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Abstract

The frontotemporal lobar degeneration (FTLD) protein progranulin (PGRN) is essential for proper
lysosomal function. PGRN localizes in the lysosomal compartment within the cell. Prosaposin
(PSAP), the precursor of lysosomal saposin activators (saposin A, B, C, D), physically interacts
with PGRN. Previously we have shown that PGRN and PSAP facilitate each other's lysosomal
trafficking. Here we report that the interaction between PSAP and PGRN requires the linker region
of saposin B and C (BC linker). PSAP protein with the BC linker mutated fails to interact with
PGRN and target PGRN to lysosomes in the biosynthetic and endocytic pathways. On the other
hand, PGRN interacts with PSAP through multiple granulin motifs. Granulin D and E bind to
PSAP with similar affinity as full length PGRN. In summary, our data shows that the BC linker of
PSAP interacts with multiple granulin motifs in PGRN.

Graphical Abstract

The frontotemporal lobar degeneration (FTLD) protein progranulin (PGRN) is essential for proper
lysosomal function. Prosaposin (PSAP), the precursor of lysosomal saposin activators (saposin A,
B, C, D), physically interacts with PGRN. Here we show that PGRN and prosaposin PSAP
interact through the BC linker of PSAP and granulin motifs (primarily granulin D and E) to
regulate each other's trafficking and function.
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Introduction

Frontotemporal lobar degeneration (FTLD) is the most prevalent early onset dementia after
Alzheimer's disease (AD) and accounts for 20-25% of pre-senile dementias (Neary et al.,
1998). A large subset of FTLD cases has characteristic ubiquitin-positive inclusions
comprised of the protein TDP-43 (FTLD-TDP) (Arai et al., 2006; Neumann et al., 2006).
Haploinsufficiency of progranulin (PGRN) due to mutations in the granulin (GRN) gene is
one of the major causes of FTLD-TDP (Baker et al., 2006; Cruts et al., 2006; Gass et al.,
2006). PGRN is an evolutionarily conserved glycoprotein of 7.5 granulin repeats with
multiple functions in the nervous system, including neuronal survival and regulating
microglia mediated inflammation (Bateman and Bennett, 2009; Cenik et al., 2012;
Nicholson et al., 2012). Recent studies, however, have supported a surprising role of PGRN
in the lysosome. While PGRN haploinsufficiency causes FTLD, total loss of PGRN in
humans results in neuronal ceroid lipofuscinosis (NCL) (Almeida et al., 2016; Smith et al.,
2012), a lysosomal storage disease (Cotman et al., 2013; Kousi et al., 2012). Furthermore,
PGRN is transcriptionally co-regulated with a number of essential lysosomal genes by the
transcriptional factor TFEB (Belcastro et al., 2011). Finally, within the cell, PGRN localizes
to the lysosomal compartment. The VPS10 family trafficking receptor sortilin is highly
expressed in neurons and interacts with the C-terminus of PGRN to mediate PGRN
lysosomal targeting (Hu et al., 2010; Zheng et al., 2011). More recently, PGRN was also
shown to directly bind another lysosomal protein, prosaposin (PSAP), and get a “piggyback”
ride to lysosomes through the PSAP receptors M6PR and LRP1 (Zhou et al., 2015). In
fibroblasts which do not express sortilin, PGRN lysosomal trafficking is totally dependent
on PSAP (Zhou et al., 2015). The interaction between PGRN and PSAP was further
confirmed by a large family-based genome-wide association study (GWAS) study, in which
polymorphisms in PSAP were shown to affect plasma PGRN levels (Nicholson et al., 2016).

