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SLC35D3 increases autophagic activity in midbrain dopaminergic neurons
by enhancing BECN1-ATG14-PIK3C3 complex formation
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ABSTRACT
Searching for new regulators of autophagy involved in selective dopaminergic (DA) neuron loss is a
hallmark in the pathogenesis of Parkinson disease (PD). We here report that an endoplasmic reticulum
(ER)-associated transmembrane protein SLC35D3 is selectively expressed in subsets of midbrain DA
neurons in about 10% TH (tyrosine hydroxylase)-positive neurons in the substantia nigra pars compacta
(SNc) and in about 22% TH-positive neurons in the ventral tegmental area (VTA). Loss of SLC35D3 in ros
(roswell mutant) mice showed a reduction of 11.9% DA neurons in the SNc and 15.5% DA neuron loss in
the VTA with impaired autophagy. We determined that SLC35D3 enhanced the formation of the BECN1-
ATG14-PIK3C3 complex to induce autophagy. These results suggest that SLC35D3 is a new regulator of
tissue-specific autophagy and plays an important role in the increased autophagic activity required for the
survival of subsets of DA neurons.
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Introduction

Macroautophagy (or autophagy) is a crucial process for cellular
homeostasis. Many studies have demonstrated that basal
autophagy is essential for neuronal survival.1-3 Neurodegenera-
tive diseases, such as Alzheimer disease, Parkinson disease (PD)
and schizophrenia, are associated with impaired autophagy.3,4

Several PD genes are known to function in regulating auto-
phagy or mitophagy.5 Dopaminergic (DA) neurons are often
overloaded by protein aggregates, damaged mitochondria, or
reactive oxygen species, which requires higher autophagic activ-
ities for their clearance to maintain cellular homeostasis or cell
survival. Treatment with rapamycin is able to prevent the loss
of TH (tyrosine hydroxylase)-positive neurons in the 1-methyl-
4-phenyl-1,2,3,6- tetrahydropyridine (MPTP) mouse model of
PD likely via activation of the autophagic pathway.6 It is likely
that genes specifically expressed in DA neurons to regulate
autophagy could be involved in protecting DA neuron loss.

A variety of molecules involved in regulating the autophagic
process have been identified.7 Currently, in mammalian cells,
studies are focusing on the elucidation of the roles of
newly-defined autophagic regulators in several crucial steps of
autophagic flux such as autophagy initiation, as well as
autophagosome formation, and fusion with lysosomes, in basal

or induced autophagy.8 Autophagy is triggered by many
intrinsic and extrinsic cellular factors. During autophagy initia-
tion, inhibition of MTOR (mechanistic target of rapamycin
[serine/threonine kinase]) is required for starvation-induced
autophagy.9 Both AMP-activated protein kinase (AMPK) and
MTOR regulate autophagy through opposing phosphorylation
of ULK1 (unc51-like autophagy activating kinase 1),10,11 which
is a core component of the ULK complex containing ULK1,
ULK2, ATG13 (autophagy related 13), RB1CC1 (RB1 inducible
coiled-coil 1) and ATG101.12 Another critical initiation com-
plex is the class III phosphatidylinositol 3-kinase (PtdIns3K)
complex, which contains core components, namely BECN1
(Beclin 1, autophagy related), ATG14, PIK3C3/VPS34 and
PIK3R4/VPS15.7,13-16 The PtdIns3K complex is required for
the generation of PtdIns3P for the formation of the phago-
phore. The scaffold protein AMBRA1 (autophagy/Beclin 1 reg-
ulator 1) links ULK1 and BECN1.17 ULK1 induces autophagy
through phosphorylating BECN1 and activating PIK3C3 activ-
ity.18 The PtdIns3P effectors, ZFYVE1/DFCP1 (zinc finger
FYVE-type containing 1) and WIPI1 (WD repeat domain,
phosphoinositide interacting 1)-WIPI2, are recruited to the
phagophore to promote membrane nucleation and thereafter
expansion during autophagosome formation.19
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Previous studies have characterized a recessive null mutation
of the Slc35d3 (solute carrier 35 member D3) gene in the ros
(roswell mutant) mouse, which carries a spontaneous intracis-
ternal A particle insertion at the first exon of the Slc35d3 gene to
disrupt its function.20 SLC35D3 is predicted to be an orphan
nucleotide sugar transporter or a fringe connection-like protein
with 10 transmembrane domains. It has been reported that
SLC35D3 is involved in the biogenesis of platelet dense gran-
ules.20,21 Moreover, Slc35d3 is specifically expressed in the sub-
stantia nigra (SN), striatum, and olfactory bulb in mouse
brain.22 It functions as an ER chaperone for DRD1 (dopamine
receptor D1) trafficking to the plasma membrane of the medium
spiny neurons in the striatum. Loss of SLC35D3 reduces the
number of DRD1 receptors on the plasmamembrane and causes
imbalance in the activity controlling loop in the basal ganglia,
which leads to the development of abnormal locomotor activity,
obesity and metabolic syndrome in mice and humans.22 In this
study, we explored the function of SLC35D3 in the midbrain.
We found that SLC35D3 is differentially expressed in subsets of
DA neurons in the SNc and VTA, which could confer protection
from neurodegeneration by regulating autophagy.

