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Searching for the cause of iPD 



Maybe epigenetics? 
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Epigenetic drift 
cell populations with a high turnover rate such as the haemato-
poietic system.

If epigenetic drift does indeed occur in stem cells, then this
drift could, over time, affect stem cell function. Supporting
this possibility, a recent bioinformatics study (25) identified
tissue-independent age-associated differential methylation
interactome hotspots, specifically targeting a number of stem
cell differentiation pathways (Fig. 1). One of these hotspots
was enriched for stem cell TFs, including UTF1, SOX8 and
SOX2, with their promoter CpGs gradually becoming hyper-
methylated with age. UTF1 is a TF necessary for the differenti-
ation of human embryonic stem cells and has also recently been
implicated as an important marker of reprogramming efficiency
(49). Another age-associated network hotspot was found to be
enriched in genes involved in WNT signalling, a pathway of
key importance for normal differentiation of stem cells (50).
Interestingly, age-associated changes in WNT-signalling activ-
ity are well documented (51,52), yet whether this is due to epi-
genetic deregulation is unclear. Interpretation is complicated
by the fact that the promoters of both negative regulators and
receptors of this pathway all become hypermethylated with
age, hence the net effect of these changes is hard to predict.

Importantly, a number of experimental studies have shown
that the age-associated DNAm changes seen in stem cells may
underlie the observed decline in stem cell function, for instance
in the case of MSCs (53) and myogenic stem cells (54). Further
important support for this hypothesis was recently provided by a
study showing that DNAm changes associated with haematopoi-
etic stem cell (HSC) ontogeny happen preferentially at PRC2
targets, and in particular at genes that would normally be
expressed in differentiated progeny (55). In fact, this study
also reported silencing (through DNA hypermethylation) of
key TFs needed for cell-lineage specification in aged HSCs,
although the overall genome-wide correlation between DNAm
and gene expression was very low, suggesting that most
DNAm changes at PRC2 targets in HSCs only affect their
transcriptional competency when passed on to downstream
progeny (55). In summary, age-associated DNAm changes in
adult stem cells possibly underpins the observed decline in
stem cell function (Fig. 2), including the observed myeloid
skewing of the ageing haematopoietic system (55) and immuno-
senescence (56).

Reprogramming of adult differentiated cells into induced
pluripotent stem cells (iPSC) is accompanied by widespread
changes in the DNAm landscape (57). Interestingly, loci under-
going age-associated DNAm changes have been observed to
overlap significantly with those undergoing changes in repro-
gramming experiments (57,58). Thus, an intriguing and exciting
possibility, suggested now by a number of studies and reviewed
in Rando et al. (59), is that of ‘epigenetic rejuvenation’, whereby
age-driven accumulation of DNAm changes could be rewound
and reset to zero, thus resembling the DNAm patterns of embry-
onic stem cells.

AGE-ASSOCIATED DNAm, DISEASE RISK AND
CAUSALITY

Age-associated DNAm targeting the promoters of key tumour-
suppressor genes in normal tissue has long been noted (5,7).

Moreover, age-associated epigenetic divergence has been
observed in MZ twins, with the drift proportional to the environ-
mental divergence as measured by differences in lifestyle and
time spent apart (9), suggesting that epigenetic drift could under-
lie their observed disease discordancy (60,61). Using Illumina
beadarrays, a recent study demonstrated a highly statistically
significant overlap between genes undergoing age-associated
hypermethylation in their promoters and gene promoters under-
going hypermethylation in cancer (13), both involving preferen-
tially PRC2 targets (62–64). Furthermore, one also observes
strong overlaps of these genes with gene promoters character-
ized by DNAm changes associated with specific cancer risk
factors [e.g. smoking (65), inflammation (66–68), obesity (69)
and viral oncoprotein expression (70)]. Thus, age, cancer and
cancer risk factor DNA hypermethylation signatures all seem
commonly enriched for bivalent marks and PCGTs. However,
not all DNAm changes associated with known cancer risk
factors correlate with those seen in ageing—for instance, this
seems to be the case for sunlight/UV exposure (71). In contrast
to DNAm, it is only more recently that the age-associated muta-
tional burden in normal tissue has been assessed (72), and there-
fore it is yet unclear if age- and cancer-associated mutational
signatures overlap to the same degree as observed at the
DNAm level.

