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Abstract

lysosome is still unclear.

processing and cathepsin L cleaves PGRN in vitro.

lipofuscinosis (NCL)

Background: Mutations resulting in progranulin (PGRN) haploinsufficiency cause frontotemporal lobar
degeneration with TDP-43-positive inclusions (FTLD-TDP), a devastating neurodegenerative disease. PGRN is
localized to the lysosome and important for proper lysosome function. However, the metabolism of PGRN in the

Results: Here, we report that PGRN is processed into ~10 kDa peptides intracellularly in multiple cell types and
tissues and this processing is dependent on lysosomal activities. PGRN endocytosed from the extracellular space is
also processed in a similar manner. We further demonstrated that multiple cathepsins are involved in PGRN

Conclusions: Our data support that PGRN is processed in the lysosome through the actions of cathepsins.
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Background

Progranulin (PGRN) is an evolutionarily conserved
glycoprotein of 7.5 granulin repeats encoded by the
granulin (GRN) gene in humans [1-4]. Mutations in the
GRN gene are associated with several neurodegenerative
diseases [1-4]. While PGRN haploinsufficiency is a lead-
ing cause of frontotemporal lobar degeneration (FTLD)
[5], complete loss of PGRN is known to cause neuronal
ceroid lipofuscinosis (NCL) [6, 7], a group of lysosomal
storage diseases. Accumulating evidence suggests an im-
portant function of PGRN in the lysosome. Transcrip-
tion of the GRN gene is regulated by the transcriptional
factor, TFEB, together with a number of essential lyso-
somal genes [8], and PGRN is trafficked to lysosomes
through two distinct pathways [9, 10]. However, the me-
tabolism of PGRN in the lysosome remains to be deter-
mined. One interesting hypothesis is that PGRN is
processed into granulin peptides in a similar manner to
prosaposin (PSAP), the precursor of saposin peptides (A,
B, C, D) that are essential for lysosomal glycosphingoli-
pid metabolism [11-13], and that granulins function to
regulate enzymatic activities in the lysosome [2].
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Results

Intracellular processing of PGRN

To test the potential processing of PGRN, we immuno-
precipitated PGRN and any potential PGRN-derived
peptides from primary microglia grown in [*°S]-labeled
methionine- and cysteine-containing medium using a
homemade antibody previously characterized [10]. The
immunoprecipitates were separated by Tricine-SDS
polyacrylamide-gel-electrophoresis (PAGE) to resolve
peptides below 10-15 kDa and were visualized using
autoradiography. In addition to full-length PGRN, a
band of approximately 10 kDa, corresponding to the ex-
pected size of granulin peptides, was present in wild type
(WT) mouse microglia but absent in Grn™'~ microglia
(Fig. 1la), indicating that these were peptides derived
from PGRN. Although PGRN has been shown to be
cleaved by elastase and MMPs extracellularly [14, 15],
we failed to detect any significant processed PGRN
products in the secreted fraction (Fig. la), suggesting
that PGRN is primarily processed intracellularly in
microglia.

Previously, we reported an interaction between PGRN
and PSAP [10]. However, PGRN does not bind to proc-
essed saposin peptides [10, 16]. While, based on the
autoradiography results alone, we can not rule out that
there might be other peptides interacting with PGRN,
most likely the peptides that we visualized are PGRN-
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Fig. 1 Intracellular processing of PGRN. a Primary microglia from WT
and G~ mice were labeled with [°SJmethionine and [*°Slcysteine
for 24 h. Cell lysates and media were immunoprecipitated by
homemade rabbit anti-PGRN antibodies and separated by 16%
Tricine-SDS PAGE. The PGRN and PGRN-derived peptide (GRNSs) signals
were visualized by autoradiography. * indicates non-specific bands.
Please note there is a weak non-specific band that is the same size as
fulllength PGRN in both lysate and medium. b PGRN processing in
MEF cells. Equal amounts of cell lysate from primary WT and Grm ™~
MEF cells (feft) and the rabbit anti-PGRN IP products from WT and Grn
= MEF cells (right) were separated on 4-12% Bis-Tris gels and blotted
with sheep anti-mouse PGRN antibodies (1:1000). * indicates non-
specific bands. Please note that PGRN runs slightly differently on Tricine
gels and Bis-Tris gels. ¢ PGRN processing in mouse tissues. Equal
amounts of tissue lysates were separated on a 4-12% Bis-Tris gel and
blotted with sheep anti-mouse PGRN antibodies (1:1000). d Brain tissue
from WT and G ™~ adult mice were lysed with RIPA buffer at a ratio
of 1:10 (gml) and an equal amount of protein was separated on a 4-12%
Bis-Tris gel and immunoblotted with sheep anti-mouse PGRN antibodies
(1:300). e Spleen tissues from WT and Gm"~ (Het) adult mice were lysed
with RIPA buffer at a ratio of 1:10 (gml) and an equal amount of protein
was separated on a 4-12% Bis-Tris gel and immunoblotted with sheep
anti-mouse PGRN antibodies (1:1000). The ratios between granulin peptides
(GRNs) and PGRN were quantified. ns: not significant, student’s T-test