Results

SLC35D3 is selectively expressed in subsets of DA
neurons in the SNc and VTA and the rosmutant
exhibits DA neuron loss

We have previously determined that SLC35D3 is selectively
expressed in the SN and VTA, striatum, and olfactory bulb by
immunoblotting.22 To investigate its function in the SN and
VTA, we explored its expression pattern in this region. Using
human diphtheria toxin receptor-green fluorescent protein
(DTR-GFP) transgenic mice (3 mo old), driven by the
SLC35D3 promoter,23 we found that SLC35D3 was highly
expressed in projections of DRD1-expressing medium spiny
neurons enriched in the substantia nigra pars reticulata (SNr)
(Fig. 1A), which is in agreement with a previous report.24 In
addition, we detected GFP signals in cell bodies of neurons
colabeled with TH in the SNc and VTA (Fig. 1B). We then
quantified the percentage of SLC35D3C cells in the SNc and
VTA. In the SNc, an average of 9.46% THC cells were
SLC35D3C, and an average of 83.12% SLC35D3C cells were
THC. By contrast, in the VTA, an average of 22.06% THC cells
were SLC35D3C, and an average of 74.06% SLC35D3C cells
were THC (Fig. 1C). In the SNc, we observed that SLC35D3C

cells were almost exclusively located in the median SNc com-
pared to the lateral part (Fig. 1B and D). There was little dif-
ference in the antero-posterior repartition of the SLC35D3C

cells. These results suggest that SLC35D3 is expressed in a
subset of DA neurons in the VTA or in the SNc.

We then investigated whether the number of THC cells
changes in the ros mutant mice with loss of SLC35D3 pro-
tein.22 We observed an average of 11.9 % reduction of THC

cells in the SNc, and an average of 15.5% reduction of THC

cells in the VTA (Fig. 1E to G) in 6-mo-old ros mice. This
fraction of cell loss matches well with the percentage of
SLC35D3C cells in the SNc or VTA. In addition, we observed
an average of 11.1 % reduction of THC cells in the SNc in

3-mo-old ros mice (WT: 738 § 16 cells/mm2; ros: 664 § 18
cells/mm2. P D 0.004), suggesting no drastic increase of
neuron loss in older mice.

Impaired autophagy in rosmidbrain

Autophagy dysfunction is well known to cause neuronal cell
loss. SLC35D3 is localized to the ER membrane,22 which likely
functions in autophagic origin. We therefore tested whether
autophagy is altered in these dopaminergic neurons. By immu-
noblotting, we found a significant decrease of the lipidated form
of the autophagic marker MAP1LC3B/LC3B (microtubule-asso-
ciated protein 1 light chain 3 b), LC3B-II, in the SN and VTA in
rosmice compared with wild-type mice (Fig. 2A and B). In con-
trast, LC3B-II levels in 2 other SLC35D3-expressing brain subre-
gions, the striatum and olfactory bulb, and in the non-SLC35D3-
expressing cerebellum were not significantly changed (Fig. S1),
suggesting the alteration of LC3B-II is restricted to the SN and
VTA region, implicating a tissue-specific impairment of autoph-
agy. The lower autophagic activity resulted in the increase of
SQSTM1/p62 (sequestosome 1), a receptor and substrate of
autophagy, in the SN and VTA in rosmice (Fig. 2C and D). Fur-
thermore, we observed reduced MAP1LC3 or LC3A/B/C (LC3
in short) puncta in the cell bodies of THC neurons in both the
SNc and VTA of the rosmice (Fig. 2E to G).

To further explore whether dopaminergic neuron loss is spe-
cific, we did immunostaining assays of GAD1/GAD67 (gluta-
mate decarboxylase 1), a marker of g-aminobutyric acid (GABA)
neurons, and GFAP (glial fibrillary acidic protein), a marker of
glial cells, respectively. We showed less GAD1C cells and less
GFAPC cells in the SNc and VTA compared to the SNr region
(Fig. S2A and S3A).We then quantified these cell numbers in the
SNc or VTA in both WT and ros mutant. There was no signifi-
cant change in the GAD1C cells (Fig. S2B and C) or GFAPC cells
between these two groups (Fig. S3B and C). Furthermore, we
colabeled the GAD1C cells with LC3 and quantified the cytosolic
LC3 dots (Fig. S4A). There was no significant change in the num-
ber of LC3 dots in the GAD1C cells in the SNc and VTA from the
ros mice compared to the WT mice (Fig. S4B). As GFAP is an
intermediate filament protein of astrocytes (Fig. S4C), it is diffi-
cult to verify the cytosolic LC3 dots in the GFAP labeled glial
cells, precluding us to quantify the LC3 dots directly in the slices.
However, we confirmed that there was no expression of
SLC35D3 in the cultured mouse primary astrocytes both from
WT and ros mice, as well as a human glioma cell line, U-87 MG
(Fig. S4D). In addition, there was no significant difference of
expressed GAD1 or GFAP in the SNc and VTA between ros and
WT mice (Fig. S4E and F), suggesting that it is unlikely to affect
the GABAC cells or glial cells in the midbrain due to the loss of
SLC35D3. Taken together, our results suggest that the altered
autophagy is likely restricted to the DA neurons in the SNc and
VTA region, and that SLC35D3 plays a role in tissue- and cell-
type specific (i.e. DA neurons in themidbrain) autophagy.

