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A B S T R A C T

The link between Val232Met variant of phospholipase D3 (PLD3) and late-onset Alzheimer's disease (AD) is still
obscure. While it may not affect directly the amyloid precursor protein function, PLD3 could be regulating
multiple cellular compartments. Here, we investigated the function of wild-type human PLD3 (PLD3WT) and the
Val232Met variant (PLD3VM) in the presence of β-amyloid (Aβ) in a Drosophila melanogaster model of AD. We
expressed PLD3WT in CNS of the Aβ-model flies and monitored its effect on the ER stress, cell apoptosis and
recovery the Aβ-induced cognitive impairment. The expression reduced ER stress and neuronal apoptosis, which
resulted in normalized antioxidative phospholipids levels and brain protection. A specific O-glycosylation at
pT271 in PLD3 is essential for its normal trafficking and cellular localization. The V232M substitution impairs
this O-glycosylation, leading to enlarged lysosomes and plausibly aberrant protein recycling. PLD3VM was less
neuroprotective, and while, PLD3WT expression enhances the lysosomal functions, V232M attenuated PLD3's
trafficking to the lysosomes. Thus, the V232M mutation may affect AD pathogenesis. Further understanding of
the mechanistic role of PLD3 in AD could lead to developing novel therapeutic agents.

1. Introduction

Phospholipase D3 (PLD3), a type-II transmembrane protein of the
PLD family, shows neuronal expression in the frontal and temporal
cortices of human brains but does not colocalize with activated mi-
croglia or astrocytes (Hawrylycz et al., 2012; Lein et al., 2007; Munck
et al., 2005; Satoh et al., 2014). Compared to PLD1, PLD2, and other
genes that constitute a risk in developing Alzheimer's disease (AD)
(Karch and Goate, 2015), the role of PLD3 in AD pathogenesis is still
unclear. PLD1 corrects impaired trafficking of the amyloid precursor
protein (APP) and negatively regulates γ-secretase activity to decrease
β-amyloid (Aβ) levels (Cai et al., 2006a; Cai et al., 2006b). PLD2 as-
sociated with oligomeric Aβ-induced synaptic dysfunction (Oliveira
et al., 2010). In AD brains, PLD3 protein levels are moderately de-
creased and transcription levels downregulated (Kong et al., 2009; Xu
et al., 2006). PLD3 accumulates in cortical neuritic plaques (Satoh
et al., 2014), raising the question of how it associates with AD

pathology. PLD3 was reported to localize in secretory granules in a
pancreatic β-cell line (Brunner et al., 2007) and partially overlapped
with lysosomes in HeLa cells (Fazzari et al., 2017; Palmieri et al., 2011),
suggesting involvement in trafficking through an endosome-lysosome
pathway and a more complex function than robust endoplasmic re-
ticulum (ER) homeostasis (Munck et al., 2005). In contrast to PLD1 and
PLD2, the HKD motifs of PLD3 are in the luminal C-terminal domain
(Fig. S1A and B) (Munck et al., 2005; Nelson and Frohman, 2015) and
thus it could utilize lipids on the luminal side of the membrane or could
have a key membrane function within other cellular compartments.

Cruchaga et al. first reported the rare PLD3 variant, Val232Met, as a
risk factor for AD in a whole-exome sequencing set of late-onset AD
(LOAD) coupled with genotyping from seven independent data sets
comprised of 4998 Alzheimer's disease cases and 6356 controls of
European descent (Cruchaga et al., 2014). They proposed that PLD3 is
involved in amyloid precursor protein (APP) processing and that mu-
tations in PLD3 such as pV232M (hereafter referred to as PLD3VM)
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could increase the Aβ levels. A later combined meta-analysis for the
V232M substitution also found an association of modest effect size in
Han Chinese AD patients (Zhang et al., 2016). Zhang et al. supported
the hypothesis proposed by Cruchaga et al. (Cruchaga et al., 2014) and
speculated that the V232M alters the 3D protein structure in an evo-
lutionally conserved region located in proximity with the first HKD
motif (Fig. S1). However, the search for rare PLD3 variants associated
with an elevated risk for LOAD produced contrasting results. Three
other independent groups failed to correlate the V232M variant with
AD in diverse European populations (Heilmann et al., 2015; Hooli et al.,
2015; Lambert et al., 2015). Recently, Fazzari et al. (Fazzari et al.,
2017) challenged the mechanistic model proposed by Cruchaga et al.
(Cruchaga et al., 2014) and speculated that PLD3-knockout in mice did
not affect APP processing. They provided an exciting finding that PLD3-
knockout mice produced enlarged lysosomes instead of affecting APP
processing, suggesting that PLD3 could be involved in lysosome reg-
ulation. Although they observed no apparent phenotype in the young
ages of PLD3 knockout mice compared with wild-type mice, Fazzari
et al. (Fazzari et al., 2017) did not show whether PLD3 knockout may
produce degenerative phenotypes when associated with neurological
conditions in the aged animals. Meanwhile, whether PLD3VM is a con-
tributing factor in LOAD pathogenesis is still unclear due to insufficient
in vivo data.

Cross-species conservation allows employing D. melanogaster as a
robust system for modeling human pathologies (Bier, 2005). Expression
of β-amyloid-containing the Arctic mutation (Aβ42arc) in D. melanoga-
ster brain produces neurodegeneration with behavioral and cognitive
deficits (Crowther et al., 2005). Thus, we could observe the effects of
PLD3VM expression on β-amyloid pathology in a model organism which
normaly do not process APP and provide an APP-independent insights
on the PLD3 cellular function. The closest homologues of PLD3 are
found in other mammals (i.e. the murine SAM9 (Pedersen et al., 1998))
with ~93% identical amino acid residues (Fig. S1B) but more distantly
related proteins as in Xenopus (54%) and Drosophila (44%) also con-
stituted the very conserved HKD motifs (Munck et al., 2005). Our
analysis (Fig. S1) revealed that human PLD3 share> 43% identical
code with D. melanogaster ortholog and besides the HKD motifs, the two
key positions discussed in this research, pV232 (reported also by (Zhang
et al., 2016)) and pT271 are very conserved. Here, we present evidence
that human wild-type (WT) PLD3 has a protective function in fruit fly
brains against Aβ42arc neurotoxicity. PLD3VM, however, showed an
impaired glycosylation pattern, inefficient cellular localization in vitro,
and palusible restricted function causing atypical changes in cellular
lipid composition and compromised neuronal protection. Shifts in es-
sential cellular compartment markers showed that PLD3VM also affects
the cellular structures and thus pose an effect on late-onset AD pa-
thology.

2. Materials and methods

2.1. DNA constructs, transgenes, and point mutations

Full-length human PLD3 cDNA was amplified from HEK293 cells
(with the addition of an N-terminal FLAG tag and a C-terminal he-
magglutinin, HA) using Phusion Flash PCR Master Mix (F548) from
Thermo Scientific. We inserted the resulting flag::pld3-WT::HA (pld3WT)
gene construct in pcDNA5 for mammalian cell expression and pUAS-
attB for the generation of over-expressing transgenic fly lines. The
primers utilized in this study are listed in the supplementary Table S1.
We designed all primer sets by Primer3 with a melting temperature
(Tm) of about 60 °C. A single-nucleotide (GTG > ATG, Val232Met)
point mutation was generated in PLD3WT using a standard site-directed
mutagenesis protocol (Zheng et al., 2004) with a forward primer 5′-
GGTCAAGGAGCTGGGCATGGTCATGTACAACTGC-3′ and reverse
primer 5′- GCAGTTGTACATGACCATGCCCAGCTCCTTGACC-3′. We
also generated five independent substitutions (serine to alanine or

threonine to alanine) with the site-directed mutagenesis method at the
four predicted O-glycosylation sites (Fig. S1 and Primers in Table S1).
The resulting PLD3 gene constructs were digested by HindIII and BamHI
(Table S1, hPLD3 cloning primers) and inserted in pcDNA5 for mam-
malian cell expression.

