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Axonal pathology in hPSC-based models of Parkinson's
disease results from loss of Nrf2 transcriptional activity

at the Map1b gene locus
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While mutations in the SNCA gene (x-synuclein [a-syn]) are causal
in rare familial forms of Parkinson’s disease (PD), the prevalence of
wa-syn aggregates in the cortices of sporadic disease cases empha-
sizes the need to understand the link between a-syn accumulation
and disease pathogenesis. By employing a combination of human
pluripotent stem cells (hPSCs) that harbor the SNCA-A53T mutation
contrasted against isogenic controls, we evaluated the consequences
of a-syn accumulation in human A9-type dopaminergic (DA) neurons
(hNs). We show that the early accumulation of a-syn in SNCA-A53T
hNs results in changes in gene expression consistent with the expres-
sion profile of the substantia nigra (SN) from PD patients, analyzed
post mortem. Differentially expressed genes from both PD patient SN
and SNCA-A53T hNs were associated with regulatory motifs transcrip-
tionally activated by the antioxidant response pathway, particularly
Nrf2 gene targets. Differentially expressed gene targets were also
enriched for gene ontologies related to microtubule binding pro-
cesses. We thus assessed the relationship between Nrf2-mediated
gene expression and neuritic pathology in SNCA-A53T hNs. We show
that SNCA-mutant hNs have deficits in neuritic length and complexity
relative to isogenic controls as well as contorted axons with Tau-
positive varicosities. Furthermore, we show that mutant a-syn
fails to complex with protein kinase C (PKC), which, in turn, results
in impaired activation of Nrf2. These neuritic defects result from
impaired Nrf2 activity on antioxidant response elements (AREs)
localized to a microtubule-associated protein (Map1b) gene enhancer
and are rescued by forced expression of Map1b as well as by both
Nrf2 overexpression and pharmaceutical activation in PD neurons.

human pluripotent stem cells | Parkinson’s disease | a-synuclein | Nrf2 |
Map1b

arkinson’s disease (PD) is characterized by a progressive

decline in voluntary motor function that is caused by the
death of A9-type dopaminergic (DA) neurons in the substantia
nigra (SN). The loss of these neurons is preceded by the accu-
mulation of intracellular proteinaceous aggregates, known as
Lewy bodies and Lewy neurites, that contain an array of mis-
folded protein, primarily composed of a-synuclein (a-syn) (1).
Accumulation of oligomeric species of a-syn has been implicated
in both sporadic and familial cases of PD, including the A53T
(G209A) mutation in the a-syn gene (SNCA-AS53T), which is
associated with early disease onset (2). Experimental models
support a role for a-syn aggregation in degeneration of DA and
other neuronal cell types. Transgenic overexpression of A53T-
mutant a-syn in mice leads to neuronal dysfunction and behav-
ioral impairments that parallel the formation of a-syn immune-
reactive deposits in neurites of both cortical and midbrain
neurons (3, 4). Ectopic exposure to a-syn preformed fibrils similarly
induces widespread axonal neuropathology and subsequent
neuronal death (5, 6). While SNCA mutations are causal in rare
familial forms of PD and dramatically increase the risk of both
motor and nonmotor disease symptoms (including dementia) (2, 7),
the prevalence of a-syn aggregates in| Lewy neurites found in the
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brains of idiopathic disease cases emphasizes the need to understand
how a-syn accumulation leads to axodendritic neuropathology.

The striatal axonal bush of a single DA neuron whose soma
resides in the substantia nigra pars compacta (SNpc) can cover
over 5% of the total volume of the neostriatum (8), indicating
that nigrostriatal neurons are among the most highly arborized
neurons in the brain. Indeed, neuropathological retraction of a
single SN axon is estimated to influence upward of 75,000 striatal
neurons (8). Lewy neurites sequester multiple proteins that are
critical to axonal morphology and function. Tau is a microtubule-
associated protein (MAP) of the MAP2 family, whereas Maplb is
a microtubule lattice binding protein of the MAP1 class. Although
both protein families are involved in microtubule stabilization,
Tau is primarily located in the axons of healthy, mature neurons
and maintains axon structure, while Maplb is prominently ex-
pressed during neuronal development and has been implicated in
axodendritic growth and guidance (9, 10). Moreover, Tau has been
identified as a major component of Lewy neurites, and Tau pa-
thology has been described in familial cases of parkinsonism
linked to SNCA mutations (11, 12). By contrast, Map1b has been
reported in Lewy bodies of post mortem cortical isolates from
patients with Lewy body dementia (13), suggesting that loss of
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function of microtubule stabilizing proteins may be linked to axonal
pathology in multiple synucleinopathies.

To study the impact of a-syn accumulation on axodendritic
pathology in human DA neurons (hNs), we employed a combi-
nation of human pluripotent stem cells (hPSCs). These consisted
of 1) isogenic human embryonic stem cell (hESC)-derived neu-
rons that were either wild type (WT) in origin or that had the
SNCA-G209A mutation (AS53T amino acid substitution) in-
troduced through genome editing, as well as 2) isogenic human
induced pluripotent stem cell (hiPSC)-derived neurons that ei-
ther harbored an endogenous SNCA-G209A mutation or had
this mutation reversed through genome editing (14, 15). Using
these systems, we show that the early accumulation of a-syn in
SNCA-AS53T hNs results in differential gene expression consis-
tent with the expression profile of PD patient SNpc analyzed
post mortem. Differentially expressed genes from both PD pa-
tient SNpc and SNCA-AS53T hNs were enriched for antioxidant
response element (ARE) regulatory motifs and clustered to gene
ontology (GO) terms related to microtubule binding processes
and axonal projections. We therefore assessed the relationship
between ARE activation by Nrf2, the primary effector of the
antioxidant response, and axodendritic pathology in hiPSC- and
hESC-derived SNCA-AS53T hNs. We show that WT a-syn binds
protein kinase C (PKC) and that a-syn mutation disrupts this
binding in both hESC-derived and hiPSC-derived SNCA-AS3T
hNs, resulting in loss of phosphorylation and nuclear trans-
location of Nrf2, as well as loss of ARE activation. Furthermore,
we show that SNCA-AS3T hNs have deficits in both neurite
length and complexity relative to isogenic controls and provide
evidence that these neuritic defects result from impaired
Nrf2 activity on AREs at the Map1b locus. Finally, we show that
forced expression of Maplb by Nrf2 overexpression and phar-
maceutical modulation of Nrf2 by dimethyl fumarate (DMF)
rescues axodendritic deficits in PD neurons. This is a demon-
stration of Nrf2-mediated modulation of cytoskeletal elements as a
potential therapy against PD.

