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SUMMARY
We have developed an efficient approach to generate functional induced dopaminergic (DA) neurons from adult human dermal fibro-

blasts. When performing DA neuronal conversion of patient fibroblasts with idiopathic Parkinson’s disease (PD), we could specifically

detect disease-relevant pathology in these cells. We show that the patient-derived neurons maintain age-related properties of the donor

and exhibit lower basal chaperone-mediated autophagy compared with healthy donors. Furthermore, stress-induced autophagy resulted

in an age-dependent accumulation of macroautophagic structures. Finally, we show that these impairments in patient-derived DA neu-

rons leads to an accumulation of phosphorylated alpha-synuclein, the classical hallmark of PDpathology. This pathological phenotype is

absent in neurons generated from induced pluripotent stem cells from the same patients. Taken together, our results show that direct

neural reprogramming can be used for obtaining patient-derived DA neurons, which uniquely function as a cellular model to study

age-related pathology relevant to idiopathic PD.
INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disorder

that has a major pathology within the midbrain dopami-

nergic (DA) neurons and involves the aggregation of the

misfolded protein alpha-synuclein (aSYN). How the dis-

ease 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 PD and lack of appropriate model systems, in particular

ones that capture age, the biggest risk factor for developing

this condition.

To better recapitulate disease relevant features and age,

we have established a protocol formaking induced neurons

(iNs) that can be directly generated from adult human

dermal fibroblasts (aHDFs). This type of direct neural con-

version offers several advantages. In particular, such cells

retain many important aspects of the aging signatures

of the starting fibroblasts, including age-related changes

in the epigenetic clock, the transcriptome and microRNAs,

the reactive oxygen species level, DNA damage and telo-

meres length, as well as in their metabolic profile andmito-
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chondrial defects (Huh et al., 2016; Kim et al., 2018; Mert-

ens et al., 2015, 2021; Tang et al., 2017).

The idiopathic nature of most PD cases, coupled to the

late age at onset, complicates the study of pathophysi-

ology as it is challenging to design and interpret models

of idiopathic PD. For example, animal models depend

on toxin-induced mitochondrial damage or overexpres-

sion of aSYN at non-physiological levels (i.e., levels that

exceed what is observed in idiopathic PD patients). Pa-

tient-derived induced pluripotent stem cells (iPSCs) are

frequently used to study cellular features of PD (Brazdis

et al., 2020; Lang et al., 2019) but fail to capture the age

and epigenetic signatures of the patient (Lapasset et al.,

2011; Mertens et al., 2015, 2021; Miller et al., 2013;

Tang et al., 2017).

In this study, we investigated iNs using specific combina-

tions of transcription factors and fate determinants

without a pluripotent intermediate (Ambasudhan et al.,

2011) as a mean to better recapitulate disease-relevant fea-

tures of idiopathic PD. While it is possible to generate iNs

with a DA-like phenotype (Caiazzo et al., 2011; Jiang

et al., 2015; Li et al., 2019; Pereira et al., 2014; Pfisterer

et al., 2011), current protocols are not efficient enough to
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generate DA neurons from aHDFs of elderly donors in

numbers required for further downstream experimental

studies. Therefore, we first identified a combination of

reprogramming factors that resulted in the efficient gener-

ation of subtype-specific and functional induced DA

neurons (iDANs) when converting aHDFs from aged indi-

viduals. Subsequently, we used this protocol to convert

iDANs from idiopathic PD patient-derived aHDFs as well

as age- and sex-matched controls.

When analyzing the patient-derived neurons, we found

stress-induced chaperone-mediated autophagy (CMA) and

macroautophagy impairments in the idiopathic PD iNs

but not in control iNs or in parental aHDFs of the patients.

This type of pathologyhas previously only been captured in

genetic PD variants using iPSC-based models (Sánchez-

Danés et al., 2012; Schöndorf et al., 2014), and we hypoth-

esized that the ability to do so in idiopathic PD iNs as re-

ported here is related to maintenance of donor age in the

iNs. To test this, we established iPSCs from a subset of the

same patients. This analysis confirmed that fibroblast-

derived iNs maintain expression of age-associated genes

and express mature isoforms of TAU (4R), whereas iPSC-

derived iNs do not. In line with this, we were able to detect

aSYN pathology in directly converted patient-derived neu-

rons but not in iPSC-generated patient-derived neurons.

