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Rescue of Progranulin Deficiency Associated with
Frontotemporal Lobar Degeneration by Alkalizing Reagents
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Numerous loss-of-function mutations in the progranulin (GRN) gene cause frontotemporal lobar degeneration with ubiquitin and
TAR-DNA binding protein 43-positive inclusions by reduced production and secretion of GRN. Consistent with the observation that GRN
has neurotrophic properties, pharmacological stimulation of GRN production is a promising approach to rescue GRN haploinsufficiency
and prevent disease progression. We therefore searched for compounds capable of selectively increasing GRN levels. Here, we demon-
strate that four independent and highly selective inhibitors of vacuolar ATPase (bafilomycin Al, concanamycin A, archazolid B, and
apicularen A) significantly elevate intracellular and secreted GRN. Furthermore, clinically used alkalizing drugs, including chloroquine,
bepridil, and amiodarone, similarly stimulate GRN production. Elevation of GRN levels occurs via a translational mechanism indepen-
dent oflysosomal degradation, autophagy, or endocytosis. Importantly, alkalizing reagents rescue GRN deficiency in organotypic cortical
slice cultures from a mouse model for GRN deficiency and in primary cells derived from human patients with GRN loss-of-function
mutations. Thus, alkalizing reagents, specifically those already used in humans for other applications, and vacuolar ATPase inhibitors

may be therapeutically used to prevent GRN-dependent neurodegeneration.

Introduction

Frontotemporal lobar degeneration (FTLD) is the second most
abundant form of dementia in people under the age of 60 years
after Alzheimer’s disease (Graff-Radford and Woodruff, 2007).
Although ~40% of FTLD patients are pathologically character-
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ized by tau positive inclusions, the remaining patients present
with tau and a-synuclein-negative, ubiquitin-positive nuclear or
cytoplasmic inclusions [frontotemporal lobar degeneration with
ubiquitin-positive inclusions (FTLD-U)] (Mackenzie and Rade-
makers, 2007; Cruts and Van Broeckhoven, 2008). Deposited
proteins observed in FTLD-U brains include the TAR-DNA
binding protein 43 [TDP-43 (FTLD-TDP) (Neumann et al.,
2006)] and the fused in sarcoma protein [FUS (FTLD-FUS)]
(Neumann et al., 2009). Genetic linkage studies and/or mutation
screenings identified loss-of-function mutations in the pro-
granulin gene (GRN)) in patients with familial FTLD-TDP (Baker
etal., 2006; Cruts et al., 2006; Cruts and Van Broeckhoven, 2008;
Gijselinck et al., 2008). Of the mutations reported to date (http://
www.molgen.vib-ua.be/FTDMutations/), most are loss-of-
function mutations leading to GRN haploinsufficiency (Gijselinck et
al., 2008), which results in a severe reduction of GRN levels in
tissues and biological fluids of patients (Ghidoni et al., 2008;
Finch et al., 2009; Sleegers et al., 2009). Additionally, missense
mutations (Schymick et al., 2007; van der Zee et al., 2007; Brou-
wers et al., 2008) lead to cytoplasmic missorting and degradation
of GRN (Mukherjee et al., 2008; Shankaran et al., 2008) or to
reduced secretion probably attributable to misfolding (Shanka-
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Calnexin

TMEMS59

BafA1 but none of the tested protease inhibitors increase intracellular and secreted GRN levels. 4, B, HeLa and SH-SY5Y cells were treated for 16 h with DMSO, BafA1 (50 nwm),

phenanthroline (10 mwm), EDTA (15 mm), MG132 (10 pum), epoxomicin (1 pum), pepstatin A (1 wm), E64 (10 wum), antipain (5 pum), ALLN (5 wum), mix 1 (E64, leupeptin, and antipain), and mix 2 (mix
1 plus pepstatin A and ALLN). Cell lysates (4) and conditioned media (B) were analyzed for GRN by immunoblotting. Equal loading of cell lysates was confirmed by probing for 3-actin (4). C, Hela
cells treated with 25 nm BafA1 or DMSO were stained with a monoclonal anti-GRN antibody (red) and costained with antibodies against calnexin (green, ER), GM-130 (green, cis-Golgi) TMEM59
(green, Golgi) and LAMP-1 (green, lysosomes). The BafA1-mediated increase of GRN does not affect intracellular GRN localization. Increased excitations are shown to visualize the low levels of GRN

under control conditions. Scale bar, 10 um.
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ran et al., 2008). Reduced GRN levels in biological fluids, such as
CSF and plasma or serum, are not only sensitive biomarkers but
also predict GRN mutations and a significantly enhanced risk for
FTLD-TDP (Ghidoni et al., 2008; Finch et al., 2009; Sleegers et
al., 2009). Because GRN is known to have neurotrophic proper-
ties (Van Damme et al., 2008), these findings strongly indicate
that GRN haploinsufficiency is causally linked to neurodegenera-
tion. We therefore searched for compounds that are capable of
stimulating GRN production and/or secretion and may be used
to restore physiological levels of GRN in FTLD-TDP patients
with GRN haploinsufficiency.