Results

Human SNpc Tissue from PD Patients and SNCA-A53T hNs Share
Common Transcriptional Deficits in the Antioxidant Response
Pathway. hPSC-derived hNs were terminally differentiated into
tyrosine hydroxylase (TH)/DAT/DAP32 positive DA neurons by
following a floor plate differentiation paradigm that routinely
produces over 85% TH-positive neurons (15-17) (SI Appendix,
Fig. S1 A and B), resulting in neurons with fast-spiking, tonic
calcium transients (SI Appendix, Fig. S1C) characteristic of A9-
type DA neurons. SNCA-AS3T hNs of both hiPSC and hESC
origin show increased o-syn phosphorylation at serine 129
(PS129) (SI Appendix, Fig. S1 D-F), which is predominantly
present in detergent Triton-X 100-insoluble (SI Appendix, Fig. S1
G and I) and heat-stable (SI Appendix, Fig. S1 H, J, and K) de-
posits. To discern how synucleinopathy results in axonal neuro-
pathology, we began by screening for biological processes that
were consistently dysregulated in both hPSC-derived hNs and
post mortem SNpc from PD patients, with a view to identifying
molecular events that were altered early in disease progression
(hPSC-derived hNs) and that remained altered throughout the
disease (post mortem SNpc). We therefore contrasted the gene
expression profiles of either hiPSC-derived or hESC-derived
SNCA-AS3T hNs with their isogenic controls. We performed a
principal component (PC) analysis on the expression profiles of
all cell lines to establish whether any observed variation in gene
expression was due to line variation or the introduction/correction
of the SNCA-AS3T mutation (SI Appendix, Fig. S24). PC1 sepa-
rated all hESC samples from hiPSCs, but neither PCl nor
PC2 clustered samples in a manner dependent on the SNCA-
AS3T genotype. PC3, however, did separate samples in a
genotype-dependent manner (SI Appendix, Fig. S2A4), clustering
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lines harboring the SNCA-AS53T mutation from their isogenic
counterparts. This suggests that the SNCA-AS53T mutation has a
similar effect on gene expression in neurons, regardless of whether
the mutation is introduced by gene editing or is endogenously
harbored.

We next correlated differentially expressed gene sets from
hESC- and hiPSC-derived neurons with the gene expression
profiles of post mortem human SN tissue from PD patients,
contrasted against clinically normal control tissue. We found a
total of 6,798 genes that were significantly changed between
SNCA-AS3T and control hNs, and 2,544 of these corresponded
to genes that were differentially expressed between normal and
PD SN tissue (Fig. 1 A-C and Dataset S1). Interestingly, the
strongest correlation existed between genes down-regulated in
both SNCA-A53T hNs and PD SN relative to their respective
controls (Fig. 1D). A similarly strong correlation among down-
regulated genes was observed when contrasting expression pro-
files of hESC-derived hNs harboring the SNCA-AS53T mutation
with PD SN (SI Appendix, Fig. S2B and Dataset S2). To group
genes into functional categories, we first filtered differentially
expressed gene sets based on regulatory motifs. Using the Molec-
ular Signatures Database, we correlated differentially expressed
genes with transcription factor binding motifs and identified several
enriched response elements that clustered to down-regulated gene
targets, including binding sites for ATF1, ATF2, ATF3, CREB, and
Nrf2 (nuclear factor, erythroid 2-like 2 [NFE2L2]) (Fig. 1E). We
next performed an enrichment analysis for canonical pathways us-
ing the GeneMania network prediction tool. Pathway analysis based
on genes with binding motifs clustered to the above-noted tran-
scription factors highlighted the antioxidant response pathway as a
central hub for the regulation of the genes whose expression was
lost in our dataset, with Nrf2 (NFE2L2) identified as the central
modulator of down-regulated genes in this pathway (Fig. 1F and
Dataset S3). Motif analysis of differentially expressed genes from
hESC-derived SNCA-A53T hNs and PD SN also showed that
ATF1, ATF2, ATF3, CREB, and Nrf2 binding motifs were
enriched relative to controls (SI Appendix, Fig. S2C and Dataset
S4). Finally, classification by GO revealed that differentially
expressed genes within the antioxidant pathway clustered to GO
terms relating to microtubule organization and neurite extension
(Fig. 1G and SI Appendix, Fig. S2D). qPCR analysis confirmed that
expression of genes clustered to the antioxidant pathway was lost in
SNCA-AS53T hNs of both hESC and hiPSC origin. Expression of
phase i enzymes involved in the metabolic detoxification pathway
and phase ii conjugation enzymes that metabolize functional groups
(collectively referred to as phase i/ii detoxification enzymes) with
putative or known Nrf2 binding motifs is decreased in SNCA-AS3T
hNs (Fig. 1H), as is expression of microtubule-associated genes with
putative Nrf2 binding motifs (Fig. 1/). These data suggest that
transcriptional activation of the antioxidant pathway is lost early in
PD progression and remains inactive as the disease progresses.
Moreover, the gene targets lost are critical for maintenance of
axodendritic morphology and stability.

