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Progranulin deficiency causes impairment of autophagy
and TDP-43 accumulation

Michael C. Chang,1 Karpagam Srinivasan,'® Brad A. Friedman,?* Eric Suto,” Zora Modrusan,’
Wyne P. Lee,” Joshua S. Kaminker,” David V. Hansen,' and Morgan Sheng'

'Department of Neuroscience, “Department of Bioinformatics and Computational Biology, *Department of Translational Immunology, and “Department of Molecular
Biology, Genentech, Inc., South San Francisco, CA

Loss-of-function mutations in GRN cause frontotemporal dementia (FTD) with transactive response DNA-binding protein of
43 kD (TDP-43)-positive inclusions and neuronal ceroid lipofuscinosis (NCL). There are no disease-modifying therapies for
either FTD or NCL, in part because of a poor understanding of how mutations in genes such as GRN contribute to disease
pathogenesis and neurodegeneration. By studying mice lacking progranulin (PGRN), the protein encoded by GRN, we discovered
multiple lines of evidence that PGRN deficiency results in impairment of autophagy, a key cellular degradation pathway.
PGRN-deficient mice are sensitive to Listeria monocytogenes because of deficits in xenophagy, a specialized form of autophagy
that mediates clearance of intracellular pathogens. Cells lacking PGRN display reduced autophagic flux, and pathological forms
of TDP-43 typically cleared by autophagy accumulate more rapidly in PGRN-deficient neurons. Our findings implicate autoph-
agy as a novel therapeutic target for GRN-associated NCL and FTD and highlight the emerging theme of defective autophagy
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in the broader FTD/amyotrophic lateral sclerosis spectrum of neurodegenerative disease.

INTRODUCTION
Frontotemporal dementia (FTD) is the second most common
dementia in people under the age of 65 years and is charac-
terized by changes in personality, social behavior, and com-
munication as a result of progressive neurodegeneration in
the frontal and temporal lobes of the brain (Rademakers et al.,
2012). Haploinsufficiency of progranulin (PGRN) caused by
heterozygous loss-of-function mutations in the GRN gene is
a leading genetic cause of FTD, with over 70 distinct causal
GR N mutations identified to date (Cruts et al.,2012). Patients
with GRN mutations typically present with behavioral vari-
ant FTD, and their brain tissues show hyperphosphorylated,
ubiquitin-positive intracellular inclusions containing cleaved
forms of TDP-43 (transactive response DNA-binding protein
of 43 kD), a pathology commonly found in both amyotrophic
lateral sclerosis (ALS) and FTD (Neumann et al., 2006).
PGRN is a secreted glycoprotein composed of seven
and one-half tandem repeats of a cysteine-rich granulin motif’
(Plowman et al., 1992). In the periphery, PGRN is expressed
in a wide variety of tissues and cell types, including mac-
rophages, neutrophils, adipocytes, epithelial cells, and sperm,
whereas in the central nervous system, it is present in microg-
lia and neurons (Anakwe and Gerton, 1990; Bateman et al.,
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1990; Bhandari et al., 1993; Chantry et al., 1998; Petkau et
al., 2010; Matsubara et al., 2012). As such, PGRN is proposed
to have pleiotropic effects, and several mechanisms relating
PGRN deficiency and neurodegeneration have been pro-
posed. Treatment of primary cultured neurons with recombi-
nant PGRN promotes neurite outgrowth (Van Damme et al.,
2008; Gao et al., 2010; Gass et al., 2012), whereas knockdown
or deletion of GRN leads to decreases in neurite arborization
and length (Tapia et al., 2011; Gass et al., 2012), highlighting
the growth factor-like properties of PGRN and suggesting
that neurodegeneration caused by PGRN deficiency may re-
sult from insufficient trophic signaling. Alternatively, GRN""
microglia/macrophages exhibit an amplified inflammatory
response when stimulated (Yin et al., 2010b; Martens et al.,
2012), and GRN"" mice display augmented microgliosis as
they age (Ahmed et al., 2010;Yin et al., 2010a; Filiano et al.,
2013), suggesting that PGRN is an antiinflammatory mol-
ecule and might function to prevent neurotoxicity caused
by neuroinflammation. These findings notwithstanding, the
molecular and cell biological mechanisms by which PGRIN
deficiency leads to neurodegeneration, and the connection
between PGRN deficiency and intraneuronal TDP-43 accu-
mulation, are not well understood.

Recently, it was discovered that complete loss of PGRIN
in humans leads to a disease seemingly distinct from FTD
called neuronal ceroid lipofuscinosis (NCL), a neurodegener-
ative lysosomal storage disorder that manifests as progressive
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visual failure, cerebellar ataxia, and seizures, along with ac-
celerated lysosomal accumulation of lipofuscin (an autofluo-
rescent lipid-containing material; Smith et al., 2012; Almeida
et al., 2016). This null phenotype implicates PGRN in an
undefined lysosome-related function.

Macroautophagy (herein referred to as autophagy) is
a lysosome-associated process in which cytoplasmic cargos
destined for degradation (such as intracellular pathogens, or-
ganelles, or protein aggregates) are first sequestered into dou-
ble membrane—containing vesicles termed autophagosomes.
Once formed, these autophagosomes fuse with lysosomes,
forming an autolysosome, in which the cargo is degraded and
the resulting products recycled. Intracellular inclusions con-
taining misfolded, aggregated proteins are a common feature
in neurodegenerative diseases (Menzies et al., 2015), and mice
with disruptions in autophagy within the central nervous sys-
tem develop neurodegeneration (Hara et al., 2006; Komatsu
et al., 2006), implicating autophagy as a potential mechanism
for neurodegenerative disease pathology and an interesting
target for therapeutic intervention.

In this study, we provide multiple lines of evidence at
the molecular, cellular, and organismal levels showing that
impairment of autophagy is a key feature of neurons and
immune cells lacking PGRN. GRN""" macrophages fail to
properly clear intracellular bacteria because of autophagy
impairments, and mice lacking PGRN succumb to typically
nonlethal doses of infection. PGRN-deficient neurons dis-
play hypoactivity of key autophagy regulators and impaired
autophagic flux and are more prone to accumulate patho-
logical TDP-43. These findings newly establish PGRN as a
regulator of autophagy, which is a unifying theme in ALS/
FTD pathogenesis, and provide a cell biological mechanism
by which PGRN deficiency results in lysosomal dysfunction,
TDP-43 aggregation, and neurodegeneration.

RESULTS

Altered lysosomal gene expression in cortical microglia/
macrophages from PGRN-deficient mice

To obtain insight into the physiological function of PGRN,
we used an unbiased transcriptomics (RINA-seq) approach to
identify genes and pathways differentially regulated in the ce-
rebral cortex of 12-mo-old GRN** (WT), GRN""" (hetero-
zygous),and GRN™"" (KO) mice (Fig. 1).When we compared
gene expression changes between GRN'" and GRN'~
mice, we found that despite a ~50% reduction in GRN ex-
pression in heterozygote cortex, the transcriptome profiles of
GRN"" and GRN"" cortices were nearly identical, with
only a handful of genes showing significant changes in gene
expression with a p-value < 0.05 (Table S1), consistent with
a previous study (Lui et al., 2016; Fig. 1 A). However, when
we compared gene expression changes between GRN"" and
GRN™"" cortex, we found significant up-regulation in 574
genes and down-regulation in 736 genes (Fig. 1 B). Gene on-
tology (GO) cellular component enrichment analysis of the
574 up-regulated genes in GRIN™'" cortex revealed that the
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lysosome cellular component (GO: 0005764) accounted for
~10% of the up-regulated gene set (Fig. 1, B and C), a greater
than fivefold and highly significant overrepresentation (Table
S2), suggesting altered lysosome or lysosome-related function
in the brains of GRN™"" mice (Lui et al., 2016).

