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Neurobiology of Disease

Genetic Regulation of Neuronal Progranulin Reveals a
Critical Role for the Autophagy-Lysosome Pathway

Lisa P. Elia,"> “Amanda R. Mason,’ Amela Alijagic,” and Steven Finkbeiner'->*
ICenter for Systems and Therapeutics and Taube/Koret Center for Neurodegenerative Disease Research, San Francisco, California, 2The J. David Gladstone
Institutes, San Francisco, California 94158, *Keck School of Medicine, University of Southern California, Los Angeles, California, 90033, and “Departments
of Neurology and Physiology, University of California, San Francisco, California 94143

Deficient progranulin levels cause dose-dependent neurological syndromes: haploinsufficiency leads to frontotemporal lobar degener-
ation (FTLD) and nullizygosity produces adult-onset neuronal ceroid lipofuscinosis. Mechanisms controlling progranulin levels are
largely unknown. To better understand progranulin regulation, we performed a genome-wide RNAi screen using an ELISA-based plat-
form to discover genes that regulate progranulin levels in neurons. We identified 830 genes that raise or lower progranulin levels by at
least 1.5-fold in Neuro2a cells. When inhibited by siRNA or some by submicromolar concentrations of small-molecule inhibitors, 33
genes of the druggable genome increased progranulin levels in mouse primary cortical neurons; several of these also raised progranulin
levels in FTLD model mouse neurons. “Hit” genes regulated progranulin by transcriptional or posttranscriptional mechanisms. Pathway
analysis revealed enrichment of hit genes from the autophagy-lysosome pathway (ALP), suggesting a key role for this pathway in
regulating progranulin levels. Progranulin itself regulates lysosome function. We found progranulin deficiency in neurons increased
autophagy and caused abnormally enlarged lysosomes and boosting progranulin levels restored autophagy and lysosome size to control
levels. Our data link the ALP to neuronal progranulin: progranulin levels are regulated by autophagy and, in turn, progranulin regulates
the ALP. Restoring progranulin levels by targeting genetic modifiers reversed FTLD functional deficits, opening up potential opportuni-
ties for future therapeutics development.
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Progranulin regulates neuron and immune functions and is implicated in aging. Loss of one functional allele causes haploinsuf-
ficiency and leads to frontotemporal lobar degeneration (FTLD), the second leading cause of dementia. Progranulin gene poly-
morphisms are linked to Alzheimer’s disease (AD) and complete loss of function causes neuronal ceroid lipofuscinosis. Despite
the critical role of progranulin levels in neurodegenerative disease risk, almost nothing is known about their regulation. We
performed an unbiased screen and identified specific pathways controlling progranulin levels in neurons. Modulation of these
pathways restored levels in progranulin-deficient neurons and reversed FTLD phenotypes. We provide a new comprehensive
understanding of the genetic regulation of progranulin levels and identify potential targets to treat FTLD and other neurodegen-
erative diseases, including AD. j

ignificance Statement

Introduction
Progranulin is a widely expressed secreted protein encoded by the
GRN gene. In the brain, progranulin is expressed primarily by
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etal., 2012; Gass et al., 2012; Petkau et al., 2012; Petoukhov et al.,
2013; Petkau and Leavitt, 2014). More than 60 mutations leading
to haploinsufficiency of GRN have been identified and result in
decreased progranulin levels. People with GRN haploinsuffi-
ciency develop the fatal neurodegenerative disease frontotempo-
ral lobar degeneration (FTLD), the second most common cause
of early-onset dementia after Alzheimer’s disease (AD) (Rabi-
novici and Miller, 2010; Rademakers et al., 2012; Riedl et al.,
2014). Rare individuals nullizygous for GRN develop neuronal
ceroid lipofuscinosis, which has an onset much earlier than FTLD
(Smith et al., 2012; Gotzl et al., 2014). Recently, polymorphisms
that decrease GRN expression were linked to increased risk for
AD and boosting levels of progranulin in mouse models of AD
suppresses neuroinflammatory-, pathological-, and cognitive-
based disease phenotypes (Pereson et al., 2009; Hsiung et al.,
2011; Kamaldinen et al., 2013; Perry et al., 2013; Minami et al.,
2014; Chen et al., 2015; Hosokawa et al., 2015; Xu et al., 2017).
Therefore, differing levels of progranulin deficiency in the brain
lead to different neurodegenerative syndromes, showing that loss
of progranulin function contributes to disease development.
Although progranulin is critically important in the brain, we
still do not understand how progranulin is regulated and what its
cellular functions are. Previous studies implicated cellular condi-
tions such as inflammation and hypoxia as regulators of GRN
transcription; however, the transcription factors directly mediat-
ing GRN expression in these conditions are unknown (Piscopo et
al., 20105 Suh et al., 2012; Luo et al., 2014). A recent screen iden-
tified histone deacetylases (HDACs) as regulators of GRN tran-
scription in Neuro2a (N2a) cells and in human iPSC-derived
cortical neurons generated from FTLD patients harboring GRN
mutations. The specific HDAC(s) and the mechanisms by which
the HDAC:s affect GRN expression are not known (Cenik et al.,
2011; Almeidaetal., 2016). Other studies revealed that progranu-
lin levels might be modulated through posttranscriptional mech-
anisms. For example, inhibition of lysosome function with
bafilomycin Al increased progranulin protein levels in neuronal
cells, possibly through a mechanism involving the differential
translation of GRN mRNAs with short versus long 5" UTRs or by
derepression of miRNA-regulated translation (Capell et al., 2011,
2014). Progranulin is a secreted protein and mechanisms affect-
ing its secretion, uptake, and degradation may regulate progranu-
lin levels. Sortilin, the first cell surface receptor identified for
neuronal progranulin, regulates the uptake of extracellular pro-
granulin and delivers it to lysosomes (Hu et al., 2010). Reducing
sortilin levels increases levels of extracellular progranulin in neu-
rons. Interestingly, progranulin itself regulates sortilin degrada-
tion and thus may regulate its own levels in an autocrine fashion
to maintain the pathogenic progression of prostate cancer (Tan-
imoto et al., 2017). Similarly, prosaposin (PSAP) binds and tar-
gets extracellular progranulin to lysosomes; suppression of PSAP
increased progranulin levels in neurons (Zhou et al., 2015).
Progranulin itself plays a functional role in lysosomes (Ahmed
et al., 2010; Tanaka et al., 2013a,b, 2014, 2017; Lui et al., 2016;
Beel et al.,, 2017; Chang et al., 2017; Evers et al., 2017). Loss of
progranulin results in enlarged lysosomes with the aberrant ac-
cumulation of lipofuscin, an autofluorescent amalgam of pre-
dominantly oxidized protein and lipid degradation residues that
accumulates with age or lysosome dysfunction (Ahmed et al.,
2010; Tanaka et al., 2013a,b, 2014, 2017; Lui et al., 2016; Evers et
al., 2017; Ward et al., 2017). Tanaka et al. (2017) suggested that
progranulin regulates lysosome acidification, but whether this
occurs in neurons and by what mechanism is not known (Tanaka
et al., 2017). Progranulin may directly bind and modulate lyso-
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somal enzymes such as cathepsin D (Beel et al., 2017). Finally,
progranulin deficiency leads to dysregulated autophagy in cells,
but it is unclear whether this is due to loss of function at the
lysosome level or at earlier points in the ALP (Liu et al., 2015;
Chang et al., 2017). Although it appears that progranulin levels
can be regulated at multiple points in cells, we still do not know
the identities of many of the key molecules and pathways in-
volved. Also, it will be important to determine the functional
impact of how and where progranulin levels are raised in the cell
to preserve or restore progranulin functions essential for amelio-
rating the disease process.

