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Mutations in the Presenilin (PSEN) genes are the most common cause of early-onset familial Alzheimer’s disease (FAD). Studies in cell 
culture, in vitro biochemical systems, and knockin mice showed that PSEN mutations are loss-of-function mutations, impairing γ- 
secretase activity. Mouse genetic analysis highlighted the importance of Presenilin (PS) in learning and memory, synaptic plasticity 
and neurotransmitter release, and neuronal survival, and Drosophila studies further demonstrated an evolutionarily conserved role of 
PS in neuronal survival during aging. However, molecular pathways that interact with PS in neuronal survival remain unclear. To iden-
tify genetic modifiers that modulate PS-dependent neuronal survival, we developed a new Drosophila Psn model that exhibits age- 
dependent neurodegeneration and increases of apoptosis. Following a bioinformatic analysis, we tested top ranked candidate 
genes by selective knockdown (KD) of each gene in neurons using two independent RNAi lines in Psn KD models. Interestingly, 4 
of the 9 genes enhancing neurodegeneration in Psn KD flies are involved in lipid transport and metabolism. Specifically, neuron- 
specific KD of lipophorin receptors, lpr1 and lpr2, dramatically worsens neurodegeneration in Psn KD flies, and overexpression of 
lpr1 or lpr2 does not alleviate Psn KD-induced neurodegeneration. Furthermore, lpr1 or lpr2 KD alone also leads to neurodegenera-
tion, increased apoptosis, climbing defects, and shortened lifespan. Lastly, heterozygotic deletions of lpr1 and lpr2 or homozygotic 
deletions of lpr1 or lpr2 similarly lead to age-dependent neurodegeneration and further exacerbate neurodegeneration in Psn KD 
flies. These findings show that LpRs modulate Psn-dependent neuronal survival and are critically important for neuronal integrity in 
the aging brain.
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Introduction
Alzheimer's disease (AD) is the most common neurodegenerative 
disorder, and mutations in the Presenilin (PSEN) genes account for 
>80% of causative mutations identified in familial AD (FAD) 
(https://www.alzforum.org/mutations). Genetic studies in mice 
showed that selective inactivation of the Psen genes in excitatory 
or inhibitory neurons of the cerebral cortex recapitulates 
key features of AD, including memory and synaptic plasticity im-
pairment followed by progressive, widespread cortical neurode-
generation, elevated gliosis, and tau hyperphosphorylation, 
highlighting the importance of Presenilin (PS) in neuronal func-
tion and survival (Yu et al. 2001; Saura et al. 2004; Zhang et al. 
2009; Wines-Samuelson et al. 2010; Zhang et al. 2010; Wu et al. 
2013; Lee et al. 2017; Kang and Shen 2020; Lee et al. 2021, 2023). 
FAD-linked PSEN1 mutations show impaired essential function 
in cultured cells, including human iPS cell-derived neurons, 

knockin (KI) mice, and cell-free systems (Heilig et al. 2010; Heilig 
et al. 2013; Woodruff et al. 2013; Xia et al. 2015; Xia et al. 2016; 
Sun et al. 2017; Zhou et al. 2017).

PS is the catalytic subunit of γ-secretase, an intramembrane 
protease that cleaves type I transmembrane proteins, including 
Notch and the amyloid precursor protein (APP) (De Strooper 
et al. 1998; Song et al. 1999; Struhl and Greenwald 1999). Despite 
Notch being a key mediator of PS function during development, 
using the same excitatory neuron-specific Camk2a-Cre line to se-
lectively delete Notch1 and Notch2 did not result in neurodegenera-
tion (Shen et al. 1997; Wong et al. 1997; Song et al. 1999; Handler 
et al. 2000; Saura et al. 2004; Yang et al. 2004; Kim and Shen 2008; 
Zheng et al. 2012). Furthermore, inactivation of APP and its family 
members selectively in excitatory neurons of the postnatal fore-
brain also did not lead to cortical neurodegeneration (Lee et al. 
2020). While numerous additional γ-secretase substrates were re-
ported, often using overexpression systems (Haapasalo and 
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Kovacs 2011), the physiological relevance of the γ-secretase- 
mediated cleavage of the reported putative substrates is less clear.

To identify physiologically relevant molecular pathways that 
interact with PS in the regulation of neuronal survival in the aging 
brain, we took advantage of the power of fly genetics. Psn, the PSEN 
ortholog in Drosophila, shares high sequence homology with hu-
man and mouse PSEN, and loss of function in Drosophila Psn in-
duces pupal lethality, maternal neurogenic effects, loss of 
lateral inhibition within proneural cell clusters, and absence of 
wing margin formation (Struhl and Greenwald 1999; Ye et al. 
1999). We previously developed Psn short hairpin RNA (shRNA) 
lines and found that conditional knockdown of Psn in adult neu-
rons using the neuron-specific, inducible elav-Gal4 and 
tubulin-Gal80ts system leads to age-dependent neurodegeneration 
and increases of apoptosis, demonstrating an evolutionarily con-
served role of PS in neuronal protection in the aging brain (Kang 
et al. 2017). In this study, we developed a simplified version of 
the neuron-specific Psn KD fly model using elav-Gal4 alone by 
maintaining flies at 18°C and then shifting to 29°C upon eclosion. 
Similarly, these Psn KD flies exhibit age-dependent neurodegen-
eration, which can be reversed by the expression of a wild-type 
Psn. Through a bioinformatic analysis, using protein motifs from 
the transmembrane regions of human and Drosophila Notch and 
the amyloid precursor protein-like (APPL), we ranked Drosophila 
type I transmembrane proteins. We then tested each of the top 
25 ranked genes using two independent RNAi lines, and found 
that neuron-specific KD of 9 genes enhanced neurodegeneration 
caused by Psn KD. Four of the 9 genes encode proteins that belong 
to the low-density lipoprotein receptor (LDLR) family and are 
involved in lipid transport and metabolism, and 2 encode lipo-
phorin receptor 1 (LpR1) and LpR2. We then performed validation 
experiments and confirmed that neuron-specific KD of lpr1 or 
lpr2 results in neurodegeneration and worsens neurodegenera-
tive phenotypes of Psn KD flies. Furthermore, heterozygotic dele-
tions of lpr1 and lpr2 or homozygotic deletions of lpr1 or lpr2 also 
lead to age-dependent neurodegeneration and further exacer-
bate neurodegeneration in Psn KD flies. These findings show 
that lipophorin receptors play essential protective roles in the 
aging brain and genetically modulate Psn-dependent neuronal 
survival.

Materials and methods
Fly stocks
Fly stocks were raised on standard cornmeal media, and main-
tained at 22–25oC and 40–60% relative humidity. UAS-shPsn3 
transgenic flies were generated as described (Kang et al. 2017), 
and elav-Gal4 (elav-Gal4c155; RRID:BDSC_456), P(CarryP)attP2 
(RRID:BDSC_36303), UAS-Psn + 14 (RRID:BDSC_63243), lpr1Df 

(RRID:BDSC_44236), and lpr2Df (RRID:BDSC_44233) flies were ob-
tained from the Bloomington Drosophila Stock Center (BDSC). 
lpr1/2 deficient flies, UAS-lpr1-J, and UAS-lpr2-E flies were kindly 
provided by Joaquim Culi (Parra-Peralbo and Culi 2011). 
UAS-RNAi transgenic flies against top 25 candidate genes were ob-
tained from BDSC, Vienna Drosophila Resource Center, or 
National Institute of Genetics Fly Stock. Information about the al-
leles and transgenic flies used in this study can be found in 
Supplementary Table 1.

Generating neuron-specific Psn and GeneX KD as 
well as lpr1 and lpr2 transgenic flies
P(CarryP)attP2 flies were crossed with elav-Gal4 or elav-Gal4; 
UAS-shPsn3 flies to generate the negative controls (elav-Gal4/+) 

and neuron-specific Psn KD flies as positive controls (elav-Gal4/+; 
UAS-shPsn3/+), respectively. For the rescue experiments, 
elav-Gal4; UAS-shPsn3 female flies were crossed with male 
UAS-Psn + 14 flies to generate elav-Gal4/+; UAS-shPsn3/ 
UAS-Psn + 14 flies. The selected UAS-GeneX-RNAi transgenic flies 
were crossed with elav-Gal4 or elav-Gal4; UAS-shPsn3 flies to 
generate neuron-specific GeneX single KD flies (elav-Gal4/+; 
UAS-GeneX-RNAi/+) or Psn/GeneX double KD flies (elav-Gal4/+; 
UAS-shPsn3/UAS-GeneX-RNAi or elav-Gal4/+; UAS-shPsn3/+; UAS- 
GeneX-RNAi/+), respectively. UAS-lpr1-J and UAS-lpr2-E flies 
were crossed with elav-Gal4/+ to generate neuron-specific lpr1 
and lpr2 transgenic flies, respectively. All flies were cultured at 
18oC until eclosion and then shifted to 29oC until the end of 
the experiment.

