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Frontotemporal lobar degeneration (FTLD) is a devastating, clinically 

heterogeneous neurodegenerative disease that results in the progressive atrophy of the 

frontal and temporal lobes of the brain.  Most often presenting with drastic alterations 

in personality and behavior, as well as a gradual decline in language capabilities, FTLD 

is the second leading cause of early-onset dementia only after Alzheimer’s disease.  One 

of the major causes of familial FTLD is haploinsufficiency of the protein, progranulin 

(PGRN), resulting from mutation in the granulin (GRN) gene.  Interestingly, PGRN 

shows a dosage-dependent disease correlation, and GRN mutation resulting in complete 

loss of PGRN causes the lysosomal storage disease (LSD), neuronal ceroid 

lipofuscinosis (NCL).  In this text, my co-workers and I demonstrate that PGRN is 

proteolytically processed in the lysosome into discrete granulin peptides, which may 

possess distinct functions.  We have independently found interactions between PGRN 

or granulin peptides and three lysosomal hydrolases: Cathepsin D (CTSD), 

glucocerebrosidase (GBA), and ɑ-N-acetylgalactosaminidase (NAGA).  The activity of 

each of these enzymes was found to be reduced in Grn-/- mice, indicating that a potential 

mechanism of PGRN-related disease may be dysfunction of multiple lysosomal 



 

hydrolases.  In addition to possessing an indeterminate lysosomal function, PGRN has 

also been shown to be a neurotrophic factor.  Completion of a high-throughput screen 

searching for the receptor that mediates this function identified cluster of differentiation 

68 (CD68) and neuropilin 2 (NRP2) as putative PGRN receptors. 

A second protein that has become of interest to the study of FTLD is 

TMEM106B.  Variants of TMEM106B have been associated with an increased risk of 

developing FTLD, especially in cases of GRN mutation (FTLD-GRN).  Although 

TMEM106B is known to be an endolysosomal transmembrane protein that regulates 

lysosomal morphology and degradative capacity, its exact function is unclear.  Our 

current findings suggest that TMEM106B may regulate cellular levels of the 

phosphoinositide, PI(3,5)P2.  In summary, our work supports a lysosomal role of the 

FTLD- and NCL-related protein, PGRN, and identifies a novel function of the FTLD 

risk factor, TMEM106B. 
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CHAPTER 1 

 

PROGRANULIN, THE LYSOSOME, AND NEURODEGENERATION 

 

Published as Paushter DH, Du H, Feng T, Hu F. The lysosomal function of progranulin, 

a guardian against neurodegeneration. Acta Neuropathol. 2018 May 9. doi: 

10.1007/s00401-018-1861-8. [Epub ahead of print] Review. 

 

1.1 Abstract 

Progranulin (PGRN), encoded by the GRN gene in humans, is a secreted growth factor 

implicated in a multitude of processes ranging from regulation of inflammation to 

wound healing and tumorigenesis.  The clinical importance of PGRN became especially 

evident in 2006, when heterozygous mutation in the GRN gene, resulting in 

haploinsuffiency, was found to be one of the main causes of frontotemporal lobar 

degeneration (FTLD).  FTLD is a clinically heterogeneous disease that results in the 

progressive atrophy of the frontal and temporal lobes of the brain.  Despite significant 

research, the exact function of PGRN and its mechanistic relationship to FTLD remain 

unclear. However, growing evidence suggests a role for PGRN in the lysosome – most 

striking being that homozygous GRN mutation leads to neuronal ceroid lipofuscinosis 

(NCL), a lysosomal storage disease (LSD).  Since this discovery, several links between 

PGRN and the lysosome have been established, including the existence of two 

independent lysosomal trafficking pathways, intralysosomal processing of PGRN into 

discrete functional peptides, and direct and indirect regulation of lysosomal hydrolases.  
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Here, we summarize the cellular functions of PGRN, its roles in the nervous system, 

and its link to multiple neurodegenerative diseases, with a particular focus dedicated to 

recent lysosome-related mechanistic developments. 