Given that (i) age-associated DNAm changes are seen in
normal tissue, (ii) that these are shared with those associated
with cancer risk factors and (iii) that age is the strongest demo-
graphic risk factor for cancer (73), it is thus entirely plausible
that these DNAm changes could predispose to cancer and thus
be used for early detection or risk prediction. Supporting this,
an age-associated DNAm signature enriched for PCGTs was

Figure 2. Putative effects of epigenetic drift. In normal ageing, whereby an indi-
vidual is not significantly exposed to disease risk factors and does not have an un-
favourable genotype, the deregulation of DNAm happens only gradually and
possibly in a linear fashion, as demonstrated by highly accurate age-predictive
linear models (18). In contrast, an individual exposed to risk factors, either envir-
onmental or genetic, may experience an aggravated or premature ageing profile,
characterized by an abnormally higher deregulation of DNAm patterns, increas-
ing the risk of age-related diseases like cancer or diabetes. One can further hy-
pothesize that individuals with a favourable genotype (longevity genes) and
with a healthy lifestyle may preserve a more intact epigenome and hence experi-
ence longevity. Reprogramming of aged cells into iPSCs and regeneration of dif-
ferentiated cells may provide a mechanism for epigenetic rejuvenation. In
addition to epigenetic drift, telomere shortening has been associated with
ageing, age-associated stem cell dysfunction and disease risk factors.
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Methylation Regulates Alpha-Synuclein Expression 
and Is Decreased in Parkinson’s Disease Patients’ 
Brains  

Promoter activity of intron 1 is influenced by methylation
Next, we analyzed the impact of methylation on gene expression
activity in luciferase reporter experiments. SNCA(!1530/!193), a
reporter construct chosen to comprise intron 1 (containing 71
CpG dinucleotides), displayed significant promoter activity
("30-fold higher activity compared with the construct with the
inverted insert SNCA(!193/!1530), which served as control) (Fig.
3). After treatment with SssI CpG-methyl transferase, which se-
lectively adds a methyl group to all cytosine residues within CpG
dinucleotides, the activity of the methylated construct was de-
creased to control levels (Fig. 3). When SssI or SAM as the methyl
group donor was omitted, the promoter activity was not altered
significantly.

Methylation of SNCA intron 1 is reduced in DNA from
PD patients
To investigate whether epigenetic changes might contribute to a
presumed dysregulation of SNCA expression in sporadic PD, we
analyzed DNA from three different regions (SNpc, putamen, and
cortex) in 37 tissue samples from 12 PD patients and 14 controls.

We found significantly fewer methylated CpG sites in PD pa-
tients’ DNA (Fig. 4a; supplemental Table 3, available at www.
jneurosci.org as supplemental material). The mean methylation
rate of SNCA(!926/!483) (intron 1) in human brain was 10-fold
lower compared with SK-N-SH cells (7 vs 70%), yet, similar to
SK-N-SH cells, SNCA(!2079/!1507) (promoter) displayed only
sparse methylation (#1.5%; data not shown). The SNCA intron 1
methylation pattern varied considerably between tissues and in-
dividuals (Fig. 4b). Despite this variability, differences between
PD and control were found not only in the group comparison
(Fig. 4a) but also in SNpc and putamen DNA at specific positions
(8, 12, and 17) within intron 1, located within predicted consen-
sus binding sites of TFs (Figs. 1d, 4b). Except for positions 1, 5, 7,
and 9, all CpG sites were located within predicted TF binding sites
(Fig. 1d), suggesting that SNCA intron 1-mediated transcrip-
tional regulation may depend on the binding of specific TFs.

Discussion
We identified SNCA(!1524/!189) in intron 1 as a methylation-
dependent, transcriptionally active region of the human SNCA

Figure 2. Status of SNCA methylation in SK-N-SH cells and impact on expression. a, SK-N-SH cells were incubated with DMSO [control (Ctrl)] or 10 !M Aza for 24 and 48 h, respectively, and isolated
DNA was used for bisulfite sequencing of SNCA(!2079/!1507) (promoter) and SNCA(!926/!483) (intron); 10 independent clones for each condition were analyzed by bisulfite sequencing. The lollipop
diagramwithunmethylatedCpGsites(opencircles)andmethylatedCpGsites(closedcircles)illustratesthehigherdegreeofmethylationinSNCA(!926/!483)(intron)comparedwithSNCA(!2079/!1507)(promoter) and the
decrease of methylated CpG in SNCA(!926/!483) (intron) after addition of Aza. b, After 48 h of Aza treatment, the fraction of methylated CpGs is reduced by #60% in SNCA(!926/!483) (intron).
c, Treatment with Aza induced a time-dependent increase of SNCA expression exceeding 50% of Ctrl. Quantitative RT-PCR was performed in triplicate and presented as the mean $ SD.
d, Representative Western blot with anti-synuclein antibody demonstrates an increase of synuclein protein after addition of Aza too.
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What about iPSC-derived patient-specific 
neurons? 

M. Rossbach, Factsheet EuroStemCell 5.10.2010 



iPSC models of PD 

Jacobs, Journal of Parkinson‘s Disease 4 (2014) 15-27  



Aberrant epigenome in iPSC-derived dopaminergic 
neurons from Parkinson’s disease patients 
 

Fernández-Santiago et al. EMBO Mol Med. 2015 Dec; 7(12): 1529–1546.  

