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Abstract 

Mutations in the granulin (GRN) gene, resulting in haploinsufficiency of the progranulin (PGRN) protein,   are 

a leading cause of frontotemporal lobar degeneration (FTLD) and PGRN polymorphisms are associated with 

Alzheimer’s disease (AD) and Parkinson’s disease (PD). PGRN is a key regulator of microglia-mediated 

inflammation but the mechanism is still unknown. Here we report that PGRN interacts with sPLA2-IIA, a 

secreted phospholipase involved in inflammatory responses, to downregulate sPLA2-IIA activities and levels. 

sPLA2-IIA expression modifies PGRN deficiency phenotypes in mice and sPLA2-IIA inhibition rescues 

inflammation and lysosomal abnormalities in PGRN deficient mice. Furthermore, FTLD patients with GRN 

mutations show increased levels of sPLA2-IIA in astrocytes.  Our data support sPLA2-IIA as a critical target for 

PGRN and a novel therapeutic target for FTLD-GRN.  
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Introduction 

Progranulin (PGRN), encoded by the granulin (GRN) gene in humans, has emerged as a key player in brain 

aging and neurodegenerative diseases 1,2. Mutations in the GRN gene, resulting in PGRN haploinsufficiency, are 

one of the major causes of frontotemporal lobar degeneration (FTLD) with TDP-43 positive inclusions 3-5.  

Complete loss of PGRN in humans is known to cause neuronal ceroid lipofuscinosis (NCL) 6-8, a group of 

lysosomal storage diseases. GRN was also identified as one of the two main determinants of differential aging 

in the cerebral cortex 9 and as one of the five risk factors for limbic-predominant age-related TDP-43 

encephalopathy (LATE) 10. Polymorphisms in the GRN gene also contribute to the risk of Alzheimer’s disease 

(AD)11-14 and GRN is closely linked to Parkinson’s disease (PD) 15,16. 

PGRN is an evolutionarily conserved glycoprotein comprised of 7.5 granulin repeats 17-19 with critical roles in 

inflammatory responses 20.  PGRN is highly expressed in microglia, the resident immune cell in the brain, and 

regulates many aspects of microglial behavior 20. PGRN deficiency results in exacerbated microglial activation, 

enhanced phagocytosis, increased levels of complement factors, and excessive synaptic pruning, leading to the 

disruption of brain circuits 21. However, the mechanism by which PGRN affects brain inflammation is still 

unclear.  

At the cellular level, PGRN is either secreted to the extracellular space or sorted into the lysosomal compartment 

within the cell 2,22. PGRN is processed into granulin peptides in the lysosome and is critical for proper lysosomal 

functions, especially during aging, but the exact mechanisms by which PGRN regulates lysosomal activities 

remain to be fully dissected 2,22. In addition, how PGRN functions extracellularly is still a mystery.  

In this study, we show that PGRN interacts with a secreted phospholipase, sPLA2-IIA, and downregulates 

sPLA2-IIA activities to control brain inflammation and lysosomal phenotypes. sPLA2-IIA expression modifies 

phenotypes associated with PGRN loss and sPLA2-IIA inhibition rescues gliosis and lysosomal abnormalities 

in PGRN-deficient mice.  

Results 

PGRN physically interacts with sPLA2-IIA and regulates sPLA2-IIA levels 

To understand the mechanisms of PGRN actions, we searched for PGRN interactors using a SILAC (stable 

isotope labeling by amino acids in cell culture) based proteomic screen (Fig. 1A). In addition to previously 

identified PGRN interactors, prosaposin (PSAP) 23 and folding chaperones (BIP, PDIA3, DJC10) 24, sPLA2-IIA 

(encoded by the Pla2g2a gene) was identified as one of the top hits from the screen (Fig. 1A, Supplementary 

Dataset 1). sPLA2-IIA is a secreted phospholipase of the sPLA2 family that catalyzes the hydrolysis of the sn-2 

position of glycerophospholipids to generate fatty acids and lysophospholipids, many of which play a critical 

role in inflammation 25. The PGRN/sPLA2-IIA interaction was further verified by co-immunoprecipitation (IP) 

with overexpressed human PGRN and sPLA2-IIA in both the medium and cell lysates (Fig. 1B). This interaction 
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is conserved with mouse PGRN and mouse sPLA2-IIA (Fig. 1C). PGRN and sPLA2-IIA colocalize with the 

Golgi marker ACBD3 when overexpressed, consistent with both of them being secreted proteins synthesized in 

the secretory pathway (Fig. S1A).  Co-IP experiments with individual granulin peptides expressed as GFP fusion 

proteins indicate that granulins F and G have a high affinity for sPLA2-IIA (Fig. 1D,1E). However, the deletion 

of granulins F and G significantly reduced but not abolished the interaction between PGRN and sPLA2-IIA (Fig. 

1F), suggesting that other granulins besides granulins F and G can also bind to sPLA2-IIA weakly.   

Next, we determined the functional significance of PGRN interaction with sPLA2-IIA. To test whether PGRN 

could directly regulate sPLA2-IIA activities, we purified recombinant sPLA2-IIA from the medium of 

transfected HEK293T cells and performed in vitro assays with colorimetric substrates of sPLA2 in the absence 

or presence of recombinant PGRN. We found that the presence of PGRN significantly reduced the activity of 

sPLA2-IIA at 1:1 and 1:2 molar ratios compared to the control reaction with sPLA2-IIA alone or with sPLA2-

IIA and bovine serum albumin (BSA) at 1:1 ratio (Fig. 2A).  

