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Abstract
Progranulin (PGRN) is a key regulator of lysosome and its de�ciency has been linked to various
lysosomal storage diseases (LSDs), including Gaucher disease (GD), one of the most common LSD. Here,
we report that PGRN plays a previously unrecognized role in autophagy within the context of GD. PGRN
de�ciency associated with accumulation of LC3-II and p62 in autophagosomes of GD animal model and
patient �broblasts, resulting from impaired fusion of autophagosomes and lysosomes. PGRN physically
interacted with Rab2, a critical molecule in autophagosome-lysosome fusion. Additionally, a fragment of
PGRN containing the Grn E domain was required and su�cient for binding to Rab2. Further, this fragment
signi�cantly ameliorated PGRN-de�ciency associated impairment of autophagosome-lysosome fusion
and autophagic �ux. These �ndings not only demonstrate that PGRN is a crucial mediator of
autophagosome-lysosome fusion, but also provide new evidence indicating PGRN’s candidacy as a
molecular target for modulating autophagy in GD and other LSDs in general.

Key Message
1) PGRN acts as a crucial factor involved in autophagosome-lysosome fusion in GD.

2) PGRN physically interacts with Rab2, a molecule in autophagosome-lysosome fusion.

3) A 15-kDa C-terminal fragment of PGRN is required and su�cient for binding to Rab2.

4) This PGRN derivative ameliorates PGRN-de�ciency associated impairment of autophagy.

5) This study provides new insights into autophagy and may develop novel therapy for GD.

Introduction
The autophagy-lysosomal system is responsible for catabolic, degradative processing of unwanted
materials and is crucial to the maintenance of cellular and tissue homeostasis. Autophagy-lysosomal
processing occurs in several stages; successful progression through these stages depends on integrated
function of lysosomes and autophagosomes [1]. Therefore, it is not unexpected that autophagic
dysfunction is a prominent feature of several lysosomal storage disorders [2-4]. Gaucher disease (GD),
one of the most common genetic lysosomal storage disease (LSD), is caused by mutations in the β-
glucocerebrosidase (GCase or GBA1) encoding GBA1 gene, which consequently lead to the accumulation
of β-glucosylceramide (β-GlcCer) in macrophages and other cell types [5-7]. Accumulation of β-GlcCer
leads to lysosomal dysfunction and subsequent defects in autophagy [3, 8]. Several studies have
reported observations of autophagy-lysosomal system impairment in the neuronopathic GD mouse
model [3, 9]. Moreover, GBA1 mutations can also trigger mitochondrial dysfunction and mitophagy
defects [10, 11].
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Progranulin (PGRN) is a widely expressed glycoprotein linked to a variety of physiologic and disease
processes, including early embryogenesis, wound healing, host defense, autoimmune disease, and cancer
[12-18]. PGRN exerts its pleiotropic functionality through multiple mechanisms. As a neurotrophic factor,
mutations in the PGRN gene associate with some neuropathic diseases, such as frontotemporal
dementia (FTD) and neuronal ceroid lipofuscinosis (NCL) [19-23]. PGRN also imparts anti-in�ammatory
effects in various conditions through targeting to TNF receptors [24-27]. Recent reports further reveal an
emergent link between PGRN and autophagy, however, the exact mechanism of how PGRN regulates the
autophagic pathway is unclear and controversial. PGRN de�cient neurons display reduced autophagic
�ux and enhanced accumulation of pathological forms of TDP-43 [28]. In murine models, PGRN
treatment may contribute to adipose insulin resistance via increased autophagy or autophagic imbalance
[29, 30], whereas some other reports indicate a controversial effect of PGRN with a reduction in hepatic
insulin signaling and autophagy [31].

Recent studies from several laboratories, including ours, have revealed associations between PGRN
de�ciency and lysosomal storage diseases, such as GD and Tay-Sachs disease [32, 33]. Jian et al.
recently reported that PGRN was a co-chaperone for lysosomal localization of GCase through linking
GCase to heat shock protein 70 (Hsp70) [14]. Given that impairment of the autophagy pathway is a
feature of GD pathology and PGRN is a novel important regulator of autophagosomes [9, 10, 28, 34], we
set out to investigate the role of PGRN in autophagy, particularly in PGRN de�ciency associated GD. In
this study, we found that PGRN interacted with Rab2 and its de�ciency impaired the fusion of
autophagosomes and lysosomes. More importantly, an approximately 15-kDa PGRN-derived protein, ND7,
which was resiposible for binding to Rab2, could effectively ameliorate the impaired autophagosome-
lysosome fusion.

Materials And Methods
Reagents and materials

Fibroblasts from Type 2 GD patients were purchased from Coriell Cell Repositories (Camden, NJ).
Antibodies against ATG5 (sc-133158), p62/SQSTM1 (sc-28359), LIMP2 (sc-55571), His-tag (sc-57598),
GFP (sc-9996), and GAPDH (sc-25778) were purchased from Santa Cruz Biotechnology (Dallas, Texas,
USA). Antibody against PCDGF (40-3400) was purchased from Invitrogen (Waltham, MA, USA). Antibody
against LC3B (#2775S) was purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies
against Rab2 (ab154729) and Bcl2-L13 (ab25895) were purchased from Abcam (Cambridge, UK).
Fluorescence labeled secondary antibodies were purchased from Jackson ImmunoResearch
Laboratories, Inc. (West Grove, PA, USA). 4-Methylumbelliferyl β-D-glucopyranoside (4-MUG, Cat. No.
M3633) was purchased from Sigma-Aldrich (Natick, MA, USA). LysoTracker Red DND99 (Cat. No. L7528),
HisPur™ Ni-NTA Resin (88221), and Pierce High-Capacity Endotoxin Removal Resin (Pub. Part No.
2162373.3) were purchased from Thermo Fisher Scienti�c (Bridgewater, NJ, USA). DAPI (Cat. No. H-1200)
was purchased from VECTOR Laboratories (Burlingame, CA, USA). The plasmid FUW mCherry-GFP-LC3
(#110060) was purchased from Addgene (Watertown, MA, USA). Recombinant His-tag PGRN protein was
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puri�ed from Hek293T stable cell lines as described previously [14]. Dulbecco’s Modi�ed Eagle Medium
(DMEM; Cat. No. 11965–118) and fetal bovine serum (FBS; Cat. No. 16000–044) were purchased from
Gibco-BRL (Waltham, MA, USA).