 

1.2 Introduction 

1.2.1 GRN mutation causes frontotemporal lobar degeneration and neuronal 

ceroid lipofuscinosis 

The clinical importance of progranulin (PGRN; also known as acrogranin; granulin-

epithelin precursor (GEP); GP88; PC cell-derived growth factor (PCDGF); and 

proepithelin (PEPI)) became evident in 2006, when heterozygous mutations in the GRN 

gene, resulting in haploinsuffiency, were found to cause frontotemporal lobar 

degeneration (FTLD) [8, 27, 35, 70, 79, 115].  FTLD is a clinically heterogeneous, 

incurable neurodegenerative disease resulting in frontotemporal dementia (FTD), most 

often presenting with drastic alterations in behavior and personality, including social 

disinhibition as well as gradual decline in language capabilities [82].  Although the exact 

mechanism is unknown, the disease is characterized by progressive atrophy of the 

frontal and temporal lobes of the brain.  FTLD is the second leading cause of early-onset 

dementia after Alzheimer’s disease (AD), and is the third most common cause of 

cortical dementia [82, 99].  FTD can clinically be divided into distinct subtypes based 

upon earliest primary signs of disease.  Behavioral-variant FTD is associated with 

sometimes severe alterations in personality and behavior, while primary progressive 

aphasia (PPA), which can be subdivided into semantic dementia (SD) and progressive 

nonfluent aphasia (PNFA), is associated with marked dysfunction in language 
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processing and production.  Interestingly, there is also overlap between the development 

of FTLD and the motor neuron disease, amyotrophic lateral sclerosis (ALS), with many 

FTLD patients developing motor neuron disease and many ALS patients showing 

cognitive decline [67].  In addition to classification by clinical presentation, FTLD can 

also be grouped by common histopathological features.  Chief findings include 

inclusion bodies positive for tau protein (FTLD-Tau), ubiquitinated TAR DNA-binding 

protein 43 (TDP-43) (FTLD-TDP), or fused in sarcoma protein (FTLD-FUS) [71].  

Although not all cases have a clear genetic component, there are several gene mutations 

known to result in FTLD, with major contributors including GRN, microtubule-

associated protein tau (MAPT) and chromosome 9 open reading frame 72 (C9orf72) 

[97].  Since it was first associated with FTLD, more than 60 disease-causing GRN 

mutations have been identified [97].  Accounting for ~20-25% of familial FTLD cases 

and ~10% of all FTLD cases, with the majority producing truncated transcripts that are 

degraded by nonsense-mediated mRNA decay, GRN mutation is primarily associated 

with the FTLD-TDP subtype and shows minimal connection with ALS [108]. 

Perhaps the most important finding leading to a hypothetical lysosomal function 

of PGRN was the 2012 discovery of a pair of siblings with adult-onset neuronal ceroid 

lipofuscinosis (NCL), with exome sequencing pointing to a homozygous variant in GRN 

resulting in a premature stop [114].  Like FTLD, NCLs are a family of 

neurodegenerative diseases that are symptomatically and pathologically diverse [60, 76, 

86].   Clinical presentations encompass cognitive and motor deterioration, epilepsy, and 

retinopathy, with pathology including lysosomal accumulation of lipofuscin, an 

autofluorescent lipid and protein aggregate.  NCLs were previously classified by age of 



4 
 

onset, but with progressing molecular technologies, are now classified by genetic cause, 

of which 13 specific genes (CLN1-13), including GRN (CLN11), have been identified 

[26, 86].  Since the first cases of GRN-related NCL came to prominence, a second family 

has been identified wherein both parents developed FTLD and were found to be GRN 

mutant carriers, while their daughter who received two copies of the mutant allele 

developed adult-onset NCL, confirming the dosage effects of PGRN in disease 

manifestation [3]. More importantly, NCL-related phenotypes are reported in FTLD 

patients with GRN mutation [39, 131, 139], supporting the theory that lysosomal 

dysfunction might serve as a common mechanism of these two diseases.  