To determine whether PGRN could also regulate sPLA2-IIA levels, we examined sPLA2-IIA levels in the cell 

lysate and medium of Raw264.7 macrophage cells with PGRN expression reduced by CRISPR. We found that 

the levels of sPLA2-IIA are significantly increased in the medium but not in the cell lysates of PGRN deficient 

Raw264.7 cells (Fig. 2B,2C). Pla2g2a mRNA levels are not changed in PGRN deficient Raw264.7 cells based 

on RT-qPCR analysis (Fig. 2D), suggesting that PGRN regulates sPLA2-IIA levels post-transcriptionally. The 

addition of recombinant PGRN in the medium leads to a reduction of extracellular sPLA2-IIA levels in both 

control and PGRN deficient cells (Fig. 2B,2C). Since PGRN trafficks to lysosomes and is critical for proper 

lysosomal functions 22, we hypothesized that PGRN might downregulate sPLA2-IIA by targeting it for lysosome 

degradation. However, we failed to detect any alterations in endogenous sPLA2-IIA levels in Raw264.7 cells 

with lysosomal activities inhibited (Fig.S1B).  

sPLA2-IIA modifies the phenotypes associated with PGRN loss in mouse models  

Since sPLA2-IIA is an important mediator of inflammation through the generation of arachidonic acids (AAs) 

and other fatty acid signaling molecules 25-27, we hypothesized that PGRN might regulate inflammation through 

sPLA2-IIA. The commonly used mouse strain C57BL/6 (B6) harbors a mutation in Pla2g2a, which leads to the 

loss of the sPLA2-IIA protein 28 (Fig. S2). To determine the role of sPLA2-IIA in PGRN deficiency phenotypes, 

we crossed Grn-/- mouse strain in the C57BL/6 background with wild-type (WT) FVB mice, which expresses 

WT Pla2g2a (Fig. S2). Brain pathology was examined in mice with two WT alleles of Pla2g2a (Pla2g2a+/+) 

with or without PGRN deletion in the FVB/B6 hybrid background to determine the consequences of PGRN loss.  

Interestingly, we found a significant increase in lipofuscin accumulation, and glial activation in the 5-month-old 

Pla2g2a+/+ Grn-/-  mice (Fig. S3). This phenotype can also be observed in the 2-month-old Pla2g2a+/+ Grn-/- mice 

in the FVB/B6 background (Fig. 3A, 3B). To further confirm this phenotype, we backcrossed Grn-/- mice into 

the FVB background for additional 6 generations and compared lipofuscin signal and glial activation in the 2-

month-old Pla2g2a+/+ Grn-/- mice with littermate WT controls.  Similar increases in lipofuscin accumulation and 
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glia activation were observed (Fig. S4A). Since PGRN loss does not lead to any obvious microglia activation 

and lipofuscin accumulation in the 2-month-old C57BL/6 mice which do not express sPLA2-IIA (Fig. S4B) and 

the phenotype only becomes obvious in 9-10 months old 29, our data support that the expression of sPLA2-IIA 

greatly accelerates the phenotypes associated with PGRN loss. This indicates that regulation of sPLA2-IIA by 

PGRN could play an important role in restricting brain inflammation and lipofuscin accumulation.  

To further determine the effect of PGRN loss in sPLA2-IIA expressing background, we performed  RNA seq 

analysis with RNAs isolated from cortical regions of 5-month-old Pla2g2a+/+ mice with or without PGRN 

expression. Consistent with published results and a critical role of PGRN in the lysosome 22 and inflammation 
20, lysosome and inflammation pathways are among the most upregulated pathways upon PGRN loss in the 

Pla2g2a+/+  background (Fig. 4A-4C, and Dataset 2). To further characterize changes in lysosomal phenotypes 

in microglia, we immunostained  2-month-old Pla2g2a+/+  and Pla2g2a+/+ Grn-/-  mice with antibodies against 

lysosomal proteins, LAMP1, and cathepsin D, together with microglial marker IBA1. A significant increase in 

the levels of LAMP1 and cathepsin D was detected in PGRN deficient microglia (Fig. 5A, 5B). In addition, 

enlarged lysosomes are frequently found in PGRN deficient NeuN+ neurons but not in the GFAP+ astrocytes 

(Fig. 5C), supporting early lysosomal defects in both microglia and neurons upon PGRN loss in the Pla2g2a+/+  

mice.  

Since PGRN haploinsufficiency is a leading cause of FTLD, we also examined the phenotype of Pla2g2a+/+ 

Grn+/-  mice. No obvious inflammation and lysosomal phenotypes were observed in these mice at 5-month-old 

(Fig. S5), indicating that partial loss of PGRN is not sufficient to induce inflammatory and lysosomal 

abnormalities at this age even when Pla2g2a is expressed.  

sPLA2-IIA inhibitors rescue phenotypes associated with PGRN loss in mouse models.  