SNCA-A53T hNs Exhibit Deficits in Neurite Morphology. Having de-
termined that the expression of many genes involved in microtubule
organization and axodendritic morphology was altered in PD rel-
evant samples, we sought to examine neurite morphology in SNCA-
mutant neurons, relative to their isogenic controls. We labeled both
hiPSC-derived SNCA-AS3T and corrected hNs (Fig. 24) and
hESC-derived WT and SNCA-AS53T hNs (Fig. 2G) with antibodies
directed to the dendritic marker MAP2 and the DA neuron
marker, TH. We then performed Sholl analysis to quantify neuritic
length and complexity. Results showed a significant global decrease
in dendritic complexity of SNCA-AS53T hNs relative to their re-
spective isogenic controls in both hiPSC- and hESC-derived hNs
(Fig. 2 B, C, H, and I). Moreover, both hiPSC-derived and hESC-
derived SNCA-AS53T hNs also showed a decrease in overall neurite
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Fig. 1. Antioxidant response pathway is down-regulated in both SNCA-A53T hiPSCs and SNpc from PD patients. Expression profiles of genes significantly altered in

SNCA-A53T hNs relative to SNCA-corrected hNs (A) were compared against the gene expression profile of SN from 8 PD patients (Braak a-syn stages 5 through 6)
relative to 8 clinically normal controls (Braak a-syn stage 0) harvested post mortem (B) to identify differentially expressed genes present in both PD hNs and PD SN
(C). (D) Changes in gene expression between PD hNs and PD SN were correlated for differentially expressed genes present in both gene sets. N.S., not significant. (E)
All genes whose expression was statistically altered (P < 0.05, Fisher exact test) by at least 1-fold in A53T relative to corrected hNs or in PD SN relative to clinically
normal SN were filtered based on regulatory motifs using Illumina’s BaseSpace Correlation Engine (46), and the most enriched regulatory motifs and their asso-
ciated enrichment scores are depicted. (F) To determine whether the identified transcriptional regulators are associated with a common cellular pathway, a
network analysis was performed in GeneMania using the identified transcription factors as the query, and the resulting network was weighted based on molecular
function. To group differentially expressed genes associated with the identified transcription factors into functional categories, the associated differentially
expressed genes within both SNCA-A53T hNs and PD SNpc were clustered for GO terms using the Database for Annotation, Visualization and Integrated Discovery
(DAVID) v6.7. The cutoff for the level of significance over background was P < 0.05 using Fisher’s exact test with correction for multiple hypothesis testing by the
algorithm of Benjamini and Hochberg. The background set of genes used was the entire human genome. (G) Most significant GO terms are depicted. BP, biological
process; CC, cellular compartment. gPCR analysis of expression of genes with putative Nrf2 binding motifs that function in either phase i/ii enzyme detoxification
(H) or microtubule function (/) in both hiPSC- and hESC-derived hNs is illustrated. FC, fold change; mRNA, messenger RNA. Data represent mean + SEM. *P < 0.05;
**P < 0.01 by multiple analysis of variance (MANOVA) and post hoc Tukey test (n = 3 independent differentiations).

neuropathology in hPSC-derived hNs that are consistent with those
seen in PD patient samples.

length (Fig. 2 D and J) relative to their isogenic controls, implying
early evidence of impaired axodendritic function. We next sought to
determine if this correlated with axonal neuropathology. We la-
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and L) hNs for Tau and examined axons for pathological features
previously reported in animal models and in the brains of PD pa-
tients harboring the SNCA-A53T mutation, including contorted or
fragmented axons with swollen Tau-positive varicosities (12, 18, 19).
Indeed, SNCA-AS3T hNs exhibited greater numbers of Tau-
labeled varicosities than their isogenic counterparts (Fig. 2 E, F,
K, and L). Collectively, these results show that the SNCA-A53T
mutation results in defects in axodendritic. morphology and Tau

14282 | www.phas.org/cgi/doi/10.1073/pnas. 1900576116

Oxidative Stress. We next sought to assess the consequences of
loss of phase i/ii detoxifying enzyme expression in SNCA-AS3T
hNs and to determine whether the loss of ARE activation was
the reason for this deficit. We first labeled hiPSC-derived SNCA-
AS53T and corrected hNs with MitoSOX to measure superoxide
anion production. We found SNCA-AS3T hNs displayed increased
superoxide anion production (Fig. 3 4 and B), and this corre-
lated with a decrease in basal ARE activity in SNCA-A53T hNs
(Fig. 3C). Cotransformation with both ARE-driven luciferase and a
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constitutively active Renilla permitted normalization of lumines-
cence between lines and showed that basal ARE activation in
SNCA-AS53T hNs is significantly lower than in control neurons (Fig.
3C). To determine whether pharmacological activation of Nrf2
activation could rescue phase i/ii detoxifying enzyme expression in
PD neurons, we treated SNCA-WT and SNCA-AS53T hNs with
DMF, a known activator of Nrf2 (20). DMF is in clinical use for
multiple sclerosis, under the trade name Tecfidera (21). DMF
treatment results in S-alkylation of Keapl, which destabilizes the
Keap1/Nrf2 complex, preventing Nrf2 degradation and permitting
Nrf2 nuclear translocation, thereby activating the antioxidant re-
sponse (20). Interestingly, we found that DMF induced ARE ac-
tivity in both SNCA-WT and SNCA-AS53T hNs (Fig. 3C). Indeed,
when hNs overexpressing Nrf2 were treated with DMF, there was
an additive effect with respect to ARE reporter activation, sup-
porting the previous reports that DMF activation of the ARE is
mediated through Nrf2 (SI Appendix, Fig. S34). Having validated
DMF as an effective pharmacological agent for activation of
Nrf2 in SNCA-AS53T hNs, we assessed the effect of Nrf2 activation
on phase i/ii detoxifying enzymes. DMF treatment rescued ex-
pression of multiple phase i/ii detoxifying enzymes in both hiPSC-
derived (Fig. 3 D and E and SI Appendix, Fig. S3B) and hESC-
derived (Fig. 3 F and G and SI Appendix, Fig. S3B) SNCA-A53T
hNs. This effect was most prominent for the enzymes NAD(P)H
quinone dehydrogenase 1,"a major quinone reductase in neurons,
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Fig. 2. SNCA mutation results in axonal pathology.
Axodendritic pathology was assessed in hiPSC-derived
SNCA-A53T and corrected (Corr) hNs (A-F) or
hESC-derived WT and SNCA-A53T hNs (G-L). The
hiPSC-derived (A) and hESC-derived (G) hNs were
labeled with antibodies against MAP2 and TH, and
were subsequently traced using Neurolucida (B and
H). (Scale bars: 10 um.) The example traces depicted
(B and H) are the same neurons labeled for TH (A
and G). The orientation of the trace was adjusted for
ease of comparison. A Sholl analysis showed that
both hiPSC- and hESC-derived SNCA-A53T hNs have
IhESC-WT-hN less complex neuritic networks (C and /) and a
[ hESC-ASST-hN shorter average neurite length (D and J) than their
*ok respective controls. **P < 0.01 by multiple analysis of
variance (MANOVA) and post hoc Tukey test (C and /)

or t test (D and J) (n = 70 to 78 individual neurons).
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the number of axonal varicosities per neurite length
were measured. (Scale bars: 10 pm.) **P < 0.01 by
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and glutamate—cysteine ligase catalytic subunit (GCLC), the first
and a rate-limiting step in the synthesis of glutathione, which are
critical components of the antioxidant response (22).