To further confirm that SLC35D3 is involved in autophagy, we
transfected human embryonic kidney (HEK) 293T cells with Flag-
tagged vectors. We have previously reported that SLC35D3 is not
expressed in HEK293T cells.22 Expression of Flag-SLC35D3 in
these cells increased the cytosolic GFP-LC3 puncta (Fig. 3A and B)
and the protein level of LC3B-II (Fig. 3E and F), but decreased the
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level of SQSTM1 (Fig. 3G and H). Similarly, transfection of Flag-
SLC35D3 in the SH-SY5Y (a dopaminergic-like cell line) neuro-
blastoma cells increased the cytosolic LC3 puncta (Fig. 3C and D).
These results suggest that autophagic activity is reduced in the
midbrain DA neurons and SLC35D3 plays an important role in
regulating autophagy.

SLC35D3 functions in autophagy induction

To determine how SLC35D3 acts on the autophagic flux, we
treated the cells with bafilomycin A1 (BAF1) and rapamycin. We

did not find an increase of LC3B-II when treated with rapamycin,
an inducer of autophagic flux (Fig. 4A and B). However, the LC3B-
II level was enhanced when treated with BAF1 (Fig. 4C and D), an
inhibitor of late-stage autophagic flux, suggesting that SLC35D3
functions in the early stage of autophagic flux. ZFYVE1 is involved
in the initiation of autophagy and serves as a marker for omega-
somes.25 We found that the number of ZFYVE1-positive puncta
was increased when cotransfected with SLC35D3 (Fig. 4E and F).
Furthermore, we observed that SLC35D3 was partially colocalized
with the autophgic origin marker ZFYVE1, and the fraction of
colocalized GFP-LC3 and SLC35D3 was higher than the fraction
of colocalized ZFYVE1 and SLC35D3 (Fig. 5A), suggesting that the

Figure 1. SLC35D3 is differentially expressed in subsets of DA neurons in the midbrain and the ros mice show reduced THC neurons. (A) In our DTR-GFP transgenic mice
(3 month old, 2 males), the Slc35d3-promoter driven GFP signals were present in the projections of striatal DRD1-positive neurons in the substantia nigra pars reticutala
(SNr), and in the cell bodies of the TH-positive neurons located in the substantia nigra pars compacta (SNc) and in the ventral tegmental area (VTA). (B) Colabeling of
SLC35D3-GFP (green) and TH (red) in the cell bodies of the neurons located in the VTA, medial SNc and lateral SNc. Note that only a portion of THC neurons express
SLC35D3 (asterisk), some neurons express SLC35D3 but not TH (arrow), some neurons express TH but not SLC35D3. (C) In the SNc, 9.46 § 2.08 % THC cells was
SLC35D3C, and 83.12 § 2.21 % SLC35D3C cells was THC. By contrast, in the VTA, 22.06 § 3.35 % THC cells was SLC35D3C, and 74.06 § 5.10 % SLC35D3C cells was THC.
The quantifications were performed on 2 mice and the number of cells was counted on 40-mm thick section (nD8 sections per mouse, both hemispheres). (D) Schematic
distribution pattern of different population neurons in the midbrain (right hemisphere) from the images in (B). Note that in the SNc, SLC35D3C cells were almost exclu-
sively located in the median SNc compared to the lateral part. (E) Immunohistochemical detection of TH on the coronal brain sections of the midbrain at 6 mo of age in
both wild-type (WT) and ros mice. Scale bar: 100 mm. (F) Ros mice showed a 11.9 % reduction in cell density of THC neurons in the SNc. WT: 956 § 11 cells/mm2; ros:
842 § 19 cells/mm2, n D 5; ���, P < 0.001. (G) Ros mice showed a 15.5% reduction in cell density of THC neurons in the VTA. WT: 679 § 19 cells/mm2, ros, 574 § 8 cells/
mm2, n D 5; ���, P < 0.001.
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increase of LC3 puncta is not dependent on the transfection of
ZFYVE1. In addition, ATG14 is a key component of the autophagy
initiation complex (AIC). We found the interaction between
SLC35D3 and ATG14 by coimmunoprecipitation (coIP) assays
(Fig. 5B). Our gradient fractionation assays further confirmed that
SLC35D3 coexisted with the ERmarker SEC61B (Sec61 translocon
b subunit), but not with the lysosomal marker LAMP1 (lysosomal
associated membrane protein 1). SLC35D3 coexisted partially with
ATG14, which had a broader distribution spanning the lysosome
marker LAMP1 (Fig. 5C), supporting its involvement in the autoly-
sosome formation.26 These results suggest that SLC35D3 functions
in autophagy induction.

SLC35D3 interacts with the BECN1-ATG14-PIK3C3
complex to promote autophagy

To further explore how SLC35D3 functions in autophagy
induction, we tested whether SLC35D3 interacts with other
components of the AIC complex. We found that SLC35D3
interacted with BECN1 and PIK3C3 by coIP assays (Fig. 6A
and B). We confirmed that SLC35D3 interacted with ATG14,
BECN1 and PIK3C3 by the Flag affinity isolation or

endogenous affinity isolation assays (Fig. 6C and D). In con-
trast, due to the loss of SLC35D3 in ros brain extracts, the
endogenous affinity isolation assays by using the anti-SLC35D3
antibody did not pull down the AIC components compared
with the WT mice (Fig. 6E). We further verified the interaction
between SLC35D3 and the AIC complex by using the strep
affinity isolation assay (Fig. S5A and B). Our sedimentation
assay showed that SLC35D3 did not coreside in the same frac-
tions with PIK3C3 or BECN1 (Fig. S5C), suggesting that
SLC35D3 is not a core component, but a regulatory compo-
nent, of the AIC complex.