Materials and Methods

Cell culture. Human cervical carcinoma (HeLa) cells, human embryonic
kidney (HEK 293T) cells, and mouse embryonic fibroblasts (MEFs) from
autophagy-related gene-5 (ATG-5) knock-out and wild type (wt) mice
(Mizushima et al., 2001) were cultured in DMEM with Glutamax I (In-
vitrogen). Lymphoblasts, immortalized by Ebstein Barr virus transfor-
mation of lymphocytes collected from whole blood on lithium heparin
according to standard procedures (Brouwers et al., 2007; Gijselinck et al.,
2008), were cultured in RPMI 1640 medium (Invitrogen) with glutamine
(Invitrogen). Mouse neuroblastoma cells (N2a) were cultured in modi-
fied Eagle’s medium (MEM) with glutamine. Human neuroblastoma
(SH-SY5Y) cells were cultured in DMEM/F-12 with glutamine (Cam-
brex) supplemented with non-essential amino acids (Invitrogen). All
media were supplemented with 10% (v/v) fetal calf serum (Invitrogen)
and penicillin/streptomycin (PAA Laboratories).

Organotypic slice culture of mouse neocortex. Organotypic slice cultures
of mouse neocortex were prepared according to the protocol of Del
Turco and Deller (2007) with minor modifications. Male or female
mouse pups (GRN"/7,GRN /", GRN~/") at postnatal days 3—5 were
decapitated, brains were gently removed, and neocortex was dissected
and cut on a chopper (Mcllwain Tissue Chopper; Mickle Laboratory
Engineering) into sections of 400 uwm. Four sections were transferred to
one membrane insert (Millicell, 30 mm, 0.4 wm pore size; Millipore
Corporation) and cultured in a six-well plate. Cultures were kept in a
humidified incubator (95% air, 5% CO,, 35°C) and allowed to adjust to
culture conditions for 3 d. Thereafter, media were exchanged for media
supplemented with compounds and incubated for 48 h. Supernatants
were collected, immediately frozen, and stored at —80°C. Slice culture
medium contained the following: 50% MEM, 25% heat inactivated nor-
mal horse serum, 25% Basal Medium Eagle, 25 mm HEPES, 2 mm Glu-
tamax I, 0.65% glucose, 0.1 mg/ml streptomycin, 100 U/ml penicillin,
and 0.15% sodium bicarbonate, pH 7.3.

Inhibitors and reagents. The following inhibitors were used: bafilomycin
Al (BafAl), pepstatin A, antipain, ALLN (N-acetyl-Leu-Leu-Nle-CHO)
(all Merck, Calbiochem), MG132 (carbobenzoxy-L-leucyl-L-leucyl-L-
leucinal), epoxomicin (Biomol), concanamycin A, bepridil, amiodarone
(all Sigma), archazolid B, and apicularen A were dissolved in DMSO.
Leupeptin (Merck, Calbiochem), chloroquine (CQ) NH,CI, EDTA, and
phenanthroline (Sigma) were dissolved in H,O. Trans-Epoxysucciny-L-
leucyl-amido(4-guanidino) butane (E64) (Biomol) was dissolved in 50%
ethanol, and actinomycin D and cycloheximide (Sigma) were dissolved
in methanol. Concentrations and duration of treatment are indicated in
the figure legends.

Antibodies. The following antibodies were used for immunoblotting:
rabbit polyclonal antibody to human GRN (1:700; Invitrogen), sheep
polyclonal antibody to mouse GRN (1:1000; R & D Systems), mouse
monoclonal antibody to B-actin (1:2000; Sigma), rabbit polyclonal anti-
body to ATG-5 (1:2000; Cell Signaling Technology), and a mouse mono-
clonal antibody to LC3 (1:1200; Nanotools). Secondary antibodies were
HRP-conjugated goat anti-mouse, goat anti-rabbit IgG (1:10,000; Pro-
mega), or anti-sheep IgG (1:5000; Santa Cruz Biotechnology). For im-
munocytochemistry, mouse monoclonal antibody to GRN (1:500; R & D
Systems), rabbit polyclonal antibody to calnexin (1:500), Alexa Fluor-
488- and Alexa Fluor-647-conjugated monoclonal antibodies to cis-
Golgi matrix protein (GM-130) (1:10; BD Pharmingen) and LAMP-1
(1:50; Santa Cruz Biotechnology), respectively, were used. The rabbit

J. Neurosci., February 2, 2011 - 31(5):1885-1894 + 1887

A Hela
37°C  20°C 4
BafAl - + - + Cond.
kDa media % 3
os—| GRN 252
z 5
lysate % o1
op - M| == W) i 0 =% =+ Bafal
4 37°C 20°C
So_g: B'ACtin C Increased excitation
+ BafAl -BafAl
B MEF
wt ATG5"
BafAl - + - +  (ond
kDa media