RT-qPCR
For adult fly head RNA extraction, adult flies were collected 
and frozen immediately in liquid nitrogen, and heads were re-
moved from bodies by repeated vortexing and sinking the tube 
into liquid nitrogen to separate heads from bodies. Third instar 
larval brains and adult brains were dissected in RNase-free PBS 
and homogenized in lysis buffer using a homogenizing blender 
(Next Advance). Total RNA was extracted from either 20 adult 
heads or 15 3rd-instar larval or adult brains, according to the 
manufacturer's instructions (Quick-RNATM MicroPrep; Zymo 
Research). The eluted total RNA was reverse transcribed using 
iScriptTM Select cDNA Synthesis Kit (Bio-Rad) with gene-specific 
primers for each target gene. Real-time qPCR was performed 
with ViiATM 7 Real-Time PCR System (Thermo Fisher Scientific) 
using PowerUP SYBR Green Master Mix (Thermo Fisher 
Scientific) with two sets of specific primers for each target gene. 
The sequences of all primers used in the RT and qPCR are listed 
in Supplementary Table 2. The mRNA levels of target genes 
were normalized to housekeeping genes of the average value of 
rp49 and gapdh1 expressions.

Analysis of lifespan
More than 99 flies per genotype were assayed for lifespan as pre-
viously described (Kang et al. 2017). Flies were transferred to fresh 
vials every other day, and each vial housed approximately 30 flies. 
Lifespans were measured by scoring dead flies remaining in the 
old vial and were plotted using the Kaplan–Meier method 
(Kaplan and Meier 1958; Kang et al. 2017). The median lifespan 
(MedLS) was calculated as the age when half of the flies died. 
The survival distribution of two genotypic groups was compared 
using the Log-rank (Mantel–Cox) test.

Bioinformatic analysis
To screen genetic modifiers that modulate PS-dependent neuron-
al survival, we used a bioinformatics approach to rank order puta-
tive γ-secretase substrates, as PS is the catalytic subunit of 
γ-secretase and numerous γ-secretase substrates have been re-
ported (Haapasalo and Kovacs 2011). While γ-secretase substrates 
are thought to be type I transmembrane proteins, there are low le-
vels of similarities among those proteins within the transmem-
brane region. For example, Notch and the amyloid protein 
precursor (APP) are the well-established physiological substrates 
of γ-secretase (De Strooper et al. 1998; Song et al. 1999; Struhl 
and Greenwald 1999), but the similarity among these proteins 
within the transmembrane region is only 8–27% based on 
Clastal Omega multiple sequence alignment analysis (https:// 
www.ebi.ac.uk/Tools/msa/clustalo/). To prioritize genes for the 
genetic modifier testing among the type I transmembrane 
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encoding genes, we first used a transmembrane Hidden Markov 
Model (TMHMM) prediction (Sonnhammer et al. 1998), a 
HMM-based (Eddy 1996) method to identify a total of 641 type I 
transmembrane proteins in Drosophila whole genome. We then 
used transmembrane sequences of human Notch and APP as 
well as Drosophila Notch and APPL as inputs to run HHpred 
(Söding et al. 2005), a HMM-HMM comparison method that uses 
HMMs to encode protein evolutionary constraint, to look for hom-
ologous proteins sharing sequence homology and found 112 pro-
teins. Using the transmembrane sequences of the 112 proteins 
as a case data set, we used the rest of the type I transmembrane 
proteins as a control set to train the motif model. To reduce the 
original amino acid alphabet into the 4-letter alphabet, we used 
the alphabet reduction strategy (Bacardit et al. 2009) and ran 
MAFFT (Katoh et al. 2002) on the sequence translated to the re-
duced alphabet to discover homologous segment. Next, we used 
the position weight matrices to model the cleavage site of 
γ-secretase within the transmembrane region and score the type 
I transmembrane proteins by motif match prediction. Then, we 
used the DIOPT (DRSC Integrative Ortholog Prediction Tool) data-
base score (Hu et al. 2011) to select 264 genes, based on their mam-
malian ortholog scores (greater than 3). We further eliminated 44 
genes that show less than 3 RPMK values in the central nervous 
system (CNS) or adult head RNA-seq analysis based on the 
Flybase database (http://flybase.org/rnaseq/profile_search). Of 
the final 220 type I transmembrane proteins, we selected the top 
25 ranked genes for genetic modifier testing.

Analysis of adult eyes
The analysis of adult fly eyes was performed as previously de-
scribed (Kang et al. 2017). The adult flies were frozen at the age 
of 5 days, and the images of eyes were obtained using Leica S9i 
digital microscope.

Histological analysis
Heads from adult flies at different ages were fixed in 10% formalin 
overnight, paraffinized, embedded in paraffin, and sectioned from 
a frontal orientation. Serial sections (8 μm in thickness) spanning 
the entire brain were collected and placed on glass slides and sub-
jected to further analysis. Brain morphology was evaluated by 
staining paraffin sections with hematoxylin and eosin (H&E) as 
previously described (Dias-Santagata et al. 2007; Kang et al. 
2017). To evaluate neurodegeneration, the number of vacuoles 
larger than 10 μm in diameter, which were circular in shape and 
were distinct from ruptures of paraffin sections, was counted in 
each of the serial sections throughout the entire brain. Large va-
cuoles might have been counted more than once in adjacent serial 
sections, reflecting the more severe neurodegenerative pheno-
types in fly brains. The number of brains analyzed in each geno-
typic, age group is indicated in the figure legend. The number of 
brain sections used in vacuole quantification is shown in 
Supplementary Table 4.

TUNEL assay
Cells undergoing apoptosis were detected in the paraffin sections 
by TUNEL, according to the manufacturer’s instructions (TdT 
Enzyme DNA Fragmentation Detection Kit; EMD Millipore, 
Calbiochem, FragEL). Quantification of the TUNEL-positive 
(TUNEL+) cells was performed by counting cells labeled with vis-
ible markers in all the serial sections (8 μm) of the entire fly brain. 
The number of brains analyzed in each genotypic group is indi-
cated in the figure legend.

Active caspase-3 immunostaining 
of whole-mount adult brains
Adult male fly brains were dissected in PBS at the age of 25 days, 
fixed for 30 min in 4% PFA in PBS at room temperature. Fly brains 
were washed 3 times (10 min for each) in PBS-T (0.1% Triton X-100) 
and blocked in blocking solution (5% normal goat serum 
(NGS) in 1× PBS) for 1 h at room temperature followed by incuba-
tion in the primary antibody rabbit anti-cleaved caspase-3 
(Asp175) (1:200, cat. #9661L, Cell Signaling Technology, RRID: 
AB_2341188) in blocking solution for 48 h at 4°C. The brains 
were washed 3 times (10 min for each) in PBS-T followed by incu-
bation of the secondary antibody Goat anti-Rabbit IgG (H + L) 
Secondary Antibody, Alexa Fluor 488 (1:1,000, cat. #A11034, 
Invitrogen, RRID: AB_2576217) in blocking solution overnight at 
4°C. Brains were washed 3 times in PBS-T and 2 times in PBS 
(10 min for each) and then mounted in vectashield mounting me-
dium (cat. #H-1000-10, Vector Labs). A total of 15 stacks with 8 μm 
intervals covering the whole brain were imaged using a FV1000 
confocal microscope system (Olympus). Quantification of cleaved 
caspase-3 cells was performed by counting the number of cleaved 
caspase-3 positive cells throughout the whole brain using ImageJ 
5.0 software (NIH). At least 5 individual brains were analyzed per 
genotype. The number of brains analyzed in each genotypic group 
is indicated in the figure legend.

Climbing assay
Climbing ability was assessed as previously described (Rhodenizer 
et al. 2008; Kang et al. 2017). Briefly, ∼20 flies were gently tapped to 
the bottom of a plastic vial, and a picture was taken after 20 s. This 
procedure was repeated 4 times with 1-min intervals between 
trials to allow the flies to recover from prior tapping. Climbing 
ability was evaluated by scoring the number of flies that failed 
to climb over 5 cm from the bottom in each trial.

Statistical analysis
All statistical analysis was performed using Prism (Version 9; 
GraphPad). All data are presented as the mean ± SEM. The exact 
sample size (e.g. number of flies) of each experiment is indicated 
in the figure or figure legends. Statistical analysis was conducted 
using two-way ANOVA with Bonferroni’s multiple comparisons 
(Fig. 2b), unpaired Student's t-test (Figs. 2d and 6b), one-way 
ANOVA with Tukey's multiple comparisons (Figs. 2f, 3b, 4c, 5a, 
5c, 5e, 5f, 6d and 7d) and Log-rank (Mantel–Cox) test (Figs. 1c
and 5g). All statistical analysis results can be found in figure le-
gends and Supplementary Tables 1, 3, and 4. Significant is shown 
as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, or NS (not 
significant).

Results
Development of a neuron-specific Psn KD model 
for genetic modifier screening
Our previously developed adult neuron-specific Psn conditional 
KD flies using tub-Gal80ts to impose a temporal restriction of Psn 
shRNA expression (Kang et al. 2017) is cumbersome when testing 
large numbers of RNAi lines. To develop a simpler Psn KD system 
that is more conducive for genetic modifier screening, we took ad-
vantage of the temperature sensitivity of GAL4 (Duffy 2002) by 
maintaining flies at 18°C during development and then shifting 
to 29°C posteclosion. We chose a previously characterized Psn 
shRNA line, shPsn3, which results in 90% reduction of Psn mRNA 
while using a ubiquitous Actin-Gal4 driver (Kang et al. 2017). 