To determine whether sPLA2-IIA alterations are responsible for the inflammation and lysosomal phenotypes in 

PGRN deficient mice in the FVB background, we treated 5-week-old Pla2g2a+/+ Grn-/- mice with LY333013, a 

broad inhibitor of the sPLA2 family phospholipases, or KH064, a specific inhibitor of sPLA2-IIA 26. Strikingly, 

inhibition of sPLA2-IIA not only rescues the microgliosis and astrogliosis phenotypes but also lipofuscin 

accumulation in Grn-/- mice in the Pla2g2a+/+ background (Fig. 6A, 6B). Enlarged lysosomes and increased levels 

of cathepsin D in neurons and microglia of Pla2g2a+/+ Grn-/- mice are also rescued by treatment with sPLA2-IIA 

inhibitor (Fig. 7A, 7B). These results support that the increase in the sPLA2-IIA activities results in enhanced 

inflammation and lysosomal abnormalities in the Pla2g2a+/+ Grn-/- mice.  

Increased sPLA2-IIA levels in human FTLD patients with GRN mutations 

To determine whether sPLA2-IIA levels are affected in FTLD patients with GRN mutations, we analyzed 

sPLA2-IIA levels in the lysates of the anterior orbital gyrus region by ELISA. A significant increase in sPLA2-

IIA levels was found in patients with FTLD-TDP and carrying a GRN mutation (FTLD-GRN) but not in FTLD 

patients with corticobasal degeneration (CBD) positive with Tau aggregates (FTLD-Tau) (Fig. 8A) (Table S1). 
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To investigate the cellular distribution of sPLA2-IIA, we immunostained human brain sections with sPLA2-

IIA antibodies. We found that elevated sPLA2-IIA signals in GFAP positive astrocytes in FTLD-GRN patients, 

indicating that sPLA2-IIA is highly expressed by astrocytes in FTLD patient samples with GRN mutations 

(Fig. 8B). 

Discussion 

PGRN regulates  sPLA2-IIA activities and levels  

In this study, we have identified sPLA2-IIA as a novel interactor for PGRN and shown that PGRN inhibits 

sPLA2-IIA activities and downregulates its levels to regulate neuroinflammation.  Our results indicate that 

PGRN regulates sPLA2-IIA through two different mechanisms: (1) PGRN inhibits sPLA2-IIA activities through 

direct protein-protein interaction (Fig. 1B, 1C, and 2A); (2) PGRN downregulates extracellular sPLA2-IIA levels 

(Fig. 2B, 2C).  It is unclear how PGRN regulates sPLA2-IIA levels at this point. Since PGRN is a lysosomal 

protein, we have hypothesized that PGRN might downregulate sPLA2-IIA by targeting it for lysosome 

degradation. However, we fail to detect any alterations in sPLA2-IIA levels with lysosomal activities inhibited 

(Fig. S1B). Another possibility is that PGRN might promote the degradation of sPLA2-IIA in the extracellular 

space by regulating the activities of proteases. In this regard, PGRN has been shown to interact with the secretory 

leukocyte protease inhibitor (SLPI) 30, a disintegrin and metalloproteinase with thrombospondin motifs 7  and 

12 (ADAMTS-7 and 12) 31,32,  and matrix metalloproteinase (MMP)-12 33. Future studies are needed to dissect 

the mechanism by which PGRN regulates sPLA2-IIA levels. 

sPLA2-IIA is a member of a secreted PLA2 protein family (sPLA2), which catalyzes the hydrolysis of the sn-2 

position of glycerophospholipids and is an important mediator of inflammation through the generation of 

arachidonic acids (AAs) and other fatty acid signaling molecules 25-27. There are 11 family members of sPLA2, 

each of which has different tissue-specific expression patterns and slight differences in substrate specificity 25-27. 

Interestingly, the presence of sPLA2-IIA in the FVB but not C57BL/6 background greatly modifies PGRN 

deficiency phenotypes, and the specific inhibitor of sPLA2-IIA, KH064, rescues glial activation and lysosomal 

abnormalities associated with PGRN loss, indicating that the activity of sPLA2-IIA is more critical in the 

development of phenotypes associated with PGRN loss compared to other sPLA2 family members.  However, 

we can not rule out the possibility that other differences in the FVB and B6 strain background could work 

together with sPLA2-IIA to modify PGRN deficiency phenotypes.  

sPLA2-IIA and inflammation 

Interestingly, sPLA2-IIA levels are low in the mouse brain and undetectable in our studies (Fig. S6A). The 

highest level of sPLA2-IIA expression is found in the gut (Fig. S6A) and sPLA2-IIA has been shown to regulate 

gut microbiotome, inflammation and metabolism 34-36. It also has been demonstrated to function as an intestinal 

stem cell niche factor to regulate intestine homeostasis, inflammation, and cancer 37. An increase in sPLA2-IIA 

levels in the duodenum was found under PGRN deficient conditions (Fig. S6B,S6C). Alteration in the gut has 
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been shown to affect brain pathology through many different mechanisms 38,39. Thus it is possible that PGRN 

regulates brain inflammation phenotypes by modulating sPLA2-IIA function and levels in the gut. However,  

although sPLA2-IIA levels are low in the brain, studies have shown that sPLA2-IIA is expressed by astrocytes 
40,41 and endothelial cells 42. We have also detected increased levels of sPLA2-IIA in FTLD-GRN patients and 

sPLA2-IIA seems to be increased specifically in astrocytes (Fig. 8). Secreted sPLA2-IIA  has been shown to 

cause neuronal toxicity 41, stimulate phagocytosis, proliferation, and inflammatory responses of microglia-

derived BV2 cells 43, and proliferation of an astrocytoma cell line 44. sPLA2-IIA levels are increased after spinal 

cord injury and sPLA2-IIA has a detrimental effect 45. In addition,  sPLA2-IIA mRNA is up-regulated in 

