social 

Care. This research was funded in part by the Wellcome Trust 203151/Z/16/Z. For the purpose 

of Open Access, the author has applied a CC BY public copyright licence to any Author 

Accepted Manuscript version arising from this submission. RAB was a NIHR Senior 

Investigator. M.P. is a New York Stem Cell Foundation - Robertson Investigator. J. D.-O. is 

receiving support from FRQS in partnership with Parkinson Québec (#268980) and the Canada 

Foundation for Innovation (#38354). M.B and S.S were funded by the European Union Horizon 

2020 Programme (H2020-MSCA-ITN-2015) under the Marie Skłodowska-Curie Innovative 

Training Network and Grant Agreement No. 676408. E. M. L. is supported by a CIHR Canada 

Graduate Scholarship. 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 23, 2021. ; https://doi.org/10.1101/2021.04.23.441070doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.23.441070
http://creativecommons.org/licenses/by/4.0/


21 
 

Competing interests  

M.Pa., J.J. and J.DO. are co-inventors of the patent application PCT/EP2018/ 062261 owned 

by New York Stem Cell Foundation. M.Pa is the owner of Parmar Cells AB. 

 

References  
1. Beevers JE, Caffrey TM, Wade-Martins R. Induced pluripotent stem cell (iPSC)-derived 

dopaminergic models of Parkinson’s disease. Biochem Soc Trans. 2013;41(6):1503-
1508. 

2. Drouin-Ouellet J, Barker RA. Parkinson’s Disease in a Dish: What Patient Specific-
Reprogrammed Somatic Cells Can Tell Us about Parkinson’s Disease, If Anything. Stem 
Cells Int. 2012;2012926147. 

3. Lang C, Campbell KR, Ryan BJ et al. Single-Cell Sequencing of iPSC-Dopamine 
Neurons Reconstructs Disease Progression and Identifies HDAC4 as a Regulator of 
Parkinson Cell Phenotypes. Cell Stem Cell. 2019;24(1):93-106.e6. 

4. Lapasset L, Milhavet O, Prieur A et al. Rejuvenating senescent and centenarian human 
cells by reprogramming through the pluripotent state. Genes Dev. 2011;25(21):2248-
2253. 

5. Maherali N, Sridharan R, Xie W et al. Directly reprogrammed fibroblasts show global 
epigenetic remodeling and widespread tissue contribution. Cell Stem Cell. 2007;155-70. 

6. Mertens J, Paquola AC, Ku M et al. Directly Reprogrammed Human Neurons Retain 
Aging-Associated Transcriptomic Signatures and Reveal Age-Related 
Nucleocytoplasmic Defects. Cell Stem Cell. 2015;17(6):705-718. 

7. Miller JD, Ganat YM, Kishinevsky S et al. Human iPSC-based modeling of late-onset 
disease via progerin-induced aging. Cell Stem Cell. 2013;13(6):691-705. 

8. Caiazzo M, Dell’Anno MT, Dvoretskova E et al. Direct generation of functional 
dopaminergic neurons from mouse and human fibroblasts. Nature. 2011;476(7359):224-
227. 

9. Jiang H, Xu Z, Zhong P et al. Cell cycle and p53 gate the direct conversion of human 
fibroblasts to dopaminergic neurons. Nat Commun. 2015;610100. 

10. Liu ML, Zang T, Zou Y et al. Small molecules enable neurogenin 2 to efficiently convert 
human fibroblasts into cholinergic neurons. Nat Commun. 2013;42183. 

11. Pfisterer U, Kirkeby A, Torper O et al. Direct conversion of human fibroblasts to 
dopaminergic neurons. Proc Natl Acad Sci U S A. 2011;108(25):10343-10348. 

12. Torper O, Pfisterer U, Wolf DA et al. Generation of induced neurons via direct 
conversion in vivo. Proc Natl Acad Sci U S A. 2013;110(17):7038-7043. 

13. Habekost M, Qvist P, Denham M, Holm IE, Jørgensen AL. Directly Reprogrammed 
Neurons Express MAPT and APP Splice Variants Pertinent to Ageing and 
Neurodegeneration. Mol Neurobiol. 2021 

14. Herdy J, Schafer S, Kim Y et al. Chemical modulation of transcriptionally enriched 
signaling pathways to optimize the conversion of fibroblasts into neurons. Elife. 2019;8 

15. Huh CJ, Zhang B, Victor MB et al. Maintenance of age in human neurons generated by 
microRNA-based neuronal conversion of fibroblasts. Elife. 2016;5 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 23, 2021. ; https://doi.org/10.1101/2021.04.23.441070doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.23.441070
http://creativecommons.org/licenses/by/4.0/


22 
 

16. Kim Y, Zheng X, Ansari Z et al. Mitochondrial Aging Defects Emerge in Directly 
Reprogrammed Human Neurons due to Their Metabolic Profile. Cell Rep. 
2018;23(9):2550-2558. 

17. Tang Y, Liu ML, Zang T, Zhang CL. Direct Reprogramming Rather than iPSC-Based 
Reprogramming Maintains Aging Hallmarks in Human Motor Neurons. Front Mol 
Neurosci. 2017;10359. 