This study thus reports PD-associated phenotypes in

directly converted neurons from patient aHDFs and pro-

vides a new model to study idiopathic forms of PD.
Figure 1. Generation of iDANs from Parkinson’s disease and heat
(A) Reprogramming iDANs from adult fibroblasts.
(B) Quantification of TAU-positive and TH-positive cells (mean averag
n = 28 lines). Data are expressed as mean ± the SD.
(C) TAU-positive and TH-positive iDANs. Cells are counterstained wit
(D) Quantification of ALDH1A1 and TAU or MAP2 double-positive cells
assessed per well from four replicates per line, n = 7 lines (lines #4, #8
(E) TAU-positive, MAP2-positive, and TH-positive iNs and iDANs exp
(in blue). Scale bars, 25 mm.
(F) Gene expression quantification of DA genes relative to parental fi
line #2). Data are expressed as mean ± the SD.
(G) Quantification of the neurite profile in TAU-positive and TH-neg
healthy and Parkinson’s disease lines (mean average of 2,575 TAU-po
tailed unpaired t test with Welch’s correction: ***p = 0.0004, df = 30
(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 da
(J) Quantification of the neurite profile in TAU-positive H-iNs and P
mean average of 2,142 TAU-positive cells assessed per line, n = 10 h
mean ± the SD.
(K) Quantification of voltage-clamp recordings of evoked action pote
membrane potential of H-iNs and PD-iNs (n = 4–9 neurons per line, n =
per line, n = 5–6 lines per group). Lines #1, #2, #4, #5, #6, #8, #13, #
expressed as mean ± the SD.
(L) Voltage-clamp recordings of repetitive evoked action potentials.
(M) Representative traces of membrane sodium and potassium curren
action potentials; ns, not significant; TTX, tetrodotoxin.
RESULTS

Generation of functional iDANs from aHDFs of adult

donors

To enable a cell-based model of idiopathic PD using iNs

with characteristics of aged DA neurons, we screened 10

different reprogramming factors (Ascl1, Lmx1a, Lmx1b,

Foxa2, Otx2, Nr4a2 (Nurr1), SMARCA1, CNPY1, EN1,

PAX8) that were selected based on their (1) role during

normal DA neurogenesis (Luo and Huang, 2016), (2)

expression in the normal human fetal ventral midbrain

(Nelander et al., 2013), (3) value in predicting functional

DA differentiation from hPSCs (Kirkeby et al., 2017), and/

or (4) role on midbrain-specific chromatin modeling (Met-

zakopian et al., 2015). All factors were expressed in combi-

nation with the knockdown of the RE1-silencing transcrip-

tion factor (REST) according to our published protocol for

high efficiency reprograming of aHDFs (Drouin-Ouellet

et al., 2017). Three of the screened combinations gave

rise to a significant proportion of tyrosine hydroxylase

(TH)-expressing neurons: shREST, Ascl1, Lmx1a, Lmx1b,

Foxa2, Otx2 (2.21% ± 2.02), shREST, Ascl1, Lmx1a, Lmx1b,

Foxa2, Otx2, SMARCA1 (7.50% ± 3.55%), and shREST,

Ascl1, Lmx1a, Lmx1b, Foxa2, Otx2, Nr4a2 (Figures 1A and

S1A). The best TH-positive cell yield was obtained with

the last combination, which 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 (Figure S1A),
hy donor lines

e of 2,575 TAU-positive and 32 TH-positive cells assessed per line,

h DAPI (in blue). Scale bar, 25 mm.
(mean average of 1,652 TAU-positive and 1,258 MAP2-positive cells
, #9, #10, #26, #27, and #28). Data are expressed as mean ± the SD.
ressing ALDH1A1 and VMAT2. Cells are counterstained with DAPI

broblast levels (from two to three well replicates [white dots] from

ative (iNs) versus TAU and TH double-positive cells (iDANs) from
sitive and 32 TH-positive cells assessed per line, n = 28 lines). Two-
.82; *p = 0.0245, df = 32.94. Data are expressed as mean ± the SD.

y 60. Scale bar, 100 mm.
D-iNs (experiment has been repeated independently three times,
ealthy and n = 18 Parkinson’s disease lines). Data are expressed as

ntials (n = 8–10 neurons per line, n = 5–6 lines per group), resting
5–6 lines per group), inward and outward currents (n = 4–9 neurons
16, #17, #24, #28 were used for patch clamp experiments. Data are

ts following voltage depolarization steps in H-iNs and PD-iNs. APs,
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with an average TAU purity of 9.1% ± 3.3% and TH purity

of 2.6% ± 1.7% (Figures 1B and 1C) when reprogramming

all lines used in the study (see Table 1), and showed robust

upregulation of DA genes as measured by RT-qPCR

(Figure S1B).

Further characterization of the iNs obtained using this re-

programming factor combination showed that, in addition

to TH, 35.38% ± 9.05% of the TAU-positive and 45.20% ±

14.65% of the MAP2-positive cells were also expressing

ALDH1A1 (Figure 1D), which is found in a subset of A9

DA neurons that are more vulnerable to loss in PD (Poulin

et al., 2014), as well as VMAT2, a key DA neuronal marker

(Figure 1E). Gene expression profiling of 76 neuronal genes

relating to dopaminergic, glutamatergic, and GABAergic

neuronal subtypes confirmed an upregulation of key genes

related to DA patterning and identity (FOXA1, OTX1, SHH,

PITX3), as well as DA synaptic function, including the re-

ceptors DRD1 to DRD5; the DA transporter SLC6A3

(DAT); the enzymes DDC, MAOA, and ALDH1A1; and the

A9-enriched DA marker KCNJ6 (GIRK2) (Figures 1F, S1C,

and S1D). Thus the iDANs expressed the key markers of

the AT-DAThigh subgroup of the DA sublineage as identified

in Tiklová et al. (2019). Finally, to get a better idea of the

identity of the cells that did not convert to iNs, we per-

formed 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 (Figure S1E).

