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Abstract

Alpha-synuclein SNCA has been implicated in the etiology of Parkinson’s disease (PD); however, the normal function of
alpha-synuclein protein and the pathway that mediates its pathogenic effect is yet to be discovered. We investigated the
mechanistic role of SNCA in the nucleus utilizing isogenic human-induced pluripotent stem cells-derived neurons from PD
patients with autosomal dominant mutations, A53T and SNCA-triplication, and their corresponding corrected lines by
genome- and epigenome-editing. Comparisons of shape and integrity of the nuclear envelope and its resistance to stresses
found that both mutations result in similar nuclear envelope perturbations that were reversed in the isogenic
mutation-corrected cells. Further mechanistic studies showed that SNCA mutation has adverse effects on the nucleus by
trapping Ras-related nuclear protein (RAN) and preventing it from transporting key nuclear proteins such as, DNMT3A, for
maintaining normal nuclear function. For the first time, we proposed that α-syn interacts with RAN and normally functions
in the nucleocytoplasmic transport while exerts its pathogenic effect by sequestering RAN. We suggest that defects in the
nucleocytoplasmic transport components may be a general pathomechanistic driver of neurodegenerative diseases.

Introduction
Alpha-synuclein (α-syn) protein, encoded by the SNCA gene, is
a small (14 kDa) presynaptic nerve terminal protein, abundant
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in the brain, that was originally identified as a precursor protein
for the non-β-amyloid component (NAC) of Alzheimer disease
amyloid plaques (1). A few years later, the SNCA gene was the
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first gene implicated in familial Parkinson’s disease (fPD) (2).
The earlier studies, identified missense mutations in the SNCA
gene that caused an early onset, Lewy body-positive, autosomal
dominant Parkinson’s Disease (PD) in a few rare families of
Mediterranean and German origin, Ala53Thr (hereafter, A53T)
and Ala30Pro, respectively (2, 3). Subsequently, copy number
variations (CNV) in the SNCA gene were identified in few other
families with an early onset, autosomal dominant form of PD (4–
9). While it has been suggested that overexpression of the SNCA
gene mediates the pathogenic effect in fPD patients carrying
the CNV of SNCA genomic region, triplication (4, 10, 11) and
duplication (5–8), the molecular perturbation underpinning the
pathogenic effect of the dominant missense mutations are yet
to be deciphered.

Over the ensuing years from the original discovery of SNCA
as a genetic factor (12) for fPD, the role of α-syn protein in health
and disease has been extensively studied, however, its normal
function and the pathway that mediates its pathogenic effect
in disease state are still poorly understood (13). α-syn has been
suggested to be involved in various cellular pathways includ-
ing, membrane interactions, protein degradation, maintaining a
supply of synaptic vesicles, regulation of dopamine release and
transport, mitochondrial dysfunction and autophagy-lysosome
pathway (14, 15). Although α-syn was historically identified as a
neuron-specific protein, localized to a region of the nuclear enve-
lope (16), its role in relation to the nucleus has been understud-
ied. To date, only few reports examined α-syn in the context of
the nuclear localization (17–20) and function such as chromatin
organization (21–23) and transcription (20, 24). Furthermore, we
recently described a pathological disruption of the nuclear enve-
lope shape, loss of heterochromatin markers and substantial
DNA damage in human-induced pluripotent stem cells (hiPSC)-
derived neurons from a patient with triplication of the SNCA
locus (25).

Here, we investigated the mechanistic role of SNCA in
the nucleus utilizing isogenic hiPSC-derived neurons from PD
patients and their corresponding genome-edited lines with
the corrected mutations. We compared the effects of two
fPD mutations, A53T, and triplication, on the architecture of
the nuclear envelope and its resistance to heat and osmotic
stresses. We found that both mutations similarly perturbed
the shape and the integrity of the nuclear envelope and these
phenotypic perturbations were reversed in the corresponding
isogenic mutation-corrected cells. We then used an isogenic hiPSC-
derived system to further investigate the mechanism underlying
nuclear envelope abnormalities induced by SNCA mutation.
Additional mechanistic studies showed that SNCA mutation
has an adverse effect on the nucleus by trapping Ras-related
nuclear protein (RAN) and preventing it from transporting key
nuclear proteins needed to maintain normal nuclear function.
Here, for the first time, we proposed a normal function of α-syn
in nucleocytoplasmic transport via interaction with RAN and
that the pathogenic effect of overexpressed/mutated SNCA is
mediated by sequestering RAN.

Results
Description of the SNCA mutated and corrected isogenic
hiPSC-derived neuronal lines

Previously, we reported that SNCA-triplication perturbed the
architecture of the nuclear envelope (25). Here, we aimed to
extend on these observations and to test whether the deficits

in the shape of the nuclear envelope are shared phenotypes
caused by a broader range of fPD mutations in SNCA, i.e.
a missense coding and a CNV mutation, and to define the
underpinning mechanism mediating the SNCA mutations-
induced impairment of the nuclear envelope architecture.
Toward this goal, we characterized hiPSC-derived dopaminergic
progenitor neurons (MD NPC) lines from a patient with the
missense A53T coding mutation (157G > A, Ala53Thr; hereafter
A53T) and a patient with the triplication of the SNCA locus
(hereafter, SNCA-Tri) compared with their corresponding
isogenic mutation-corrected hiPSC-derived lines (hereafter, A53T-
corrected and SNCA-Tri-corrected, respectively). The SNCA A53T
corrected line was generated by CRISPR/Cas9 genome editing,
and the SNCA-Tri corrected line was generated previously
by DNA-methylation editing of SNCA-intron 1 resulting in
∼30% reduction in SNCA-mRNA and protein expression levels,
as published (26). The successful differentiation each of the
four hiPSC lines into MD NPC cells was validated by analysis
of markers specifically expressed in MD NPCs, Nestin and
Forkhead box protein A2 (FOXA2) using immunocytochemistry
(Supplementary Material, Fig. S1).

SNCA A53T mutation and triplication induce nuclear
envelope abnormalities

First, we examined in the effects of the A53T and SNCA-Tri
mutations on the nuclear architecture. We evaluated changes in
the nuclear envelope shape by immunostaining with Lamin
B1 marker to measure the nuclear circularity (27) and with
Lamin A/C to determine the percentage of abnormal nuclei
(28). Lamin B1 and Lamin A/C are the major components of
the nuclear lamina and contribute to the structural integrity of
the nuclear shape and the nuclear envelope, respectively (29, 30).
Staining with Lamin B1 showed a significant decrease in nuclear
circularity in the A53T hiPSC-derived MD NPCs compared with
the isogenic corrected line (P < 0.0001, Fig. 1A, B and I). Similarly,
we found a significant loss in nuclear circularity in the SNCA-
Tri hiPSC-derived MD NPCs in comparison with the SNCA-
Tri-corrected line (P < 0.0001, Fig. 1C, D and J). The extent of
decreased nuclear circularity in the SNCA-Tri MD NPCs was
comparable with that observed for the A53T (Fig. 1I and J). Next,
we stained with Lamin A/C and measured the percentage of
abnormal nuclei (folded and ‘blebbed’). Both the A53T and the
SNCA-Tri hiPSC-derived MD NPCs showed a significant increase
in abnormal nuclei compared with their corresponding isogenic
corrected lines (∼1.5-fold increase in abnormal nuclei P = 0.02
in the comparison of the isogenic A53T lines, Fig. 1K, L and S; 2-
fold increase P = 0.04 in the comparison of the isogenic SNCA-Tri
lines, Fig. 1M, N and T). These results were consistent with our
previous findings that showed impaired nuclear envelope archi-
tecture in SNCA-Tri hiPSC-derived dopaminergic and cholinergic
neurons compared with that of hiPSC-derived neurons from
a healthy donor (25). In addition, we demonstrated that the
isogenic corrections of the SNCA mutations rescued these nuclear
envelope abnormalities (Fig. 1B-F, D-H, I, J, L-P, N-R, S and T).
Last, here we showed that these nuclear shape abnormalities
were induced to approximately the same extent by both
SNCA overexpression mediated by SNCA-Tri and a missense
coding mutation in the gene. Thus, suggesting a common
mechanism via which SNCA mutations induce defects in the
nuclear envelope.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa183#supplementary-data