PGRN de�cient GD model

All animal experiments were approved by Institutional Animal Care and Use Committee (IACUC) of New
York University School of Medicine. Mice were group housed within the rodent barrier facility at the
Skirball Institute of Biomolecular Medicine with ad libitum access to food and water in a speci�c
pathogen free room under controlled temperature and humidity on a 12 hour light/dark cycle. C57BL6/J
background wild-type (WT) and PGRN KO mice were acquired from Jackson Laboratory and lines were
maintained within the animal housing facility. 8 week-old mice were induced with chronic lung
in�ammation by intraperitoneal (I.P.) injection of Ovalbumin (OVA)-Alum at Day 1 and Day 15, followed
by intranasal challenge with 1% OVA, beginning at Day 29 and administered at a frequency of every three
days for four weeks. In PGRN and ND7 rescue experiments, the frequency of intranasal challenge with
OVA was increased to three times a week, 4 mg/kg/week recombinant PGRN or ND7 were I.P. injected
starting from the �rst week of the intranasal challenge until to the end of this experiment and another
group of mice were treated with PBS as a negative control. The mice were sacri�ced, and spleen, liver, leg,
lung, and bronchoalveolar lavage (BAL) were collected.

Cell culture

GD L444P patient �broblasts, HEK293T and C28i2 cells were cultured in Dulbecco’s modi�ed Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin.

Generation knockout cell lines for PGRN or Rab2

CRISPR-Cas9 technology was used to delete PGRN or Rab2 genes. The gRNA that targets human PGRN
or Rab2 genomic sequence was subcloned into the lentiCRISPR lentiviral plasmid (Addgene, 49535;
deposited by Dr. Feng Zhang) following the manufacturer’s instruction. For the preparation of lentivirus,
human PGRN gRNA or Rab2 gRNA subcloned lentiCRISPR plasmids were cotransfected with lentiviral
packaging plasmids (psPAX2 and pMD2.G plasmid) into the HEK293T cells, respectively. 48 h post-
transfection, supernatants containing indicated lentivirus particles from cells were harvested. L444P
�broblasts were then infected with the indicated lentivirus and then selected with 1 μg/ml of puromycin
for 5-7 days. The PGRN or Rab2 knockout e�ciency in these selected cells was analyzed by western
blotting.

Western blotting

Protein samples were separated by SDS-PAGE. The samples were transferred to a nitrocellulose
membrane after gel electrophoresis. Nonspeci�c binding was blocked with 5% non-fat milk for 1hr and
the membrane was probed with the primary antibody overnight at 4°C. The membrane was washed in 3
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�ve minute washes with TBST prior to incubation with the secondary antibody for 2 hours at room
temperature and repeated washing. The bands were developed on the �lm using ECL Prime Western
Blotting Detection Reagent (Amersham Pittsburgh, PA, USA).

Preparation of lipid extraction

Mouse brain tissue was used as a source of lipid mixture. Brie�y, one mouse brain was dissected under
sterile conditions. The brain tissues were homogenized in 50 ml PBS. Bicinchoninic acid assay was used
to determine the protein level in the brain lysate.

LysoTracker assay

Type 2 GD L444P patient �broblasts were cultured on Black-clear bottom 96-well microplate or coverslips
in 24-well plates, and challenged with lipid lysis (50 μg/ml) for 24 h. The next day, fresh medium
containing 300 nM LysoTracker® Red was added for 1 h. The cells were washed with PBS. The
�uorescence intensity was read by the plate reader at excitation/emission of 647/668 nm, or the live
images were taken by �uorescence microscopy.

GCase activity measurement

For testing the effect of PGRN knockout on GCase (β-glucocerebrosidase/GBA) activity, �uorescent
substrate: 4-Methylumbelliferyl β-D-glucopyranoside (4-MUG) was used to determined GCase activity in
cell lysate. Brie�y, 20 ug cell lysate of L444P or L444P/PGRN KO �broblasts was incubated with 4-MUG in
0.1 M citrate buffer (0.8% w/v sodium taurocholate, pH 5.2) for 1 hour at 37oC. The �uorescence intensity
of released 4-methylumbelliferone was measured with SpectraMax i3x plate reader (excitation wave
length: 340nm; emission wavelength: 460nm), which indicated the GCase activity.

Immuno�uorescence staining and confocal microscope

Frozen lung sections, cover-slip cultured L444P/PGRN KO, or PGRN KO C28i2, were �xed with 4%
formaldehyde for 5 min and washed with PBS twice. The cells were permeabilized by 0.1% TritonX-100
PBS for 5 min and washed with PBS. The tissues were blocked with 1:50 dilution of normal donkey
serum for 30 min. Primary antibodies were probed on the slides at 4°C over-night. The next day, slides
were washed with PBS, indicated �uorescence-labeled secondary antibodies were added for 1 h and
followed by wash with PBS. The tissues or cells were mounted on anti-fade medium containing DAPI.
The images were taken by Leica TCS SP5 confocal system.

Construction of expression plasmids

cDNAs encoding either full-length human PGRN or its serial N-terminal or Grn E deletion mutant ∆-ND7
were cloned into pEGFP-N1 vectors by using EcoRI and BamHI sites. The amino acid number encoded by
N-terminal Deletions (ND) constructs: full-length PGRN (aa 1-593), ND1 (aa 45-593), ND2 (aa 113-593),
ND3 (aa 179-593), ND4 (aa 261-593), ND5 (aa 336-593), ND6 (aa 416-593), and ND7 (aa 496-593). The
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amino acid number encoded by Grn E Deletion construct: ∆-ND7 (aa 1-521). All constructs were
con�rmed by DNA sequence.

Immunoprecipitation

Plasmids of GFP-tagged PGRN and its N-terminal deletion or Grn E deletion mutant ∆-ND7, or GFP-vector,
was transfected in HEK293T cells for 48 hours. Cells were lysed by RIPA lysis and a total of 1 mg protein
was used to conduct co-immunoprecipitation (Co-IP) in each sample. Anti-GFP antibody was used to
perform immunoprecipitation and Rab2 antibody was used to probe the protein complex.