Morphologically, the iNs are quite immature at this stage

(i.e., day 25–30), but high-throughput image acquisition

analysis showed that TH-positive iNs express significantly

more neurites compared with non-TH iNs but had signifi-

cantly fewer branch points (Figure 1G). Patch-clamp electro-

physiological recordings 65 days post transduction

confirmed that the reprogrammed cells had functionally

matured (Figure 1H). They were able to fire repetitive action

potentials upon injection of current as well as exhibited in-

ward-sodium, outward-potassium currents with depolariz-

ing steps. When a continuous depolarizing voltage ramp

was applied, inward currents were seen across the mem-

brane and could be blocked by the neurotoxin tetrodotoxin,

indicating an involvement of voltage-gated sodium chan-

nels 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 pace-

maker-like activity typical of mesencephalic DA neurons

(Figure 1H). Based on this, we refer to the cells as iDANs.

Generation of functional iDANs from aHDFs of

idiopathic Parkinson’s disease patients

Using this new iDAN reprogramming method, we next

converted aHDFs of 18 idiopathic PD patients and 10 age-
2206 Stem Cell Reports j Vol. 17 j 2203–2219 j October 11, 2022
and sex-matched healthy donors (Table 1). We found that

the aHDFs obtained from PD patients reprogrammed at a

similar efficiency to those obtained from healthy donors

(Figure 1B) and displayed a similar neuronalmorphological

profile (Figures 1I and 1J). When measuring their func-

tional properties using patch clamp electrophysiological

recordings, we confirmed that iNs derived fromhealthy do-

nors (H-iNs) and from PD 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

(Figures 1K–1M).

PD-iDANs show altered chaperone-mediated

autophagy

To assess the presence of age- and PD-related pathological

impairments in iDANs derived from idiopathic PD pa-

tients, we focused on autophagy, a lysosomal degradation

pathway that is important in cellular homeostasis and

the efficiency of which decreases with age (Rubinsztein

et al., 2011). We first looked for CMA alterations as this is

one type of autophagy that has been suggested to be impli-

cated in the pathophysiology of PD (Cuervo et al., 2004).

During CMA, HSC70 recognizes soluble proteins carrying

a KFERQ-likemotif and guides them to the transmembrane

LAMP2a receptor. Thereafter, the protein cargo is translo-

cated into the lysosomal lumen and, as such, the level of

LAMP2a determines the rate of CMA (Klionsky et al.,

2016). To induce autophagy, cells were cultured under star-

vation conditions, which promotes the recycling of non-

essential proteins and organelles for reuse (Klionsky et al.,

2016). After validating that the starvation regimen had

no impact on the number of neurons and induced changes

in LAMP2a and HSC70 expression using western blot (WB)

(Figures S2A–S2C), we assessed CMA expression using a

high-content imaging approach, which allowed us to

analyze cytoplasmic puncta in parental aHDFs, iNs (TAU

positive and TH negative), and iDANs (TAU positive and

TH positive) in a quantitative manner, and also to deter-

mine their subcellular location. When investigating this

in parental aHDFs and PD-iNs at baseline and in the

context of starvation using an antibody specific to the ‘‘a’’

isoform of LAMP2, we observed a slight reduction in

LAMP2a-positive cytoplasmic puncta in healthy donors’

parental aHDFs, which was also seen in PD patients’

aHDFs, although this was not significant (Figures S2F and

S2G). Moreover, we did not observe a difference in

LAMP2a-positive cytoplasmic puncta in the neurites of

TAU-positive iNs upon starvation in both H-iNs and PD-

iNs (Figures S2J and S2K). However, when looking specif-

ically at iDANs, we observed a lower number of LAMP2a-

positive cytoplasmic puncta in the neurites at baseline in

the PD-iDANs compared with H-iDANs, suggesting a lower



Table 1. Demographics, clinical, and genotype data of the study participants

Line ID Group Sex
Age at
biopsy

MAPT
haplotype

Age at
onset
(years)

Disease
duration
(years)

aUPDRS
motor
decline

aMMSE score
decline

iPSC
lines

1 healthy M 69 H1/H1

2 healthy F 67 H1/H1

3 healthy M 80 H2/H2

4 healthy F 75 H1/H1 healthy 4

5 healthy M 70 H1/H2 healthy 5

6 healthy F 70 H1/H2

7 healthy M 71 H1/H1

8 healthy F 61 H1/H2 healthy 8

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 PD 26

27 PD F 68 H1/H1 55 15 1.65 0

28 PD M 57 H1/H1 50 8 NA NA PD 28

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

MMSE, Mini-Mental State Examination; NA, not available; UPDRS, Unified Parkinson’s Disease Rating Scale.
aAverage rate of decline per year over a minimum of 2 years.
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Figure 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 ar-
rowheads) puncta in TH-positive iDANs. Scale bar, 10 mm.
(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. Healthy: 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. Data are
expressed as mean ± the SD.
(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. CT, control; H, healthy; PD, Parkinson’s disease; ST, starved. Data are expressed as mean ± the SD.
basal rate of CMA in PD-iDANs (Figures 2A and 2B). Impor-

tantly, starvation induced a decrease in LAMP2a-positive

cytoplasmic puncta in neurites only in H-iDANs, suggest-

ing that PD-iDANs have an altered response to starvation,

and that this alteration is specific to the DA subtype

(Figures 2A and 2B). We next looked at HSC70 expression,

the main chaperone responsible for the degradation of

aSYN via CMA (Cuervo and Wong, 2014). Both parental

aHDFs from healthy and PD donors showed a decrease in

HSC70 expression in response to starvation (Figures S2H

and S2I). 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)