In this study, we wanted to develop a more complete picture of
the molecules and biological pathways that regulate progranulin
levels and to better understand the functional effects of modulat-
ing progranulin levels in neurons. We performed an unbiased
whole-genome RNAi screen by an ELISA-based strategy to iden-
tify genes that act at multiple steps, increasing progranulin levels
in N2a cells. We found several genes from the druggable genome
that raised progranulin levels when knocked down, many with
known connections to the ALP. Multiple small-molecule inhibi-
tors against four of the genes phenocopied RNAi-induced
knock-down of those genes, raising progranulin levels in a dose-
dependent manner at submicromolar concentrations. Progranu-
lin itself regulates the ALP: we found that Grn-deficient neurons
had an abnormally increased level of autophagy and enlarged
lysosomes. Remarkably, increasing progranulin levels by inhibit-
ing hit genes restored autophagy and lysosome size to control
levels in neurons. We identified novel genetic modifiers of pro-
granulin levels and functions in neurons, which suggest an auto-
crine loop exists in which progranulin levels are regulated by
autophagy and yet progranulin itself is a regulator of the ALP,
potentially modulating its own levels through regulating its deg-
radation in neurons.

Materials and Methods

Reagents and antibodies. Cells were treated with 17-AAG, N-oxalylglycine
(NOG), or 3-methyladenine (Sigma-Aldrich); AUY922 (Selleckchem);
AS1842856 or JMJD histone demethylase inhibitor III (Calbiochem/
EMD Millipore); XRP44X (Tocris Bioscience) as indicated in the figure
legends. High-sensitivity streptavidin HRP was from Pierce. Tetram-
ethylbenzidine (TMB)-E solution was from EMD Millipore. The pro-
granulin rabbit polyclonal antibody was generated by 21 Century
Biochemicals (Protocol 2819) against a C-terminal polypeptide, Ac-
CLRKKIPRWDMFLRDPVPRPLL, and was provided to us as a gift from
R. Farese and the Consortium for Frontotemporal Dementia. The pro-
granulin sheep polyclonal and the anti-sheep biotinylated IgG were from
R&D Sciences. The TDP-43 rabbit polyclonal is from Proteintech. Lyso-
tracker red was from Thermo Fisher Scientific. pPGW1-EOS2-LC3 was
created by replacing Dendra2-LC3 with a 1228-bp Nhel-Mfel fragment
containing EOS2-LC3 in the pPGW1-Dendra2-LC3 plasmid as described
previously (Tsvetkov et al., 2013). pGW1-EGFP was created as described
previously (Arrasate et al., 2004).

N2a cell culture and transfection. N2a cells were grown in DMEM high-
glucose (Mediatech), supplemented with 10% FBS (Life Technologies),
1% penicillin/streptomycin (Life Technologies), and 1% GlutaMAX
(Life Technologies) at 5% CO, and 37°C. Cells were passaged when they
reached 80% confluence. For cell transfections, N2a cells (25,000
cells/well) were reverse transfected in 96-well plates using lipo-
fectamine 2000 and plated in DMEM + 1% FBS posttransfection to
induce differentiation.

Primary neuron cell culture and transfection. Cortical neurons were
dissected from embryonic day 18 mouse pups and cultured at 125,000
cells/well for 4 d in vitro, as described previously (Barmada et al., 2014).
Neurons were cultured from Grn = (Martens et al., 2012), Grn ®493%/* or
WT control littermates (Nguyen et al., 2018). Equal numbers of male and
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female mice were used in the neuron cultures. A
Euthanasia for these experiments is entirely
consistent with the recommendations of the HRP
Guidelines on Euthanasia of the American Vet- =
erinary Medical Association. Transfection of Detection /
primary neurons was accomplished using Li- Antibody
pofectamine 2000 (Invitrogen). All of the
transfections in primary neurons involved 25
nM siRNA and 0.5 ul of Lipofectamine 2000 per
well unless otherwise noted. Cells were incu-
bated with Lipofectamine—siRNA complexes
for 40 min at 37°C before rinsing and main-

(9]
g

tained in Neurobasal-B27 growth medium
(Life Technologies) + 2% B27 supplement __ 1000 - s
(Life Technologies) + 1% penicillin/strepto- g —
mycin (Life Technologies) + 1% GlutaMAX £
(Life Technologies) (Brewer et al., 1993). The £ 600
remainder of the transfection protocol was per 2 400 1
the manufacturer’s suggestions. §

Progranulin ELISA development. The pro- 200 +
granulin ELISA used a rabbit anti-mouse 0 -

WT GrnKO

progranulin antibody, a sheep anti-mouse pro- Serum: Serarm

granulin (R&D Systems), and biotin-labeled
anti-sheep IgG antibody, streptavidin-linked
HRP, and TMB/peroxide substrate. Recombi-
nant mouse progranulin (R&D Systems) was
used to generate standard curves with typical
curve heights between 1.0 to 3.0 optical density
(OD) units using a four-parameter logistics fit
of the data points and with little background
(<0.1 OD units) when validated using serum
from either WT or Grn knock-out mice. Plates were coated overnight
with the rabbit anti-progranulin polyclonal antibody and blocked with
1% BSA for 1 h at 37°C. Plates were incubated with analyte (culture
supernatants, mouse serum, or recombinant mouse progranulin) for 1 h
at 37°C, followed by sequential detection using the sheep anti-
progranulin polyclonal antibody, anti-sheep biotinylated IgG antibody,
and streptavidin—-HRP conjugate. Mouse serum samples were diluted
1:100 for analyte levels to fall within the range of the assay. We did not
detect progranulin in serum from Grn knock-out mice. The ELISA is
sensitive and accurately detects nanogram amounts of extracellular pro-
granulin from differentiated N2a cell or primary mouse cortical neuron
culture supernatants. We miniaturized the assay to a 96-well format and
then evaluated its performance characteristics.