To understand why expression of SLC35D3 increased
autophagy in the transfected cells, we tested whether SLC35D3
enhances the AIC formation to increase autophagic activity.
Indeed, the expression of SLC35D3 in cultured cells enhanced
BECN1-PIK3C3 and BECN1-ATG14 interactions (Fig. 7A).
Likewise, ATG14-BECN1 and ATG14-PIK3C3 interactions
were increased when SLC35D3 was expressed (Fig. 7B).
Inversely, the BECN1-ATG14 and BECN1-PIK3C3 interac-
tions were reduced in the SN and VTA of ros mice compared
to the wild-type mice (Fig. 7C). This suggests that loss of
SLC35D3 in the midbrain ros mice reduces autophagic activity

Figure 2. Reduced LC3B-II levels in ros midbrain. (A, B) Steady-state level of LC3B-II in the midbrain containing the SN and VTA was lower in ros mice compared with wild type
(WT). ACTB/b-actin was used as a loading control. Bars represent mean § SEM, WT: n D 12, ros: nD11; ���, P < 0.001. (C, D) Steady-state level of insoluble SQSTM1 in the SN
and VTA was increased in ros mice compared with WT mice. ACTB was used as a loading control. Bars represent mean § SEM, n D 3; ��, P < 0.01. (E) Representative images
of LC3 puncta (green) stained with anti-LC3 antibody in TH-labeled (red) neurons. Arrows show the LC3 -positive dots. Scale bar: 10 mm. (F) The number of autophagosomes
in THC neurons from the SNc was reduced in ros mice. 225 neurons were counted from 5 WT mice, 238 neurons were counted from 5 ros mice. WT, 6.40 § 0.39 dots/THC

neuron; ros, 3.15 § 0.29 dots/THC neuron; ���, P < 0.001. (G) The number of autophagosomes in THC neurons from the VTA was reduced in ros mice. 239 neurons were
counted from 5 WT mice, 261 neurons were counted from 5 ros mice. WT, 6.10 § 0.27 dots/THC neuron; ros, 2.95 § 0.34 dots/THC neuron; ���, P < 0.001.
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and that the SN and VTA neurons require higher autophagic
activity for their survival under physiological conditions.

Overexpression of ATG14 led to the increased PIK3C3
activities.27 Likewise, we found that the expression of SLC35D3
resulted in increased PIK3C3 activities (Fig. 7D). Furthermore,
we did not find apparent changes of the phospho (p)-RPS6KB1
(ribosomal protein S6 kinase B1), p-EIF4EBP1 (eukaryotic
translation initiation factor 4E binding protein 1) and p-AMPK
in the SLC35D3-expressing cultured cells (Fig. S6), suggesting
that the enhanced PIK3C3 activity is not dependent on the
MTOR or AMPK activity. Taken together, our results suggest
that SLC35D3 promotes autophagy by enhancing BECN1-
ATG14-PIK3C3 complex formation in the DA neurons during
autophagy initiation.

Discussion

Autophagy is prone to be activated to protect cells from dying,
and especially is crucial for the survival of post-mitotic neurons.
The selective neuron loss in PD is a long-standing mystery. In
this study, we have provided evidence to support the notion that
genes selectively expressed in DA neurons may confer the resis-
tance to neuronal loss. SLC35D3 is expressed in subsets of DA
neurons and plays an important role in autophagy induction by
enhancing the interaction with the autophagy initiation com-
plex, BECN1-ATG14-PIK3C3. Under physiological conditions,
SLC35D3 increases autophagic activity, which is required for
the protection of neurons from cell death. Thus, the SLC35D3-
expressing DA neurons which have higher autophagic activities

Figure 3. Expression of SLC35D3 increases autophagic activity. (A, B) In HEK293T cells, cotransfection of GFP-LC3 and Flag-SLC35D3 increased LC3 puncta. Scale bar: 10
mm; for statistics, at least 50 cells were counted; ���; P < 0.001. (C, D) In SH-SY5Y cells, transfection of Flag-SLC35D3 increased LC3 puncta. Scale bar: 10 mm; for statistics,
at least 50 cells were counted; ���, P < 0.001. (E, F) Steady-state level of LC3B-II in the SLC35D3-transfected cells was increased compared to the control cells. ACTB was
used as a loading control. Bars represent mean § SEM, n D 11; ���, P < 0.001. (G, H) Steady-state level of insoluble SQSTM1 in the SLC35D3-transfected cells was
decreased compared to the control cells. ACTB was used as loading control. Bars represent mean § SEM, n D 5; �, P < 0.05.
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are likely viable under physiological conditions or when subject
to PD-risk factors or other stressors. When SLC35D3 is null, the
SLC35D3-expressing DA neurons are susceptible to cell death.