18. Victor MB, Richner M, Olsen HE et al. Striatal neurons directly converted from 
Huntington’s disease patient fibroblasts recapitulate age-associated disease phenotypes. 
Nat Neurosci. 2018;21(3):341-352. 

19. Fernandes HJ, Hartfield EM, Christian HC et al. ER Stress and Autophagic Perturbations 
Lead to Elevated Extracellular α-Synuclein in GBA-N370S Parkinson’s iPSC-Derived 
Dopamine Neurons. Stem Cell Reports. 2016;6(3):342-356. 

20. Orenstein SJ, Kuo SH, Tasset I et al. Interplay of LRRK2 with chaperone-mediated 
autophagy. Nat Neurosci. 2013;16(4):394-406. 

21. Reinhardt P, Schmid B, Burbulla LF et al. Genetic correction of a LRRK2 mutation in 
human iPSCs links parkinsonian neurodegeneration to ERK-dependent changes in gene 
expression. Cell Stem Cell. 2013;12(3):354-367. 

22. Schöndorf DC, Aureli M, McAllister FE et al. iPSC-derived neurons from GBA1-
associated Parkinson’s disease patients show autophagic defects and impaired calcium 
homeostasis. Nat Commun. 2014;54028. 

23. Sánchez-Danés A, Richaud-Patin Y, Carballo-Carbajal I 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(5):380-395. 

24. Drouin-Ouellet J, Lau S, Brattås PL et al. REST suppression mediates neural conversion 
of adult human fibroblasts via microRNA-dependent and -independent pathways. EMBO 
Mol Med. 2017 

25. Birtele M, Sharma Y, Kidnapillai S et al. Dual modulation of neuron-specific microRNAs 
and the REST complex promotes functional maturation of human adult induced neurons. 
FEBS Lett. 2019;593(23):3370-3380. 

26. Shrigley S, Pircs K, Barker RA, Parmar M, Drouin-Ouellet J. Simple Generation of a 
High Yield Culture of Induced Neurons from Human Adult Skin Fibroblasts. J Vis Exp. 
2018132 

27. Zufferey R, Nagy D, Mandel RJ, Naldini L, Trono D. Multiply attenuated lentiviral vector 
achieves efficient gene delivery in vivo. Nat Biotechnol. 1997;15(9):871-875. 

28. Georgievska B, Jakobsson J, Persson E, Ericson C, Kirik D, Lundberg C. Regulated 
delivery of glial cell line-derived neurotrophic factor into rat striatum, using a 
tetracycline-dependent lentiviral vector. Hum Gene Ther. 2004;15(10):934-944. 

29. Bardy C, van den Hurk M, Eames T et al. Neuronal medium that supports basic synaptic 
functions and activity of human neurons in vitro. Proc Natl Acad Sci U S A. 
2015;112(20):E2725-34. 

30. Pircs K, Petri R, Madsen S et al. Huntingtin Aggregation Impairs Autophagy, Leading to 
Argonaute-2 Accumulation and Global MicroRNA Dysregulation. Cell Rep. 
2018;24(6):1397-1406. 

31. Dobin A, Davis CA, Schlesinger F et al. STAR: ultrafast universal RNA-seq aligner. 
Bioinformatics. 2013;29(1):15-21. 

32. Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data with or 
without a reference genome. BMC Bioinformatics. 2011;12323. 

33. Ritchie ME, Phipson B, Wu D et al. limma powers differential expression analyses for 
RNA-sequencing and microarray studies. Nucleic Acids Res. 2015;43(7):e47. 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 23, 2021. ; https://doi.org/10.1101/2021.04.23.441070doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.23.441070
http://creativecommons.org/licenses/by/4.0/


23 
 

34. Luo SX, Huang EJ. Dopaminergic Neurons and Brain Reward Pathways: From 
Neurogenesis to Circuit Assembly. Am J Pathol. 2016;186(3):478-488. 

35. Nelander J, Grealish S, Parmar M. Human foetal brain tissue as quality control when 
developing stem cells towards cell replacement therapy for neurological diseases. 
Neuroreport. 2013;24(18):1025-1030. 

36. Kirkeby A, Nolbrant S, Tiklova K et al. Predictive Markers Guide Differentiation to 
Improve Graft Outcome in Clinical Translation of hESC-Based Therapy for Parkinson’s 
Disease. Cell Stem Cell. 2017;20(1):135-148. 

37. Metzakopian E, Bouhali K, Alvarez-Saavedra M, Whitsett JA, Picketts DJ, Ang SL. 
Genome-wide characterisation of Foxa1 binding sites reveals several mechanisms for 
regulating neuronal differentiation in midbrain dopamine cells. Development. 
2015;142(7):1315-1324. 

38. Poulin JF, Zou J, Drouin-Ouellet J, Kim KY, Cicchetti F, Awatramani RB. Defining 
midbrain dopaminergic neuron diversity by single-cell gene expression profiling. Cell 
Rep. 2014;9(3):930-943. 

39. Tiklová K, Björklund ÅK, Lahti L et al. Single-cell RNA sequencing reveals midbrain 
dopamine neuron diversity emerging during mouse brain development. Nat Commun. 
2019;10(1):581. 