Human Molecular Genetics, 2020, Vol. 29, No. 18 3109

Figure 1. Alpha-synuclein A53T mutation and triplication induce nuclear envelope abnormalities and sensitivity to stressors. (A-H) Immunocytochemistry for Lamin

B1 in A53T and SNCA-Tri hiPSC-derived MD NPCs and their isogenic corrected controls in regular conditions and upon heat-shock. (A, B) A53T and (C, D) SNCA-Tri

hiPSC-derived NPCs showed a loss in the nuclear envelope circularity compared with their isogenic controls. (E, F) A53T and (G-H) SNCA-Tri hiPSC-derived MD NPCs

showed a higher susceptibility to heat-shock demonstrated by greater loss in the nuclear envelope circularity compared with their isogenic controls. Quantification

of the nuclear envelope circularity in the (I) A53T and (J) SNCA-Tri hiPSC-derived MD NPCs demonstrated loss in circularity in the mutated lines compared with the

isogenic corrected line and increased susceptibility to heat-shock in the mutated lines. The data are plotted as frequency distributions for 200 cells. n = 2 independent

differentiation protocols. (K-R) Immunocytochemistry for Lamin A/C in A53T and SNCA-Tri hiPSC-derived MD NPCs and their isogenic corrected controls in regular

conditions and upon heat-shock. Percentages indicate the proportion of cells with folded/blebbed nuclear morphology, white arrows denote abnormal nuclei. (K, L)

A53T and (M, N) SNCA-Tri hiPSC-derived MD NPCs showed higher percentage of abnormal nuclei compared with their isogenic controls. (O, P) A53T and (Q, R) SNCA-Tri

hiPSC-derived MD NPCs showed a higher susceptibility to heat-shock demonstrated by higher percentage of abnormal nuclei compared with their isogenic controls.

(U-V) Absorption260 curve for supernatant from nuclei isolated from (U) A53T hiPSC-derived MD NPCs compared with the corresponding isogenic corrected line, and (V)

SNCA-Tri hiPSC-derived MD NPCs compared with the corresponding isogenic corrected line. A53T and SNCA-Tri showed higher susceptibility to osmotic stress compared

with their corresponding isogenic corrected lines (n = 3). (I, J) ∗∗∗∗P < 0.0001, Kolmogorov–Smirnov test; (S-V) ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, Student’s t-test. Scale

bars: 25 μm.
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The SNCA A53T mutation and the triplication increase
the sensitivity of the nuclear envelope integrity
to stress conditions

Exposure to stress conditions compromises the integrity of
the nuclear envelope (31, 32). We evaluated the resistance
of the nuclear envelope to two stressors, heat-shock (31)
and osmotic (33). The four studied hiPSC-derived NPCs,
A53T, SNCA-Tri and the corresponding corrected MD NPCs
were exposed to the stress conditions and the integrity
of the nuclear envelope was measured before and after
treatments. To evaluate the heat-shock effect, we used the
two phenotypes described above, nuclear circularity and
percentage of abnormal nuclei (Fig. 1). After heat treatment,
each MD NPCs line demonstrated a decrease in nuclear circu-
larity (p(A53T) = 0.0002, p(A53T-corrected) < 0.0001, p(SNCA-Tri) = 0.0097,
p(SNCA-Tri corrected) < 0.0001, Fig. 1E-H, I and J) and an increase
in abnormal nuclei (p(A53T) = 0.0003, p(A53T-corrected) = 0.007,
p(SNCA-Tri) = 0.31, p(SNCA-Tri corrected) = 0.01, Fig. 1O-R, S and T) com-
pared with untreated cells, providing validation for the heat-
induced condition. Next, we compared the A53T and the SNCA-
Tri hiPSC-derived MD NPCs with their corresponding isogenic
corrected lines. After heat-shock, the nuclear circularity was
significantly decreased in the MD NPCs with both mutations
in comparison with the corresponding corrected lines (4-folds
more imperfect circularity P < 0.0001 in the A53T compared with
the isogenic corrected line and 2-folds P < 0.0001 in the SNCA-Tri
compared with the isogenic corrected lines, Fig. 1E-H, I and J) and
the percentage of abnormal nuclei was significantly increased
in the mutated compared with the corrected lines (∼1.5-folds
more abnormal nuclei P = 0.0343 in the A53T compared with the
isogenic corrected lines, and 1.5-folds P = 0.0092 in the SNCA-Tri
compared with the isogenic corrected lines, Fig. 1O-R, S and T).
These results showed that the nuclear envelope was highly
susceptible to heat treatment for both mutations and the isogenic
correction rescued the hypersensitivity of the nuclear envelope.
Noteworthy, while the A53T mutation showed a larger increase
in the number of nuclei with imperfect circularity and in the
percentage of abnormal nuclei after heat shock relative to
the baseline (no heat) than that observed for the corrected
line, this was not the case for the SNCA-Tri possibly, in part,
because the SNCA-Tri cells exhibited more severe effects on
the nuclear envelope already at baseline. To complement the
assessment of the nuclear envelope integrity, we measured
nuclear fragility in response to high salt conditions (33).
Consistently, following osmotic stress by exposure to increasing
salt (NaCl) concentrations, we found that both the A53T and
the SNCA-Tri hiPSC-derived MD NPCs were more susceptible to
high salt conditions compared with the corresponding isogenic
corrected lines (Fig. 1U and V). Collectively, the results of these
experiments demonstrated the effect of SNCA mutations on the
hypersensitivity of the nuclear envelope to stress conditions.
Furthermore, the A53T and the SNCA-Tri mutations have the
same effects on the structure, integrity and sensitivity of the
neuronal nuclear envelope.

RAN protein interacts with alpha-synuclein

Next, we aimed to uncover the plausible pathways underlying
the alterations in the nuclear envelope structure and integrity.
Identification of nuclear proteins that interact with α-syn will
provide clues regarding its putative function in the nucleus.
To this end, we first analyzed four proteins, that have known
roles in the nucleus related to the maintenance and function