Co-localization analysis

To determine the colocalization of PGRN and Rab2, L444P �broblasts were grown in glass bottom
microwell dishes. When the cell con�uency reached to 80%, the cells were then �xed in 4% formaldehyde
for 5 min at RT. After washing steps, the cells were permeabilized with 0.1% Triton X-100 in PBS for 10
min. After further wash steps, the cells were blocked in the 1% (w/v) BSA/PBS at 4°C for 1 h. Then the
cells incubated with PGRN monoclonal antibody (1:200) and Rab2 polyclonal antibody (1:200) together
at 4°C overnight, followed by incubation with FITC-conjugated donkey anti-mouse IgG antibody (1:200)
and Cy5-conjugated goat anti-Rabbit IgG antibody (1:200) at room temperature for 1 hour. The cells were
then counterstained with 100 ng/mL 4,6-diamidino-2-phenylindole (DAPI, Molecular Probes, Cat# D1306)
for 10 min. Confocal images were taken on a Zeiss LSM710-UV Confocal Microscope.

Expression and puri�cation of ND7

The sequence for ND7 was inserted into pD444 expression vector with a His-tag (from DNA2.0, Menlo
Park, CA). ND7 was expressed in the BL21(DE3) E. coli strain after induction by 1 mM IPTG. After a 3 h
culture, cells were pelleted and sonicated to release the fusion protein. His-tagged ND7 was puri�ed by
using HIS-Select Nickel A�nity Gel (Sigma-Aldrich, Natick, MA, USA). Brie�y, E. coli cell lysis was
incubated with a�nity beads overnight, and washed with washing buffer (50 mM NaH2PO4, 200 mM
NaCl, 50 mM Imidazole, pH 8.0) six times. ND7 was eluted from beads with elution buffer (50 mM
NaH2PO4, 200 mM NaCl, 250 mM Imidazole, pH 8.0). After dialysis with PBS, endotoxin removal using
Pierce High-Capacity Endotoxin Removal Resin (Pub. Part No. 2162373.3) (Thermo Fisher Scienti�c
(Bridgewater, NJ, USA), and 0.2 μm �lter sterilization, recombinant ND7 protein was ready to be used.

Autophagic �ux analysis

To determine how PGRN KO and Rab2 KO affect autophagic �ux, tandem mCherry-GFP-LC3 assay was
used. This assay takes advantage of the differential sensitivity to lysosomal acidity. The GFP
�uorescence will be quenched in lysosomes as these are acidic compartments (pH 4 –5), whereas the
�uorescence of mCherry is relatively stable and retained within lysosomes. When the protein localizes to
autophagosomes, mCherry-GFP-LC3 emits both green and red �uorescence signals generating an overall
yellow signal. Additionally, the �uorescence of GFP, but not of mCherry, will be quenched within
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autolysosomes, making autolysosomes appear red. In this way, mCherry-GFP-LC3 tandem �uorescent-
tagged LC3 can be used to visualize transition from neutral autophagosomes to acidic autolysosomes.
Brie�y, the indicated knockout stable cell lines (PGRN KO or Rab2 KO) were transfected with GFP-
mCherry-LC3, 24 h post-transfection, the cells were treated with rapamycin at 37oC overnight and the
autophagic �ux was analyzed by �uorescence microscopy.

Transmission electron microscope (TEM)

After OVA treatment, WT and PGRN KO mice were anesthetized and the lung was perfused with a �xative
containing 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.2)
for 2 h. After washing, the samples were post�xed in 1% OsO4 for 1 h, followed by block staining with 1%
uranyl acetate for 1 h, dehydration, and �nally, embedded in Embed 812 (Electron Microscopy Sciences,
Hat�eld, PA). 60 nm sections were cut, and stained with uranyl acetate and lead citrate by standard
methods. Stained grids were examined under Philips CM-12 electron microscope (FEI; Eindhoven,
Netherlands) and photographed with a Gatan (4 k × 2.7 k) digital camera (Gatan, Inc., Pleasanton, CA).
The preparation of the cell samples for TEM were done with the assistance of Dr. Fengxia Liang at NYU
Medical School OCS Microscopy Core.

For immunogold labeling, the mice lung tissue sections were incubated with antibody against p62,
followed by incubation with secondary antibody labeled with 5 nm gold particle. Sections were observed
under electron microscopy.

Statistical analysis

For comparison of treatment groups, we performed unpaired t-tests, paired t-tests, or one-way ANOVA
(where appropriate). All statistical analysis was performed using GraphPad Prism 7 Software. Data are
shown as mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001.

Results
PGRN de�ciency leads to accumulation of autophagosomes in OVA-challenged PGRN null GD model

We previously reported that PGRN de�cient (PGRN KO) mice developed a typical GD cellular phenotype
following ovalbumin (OVA) challenge, as evidenced by enlarged macrophages reminiscent of classic
Gaucher-like cells and tubular lysosomes [14]. Leveraging this GD animal model (Fig. 1A), we �rst
examined the levels of autophagy-associated molecules. One of the typical autophagosome marker is
LC3, a microtubule-associated protein existing as two isoforms: LC3-I and LC3-II. A post-translational
modi�cation converts LC3-I into LC3-II, which is speci�cally associated with autophagosome membranes
and is widely used as an autophagic marker [35, 36]. The level of LC3-II in PGRN KO OVA mice was
signi�cantly higher than that in WT OVA mice, suggesting the accumulation of autophagosomes in PGRN
KO OVA mice (Fig. 1B, C).
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Autophagy-related proteins 5 and 12 (ATG5 and ATG12) are two proteins that form a 50 kDa complex
which are also involved in the formation of the autophagosome. Therefore, this dimer can be used as a
detector of the presence of autophagosomes in an advanced stage of maturation of autophagosome and
its accumulation is directly proportional to the accumulation of non-degraded autophagosomes [37, 38].
As shown in Fig. 1B and D, the two proteins can be observed as a complex (50 kDa) and are accumulated
in tissues in PGRN KO OVA mice as compared to WT OVA mice. In addition, immuno�uorescence staining
of lung tissues from WT and PGRN KO mice challenged with OVA revealed much higher levels of LC3-II
and ATG5 in PGRN KO OVA lung than in that in WT control as well (Fig. 1F, G).