LpR and Psn in neuronal survival during aging | 3
D

ow
nloaded from

 https://academ
ic.oup.com

/genetics/article/226/1/iyad202/7444947 by guest on 10 January 2024



Neuron-specific Psn KD flies (elav-Gal4/+; UAS-shPsn3/+, hereafter, 
elav > shPsn3) were cultured at 18°C to circumvent pupal lethality 
associated with Psn loss-of-function mutants (Struhl and 
Greenwald 1999; Ye and Fortini 1999; Mahoney et al. 2006), and 
then transferred to 29°C upon eclosion to increase shPsn3 expres-
sion (Fig. 1a). RT-qPCR analysis showed that levels of Psn mRNA 
are progressively reduced, and only 20% of Psn mRNA remains 
in dissected brains of elav > shPsn3 male flies at 4 days of age 
(Fig. 1b). The MedLS of elav > shPsn3 male (32 days) and female 
(44 days) flies is significantly shorter compared to the respective 
male control flies [47 days; P < 0.0001, Log-rank (Mantel–Cox) 
test] and female control flies (56 days; P < 0.0001, Fig. 1c). The 
shorter lifespan of elav > shPsn3 male flies, compared to female 
flies, is consistent with the stronger reduction of Psn mRNA in 
elav > shPsn3 male heads (Fig. 1b). We therefore chose male flies 
for subsequent phenotypic analysis.

We next examined whether elav > shPsn3 flies develop age- 
dependent neurodegeneration. There were few vacuoles in 
elav > shPsn3 and control flies posteclosion, but the number of va-
cuoles increases in an age-dependent manner in elav > shPsn3 
brains (22.3 ± 2.3 at 10 days, 48.7 ± 3.2 at 20 days, 82.2 ± 6.9 at 30 
days), compared to controls (F3, 101 = 42.8, P < 0.0001, two-way 
ANOVA with Bonferroni’s multiple comparisons, Fig. 2a and b; 
Supplementary Table 3). TUNEL assay followed by quantification 
of TUNEL + apoptotic cells in all serial sections throughout the en-
tire brain also showed a significant increase of TUNEL + apoptotic 
cells in the brain of elav > shPsn3 flies (100.6 ± 5.1) at the age of 30 
days, compared to controls (22.3 ± 2.4, P < 0.0001, unpaired two- 
tailed Student's t-test, Fig. 2c and d), further confirming neurode-
generation in elav > shPsn3 brains.

To determine whether age-dependent neurodegeneration ob-
served in elav > shPsn3 flies is due to reduction of Psn expression, 
we crossed elav > shPsn3 flies with UAS-Psn + 14 flies (Ye and 
Fortini 1999), which express the full-length wild-type Psn cDNA 

under the control of the UAS promoter. When flies were cultured 
at 25°C, both male and female elav > Psn + 14 flies exhibited rough 
eye phenotypes, whereas only male elav > shPsn3 flies showed 
rough eyes, which were rescued in elav > shPsn3, Psn + 14 flies, in-
dicating that expression of wild-type Psn in elav > shPsn3 flies res-
cued developmental defects (Supplementary Fig. 1). RT-qPCR 
analysis showed that compared to control flies, the level of Psn 
mRNA is elevated 40- and 10-fold in the head of elav > Psn + 14 
and elav > shPsn3, Psn + 14 flies, respectively, indicating that Psn 
shRNA reduced Psn expression by the Psn + 14 transgene 
(Fig. 2e). Importantly, we found that the number of vacuoles 
(46.1 ± 3.6) in the brain of elav > shPsn3, Psn + 14 flies is significantly 
reduced, compared to elav > shPsn3 (109.0 ± 5.8; P < 0.0001, one- 
way ANOVA with Tukey's multiple comparisons), and there is 
no significant difference between elav > shPsn3, Psn + 14 flies 
(46.1 ± 3.6) and controls (31.9 ± 2.3; P = 0.2023; Fig. 2f and g), indi-
cating that fly brains tolerate a 10-fold overexpression of Psn re-
markably well. However, 40-fold overproduction of Psn resulted 
in increases of vacuoles in elav > Psn + 14 flies (76.5 ± 7.4), com-
pared to control flies (31.9 ± 2.3, P < 0.0001), though the neurode-
generation is not as severe as that in elav > shPsn3 flies (Fig. 2f 
and g). These results demonstrate that elav > shPsn3 flies coupled 
with a temperature shift paradigm are suitable for screening gen-
etic modifiers of neurodegeneration caused by Psn KD.

Identification of genetic modifiers of Psn 
KD-dependent neurodegeneration
To look for candidate genes that interact with Psn in modulating 
neuronal survival, we rank-ordered genes encoding 641 Drosophila 
type I transmembrane proteins based on the sequence homology 
with the transmembrane region of human Notch and APP as well 
as Drosophila ortholog Notch and APPL, the well-characterized 
γ-secretase substrates, using the HHpred prediction (Söding 
et al. 2005) and mammalian ortholog scores by DIOPT (DRSC 

Fig. 1. Reduced mRNA levels and shortened lifespan of neuron-specific Psn KD flies. a) Strategy for imposing temporal control of shRNA expression using 
temperature shift. Flies were crossed and maintained at 18°C, and then offspring following eclosion were collected and shifted to 29°C immediately to 
increase shRNA expression. b) RT-qPCR analysis shows progressive reductions of Psn mRNA levels in elav > shPsn3 flies. Psn mRNA levels are reduced at 
23% in dissected brains of 3rd-instar larvae, indicating basal levels of Psn KD at 18°C, which is sufficient to support Psn function during development. 
Levels of Psn mRNA are reduced progressively in the head of Psn KD flies from the age of 1 day to 4 days posteclosion at 29°C, and there is a stronger 
reduction of Psn mRNA in male Psn KD flies than in females. At 4 days of age, in dissected brains of male Psn KD flies, only 20% Psn mRNA remains, 
compared to controls. Psn mRNA levels are normalized to the average value of rp49 and gapdh1 as internal controls. The value of Psn mRNA levels in 
control flies was set as 100%. Total RNA was extracted from dissected larval or adult brains or adult heads (15 dissected brains or 20 heads per sample); 
3–4 independent RT-qPCR analyses were repeated for each indicated group, each sample using either 15 dissected larval or adult brains or 20 adult heads 
for RT-qPCR. c) Shortened lifespan of neuron-specific Psn KD flies. Lifespan of female and male control flies (elav-Gal4/+), as well as female and male 
neuron-specific Psn KD (elav-Gal4/+; UAS-shPsn3/+) flies were plotted using the Kaplan–Meier method. The MedLS of male Psn KD flies (32 days) is 
significantly shorter, compared to male control flies (47 days; P < 0.0001), and the MedLS of female Psn KD flies (44 days) is also shorter, compared to 
female control flies [56 days; P < 0.0001, Log-rank (Mantel–Cox) test]; 142–185 flies were tested for each indicated group.
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Integrative Ortholog Prediction Tool; Hu et al. 2011) as well as ex-
pression levels in the CNS or the adult head (https://flybase.org/ 
rnaseq/profile_search; Supplementary Fig. 2).

We then chose the top 25 candidates and crossed two inde-
pendent RNAi lines of each gene (UAS-GeneX-RNAi/+) with Psn 
KD or control flies to generate Psn/GeneX double KD and Psn KD, 
or neuron-specific GeneX KD and control flies, respectively 
(Supplementary Fig. 3). Levels of GeneX mRNA remaining in 
neuron-specific GeneX KD flies (two independent lines for each 
gene) were determined by RT-qPCR (Supplementary Table 1). 

Among the 25 genes, we found that neuron-specific KD of Notch 
(both RNAi lines), Delta (one RNAi line), or Neurexin IV (one RNAi 
line), either alone or together with Psn KD, results in lethality dur-
ing development even though the flies were kept at 18°C to minim-
ize GAL4 activity or RNAi expression (Fig. 3). Furthermore, 
neuron-specific Delta KD using the weaker RNAi line 2 (−51%, 
Supplementary Table 1) leads to dramatic increases of vacuoles 
in Dl/Psn KD flies (Fig. 3). We also found that double KD of Psn 
and turtle (tutl), thickveins (tkv), or lysosomal enzyme receptor protein 
(Lerp) using one RNAi line results in earlier adult lethality, whereas 