The cerebral cortex contains multiple cell types, in-
cluding neurons, astrocytes, and microglia, making overall
gene expression changes in the bulk tissue difficult to inter-
pret at the cellular level. To obtain a better understanding of’
the cell-type—specific changes in lysosomal gene expression
within GRN™" mice, we dissociated the cortices of aged
GRN"" and GRN™" mice; used FACS to sort each sam-
ple into NeuN-positive neuron, GFAP-positive astrocyte,
and Cd11b-positive microglia/macrophage populations; and
performed comparative RINA-seq analysis on the sorted
cells (Srinivasan et al., 2016). Analysis of several cell-specific
markers confirmed the purity of our sorts (Fig. S1). Surpris-
ingly, although the lysosome-related gene set was strongly
up-regulated in GRN™"" whole cortical tissue (Fig. 1 C), the
same lysosomal gene set showed no changes in neurons and as-
trocytes and bidirectional changes in microglia/macrophages,
with approximately half of the lysosomal genes up-regulated
and half down-regulated in microglia/macrophages (Fig. 1,D
and E). It should be noted that microglia/macrophages ex-
press much higher levels of these lysosomal genes than either
neurons or astrocytes (Fig. 1 F), and GRN™"" mice display
accelerated gliosis as they age (Ahmed et al., 2010;Yin et al.,
2010a; Wils et al., 2012). Thus, microglia/macrophages are
the major contributor to lysosomal gene expression in whole
cortex, and the increase in levels of lysosomal gene messenger
RNA observed in GRN™"" cortex (Lui et al., 2016) is largely
the result of a relative increase in microglia/macrophage
numbers (i.e., microgliosis) as opposed to increased cellular
expression (Fig. 1 F). However, results from our cell sorting
experiment circumvent this caveat and reveal dysregulated ly-
sosomal gene expression in GRN"'~ myeloid cells, suggesting
altered lysosome function.

Mice lacking PGRN have L. monocytogenes

clearance defects

Lysosomes have a critical function in the autophagy path-
way, fusing with autophagosomes to degrade unwanted cargo.
Listeria monocytogenes is an intracellular bacterium that is
cleared by macrophages, in part through xenophagy, a spe-
cialized form of autophagy that targets pathogens. Therefore,
to test for lysosome-related impairments in GRN""" macro-
phages in vivo, we infected GRN"*, GRN"~, and GRN™"~
mice with a typically sublethal dose of L. monocytogenes and
measured their ability to clear the bacteria and survive the
infection. Although almost all GRN™" and GRN™" mice
survived infection through 2 wk, more than 90% of GRN""~
mice died within 5 d postinfection (Fig. 2 A). Consistent with
a previous finding (Yin et al., 2010b), the increased suscep-
tibility of GRN™"" mice to L. monocytogenes infection was
accompanied by an increased bacterial burden in the brain,
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Figure 1. Altered expression of lysosome-associated genes in brain and microglia/macrophages of GRN-~ mice. (A and B) Volcano plots (fold-change
vs. p-value) of altered gene expression in whole cerebral cortex of heterozygous GRN*~ mice (A) or homozygous GRN™~ mice (B) relative to WT GRN**
mice (all 12 months old). Blue circles represent significantly down-regulated genes, and red circles represent significantly up-regulated genes. Circles with
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liver, and spleen (Fig. 2 B), demonstrating their inability to
properly clear the pathogen.

PGRN has previously been reported to have antiin-
flammatory properties (Zhu et al., 2002;Yin et al., 2010b),
prompting us to ask whether this contributed to the L.
monocytogenes clearance impairment. Twenty-four hours
after infection with Listeria, we observed serum PGRN
and cytokine levels rise in GRN"" mice (Fig. 2, C and D).
However, we saw no evidence of heightened systemic inflam-
mation in GRN™" mice in response to L. monocytogenes
infection when compared with GRIN" “* mice, despite the
increased bacterial burden (Fig. 2 D). On the other hand,
dosing GRN™" mice with LPS stimulated a larger increase
in the release of several proinflammatory cytokines than in
GRN"" mice (Fig. 2 E), consistent with previous reports
(Yu et al., 2016). Thus, we hypothesize that the inability for
GRIN™" mice to effectively clear L. monocytogenes is caused
by a defect in xenophagy.

PGRN is required for efficient macrophage clearance of

L. monocytogenes via xenophagy

To assess the ability of GRN"'" macrophages to clear intracel-
lular pathogens via xenophagy, we infected cultured GRN""*
and GRN™~ BMDMs with L. monocytogenes and measured
the percentage of bacteria cleared 6 h after infection. Con-
sistent with our hypothesis and what we observed in vivo,
infected GRN™"~ BMDMs displayed an ~10% impairment in
clearance of WT L. monocytogenes at this time point when
compared with GRN"" BMDMs (Fig. 3 A).

L. monocytogenes employs countermeasures to escape
xenophagy and destruction in lysosomes. In particular, these
pathogens can escape autophagic detection through recruit-
ment of host cytoskeletal proteins to the bacterial surface via
the bacterial protein Actin assembly-inducing protein (ActA;
Yoshikawa et al., 2009). L. monocytogenes lacking ActA are
more susceptible to xenophagy than WT bacteria (Yoshi-
kawa et al., 2009). When we infected GRN""* and GRN™"~
BMDM:s with AactA mutants, the GRN™"~ BMDM:s showed
a more pronounced (~45%) deficit in bacterial clearance
when compared with GRN"" BMDMs (Fig. 3 A). In ad-
dition, when we infected macrophages with AactA L. mono-
cytogenes and measured the number of bacteria localized to
autophagosomes 1 h postinfection, there was a significant
reduction in the colocalization of the bacteria and the au-

tophagosome marker LC3 in GRN™~ BMDM:s (Fig. 3, B
and C). Importantly, when we infected BMDMs with L.
monocytogenes lacking the virulence factor listeriolysin O
(a pore-forming toxin essential for phagosomal escape and
entry into the cytosol), which renders these mutant Listeria
insusceptible to autophagy, we observed no difference in bac-
terial clearance between the GRN™* and GRN™"~ BMDMs
(Fig. 3 A). Together, these results indicate a xenophagy im-
pairment in GRN™"" BMDM:s and provide a cell biologi-
cal explanation for the inability of GRN""" mice to clear L.
monocytogenes and survive the infection.

PGRN is required for proper autophagy

Autophagy is induced in macrophages not only upon intra-
cellular infection, but also by other stimuli such as nutrient
starvation. To address whether other forms of autophagy are
also impacted in the absence of PGRN, we used amino acid
starvation to induce autophagy in BMDMs and measured au-
tophagic flux by monitoring the change in levels of the au-
tophagosome marker protein, microtubule-associated protein
1A/1B-light chain 3 (LC3 II; Klionsky et al., 2016). Basal
LC3 II levels were slightly higher in GRN™"~ BMDM s rela-
tive to GRN"" BMDM:s, although this did not reach statis-
tical significance (Fig. 3, D and E). Upon starvation, LC3 11
levels increased in GRN™"~ BMDM:s and then declined more
slowly when compared with GRN"* BMDM:s, implying al-
tered autophagy in the absence of PGRN (Fig. 3, D and E).
An identical result was observed when we measured starva-
tion-induced degradation of the autophagy adaptor, p62 (Fig.
S2,A and B). Notably, when we added the V-ATPase inhibitor
bafilomycin A1 to block the degradation of autophagosomes
during autophagy by inhibiting autophagosome-lysosome
fusion, the rate of LC3 II formation was identical between
GRN""and GRN™~ BMDMs (Fig. 3, D and E), suggesting
that the autophagosome accumulation and slower decay of
LC3 ITin GRN™~ BMDM:s is caused by the impaired clear-
ance of autophagosomes (Klionsky et al., 2016).