Alzheimer's disease (AD) brains and sPLA2-IIA-immunoreactive astrocytes are associated with amyloid β (Aβ)-

containing plaques in AD 46. Oligomeric Aβ1-42 and interleukin-1β (IL-1β) were shown to induce sPLA2-IIA 

mRNA expression 46. Thus, although sPLA2-IIA levels are low in the brain, brain-expressed sPLA2-IIA might 

be still subject to regulation by PGRN to regulate brain inflammatory phenotypes. Future studies are needed to 

pinpoint the actions of PGRN and sPLA2-IIA in the periphery versus in the brain.  

Since sPLA2-IIA is a secreted enzyme, hydrolysis of lipids in the extracellular vesicles or the extracellular leaflet 

of the plasma membrane will lead to the production of AAs and other inflammatory lipid mediators, such as 

prostaglandins 25-27.  However, sPLA2-IIA has been shown to have catalytic independent functions, such as 

signaling through its receptors  25-27.  PGRN might regulate other functions of sPLA2-IIA in addition to its 

catalytic activities to modulate inflammation and lysosomal phenotypes.  

Connections between inflammation and lysosomal abnormalities 

Intriguingly, sPLA2-IIA expression not only modifies glial inflammation but also lysosomal abnormalities and 

lipofuscin accumulation and sPLA2-IIA inhibitors rescue both lipofuscin accumulation and lysosomal 

abnormalities under PGRN deficient conditions. While the mechanisms by which sPLA2-IIA regulates 

lysosomal phenotypes remain to be investigated, many recent studies have established a close link between 

lysosomal dysfunction and inflammation. For example, lysosomal membrane permeability (LMP) often results 

in the release of lysosomal enzymes and substrates into the cytosol, which often leads to inflammasome 

activation 47-49. In addition, the activation of TFE3/TFEB, the transcriptional factors involved in lysosome 

biogenesis,  has been shown to drive the expression of not only lysosomal genes but also inflammation genes in 

several studies 50,51. Furthermore,  substrate accumulation and lysosome stress can activate Stat3, which is known 

to mediate the transcription of many genes involved in inflammatory responses 52. However, while sPLA2-IIA 

is important for inflammatory responses by producing lipid mediators of inflammation, its role in the lysosomal 

compartment is completely unexplored. sPLA2-IIA might affect lysosomal activities indirectly through 

modulating lipid signaling and lipid composition through its catalytic activities, signaling functions or it might 

regulate lysosomal functions through other mechanisms.  

sPLA2-IIA as a novel therapeutic target for FTLD-GRN 
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PGRN has emerged as a hot target to treat neurodegenerative diseases 1,2. Our studies support the important role 

of sPLA2-IIA in FTLD-GRN pathogenesis. sPLA2-IIA expression strongly modifies phenotypes associated with 

PGRN deficiency in mouse models and sPLA2-IIA inhibition rescues inflammation and lysosome phenotypes 

associated with PGRN loss in the sPLA2-IIA expressing background. Our results support that sPLA2-IIA is a 

critical target of PGRN action and suggest that inhibition of sPLA2-IIA might be a valid therapeutic approach 

for FTLD-GRN, and possibly also other neurodegenerative diseases to restrict neuroinflammation.  

 

Material and Methods 

DNA and Plasmids 

Human Pla2g2a cDNA in the pDONR221 vector was obtained from DNASU. Human Pla2g2a-Myc-His 

construct was obtained through a gateway reaction with the pDONR221-Pla2g2a entry vector and an engineered 

destination vector with CMV promoter and MycHisA tag (sPLA2-IIA-myc). Untagged human Pla2g2a was 

cloned into the pCDNA3.1 vector. Human PGRN and granulin-expressing constructs were previously described 
53,54. Mouse Pla2g2a-Myc-DDK construct was obtained from Origene (m-sPLA2-IIA-myc). Mouse PGRN 

construct was cloned into pSecTag2B vector (Invitrogen) with an N-terminal FLAG-His tag (Flag-mPGRN). 

The N-terminal granulin G and F domains deleted PGRN (PGRNΔGF) (amino acids 206-593) was cloned into 

the pSectag2A vector with an N-terminal FLAG tag.  