of the nuclear envelope, by co-immunostaining experiments
to identify which may co-localize with α-syn: (i) Lamin B1,
an integral component of the nuclear lamina (34, 35), (ii)
Nucleoporin 62 (Nup62), a component of the central channel
of the nuclear pore complex and is directly involved in nuclear
import, transcription and chromatin organization (36), (iii)
RAN is a GTP-binding protein involved in nucleocytoplasmic
transport into and out of the nucleus (37) (38) and its activator,
(iv) RAN GTPase activating protein (RANGAP), a cytoplasmatic
protein involved in proteins transport from the cytosol to
the nucleus by maintaining the RAN gradient (37, 38). In all
hiPSC-derived MD NPCs lines, A53T, SNCA-Tri and their isogenic
corrected lines, α-syn signal was detected predominantly in the
nucleus. Lamin B1 and Nup62 proteins were exclusively localized
to the nucleus and showed no co-localization with α-syn
signal (Supplementary Material, Fig. S2A, B, D, E, G, H, J and K).
RANGAP showed a predominant perinuclear signal in all
lines, however, also was not co-localized with the α-syn
signal (Supplementary Material, Fig. S2C, F, I and L). RAN was
abundant and localized throughout the nucleus in all the
isogenic lines, while a lower intensity signal was observed
in the cell soma (Fig. 2A-D). The results showed that RAN
signals co-localized with α-syn in the nucleus in all four MD
NPCs lines (Fig. 2A-D), suggesting that RAN and α-syn may
interact and possibly act jointly in the same pathway. Next,
we further explored the nature of the interaction between
α-syn and RAN and whether they interact in a complex.
Towards this goal, we performed co-immunoprecipitation (Co-
IP) assay in SH-SY5Y cells ectopically expressing the Myc-
tagged human α-syn and the 3xFlag-tagged human RAN. This
system confirmed, in both directions, the complex interaction
between α-syn and RAN (Fig. 2E). While Co-IP experiment in the
nuclear and cytosolic compartments separately poses technical
challenges, collectively, the results of both the Co-IP and the
co-immunostaining experiments suggested that α-syn and RAN
interact, and that this interaction occurs predominantly in the
nucleus.

Proteins larger than 40 kDa are subjected to active nucleocy-
toplasmic transport via RAN gradient, while smaller molecules
passively transit between the cytoplasm and nucleoplasm. α-syn
is a small protein (14 kDa) protein that may not require active
transport; therefore, the interaction with RAN implied a putative
novel role for α-syn in the nucleocytoplasmic transport. Thus,
we ought to explore the hypothesis that the interaction of α-syn
with RAN has a biological role important to maintain normal
nuclear function and to provide evidence that the interaction
of α-syn and RAN is not required for the transportation of
α-syn to the nucleus. We employed a tetracycline-inducible
shRNA system to downregulate RAN and evaluated the effect
of RAN downregulation on the levels of α-syn in the nucleus
by immunocytochemistry. The doxycycline induced A53T and
the isogenic corrected hiPSC-derived NPCs lines expressing RAN–
shRNA in comparison with the respective control uninduced
lines displayed lower levels of RAN–mRNA (4- and 1.3-fold
reduction in the A53T and isogenic A53T corrected line, respec-
tively, between induced RAN–shRNA versus the uninduced
control, lines, Supplementary Material, Fig. S3A) and protein
(1.7- and 1.3-fold reduction P = 0.04 in the A53T and isogenic
A53T corrected line, respectively, between induced RAN–shRNA
versus the uninduced control lines, Fig. 3A and B). Comparisons
between the induced RAN–shRNA to the uninduced respective
lines showed similar α-syn levels (P = 0.4637, Fig. 3C), indicating
that downregulation of RAN did not affect the localization of
α-syn to the nucleus. Thus, α-syn nuclear import is passive and

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa183#supplementary-data
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Figure 2. RAN protein interacts with α-synuclein. (A-D) hiPSC-derived NPCs

were labeled with anti-RAN and anti-α-syn antibodies. RAN protein co-localized

with α-syn signal in the nucleus in all cell-lines, the A53T (A) and SNCA-Tri

(C) hiPSC-derived MD NPCs and their isogenic corrected controls, A53T corrected

(B) and SNCA-Tri corrected (D). Scale bars: 10 μm. (E) Western blot analysis of

homogenates prepared from SH-SY5Y cells co-infected with LV-myc-α-syn and

LV-3xFlagRAN. Anti-Flag immunoprecipitates were analyzed by western blotting

using anti-myc antibody and anti-myc immunoprecipitates were analyzed by

western blotting using anti-Flag antibody. No-antibody Co-IP was performed as

controls to ruled out non-specific binding (not shown). Co-IP of the endogenous

proteins is demonstrated in Figure 5.

independent of RAN. This result suggested the involvement
of α-syn in nucleocytoplasmic transport via its interaction
with RAN.

The effects of RAN on nuclear envelope integrity

To explore the effect of RAN levels on nuclear envelope
architecture in the context of SNCA mutation, we downregulated
and overexpressed RAN using the A53T and the corrected hiPSC-
derived NPCs lines and characterized the nuclear envelope
phenotypes. First, we utilized the tetracycline-inducible shRNA–
RAN system described above to investigate RAN downregulation

(Fig. 3A and B). The tetracycline-induced RAN–shRNA compared
with the respective uninduced lines showed significant loss
in the nuclear circularity in both the A53T and the corrected
hiPSC-derived MD NPCs lines (A53T, P = 0.02; A53T-corrected,
P = 0.04 Fig. 3D-H) and increased abnormal nuclei (A53T, ∼1.4-
fold; A53T corrected, 1.5-fold, Fig. 3I-M) measured by staining
with Lamin B1 and Lamin A/C, respectively, as described
above. These results suggested that downregulation of RAN
led to nuclear envelope impairment and demonstrated the
essential role of RAN and the robust deleterious effect of
its downregulation.

Next, we assessed the effect of RAN overexpression using
a lentiviral vector expressing the RAN–GFP fusion protein
compared with GFP only. The isogenic A53T and the corrected
hiPSC-derived MD NPCs transduced with the RAN–GFP relative
to the GFP only control showed overexpression of RAN–
mRNA (∼1.25-fold increased RAN expression in the A53T lines,
P = 0.04 and ∼1.5-fold in the isogenic A53T corrected lines,
P = 0.01, Supplementary Material, Fig. S3B) and protein (5-fold
higher RAN levels in the A53T lines, P = 0.03, and 3-fold in
the isogenic A53T corrected lines, P = 0.0006, Fig. 4A and B).
The A53T hiPSC-derived MD NPCs with overexpression of
RAN–GFP compared with GFP-only showed a significant
improvement of nuclear circularity measured by staining with
Lamin B1 (P = 0.03, Fig. 4C, D and K). However, staining with
Lamin A/C showed no significant differences in the percentage
of the abnormal nuclei in the A53T line with overexpression
of RAN–GFP compared with GFP only (Fig. 4M, N and U). As
expected, the A53T-corrected MD NPCs overexpressing RAN–
GFP showed the same distribution of nuclear circularity as
the GFP only cells, where most cells exhibited complete
circled nuclei (Fig. 4E, F and L), and also a similar low percent-
age of abnormal nuclei (∼10%, Fig. 4O, P and V). We further
examined whether overexpression of RAN can also rescue the
vulnerability to stress. Heat-shock resulted in a significant
loss in nuclear circularity (P < 0.0001, Fig. 4G-J, K and L) and
increased abnormal nuclei (Fig. 4Q-T, U and V) in all four lines,
i.e. A53T and the corrected overexpressing RAN–GFP or GFP only
recombinant proteins, which validated the induction of stress
condition. The A53T-hiPSC-derived MD NPCs overexpressing
RAN–GFP was significantly less susceptible to heat-shock
compared with the control GFP only as demonstrated by
the significant increase in nuclear circularity (P = 0.0017,
Fig. 4G, H and K) and significant decrease in the percentage of
abnormal nuclei (1.5-fold decrease, P = 0.02, Fig. 4Q, R and U).
Furthermore, while the control A53T line (GFP only) exhibited
a larger increase in the number of nuclei with imperfect
circularity (several-folds) and in the percentage of abnormal
nuclei (∼2.5-folds) after heat shock relative to the baseline
(no heat), the A53T mutation line with RAN overexpression
showed only slight increase in the number of nuclei with
imperfect circularity and much lesser extent of increase in
the percentage of abnormal nuclei upon heat shock relative
to the baseline (no heat). As expected, the A53T corrected line
overexpressing RAN–GFP showed a similar magnitude of sensi-
tivity to heat-shock compared with the respective control line
(GFP only), as measured by nuclear circularity (Fig. 4I, J and L)
and abnormal shape, (Fig. 4S, T and V). Collectively, our results
showed that overexpression of RAN reversed the A53T-induced
nuclear envelope perturbations. RAN effect was specifically
robust under stress condition resulted in the rescue of the
hypersensitivity to heat-shock that was comparable with the
effect of the correction of the A53T mutation to the normal
coding sequence. In addition, as expected the correction of