The Subcellular Localization of Nrf2 Is Disrupted in SNCA-A53T hNs.
To better understand the reason for the deficit in Nrf2 activation
on SNCA-AS53T hNs, we next assessed Nrf2 localization and
phosphoactivation. Under basal conditions, Nrf2 transcriptional
activity is inhibited by its association with Keapl, which pro-
motes ubiquitylation and degradation of Nrf2 protein (23). Un-
der conditions of oxidative stress, cysteine oxidation of Keapl
results in dissociation of this complex, stabilizing Nrf2 and per-
mitting translocation of Nrf2 to the nucleus, where it binds AREs
and activates the expression of genes involved in the antioxidant
response. In addition to redox-mediated dissociation of Nrf2
from Keapl, phosphorylation of Nrf2 at serine 40 by PKC has
been reported to directly inhibit Keap1/Nrf2 binding (24, 25). To
further understand the link between the antioxidant response
pathway and neurite pathology in our system, we next sought to
investigate the phosphorylation status and subcellular localiza-
tion of Nrf2. Whereas there was no significant difference in the
levels of total Nrf2 between SNCA-AS53T hNs and their isogenic
control lines in either hESC-derived or hiPSC-derived neurons,
there was a significant decrease in the levels of Nrf2-PSer40 in
SNCA-AS53T hNs relative to isogenic control lines (Fig. 4 4 and B).
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Fig. 3. SNCA-A53T hNs exhibit deficits in ARE activity coupled to increased
oxidative stress. (A and B) MitoSOX labeled SNCA-A53T hNs show increased
superoxide anion levels that are rescued by DMF treatment. (Scale bars:
10 pm). **P < 0.01 by multiple analysis of variance (MANOVA) and post hoc
Tukey test (n = 24 coverslips). Corr, corrected; FC, fold change; Veh, vehicle.
(C) Nrf2 transcriptional activity was assessed in SNCA-A53T and control hNs
by luciferase assay using an ARE-Luc reporter construct in the presence and
absence of DMF. **P < 0.01 by MANOVA and post hoc Tukey test (n = 6 cov-
erslips). n.s., not significant. Western blot analysis of Nrf2 target expression in
hiPSC-derived (D and E) and hESC-derived (F and G) hNs in the presence and
absence of DMF is illustrated. Data represent mean + SEM. **P < 0.01 by
MANOVA and post hoc Tukey test (n = 3 independent differentiations).

We next performed subcellular fractionations of hESC-derived
SNCA-WT and SNCA-AS53T hNs to assess the localization
of Nrf2. We performed Western blots of input, cytoplasmic,
and nuclear fractions using PIII-tubulin and histone H3 as
markers of the cytoplasmic and nuclear fractions, respectively
(Fig. 4C). Consistent with the decreased levels of Nrf2-PSer40,
there was significantly less Nrf2 in nuclear fractions isolated from
SNCA-AS3T hNs relative to SNCA-WT nuclei. This coincided
with the accumulation of a-syn protein in detergent-insoluble,
heat-stable deposits (SI Appendix, Fig. S1 F and G) and increased
baseline oxidative stress (Fig. 3 A and B) in SNCA-AS53T.

PKC is reported to phosphorylate Nrf2 at Ser40, leading to
dissociation of the Nrf2/Keapl complex and nuclear trans-
location of Nrf2 (25). Given previously published reports that
have suggested a-syn can interact with PKC by acting as a 14-3-
3-like adaptor protein, bringing PKC into close proximity with its
substrates (26), we hypothesized that a-syn mutation and sub-
sequent deposition into insoluble aggregates might disrupt this
interaction, leading to the loss of Nrf2 phosphorylation. We thus
performed a-syn immunoprecipitation from both hESC-derived
(Fig. 4D) and hiPSC-derived (SI Appendix, Fig. S44) SNCA-
AS3T hNs and assessed, the levels of bound PKC relative to
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isogenic controls. Indeed, both PKC and Nrf2 were detected on
immunoprecipitation of a-syn from control hNs, but binding to
both proteins was dramatically reduced in SNCA-AS53T neurons.
These data suggest that o-syn does indeed act as an adaptor
protein, bridging PKC and Nrf2, thereby facilitating Nrf2 acti-
vation. To test this hypothesis, we used the PKC activator
bryostatin to drive PKC activity in both control and SNCA-AS3T
hNs. If a-syn disrupts a functionally relevant interaction between
PKC and Nrf2, then PKC activation by bryostatin would induce
Nrf2 phosphorylation and subsequent ARE activation in control
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Fig. 4. «-Syn is required for activation of Nrf2 by PKC. (A and B) Western
blot analysis of lysates from hiPSC- and hESC-derived neurons probed for
total a-syn, Nrf2, Nrf2-Phospho-serine 40, or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) shows that SNCA-A53T hNs have lower levels of
Nrf2-Phospho-serine 40. Data represent mean + SEM. **P < 0.01 by t test
(n = 3 independent differentiations). Corr, corrected; FC, fold change; n.s.,
not significant. (C) hNs were subjected to nuclear versus cytosolic fraction-
ation, and protein was analyzed by Western blot. plll-tubulin (Blll-Tub) and
histone H3 were used as markers of cytoplasmic and nuclear fractions, re-
spectively. A53T hNs exhibit lower levels of nuclear Nrf2 relative to WT hNs.
C, cytoplasmic, [I; input; N, nuclear. (D) a-Syn or I9G was immunoprecipitated
from SNCA-A53T and WT lysates. Subsequent Western blot analysis for a-syn,
Nrf2, and PKC shows that in WT neurons, a-syn binds Nrf2 and PKC, while in
SNCA-A53T neurons, binding to a-syn is inhibited. (E and F) Western blot
analysis of lysates from hESC-derived neurons probed for total Nrf2, Nrf2-
Phospho-serine 40, or GAPDH following treatment with the PKC agonist
bryostatin (Bryo). Data represent mean + SEM. **P < 0.01 by t test (n =
3 independent differentiations). (G) Nrf2 transcriptional activity was assessed
in SNCA-A53T and control hNs by luciferase assay using an ARE-Luc reporter
construct in the presence and absence of bryostatin. **P < 0.01 by ANOVA
and post hoc Dunnett test against respective 0 nM controls (n = 6 in-
dependent differentiations).
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hNs but not in SNCA-AS3T hNs. As predicted, we found that
bryostatin induces Nrf2 phosphorylation (Fig. 4 £ and F) and
ARE reporter activation (Fig. 4G) in SNCA-WT hNs but not in
SNCA-AS53T hNs. Collectively, this suggests that mutation of
a-syn inhibits activation of the antioxidant response by disrupting
a-syn interaction with PKC, resulting in impaired phosphorylation
of Nrf2 and inhibition of Nrf2 nuclear translocation.