Primary Antibodies and Reagents 

The following antibodies were used in this study: Rabbit anti-GFP antibody was a gift from Professor Anthony 

Bretscher; Mouse anti-Myc (9E10) (Sigma, 1:1000 for western blot), mouse anti-GAPDH (Proteintech Group, 

1:10000 for western blot), mouse anti-Transferrin (Proteintech Group, 1:1000 for western blot), rat anti-mouse 

LAMP1 (1D4B) (BD Biosciences, 553793, 1:300 for immunostaining), sheep anti-mouse PGRN (R&D systems, 

AF2557, 1:750 for western blot), goat anti-CathD (R&D systems, AF1029, 1:100 for immunostaining),  sheep 

anti-mouse sPLA2-IIA (ThermoFisher Scientific, PA5-47672, 1:500 for western blot), rabbit anti-human 

sPLA2-IIA (Cayman Chemical, 160502, 1:1000 for western blot,1:100 for immunostaining), rabbit anti-IBA-1 

(Wako, 01919741, 1:500 for immunostaining), rat anti-CD68 ( Bio-Rad, MCA1957, 1:100 for immunostaining), 

mouse anti-GFAP (Cell signaling, 3670S, 1:100 for immunostaining), mouse anti-ACBD3 (Santa Cruz 

Biotechnology, sc-101277, 1:200 for immonostaining). Myc-Trap (Chromo Tek), GFP-trap (Proteintech group), 

Flag-trap (Sigma) were used for anti-myc,anti-GFP, and anti-Flag immunoprecipitations, respectively.  

 

The following reagents were also used in the study: Dulbecco’s modified Eagle’s medium (DMEM)(Cellgro, 

10-017-CV), 0.25% Trypsin (Corning, 25-053-CI), LY333013 (Chemietek, CT-VAREM), KH064 (Millipore 

Sigma, S3319), Odyssey blocking buffer (LI-COR Biosciences, 927-40000), protease inhibitor (Roche, 

05056489001), Pierce BCA Protein Assay Kit (Thermo Scientific, 23225), O.C.T compound (Electron 
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Microscopy Sciences, 62550-01), Bafilomycin and Chroloquine (Sigma-Aldrich) and mouse sPLA2 activity 

assay Kit (Cayman Chemical, 765001), human sPLA2-IIA ELISA kit (Cayman Chemical, 501380) 

 

Mouse strains and treatment 

Grn-/- mice in the C57/BL6 background55 mice were obtained from Jackson Labs and housed in the Weill Hall 

animal facility. These mice were mated to WT FVB mice to generate Pla2g2a+/- Grn+/- mice. Pla2g2a+/- Grn+/- 

mice were bred with each other to generate Pla2g2a+/+ Grn-/- mice. Pla2g2a genotyping was performed using 

the following primers: Forward common, 5'- CAGAGCTGACAGCATGAAGGTCCTC-3'; Reverse WT, 5'-

TCTGTGGCATCCTTGGGGGAT-3'; Reverse pla2g2a knockout, 5'- CTGTGGCATCCTTGG GGG AA-3'. 

The age of the mice used is described in the figure legend for each experiment.  

For inhibitor treatment, 5-week-old Pla2g2a+/+ Grn-/- mice were fed with 0.3% DMSO in corn oil,  LY333013 

(10 mg/kg, dissolved in DMSO and diluted in corn oil)  or KH064 (10 mg/kg, dissolved in DMSO and diluted 

in corn oil) via oral gavage once per day for 3 consecutive weeks. Both male and female mice were included in 

each group. All the mice were housed in the Weill Hall animal facility at Cornell. All animal procedures have 

been approved by the Institutional Animal Care and Use Committee (IACUC) at Cornell. 

Cell Culture and DNA Transfection 

HEK293T and Raw 264.7 cells were maintained in Dulbecco’s Modified Eagle’s Medium (Cellgro) 

supplemented with 10% fetal bovine serum (Sigma) in a humidified incubator at 37ºC with 5% CO2. Raw 264.7 

cells with PGRN deletion or controls were generated as previously described56. For transient overexpression, 

HEK293T Cells were transfected with polyethyleneimine 57.   

Protein purification  

His-PGRN and sPLA2-IIA protein was purified from the serum-free culture medium of transfected HEK293T 

cells using cobalt beads. Protein was eluted with imidazole. Purified proteins were further concentrated and 

changed to PBS buffer using the Centricon device (Millipore). 

SILAC and mass spectrometry analysis 

HEPG2 cells were grown for a minimum of five generations in DMEM with 10% dialyzed FBS (Sigma) 

supplemented with either light (C12, N14 arginine, and lysine) or heavy (C13, N15 arginine, and lysine) amino 

acids. To search for PGRN interactors, the heavy HEPG2 cells were transfected in two 15 cm dishes with GFP-

PGRN expression constructs while the light HEPG2 cells were transfected with pEGFP-C1 as a control. Two 

days after transfection, cells were lysed in 50mM Tris pH8.0, 150mM NaCl, 1% Triton, and 0.1% deoxycholic 

acid with protease inhibitors (Roche). The lysates were subjected to anti-GFP immunoprecipitation using GFP-

Trap beads (ChromoTek).  The presence of GFP and GFP-PGRN in immunoprecipitated samples was confirmed 

by SDS-PAGE and silver staining. Samples were then mixed and boiled for 5 minutes with 1% DTT followed 

WITHDRAWN

see manuscript DOI for details

.CC-BY-NC-ND 4.0 International licenseavailable under a 
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 6, 2023. ; https://doi.org/10.1101/2023.04.06.535844doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.06.535844
http://creativecommons.org/licenses/by-nc-nd/4.0/


by alkylation by treating samples with a final concentration of 28 mM iodoacetamide. Proteins were precipitated 

on ice for 30 minutes with a mixture of 50% acetone/49.9% ethanol/0.1% acetic acid. The protein pellet was 

washed with the same solution, re-precipitated on ice, and dissolved in 8M urea/50 mM Tris pH 8.0 followed by 

dilution with three volumes of 50 mM Tris pH 8.0/150 mM NaCl. Proteins were digested overnight at 37º C with 