98— ms g ' | GRN

64—

98 Lysate
T e - -
64— GRN
16— ’ ’

- LC3 1l

50 — | e e - | 3-Actin

Figure2. The BafA1-mediated GRN increase is independent of lysosomal degradation and
autophagy. A, BafA1treatment was performed at 20°C to block forward transport through the
secretory pathway and under control conditions (37°C). Media and cell lysates were subjected to
GRN immunoblotting, followed by quantification. GRN levels were normalized to untreated
control cells. Note that at 20°C no secretion is observed; therefore, no GRN is detected in condi-
tioned media. B, MEFs from ATG-5 knock-out and wt mice (Mizushima etal., 2001) were treated
with and without 25 nm BafA1 for 20 h. The complete loss of autophagosome formation was
verified by LC3 immunoblotting. Note that inhibition of autophagy does not affect GRN secre-
tion neither under control conditions nor during BafA1 treatment. The absolute GRN levels of
the ATG-5 knock-out and the wt MEF cells are not directly comparable because primary MEF cells
are of different origin. C, Hela cells transfected with a GFP—LC3 (green) fusion construct were
immunostained for GRN in the absence and presence of BafA1. No colocalization of GRN with
autophagosomes was observed. Scale bar, 10 pm.

antibody to TMEMS59 (1:300) was a generous gift from Dr. Lichtenthaler
(German Center for Neurodegenerative Diseases, Munich, Germany)
and have been described previously (Ullrich et al., 2010).
Immunocytochemistry. HeLa cells were grown on poly-lysine-coated
coverslips, fixed for 20 min with 4% paraformaldehyde and 4% sucrose
in PBS, permeabilized for 10 min with 0.2% Triton X-100 and 50 mm
NH,Cl in PBS, and subsequently blocked for 1 h in PBS with 5% BSA.
Cells were then double stained with the indicated antibodies for 2 h. After
washing repeatedly with PBS, cells were incubated with Alexa Fluor-488
and Alexa Fluor-555 (Invitrogen) coupled secondary anti-mouse, anti-
rat, or anti-rabbit antibodies for 1 h. Subsequently, cells were washed
with PBS, and the coverslips were mounted on glass slides using Mowiol
(Hoechst) supplemented with 0.5% 1,4-diazabicyclo(2.2.2)octane
(Sigma). Images were obtained on a Carl Zeiss confocal laser scanning
microscope (LSM 510 META) using an oil-immersion 100X/1.4 objec-
tive and the LSM software version 4.2 (Carl Zeiss). For LC3 staining, the
GFP-LC3 cDNA construct (Schmid et al., 2007) was transfected into
HeLa cells grown on coverslips, using Lipofectamine 2000 (Invitrogen)
according to the instructions of the manufacturer. At 24 h after transfec-
tion, cells were subjected to BafAl treatment (30 nm) for 16 h. Immuno-
cytochemistry was performed as described above. LysoSensor DND-189
and LysoTracker DND-99 (Invitrogen) dyes were used for labeling acidic
cell organelles. Therefore, cells were incubated with the indicated dye for
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30 min according to the instructions of the
manufacturer. Cells were imaged directly after
incubation with the indicated dye, using an oil-
immersion 40X/1.3 objective or a 10X
objective.

Metabolic labeling and TCA precipitation on
filter. To analyze total protein secretion, HeLa
cells were incubated for 16 h with 5 MBg/ml
3S-methionine/cysteine (Hartmann Analytic)
in methionine-, cysteine-, and serum-free me-
dium, in the presence of DMSO, BafA1, or CQ
at the indicated concentrations. Conditioned
media, 10 ul, were pipetted on Whatman filter
paper, and proteins were precipitated by boil-
ing the filter in 5% TCA for 10 min, followed by
extensive washing in acetone. Quantification
was performed in a scintillation counter (Beck-
man Coulter).

Preparation of conditioned media, cell lysates,
and immunoblotting. Conditioned media were
collected, immediately cooled down, and cen-
trifuged at 15,000 X g for 15 min at 4°C. Super-
natants were either directly or after TCA
precipitation subjected to standard 10% SDS-
PAGE. For cell lysates, cells were washed twice
with PBS, scraped off, and pelleted at 1000 X g,
5 min. Cell pellets were lysed for 15 min in
ice-cold STEN lysis buffer (150 mm NaCl, 50
mm Tris-HCl, pH 7.6, 2 mm EDTA, and 1%
NP-40), freshly supplemented with protease
inhibitor cocktail (Sigma), and clarified by
centrifugation at 4°C for 30 min at 15,000 X g.
Equal amounts of protein were separated by
SDS-PAGE and transferred onto polyvinyli-
dene difluoride membranes. For detection,
the indicated antibodies were used. Bound
antibodies were visualized by horseradish
peroxidase-conjugated secondary antibody
using enhanced chemiluminescence tech-
nique (GE Healthcare).