2.2. Transgenic fly stocks and maintenance

The transgenic flies were grown and maintained at 25 °C and 60%
humidity on a 12-h light-dark cycle and a standard cornmeal medium
(recipe by Bloomington Drosophila Stock Centre, BDSC, Bloomington,
Indiana, USA). We obtained D. melanogaster transgenic fly lines elavc155-
GAL4 (#25750), and UAS-Aβ42-arctic (33,774 and 33,773) from BDSC.
BestGene Inc. (MA, USA) microinjected UAS-PLD3WT- and UAS-
PLD3V232M-containing plasmids into D. melanogaster embryos inserting
the PLD3-transgenes at the attP site in the VIE260B genetic background,
which is a fly line used to generate the VDRC-KK collection (Dietzl
et al., 2007). The commercial UAS-RNAi lines are generated by hairpin
repeats of ~300 bp (VDRC) and it is well established to use the Dicer2
(UAS-Dcr2) in order to achieve a reliable expression of gene-specific
RNAi hairpins in D. melanogaster via co-expression of UAS-Dcr2 (Dietzl
et al., 2007; Zeng et al., 2015). The mb247-Gal4 driver line was a kind
gift from Thomas Riemensperger (Pech et al., 2013). We backcrossed all
transgenic fly lines for at least five generations to a w1118 line (#60000,
VRDC), which is a well-known fly control line.

2.3. Reagents and antibodies

2.3.1. Reagents
This research employed endoglycosidase H (Endo-H, Roche), O-

glycosidase (O-Gly, NEB), peptide-N-glycosidase-F (PNGase-F, NEB),
Brefeldin A (Sigma-Aldrich, B7651), and Lysotracker Red DND-99
(Invitrogen, L7528). All endoglycosidase and BFA treatments were
performed according to manufacturer protocols, for 2 h at 37 °C. We
used LysoTracker Red DND-99 as a lysosome marker (acidic compart-
ments) according to the manufacturer's protocol for live cells and then
immunochemically stained with appropriate antibodies (see cell im-
munocytochemistry). We purchased a mixture of 3 independent siRNA
targeting non-coding regions in PLD3 pre-mRNA, generated from in-
trons – 3, 6 and 7, from Thermo Fisher Scientific.

2.3.2. Antibodies
We employed rat anti-HA (Roche, clone 3F10), rabbit anti-Bcl2

(Santa Cruz, sc-492), rabbit anti-cleaved caspase-3 (Cell Signaling,
#9661), rabbit anti-LAMP1 (Abcam, ab13523), rabbit anti-cathepsin B
(Santa Cruz, sc-13,985), mouse anti-cathepsin D (Invitrogen,
MA5–17236), and mouse anti-beta actin (Sigma, A5441).

2.4. XBP1 in vivo alternative splicing

We isolated total RNA from fly heads (2–3 μg, four independent
samples) and subjected it to qRT-PCR (Supplement methods). We am-
plified 177 bp fragments of D. melanogaster XBP1 (spliced form, XBP1s)
and 200 bp (XBP1u, unspliced) using the following primers: forward, 5′
ACAGCAGCACAACACCAGATGC 3′; and reverse 5′ CTTTCCAGAGTGA
GGCCAGGCT 3′. PCR conditions were: denaturation at 97 °C for 2min,
35 cycles of 96 °C (10 s each), 58 °C for 10 s, 68 °C for 10 s, and 72 °C for
1min. We separated the PCR products at 20 V/cm2 on non-denaturing
5% polyacrylamide gels prepared in 1×Tris-borate-EDTA buffer. DNA
bands were visualized using GelRed (Biotium).

2.5. High-content imaging

Cells transfected with PLD3-HA constructs (WT, V232M, and
T271A) were trans-seeded into a 96-well black plate (Greiner Bio-One).
Cells were incubated with LysoTracker Red DND-99 for 30min at 37 °C
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under 5% CO2. After washing 2× in phosphate-buffered saline (PBS),
the cells were fixed in 4% paraformaldehyde and labeled with HA an-
tibody. For data acquisition, at least 8 images were acquired per well
using automated confocal microscopy (Opera high-content system;
Perkin-Elmer) and analyzed for Lysotracker size (Harmony and acapella
software; Perkin-Elmer). On average, we analyzed approximately 6000
cells for each experimental condition.

2.6. Iodixanol-gradient fractionation

We harvested 50–200mg HeLa-cell pellets containing PLD3 con-
structs (WT, V232M, T271A, or mock-HA) in a 2mL microcentrifuge
tube at about 850×g for 2min. By the manufacturer's instructions, the
pellet was incubated in 800 μL of gradient fractionation solution A
(89,839; Thermo Fisher Scientific) with protease inhibitor at −4 °C for
2min. We added 800 μL of gradient fractionation solution B to the cell
suspension on ice and the tube inverted several times to mix. We cen-
trifuged the suspension at 500×g for 10min at 4 °C. The resulting
supernatant containing total protein and 15% iodixanol in 1600 μL was
overlaid on top of an iodixanol density gradient, prepared according to
the manufacturer's instructions (OptiPrep, Thermo Scientific).
Gradients were composed of 800 μL of 30% iodixanol, 800 μL of 27%,
400 μL of 23%, 800 μL of 20%, and 400 μL of 17% (total 2 mL).
Gradients were centrifuged at 145,000×g for 2 h at 4 °C. We collected
fourteen 320-μL fractions from the top of the gradient, and we assessed
the distributions of LAMP1 by western blot.

2.7. Co-immunoprecipitation

We treated human neuroblastoma cell line (SH-SY5Y cells) expres-
sing HA-tagged PLDWT, PLD3V232M, or PLD3T271A with oligomeric
Aβ1–42 (1 μM) (see below). We lysed the cells in Lysis Buffer
(Calbiochem; 1% digitonin, 50mM HEPES, 100mM NaCl, 10mM CaCl2
and 5mM MgCl2 at pH 7.6, supplemented with protease inhibitor
cocktail (Sigma)) for 30min at 4 °C. Lysates were precleared with
Protein G Sepharose (GE Healthcare) for 1 h at 4 °C. We performed
immunoprecipitation by overnight incubation with the anti-HA anti-
body (Roche) at 4 °C. Immune complexes were purified using Protein G
Sepharose followed by three washes with 0.1% digitonin. We eluted
immunoprecipitated proteins by boiling in sodium dodecyl sulfate
(SDS) sample buffer. We assessed the immunoprecipitated samples or
samples representing 5% of the input lysates by western blot.

2.8. Oligomerization of β-amyloid

Commercially available Aβ1–42 (BACHEM, 0.5mg) was dissolved in
DMSO (1mM) and aliquots stored at −80 °C. We used polypropylene
microcentrifuge tubes with a reduced-binding (1.5 ml) for the aliquots
and dilutions. We diluted 1mM Aβ1–42/DMSO aliquot with ice-cold,
sterile 1× PBS, vortexed for 60 s and then incubated for 10–12 h at 4 °C.
The resulting oligomeric Aβ1–42 (500 μM) was vortexed and diluted to
1 μM (final 0.1% DMSO) in complete cell culture media (DMEM, sup-
plemented with 10% Fetal Bovine Serum (FBS) and warmed to 37 °C
before it was added to the cells. Complete culture media containing
0.1% DMSO was used as the control conditions.