1 μg mass spectrometry grade Trypsin (Promega). The resulting peptide sample was acidified with 10% formic 

acid and 10% trifluoroacetic acid (TFA) and desalted using a Sep-Pak C18 cartridge (Waters). Samples were 

eluted with 80% acetonitrile (ACN)/0.1% acetic acid into silanized vials (National Scientific) and evaporated 

using a SpeedVac. Samples were re-dissolved in 85uL of a solution of ~1% formic acid and 70% can and subject 

to fractionation via hydrophilic interaction liquid chromatography (HILIC) on an Ultimate 300 LC (Dionex). 

Each fraction was evaporated with a SpeedVac and resuspended in 0.1% TFA. Samples were subjected to LC-

MS/MS analysis using a Q-Exactive mass spectrometer (Thermo Fisher Scientific) and data were analyzed using 

the SORCERER system (Sage-N Research).    

Tissue Preparation 

Mice were perfused with PBS and tissues were dissected and snap-frozen with liquid nitrogen and kept at -80°C. 

On the day of the experiment, frozen tissues were thawed and homogenized on ice with bead homogenizer (Moni 

International) in ice-cold RIPA buffer (150 mM NaCl, 50 mM Tris-HCl [pH 8.0], 1% Triton X-100, 0.5% sodium 

deoxycholate, 0.1% SDS) with 1 mM PMSF, and 1x protease inhibitors (Roche). After centrifugation at 14,000 

× g for 15 minutes at 4℃, supernatants were collected for analysis. 

 

Immunoprecipitation and western blot analysis 

Cells were lysed in 50mM Tris pH8.0, 150mM NaCl, 1% Triton, 0.1% deoxycholic acid with protease inhibitors 

(Roche). The lysates were subject to anti-GFP immunoprecipitation using GFP-Trap beads or anti-Myc 

immunoprecipitation using Myc-Trap beads (ChromoTek), beads were washed with 50mM Tris pH8.0, 150mM 

NaCl, 1% Triton after 3-4 hours of incubation. Western Blot was visualized using the Licor-Odyssey system as 

described58. The PGRN and sPLA2-IIA levels in the medium were analyzed following trichloroacetic acid 

precipitation as described58.  

Immunofluorescence staining, image acquisition, and analysis 

For mouse brain section staining, mice were perfused with cold PBS and tissues were post-fixed with 4% 

paraformaldehyde. After dehydration in 30% sucrose buffer, tissues were embedded in the O.C.T compound 

(Electron Microscopy Sciences). 20-µm-thick brain sections were cut with cryotome. For paraffin-embedded 

human brain samples, 8-µm-thick sections were deparaffinized with xylene and ethanol. Antigen retrieval was 

performed by microwaving in citrate buffer (pH 6.0) for 20 min. Tissue sections were blocked and permeabilized 

with 0.1% saponin in Odyssey blocking buffer before incubating with primary antibodies overnight at 4℃. The 

next day, sections were washed 3x with cold PBS followed by incubation with secondary fluorescent antibodies 

and Hoechst at room temperature for two hours. The slides were then mounted using a mounting medium (Vector 

laboratories). Images were acquired on a CSU-X spinning disc confocal microscope (Intelligent Imaging 
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Innovations) with an HQ2 CCD camera (Photometrics) using 63x or 100x objectives, ten to twelve different 

random images were captured. Lower magnification images were captured by 20x objectives on a Leica DMi8 

inverted microscope, three to five images were captured from each sample.  

 

For the quantitative analysis of GFAP,  CD68, and IBA1 levels in the brain sections, the fluorescence intensity 

and area were measured directly using ImageJ after a threshold application. The lipofuscin quantification was 

determined by the red fluorescence signals (594 nm). For the quantitative analysis of CathD and LAMP1 levels 

in IBA1-positive microglia, the IBA1-positive microglia were selected. Subsequently, the fluorescence area and 

intensity of CathD and LAMP1 were measured. Three brain sections per mouse, separated by 100 µm were used 

for quantification. The mean from the three sections was used to be representative of each mouse. Data from  ≥3 

brains in each genotype were used for quantitative analysis and normalized to age-matched controls. 

sPLA2 activity assays  

sPLA2 activities were analyzed using a mouse sPLA2 activity assay kit (Cayman Chemical) according to the 

manufacturer’s instructions. Samples were prepared in a 96-well plate and run at 414 nm every minute for 10 

min. The activities of recombinant sPLA2-IIA protein (250ng/ml)  in the absence or presence of recombinant 

PGRN or BSA (1250ng/ml or 2500ng/ml) were determined. 

 

PCR with reverse transcription 

Total RNAs were extracted using TRIzol (Invitrogen). One microgram of total RNA was reverse transcribed to 

cDNA using poly (T) primer and SuperScript III Reverse Transcriptase (Invitrogen). Quantitative PCR was 

performed on a LightCyler 480 (Roch Applied Science), and the transcripts levels were measured using 

efficiency-adjusted ΔΔ−CT.  Pla2g2a  transcripts were normalized to β-actin. The mouse Pla2g2a primer pair 

sequences were 5′-GGCTGTGTCAGTGCGATAAAXX-3′ and 5′-TTTATCACCGGGAAACTTGG-3′. Mouse 

β-actin primers were 5′-ACGAGGCCCAGAGCAAGAG-3′ and 5′-TCTCCAAGTCGTCCCAGTTG-3′. 