(Figure 2C). At baseline, an increase in the colocalization
2208 Stem Cell Reports j Vol. 17 j 2203–2219 j October 11, 2022
between HSC70 and ⍺SYN was observed in iDANs from

the PD group comparedwith healthy controls (Figure S2O).

However, this was not accompanied by a decrease in ⍺SYN

in PD-iDANs following starvation (Figures S2P and S2Q).

Taken together, these results suggest that there is both an

alteration in baseline CMA as well as stress-induced auto-

phagy that is specific to idiopathic PD-derived iDANs.

Altered macroautophagy response to stress-induced

autophagy in iNs from PD patients

CMA preferentially degrades specific proteins, rather than

organelles and other macromolecules (Salvador et al.,

2000). However, while there is considerable crosstalk be-

tween CMA and macroautophagy, starvation predomi-

nantly induces macroautophagy, a process involving the

formation of double-membraned autophagosomes that
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fuse with lysosomes, resulting in degradation of their con-

tents. Given that we observed CMA alteration in PD-

iDANs in response to starvation, we sought to further inves-

tigate 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 (Pircs

et al., 2012). In the parental aHDFs, our starvation regimen

induced a decrease in p62-positive cytoplasmic puncta in

both healthy and PD donor-derived lines (Figures S3A and

S3B). 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) (Figures 3A and 3B). However,

once converted to neurons, the majority of PD lines failed

to degrade p62 upon starvation, resulting in an accumula-

tion of p62-positive puncta in PD-iNs compared with

H-iNs, which was observed in all TAU-positive iNs, regard-

less of the neuronal subtype or neuronal compartment

(97.5% ± 37.1% of the non-starved condition in the cell

body and 106.0% ± 37.4% in neurites) (Figures 3A and 3B;

see representative images of the puncta quantified in

Figures S3G–S3I). We then assessed more specifically micro-

tubule-associated protein 1 light chain 3 beta (LC3) to iden-

tify autophagic structures (Pircs et al., 2018). 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-posi-

tive cytoplasmic puncta in the cell body of PD-iNs were
Figure 3. Accumulation of p62, LC3, and LAMP2 in PD-iNs upon s
(A) p62-positive dot expression in TAU-positive iNs. Scale bar, 10 mm
(B) Quantification of p62-positive puncta in TAU-positive iNs (mean av
n = 18 Parkinson’s disease lines). Cell body: Mann-Whitney test, *p = 0.
unpaired t test, *p = 0.0357, df = 26, healthy, two-tailed paired t test
condition (not starved) and are expressed as mean ± the SD.
(C) LC3-positive dot expression in TAU-positive iNs. Scale bar, 10 mm
(D) Quantification of LC3-positive puncta in TAU-positive iNs (mean
and n = 18 Parkinson’s disease lines). Cell body: two-tailed Mann-Whi
##p = 0.0051, df = 9. Data were normalized as percentage of control c
(E) LAMP2-positive dot expression in TAU-positive iNs. Scale bar, 10
(F) Quantification of LAMP2-positive puncta in TAU-positive iNs (mean
and n = 17 Parkinson’s disease lines). Cell body: healthy, two-tailed pai
13. Neurites: two-tailed unpaired t test with Welch’s correction, *p =
tailed paired t test, ##p = 0.0042, df = 16.75. Data were normalized as
mean ± the SD.
(G) Boxplots of log2 fold changes in expression of genes associated wi
n = 10 Parkinson’s disease lines). Data are expressed as mean ± the S
(H) Accumulation of LAMP2-positive puncta upon stress-induced au
Spearman’s rank correlation: ***p = 0.0007; 95% confidence interval
(I) Association between accumulation of LAMP2-positive puncta up
disease (n = 14 Parkinson’s disease lines). Spearman’s rank correlatio
(J) More pronounced accumulation of LAMP2-positive puncta upon st
test, Dunn’s multiple comparisons test: *p = 0.0265. Two-tailed Mann-
SD. CT, control; H, healthy; PD, Parkinson’s disease; ST, starved.
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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 body after starvation, PD-iNs failed to reduce puncta

size to the level that was seen in the H-iN group (Figures 3C

and 3D), 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 aHDFs

(Figures S3C and S3D).

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-posi-

tive cytoplasmic puncta decreased upon starvation in

the parental aHDFs of PD lines (Figures S3E and S3F).