During autophagy, damaged or misfolded proteins are ubiquitinated, and then colocalized with p62-
SQSTM1 and delivered to the proteasome for degradation [39]. p62 binds to LC3-II and acts as a bridge
between the substrate and the inner membrane of the autophagosome [40, 41]. p62 level is directly
proportional to blockade of the autophagic �ux since p62 is degraded with the cargo when the
autophagic �ux is completed, and its accumulation indicates the absence of autophagosome
degradation [42]. We found that the expression level of p62 was markedly higher in tissues of PGRN KO
OVA mice as compared to WT OVA mice (Fig. 1B, E). Electron microscopy (EM) images of p62
immunogold labeling in Gaucher cells derived from murine model lung tissues exihibited signi�cant
accumulation of p62 in PGRN KO OVA mice as well, indicative of defective autophagic �ux in PGRN KO
OVA mice relative to WT counterparts (Fig. 1H, I).

Progranulin de�ciency aggravates the GD phenotype in GD patient �broblasts

Coordination between the autophagic and lysosomal degradation pathways is critical for the cellular
turnover of the proteins and organelles [2]. Accordingly, we next examined the effect of PGRN de�ciency
upon lysosomal storage in GD patient �broblasts. PGRN was ablated in GD type 2 patient �broblasts
(L444P) using CRISPR-Cas9 technology (Fig. 2A) and the knockout e�ciency was con�rmed by western
blotting (Fig. 2B). As shown in Fig. 2C and D, �uorescence signal intensity, indicative of lysosomal
storage content, was signi�cantly higher in L444P/PGRN KO relative to L444P control cells, especially
following lipid stimulation. We previously reported that PGRN binds directly to GCase, functioning as an
indispensable adaptor for the formation of a complex between Hsp70 and GCase/LIMP2, which
contributes to appropriate lysosomal localization of defective GCase in GD [14]. Consistent with our
previous report [14], GCase activity was dramatically decreased in L444P/PGRN KO, as measured by
�uorescence intensity of released 4-methylumbelliferone (Fig. 2E). In addtion, β-glucosylceramide (β-
GlcCer), the substrate of GCase, was further accumulated in L444P/PGRN KO �broblasts (Fig. 2F).

PGRN de�ciency causes autophagosome accumulation in GD patient �broblasts

Given that autophagosome markers, such as LC3-II, ATG5-ATG12 complex and p62, accumulate in PGRN
KO mice with OVA challenge (Fig. 1), we next employed western blotting to measure these molecular
markers of autophagy in L444P GD patient �broblasts in the presence or absence of PGRN. As shown in
Fig. 3A-D, the LC3-II and ATG5-ATG12 complex levels were signi�cantly increased in L444P/PGRN KO in
comparison with L444P cells. Elevated LC3-II level could result from early stage initiation of autophagy or
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by blockade of autophagic �ux at late stage. Notably, p62, one of the molecular markers of autophagic
�ux, was also signi�cantly increased in L444P/PGRN KO relative to control L444P �broblasts, which
strongly suggested accumulation of autophagic substrates. Moreover, immuno�uorescence staining
supported western blotting results (Fig. 3E-H). In summary, the increased levels of LC3-II and p62
indicated that late stage of autophagy was defective in PGRN de�cient L444P patient �broblasts.

PGRN de�ciency impairs autophagosome-lysosome fusion

The neoformed autophagosome goes through two stages of maturation before fusion, and EM could be
employed to distinguish the double-membrane of an immature autophagosome from the single-
membrane of the lysosome-fused late autophagosome [43]. EM images acquired from WT OVA murine
macrophages highlighted the predominance of singe-membraned autophagic vacuoles, while
macrophages isolated from PGRN KO OVA mice highlighted predominance of double-membraned initial
autophagic vacuoles (Fig. 4A). These data demonstrated that the de�ciency of PGRN resulted in defects
in late stage autophagy. Accorrdingly, visualization of L444P and L444P/PGRN KO cells using EM
revealed a greater abundance of autophagosome initial vacuole in L444P/PGRN KO compared with
L444P (Fig. 4B, C).

To further con�rm the association between PGRN de�ciency and a defect of autophagosome-lysosome
fusion, the subcellular localizations of the autophagic marker LC3 and the lysosomal protein LIMP2 were
investigated with confocal microscopy in L444P/PGRN KO �broblasts [44]. As shown in Fig. 4D and E, co-
localization of LC3 and LIMP2 was signi�cantly reduced in L444P/PGRN KO compared with L444P
�broblasts. PGRN KO C28I2 chondrocytes (Supplementary Fig. 1A) were also used to examine the co-
localization of LC3 and LIMP2. Similarly, co-localization of LIMP2 and LC3 was signi�cantly reduced in
PGRN KO C28I2 cells as compared to control cells under rapamycin stimulation (Supplementary Fig. 1D).
In addition, the LC3 accumulation was also observed in PGRN KO C28I2 cells (Supplementary Fig. 1B, C).
These data suggested that PGRN regulation of autophagosome-lysosome fusion in autophagy may be a
mechanism common across different cell types.

In addtion, we tested the autophagic �ux, which represented autophagosome-autolysosome formation
and degradation, in GD �broblasts using mCherry-GFP-LC3 assay. Compartment speci�c differential
quenching of GFP and mRFP �uorescence signals allows the use of mCherry-GFP-LC3 for assessment of
the number of autophagosomes and autolysosomes, and quanti�cation of autophagic �ux [42, 45, 46].
As shown in Fig. 4F and G, green puncta, which represented the unfused autophagosome, were
signi�cantly increased in L444P/PGRN KO compared with L444P, especially after rapamycin stimulation.
The numbers of red and green punta were quanti�ed with normalization to cell count and the difference
between red puncta and green puncta was taken as representative of the autophagic �ux. From Fig. 4G,
we can see the autophagic �ux was increased after rapamycin stimulation in L444P, however, no clear
change was observed in L444P/PGRN KO with or without rapamycin stimulation, which suggested that
autophagosome-autolysosome formation was defect in PGRN de�ciency L444P (Fig. 4F, G).