As an alternative approach to monitoring autophagy,
we counted the number of autophagosomes by LC3 immu-
nocytochemistry. At basal state, both GRN™* and GRN""~
BMDMs had very few detectable LC3-positive puncta
(Fig. 3, F and G). Upon amino acid starvation for 4 h, the
number of autophagosomes in both GRN"* and GRN™"~
BMDMs increased, but PGRIN-deficient BMDMs contained

black outlines show genes with significant changes in expression from lysosome cellular component GO term (GO:0005764). n = 5 mice per group from
one experiment. Significance cutoff at P < 0.05 using voom/limma. N.C., no change. (C) Heat map illustrating expression of a subset of lysosome-associated
genes in whole cortex of GRN**, GRN*/~, and GRN™'~ mice. The genes shown are those that were up in the GRN™/~ cortex relative to GRN** cortex and are
members of lysosome cellular component GO term (G0:0005764; i.e., red circles with black outlines from B). n = 5 mice per group from one experiment.
(D) Heat map showing expression of the same set of lysosome-associated genes shown in C in sorted microglia/macrophages, neurons, and astrocytes
from GRN*~ and GRN™~ mice. Gene expression was normalized separately within each cell type. n = 5 mice from five experiments for all groups except
GRN*~ astrocytes (n = 4 mice). (E) Gene density versus fold change plot of the data shown in D. n = 5 mice from five experiments for all groups except
GRN*~ astrocytes (n = 4 mice). (F) Normalized reads per kilobase of transcript per million mapped reads (nRPKM) of cathepsin D (CTSD) in whole GRN*,
GRN*~, and GRN cortex (left) and sorted microglia/macrophages, astrocytes, and neurons from GRN*~, and GRN-" cortex (right). n = 5 mice from five
experiments for all groups except GRN*/~ astrocytes (n = 4 mice). Error bars represent mean + SEM.
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Figure 2. Impaired defense against Listeria monocytogenes in mice lacking PGRN. (A) 14-d survival curve of GRN** (solid blue line), GRN*/~ (dashed
green line), and GRN™"~ (dotted red line) mice after intravenous L. monocytogenes infection. n = 12 mice per group from one experiment. *** P < 0.0001
GRN** versus GRN= using a log-rank test. (B) L. monocytogenes burden in GRN** (blue circles) and GRN-~ (red triangles) mice 2 d after infection. n =
5 mice per group from one experiment. *, P < 0.05 and **, P < 0.01 versus GRN*/* using an unpaired t test with Welch's correction. (C) Serum PGRN levels
in response to L. monocytogenes infection. n = 5 mice per group from one experiment. ***, P < 0.001 versus pre-infected using a paired t test. (D) Serum
IL-6, IL-10, and MCP-1 levels in GRN*/* (circles) and GRN™"~ (triangles) mice after intravenous L. moncytogenes infection. n = 5 mice per group from one
experiment. * P < 0.05 versus GRN*/* using an unpaired ¢ test. (E) Serum IL-6, IL-10, and MCP-1 levels in GRN*/* (circles) and GRN™~ (triangles) mice after

treatment with LPS. n = 5 mice per group from one experiment. *, P < 0.05 and

~50% more autophagosomes than GRN'"* BMDM:s (Fig. 3,
F and G). Similar to what was observed biochemically, star-
vation of the cells in the presence of bafilomycin A1 resulted
in increased numbers of autophagosomes that were indistin-
guishable between GRN"" and GRN"~ BMDMs (Fig. 3,
F and G), further supporting the notion of impaired auto-
phagosome clearance in GRN™~ BMDM:s. Together, these
results demonstrate that PGRN is involved not only in xeno-
phagy but also in starvation-induced autophagy in BMDM:s.

A pathological hallmark of GRN-associated fronto-
temporal lobar degeneration is the accumulation of ubiqui-
tin- and TDP-43—positive inclusions specifically in the soma
and dendrites of neurons (Baker et al., 2006; Cruts et al., 2006;
Neumann et al.,2006). PGRN has been detected in both neu-
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** P <0.01 using an unpaired t test. Error bars represent mean + SEM.

rons and microglia in the brain, leading us to hypothesize that
the autophagy defects observed in BMDMs may extend to
neurons and may contribute to the accumulation and aggre-
gation of TDP-43 in neurons. Indeed, clearance of pathologi-
cal forms of TDP-43 through autophagy has been previously
reported (Wang et al., 2012; Barmada et al., 2014). To test
whether GRN™'" neurons are impaired in autophagy, we in-
duced autophagy in cultured cortical neurons from GRN""*
and GRIN™"~ mice by nutrient starvation and assessed turn-
over of LC3 II. Induction of autophagy in GRN""" neurons
led to very little change in LC3 II levels over time, likely be-
cause of highly efficient autophagosome clearance in neurons
(Boland et al., 2008). However, similar to what was observed
in BMDMs, GRN™"" neurons had altered LC3 II kinetics,

2615



A 100 - : D e  a
é*** : ® :
01 ® i+ + 1
c e e
S 60+ D k%%
3] :
S 404 : *
= !
® GRN**
2074 6rRN:
O L] : | T
WT DactA ALLO y y —
+/+ -/-
C 15 - D GRN GRN |
" 0 051 2 4 0 05 1 2 4 Time(h)
C .
w151 —F— 7= ——— LC3 1l
O® @
<N .
8 T 10- *% R ———
E’, (_C'g 39 - Actin
29 b
J© 54
X |17~ ——— — W ——— |LC3 I
g
0 r T 3
GRN** GRN-" + 30 —| T —— — T RS S G ACtin
E oéq
04 Foewen TR S
% 0.2+ 3
< o 8
o3 5
€3 -0.24
= |-e-GrNn*
D -0.4 n!
9 =ie= GRN- § &2
-0.64*®* GRN** (+ BafA1) o
«:a* GRN'- (+ BafA1)
-0.8 T T 1 1 1
0 1 2 3 4
Time (h) a
m
L
G s
Bl GRN*
F 50 B GRN”
9
8
CCJ 40
g_ 8
8 6
© 4
2
0

Untreated EBSS EBSS
+ BafA1

Figure 3. Impaired xenophagy in macrophages from GRN~~ mice. (A) L. monocytogenes clearance assay of BMDMs from GRN** (blue circles) and
GRN™~ mice (red triangles) in response to the indicated strain of L. monocytogenes. n = 3 independent experiments, with each experiment performed in
quadruplicate (mean value of each independent experiment plotted in graph). ** P < 0.001 versus GRN*"*, using a linear least squares regression analysis.

2616 Progranulin loss leads to autophagy impairment | Chang et al.



with an approximately threefold accumulation of LC3 II after
4 h of starvation (Fig. 4, A and B). When we blocked auto-
phagosome degradation with bafilomycin A1, both GRN""*
and GRN™" neurons showed comparable, elevated levels of
LC3 1II (Fig. 4, A and B), suggesting that similar to BMDMs,
the accumulation of autophagosomes in GRN™"" neurons is
caused by an impairment of autophagosome clearance.

To gain insight into the mechanism by which loss of
PGRN leads to impaired autophagy, we probed GRN""* and
GRN™"" neurons for alterations in the autophagy signaling
pathway. 5'-Adenosine monophosphate—activated protein ki-
nase (AMPK) is a central regulator of autophagy, stimulating
autophagy through both the activation of the autophagy-
initiating kinase ULK1 (Unc-51 like autophagy activating
kinase 1) and the inhibition of mammalian target of rapamy-
cin complex 1 (mTORC1). AMPK exists as a heterotrimeric
complex comprising a catalytic o subunit and regulatory B
and y subunits. Phosphorylation of threonine-172 on the o
subunit by one of several known upstream kinases is required
for activation of AMPK and thus serves as a marker for mon-
itoring AMPK activity (Klionsky et al., 2016). Western blot of’
cultured cortical neurons from GRN"* and GRN™"" mice
revealed a ~60% decrease in AMPK Thr-172 phosphoryla-
tion, indicating reduced activity of AMPK in the absence of
PGRN (Fig. 4, C and D). Similarly, we found an ~30% de-
crease in phosphorylation on serine-172 of TANK-binding
kinase 1 (TBK1; also called NAK), a positive regulator of au-
tophagy (Matsumoto et al., 2011;Wild et al., 2011; Pilli et al.,
2012; Fig. 4, C and D). Phosphorylation on serine-172 via
trans-autophosphorylation is required for TBK1 kinase activ-
ity. Thus, these results demonstrate that PGRN 1is necessary
for the normal activation of autophagy regulators AMPK and
TBK1 in cultured neurons.

