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GFP from the Golgi and the vacuole (Fig. 4B).
Further, in the presence of a-syn, NAB2 restored
trafficking of both substrates (Fig. 4, A and B).

In addition to specific substrates, bulk en-
dosomal transport from the plasma membrane
to the vacuole was perturbed by a-syn (Fig. 4C)
(7–9, 19). When FM4-64 was used to pulse-label
the endosomal pathway, after prolonged a-syn
expression the dye strongly colocalized with
a-syn inclusions and failed to reach the vacuole
(Fig. 4C). NAB2 fully restored endocytosis and
concomitantly reduced a-syn inclusions (Fig. 4C,
bottom). Thus, the ability of NAB to promote
Rsp5-dependent processes directly restored di-
verse cellular pathologies caused by a-syn, includ-
ing both ER-to-Golgi and endosomal trafficking
(Fig. 4D and fig. S8).

Rsp5/Nedd4 can ubiquitinatea-syn, andNedd4
localizes to LewyBodies in brain samples fromPD
patients (20). However, a-syn levels were not
altered by NAB2 in vivo (Fig. 1E). And when
tested in vitro, NAB2 did not affect the ubiquiti-
nation of a-syn and Sna3 by Rsp5 (fig. S13). As
noted, however, most of the complexities of Rsp5
in vivo activities have yet to be recapitulated in
vitro. Thus, NAB2 exemplifies the ability of un-
biased in vivo phenotypic screens to uncover chem-
ical probes that cannot be discovered through
simple target-based in vitro approaches. Likewise,
NAB2 chemical genetics identify a deeply rooted
biological node, Rsp5, that had not been identified
in previous overexpression or deletion screens. De-
spite their central role in protein homeostasis and
several human diseases, to date E3 ubiquitin ligases
are virtually untouched by biological probes, let
alone therapeutics.

The vesicular trafficking processes perturbed
by a-syn and promoted by NAB are fundamental
to all eukaryotic cells yet are particularly impor-
tant to neurons that rely heavily on efficient
synaptic vesicle dynamics and regulated neu-
rotransmitter release. Indeed, dysfunctional endo-
somal transport is emerging as a contributing
factor in a-syn pathology in human neurons.
Altered cell biology, post mortem pathology, and
human genetic risk factors all implicate altered
vesicular trafficking (4, 7–9, 19, 21–25). The
ability of NAB to promote endosomal trafficking
through Rsp5/Nedd4 and thus “reset” vesicle traf-
ficking homeostasis, in turn, rescued several other,
seemingly disparate, a-syn phenotypes. Identi-
fying such deeply rooted pathways that ramify to
affect multiple aspects of protein-folding pa-
thology may be critical for developing disease-
modifying therapies.
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Identification and Rescue of
a-Synuclein Toxicity in Parkinson
Patient–Derived Neurons
Chee Yeun Chung,1* Vikram Khurana,1,2* Pavan K. Auluck,1,3 Daniel F. Tardiff,1

Joseph R. Mazzulli,2 Frank Soldner,1 Valeriya Baru,1,4 Yali Lou,1,4 Yelena Freyzon,1 Sukhee Cho,5

Alison E. Mungenast,5 Julien Muffat,1 Maisam Mitalipova,1 Michael D. Pluth,6 Nathan T. Jui,6

Birgitt Schüle,7 Stephen J. Lippard,6 Li-Huei Tsai,4,5 Dimitri Krainc,2 Stephen L. Buchwald,6

Rudolf Jaenisch,1,8 Susan Lindquist1,4,8†

The induced pluripotent stem (iPS) cell field holds promise for in vitro disease modeling. However,
identifying innate cellular pathologies, particularly for age-related neurodegenerative diseases,
has been challenging. Here, we exploited mutation correction of iPS cells and conserved
proteotoxic mechanisms from yeast to humans to discover and reverse phenotypic responses to
a-synuclein (asyn), a key protein involved in Parkinson’s disease (PD). We generated cortical
neurons from iPS cells of patients harboring asyn mutations, who are at high risk of developing PD
dementia. Genetic modifiers from unbiased screens in a yeast model of asyn toxicity led to
identification of early pathogenic phenotypes in patient neurons. These included nitrosative stress,
accumulation of endoplasmic reticulum (ER)–associated degradation substrates, and ER stress.
A small molecule identified in a yeast screen (NAB2), and the ubiquitin ligase Nedd4 it affects,
reversed pathologic phenotypes in these neurons.

