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Numerous genes whose mutations cause, or increase the risk of,
Parkinson’s disease (PD) have been identified. An inactivating mu-
tation (R258Q) in the Sac inositol phosphatase domain of synapto-
janin 1 (SJ1/PARK20), a phosphoinositide phosphatase implicated
in synaptic vesicle recycling, results in PD. The gene encoding Sac2/
INPP5F, another Sac domain-containing protein, is located within a
PD risk locus identified by genome-wide association studies.
Knock-In mice carrying the SJ1 patient mutation (SJ17KI) exhibit
PD features, while Sac2 knockout mice (Sac2KO) do not have ob-
vious neurologic defects. We report a “synthetic” effect of the SJ1
mutation and the KO of Sac2 in mice. Most mice with both muta-
tions died perinatally. The occasional survivors had stunted
growth, died within 3 wk, and showed abnormalities of striatal
dopaminergic nerve terminals at an earlier stage than SJ1R2KI
mice. The abnormal accumulation of endocytic factors observed
at synapses of cultured SJ1"?KI neurons was more severe in
double-mutant neurons. Our results suggest that SJ1 and Sac2
have partially overlapping functions and are consistent with a
potential role of Sac2 as a PD risk gene.
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ynaptojanin 1 (SJ1), also known as PARK20, is a phosphoi-

nositide phosphatase concentrated at synapses implicated in
endocytic membrane traffic. SJ1 dephosphorylates PI(4,5)P, on
endocytic membranes via the sequential action of two tandemly
arranged inositol phosphatase modules: a central 5-phosphatase
domain and an N-terminal Sac phosphatase domain (Fig. 14).
The latter functions primarily as a 4-phosphatase domain, al-
though it can also dephosphorylate PI3P and PI(3,5)P, in addi-
tion to PI4P in vitro (1).

Full loss-of-function mutations of the SJ1 gene result in early
postnatal lethality in both mice and humans (2-4). In contrast, a
homozygous missense R > Q mutation at amino acid position
258 within the Sac domain of SJ1 (a highly conserved amino acid
position) is responsible for early-onset Parkinsonism (EOP) with
epilepsy, leading to the naming of SJ1 as PARK20 (5-7).

The well-established main function of SJ1 is to participate in
clathrin uncoating during the endocytic recycling of synaptic
vesicles. SJ1 recruitment to endocytic pits by endophilin is re-
quired for dissociation of the PI(4,5)P,-dependent interaction of
the clathrin adaptors with the membrane (8-11). Such action
cooperates in uncoating with the disassembly of the clathrin
lattice mediated by the AAA ATPase HSC70 and its synaptically
enriched cofactor auxilin (12, 13). Interestingly, loss-of-function
mutations in auxilin (PARK19) also result in EOP with epilepsy
(14-16). These observations support a link between dysfunction
in clathrin-mediated budding and EOP.

We previously showed that the R258Q mutation abolishes the
activity of the Sac phosphatase domain of SJ1 without affecting
the activity of its 5-phosphatase domain (5). We also generated
homozygous knock-in (KI) mice (SJ1R°KI mice) that carry the
patient mutation and have neurologic manifestations reminiscent
of those of human patients (17). Functional and microscopic
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analysis of cultured neurons and brain tissue of these mice
demonstrated defects in synaptic vesicle recycling and dystrophic
changes selectively in nerve terminals of dopaminergic neurons
in the striatum (17). Levels of auxilin (PARK19) and other
endocytic factors were abnormally increased in the brains of such
mice (17). In addition, levels of the PD gene parkin (PARK2)
were strikingly elevated (17), strengthening the evidence for
a functional partnership among endophilin, SJ1, and parkin
reported by previous studies (18-20).