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa183#supplementary-data
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Figure 3. The effects of RAN downregulation on the integrity and function of the nuclear envelope. A53T hiPSC-derived MD NPCs and the isogenic corrected control

were transduced with lentiviral vector harboring shRNA–RAN followed by 72 h induction with doxycycline. (A) Downregulation of RAN was confirmed by western-blot

analysis using anti-RAN antibody (25 kDa) normalized to β-actin (42 kDa). (B) RAN protein levels were quantified in two independent western-blot experiments. Lower

levels of RAN protein were detected in the A53T hiPSC-derived MD NPCs and the isogenic corrected control. (C) The levels of α-syn in the nucleus were measured

by immunocytochemistry and no significant changes were observed upon downregulation of RAN protein in both the A53T hiPSC-derived MD NPCs and the isogenic

corrected control. (D-M) The effect of downregulation of RAN on the integrity of the nuclear envelope was evaluated by immunocytochemistry for Lamin B1 (D-H) and

Lamin A/C (I-M) in the A53T hiPSC-derived MD NPCs and the isogenic corrected control. The expression of shRNA-RAN was validated using dsRed reporter; thus, for

these set of experiments, we used green fluorescent conjugated secondary antibody to detect the staining of Lamin B1 (D-G) and Lamin A/C (I-L). Percentages indicate

the proportion of cells with folded/blebbed nuclear morphology, white arrows denote abnormal nuclei (I-L). (H) The nuclear circularity data are plotted as frequency

distributions of for 250 cells (n = 2). (M) Percentages indicate the proportion of cells with folded/blebbed nuclear morphology. Bars represents mean ± SEM (n = 2). (A-B)
∗P < 0.05, ∗∗P < 0.001, Student’s t-test. Scale bars: 10 μm; (H) ∗P < 0.05, Kolmogorov–Smirnov test.

the SNCA A53T coding mutation was sufficient to rescue
the perturbations to the nuclear envelope shape, integrity
and sensitivity to stress, thus, RAN overexpression did not
exert an effect on nuclear structure in the A53T corrected
line.

The effects of the A53T mutation on the interaction
of alpha-synuclein with RAN

We investigated the endogenous interaction between α-syn and
RAN proteins by Co-IP and tested the effect of the A53T mutation
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Figure 4. The effects of RAN overexpression on the integrity and function of the nuclear envelope. A53T hiPSC-derived MD NPCs and the isogenic corrected control

were transduced with pLenti-IRES-GFP and pLenti-RAN-IRES-GFP. (A) Overexpression of RAN was confirmed by western blot analysis using anti-RAN antibody (25 kDa)

normalized to β-actin (42 kDa). (B) RAN protein levels were quantified in two independent western-blot experiments. Higher levels of RAN protein were detected in

the A53T hiPSC-derived MD NPCs and the isogenic corrected control. (C-V) The effect of RAN overexpression on the integrity of the nuclear envelope and its sensitivity

to heat-shock was evaluated by immunocytochemistry for Lamin B1 (C-J) and Lamin A/C (M-T) in the A53T hiPSC-derived MD NPCs and the isogenic corrected control

in regular conditions (C-F, M-P) and upon heat-shock (G-J, Q-T). The overexpression of RAN was visualized using GFP reporter; thus, for these set of experiments, we

used red fluorescent conjugated secondary antibody to detect the staining of Lamin B1 (C-J) and Lamin A/C (M-T). Percentages indicate the proportion of cells with

folded/blebbed nuclear morphology, white arrows denote abnormal nuclei (M-T). (K, L) The nuclear circularity data are plotted as frequency distributions of for 250

cells (n = 2). (U, V) Percentages indicate the proportion of cells with folded/blebbed nuclear morphology. Bars represents mean ± SEM, n = 2. (K, L) ∗P < 0.05, ∗∗P < 0.001,

Kolmogorov–Smirnov test; (B, U, V) ∗P < 0.05, ∗∗∗P < 0.001 Student’s t-test. Scale bars: 10 μm.

on the strength of the interaction by comparing the A53T hiPSC-
derived MD NPCs with their isogenic corrected control. Co-IP in
both lines demonstrated the interaction between the endoge-
nous α-syn and RAN proteins (Fig. 5A) confirming our obser-
vation with the ectopically expressed tagged proteins (Fig. 2E).
We then characterized the effect of the A53T mutation on the

endogenous interaction between α-syn and RAN. Quantification
analysis of the Co-IP fractions (α-syn—RAN bound normalized
to unbound RAN referenced to actin protein expression) showed
a stronger intensity ratio for the A53T line compared with the
isogenic corrected line, amounting to 35% increase in binding
(P = 0.03, Fig. 5B). This data indicated a stronger interaction
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Figure 5. Alpha-synuclein A53T mutation affects the strength of the interaction

of α-syn with RAN. (A) Western-blot analysis of homogenates from A53T and

A53T-corrected hiPSC-derived MD NPC lines. Anti-syn immunoprecipitates were

analyzed by western blot using anti-RAN antibody in unbound and bound frac-

tions. The immunostaining with β-actin antibody was used as the reference for

the unbound fractions. The results were calculated as the ratio between bound

and unbound fractions for RAN protein and normalized to β-actin expression

in the same lane. RAN bands visualized at 25 kDa, β-actin (42 kDa) was used

as internal control for normalization in the unbound fraction. (B) Ratios of the

bound compared with the unbound levels of RAN showed stronger interaction

for the A53T mutation compared with the isogenic mutation corrected control

(∗P < 0.05, Student’s t-test).

between the A53T mutated α-syn and RAN in comparison with
the interaction of the normal α-syn with RAN, thus, the A53T
mutation exerts a stronger binding affinity with RAN compared
with the wild-type α-syn. Collectively, our results suggested that
the A53T-induced hyperfunction of α-syn sequestered RAN such
that RAN is prevented from carrying out its normal physiological
function, which in turn results in perturbations to the nuclear
envelope structure, integrity and resistance to stress condition.