 

1.2.2 GRN mutation is associated with AD 

In addition to GRN mutation directly causing FTLD and NCL, PGRN has been linked 

to the pathophysiology of AD, although the exact nature of the relationship is less well-

defined.  AD is the most common senile dementia, characterized by the accumulation 

of insoluble amyloid-β (Aβ) plaques, neurofibrillary tangles of hyperphosphorylated 

tau, and gradual memory impairment.  A number of groups have found that the T-allele 

of a GRN single nucleotide polymorphism (SNP), rs5848, in the 3’-untranslated region 

(3’-UTR), is associated with an increased risk of AD, which has been further supported 

by meta-analytic studies [55, 66, 111, 142].  The risk of AD development is inversely 

proportional to serum PGRN levels, as AD patients carrying homozygous T alleles have 

lower serum PGRN [49], possibly due to translational inhibition consequent to 

increased miRNA binding [98]. 
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In AD mouse models, PGRN expression is dramatically upregulated in 

microglia [92] and in axons [40] around Aβ plaques. However, conflicting results have 

been obtained regarding the effect of PGRN in AD. PGRN has been demonstrated to 

attenuate pathological phenotypes, including Aβ plaque burden, neuroinflammatory 

markers, and memory impairment in AD mouse models in some studies [74, 134].  

Other studies, however, have demonstrated that some AD phenotypes are improved by 

PGRN deficiency [47, 119].  The root of this discrepancy is currently unclear, but it has 

been proposed to be due to variations in mouse strains used or age of animals assessed.  

Despite this, it is clear from human studies that PGRN is an important marker and 

modulator of disease susceptibility in AD. 

 

1.2.3 PGRN is a conserved, multifunctional pro-protein with unique structure  

Structurally, PGRN is a 593 amino acid, 88 kDa protein that is highly glycosylated (~65 

kDa without glycosylation) with 4 confirmed, and 1 putative, N-linked glycosylation 

sites [116].  It is comprised of seven full (domains A-G) and one half (domain p or 

“paragranulin”) conserved granulin domains connected by short linker regions [127].  

The general structure of the granulin domains is unique, with each full domain 

consisting of approximately 55 residues, with 2 (granulin G) or 4 (other granulins) 

double cysteine motifs and 4 single cysteine motifs.  Structural studies of human 

granulin A and a granulin derived from carp revealed stacks of β-hairpins held together 

tightly by six disulfide bonds [48, 128, 137].  Despite this bonding, there appears to be 

great variability in the rigidity and flexibility of each mammalian granulin [127].  

Notably, PGRN can be proteolytically processed to release individual granulin peptides, 
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which are evidenced to possess functions independent of, and sometimes in contrast to, 

the full-length precursor.  These granulin peptides were, in fact, discovered a few years 

before PGRN, having been isolated from epidermal carcinoma, rat kidney, and 

inflammatory exudates [10, 15, 112].  PGRN/granulin homologs are found across taxa, 

ranging from plants to invertebrates, such as sponges, worms, and insects, to vertebrates, 

including fish and mammals [90].  Transcriptionally, the GRN gene is expressed to 

varying degrees across a wide range of tissues and cell types, including a variety of 

neurons, immune cells, and epithelial cells [28].  While the exact function of PGRN 

remains elusive, it has been found to be involved in numerous normal physiologic and 

pathologic processes. 

 

1.2.4 PGRN is a growth factor involved in inflammation, wound healing, and 

tumorigenesis 

When granulin peptides were first discovered in 1990, their primary role was attributed 

to the modulation of cell growth [42].  Originally termed “epithelins”, the first two 

peptides to be isolated were shown to have opposing effects on the in vitro growth of a 

murine keratinocyte cell line [96, 112].  As with its derivative peptides, full-length 

PGRN can function as a growth factor.  Recombinant PGRN supplied in the culture 

media of two epithelial cell lines showed stimulation of proliferation [28].  Similarly, 

PGRN has been demonstrated to stimulate endothelial cell migration and vessel growth 

in vitro and in vivo [44, 125].  Multiple studies have shown that PGRN is able to 

modulate MAPK/ERK, PI3K/Akt, and FAK signaling pathways, despite the lack of a 

previously identified PGRN signaling receptor [43, 68, 151].  A recent study, however, 
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indicates that PGRN binds to the receptor tyrosine kinase, EPH receptor A2 (EphA2) 

and, through this binding, is able to activate MAPK and Akt signaling pathways (Fig. 