Most interestingly, the intronic SNP rs117896735 located
within the gene encoding Sac2/INPPSF, another protein con-
ttaining a Sac domain that functions primarily as a PI4P 4-
phosphatase (Fig. 14) (21, 22), was identified as a risk locus in
PD by genome-wide association studies (23, 24). Sac2 has been
implicated in the endocytic pathway via its interaction with Rab5
and, like SJ1, is preferentially expressed in the nervous system
(21, 22). These findings raise the hypothesis that the Sac domains
of SJ1 and Sac2 may have some overlapping functions in the
down-regulation of a same phosphoinositide pool on membranes
of the endocytic pathway at synapses. Here we used mouse ge-
netics to explore this possibility. We report the occurrence of a
strong synthetic effect at both the organismal level and the
synaptic level of the Sac2 null mutation and of the EOP mutation
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Fig. 1. Genetic interaction between SJ1 and Sac2/INPP5F. (A) Domain
structures of SJ1 and Sac2. Sad/4-Ptase, 4-phosphatase domain; 5-Ptase,
5-phosphatase domain; RRM, RNA recognition motif; PRD, proline-rich do-
main; PH, pleckstrin homology. (B) Survival curves of mice with indicated
genotypes. Numbers of animals are indicated in parentheses. (C) Littermate
mice at P15. The $ac2KO/SJ1R9KI shown is one of the few survivors at
this age.

in the Sac domain of SJ1. Our results support the identification
of Sac2/INPPSF as the gene product responsible for the PD risk
at SNP 15117896735 and corroborate evidence of a link between
impaired endocytic flow at synapses and EOP.

Results

Synthetic Effect of SJ1 and Sac2 Mutations on Mice Survival. Sac2KO
mice do not have an obvious pathological neurologic phenotype
(25). Although SJ1ROKI mice are neurologically impaired and ex-
perience seizures, approximately 60% of them can reach adulthood
(17). Mating of Sac2KO mice (26) to SJ1RKI mice (17) to gen-
erate animals homozygous for both mutations revealed a striking
genetic interaction between Sac2 and SJ1. Sac2KO/SJ1ROKI
double-mutant mice were born with Mendelian ratio (SI Appendix,
Fig. S14) but had a dramatically shorter lifespan than SJ1R°KI
mice (Fig. 1B). Most of them died within 24 h after birth, a few
survived for a few days but failed to thrive, and the remainder
died before weaning within 3 wk (Fig. 1 B and C). The Sac2 gene
is adjacent to the Bag3 gene in both humans and mice, raising
the possibility that a PD-relevant SNP found in the Sac2 gene
(23) might affect the expression of Bag3, a protein reported to
impact synuclein clearance (27). However, brain levels of Bag3
were normal in the Sac2KO mice used for this study (SI Ap-
pendix, Fig. S1B).

The striking synthetic effect of the lack of Sac2 with the
inactivating mutation in the Sac domain of SJ1 raise the possi-
bility that that Sac2 may have some overlapping function with
SJ1. Therefore, it was of interest to determine whether a pool of
Sac2 is present in axon terminals and is associated with endocytic
structures. Available anti-Sac2 antibodies did not reveal a reli-
able immunoreactivity in either brain tissue or neuronal cultures
despite the reported enrichment of Sac2 in brain (22). Thus, we
expressed GFP-Sac2 in WT cultured hippocampal neurons using
either a lentivirus vector or a calcium-phosphate transfection.
GFP-Sac2 had a diffuse and broad distribution throughout
neurons, including axon and axon terminals, which were visual-
ized by anti-synaptophysin immunostaining (SI Appendix, Fig.
S2) or mCherry-Rab3 overexpression (Fig. 24). Furthermore,
when GFP-Sac2, which displays properties of a Rab5 effector
(21, 22), was coexpressed with mRFP-Rab5, a striking re-
cruitment of GFP-Sac2 to mRFP-Rab5—positive structures was
observed in axons (Fig. 2B). Most likely, the diffuse cytosolic
localization in the absence of mRFP-Rab5 overexpression is due
to saturation of endogenous Rab5. This cytosolic pool of GFP-
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Sac2 was not abolished by expression of mCherry-Rab3. These
results suggest the plausibility of overlapping roles of Sac2 and
SJ1 in nerve terminals.

Accumulation of Endocytic Factors in Axon Terminals of SJ*?KI Neurons
Is Enhanced by the Absence of Sac2. We previously reported the
occurrence of a very robust exaggerated accumulation of endocytic
factors, including clathrin coat components and their endocytic
accessory factors, such as amphiphysin and auxilin, in nerve ter-
minals of SJ1RKI neurons both in situ (in all of several brain
regions examined) and in neuronal cultures (17). Most likely, this
abnormal accumulation of endocytic factors at synapses reflects
their impaired shedding from membranes due to the lack of PI4P
dephosphorylation by the Sac domain of SJ1, with a resulting
accumulation of PI4P.