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 condi-

tion for H-iNs and 130.06% ± 43.8% for PD-iNs), in the

neurites, the size of LAMP2-positive puncta was unaf-

fected 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) (Figures 3E and 3F). Unlike the altered CMA
tarvation
.
erage of 577 TAU-positive cells assessed per line, n = 10 healthy and
0400; healthy, two-tailed paired t test, ##p = 0.0056, df = 9. Neurite:
, #p = 0.0128, df = 9. Data were normalized as percentage of control

.
average of 479 TAU-positive cells assessed per line, n = 10 healthy
tney U test, *p = 0.0311, U = 51; healthy, two-tailed paired t test,
ondition (not starved) and are expressed as mean ± the SD.
mm.
average of 202 TAU-positive cells assessed per line, n = 10 healthy
red t test, ##p = 0.0078, df = 8; Parkinson’s disease, #p = 0.0295, df =
0.0136, U = 24; *p = 0.0125, df = 18.23. Parkinson’s disease: two-
percentage of control condition (not starved) and are expressed as

th lysosomal functions (adjusted p value <0.09, n = 10 healthy and
D.
tophagy is associated with the age of the donor (n = 23 lines).
, 0.3199–0.8437.
on stress-induced autophagy and the age of onset of Parkinson’s
n: p = 0.056; 95% confidence interval, 0.01127–0.8263.
ress in MAPT H2 carrier Parkinson’s disease patients. Kruskal-Wallis
Whitney U test: #p = 0.0250, U = 3. Data are expressed as mean ± the
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response (Figures 2A–2C), these phenotypes were present

in all iNs and not just DA neurons (Figure S4). Blocking

the autophagic flux using bafilomycin A1 led to an accu-

mulation of LC3-positive puncta in the cell body of H-iNs.

However, this accumulation of autophagosomes was ab-

sent in PD-iNs (Figures S6C–S6E), indicating possible

impairment at early steps of the autophagic process, as

also supported by a downregulation of early autophagy-

related genes in PD-iNs (Figure S6F).

Toassesswhether this altered autophagy responsecouldbe

due to basal changes in the transcriptome of PD-iNs, we per-

formed RNA sequencing (RNA-seq) analysis on the iNs and

the parental aHDFs. This analysis confirmed there was ama-

jor change in gene expression profile as aHDFs were reprog-

rammed toward a neuronal phenotype (Figure S5). More-

over, gene set enrichment analysis (GSEA) using Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathways

identified genes in the lysosome pathway (hsa014142) to

be significantly enriched (adjusted p value = 0.026) (Fig-

ure S6A). When analyzing specifically the lysosomal

genes, we found that the lysosomal cholesterol trafficking

gene NPC1 involved in the inherited metabolic disease

Niemann-Pick, typeC (Park et al., 2003) aswell as threeother

lysosomal enzymes (NAGA, NCSTN, NAGLU) were downre-

gulated inPD-iNs compared toH-iNs (Figure 3G), supporting

the data suggesting that there are alterations in lysosomal

functions atbaseline and in linewithobservations that these

inherited disorders can lead to parkinsonian states clinically

and pathologically (Winder-Rhodes et al., 2012). Impor-

tantly, when analyzing expression of these genes between

the healthy controls and PD patients in parental aHDFs,

they were not differentially expressed (Figure S6B).

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
Figure 4. Generation of iDANs from iPSCs of healthy donors and
(A) Brightfield images of fibroblasts reprogrammed to iPSCs using a S
(B) Cells retained a normal karyotype.
(C) FACS quantification of stem cell markers OCT4, SOX2, and CD24.
(D) Immunofluorescence staining showing that cells express stem ce
(E) MAP2-positive, TAU-positive, and TH-positive iPSC-iDANs. Cells a
(F) Representative images of MAP2-positive, TAU-positive, and TH-pos
are counterstained with DAPI (in blue). Scale bars, 25 mm.
(G) Quantitative RT-PCR gene expression quantification of DA genes re
Table 1 for information on each donor from which the iPSC cell lines
(H) Patch clamp recordings of iDANs reprogrammed from RC17 embry
(I) Quantification of double-MAP2-positive and TH-positive cells (from
(J) Quantification of neurite profile in TAU-positive H-iNs and PD-iNs
expressed as mean ± the SD.
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iPSC-derived neurons (Capano et al., 2022; Huh et al.,

2016; Kim et al., 2018; Mertens et al., 2015, 2021; Tang

et al., 2017). We therefore assessed whether the accumula-

tion of lysosomal structures in H- and PD-iNs was associ-

ated with the age of the donor. We found a positive correla-

tion between the age and the accumulation of lysosomes in

neurites (Figure 3H), and a trend toward a positive correla-

tion of this accumulation with age of onset at diagnosis

(Figure 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 progres-

sion and cognitive decline in PD and other neurodegener-

ative disorders (Figure 3J) (Valenca et al., 2016; Vuono et al.,

2015).