Quantifying mRNA with real time reverse
transcription-PCR. For quantitative reverse tran-
scription (qQRT)-PCR total RNA was prepared us-
ing the RNeasy kit (Qiagen). RNA preparations
were treated with DNase (DNase I, RNase-free;
Qiagen) and 1 ug of total RNA was used for re-
verse transcription with oligo-dT primer and
Moloney murine leukemia virus reverse tran-
scriptase (Ambion) according to the protocols of the manufacturer. qRT-
PCR was performed on a 7500 Fast Real-Time PCR System (Applied
Biosystems) with TagMan technology, using primer sets from Applied Bio-
systems: for mouse GRN, Mm00433848_m1 (exon boundary 4-5); for
mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH ), 4352339E;
for human GRN, Hs00173570_m1 (exon boundary 1-2); and for human
GAPDH, 4326317E. Each sample was analyzed in triplicate, and levels of
GRN cDNA were normalized to GAPDH ¢DNA according to the AACt
method using the equation 2 —(CtGRN — CtGAPDH)treatment — (CtGRN—
CtGAPDH)control.

Northern blotting. For Northern blot analysis, quality of total RNA
was controlled using the Agilent 2100 Bioanalyser (data not shown).
Total RNA, 3 g, were separated on a formaldehyde-containing aga-
rose gel. Transfer onto a HyBond N membrane (GE Healthcare) and
hybridization were performed as described previously (Lammich et
al., 2004). Templates of GRN and GAPDH for generating the radio-
active probes were amplified by PCR using following the primer pairs:
for GRN, 5'-GAGCTCGGATCCGTCGACCCACGCGTCCGCAA-
GGTAC-3" and 5-AAACTGCAGTGGAAGCCCCGTGGGCAGCAG-3';
for GAPDH, 5'-GGAAGCTTGTCATCAATGG-3" and 5’-CAGG-
GATGATGTTCTGGAG-3'. [**P]dCTP (Hartmann Bioanalytics)-
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BafA1 causes a posttranscriptional increase of GRN expression and secretion. 4, Quantification of GRV mRNA in BafA1
(25 nm; 16 h) treated and untreated Hela and N2a cells by qRT-PCR. GRN mRNA levels were normalized to GAPDH mRNA and are
presented as the ratio to the untreated control. Parallel experiments were performed in the presence of the transcription inhibitor
actinomycin D (ActD; 1 m). B, Conditioned media of the samples used for RNA extraction in A were analyzed for protein levels of
GRN by immunoblotting and subsequently quantification. €, Northern blot of BafA1 (25 nm; 16 h) treated and nontreated Hela cells
probed for GRN and reprobed for GAPDH. Quantification of triplicates was performed with a Phosphorlmager. For A-C, normalized
values are shown as means = SD (n = 3) of independent experiments (***p << 0.001; ****p < 0.0001; *****p < 0.00001 by
Student’s two-tailed, unpaired ¢ test).

labeled probes were generated using the Random Primers DNA
Labeling System (Invitrogen). Labeled RNA was detected by exposure
of the blot to Super RX film (Fuji) and quantified by PhosphorImager
(Molecular Dynamics).

ELISA for human and mouse GRN. Secreted GRN in conditioned me-
dia was quantified by a sandwich immunoassay using the Meso Scale
Discovery Sector Imager 2400. Streptavidin-coated 96-well multi-array
plates were blocked in blocking buffer (0.5% bovine serum albumin and
0.05% Tween 20 in PBS, pH 7.4) overnight. For detection of human
GRN, plates were incubated for 1 h at room temperature with a biotin-
ylated goat anti-human GRN capture antibody (R & D Systems) diluted
1:100 in blocking buffer. Plates were washed four times with washing
buffer (0.05% Tween 20 in PBS) before addition of the samples or the
standards (GenWay Biotech) and the first detection antibody (mouse
monoclonal anti-human GRN antibody; 1:2000 diluted in blocking buft-
er; R & D Systems). Plates were incubated at room temperature for 2 h,
followed by three washing steps. For detection, a SULFO-TAG-labeled
secondary anti-mouse antibody (1:1000; Meso Scale Discovery) was
added, and plates were incubated for 1 h in the dark. After three washes,
Meso Scale Discovery Read buffer was added, and the light emission at
620 nm after electrochemical stimulation was measured using the Meso
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screened for compounds capable of inhib-
iting proteolytic degradation of GRN, be-
cause GRN may be metabolized during its
passage through the secretory pathway or
during receptor-mediated uptake. To an-
alyze whether GRN is subject for degrada-
tion, cells were treated with a variety of
protease inhibitors, and subsequently cell
lysates as well as conditioned media were
analyzed for an increase in GRN levels. In
two different cell lines, HeLa cells and
neuronal SH-SY5Y cells, inhibitors of ly-
sosomal proteases such as pepsatin A,
E64, and leupeptin, had no effect on the
amount of intracellular (Fig. 1A) or se-
creted (Fig. 1 B) GRN, except the alkaliz-
ing reagent BafAl, which significantly
increased intracellular (Fig. 1A) as well as
secreted (Fig. 1 B) GRN. In addition, inhi-
bition of the ubiquitin proteasome system
with MG132 or epoxomicin failed to in-
crease GRN levels in cell lysates or condi-
tioned media (Fig. 1A,B). Moreover,
inhibition of the neutrophil elastase, an
enzyme involved in processing of pro-
granulin into granulin peptides (Bateman
and Bennett, 2009), had no effect on GRN
levels (data not shown). Thus, BafAl was
the only compound found to significantly
elevate intracellular and secreted GRN
levels.
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Figure 4.

counting. Data were normalized to untreated cells (means = SD, n = 3) (C, D, right).