Progranulin binds to Rab2 and Grn E of PGRN is the major domain responsible for Rab2 interaction
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After the maturation of the autophagosome, the autophagosome and lysosome move closer together and
fuse. Once fusion is complete, the contents of the autophagosome are exposed to the lysosome and are
degraded by the lysosomal hydrolases [47, 48]. Various tethering factors contribute to autophagosome-
lysosome fusion. SNAREs are reported to be the core machinery for fusion, the autophagosomal Q-
soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) protein syntaxin 7
(STX17) interacts with endosomal/lysosomal R-SNARE VAMP8 to form a trans-SNARE complex, which
mediates autophagosome-lysosome fusion [49]. Consecutive RAB-mediation is a critical tethering step
for autophagosome-lysosome fusion. RABs are small GTPases, which regulate autophagic membrane
tra�c [50, 51]. Rab7 is most widely assumed to regulate autophagosome-lysosome fusion by interacting
with various tethering factors [52, 53]. However, a growing body of reports suggest that Rab2 is another
critical GTPase mediator of autophagy [54-56]. In our present study, PGRN de�cient cells presented with
impaired autophagosome-lysosome fusion. We thus hypothesized that PGRN may associate with these
aforementioned critical tethering factors including VAMP8, Rab7, or Rab2. To test this hypothesis, we
used Nickel beads to pull down His-tagged PGRN and then the precipitated His-tagged PGRN complex
was immunoblotted onto a nitrocellulose membrane followed by detection with antibodies against
VAMP8, Rab7, or Rab2. As shown in Fig. 5A, Rab2 was co-puri�ed with PGRN, indicating the physical
interaction between PGRN and Rab2. However, VAMP8 or Rab7 was not detectable in precipitated PGRN
complex solution. In addition, co-immunoprecipitation (Co-IP) further demonstrated the interaction
between endogenous PGRN and Rab2 in L444P patient �broblasts (Fig. 5B). 

To identify the domains of PGRN required for interacting with Rab2, serial GFP-tagged N-terminal
deletions of PGRN were constructed (Fig. 5C). Co-IP was performed using the same amounts of these
mutants to examine their bindings to endogenous Rab2. As shown in Fig. 5D, the binding of PGRN with
Rab2 became more pronounced following deletion of Grn P (ND1); binding became weaker with further
deletion of Grn F (ND3) and most weak following deletion of Grn B (ND2 and ND3, respectively). These
results suggest that Grn P and B might act as regulatory domains for the binding to Rab2. The Grn E
(ND7) fragment exhibited strong binding ability undistinguisbable to that of full-length PGRN.
Interestingly, our previous study found that the Grn E domain was also required and su�cient for PGRN
binding to GCase [14]. To further determine whether this Grn E domain is similarly critical for binding with
Rab2, a PGRN mutant with E domain deletion (Δ-ND7) was constructed; Co-IP revealed markedly reduced
binding between Δ-ND7 and Rab2 relative to the interaction observed between full-length PGRN and Rab2
(Fig. 5D). Collectively, PGRN has morn than one domain involved in the interactions with Rab2, but the C-
terminal fragment of PGRN (amino acids 496-593), named ND7, is both required and su�cient for the full
interaction with Rab2. In addtion, the association of PGRN and Rab2 was further con�rmed by their
colocalization in L444P �broblats (Fig. 5E), which supported the interaction between PGRN and Rab2.

Rab2 de�ciency accumulated autophagic markers and defected autophagic �ux in L444P GD �broblasts

Each stage of dynamic autophagic processing, including autophagosome formation, autolysosome
formation and lysosomal degradation intracellular membrane dynamics, is regulated by members of the
Ras-like GTPase superfamily - primarily comprised of Rab proteins [50]. Several speci�c autophagic roles
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of individual Rab GTPases have been identi�ed and Rab2 has been recognized as a crucial regulator in
formation of autophagosome and autolysosome [54, 57]. To clarify whether binding between Rab2 and
PGRN contributes to the role of Rab2 in autophagosome-autolysosome formation in GD, we also
established a stable Rab2 KO L444P �broblasts (L444P/Rab2 KO) using CRISPR-Cas9 technology
(Supplementary Fig. 2A). Expression levels of autophagic makers LC3 and p62 were analysed in L444P or
L444P/Rab2 KO. As shown in Supplementary Fig. 2B-D, the levels of both LC3-II and p62 were increased
in Rab2 KO de�ciency L444P, which indicated that the Rab2 de�ciency leads to the defect of the late
stage of autophagy in L444P. Autophagic �ux was also measured using tandem mCherry-GFP-LC3 assay.
As shown in supplementary Fig. 2E and F, the red puncta, which represent LC3 activation, were increased
in both L444P and L444P/Rab2 KO under rapamycin stimulation. These data suggested that the
activation of autophagy was not affected by the loss of Rab2. However, the green puncta, which
represent unfused autophagosomes, were much more abundant in L444P/Rab2 KO compared with
control L444P with or without rapamycin stimulation. Quanti�cation of red puncta and green puncta,
illustrative of the autophagic �ux, revealed signi�cantly lower �ux in L444P/Rab2 KO than in control
L444P under rapamycin stimulation (Supplementary Fig. 2E, F). These data revealed that
autophagosome-autolysosome formation was blocked in L444P/Rab2 KO GD patient �broblasts,
consistent with previous reports using U2OS and HEK293 cell lines [54].

As Rab2 was identi�ed as a binding partner of PGRN, we performed WB and RT-PCR to examine the
potential effect of Rab2 de�ciency on the protein and mRNA levels of PGRN. Interestingly, the protein
level of PGRN was decreased in L444P/Rab2 KO (Supplementary Fig. 2G), however, the mRNA level of
PGRN was not affected by Rab2 de�ciency (Supplementary Fig. 2H), which suggested that Rab2 may
also regulate PGRN at post-transcriptional levels, such as translation and stability of PGRN, in addition to
physical interactions to each other.