To further study donor age and how this affects disease-

related pathology, we next established iPSC lines from

the aHDFs of two patients (with a high amount of pathol-

ogy as quantified in the iNs derived from same patient’s

aHDFs) and three controls (see Table 1). The cells were re-

programmed into iPSCs using the StemRNA 3rd Generation

Reprogramming Kit (Figure 4A). Quality control analysis

confirmed that the iPSCs retained a normal karyotype

(Figure 4B), and expression of pluripotency markers was

confirmed using immunocytochemistry and flow analysis

(Figures 4C and 4D). We then confirmed that the same

protocol developed for the fibroblast-to-iDAN conversion

(Figure 1A) also converted iPSCs to functional iDANs

(Figures 4E and 4F). iPSC-iDANs expressed high levels of

DA-related genes (Figure 4G) and were functionally mature

(Figure 4H). Similarly to fibroblast-derived iDANs, there

was no difference in neuronal purity, although a slightly

lower neurite count was observed in iPSC-derived iDANs

from PD patients (Figures 4I and 4J).

Next, we used RNA-seq from iNs derived from aHDFs

(Fib-iNs) and iNs derived from iPSCs (iPSC-iNs) from the

same individuals to assess age-related aspects in the result-

ing neurons (Figure 5A). First, GSEA was performed to

determine if any molecular features relating to cellular
idiopathic PD patients
temRNA 3rd Generation Reprogramming Kit. Scale bar, 100 mm.

ll markers NANOG, OCT4, and CD24. Scale bar, 50 mm.
re counterstained with DAPI (in blue). Scale bars, 100 mm.
itive iPSC-iDANs derived from healthy donors and PD patients. Cells

lative to parental iPSC levels (nine clones from five lines). Refer to
were derived. Data are expressed as mean ± the SD.
onic stem cells at day 35 (n = 8 neurons).
two clones; six well replicates). Data are expressed as mean ± the SD.
derived from iPSCs (from two clones; six well replicates). Data are
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aging were associated with the donor age in Fib-iNs.

Genes were ranked based on their association (using the

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 included in this analysis (58–80 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) in Fib-iNs (adjusted p value = 0.4; Figures 5B–5D).

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 aHDFs with re-

programmed iNs showed a maintenance of the number

of gH2AX spots after 27 days of conversion, which was

not the case following reprograming of these same cell

lines to iPSC-iNs, indicating a rejuvenation of the cells

during reprograming to pluripotency (Figures 5E–5G).

Next, we looked at the presence of the isoforms of TAU

expressed in adult mature neurons. There are three TAU

isoforms with three repeats (3R) and three with four re-

peats (4R). Neurons generated from iPSCs very strongly

express the 3R isoforms but do not express the 4Rs at

the protein level, even after 1 year of in vitro maturation

(Sposito et al., 2015), reflecting the expression of only

the 3Rs of TAU at the human embryonic stage. This anal-

ysis showed that exon 10 (giving rise to 4R isoforms) is

only expressed in iNs from aHDFs (in �40% of tran-

scripts), and not in iNs derived from fetal fibroblasts or

from iPSCs (Figure 5H). Moreover, the 3R/4R ratio for

aHDFs was 23%, whereas it was <1% for hFL1s. Taken

together, this analysis suggests that donor age is at least

partially maintained during iN conversion but erased dur-

ing iPSC reprogramming, similar to other reports (Capano

et al., 2022; Mertens et al., 2015; Tang et al., 2017).
Figure 5. Assessment of cellular aging
(A) Overview of RNA-seq experiment.
(B) Gene set enrichment analysis (GSEA) showing enrichment scores
(C) Top genes showing a clear increase in expression with age were ex
GSEA (as implemented in the clusterProfiler R package). Five out of six
association of aging with donor age in this dataset.
(D) Multicellular organism aging showing a significant enrichment sc
(E) Representative image of gH2AX expression in TAU-positive iNs, par
bar, 10 mm.
(F) Quantification of gH2AX-positive puncta in TAU-positive iNs and
TAU-positive cells assessed per line, n = 26 lines). Two-tailed paired
(G) Quantification of gH2AX-positive puncta in TAU-positive iNs, pare
n = 833 TAU-positive iNs, and n = 24 iPSC-iNs assessed per line, n = 3 l
the iPSC cell lines were derived.
(H) Sashimi plots visualizing splice junctions and genomic coordinat
(blue) indicating that expression of exon 10 (4R isoforms) is only pres
level and the number on the lines gives number of reads spanning th
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Phosphorylated aSYN is a hallmark of PD pathology

and this has been recapitulated in some iPSC-based

cellular models of genetic forms of PD (Kouroupi et al.,

2017; Lin et al., 2016) but not idiopathic PD. We there-

fore sought to investigate whether alterations in stress-

induced autophagy observed in Fib-iNs from idiopathic

PD patients could lead to changes in the levels of phos-

phorylated aSYN at the serine 129 site (pSer129 aSYN).