1.1) (Table 1.1) [83]. 

Owing at least in part to its mitogenic and angiogenic effects, PGRN expression 

has been linked to several cancers, generally with direct correlation between increasing 

PGRN expression and cancer severity [1, 31, 109, 123, 124].  PGRN may also be a 

useful biomarker in a number of cancers, such as ovarian epithelial cancer and malignant 

lymphoma, where elevated serum PGRN levels can be indicative of disease and 

prognostic of lower survival [6, 147]. 

In addition to the roles PGRN plays in cell proliferation, wound healing, and 

tumorigenesis, it is a well-established modulator of immune function [20, 51, 57, 121, 

126].  In C. elegans, a PGRN homolog was reported to slow clearance of apoptotic cells 

[56].  Microglia, the resident immune cells in the brain, especially those which have 

become reactive following insult or trauma, produce and secrete especially high levels 

of PGRN [50, 75, 81, 94, 158], and PGRN has been shown to regulate microglial 

activation, migration, phagocytosis, and synapse pruning [69, 72, 95, 132, 149].  Thus, 

one role of PGRN in neurodegenerative diseases appears to be regulating microglia-

mediated inflammatory responses.  Interestingly, PGRN and granulin peptides have 

been found to possess opposing inflammatory functions, with PGRN generally being 

anti-inflammatory and granulin peptides pro-inflammatory [61, 160].  Studies in C. 

elegans have even suggested that granulin peptides might be toxic [104], although this 

has yet to be reported in mammalian systems.  Because of the stark contrast in 

inflammatory  effects, extracellular processing of PGRN into granulin peptides may be 
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Figure 1.1. PGRN interactions, trafficking, and proteolysis. Several PGRN receptors 
have been identified, including EphA2, Notch, TLR9, and TNFR.  Chaperones, such as 
BiP and PDI ensure proper folding of PGRN in the ER.  Mature PGRN can be delivered 
to the lysosome from the TGN or extracellular space by two independent pathways.  1) 
PGRN binds directly to the trafficking receptor, sortilin, which delivers it to the 
lysosome.  2) PGRN binds to the soluble lysosomal protein, PSAP, which then binds to 
either of its own trafficking receptors, the CI-M6PR or LRP1, and carries PGRN with 
it to the lysosome.  The complementary relationship also exists, wherein PGRN 
transports PSAP to the lysosome via sortilin.  Upon reaching the lysosome, PGRN can 
be cleaved by CTSL into individual granulin peptides and PSAP cleaved by CTSD into 
individual saposins.  PGRN/granulin E can then bind to CTSD to help stabilize it and/or 
augment its activity. 
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tightly regulated, and PGRN can be cleaved by multiple proteases, including neutrophil 

elastase, a disintegrin and metalloproteinase with thrombospondin motifs 7 (ADAMTS-

7), proteinase 3, matrix metalloproteinase (MMP)-9, MMP-12, and MMP-14 (Fig. 1.1) 

[7, 18, 58, 118, 141, 160].  There is some evidence that PGRN may bind the tumor 

necrosis factor (TNF) receptors, with competitive inhibition of TNF-α providing a 

mechanism of action (Fig. 1.1) [122].  However, there has been dispute about the nature 

of this relationship and whether it is physiologically real [24]. 

Considering the relationship between PGRN and neurodegeneration and its 

described functions as a growth and survival factor, it is not surprising that PGRN and 

at least one granulin peptide can function as neurotrophic factors, promoting neuron 

survival and neurite outgrowth in vitro and in vivo, both in mammalian systems and in 

Zebrafish [25, 28, 29, 34, 36, 62, 103, 132, 138].  A proteomic screen with gene ontology 

enrichment analysis has revealed an association between PGRN and Notch receptor 

signaling, with reported binding between PGRN and Notch1, 2, 3, and 4 (Fig. 1.1) [5].  