PSAP is the precursor of lysosomal saposin activators (saposin A, B, C and D) essential for
glycosphingolipid degradation, and mutations in the saposin motifs are known to cause
several distinct lysosomal storage diseases (Matsuda et al., 2007; O'Brien and Kishimoto,
1991; Qi and Grabowski, 2001). The physical interaction of PGRN and PSAP not only
facilitates PGRN lysosomal trafficking but also PSAP trafficking, as we have recently shown
that PGRN bridges the interaction between PSAP and sortilin to facilitate PSAP uptake and
lysosomal delivery in neurons (Zhou et al., 2017b). Furthermore, PGRN haploinsufficiency
in FTLD patients impairs PSAP lysosomal trafficking and decreases neuronal saposin level
(Zhou et al., 2017b). Thus PGRN and PSAP facilitate each other's lysosomal trafficking, and
PGRN-PSAP interaction is important for maintaining proper lysosomal function in the aged
brain. In addition, both PGRN and PSAP are also secreted and both have been reported to
have neurotrophic functions (Ahmed et al., 2007; Bateman and Bennett, 2009; Cenik et al.,
2012; Matsuda et al., 2007; Nicholson et al., 2012; O'Brien and Kishimoto, 1991; Qi and

J Neurochem. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 3

Grabowski, 2001). The interaction of PGRN and PSAP in the extracellular space might also
regulate their neurotrophic properties. Thus given the importance of PGRN-PSAP
interaction and relevance to FTLD, we decided to map domains involved in PGRN-PSAP
binding. Here we report that PSAP interacts with PGRN through granulin motifs in PGRN
and the linker region between saposin B and C (BC linker) in PSAP.

Materials and Methods

Antibodies

The following antibodies were used in this study: mouse anti-FLAG (M2) from Sigma
(RRID:AB_439685), rabbit anti-human PSAP antibodies from Proteintech Group
(RRID:AB_2172462), goat anti-human PGRN (RRID:AB_2114489), and sheep anti-mouse
PGRN (RRID:AB_2114504) from R&D systems, rat anti-mouse LAMP1 (1D4B) from BD
Biosciences (RRID:AB_2134499). Rabbit anti-human saposin B antibodies (Leonova et al.,
1996) is a gift from Dr. Xiaoyang Qi (University of Cincinnati School of Medicine,
Cincinnati, OH).

DNA and Plasmids

Cell Culture

Full length human PSAP and PGRN expression constructs were previously described (Zhou
etal., 2015). FLAG tagged PGRN and PSAP truncation constructs were generated by
cloning the PGRN and PSAP fragments into the pSectag2B vector (Invitrogen) with an N-
terminal FLAG tag. GST-saposin constructs and his Sumo saposin constructs were generated
by cloning saposin and linker regions into pGEX6p-1 and pET his Sumo vector,
respectively. AP-granulin constructs were generated by cloning granulins into pAP5 vector
(Genhunter). GFP-granulins were generated by inserting GFP and granulin sequences into
pSectag2B vector after the signal sequence. PSAP mutant with the BC linker (amino acid
sequence: VKEMPMQTLVPAKVASKNVIPALELVEPIKKHEVPAK) replaced by CD
linker was generated from hPSAP construct by PCR using following primers (hSap B 3:
5PhosCTCATCACAGAACCCAACC and CD linker hSap C 5: 5Phos
ACGCGGCTGCCTGCACTGACCGTTCACGTGACTCAGCCAAAGGACGGTTCTGATG
TTTACTGTGAGGTG). His tagged and lentiviral human WT PSAP, human mutant PSAP
with the BC linker replaced by CD linker, and human PGRN constructs were generated by
cloning corresponding genes into pSectag2B vector (Invitrogen) and into pCDH-puro vector
(System bio), respectively. To generate fusion construct of PSAP with the platelet derived
growth factor receptor (PDGFR) transmembrane domain, full-length WT and mutant PSAP
with the BC linker replaced by CD linker were cloned into the pDisplay vector (Invitrogen).
Rat FLAG-RFP-LAMP1 was obtained from Addgene. FLAG tagged SapB-BC linker-
TcLAMP1 or BC linker-TcLAMP1 were generated by clone rat transmembrane and
cytosolic domains of LAMP1 (Tc) into FLAG-SapB-BC linker and FLAG-BC linker
constructs (with stop codon removed) using Xhol and Pmel sites.