PGRN derived ND7 effectively ameliorates autophagy defects in GD patient �broblasts

In our previous study, we found that Grn E is a critical domain for the binding of PGRN to GCase [14].
Interestingly, Grn E domain is also required for PGRN-Rab2 interaction (Fig. 5). Accordingly, we expressed
and puri�ed this C-terminal 98 amino acid fragment of PGRN containing Grn E, termed ND7 (Fig. 6A, B),
and tested whether it is su�cient for the mediation of autophagosome-lysosome fusion. First, L444P or
L444P/PGRN KO �broblasts were transfected with GFP-fused vector, or GFP-fused full-length PGRN, or
GFP-fused ND7. 24 h later, the transfected cells were stimulated with rapamycin for another 24 h. Western
blotting reveals reduced levels of LC3-II and p62 in full-length PGRN or ND7 transfected L444P/PGRN KO
�broblasts relative to GFP vector transfected L444P/PGRN KO; moreover, the LC3-II and p62 expression
were comparable between full-length PGRN or ND7 tranfected L444P/PGRN KO �broblasts and the
control L444P (Fig. 6C).

We next tested the effect of ND7 on the formation of autophagosome using EM. From Fig. 6D, E, we
observed that L444P/PGRN KO �broblasts treated with ND7 exhibited a shift toward prevalence of
advanced degradative vacuoles to a degree comparable with L444P. mCherry-GFP-LC3 assay revealed



Page 12/26

that green puncta, which represent the unfused autophagosome, were signi�cantly decreased in ND7
treated L444P/PGRN KO compared with untreated L444P/PGRN KO under rapamycin stimulation (Fig. 6F,
G). Moreover, autophagic �ux was also increased in ND7 treated L444P/PGRN KO (Fig. 6F, G). Taken
together, ND7 administration could rescue the autophagic defect in PGRN KO GD L444P �broblasts.
Morever, in lung tissues of OVA-challenged PGRN KO mice, levels of LC3-II and p62 also decreased
drastically after ND7 administration as assessed by western blotting (Supplementary Fig. 3A). In line with
these results, immuno�uorescence staining for LC3 also revealed that ND7 could signi�cantly decrease
the levels of LC3-II and P62 (Supplementary Fig. 3B).

Discussion
Our previous studies demonstrated that PGRN KO mice presented with Gaucher cells in lung tissues,
especially after OVA challenge, and this GD cellular phenotype could be ameliorated by administration of
recombinant PGRN and its derivative, indicating a critical role of PGRN in GD pathogenesis and
theraputic intervention [14, 32]. It was also reported that PGRN de�ciency associates with reduced
autophagic �ux in neurons and impaired autophagy in neuropathic diseases [28]. Moreover, screening for
regulatory genes targeting neuronal PGRN expression has revealed enrichment of genes from the
autophagy–lysosome pathway; in turn, modulating PGRN expression exerts regulatory effects upon the
autophagy-lysosome pathway [34, 58]. In current study, we observed elevated expressions of LC3-II, p62
and ATG5-ATG12 complex in PGRN KO tissues, especially after OVA challenge, indicating accumulation
of autophagosomes in PGRN de�cient mice (Fig. 1B-E). Notably, PGRN is capable of activating the
upstream modulators of mechanistic target of rapamycin and, in turn, mTOR signaling [30, 59]. mTOR
signaling contributes to the regulation of various fundamental cell processes including autophagy, with
stimulation of mTORC1, but not mTORC2, inhibitive of autophagy [34, 58, 60-62]. Accordingly, increased
levels of LC3-II and ATG5/ATG12 complex in PGRN KO mice, particularly under stress associated with
OVA challenge, may be resultant of reduced activation of the mTOR signaling pathway associated with
PGRN de�ciency. Interestingly, accumulated p62 was also observed in the tubular-like lysosomes of
macrophages from PGRN KO mice after OVA challenge (Fig. 1H, I). Accumulated p62 suggests the
absence of autophagosome degradation in PGRN de�cient mice, which could be due to the inhibtion of
initial stage of autophgy or the defect in autophagosome-lysosome fusion [3]. The increased levels of
LC3-II and ATG5/ATG12 complex, markers for autophagy initial stage, indicated that the autophagosome-
lysosome fusion, but not autophagy initiation, was defective in PGRN de�cient cells/mice, which, in turn,
led to impaired clearance of autophagosome proteins in PGRN KO mice.

To complement our in vivo murine data, PGRN was also knocked out in neuropathic GD type 2 L444P
patient �broblasts using CRISPR-Cas9 (Fig. 2A, B). Based on the known therapeutic effects of PGRN in
GD animal models [14], it is no surprising to detect higher lysosome storage content in L444P/PGRN KO
patient �broblasts (Fig. 2C, D). The loss of PGRN’s facilitory role in posttranslational modi�cation of
GCase is expected to contribute to the decreased GCase activity and its accumulated substrate β-
glucosylceramide (β-GlcCer) in L444P/PGRN KO (Fig. 2E, F). Consistent with in vivo results, the levels of
LC3-II, p62 and ATG5/ATG12 complex were all increased in L444P/PGRN KO compared with the L444P
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cells (Fig. 3). Increased LC3-II level and p62 levels observed in control group suggested the defective
lysosome degradtion in GD patient L444P �broblats. Although increased LC3-II level could be induced by
either activated autophagy or inhibited autophagosome degradation [3], the observation of increased p62
levels without rapamycin stimulation bolsters the conclusion that autophagosome degradation is
blocked in L444P/PGRN KO �broblasts, which may slow the decay of LC3-II. Acting as a co-chaperone of
GCase and HSP70 complex, PGRN is known to play an important role in GCase lysosomal localization
[14]. PGRN de�ciency in L444P may worsen the defective lysosome degradtion in patient �broblasts.
Rapamycin stimulation, which induces autophagy through inhibition of mTOR activity, had no effect on
the levels of LC3-II and p62 in L444P/PGRN KO �broblasts. In L444P/PGRN KO, inhibition of the mTOR
signaling pathway caused by PGRN de�ciency may occlude observation of the effects of the rapamycin.