 

RNA-seq analysis 

Total RNA was extracted from cortex regions using Trizol (Thermo scientific). RNA quality was checked 

using nanodrop, gel electrophoresis, and Agilent Fragment Analyzer. RNAseq libraries were generated by 

the Cornell TREx Facility using the NEBNext Ultra II Directional RNA Library Prep Kit (New England 

Biolabs) using 700ng input total RNA per sample. At least 20M reads (2x150nt PE) were generated on a 

NovaSeq (Illumina). Reads were trimmed to remove low-quality and adaptor sequences with TrimGalore 

(a wrapper for cutadapt and fastQC), requiring a minimum trimmed length of 50nt. Reads that passed 

quality control were aligned to reference genome (Ensembl 98.38)59 using STAR60, using ‘--quantMode 

GeneCounts’ to output counts per gene. SARTools61 and DESeq262 were used to generate normalized 

counts and statistical analysis of differential gene expression. Genes with FDR control p-value ≤ 0.05 and 
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absolute log fold change ≥ 0.5 were identified as differentially expressed genes (DEGs). Heatmap of the 

DEGs was generated by using Heatmapper63. Gene enrichment analysis using Hallmark and KEGG gene 

sets was performed using Gene Set Enrichment Analysis (GSEA)64. The list of inflammation genes was 

obtained from GSEA hallmark gene sets and previously published papers. The list of lysosome genes is 

obtained from GSEA KEGG gene sets.  

Statistical analysis 

All statistical analyses were performed using GraphPad Prism 8. All data are presented as mean ± SEM. 

Statistical significance was assessed by unpaired Student’s t-test (for two groups comparison) or one-way 

ANOVA tests with Bonferroni's multiple comparisons (for multiple comparisons). P values less than or equal to 

0.05 were considered statistically significant. *p < 0.05; **p < 0.01. 
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Figure Legends 

Fig. 1: Physical interactions between PGRN and sPLA2-IIA. (A) Schematic illustration of the SILAC 

experiment searching for PGRN interactors in HEPG2 cells.  Proteins with more than 4 peptides and p value 

<0.01 and Log2 (GFP/GFP-PGRN) ratio <-1 were labeled in green. (B) Human PGRN and sPLA2-IIA interact 

when overexpressed in HEK293T cells. Human sPLA2-IIA-myc and human PGRN expressing constructs were 

transfected into HEK293T cells as indicated. Lysates and conditioned medium were prepared 3 days later and 

immunoprecipitated with anti-Myc antibodies. (C) Mouse-sPLA2-IIA-myc and FLAG-mouse-PGRN 

expressing constructs were transfected into HEK293T cells as indicated. Lysates and conditioned medium were 

prepared 3 days later and immunoprecipitated with anti-Myc antibodies. (D) Human PGRN interacts with human 

sPLA2-IIA through granulin F and G. Human-sPLA2-IIA-myc and GFP-PGRN / granulin constructs were 

transfected into HEK293T cells as indicated. Lysates were prepared 2 days later and immunoprecipitated with 

GFP-Trap. (E) Diagram of PGRN structure. (F) Deletion of granulin F and G reduces the interaction between 

PGRN and sPLA2-IIA. Untagged human sPLA2-IIA and Flag-PGRN / Flag-PGRNΔGF constructs were 

transfected into HEK293T cells as indicated. Lysates and conditioned medium were collected 2 days later and 

immunoprecipitated with anti-FLAG antibodies.  

Fig. 2. PGRN downregulates sPLA2-IIA activities and extracellular sPLA2-IIA levels. (A) PGRN inhibits 

sPLA2-IIA activities in vitro. Recombinant sPLA2-IIA protein was incubated with substrates in the absence or 

presence of recombinant PGRN at a 1:1 or 1:2 molar ratio and sPLA2-IIA activities were measured.  (B, C) 

Control and PGRN deficient Raw264.7 cells were cultured in a serum-free medium for 24 hours before the 

lysates and conditioned media (CM) were harvested. Recombinant PGRN protein was added to the medium at 

5ug/ml when indicated. Proteins from the CM were precipitated with TCA. Cell lysates and TCA precipitated 

medium were blotted with anti-sPLA2-IIA-antibodies. The levels of sPLA2-IIA in the cell lysate and medium 

were quantified and normalized to GAPDH and transferrin, respectively. The value in PGRN deficient conditions 

was then normalized to that in the control cells. (D) Pla2g2a mRNA levels are not affected by PGRN loss.  

mRNAs were extracted from control and PGRN-deficient Raw264.7 cells. The mRNA levels of sPLA2-IIA were 

quantified by RT-qPCR and normalized to β-actin.  Data are presented as mean ± SEM from three independent 

experiments.  *, p<0.05; **, p<0.01, Student’s t-test (for two groups comparison) or one-way ANOVA tests (for 

multiple comparisons). 