Library screening. We used an arrayed Dharmacon mouse siGENOME
SMARTYpool siRNA library from GE Lifesciences that targets the whole
mouse genome. The genome-wide siRNA library targets ~16,500 differ-
ent Mus musculus genes with pools of four siRNAs designed against
different regions of the same gene. To perform the screen, siRNAs were
introduced into N2a cells by reverse transfection and extracellular pro-
granulin levels were measured in culture supernatants 48 h after trans-
fection. On each plate, three controls were included.

RNA extraction and qRT-PCR. RNA was isolated using the RNeasy
micro kit (Qiagen) following the manufacturer’s instructions. Next,
qRT-PCR was performed using the Superscript III First Strand Synthesis
Supermix and following the manufacturer’s instructions (Invitrogen).
Finally, cDNA was diluted fourfold. For qRT-PCR, 4.5 ul of cDNA was
combined with 5 ul of SYBR Green Master Mix (Applied Biosystems)
and 0.5 pl of primer mixture (20 um each primer). Samples were run on
an Applied Biosystems 7900HT. Data were analyzed using the delta CT
method. Values were normalized to housekeeping gene cyclophilin.
Primers used were as follows: mouse cyclophilin forward: TGGAAGAG-
CACCAAGACAACA, mouse Cyclophilin reverse: TGCCGGAGTC
GACAATGAT, mouse Grn forward: TGGTTCACACACGATGCG
TTTCAC, mouse Grn reverse: AAAGGCAAAGACACTGCCCTGTTG.

Bioinformatics analysis. Ingenuity Pathway Analysis (IPA) software
(Qiagen) was used to determine significantly overrepresented pathways
populated by the screen hits using the whole-mouse genome as the ref-
erence gene set (16,565 genes). Potential molecular networks with known
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Development of a sensitive mouse progranulin ELISA. A, Design of a sandwich ELISA to detect mouse progranulin
(GRN). B, Representative standard curve for the GRN ELISA. C, Measurement of serum GRN level from a WT or a Grn knock-out (KO)
mouse. D, Measurement of extracellular GRN levels in supernatants from undifferentiated N2a cells, differentiated N2a cells, or 15d
in vitro mouse primary cortical neuron cultures. E, Identification of controls for the siRNA screen. Shown are measurements of
extracellular GRN levels in supernatants from cultured differentiated N2a cells transfected with either 50 nm Scr nontargeting
SiRNA, 50 nm Pdia4 siRNA, or 50 nm Grn siRNA. ***p << 0.001; ****p < 0.0001.

connections to the ALP for the 33 validated hits, as well as other hits from
the primary screen, were mapped using an annotated reference library
for autophagy and lysosome genes in IPA (2000 genes).

Autophagy flux assay. Turnover of EOS2-LC3 was performed by opti-
cal pulse labeling (OPL). EOS2 is a photoswitchable protein that we used
in place of the photoswitchable protein Dendra2, which we described
previously (Barmada et al., 2014). EOS2 has improved photostability,
brightness, maturation kinetics, and acid sensitivity compared with Den-
dra2. cDNA for the autophagy upregulator Beclinl was cotransfected
into neurons as a positive control for induced/enhanced autophagy flux.

Results

Identification of modulators of progranulin levels from an
unbiased genetic screen

We sought to identify target genes that increased or decreased
steady-state progranulin levels in neuronal cells by screening a
mouse genome-wide siRNA library. We first designed and devel-
oped an ELISA to detect extracellular mouse progranulin protein
in neuronal culture supernatants and to serve as the platform
assay for the screen (Fig. 1). We reasoned that, by screening for
steady-state extracellular progranulin levels, we could identify
genes involved in most, if not all, aspects of progranulin produc-
tion (e.g., transcription, translation, folding, trafficking, and se-
cretion), uptake, and degradation. The 96-well format ELISA is
sensitive and accurately detects nanogram amounts of extracel-
lular progranulin from differentiated N2a cells or primary mouse
cortical neuron culture supernatants (Fig. 1B,D). This ELISA is
also specific: we detected no progranulin in serum from Grn
knock-out mice (Fig. 1C). Pooled siGENOME siRNAs against
Grnwere used as a positive control for suppressors of progranulin
levels (Z' = 0.8), and pooled siGENOME siRNAs against Pdia4
(Z' = 0.6) were used as a positive control for enhancers of pro-
granulin levels; pooled siGENOME scrambled nontargeting
siRNAs (Scr siRNA) were used as a negative control (Fig. 1E)
(Almeida et al., 2011). Based on the excellent performance of the
assay, we concluded that it was suitable for screening.
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A genome-wide siRNA screen identifies modulators of progranulin levels in neuronal cells. A, Summary of the siRNA screen. B, Diagram of Gene Ontology analysis results. C, IPA reveals

ahitnetwork with connections to the ALP. Nodes (genes) and edges (gene relationships) are pictured. Edges are indicated as lines; a solid line indicates a direct interaction and a dashed line indicates
anindirectinteraction. The arrowhead indicates the direction of the interaction; thatis, gene X acts on gene Y if the arrowhead points from gene X to gene Y. The saturation intensity of the node color
indicates the degree of increased progranulin level (red) or decreased progranulin level (green) after siRNA knock-down of the hit gene compared with Scr siRNA-treated control cells. Genes in
uncolored nodes were not identified in our screen and were integrated into the computationally generated networks on the basis of the evidence stored in the IPA knowledge memory indicating a
relevance to this network. The node shapes denote enzymes, phosphatases, kinases, peptidases, G-protein coupled receptor, transmembrane receptor, cytokines, growth factor, ion channel,

transporter, translation factor, nuclear receptor, transcription factor, and other.