40. Chanda S, Ang CE, Davila J et al. Generation of induced neuronal cells by the single 
reprogramming factor ASCL1. Stem Cell Reports. 2014;3(2):282-296. 

41. Rubinsztein DC, Mariño G, Kroemer G. Autophagy and aging. Cell. 2011;146(5):682-
695. 

42. Cuervo AM, Stefanis L, Fredenburg R, Lansbury PT, Sulzer D. Impaired degradation of 
mutant alpha-synuclein by chaperone-mediated autophagy. Science. 
2004;305(5688):1292-1295. 

43. Galluzzi L, Baehrecke EH, Ballabio A et al. Molecular definitions of autophagy and 
related processes. EMBO J. 2017;36(13):1811-1836. 

44. Klionsky DJ, Abdelmohsen K, Abe A et al. Guidelines for the use and interpretation of 
assays for monitoring autophagy (3rd edition). Autophagy. 2016;12(1):1-222. 

45. Klionsky DJ, Abdel-Aziz AK, Abdelfatah S et al. Guidelines for the use and 
interpretation of assays for monitoring autophagy. autophagy. 20211-382. 

46. Cuervo AM, Wong E. Chaperone-mediated autophagy: roles in disease and aging. Cell 
Res. 2014;24(1):92-104. 

47. Sala G, Marinig D, Arosio A, Ferrarese C. Role of Chaperone-Mediated Autophagy 
Dysfunctions in the Pathogenesis of Parkinson’s Disease. Front Mol Neurosci. 
2016;9157. 

48. Xilouri M, Brekk OR, Polissidis A, Chrysanthou-Piterou M, Kloukina I, Stefanis L. 
Impairment of chaperone-mediated autophagy induces dopaminergic neurodegeneration 
in rats. Autophagy. 2016;12(11):2230-2247. 

49. Chiang HL, Terlecky SR, Plant CP, Dice JF. A role for a 70-kilodalton heat shock protein 
in lysosomal degradation of intracellular proteins. Science. 1989;246(4928):382-385. 

50. Salvador N, Aguado C, Horst M, Knecht E. Import of a cytosolic protein into lysosomes 
by chaperone-mediated autophagy depends on its folding state. J Biol Chem. 
2000;275(35):27447-27456. 

51. Pircs K, Nagy P, Varga A et al. Advantages and limitations of different p62-based assays 
for estimating autophagic activity in Drosophila. PLoS One. 2012;7(8):e44214. 

52. Park WD, O’Brien JF, Lundquist PA et al. Identification of 58 novel mutations in 
Niemann-Pick disease type C: correlation with biochemical phenotype and importance 
of PTC1-like domains in NPC1. Hum Mutat. 2003;22(4):313-325. 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 23, 2021. ; https://doi.org/10.1101/2021.04.23.441070doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.23.441070
http://creativecommons.org/licenses/by/4.0/


24 
 

53. Winder-Rhodes SE, Garcia-Reitböck P, Ban M et al. Genetic and pathological links 
between Parkinson’s disease and the lysosomal disorder Sanfilippo syndrome. Mov 
Disord. 2012;27(2):312-315. 

54. He P, Peng Z, Luo Y et al. High-throughput functional screening for autophagy-related 
genes and identification of TM9SF1 as an autophagosome-inducing gene. Autophagy. 
2009;5(1):52-60. 

55. Valenca GT, Srivastava GP, Oliveira-Filho J et al. The Role of MAPT Haplotype H2 and 
Isoform 1N/4R in Parkinsonism of Older Adults. PLoS One. 2016;11(7):e0157452. 

56. Vuono R, Winder-Rhodes S, de Silva R et al. The role of tau in the pathological process 
and clinical expression of Huntington’s disease. Brain. 2015;138(Pt 7):1907-1918. 

57. Williams-Gray CH, Evans JR, Goris A et al. The distinct cognitive syndromes of 
Parkinson’s disease: 5 year follow-up of the CamPaIGN cohort. Brain. 2009;132(Pt 
11):2958-2969. 

58. Williams-Gray CH, Mason SL, Evans JR et al. The CamPaIGN study of Parkinson’s 
disease: 10-year outlook in an incident population-based cohort. J Neurol Neurosurg 
Psychiatry. 2013;84(11):1258-1264. 

59. Kouroupi G, Taoufik E, Vlachos IS et al. Defective synaptic connectivity and axonal 
neuropathology in a human iPSC-based model of familial Parkinson’s disease. Proc Natl 
Acad Sci U S A. 2017;114(18):E3679-E3688. 

60. Lin L, Göke J, Cukuroglu E, Dranias MR, VanDongen AM, Stanton LW. Molecular 
Features Underlying Neurodegeneration Identified through In Vitro Modeling of 
Genetically Diverse Parkinson’s Disease Patients. Cell Rep. 2016;15(11):2411-2426. 

61. Gowrishankar S, Yuan P, Wu Y et al. Massive accumulation of luminal protease-
deficient axonal lysosomes at Alzheimer’s disease amyloid plaques. Proc Natl Acad Sci 
U S A. 2015;112(28):E3699-708. 