2.9. Phospholipid sample preparation and quantification

We collected approximately 250 fly heads from elavc155-
Gal4 > Aβ42arc flies expressing PLD3 variants after 20 d after eclosion
at 25 °C. Bulk lipids from three independent experimental samples per
genotype were rapidly extracted using methanol (80% v/v) according
to a protocol for metabolites analysis from D. melanogaster (Tennessen
et al., 2014). The cuticle and cellular debris were removed by cen-
trifugation at 14,000 rpm for 10min at 4 °C. The supernatants were re-
extracted with chloroform and samples centrifugated at 2000×g for

15min. The organic phase was carefully collected, vacuum dried, and
stored at −80 °C pending analysis by LC-MS/MS. We normalized the
lipid extracts against the sample protein concentration before LC-MS/
MS analysis. To further compensate for possible lipid loss during sample
preparation before lipid extraction, phosphatidylethanolamine (PE)
16:0 D31–18:1 and phosphatidylcholine (PC) 18:0 D70–18:0 were
added as internal standard (IS). The stable isotope-labeled IS normalize
the samples, provide quality control, and allow for the monitoring of
instrument efficiency (Tennessen et al., 2014). Additionally, negative
controls that contain no fly tissue were prepared to detect chemical
contamination and false-positive peaks during the subsequent LC-MS/
MS analysis. The fold change vs. mock control was calculated for every
unique phospholipid molecule, then the averaged phospholipid value
was estimated for four general lipid groups. The phospholipid deriva-
tives detected by LC-MS/MS were the C18 plasmalogens phosphati-
dylcholine (PC) [LPC, 18:1, 22:6, 20:4] and phosphatidylethanolamine
(PE) [LPE, 18:1, 22:6, 20:4], plus total PC, total PE, and total dia-
cylglycerols (DAG).

2.10. D. melanogaster tissue preparation, immunohistochemistry, and
imaging

Whole, adult fly brains were dissected in 0.1 M phosphate buffer at
pH 7.2 and fixed for 90min in 4% paraformaldehyde in 1× phosphate-
buffered saline (PBS) at pH 7.4 and 25 °C. The brains were washed 3×
for 10min in P/T (0.3% Triton X-100 in 1× PBS at pH 7.4) and stored
in P/T overnight at 4 °C. After blocking for 2 h in 5% normal goat serum
in P/T, the fly brains were immunolabeled overnight with mouse anti-
Fas-II (1D4, DSHB) at 4 °C with very slow shaking. After three 20-min
washes in P/T on the shaker, the tissue samples were incubated over-
night with secondary antibodies at 4 °C, washed 3× for 30min at room
temperature (RT) in P/T, equilibrated in Vectashield mounting solution
(Vectashield, +DAPI) and mounted on glass slides.

2.11. Cell culture, plasmid transfection, and western blot analysis

We transfected human neuroblastoma (SH-SY5Y) and HeLa cells
with PLD3-containing pcDNA5 plasmids using Lipofectamine 2000
(Invitrogen, #11668–019) according to the manufacturer's guidelines.
After a 48-h incubation, we lysed the cells in lysis buffer (50mM Tris-
HCl, 250mM NaCl, 0.1% NP-40, 1% Triton X-100, and 10% glycerol at
pH 7.3) containing a phosphatase and protease inhibitor mix (Sigma).
We incubated the cells in fresh media containing 1.0 μM oligomeric Aβ
for 24 h. Extracts were centrifuged at 13,000 rpm for 10min at 4 °C, and
the levels of soluble protein were quantified using the Coomassie Plus-
200 protein assay reagent (Pierce). We separated the protein extracts by
SDS-PAGE and performed Western blots according to general methods.
Images were analyzed using Image J (IJ 1.45m) and organized in
Illustrator CS6.

2.12. D. melanogaster survival assay

elavc155-Gal4 virgins were collected, sorted into batches of 50–100
flies, and crossed with age-matched males to produce the desired gen-
otypes. We collected at least 120 male flies per genotype (expressing
one copy of Arctic Aβ1–42 and the UAS control) at d 0–1 after eclosion
and aged on standard cornmeal food (Bloomington recipe) com-
plemented with 1.5% agar. Each vial was 9.5× 2.4 cm and was kept on
its side at 25 °C and 60% humidity under a 12-h light-dark cycle. To
avoid any mortality unrelated to phenotype, we optimized the sample
size per vial to 23–25. We exchanged with fresh standard fly food every
2–3 days and counted the dead Aβ-flies. Differences in survival were
analyzed using the Kaplan-Meier equation in GraphPad Prism 5
(GraphPad Software, Inc., La Jolla, CA).
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2.13. Negative geotaxis assay

We assessed the climbing behavior of 120 male flies (23–25 per
genotype) collected 0–1 d after eclosion in a clean 15-cm-high × 2.4-
cm-diameter polystyrene vial. We transferred each genotype without
anesthesia, give them 30–60 s of rest before and between trials, and
gently tapped them to the vial bottom in a dark room under a red light
(Paterson Safelight Photax Filter, SH2013011, UK). The data represent
mean ± standard errors of the mean (SEM) of 6 independent experi-
mental fly cohorts tested serially every 5 d within 50 d from d 0–1 after
eclosion. We calculated the climbing activity by counting the number of
flies above a mark on the vial at 2.5 cm, 15 s after tapping the vial and
expressed the value as a percentage of the number of flies in the vial.
Images (videos) were taken using a Sony DSC-90 Cyber-shot 8.1 camera
placed and leveled 40 cm in front of the test vial.

2.14. Learning and memory assay

We used the two-choice, conditioned preference test for an odor
associated or not associated with ethanol and performed a Y-maze
assay, as described by Kaun et al. (Kaun et al., 2011). Specifically, we
collected 8 to 16 groups of 10–12 male flies per genotype at 0–1 d after
eclosion, incubated them at 25 °C and 50% humidity, and tested them at
20 d after eclosion. We trained the flies in a 15× 15×15 cm chamber.
Humidified air was simultaneously streamed through diluted odors at a
flow rate of 1.0 L·min−1 and mixed with the ethanol vapor at
1.5 L·min−1 (resulting in 53% ethanol, v/v) in the training chamber at
23–24 °C to entrain alcohol vapor. We used a 2:1 mixture of ethyl
acetate (1:50) and acetic acid (1:500) as odor A and isoamyl alcohol
(1:50) as odor B. We diluted odorants in mineral oil and prepared
ethanol before each training and testing sessions. Each training con-
sisted of three repetitions spaced by 50–60min of a 10-min exposure to
odor A, a 5-min humidified air, and a 10-min odor B plus ethanol. A
reciprocal group of flies was simultaneously trained using a 10-min
odor B exposure, a 5–10min exposure to humidified air, and a 10-min
exposure to odor A plus ethanol. We assessed fly memory 30min, and
24 h post-training and we give the flies 5min to choose between
odorant A or B.

We used a balanced procedure, to ensure that the subjective pre-
ferences for either odor did not affect conditioning. Testing flies with
rapid neurodegeneration also had several confounds. We observed that,
compared with control elavc155-Gal4/attP flies, the elavc155-
Gal4 > Aβ42arc flies more easily became intoxicated by the ethanol
vapors and exhibited a high mortality rate. We noticed that age-de-
pendent neurodegeneration in elavc155-Gal4 > Aβ42arc flies also causes
their climbing abilities to decline rapidly at> 30 d after eclosion. After
testing several assay conditions with elavc155-Gal4 > Aβ42arc flies, we
concluded that at about 20 d after eclosion at 25 °C, Aβ-flies are still
very active in the presence of 50% ethanol and the mortality rate
is< 10% after the training. Therefore, we used Aβ-flies not older than
25 d after eclosion and alcohol concentration to 50–53% (v/v) which
did not affect the memory performance of the WT flies (Fig. S3).
Although well sedated after a 10-min exposure, Aβ-flies recover com-
pletely within 50min postconditioning. Twenty to twenty-five days old
Aβ42arc flies show signs of neurodegeneration (Fig. 1B) but still exhibit
a climbing activity of over 60%. All of the tested 20–25 d old Aβ42arc fly
genotypes exhibited equal preference when tested odor A vs. odor B in
the absence of conditioning (Fig. S3), and therefore have a standard
odorant-dependent attractive behavior. Aβ-flies also show a typical
attractive behavior in the Y-maze when given 5min to select between
an unconditioned odor vs. air (Fig. S3B).