Fig. 2. Age-dependent neurodegeneration in neuron-specific Psn KD flies. a) Representative images of H&E stained brain sections of control (elav-Gal4/+) 
and Psn KD (elav > shPsn3) flies at different ages. Vacuoles indicative of neurodegeneration are marked with yellow arrowheads. Scale bar: 100 μm. Higher 
power views of the boxed areas show representative vacuoles in the brain sections. Scale bar: 50 μm. b) Quantification of vacuoles in the brain of control 
and Psn KD flies at the ages of 1, 10, 20, and 30 days. The brains of Psn KD flies show age-dependent, significant increases of vacuoles (F3, 101 = 42.8, 
P < 0.0001, two-way ANOVA with Bonferroni’s multiple comparisons). At 10 days of age, the number of vacuoles in elav > shPsn3 brains (22.3 ± 2.3) is 
significantly higher, compared to controls (5.8 ± 1.1, P = 0.0030). At 20 days of age, the number of vacuoles in elav > shPsn3 brains further increases (48.7 ±  
3.2), compared to controls (8.3 ± 1.1, P < 0.0001). By 30 days of age, the number of vacuoles in elav > shPsn3 brains (82.2 ± 6.9) is dramatically higher than 
that in controls (13.7 ± 1.9, P < 0.0001). Vacuoles of circular shapes in intact paraffin brain sections were counted in each of the serial sections throughout 
the entire brain (10–13 sections per brain), and the total number of vacuoles per brain is shown. For each genotype, age group, 11–16 brains were used for 
quantification. c) Representative images of TUNEL + cells marked with blue arrowheads in the lateral horn (LH) area of the brain of control and Psn KD 
flies at the age of 30 days. Scale bar: 50 μm. d) Quantification of TUNEL + cells in all serial sections of the entire brain shows significant increases of TUNEL +  
apoptotic cells in Psn KD brains (100.6 ± 5.1), compared to controls (22.3 ± 2.4, P < 0.0001, unpaired Student's t-test). Quantification was done using 11 brains 
per genotype. e) RT-qPCR analysis of Psn mRNA levels in fly heads. Compared to control elav-Gal4/+ flies, Psn mRNA levels are elevated in elav > Psn + 14 
transgenic flies (∼40-fold), whereas levels of Psn mRNA are drastically reduced in the presence of shPsn3 in elav > shPsn3, Psn + 14 flies (∼10-fold). The level 
of Psn mRNA is similar in UAS-shPsn3, UAS-Psn + 14/+, and elav-Gal4/+ flies. The value of Psn mRNA levels in control elav-Gal4/+ flies is set as 1. Psn mRNA 
levels were normalized to the average value of rp49 and gapdh1 as internal controls. Total RNA was extracted from fly heads at the age of 4 days (20 heads 
per genotype). Four independent RT-qPCR analyses were done for each genotypic group, using 20 heads per sample for RT-qPCR. f) Quantification 
analysis shows that the total number of vacuoles in elav > shPsn3, Psn + 14 flies (46.1 ± 3.6) is reduced, compared to elav > shPsn3 flies (109.0 ± 5.8, 
P < 0.0001, one-way ANOVA with Tukey's multiple comparisons). There is no significant difference between elav > shPsn3, Psn + 14 (46.1 ± 3.6) and control 
elav-Gal4/+ flies (31.9 ± 2.3, P = 0.2023). The number of vacuoles in UAS-shPsn3, UAS-Psn + 14/+ flies (21.6 ± 2.3) is similar to that in control elav-Gal4/+ flies 
(P = 0.6588), whereas there are increases of vacuoles in elav > Psn + 14 flies (76.5 ± 7.4, P < 0.0001). For each genotypic group, 12–14 brains were used for 
quantification. g) Representative images of H&E stained brain sections show that the elav > Psn + 14 transgene reverses the increased vacuoles, marked 
with yellow arrowheads, in Psn KD flies. Scale bar: 100 μm. Higher power views of the boxed areas show representative vacuoles in the brain sections. Scale 
bar: 50 μm. All data are expressed as mean ± SEM. Each circle represents data obtained from an individual fly brain in histological analysis. NS, not 
significant; **P < 0.01, ****P < 0.0001.
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double KD flies using another RNAi line are viable but display ele-
vated vacuole numbers, compared to single KD (Fig. 3), which may 
be related to the essential function of tutl, tkv, and Lerp during de-
velopment (Terracol and Lengyel 1994; Al-Anzi and Wyman 2009; 
Mummery-Widmer et al. 2009).

Among the remaining 19 candidate genes, we found that 
elav-Gal4-driven KD of 4 genes, lipophorin receptor 2 (lpr2), arrow 

(arr), Mitochondrial E3 ubiquitin protein ligase 1 (Mul1), or Protein tyro-
sine phosphatase 10D (Ptp10D), together with Psn, using both RNAi 
lines, enhanced neurodegeneration, compared to Psn KD alone 
(Fig. 4 and Supplementary Table 1 for detailed data and statistical 
analysis). Specifically, Psn/lpr2 KD flies using RNAi line 1 showed a 
dramatic increase of vacuoles (270.0 ± 53.3), compared to Psn KD 
alone (82.1 ± 3.2, P < 0.0001, one-way ANOVA with Tukey's 

Fig. 3. Neuron-specific Psn/GeneX KD induces early lethality and developmental phenotypes. a) Representative images of H&E stained brain sections of 
neuron-specific Psn/GeneX double KD (top) and GeneX KD (bottom) flies at the age of 30 days. elav-Gal4-driven KD of both Notch (N ) RNAi lines results in 
lethality prior to eclosion. Images from one of two independent RNAi lines showing stronger phenotypes are presented. The specific RNAi line of each 
gene is indicated, and vacuoles are marked with yellow arrowheads. Scale bar: 100 μm. b) Quantification of vacuoles in the brain of indicated genotypic 
groups. Two individual RNAi lines were tested for each gene. Genes are separated into groups based on lethality phenotypes: lethality during 
development by both RNAi lines (Notch), a single RNAi line (Delta, Nrx-IV), or early adult lethality by a single RNAi line (tutl, tkv, Lerp). Psn/Dl double KD or Dl 
KD alone using RNAi line 2 are viable, but Psn/Dl double KD flies show dramatically increased vacuoles (444.7 ± 61.2), compared to Psn KD flies (82.1 ± 3.2, 
P < 0.0001, one-way ANOVA with Tukey's multiple comparisons). Dl KD using the same RNAi line 2 also displays an elevated number of vacuoles (79.3 ±  
7.3), compared to controls (24.3 ± 1.7, P < 0.0001). While elav-Gal4-driven KD of Neurexin IV (Nrx-IV) by RNAi line 1, with or without Psn KD, results in 
developmental lethality, Nrx-IV KD using RNAi line 2 has no effect on the number of vacuoles in either control or Psn/Nrx-IV KD fly brains. Psn/tutl KD flies 
by RNAi line 2 exhibit increases of vacuoles (225.9 ± 35.2), compared to Psn KD (P < 0.0001), and tutl KD alone using RNAi lines 1 or 2 does not affect survival 
or vacuole number. Psn/tkv KD using RNAi line 2 enhances the number of vacuoles (216.3 ± 13.6), compared to Psn KD flies (P < 0.0001), and tkv KD alone 
also induces more vacuoles (101.4 ± 7.4) than controls (P < 0.0001), whereas tkv KD alone by RNAi line 1 results in early adult lethality. Psn/Lerp KD using 
RNAi line 1 results in early adult lethality, and Lerp KD alone induces increases in the number of vacuoles (94 ± 7.8), compared to controls (P < 0.0001), 
whereas Psn/Lerp KD flies using RNAi line 2 are viable and show an elevated number of vacuoles (210.5 ± 12.4), compared to Psn KD alone (P < 0.0001). N/T 
indicates not tested due to lethality. All data are expressed as mean ± SEM; 10–28 individual brains were analyzed per genotypic group. Each circle 
represents data obtained from an individual fly brain. The number of vacuoles and full statistical analysis are shown in Supplementary Table 1. 
****P < 0.0001.
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Fig. 4. Genetic modifiers of Psn KD-induced neurodegeneration in fly brains. a, b) Representative images of H&E stained brain sections of neuron-specific 
Psn/GeneX double KD flies a) and neuron-specific GeneX KD flies c) at the age of 30 days (vacuoles are marked by yellow arrowheads). Images from 1 of 2 
independent RNAi lines showing stronger phenotypes are presented. The images of control (elav-Gal4/+) and Psn KD (elav > shPsn3) flies are the same as 
those shown in Fig. 3a. Scale bar: 100 μm. c) Quantification of vacuole numbers in the brain of indicated genotypic groups. Genes are categorized into 
different groups depending on the effect on neuron-specific Psn KD-induced neurodegeneration (Psn-ND). Left: Enhancing neurodegeneration via both 
RNAi lines (lpr2, arr, Mul1, and Ptp10D), a single RNAi line (lpr1, robo1, mgl, Bsg, and Ptp99A), no effect (drpr, LRP1, fra, Pvr, crb, and Appl), reducing 
neurodegeneration via a single RNAi line (GluRIB and robo2), or via both RNAi lines (Miro and mGluR). For example, compared to Psn KD flies (82.1 ± 3.2), KD 
of lipophorin receptor 2 (lpr2) with Psn together using RNAi line 1 results in an increased number of vacuoles (270.0 ± 53.3, P < 0.0001, one-way ANOVA with 
Tukey's multiple comparisons), and using RNAi line 2 shows increased number of vacuoles (115.3 ± 11.4, P < 0.0001); KD of metabotropic glutamate receptor 
(mGluR) with Psn together show reduced number of vacuoles via RNAi line 1 (64.8 ± 4.9, P < 0.0001) or RNAi line 2 (44.3 ± 3.8, P < 0.0001). Right: Compared to 
controls (24.3 ± 1.7), KD of roundabout 1 (robo1) using RNAi line 1 results in the increased number of vacuoles (207.1 ± 25.5, P < 0.0001), whereas using RNAi 
line 2 showed a less increased number of vacuoles (86.5 ± 7.5, P < 0.0001). All data are expressed as mean ± SEM; 4–28 brains per genotypic group were 
examined and vacuoles quantified in all serial sections of the entire brain. Each circle represents data obtained from an individual fly brain. The number 
of vacuoles and full statistical analysis are shown in Supplementary Table 1. *P < 0.05, **P < 0.01, ***P < 0.001 ****P < 0.0001.
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multiple comparisons). Psn/lpr2 KD flies using RNAi line 2 also 
showed a significant increase in the number of vacuoles (115.3  
± 11.4, P = 0.0357), compared to Psn KD flies (Fig. 4). Moreover, 
KD of lipophorin receptor 1 (lpr1), roundabout 1 (robo1), Basigin (Bsg), 
Megalin (mgl), or Protein tyrosine phosphatase 99A (Ptp99A) using 
RNAi line 1 also elevated neurodegeneration induced by Psn KD 
(Fig. 4). Psn/lpr1 KD flies showed an increased number of vacuoles 
(231.2 ± 8.6) compared to Psn KD flies (82.1 ± 3.2, P < 0.0001). 
Interestingly, among these 9 genes that enhance Psn 
KD-induced neurodegeneration, lpr2, lpr1, arr, and mgl are ortho-
logs of mammalian LDLR family (Herz 2001; Wehrli et al. 2001; 
Van Hoof et al. 2005). Furthermore, KD of Mitochondrial Rho (Miro) 
and metabotropic glutamate receptors (mGluR) using both RNAi lines, 
KD glutamate receptor IB (GluRIB) and KD roundabout 2 (robo2) 
using one of the two RNAi lines tested alleviated neurodegenera-
tion induced by Psn KD (Fig. 4). Thus, in this genetic modifier test-
ing, we found that 9 genes enhanced, and 4 genes reduced Psn 
KD-induced neurodegeneration in fly brains.