Next, we assessed whether deficits in autophagy path-
way signaling were also present in vivo in the brain. Cortical
tissue from aged GRIN™'" mice displayed reduced phosphor-
ylation of AMPK (T172) and TBK1 (S172; Fig. 4, E and F),
similar in degree to that seen in cultured neurons, implying
hypoactivity of autophagy. Consistent with attenuated TBK1
activity, phosphorylation of p62 (also known as SQSTMI,
a well-characterized autophagy receptor phosphorylated by
TBKT1 on serine-403 to enhance its activity; Matsumoto et al.,

2011) was reduced by ~25% in GRN""" brain (Fig. 4, E and
F). Additionally, mTORC1 activity, measured via phosphory-
lation of its substrate, p70 S6 kinase, at residue threonine-389,
showed a modest but statistically significant increase. We also
discovered an ~35% increase in the levels of autophagosome
marker LC3 II when normalized to cytosolic LC3 I, sug-
gesting autophagosome accumulation in the cortex (Fig. 4, E
and F).Although the signaling changes in whole cortex could
potentially come from many different cell types within the
brain, these results demonstrate that PGRN is required for
normal activation of the key autophagy regulators AMPK and
TBK1 and further support the idea that PGRIN deficiency
causes an autophagy defect in macrophages and neurons.

PGRN stimulates autophagy

PGRN has been reported to stimulate several signal trans-
duction pathways, including the PI3K/Akt and MAPK/
ERK pathways, in a variety of different cell types including
neurons (Bateman and Bennett, 2009; Xu et al., 2011). We
tested whether PGRIN was sufficient to stimulate autoph-
agy signaling in neurons. GRIN™"" neurons were treated with
recombinant mouse PGRN for 4 h and autophagy pathway
activity was measured. Upon treatment with PGRN, we ob-
served ~90% and ~50% increases in phosphorylated AMPK
(T172) and TBK1 (S172) levels, respectively, whereas phos-
phorylation of the mTORCT1 substrate SOK (T389) declined
~60% (Fig. 5, A and B). This stimulation of autophagy oc-
curred in a dose-dependent manner, with an ~60% increase
in phosphorylated AMPK (T172) levels detected at 10 pg/ml
PGRN (Fig. 5, C and D), a concentration that is comparable
to that found in mouse serum after LPS administration (Fig.
S3). Together, these results demonstrate not only that PGRN
is necessary for proper autophagy pathway activation but
also that purified recombinant PGRN is sufficient to stimu-
late autophagy signaling.

Pathogenic TDP-43 accumulates more rapidly

in neurons lacking PGRN

Accumulation of TDP-43—containing inclusions in neurons
and glia 1s a pathological hallmark of GRN-associated fron-
totemporal lobar degeneration with ubiquitin-positive in-
clusions (FTLD-U). Recent studies suggest that autophagy

(B) Representative micrographs from n = 5 independent experiments showing BMDMs from GRN** (top row) and GRN=~ (bottom) mice infected with
GFP-labeled AactA L. monocytogenes (left) and stained for LC3 (middle). Example bacteria are marked with an arrowhead. Bars, 10 um. (C) Quantification of
L. monocytogenes|LC3 colocalization from experiments as shown in B. n = 5 independent experiments. **, P < 0.01 versus GRN*/* using an unpaired t test.
(D) Representative Western blot from n = 4 independent experiments of cell lysates from GRN** and GRN™~ BMDMs starved for the indicated time in the
absence (top row) and presence (middle row) of 100 nM bafilomycin A1 and probed for LC3 and actin. The actin (loading control) immunoblots shown in
Figs. 3 D and S2 A are identical; this actin immunoblot, as well as LC3 (Fig. 3 D) and p62 (Fig. S2 A), were obtained by reprobing of the same Western blot.
Molecular mass is indicated in kilodaltons. (E) Quantification of LC3 Il levels from experiments as in D. n = 4 independent experiments. §, P = 0.0028 for
GRN" versus GRN** using two-way ANOVA and Dunnett's multiple comparisons test (0.5 h =P < 0.01,1h =P < 0.05,2 h =P <0.0001,and 4 h =P <
0.01). (F) Representative images from n = 3 independent experiments of GRN** (left) and GRN-~ (right) BMDMs treated with the indicated compounds
before staining for LC3. Bars, 10 um. (G) Quantification of number of LC3 puncta per cell from experiments as shown in F. n = 56, 47, 39, 60, 67, 65 cells
from three independent experiments for the groups listed left to right. **, P < 0.01 versus GRN*/* using a Mann-Whitney U test. Error bars represent mean +
SEM. EBSS, Earle's balanced salt solution.
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Figure 4. Impaired autophagy and autophagy signaling in GRN~ neurons. (A) Representative Western blot from n = 3 independent exper-
iments of cell lysates from GRN** and GRN™" cortical neurons starved for the indicated times in the absence (top rows) or presence (bottom) of
100 nM bafilomycin A1 and probed for LC3 and actin. (B) Quantification of LC3 Il levels from experiments as in A. n = 3 independent experiments.
§, P = 0.038 for GRN~~ versus GRN*/* using two-way ANOVA and Dunnett's multiple comparisons test (0.5 h = not significant [n.s.], 1 h = P < 0.05,
2h=P<0.01,and 4 h = P <0.0001). (C) Representative Western blot from n = 3 independent experiments of cell lysates from cultured GRN** and
GRN~"~ cortical neurons probed with the indicated antibodies. (D) Quantification of phosphorylated/total signal for AMPK and TBK1 from experi-
ments as shown in C. n = 3 independent experiments. ** P < 0.01 and ***, P < 0.001 versus GRN** using unpaired t test. (E) Representative Western
blot of whole cortex from ~18-mo-old GRN*/* and GRN™~ mice probed with the indicated antibodies. n = 3 mice per group from one experiment.
(A, C, and E) Molecular mass is indicated in kilodaltons. (F) Quantification of phosphorylated/total signals for the indicated proteins (left) and LC3
II/LC3 I signal (right) from experiments as shown in E. n = 3 mice per group from one experiment. *, P < 0.05 and **, P < 0.01 using an unpaired t
test. Error bars represent mean + SEM.
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Figure 5. Stimulation of autophagy signaling by PGRN. (A) Representative Western blot from n = 3 independent experiments of cell lysates from
GRN™~ cortical neurons untreated or with 10 ug/ml recombinant mouse PGRN or vehicle and probed with the indicated antibodies. (B) Quantification of
phosphorylated/total protein signals for the indicated proteins from experiments as shown in A. n = 3 independent experiments. *, P < 0.05 and **, P < 0.01
versus GRN** using an unpaired ¢ test. (C) Dose-response relationship for PGRN stimulation of AMPKa phosphorylation. Representative Western blot from
n = 3 independent experiments of GRN™/~ cortical cultures treated with the indicated concentrations of recombinant mPGRN and probed with the indicated
antibodies. (A and C) Molecular mass is indicated in kilodaltons. (D) Quantification of phospho-AMPKa [total AMPK« signal from experiments as shown in
C. n = 3 independent experiments. *, P < 0.05 and **, P < 0.001 versus untreated using one-way ANOVA with Dunnett's multiple comparisons test. Error
bars represent mean + SEM.

is an important pathway for clearance of pathological forms  neurons (Fig. 6 C). Consistent with what was observed by
of TDP-43 (Caccamo et al., 2009; Barmada et al., 2014). We Western blot using AAV to express TDP43CT-GFP (Fig. 6,
hypothesized that the autophagy impairment observed in A, B), GRN™" neurons accumulated on average an ~40%
GRIN™" neurons could result in reduced capacity to clear  higher level of TDP43CT-GFP than GRN'"" neurons
pathogenic TDP-43. We compared GRN"" and GRN""~ (Fig. 6, C and D). Importantly, treatment of GRN""" neu-
neurons after infection with an adeno-associated virus (AAV) rons with recombinant PGRN was sufficient to rescue this
expressing either full-length TDP-43 (TDP43-GFP) or a effect (Fig. 6, C and D), whereas treatment with bafilomycin
pathogenic C-terminal fragment of TDP-43 (TDP43CT- A1 resulted in an increase in TDP43CT-GFP that was no
GFP). This fragment of TDP-43 is present in FTLD-U pa-  different between GRN'* and GRN""" neurons (Fig. 6, C
tient brains (Zhang et al., 2007), can be generated through the and D). Together, these results support the idea that impaired
suppression of GRN expression (Zhang et al., 2007), and has autophagy contributes to the accumulation of TDP-43 in
previously been shown to be cleared by autophagy (Caccamo GRN™" neurons and that PGRN can stimulate clearance of
et al., 2009). Although full-length TDP43-GFP expression TDP-43 through autophagy.