derived. To confirm this, we attempted to detect these
peptides via Western blotting. A clear band of approxi-
mately 10 kDa was detected in lysates from the wild type
mouse embryonic fibroblasts (MEFs) but was absent
from Grn'~ fibroblasts using commercial polyclonal
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anti-mouse PGRN antibodies (Fig. 1b). This band was
also detected in the brain, liver, spleen, kidney, lung and
heart lysates from wild type mice (Fig. 1c, d), but was
absent in lysates derived from Grn™'~ tissues (Fig. 1d).
These data further support the existence of intracellular,
PGRN-derived peptides in multiple cell and tissue types.
Because PGRN haploinsufficiency causes FTLD, we also
tested whether the rate of PGRN processing is altered in
Grn*'~ versus WT spleen. The amount of both PGRN
and granulin peptides is reduced in Grn*’~ samples and
there is no statistically significant difference in PGRN
processing between WT and Grn*'~ (Fig. le).

PGRN processing is lysosome-dependent

It was previously shown that PGRN is localized to lyso-
somes within the cell [9, 10]. Although sortilin is the ca-
nonical lysosomal trafficking receptor for PGRN, we
have recently shown that PSAP, but not sortilin, is re-
quired for PGRN lysosomal trafficking in fibroblasts,
which express only negligible levels of sortilin [10]. To
determine whether lysosomal trafficking is required for
PGRN processing, we assessed PGRN processing in WT
and Psap™’~ fibroblasts. PSAP ablation totally abolished
PGRN processing, which could be rescued by expression
of PSAP with a viral vector (Fig. 2a). Furthermore,
PGRN processing was normal in fibroblasts in which
sortilin had been deleted [10] (Fig. 2a). Taken together,
these data suggest that lysosomal trafficking is required
for PGRN processing.

Because PGRN can also be delivered to lysosomes
from the extracellular space [9, 10], we wanted to deter-
mine whether extracellular-derived, endocytosed PGRN
can also be processed. To assess this, we treated primary
Grn™'~ cortical neurons with purified recombinant hu-
man PGRN. A band of approximately 10 kDa, corre-
sponding to the size of granulin peptides, was detected
when extracellular PGRN was added (Fig. 2b). Further-
more, PGRN uptake and lysosomal delivery is known to
be enhanced by PSAP [10]. Consistent with this, the
presence of recombinant PSAP greatly facilitated neur-
onal uptake of full-length PGRN and also increased the
levels of processed granulin peptides (Fig.2b).

To test the direct role of the lysosome in PGRN
processing, we treated MEFs with lysosomal inhibitors
known to interfere with lysosomal acidification. Either
bafilomycin Al, alone, or chloroquine with ammonium
chloride were used. Both bafilomycin Al and
chloroquine/ammonium chloride treatment led to the
reduction of the 10 kDa granulin peptide bands and
increased levels of full-length PGRN with both
radiolabeling and Western blot analysis (Fig. 2c, d),
supporting that proper lysosomal function is required
for intracellular PGRN processing.
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Fig. 2 PGRN processing is lysosome-dependent. a Primary Sort™”,
Grn™~, and Psap’/’ MEF cells, and Psap’/’ MEF cells infected with
PSAP lentivirus were labeled with [**S]-methionine and [*°S]-cysteine
for 24 h. Equal amounts of cell lysate were immunoprecipitated with
a homemade rabbit anti-PGRN antibody and separated by 16%
Tricine-SDS PAGE. The PGRN and PGRN-derived peptide (GRNSs)
signals were visualized by autoradiography. * indicates non-specific
bands. b PGRN delivered from the extracellular space is processed in
primary cortical neurons (DIV12). Primary cortical neurons were
treated with either human PGRN (hPGRN, 1 pg/ml) alone or together
with recombinant human PSAP (hPSAP, 1 ug/ml) as indicated for

16 h. The cells were harvested and proteins were separated on a
4-12% Bis-Tris gel, then blotted with goat anti-human PGRN antibodies.
¢ Intracellular processing of PGRN is dependent on lysosomal activity.
Primary MEF cells were labeled with [**S}-methionine and [**S]-cysteine
and treated with different lysosomal inhibitors: 50 nM bafilomycin or

15 mM ammonium chloride + 100 uM chloroquine for 16 h. The cell
lysates were immunoprecipitated with rabbit anti-PGRN antibodies and
separated by 16% Tricine-SDS PAGE. PGRN and PGRN-derived peptides
were visualized by autoradiography. * indicates non-specific bands. d
Primary MEF cells were treated with different lysosomal inhibitors, as
above. The cell lysates were separated on a Bis-Tris gel, then blotted with
sheep anti-mouse PGRN antibodies