We further asked whether neuron-specific KD of these 19 genes 
alone induces neurodegeneration in adult brains. Interestingly, 
neuron-specific KD of arr, lpr1, mgl, or lpr2 also results in increases 
of neurodegeneration (Fig. 4 and Supplementary Table 1 for de-
tailed data and statistical analysis), suggesting that disruption of 
lipid transport and metabolism affects neuronal survival in aging 
fly brains. We also found that neuron-specific KD of robo1 using 
both RNAi lines leads to increases of vacuoles at the age of 30 
days, and KD of lpr2, Ptp10D, mgl, GluRIB, or Miro using RNAi line 
1 also causes significant increases of vacuoles (Fig. 4).

Neuron-specific lpr1 or lpr2 KD enhances Psn 
KD-induced neurodegeneration
Volcano plot analysis shows that among all genes/RNAi lines 
tested, lpr2 RNAi line 1 shows the most prominent effect on Psn 
KD-induced neurodegeneration (Supplementary Fig. 4). LpR1 
and LpR2 share high homology with human very low-density lipo-
protein receptor (VLDLR) and LDLR (DIOPT scores: 9–12) with the 
highest homology between LpR2 and human VLDLR (DIOPT score 
12). To verify the initial finding of elevated vacuole numbers in 
the brain of Psn/lpr KD flies, we performed a validation study by 
analyzing another batch of newly generated flies. RT-qPCR ana-
lysis of the new batch fly heads confirmed substantial decreases 
of lpr2 and lpr1 mRNA in neuron-specific lpr2 and lpr1 KD flies, 
compared to controls (Fig. 5a and Supplementary Fig. 5). Indeed, 
compared to Psn KD flies (75.3 ± 3.4), lpr2 KD greatly enhances neu-
rodegeneration in Psn KD flies, as shown by a much higher number 
of vacuoles in Psn/lpr2 KD flies using RNAi line 1, IR1 (inverted 
repeat 1), and a less severe effect using another RNAi line IR2 
(410.2 ± 28.6, P < 0.0001; IR2: 113.2 ± 8.9, P = 0.0002, Fig. 5b and c; 
Supplementary Fig. 5). The increase in vacuole number is not 
due to more brain sections from these flies, as there is no signifi-
cant difference in the number of brain sections used in vacuole 
quantification among the genotypic groups (Supplementary 
Table 4). We also found that lpr2 KD using both RNAi lines results 
in increased vacuole numbers (IR1: 64.5 ± 4.5, P < 0.0001; IR2: 42.7 ±  
5.5, P = 0.0011), compared to elav-Gal4 controls (22.7 ± 1.2, Fig. 5b 
and c; Supplementary Fig. 5). The more severe neurodegeneration 
in Psn/lpr2-IR1 KD flies correlates with a stronger reduction (−63%) 
of lpr2 mRNA, whereas the less severe neurodegeneration in 
Psn/lpr2-IR2 KD flies correlates with a smaller reduction (−45%) of 
lpr2 mRNA (Supplementary Fig. 5).

We also confirmed that lpr1 KD enhances neurodegeneration in 
Psn KD flies, as shown by increases of vacuoles in Psn/lpr1-IR1 KD 
flies (128.0 ± 6.2), compared to Psn KD (75.3 ± 3.4, P < 0.0001). 

lpr1-IR1 KD alone also results in a significant increase of vacuoles 
(59.1 ± 2.9), compared to elav-Gal4 controls (22.7 ± 1.2, P < 0.0001; 
Fig. 5b and c; Supplementary Fig. 5). The effects of lpr1 KD on neu-
rodegeneration is less severe relative to lpr2 KD, despite the more 
dramatic 85% reduction of lpr1 mRNA in lpr1-IR1 KD flies, com-
pared to the 63 and 45% reduction of lpr2 mRNA in lpr2-IR1 and 
lpr2-IR2 KD flies, respectively (Supplementary Fig. 5). Moreover, 
lpr1-IR2 KD reduces mRNA levels (−67%) but has no significant ef-
fect on the number of vacuoles (23.5 ± 4.3, P = 0.9835), compared 
to controls. Furthermore, no enhancement of neurodegeneration 
was detected in Psn/lpr1-IR2 KD flies (73.9 ± 3.2), compared to Psn 
KD alone (P = 0.9279, Supplementary Fig. 5). These results show 
that LpR2 plays a more important role than LpR1 in support of 
PS-dependent neuronal survival.

We further evaluated apoptosis in the whole-mount brain of lpr 
and Psn KD flies at the age of 25 days using an antibody specific for 
active caspase-3 to label apoptotic cells, and quantified active 
caspase-3 + cells throughout the entire brain. Compared to 
elav-Gal4 control brains (35.0 ± 3.3), there are more apoptotic cells 
in Psn KD (65.8 ± 4.3, P = 0.0018, one-way ANOVA with Tukey's 
multiple comparisons), lpr2 KD (64.0 ± 4.3, P = 0.0045), and lpr1 
KD (56.4 ± 3.0, P = 0.0073; Fig. 5d and e). While the number of apop-
totic cells in Psn/lpr1 KD flies (79.0 ± 4.1, P = 0.0892) is not signifi-
cantly different from that in Psn KD flies (65.8 ± 4.3), the number 
of apoptotic cells is significantly elevated in Psn/lpr2 KD flies 
(97.2 ± 6.5, P = 0.0009), compared to Psn KD flies (Fig. 5d and e), fur-
ther supporting a more prominent role of LpR2 than LpR1 in sup-
port of PS-dependent neuronal survival.

Adult neuron-specific Psn KD flies show age-dependent impair-
ment in locomotor functions measured by climbing ability. We 
performed a similar climbing assay to evaluate lpr and Psn/lpr 
KD flies. Consistent with the previous report (Kang et al. 2017), 
Psn KD flies at the age of 30 days show significantly increased 
climbing defects, as measured by the percentage of failed 
climbs (72.3 ± 2.4%, P < 0.0001, one-way ANOVA with Tukey’s 
multiple comparisons), compared to controls (19.0 ± 1.9%; 
Fig. 5f). Interestingly, lpr2 KD (47.9 ± 6.3%, P = 0.0100) and lpr1 KD 
(42.6 ± 7.3%, P = 0.0215) flies also exhibit climbing defects, 
compared to controls, but the defects are less severe than that 
in Psn KD flies. However, lpr KD in Psn KD flies does not exacerbate 
the impairment of climbing ability of Psn KD flies (Psn/lpr2 Psn KD: 
75.56 ± 6.26%, P = 0.9056, Psn/lpr1 KD: 60.69 ± 6.56%, P = 0.3299; 
Fig. 5f).

Furthermore, both lpr2 and lpr1 KD flies display a shortened 
lifespan, compared to elav-Gal4 controls [MedLS: controls, 55 
days; lpr1 KD: 29 days, P < 0.0001; lpr2 KD: 30 days, P < 0.0001, 
Log-rank (Mantel–Cox) test; Fig. 5g]. The MedLS of Psn/lpr2 KD 
(28 days, P = 0.0011) is further significantly decreased, compared 
to Psn KD flies (31 days). In addition, at the age of day 40, the per-
centage of surviving Psn/lpr2 KD flies (2.9%) is substantially lower 
than that of Psn KD flies (12.4%), whereas the percentage of surviv-
ing flies is similar between Psn/lpr1 KD (10.0%) and Psn KD flies 
(12.4%, Supplementary Table 5). Moreover, at day 40, the percent-
age of surviving lpr2 KD flies (13.1%) is lower than that of lpr1 KD 
flies (21.2%, Supplementary Table 5). These results suggest that 
lpr2 plays a more important role than lpr1 in mortality.