HEK293T (RRID:CVCL_0063, from ATCC), COS-7 (RRID:CVCL_0224, from ATCC) and
WT and PSAP-/- fibroblast cells (derived from Psap™" mice (RRID:IMSR_JAX:002792))
were maintained in Dulbecco's Modified Eagle's medium (Cellgro) supplemented with 10%

J Neurochem. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 4

fetal bovine serum (Gibco) and 1% Penicillin—Streptomycin (Invitrogen) in a humidified
incubator at 37°C and 5% CO,. Cells were transiently transfected with polyethyleneimine
(PEI) as described (Vancha et al., 2004). Psap™" fibroblasts were infected with lentivirus
expressing WT or mutant PSAP.

Primary cortical neurons were isolated from PO-P1 pups from Grn”~ mice (Jackson
laboratories, RRID:IMSR_JAX:013175) using a modified protocol (Beaudoin et al., 2012).
Briefly, cortices were rapidly dissected from the brain in 2 mL HBSS supplemented with
B27 (ThermoFisher Scientific catalog#17504044) and 0.5 mM L-glutamine (ThermoFisher
Scientific catalog#25030024) at 4°C. Meninges were removed before digestion with papain
(Worthington LS003119, 2mg/ml in HBSS) and DNasel (1mg/ml in HBSS, Sigma) for 12
minutes at 37°C. Tissues were then dissociated using fire polished glass pipettes. Cells were
spun down and resuspended in Neuroplex medium (Gemini) plus B27 and plated onto poly-
lysine (Sigma) coated dishes.

Protein preparation and Western blot analysis

Cell surface

Purification of recombinant his-human WT PSAP, mutant PSAP with BC linker replaced
with CD linker, and his-human PGRN proteins, co-immunoprecipitation (IP) assays and
Western blots were performed as previously described (Zhou et al., 2015). Gst and his-sumo
saposin fusion proteins were purified using Gst or cobalt beads, respectively, from
Origami™ B(DES3) strain (Novagen) after IPTG induction.

binding assay and binding

AP binding assays were done as previously described (Hu et al., 2010). Briefly, conditioned
medium with AP or AP-PGRN/Granulins generated from HEK293T cells were incubated
with pDisplay-PSAP-transfected COS-7 cells or for 2 h at room temperature before fixation
and heat inactivation of endogenous AP at 65°C overnight. Bound AP to the primary cortical
neurons was measured using NIH image software. Followed by measuring the intensity of
bound AP signal, the saturation binding curves and scatchard plots were generated, and
binding KD were calculated by using GraphPad Prism 5.0 software.

Immunofluorescence staining

Immunofluorescence staining was performed as previously described (Zhou et al., 2015).
Briefly the cells were fixed with 4% paraformaldehyde and permeabilized and blocked with
blocking buffer (0.05% saponin, 3% BSA in PBS). The cells were incubated with primary
antibodies in blocking buffer overnight at 4 °C and CF488A, CF568, or CF660C (Biotum)
conjugated secondary antibodies. Images were acquired on a CSU-X spinning disc confocal
microscope (Intelligent Imaging Innovations) with an HQ2 CCD camera (Photometrics)
using a 100x objective.

Quantitative analysis of lysosomal PGRN and endocytosed PGRN and PSAP

Images were processed and analyzed by ImageJ program as previously described (Zhou et
al., 2015). Briefly, the colocalization between PGRN and lysosomal markers, LAMP1, was
quantified by using JACoP plugin. To quantify the endocytosed PGRN and PSAP, the entire
cell was selected and the fluorescence intensity was measured directly by ImageJ.
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Ethical Approval and Consent to participate

All applicable international, national, and/or institutional guidelines for recombinant DNA
and cell lines were followed. The work under protocol (MUA#: 15965) were approved by
the Cornell University Institutional Biosafety Committee (IBC).