Neurodegenerative dementias are devastating
and incurable diseases for which we need
tractable cellular models to investigate pa-

thologies and discover therapeutics. Parkinson’s
disease dementia (PDD), a debilitating nonmotor
manifestation of Parkinson’s disease (PD), affects
as many as 80% of patients (1). The best patho-
logical correlate of PDD is neuron loss and path-
ological aggregation of a-synuclein (asyn) within

deep layers of the cerebral cortex (1). Contursi
kindred patients, who harbor an autosomal dom-
inant and highly penetrant Ala53→Thr53 (A53T)
mutation in asyn, manifest prominent PD and de-
mentia (2, 3). Induced pluripotent stem (iPS) cells
from a female member of this kindred (table S1)
have recently been mutation-corrected to control
for genetic background effects (4). To establish a
model for cortical synucleinopathy, we differentiated
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two pairs of subclones from these lines (fig. S1) into
cortical neurons (see supplementary materials and
methods and figs. S2 and S3).

Over 12 weeks of differentiation, cultures con-
sisted primarily of excitatory glutamatergic neu-
ronsmixedwith glia (figs. S2, C to E, and S3). To
identify neurons, we infected neural precursors
before differentiationwith lentiviruses expressing
enhanced yellow fluorescent protein or red fluo-
rescent protein (RFP) under the control of the
synapsin promoter (fig. S2G). When cocultured,
A53T and corrected neurons were electrically
active at 8 weeks of differentiation. They exhib-
ited similar calcium fluxes and electrophysiolo-
gy (fig. S2, H and I). The majority of neurons
were immunopositive for Tbr1, a transcription
factor indicating developing deep cortical layers
(fig. S2E) (5). asyn was robustly expressed, but
only after neuronal differentiation (fig. S2, C to
F). In neuronal processes, asyn was both cyto-
plasmic and punctate (fig. S2, C to E). Thus, these
cells provide a relevant substrate for examining
early asyn-related cortical pathologies.

It has been difficult to establish neurodegen-
erative phenotypes in iPS cell–derived neurons
that can be solely attributable to disease-causing
genetic mutations. Previous studies accelerated
degenerative phenotypes with toxins such as
oxidative stressors (6–8). In addition, inconsistent
differentiation precludes these cells from being
used in high-throughput screening. To address
these problems, we turned to a yeast platform in
which asyn-expression results in toxicity (9, 10)
and disease-relevant phenotypes, including focal
accumulation of asyn, mitochondrial dysfunc-
tion, asyn-mediated vesicle trafficking defects,
links to genetic and environmental risk factors,
and sensitivity to asyn dosage (9–12). We rea-
soned that unbiased genetic analysis in this sys-
tem could guide discovery of innate pathological
phenotypes.

Previous unbiased yeast genetic screens, en-
compassing 85% of the yeast proteome, identi-
fied robust modifiers of asyn toxicity (9, 12). We
first tested Fzf1, a transcriptional regulator of
nitrosative stress responses (13) that suppressed
asyn toxicity in yeast (Fig. 1A). Nitrosative stress
is caused by nitric oxide (NO) and related redox
forms. Though it is not known if there is a direct
causal connection between nitrosative stress and

asyn toxicity, the nitration of tyrosine residues
is increased in postmortem brain samples from
synucleinopathy patients (14, 15).

To determine if nitrative damage occurs to
yeast proteins in direct response to asyn, we took
advantage of an antibody to nitrotyrosine. In yeast,
this antibody exhibited minimal background in
control strains, allowing us to detect intense pro-
tein nitration that was tightly dependent on asyn
dosage (Fig. 1B). Nitration was a highly specific
response to asyn toxicity and was not observed
with other neurodegenerative disease proteins
expressed at equally toxic levels, including amyloid
b peptide, TDP-43, polyQ-expanded Huntingtin,
and Fus (Fig. 1B).