Neuron-specific overexpression of LpR does not 
rescue Psn KD-induced neurodegeneration
To investigate whether neuron-specific overexpression of LpR 
could alleviate neurodegeneration of Psn KD flies, we crossed 
UAS-lpr flies with Psn KD flies. There are 6 LpR1 and 5 LpR2 iso-
forms (Fig. 6a) resulting from two transcriptional initiation sites 
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Fig. 5. Neuron-specific KD of lpr1 or lpr2 enhances neurodegeneration in Psn KD flies. a) RT-qPCR analysis of lpr1 and lpr2 mRNA levels in 4-day-old flies. 
lpr1 and lpr2 mRNA levels were normalized to the average value of rp49 and gadph1 mRNA levels as internal controls. The value of lpr1 and lpr2 mRNA in 
control flies is set as 100%. Four independent RT-qPCR analyses were performed for each indicated group with each sample using 20 fly heads, and each 
circle represents data obtained from an independent experiment. b) Representative images of H&E stained brain sections show increases of vacuoles, 
marked by yellow arrowheads, in lpr1 KD, lpr2 KD, and Psn/lpr KD flies at the age of 30 days. c) Quantification of vacuoles shows that lpr1 or lpr2 KD worsens 
neurodegeneration in Psn KD flies. The number of vacuoles in elav > lpr2 line 1 flies (elav > lpr2-IR1, 64.5 ± 4.5) is increased, compared to elav-Gal4/+ control 
(22.7 ± 1.2, P < 0.0001, one-way ANOVA with Tukey's multiple comparisons). The number of vacuoles in elav > shPsn3; lpr2-IR1 flies (410.2 ± 28.6) is further 
increased, compared to elav > shPsn3 (75.3 ± 3.4, P < 0.0001). The number of vacuoles in elav > lpr1 line 1 (elav > lpr1-IR1) flies (59.1 ± 2.9) is significantly 
increased, compared to elav-Gal4/+ controls (P < 0.0001), and the vacuole number in elav > shPsn3; lpr1-IR1 flies (128.0 ± 6.2) is further increased, compared 
to elav > shPsn3 (P < 0.0001). Vacuoles were counted in serial sections of 11–15 brains per genotypic group. d) Representative images of whole-mount 
brains at the age of 25 days stained with anti-cleaved active caspase-3 antibody. Compared to elav-Gal4/+ controls, there are more active caspase-3 + cells 
in the brain of Psn, lpr1, and lpr2 KD flies, whereas Psn/lpr1 and Psn/lpr2 KD further increases active caspase-3 + cells in the brain. Scale bar: 100 µm. Higher 
power views of the boxed area show representative active caspase-3 immunopositive cells (blue arrowheads). Scale bar: 10 µm. e) Quantification of active 
caspase-3 + puncta from the entire brain shows significant increases of apoptotic cells in the brain of lpr1 KD (56.4 ± 3.0, P = 0.0073, one-way ANOVA with 
Tukey's multiple comparisons) or lpr2 KD (64.0 ± 4.3, P = 0.0045) flies, compared to controls (35.0 ± 3.3). Compared to Psn KD flies (65.8 ± 4.3), the number of 
apoptotic cells is similar in Psn/lpr1 KD flies (79.0 ± 4.1, P = 0.0892) but is markedly increased in Psn/lpr2 KD flies (97.2 ± 6.5, P = 0.0009). The number of 
active caspase-3 + cells was quantified in 5–6 brains per genotypic group. f) Climbing defects of Psn and lpr KD flies at the age of 30 days. The percentages of 
the failed climbs are shown. Compared to elav-Gal4/+ control flies (19.0 ± 1.9%), Psn KD flies (72.3 ± 2.4%, P < 0.0001, one-way ANOVA with Tukey's 
multiple comparisons), lpr2 KD flies (47.9 ± 6.3%, P = 0.0100), and lpr1 KD flies (42.6 ± 7.3%, P = 0.0215) show significantly increased climbing defects. 
Compared to Psn KD flies, lpr2/Psn KD flies (75.6 ± 6.3%, P = 0.9056) and lpr1/Psn KD flies (60.7 ± 6.6%, P = 0.3299) show similar climbing ability. N = 3–6 
independent experiments;  ≥ 60 flies per genotype (∼20 flies per experiment) were used in the study. g) Lifespan of the indicated genotypic groups plotted 
using the Kaplan–Meier method. Compared to elav/+ control flies (55 days, black line), the MedLS of Psn KD (31 days, red line), lpr2 KD (30 days, yellow line), 
and lpr1 KD (29 days, light green line) is significantly shorter [P < 0.0001, Log-rank (Mantel–Cox) test]. The lifespan is similar between Psn KD flies (31 days) 
and lpr1/Psn KD flies (30 days, dark green line, P = 0.1696), whereas lpr2/Psn KD flies (28 days, orange line) exhibit a significantly reduced lifespan 
(P = 0.0011). N = 99–138 flies per genotype. All data are expressed as mean ± SEM. Each circle represents data obtained from an individual fly brain in 
histological analysis. NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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and alternative splicing of two exons (Parra-Peralbo and Culi 
2011). Among those isoforms, we selected UAS-lpr1-J and 
UAS-lpr2-E transgenic flies, which express the longest isoform 
with nonconserved N-terminal domain, LDL receptor type A mod-
ule, EGF, and YWTD β-propeller domains (Fig. 6a). Importantly, 
previous studies showed that overexpression of lpr1-J or lpr2-E res-
cued deficits in oogenesis, fertility, and lipid uptake caused by the 
loss of lpr (Parra-Peralbo and Culi 2011). RT-qPCR analysis showed 
that compared to control flies, the level of lpr1 and lpr2 mRNA in 
elav > lpr1-J and elav > lpr2-E flies is ∼3- and ∼2-fold, respectively, 
compared to controls (Fig. 6b). Histological analysis revealed 
that overexpression of lpr1-J in neurons does not cause neurode-
generation, compared to controls (P > 0.9999, one-way ANOVA 
with Tukey's multiple comparisons), nor does it impact Psn 
KD-induced neurodegeneration (P = 0.9613; Fig. 6c and d). 
However, elav > lpr2-E flies at the age of 30 days exhibit signifi-
cantly increased vacuoles (49.4 ± 5.0, P = 0.0168), compared to 
controls (23.6 ± 3.0). Furthermore, more vacuoles were found in 
elav > shPsn3; lpr2-E flies (126.3 ± 11.3), compared to elav > shPsn3 
(87.8 ± 5.0, P = 0.0007; Fig. 6c and d). The increase in vacuole number 

is not due to more brain sections from these flies, as there is no sig-
nificant difference in the number of brain sections used in vacuole 
quantification among the genotypic groups (Supplementary 
Table 4). These data further support that lpr2 exerts a more potent 
role than lpr1 in the regulation of neuronal survival.

Germline deletions of lpr1 and lpr2 enhance 
neurodegeneration induced by Psn KD
To further verify the genetic interaction between lpr1/2 and Psn in 
the modulation of neuronal survival, we prepared Psn KD flies in 
the presence of germline deletions of lpr1 and/or lpr2. LpR1 and 
LpR2 share high sequence homology with each other (DIOPT score 
7), and lpr1 and lrp2 are positioned in tandem on the 3rd right 
chromosome (Rodríguez-Vázquez et al. 2015). It was reported 
that flies carrying homozygous deletion mutations of lpr1, lpr2, 
or lpr1/2 are viable, but lpr1/2 deficient female flies are sterile 
(Parra-Peralbo and Culi 2011). We first tested whether these lpr1, 
lpr2, and lpr1/2 deficient flies develop age-dependent neurodegen-
eration by performing neuropathological analysis at the ages of 1 
and 30 days (Fig. 7). At the age of 1 day, only a few vacuoles were 