We performed a similar analysis on neuronal cortical cultures
of WT, Sac2KO, SJ1*KI, and Sac2KO/SJ1*KI mice. No such
accumulation/clustering was observed in nerve terminals of Sac2KO
neurons relative to controls (Fig. 3); however, in Sac2KO/SJ1RKI
neurons, accumulation of amphiphysin 2, clathrin light chain
(CLC), auxilin, and SJ1 itself was strongly more pronounced than
in ST1RKI neurons, corroborating evidence for a S}{nthetic effect
of the two mutations (Fig. 3). As in the case of SJ1R°KI neurons
(17), the enhanced presynaptic accumulation of endocytic factors
observed in double-mutant cultured cortical neurons was more
pronounced at inhibitory than at excitatory presynaptic terminals,
as detected by immunolabeling for vGAT and vGlut1, respectively
(SI Appendix, Fig. S3).

Since previous studies of Sac2 had revealed that pools of this
protein are localized on several endocytic compartments (21,
22), we also analyzed the distribution of EEA1 (early endosomal
marker) and LAMP1 (lysosome marker) in cultured cortical
neurons of WT, Sac2ZKO, ST1RKI, and Sac2KO/ST1RKI mice.
However, no obvious difference for any of these markers was
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Fig. 2. GFP-Sac2 is present in axons and axon terminals. (A and B) Cultured
WT hippocampal neurons were cotransfected with GFP-Sac2 and either
mCherry-Rab3 (marker of axons) (A) or mRFP-Rab5 (B) at DIV8 and imaged at
DIV14. The micrographs at the right show the areas bracketed by rectangles
in the main fields at high magnification. In these enlargements, note the
presence of a cytosolic axonal pool of Sac2 in mCherry-Rab3-expressing cells,
while in cells expressing mRFP-Rab5, the cytosolic pool of GFP-Sac2 has
relocalized to mRFP-Rab5-positive structures. (Scale bar: 20 ym; 5 pm for
enlarged images.)
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Fig. 3. The absence of Sac2 enhances the abnormal accumulation of endocytic factors observed at SJ172KI synapses. (Left) Representative images showing
immunoreactivity for amphiphysin 2, CLC, auxilin, and SJ1 in DIV16 to 21 cultured cortical neurons from the genotypes indicated. (Scale bar: 10 um.) (Right)
Quantification of the synaptic clustering of each endocytic protein shown in the left panel. Amphiphysin 2: WT, n = 39; Sac2KO, n = 43; SJ1RKI, n = 38;
5ac2K0/SJ1R2KI, n = 51 (from five independent experiments). CLC: WT, n = 36; Sac2KO, n = 34; SJ1R2KI, n = 32; Sac2KO/SJ1R2KI, n = 34 (from three in-
dependent experiments). Auxilin: WT, n = 27; Sac2KO, n = 20; SJ1RQKI, n = 29; Sac2KO/SJ1R2KI, n = 35 (from three independent experiments). SJ1: WT, n = 25;
Sac2KO, n = 22; SJ1RKI, n = 28; Sac2KO/5J172KI, n = 24 (from three independent experiments). Data are represented as mean + SEM. N.S., not significant;
*P < 0.05; **P < 0.01 by ANOVA and Tukey’s post hoc test. Asterisks at the bottom of the bars represent the significance compared with control.

observed among the different genotypes, and clusters of
amphiphysin 2 did not colocalize with these proteins (SI Ap-
pendix, Fig. S4).

Accumulation of Endocytic Factors in Axon Terminals Correlates with
Accumulation of Abnormal Vesicular Intermediates. We next per-
formed correlative light and electron microscopy (CLEM) to
determine whether the clustered immunoreactivity of endocytic
proteins corresponded to the accumulation of endocytic vesicu-
lar intermediates. Toward this aim, SNAP-tagged CLC was
transfected into cultured cortical neurons grown on gridded glass
coverslips and labeled with the cell-permeable Janelia Fluor 549.
SNAP-CLC fluorescence colocalized with the prominent clusters
of endogenous amphiphysin 2 (SI Appendix, Fig. S54), indicating
that this construct is targeted to presynaptic nerve terminals as
the endogenous protein. SNAP-CLC—positive structures were
then marked on the gridded glass coverslips, and selected regions
were processed for epon embedding, thin sectioning and EM
analysis (Fig. 4).