We found that while a concurrent activation of macroau-

tophagy by starvation and a blockage of the flux with ba-

filomycin 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) (Figures 6A

and 6B). This increase was also observed when looking

specifically at PD-iDANs (128.1% ± 21.4% of the starved

condition), compared with H-iDANs, which again did

not show any changes in pSer129 aSYN upon bafilomy-

cin A1 treatment (98.2% ± 16.0% of the starved condi-

tion) (Figures 6D and 6E). Positive correlation between

the accumulation of 81A-positive puncta in two inde-

pendent experiments evaluating the pSer129 aSYN spot

expression in iNs and in iDANs showed that the same

cell lines are prone to pSer129 ⍺SYN accumulation inde-

pendently of the neuronal subtype, and demonstrates

the reproducibility of these experiments (Figure S6G).

Interestingly, for some of the results including pSer129

⍺SYN, p62, and LAMP2 accumulation, subanalyses al-

lowed a stratification of the PD patient population based

on their age and age at onset (Figures S3J and S6I).

Finally, to assess whether elevated basal levels of total

aSYN could explain the elevated levels of pSer129

aSYN observed in lines starved and treated with bafilo-

mycin A1, we plotted the measure of the total aSYN fluo-

rescence intensity against the pSer129 aSYN expression
of pathways related to cell aging.
tracted from the Gene Ontology database and queried against using
of these gene sets showed negative enrichment scores, indicating

ore.
ental fibroblasts and iPSC-iNs, all from line #18 (87 years old). Scale

parental fibroblasts (mean average of 1,327 fibroblasts and 1,210
t test: p = 0.071, df = 25.
ntal fibroblasts and iPSC-iNs (mean average of n = 329 fibroblasts,
ines). Refer to Table 1 for the information of each donor from which

es from merged bam files from adult Fib-iNs (red) and fetal Fib-iNs
ent in iNs from adult fibroblasts. Height of bars indicates expression
at splice junction. ns, not significant; Vim, vimentin.



Figure 6. Autophagy impairments lead to an accumulation of phosphorylated aSYN in PD-iNs and PD-iDANs
(A) Confocal images of 81A-positive dot expression in TAU-positive iNs directly reprogrammed from fibroblasts. Scale bar, 10 mm.
(B) Fluorescent images of 81A-positive dot expression in TAU-positive iNs reprogrammed from iPSCs. Scale bar, 25 mm.
(C) Quantification of TAU-positive iNs with 81A-positive (pSer129 aSYN) puncta in the cell body (iPSCs-iNs: mean average of 180 TAU-
positive cells assessed per line, n = 3 healthy and n = 2 PD lines. Direct-iNs: mean average of 1,461 TAU-positive cells assessed per line, n =
9 healthy and n = 18 PD lines). Two-tailed unpaired t test: *p = 0.0329, df = 25. Refer to Table 1 for the information of each donor from
which the iPSC cell lines were derived. Data are expressed as mean ± the SD.
(D) Quantification of TAU-positive/TH-positive iDANs with 81A-positive puncta in the cell body (mean average of 28 TAU-positive/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 are expressed as
mean ± the SD.
(E) 81A-positive dot expression (in magenta) in TH-positive iDANs (in green) directly reprogrammed from fibroblasts. Scale bar, 25 mm.
BAF, bafilomycin A1; H: healthy; PD, Parkinson’s disease; ST, starved.
measured in iDANs. There was no correlation be-

tween basal total aSYN levels and the bafilomycin A1-

induced accumulation of pSer129 aSYN in iDANs

(Figure S6H), suggesting that the increase seen in the

PD group is not due to higher basal aSYN expression

(Figures S2L–S2N). When assessing iN reprogrammed

from iPSCs established from the two PD lines showing
the most pSer129 aSYN accumulation in fibroblast-

derived iNs and iDANs as well as three control lines

(Table 1), we could not detect any pSer129 aSYN puncta

in the resulting iPSC-iNs in these lines (Figures 6B and

6C), supporting that the maintenance of age in iNs is

important for modeling the aSYN pathophysiology of

idiopathic PD.
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DISCUSSION

We report on an improved cellular model of idiopathic PD

using a REST knockdown approach to enable neuronal

gene transcription in aHDFs (Drouin-Ouellet et al., 2017),

combined with an optimal combination of DA fate deter-

minants (Lmx1a, Lmx1b, Foxa2, Otx2, Nr4a2). This new

direct reprogramming approach increased the efficiency,

subtype identity, and functional maturation of iDANs dur-

ing direct conversion,making it possible to perform studies

at a scale suitable for disease modeling, drug screening, and

other biomedical applications. The model is much less la-

bor intensive and cost-effective than iPSC-modeling,

which allowed us to compare iNs from 18 different idio-

pathic PD patients that were all processed at the same

time. Moreover, it maintains the donor’s age and reflect

pathological changes after only 25 days.

We observed alterations in stress-induced autophagy

across the different patient-derived iNs compared with

healthy donor lines. We found that blocking the autopha-

gic flux through the inhibition of the fusion of autophago-

somes with lysosomes resulted in accumulation of pSer129

aSYN in PD-iNs and PD-iDANs. These impairments of auto-

phagy-lysosomal function may reflect the effect of the

important presence of variants of genes related to lyso-

somal storage disorders in the PD patient population.