We performed the primary screen in N2a cells with the assay
for progranulin levels using the arrayed Dharmacon siGENOME
SMARTpool library, testing each pool of four siRNAs in a single
pass (Fig. 2A). Primary screen hits were those genes that increased
or decreased extracellular progranulin levels by at least +1.5-fold
relative to the mean level for that microtiter plate after siRNA
knock-down. Approximately 830 siRNA pools modulated pro-
granulin levels in the primary screen, corresponding to a hit rate
of ~5% (Fig. 2A).

Some hit genes may be false-positives due to off-target effects
of the siRNAs. Therefore, we further generated a list of high-
confidence hit genes based on the following rigorous validation
strategy. We focused our validation efforts on hits from the
“druggable genome” portion of the library because of their in-
creased potential to be therapeutic targets. Specifically, 74 of the
240 hits from the druggable genome for which inhibition by
siRNA led to increased progranulin levels (1.4% hit rate) were
confirmed in a secondary screen by repeating the primary screen

assay in triplicate (Fig. 2A). Next, to determine whether these 74
pools of siRNA that reproducibly induced increased progranulin
levels did so by acting specifically on their intended gene target,
we performed a twofold tertiary screen. First, the four individual
siGENOME siRNAs making up the library pool of each hit were
each tested separately in our primary screen assay. Next, any hits
that passed testing with the original deconvolved siRNAs sets
were tested with an additional set of four siRNAs. The new sets of
four siRNAs were distinguished from the original four siRNAs of
the library pool in that they were: (1) generated by a different
proprietary synthesis method (OnTARGET) and (2) targeted
new regions within each gene not recognized by the original four
siRNAs. In this tertiary screen, a hit was validated as a bona fide
genetic modifier of progranulin production if two of the four
siRNAs of each set (four of the eight total) increased in progranu-
lin levels. From the druggable genome subset, 33 of the 74 con-
firmed hits that increased progranulin when knocked down were
validated in N2a cells, with seven or eight of the eight siRNAs
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Table 1. Druggable library genes that passed the tertiary screen in N2a cells

Elia et al. o Genetic Modulators of Neuronal Progranulin Levels

Table 2. Significantly overrepresented pathways of top druggable subset hits

Fold change in No. of siRNAs
Gene name Accession no. PGRN level” increasing [PGRN]®
1 156101 NM_021884 34 6/8
2 ELK3 NM_013508 2.6 6/8
3 FGF17 NM_008004 2.2 6/8
4 BAG3 NM_013863 2.2 5/8
5 FOXD2 NM_008593 2.1 6/8
6 TRAP1 NM_026508 21 8/8
7 CLCAS NM_178697 19 8/8
8 H2AFY3 NM_207000 19 7/8
9 ONECUT2 NM_194268 19 8/8
10 E2F5 NM_007892 1.9 6/8
n FGF13 NM_010200 19 7/8
12 DOCK3 NM_153413 1.8 6/8
13 F5 NM_007976 18 6/8
14 IMID6 NM_033398 18 8/8
15 HTR2B NM_008311 1.8 5/8
16 CREBBP NM_00102543 18 5/8
17 GRAP1 NM_027817 18 6/8
18 BCLAF1 NM_00102539 1.8 3/8
19 GPX1 NM_008160 1.8 3/8
20 GABARAP1 NM_019749 17 5/8
21 FBXW2 NM_013890 1.7 8/8
22 ATF7iP NM_019426 17 7/8
23 FOX01 NM_019739 17 8/8
24 POU5F1 NM_013633 1.7 3/8
25 PRDM4 NM_181650 17 5/8
26 BAG4 NM_026121 1.6 8/8
27 BAGT NM_009736 1.6 6/8
28 TOM1 NM_011622 1.6 6/8
29 SMAD1 NM_008539 1.6 3/8
30 (FB NM_008198 1.6 5/8
31 NFKBIA NM_010907 15 4/8
32 HSPB2 NM_024441 15 5/8
33 BAG5 NM_027404 1.5 4/8

“Fold change in PGRN levels relative to Neuro2a cells transfected with Scrambled control siRNAs.

®Each gene was validated with the original set of four individual sSIGENOME siRNAs (deconvolved screen pools) and
asecond set of four unique, individual OnTARGET siRNAs to give a total set of eight unique siRNAs tested against each
gene.

leading to increased progranulin levels for many of the 33 genes.
We conclude that these 33 genes represent bona fide (true) mod-
ifiers of progranulin levels (Table 1).

Bioinformatics analysis revealed that some of the screen hits
were overrepresented in pathways connected to immunomodu-
lation via TNF/NF-«B signaling, hypoxia, cancer, and protein
homeostasis (Fig. 2B, Table 2). Due to recent work from us and
others showing that progranulin has functions as a lysosomal
protein, we took a closer look at a group of the hits that had
known roles or connections to the ALP and that formed a poten-
tial molecular network among themselves (Fig. 2C). We found
that eight of the validated druggable genes (Gabarapl, Toml,
Tsgl01, Foxol, Sortl, Jmjd6, Elk3, and Trapl/HSP90L) have
known roles in regulating autophagy and lysosomal sorting.
GABARAPI is a member of the LC3 family of proteins that me-
diate autophagosome formation and maturation and are also
important in autophagosome-to-lysosome fusion (Jenzer et al.,
2014; Albanesi etal., 2015; McEwan et al., 2015; Wang et al., 2015;
Martens, 2016; Nguyen et al., 2016). TOM1 is an endosome pro-
tein that functions in autophagosome-to-lysosome fusion (Wang
et al., 2010; Bond et al., 2011; Tumbarello et al., 2012, 2013).
TSG101 is an ESCRT1 protein that is required for endosomal
maturation, trafficking, and exosome secretion (Babst et al.,
2000; Colombo et al., 2013). FOXO1 is a forkhead O family tran-
scription factor that has been shown to regulate autophagy in