Fig. 3: PGRN deficiency in the sPLA2-IIA expressing background leads to early glial activation and 

lipofuscin accumulation. (A) Immunostaining of GFAP, CD68, and IBA1 and auto-fluorescent lipofuscin 

signals in brain sections from 2-month-old Pla2g2a+/+ and Pla2g2a+/+ Grn-/- mice. Representative images from 

the cortex were shown for GFAP/CD68/IBA1 staining and images from the thalamus were shown for lipofuscin 

signals. Scale bar =100 µm (GFAP/CD68/IBA1);  Scale bar =10 µm (Lipofuscin images). (B) Quantification of 

GFAP, CD68, and IBA1 levels and auto-fluorescent lipofuscin signals for the experiment in (a). Data are 
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presented as mean ± SEM from 5 mice of mixed sexes per group (n=5).  3 brain sections were analyzed for each 

mouse brain.  **, p<0.01, Student’s t-test.  

Fig. 4. Gene expression changes caused by PGRN deficiency in the sPLA2-IIA expressing background. (A, 

B) Total RNAs were extracted from the cortex of 5-month-old Pla2g2a+/+ and Pla2g2a+/+Grn-/- mice and the 

RNA-seq was performed to analyze gene expression changes (n=3). Differential expressed genes (DEGs) with 

FDR P ≤ 0.05,  absolute Log2FC ≥ 0.5 between Pla2g2a+/+ and Pla2g2a+/+Grn-/-  groups are plotted using 

Heatmapper (A; Upregulated in Grn-/-; B: downregulated in Grn-/-).  Inflammation genes and lysosomal genes 

are highlighted in red and green, respectively. (C) GSEA pathway analysis of the upregulated pathways with 

NES (normalized enrichment score)>1.0, NOM p-val (nominal p-value)<0.05, and FDR q-val (false discovery 

rate q value)<0.25 in RNA samples from the cortex of Pla2g2a+/+ Grn-/- mice compared to these from Pla2g2a+/+ 

mice. 

Fig. 5. Lysosomal changes caused by PGRN deficiency in the sPLA2-IIA expressing background. (A, B) 

Immunostaining of Cathepsin D (CathD), LAMP1, and IBA1 in brain sections from 2-month-old Pla2g2a+/+ 

and Pla2g2a+/+ Grn-/- mice. Representative images from the cortex were shown.  CathD and LAMP1 signals in 

IBA1-positive microglia were quantified. 3 sections per mouse brain and 3 mouse brains were used for each 

genotype. 10-12 cells per section were analyzed. Scale bar =10 µm. n=3, **, p<0.01. (C) Immunostaining of 

CathD, GFAP, and NeuN in brain sections from 2-month-old Pla2g2a+/+ and Pla2g2a+/+ Grn-/- mice. 

Representative images from the cortex were shown. Similar results were obtained from 3 mouse brains. Scale 

bar=8µm  

Fig. 6: Inhibition of sPLA2-IIA pathway rescues glia activation and lipofuscin accumulation in PGRN 

deficient mice. 5-week-old Pla2g2a+/+ and Pla2g2a+/+ Grn-/- mice were treated with corn oil control or PLA2-

IIA inhibitors, LY333013 or KH064 for 3 weeks. (A) Brain sections were immunostained with anti-GFAP, CD68, 

and IBA1 antibodies, and representative images from the cortex region were shown (Scale bar=100 µm). Another 

set of brain sections was stained with Hoechst and auto-fluorescent lipofuscin signals (red) in the thalamus region 

were imaged (scale bar=10µm). (B) Quantification of GFAP, CD68, and IBA1 levels and auto-fluorescent 

lipofuscin signals for the experiment in (A). Data are presented as mean ± SEM from five mice per group (n=5).  

3 sections were analyzed for each mouse brain.  *, p<0.05; **, p<0.01, one-way ANOVA.  

Fig. 7: Inhibition of sPLA2-IIA pathway rescues lysosomal enlargement in PGRN deficient mice. 5-week-

old Pla2g2a+/+ and Pla2g2a+/+ Grn-/- mice were treated with corn oil control or PLA2-IIA inhibitors, LY333013 

or KH064 for 3 weeks. (A) Brain sections were immunostained with anti-CathD, NeuN, and IBA1 antibodies, 

and representative images from the cortex region were shown (Scale bar=10 µm). (B) CathD signals in IBA1 

positive microglia and NeuN positive neurons were quantified. 10-20 confocal images were randomly captured 

from each brain section. Ten to twenty microglia and fifty to sixty neurons were quantified per section. 3 sections 

were analyzed for each mouse brain. Data are presented as mean ± SEM from 3-4 mice per group (n=3-4).  *, 

p<0.05; **, p<0.01, one-way ANOVA. 
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Fig. 8: The levels of sPLA2-IIA are upregulated in FTLD patients with GRN mutations. (a) sPLA2-IIA 

levels were measured in the lysates from postmortem human brain tissues from healthy controls and FTLD 

with GRN mutations or Tau aggregation using ELISA. Data are presented as mean ± SEM from 4-6 cases per 

group (n=4-6).  *, p<0.05, Student’s t-test. (b) Anterior orbital gyrus tissues from healthy controls and FTLD-

GRN patients were immunostained with anti-sPLA2-IIA and GFAP antibodies. Representative confocal 

images from 3 different cases for each genotype were shown (Scale bar=10 µm). 
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