A B DC

TH FOXA2

TH FOXA2

TH GIRK2

TH GIRK2

TH NURR1

TH NURR1TH TUJ1

TH TUJ1

C
on

tr
ol

P
D

C
on

tr
ol

P
D

F

TH SYP

TH SYP

G

P
D

C
on

tr
ol

0
10
20
30
40
50
60
70

Cell ratio TUJ1+ / DAPI+
Cell ratio TH+ / TUJ1+

1 min

5% ∆F/F

P
er

ce
nt

ag
e

E

Figure 1. Generation and characterization of iPSC-derived DAn.

A–G After iPSC-based reprogramming of fibroblasts, we generated DAn from PD patients (n = 10) and gender- and age-matched healthy controls (n = 4) using a 30-day
differentiation protocol. Blind to researcher, resulting iPSC-derived DAn showed similar properties and maturation state in PD and controls. Specifically, studied
iPSC-derived DAn encompassed 30-day ventromedial (vm)-DAn-enriched cultures of morphologically mature DAn showing typical bipolar morphology, lacking PD
neural phenotypes, mostly of the A9 subtype, and showing properties of tyrosine hydroxylase (TH)+ mature neurons. Representative immunocytochemical analyses
of vmDAn from PD patients and controls showed that (A) TUJ1-positive cells expressing neural tubulin III (TUJ1) co-expressed TH (Scale bar, 25 lm); (B) co-
expressed the A9 subtype marker of inward rectifier K+ channel GIRK2 (Scale bar, 25 lm); (C) co-expressed the A9 subtype marker of transcription factor Forkhead
Box A2 (FOXA2) (Scale bar, 12.5 lm); and (F) co-expressed the synaptic vesicle protein synaptophysin (SYP) which was located along neurites (Scale bar, 5 lm).
(D) The 1-week neural progenitor cells (NPCs) from which iPSC-derived DAn were generated strongly expressed DAn progenitor markers such as the nuclear-related
receptor 1 NURR1 (Scale bar, 12.5 lm). (E) We observed similar and comparable cell counts of total neurons in PD and controls as quantified by TUJ-1/DAPI and of
DAn as quantified by TH/TUJ1. Selected DAn cells were generated upon 2-6 iPSC lines per subject (See methods). Error bars indicate SEM. C, control; TUJ1, neuron-
specific class III b-tubulin. (G) Calcium imaging assay revealed strong spontaneous neuronal activity. %DF/F indicates the relative change in fluorescence of the
monitored neurons. Collectively, these results indicate that the iPSC-derived DAn used our study were sufficiently mature for the studied parameters to be
functional and to spontaneously form active neural networks in a similar and comparable manner for PD and controls.
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Aberrant epigenome in iPSC-derived dopaminergic 
neurons from Parkinson’s disease patients 
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Figure 2. DNA methylation analysis of iPSC-derived DAn from monogenic LRRK2-associated PD (L2PD) and sporadic PD (sPD) patients across the cell types
involved in the cell reprogramming and differentiation processes.

A Principal component analysis (PCA) of methylation data from 28,363 CpG sites with variable methylation values (SD > 0.1) in iPSC-derived DAn cell lines (n = 14). This
analysis shows different DNA methylation profiles between PD patients and controls, and no differences between L2PD and sPD. PC, principal component.

B Bar diagram showing the number of differentially methylated CpGs (DMCpGs) among iPSC-derived DAn lines (n = 14) as detected in multiple comparisons. This
analysis indicates that L2PD and sPD share similar DNA methylation changes with respect to controls. Hypermeth, hypermethylation; hypometh, hypomethylation.

C Relative distribution of DMCpGs in PD iPSC-derived DAn lines (n = 10) across inter- and intragenic regions (left), across different gene-related regions (middle), and
within CpG islands (CGI), CGI shores, CGI shelves, or outside CGI (right). Bkg, background (methylation platform).

D DNA methylation analysis across the cell types involved in the cell reprogramming and differentiation processes and also iPSC-derived neural cultures not-enriched-
in-DAn. Scheme of the cell reprogramming and differentiation protocols (upper part of the panel). Heatmaps and density color code of the 2,087 DMCpGs identified in
iPSC-derived DAn from PD patients with respect to controls (n = 14), as well as their methylation status in parental fibroblasts (n = 9), undifferentiated iPSCs (n = 9),
and iPSC-derived neurons (not-DAn) (n = 9) (lower part of the panel) (Wilcoxon rank test for independent samples with delta-beta above |0.25| and FDR-adjusted
P < 0.05).
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Variability of DNA methylation patterns in iPSC- and 
ESC-derived neurons 
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Caveats 