Signaling pathway p-value
1 Protein ubiquitination pathway 0.008
2 Role of macrophages, fibroblasts, and endothelial cells in rheumatoid arthritis  0.010
3 NF-«Bsignaling 0.012
4 Molecular mechanisms of cancer 0.014
5 Actin cytoskeleton signaling 0.014
6  Glucocorticoid receptor signaling 0.015
7 (lathrin-mediated endocytosis signaling 0.016
8  PI3K/Akt signaling 0.016
9 B-cell receptor signaling 0.017
10  IL-6signaling 0.017
11 Role of osteoblasts, osteoclasts, and chondrocytes in rheumatoid arthritis 0.018
12 Wnt/B-catenin signaling 0.018
13 Human embryonic stem cell pluripotency 0.022
14 Hypoxia signaling in the cardiovascular system 0.031
15 Mouse embryonic stem cell pluripotency 0.032
16 FGF signaling 0.035
17 Role of RIG1-like receptors in antiviral innate immunity 0.044
18 iNOS signaling 0.046

response to stress (Zhao et al., 2010). Sortilin (SORT1) is a lyso-
somal sorting receptor that traffics proteases to the lysosome
(Canuel et al., 2008). In addition, SORT1 mediates uptake of
extracellular progranulin (Hu et al., 2010; Zheng et al., 2011).
JMJD6 encodes a jumonji C-domain containing, bifunctional
arginine demethylase and lysyl-hydroxylase (Chang et al., 2007;
Webby et al., 2009; Boeckel et al., 2011; Mantri et al., 2011; Unoki
et al., 2013; Heim et al., 2014; Poulard et al., 2014; Zhang et al.,
2015; Walportetal., 2016). JMJD6 demethylates histones H3 and
H4, potentially imparting epigenetic regulation of transcription.
The arginine demethylase activity of Jmjd6 has been shown to
target the stress granule nucleating protein G3BP1, where de-
methylation of G3BP1 promoted stress granule assembly in re-
sponse to stress (Tsai et al.,, 2017). Jmjd6 also regulates RNA
splicing by mediating 5-hydroxylation of U2AF2/U2AF65, affect-
ing the pre-mRNA splicing activity of U2AF2/U2AF65 (Webby et
al., 2009). Recently, Jmjd6 has been shown to promote autophagy
in triple-negative breast cancer cells (Liu et al., 2019). EIk3 is an
ETS transcription factor that functions as a transcriptional re-
pressor and regulates gene expression during angiogenesis and
hypoxia (Gross et al., 2008; Heo and Cho, 2014). Knock-down of
ELK3 in a triple-negative breast cancer cell line led to a repression
of autophagy via activation of the PI3K/Akt/mTOR pathway and,
as a result, conferred sensitivity to the anticancer drug doxorubi-
cin (Park et al., 2016). TRAP1/HSP90OL is a mitochondrial chap-
erone protein and a member of the HSP90 family of heat shock
proteins (Putcha et al., 2010; Takemoto et al., 2011; Altieri et al.,
2012; Amoroso etal., 2012; Baldo et al., 2012; Matassa et al., 2012;
Hong et al., 2013). TRAP1/HSP90L has been shown recently to
actas a regulator of autophagy in lung cancer cells (Barbosa et al.,
2018).

The original screen and validation steps were performed in
N2a cells, an immortalized neuroblastoma cell line. To determine
whether the genetic regulators of progranulin production identi-
fied in N2a cells are biologically relevant, we tested whether sup-
pressing a subset of the hit genes increased progranulin levels in
WT (Grn™'") or progranulin haploinsufficient (Grn */; Het) pri-
mary mouse cortical neurons, a physiologically relevant cell type
that is affected in FTLD. We chose genes for which we identified
commercially available small-molecule inhibitors (see below) or
which had a role in the ALP, a recently identified pathway con-
nected to progranulin. The ALP is a key contributing pathway for
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Geneticinhibition of select hits with siRNAs affects progranulin levels in primary neurons cultured from WT or FTLD model mice. 4, Representative ELISA data showing siRNAs against

Elk3, FoxoT, Trap1/Hsp90L, Jmjd6, Tom1, Tsq101, or GabarapT increase progranulin levels in WT primary mouse neurons. B, Representative ELISA data showing siRNAs against Foxo, Trap1/Hsp90L,
Jmjdé6, Tom1, Tsq101, or Gabarap1 increase progranulin levels in Grn-deficient primary cortical neurons from a WT sibling (left side of graph) or FTLD-model mouse (right side of graph). Scr siRNA is
used as a baseline controlin all experiments. Three independent experiments performed (shown: mean == SD). Statistical test: Student’s ttest, *p << 0.05; **p << 0.01; ***p << 0.0071; ###p << 0.001;

###p < 0.0001,

cellular proteostasis and dysfunction of this pathway is linked to
neurodegenerative diseases, including FTLD. We measured ex-
tracellular progranulin in the culture supernatant by mouse pri-
mary cortical neurons with the ELISA and found that it was
produced at concentrations ~10-fold lower (~1-10 ng/ml) than
in N2a cells. Knock-down of Elk3, Jmjd6, Trapl/Hsp90L, Tom]l,
Tsgl01, Foxol, and Gabarapl raised progranulin levels in WT
mouse cortical neurons (Fig. 3A). Next, we tested a subset of the
hits in cortical neurons that were cultured from FTD model mice
harboring one functional allele of Grn (Grn™; Het) (Martens et
al., 2012). The Grn™ cortical neurons had ~67% less extracellu-
lar progranulin than WT littermate controls, thus mimicking the
(>50%) reduction in circulating progranulin levels seen in FTLD
patients due to Grn haploinsufficiency (WT/Scr siRNA vs WT/
Grn siRNA, Fig. 3A; WT/Scr siRNA vs Het/Scr siRNA, Fig. 3B).
Strikingly, knock-down of Foxol, Trapl/Hsp90L, Jmjd6, Toml,
Tsgl01, or Gabarap] raised progranulin levels in the Grn ™ hap-
loinsufficient cortical neurons to the WT control level or greater
(Fig. 3B).

Small-molecule inhibitors enhance progranulin levels in

N2a cells

Compared with an siRNA, pharmacological inhibitors offer an
orthogonal way to inhibit a target, providing another layer of
validation to increase confidence in a hit gene. We identified and
tested the six commercially available small-molecule inhibitors
against four of the validated druggable hit genes (Foxol, Trap1/
Hsp90L, Jmjd6, and Elk3) for their ability to mimic the increase in
progranulin levels observed with siRNA knock-down of each of
these genes. We first tested whether acute inhibition of the targets
increased progranulin levels after 2 h of treatment. Acute inhibi-
tion is less likely to be significantly confounded by adaptive or
detrimental changes that cells might undergo over longer periods
of treatment and that indirectly affect progranulin levels. There-
fore, acute inhibition may better represent the direct effects of a

compound on its intended target. We also tested for sustained
effects by monitoring progranulin levels after 24 h of inhibition.