2.14.1. Data assessment
First, we calculated the preference index (PI) for the odor paired

with ethanol (conditioned stimulus, CS) as PI= (the number of flies in
the paired-odor arm – the number of flies in the unpaired-odor arm) /

(total number of flies). Then we calculated a conditional preference
index (CPI) for conditioned odor preference or aversion by averaging
the preference indices for reciprocally trained groups of flies. Odor
controls were performed as described above, except that instead of
choosing between two different odors, flies chose between each of the
odor A (B) versus air streamed through mineral oil. We calculated the PI
as (number of flies in the odor arm – the number of flies in the air arm)/
(total number of flies).

2.15. D. melanogaster rough-eye phenotype

We collected gmr-Gal4 transgenic virgins and crossed them to UAS-
Aβ42arc, UAS-PLD3 male flies. We incubated up to 50 age-matched
larvae (3–5 days post egg-laying) from each genotype in standard
cornmeal food at 28 °C. Then we collected adult male flies 5–10 d after
eclosion and assessed the presence of the rough-eye phenotype under a
light stereomicroscope (5MP camera).

2.16. Quantitative PCR

We cut off heads of 30 animals (15 d after eclosion) using sharpened
high precision tweezers and flash frozen in Eppendorf tubes on dry ice
and stored in a dry state at −80 °C pending first-strand cDNA synthesis.
For each experiment, We prepared six independent total RNA samples
from frozen D. melanogaster heads with the desired genotype and con-
trol flies using TriZol (Sigma). For each sample, 3 μg total RNA
(NanoDrop) was reverse transcribed using a cDNA synthesis kit
(SuperScript® III, Thermo Fisher, #18080051). Gene expression levels
were assayed in 96-well plates using a BioRad SYBRGreen kit according
to the manufacturer's protocol.

2.17. Flow cytometry

We transfected 1×105 HeLa cells with the PLD3-HA constructs WT,
V232M, and T271A, and Mock (Control). After washing with PBS, cells
were detached and re-suspended in PBS with 0.125% Trypsin-EDTA.
HA-antibody was then added and incubated at 4 °C for 30min. Then
washed cells were incubated at 4 °C for 30min with 1 μg/mL of Alexa
Fluor 488 anti-rat IgG antibody (Invitrogen). Finally, the cells were
resuspended and fixed in 500 μL of PBS containing 4% paraformalde-
hyde. At least 10,000 events were acquired and analyzed using the
FACSCanto II flow cytometer (BD Bioscience, San Jose, CA, USA).

2.18. Cell immunocytochemistry

Cells on coverslips were fixed in 4% paraformaldehyde for 30min at
RT. Cells were washed thrice with 1× PBS, pH 7.4 and permeabilized
with blocking buffer (1% Triton X-100, 5% goat serum, 1% bovine
serum albumin (BSA) in PBS) for 30min at RT. We incubated the cells
with primary antibodies in a staining buffer (5% goat serum, 1% BSA in
PBS) overnight at 4 °C. The next day, the cells were washed 6× for
5min with PBS and then incubated with secondary antibodies in
staining buffer for 1 h at RT. Then we washed 6× for 5min with PBS,
and we stained the cells with Hoechst for 5min. After washing 3× for
5min with PBS, we mounted the coverslips on glass slides with
mounting medium (Dako). All digital images were acquired using a
Nikon microscope and were filtered and processed using NIS software.

2.19. Statistical analyses

We performed statistical analysis by One-Way ANOVA followed by
Bonferroni's post-hoc comparison test, **, P < .01. Mean survival time
comparisons for Aβ42arc flies were performed using the Mantel-Cox test.
Values are presented as means± SEM of at least three independent
experiments.
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3. Results

3.1. Phospholipase D3 (PLD3WT) is protective against behavioral and
developmental effects of Aβ accumulation in a fly model of AD, V232M
variant (PLD3VM) less so

First, we investigated the behavioral effects of two PLD3 variants on
Aβ-induced neurotoxicity in the D. melanogaster central nervous system
(CNS). We generated UAS-PLD3WT and UAS-PLD3VM transgenic flies
and expressed the two PLD3 variants by the elavc155-Gal4 driver (Lin
and Goodman, 1994). In order to achieve a reliable expression of gene-
specific RNAi hairpins by elavc155-Gal4 driver in D. melanogaster, we co-
expressed Dicer2 (UAS-Dcr2, hereafter Dcr2) (Dietzl et al., 2007; Zeng
et al., 2015). The lifespan of flies expressing single copies of PLD3WT or
PLD3VM by elavc155-Gal4 was not significantly different from that of the
control flies, elavc155-Gal4, Dcr2 > attP (Fig. S2A), implying no or low
heterologous protein toxicity. Pan-neuronal expression of β-amyloid-
containing the Arctic mutation (Aβ42arc) in D. melanogaster (hereafter,
“Aβ flies”), results in depletion of presynaptic axonal mitochondria as
well as a presynaptic and postsynaptic loss (Crowther et al., 2005; Lin
et al., 2014; Zhao et al., 2010). We observed that at 25 °C and 50%
humidity, Aβ-flies exhibit markedly impaired motor activity and de-
creased lifespan (Fig. 1A). Interestingly, neuronal expression of PLD3WT

extends the Aβ flies' survival (median survival 58 d after eclosion vs.
control Aβ flies, median survival 50 d; by the Mantel-Cox test). Al-
though overexpression of the PLD3VM also improves the Aβ flies' sur-
vival (median 55), these flies' lifespan was significantly shorter than
that of the elavc155-Gal4, Dcr2 > Aβ42arc, pld3WT

flies (Fig. 1A and A').
Knockdown of Drosophila PLD3 (dPLD3KD) reduces the endogenous
transcription levels by 60%, which appears to be sufficient to deterio-
rate further the Aβ flies lifespan (Fig. 1A). To obtain stable and con-
sistent expression of Aβarc peptide and PLD3 recombinant proteins, and
reduce the false results, we incubated all fly genotypes at 25 °C and 50%
humidity (Fig. S2B and S2C). Both ectopically expressed human PLD3
transgenes had similar transcription levels in the presence of a single
copy of elavc155-Gal4 driver (Fig. S2B). Since the amyloid beta mRNA
levels also exhibited similar levels at these conditions in all genotypes

(5 d after eclosion), we concluded that the behavioral effects are de-
pendent on PLD3 variants expression, without a promoter competition
in this ectopic expression system, (Fig. S2C). All genotypes contained a
single copy of elavc155-Gal4, and UAS-Dcr2 transgenes on the X-chro-
mosome (Methods).