Expression of Fzf1 strongly decreased protein
nitration induced by asyn (Fig. 1C). Next, we asked
if asyn toxicity could be tuned by altering the pro-
duction of NO. In yeast, NO levels are regulated by
switching between distinct isoforms of mitochon-
drial cytochrome c oxidase (COX5): Deletion of
COX5A increases NO; deletion of COX5B de-
creases it (16). Indeed, these manipulations in-
creased and decreased nitrotyrosine levels in
response to asyn (Fig. 1D). Toxicity increased and
decreased commensurately (Fig. 1E). Thus, in
yeast, nitrosative stress is not simply a consequence
of asyn toxicity but also contributes to toxicity.

To investigate a connection between asyn
and nitrosative stress in neurons, we employed
FL2, a copper and fluorescein–based NO sensor
(17). We optimized the use of FL2 with rat primary
cortical cultures (fig. S4), a neuronal synucleinopathy
model. Overexpression of asyn increased the FL2
signal, with a perinuclear distribution in the cell
body (Fig. 2A, top) that partially colocalized with
the endoplasmic reticulum (ER) (Fig. 2A, bottom).
High density of processes and mixed cell types
hindered intensity measurements outside of well-
defined neuronal cell bodies.

Having optimized the FL2 assay in rat neu-
rons, we turned to our Parkinson patient–derived
cortical neurons at 8 weeks of differentiation. Two
isogenic pairs of A53T and mutation-corrected
neurons were differentiated in parallel and labeled
with synapsin-RFP (fig. S2G). Intraneuronal FL2
signals increased in A53T neurons relative to cor-
rected neurons, again most readily visualized in
the cell body (Fig. 2B, top). As in rodent neurons,
we observed partial colocalization of this signal
with an ERmarker (Fig. 2B, bottom). Cytoplasmic
nitrotyrosine staining also accumulated in mutant
neurons compared with corrected neurons (Fig.
2C). Similarly, cytoplasmic nitrotyrosine staining
was prominent in neurons and neuropil of the
postmortem frontal cortex from another patient

1Whitehead Institute for Biomedical Research, Cambridge, MA
02142, USA. 2Department of Neurology, Massachusetts Gen-
eral Hospital and Harvard Medical School, Boston, MA 02114,
USA. 3Department of Pathology (Neuropathology), Massachu-
setts General Hospital and Harvard Medical School, Boston, MA
02114, USA. 4Howard Hughes Medical Institute, Department
of Biology, Massachusetts Institute of Technology, Cambridge,
MA, USA. 5The Picower Institute for Learning and Memory,
Department of Brain and Cognitive Sciences, Massachusetts
Institute of Technology, Cambridge, MA 02139, USA. 6Depart-
ment of Chemistry, Massachusetts Institute of Technology, Cam-
bridge, MA 02139, USA. 7The Parkinson’s Institute, Sunnyvale, CA
94085,USA. 8Department of Biology, Massachusetts Institute
of Technology, Cambridge, MA, USA.

*These authors contributed equally to this work.
†Corresponding author. E-mail: lindquist_admin@wi.mit.
edu

Fig. 1. A specific link betweenasyn toxicity and nitrosative stress is identified in yeast. (A) Fzf1
overexpression reduces asyn toxicity in yeast (IntTox), measured by growth of serially diluted yeast. GFP,
green fluorescent protein; Glc, glucose. (B) Protein nitration levels were measured by immunoblotting for
3-nitrotyrosine (3-NT). Strains expressing low (NoTox), intermediate (IntTox), and high (HiTox) levels
of asyn were analyzed (11). Neurodegeneration-related models with equivalent toxicity [expressing
Ab (b-amyloid peptide), Htt72Q (Huntingtin exon 1 with 72 glutamines), or Fus] were not similarly affected.
PGK, phosphoglycerate kinase. (C) Fzf1 expression reduced asyn-induced increase in nitration. (D and E)
NO-increasing deletion of Cox5A (DCox5A) increased protein nitration levels, whereas the NO-decreasing
Cox5B deletion (DCox5B) reduced protein nitration levels (D). Toxicity was determined by flow cytometry
with propidium iodide (PI)–stained cells (E). Data are represented as mean T SEM (error bars). ***P < 0.001
[one-way analysis of variance (ANOVA) with Bonferroni post hoc test]. WT, wild type.
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Fig. 2. Nitrosative stress is implicated in rat and
human iPS neuron synucleinopathymodels and in the
brain of a patient harboring the A53T asyn mutation.
(A) Primary rat cortical cultures were infected with adeno-
associated virus 2 (AAV2) mKate2 or A53T asyn-mKate2
(synapsin promoter). Cells were loaded with FL2 and live-
imaged with a confocal microscope (dashed circles denote
neuronal soma). Perinuclear FL2 signal partially colocalized
with ER tracker in rat neurons. (B and C) Increased NO
(FL2) and 3-NT levels in human asynA53T iPS neurons at
8 weeks. For the FL2 experiment (B), neural progenitors
were transduced with lentivirus-RFP (synapsin promoter) to mark neurons. CORR, mutation-corrected neurons. (D) Postmortem frontal cortex from a patient
harboring A53T mutation exhibited increased 3-NT immunoreactivity. Arrows indicate cells immunopositive for 3-NT. All data are represented as mean T SEM.
*P < 0.05; ***P < 0.001 (two-tail t test).