(1) Reprogramming-
associated epigenetic 
differences 

(2) Rejuvenation of iPSC-
derived cells 

(3) In vitro vs. native neurons 

Parent and Anderson Nature Neuroscience 18, 360–366 (2015) doi:10.1038/nn.3944 

 
 



 
 

Figure 1. Generation of genetically matched hESCs and hiPSCs
(A) Schematic for the generation of genetically matched hESC and hiPSC lines. (B) 
Overview of HUES2 and HUES3 derivatives used for RNA-sequencing. (C) Top panel 
shows bright images of hESC subclones, in vitro-differentiated fibroblasts, whereas the 
bottom panel shows hiPSC lines stained for alkaline phosphatase activity or OCT4 
expression. Co-staining with DAPI confirmed nuclear expression of OCT4 (inset). (D) 
Heatmaps depicting DNA methylation (left) and gene expression (right) levels of key 
fibroblast-associated and pluripotency-associated genes in isogenic hESCs, in vitro-
differentiated fibroblasts and derivative hiPSCs.
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Reprogramming does not lead to an 
aberrant gene expression pattern 

Figure 3. Differentially expressed genes (DEGs) between isogenic hESC and hiPSC lines
(a) Venn diagram showing the number of genes consistently up- or down- regulated in 3 
biological replicate hiPSC lines when compared to 3 biological replicate hESC GFP lines 
from the same genetic background. (FDR<0.01 and fold change <2 or <1/2, see details in the 
Methods section). (B) Heatmap and dendrogram for all isogenic hESC and hiPSC lines 
based on the 49 differentially expressed genes (DEGs) that were common between the 
HUES2 and HUES3 backgrounds, using hierarchical clustering based on row-scaled 
expression levels. hiPSC lines, red; hESC lines, blue. (C) Box plot of 6 hESC GFP lines, 6 
hiPSC lines, and parental fibroblasts for the 49 DEGs. Red and blue boxes indicate the 
expression ranges of each gene in hiPSC and hESC GFP lines, respectively. Diamonds and 
crosses indicate the expression levels of each gene in parental fibroblasts derived from 
HUES2 and HUES3 backgrounds, respectively. Genes are ordered by Student’s t-test p-
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Reprogramming does not lead to an 
aberrant epigenome 



Fig. 3 A   High correlation coefficients between reprogrammed and   
   parental cells 

 
genome-wide DNA methylation              genome-wide expression levels   
 

hES- 
NSC 

iPS- 
NSC 
clone 1 

iPS- 
NSC 
clone 2 

iPS- 
NSC 
clone 3 

hES- 
Neuron 

iPS- 
Neuron 
clone 1 

iPS- 
Neuron 
clone 2 

hES- 
NSC 

iPS- 
NSC 
clone 1 

iPS- 
NSC 
clone 2 

iPS- 
NSC 
clone 3 

hES- 
Neuron 

iPS- 
Neuron 
clone 1 

iPS- 
Neuron 
clone 2 

iPS- 
Neuron 
clone 3 

iPS- 
Neuron 
clone 3 

 
genome-wide DNA methylation (450K, Illumina)             genome-wide expression levels (HT-12 v4, Illumina) 

                        

Reprogramming does not lead to an 
aberrant epigenome 



Caveats 

(1) Reprogramming-
associated epigenetic 
differences 

(2) Rejuvenation of iPSC-
derived cells 

(3) In vitro vs. native neurons 

Parent and Anderson Nature Neuroscience 18, 360–366 (2015) doi:10.1038/nn.3944 

 
 

✔ 



iPSC-derived Neurons vs. iN 

timepoints clustered together, indicatinga gradual processof cell
type conversion. Gene ontology (GO) term analysis of the 200
most strongly increased genes revealed highly significant enrich-
ment of interacting factors that control neuron generation and
function (Figures 3F and S2; Table S5). As expected, FACS-puri-

fied neurons showedmarked enrichment of neuronal genes such
as neuronal Ca2+ and K+ channels, glutamate receptors, synaptic
proteins, and neuronal cytoskeletal markers as compared to their
unsortedcounterparts (Figures3Eand3G), indicatingefficientpu-
rification of iNs from remaining fibroblasts for RNA-seq.

Figure 1. Age-Dependent Transcriptome Signatures in Fibroblasts and Derived iPSCs
(A) iPSC reprogramming of young and old donor fibroblasts using the four Yamanaka-factors (4YF).

(B) Phase contrast images and immunocytochemical characterization of human iPSCs stained with Nanog. The scale bars represent 20 mm.

(C) Representative image for karyotype analysis of iPSC clones with G-banding (all included lines tested normal).

(D) Differentially expressed genes between fibroblasts and iPSCs. The top 100 up and downregulated genes are shown (extended data in Table S2).