62. Vogiatzi T, Xilouri M, Vekrellis K, Stefanis L. Wild type alpha-synuclein is degraded by 
chaperone-mediated autophagy and macroautophagy in neuronal cells. J Biol Chem. 
2008;283(35):23542-23556. 

63. Alvarez-Erviti L, Rodriguez-Oroz MC, Cooper JM et al. Chaperone-mediated autophagy 
markers in Parkinson disease brains. Arch Neurol. 2010;67(12):1464-1472. 

64. Hsieh CH, Shaltouki A, Gonzalez AE et al. Functional Impairment in Miro Degradation 
and Mitophagy Is a Shared Feature in Familial and Sporadic Parkinson’s Disease. Cell 
Stem Cell. 2016;19(6):709-724. 

65. Ryan BJ, Hoek S, Fon EA, Wade-Martins R. Mitochondrial dysfunction and mitophagy 
in Parkinson’s: from familial to sporadic disease. Trends Biochem Sci. 2015;40(4):200-
210. 

66. Tanik SA, Schultheiss CE, Volpicelli-Daley LA, Brunden KR, Lee VM. Lewy body-like 
α-synuclein aggregates resist degradation and impair macroautophagy. J Biol Chem. 
2013;288(21):15194-15210. 

67. Fujiwara H, Hasegawa M, Dohmae N et al. alpha-Synuclein is phosphorylated in 
synucleinopathy lesions. Nat Cell Biol. 2002;4(2):160-164. 

68. Chen L, Periquet M, Wang X et al. Tyrosine and serine phosphorylation of alpha-
synuclein have opposing effects on neurotoxicity and soluble oligomer formation. J Clin 
Invest. 2009;119(11):3257-3265. 

69. Petroi D, Popova B, Taheri-Talesh N et al. Aggregate clearance of α-synuclein in 
Saccharomyces cerevisiae depends more on autophagosome and vacuole function than 
on the proteasome. J Biol Chem. 2012;287(33):27567-27579. 

70. Williams-Gray CH, Barker RA. Parkinson disease: Defining PD subtypes - a step toward 
personalized management. Nat Rev Neurol. 2017;13(8):454-455. 

 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 23, 2021. ; https://doi.org/10.1101/2021.04.23.441070doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.23.441070
http://creativecommons.org/licenses/by/4.0/


25 
 

Figures 

 
Figure 1. Generation of iDANs from Parkinson’s disease and heathy donor lines. a, 

Reprogramming iDANs from adult fibroblasts. b, Quantification of TAU-positive and TH-

positive cells (mean average of 2,575 TAU-positive and 32 TH-positive cells assessed per line, 
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n=28 lines). c, MAP2-positive and TH-positive iDANs. Cells are counterstained with DAPI (in 

blue). Scale bars = 25µm. d, Quantification of ALDH1A1 and TAU or MAP2 double positive 

cells (mean average of 1,652 TAU-positive and 1,258 MAP2-positive cells assessed per well 

from 4 biological replicates per lines, n=7 lines (lines #4, #8, #9, #10, #26, #27 and #28). e, 

TAU-positive, MAP2-positive and TH-positive iNs and iDANs expressing ALDH1A1 and 

VMAT2. Cells are counterstained with DAPI (in blue). Scale bars = 25µm. f, Gene expression 

quantification of DA genes relative to parental fibroblast levels (from 2 to 3 biological 

replicates (white circles) from line #2). g, Quantification of the neurite profile in TAU-positive 

and TH-negative (iNs) vs. TAU and TH double positive cells (iDANs) from healthy and 

Parkinson’s disease lines (mean average of 2,575 TAU-positive and 32 TH-positive cells 

assessed per line, n=28 lines). Two-tailed unpaired t-test with Welch’s correction: 

***P=0.0004, df=30.82; *P=0.0245, df=32.94. h, Patch clamp recordings of iDANs from line 

#2 (at day 65). i, Double TAU-positive and TH-positive H-iDANs and PD-iDANs at day 60. 

Scale bar = 100µm. j, Quantification of the neurite profile in TAU-positive H-iNs and PD-iNs. 

(experiment has been repeated independently 3 times, mean average of 2,142 TAU-positive 

cells assessed per line, n=10 healthy and n=18 Parkinson’s disease lines). k, Quantification of 

voltage-clamp recordings of evoked action potentials (n = 8-10 neurons per lines, n = 5-6 lines 

per group), resting membrane potential of H-iNs and PD-iNs. (n = 4-9 neurons per lines, n = 

5-6 lines per group), inward and outward currents (n = 4-9 neurons per lines, n = 5-6 lines per 

group). Lines #1, #2, #4, #5, #6, #8, #13, #16, #17, #24, #28 were used for patch clamp 

experiments. l, Voltage-clamp recordings of repetitive evoked action potentials. m, 

Representative traces of membrane sodium- and potassium currents following voltage 

depolarization steps in H-iNs and PD-iNs. Abbreviations: APs: action potentials, ns: not 

significant, TTX: tetrodotoxin. 
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Fig 2. Chaperone-mediated autophagy impairment in PD-iDANs. a, LAMP2a-positive dot 

expression and spot detection analysis of LAMP2a-positive (green arrowhead) and HSC70-

positive (blue arrowheads) puncta in TH-positive iDANs. b, Quantification of LAMP2a-

positive puncta in the neurites of TH-positive iDANs (mean average of 14 TH-positive cells 

assessed per line, n=10 healthy and n=18 Parkinson’s disease lines). Kruskal-Wallis test, 