was similar between GRN™~ and GRN"" neurons (Fig. 6,

A and B), levels of TDP43CT-GFP were elevated in GRN™"~ DISCUSSION

neurons relative to GRN'"" neurons after 10 d of expres- Patients with heterozygous and homozygous GRN
sion (Fig. 6,A and B). loss-of-function mutations develop FTLD-U and NCL, re-

In a complementary approach, we transfected neurons spectively, but the mechanisms of pathogenesis are not well
with TDP43CT-GFP along with a cell marker, mCherry, and understood. However, recent findings suggest that FTD and
measured total GFP fluorescence per cell by microscopy. TD- NCL share common pathological features and thus may

P43CT-GFP forms cytoplasmic clusters within transfected ~ be caused by overlapping disease mechanisms (Gotzl et al.,
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Figure 6. Accelerated accumulation of pathogenic TDP-43 in GRN~~ neurons. (A) Representative Western blot from n = 4 independent experiments
of GRN** and GRN-~ cortical cultures infected with AAV expressing mCherry along with either full-length TDP43-GFP (left) or TDP43CT-GFP (right) and
probed with the indicated antibodies. Molecular mass is indicated in kilodaltons. (B) Quantification of GFP/mCherry signal from experiments as shown in A.
n = 4 independent experiments. **, P < 0.001 versus GRN*/* using an unpaired t test. (C) Representative images of GRN** and GRN-~ hippocampal neurons
cotransfected with mCherry (top row) and TDP43CT-GFP (bottom) and treated with vehicle (DMSO; left), 10 uM PGRN (middle), or 100 nM bafilomycin A1
(right). n= 158, 173,37, 69, 147, and 96 cells per genotype and condition from eight, eight, three, three, eight, and eight independent experiments for the
groups listed left to right. Bars, 25 pum. (D) Quantification of total GFP fluorescence per cell from experiments as shown in A. Data were normalized to the
mean of GRN*/* vehicle-treated cells. n = 158, 173, 37, 69, 147, and 96 cells per genotype and condition from eight, eight, three, three, eight, and eight

independent experiments for the groups listed left to right. *, P < 0.05 and

** P < 0.01 versus vehicle-treated GRN** using Kruskal-Wallis one-way ANOVA

with Dunn's multiple comparisons test. Error bars represent mean + SEM. ns, not significant.

2014). Our study offers novel insight into how PGRN defi-
ciency contributes to disease pathology by providing the first
demonstration of a potential mechanism that links PGRIN
to lysosome-mediated protein degradation. Using biochem-
ical, cell biological, and functional experiments, we demon-
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strate impaired autophagy and hypoactivity of key autophagy
regulators in macrophages and neurons from mice lacking
PGRN. Interestingly, GRN""~ BMDM:s have impaired AactA
L. monocytogenes clearance yet exhibit normal clearance of
ALLO bacteria, arguing against a global impairment in ly-
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sosome activity in GRN™"" cells and instead suggesting that
the deficit may be restricted to specific lysosome-associated
pathways and functions, such as autophagy. Likely as a con-
sequence of the autophagy deficit, GRN™'" neurons more
readily accumulate pathological forms of TDP-43 previously
shown to be cleared via autophagy (Caccamo et al., 2009).
Based on our findings, GRN now joins a growing list of
genes that regulate autophagy (including VCP, CHMP2B,
SQSTM1, TBK1, and OPTN;Watts et al., 2004; Skibinski et
al., 2005; Le Ber et al., 2013; Freischmidt et al., 2015; Pottier
et al., 2015), which, when mutated, cause FTD and/or ALS
in humans and result in the formation of TDP-43—positive
inclusions in neurons. The positive regulation of the auto-
phagy pathway by PGRN reinforces the emerging unifying
theme that autophagy defects play a causal role along the
FTD/ALS spectrum and that autophagy is a critical clear-
ance mechanism for TDP-43.

In addition to the aforementioned association with au-
tophagy, an overwhelming amount of evidence links PGRN
to lysosome-associated function: (1) Immunohistochemical
experiments demonstrate that PGRIN accumulates within ly-
sosomes of microglia and neurons (Hu et al., 2010; Tanaka et
al., 2013; Zhou et al., 2015), where it can regulate the acidi-
fication of lysosomes (Tanaka et al., 2017). (2) The promoter
region of GRN contains two coordinated lysosomal expres-
sion and regulation sequences (Tanaka et al., 2013), which
make it a likely target of transcription factor EB, a master
regulator of lysosome biogenesis (Sardiello et al., 2009). (3)
Patients with homozygous GRIN mutations develop NCL, a
lysosomal storage disorder (Smith et al., 2012). (4) Lysosomal
alkalizing reagents such as bafilomycin Al and chloroquine,
which also inhibit autophagy, stimulate PGRN production in
multiple cell types, including neurons (Capell et al., 2011). (5)
Results from our unbiased RINA-seq analysis revealed signif-
icant changes in lysosomal gene expression in GRN™" mi-
croglia/macrophages. This body of evidence, combined with
our findings, strongly suggest that PGRN plays a role in the
later, degradative stages of autophagy. However, our study
does not directly demonstrate a specific defect in autophago-
some clearance in PGRN deficient cells, so follow-up studies
examining this process in greater detail are warranted.

Despite an observed autophagy impairment in both
neurons and macrophages, our RNA-seq data on sorted neu-
rons failed to detect changes in lysosome-related gene ex-
pression as seen in microglia/macrophages. It is possible that
neurons may respond to impaired autophagy through post-
transcriptional mechanisms rather than transcriptional. An-
other possible explanation is that the much lower expression
of lysosome-related genes in neurons (Fig. 1 F) may preclude
us from detecting the modest changes in lysosomal gene ex-
pression observed in microglia.

Given that GRN haploinsufficiency is sufficient to pre-
dispose humans to FTLD-U, it is notable that heterozygous
GRN"" mice had no detectable impairment in L. monocy-
togenes clearance in vivo and minimal changes in gene ex-
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pression when compared with GRN"'" mice, consistent with
the lack of phenotypes in the GRN"" mice reported pre-
viously (Kayasuga et al., 2007; Ahmed et al., 2010; Lui et al.,
2016). One possible explanation for this discrepancy is that
normal human serum PGRN concentrations (~200 ng/ml)
are only one fifth the normal serum PGRN levels found
in mouse (Finch et al., 2009; Fig. S3). Moreover, whereas
GRN""" mice express half the normal serum PGRN levels
of GRN"" mice (Fig. S3), FTD patients with heterozygous
GRN mutations express only ~25% of normal human lev-
els (Finch et al., 2009). Thus, GRN"'~ mice may not present
with any FTLD-U phenotype because they still express rel-
atively high levels of PGRIN compared with humans with
heterozygous GRIN mutations.