Scale Discovery Sector Imager 2400 reader. For detection of mouse GRN,
mouse-specific anti-GRN antibodies and the appropriate secondary de-
tection antibody were used: biotinylated sheep anti-mouse GRN anti-
body (1:200; R & D Systems), rat anti-mouse GRN antibody (1:1000; R &
D Systems), and a SULFO-TAG-labeled secondary anti-rat antibody di-
luted 1:500 [SULFO-TAG was coupled to anti-rat IgG (Sigma) using
Meso Scale Discovery SULFO-TAG-NHS-ester according to the protocol
of the manufacturer, respectively].

Animal husbandry. All experiments were performed in compliance
with the guidelines of the German Council on Animal Care.

Results

Bafilomycin A1l increases intracellular and secreted GRN
Strong evidence supports the finding that GRN haploinsuffi-
ciency is causally associated with neurodegeneration observed in
all patients carrying a loss-of-function mutation in GRN. Increas-
ing GRN levels by influencing its turnover or production is con-
sequently a promising therapeutic approach. We specifically

Alkalizing reagents increase intracellular and secreted GRN levels. A, Hela cells pretreated with BafA1 (16 h, 30 nm)
and nontreated control cells were incubated with 100 nm LysoSensor, at indicated time points after BafA1 treatment. Note that the
inhibition of lysosomal acidification by BafA1is reversible. B, HeLa cells were treated with BafA1 (50 nm), CQ (50 i), and NH,CI (25
mw). Conditioned media (left) and cell lysates (right) were analyzed for GRN expression by immunoblotting. GRN increase was
quantified in conditioned media and cell lysates. Data are expressed as fold increase of untreated control cells and shown as
means = SD (n = 3) (*p < 0.05; **p < 0.01; ***p << 0.001 by one-way ANOVA post hoc Dunnett's test). For dose—response
curves, Hela cells were treated for 16 h with BafA1 (€) or CQ (D) at the indicated concentrations. Secreted GRN was analyzed by
immunoblot and quantified (C, D, left). Potential effects of BafA1 or CQ treatment on total protein production and secretion were
quantified by metaboliclabeling. Secreted **S-methionine-labeled proteins were measured after TCA precipitation by scintillation

1 5 10 50 pM

ca independent of lysosomal and

autophagosomal degradation

BafAl selectively inhibits the vacuolar
ATPase (v-ATPase), which among other
cellular consequences leads to impaired
lysosomal degradation (Bowman et al.,
2004). Surprisingly, all inhibitors of ly-
sosomal proteases had no effect on GRN
levels (Fig. 1A,B), suggesting that the
BafAl-induced GRN increase is indepen-
dent of lysosomal degradation. To con-
firm that GRN does not accumulate in
lysosomes during BafA1 treatment, we in-
vestigated the subcellular localization of
GRN in the presence and absence of BafA1l. Without BafA1 treat-
ment, low levels of endogenous GRN were only detectable after
increased laser excitation (Fig. 1C). GRN was localized in a vesic-
ular compartment that costained with Golgi marker antibodies to
GM-130 and TMEM59 (Ullrich et al., 2010), respectively, and to
some extend with the endoplasmic reticulum (ER) marker anti-
body to calnexin (Fig. 1C). During BafA1l treatment, we ob-
served a significant increase in intracellular GRN within the
ER and the Golgi network, so that images could be acquired
with reduced laser excitation. However, BafAl treatment
caused no change in intracellular GRN distribution and did
not result in a colocalization of GRN with the lysosomal
marker LAMP-1 (Fig. 1C, bottom). These findings suggest
that BafAl does not cause an accumulation of GRN in lyso-
somes but instead causes an increase in intracellular GRN
levels early within the secretory pathway.
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Figure5. v-ATPase inhibitors increase intracellular and secreted GRN levels. HeLa cells were
treated with the highly specific v-ATPase inhibitors concanamycin A (ConA; 50 nu), archazolid B
(ArcB; 50 nm), and apicularen A (ApiA; 100 nu). Conditioned media and cell lysates were ana-
lyzed for GRN expression by immunoblotting. GRN increase was quantified in conditioned me-
dia and cell lysates. Data are expressed as fold increase of untreated control cells and shown as
means == SD (n = 3) (**p << 0.01; ***p << 0.001 by one-way ANOVA post hoc Dunnett’s test).