Psammaplysene A (PSA) and AS1842856, two small-molecule
inhibitors of FOXO1, increased progranulin levels in N2a cells
(Fig. 4A,B) (Mojsilovic-Petrovic et al., 2009; Nagashima et al.,
2010). We found that after a 2 h acute inhibition in N2a cells, PSA
significantly and potently increased progranulin levels in a dose-
dependent manner (Fig. 4A). AS1842856, which blocks FOXO1
activity via a different mechanism, also significantly and potently
increased progranulin levels in a dose-dependent manner after
2 h of inhibition (Fig. 4A). Both inhibitors showed a sustained
increase in progranulin levels when tested after 24 h of inhibition
(Fig. 4B). AS1842856 is of particular interest. It is orally available
and used extensively to investigate the in vivo role of FOXO1 for
therapeutic indications.

HSP90 inhibitors have been shown to block TRAP1 function
(Putcha et al., 2010; Takemoto et al., 2011; Altieri et al., 2012;
Amoroso etal.,2012; Baldo etal., 2012; Matassa et al., 2012; Hong
et al., 2013). Two HSP90 inhibitors, 17AAG and AUY922, in-
creased progranulin levels in N2a cells (Fig. 4C,D) (Hong et al.,
2013). Acute 2 h inhibition with 17AAG or AUY922 showed
dose-dependent increases in progranulin levels (Fig. 4C).
AUY922 (0.1 uM) was particularly effective, producing an almost
threefold sustained increase in progranulin in N2a cells after a
24 h inhibition (Fig. 4D). Mechanistically, inhibiting TRAP1/
HSP90L may enhance the folding, maturation, or trafficking of
progranulin, leading to its subsequent secretion.

We next tested two inhibitors of JMJD6, inhibitor III and
NOG. Inhibitor III showed a dose-dependent increase in pro-
granulin levels in N2a cells after a 2 h inhibition (Fig. 4E). Both
inhibitor III and NOG increased progranulin levels after 24 h
inhibition (Fig. 4F).

Finally, we tested an inhibitor of ELK3 signaling, XRP44X, in
N2a cells (Wasylyk et al., 2008; Semenchenko et al., 2016). Two
hours of inhibition with higher doses of XRP44X showed more
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Figure4.

Pharmacologicinhibition of FOX01, TRAP1/HSP90L, JMJD6, or ELK3 affects progranulin levels in N2a cells. Representative ELISA data showing small-molecule inhibitors against FOX01:

(A)2hand (B) 24 h treatment with PSA or AS1842856; TRAP1/HSP90L: (€) 2 h and (D) 24 h treatment with 17AAG or AUY922; JMID6: () 2 h treatment with Inhibitor Il (Inh Ill) and (F) 24 h treatment
with Inhibitor Il (Inh [I1) or NOG; ELK3: (G) 2 h and (H) 24 h treatment with XRP44X increase progranulinlevelsin N2a cellsin a dose-dependent manner after treatment with indicated concentrations.
Three independent experiments performed (shown: mean == SD). Statistical test: Student’s t test, *p << 0.05; **p << 0.01; ***p << 0.001.

potent increases in progranulin levels 6 -
(Fig. 4G), whereas a lower dose of
XRP44X showed a modest increase in
progranulin levels after a 24 h inhibition
(Fig. 4H). The fact that multiple drugs
that inhibit the products of several of the
hit genes also recapitulate the effects of
siRNAs validates the success of our screen
and lends value to the strategy of identify-
ing loss-of-function suppressors that
could be leveraged to discover truly drug-
gable targets with the same pharmacody-
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micromolar or submicromolar concen-
trations, suggesting that new drugs can be
developed against some of the other hit
genes that might raise progranulin levels
and even be clinical candidates. Interest-
ingly, there might be many avenues to re-
store progranulin to normal levels.

Figure 5.

Validated druggable genes regulate progranulin levels
through different mechanisms

We next knocked down a subset of genes identified in our screen to
determine whether they acted via transcriptional or posttranscrip-
tional mechanisms to increase progranulin levels. N2a cells were
transfected with siRNAs against Jmjd6, Foxol, Trap1/Hsp90L, Tom]1,
or Tsgl01. After a 48 h knock-down, RNA was harvested for qRT-
PCR to measure the relative levels of Grn mRNA and ELISA to mea-
sure extracellular levels of progranulin protein in culture
supernatants. siRNA knock-down of Jmjd6 or Foxol increased the
relative abundance of Grn mRNA (Fig. 5); conversely, siRNA knock-

Genetic inhibition of exemplary validated genes affects progranulin levels through transcriptional or posttranscrip-
tional mechanisms in mouse cortical neurons. Mouse cortical neurons were transfected with Scr siRNA, Grn siRNA, Jmjdé6 siRNA,
FoxoT siRNA, Trap1/Hsp90L siRNA, Tom1 siRNA, or Tsg707 siRNA, and cells were lysed for RNA extraction and qRT-PCR to measure
Grn mRNA level, and conditioned media were used for ELISA to measure extracellular progranulin levels. Two independent
experiments performed (shown: mean = SD). Statistical test: Student’s t test, *p << 0.05; **p << 0.01; #p << 0.05; ##p << 0.01.

down of Trap1/Hsp90L, Tom1, or Tsgl01 did not, despite increasing
extracellular progranulin levels (Fig. 5). Therefore, these validated
genes parse into two distinct mechanistic categories: those that reg-
ulate progranulin primarily at the transcriptional level (Jmjde6;
Foxol) and those that regulate progranulin primarily at the protein
level (Trap1/Hsp90L; Toml; Tsgl01), suggesting that progranulin
levels are regulated by multiple mechanisms.

Progranulin deficiency leads to aberrant autophagy and
enlarged lysosomes in cortical neurons

Our bioinformatics analysis linked several hits to the ALP and
recent work has shown that progranulin functions in lysosomes
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0.05; **p << 0.01; ***p < 0.001.

and affects autophagy (Chang et al., 2017). Adding extracellular
progranulin repressed autophagy, whereas inhibiting Grn ex-
pression with siRNA caused an exaggerated increase in au-
tophagy in hepatocytes (Liu et al., 2015). Alternatively, complete
loss of progranulin in neurons was shown to repress the selective
autophagy pathways xenophagy and aggrephagy, possibly through
animpairment of ALP signaling (Changetal.,2017). Progranulin
is localized to lysosomes and may be important for lysosome
acidification, may be targeted for degradation, or both. This
raises the question, is progranulin simply a substrate for the ALP
or does it have an important role regulating lysosome structure
and function? As a substrate for and a regulator of the ALP,
progranulin may act in an autocrine manner to regulate its own
levels in neurons. To address this possibility, we interrogated the
effect of inhibiting the ALP on progranulin levels and the effect of
knocking down Grn on the ALP in neurons.