How does PGRN regulate autophagy? Several lines of
evidence suggest that PGRN lies upstream of AMPK and/
or TBK1, two critical regulators of autophagy. We find that
GRN™" mice and cells display reduced AMPK and TBK1
phosphorylation, whereas addition of recombinant PGRIN
is sufficient to stimulate the phosphorylation of these pro-
teins in cells. TBK1 functions in part by phosphorylating p62,
OPTN, and other autophagy receptors, enhancing their abil-
ity to recruit cargo to autophagosomes (Matsumoto et al.,
2011; Wild et al., 2011; Pilli et al., 2012). Consistent with
TBK1 hypoactivity, macrophages lacking PGRN show an
impaired capacity to traffic intracellular bacteria into auto-
phagosomes and clear them, a trait shared with cells harbor-
ing TBK1, p62, or OPTN mutations (Thurston et al., 2009;
Zheng et al.,2009; Wild et al., 2011). TBK1 is also a regulator
of autophagosome maturation through its association with
the Ras-like GTPase Rab8b (Pilli et al., 2012), and we find
impaired autophagosome clearance in PGRN-deficient cells.
Since GRN™" mice and cells show a significant autophagy
phenotype only under conditions of acute stress (starvation,
bacterial infection, or overexpression of aggregating proteins),
we hypothesize that the ~50% reduced pAMPK and pTBK1
levels observed in PGRN-deficient cells are sufficient for
maintaining normal basal autophagy in unstressed cells but
become limiting when the demands for autophagy are in-
creased. Over long periods of time (such as aging), a modest
deficiency in autophagy signaling can translate to increased
risk of neurodegenerative disease.

Several putative PGRN receptors have been reported,
including sortilin (Hu et al.,, 2010), TNF receptor (Tang
et al., 2011), Toll-like receptor 9 (Park et al., 2011), prosa-
posin/mannose-6-phosphate receptor complex (Zhou et al.,
2015), and EphA2 (Neill et al., 2016), none of which have
a well-defined relationship to TBK1, AMPK, or autophagy.
PGRN deficiency might also affect autophagy-independent
pathways to induce TDP-43 pathology and neurodegenera-
tion, such as impairment in the nuclear import of cytoplasmic
TDP-43 (Ward et al., 2014). Thus, TDP-43 pathology in FTD
patients may accumulate as a result of a combination of al-
tered cell biological functions, not solely impaired autophagic
clearance of cytoplasmic TDP-43.
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In light of our findings, several important questions re-
main. PGRN can exist either in a precursor form or can be
proteolytically processed into a set of granulins. Our studies
with GRN™ cells do not functionally distinguish between
these species. Our pharmacological experiments imply that
recombinant PGRN in its unprocessed form can stimulate
autophagy; however, it is possible that proteolytic cleavage to
granulins is occurring in the culture medium or within cells
after internalization of PGRN. An additional consideration
is that although previous immunohistochemical studies have
detected PGRN protein in microglia and neurons, but not
in astrocytes (Ryan et al., 2009; Petkau et al., 2010), analysis
of our RNA-seq data reveals that astrocytes express higher
levels of GRN mRNA than neurons (Fig. S4), a result con-
firmed by another study (Zhang et al., 2014). Thus, although
our study demonstrates autophagy impairments in both mac-
rophages and neurons, this effect may not be strictly limited
to these cell types within the brain and additional studies are
warranted to further elucidate the cellular and molecular pro-
cess by which PGRN stimulates the autophagy pathway.

MATERIALS AND METHODS

Experimental design

The objective of this study was to identify the role of PGRIN
in FTD pathogenesis. Identification of disrupted lysosome
expression in the brains of GRN™'" mice was used to justify
our follow up studies examining autophagy/lysosome func-
tion in GRN"'" cells. Sample sizes and endpoints for exper-
iments were predetermined based on previous experience.
All available samples or animals were included for statistical
analysis. All in vitro studies were performed with a minimum
of three independent experiments, based on previous studies,
and as indicated in the figure legends. Image acquisition and
analysis were performed using automated software and/or
by a blinded observer.

Materials
Recombinant mouse PGRN (2557-PG; R&D Systems) and
bafilomycin A1 (B1793; Sigma) were used.

Cloning

To generate the TDP43CT-GFP construct, we used a Quik-
Change Lightning mutagenesis kit (Agilent) to delete amino
acids 2-215 from full-length human TDP-43 fused at the C
terminus to GFP in a pCAGGS vector.

Mice

GRN""" mice were generated by M. Nishihara (University
of Tokyo, Tokyo, Japan) as described previously (Kayasuga et
al., 2007). GRN"*, GRN""~, and GRN™"" mice were of the
genetic background C57BL/6]. For in vitro neuron experi-
ments, GRN"" neurons were cultured from GRN"" mice
on a C57BL/6] background, acquired from Charles River
Laboratory. For all other experiments, GRN""* colony mates
were used as controls. For all L. monocytogenes studies, only
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male mice were used; otherwise, mice used were of mixed sex.
The use of vertebrate animals was regulated and approved by
the Genentech Institutional Animal Care and Use Committee.

Antibodies

For immunocytochemical studies, the following primary anti-
bodies were used: LC3 mouse monoclonal (M152-3/1:50;
MBL), Ibal rabbit polyclonal (019-19741/1:1,000; Wako),
and Lampl rat polyclonal (1D4B/1:300; DHSB). Alexa
Fluor secondary antibodies were from ThermoFisher (1:400).
For studies involving Western blots, the following primary
antibodies were used: LC3 mouse monoclonal (M186-
3/1:1,000; MBL), actin (A2228/1:5,000; Sigma), p-AMPK
(T172) rabbit polyclonal (2535/1:1,000; CST), AMPK rab-
bit polyclonal (5831/1:1,000; CST), p-TBK1 (S172) rabbit
polyclonal (5483/1:1,000; CST), TBK1 rabbit polyclonal
(ab40676/1:1,000;Abcam),p-p62 (S403) rat polyclonal (D343-
3/1:1,000; MBL), p62 mouse monoclonal (ab56416/1:1,000;
Abcam), p-S6K (T389) rabbit polyclonal (AT-7159/1:1,000;
MBL), S6K rabbit polyclonal (2708/1:1,000; CST), GFP
chicken polyclonal (ab13970/1:5,000; Abcam), and mCherry
rabbit polyclonal (ab167453/1:1,000; Abcam). For FACS, the
following antibodies were used: Alexa Flour 488—conjugated
anti-NeuN (MAB377X/1:1,000; Millipore), PE-conjugated
anti-GFAP (561483/1:50; BD Biosciences), and APC-conju-
gated anti-Cd11b (561690/1:250; BD Biosciences).

Cell culture

For hippocampal and cortical neuron cultures, the hippo-
campus and/or cortex was isolated from embryonic day 16.5
GRN'"" or GRN™~ mice and treated with 0.7 mg ml™
papain (Worthington) and 0.01% DNase (Sigma) in Hanks
buffered salt solution (ThermoFisher) for 20 min at 37°C.
After digestion, tissue was washed three times to remove en-
zymes and then triturated first using a 5-ml plastic pipette,
followed by a fire-polished Pasteur pipette. Dissociated cells
were filtered through a 70-um filter and centrifuged at 300 g
for 5 min at 4°C. Neurons were resuspended in NbActiv4
(Brainbits), counted, and plated on 18-mm coverslips (Caro-
lina Biological) coated with 0.1 mg ml™" 30- to 70-kD mol
wt poly-D-lysine in 0.1 M Trizma buffer, pH 8.5 (Sigma)
and 2.5 pg ml™" natural mouse laminin in 0.1 M Trizma buf-
fer, pH 8.5 (ThermoFisher) at a density of 7 X 10> cells per
60-mm dish for immunocytochemistry. For biochemistry ex-
periments, cortical neurons were plated 5 X 10° cells per well
in a 12-well plate. 1 h after plating, the media was removed
and replaced with fresh NbActiv4. Neurons were fed by re-
placing one third of the medium once weekly.