Next we observed how the expression of PLD3 variants can affect a
neurodegenerative phenotype of Aβ flies. At 25 °C, Aβ-flies (elavc155-
Gal4, Dcr2 > Aβ42arc) exhibit an age-dependent decline in their motor
abilities starting about 10–15 d after eclosion that quickly deteriorates
within 50 days (Fig. 1B). Consistent with the results from the survival
assay, overexpression of PLD3WT improved Aβ-flies climbing abilities.
PLD3VM was again less effective and compared with the control Aβ-flies
(Fig. 1B). Knockdown of dPLD3 aggravates the Aβ-fly phenotype, fur-
ther reducing survival (Fig. 1A) and climbing abilities (Fig. 1B). Ex-
pression of Aβ in the D. melanogaster eye by the glass multiple reporter
promoter (Freeman, 1996; Ollmann et al., 2000) produces a rough-eye
phenotype with asymmetric-fused ommatidia (gmr-Gal4 > Aβ42arc), a
developmental effect of Aβ accumulation observed in D. melanogaster
compound eye (Fig. S2D). We counted the fused ommatidia and found
that PLD3WT expression significantly improved the degenerative phe-
notype while PLD3VM expression was less efficient (Fig. 1C). PLD3VM

also slowed down Aβ-induced developmental defects, but it was less
effective than PLD3WT because we were able to see more disorganized
and scrambled ommatidia (Fig. S2D). In conclusion, CNS expression of
PLD3WT is protective and can extend lifespan and improve the Aβ-flies
motor abilities, while PLD3VM shows a weaker protective effect, plau-
sibly due to impaired function and or protein instability.

3.2. Ethanol-induced memory and neuronal plasticity in Aβ42arc flies are
ameliorated only in the presence of PLD3WT

Next, we asked whether Aβ induces cognitive impairment in Aβ-
flies and whether PLD3WT or PLD3VM expression affects such impaired
cognition. We assessed the cognitive performance in Aβ-flies by Y-
maze, an ethanol-conditioned olfactory memory assay developed by
Kaun et al. (Kaun et al., 2011) at 20–25 d after eclosion (Fig. 2A). All
tested genotypes (under the elavc155-Gal4 driver (Lin and Goodman,

Fig. 1. Phospholipase D3 (PLD3WT) is protective
against behavioral and developmental effects of Aβ
accumulation in a fly model of AD, V232M variant
(PLD3VM) less so.
Longevity (A) and age-dependent decline of negative
geotaxis (B) of Aβ42arc flies expressing PLD3 wild-
type (WT) (PLD3WT), PLD3-V232M variant
(PLD3VM), or PLD3-RNAi (dPLD3KD). We compared
all genotypes to the control flies (with attP or
Aβ42arc). The climbing ability (B) and median sur-
vival (A') of Aβ42arc, PLD3WT

flies are significantly
improved compared with Aβ42arc, PLD3VM flies. The
data points in (B) represent the mean ± standard
error of the mean (SEM) of the percentage of flies
able to climb above a 2.5-cm–high mark; n > 120
flies per genotype in (A) and (B). *, Aβ42arc, PLD3WT

vs. Aβ42arc; δ, Aβ42arc, PLD3VM vs. Aβ42arc, PLD3WT;
*, P < 0.05; **, P < 0.01; δ, P < 0.05, One-Way
ANOVA with Bonferroni's correction. All fly geno-
types in (A) and (B) are under the control of the
elavc155-Gal4 driver. (A') Comparisons of the mean
survival times in (A) of each genotype is given in
parentheses; ***, P < 0.001; *, P < 0.05; Mantel-
Cox, GraphPad Prism. (C) The graph represents the
fused ommatidia count. We analyzed the light ste-
reomicrographs of fused ommatidia and rough-eye
phenotypes in transgenic flies co-expressing Aβ42arc
and PLD3WT or Aβ42arc and the PLD3VM mutant or
Aβ42arc and dPLD3KD under the gmr-Gal4 driver.
n > 15 males per genotype. See also Fig. S2.
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1994)) exhibited normal climbing abilities and odor preferences when
control-tested with odor A (B) vs. air and no preference when control-
tested with odor A vs. odor B (Fig. S3), implying an equally attractive
olfactory behavior. The short-term ethanol-aversive memory (STM),
assessed 30–60min after training, and the long-term, ethanol-reward
memory (LTM), tested 24 h after training, were significantly impaired
in Aβ-flies (Fig. 2B). CNS expression of PLD3WT in Aβ-flies resulted in
the recovery of both aversive and reward memories (Fig. 2B), while
PLD3VM overexpression was unable to rescue impaired LTM-reward
memory in Aβ-flies (Fig. 2B). Although statistically insignificant, we

found a trend for the aversive memory deficit in PLD3VM-expressing Aβ-
flies vs. the attP control flies. A mb247-Gal4 predominantly facilitate
ectopic expression in Kenyon Cells (Pech et al., 2013) with projections
into the mushroom bodies (MBs) (Davis and Han, 1996) a conserved,
paired fly brain structure involved in fly memory processing that re-
ceives inputs from several sensory systems including the olfactory.
Notably, we observed similar cognitive performances with the same
genotypes expressed under mb247-Gal4 driver (Fig. S4), where only
PLD3WT was advantageous and enhanced cognitive abilities, and
PLD3VM was not as effective.

Fig. 2. Ethanol-induced memory and neuronal plasticity in Aβ42arc flies are ameliorated only in the presence of PLD3WT.
(A) We subjected Aβ-flies to three spaced training sessions of a 10-min exposure to a first odor (odor A) followed by a 5-min exposure to humidified air and a 10-min
exposure to a second odor (odor B) paired with 40% ethanol vapor. The flies then choose between the two arms of a Y-maze containing different odors (odor A or
odor B). (B) alcohol-conditioned aversion (30min after training, short-term memory, STM) or preference (24 h after training, long-term memory, LTM) compared
between flies expressing Aβ42arc and PLD3WT, Aβ42arc and PLD3VM, Aβ42arc and dPLD3KD, Aβ42arc and attP, or control flies (n=13–20 groups; each containing
10–12 flies/vial). Only Aβ42arc, PLD3WT

flies show significant recovery of STM and LTM compared with the control and the other Aβ42arc genotypes. (C) αβ neuron
axonal projections in the mushroom bodies (MB) (αβ-MB lobes, top left, ctl) visualized in whole-mount, male brains (25–30 d after eclosion), stained for anti-Fascilin
II (Fas-II, 1D4). We examined Fas-II signal intensity and compared the resulting image to the image of elavc155-Gal4/attP control brains under blind-experiment with
the same confocal acquisition settings. We observed reduced immunofluorescent intensity in the αβ-MB lobe of Aβ42arc and Aβ42arc, PLD3VM flies but enhanced FasII
signal in Aβ42arc, PLD3WT

flies. (C′) graphical representation of the relative fluorescence intensity (FasII) of a designated area encompassing only the αβ-MB lobes
(attP, CTL) represented in arbitrary units versus the control brains. (D) Quantitative RT-PCR analysis of dTH, tyrosine hydroxylase; dChAT, choline acetyltransferase;
and dVAChT, vesicular acetylcholine transporter, from four independent total RNA samples derived from each specific genotype. All fly genotypes are under control
of the elavc155-Gal4 driver (including UAS-Dcr2). CPI, conditional preference index; CS, conditioned stimulus; US, unconditioned stimulus. All data values are as
mean ± SEM. *, P < 0.05; **, P < 0.01; One-Way ANOVA with Bonferroni's correction. Scale bar: 50 μm. See also Figs. S2, S3, and S4.
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Some neuronal cell-adhesion molecules such as D. melanogaster
Fasciclin II (FasII), function as synapse stabilizing and destabilizing
factors (Packard et al., 2003), and serves as a marker of the MBs αβ and
γ lobes (Crittenden et al., 1998). We asked whether PLD3 variants ex-
pression, under the control of the elavc155-Gal4 driver, can improve
synaptic stability in Aβ-fly brains. We stained whole brains from 25 to
30-d-old, male Aβ-flies with Fas-II (1D4) antibody (Fig. 2C) and found a
decreased Fas-II intensity throughout the αβ and γ lobes of the MBs
compared with brains from control flies (Fig. 2C, Left). In the same
experimental conditions, we found that the αβ and γ lobes recovered in
PLD3WT-expressing Aβ flies. However, a decrease in FasII intensity was
still observed after expression of PLD3VM and to a lesser degree with
dPLD3KD. These data confirmed that neuronal rescue and synaptic
stability is achieved only by PLD3WT activity rather than by PLDVM

overexpression. Furthermore, the transcription levels of tyrosine hy-
droxylase, choline acetyltransferase (dChAT), and vesicular acetylcho-
line transporter (dVAChT) were significantly reduced in Aβ-fly heads
(Fig. 2D), which may reflect the degeneration and recovery of dopa-
minergic and cholinergic neurons. Normal transcription levels were
achieved only following PLD3WT expression in Aβ flies.