(E) Heatmap showing hierarchical clustering of transcriptome similarity of fibroblasts and derived iPSCs. The black bars indicate multiple iPSC clones from the

same donor that cluster together, and the * indicates lines from the same donor that do not cluster together.

(F and G) MA plot shows differential expression between young (<40 year) and old (>40 year) fibroblasts and iPSCs (one clone per donor used for analysis). The

colored dots indicate significant aging genes (padj < 0.05) (extended data in Table S3).
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ment of interacting factors that control neuron generation and
function (Figures 3F and S2; Table S5). As expected, FACS-puri-

fied neurons showedmarked enrichment of neuronal genes such
as neuronal Ca2+ and K+ channels, glutamate receptors, synaptic
proteins, and neuronal cytoskeletal markers as compared to their
unsortedcounterparts (Figures3Eand3G), indicatingefficientpu-
rification of iNs from remaining fibroblasts for RNA-seq.

Figure 1. Age-Dependent Transcriptome Signatures in Fibroblasts and Derived iPSCs
(A) iPSC reprogramming of young and old donor fibroblasts using the four Yamanaka-factors (4YF).

(B) Phase contrast images and immunocytochemical characterization of human iPSCs stained with Nanog. The scale bars represent 20 mm.

(C) Representative image for karyotype analysis of iPSC clones with G-banding (all included lines tested normal).

(D) Differentially expressed genes between fibroblasts and iPSCs. The top 100 up and downregulated genes are shown (extended data in Table S2).

(E) Heatmap showing hierarchical clustering of transcriptome similarity of fibroblasts and derived iPSCs. The black bars indicate multiple iPSC clones from the

same donor that cluster together, and the * indicates lines from the same donor that do not cluster together.

(F and G) MA plot shows differential expression between young (<40 year) and old (>40 year) fibroblasts and iPSCs (one clone per donor used for analysis). The

colored dots indicate significant aging genes (padj < 0.05) (extended data in Table S3).
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Figure 2. Direct Conversion of Young and Old Human Fibroblasts into Functional iNs Is Efficient Regardless of Donor Age
(A) Direct iN conversion of young and old donor fibroblasts using Ngn2-2A-Ascl1 (N2A) and small molecular enhancers (SM).

(B) Schematic of lentiviral system for inducible overexpression of N2A and SM for iN conversion.

(C) Phase contrast images of progressively converting fibroblasts, and immunofluorescence images of 6-week converted fibroblasts stained with bIII-tubulin,

hTau, NeuN, Map2ab, and vGlut1.

(D) iNs co-cultured on astrocytes labeled with LV-hSyn::RFP and stained for synapsin-I following 8 weeks of conversion.

(E) Electrophysiological characterization of iNs shows multiple evoked and spontaneous action potentials.

(F) Immunocytochemical characterization of iN from young and old donors after 3 weeks of conversion. All of the scale bars represent 20 mM.

(G) Quantification of neuronal yields per DAPI from 18 donors following 3 weeks of conversion. The bar graphs show mean + SEM.

(H) Electrophysiological characterization of young- and old-derived iNs shows Na+/K+ channel-mediated inward/outward currents in response to depolarizing

voltage steps (upper) and multiple evoked action potentials (lower) without apparent differences between young and old (n = 13 donors).

(I) Quantification of neuronal subtype markers based on immunocytochemical analysis (extended data in Figure S2).

Also see related Figure S1.
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iNs from Young and Old Donors Show Specific
Transcriptional Aging Signatures
To explore our hypothesis that fibroblast-derived iNs retain infor-
mation about their donor’s age, we performed RNA-seq analysis
of iNs FACS-purified at 3 weeks of conversion (n = 22 samples
from 18 donors). Unsupervised hierarchical clustering based
on overall gene expression showed high similarity between all
iN samples, and independently repeated iN conversions from
the same fibroblasts reliably clustered together (Figure 4A). Strik-
ingly, differential expression analysis between young (<40 years)
and old (>40 years) fibroblasts and iNs revealed profound age-
dependent gene expression in the iNs, with 202 genes signifi-
cantly differentially expressed (FDR < 0.05; Figures 4B and
4C). In addition, linear correlation of normalized gene expression
values with donor age confirmed that both fibroblasts and iNs
showed a subset of genes progressively increasing or
decreasing with age (Figure S3). Surprisingly, only seven of the
differentially expressed genes overlapped between fibroblasts
and iNs, as both cell types appeared to show cell-type-specific,
age-dependent expression profiles (Figure 4D; Table S3). GO
term and KEGG pathway analysis revealed that, in fibroblasts,
genes involved in wound healing, stress response, and Ca2+

signaling—which are categories that have been previously
been implicated in skin aging—were significantly altered (Fig-

ure 4E; Table S6) (Adler et al., 2007; Fraser et al., 2005; Lu
et al., 2004; Murphy, 2006; Peterson et al., 1985; Rando and
Chang, 2012). Enriched gene categories in aging iNs related to
functional neuronal categories such as Ca2+ homeostasis,
neuron projection, and regulation of synaptic plasticity (Fig-
ure 4F). Most interestingly, several genes from these categories,
namely calcitonin (Calca), the cation channel Trpc6, the endothe-
lin receptor Ednrb, and the catenin Ctnna1 also relate to the GO
term ‘‘aging’’ (GO:0007568), which was also enriched in our ag-
ing iN system (Table S6).