We directly tested whether the ALP regulates progranulin lev-
els by modulating the pathway with a pharmacological inhibitor,
3-methyladenine (3-MA), and measuring extracellular levels of
progranulin from neurons. 3-MA increased extracellular pro-
granulin, whereas overexpressing a genetic inducer of autophagy,
Beclinl, decreased progranulin secretion (Fig. 6A). Interestingly,
Osaka et al. (2015) also found that 3-MA led to increased pro-
granulin secretion in N2a cells. These data suggest that blocking
the ALP stabilizes progranulin, possibly switching it into a secre-
tory pathway and increasing its release from neurons.

We next used a sensitive OPL assay to measure autophagic
flux in primary mouse cortical neurons using robotic microscopy
and longitudinal imaging of a photoswitchable fluorescent pro-
tein reporter, EOS2-LC3. We reported the use of Dendra2-LC3 to
measure autophagy in neurons (Tsvetkov et al., 2010). Here, we
used another photoswitchable probe, EOS2, a more sensitive and
efficient probe than Dendra2 (Zhang et al., 2012). Both Dendra2
and EOS2 emit green fluorescence. Photoswitching of Dendra2
or EOS2 proteins results in an irreversible conversion of green to
red fluorescence. We fused EOS2 to LC3, a protein that becomes
conjugated to phosphatidylethanolamine and inserted into the
membranes of autophagophores as they become autophago-
somes. Longitudinal imaging of the red fluorescence intensity
over time in photoswitched cells expressing EOS2-LC3 allows for
half-life calculations to be determined as a surrogate measure of

Reduced progranulin levels are linked to dysregulated autophagy in mouse cortical neurons. A, ELISA measuring
extracellular progranulin levels show that known modulators of autophagy (Beclin cDNA; 5 and 10 mm 3-MA) affect progranulin
levels in mouse cortical neurons 48 h after transfection or 24 h after treatment with either vehicle or 3-MA. B, Measurement of
autophagy flux using the E0S2-L(3 photoswitchable probe cotransfected into mouse cortical neurons with Scr siRNA, Grn siRNA,
Beclin cDNA, Trap1/Hsp90L siRNA, FoxoT siRNA, Jmjd6 siRNA, Tom1 siRNA, or Tsg707 siRNA. Statistical test: Student’s ¢ test, *p <<

J. Neurosci., April 24,2019 - 39(17):3332-3344 + 3339

autophagic flux. WT mouse cortical neu-
rons were cotransfected with a morphol-
ogy marker, EGFP, the autophagy probe
EOS2-LC3, and siRNA against Grn. Con-
trol neurons were transfected with EGFP,
EOS2-LC3, and Scr nontargeting siRNA
or Beclin 1 cDNA. Beclin 1 reduces the
half-life of Dendra2-LC3 (Barmada et al.,
2014). Knock-down of Grn by siRNA,
which reduced progranulin levels by
>50% (Fig. 6A), resulted in an upregula-
tion of autophagic flux in mouse cortical
neurons, as indicated by a reduction in
EOS2-LC3 half-life, similar in level to that
induced by Beclin 1 overexpression (Fig.
6B). Interestingly, this exaggerated au-
tophagy response could be suppressed by
coexpression of siRNAs against Foxol,
Jmjd6, Toml, or Tsgl01, the knock-down
of which led to increased progranulin
levels (Fig. 6B). An upregulation in au-
tophagy is surprising given that progranu-
lin deficiency leads to the abnormal cytoplasmic accumulation
and aggregation of TDP-43, which would be consistent with an
impairment in proteostasis. In progranulin-deficient cultured
cortical neurons, we found that endogenous TDP-43 abnormally
accumulates in cytoplasmic punctate structures, similar to the
cytopathological features of the human disease (Fig. 7). This sug-
gests that selective autophagy (aggrephagy) may be compromised
by progranulin deficiency, whereas general autophagy is in-
creased possibly as a compensatory reaction to accumulating
toxic proteins and lipids.

Exaggerated autophagy may also be linked to a progressive
impairment of lysosome function (Elrick and Lieberman, 2013).
We investigated whether lysosomes were compromised in
progranulin-deficient neurons, which may contribute to the ab-
normal cytoplasmic aggregation of TDP-43. Using LysoTracker,
a pH-sensitive dye, we observed that Grn knock-down in mouse
cortical neurons resulted in enlarged lysosomes, similar to a ge-
netic induction of autophagy by Beclin 1 overexpression (Fig.
8 A, B). Coexpression of siRNAs targeting Tsg101, Tom1, or Foxol
in progranulin-deficient neurons increased progranulin levels
and suppressed lysosome enlargement (Fig. 8C,D). We also
found that lysosomes were enlarged and increased in number in
cultured progranulin-deficient Grn®****/* rodent cortical neu-
rons (Fig. 8E-H).

Rescue of the exaggerated autophagy flux and enlarged lyso-
somes does not appear to be limited to a particular modality by
which progranulin levels are increased because increasing pro-
granulin expression through a transcriptional mechanism (Foxol
or Jmjd6 siRNA) was equally effective as increasing progranulin
through a posttranscriptional mechanism (Trapl, TsglOI, or
Tom1l siRNA). We conclude that boosting progranulin levels by
different mechanisms restores normal autophagy flux, corrects
lysosome enlargement, and therefore may be an effective thera-
peutic approach for FTLD.