Forced Activation of the Antioxidant Response Rescues Neuritic
Defects in SNCA-A53T Neurons. Our bioinformatic analysis of
transcription factor binding motifs down-regulated in PD sug-
gests that deficits in neuritic length and complexity in AS53T
hNs may be linked to impairments in the antioxidant response.
To test this directly, we activated the antioxidant response by
overexpressing Nrf2 and reassessed axodendritic pathology.
Overexpression of Nrf2 in neurons overwhelms the Keapl deg-
radation machinery and leads to stabilization of Nrf2 protein
(27). We thus overexpressed Nrf2 or a GFP control in SNCA-
A53T and SNCA-WT hNs (Fig. 5 A-G). Overexpression of
Nrf2 in SNCA-AS53T hNs rescued both neuritic complexity (Fig.
5B) and total dendritic length (Fig. 5C). To determine if Nrf2
expression also rescued axonal neuropathology, we reassessed
axonal varicosities in hESC-derived hNs overexpressing either
GFP or Nrf2. Indeed, the increased number of varicosities pre-
viously observed in SNCA-A53T hNs was significantly reduced in
Nrf2-overexpressing neurons (Fig. 5 D-F), suggesting that forced
activation of the Nrf2 pathway rescues axonal pathology pre-
viously reported both in the brains of PD patients and in hiPSC-
derived hNs (12, 18, 28).

To determine whether a pharmacological approach to
Nrf2 activation could similarly rescue axodendritic pathology
in PD neurons, we again treated SNCA-WT and SNCA-AS53T
hNs with the Nrf2 activator DMF (20). We first confirmed the
effect of DMF treatment on Nrf2 degradation by measuring
Nrf2 protein levels and found DMF effectively blocked Nrf2
degradation in both SNCA-AS53T and control neurons (Fig. 5 G
and H). No effect on Nrf2 phosphorylation was observed fol-
lowing DMF treatment (Fig. 5 G and H), consistent with pre-
vious reports that DMF acts primarily by promoting Nrf2 stability
(20). Similarly, no significant effect on either total or PS129-
modified a-syn levels was observed following DMF treatment
(Fig. 5 G and H). We next assessed the effect of DMF-mediated
Nrf2 activation on axodendritic pathology. A Sholl analysis of
SNCA-WT and SNCA-AS3T hNs treated with DMF showed DMF
rescued both neuritic complexity (Fig. 5/) and total neurite length
(Fig. 5J), such that there was no significant difference between
DMF-treated SNCA-AS53T hNs and their isogenic WT counter-
parts. Finally, we labeled DMF-treated control and SNCA-AS3T
hNs for hyperphosphorylated Tau and examined axons for patho-
logical features. SNCA-A53T hNs exhibited greater numbers of
Tau-labeled varicosities than isogenic controls (Fig. 5 K and L), and
these were significantly reduced by DMF treatment. These data
provide direct evidence of a role for the antioxidant response
pathway and, more specifically, for Nrf2 activity in the maintenance
of neurite integrity.

Map1b Is a Nrf2 Transcriptional Target Whose Expression Regulates
Axodendritic Pathology in PD. We have shown SNCA-AS53T hNs
have neuritic deficits relative to their WT counterparts and that
this is due, at least in part, to decreased Nrf2 activity and, con-
sequently, loss of expression of antioxidant response genes. Our
GO analysis identified genes associated with the microtubule as a
prominent cluster in SNCA-A53T hNs and PD SNpc tissue (Fig.
6A4). We therefore assessed genes in this category that were
down-regulated in both SNCA-A53T hNs and PD SNpc and have
been attributed a role in axodendritic projection for their re-
sponsiveness to DMF (SI Appendix, Fig. S5 A-C). The most
consistent and significant change in expression upon DMF
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treatment was observed for Map1b (Fig. 6B and SI Appendix, Fig.
S54). Maplb is known to be an important regulator of both
axonal and dendritic growth and guidance (29), while Tau is
restricted to axons (10), and increased Tau expression is com-
monly associated with PD pathology (11, 12). Mapt is a known
target of Nrf2 (30) and was therefore an attractive candidate, but
confirmation of the expression profile results by qPCR indicated
no significant difference in expression between hiPSC-derived
(SI Appendix, Fig. S5B) and hESC-derived (SI Appendix, Fig.
S5C) SNCA-AS53T hNs relative to their isogenic controls.
Moreover, DMF treatment did not affect Mapt expression in
either system (SI Appendix, Fig. S5 B and C). Analysis of Maplb
expression by qPCR, however, confirmed a significant decrease
in Maplb messenger RNA levels in both hiPSC- and hESC-
derived SNCA-A53T hNs relative to their isogenic controls
(Figs. 11 and 6B). We therefore hypothesized that Map1b is a key
transcriptional target of Nrf2, whose expression is critically as-
sociated with DMF-mediated rescue of the axodendritic pa-
thologies observed in SNCA-AS53T hNs. To assess this, we
analyzed the Map1b locus for possible regulatory elements that
could link Maplb expression to the antioxidant pathway by
searching for putative ARE consensus sites. Our analysis focused
on the Map1b promoter (31) as well as on a putative enhancer
identified by ENCODE that spans the promoter, transcriptional
start site (TSS), first exon, and 5’ region of the first intron (Fig.
6C). We identified three putative AREs within this enhancer. To
confirm these were, in fact, Nrf2 binding sites, we performed
chromatin immunoprecipitation (ChIP) in a neuronal context
using an antibody against Nrf2. Since two of the ARE:s identified
were in close proximity (90 bp apart, 3 kb downstream from the
TSS), this region was treated as a single binding site for down-
stream analysis, while the third ARE was analyzed independently
(4 kb downstream from the TSS). We found that Nrf2 was in-
deed recruited to the more proximal AREs following treatment
with DMF (Fig. 6D). Moreover, the level of Nrf2 recruitment to
the Maplb ARE was similar to that of a previously identified
ARE in the GCLC locus (32, 33) (Fig. 6D), which served as a
positive control. Nrf2 did not bind the third, more distal ARE,
and it did not bind to an upstream negative control region devoid
of an ARE consensus site. Finally, to show directly that loss of
Nrf2 activity results in loss of Maplb gene expression, we silenced
NFE2L2 (Nrf2 gene) in a neural context (Fig. 6 E, Inset) and
measured the effect on Maplb gene expression (Fig. 6E). As
expected, the levels of MapIb expression were dramatically reduced
in ShNFE2L2 cells relative to short hairpin RNA-scrambled con-
trols, supporting a role for Nrf2 in transcriptional regulation of
Maplb expression.