We have shown that SLC35D3 is involved in autophagy
induction through the interaction with the BECN1-ATG14-
PIK3C3 complex, which is independent of the MTOR and
AMPK pathway. Enhancing the interactions of the BECN1-
ATG14-PIK3C3 components will increase the PtdIns3K activ-
ity during phagophore nucleation.18,27 Unlike other inducers,
we found that this SLC35D3 mediated regulatory mechanism
functions specifically in the DA neurons as we did not find
changes of LC3B-II levels in the striatum and olfactory bulb,
the other 2 subregions with SLC35D3 expression (Fig. S1). In
addition, there is no apparent change in the number of
SLC35D3-expressing D1 neurons,22 suggesting that the striatal
D1 neurons are not affected by this autophagic pathway.

Likewise, we did not find changes in the GAD1C GABA inter-
neurons or in the GFAPC glial cells in the SNc and VTA
regions, suggesting that the impairment of autophagy is tissue-
specific and cell-autonomous. Similarly, our recent work in
other mouse mutants indicates the tissue-specific impairment
of autophagy in hilar mossy cells or Purkinje cells.3,28

We have shown that SLC35D3 is not a core component of
the BECN1-ATG14-PIK3C3 complex, suggesting that it is not
an essential component for autophagy induction. This is evi-
dent from the fact that autophagy induction can be triggered in
SLC35D3 nonexpressing cells. Therefore, the expression of
SLC35D3 increases autophagic activity, which is required for
the survival of specific cells such as DA neurons. Our results
suggest that increasing autophagic activity in DA neurons
could be a therapeutic design in the treatment of PD patients to
prevent progressive neuronal loss.

Figure 4. SLC35D3 functions in the early stage of autophagic flux. (A, B) Immunoblotting of LC3B-II in the HEK293T cells transfected with Flag or Flag-SLC35D3 plasmid
and treated with DMSO or rapamycin (100 nM) for 4 h. ACTB was used as a loading control. There were no significant changes (N.S., P > 0.05) of LC3B-II after rapamycin
treatment. Bars represent mean § SEM, n D 6. (C, D) Immunoblotting of LC3B-II in the HEK293T cells transfected with Flag or Flag-SLC35D3 plasmid and treated with
DMSO or BAF1 (400 nM) for 4 h. ACTB was used as a loading control. The increase of LC3B-II by SLC35D3 expression was further enhanced after BAF1 treatment. Bars rep-
resent mean § SEM, n D 6. ��, P < 0.01. (E, F) Expression of SLC35D3 leads to an increase of omegasomes in the HeLa cell. Representative images of GFP-ZFYVE1 puncta
in HeLa cells cotransfected with GFP-ZFYVE1 and Flag or GFP-ZFYVE1 and Flag-SLC35D3 plasmids. Scale bar, 10 mm. Quantitative analysis of GFP-ZFYVE1 puncta in the
transfected cells showed an increase of GFP-ZFYVE1 dots when cotransfected with Flag-SLC35D3 (55 cells were counted; ���, P < 0.001).
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Our previous results have shown that SLC35D3 is localized
to the ER and acts as a chaperone for DRD1 in the striatal neu-
rons. Loss of SLC35D3 in the ros mice results in lowered loco-
motor activities and less energy expenditure.22 The lesions of
DA neurons in the SNc and VTA may likewise contribute to
this motor dysfunction. Thus, it is not exclusive that the DA
neuron loss contributes to the development of the features in
obesity and metabolic syndrome of the ros mice and human
subjects.22 Interestingly, an overweight phenotype is more prev-
alent in PD patients, and body mass index is a risk factor for
PD.29,30 Our results suggest that obese patients with SLC35D3
mutations could experience motor dysfunction due to the par-
tial loss of midbrain DA neurons.

Materials and methods

Mice

The ros (roswell) mutant (slc35d3¡/-)20 and control C3H/HeSnJ
mice (wild-type,WT) were originally obtained fromDr. Richard T.
Swank’s laboratory and bred in the animal facility of the Institute

of Genetics andDevelopmental Biology (IGDB), Chinese Academy
of Sciences. All procedures were approved by the Institutional Ani-
mal Care and Use Committee of IGDB. To confirm the genotypes
of slc35d3¡/- and wild-type mice, we developed a PCR method of
genotyping based on the nature of the insertional mutation in the
Slc35d3 gene.20 The human diphtheria toxin receptor-green fluo-
rescent protein (DTR-GFP) transgenic mice were generated as pre-
viously described.23 All the animal procedures were approved by
Institut de Biologie du D�eveloppement deMarseille (France).

SN/VTA tissue preparation and TH-positive neuron
counting

The fresh whole mouse brain was isolated and put into an adult
mouse brain coronal matrix. Midbrain region was separated
from the whole brain immediately. Then the SN and VTA sub-
brain regions were dissected under a mouse brain matrix (Ted
Pella, USA) according to the adult mouse brain map. The SN
and VTA brain tissues were used for blotting immediately.