PGRN processing is dependent on cathepsins

Because cathepsins are the main proteases in the lyso-
some [17, 18], we predicted that one or more could be
involved in PGRN processing. To determine the role of
several well-studied cathepsins in PGRN processing, we
tested PGRN processing in fibroblasts deficient in either
cathepsin B (Ctsb), cathepsin L (Ctsl), cathepsin D
(Ctsd), cathepsin K (Ctsk), cathepsin Z (Ctsz), or defi-
cient in both cathepsin B (Ctsb) and cathepsin L (Ctsl),
which were derived from available knockout mice.
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Deletion of cathepsin L, K or Z had no effect on PGRN
processing, while ablation of either cathepsin B or D re-
sulted in ~50% reduction in the ratio of processed
PGRN peptides versus full-length PGRN (Fig. 3a and b).
Interestingly, ablation of both cathepsin B and L resulted
in a much greater decrease in PGRN processing than
cathepsin B deletion alone (Fig. 3a, b), suggesting that
cathepsins B and L might play redundant roles in PGRN
processing, which is consistent with reported redun-
dancy between these enzymes [19]. To determine the
direct roles of cathepsins B, D and L in PGRN process-
ing, we tested the ability of recombinant cathepsins to
cleave recombinant PGRN in vitro. While cathepsin B
and D were capable of cleaving PGRN to a minor de-
gree, incubation of recombinant PGRN with cathepsin L
led to the generation of bands of approximately 10 kDa,
corresponding to the size of granulin peptides (Fig. 3c,
d). This is consistent with another study published while
our manuscript was under revision [20], in which they
confirmed that cathepsin L cleaves PGRN in the linker re-
gions between granulin peptides using mass spectrometry.
These data suggest that cathepsins are the key lysosomal
enzymes involved in intracellular PGRN processing.

Discussion

Many lysosomal proteins are known to undergo process-
ing in the acidic environment. One example is PSAP,
which is known to be processed into saposin peptides
(A, B, C, D) in the lysosome [11-13]. In this manuscript,
we showed that PGRN, the precursor of granulin pep-
tides, is processed intracellularly in a lysosome-
dependent manner and that multiple cathepsins are
likely to be involved in this processing. While our in
vitro analysis demonstrated that cathepsin L is very po-
tent in processing PGRN to granulin peptides (Fig. 3d),
cathepsin L - deficient MEFs do not show obvious de-
fects in PGRN processing (Fig. 3a, b), suggesting there is
another protease playing a role redundant to cathepsin L
in vivo. MEFs deficient in both cathepsin B and L have
minimal ability to process PGRN (Fig. 3a, b) despite ca-
thepsin B being minorly active towards PGRN in vitro
(Fig. 3d), indicating that cathepsin B is not the enzyme
directly processing PGRN in cathepsin L - deficient
MEFs. However, lysosomal enzymes are often activated
by the action of other enzymes, especially in the case of
cathepsins. Thus it is possible that an unidentified prote-
ase that is activated by cathepsin B is responsible for
processing PGRN in the absence of cathepsin L.

Our data also showed that PGRN is processed to the ~
10 kDa peptides in multiple cell types and tissues and
both mouse and human PGRN are processed in a similar
manner. This suggests that lysosomal PGRN processing
is a general phenomenon present in all cell types and
conserved during evolution. While it is likely that these
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Fig. 3 PGRN processing by cathepsins. a Cathepsin- and PGRN-deficient MEF cells were labeled with [>*S]-methionine and [355]—cysteine for 24 h and
the cell lysates were then immunoprecipitated with rabbit anti-PGRN antibodies and separated by 16% Tricine-SDS PAGE. PGRN and PGRN-
derived peptides were visualized by autography. * indicates non-specific bands. b Quantification of PGRN and PGRN-derived peptides in (a).
10 kDa PGRN-derived peptides were normalized with full-length PGRN signals in each group. Data is presented as means + sem. n = 3, *
P,0.05; ***P < 0.001, ns, not significant, one-way ANOVA, Tukey's Multiple Comparison Test. ¢ Recombinant cathepsin D was incubated with
recombinant human PGRN in acidic buffer for 16 h. Proteins were separated on a Bis-Tris gel and blotted with goat anti-human PGRN anti-
bodies. d Recombinant cathepsin B and L were incubated with recombinant human PGRN, as indicated, in acidic buffer for 4 h. Proteins were
separated on a Bis-Tris gel and blotted with goat anti-human PGRN antibodies

~ 10 kDa peptides are a mixture of granulin peptides,
the exact sequences of these peptides need to be further
analyzed. Future studies using mass spectrometry and
the development of tools and reagents to characterize
individual granulin peptides will allow a better under-
standing of PGRN processing.