In our final set of experiments, we sought to determine whether
restored expression of Maplb mechanistically explained the ability
of DMF to rescue axodendritic pathology in SNCA-A53T hNs. We
therefore overexpressed Maplb-GFP in these cells and repeated
the Sholl analysis. Indeed, Maplb overexpression rescued both
neurite length and complexity (Fig. 7.4-C). To determine if Map1b
expression also rescues axonal neuropathology, we labeled hiPSC-
derived hNs for Tau and measured the accumulation of Tau-
positive varicosities. The increase in the number of varicosities
previously observed in SNCA-AS53T hNs was significantly reduced
following Maplb overexpression in hiPSC-derived (Fig. 7D) and
hESC-derived (Fig. 7E) SNCA-AS3T hNs, suggesting that restored
Maplb expression rescues the pathological features previously
reported in the brains of both PD animal models and patients.
Taken together, our results show that Maplb expression is regu-
lated by Nrf2 via binding at an ARE within the first intron of the
gene, providing a direct link between the antioxidant response
pathway and maintenance of neurite length and complexity.
Moreover, our findings suggest that Maplb expression is lost in
both PD SN and SNCA-AS3T neurons and that forced expression
of Maplb rescues axodendritic pathology observed in these cells.
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Fig. 5. Forced activation of the antioxidant response rescues neuritic defects in SNCA-A53T neurons. (A) Nrf2-GFP or GFP alone was transfected into SNCA-
WT and SNCA-A53T hESC-derived hNs, and axodendritic pathology was assessed. (Scale bars: 10 pm.) (B) Sholl analysis showed that neuritic complexity was
rescued by forced NRF2 expression. Statistical analysis was performed using the area under the curve. Data represent mean + SEM. **P < 0.01 by multiple
analysis of variance (MANOVA) and post hoc Tukey test (n = 50 individual neurons). n.s., not significant. (C) Sholl analysis of total neurite length. **P < 0.01 by
MANOVA and post hoc Tukey test (n = 50 individual neurons). hNs from SNCA-WT (D) and SNCA-A53T (E) hESCs overexpressing Nrf2 or GFP were assessed for
axonal varicosities. (Scale bars: 10 um.) (F) Number of varicosities per neurite length was quantified. **P < 0.01 by MANOVA and post hoc Tukey test (n =
20 individual neurons). (G) Western blot analysis of lysates from hESC-derived neurons treated with either dimethyl sulfoxide (DMSO) or DMF were probed for
total Nrf2, Nrf2-Phospho-serine 40, total a-syn, a-syn-Phospho-serine 129, or glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Veh, vehicle. (H) Probed
lysates were quantified. The y-axis break from 4 to 12 permits visualization of pNrf2 relative to total Nrf2. FC, fold change. Data represent mean + SEM. a, b, ¢,
d =P < 0.01 by ANOVA and post hoc Dunnett test against respective WT-hN vehicle for each protein assessed (a = pNrf2, b = Nrf2, ¢ = pSyn, d = syn) (n =
3 independent differentiations). (/) Sholl analysis of SNCA-A53T and SNCA-WT hNs treated with DMSO (vehicle) or DMF showed that neuritic complexity was
rescued by DMF treatment. Statistical analysis was performed using the area under the curve. Data represent mean + SEM. **P < 0.01 by MANOVA and post
hoc Tukey test (n = 50 individual neurons). (J) Sholl analysis of total neurite length following DMF treatment. **P < 0.01 by MANOVA and post hoc Tukey test
(n =50 individual neurons). (K) SNCA-A53T and control hNs treated with DMF were assessed for Tau-PHF-positive axonal varicosities per neurite length. (Scale
bars: 10 pm.) (L) Quantification of Tau-positive varicosities per neurite length is presented. **P < 0.01 by MANOVA and post hoc Tukey test (n = 20 individual
neurons).
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Fig. 6. Map1b is a Nrf2 transcriptional target whose expression is lost in PD.
(A) Differentially expressed genes within both SNCA-A53T hNs and PD SN
were clustered for GO terms as described in Fig. 1F. After clustering, genes
associated with the Microtubule GO-Term were retained and fold changes
were visualized using Morpheus (Broad Institute). Corr, corrected. (B) gRT-
PCR analysis of Map1b expression in hiPSC-derived hNs following DMF
treatment. **P < 0.01 by t test (n = 3 independent differentiations). n.s., not
significant; Veh, vehicle. (C) Map1b promoter, TSS, and first intronic region
were identified using UCSC Genome Browser, and these regions were
screened for putative AREs using Multiple Sequence Local Alignment and
Visualization (MULAN). Identified (putative) AREs clustered within Map1b
Gene Enhancer and a representative schematic are depicted. Upst., up-
stream. (D) ChIP was performed using an antibody against Nrf2 and an
isotype-specific IgG as a negative control. A known ARE regulating GCLC
expression and an upstream genomic region devoid of AREs were used as
positive and negative controls, respectively. Data represent mean + SEM.
**P < 0.01 by multiple analysis of variance (MANOVA) and post hoc Tukey
test (n = 3 independent differentiations). (E) Differentiated neuronal cells
were lentivirally transformed with short hairpin RNA (shRNA) against
NFE2L2 (Nrf2 gene) or scramble control. (Inset) Western blot analysis of
Nrf2 protein levels was performed to confirm knockdown. qRT-PCR analysis
of Map1b expression showed that shNFE2L2-transformed neurons had re-
duced Map1b expression. Data represent mean + SEM. **P < 0.01 by ANOVA
and post hoc Dunnett test (n = 3 independent differentiations).