DNA methylation and DNMT3A

RAN plays a key role in transport of large cargo including
high mass proteins through the nuclear pore. Thus, it is
important to examine the consequences of SNCA A53T-induced
RAN sequestering on the nucleocytoplasmic transport of
essential large nuclear proteins. A reduction in global DNA-
methylation was reported in brains from PD patients (39,
40); however, the underpinning mechanism has yet to be
discovered. We aimed to explore the mechanistic link between
PD associated loss in DNA methylation and our observation

of A53T-induced sequestered RAN and focused on testing the
hypothesis that the A53T α-syn may hijack RAN, compromising
its function to efficiently transport of DNA methyltransferase
(DMT) machinery. DNA methyltransferase 3 subunit alpha
(DNMT3A) is a de novo methyltransferase highly abundant
in adult brains. (41). DNMT3A is a large protein (130 kDa),
and has been shown to be transported to the nucleus via
the RAN gradient (41). Thus, as the first step, we focused on
DNMT3A as an example and studied the effect of the A53T
mutation on the active transport of DNMT3A to the nucleus.
We measured the cytoplasmatic and total levels of DNMT3A
using western blotting and found that the relative expression
levels of the cytoplasmatic DNMT3A from the total DNMT3A
(Fig. 6A and B, Supplementary Material, Fig. S4A and B) was sig-
nificantly higher in the A53T hiPSC-derived MD NPCs compared
with the isogenic corrected control (1.5-fold, P = 0.046 Fig. 6B).
We confirmed these results using immunocytochemistry exper-
iments and measured the levels of nuclear DNMT3A. We found
that the nuclear levels of DNMT3A were significantly lower in the
A53T compared with the isogenic corrected NPCs (64% decrease,
P < 0.0001, Fig. 6 C-E, Supplementary Material, Fig. S4C-H).
Overall, these data indicated a mis-localization of the DNMT3A
to the cytoplasm.

DNMTs play an important role in 5-mC methylation. Thus,
to study the consequences of lower nuclear DNMT3A levels in
the A53T line, we determined the levels of 5-methyl-cytosine
(5-mC%) in the isogenic A53T and corrected hiPSC-derived NPCs
lines. We observed a significant reduction in 5-mC% in the A53T
line compared with the isogenic control (4.5-fold, P = 0.01, Fig. 6F).
This observation was in agreement with the association of PD
with reduced global DNA-methylation (39, 40). Here, we estab-
lished the correlation between depletion of DNMT3A from the
nucleus and reduction in global DNA-methylation in the context
of the PD A53T mutation. Altogether, these results suggested that
loss in global DNA methylation caused by the A53T mutation
is plausibly mediated, at least in part, by mis-localization of
the DNMT3A. These outcomes exemplified the biological signif-
icance of A53T-induced RAN sequestering, i.e. preventing RAN
from transporting essential protein such as DNMT3A to the
nucleus.

Discussion
In this manuscript, we investigated a role of SNCA in the nucleus
utilizing isogenic hiPSC-derived neurons from PD patients with
autosomal dominant mutations, A53T and SNCA-triplication,
and the corresponding corrected lines. Using these models, we
demonstrated that that two autosomal dominant PD mutations,
have similar perturbed effects on the shape, integrity and vulner-
ability to stress conditions of the nuclear envelope, and correc-
tions of the mutations in isogenic hiPSC-derived neuronal lines
rescued these phenotypic defects. In addition, our mechanistic
experiments demonstrated, for the first time, the involvement
of α-syn in nucleocytoplasmic transport via interaction with
RAN. We found that the A53T mutation exerts its adverse effect
by trapping RAN, consequently preventing it from transporting
key nuclear proteins, such as DMNT3A, and by that leading to
nuclear dysfunction. Overexpression of RAN ameliorated the
SNCA A53T-associated nuclear dysfunction, while downregula-
tion of RAN worsened the A53T-associated nuclear envelope
abnormalities and induced impaired nuclear structure in the
corrected line. Multiple hypotheses have been proposed regard-
ing the function of SNCA and its role in disease. The results of
this study generated a new hypothesis about the role of SNCA

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa183#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa183#supplementary-data
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Figure 6. Alpha-synuclein A53T mutation affects DNMT3A localization in the nucleus and global DNA methylation. (A) Levels of total and cytoplasmic DNMT3A

(130 kDa) were assayed using western blot and normalized to β-actin (42 kDa). (B) Ratios of cytoplasmic DNMT3A/total DNMT3A showed a mislocalization of DNMT3A

in the cytoplasm for the A53T hiPSC-derived MD NPCs compared with the isogenic mutation corrected control. (C) Quantification of the nuclear levels of DNMT3A in

hiPSC-derived MD NPCs by immunocytochemistry. Each column represents the mean of nuclear DNMT3A measured in 150 cells in two independent experiments.

The nuclear levels of DNMT3A were significantly lower A53T hiPSC-derived MD NPCs compared with the isogenic mutation corrected control. (D, E) Representative

immunocytochemistry of DNMT3A signal in (D) A53T and (E) isogenic A53T corrected hiPSC-derived MD NPCs. (F) A53T hiPSC-derived MD NPCs showed a loss in global

DNA methylation compared with the isogenic corrected control. Each column represents the mean of global 5 mC%. The error bars represent the SEM (n = 2). ∗P < 0.05,
∗∗P < 0.01, ∗∗∗∗P < 0.0001, Student’s t-test.

in health and disease. Specifically, our findings provide novel
insights into the normal function of α-syn in nucleocytoplasmic
transport and interpret that α-syn acquires hyperfunction in
disease state resulted from either overexpression or dominant-
negative type of missense coding mutations. We further suggest
that mutated as well as overexpressed SNCA induced nuclear
deficits mediated by sequestering RAN, lead, at least in part, to
neurodegeneration.

Our results that demonstrated the adverse effect of SNCA
mutations on the nuclear envelope integrity are consistent
with previous studies that described the relation between
SNCA aggregations and mutations and loss of nuclear envelope
integrity (20, 25, 42). Here, we propose a mechanistic explanation
for the genotype–phenotype observation. For the first time,
we suggest that α-syn is involved in the nucleocytoplasmic
transport across the nuclear envelope and that the mutated
α-syn disrupts the active transportation of nuclear proteins. It is
important to note that our study was performed using MD NPC,
which may not fully represent mature dopaminergic neuron
in their brain microenvironment. Thus, these results warrant
further investigations using additional model systems such as
mature neuronal cultures and transgenic animal carrying the
SNCA mutations.

Nucleocytoplasmic transport is a fundamental, though
complex biological process involves multiple factors and the
asymmetric gradient of RAN–GTP and RAN–GDP between the
nucleus and cytoplasm that determines the unidirectional
transport between the nuclear and cytoplasmic compartments
(38, 43–45). The nuclear transport events of large molecules
(>40 kDa) require RAN, while smaller molecules are shuttled by
passive diffusion (46–48). In accord, we showed that reduction

in RAN did not affect α-syn localization in the nucleus, implying
that the transportation of α-syn itself to the nucleus does not
depend on RAN, as expected for small protein. However, α-syn
complexing with RAN is essential for the transport of larger
proteins such as, DNMT3A.

SNCA mutations cause autosomal dominant PD. It was shown
that the mutated α-syn protein (A30P, A53T and G51D) exhibit
increased nuclear targeting and more rapid shuttling between
the nucleus/cytoplasm (17, 20, 49). Here, we showed that the
interaction of the A53T mutated α-syn with RAN is stronger
compared with the wild-type protein. The stronger affinity of
the mutated α-syn to the key component of the active nuclear
transport machinery may explain, at least in part, the previous
observations. Furthermore, our results suggest that SNCA coding
mutations exert their pathogenic effect by sequestering RAN
such that RAN is prevented from carrying out its normal phys-
iological function. Mutations-induced hyperfunction of α-syn
exemplified an enhancement of the normal protein function,
as a molecular mechanism underlying the pathogenic of SNCA
coding mutations, which could potentially correspond to the
mechanistic effect of SNCA overexpression.