Fig. 3. Accumulation of ERAD substrates in patient cortical
neurons is reversed by synoviolin. (A and B) Cortical iPS neurons
from asynA53T (A1, A2), asyncorrected (C1, C2), and asyntriplication

(S3) patients and a male human embryonic stem cell line (BGO1)
were harvested at 8 to 12 weeks. ER or post-ER forms were dis-
tinguished on the basis of sensitivity to endoglycosidase H (Endo H)
in GCase, nicastrin, and neuroserpin (Nrspn) [n = 4 to 6 replicates,
two-tail t test compared with control (Contl) samples at each time
point]. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (C) ER
forms of GCase also accumulated in the postmortem cortex from
the A53T patient. (D) Coexpression of Hrd1 or its mammalian homo-
log, synoviolin, reduced asyn toxicity in yeast and rat cortical neurons. Rat
cultures were transduced by lentivirus encoding synoviolin with varying mul-
tiplicity of infection (MOI) and cotransduced with lenti-asynA53T or lenti-
LacZ. Cellular adenosine triphosphate (ATP) content was measured (one-way
ANOVA with Bonferroni post hoc test). (E) Lentiviral transduction of synoviolin

reduced accumulation of ER forms of GCase and nicastrin in asynA53T iPS
cortical neurons at 8 to 12 weeks. Baseline PD levels were equated to the
percentage of control established in Fig. 3 to depict biological importance of
the change. All data are represented as mean T SEM. *P < 0.05; **P < 0.01;
***P < 0.001.
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in the same kindred (18), but not in control brain
samples (Fig. 2D).

The yeast synucleinopathymodel exhibits ER
stress, ER-associated degradation (ERAD) sub-
strate accumulation, and defective trafficking from
the ER to Golgi (12). ER stress has also been de-
scribed in a mouse synucleinopathymodel (19). Be-
cause NO was visualized in the vicinity of the ER
in neurons (Fig. 2), we asked whether modulating
NO levels modulates ER stress. Indeed, manipu-
latingCOX5 isoforms to increase and decreaseNO
levels commensurately altered the unfolded pro-
tein response (fig. S5A) and the ER accumulation
of carboxypeptidase Y (CPY) (fig. S5B), a well-
characterized ERAD substrate that traffics between
the ER and vacuole (12). This required the pres-
ence of asyn (fig. S5A), implying a connection
between nitrosative and ER stress in the context
of asyn toxicity. Correspondingly, two hallmarks
of ER stress—protein disulfide isomerase and
binding immunoglobulin protein—increased at
12 weeks of differentiation in the A53T neurons
compared with corrected cells (fig. S5C). Levels of
CHOP (CCAAT enhancer-binding protein homol-
ogous protein), a component of ER stress-induced
apoptosis, did not change (fig. S5C), indicating
that cellular pathology was still at an early stage.

Next, we assessed the accumulation and traf-
ficking of three ERAD substrates implicated in
neurodegeneration: glucocerebrosidase (GCase),
neuroserpin, and nicastrin (20). GCase mutations
are common risk factors for PD and confer risk
for cognitive impairment in this disease (21).