Dunn’s multiple comparisons test: *P=0.0067; H: Two-tailed paired t-test: #P=0.0194, df=8; 

Parkinson’s disease: Wilcoxon matched pairs signed rank test: ##P=0.0098, rs=0.339. c, 

Quantification of HSC70-positive puncta in neurites of TH-positive iDANs (mean average of 

95 TH-positive cells assessed per line, n=8-9 healthy and n=16 Parkinson’s disease lines). 

Mann-Whitney U test: *P=0.0128, U=26.5. Wilcoxon matched pairs signed rank test: 
##P=0.0031, rs=0.395. Abbreviations: CT: control, H: healthy, PD: Parkinson’s disease, ST: 

starved.  
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Fig 3. Accumulation of p62, LC3 and LAMP2 in PD-iNs upon starvation. a, p62-positive 

dot expression in TAU-positive iNs. Scale bar = 25µm. b, Quantification of p62-positive 

puncta in TAU-positive iNs (mean average of 577 TAU-positive cells assessed per line, n=10 
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healthy and n=18 Parkinson’s disease lines). Cell body: Two-tailed unpaired t-test: 

**P=0.0032, df=26, H: two-tailed paired t-test: ##P=0.0056, df=9; Neurite: Mann-Whitney U 

test: *P=0.0452, U=48, H: two-tailed paired t-test: #P=0.0128, df=9. Data were normalized as 

% of control condition (not starved). c, LC3-positive dot expression in TAU-positive iNs. Scale 

bar = 10µm. d, Quantification of LC3-positive puncta in TAU-positive iNs (mean average of 

479 TAU-positive cells assessed per line, n=10 healthy and n=18 Parkinson’s disease lines). 

Cell body: two-tailed Mann-Whitney U test: *P=0.0311, U=51, H: two-tailed paired t-test: 
##P=0.0051, df=9. Data were normalized as % of control condition (not starved). e, LAMP2-

positive dot expression in TAU-positive iNs. Scale bar = 25µm f, Quantification of LAMP2-

positive puncta in TAU-positive iNs (mean average of 202 TAU-positive cells assessed per 

line, n=10 healthy and n=17 Parkinson’s disease lines). Cell body: H: two-tailed paired t-test: 
##P=0.0078, df=8, Parkinson’s disease: #P=0.0295, df=13. Neurites: Two-tailed unpaired t-test 

with Welch’s correction: *P=0.0136, U=24: *P=0.0125, df=18.23, Parkinson’s disease: two-

tailed paired t-test: ##P=0.0042, df=16.75. Data were normalized as % of control condition (not 

starved). g, Boxplots of log2 fold changes in expression of genes associated with lysosomal 

functions (adjusted P value < 0.09, n=10 healthy and n=10 Parkinson’s disease lines). h, 

accumulation of LAMP2-positive puncta upon stress-induced autophagy is associated with the 

age of the donor (n=23 lines). Spearman’s rank correlation: ***P=0.0007; 95% confidence 

interval: 0.3199 to 0.8437. i, association between accumulation of LAMP2-positive puncta 

upon stress-induced autophagy and the age of onset of Parkinson’s disease (n=15 Parkinson’s 

disease lines). Spearman’s rank correlation: *P=0.0431; 95% confidence interval: 0.01127 to 

0.8263. j, More pronounced accumulation of LAMP2-positive puncta upon stress in MAPT 

H2 carrier Parkinson’s disease patients. Kruskal-Wallis test, Dunn’s multiple comparisons test: 

*P=0.0265; two-tailed Mann-Whitney U test: #P=0.0250, U=3. Abbreviations: CT: control, H: 

healthy, PD: Parkinson’s disease, ST: starved. 
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Fig. 4. Assessment of cellular aging. a, Gene set enrichment analysis showing enrichment 

scores of pathways related to cell aging. b, “Multicellular organism aging” showing a 

significant enrichment score. c, After fitting a linear model adjusting for sex and disease status 

as covariates, genes were ranked based on their association with age at sampling. Top genes 

showing a clear increase in expression with age were extracted from the gene ontology database 

and queried against using GSEA (as implemented in the clusterProfiler R package). 5 out of 6 

of these gene sets showed negative enrichment scores, indicating association of aging with 
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donor age in this dataset. d, Representative image of gH2AX expression in a VIM-positive 

fibroblast and a TAU-positive iN, both from line #18 (87 years old). Scale bar = 10µm. e, 

Quantification of gH2AX-positive puncta in TAU-positive iNs (mean average of 1,327 

fibroblasts and 1,210 TAU-positive cells assessed per line, n=26 lines). Two-tailed paired t-

test: P=0.071, df=25. f, Sashimi plots visualizing splice junctions and genomic coordinates 

from merged bam files from adult Fib-iNs (red) and fetal Fib-iNs (blue) indicating that 

expression of exon 10 (4R isoforms) is only present in iNs from adult fibroblasts. Height of 

bars indicate expression level and the number on the lines gives number of reads spanning that 

splice junction. Abbreviation: ns: not significant, Vim: vimentin.  
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Fig 5. Autophagy impairments lead to an accumulation of phosphorylated asyn in PD-

iNs. a, Confocal images of 81A-positive dot expression (asyn pSer129) in TAU-positive iNs 

directly reprogrammed from fibroblasts. b, Quantification of TAU-positive iNs with 81A-

positive puncta in the cell body (mean average of 1,461 TAU-positive cells assessed per line, 

n=9 healthy and n=18 Parkinson’s disease lines). Two-tailed unpaired t-test: *P=0.0329, df=25. 