To further prove that BafAl increases GRN levels indepen-
dently of impaired lysosomal degradation, we blocked protein
transport beyond the Golgi complex by incubating cells at 20°C
(Griffiths et al., 1989). In control cells kept at 37°C, BafAl treat-
ment led to the expected intracellular and extracellular increase
of GRN (Fig. 2A). In cells incubated at 20°C, GRN secretion was
abolished (Fig. 24, top) as expected. However, GRN still accu-
mulated intracellularly during BafA1l treatment (Fig. 2A, mid-
dle), confirming that the intracellular GRN accumulation is not
attributable to impaired endocytosis or lysosomal degradation of
GRN.

Besides inhibition of lysosomal degradation, blocking of ves-
icle acidification also leads to impaired autophagy. To investigate
whether GRN undergoes autophagic degradation, we investi-
gated GRN metabolism in the presence and absence of BafAl in
mouse embryonic fibroblasts derived from ATG-5 knock-out
mice (Mizushima et al., 2001) and in control fibroblasts. A defi-
ciency in ATG-5, a gene essential for autophagy, caused no a
priori increase in GRN levels (Fig. 2B). However, absence of
autophagosome formation still allowed the BafAl-induced in-
crease in intracellular and extracellular levels of GRN (Fig. 2 B),
suggesting that increased GRN levels are not caused by an im-
paired autophagic degradation of GRN. Immunohistochemistry
demonstrates that GRN does not colocalize with transiently
transfected GFP-LC3, a marker protein of autophagosomes, with
or without BafA1 treatment (Fig. 2C), confirming that autophagy
is not involved in the BafAl-mediated increase of GRN.

Bafilomycin A1 increases GRN levels independent of
transcription

Recently, it has been demonstrated that, under aberrant lysoso-
mal storage conditions, GRN mRNA among many others is tran-
scriptionally upregulated (Sardiello et al., 2009). Furthermore, it
has been shown that, under extracellular acidic conditions, GRN
mRNA is increased up to twofold in primary rat skin fibroblast
cells (Guerra et al., 2007). We therefore investigated whether
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Figure6. Sustained effects of BafA1 on GRN secretion. A, Hela cells were treated with BafA1
(30 nw) for 16 h. In a first set of cultures, GRN in conditioned media and lysates was analyzed
directly after BafA1 treatment (time point 0 h). After terminating BafA1 treatment, a second set
of cultures were kept without BafA1 for additional 72 h. Conditioned media were collected
during the last 16 h of this time period. Control cells were treated with DMSO for the same time
interval (control). B, Vesicle acidification was monitored by LysoTracker staining (30 min).
Corresponding differential interference contrast (DIC) images are shown below. Impairment of
vesicular acidification is observed immediately after BafA1 treatment but not 72 h after treat-
ment. Scale bar, 20 m.

transcriptional mechanisms are responsible for the increase in
GRN during treatment with BafAl. In HeLa cells, GRN mRNA
levels were not significantly changed, whereas in N2a cells, a
mouse neuroblastoma cell line, a twofold increase in GRN mRNA
was detected during treatment with BafA1 (Fig. 3A). However, in
contrast to the twofold increased mRNAs levels in N2a cells,
BafAl caused an approximately 25-fold increase of GRN in con-
ditioned media (Fig. 3A,B). Moreover, GRN protein still in-
creased several-fold during BafA1 treatment when transcription
was blocked by actinomycin D (Fig. 3A, B), demonstrating that
posttranscriptional mechanisms are sufficient to cause the signif-
icant increase in secreted GRN. Finally, the generation of alterna-
tively spliced mRNAs could be excluded, because we detected
only one mRNAs species of identical length with and without
BafA1l treatment (Fig. 3C). Thus, besides a moderate and proba-
bly cell line-dependent transcriptional upregulation, posttran-
scriptional mechanisms most likely cause the significant increase
in GRN expression and secretion during BafAl treatment.

Alkalizing reagents increase GRN

Consistent with the neutralizing effect of BafA1 on acidic cellular
compartments, monitoring of the intracellular pH in BafAl-
treated and untreated cells proved that BafA1l rapidly and revers-
ibly affects the cellular pH. Whereas in control cells lysosomes
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Rescue of reduced GRN levels in organotypic cortical slice cultures of heterozygous GRN knock-out mice. Cortical slice cultures (n = 6 for each mouse), GRN*/* (n=1) or RN/~ (n =

8), were prepared. After 72 h, media were collected (4, days 0—3) and exchanged with drug- or DMSO-containing media. Two sets of cortical slice cultures of each mouse were treated with BafA1
(25nm), CQ (10 gum), or DMSO for 48 h (B, days 3—5). After 48 h, media were replaced and secreted proteins were collected for 96 h in the absence of drugs (C, days 5-9). GRN levels were measured

in triplicates using a sandwich ELISA specific for mouse GRN (means == SD, n = 3).