Autophagosome-autolysosome fusion is an obligatory step for the clearance of the autophagosomes in
late-stage of autophagy [63]. We also evaluated fusion in the presence and absence of PGRN by
visualization of differential morphology of autophagosomes and autolysosomes under EM [64]. In the
GD-like macrophages from PGRN KO mice, most of the autophagic vacuoles exhibit the double
membrane characteristic of autophagosomes [65]; while in WT mice, most of the autophagic vacuoles
were identi�able as single membraned autolysosomes, indicating that PGRN de�ciency leads to a defect
in fusion between autophagosome and lysosome. Defective autophagosome-lysosome fusion was
further con�rmed by the decreased co-localization of autophagosome marker LC3 and lysosome marker
LIMP2 in PGRN de�cient cells, both in L444P GD �broblasts and C28I2 cells (Figs. 4, 6, Supplementary
Fig. 1D). These results are in agreement with a previous report concerning PGRN de�ciency mediated
impairment of autophagic �ux driven by an diminished clearance of autophagosomes [28].

In an effort to investigate the mechanism underlying impaired autophagosome and lysosome fusion in
PGRN KO cells, we examined whether PGRN associates with several reported critical tethering factors:
VAMP8, Rab7 and Rab2. Intriguingly, we found that PGRN selectively interacts with Rab2, and the Grn E
domain is critical for this interaction (Fig. 5D). Recent studies have demonstrated that Rab2 plays an
important role in autophagy through acting as a key factor for autophagic and endocytic cargo delivery
and degradation in lysosomes [55, 56] and as a regulator of the formation of autophagosome and
autolysosome in mammalian cells [54]. Consistantly the de�ciency of Rab2 aggravated the defective
autophgy degradtion in L444P patient �broblats. Furhtermore, autophagic �ux was impaired alongside
downregulation of PGRN protein expression in Rab2 KO L444P �broblasts (Supplementary Fig. 2). Taken
together, the �ndings in this study demonstrate that PGRN physically interacts with Rab2 and both
proteins are needed to link autophagosomes and lysosomes together, i.e. fuse; and de�ciency of either
PGRN or Rab2 impairs autophagosome-lysosome fusion, which in turn leading to the accumulation of
autophagosomes.

Mitochondria produce reactive oxygen species (ROS) in response to changes in the intracellular
environment. Increased ROS production in turn causes mitochondrial defects and the oxidative damage
produced by free radicals is extensive in the lungs of mice treated with OVA [65]. Accumulation of
damaged mitochondria is toxic and the cell has developed a type of speci�c autophagy, called
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mitophagy, as a defense mechanism to promote removal of these organelles [66, 67]. Accordingly, we
also monitored mitochondrial morphology and markers of mitophagy in GD macrophages of WT and
PGRN KO mice after OVA challenge. OVA-challenged PGRN KO mice exhibited consistent mitochondrial
damage (Supplementary Fig. 4A). Bcl2-L13 is the mammalian homolog of mitophagy-speci�c gene
Atg32, the protein product of which recognizes damaged mitochondria and accompanies them to
degradation [68, 69]. Consistent with EM images, immuno�uorescence imaging of Bcl2-L13 from PGRN
KO OVA mice tissues illustrated signi�cant accumulation of Bcl2-L13 relative to levels observed in tissues
extracted from WT OVA mice (Supplementary Fig. 4B). In addition, PGRN or ND7 administration restored
Bcl2-L13 expression level, indicating that treatment favors the clearance of damaged mitochondria
(Supplementary Fig. 4C). Prior work has noted defective mitochondrial function and mitophagy in
association with GBA mutations [10, 11, 70, 71]. In our GD model, OVA-challenged PGRN KO developed a
GD phenotype in a manner independent of GBA mutation; therefore, a disparate mechanism may underlie
the accumulation of damaged mitochondria in OVA-challenged PGRN KO mice. While accumulation of
damaged mitochondria in PGRN KO mice after OVA challenge may be caused by impaired
autophagosome-lysosome fusion, the effect of PGRN on mitophagy in GD warrants further investigation.

PGRN, particularly its derivative ND7, may be a new treatment for patients with GD. However, Additional
investigations with additional GD models are needed to further test its therapeutic effect and safety.
Moreover, it would be interesting to further investigate the role of PGRN in additional stages of autophagy
in GD and other lysosomal storage diseases. Given the importance of autophagy in Gaucher Disease, the
therapeutic potential of autophagy is of great importance. The identi�cation of PGRN
de�ciency/insu�ciency as a risk factor for GD is certainly a source of considerable excitement in the
�eld, especially after the con�rmation of its involvement in autophagy in GD. This study is the �rst to
identify PGRN as a novel factor required for autophagosome-lysosome fusion, thus providing a solid
foundation for future discoveries relating to this critical factor in autophagy and probably mitophagy as
well. More importantly, this study yields the discovery of an approximately 15-kDa PGRN derivative (i.e.
ND7) that effectively ameliorates PGRN de�ciency caused defects in autophagy as well as GD
phenotypes. In brief, this study carries the potential, not only for future advances in understanding
autophagy in relation to the pathogenesis of GD, but also for the development of novel therapies to
combat GD, particularly neuronopathic GD which currently lacks the drugs/treatments.
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Figure 1

OVA-challenged PGRN KO mice exhibit autophagosome accumulation. (A) Diagram of the protocol for
establishing the mouse model of chronic lung in�ammation. WT and PGRN KO mice received I.P. injection
of OVA at Day 1 and 15, followed by intranasal challenge of 1% OVA beginning at Day 29 and
administrated thereafter three times a week for another four weeks. (B) Western blot analysis of LC3, p62,
and ATG5/ATG12 complex levels in lung tissues extracted from WT or PGRN KO mice challenged with or
without OVA. (C-E) Quantification analysis of LC3-II (C), ATG5/ATG12 complex(D) and LC3 (E) expression
level. (F) Immuno�uorescence staining of LC3 in lung tissues from WT and PGRN KO mice after the OVA
challenge. (G) Immuno�uorescence staining of ATG5 in lung tissues from WT and PGRN KO mice after
the OVA challenge. (H) p62-SQSTM1 (arrows) levels assayed by immunogold labeling TEM of lung tissue
from WT and KO mice after the OVA challenge. (I) Quantification analysis of H. C, D, E and I, data are
mean ± SD; n ≥ 5 mice per group; * p< 0.05 or ** p < 0.01.
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Figure 2