Discussion

Oxidative stress occurring as a result of dopamine metabolism,
mitochondrial dysfunction, and astrogliosis has been implicated
in the death of DA neurons in PD (34). It has remained unclear,
however, how sensitivity to oxidative stress is related to accumula-
tion of insoluble a-syn aggregates, which are commonly associated
with both idiopathic and familial cases of PD. Previous studies have
focused primarily on the relationship between a-syn and mito-
chondrial dysfunction. We have previously shown that accumula-
tion of a-syn oligomers promotes mitochondrial fragmentation
(17), while others have found that a-syn oligomers disrupt calcium
homeostasis, which also contributes to mitochondrial dysfunction
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(35-37). Our gene expression analysis of post mortem SN from PD
patient tissue and neurons derived from PD patient hiPSCs has
identified the antioxidant response pathway as a key hub of dif-
ferential gene expression between healthy and diseased cells. We
show here that activation of the antioxidant response is directly
inhibited by mutation of a-syn, specifically by disrupting its in-
teraction with PKC, which, in turn, prevents phosphorylation and
nuclear translocation of Nrf2. Moreover, our findings indicate that
aberrant accumulation of a-syn exacerbates the sensitivity of DA
neurons to oxidative stress, not only by promoting mitochondrial
dysfunction but, in parallel, by interfering with the Nrf2-mediated
antioxidant response. We find this loss of function to correlate
highly with accumulation of a-syn into insoluble aggregates. As
such, we would predict that other synucleinopathy-related genome
alterations such as SNCA-A30P, SNCA-E46K, and gene duplica-
tion or triplication would also result in loss of Nrf2 activity, as those
mutations similarly promote synuclein deposition into insoluble
aggregates (38, 39).

Several reports have now shown that hPSC models of PD
faithfully recapitulate neuropathology seen in human PD brains,
including accumulation of a-syn and reduced neurite length (15,
28, 40). In this study, we show that deficits in neurite length
occur, at least in part, as a result of decreases in the expression
level of Maplb. Importantly, we have established a direct link
between neurite integrity and the antioxidant response by iden-
tifying Maplb as a direct target of Nrf2, the master regulator of
this pathway. The role of Map1b in PD is not fully understood;
however, it has been shown to interact with a-syn as a component
of Lewy bodies (13) and is also a target for DJ-1 chaperone
activity (41). Conversely, it has also been shown to bind
leucine-rich repeat kinase 2 (LRRK2) and inhibits its activity.
When coexpressed with mutant LRRK2, Maplb rescued
LRRK2-mediated toxicity in a neuroblastoma cell line (42). In
our hPSC model, overexpression of Maplb or activation of its
expression by treatment with the Nrf2 activator DMF resulted in
rescue of neurite length deficits in A53T hNs. A recent study
reported the Mapt gene is also regulated by binding of Nrf2 to an
ARE within its first intron and that a single-nucleotide poly-
morphism associated with stronger Nrf2 binding results in in-
creased expression of Tau protein and reduced risk of
parkinsonian disorders (30). We examined Mapt in our system
and found that gene expression was not significantly affected by
the SNCA-AS53T mutation, and its expression was not induced by
treatment with the Nrf2 activator DMF. This discrepancy may
suggest a difference in chromatin accessibility between classes of
neurons, as the ChIP-sequencing data that identified Mapt as a
Nrf2 transcriptional target were not obtained from DA neurons.
Nevertheless, it is clear there is interplay between MAP ex-
pression and the antioxidant response, and that this interaction
merits additional study in light of the fundamental role played by
both of these factors in the pathogenesis of PD.

DMF is a Nrf2-activating compound with a history of safe use
in the treatment of multiple sclerosis and psoriasis under the
trade name Tecfidera (21, 43). DMF treatment results in S-
alkylation of Keapl, which destabilizes the Keapl/Nrf2 com-
plex (20). DMF also promotes nuclear export of the Nrf2
antagonist Bachl (44). These two parallel processes result in
increased Nrf2-mediated transcription of genes required for
the antioxidant response. Given the contribution of oxidative
stress to the pathogenesis of PD, there has been recent in-
terest in the repurposing of DMF as a therapeutic agent for
PD. Indeed, preclinical data indicate that it may hold promise in
this role. Recent studies have shown that DMF protects against
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, 6-hydroxydopamine,
and o-syn toxicities in mice (44-47). Importantly, all of these
studies demonstrated that Nrf2 was required for the therapeutic
effects of DMF. Our study shows that treatment with DMF rescues
axonal pathologies associated with PD in patient-derived hNs. Our
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Fig. 7. Increasing Map1b expression rescues axodendritic pathology in PD. (A-E)
Map1b-GFP or GFP alone was transfected into SNCA-A53T and control hNs.
Corr, corrected. (Scale bars: 10 pm.) (B) Sholl analysis performed in Neurolucida
showed that Map1b expression rescued neuritic defects in A53T hNs. Statistical
analysis was performed using the area under the curve. Data represent mean +
SEM. **P < 0.01 by multiple analysis of variance (MANOVA) and post hoc Tukey
test (n = 50 individual neurons). n.s., not significant. (C) Total dendritic length
was also assessed by Sholl analysis. **P < 0.01 by MANOVA and post hoc Tukey
test. (n = 50 individual neurons). SNCA-A53T and control hNs of hiPSC (D) and
hESC (E) origin overexpressing Map1b were assessed for axonal varicosities per
neurite length, and quantification is presented. **P < 0.01 by MANOVA and
post hoc Tukey test (n = 20 individual neurons).

work, in addition to that of other groups, highlights the therapeutic
potential for DMF in PD. Given that this drug has a track record of
safety in the treatment of multiple sclerosis and psoriasis, it is a
strong candidate for drug repurposing in the treatment of PD.

Materials and Methods

Extended experimental procedures are described in S/ Appendix, Materials
and Methods.