GCase accumulates in the ER of cultured cells
overexpressing asyn (22). ER forms of GCase
and nicastrin accumulated, and the ratio of post-
ER–to–ER forms declined in A53T compared
with mutation-corrected patient neurons starting
at 4 weeks (Fig. 3, A and B, and fig. S6, A to C).
Neuroserpin was not affected at the time points
we examined (Fig. 3,A andB, and fig. S6,A toC).
Levels of neuron-specific markers were unaffected
(Fig. 3A and fig. S6C). These findings were con-
sistent in multiple rounds of differentiation and
robust-to-distinct differentiation protocols (fig. S6C).
Phenotypes were not present in the undifferen-
tiated iPS cell lines (fig. S6D). Thus, ERADdysfunc-
tion is an early and progressive cellular phenotype
in response to mutated asyn in patient neurons.

The increase in the ER form of GCase and the
decrease in the post-ER–to–ER ratio were reca-
pitulated in the brain of an A53T patient (Fig. 3C
and fig. S7B). Cortices from sporadic PD sam-
ples exhibited the same trend (fig. S7). We also
analyzed cortical neurons generated from the iPS
cells of a male patient of the Iowa kindred. This
patient harbored a triplication of the wild-type asyn
gene and manifested aggressive dementia, in addi-
tion to parkinsonism (table S1). Aged cortical neu-
rons generated from the male human embryonic
stem cell lineBG01 (23) served as a control. ERAD
substrates accumulated (Fig. 3A and fig. S6B) and
ER stress increased (fig. S5C) in neurons from this
patient, closely phenocopying A53T cells.

Another suppressor of asyn toxicity recovered
in the yeast screen was Hrd1 (Fig. 3D, left) (9).

Hrd1 is a highly conserved E3 ubiquitin ligase
(synoviolin-1 or Syvn1 in humans) that plays a
critical role in ERAD from yeast to human. In
primary rat cortical neurons, lentiviral expression of
Syvn1 rescued asyn toxicity in a dose-dependent
manner (Fig. 3D, right). Syvn1also reducednicastrin
and GCase accumulation in the ER of the A53T
patient cortical neurons (Fig. 3E).

Next, we tested the ability of NAB2 (24) to
rescue the pathological phenotypes we discovered
here in both yeast cells and PD neurons. NAB2, an
N-arylbenzimidazole, was recovered in a yeast
screen of more than 180,000 small molecules and
rescues asyn toxicity in yeast by activating the
Rsp5-Nedd4 pathway (24). This protein is another
highly conserved ubiquitin ligase and plays a key
role in regulating vesicle trafficking (25, 26). NAB2
reduced protein nitration in the yeast synuclein-
opathy model (Fig. 4A) and decreased NO levels
inA53T patient neurons (Fig. 4B).Moreover, NAB2
reduced the accumulation of immature ER forms
of CPY in yeast (Fig. 4A). This molecule increased
the post-ER forms and decreased the immature
forms of nicastrin andGCase in PD patient neurons
(Fig. 4C and fig. S8). Furthermore, NAB2 analogs
that were inactive in yeast (24) were also inactive in
human neurons (fig. S9). Connecting NAB2 back
to the ubiquitin ligase, we used a lentivirus to over-
expressNedd4. This phenocopied the effects of the
compound, increasing themature forms of nicastrin
and GCase (Fig. 4D).

Conserved biology in a cross-species cellular dis-
covery platform, as described here, enabled the

Fig. 4. A small-molecule modifier, identified in an unbiased yeast
screen, and its target correct analogous defects in yeast and patient
neurons. (A) NAB2 ameliorates asyn-induced ER accumulation of CPY and
nitrosative stress in the yeast model. (B) NAB2 (5 mM) decreases nitric oxide
(FL2) levels in asynA53T iPS neurons labeled with synapsin-RFP. DMSO, dimethyl
sulfoxide. (C) NAB2 increases post-ER forms of and ameliorates the ER accu-