Fig. 6. Overexpression of lpr1 or lpr2 does not rescue neurodegeneration in Psn KD brains. a) Top: Schematic illustrations of gene structures of lpr1 and lpr2. 
The black boxes represent coding exons, and the gray boxes represent the untranslated region (UTR). Both lpr1 and lpr2 have two transcriptional initiation 
sites. Primers used in RT-PCR are shown as arrows below common exons, amplifying all isoforms. Middle: mRNA structures of lpr2-E (yellow) and lpr1-J 
(blue) isoforms. Bottom: Schematic illustrations of LpR2-E and LpR1-J showing conserved domains [red, nonconserved N-terminal domain; green, LA 
module; blue, EGF module; orange, YWTD β-propeller domain; white, transmembrane region]. b) RT-qPCR analysis of lpr2 and lpr1 mRNA levels in Tg flies. 
Compared to control flies, lpr2 and lpr1 mRNA levels are elevated in elav > lpr2-E (∼2-fold) and elav > lpr1-J (∼3-fold) Tg flies. The value of lpr2 or lpr1 
endogenous mRNA levels in control is set as 1. lpr2 and lpr1 mRNA levels were normalized to the average value of rp49 and gapdh1 as internal controls. 
Total RNA was extracted from heads of adult flies at the age of 4 days. Four independent RT-qPCR analyses were performed for each indicated group, each 
sample using 20 adult heads for RT-qPCR. Each circle represents data obtained from an independent experiment. c) Representative images of H&E 
stained brain sections of indicated genotypes at the age of 30 days. Vacuoles indicative of neurodegeneration are marked with yellow arrowheads. Scale 
bar: 100 μm. d) Quantification of vacuoles in the brain of indicated genotypes at the age of 30 days. The number of vacuoles in elav > lpr2-E flies (49.4 ± 5.0) 
is significantly increased, compared to elav-Gal4/+ control (23.6 ± 3.0, P = 0.0168, one-way ANOVA with Dunnett's multiple comparisons). The number of 
vacuoles in elav > lpr1-J (23.8 ± 4.7, P > 0.9999) is similar to that in elav-Gal4/+ controls. The number of vacuoles in elav > shPsn3; lpr2-E flies (126.3 ± 11.3) is 
further increased, compared to elav > shPsn3 (87.8 ± 5.0, P = 0.0007), whereas the number of vacuoles in elav > shPsn3; lpr1-J (91.4 ± 7.9) is not significantly 
altered, compared to elav > shPsn3 (P = 0.9613); 10–19 brains per genotypic group were examined and vacuoles quantified in all serial sections of the entire 
brain. Each circle represents data obtained from an individual fly brain in histological analysis. All data are expressed as mean ± SEM. NS, not significant; 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 7. Germline deletions of lpr1 and lpr 2 worsen neurodegeneration in Psn KD flies. a) Schematic illustration of the gene structures of lpr1 and lpr2. The 
black boxes represent exons encoding the protein sequences, and the gray boxes represent the UTRs. Both lpr1 and lpr2 have 2 transcription initiation 
sites. Orange, blue, and pink lines indicate the deleted genomic region in each deficiency line. b, c) Representative images of H&E stained brain sections 
show age-dependent increases of vacuoles, marked by yellow arrowheads, in flies carrying lpr1, lpr2, or lpr1/2 deficiency mutations alone or together with 
Psn KD at the age of 1 day b) or 30 days c). Scale bar: 100 μm. d) Quantification of vacuoles shows that lpr deficiency increases vacuoles and worsens 
neurodegeneration in aged Psn KD flies. At 1 day of age, few vacuoles were detected in the brains of all genotypic groups. At 30 days, compared to 
elav-Gal4/+ controls (37.4 ± 2.8), there is no difference in vacuole numbers in lpr2 Df/+ flies (39.0 ± 1.9, P > 0.9999, one-way ANOVA with Tukey’s multiple 
comparisons), or lpr1 Df/+ flies (50.4 ± 3.7, P = 0.3167). lpr1/2 Df/+ flies significantly increase in vacuole number (61.7 ± 9.5, P = 0.001). All 3 homozygotes 
deficiency flies show increased vacuole numbers, lpr2 Df/Df flies (79.4 ± 6.9, P < 0.0001), lpr1 Df/Df flies (59.9 ± 3, P = 0.001), and lpr1/2 Df/Df flies (74.8 ± 4.6, 
P < 0.0001). Compared to elav > shPsn3 (94.0 ± 6.4), there is no difference in vacuole numbers in elav > shPsn3; lpr2 Df/+ flies (96.5 ± 10.1, P > 0.9999), or elav  
> shPsn3; lpr1 Df/+ flies (80.8 ± 3.2, P = 0.8049). However, elav > shPsn3; lpr1/2 Df/+ flies show significantly increased vacuole number (142.0 ± 10.9, 
P = 0.0008). Compared to elav > shPsn3, elav > shPsn3; lpr2 Df/Df flies (134.5 ± 16, P = 0.0345) show increased vacuole number, but elav > shPsn3; lpr1 Df/Df 
flies (91.4 ± 6.8, P > 0.9999) show no significant difference. N/T indicates not tested: all elav > shPsn3; lpr1/2 Df/Df flies died between 15 and 23 days of age; 
6–24 brains per genotypic group were analyzed. All data are expressed as mean ± SEM. Each circle represents data obtained from an individual fly brain. 
NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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detected in the brains of all genotypic groups, and there is no sig-
nificant difference among them (Fig. 7b and d). At the age of 30 
days, compared to control flies (elav-Gal4/+, 37.4 ± 2.8), there is 
no significant increase of vacuoles in heterozygote deficiency flies 
of lpr2 (39.0 ± 1.9, P > 0.9999, one-way ANOVA with Tukey’s mul-
tiple comparisons) and lpr1 (50.4 ± 3.7, P = 0.3167; Fig. 7c and d). 
However, heterozygosity of double lpr1/2 deficiency resulted in a 
moderate increase in the number of vacuoles (61.7 ± 9.5, 
P = 0.001; Fig. 7c and d). Importantly, we found increases of 
vacuoles in the brains of all homozygotic deficiency flies: lpr2 
(79.4 ± 6.9, P < 0.0001), lpr1 (59.9 ± 3.1, P = 0.0003), and lpr1/2 
(74.8 ± 4.6, P < 0.0001), compared to the controls (Fig. 7c and d). 
The increase in vacuole number is not due to more brain sections 
from these flies, as there is no significant difference in the number 
of brain sections used in vacuole quantification among the geno-
typic groups (Supplementary Table 4). These results show the 
importance of LpR1 and LpR2 in protection of aging brains.

Furthermore, there is no significant increase in the number of 
vacuoles in Psn KD together with heterozygotic deficiency of lpr2 
(96.5 ± 10.1, P > 0.9999, one-way ANOVA with Tukey’s multiple 
comparisons) and lpr1 (80.8 ± 3.2, P = 0.8049), compared to Psn 
KD alone (94.0 ± 6.4, Fig. 7c and d). However, Psn KD in the lpr1/2 
heterozygotic deficient flies at the age of 30 days exhibited more 
severe neurodegeneration (142.1 ± 10.9, P = 0.0008) than Psn KD 
alone (Fig. 7c and d). We also observed stronger neurodegenera-
tion at the age of 30 days in Psn KD together with lpr2 homozygotic 
deficiency (134.5 ± 16.0, P = 0.0345), but not with lpr1 (91.4 ± 6.8, 
P > 0.99; Supplementary Table 4). Lastly, Psn KD; lpr1/2-null flies 
are not viable at the age of 30 days; they start to die at the age of 
15 days with a MedLS of 18 days and a maximum lifespan of 23 
days. These data further confirm that LpRs modulate 
Psn-dependent neuronal survival, and LpR2 is more potent than 
LpR1 in the interaction.

Discussion
More than 400 distinct mutations have been identified in the 
PSEN1 and PSEN2 genes that are linked or associated with 
early-onset AD (https://www.alzforum.org/mutations/psen-1). 
While it has been demonstrated that PSEN orthologs in mice and 
Drosophila play an evolutionarily conserved role in protection of 
neurons during aging, molecular pathways that are involved in 
PS-dependent neuronal survival remain unclear. To investigate 
the molecular mechanism and identify genetic modifiers that 
modulate PS-dependent neuronal survival, we developed a new 
Drosophila Psn model to facilitate modifier screening (Figs. 1 and 
2; Supplementary Fig. 1). Following a bioinformatic analysis 
(Supplementary Fig. 2), we selected and tested the top ranked 25 
candidate genes by knocking down its expression selectively in 
adult neurons, using two independent RNAi lines of each gene, 
alone or together with Psn KD (Supplementary Fig. 3). 
Interestingly, 6 genes appear to be important for neuronal sur-
vival, as their KD not only enhances neurodegeneration in Psn 
KD flies but also causes neurodegeneration when KD alone 
(Fig. 4 and Supplementary Table 1). Specifically, lpr2, lpr1, arr, 
and mgl encode proteins that belong to the LDLR family. Further 
validation tests demonstrated that neuron-specific KD or germ-
line deletions of lpr2 or lpr1 greatly exacerbate neurodegeneration 
in Psn KD flies, whereas loss of LpR function by RNAi or deficiency 
also results in age-dependent neurodegeneration, increases of 
apoptosis, climbing defects, and shortened lifespan (Figs. 5–7). 
Thus, genes involved in lipid homeostasis, such as LpRs, are crit-
ically important for neuronal integrity in the aging brain.

Among the 4 genes that showed a protective effect in alleviat-
ing neurodegeneration caused by Psn KD, mGluR may be most in-
teresting, as mGluR KD by both RNAi lines markedly reduced the 
number of vacuoles in Psn KD flies, whereas the reduction of va-
cuoles in Psn KD flies by KD of Miro, robo2, GluRIB is quite modest 
(Fig. 4). mGluR is the only metabotropic glutamate receptor in 
Drosophila (Bogdanik et al. 2004), and it was reported that the 
heterozygous mGluR null allele or mGluR antagonists prevented 
short-term memory deficits in two Psn loss-of-function mutants 
(McBride et al. 2010). Our results further support that neuron- 
specific KD of mGluR alleviates phenotypes caused by impaired 
Psn function.