However, it is not known whether this interaction mediates the neurotrophic effects of 

PGRN. 

While loss of a direct neurotrophic or inflammation regulatory effect of PGRN 

could contribute to neurodegeneration in FTLD, the genetic link between PGRN and 

NCL strongly supports a lysosomal function of PGRN, as all the NCL genes discovered 

so far play a direct or indirect role in regulating lysosomal function [26].  With this 

understanding, there has been a new focus on identifying this potential function. 
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1.3 PGRN and the Lysosome 

1.3.1 Lysosomal dysfunction in models of PGRN deficiency 

Several groups have utilized mouse and cellular models of PGRN deficiency to try to 

recapitulate the disease processes of GRN-related FTLD and NCL.  Although pathology 

in Grn-/- mouse models tends to be more moderate than in human cases, a number of 

phenotypes have been reported, including exaggerated inflammatory responses, 

microgliosis, astrogliosis, and behavioral dysfunction such as OCD-like and 

disinhibition-like behavior [69, 72, 101, 149, 150].  In addition to these broad 

observations, signs of lysosomal dysfunction have also been reported.  Aged Grn-/- mice 

develop lipofuscin deposits and enlarged lysosomes, signatures of NCL (Fig. 1.2a, 

1.2b) [2, 93, 140].  As occurs with FTLD with GRN mutations (FTLD-GRN), at least 

one group has observed phosphorylated TDP-43 accumulation in Grn-/- mice [150].  

Additional links to the endolysosomal system include diffuse or granular cytosolic 

ubiquitin deposits [2, 140, 150] and aggregation of the autophagy-related protein, 

ubiquitin-binding protein p62 [120]. Reduced autophagic flux and autophagy-dependent 

clearance have also been reported in PGRN-deficient mice [21].  Human FTLD-GRN 

patient-derived primary fibroblasts showed decreased lysosomal protease activity, and 

lymphoblasts contained NCL-like storage material [139].  Similarly, FTLD-GRN 

patient induced pluripotent stem cell (iPSC)-derived cortical neurons have been shown 

to develop NCL- and FTLD-like pathologies, such as enlarged vesicles, lipofuscin 

accumulation, and a specific lysosomal cathepsin deficiency [131].  These models 

provide  strong  evidence  for  lysosomal  dysfunction  in  cases  of  PGRN  deficiency. 
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Figure 1.2. PGRN is a lysosome-resident protein important for lysosome function. 
a) Increased lipofuscin accumulation in Grn-/- mice.  Brain sections from 4-month-old 
WT and Grn-/- mice were imaged at 488 nm to detect auto-fluorescence (green). Hoechst 
33342 was used as a nuclear marker.  Scale bar = 10 µm. b) Lysosome enlargement in 
Grn-/- mice.  Brain sections from 10-month-old WT and Grn-/- mice were 
immunostained with rat anti-mouse LAMP1 antibodies. Hoescht 33342 was used as a 
nuclear marker.  Scale bar = 10 µm. c)  PGRN co-localizes with the lysosome marker, 
LAMP1, in mouse brain.  A brain section from a 1-month-old WT mouse was 
immunostained with sheep anti-mouse PGRN and rat anti-mouse LAMP1 antibodies.  
Hoechst 33342 was used as a nuclear marker.  Scale bar = 10 µm. d)  PGRN co-localizes 
with the lysosome marker, LAMP1 in human fibroblasts.  Primary human fibroblasts 
were immunostained with goat anti-human PGRN and rabbit anti-human LAMP1 
antibodies.  Scale bar = 10 µm. a, b contributed by H.D.  c contributed by T.F. 
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Importantly, there is pathologic overlap between FTLD-GRN patients and cells derived 

[39, 131, 139]. 