The number of THC neurons, GFAPC cells, and GAD1C

neurons were counted in both sides of SNc or VTA from every

Figure 5. SLC35D3 is localized to the autophagy initiation site. (A) Partial colocalization of SLC35D3 with ZFYVE1 or GFP-LC3. HeLa cells were cotransfected with GFP-
ZFYVE1/Flag-SLC35D3 or GFP-LC3/Flag-SLC35D3. Cells were fixed and permeabilized after 18 h. SLC35D3 (red) partially colocalizes with the ZFYVE1 or LC3 (green). Insets
showed the enlarged white rectangle area. Scale bar: 10 mm. Quantification of colocalization represented by the Pearson correlation coefficient showed that
Flag-SLC35D3 colocalized more with GFP-LC3 than with GFP-ZFYVE1. ��, P < 0.01, n D 50 cells. (B) Interactions between SLC35D3 and ATG14. CoIP assays showed that
Flag-ATG14 coprecipitated with MYC-SLC35D3 (left panel), and Flag-SLC35D3 coprecipitated with MYC-ATG14 (right panel). The Flag-empty vector was used as a negative
control. (C) OptiPrep (5–30% [w/v]) gradient assay showed that SLC35D3 coexisted with the ER marker SEC61B, but segregated with the lysosome marker LAMP1. ATG14
had a broader distribution overlapping with SLC35D3 and the lysosomal fractions. Fractions 1 and 14 correspond to the top and bottom ends of the gradient, respectively.
IB, immunoblotting; IP, immunoprecipitation.
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sixth 20-mm-thick transverse sections throughout the entire
SNc and VTA regions for each mouse. Each section was viewed
under lower magnification (4£) and outlined. The number of
THC, GFAPC, and GAD1C cells were counted at higher magni-
fication (10£). The areas of SNc or VTA sampled for counting
were measured using the Image-ProC 6.0 (Media Cybernetics,
MD, USA). Total THC, GFAPC, and GAD1C cells within the
area of SNc or VTA were counted. Then the number of THC,
GFAPC, and GAD1C cells neurons per mm2 were calculated.

Antibodies, constructs and reagents

The polyclonal rabbit anti-mouse SLC35D3 antiserum for
immunoblotting (IB) was prepared using the purified C-termi-
nal (322 to 422 aa) peptide as an antigen as described previ-
ously.22 Monoclonal mouse anti-Flag (Sigma-Aldrich, F3165)
antibody and polyclonal (pAb) rabbit anti-MYC/c-MYC
(Sigma-Aldrich, C3956) antibody were used for IB (1:5000)
and immunocytochemical (ICC) analysis (1:1000), respectively.
Monoclonal mouse anti-TH for immunohistochemistry (IHC)
(1:1000) was purchased from Sigma-Aldrich (T1299). Rabbit
anti-TH monoclonal antibody was used for immunofluores-
cence (IF) (1:1000; AB152, Chemicon). Rabbit anti-LC3B pAb
(Sigma-Aldrich, L7543) was used for IB (1:5000). Anti-LC3
pAb which recognizes LC3A/B/C (MBL, PM036) was used for
ICC (1:1000). Anti-BECN1 pAb (MBL, PD017) was used for IB
(1:6000) and immunoprecipitation (IP) (1:100). BECN1 anti-
body (Novus Biologicals, NBP100085) was used for IP (1:100).

Anti-ATG14 antibody (MBL, M184-3) was used for IB
(1:2000) and IP (1:100). ATG14 antibody (Cell Signaling Tech-
nology [CST], 5504) was used for IB (1:1000). Anti-SQSTM1/
p62 antibody (MBL, PM045) was used for IB (1:2000). Rabbit
anti-PIK3C3 antibody (Invitrogen, 38–2100) was used for IB
(1:1000). SEC61B (Abcam, ab78276) and LAMP1 (BD Bio-
sciences, CD107) antibodys were used for IB (1:5000 and
1:1000, respectively). p-RPS6KB1 (CST, Thr389, 9205),
RPS6KB1 (CST, 2708), p-EIF4EBP1 (CST, Thr37/46, 2855)
and EIF4EBP1 (CST, 9452) antibodies were used for IB
(1:2000). p-AMPK (CST, Ser485, 2537), AMPK (CST, 2532)
antibodies were used for IB (1:1000). Mouse monoclonal anti-
ACTB/b-actin (Sigma-Aldrich, A5441) was used for IB
(1:20000). Mouse anti-GFAP monoclonal antibody was used
for IF and IB (1:1000, IF03L, Millipore). Mouse anti-GAD1
monoclonal antibody was used for IF (1:100, MAB5406, Milli-
pore) and IB (1:1000). Alexa Fluor 594-conjugated donkey
anti-mouse (R37115) and donkey anti-rabbit IgG (HCL) (A-
21209), and Alexa Fluor 488-conjugated donkey anti-mouse
(R37118) and goat anti-rabbit IgG (HCL) (A-11006) were pur-
chased from Molecular Probes (Invitrogen).

The entire coding region of mouse Slc35d3 (NCBI RefSeq
NM_029529) was subcloned into the pCMV-tag2B vector
(Stratagene) with a Flag-tag and the pEGFP-C2 vector with an
EGFP-tag and the pCMV-tag3B vector with a MYC-tag. The
Flag-BECN1 and Flag-PIK3C3 vectors were gifts from Dr.
Yeguang Chen (Tsinghua University). ATG14 was subcloned
into the pCMV-tag3B vector with a MYC-tag. BAF1 was from

Figure 6. SLC35D3 interacts with the BECN1-ATG14-PIK3C3 complex. (A) Coimmunoprecipitation (coIP) assays showed that Flag-BECN1 coprecipitated with MYC-
SLC35D3. The Flag-empty vector was used as a negative control. (B) coIP assays showed that Flag-PIK3C3 coprecipitated with MYC-SLC35D3. The Flag-empty vector was
used as a negative control. (C) Affinity isolation assays showed that Flag-SLC35D3 pulled down BECN1, PIK3C3 and ATG14. The Flag-empty vector was used as a negative
control. (D) Endogenous IP assays of brain lysates showed that SLC35D3 precipitated BECN1, PIK3C3 and ATG14. IgG was used as a negative control. (E) Endogenous IP
assays of brain lysates showed that SLC35D3 precipitated BECN1, PIK3C3 and ATG14 in wild-type brain but not in ros brain. All the above IP assays were repeated indepen-
dently at least 3 times. IB, immunoblotting; IP, immunoprecipitation.
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Fermentek Ltd (CSA 88899–55–2). Rapamycin was obtained
from Sigma-Aldrich (R0395).