Expression of the Nuclear Pore-Associated Transport
Protein RanBP17 during Aging
To further explore aging-related changes in gene expression, we
performed RNA-seq analysis of 14 human prefrontal cortex sam-
ples from 0 up to 89 years of age and analyzed gene expression.
First, we noticed that cortical samples consisted of RNA from
multiple cell types as they contain large numbers of glial,
neuronal, endothelial, and hematopoietic cell-derived tran-
scripts, with neuron-derived RNA being only a minor fraction
(Figure S4). We analyzed for differentially expressed aging genes
and detected 49 highly significant (padj < 0.05) genes that over-
lapped between aging iNs and cortex, an overlap 7-fold higher
than between iNs and fibroblasts. Further, cortical aging genes

Figure 4. Age-Dependent Gene Expression in Human Fibroblasts and iNs
(A) Heatmap showing hierarchical clustering of transcriptome similarity of fibroblasts and derived iNs. The black bars indicate multiple independent conversions

from the same donor.

(B and C) Heatmaps of significantly differentially expressed genes between young (<40 year) and old (>40 year) FACS-purified fibroblasts (red; 78 genes) and iNs

(blue; 202 genes) with an FDR-adjusted p value < 0.05 (extended data in Table S3).

(D) Schematic Venn diagram showing the overlap of fibroblast and iN aging genes.

(E and F) GO term and KEGG pathway analysis of the 78 fibroblast and 202 iN aging genes (extended data in Table S6).

Also see related Figure S3.
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Figure 5. Expression of RanBP17 in the Aging Human Prefrontal Cortex
(A) Schematic Venn diagram showing the overlap of postmortem cortex, fibroblast, and iN aging genes.

(B) Correlation of RanBP17 expression with age in fibroblasts (red), purified iNs (blue), and RNA extracted from the human prefrontal cortex (green, n = 14 donors;

Table S1). The data points indicate single donors, and the lines depict linear regression function (expression values: VST normalized counts).

(C) Immunocytochemical analysis of subcellular RanBP17 localization in fibroblasts (upper) and iNs (lower) co-stained with hTau and Lamin B1. The scale bars

represent 10 mm.

(D) Formalin-fixed human cortices were embedded in paraffin and sectioned for immunohistochemistry to identify cortical neurons and layers. The bIII-tubulin-

positive cortical neurons were brightly stained in cortices from young adult and old brains (look-up-table, LUT, colored; numbers indicate cortical layer structure).

(E) Immunohistochemical analysis of young adult and old brains for bIII-tubulin and age-dependent decrease in RanBP17 in neurons. The scale bar represents

20 mm.

(F) Representative images of RanBP17-stained cortical neurons show loss of RanBP17 from the neuronal somata and nuclei in old brains.

(G) Quantification of neuronal fluorescence intensity comparing young and old brains (n = 10 donors). The bar graph shows means and dots individual cells

(significance values: ****p < 0.001).

(H) Quantification of western blot analysis for RanB17 protein over actin. The graph shows a correlation of cortical RanBP17 over actin with age. The dots indicate

values of single donors ± SEM, and the line depicts linear regression.

Also see related Figures S4 and S5.
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Generating aged iPSC-derived neurons 