3.3. PLDWT rather PLD3VM reduces Aβ-induced ER stress and neuronal
apoptosis

Aβ activates alternative splicing of the X-box binding protein
(XBP1) in vivo in a D. melanogaster AD model, as well as in mammalian
neuron cultures (Casas-Tinto et al., 2011). The resulting ER stress
produces a highly active transcription factor called XBP1s that targets
the unfolded protein response (Yoshida et al., 2001). Four independent
mRNA extracts showed that the active isoform of XBP1s is consistently
increased in Aβ-fly brains (all genotypes were under elavc155-Gal4
driver) (Fig. 3A). We found that only the expression of PLD3WT ame-
liorates the Aβ–induced ER stress in Aβ-flies at age 20–25 d after
eclosion as indicated by lower levels of XBP1s. However, PLD3VM or
dPLD3KD overexpression in Aβ-flies did not change XBP1s level sig-
nificantly compared with control Aβ flies.

Bcl-2, an anti-apoptotic marker (Hockenbery, 1995), is also reduced
in Aβ fly brain extracts, while cleaved caspase-3, an apoptotic cell death
marker (Porter and Janicke, 1999), is increased (Fig. 3B). Bcl-2 loca-
lizes within the mitochondria and regulates Ca2+ release from the ER
(Ferreiro et al., 2007). Increased expression of Bcl-2 also inhibits Aβ-
induced neurotoxicity (Cardoso et al., 2001; Morais Cardoso et al.,
2002). Interestingly, either PLD3WT or PLD3VM expression in Aβ-fly
brains increased Bcl-2 protein levels, which could explain the extended
lifespan and climbing abilities of these two genotypes compared with
the Aβ-fly control (Fig. 1A and B). However, we also observed that
PLD3WT expression significantly reduces the active caspase-3 levels,
while PLD3VM expression appeared to be less protective (Fig. 3B). The
western blot results for elavc155-Gal4 > Aβ42arc, dPLD3KD were vir-
tually indistinguishable from those of the control Aβ flies. We also
observed lower Bcl-2 protein levels in oligomeric Aβ-treated SH-SY5Y
cells, consistent with the in vivo results, but they returned to the control
levels after PLD3WT expression (Fig. S5).

3.4. PLDWT rather than PLD3VM normalizes essential phospholipid levels in
Aβ-fly brains

Ethanolamine plasmalogens, especially abundant in the brain
(Brites et al., 2004), are essential lipophilic antioxidants (Engelmann,
2004). A liquid chromatography-tandem mass spectrometry (LC-MS/
MS) profile of the lipids in methanol extracts of Aβ-fly-brain (Fig. 3C)
showed several essential phospholipids, mainly C18 plasmalogens
(phosphatidylethanolamine [18:1-PE] and phosphatidylcholine [18:1-
PC]) that exhibited a>1.5-fold increase (Fig. 3C). The increase in
antioxidant phospholipids potentially reflects an attempt to counteract
the Aβ-induced cell inflammation, oxidative stress, neuronal cell

damage, and neurodegeneration as observed in previous publications
(Crowther et al., 2005; Iijima et al., 2004). Notably, PLD3WT expression
reduced the C18 plasmalogen levels in Aβ-fly brains to the levels found
in control fly brains (where all genotypes were under elavc155-Gal4
driver). Expression of PLD3VM was not sufficient to decrease the anti-
oxidant phospholipid levels and therefore did not reverse the in-
flammation and neuronal stress. This data confirmed that PLD3WT im-
proves neuronal homeostasis while V232M leads to an inefficient
neuronal defense mechanism.

3.5. V232M substitution alters a distinct O-glycosylation pattern in PLD3

An initial C-terminal hemagglutinin (HA)-tag detection of PLD3WT

and PLD3VM in protein extracts from fruit fly heads (elavc155-
Gal4 > UAS-hPLD3) revealed that the two variants exhibit a distinct
shift in protein molecular weight (Fig. S6). Shifts in PLD3 molecular
weight as a result of probable posttranslational modifications were also
speculated in previous publications (Munck et al., 2005; Satoh et al.,
2014). We also suspected an altered glycosylation pattern in PLD3VM to
be the cause of this shift and plausibly an inefficient protein trafficking
along the ER-Golgi-endosome axis. In order to study the post-transla-
tional modifications of PLD3 and its cellular localization, we expressed
variants of the protein in SH-SY5Y cells (Fig. 4A, Methods). Mammalian
cell expression system is one of the most suitable choice because the
cellular machinery permits correct protein folding and glycosylation
patterns similar to those of human cells. Mammalian cell culture can
also provide a sufficiently bigger cellular components size; a typical
neuron in the head of D. melanogaster has a soma diameter of 2–6 μm,
compared with 10–30 μm for a pyramidal cell in rodent cortex (Mason
and Larkman, 1990). Likewise, in SH-SY5Y cells the slower-migrating
upper protein bands (higher molecular weight, HMW) that are well-
evident in PLD3WT were less intense in the case of PLD3VM (Fig. 4A,
−R, white arrow) and under glycoprotein denaturing conditions,
PLD3VM was mainly present as lower molecular weight (LMW) bands
(Fig. 4A and E). We assumed that the upper PLD3WT bands represent
glycosylated proteins processed through the Golgi apparatus. To ex-
amine this hypothesis, we incubated total (PLD3) cell lysates with en-
doglycosidase H (Endo-H), O-glycosidase (O-Gly) and Peptide-N-gly-
cosidase F (PNGase-F) (Fig. 4A and B). Proteins without signal peptides
(i.e. PLD3) might not be exposed to N-linked glycosylation in vivo even
though they contain potential motifs, however a single N-glycosylation
at the luminal pN132 of hPLD3 (Fig. S1) could not be ruled out. After
Endo-H treatment, the recombinant PLD3WT with lower molecular
weight shifted to a band of approximately 60 kDa, i.e., Endo-H sensitive
(Fig. 4A eS, black arrow). The higher molecule weight PLD3WT protein
bands resisted the Endo-H treatment (Fig. 4A, R, white arrowhead and
Fig. 4E). In contrast, PLD3VM was Endo-H sensitive, which was also
observed in protein extracts from fly heads (elavc155-Gal4 > UAS-
PLD3VM, Fig. S6). Similar results were seen after PNGase-F treatment
(Fig. 4B). With O-glycosidase treatment, however, the upper protein
bands in PLD3WT were reduced (Fig. 4B and E) while the PLD3VM

pattern was unaffected. We confirmed this glycosylation pattern by
treatment with brefeldin A (BFA), an inhibitor of protein transport to
the Golgi apparatus. After 2 h of treatment with BFA, the higher mo-
lecular weight protein bands were absent (Fig. 4C, white arrowhead).
The localization to the Golgi also implies a more complex cellular
function than just a robust ER homeostasis.