Cell culture and transfection

HEK293T, HeLa, U-87 MG or SH-SY5Y cells were grown in
DMEM medium from HyClone (SH30022.01B) supplemented
with 10% fetal bovine serum (GIBCO, 10099–141) and 1% pen-
icillin and streptomycin at 37�C under 5% CO2. Transfected
HEK293T, HeLa, U-87 MG or SH-SY5Y cells grew to

confluency on 24-well plates. Cells were harvested 48 h after
transfection and lysed in a RIPA buffer (Pierce, 89900) and
protease inhibitors (Sigma-Aldrich, P8340). Cell lysates were
centrifuged at 12,000 £ g for 15 min, and the supernatant frac-
tion was collected for immunoblotting.

Primary astrocytes were isolated from neonatal mouse brain by
the following procedures. After removing the meninges from the
brain, the whole brain except cerebellum was transferred into a
Petri dish. After cutting the brain tissue into pieces, 2 mL 0.25%
trypsin was added for incubating 7 min at 37�C. The reaction was

Figure 7. Expression of SLC35D3 enhances the BECN1-ATG14-PIK3C3 complex formation. (A) Expression of Flag-SLC35D3 enhanced BECN1-PIK3C3 and BECN1-ATG14
interactions in HEK293T cells. (B, C) The quantification data of 3 independent experiments in (A) are shown. Bars represent mean § SEM, n D 3. �, P < 0.05; ���, P <

0.001. (D) Expression of MYC-SLC35D3 increased ATG14-BECN1 and ATG14-PIK3C3 interactions in HKE293T cells. (E, F) The quantification data of 3 independent experi-
ments in (D) are shown. Bars represent mean § SEM, n D 3. ���, P < 0.001. (G) Reduced BECN1-PIK3C3 and BECN1-ATG14 interactions in the SN and VTA of 6-mo-old ros
mice. (H, I) The quantification data of 3 independent experiments in (G) are shown. Bars represent mean § SEM, n D 3. ��, P < 0.01; ���, P < 0.001. (J) PIK3C3 activity
was detected by analyzing PtdIns3P production using ELISA assay as described in Materials and Methods. The expression of indicated proteins was verified by immuno-
blotting. (K) The PtdIns3P fold changes were measured based on the concentration of PtdIns3P and normalized to the Flag control group. Both the expression of Flag-
SLC35D3 and Flag-ATG14 enhanced the PIK3C3 activities. Bars represent mean § SEM, nD 9; �, P < 0.05; ��, P < 0.01. IP: immunoprecipitation.
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stopped by adding 5 mL DMEM/F12 medium. The cell suspen-
sion was then centrifuged at 150 £ g for 5 min (Cence, L500,
Changsha). The mixed glial cell cultures were plated with 10 mL
of culture media and flasks were incubated in a 5% CO2 incubator
at 37�C for 10 to 12 d. After the mixed glial cultures were conflu-
ent, flasks were placed in a shaker (THZ-032, Shengneng Bocai,
Shanghai) at 180 rpm for 5 h at 37�C. The upper layer of media
(containing high purity of microglia cells) was removed without
disrupting the lower astrocyte layer adherent on the flask surface.
Cultured astrocytes were fixed or collected for immunostaining or
immunoblotting.

Immunoblotting

Cell lysates, immunoprecipitates or tissue lysates were com-
bined with loading buffer and subjected to 8–15% SDS poly-
acrylamide gel electrophoresis (SDS-PAGE). Immunoblotting
procedures were described previously.22

Coimmunoprecipitation (coIP) and affinity isolation assays

Transfected HEK293T cells were harvested and lysed in cell
lysis buffer with protease inhibitor cocktail (Sigma-Aldrich,
P8340) for 1 h at 4�C. All the procedures for coIP and affinity
isolation assays are described previously.31

Immunohistochemical and immunofluorescence staining

Mice were perfused through the heart with 4% paraformalde-
hyde in 0.1 M phosphate buffer (pH 7.4) under deep pentobar-
bital anesthesia. The brains were removed, and 20-mm frozen
sections in the coronal plane were prepared for immunohisto-
chemical staining (IHC). The procedures are described previ-
ously.22 For immunofluorescence staining of brain sections, all
procedures are described previously.3,32

Immunofluorescence confocal imaging

Cells transfected with the indicated plasmids were grown on
glass coverslips in 24-well plates until 30 to 50% confluence; 18
to 20 h after transfection, they were fixed and examined with
the procedures described previously.22

OptiPrep gradient analyses and sucrose
sedimentation assay

OptiPrep gradient analyses and sucrose sedimentation assays were
performed by following the procedures described previously.22,32

For OptiPrep gradient analyses, briefly, mouse SN and VTA were
immediately homogenized with 1 mL HB lysis buffer (250 mM
sucrose [Sigma-Aldrich, S9378], 20 mM Tris-HCl, pH 7.4, 1 mM
EDTA) followed by centrifugation at 1000 £ g for 15 min. Cyto-
solic extracts were placed onto the top of an 11 ml continuous 5%
to 30% OptiPrep (Sigma-Aldrich, D1556) gradient in HB buffer.
The gradient was centrifuged at 100,000 £ g for 14 h in a MLA-
55 rotor (Beckman Coulter). Fourteen fractions were collected
and analyzed by immunoblotting.