To harvest BMDMs, femurs were isolated from mice and
placed into ice-cold PBS containing 0.5% BSA and 2 mM
EDTA.The ends of each femur were cut off, and the femur
was flushed with 10 ml ice-cold PBS containing 0.5% BSA
and 2 mM EDTA.The bone marrow was centrifuged at 300 g
for 5 min at 4°C, the media was removed, and the marrow
was resuspended in 2 ml ACK lysing buffer (ThermoFisher)
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and incubated for 5 min at 25°C. After lysis, the remaining
cells were passed through a 70-um filter and centrifuged at
300 gfor 5 min at 4°C.The media was removed and the cells
were resuspended in DMEM (ThermoFisher) containing
10% FBS (Sigma), 1% GlutaMAX (ThermoFisher), 1% non-
essential amino acids (ThermoFisher), 1% sodium pyruvate
(ThermoFisher), and 50 ng mlI™" M-CSE Cells were plated
on nontissue culture—treated Petri dishes and allowed to dif-
ferentiate for 6 or 7 d, after which the macrophages were
carefully scraped off and replated on plasticware or coverslips
coated with 1 mg ml™" poly-p-lysine in 0.1 M Trizma buffer,
pH 8.5, for use the next day. For biochemistry experiments,
BMDMs were plated 4 x 10° cells per well in a 12-well plate.
For immunocytochemistry, BMDM:s were plated 1.25 X 10°
cells per 18-mm coverslip.

RNA-seq

Whole-cortex RNA extraction. Mice were perfused with
PBS, a single cortical hemisphere of ~12-mo-old GRN"/~
and GRIN™" mice was cut in half, and each section was
added with a 5-mm stainless steel bead and 1 ml Qiazol
Lysis Reagent (Qiagen) to an individual 2-ml centrifuge
tube. Tissues were homogenized using a TissueLyser (2 X 20
Hz, 2 min at 4°C; Qiagen). After homogenization, samples
were centrifuged for 1 min at 6,000 g, and the resulting su-
pernatants were transferred to a new tube and incubated for
5 min at 25°C. Samples were then added to a 15-ml MaX-
tract High Density tube (Qiagen) along with 200 pl chloro-
form and shaken vigorously for 15 s before incubation for 2
min at 25°C and centrifugation at 1,500 g for 5 min at 4°C.
The resulting upper aqueous phase was transferred into a
new tube, and RNA was purified using an RNeasy Plus
mini kit (Qiagen). The two samples originating from differ-
ent pieces of the same cortex were combined after purifica-
tion. The concentration of RNA samples was determined
using a NanoDrop 8000 (ThermoFisher), and the integrity
of RNA was determined by Fragment Analyzer (Advanced
Analytical Technologies).

Dissociated cell preparation, immunostaining, FACS, and
RNA isolation. Dissociation and isolation of neurons, mi-
croglia/macrophages, and astrocytes were performed as
previously described (Srinivasan et al., 2016). In brief, ani-
mals were perfused with ice-cold PBS. Cortices together
with hippocampi were dissociated rapidly in Hibernate
media (ThermoFisher). The tissue samples were minced
with a razor blade and incubated in Accutase (Sigma) at
4°C for 30 min. Tissue pieces were spun at 2,000 g for 1
min, resuspended in 1 ml Hibernate buffer, and triturated
to get single cells. Samples were allowed to settle by gravity
(1 min on ice), and the cloudy cell suspension on top was
removed and filtered through a 70-pm cell strainer into a
clean tube. This step was repeated five times. The filtered
suspension was layered on a Percoll gradient and spun at
low speed to get rid of myelin debris from the top layer
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and then at high speed to pellet cells. Cell pellet was resus-
pended in 1 ml Hibernate, and 1 ml ice-cold 100% ethanol
was added dropwise to the cell suspension. Cells were then
pipetted twice gently to mix the ethanol evenly and then
incubated on ice for 15 min. After incubation, cells were
washed twice in Hibernate to get rid of ethanol and resus-
pended in 1 ml Hibernate together with the following an-
tibody cocktail: NeuN-488 at 1:1,000, GFAP-PE at 1:100,
and Cd11b-APC at 1:200. Cells were then washed and
resuspended in 4 ml Hibernate together with 2 pl DAPI (1
mg/ml) and FACS sorted to get neurons, astrocytes, and
myeloid cells (microglia/macrophages). Animals were al-
ways processed in pairs (1 WT and 1 KO) and sorted si-
multaneously in two BD ARIA sorters.

RNA-seq library generation and sequencing. For whole-cortex
RNA, 1 pg total RNA was used as an input material for li-
brary preparation using TruSeq RINA Sample Preparation kit
v2 (lumina). Size of the libraries was confirmed using Frag-
ment Analyzer (Advanced Analytical Technologies), and their
concentration was determined by gPCR -based method using
a Library quantification kit (KAPA).The libraries were mul-
tiplexed and sequenced on Illumina HiSeq2500 (Illumina) to
generate 30 M of single-end 50-bp reads.

For sorted cells, cDNA was generated using up to
20 ng total RNA with the Ovation RNA-Seq System V2
(NuGEN) as previously described (Srinivasan et al., 2016).
Generated cDNA was sheared using LE220 focused ultra-
sonicator (Covaris) and quantified by Qubit dsDNA BR
Assay (Life Technologies). 1 pg sheared cDNA was taken into
library generation, starting at the end repair step, using the
TruSeq RNA Sample Preparation kit v2 (Illumina). Size of
the libraries was confirmed using Fragment Analyzer (Ad-
vanced Analytical Technologies), and their concentration was
determined using a Library quantification kit. The libraries
were multiplexed and sequenced on an Illumina HiSeq2500
to generate 30 M of single-end 50-bp reads.

RNA-seq alignment and feature counting. HTSeqGenie (Pau
and Reeder, 2017) was used to perform filtering, alignment,
and feature counting. HTSeqGenie uses GSNAP (Wu and
Nacu, 2010) to align reads to the genome. We used version
GRCm38 of the mouse genome and gene models from our
internal database mostly based on RefSeq. Only reads with
unique genomic alignments were analyzed. Such reads whose
alignments overlapped any exon of the gene model (even by
a single base) were counted toward that gene.

RNA-seq normalization. Normalized reads per kilobase of
transcript per million mapped reads (nRPKM) values were
used as a normalized measure of gene expression. This statis-
tic is an attempt to combine the best of DESeq size Factor—
normalized counts (Love et al., 2014) and traditional reads
per kilobase of transcript per million mapped reads (RPKM).
RPKM is defined as
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RPKM =

number of reads overlapping gene

(kilobases of gene model)(millions of total reads)’
where total means total uniquely aligned. Normalized RPKM
is defined as

nRPKM =

number of reads overlapping gene

(kilobases of gene model)(adjusted millions of total reads)”

Note that the only difference is in the “M” term.The adjusted
total reads is a statistic that is proportional to DESeq size Fac-
tor but rescaled to the level of total uniquely aligned reads:

Adjusted total reads (sample i) =
> total reads

samples

Zsizefactor] x size factor(sample ).

samples
Note that this is a single normalization based on size factors,
with an overall adjustment to approximate total reads, but it is
not a double normalization.

RNA-seq differential gene expression. Differential gene ex-
pression was performed with the limma Bioconductor pack-
age, after transforming the count data with the voom function
(Ritchie et al., 2015). A prefilter was applied, and only genes
with at least 10 counts in at least three samples (of either con-
dition) were analyzed. p-values for other reads were simply set
to 1 and log-fold-changes to O for visualization purposes, but
such genes were not included in the multiple testing correction.

Heat maps. For heat maps, nRPKM values were normalized
separately within each of four groups of samples: bulk tissue
and the three cell types. Within each group, Z scores were
calculated by subtracting the mean and dividing by the stan-
dard deviation of expression for each gene.

Density plots. Density plots were calculated using R’s density
function, with default arguments.

RNA-seq GO analysis was performed using the PAN
THER classification system (Mi et al., 2013).

AAYV production

Sequences encoding either TDP43-GFP or TDP43CT-GFP
were subcloned into pD2-T2A-mCherry vector (Vector Bio-
Labs) to generate C-terminal mCherry fusion proteins linked
via a 2A “self-cleavable” peptide linker (Szymczak et al.,
2004), driven by a CBh promoter. The subsequent construct
was packaged into the AAV-DJ serotype and transfected into
HEK?293 cells for expression, and virus was harvested and pu-
rified by CsCl centrifugation (Vector BioLabs).