Results

PSAP interacts with granulin motifs in PGRN

To determine the binding site for PSAP in PGRN, we made a series of deletion constructs of
individual granulin (Grn) motifs (Fig. 1A). While deletion of both Grn D and Grn E motifs
results in a great decrease of the interaction between PGRN and PSAP, further deletion of
other granulin motifs only slightly weaken the interaction, suggesting that Grn D and Grn E
are the main binding site for PSAP in PGRN (Fig. 1B). To further confirm that PSAP
interacts with granulins, we tested the interaction between PSAP and individual granulins
tagged with alkaline phosphatase (AP) or GFP. Among the AP-tagged granulins with decent
expression, granulin A, B, D and E coimmunoprecipitate with PSAP, but Grn D and E
exhibited the strongest binding towards PSAP (Fig. 1C). Grn G, on the other hand, does not
show any detectable binding to PSAP (Fig. 1C). Similarly, with GFP-tagged granulins,
granulins D and E showed the strongest interaction followed by granulin B (Fig. 1D). Taken
together, these results suggest that PGRN binds to PSAP through multiple granulin motifs
with highest affinity to Grn D and E.

To determine the relative affinity for the PSAP and PGRN/Grn binding, we anchored PSAP
to the cell surface by fusing it to the transmembrane domain of PDGF receptor and
measured the binding affinity using an alkaline phosphatase (AP) based cell surface binding
assay (Hu et al., 2010). AP-Grn D and AP-Grn-E bind to PDGFR fused PSAP on the cell
surface with a Kd around 20nM, similar to that of full length PGRN (Fig. 2), confirming that
these two granulin motifs are the main binding sites for PSAP in PGRN.

PSAP interacts with PGRN through the linker region between saposin B and C (BC linker)

To map the binding site for PGRN in PSAP, we created a series of PSAP deletion constructs
and tested their interaction with PGRN. While deletion of saposin D (ABC) has no effect on
the PSAP-PGRN interaction, further deletion of saposin C and the linker region between
saposin B and C (AB) results in loss of the PGRN-PSAP interaction (Fig. 3A). The construct
containing saposin B, the BC linker, and saposin C (BC), binds to PGRN as strong as full-
length PSAP (Fig. 3B). This suggests that PGRN interacts with saposin C or the linker
region between B and C. However, saposin C itself is not sufficient to interact with PGRN
(Fig. 3B). Addition of the BC linker region to saposin C (L+C) allows full binding to PGRN
despite very weak expression, suggesting that the BC linker region is the binding site for
PGRN in PSAP (Fig. 3B). This is further supported with purified recombinant saposin
proteins from bacteria. None of the recombinant saposin domains interact with PGRN, but
fusion of the BC linker region with saposin C allows strong binding to PGRN (Fig. 3C). To
determine if the BC linker alone is able to bind with PGRN, we fused either saposin B plus
BC linker or BC linker alone with the transmembrane and cytoplasmic domains of LAMP1
(TcLAMP1). The co-immunoprecipitation result shows that FLAG-tagged BC linker-
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TcLAMP1 was able to co-immunoprecipitate PGRN as efficiently as FLAG tagged saposin
B plus BC linker and FLAG tagged full-length PSAP (Fig. 3D), suggesting that the BC
linker alone is sufficient for PGRN binding.

To further prove that the BC linker is the binding site for PGRN in PSAP, we generated a
PSAP mutant construct in which the BC linker is replaced by the linker between saposin C
and D (CD linker) (Fig. 4A). This replacement totally abolished the binding between PSAP
and PGRN in the co-immunoprecipitation (Fig. 4A) and cell surface binding assays (Fig.
4B), further supporting that the BC linker is required for binding between PSAP and PGRN.

PSAP mutant that fails to bind to PGRN cannot deliver PGRN to lysosomes

Previously, we showed that PSAP mediates sortilin-independent delivery of PGRN into
lysosomes (Zhou et al., 2015). In fact, since sortilin is not expressed in fibroblasts,
lysosomal trafficking of PGRN is totally abolished in PSAP deficient fibroblasts (Zhou et
al., 2015). We predicted that the PSAP mutant with its PGRN binding site mutated cannot
facilitate PGRN lysosomal trafficking. Indeed, the PSAP mutant with the BC linker replaced
by the CD linker fails to rescue the PGRN trafficking defect in PSAP deficient fibroblasts,
although lysosomal trafficking of the PSAP mutant itself is not impaired (Fig. 5A, 5B).
PSAP also facilitates lysosomal delivery of PGRN from the extracellular space. However,
this is also abolished by mutation of the BC linker region of PSAP. While recombinant wild
type PSAP facilitates neuronal uptake and lysosomal delivery of recombinant PGRN protein
lacking the sortilin binding site (Zheng et al., 2011), the PSAP mutant with the BC linker
replaced fails to do so (Fig. 5C-5E).