Discussion

We found >800 genetic modifiers of progranulin levels in neu-
rons and elucidated new molecular mechanisms of progranulin
regulation. When inhibited, these genes raise or lower progranu-
lin at the transcriptional or posttranscriptional level in N2a cells
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Figure 8. Reduced progranulin levels lead to enlarged lysosomes in mouse cortical neurons. 4, Images of mouse WT primary cortical neurons cotransfected with pGW1EGFP and Scr
siRNA, Grn siRNA, or Beclin cDNA and stained with Lysotracker red. Scale bar, 10 wm. B, Diameters of Lysotracker red-positive structures measured in ImageJ. €, Diameters of Lysotracker
red-positive structures measured in ImageJ for mouse cortical neurons transfected with Scr siRNA alone, Scr siRNA + Grn siRNA, Tsg707 siRNA + Grn siRNA, Tom1 siRNA+ Grn siRNA,
Trap1/Hsp90L siRNA+ Grn siRNA, or Foxo T siRNA+ Grn siRNA. D, Extracellular progranulin levels measured by ELISA in mouse cortical neurons transfected with Scr siRNA alone, Scr siRNA
+ Grn siRNA, Tsg707 siRNA + Grn siRNA, Tom1 siRNA+ Grn siRNA, Trap1/Hsp90L siRNA+ Grn siRNA, or FoxoT siRNA+ Grn siRNA. Statistical test: Student’s t test, *p << 0.05; ***p <
0.001. E, Representative images of LAMP1 ™ (green) lysosomes in control littermate WT neurons (left two panels) or in Grn-deficient (Grn *** *) neurons (right two panels) also stained
with DAPI (blue). Scale bar, 5 um. Grn-deficient (Grn 493X/ neurons have reduced progranulin levels (F), increased lysosome size (G), and increased lysosome numbers (H). Statistical
test: Student's t test, ***p < 0.001.

and primary neurons. Several hits boosted abnormally low pro-  haploinsufficiency. Six small-molecule inhibitors were available
granulin to normal levels in progranulin-deficient primary cor-  for four hits (FOXO1, TRAP1, JMJD6, and ELK3) and all
tical neurons cultured from Grn*/*** FTLD model mice and  increased progranulin at submicromolar levels in a dose-
reversed autophagy and lysosomal defects associated with Grn  dependent manner, suggesting that some of the hits from this
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screen might be suitable targets for small-molecule therapeutics
to effectively normalize progranulin levels.

By performing a genome-wide screen and by designing it to
detect modifiers working by diverse transcriptional and posttran-
scriptional mechanisms, we aimed to get an unbiased and rela-
tively comprehensive view of the genetic regulation of progranulin
production. Our bioinformatics analysis revealed that the hits
mostly fell into four major categories, including gene expression
regulation, cell signaling, and TNF receptor signaling.

Protein homeostasis also was a major category accounting
for >25% of the hits, including genes involved in endocytic
trafficking, autophagy, and lysosomal function. For example,
FOXO1 and Jmjd6 can induce autophagy (Zhao et al., 2010;
Liu et al., 2019). GABARAP1, TSG101, and Tom1 each play
roles in cargo trafficking to lysosomes. GABARAP1 is an au-
tophagosome protein and is important for their formation,
whereas TSG101 and Tom1 are endosomal proteins. TSG101
regulates maturation of endosomes into multivesicular bod-
ies. Toml participates in autophagosome maturation and
lysosome fusion through binding to myosin VI on autophago-
somes (Tumbarello et al., 2012; Ryan and Tumbarello, 2018).
Myosin VI also binds to optineurin and together they mediate
secretory vesicle trafficking and fusion to the plasma mem-
brane (Bond et al., 2011; Ryan and Tumbarello, 2018). Op-
tineurin has been localized to vesicles containing progranulin
and ubiquilin2 and overexpression of ubiquilin2 can alter se-
creted progranulin levels in N2a cells (Osaka et al., 2015).
Overexpression of a mutant form of ubiquilin2 was linked to
the nuclear-to-cytoplasmic mislocalization and aggregation of
endogenous TDP-43 in N2a cells (Picher-Martel et al., 2015)
and mutations in optineurin and ubiquilin2 are known to
cause the human neurodegenerative disease amyotrophic lat-
eral sclerosis (Osaka et al., 2015). The fact that these hits
emerged independently from an unbiased screen and that they
are enriched in the ALP strongly implicates the ALP in pro-
granulin regulation.

At the same time, our results also indicate that progranulin
regulates the ALP, suggesting the existence of a feedback loop that
may be relevant to pathogenic mechanisms of FTD. Reduction of
progranulin to model GRN FTLD caused the formation of abnor-
mally large lysosomes, accelerated clearance of an autophagy
reporter gene, and the abnormal accumulation of TDP-43.
This is consistent with recent studies showing that reduced
progranulin levels were correlated with dysfunctional au-
tophagy and the subsequent accumulation of toxic forms of
TDP-43 in neurons (Chang et al., 2017; Beel et al., 2018).
Boosting progranulin levels helped reduce insoluble TDP-43
levels in vitro (Chang et al., 2017; Beel et al., 2018) and cor-
rected lysosomal deficits and reversed behavioral deficits in a
mouse model of FTLD (Arrant et al., 2017). Interestingly, we
found that normalization of progranulin by targeting genetic
modifiers from our screen rescued the cytopathological
changes, indicating that progranulin deficiency likely causes
these deficits and that they are reversible.

It remains unclear how progranulin deficiency leads to the
accumulation of TDP-43 while also accelerating the clearance of
the autophagy flux reporter. One potential way to reconcile
these findings is if progranulin deficiency impairs the ALP in
ways that selectively affect some cargo, such as TDP-43. Inter-
estingly, upregulation of general autophagy with concurrent
inhibition of selective autophagy has been seen in cells with
the lysosomal storage disorder, Niemann—Pick type C (NPC).
This may arise from the excessive delivery of cargo such as
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cholesterol and other lipids destined for degradation, which
overburdens or even damages lysosomes (Pacheco and Lieber-
man, 2007; Pacheco et al., 2007; Elrick et al., 2012; Elrick and
Lieberman, 2013) (Evers et al., 2017; Ward et al., 2017). Per-
haps progranulin-deficient neurons have a similar underlying
defect in lysosome function that inhibits clearance of specific
cargo while triggering a compensatory feedback loop that up-
regulates autophagy more generally.

Surprisingly, knock-down of some of our validated hits
reduced autophagic flux in progranulin-deficient neurons and
restored lysosomes to normal size. Knocking down genes reg-
ulating vesicular trafficking to lysosomes may help slow or
reduce lipid delivery to lysosomes reducing excessive demands
on the pathway by cargo overload. Interestingly, inhibition of
autophagy in NPC1-deficient cells reduced cholesterol storage
and restored normal lysosome enzyme proteolysis (Elrick and
Lieberman, 2013). In addition, inhibition of autophagy also
promoted increased progranulin secretion in neuronal cells
(Capell et al., 2011; Osaka et al., 2015). These findings under-
score the critical need to define the nature of deficits in the
ALP, which appear commonly in different neurodegenera-
tive diseases, to determine whether induction or inhibition
would likely be helpful, and to design strategies for effective
interventions.
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