PS and putative γ-secretase substrates 
in neurodegeneration
PS is the catalytic subunit of γ-secretase, an intramembrane pro-
tease that cleaves type I transmembrane proteins, including 
Notch and APP (De Strooper et al. 1998; Song et al. 1999; Struhl 
and Greenwald 1999). Among 25 candidate genes we tested, 9 
were reported as γ-secretase substrates (N, fra, Dl, Appl, LRP1, 
mgl, robo1, Nrx-IV, and arr) and 2 as γ-secretase regulators (Bsg 
and crb) (Zhou et al. 2005; Herranz et al. 2006; Haapasalo and 
Kovacs 2011). However, despite Notch and APP being the 
best-established physiological substrates, previous genetic stud-
ies in mice showed that selective inactivation of Notch1 and 
Notch2, which are expressed in adult brains, or all 3 APP family 
members in excitatory neurons of the postnatal forebrain did 
not cause neurodegeneration during mouse lifespan (Zheng et al. 
2012; Lee et al. 2020), in contrast to age-dependent, progressive, 
and widespread loss of cortical neurons in Psen or nicastrin condi-
tional knockout mice using the same Camk2a-Cre line (Saura et al. 
2004; Tabuchi et al. 2009; Wines-Samuelson et al. 2010). Similar to 
the lack of neurodegeneration in triple conditional knockout mice 
lacking all APP families, KD of Appl alone or together with Psn has 
no effect on the number of vacuoles (Fig. 4). It was also reported 
that Fra is cleaved by γ-secretase in Drosophila (Neuhaus-Follini 
and Bashaw 2015), but fra KD does not appear to modulate 
Psn-dependent neuronal survival (Fig. 4).

Psen1-deficient mice exhibit perinatal lethality and impaired 
neurogenesis and Notch signaling, but Psen± mice are phenotypic-
ally normal (Shen et al. 1997; Handler et al. 2000). Drosophila 
loss-of-function Psn mutations induced pupal lethality and 
Notch-like phenotypes (Struhl and Greenwald 1999; Ye and 
Fortini 1999), whereas adult neuron-specific KD of Psn circum-
vented developmental phenotypes but resulted in age-dependent 
neurodegeneration (Kang et al. 2017). While elav-Gal4-driven Psn 
KD flies maintained at 18°C during development, in which Psn 
mRNA was reduced ∼20% in 3rd-instar larval brains, are viable 
and appear normal, though develop age-dependent neurodegen-
eration, the same elav-Gal4-driven KD of Notch, Dl, or Nrx-IV results 
in lethality prior to eclosion (Figs. 2–4), consistent with essential 
functions of these genes in early development (Mohr 1919; 
Lehmann et al. 1981; Lehmann et al. 1983; Baumgartner et al. 
1996). The less severe phenotypes by RNAi line 2 of Dl or Nrx-IV 
are likely due to the lesser KD efficiency (∼50% mRNA remaining, 
Supplementary Table 2). While Nrx-IV KD alone or together with 
Psn does not affect vacuole numbers, Dl/Psn KD flies exhibit strik-
ing increases of vacuoles, compared to Psn or Dl KD alone, raising 
the possibility that this may be at least in part due to developmen-
tal requirement (Fig. 3).

Importantly, 10-fold overexpression of Psn mRNA is well 
tolerated and does not cause neurodegeneration, whereas 80% re-
duction of Psn mRNA expression leads to age-dependent 
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neurodegeneration. However, 40-fold overproduction of Psn 
mRNA results in neurodegeneration, albeit at a less severe degree, 
compared to 80% reduction of Psn expression (Fig. 2). Thus, the fly 
brain appears to be more sensitive to the partial loss of Psn than to 
accumulation of high levels of excess Psn in neurons of the adult 
brain.

PS and lipid homeostasis in neurodegeneration
Among the 19 genes that were not associated with developmental 
phenotypes under our experimental paradigm, 4 genes, lpr2, lpr1, 
arr, and mgl, encode proteins that belong to the LDLR family, and 
modulate neurodegeneration caused by Psn KD (Fig. 4). The mam-
malian LDLR family proteins are structurally related single trans-
membrane receptors, and are involved in the binding and 
internalization of cholesterol-containing lipoprotein particles 
(Herz and Bock 2002; Holtzman et al. 2012).

Drosophila lpr1 and lpr2 are partially redundant genes with 5–6 
isoforms and are required for the uptake and transport of lipopro-
tein lipophorin and neutral lipids, though lpr1/lpr2 double defi-
cient flies are viable and do not display significant changes in 
total neutral lipid content in the gut and fat body (Parra-Peralbo 
and Culi 2011; Palm et al. 2012; Parvy et al. 2012; Rodríguez- 
Vázquez et al. 2015). Interestingly, lpr1-null or neuron-specific 
lpr1 KD flies exhibit a significant reduction in the density of lipid 
droplets in the larval optic neuropil region, suggesting that lpr1 
is involved in the maintenance of lipid content and homeostasis 
in the brain (Yin et al. 2021). Moreover, fluorescently labeled 
ApoLpp (apolipophorin) revealed the LpR-dependent lipid uptake 
in a Drosophila neuronal cell line (Matsuo et al. 2019). We found 
that neuron-specific KD of lpr2 or lpr1, to a lesser extent, dramat-
ically increases neurodegeneration caused by Psn KD (Figs. 4 and 
5). Furthermore, apoptotic cells are significantly elevated in lpr2 
and lpr1 KD brains, and lpr2 KD further enhanced apoptosis in 
Psn KD brains (Fig. 5). Interestingly, overexpression of lpr2-E and 
lpr1-J, previously shown to rescue deficits in oogenesis, fertility, li-
pid update of lpr deficiency flies (Parra-Peralbo and Culi 2011), 
failed to rescue neurodegeneration in Psn KD flies (Fig. 6). 
Rather, overexpression of lpr2-E (2-fold) but not lpr1-J (3-fold) exa-
cerbated neurodegeneration in Psn KD flies, and overexpression of 
lpr2-E alone but not lpr1-J resulted in neurodegeneration (Fig. 6), 
further suggesting a more prominent role of LpR2 than LpR1 in 
supporting neuronal survival during aging.

Furthermore, germline homozygotic lpr2 deletions or heterozy-
gotic deletions of lpr1 and lpr2 also elevated neurodegeneration in 
aged Psn KD brains (Fig. 7). Consistently, LpR2 appears to play a 
more important role, compared to LpR1, in the protection of neur-
onal integrity, based on the more severe neurodegenerative phe-
notypes in lpr2 KD or deficient flies, despite the greater 
reduction of lpr1 mRNA driven by both lpr1 RNAi lines (Figs. 5
and 7). Interestingly, neuron-specific KD or germline deletions of 
lpr2 or lpr1 also caused age-dependent neurodegeneration, though 
the neurodegenerative phenotypes are not as severe as those in 
the presence of Psn KD (Figs. 5 and 7). These results suggest that 
altered lipid transport and metabolism may compromise neuron-
al survival in the aging fly brain and exacerbate neurodegenera-
tion caused by compromised Psn function, consistent with 
earlier reports showing that loss of PS function or γ-secretase ac-
tivity results in disrupted cellular cholesterol levels and homeo-
stasis of lipoproteins as well as intramembrane cleavages of 
LDLRs and VLDLRs in culture (Herz and Bock 2002; Grimm et al. 
2005; Hoe and Rebeck 2005; Landman et al. 2006; Nguyen et al. 
2006; Liu et al. 2007; Tamboli et al. 2008; Cho et al. 2019).

Implications to AD and other neurodegenerative 
diseases
The relevance of altered lipid transport and metabolism in neurode-
generative diseases is highlighted by the strong association between 
apolipoprotein E4 (apoE4) alleles and increased risks of late-onset AD 
and other neurodegenerative diseases, such as Parkinson’s and de-
mentia with Lewy bodies (Yamazaki et al. 2019). ApoE is a plasma 
lipoprotein and a ligand of LDLRs, and its binding with LDLRs regu-
lates the transport and metabolism of cholesterol and other lipids 
(Mahley 1988). ApoE2, E3, and E4 differ in amino acid residues 112 
and 158, and exhibit different affinities in binding to LDLRs, and 
while ApoE2 is associated with a reduced risk of AD, ApoE4 is asso-
ciated with an increased risk in a dose-dependent manner (Corder et 
al. 1993; Strittmatter et al. 1993). Compared to other isoforms, ApoE4 
is thought to have a loss of function effect on lipid transport 
(Yamazaki et al. 2019). Recent studies in Drosophila also showed 
that compared to ApoE2 and ApoE3, ApoE4 exhibits impaired ability 
to restore lipid transport (Liu et al. 2017).

Interestingly, genetic association between PSEN1 and apoE has 
been reported in a single patient carrying the PSEN1 E280A muta-
tion and two copies of the apoE3 Christchurch variant (R136S) 
(Arboleda-Velasquez et al. 2019). The apoE3 R136S was thought 
to be protective, as the patient did not develop dementia until 
age 75, whereas the median age of onset for dementia among a 
large number of PSEN1 E280A carriers was 49 (Acosta-Baena et 
al. 2011). Our current study demonstrated that disruption of lpr ex-
pression by decreasing or increasing gene dosage results in neur-
onal death and exacerbates neurodegeneration caused by 
reduced Psn expression in the aging brain, providing a causal rela-
tionship between lipid homeostasis and neurodegeneration in AD. 
Future studies are needed to elucidate the mechanism by which 
altered lipid transport and metabolism may modulate PS function 
and neuronal survival in the aging brain.
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