Discussion

Our previous studies have shown that PGRN and PSAP form a complex both intracellularly
and extracellularly and facilitate each other's lysosomal delivery (Zhou et al., 2015; Zhou et
al., 2017b). Since both PGRN and PSAP are essential for proper lysosomal function and loss
of function in either gene causes lysosomal storage diseases, more studies on the interaction
of PGRN and PSAP will help us develop strategies to enhance the function of PGRN and
PSAP. This will be of therapeutic interest for FTLD, since haploinsufficiency of PGRN is a
leading cause of FTLD and impaired PSAP lysosomal trafficking is observed in FTLD
patients with GRN mutations (Zhou et al., 2017b). Future studies to design or screen small
molecules to enhance the binding affinity between these two proteins might be therapeutic
interest. Thus it is important for us to understand the molecular mechanisms involved in the
physical interaction between PGRN and PSAP.

In agreement with our previous finding that saposins do not bind to PGRN (Zhou et al.,
2015), here we show that PGRN interacts with the linker between saposin B and C domain
through multiple granulin motifs. Granulin D and E bind to PSAP with similar affinity as
full length PGRN. How the BC linker region interacts with granulin motifs is still unclear
and structural studies will be useful to further understand this interaction. We have failed to
further narrow down the binding site in the 37 amino acid BC linker to a shorter peptide
(data not shown). But most likely PSAP-PGRN binding involves an interaction between a
peptide (BC linker) and a folded domain (granulins).
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PSAP is known to undergo processing into saposins during its trafficking to lysosomes
(Matsuda et al., 2007; O'Brien and Kishimoto, 1991; Qi and Grabowski, 2001). Additionally,
PGRN is hypothesized to be processed into granulin peptides in the lysosome (Cenik et al.,
2012). Both PGRN and PSAP have been shown to interact with cathepsin D (Beel et al.,
2017; Gopalakrishnan et al., 2004; Laurent-Matha et al., 2002; Zhou et al., 2017a) and
cathepsin D is known to cleave PSAP during trafficking (Gopalakrishnan et al., 2004). Thus
it is possible that binding of PGRN to the BC linker region of PSAP will affect the kinetics
of PSAP, and maybe also PGRN processing. Since granulin peptides, especially granulin D
and E, bind to PSAP with the similar affinity as full length PGRN, granulins might interact
with full length PSAP or its processing intermediates with BC linker still attached. The
relative rates of PGRN and PSAP processing during trafficking and in the lysosome might
determine the interaction modes between the final products and processing intermediates of
these two proteins. Further studies on these aspects of PGRN-PSAP biology will allow a
better understanding on how these two proteins interact and regulate each other's functions
and help develop therapeutic means to enhance their activities.
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TDP-43 TAR DNA-binding protein-43

PGRN progranulin

PSAP prosaposin
SAP saposin
kDa kilo Dalton
WT wild type
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Figure 1. PSAP interacts with granulin motifs
(A) Domain structure of human PGRN (aa 1-593). (B) HEK293T cells were co-transfected

with FLAG tagged PGRN truncation constructs and untagged human PSAP as indicated.
Cells were lysed two days after transfection and the lysates were immunoprecipitated with
anti-FLAG antibodies. The IP products were analyzed by Western blot using anti-FLAG and
anti-PSAP antibodies (RRID:AB_2172462). (C) Conditioned medium from HEK293T
expressing different AP-fusion proteins were incubated with FLAG beads only or FLAG
beads with FLAG-PSAP recombinant proteins. The amount of AP proteins co-
immunoprecipitated with FLAG-PSAP was analyzed by Western blot. (D) Conditioned
medium from HEK293T expressing different GFP-fusion proteins were mixed with 1ug
purified recombinant FLAG-PSAP. Immunoprecipitations were then performed with anti-
GFP antibodies and the IP products were analyzed by Western blot.
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Figure 2. Granulin D and E bind to PSAP with similar affinity asfull length PGRN
(A) Conditioned medium containing AP, AP-PGRN, AP-Grn D, or AP-Grn E were