EM observation revealed that clusters of SNAP-CLC fluo-
rescence in Sac2KO/SJ1RKI double-mutant axon terminals
corresponded to large varicose axon terminals as revealed by the
massive presence of small vesicles and the presence of synaptic
contacts (Fig. 4). However, these accumulations were clearly
different from the clusters of bona fide synaptic vesicles of WT
synapses (28) because of the larger spacing between them, which
was occupied by a dense matrix (Fig. 4). In fact, when pre-
synaptic active zones were visible in the section, a sharp boundary
was observed between the typically tightly packed synaptic vesicles
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anchored to these zones (28) and the more loosely packed ves-
icles surrounding them (Fig. 4). At lower-power EM observation,
these accumulations of loosely packed vesicles were reminiscent
of the accumulation of clathrin-coated vesicles observed by EM
around synaptic vesicle clusters at synapses of cultured neurons
that either lack SJ1 (SJ1IKO neurons) (2, 10) or lack all endo-
philins (endophilin triple KO neurons) (11), that is, the proteins
that recruit SJ1 to endocytic sites (11, 29). However, in the case
of Sac2KO/SJ1RKI double-mutant cultured cortical neurons,
clathrin coats could not be clearly observed on the loosely
packed vesicles (Fig. 4) despite evidence of a high concentration
of clathrin among them on immunofluorescence (Fig. 4). Most
likely, these vesicles are partially uncoated vesicles, with clathrin and
their accessory factors accounting for the matrix surrounding them.
Dephosphorylation of PI(4,5)P, at the 5 position but with persis-
tence of PI4P may be responsible for this phenotype.

The lack of an obvious assembled clathrin coat was also in
contrast to what we had observed at synapses of SJ1IR?KI adult
brains in situ, where loosely spaced endocytic vesicular inter-
mediates had a recognizable clathrin coat. However, when we
examined nerve terminals of SJ1RKI cortical neurons in cul-
ture, similarly loosely packed vesicles without a clear clathrin
coat were observed (S Appendix, Fig. S5B). While the reason for
this discrepancy between EM observations at synapses in situ and
in vitro remains to be elucidated, our current findings suggest
that the absence of Sac2 simply results in an exaggeration of the
trafficking defect of SJTIR?KI, not a qualitatively different defect.
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Fig. 4. Abnormal accumulation of small vesicles in Sac2KO/SJ17?KI double-mutant presynaptic terminals. Cultured cortical neurons from Sac2K0O/5J17°KI
double-mutant mice were transfected with SNAP-CLC and incubated with Janelia Fluor 549 to perform CLEM. (Top Left) Low-magnification EM image aligned
with the fluorescence image of SNAP-CLC (red). (Scale bar: 5 pm.) (Top, Middle and Right and Bottom) High-magnification EM images. Note the great
abundance of loosely packed small vesicles surrounded by and intermixed with a dense protein matrix. The dashed white line outlines the sharp boundary of
a classical cluster of tightly packed synaptic vesicles adjacent to a synaptic junction. These vesicles are in the same size range as the surrounding loosely packed

vesicles. (Scale bars: 500 nm; 100 nm for the Insets.)

Lack of Sac2 Accelerates the Occurrence of Neurodegenerative
Changes in SJ1°%I Neurons. We previously showed that the level
of the E3 ubiquitin ligase parkin, another PD gene (PARK2), is
robustly increased in 6-mo-old SJ1R?KI mouse brains (17). We
have now found that this increase is already observed at 3.5 mo
but not at 2.5 mo (Fig. 54). However, a Sac2KO/SJ1R9KI
double-mutant mouse that survived for longer than 2 wk and was
euthanized at 19 d showed a significant increase in parkin in the
brain relative to brains of similar age from WT, SJ 1RQKI, or
Sac2KO mice (Fig. 5B), although no increase in parkin was ob-
served in Sac2KO/SJIRCKI double-mutant mouse brain at
postnatal day (P) 0 (Fig. 5C). Moreover, lysates from 3-wk-old
Sac2KO/SJ1ROKI double-mutant hippocampal neuronal cul-
tures showed up-re%ulation of parkin relative to Sac2KO cultures
and to WT and SJ1ROKI cultures of similar age (Fig. 5 D and E).