Reagents. All chemicals were purchased through Sigma-Aldrich, and all cell
culture reagents were obtained from Invitrogen, except where indicated.

Complementary DNA Constructs and Expression Vectors. Full-length MAP1B

fused to the GFP at the N terminus (MAP1B-GFP) was produced by PCR ampli-
fication of mouse MAP1B complementary DNA cloned into the pSVsport vector

14288 | www.phas.org/cgi/doi/10.1073/pnas. 1900576116

and subcloned into pEGFP-C1 (48). pcDNA3-EGFP-C4-Nrf2 and pcDNA3-Myc3-
Nrf2 were gifts from Yue Xiong, University of North Carolina, Chapel Hill, NC
(Addgene plasmid nos. 21549 and 21555) (49).

Cell Culture. With the exception of the WT BGO1 hESGs, the cell lines used in
this study were generated and kindly shared by Rudolf Jaenisch, Whitehead
Institute, Boston, MA (14). BGO1 hESCs were derived by BresaGen, Inc.
Genotypes of WT/corrected and A53T cell lines were confirmed by restriction
digest of genomic DNA, as previously described (14). The hiPSC and hESC
cultures were routinely cultured and maintained in our laboratory using a
protocol described previously (15). Differentiation of hiPSC and hESC cul-
tures into A9-type DA neurons was also performed as described previously
(50). More information is provided in S/ Appendix, Materials and Methods.

Neurite Analysis. Neurite analysis was performed on replated hPSC-derived
neurons at 50-60 d in vitro. Tracing was performed in Neurolucida 360
(MBF Bioscience), and Sholl analysis total neurite length and varicosities per
neurite length were calculated by Neurolucida 360. More information is
provided in S/ Appendix, Materials and Methods.

Gene Expression Analysis. Microarray data from untreated SNCA-A53T and
SNCA-corrected hNs (n = 3 experiments) were collected previously (15) using the
Microarray Gene Expression Platform with lllumina beadchip human-HT-12 v4
(data accessible at the National Center for Biotechnology Information [NCBI]
Gene Expression Omnibus [GEQ], accession no. GSE46798) (51). To identify
consistent changes to gene expression in PD, the SNCA-A53T hN differentially
expressed genes were queried against curated genomic profiles using lllumina’s
BaseSpace Correlation Engine software (previously known as NextBio Research)
to identify highly correlated PD-associated datasets (52). The gene expression
profile of SN from 8 sporadic PD patients (Braak a-syn stages 5 through 6) rel-
ative to 8 clinically normal controls (Braak a-syn stage 0) harvested post mortem
(NCBI GEO accession no. GSE49036) (53) was selected for further comparison
with the SNCA-A53T hN differentially expressed genes. Details of data analysis
using the BaseSpace Correlation Engine (52), GeneMania (54), and the Database
for Annotation, Visualization and Integrated Discovery (DAVID) v6.7 (55, 56) are
provided in S/ Appendix, Materials and Methods.

ChIP Assay. ChIP assays were performed using rabbit IgG or a rabbit anti-
Nrf2 antibody (Santa Cruz Biotechnology) as previously described (32). The
putative AREs within the Map7b enhancer that were amplified for de-
termination of Nrf2 binding can be found in S/ Appendix, Table S1. Levels of
enrichment (n-fold) were calculated using the comparative cycle threshold
method. For quantitative ChIP, the PCR assay was performed as described in
SI Appendix, Materials and Methods.

Luciferase Reporter Gene Assays. Cells were transfected with Lipofectamine
2000 (Invitrogen) in 24-well plates with a Nrf2 reporter (Addgene) along with
Renilla luciferase control vector or lentivirally infected with the same re-
porters. Cells were harvested and analyzed using a Dual-Glo Luciferase Assay
kit (Promega) following the manufacturer’s instructions. Firefly luciferase
activity was normalized to Renilla luciferase activity.

Immunocytochemistry and Fluorescence Analysis. Cells were fixed with 4%
paraformaldehyde for 20 min, washed once with phosphate-buffered saline
(PBS), and blocked with 3% bovine serum albumin and 0.3% Triton X-100 in
PBS for 30 min. Cells were incubated with primary antibody overnight, and
the appropriate Alexa Fluor (488, 594, 647)-conjugated secondary antibodies
from Thermo Life Technologies were used at 1:1,000 dilution. For MitoSOX
staining of superoxide anion, cells were loaded with 1.25 pM MitoSOX
(Thermo-Life Technologies) in media for 15 min at room temperature. Excess
dye was washed out with PBS. Cells were then processed as per the manu-
facturer’s protocol for visualization of differential fluorescence intensities.
Imaging was performed using an Axio-Observer microscope with light-
emitting diode-based illumination and optical sectioning by structured
illumination (Zeiss). Objectives used were plan-apochromat (APO) 40x/
1.4 oil differential interference contrast (DIC) visible-infrared or plan-APO
63x/1.4 oil DIC M27.

Protein Immunoprecipitation. For immunoprecipitation assays, protein lysate
from hiPSC- or hESC-derived neurons, was precleared overnight with Dynabeads.
Protease and phosphatase inhibitors (NaF, phenylmethylsulfonyl fluoride, NaV,
and aprotinin) were added to lysis buffers just before use. Protein concentra-
tion was determined using the Bio-Rad DC Protein assay. Samples were
subsequently incubated with Dyna Protein G magnetic beads (Invitrogen)
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conjugated to a-syn (BD Bioscience) or mouse-IgG (Santa Cruz Biotechnology)
antibody. Samples were subsequently centrifuged or placed on a magnetic
rack where appropriate. Proteins were eluted in either elution buffer (50 mM
glycine, pH 2.8) or boiled and subjected to sodium dodecyl sulfate/poly-
acrylamide gel electrophoresis (SDS/PAGE). Samples were then processed in
the same manner as for Western blots of whole-cell lysate.

Western Blot Analysis. Briefly, samples were separated on a 4 to 12% gradient
Bis-Tris SDS/PAGE gel and transferred onto 0.2 um of nitrocellulose. Mem-
branes probed with primary antibodies were used at a dilution of 1:1,000.
When donkey anti-mouse (1:2,000; BioRad) and anti-rabbit (1:2,000; BioRad)
horseradish peroxide-conjugated secondary antibodies were used, clarity
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