Figure 4. Progerin Overexpression Induces a Subset of the Fibroblast Age-Associated Signature
in iPSC-mDA Neurons derived from both Young and Old Donors
(A) Modified-RNA was transfected into iPSC-derived mDA neurons (iPSC-mDA neurons)
on five consecutive days prior to analysis on day 6.
(B) Western blot analysis of transgene expression. A GFP band at 100 kDA denotes the
GFP-progerin fusion protein while a GFP band at 27 kDA represents the nuclear-GFP
transgene. All lamin A isoforms including the transgene were recognized by a single
antibody. Note that progerin overexpression levels exceed endogenous lamin A levels
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Figure 5. Progerin Overexpression Elicits Features Consistent with Neuronal Aging in iPSC-
mDA Neurons
(A) Immunocytochemistry for the pan-neuronal marker TUJ1 shows a loss of the established
neuronal network in day 70 iPSC-mDA neurons overexpressing progerin but not iPSC-mDA
neurons overexpressing nuclear-GFP.
(B) MAP2 immunocytochemistry reveals reduced intact dendrite lengths following
overexpression of progerin in most but not all (inset) iPSC-mDA neurons derived from both
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Figure 7. Long-Term Progerin Overexpression In Vivo Reveals a Severe Degenerative Phenotype
in PD Mutant Cells
(A) Schematic illustration of the transplantation studies into 6-OHDA lesioned Parkinsonian
mice.
(B) Rotational behavior analysis of lesioned mice transplanted with control or PD mutant
iPSC-mDA neurons expressing hSyn::nuclear-GFP or hSyn::GFP-progerin. Mice were
lesioned and tested for amphetamine-induced rotation behavior twice prior to grafting.
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timecourse progressed; however, only the ‘Brain Development
Genes’ (443) showed a significant decreasing monotonic correl-
ation as determined by a one-tailed non-parametric Kendall’s
tau correlation test. This significant correlation was observed
for both the total percentage of differences (P , 0.01), as well
as the percentage of genes downregulated in vitro (P , 0.05),
but was not significant for genes that were upregulated in vitro
(Fig. 3A). Likewise, these trends were not significant for all
CCDS genes (18 062) or ‘Non-Brain Development Genes’
(avg. 132). Taken together, these data show that for genes

specific to brain developmental processes, there was a significant
decrease in the percent of in vitro to brain-tissue differences over
our timecourse and that this observation was primarily due to the
activation of genes that were originally downregulated in vitro
(Fig. 3A).

Trends in differential lincRNA expression also showed a de-
crease in the percentage of in vitro to brain-tissue differences.
These trends showed more variation (or less linearity) than
that of protein-coding genes, and the decrease only showed a sig-
nificant decreasing monotonic correlation for the total number of

Figure 3. Tissue-specific expression, trends in gene and lincrna expression and CpG methylation. Percentage of (A) genes and (B) lincRNAs that were differentially
expressed between each in vitro sample and the endogenous brain tissue. Significant differential expression was defined as a comparison that had a log2 fold change .
2, as well as a P-value , 0.01. Trends are shown for all genes/lincRNAs, as well as tissue-specific lists (GeneGO and Cabili et al.). P-values shown are from a one-
tailed, non-parametric Kendall’s tau correlation test. (C) Percentage of CpG methylation sites differentially methylated between the two in vitro samples analyzed
(NPC and D140) and the brain tissue. Differential methylation was defined as a site that had a beta-value difference of at least 20% (i.e. ≥0.2). Trends are shown for all
methylation sites, as well as CpG islands and flanking regions.

Human Molecular Genetics, 2013, Vol. 22, No. 17 3539
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In addition to analysis of the differentially expressed genes found in iDAs, other gene sets, especially those that 
are found to be associated with PD in vivo, may provide hints regarding differences between iDA and mDA neu-
rons. Thus, we examined gene sets described by Zheng et al.24, which compared 185 laser captured human dopa-
minergic neuron samples and discovered 10 gene sets with previously unknown associations with PD, including 
genes that are responsive to peroxisome proliferator–activated receptor γ  coactivator-1α  (PGC-1α ) (which are 
higher in control than PD). We tested whether the expression of PGC-1α  related gene sets (supplemental table 5) 
resembles control-iDA or PD-iDA by GSEA. Clearly, PGC-1α  related gene sets are enriched in the control-iDA 

Figure 3. Compare gene expressions of induced DA neurons (iDA) and midbrain DA neurons (GSE7621). 
(A) Scatter plots of gene expression patterns of iDA against mDA, examining correlation of gene expression. 
Pearson’s R is 0.625. X-axis is log2 transformed microarray mean signal for mDA, y-axis is log2 transformed 
microarray mean signal for iDA. (B) Venn diagram of GO terms showing shared GO terms between mDA and 
iDA enriched terms. (C) Volcano plot of gene expression difference between control iDA neurons and mDA 
neurons (GSE7621). X-axis is fold change of gene expression of iDA/ mDA, Y-axis is p-value. (D) Ingenuity 
Pathway Analysis (IPA) of differentially expressed genes. Genes expressed high in mDA but low in iDA 
fall into gene ontology categories of cancer, neurological disease, cellular development and nervous system 
development; Genes expressed high in iDA but low in mDA fall into gene ontology categories of cellular growth 
and proliferation, cellular movement, cell assembly, cellular development, cell cycle, cell signaling and cell 
survival. X-axis is –log (p-value) of certain category, indicating significance of that category.
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samples with an NES of 1.63, FDR q-value of 0.058 (Fig. 4C). This result suggests that iPSC-iDA models could 
also distinguish PD-related gene sets discovered in patient samples. To further explore this idea, we tested 2 