Indeed, a recent study reported that more than half of

the cases in a PD patient cohort harbored one or more pu-

tative damaging variants among the lysosomal storage dis-

orders genes, suggesting the possibility that these variants

may interact in a multi-hit, combinatorial manner to

degrade lysosomal function, causing the accumulation of

aSYN and increasing susceptibility to PD (Robak et al.,

2017). Future studies using lines derived from patients

with strong genetic forms of PD will also help our under-

standing of the phenotypes found in the idiopathic PD

lines and how they relate to different pathways disrupted

in familial PD.

Disease-associated impairment could not be detected in

the parental aHDFs, nor in the same cells when they were

first reprogrammed to pluripotency and then converted

toDAneurons. This shows that direct conversion of aHDFs,

where age-related aspects of the donor aremaintained, pro-

vides a faithful cell-based model of idiopathic PD. Impor-

tantly, our cellular model showed that iNs from different

patients are not impaired to the same degree. We found

that the degree of impairment relates, at least to some

extent, to the age of the donor, the age at PD onset, and

the MAPT haplotype. This effect of age and genetic vari-

ance on disease pathology has not been recapitulated in

cellular models before, and suggests that direct conversion

to iDANs could be used for differential diagnostics, drug

screening, and disease modeling of late-onset neurogener-
2216 Stem Cell Reports j Vol. 17 j 2203–2219 j October 11, 2022
ative diseases while also capturing the heterogeneity of dis-

ease that is apparent clinically.

In this respect, our results demonstrate the utility of es-

tablishing models of neurodegenerative disorders 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 auto-

phagy-related impairment in the aHDFs prior to conver-

sion, clearly demonstrating that the reprogramming to

neurons is essential to reveal disease-related phenotypes.

Also, specific CMA impairments were detected only in

iNs with a DA phenotype.

While it is hard to draw exact parallels between stem-cell

derived neurons formed via developmental principles and

directly converted neurons, both systems have their own

merits. Of importance here is that the aging signature of

the donor cell is maintained during direct conversion

when postmitotic neurons are formed without a prolifera-

tive intermediate. Our data support the maintenance of

donor age, which uniquely allows for modeling age-related

aspects of PD. Future studies using this cellular model will

thus contribute to a deeper understanding of the age-associ-

ated pathology of PD along with the cellular basis of disease

subtypes and variable progression and, by so doing, allow us

to better develop and assess novel therapeutic interventions.
EXPERIMENTAL PROCEDURES

Cell lines
aHDFs were obtained from the Parkinson’s Disease Research Clinic

at the John vanGeest Centre for Brain Repair (Cambridge, UK) and

used under full local ethical approvals: REC 09/H0311/88 (Univer-

sity of Cambridge) and CERSES-18-004-D (University of Montreal)

(Table 1). The subjects’ consent was obtained according to the

declaration of Helsinki. Cell lines used in this study will be made

available to others subject to appropriate ethical approval and an

MTA from the requestor. For biopsy sampling information see

Drouin-Ouellet et al. (2017).
Neural reprogramming
For direct neural reprogramming, aHDFswere plated at a density of

26,300 cells/cm2 in 24-well plates (Nunc) according to a previously

published protocol (Shrigley et al., 2018). Prior to plating, thewells

were coated overnight with either 0.1% gelatin (Sigma), or a com-

bination of polyornithine (15 mg/mL), fibronectin (0.5 ng/mL), and

laminin (5 mg/mL). 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 eight lentiviral vectors

required for the iDAN reprogramming.
Starvation and bafilomycin A1 treatment
On day 28 following viral transduction, iNs were starved for 4 h by

replacing the culture medium with HBSS and Ca2+/Mg2+ and



compared with 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, and 4 h), which showed clear increases in p62 and

LC3 expression by WB in the absence of neuronal cell death

(Figures S2D and S2E). For the experiment with bafilomycin A1,

cells were starved in HBSS Ca2+/Mg2+ containing bafilomycin A1

(100 nM; SigmaAldrich) for 2 h and comparedwith 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. At the end of the

incubation period, cells were fixed in 4% paraformaldehyde.
High-content screening quantifications
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 Fisher). Average dot number and size were 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 81Awere detected (using a spot-detec-

tion program) and measured in each case. Images with cells with

extreme valuesweremanually verified tomake sure that poor focus

was not underlying these results. The primary antibodies used are

listed in Table S1. Cell images in Figures 2, 3A, 3C, 3E, 6A, 6B, and

6E are representatives images acquired by confocal microscopy

(Zeiss LSM800) at 633.
Statistical analysis
All data are expressed as mean ± the SD. Whenever the analysis is

performed with one cell line, three to four well replicates were

used. In case of experiments using multiple cell lines, we used a

minimum of n = 6 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 sam-

ple t test was also performed. In cases of only two groups, theywere

compared using a Student’s t test. An F test was used to compare

variance and, in cases of unequal variance, a Welch’s correction

test was then performed. Statistical analyses were conducted using

the GraphPad Prism 7.0. An alpha level of p < 0.05 was set for

significance.

See supplemental experimental procedures for further details.
Data and code availability
The accession number for the RNA-seq dataset reported in this pa-

per is GEO: GSE125239.
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Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2022.08.010.
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