and other acidic vesicles were readily stained with LysoSensor, no
labeling was observed immediately after 16 h treatment with
BafA1 (time point 0 hin Fig. 4 A). However, during withdrawal of
BafAl, the intracellular pH rapidly normalized, as proven by the
robust vesicular staining with LysoSensor after 4, 8, and 24 h (Fig.
4A). Thus, BafAl prevents vesicular acidification in our cellular
system, and this effect is fully reversible. Consistent with the al-
kalizing activity of BafAl, other alkalizing reagents, such as
NH,Cl and CQ, also elevated endogenous GRN levels in cell ly-
sates and in conditioned media of HeLa cells (Fig. 4B) and all
analyzed neuronal and non-neuronal cells (data not shown).
BafAl reaches its maximal effect on GRN at 25-50 nm without
affecting general protein secretion (Fig. 4C). CQ increased GRN
levels dose dependently up to 50 uM (Fig. 4 D). Even at high doses
of CQ, no general effect on total protein secretion was observed
(Fig. 4 D). Together, impaired vesicle acidification, obtained dur-
ing BafAl, CQ, or NH,Cl treatment, is sufficient to increase in-
tracellular and consequently secreted GRN without affecting
general secretion.

v-ATPase is the cellular target of BafAl

v-ATPase was confirmed as the cellular target of BafAl by treat-
ment of cells with three independent and highly selective
v-ATPase inhibitors, namely concanamycin A, archazolid B, and

apicularen A (Huss et al., 2005). All three v-ATPase inhibitors
increased intracellular and extracellular levels of GRN to a similar
extent as BafAl in HeLa cells (Fig. 5) and all analyzed neuronal
and non-neuronal cells (data not shown).

Interestingly, inhibition of v-ATPase not only led to a robust
intracellular and extracellular increase of GRN but also had sus-
tained effects. Even 72 h after the initial overnight treatment with
BafAl, significantly increased levels of GRN were still observed in
cell lysates and conditioned media compared with control-
treated cells (Fig. 6A). Importantly, 72 h after BafAl treatment
was terminated, LysoTracker staining revealed robust labeling of
acidic vesicles, demonstrating that BafAl was washed out and
that lysosomal pH was normalized again (Fig. 6 B). Thus, the
long-lasting posttreatment increase of GRN secretion is indepen-
dent of the actual lysosomal pH, consistent with the data pre-
sented above.

Targeting of v-ATPase or increasing intracellular pH rescues
GRN deficiency in cortical slice cultures from GRN knock-out
mice and in primary cells from human patients

Next we investigated whether reduced GRN levels attributable to
disease-causing GRN haploinsufficiency could be elevated to
physiological levels by alkalizing reagents. The only currently
available animal model for GRN deficiency is the heterozygous
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BafA1and (Q treatment rescues reduced GRN levels in primary human lymphoblasts. Lymphoblasts derived from loss-of-function mutation carriers (DR lines) and control lymphoblasts

from non-mutation carriers (CR lines) were cultured at equal cell density. Triplicates of each DR-cell line were treated with BafA1 (25 nw) (4), CQ (10 wm) (B), or the alkalizing drugs amiodarone (5
M) (€) and bepridil (5 m) (D) for 16 h. For controls, triplicates of each CR cell line were treated with DMSO for 16 h. GRN levels in conditioned media were determined by ELISA. For CR cell lines, GRN
levels of untreated cells are shown. Data represent means == SD. Note that all cell lines derived from GRN mutation carriers displayed a significant increase of GRN during treatment with both drugs.

GRN knock-out mouse (Kayasuga et al., 2007; Yin et al., 2010).
We used organotypic cortical slice cultures to monitor GRN lev-
els in the presence and absence of BafAl. As expected, we ob-
served an ~60-70% reduction of GRN in conditioned media
from organotypic cortical slice cultures derived from GRN'/~
mice (Fig. 7A) similar to human patients with GRN mutations
(Ghidoni et al., 2008; Finch et al., 2009; Sleegers et al., 2009).
During BafAl treatment of organotypic cortical slice cultures
derived from GRN™/~ mice, an increase in GRN in the culture
media was achieved (Fig. 7B), whereas a smaller but still signifi-
cant stimulation was observed with CQ (Fig. 7B). Again, the ef-
fects were long lasting, and an even more pronounced increase
was detected after BafAl treatment was terminated (Fig. 7C). To
test whether GRN can be increased to physiological levels in a
disease setting, we treated lymphoblasts derived from four
healthy controls and six patients with confirmed familial FTLD—
TDP carrying a GRN loss-of-function mutation (Brouwers et al.,
2007; Gijselinck et al., 2008) with BafA1 and CQ. CQ is of special
interest for therapy because it is frequently used for malaria pro-
phylaxis and treatment, in autoimmune disorders, and in sensi-
tizing cancer therapy (Solomon and Lee, 2009). As expected,
absolute levels of GRN were reduced in conditioned media ob-
tained from cells with GRN loss-of-function mutations com-
pared with cells derived from healthy controls (Fig. 8). Levels of
GRN were significantly increased during stimulation with BafAl
to levels at least similar to untreated cells of healthy control sub-
jects (Fig. 8A). CQ treatment led to a less pronounced but still
significant increase of GRN secretion (Fig. 8 B). Finally, we also
investigated the potential of bepridil and amiodarone to increase
GRN levels. Both drugs are weak bases and are clinically used for

treatment of angina pectoris or arrhythmias (Hollingshead et al.,
1992; Siddoway, 2003). Moreover, both drugs were shown re-
cently to modulate amyloid B-peptide production (Mitterreiter
et al., 2010). When the above described lymphoblast cells from
healthy controls and FTLD-TDP patients carrying a GRN loss-
of-function mutation were treated with bepridil or amiodarone,
both drugs significantly increased GRN levels in conditioned me-
dia (Fig. 8C,D). Thus, our data demonstrate that GRN deficiency
can be rescued with clinically used drugs in lymphoblasts derived
from patients with familial FTLD-TDP and in brain slices of
GRN*'~ mice, two independent models that recapitulate disease
associated GRN deficiency.