Data were normalized as % of the control condition (% of starved+BAF/starved). 

Abbreviations: BAF: bafilomycin A1, H: healthy; PD: Parkinson’s disease, ST: starved.  
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Table 1. Demographics, clinical and genotype data of the study participants.  
Line 
ID 

Group Sex Age at 
biopsy 

MAPT 
haplotype 

Age 
at 
onset  

Disease 
duration 
(years) 

*UPDRS 
motor 
decline  

*MMSE 
score 
decline 

1 Healthy M 69 H1/H1     
2 Healthy F 67 H1/H1     
3 Healthy M 80 H2/H2     
4 Healthy F 75 H1/H1     
5 Healthy M 70 H1/H2     
6 Healthy F 70 H1/H2     
7 Healthy M 71 H1/H1     
8 Healthy F 61 H1/H2     
9 Healthy F 66 H2/H2     
10 Healthy F 58 H1/H1     
 Ratio F:M/ 

Mean±SD 
6:4 68.7 ± 

6.3 
     

11 PD M 56 H1/H1 34 23 -0.32 0 
12 PD M 60 H1/H1 48 12 -0.43 0 
13 PD F 77 H2/H2 65 12 1.48 0 
14 PD F 67 H1/H1 56 12 0.76 -0.07 
15 PD F 59 H1/H1 45 15 -1.39 0 
16 PD F 80 H1/H2 69 11 0.39 -0.07 
17 PD M 80 H2/H2 49 33 1.70 0 
18 PD F 87 H1/H1 72 15 0.25 -0.12 
19 PD F 77 H1/H1 56 24 -0.42 -0.25 
20 PD M 75 H1/H1 63 13 -1.18 0 
21 PD M 77 H1/H1 66 11 -1.68 0 
22 PD F 71 H1/H1 62 14 0 -0.47 
23 PD M 72 H1/H1 70 2 1.71 -0.44 
24 PD M 81 H1/H1 76 6 1.88 0.14 
25 PD F 44 H1/H1 40 5 -3.56 0.15 
26 PD F 79 H1/H1 NA NA NA NA 
27 PD F 68 H1/H1 55 15 1.65 0 
28 PD M 57 H1/H1 50 8 NA NA 
 Ratio F:M/ 