We predicted three putative O-linked glycosylation sites in hPLD3
between the HKD1 and HKD2 motifs (Munck et al., 2005; Nelson and
Frohman, 2015) with positions pS263, pT264, and pT271 (the highest
O-glycosylation probability, NetOGlyc 4.0, Fig. S1B). From them, only
pT271 was very conserved among the aligned PLD3 peptides (Fig. S1B).
To confirm that V232M variant impairs the O-glycosylation of PLD3,
we generated five O-glycosylation-site substitutions in PLD3. Three
consecutive and independent transient transfections in SH-SY5Y cells
showed that only T271A substitution (PLD3T271A) eliminates the
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highest HMW protein bands of PLD3, with a protein distribution very
similar to that observed for PLD3VM. Further analysis of the glycosy-
lation status of PLD3T271A revealed no shift after O-glycosidase treat-
ment and that the PLD3VM precisely mimics the impaired glycosylation
pattern observed in the PLD3T271A variant (Fig. 4E). Thus, V232M
substitution affects the glycosylation of PLD3 and might also alter the
protein trafficking and cellular functions.

3.6. PLD3VM variant affects lysosomal function

Fazzari et al. recently reported that PLD3 knockout causes enlarged,
abnormal lysosomes and colocalization of PLD3 with lysosome-asso-
ciated membrane protein 1 (LAMP1) (Fazzari et al., 2017). Anomalous
PLD3VM trafficking could also affect the lysosomes or the structures and
functions of other cellular compartments. Indeed, with Lysotracker-la-
beled HeLa cells we found enlarged lysosomal structures in cells ex-
pressing PLD3VM or PLD3T271A (Fig. 5A) but standard and even reduced

Fig. 3. PLDWT reduces Aβ-induced ER stress, and neuronal apoptosis, and normalizes the phospholipid composition in vivo, while PLD3VM is less effective.
(A) Inositol-requiring enzyme 1 (IRE1) mediates alternative XBP1 splicing in D. melanogaster (the scheme is not to scale). Flies expressing Aβ42arc under the control of
elavc155-Gal4 accumulate greater amounts of XBP1s (spliced form) than the control flies elavc155-Gal4 > attP. Expression of PLD3WT in elavc155-Gal4 > Aβ42arc flies
rather than PLD3VM or PLD3 knockdown (dPLD3KD) reduces the ER-stress dependent production of XBP1s. The colour-coding applies to all panels in the figure. All
genotypes were under control of the elavc155-Gal4 driver (including UAS-Dcr2). (B) Protein samples from Aβ42arc fly brains exhibit an increase in active cleaved-
caspase 3, indicative of apoptosis, which is reduced significantly after PLD3WT expression. This reduction is not prominent after expression of PLD3VM or dPLD3KD in
Aβ flies. However, the anti-apoptotic protein Bcl-2, localizing to the mitochondria, is recovered after the expression of either PLD3VM or PLD3WT. (C) Alterations in
anti-oxidative C18 phospholipids in Aβ-flies expressing PLD3WT, PLD3VM, or dPLD3KD. The C18 plasmalogens phosphatidylethanolamine (PE) and phosphati-
dylcholine (PC) are elevated in methanol extracts of Aβ-fly brains but rescued to normal levels only after expression of PLD3WT. In contrast, PLD3VM expression or
dPLD3KD does not regulate these phospholipid levels. We represented all values as mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.005; One-Way ANOVA with
Bonferroni's correction. See also Figs. S2 and S5.
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lysosomal diameters in cells expressing PLD3WT (Fig. 5B). In vivo, Aβ-
fly brains expressing the PLD3VM also exhibited increased LAMP1-po-
sitive structures in the Kenyon cells (Fig. S7), while PLD3WT expression
led to no significant change in lysosomal structures compared with Aβ-
control fly brains. PLD3VM was predominantly distributed as large ac-
cumulations that did not completely overlap with the lysosome struc-
tures (Fig. S7), implying that these were sizeable insoluble cellular or
extracellular PLD3 accumulations. Of note, these accumulated over a
period of 20 days in vivo in the AD model flies.

To compare lysosomal constituents and characteristics, we gener-
ated iodixanol-gradient fractions from HeLa cells expressing PLD3WT,
PLD3VM, and PLD3T271A. LAMP1 exhibited a noticeable shift in earlier
fractions (f1–f3) for all samples from the three PLD3 variants. However,
PLD3VM and PLD3T271A expression in HeLa cells led to significant re-
tention of LAMP1 in the later fractions (f5–f9) (Fig. 5C, graph) com-
pared with PLD3WT expression. These shifts confirmed that the lyso-
somes in PLD3VM-expressing cells are denser and produced heavier
fractions and, in the case of PLD3T271A, even form more substantial
accumulations, with a shift to f7–f9 (Fig. 5C, graph). Interestingly, the
total LAMP1 protein exhibited equivalent cellular levels after expres-
sion of PLD3WT, PLD3VM, or PLD3T271A (Fig. 5D).

Reduced cathepsin B and L activity correlate with increased
Lysotracker-positive compartments and dysfunctional lysosomes (Jung
et al., 2015). The active cathepsin B was raised in PLD3WT cells, while
cathepsins B and D were significantly reduced in extracts of cells con-
taining PLD3VM and PLD3T271A (Fig. 5D). Interestingly, a knockdown by
siRNA targeting the non-coding sequence of the endogenous PLD3
(ncPLD3 siRNA) in HeLa cells also increases the lysosomal diameter
(Fig. 6A). The effect was the same in HeLa cells expressing PLD3VM or
PLD3T271A with or without ncPLD3 siRNA treatment (Fig. 6C). PLD3
overexpression rescues the phenotype seen in ncPLD3 siRNA treated
HeLa cells (Fig. 6C), and Lysotracker puncta appear regular in shape
and somewhat smaller in size. Three independent tests showed that the
protein levels of the overexpressed PLD3 variants were not affected in
the presence of ncPLD3 siRNA (Fig. 6B). Our data is in agreement with

previous observations for PLD3 (Fazzari et al., 2017; Palmieri et al.,
2011). Altogether, these lysosome findings highlight partial impairment
of lysosomal function in the presence of PLD3VM or with knockdown of
the endogenous PLD3. However, more complex cellular events, such as
aberrant mitochondrial and peroxisomal function, blockage in retro-
grade trafficking and recycling (Breusegem and Seaman, 2014) and
changes in membrane composition could be contributing to the reduced
protective function of PLD3VM, we observed in vivo. To confirm dif-
ferences in the PLD3 variants membrane localization, we performed a
fluorescence-activated cell sorting (FACS) analysis of cells expressing
three PLD3 variants, immunolabeled without cell permeabilization
(Fig. 6D). This experiment revealed that membrane localization of
PLD3VM and PLD3T271A was significantly reduced compared with
PLD3WT under the same experimental conditions, which suggest a
blockage in ER-Golgi-to-membrane transport. We assumed that PLD3
trafficking to the membrane is not efficient in the case of the V232M
and T271A variants due to reduced O-linked glycosylation in the Golgi.

4. Discussion

Glycosylation is essential in protein trafficking, localization, and
cellular function. An impaired glycosylation pattern was recently found
to affect the regular traffic and function of triggering receptor expressed
on myeloid cells 2 (TREM2), thus increasing the risk of AD (Kleinberger
et al., 2014; Park et al., 2015; Park et al., 2016). Similarly, impaired
glycosylation in PLD3VM (Fig. 4) could explain the diminished protec-
tive effect observed in vivo (Fig. 1). Out of three putative O-glycosy-
lation sites (Fig. S1), only T271A substitution in PLD3 exhibits a re-
duction of the higher molecular weight bands (Fig. 4D). Under
glycoprotein-denaturing conditions, the PLD3VM variant reproduced the
PLD3T271A distribution which marks a lack of putative O-glycosylation
site. O-linked glycosylation of PLD3 also appears to impact an efficient
membrane localization as judged by the FACS data from the three PLD3
variants (Fig. 6D), where PLD3VM again showed similarity with the
PLD3T271A rather than PLD3WT.