TDP43-GFP expression

Hippocampal neurons cultured 7-10 d in vitro (DIV) were
transfected using Lipofectamine LTX with PLUS Reagent
(ThermoFisher) according to manufacturer. For each cover-
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slip, 5 pl Lipofectamine LTX Reagent and 1 pl PLUS was
added along with 0.2 g TDP43CT-GFP and 0.8 ng mCherry
plasmids in 1 ml media. After a 1-h incubation (the end of this
incubation period was considered t = 0 h), media was changed,
and neurons were incubated for an additional 9 h before fix-
ation. For bafilomycin A1 experiments, cultures were treated
5 h posttransfection with 100 nM bafilomycin A1.

For AAV infections, DIV 7 hippocampal neurons
were infected at an MOI of 3.2 X 10° for 10 d before
protein quantification.

Immunocytochemistry

Neurons and BMDMs were fixed in 4% paraformaldehyde in
PBS for 20 min at 25°C, followed by permeabilization with
100 pg ml™" digitonin (Promega) for 10 min at 25°C. Non-
specific binding of antibodies was blocked with 10% goat
serum (Jackson) in PBS for 1 h at 25°C. Primary antibodies
were applied overnight at 4°C, and secondary antibodies were
applied for 1 h at 25°C. Coverslips were washed with PBS
in between all steps and were mounted with ProLong Gold
Antifade Reagent (ThermoFisher).

Image analysis

Z-stacks of cells were imaged using an inverted Zeiss 710
confocal microscope set at software-defined optimal res-
olution and intervals based on objective used. Images were
captured in 8-bit color without binning. Maximum intensity
projections of each Z-stack were generated for quantification.
All image analysis was performed using Fiji (Schindelin et al.,
2012). For TDP43CT-GFP quantification, a set threshold was
applied to the GFP signal of all images, and the total fluores-
cence intensity within the threshold area was measured and
normalized to GRN''" neurons.

Biochemistry
For whole cortical lysates, mice were perfused with PBS,
and the cortices of 12- to 18-mo-old GRN"" and GRN™"~
mice were isolated into 1 ml ice-cold homogenization buffer
(0.32 M sucrose, 5 mM Hepes, protease/phosphatase inhibi-
tors) per cortical hemisphere. Each sample was disrupted using
12 strokes from a glass dounce homogenizer. Cortical lysates
were centrifuged at 1,000 g for 15 min at 4°C, and the pro-
tein concentration of each supernatant was measured via BCA
(ThermoFisher). Samples were diluted to 3.5 mg ml™" in ho-
mogenization buffer before the addition of LDS sample buffer
(ThermoFisher) and sample reducing agent (ThermoFisher).

For in vitro studies examining starvation-induced au-
tophagy, BMDMs and neurons were washed twice with pre-
warmed Earle’s balanced salt solution (Sigma) before final
incubation in Earle’s balanced salt solution with or without
bafilomycin Al. Afterward, cells were washed once with ice-
cold PBS and scraped into 2X gel loading bufter (2x LDS
sample loading buffer and 2X sample reducing agent).

For Western blot, all samples were heated at 70°C for
10 min and 20 pg of protein from each sample was run.
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For all Western blots with the exception of LC3, samples
were run on a NuPAGE Novex 4-12% Bis-Tris protein
gel (ThermoFisher) using MOPS buffer (ThermoFisher)
and transferred onto 0.2 pm nitrocellulose via Trans-Blot
Turbo transfer system (Bio-Rad). For LC3 measurements,
samples were run on a NuPAGE 12% Bis-Tris protein gel
(ThermoFisher) using MES buffer (ThermoFisher) and
transferred onto a methanol-activated 0.2-pym PVDF mem-
brane (ThermoFisher) via NuPAGE Novex transfer system
(ThermoFisher) in NuPAGE transfer buffer (ThermoFisher)
containing 10% methanol.

In vivo bacterial infection
10° L. monocytogenes (ATCC strain 43251, passaged twice
through C57/Bl6 mice before use) in sterile saline were in-
jected into the tail vein of 2- to 3-mo-old mice. For sur-
vival studies, survival was monitored daily after infection
for 2 wk. For CFU studies, the brain, spleen, and liver were
harvested, weighed, and placed in 5 ml (brain and spleen)
or 10 ml (liver) PBS containing 0.1% Triton X-100. Organs
were homogenized using a disposable tissue grinder (Ther-
moFisher), and 1:1 serial dilutions were made in PBS con-
taining 0.1% Triton-X 100. 5 pl of each dilution was plated
in triplicate on brain heart infusion agar and incubated at
37°C overnight. Colonies were counted and CFUs per 1 g
tissue were calculated.

For cytokine measurements, 2- to 3-mo-old mice were
injected intraperitoneally with 3 mg kg™ LPS (2 mg ml™" in
PBS) from Escherichia coli (strain O111:B4; Sigma).

In vitro bacterial infection

BMDMs were plated 1.25 X 10> per well of a 48-well plate.
L. monocytogenes growing in brain heart infusion broth
were counted (1 OD = 1.2 X 10” bacteria), resuspended in
DMEM without antibiotics, and added to the macrophages
at the indicated MOI. Plates were centrifuged at 200 g for 5
min at 25°C and then incubated for 30 min at 37°C to allow
time for infection (the end of this incubation period was
considered t = 0 h). After the 30-min incubation, cells were
washed once with PBS and switched to DMEM containing
100 pg ml™" gentamycin (ThermoFisher) to remove extra-
cellular bacteria. For L. monocytogenes/p62 colocalization
experiments, AactA-infected BMDMs were fixed 1 h after
infection. To lyse BMDMs for L. monocytogenes clearance
assay, cells were washed once with PBS and lysed in PBS con-
taining 0.1% Triton X-100 O hr and 6 h after infection. 1:1
serial dilutions of the lysates were made in PBS containing
0.1% Triton-X 100, and 5 pl of each dilution was plated in
triplicate on brain heart infusion agar and incubated at 37°C
overnight. Colonies were counted, and the percentage of col-
onies at 6 h versus 0 h was calculated.

Serum cytokine and PGRN measurements

150 pl blood was collected from the submandibular vein of 2-
to 3-mo-old mice 7 d before and 24 h after infection using a
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4-mm Goldenrod animal lancet (Braintree Scientific). Blood
was collected in a Microtainer tube with serum separator
(BD) and allowed to coagulate for 30 min at 25°C before
centrifugation at 15,000 g for 90 s. Mouse serum IL-6, IL-
10, and MCP-1 measurements were performed using a Bio-
Plex Pro Mouse Cytokine 23-Plex Assay (Bio-Rad). Mouse
serum PGRN levels were measured using a PGRIN Mouse
EIA kit (Cayman Chemical).

Accession numbers. RNA-seq data have been deposited to
the Gene Expression Omnibus and are available under the
accession numbers GSE78747 (sorted cells) and GSE78748
(bulk tissue).

Statistical analysis

Statistical analysis was performed using Prism 6 (GraphPad)
and JMP (SAS). Differences between means were determined
using a two-tailed unpaired Student’s ¢ test, one-way or two-
way ANOVA corrected for multiple comparisons, or linear
regression as described in the figure legends, and statistical
significance was set at P < 0.05. All available samples or an-
imals were included for statistical analysis. Datasets with n
> 8 were tested for normality using the D’Agostino—Pear-
son omnibus normality test. If datasets did not meet nor-
mality, then a nonparametric test was chosen to determine
statistical significance.

Online supplemental material

Fig. S1 shows expression of representative macrophage-spe-
cific (left), astrocyte-specific (middle), and neuron-specific
(right) genes in sorted cells from GRN""~ and GRN™"" cor-
tex. Fig. S2 illustrates reduced starvation-induced clearance
of p62 in GRN"* and GRN™~ BMDM:s. Fig. S3 shows
serum PGRN concentrations in GRN""and GRN™"" mice
in response to LPS. Fig. S4 shows expression of GRN in
sorted microglia/macrophages, astrocytes, and neurons from
GRN""" cortex. Table S1 shows gene expression changes in
GRN""" cortex relative to GRN"" cortex. Table S2 shows
GO cellular component enrichment in GRN™" cortex
relative to GRN"" cortex.
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