Accumulating evidence have demonstrated dysregulation
nucleocytoplasmic transport, disruption of the nuclear pore
complex and defects in the nuclear envelope shape and integrity
in several other neurodegenerative diseases (50) including,
Huntington disease (HD) (51, 52), amyotrophic lateral sclerosis
(ALS)/frontotemporal dementia (FTD) (53–58) and Alzheimer’s
disease (ad) and other tauopathies (59–62). Similarly, recently
we and others described defects in the nuclear envelope
architecture in PD with the SNCA triplication and LRRK2 G2019S
dominant mutation, respectively (25, 27, 63). In this study,
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Table 1. Isogenic hiPSC lines used in this study

Name Disease status Sex Age Mutation Gene-edited

ND50050 PD F 51 SNCA (A53T) None
ND50085 PD F 51 SNCA (A53T) SNCA (A53T)
ND34391 PD F 55 SNCA-Tri SNCA (no gRNA (26)
ND34391 PD F 55 SNCA-Tri SNCA (gRNA 4 (26)

we strengthen the role of the nuclear envelope dysfunction
in PD and extended the phenomenon to an additional SNCA
dominant mutation. Furthermore, the involvement of RAN in
neurodegenerative diseases was investigated most extensively
in the context of TDP-43 pathology in ALS and FTD (55, 64, 65),
and deficits in RAN and RanGAP1 were also implicated in HD
(51, 52). Our results demonstrated the contribution of RAN in PD
as well, and by that extending the importance role of RAN in a
broader range of neurodegenerative disorders. Collectively, these
studies suggested that impairment of the nucleocytoplasmic
transport is a pathogenic driver of neurodegeneration and
a possibly general pathomechanism underpinning multiple
neurodegenerative diseases characterized by protein aggrega-
tion (66). Nonetheless, whether impaired nucleocytoplasmic
transport is a consequence, secondary effect, of such aggregates
or rather it is the actual initial cause and subsequently
contributes to their formation is still mostly unclear. Here, we
provide mechanistic insights suggesting that sequestering the
gradient nucleocytoplasmic transportation machinery is the
primary event; however, further studies warrant to reveal the
conformation of α-syn protein that exhibits the strong binding
to RAN.

It is clear that RAN sequestering may have detrimental effect
on many proteins that depend on RAN for their nuclear trans-
portation. (51, 52, 55, 64, 65). Here, we demonstrated an example
of DNMT3A enzyme that catalyzes de-novo DNA-methylation.
Compromising DNMT3A transportation to the nucleus, whereas
it functions caused perturbations in the major epigenetic path-
way sequential to the RAN malfunction. In this regard, our
results underscore a novel mechanistic explanation for epige-
netic dysregulation in PD, which may have a broader implication
in other Lewy body diseases and more generally in neurodegen-
erative diseases and conditions (26, 39).

In conclusion, the results of this work provide a mechanistic
understanding for the dominant negative effect of SNCA muta-
tions on PD pathogenesis. This knowledge is translational for
the development of new therapeutic interventions for PD based
on restoration of RAN function and for a broader range of neu-
rodegenerative diseases by targeting the pertinent components
of the nucleocytoplasmic transportation machinery.

Materials and Methods
Cell culture and hiPSC-derived NPC differentiation

hiPSCs from a patient with the SNCA A53T mutation (ND50050)
and the corresponding isogenic mutation-corrected line (ND50085)
and a patient with the triplication of the SNCA locus (ND34391)
were purchased from the NINDS Human Cell and Data Repos-
itory (https://nindsgenetics.org). hiPSCs were cultured under
feeder-independent conditions in mTeSR™1 medium (StemCell
Technologies) onto hESC-qualified matrigel-coated plates. Cells
were passaged using Gentle Cell Dissociation Reagent (StemCell
Technologies) according to the manufacturer’s manual.

hiPSCs were differentiated into NPCs using optimized proto-
cols, previously described (67). Briefly, differentiation into NPCs
was performed using a monolayer culture protocol. Single-cell
hiPSCs were seeded in Neural Induction Medium (NIM—Stem
Cell Technologies) supplemented with Y27632 (10 μM) and plated
onto matrigel-coated plates in NIM. On day 6, NIM was sup-
plemented with 200 ng/mL SHH (Peprotech) leading to the for-
mation of single cells NPCs. On day 12, the cells are replated
in matrigel-coated plates in N2B27 medium supplemented with
3 μM CHIR99021, 2 μM SB431542, 5 μg/ml BSA, 20 ng/ml bFGF
and 20 ng/ml EGF, leading to the formation of NPCs. NPCs were
passaged every 2 days in their respective medium with Accutase
(StemCell Technologies) and plated on matrigel-coated plates
(2.5 × 104 cells/cm2). Phenotypic analyses were performed on
NPCs at passages P14–P16. To evaluate the effects of A53T muta-
tions and SNCA-Tri, four different lines were used (Table 1).

Immunocytochemistry and imaging

Prior immunostaining, cells were plated onto matrigel-coated
cells imaging coverglasses (Eppendorf, 0030742060). Cells were
fixed in 4% paraformaldehyde and permeabilized in 0.1% Triton-
X100. Immunocytochemistry was performed as follows; cells
were blocked in 5% goat serum for 1 h before incubating with
primary antibodies overnight at 4◦C (Supplementary Material,
Table S1). Secondary antibodies (Alexa fluor, Life Technologies)
were incubated for 1 h at room temperature. Nuclei were stained
with NucBlue® Fixed Cell ReadyProbes® Reagent (ThermoFisher),
according to the manufacturers’ instructions. Images were
acquired on the Leica SP5 confocal microscope using a 40X
objective.

Immunocytochemistry quantification of the nuclear
envelope markers

Nuclear folding was analyzed using the Lamin A/C marker, and
folded nuclear envelope shape was considered as abnormal.
Nuclear circularity was quantified using the built-in ImageJ
circularity plugin and assessed based on the Lamin B1 marker.
A circularity value of 1.0 indicates a perfect circle. A value
approaching 0 indicates an increasingly elongated polygon (68).
A total of 100 cells per staining were analyzed for two indepen-
dent experiments.

Heat-shock treatment

Before heat-shock treatment, cells were plated onto matrigel-
coated cells imaging coverglasses (Eppendorf, 0030742060). Cells
were transferred from 37 to 45◦C for 30 min, according to
(31). Cells were used for immunocytochemistry as previously
described. After staining with Lamin A/C and Lamin B1
antibodies, at least 100 nuclei for each of the two independent
experiments were analyzed.

https://nindsgenetics.org
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa183#supplementary-data
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Nuclear membrane integrity assay

Nuclei were isolated from MD NPCs according to established
protocols, with slight modifications (69–71). Briefly, 1 × 106

cells were dissolved in lysis buffer (0.32 M Sucrose, 5 mM CaCl2,
3 mM Mg (Acetate)2, 0.1 mM EDTA, 10 mM Tris–HCl, pH 8, 1 mM
DTT, 0.1% Triton X-100). The lysate was transferred to a 14 ×
89 mm polypropylene ultracentrifuge tube, carefully underlaid
with sucrose solution (1.8 M Sucrose, 3 mM Mg (Acetate)2, 1 mM
DTT, 10 mM Tris–HCl, pH 8), and subjected to ultracentrifugation
at 107 000 RCF for 15 min at 4◦C. Supernatant and the debris
interphase were carefully aspirated, and resuspended in STM
buffer (250 mM sucrose, 50 mM Tris (pH 7.4), 5 mM MgCl2) was
added to the nuclei pellet. The nuclear membrane integrity assay
was conducted according to (33). Briefly, after 5 min incubation
on ice, nuclei were gently resuspended and prepared for the
nuclear membrane integrity assay. Aliquots of NaCl-STM were
added to each tube such that a typical assay would have tubes
containing 0, 25, 50, 75, 100, 125, 150, 175, 200, 250, 300 or 1000 mM
NaCl (final concentrations). Nuclei were incubated for 30 min
on ice. After incubation, nuclei were centrifuged at 7500 g for
10 min. The supernatants were collected, and the absorbance
was measured at 260 nm. The absorbance was normalized
to the maximum absorbance measured (usually at 1000 mM
NaCl) and expressed as a percentage of maximum absorbance260

(A260). Analyses were carried in triplicates for each of the three
independent experiments.