incubated with COS-7 cells transfected with PSAP fused to PDGFR. Cells were fixed and
AP binding was visualized with AP substrates. Scale bar=100um. (B) AP-PGRN binding to
PSAP-PDGFR expressing COS-7 cells measured as a function of AP-PGRN concentration.
(C-E) Scatchard plot of AP-PGRN (C), AP-GRN D (D) or AP-GRN E (E) binding to PSAP-
PDGFR expressing COS-7 cells. Kp, mean + sem, n = 4,
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Figure 3. PSAP interactswith PGRN through the BC linker
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(A) HEK293T cells were co-transfected with FLAG tagged PGRN and full length his-PSAP
or PSAP truncation mutants as indicated. Cells were lysed two days after transfection and
the lysates were immunoprecipitated with anti-FLAG antibodies. The IP products were
analyzed by Western blot using anti-FLAG and anti-PSAP antibodies (RRID:AB_2172462).
(B) HEK?293T cells were co-transfected with untagged PGRN and FLAG tagged PSAP
fragments as indicated. Cells were lysed two days after transfection and the lysates were
immunoprecipitated with anti-FLAG antibodies. (C) Recombinant Gst- or his-sumo tagged
saposins purified from bacteria were incubated with FLAG beads only or FLAG beads with
FLAG-PGRN recombinant proteins. The amount of saposin co-immunoprecipitated with
FLAG-PGRN was analyzed by Western blot. (D) HEK293T cells were co-transfected with
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untagged PGRN and FLAG tagged full-length PSAP, full-length LAMP1, saposin B with
BC linker fused with transmembrane and cytoplasmic domain of LAMP1 (Tc-LAMP1) and
BC linker fused with Tc-LAMP1 as indicated. Cells were lysed two days after transfection
and the lysates were immunoprecipitated with anti-FLAG antibodies and immunoblotted
with anti-PGRN and anti-FLAG antibodies.
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Figure 4. PSAP mutant with the BC linker replaced failed to interact with PGRN
(A) HEK293T cells were co-transfected with FLAG tagged wild type (WT) or mutant (mut)

PSAP and untagged human PGRN as indicated. Media was collected and cells were lysed
three days after transfection. The lysates and media were separately immunoprecipitated
with anti-FLAG antibodies. (B) Conditioned medium containing AP or AP-PGRN were
incubated with COS-7 cells transfected with WT or mutant PSAP fused to PDGFR. Cells
were fixed and AP binding were visualized with AP substrates. Scale bar=100um.
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Figure 5. PSAP mutantsfail to deliver PGRN to lysosomes
(A) PSAP-/- mouse fibroblasts were infected with lentivirus expressing WT or mutant PSAP

with the BC linker replaced by CD linker. Cells were fixed and stained with rabbit anti-
human saposin B, sheep anti-mouse PGRN and rat anti-LAMP1 antibodies. Scale bar=10
um. (B) The colocalization of PGRN with lysosomal marker LAMP1 in (A) were quantified
using Image J. n=3, *** p<0.001. (C) Grn” cortical neurons were incubated with C-
terminally FLAG his tagged human PGRN which does not bind to sortilin (5ug/ml) together
with recombinant WT PSAP or mutant PSAP with the BC linker replaced by CD linker
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(5ug/ml). 12 hours later, cells were fixed and stained with rabbit anti-human saposin B, goat
anti-human PGRN and rat anti-LAMP1 antibodies. Scale bar=10 um. (D, E) The
endocytosed PGRN (D) and PSAP (E) for the experiment in (C) were quantified by using
Image J. n=3; ns, no significance; ***, p<0.001. One way ANOVA.
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