This earlier onset of a biochemical parameter that may reflect
neurodegeneration was also reflected in an earlier occurrence of
structural signs of neurodegeneration. In SJ1RPKI mice, age-
dependent dystrophic changes were observed at 1 mo of age,
but not at 2 wk, in a subset of axon terminals of nigrostriatal
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neurons, as revealed by immunofluorescence of frozen sections
(17). These changes, which were revealed by abnormal clusters
of immunoreactivity for markers of dopaminergic axons, such as
tyrosine hydroxylase (TH) or the dopamine plasma membrane
transporter (DAT), as well as of a general axonal marker
(SNAP25), suggest a special vulnerability of dopaminergic neu-
rons of the nigrostriatal pathway to the SJ18 mutation (17).
When the same analysis was performed on the rare Sac2KO/
SJ1ROKI double-mutant mice that survived for 2 wk, similar TH-
and DAT-positive sparse dystrophic axon terminals were de-
tected in the dorsal striatum of two Sac2KO/SJ1ROKI mice at
P15 and P19, indicating an earlier occurrence of axonal dystro-
phy, consistent with a synthetic effect of the absence of Sac2 and
of Sac mutation of SJ1 (Fig. 5F).

Discussion

Our results reveal a striking synthetic effect in mice of loss-of-function
mutations of two Sac phosphatase domain-containing proteins,
SJ1 and Sac2. While mice with the PD-inactivating mutation in
the Sac domain of SJ1 (SJRKI) have neurologic defects but
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Fig. 5. The loss of Sac2 accelerates the occurrence of neurodegenerative
phenotypes in SJ17KI neurons. (A) Levels of parkin in SJ1RKI and a litter-
mate WT control at three different ages as assessed by Western blot analysis.
In this field and in the following fields anti-tubulin (Tub) antibodies served as
loading controls. (B) Increase of parkin in a P19 Sac2KO/SJ1RKI double-
mutant brain relative to brains of a similar age from WT, $J1RQKI, and
Sac2KO mice. (C) Parkin level was unchanged in PO Sac2K0O/SJ1RKI brain
relative to its littermate control (Sac2KO). (D) Representative Western blot
showing the up-regulation of parkin in Sac2K0/5J1R2KI hippocampal neuron
cultures relative to Sac2KO and to WT and SJ179KI cultures of similar age. (E)
Quantification of the parkin level in Sac2KO/SJ1RKI hippocampal neuron
cultures relative to WT cultures of similar age (DIV18 to 21). n = 3 (from two
independent neuronal cultures). Data are represented as mean + SEM. N.S.,
not significant; **P < 0.01, by Student's t test. (F) Anti-TH (green) and anti-
DAT (red) immunofluorescence on frozen sections of dorsal striata of
2-wk-old mice of the indicated genotypes. Aggregation (coaggregation) of
TH and DAT was observed only in 5ac2K0/5)17?KI double-mutant striatum at
this age. (Scale bar: 20 pm.)

generally survive to adulthood and Sac2KO mice do not have an
obvious phenotype, the majority of mice with both mutations
have severe neurologic defects and die perinatally, with none
surviving to adulthood. A synthetic effect is also observed at the
cellular level, as the absence of Sac2 enhances the presynaptic
defects observed in SJRKI nerve terminals and anticipates the
age at which parkin abnormally accumulates and dystrophic
dopaminergic axons appear in the dorsal striatum. These results

12432 | www.pnas.org/cgi/doi/10.1073/pnas.2004335117

suggest that the Sac phosphatase domains of the two proteins
have at least partially overlapping functions.

Sac2 is an inositol phosphatase preferentially expressed in the
brain (22). It has been shown to associate with vesicular struc-
tures, including Rab5-positive endosomes in nonneuronal cells
(21, 22), and also in proximity of Rab3-positive organelles in
pancreatic p cells (30), but little is known about its localization in
neurons, although a role in axons has been proposed (25). The
synergistic effects of the absence of Sac2 on the presynaptic
defects produced by the Sac R258Q mutation of SJ1, a protein
enriched in nerve terminals, strongly suggest that at least some
actions of Sac2 occur at the presynapse. Accordingly, although
we could not assess the localization of the endogenous protein,
we found that exogenous tagged Sac2 is present in axons and
axon terminals and is recruited to Rab5-positive endosomes.