Fig. 4. V232M substitution alters a distinct O-gly-
cosylation pattern in PLD3.
(A) Protein extracts from SH-SY5Y cells expressing
PLD3WT or PLD3VM treated with Endo-H glycosidase;
the upper, higher molecular weight (HMW) band
(white arrowhead) does not appear in the PLD3VM-
expressing cells. The thick, 65-kDa band (black ar-
rowhead) shifts to approximately 50 kDa after Endo-
H treatment (S, Endo-H sensitive), identifying this
band as PLD3 glycosylated with high-mannose oli-
gosaccharides in the endoplasmic reticulum (ER).
The upper, HMW band does not shift after Endo-H
treatment (white arrowhead, R, Endo-H resistant).
The Endo-H–resistant band is evident in the PLD3WT-
expressing cells but not in the PLD3VM-expressing
cells. (B) SH-SY5Y cell extracts expressing PLD3WT or
PLD3VM treated with brefeldin-A (BFA); the upper,
HMW bands of PLD3WT (white arrow) disappear
after BFA treatment. (C) We treated protein samples
from SH-SY5Y cells expressing PLD3WT or PLD3VM

with PNGase-F or O-glycosidase. The upper, HMW
band (white arrowhead) does not shift after PNGase
treatment but disappears after O-glycosidase treat-
ment. (E) We generated single missense substitutions
in four putative O-glycosylation sites between the
HKD1 and HKD2 and examined the resulting PLD3
mutants by western blot under glycoprotein-dena-
turation conditions. Only the T271A substitution
resulted in a pattern like that of the PLD3VM. (D)

Protein extracts containing PLD3WT, PLD3VM or PLD3T271A treated with Endo-H and O-glycosidase under glycoprotein-denaturation conditions; the Endo-H–resistant
protein bands seen in WT are absent in both mutants. O-glycosidase treatment reduces the HMW band size only in extracts containing PLD3WT. I, whole protein
extract; E, EndoH-treated extracts; O, O-glycosidase treated extracts. See also Figs. S1 and S6.
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In earlier studies, PLD3 showed immunoreactivity within the ER
(Munck et al., 2005; Osisami et al., 2012), whereas later studies re-
vealed a multi-compartmentalization with partial overlap with the ly-
sosomes and the endosomes (Fazzari et al., 2017; Mukadam et al.,
2018). Fazzari et al. recently reported that PLD3 deficiency leads to
defects in lysosomal structures (Fazzari et al., 2017). In the brains of
PLD3 knockout mice, lysosomes are enlarged and dented and may
contain explicit inclusions resembling lipid droplets, implying that
PLD3 might be necessary for the typical structure and function of ly-
sosomes and neuronal lipid metabolism. Our data showed that PLD3
knockdown also produces enlarged Lysotracker-positive compartments

(Fig. 6A). Although PLD3 may not be essential for cell survival (Fazzari
et al., 2017), our data imply that PLD3WT expression enhances sub-
cellular compartments, localization and function, which may not be as
precise in the presence of PLD3VM or PLD3T271A. Expression of PLD3VM

and PLD3T271A in HeLa cells also showed remarkably clustered lyso-
somes (Fig. 5). Compared with PLD3WT-transfected cells, the LAMP1
distribution shifted toward the heavier fractions in cells expressing
PLD3VM or PLD3T271A (Fig. 5). This shift in the iodixanol-gradient
fractions may also reflect alterations in lysosomal constituents and
characteristics. V232M and T271A substitutions in hPLD3 still pro-
duced enlarged lysotracker inclusions in HeLa cells where endogenous

Fig. 5. PLD3VM variant affects the lysosomal function.
(A) Lysotracker staining (red) in HeLa cells (expressing PLD3WT, PLD3VM, or PLD3T271A). We observed increased lysosome size (diameter) after expression of PLD3VM

or PLD3T271A. (B) Quantification of the lysosome structures for the genotypes described in (A). The images in (A) and the quantifications in (B) are from high-content
imaging data (see materials and methods). (C) iodixanol-gradient fractionation from HeLa cells expressing PLD3WT, PLD3VM, or PLD3T271A. To quantify the dif-
ferences in fractions, we binned each fraction into 3 groups: f1–3, f4–6, and f7–8 (bottom graph). After PLD3WT expression, LAMP1-positive fractions were observed
mainly in f1 to f3. Heavier and denser lysosomal structures may fuse with other cellular compartments, causing the LAMP1 to shift into f5-f8, as we observed in
PLD3VM, or PLD3T271A expressing cells. (D) Western blot analysis of the same genotypes for essential lysosomal markers. The active cathepsin B and D (CathB and
CathD) proteases show a significant reduction in HeLa cells expressing PLD3VM, or PLD3T271A while PLD3WT expression statistically increased the CathB activity. The
total cell extracts do not show significant variation for the lysosome marker, LAMP1. We represented all values as mean ± SEM. *, P < 0.05; **, P < 0.01; ***,
P < 0.005; One-Way ANOVA with Bonferroni's correction. Scale bar: 20 μm. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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pld3 was targeted with non-coding siRNA (Fig. 6C). Therefore, O-gly-
cosylation of PLD3 is not only essential for Golgi-lysosomal trafficking
and the lysosome structure and function but a more central cellular
sorting compartments could also be affected by the presence of the WT
and V232M variants of PLD3.

PLD3WT expression significantly extended the lifespan and alle-
viated Aβ-induced memory loss and neurodegenerative behavior
(Figs. 1, 2, and 3). We observed reduced neuroprotective activity in Aβ-
flies expressing PLD3VM (Figs. 1, 2, and 3), suggesting that the V232M
has real biological effects on AD pathogenesis. PLD3VM variant did not
augment further the Aβ-induced neurodegenerative symptoms (Fig. 1A
and B) but, compared with PLD3WT, did not produce sufficiently posi-
tive effect either. Thus, V232M could be a loss-of-protective-function
substitution rather than a gain-of-toxic-function mutation. Knockdown
of endogenous PLD3 aggravated the neurodegenerative behavior and
attenuated the Aβ-flies longevity (Figs. 1 and 2). Ubiquitous expression
of dPLD3-RNAi by elavc155-Gal4 could produce quick aggravation of the
Aβ-fly behavior and lifespan (Fig. 1), but our observation for the in-
tensity of FasII in the MBs differed from Aβ-flies control (Fig. 2). First,
the flies (elavc155-Gal4 > Aβ42arc, dPLD3KD) used in the im-
munohistochemistry were 20 days old, and their survival was already
significantly reduced. We could speculate that some of the RNAi-ex-
pressing animals did not knockdown or express Aβarc as well as others
who died at a younger age. In other words, attrition could have en-
riched the fly cohort in animals that had not knocked down well,
skewing the following results and exhibiting less aggravation of the
FasII intensity. Second, the climbing assay reflects the fact that elavc155-
Gal4 driver strongly expresses in fly CNS including the motor neurons,
while the mushroom bodies show only a specific portion of the brain.
Moreover, we found no promoter competition as Aβ mRNA levels were
comparable in all tested genotypes (Fig. S2C), which validates the in
vivo effects we observed after overexpression of PLD3 variants in Aβ-
flies.

An abnormal protein folding could lead to altered protein glycosy-
lation and Golgi trafficking but also protein aggregation, as we ob-
served in fly brains expressing PLD3VM (Fig. S7). The PLD3 mutants'
lack of interaction with other vital neurodegeneration-related mole-
cules such as granulin (Satoh et al., 2014), and phospholipase A2
(Davids et al., 2016) could enhance cell degeneration in the presence of
amyloid accumulations through induction of Golgi abnormalities. This
hypothesis could be an attractive target for further investigation.
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