For sucrose sedimentation assay, briefly, mouse SN and VTA
were homogenized in a sample buffer containing 0.3 M Tris-

HCl, pH 7.5, 1 mM EGTA, 1 mM dithiothreitol, 0.5 mM MgCl2
and protease inhibitor cocktail (Sigma-Aldrich, P8340) followed
by centrifugation at 5000 £ g for 5 min and at 12,000 £ g for
90 min at 4�C to obtain a cytosolic extract. The supernatant
(0.6 mg of total protein) was fractioned by ultracentrifugation
on a Beckman MLA-55 rotor at 100,000 £ g for 14 h on a
5–20% (w/v) sucrose gradient (12 mL). Nineteen fractions were
collected and analyzed by immunoblotting.

PtdIns3K complex purification

HEK293 cells were cotransfected with the PtdIns3K complex
coexpression plasmid (pMlink-ATG14-PIK3C3-PIK3R4-
BECN1) and the plasmid expressing SLC35D3 with or without
a strep-tag (pCAG-strep-SLC35D3 or pCAG-SLC35D3). Cells
were harvested 72 h after transfection and incubated with the
lysis buffer (100 mM Tris, pH 8.0, 150 mM NaCl, proteinase
inhibitor cocktail, 2 mM DTT and 1% Triton X-100 [Sigma-
Aldrich, T8787]). The lysates were then subjected to centrifuga-
tion at 10000 g for 15 min at 4�C. The supernatant were incu-
bated with Strep-Tactin Sepharose (IBA GmbH, 2–1201–010)
for 2 h at 4�C. The resin was washed 5 times with the wash
buffer (100 mM Tris, pH 8.0, 300 mM NaCl, 2 mM DTT and
0.1% Triton X-100). Then the complexes were eluted with 2£
SDS-PAGE sample buffer and detected by Coomassie brilliant
blue staining and western blotting.

PIK3C3 kinase assay

PIK3C3 kinase assay was performed as described previously.13,27

HEK293T cells transfected with or without Flag-SLC35D3 or
Flag-ATG14 plasmids were immunoprecipitated by ATG14
antibody to pull down the PtdIns3K complex and the immuno-
precipitated fractions were subjected to PIK3C3 kinase activity
assay. PIK3C3 activity was measured with the PtdIns3K ELISA
Kit (Echelon, K-3000). Briefly, 20 ml kinase reaction buffer
(10 mM Tris, pH 8, 100 mM NaCl, 1 mM EDTA, 10 mM
MnCl2), 4 ml of 500 mM phosphatidylinositol substrate and
1 ml of 1.25 mM ATP were added into the beads immunopreci-
pitated by ATG14 antibody and incubated at 37�C for 1 h.
Then the reaction mixture was quenched with 5 ml of 100 mM
EDTA, diluted with 90 ml H2O and 80 ml PtdIns3P detection
buffer. Finally the quenched reaction mixture and the PtdIns3P
detector protein were added to the PtdIns3P-coated microplate
for competitive binding to the PtdIns3P detector protein. The
amount of PtdIns3P detector protein bound to the plate was
determined through colorimetric detection of absorbance at
450 nm by the ELISA Reader machine (High Creation Technol-
ogy CO. LTD, HR801, Shenzhen). The concentration of
PtdIns3P in the reaction mixture was calculated as reversed to
the amount of PtdIns3P detector protein bound to the plate.

Data analysis

All data were obtained from at least 3 independent experi-
ments. Data were expressed as mean § SEM and statistical sig-
nificance was tested by the Student t test.
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Abbreviations

ACTB actin, b
AMPK AMP-activated protein kinase
AIC autophagy initiation complex
ATG autophagy related
BAF1 bafilomycin A1
BECN1 Beclin 1, autophagy related
coIP coimmunoprecipitation
DA neuron dopaminergic neuron
ZFYVE1 zinc finger FYVE-type containing 1
ER endoplasmic reticulum
GAD1 glutamate decarboxylase 1
GFAP glial fibrillary acidic protein
GFP green fluorescent protein
IB immunoblotting
MAP1LC3/LC3 microtubule associated protein 1 light

chain 3
MTOR mechanistic target of rapamycin (serine/

threonine kinase)
pAb polyclonal antibody
PD Parkinson disease
PIK3C3 phosphatidylinositol 3-kinase catalytic

subunit type 3
PtdIns3K phosphatidylinositol 3-kinase
ros roswell mutant mouse
SLC35D3 solute carrier family 35 member D3
SNc substantia nigra pars compacta
SNr substantia nigra pars reticulata
SQSTM1 sequestosome 1
TH tyrosine hydroxylase
ULK unc51-like autophagy activating kinase
VTA ventral tegmental area
WT wild type
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