Nerve terminals of both SJIRPKI and Sac2KO/SJ1ROKI
neuronal cultures are characterized by a strikingly exaggerated
accumulation of clathrin coat components and accessory factors,
as well as by small vesicles in the size range of synaptic vesicles
that surround, but are well separated from, the characteristic
clusters of synaptic vesicles (28) anchored at presynaptic active
zones. These other vesicles are not as tightly packed as typical
synaptic vesicle clusters and are separated from one another by a
dense matrix. The endocytic factors that accumulate in mutant
nerve terminals are likely to be part of the matrix, as strongly
suggested by the overlap between CLC fluorescence and these
areas revealed by CLEM. Interconversion of phosphoinositide
species on synaptic vesicle membranes by phosphorylation-
dephosphorylation during their exo-endocytic cycle impacts
their traffic by controlling the association-dissociation of cyto-
solic factors (31). Thus, these vesicles may represent endocytic
intermediates that fail to progress to downstream stations due to
the abnormal accumulation of an inappropriate phosphoinosi-
tide on their membrane.

The Sac domain of the synaptojanin family can dephosphor-
ylate PI4P, PI3P, and PI(3,5)P; in vitro (32), although a main
function of this Sac domain in living cells is thought to be the
dephosphorylation of PI4P resulting from the action of its
5-phosphatase domain on PI(4,5)P, (31). The Sac domain of
Sac2 acts nearly exclusively of PI4P (21, 22). Thus, we favor a
model in which the combined absence of the two Sac phospha-
tase activities results in ectopic PI4P accumulation on synaptic
membranes. This accumulation in turn may prevent complete
shedding of endocytic factors whose binding to the membranes is
primarily PI(4,5)P,-dependent but may also depend in part on
PI4P. We note that auxilin, the cochaperone of HSC70 needed
for the disassembly of the clathrin cage after the release of cla-
thrin adaptors, contains an N-terminal PTEN-homology module
that binds phospholipids, including PI4P (33) Auxilin is one of
the factors abnormally accumulated at SJRPKI and Sac2KO/
SJ1ROKI mutant synapses and may be responsible for the partial
uncoating.

Defective endocytic flux along the endocytic pathway due to
impaired shedding of endocytic factors may affect the reliability
of synaptic transmission by resulting in a lower pool of reserve
synaptic vesicles, as has been observed for mutations in several
endocytic factors (11, 34-37). The occurrence of epileptic sei-
zures in mice with these mutations reflects the greater de-
pendence of inhibitory synapses on synaptic vesicle recycling
given their high levels of tonic activity (38). Accordingly, even in
our present study of primary cortical neuronal cultures, which
comprise primarily inhibitory GABAergic interneurons and
glutamatergic pyramldal neurons, inhibitory synapses were the
most severely affected in Sac2KO/STJ1RKI cultures.

It is also possible that defect in Sac phosphatase activity at
synapses may have effects beyond synaptic vesicle recycling. A
selective defect in the Sac domain of SJ1 in zebrafish and flies,
including the KI of the R258Q mutation in flies, has been
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reported to impact autophagy (39, 40), a process known to also
occur in nerve terminals (41, 42), including nerve terminals of
dopaminergic neurons (43, 44). It was proposed that such a
defect could be explained by abnormal accumulation in nerve
terminals of PI3P, a phosphoinositide required for the initial
nucleation of the autophagy machinery (45). Recent work sug-
gests that PI4P may also be needed at initial stages of autophagy
(46). Another possibility is that abnormal endocytic traffic may
affect the availability of ATGY, the transmembrane component
of the core autophagy machinery (47, 48). The precise role of the
Sac domain in autophagy merits further investigation.
Irrespective of the precise mechanisms through which the
combined deficiency of Sac2 and of the Sac domain of SJ1 im-
pact presynaptic function, our results have interesting implica-
tions for the PD field. The SJ1 R258Q mutation is responsible
for familial (although rare) cases of PD (5-7), and Sac2 is lo-
cated within a PD risk locus identified by genome-wide associ-
ation studies (23). Our results provide evidence supporting the
hypothesis that the gene encoding Sac2 is the PD risk gene and
points to a shared site of action of the two proteins as a node
whose dysfunction may result in PD pathogenesis. Other evi-
dence links SJ1 function to PD. For example, endophilin, which
has a major role in recruiting SJ1 to endocytic sites (11, 29),
binds parkin (20), and loss of endophilin results in elevated levels
of parkin (18, 20). Indeed, both endophilin and SJ1 are ubiqg-
uitinated by parkin (18, 20), and the endophilin Al gene itself
has been identified as a risk locus for PD (49). In addition,
parkin is very robustly increased in SJT1R°KI mouse brains (17),
and here we found that the additional loss of Sac2 accelerates
the occurrence of this phenotype. Finally, the PD protein
LRRK2 (PARKS) phosphorylates SJ1, endophilin, and auxilin
(50-52). Further elucidating how mutations of these house-
keeping proteins impact neuronal functions and, more robustly,
the function of selective PD-relevant neuronal populations is
expected to advance our understanding of PD mechanisms.