Discussion

GRN haploincufficiency is the cause of FTLD-TDP in patients
with GRN-associated loss-of function mutations. Increasing pro-
duction of GRN from the remaining wt allele is therefore alogical
therapeutic approach. Based on the currently available data, the
full-length GRN protein rather than the proteolytically processed
granulin peptides is expected to exert the described beneficial
neurotrophic and anti-inflammatory function (Kessenbrock et
al., 2008; Van Damme et al., 2008; Ryan et al., 2009). However,
even if GRN-associated FTLD-TDP would be caused by lack of
GRN peptides, rather than by the GRN holoprotein, elevating
their precursor would be beneficial, because this should also re-
store the amount of its cleavage products.

Here, we demonstrate that alkalizing compounds, including
three clinically used drugs, as well as inhibitors of the v-ATPase
are capable to restore GRN levels in an animal model with re-
duced GRN and in cells from patients with loss-of function GRN
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mutations. The pH of intracellular compartments and the extra-
cellular space is carefully controlled by the proton pump
v-ATPase, a multiprotein complex, which is ubiquitously ex-
pressed in all cell types and is localized in cellular organelles such
as Golgi, lysosomes, and endosomes and at the plasma membrane
(summarized by Forgac, 2007). We demonstrate that specific in-
hibitors of the v-ATPase, such as the well known plecomacrolides
BafA1l and concanamycin A as well as the novel inhibitors archa-
zolid B and apicularen A (summarized by Huss and Wieczorek,
2009), increase intracellular and thus consequently extracellular
GRN levels at nanomolar concentrations. Off-target effects be-
yond v-ATPase inhibition are unlikely because inhibitors of dif-
ferent chemical classes consistently increase GRN expression.
Moreover, apicularen A and plecomacrolides are known to bind
to distinct sites of the v-ATPase (Huss et al., 2005). We can also
rule out that inhibitors of v-ATPase affect putative receptor-
mediated uptake of GRN, because GRN accumulates during
treatment with BafA1 not only in conditioned media but also in
cell lysates. Moreover, when cellular transport through the secre-
tory pathway beyond the Golgi was blocked by low temperature
and consequently traffic to lysosomes and secrection is abolished,
GRN still accumulates within cells during BafAl treatment. In
addition, GRN does not accumulate in lysosomes or autophago-
somes during treatment with BafAl. Finally, the effect on in-
creased intracellular and extracellular GRN still persists even
when BafAl is washed out and the lysosomal acidification is
restored to physiological conditions. Together, these findings
demonstrate that impaired lysosomal degradation or reduced
receptor-mediated uptake of GRN is not causative for the GRN
increase during BafAl treatment. Finally, we also exclude that
transcriptional upregulation of GRN is required for the strong
increase in protein levels of GRN during inhibition of v-ATPase.
Our findings therefore suggest a translational upregulation of
GRN initiated by the intracellular pH changes induced by
v-ATPase inhibitors or alkalizing drugs. We demonstrate that
drug-induced GRN increase can compensate for reduced levels of
GRN in lymphoblasts of GRN-associated FTLD-TDP patients
and in organotypic slice cultures derived from a mouse model for
GRN deficiency. We therefore suggest that specific v-ATPase in-
hibitors, such as those currently discussed in cancer therapy (Fais
et al., 2007), or alkalizing drugs, such as the clinically used CQ,
bepridil, and amiodarone, may be further developed or improved
to increase GRN levels in FTLD-TDP patients with GRN muta-
tions to physiologically normal levels. Such drugs may be toler-
ated without major adverse side effects, as shown for CQ, a
frequently used malaria drug (Solomon and Lee, 2009). Drug
concentrations used in this study are therapeutically achievable
in plasma of patients during treatment (Sanchez et al., 2007). For
treatment of FTLD-TDP, it is of obvious interest that the poten-
tial drugs are able to cross the blood—brain barrier. CQ and ami-
odarone have been reported to cross the blood—brain barrier
(Riva et al., 1982; Koreeda et al., 2007) to some extent. Moreover,
CQ is used in ongoing studies on brain tumor therapy (Solomon
and Lee, 2009). To ensure correct dosing of the drugs, established
ELISAs are available for convenient monitoring of GRN levels in
plasma and CSF (Ghidoni et al., 2008; Finch et al., 2009; Sleegers
et al., 2009).
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