Recently, PGRN was shown to physically interact with
cathepsin D and regulate its activity and multiple granu-
lins are involved in this interaction [21, 22]. One intri-
guing possibility is that granulins modulate cathepsin
activities in the lysosome. Different granulins might also
interact with different proteins in the lysosome in a
manner similar to how saposins activate different en-
zymes in the glycosphingolipid degradation pathway. Fu-
ture endeavors to identify lysosomal proteins interacting
with these granulin peptides will help us to obtain a bet-
ter understanding of their functions in the lysosome.

Conclusion

Our data support that PGRN is processed in a lysosome-
dependent manner and cathepsin L cleaves PGRN in
vitro. Further studies on the interacting partners of these
processed peptides will provide a better understanding
of PGRN function in the lysosome.

Methods

Pharmacological reagents and antibodies

The following antibodies were used in this study: goat
anti-human PGRN (1:1000 for Western blot) and sheep
anti-mouse PGRN (1:300 for brain lysate Western blot,
1:1000 for other Western blots,) from R&D systems.
Recombinant cathepsin D and L proteins were from
R&D systems. Bafilomycin Al, ammonium chloride and
chloroquine were from Sigma.

Expression constructs

Human CTSB and CTSD ¢DNA in the pDONR223 vec-
tor were obtained from the ORFeome Collection (kind
gifts from Dr. Haiyuan Yu). CTSB-myc-His and CTSD-
myc-His constructs were generated using a gateway
reaction with pDONR223-CTSB/CTSD and a modified
pcDNA3.1/myc-His A vector (Invitrogen), engineered
with a gateway cassette.

Cell culture, DNA transfection, protein purification, and
PSAP lentivirus production and infection

HEK293T were maintained in Dulbecco’s Modified
Eagle’s medium (Cellgro) supplemented with 10% fetal
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bovine serum (Gibco) and 1% Penicillin—Streptomycin
(Invitrogen) in a humidified incubator at 37 °C and 5%
CO,. Cells were transiently transfected with polyethyle-
nimine as described [23]. Conditioned medium from
cells transfected with the Cathepsin B-myc-His construct
was collected 4 days after transfection and incubated
with cobalt beads. After extensive washing, recombinant
Cathepsin B was eluted with imidazole and dialyzed to
PBS buffer. Recombinant human PGRN was purified
from the conditioned medium of transfected HEK293T
cells as described [10]. Primary microglia, cortical neu-
rons, and fibroblasts were cultured as described [10].
Primary cathepsin KO fibroblasts were derived from ctsd
—/-[24], ctsb-/- [25], ctsl-/- [26], ctsb—/- ctsi-/- [19],
ctsk—/— [27] and ctsz—/- [28] mice. PSAP lentiviruses
were generated from HEK293T cells and then used to
infect Psap’/ ~ fibroblasts as described [10].

Metabolic labeling and PGRN processing assay

To obtain [*°S]-labeled PGRN, culture medium was re-
placed with methionine- and cysteine-free DMEM with
10% dialyzed FBS for 2 h before the addition of [3°S]-la-
beled methionine and cysteine. After 24 h incubation,
cells were lysed with lysis buffer (50 mM Tris, pH 7.3,
150 mM NaCl, 1% Triton X-100, and 0.1% deoxycholate
with protease inhibitors). After immunoprecipitation
with homemade rabbit anti-PGRN antibodies [10], the
IP products were separated by 16% Tricine SDS-PAGE.
Fixation solution (10% methanol and 10% acetic acid)
was added, the gels were subsequently saturated with
amplification solution (1 M sodium salicylate, 10%
glycerol), and the autoradiographs of dried gels were
obtained on X-ray film at -80 °C.

In vitro cleavage of PGRN by cathepsins

1 pg of recombinant human PGRN and 0.25 pg of re-
combinant cathepsin B, D, or L, or PBS control were
combined and pre-incubated for 0.5 h on ice. 3x assay
buffer (150 mM NaOAc pH 5.3, 12 mM EDTA, 24 mM
DTT for cathepsin B and L; 300 mM NaOAc, 0.6 M
NaCl, pH 3.5 for cathepsin D) was added and brought to
1x by the addition of H,O to a final volume of 15 pl.
The reactions were kept at 37 °C for 4 h (cathepsin B
and L) or 16 h (cathepsin D) and the reaction stopped
by the addition of 2x Laemmli sample buffer. Proteins
were separated on a 4-12% Bis-Tris gel and visualized
using Western blotting with goat anti-human PGRN
antibodies.

Western blot analysis

Samples were separated by 4—12% Bis-Tris PAGE (Invi-
trogen) and transferred to 0.2 um nitrocellulose. West-
ern blot analysis was performed using anti-PGRN
antibodies as described [10].
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