Materials and Methods

Animals. SJ1R9KI mice carrying the EOP R258Q mutation were custom-
generated as reported previously (17). Sac2/INPPF5 KO mice were a gift
from Dr. Jonathan Epstein, University of Pennsylvania (26). No obvious
neurologic defects were observed in the Sac2KO mice. Both strains were
maintained on the C57BL6/129 genetic background and crossed with each
other to generate SJ1/Sac2 double-mutant mice. For the comparison of the
four genotypes—WT, SJ1RQKI, Sac2KO, and SJ17QKI/Sac2KO—SJ1 heterozy-
gous Kl (+/KI) mice were mated to generate homozygous mice (KI/KI) and
WT littermate controls. Sac2KO/SJ1 heterozygous Kl (+/KI) double-mutant
mice were mated with each other to generate Sac2K0/SJ1R9KI double-
homozygous and Sac2 single-KO littermate controls. All mice were main-
tained on a 12-h light/dark cycle with standard mouse chow and water ad
libitum. All research and animal care procedures were approved by the Yale
University Institutional Animal Care and Use Committee.

Plasmids and Antibodies. The sources of cDNAs were as follows: pEGFPC-Sac2
and pSNAP-human CLC were generated in our laboratory, and pFUGW-GFP-Sac2
was generated from pEGFPC-Sac2 by Janelia Research Campus/HHMI. The
following primary antibodies used in this study were generated in our lab-
oratory: rabbit anti-SJ1 and rabbit anti-auxilin. Antibodies obtained from
commercial sources were as follows: mouse anti-EEA1 from BD Biosciences;
mouse anti-amphiphysin 2, rabbit anti-CLC, guinea pig anti-vGluT1
(AB5905), rabbit anti-TH (AB152), and rat anti-DAT (MAB369) from Milli-
pore Sigma; rabbit anti-synaptophysin (101 002) and rabbit anti-vGAT (131
002) from Synaptic Systems; rat anti-LAMP1 (ID4) from Developmental
Studies Hybridoma Bank; rabbit anti-BAG3 (10599-1-AP) from Proteintech,
mouse anti-tubulin (T5168) from Millipore Sigma; rabbit anti-tubulin (PA1-
21153) from Invitrogen; mouse anti-parkin (4211) from Cell Signaling Tech-
nology; and Alexa Fluor 488-, 594- and 647-conjugated secondary antibodies
from Invitrogen. The rabbit anti-Sac2 antibody was a kind gift from Yuxin
Mao, Cornell University.

Immunoblotting. Postnuclear supernatant of brain tissue was obtained by
homogenization of mouse brain in buffer containing 20 mM Tris pH 7.4,
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150 mM NaCl, and 2 mM ethylenediaminetetraacetic acid supplemented with
protease inhibitors (cOmplete Protease Inhibitor Mixture; Roche) and sub-
sequent centrifugation at 700 x g for 10 min. Protein concentration was
determined using the Pierce BCA Protein Assay Kit. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis and Western blot analyses were per-
formed following standard procedures. Proteins were detected by an en-
hanced chemiluminescence reagent and quantified by densitometry using
Fiji software.