 

1.3.2 GRN transcriptomics and lipidomics 

Transcriptomic analyses have also provided novel insights into the relationship between 

PGRN and the lysosome. Transcription factor EB (TFEB) is known to regulate the 

expression of most lysosomal genes [105].  In deleterious situations where nutrients are 

scarce or lysosomal function is diminished, TFEB translocates to the nucleus and 

stimulates lysosomal biogenesis.  Studies have found that the GRN gene is under the 

transcriptional control of TFEB, supporting a lysosomal association [12, 105]. 

Multiple transcriptomic studies have also confirmed a critical lysosomal role of 

PGRN and a transcriptional upregulation of many lysosomal genes in response to PGRN 

deficiency in mice [32, 59, 69, 119, 120].  A microglia-specific transcriptomic study 

revealed an age-dependent upregulation of many lysosomal genes and genes related to 

innate immunity, including Cd68, triggering receptor expressed on myeloid cells 2 

(Trem2), and complement genes C1qa, C1qb, C1qc and C3  in response to PGRN 

deficiency [69].  Lysosomal dysfunction has been previously linked to dysregulation of 

innate immunity [80], although the mechanistic connection between these two processes 

still needs to be worked out. 

Using a model of primary human neural progenitor cells with shRNA GRN 

knockdown, upregulation of genes related to apoptotic regulation and Wnt signaling 

was detected with gene ontology analysis [102].  Additionally, enrichment in ontology 

categories related to ubiquitination was observed, with upregulation of associated genes 
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including ubiquitin-conjugating and -ligating enzymes.  As ubiquitin-positive TDP-43 

inclusions are a hallmark of FTLD-GRN and lysosomal degradation is one of the 

primary mechanisms of processing ubiquitinated proteins, this is further evidence of an 

association between loss of PGRN and lysosomal dysfunction. 

Based upon previous findings demonstrating altered lysosome homeostasis in 

association with GRN loss, one group hypothesized that PGRN might help regulate 

lysosomal lipid metabolism [32].  Lipidomic analysis demonstrated dosage-dependent 

differences in brain lipids in both humans and mice with PGRN insufficiency, mainly 

found to be related to triacylglyceride, diacylglyceride, phosphatidylethanolamine, and 

phosphatidylserine subspecies.  Transcriptomic analysis of Grn+/- and Grn-/- mouse 

brains showed a number of differentially expressed transcripts involved in lipid 

metabolism, including lipid hydrolases that could potentially explain lipodomic changes 

observed. 

 

1.3.3 Lysosomal trafficking of PGRN 

Among the earliest findings linking PGRN to the lysosome was the discovery that 

PGRN is lysosomally localized (Fig. 1.2c, 1.2d) [50, 81].  The endocytic receptor, 

sortilin, was identified as a high-affinity binding partner of PGRN and shown to mediate 

its lysosomal trafficking (Table 1.1) [50].  This sortilin-mediated sorting is likely to 

occur both at the trans-Golgi network (TGN) in the biosynthetic pathway, and at plasma 

membrane in the endocytic pathway (Fig. 1.1).  In the brain, PGRN is expressed by 

microglia, neurons, astrocytes, endothelial cells, and oligodendrocyte precursor cells, 

with microglia having the highest expression levels [152].  Thus, the extracellular pool 
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of PGRN is likely derived from several sources.  Sortilin is a VPS10 family member 

highly expressed in neurons, which is also known to bind the nerve growth factor 

precursor (proNGF) and neurotensin [23, 30, 73, 87].  The binding of PGRN to sortilin 

is dependent on the final 3 amino acids, QLL, and more specifically, the terminal 

carboxylate of PGRN [153], and loss of these completely abolishes the interaction. 

Consistent with the role of sortilin as a PGRN trafficking receptor, sortilin is not 

required for the neurotrophic function of PGRN in cell culture [29, 36]. However, a 

recent study demonstrated that the PGRN-sortilin interaction strengthens and maintains 

developing climbing fiber inputs, counteracting synapse elimination in the developing 

cerebellum [130].  It remains to be determined whether this is dependent on sortilin-

mediated PGRN endocytosis or on active signaling at the plasma membrane.  

Although genetic ablation of sortilin in mice leads to a fivefold increase in the 

levels of serum PGRN, it is still successfully delivered to neuronal lysosomes, 

suggesting the essential existence of an alternative trafficking pathway [50, 157].  