mulation of GCase and nicastrin in asynA53T iPS neurons. (D) Lentiviral delivery
of Nedd4 phenocopies the NAB2 treatment, increasing mature forms of GCase
and nicastrin. Baseline PD levels were equated to the percentage of control
established in Fig. 3. All data are represented as mean T SEM; n.s., not sig-
nificant. *P < 0.05; **P < 0.01; ***P < 0.001 (two-tail t test compared with
control condition).
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discovery of innate pathologic phenotypes in neu-
rons derived from patients with PD. It also enabled
the identification of genes and small molecules
that reverted these phenotypes (24) (fig. S10). A
similar approach might be useful in the study of
other PD-relevant phenotypes identified in yeast,
including mitochondrial dysfunction and per-
turbedmetal-ion homeostasis (9, 11). The existence
of other yeast models of neurodegenerative dis-
eases suggests that this approach may also be
generalizable to other diseases (11, 27, 28).
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The Human Language–Associated
Gene SRPX2 Regulates Synapse
Formation and Vocalization in Mice
G. M. Sia,1,2 R. L. Clem,3 R. L. Huganir1,2*

Synapse formation in the developing brain depends on the coordinated activity of synaptogenic
proteins, some of which have been implicated in a number of neurodevelopmental disorders.
Here, we show that the sushi repeat–containing protein X-linked 2 (SRPX2) gene encodes a protein
that promotes synaptogenesis in the cerebral cortex. In humans, SRPX2 is an epilepsy- and
language-associated gene that is a target of the foxhead box protein P2 (FoxP2) transcription
factor. We also show that FoxP2 modulates synapse formation through regulating SRPX2 levels
and that SRPX2 reduction impairs development of ultrasonic vocalization in mice. Our results
suggest FoxP2 modulates the development of neural circuits through regulating synaptogenesis and
that SRPX2 is a synaptogenic factor that plays a role in the pathogenesis of language disorders.

Synapse formation is an essential process
during brain development that is coordi-
nated bymanymembrane and secreted pro-

teins (1–5). Proper development of neural circuitry
is required for brain function, and mutations in
synaptogenic genes have been linked to many cog-

nitive diseases, including autism, schizophrenia, and
mental retardation (6–8). Although a number of pro-
teins have been shown to modulate synaptogenesis,
no single gene knockout has been shown to com-
pletely ablate the formation of any major class
of synapses, suggesting that the brain may use
many proteins to regulate this process. To search
for synaptogenic factors, we embarked on a high-
throughput overexpression screen for human genes
encoding membrane and secreted proteins that
mediate synaptogenesis in the central nervous
system.We identified sushi repeat–containing pro-
tein X-linked (SRPX2) as a secreted protein that
modulates synapse density in dissociated hippo-

campal neurons. The SRPX2 gene is mutated in
human patients suffering from rolandic (sylvian)
epilepsy with associated oral and speech dyspraxia
(9) and is a target of theFoxP2 gene (10), suggesting
that SRPX2may be involved in neural connectivity
and language in humans. Although sushi domain
proteins, also known as complement control protein
(CCP) domain proteins, function as regulators of the
immune system in vertebrates (11), they also reg-
ulate neuronal development inC. elegans (12) and
Drosophila (13, 14).We therefore decided to further
examine the role of SRPX2 in synapse formation.

To verify that SRPX2 controls synapse den-
sity, we overexpressed rat and human SRPX2
genes in dissociated rat cortical cells. Overexpres-
sion of SRPX2 caused an increase in the density
of vesicular glutamate transporter 1 (VGlut1) and
PSD-95 puncta on the neurons while leaving the
density of inhibitory synaptic markers vesicular
g-aminobutyric acid (GABA) transporter (VGAT)
and gephyrin unchanged (Fig. 1, A and B). Den-
dritic morphology was unaffected by SRPX2 over-
expression (fig. S3A). Both human and rat SRPX2
genes are capable of increasing spine density when
overexpressed (Fig. 1C). Thus, SRPX2 overexpres-
sion increases the density of excitatory synapses
and spines in vitro without an effect on inhibitory
synapse formation.

SRPX2 mRNA is found in neurons in multiple
brain regions, including the cerebral cortex and
hippocampus (9, 15). To further characterize the
expression and localization of SRPX2 at the pro-
tein level, we generated an antibody against SRPX2
and used it to perform immunocytochemistry on
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