Plasmid design and construction

pLenti- dCas9-DNMT3A vector was described in (72). The vec-
tor carried gRNA4 sequence, 5′-CTGCTCAGGGTAGATAGCTG-3′

targeting SNCA-intron1 gene is pBK500 (26).
The pBK1082 (pLenti-CMV-3xFLAG-RAN-SV40-Hygro-WPRE),

and pBK1013 (pLenti-CMV-c-Myc-Alpha-SynucleinWT-IRES-
Puro-WPRE) represent tagged and over-expressed RAN and
alpha-syn, respectively were generated as follows:

pBK1082 was derived from pET11d-RAN (gift from Larry
Gerace’s lab obtained from addgene plasmid # 108919) was
digested with XbaI-BamHI and purified. The insert was then
cloned into pBK134 vector (pLenti-IRES-GFP) (unpublished)
digested with XbaI-BamHI. The resulted plasmid, pLenti-
RAN-IRES-GFP was named pBK958. Next, the RAN gene was
PCR amplified with primers 958RUN-PmeI/R: gaaggagtttaaacc-
catggctg and 958RUN-HpaII/L: gatccaggttaacattctcacagg, then
digested with enzymes PmeI and HpaI, purified and ligated
with a vector that was generated by digesting pBK953 (pLenti-
CMV-3xHAtag-SV40-Hygro-WPRE) with PmeI and MscI. Next,
the 3xHAtag was replaced by 3xFLAG via PmeI-XbaI digestion.
3xFLAG was prepared by phosphorylating and annealing oligos
CTAGAatgGACTACAAAGACCATGACGGTGATTATAAAGATCATGA
CATCGATTACAAGGATGACGATGACAAGggcggaggctcGTTT and
AAACgagcctccgccCTTGTCATCGTCATCCTTGTAATCGATGTCAT-
GATCTTTATAATCACCGTCATGGTCTTTGTAGTCcatT.

pBK1013 harboring alpha-synuclein-WT was a gift from
David Rubinsztein (Addgene plasmid #40822). Alpha-synuclein
gene was amplified using primers NheI927Syn/R: caagtccggc-
tagcagatctcgagc and SpeI927Syn/L: gcccactagtaccgtcgactgcag.
Resultant PCR product was digested by enzymes NheI and SpeI
and ligated with NheI and SpeI digested vector pBK921 (pLenti-
CMV-IRES-Puro-WPRE). Next cMYC tag was introduced upstream
the a-syn gene via NheI site. The tag was created by phos-
phorylating and annealing the oligos CTAGATGGAGCAGAAACT-
CATCTCTGAAGAGGATCTGGGAGGCGGAGGATCCT and CTAGAG-
GATCCTCCGCCTCCCAGATCCTCTTCAGAGATGAGTTTCTGCTCC
AT.

To generate RAN overexpressing construct, pET11d-RAN
(obtained from Larry Gerace (Addgene plasmid # 108919) was
digested with XbaI-BamHI and purified. The insert then was
cloned into pBK134 vector (pLenti-IRES-GFP) (unpublished)
digested with XbaI-BamHI restriction enzymes. The resulted
plasmid, pLenti-RAN-IRES-GFP was named pBK958. The pLenti-
RAN-IRES-GFP, pBK958 was amplified with 958RUN-PmeI/R
primer: gaaggagtttaaacccatggctg; 958RUN-HpaII/L gatccaggttaa-
cattctcacagg.

The inducible shRNA clones were derived from Inducible
Dharmacon™ TRIPZ™ Lentiviral shRNA library. The following
clone was selected after being screened for the knock-
down efficiency: V3THS_395424 carried a mature antisense,
ACAAGTTTGAACTGGACCT, and the resulted plasmid was
named pBK1019.

Vector production

Lentiviral vectors were generated using the transient transfec-
tion protocol, as described in (72). Briefly, 15 μg vector plasmid,
10 μg psPAX2 packaging plasmid (Addgene #12260 generated in
Dr Didier Trono’s lab, EPFL, Switzerland), 5 μg pMD2.G envelope
plasmid (Addgene #12259, generated in Dr Trono’s lab) and 2.5 μg
pRSV-Rev plasmid (Addgene #12253, generated in Dr Trono’s lab)
were transfected into 293 T cells. Vector particles were collected
from the filtered conditioned medium at 72 h post-transfection.
The particles were purified using the sucrose-gradient method64
and concentrated >250-fold by ultracentrifugation (2 h at 20
000 rpm). Vector and viral stocks were aliquoted and stored
at −80◦C.

Tittering vector preparations

Titers were determined for the vectors expressing puromycin
or hygromycin B selection markers by counting puromycin-
resistant or hygromycin B-resistant colonies as described in (72)
and by p24gag ELISA method equating 1 ng p24gag to 1 × 104 viral
particles. The MOI was calculated by the ratio of the number of
viral particles to the number of cells. The p24gag ELISA was car-
ried out as per the instructions in the HIV-1 p24 antigen capture
assay kit (NIH AIDS Vaccine Program). Briefly, high-binding 96-
well plates (Costar) were coated with 100 μL monoclonal anti-p24
antibody (NIH AIDS Research and Reference Reagent Program,
catalog 3537) diluted 1:1500 in PBS. Coated plates were incubated
at 4◦C overnight, then blocked with 200 μL 1% BSA in PBS and
washed three times with 200 μL 0.05% Tween 20 in cold PBS.
Next, plates were incubated with 200 μL samples, inactivated
by 1% Triton X-100 for 1 h at 37◦C. HIV-1 standards (catalog
SP968F) were subjected to a 2-fold serial dilution and applied to
the plates at a starting concentration equal to 4 ng/mL. Samples
were diluted in RPMI 1640 supplemented with 0.2% Tween 20
and 1% BSA, applied to the plate and incubated at 4◦C overnight.
Plates were then washed six times and incubated at 37◦C for
2 h with 100 μL polyclonal rabbit anti-p24 antibody (catalog
SP451T), diluted 1:500 in RPMI 1640, 10% fetal bovine serum,
0.25% BSA and 2% normal mouse serum (NMS; Equitech-Bio).
Plates were then washed as above and incubated at 37◦C for 1 h
with goat anti-rabbit horseradish peroxidase immunoglobulin
G (IgG) (Santa Cruz Biotechnology), diluted 1:10 000 in RPMI
1640 supplemented with 5% normal goat serum (NGS; Sigma),
2% NMS, 0.25% BSA and 0.01% Tween 20. Plates were washed
as above and incubated with 3,3′,5,5′-tetramethylbenzidine per-
oxidase substrate (KPL) at room temperature for 10 min. The
reaction was stopped by adding 100 μL 1 N HCL. Plates were read
by Microplate Reader (The iMark Microplate Absorbance Reader,
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Bio-Rad) at 450 nm and analyzed in Excel. All experiments were
performed in triplicates.

Viral transduction

Transductions of cells were performed in complete culture
medium as follows: SH-SY5Y cells were transduced with LV-
myc and LV-3xFlag vectors at the MOIs = 2. Sixteen hours post-
transduction the media was replaced, and 2 days later the cells
were used for Co-IP experiments.