Interestingly, this was shown to be mediated not by direct binding to another 

transmembrane trafficking receptor, but through an indirect mechanism whereby PGRN 

binds to the soluble lysosomal protein, prosaposin (PSAP) (Table 1.1).  When PSAP 

binds to either of its own trafficking receptors, the cation-independent mannose-6-

phosphate receptor (CI-M6PR) or the low-density lipoprotein receptor-related protein 1 

(LRP1), it carries PGRN along with it to the lysosome.  Like sortilin, PSAP is able to 

traffic PGRN from the secretory pathway as well as from the extracellular space (Fig. 

1.1).  The importance of this was underscored when loss of just one functional Psap 

allele was sufficient to significantly increase plasma PGRN levels in mice [157].  
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Additionally, the reciprocal trafficking, wherein PGRN transports PSAP to the 

lysosome via sortilin, has also been shown to occur (Fig. 1.1) [158]. 

PSAP is a proprotein composed of four homologous saposin domains (A, B, C, 

and D), and is known to be proteolytically processed in the lysosome into individual 

saposin peptides [88].  These peptides are responsible for activating different lysosomal 

sphingolipid-degrading enzymes and loss of PSAP function has been linked to 

lysosomal storage diseases (LSDs), including Gaucher disease (GD) and metachromatic 

leukodystrophy.  The interaction between PGRN and PSAP is mediated by the linker 

region connecting saposins B and C and multiple granulin domains, with granulin D and 

E showing the most substantial binding [156]. 

The discoveries of independent PGRN trafficking pathways correlate nicely 

with studies searching for genetic determinants of plasma PGRN levels. Genome-wide 

association studies (GWAS) linked plasma PGRN levels to SNPs in both sortilin and 

PSAP, further confirming the importance of these two routes of trafficking [19, 84].  

However, this does not preclude the possibility that additional pathways exist.  In theory, 

PGRN might be carried to the lysosome by binding to other soluble lysosomal proteins, 

like PSAP, or by interacting with additional lysosomal trafficking receptors. 

 

1.3.4 PGRN loss reduces lysosomal saposins 

Ensuing research on the PGRN-PSAP relationship indicates that one of the mechanisms 

of pathology in cases of PGRN deficiency may be a reduction in neuronal lysosomal 

saposin levels due to a loss of indirect PSAP lysosomal trafficking via sortilin, which is 

highly expressed in neurons (Fig. 1.1) [158].  In support of the importance of this 
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trafficking pathway, immunofluorescence imaging of brain sections from either Grn-/- 

or Sort-/- mice showed a significant reduction in neuronal PSAP, and brain sections from 

FTLD-GRN patients showed a significant reduction in neuronal PSAP, saposin A, 

saposin B, and saposin C in the orbitofrontal cortex compared to healthy control or AD 

patient brain.  Interestingly, saposin D, a known component of lipofuscin, accumulates 

in enlarged lysosomes of FTLD-GRN brain samples, which might reflect different 

biochemical properties and degradation routes of saposin peptides in the lysosome.  

Importantly, this reduction in saposin levels was specific to FTLD-GRN, but not FTLD-

Tau patients, further implicating PGRN in this effect.  Furthermore, loss of PSAP in 

mice was found to cause pathology and behavioral phenotypes reminiscent of FTLD.  

Therefore, by regulating PSAP trafficking, PGRN determines neuronal saposin levels 

and loss of neuronal saposins is likely to contribute to FTLD-like phenotypes. 