Mean±SD 
10:8 70.4 ± 

11.2 
 57.4 

± 
11.9 

12.5 ± 
7.1 

0.05 ± 
1.5 

-0.07± 
0.18 

* Average rate of decline per year over a minimum of 2 years.  
Abbreviations: MMSE: Mini-Mental State Examination; NA: not available; UPDRS: Unified 
Parkinson’s Disease Rating Scale 
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Supplementary Fig. 1. Generation of iDANs. a, Quantification of TAU-positive and TH-positive 
cells using different reprogramming factors. 4F: Lmx1a, Lmx1b, FoxA2, Otx2. b, Gene expression 
quantification of DA genes relative to parental fibroblast levels (from 2 to 3 biological replicates). 
5F: Lmx1a, Lmx1b, FoxA2, Otx2, Nurr1. TetO_ALN: Ascl1, Lmx1a, Nurr1 from Caiazzo et al. 
2011 8. c, Fold change of all of the neuronal and dopaminergic related genes on the qPCR array as 
compared to parental fibroblasts. Significantly up- and down-regulated genes are in red and blue, 
respectively. d, Fold change of the top up-regulated neuronal, dopaminergic, glutamatergic and 
GABAergic related genes as compared to parental fibroblasts. e, MAP2, GFAP and Collagen 1 
expression at 25 days following the start of conversion with the pB.pA.shREST all-in-one vector. 
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Supplementary Fig. 2. Validation of starvation and Bafilomycin regimen in iNs. a, 
Quantification of the number of TAU+ iNs following a 4-hour starvation period. b, Representative 
WB image showing LAMP2a, SQSTM1 (p62), LC3, HSC70 and Actin immunolabeling in iNs 
from a healthy donor starved for 0, 2 and 4 hours. c, OD quantification of LAMP2a, SQSTM1 
(p62), LC3, HSC70 immunoblots in iNs starved for 0, 2 and 4 hours. One-way ANOVA on 
repeated measures, Tukey post-hoc: *p<0.05. Data are shown as mean ± SD. Values were 
normalized to non-treated expression levels and corrected to actin values. d, Representative WB 
image showing SQSTM1 (p62), LC3 and Actin immunolabeling in non-treated (NT) and 
Bafilomycin A1 (BAF) treated healthy donor iNs. e, OD quantification of p62, LC3 immunoblots 
in NT and BAF treated healthy donor iNs. Two-tailed unpaired t-test: *P<0.05; **P<0.01. Data 
are shown as mean ± SD. Values were normalized to non-treated expression levels and corrected 
to actin values. 
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Supplementary Fig. 3. No accumulation of LAMP2a and HSC70 in PD-Fibroblasts upon 
starvation. a, LAMP2a-positive dot expression in fibroblasts. b, Quantification of LAMP2a-
positive dots in fibroblasts (mean average of 2,949 cells assessed per line). One-way ANOVA, 
Bonferroni post-hoc: P=0.59. Paired student’s t-test: #P<0.05, as compared to the non-starved 
condition. c, HSC70-positive dot expression and spot detection analysis in fibroblasts. d, 
Quantification of HSC70-positive dots in fibroblasts (mean average of 2,949 cells assessed per 
line). Kruskal-Wallis test, Dunn’s multiple comparisons test: P=0.11; H: Wilcoxon matched pairs 
signed rank test: ##P=0.0098, rs=0.346. PD: Two-tailed paired t-test: #P=0.0406, df=13. 
Abbreviations: CT: control, H: healthy, ns: not significant, PD: Parkinson’s disease, ST: starved. 
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Supplementary Fig. 4. Chaperone-mediated autophagy impairment in PD-iDANs. a, 
LAMP2a-positive dot expression and spot detection analysis of LAMP2a-positive dots (in pink) 
in double TAU-positive/TH-positive iDANs. Scale bar = 50µm; insets = 10µm. b, Quantification 
of LAMP2a-positive dots in neurites of TAU-positive iNs (mean average of 603 iNs assessed per 
line). c, Quantification of asyn-positive fluorescence intensity in TH-positive iDANs. d, 
Quantification of asyn-positive spot count in the cell body of TH-positive iDANs. e, 
Quantification of asyn-positive spot count in the neurites of TH-positive iDANs. f, Quantification 
of asyn-positive/HSC70 spot coverage in the cell body of TH-positive iDANs. Two-tailed 
unpaired t-test with Welch’s correction: *P=0.0267, df=17.62. g, Quantification of asyn-positive 
spot count in TH-positive iDANs following starvation. h, asyn-positive dot expression and spot 
detection analysis of asyn-positive dots (in cyan) in TH-positive iDANs. Scale bar = 10µm. 
Abbreviations: ns: not significant. 
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Supplementary Fig. 5. No accumulation of p62, LC3 and LAMP2 in PD-Fibroblasts upon 
starvation. a, p62-positive dot expression and spot detection analysis in fibroblasts. b, 
Quantification of p62-positive dots in fibroblasts (mean average of 625 cells assessed per line). 
One-way ANOVA, Bonferroni post-hoc: *p<0.05, ***p<0.001. Paired student’s t-test: 
###p<0.001 as compared to the condition without starvation. c, LC3-positive dot expression and 
spot detection analysis in fibroblasts. d, Quantification of p62-positive dots in fibroblasts (mean 
average of 651 cells assessed per line). One-way ANOVA, Bonferroni post-hoc: **p<0.01, as 
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compared to the healthy group. Paired student’s t-test: ##p<0.01, ###p<0.001 as compared to the 
condition without starvation. e, LAMP2-positive dot expression and spot detection analysis in 
fibroblasts. f, Quantification of LAMP2-positive dots in fibroblasts (mean average of 1,126 cells 
assessed per line). Paired student’s t-test: #p<0.05 as compared to the condition without starvation. 
Abbreviations: CT: control, H: healthy, ns: not significant, PD: Parkinson’s disease, ST: starved. 
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Supplementary Fig. 6. p62, LC3 and LAMP2 in iNs vs. iDANs upon starvation. a, p62-
positive dot expression in TAU-positive/TH-negative and TAU-positive/TH-positive cells. b, 
Whisker plot showing quantification of p62-positive dots in TAU-positive /TH-negative and TAU-
positive /TH-positive cells. Kruskal-Wallis test, Dunn’s multiple comparisons test: *p<0.05, 
**p<0.01, ***p<0.001. c, LC3-positive dot expression in TAU-positive/TH-negative and TAU-
positive/TH-positive cells. d, Whisker plot showing quantification of LC3-positive dots in TAU-
positive/TH-negative and TAU-positive/TH-positive cells. Kruskal-Wallis test, Dunn’s multiple 
comparisons test: *p<0.05, ***p<0.001.  e, LAMP2-positive dot expression in TAU-positive/TH-
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negative and TAU-positive/TH-positive cells. f, Whisker plot showing quantification of LAMP2-
positive dots in TAU-positive/TH-negative and TAU-positive/TH-positive cells. Kruskal-Wallis 
test, Dunn’s multiple comparisons test: ***p<0.001. Abbreviations: CT: control, H: healthy, PD: 
Parkinson’s disease, ST: starved. 
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Supplementary Fig. 7. iN transcription profile. a, Quantification of the TAU-positive cell purity 
from a biological replicate of the cells sent for RNA-seq (mean average of 16,221 cells assessed 
per line). b, Double TAU-positive and MAP2-positive iNs from a biological replicate of the cells 
sent for RNA-seq. Scale bar = 100µm. c, Principal component analysis showing a separation of 
the reprogrammed iNs from the parental fibroblasts on PC2. d, Gene set enrichment analysis 
showing top ten most up and down regulated pathways in iNs compared to fibroblasts. e, 
Hierarchical clustering of RNA-seq samples, using Euclidean distance on normalized and log2-
transformed read counts. Abbreviations: Fib: fibroblasts; H: healthy, iN: induced neurons; PD: 
Parkinson’s disease. 
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Supplementary Fig. 8. PD-iNs do not accumulate autophagosome structures following 
impairment of autophagy. a, LogFC and P. value table of autophagy and lysosome related genes 
in parental fibroblasts. Negative logFC means down-regulated in PD. Adj.P.Val” represents the 
P.value after transcriptome wide adjustment with the FDR method. (n=10 healthy and n=10 PD 
lines). b, GSEA plot of the “LYSOSOME” KEGG pathway in PD-iNs (Adj.P.Val = 0.028). c, 
Quantification of LC3-positive puncta in the cell body of TAU-positive iNs (mean average of 425 
TAU-positive cells assessed per line, n=9 healthy and n=18 PD lines). Kolmogorov-Smirnov test: 
*P=0.0493, D=55.56. Two-tailed Wilcoxon matched pairs signed rank test, #P=0.0371. d, 
Quantification of LC3-positive puncta in the neurites of TAU-positive iNs (mean average of 425 
TAU-positive cells assessed per line, n=9 healthy and n=18 PD lines). H: two-tailed Wilcoxon 
matched pairs signed rank test, #P=0.0371, PD: two-tailed paired t-test: #P=0.0499, df=16. e, LC3-
positive dot expression and spot detection analysis in TAU-positive iNs. Scale bar = 10µm. f, 
Boxplots of log2 fold changes in expression of genes associated with autophagy (n=10 healthy and 
n=10 PD lines) (adjusted P value < 0.05).  
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Supplementary Fig. 9. Autophagy impairments lead to an accumulation of phosphorylated 
asyn in PD-iDANs. a, 81A-positive dot expression (in magenta) in TH-positive iDANs (green) 
directly reprogrammed from fibroblasts. b, Quantification of TH-positive iDANs with 81A-
positive (pSer129 asyn) puncta in the cell body (mean average of 93 TH-positive cells assessed 
per line, n=8 healthy and n=10 PD lines). Two-tailed unpaired t-test: **P=0.0054, df=16. Data 
were normalized as % of the control condition (% of starved+BAF/starved). c, No association 
between the number of 81A-positive puncta and the total asyn fluorescence intensity in iDANs 
(n=18 lines). Spearman’s rank correlation: P=0.468; 95% confidence interval: -0.6080 to 0.3242. 
Abbreviations: BAF: bafilomycin A1, H: healthy; PD: Parkinson’s disease, ST: starved.  
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Supplementary Table 1. List of Antibodies and primers 
 