Primary Neuronal Culture and Fluorescence Microscopy. Cultures of cortical or
hippocampal neurons were prepared from PO to P2 neonatal mouse brains as
described previously (35, 53) and used at days in vitro (DIV) 14 to 23. For
lentivirus infection, DIV3 neurons cultured on 12-mm coverslips were in-
fected with 1 pL of FUGW-GFP-Sac2 viruses (5E9 IU/mL) and fixed after
DIV16. Calcium phosphate transfection was performed as described pre-
viously (53). Cells were fixed with 4% formaldehyde (freshly prepared from
paraformaldehyde) in 0.1 M sodium phosphate pH 7.2 and 4% sucrose,
blocked, and permeabilized with PBS containing 5% BSA and 0.1% Triton X-
100. Primary and secondary antibody incubations for immunofluorescence
were subsequently performed in the same buffer. After washing, samples
were mounted on slides with Prolong Gold antifade reagent (Invitrogen) and
observed using either a PerkinElmer Ultraview spinning disk confocal micro-
scope equipped with a 60x CFl PlanApo VC objective or a Zeiss LSM 710 laser-
scanning confocal microscope equipped with a 63x PlanApo objective.

CLEM. Plasmids encoding SNAP-CLC were electroporated into dissected
neuronal suspensions using an Amaxa Nucleofector Kit (Lonza) at DIVO be-
fore plating on 35-mm gridded, glass-bottom MatTek dishes (part no. P35G-
1.5-14-CGRD). At DIV14, neurons were stained with 0.5 uM Janelia Fluor 549
at 37 °C for 1 h, followed by incubation in original culture medium at 37 °C
for 2 h before fixation for immunofluorescence or CLEM. Labeled neurons
were imaged and their coordinates on the MatTek dishes recorded using
fluorescence microscopy and bright-field differential interference contrast
microscopy, respectively. Then neurons were fixed with 2.5% glutaralde-
hyde in 0.1 M sodium cacodylate buffer, postfixed in 0.1 M sodium caco-
dylate buffer containing 1% OsO4 and 1.5% K4Fe(CN)s (Sigma-Aldrich), en
bloc stained with 2% aqueous uranyl acetate, dehydrated, and embedded in
Embed 812. The nerve terminals expressing SNAP-CLC were relocated (based
on the prerecorded coordinates), sectioned, and imaged. Ultrathin sections
(60 to 80 nm) were observed with a Philips CM10 microscope at 80 kV, and
images were obtained with the iTEM soft imaging system and a Morada 1k x
1k CCD camera (Olympus). Except when noted otherwise, all reagents for EM
were obtained from EMS.

Brain Histology. Brain tissues from 2-wk-old mice were dissected out, im-
mersed immediately in ice-cold fixative (4% formaldehyde in 0.1 M phos-
phate buffer) and kept in the same fixative overnight at 4 °C. Brains were
then transferred to increasing concentrations of sucrose (10%, 20% and
30% wt/vol) in PBS, embedded in Tissue-Tek OCT compound, and frozen in
liquid nitrogen-cooled isopentane. Coronal or sagittal (15 to 30 um thick)
sections were cut with a cryostat and mounted on Superfrost Ultra Plus
Adhesion slides (Thermo Fisher Scientific). Sections were then blocked and
permeabilized with a solution containing 3% normal goat serum, 1% BSA,
PBS, and 0.1% Triton-X100 for 1 h at room temperature; incubated with
primary antibodies (diluted in the same buffer) overnight at 4 °C; washed;
incubated with Alexa Fluor-conjugated secondary antibodies for 1 h at room
temperature; and finally mounted with Prolong Gold antifade reagent with
DAPI and sealed with nail polish. Images were acquired with a PerkinElmer
Ultraview spinning disk confocal microscope equipped with a 40x objective.

Quantification of Immunoreactivity Clustering. Quantification of endocytic
protein clustering was performed using Fiji software as follows. After
background subtraction, the same threshold intensity was applied to all
images, and raw intensity values of masked regions were measured using the
“analyze particles” function of Fiji. Quantification of the average fluores-
cence of puncta larger than 0.1 pm? was performed for WT control, SJ17KI,
Sac2KO, and Sac2KO/SJ1R°KI neurons.

Statistical Analysis. Unless specified otherwise, data are presented as mean +
SEM. Statistical significance was determined using the Student’s two-sample
t test for the comparison of two independent groups or ANOVA followed by
Tukey’s honest significant difference post hoc test for multiple group com-
parisons. In the figures, *P < 0.05; **P < 0.01.
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Data Availability. All relevant data are included in the main text and
SI Appendix.
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