Figure 4. Gene Sets Enrichment Analysis (GSEA) of induced dopaminergic neurons for PD related 
features. (A) Heat map of important DA genes in all samples. Genes in red rectangle are genes highly expressed 
in mDA neurons, these genes include functional genes of mature DA neurons. Genes in the blue rectangle 
are genes highly expressed in iDA neurons, these genes include many progenitor markers. Genes in green 
rectangle show genes with reduced expression levels in PD patients. (B) GESA analysis of the PD iDA under –
expressed geneset over control and PD patients data from datasets GSE7621. (C) GSEA analysis of Peroxisome 
proliferator–activated receptor γ  coactivator-1α  (PGC-1α ) related genes over control-iDA and PD-iDA RNA-
seq data. (C) GESA analysis of the “Lein midbrain markers” genes over control and PD patients’ data from 
RNAseq data. (D) GESA analysis of the “Reactome dopamine neurotransmitter release cycle” genes over control 
and PD patients’ data from RNA-seq data.

Xia et al., Scientific Reports volume 6, Article number: 20270 (2016) 
doi:10.1038/srep20270 
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The way is the goal – but where are we 
going? 

However, most of those assays were limited to testing
kinetin as the other compounds did not show robust
phenotypes at the fibroblast stage and therefore were
not further pursued. However, we cannot rule out
that under different conditions and treatment regi-
mens those other compounds may also beneficially
affect splicing or overall expression levels of IKBKAP
or impact other FD-related phenotypes. Our kinetin
studies indicate that long-term and likely early-stage
treatment is required to rescue disease phenotypes.
One interpretation of those data is FD patients
would need to be treated with kinetin already at very
early developmental stages, potentially even during
in utero development. However, it may also be possible
that prolonged treatment at a later stage could still be
effective by inducing neurogenesis over time in the
small set of remaining endogenous neural crest precur-
sor populations or by arresting the progressive
degenerative nature of the disease. It will be interesting
to test whether our iPS cell model will allow us to dis-
tinguish among those various alternatives by running
multiple treatment regimens as a sort of in vitro clinical
trial across a large set of independent FD-iPS cell
lines. For a summary of the steps involved in FD-iPS
cell-based disease modelling see figure 2.

4. WHAT ARE THE NEXT STEPS?
(a) Genetic rescue
A critical point for modelling any type of monogenic
disease is the ability to genetically rescue disease phe-
notypes. In the case of FD, one could think of a
number of possible strategies. FD can be considered
a partial loss-of-function disease by the fact that the
mutant IKAP transcript does not get translated into
protein, and that only patients homozygous for the dis-
ease appear to show symptoms. However, precise

levels of IKBKAP expression may be critical for its
function in transcriptional elongation, and it is clearly
preferable to have a system that maintains tissue speci-
ficity of expression. If both levels and tissue-specific
expression are critical, there may be two main strat-
egies for genetic rescue in FD-iPSCs: gene targeting
and BAC transgenesis. The use of BAC transgenes
has been shown to completely rescue IKBKAP
deficiency in a null mutant mice [47]. In this case,
the IKBKAP null mouse is not a representative
model of the disease per se, since it results in early
embryonic lethality. However, embryonic lethality
can be rescued when using the human BAC containing
the FD mutation [47] and the resulting mouse can be
used for modelling tissue-specific IKBKAP splicing
though it does not exhibit any FD-related disease
symptoms [47].

The use of BAC transgenesis in the human FD-iPS
model should retain tissue specificity of IKBKAP
expression and enable transgene dosing by isolating
independent BAC rescue clones with various copy
number. Similar approaches have been used previously
to model the role of Zfx in the pluripotency in mouse
[85] and human ES cells (M. Tomishima 2011, per-
sonal communication). In addition to BAC-based
rescue, the most obvious strategy is homologous recom-
bination to knock-in the WTallele into the endogenous
disease locus of FD-iPS cells. Currently, there have
been no published reports at performing homologous
recombination for the rescue of an iPS cell disease phe-
notype but several groups are working on making this
approach a reality. One critical question in the context
of FD is whether repair of a single allele will lead to a
full rescue of the iPS cell in vitro phenotypes. Our orig-
inal studies did not include the analysis of iPS cells from
heterozygous FD carriers that may represent a good
control for these rescue studies. In fact, it will be very
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Figure 2. iPS cell-based disease modelling in FD. Patient fibroblasts were reprogrammed using lenvitral vectors expressing the
four reprogramming factors in combination with a unique colour. The resulting patient-specific iPS cells were validated for
transgene silencing and other pluripotent properties and differentiated into multiple disease-relevant cell types in order to
assess disease mechanisms, such as tissue-specific splicing and defects in neurogenesis. Finally, the in vitro assays were used
to test for candidate drugs that could rescue FD-iPS cell disease phenotypes. One such compound, the plant hormone kinetin,
was capable of partially reversing both the splicing and neurogenesis defects.
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