PGRN de�ciency exacerbates the GD phenotype in GD patient �broblasts. (A) A diagram of the
CRISPR/Cas9 technique for construction of human PGRN-/- GD type 2 fibroblasts (L444P). (B) The levels
of PGRN in PGRN KO (L444P/PGRN KO) and control L444P �broblasts, assayed by Western blotting. (C)
Live �uorescence microscopy imaging of LysoTracker Red staining in L444P and L444P/PGRN KO
�broblasts with or without lipid (50µg/ml) stimulation. (D) Quanti�cation of the fluorescence intensity at
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excitation/emission of 647/668 nm as shown in (C). (E) GCase activity in L444P and L444P/PGRN KO,
assayed by released 4-methylumbelliferone. (F) The distribution of β-glucosylceramide (β-GlcCer, green)
in L444P or L444P/PGRN KO �broblasts. D and E, data are mean ± SD; * p < 0.05 or ** p < 0.01. (Scale
bar, 5μm).

Figure 3
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PGRN de�ciency leads to autophagosome accumulation in GD �broblasts. (A) Expression levels of
autophagy markers LC3, p62, and ATG5/ATG12 complex in L444P or L444P/PGRN KO with rapamycin
(100nM) stimulation, DMSO treatment used as an control. (B-D) Quantification of LC3-II (B), p62 (C), and
ATG5/ATG12 complex (D) expression level. (E) ATG5 expression level in L444P or L444P/PGRN KO with
or without rapamycin stimulation, assayed by immuno�uorescence staining. (F) Quantification of E. (G)
p62 expression level in L444P or L444P/PGRN KO with rapamycin stimulation or DMSO treatment,
assayed by immuno�uorescence staining. (H) Quantification of G. B, C, D, F and H, data are mean ± SD; *
p < 0.05 or ** p < 0.01.

Figure 4

PGRN de�ciency impairs the autophagosome-lysosome fusion. (A) Initial autophagic or degradative
autophagic vacuoles in WT or PGRN KO mice with OVA challenge. Red arrows: Avd (Degradative
autophagic vacuole), White arrows: Avi (Initial autophagic vacuole). (B) Ultrastructure of autophagic
vacuoles in L444P or L444P/PGRN KO �broblasts using transmission electron microscopy. Red arrows
indicate degradative autophagic vacuole (Avd), white arrows indicate initial autophagic vacuole (Avi). (C)
Quantification of the ratio of Avi to Avd in different cell groups. (D) Co-localization of LIMP2 and LC3
proteins in L444P or L444P/PGRN KO using confocal microscopy. Red staining: LC3, green staining:
LIMP2, rapamycin; 100nM, 24 hours treatment. (E) Qualitative analysis of D. (F) Confocal microscopy
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analysis of mCherry-GFP-LC3 in L444P or L444P/PGRN KO with or without rapamycin stimulation.
MCherry+GFP− puncta indicates autolysosomes, mCherry+GFP+ (yellow) indicates autophagosome, they
were both quanti�ed and summarized in (G). C, E and G, data are mean ± SD; * p <0.05 or ** p < 0.01.

Figure 5

PGRN binds to Rab2 and Grn E is the major binding site. (A) Examination of the binding between PGRN
and Rab2. Stable HEK293T cell lines expressing PGRN-His was established in our lab previously. PGRN-
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His protein was puri�ed from the PGRN-His-expressing HEK293T cells using HIS-Select Nickel A�nity Gel
(Sigma-Alrich). The proteins co-puri�ed with His-tagged PGRN were probed with Rab2 antibody. Cell
lysate was used as control. (B) Co-IP assay to examine the binding between PGRN and Rab2 in GD
patient �broblasts. IgG used as a negative control. (C) Scheme of constructs encoding serial GFP-tagged
full-length PGRN (aa 1-593) and N-terminal deletion mutants of PGRN: ND1 (aa45-593), ND2 (aa113-
593), ND3 (aa 179-593), ND4 (aa 261-593), ND5 (aa 336-593), ND6 (aa 416-593), ND7 (aa 496-593), and
Grn E deletion mutant ∆-ND7. (D) Co-IP assay. HEK293T cells were transfected with plasmids encoding
GFP-fused full-length PGRN, or PGRN mutants as indicated, and the cell lysates were immunoprecipitated
with GFP antibody. The complexes were probed with Rab2 antibody. GFP-fused vector was used as a
negative control. (E) Co-localization of PGRN and Rab2 by confocal microscopy. The co-localization of
PGRN and Rab2 was indicated by the white arrow in the merged image. Images were made at ×630
magni�cations. (Scale bar, 5μm).

Figure 6

ND7 effectively ameliorates autophagy defects in PGRN de�cient GD �broblasts. (A) Structure of ND7.
(B) Expression and characterization of recombinant ND7. Puri�ed ND7 was analyzed by Coomassie blue
staining (left) and western blotting with His antibody (right). (C) Effect of ND7 treatment on autophagic
markers LC3-II and p62. L444P/PGRN KO were treated with ND7 recombinant protein (5µg/ml) for 24
hours. (D) Ultrastructure of autophagic vacuoles in L444P. L444P/PGRN KO were treated with ND7
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recombinant protein (5µg/ml) for 24 hours and then the ultrastructure of the control L444P, L444P/PGRN
KO, or L444P/PGRN KO + ND7, was observed under transmission electron microscopy. Red arrows
indicate degradative autophagic vacuole (Avd), white arrows indicate initial autophagic vacuole (Avi). (E)
Quantification of the ratio of Avi to Avd in different cell groups. (F) Confocal microscopy analysis of
mCherry-GFP-LC3 in L444P or L444P/PGRN KO with or without recombinant ND7 (5µg/ml)
administration in the absence or presence of rapamycin. MCherry+GFP− puncta indicates
autolysosomes, mCherry+GFP+ (yellow) indicates autophagosome, they were both quanti�ed and
summarized in (G). E and G, data are mean ± SD; * p < 0.05 or ** p < 0.01.
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