Antibody Source Species Dilution Catalogue 

number 
Antibody 
registry 
number or 
PMIDs 

81A Gift from 
Kelvin Luk, 
University of 
Pennsylvania 

Mouse 1:10 000 NA 24931606, 
24659240, 
25732816 

Abcam Mouse 1:500 Ab184674 AB_2819037 
Alpha-
synuclein 

Abcam Chicken 1:1 000 Ab190376 AB_2747764 

Aldh1a1 Abcam Rabbit 1:200 Ab23375 AB_2224009 
Collagen 1 Abcam Rabbit 1:1 000 Ab34710 AB_731684 
GFAP Millipore Mouse 1:1 000 MAB3402 AB_94844 
Anti-
Histone 
H2A.X, 
phospho 
(Ser139)  
 

Millipore Mouse 1:500 05-636 AB_309864 
 

HSC70 Abcam Rat ICC: 1:2 000 
WB: 1:5 000 

Ab19136 AB_444764 

Thermo 
Scientific 

Mouse 1:100 MA3-014 AB_325462 

LAMP2 DSHB Mouse 1:100 H4B4 AB_528129 
LAMP2a Abcam Rabbit ICC: 1:1 000 

WB: 1:2 000 
Ab18528 AB_775981 

LC3B Sigma Rabbit ICC: 1:500 
WB: 1:5 000 

L7543 AB_796155 

MAP2 Abcam Chicken 1:10 000 Ab5392 AB_2138153 
P62 Abcam Rabbit ICC: 1:500 

WB: 1:5 000 
Ab91526  AB_2050336 

TAU HT7 Thermo 
Fisher 
Scientific 

Mouse 1:500 MN1000 AB_2314654 

TAU Agilent 
Technologies 

Rabbit 1:500 A0024 AB_10013724 

TH Millipore Sheep 1:1 000 Ab1542 AB_90755 
VMAT2 Sigma Rabbit 1:200 AB1598P AB_2285927 

 
 
 
 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 23, 2021. ; https://doi.org/10.1101/2021.04.23.441070doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.23.441070
http://creativecommons.org/licenses/by/4.0/