For the RAN overexpression experiments, A53T and A53T cor-
rected hiPSC-derived NPCs were transduced with LV vectors at
the MOIs = 3. At 16 h post-transduction, the media was replaced,
and once confluent, cells were replated. After 24 h, boost of
MOIs = 3 was applied to the cells. Medium was changed after 16 h,
and cells were used 72 h post-transduction for further analyses.

For downregulation experiments, cells were transduced with
MOIs = 1. At 16 h post-transduction, medium was replaced. At
48 h post-transduction, 1 μg/mL puromycin was applied. Cells
were maintained under puromycin selection. Expression of
shRNA was induced by treating cells with 0.2 μg/mL doxycycline
hyclate (Sigma). Full medium changed was performed every day
for three consecutive days prior to further analyses.

Western blotting

About 20 μg of each sample was run on 12% Tris-glycine
SDS–PAGE gels. Proteins were transferred to nitrocellulose
membranes, and blots were blocked with 5% milk PBS Tween
20. Primary antibodies were incubated at 4◦C overnight
(Supplementary Material, Table S3). Horseradish peroxidase-
conjugated secondary antibodies were incubated for 1 h at
room temperature (Abcam; 1:10 000). For Co-IP experiments,
signal was detected using SuperSignal™ West Femto (Ther-
moFisher, Cat#34094). For western-blotting experiment, signal
was detected with HyGLO Quick Spray (Denville Scientific).
Immunoblots were imaged using ChemiDoc MP Imaging
System (Bio-Rad). The densitometry was measured using
ImageJ software, and protein levels were normalized to β-actin
expression in the same lane. Each experiment was repeated
twice and represents two independent biological replicates.

Total protein lysate

Cells were scraped from the dish and homogenized in 10×
volume of 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1% Non-
idet P-40, in the presence of a protease and phosphatase
inhibitor cocktail (Sigma, St. Louis, MO). Samples were cen-
trifugated at >10 000 g at 4◦C for times for 15 min, and
protein quantification was performed using DC™ Protein Assay
(BioRad, Cat#5000113).

Isolation of nuclear and cytoplasmic extracts

Nuclear and cytoplasmic extracts were prepared using the NE-
PER cytoplasmic and nuclear extraction kit (Thermo Scientific,
USA) according to the manufacturer’s instruction. Briefly, cells
were detached with Accutase (StemCell Technologies), washed
with PBS and centrifuged at 500 g for 3 min. The cell pellet
was resuspended in Cytoplasmic Extraction Reagent I (CER I),
and vortexed vigorously. The suspension was incubated on ice
for 10 min followed by the addition of CER II. The suspension
was vortexed and centrifuged for 5 min at 16 000 g. The super-
natant (cytoplasmic extract) was collected in a pre-chilled tube.

The insoluble fraction was resuspended in Nuclear Extraction
Reagent (NER) and vortexed every 10 min for 40 min. After
centrifugation, the supernatant, constituting the nuclear extract,
was collected and stored at 80◦C until use.

RNA extraction and gene expression analysis

Total RNA was extracted using TRIzol reagent (Invitrogen) fol-
lowed by purification with a RNeasy kit (QIAGEN), used per
the manufacturer’s protocol. The RNA concentration was deter-
mined spectrophotometrically at 260 nm, while the quality of
the purification was determined by a 260: a 280-nm ratio that
showed values between 1.9 and 2.1, indicating high RNA quality.
cDNA was synthesized using MultiScribe RT enzyme (Applied
Biosystems) using the following conditions: 10 min at 25◦C and
120 min at 37◦C.

Real-time PCR was used to quantify gene expression levels.
Briefly, duplicates of each sample were assayed by relative
real-time qPCR using TaqMan expression assays and the ABI
QuantStudio 7 (Supplementary Material, Table S4). ABI minor
groove binder probe and primer set assays (Applied Biosystems)
that were used are listed in Table S2. Each cDNA (20 ng) was
amplified in duplicate in at least two independent runs for two
independent experiments (overall ≥8 repeats), using TaqMan
Universal PCR master mix reagent (Applied Biosystems) and the
following conditions: 2 min at 50◦C, 10 min at 95◦C, and 40 cycles
of 15 s at 95◦C and 1 min at 60◦C. As a negative control for the
specificity of the amplification, we used RNA control samples
that were not converted to cDNA (no RT) and no-cDNA/RNA
samples (no template) on each plate. No amplification product
was detected in control reactions. Data were analyzed with a
threshold set in the linear range of amplification. The cycle
number at which any particular sample crossed that threshold
(Ct) was then used to determine fold difference, whereas
the geometric mean of the two control genes served as a
reference for normalization. Fold difference was calculated as
2 − ��Ct;67 �Ct = [Ct(target) − Ct (geometric mean of reference)]
and ��Ct = [�Ct(sample)] − [�Ct(calibrator)]. The calibrator was
a particular RNA sample, obtained from the control MD NPCs,
used repeatedly in each plate for normalization within and
across runs. The variation of the �Ct values among the calibrator
replicates was smaller than 10%.

Co-immunoprecipitation

Co-IP was performed using Dynabeads Co-Immunoprecipitation
Kit (Cat#14321D, ThermoFisher, CA) per manufacturers’ instruc-
tions. Briefly, 1 mg of Dynabeads M-270 Epoxy was coupled
with 7 μg of antibody (Supplementary Material, Table S2). For
western-blotting analyses, 1.5 mg of antibody-coupled beads.
A total of 25–50 mg of cells were used for each experiment.
Purified protein complexes were eluted in 60 μl of the elution
buffer (EB), and immediately used for western-blotting analysis.
The unbound fractions were collected in 2 mL. The signal
was detected using SuperSignal™ West Femto (ThermoFisher,
Cat#34094). Immunoblots were imaged using ChemiDoc MP
Imaging System (Bio-Rad). The densitometry was measured
using ImageJ software. The results were calculated as the ratio
between bound and unbound fractions for RAN protein and
normalized to β-actin expression in the same lane (unbound
fractions). Each experiment was repeated twice and represents
two independent biological replicates.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa183#supplementary-data
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Global DNA methylation

DNA from each cell line was extracted using the DNeasy Blood
and Tissue Kit (Qiagen). Global DNA methylation was assessed
using a commercially available 5-methylcytosine (5-mC)-based
immunoassay platform (MethylFlash™ Global DNA Methylation
(5-mC) ELISA Kit, Epigentek), according to the manufacturer’s
instructions. Briefly, purified DNA (100 ng) and unmethylated
(negative) control DNA (10 ng) were incubated in strip wells with
a solution to promote DNA binding and adherence to the well.
The samples in the strip-wells were treated with solutions con-
taining the diluted 5-mC capture and the detection antibodies.
The methylated fraction of DNA was quantified colorimetrically
by absorbance readings using a FLUOstar Optima, BMG. The per-
centage of methylated DNA was calculated as a proportion of the
optical density (OD), according to manufacturers’ instructions
using the formula:

5 mC
(
%

) = Sample OD − Negative Control OD
(
Slope ∗ ng DNA

) ∗ 100

The percentage of 5-mC was determined using two replicates
in each of the two independent experiments.

Statistical analyses

The differences between the isogenic lines were analyzed sta-
tistically using the following data comparisons tests (GraphPad
Prism7): (i) Analysis of corresponding cumulative distributions
using the Kolmogorov–Smirnov test and (ii) two-group compar-
isons using Student’s t-tests.

Supplementary Material
Supplementary Material is available at HMG online.
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