 

1.3.5 PGRN is lysosomally processed into granulin peptides 

With accumulating evidence that, in addition to being highly secreted, PGRN is 

localized to the lysosome and an understanding that it can be proteolytically processed 

into granulin peptides in the extracellular space, a natural corollary was that PGRN 

could be processed within the lysosome in a manner similar that of its binding partner, 

PSAP.  One important implication is that, once liberated, granulin peptides could 

potentially each be involved in unique interactions, regulating different aspects of 

lysosomal physiology like the saposin peptides derived from PSAP.  In fact, recent 

studies suggest that this may be the case (Fig. 1.1). 
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Several laboratories have independently found that PGRN can be processed 

intracellularly in a lysosome-dependent manner [46, 155].  Granulin peptides were 

readily detected in lysates from several immortalized cell lines, and extracellular PGRN 

was efficiently endocytosed and processed into granulin peptides.  While PGRN was 

detected in both the cell lysates and conditioned media collected from these cells, 

granulin peptides were almost undetectable in the media, indicating that, at least in these 

conditions, the peptides are not secreted nor produced extracellularly [46, 155].  This is 

also an assurance that the peptides detected internally were not endocytosed from the 

media. 

Chemical inhibition of lysosomes was found to increase full-length PGRN, 

while decreasing granulin peptides, indicating that proper lysosome functioning is 

necessary for peptide generation [46, 155].  Perturbation of PGRN lysosomal trafficking 

also led to reduced production of granulin peptides [46, 155].  Additionally, cathepsin 

L (CTSL) was identified as a PGRN protease capable of efficiently cleaving PGRN into 

distinct peptides [46, 65, 155].  Liquid chromatography-mass spectrometry was used to 

identify the CTSL cleavage sites within PGRN, which were found to reside within its 

linker regions and were mostly distinct from those of neutrophil elastase [65]. 

These data are significant because, while it has been postulated that granulin 

peptides may exist in the lysosome, cumulatively, this is the first clear evidence of their 

lysosomal occurrence.  These results support the hypothesis that granulin peptides may 

be functional units within the lysosome and relevant to the disease mechanisms of FTLD 

and NCL.  Importantly, haploinsufficiency of full-length PGRN in FTLD leads to 

haploinsuffiency of granulin peptides [46].   While the functions of granulin peptides 
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remain to be fully elucidated, at the time of this writing, two different lysosomal 

enzymes have been shown to be positively regulated by PGRN or granulin peptides: 

cathepsin D (CTSD) and glucocerebrosidase (GBA). 

 

1.3.6 PGRN regulates CTSD activity 

The first evidence of a conceivable association between PGRN and lysosomal proteases 

comes from studies in Arabidopsis and several other plant species.  Certain plant 

vacuolar cysteine proteases, such as the Arabidopsis protein, Responsive-to-

Desiccation-21 (RD21), contain a granulin domain that is homologous to those found 

in mammalian PGRN [41, 129, 144].  The function of this domain is still unclear, but 

multiple studies have suggested that it is involved in the regulation, either positive or 

negative, of the maturation and enzymatic functioning of these proteases [144-146]. 

The existence of vacuolar combined granulin-proteases intimates the possibility 

of the existence of an analogous relationship in mammalian cells.  Recently, three 

groups independently identified a functional relationship between PGRN, as well as 

select granulin peptides, and the lysosomal enzyme, CTSD [11, 131, 154].  CTSD is an 

aspartyl protease responsible for degrading proteins in the lysosome.  Mutations in 

CTSD have been associated with AD and, as occurs with PGRN deficiency, CTSD loss 

in humans results in NCL [110, 136] and CTSD-deficient mice develop phosphorylated 

TDP-43 aggregates [39]. 

A correlation between PGRN deficiency and CTSD expression was previously 

established when Grn-/- mice were found to have an increase in both the immature and 

mature forms of CTSD, which rise up to 10x compared to WT mice by 20-24 months 
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of age [39].  In a model of facial crush injury, CTSD was the most highly 

transcriptionally upregulated gene in the facial motor nucleus of Grn-/- mice [11].  

Likewise, human FTLD-GRN patient iPSC-derived cortical neurons showed an increase 

in mature CTSD [131]. 

While the upregulation of CTSD expression could be due to broader effects of 

PGRN loss, novel interactions between PGRN/granulin peptides and CTSD were 

established via overexpression and co-immunoprecipitation [154], as well as by 

pulldown of recombinant PGRN or granulin E added to mouse brain lysate [11].  

Perhaps the most profound new findings are that CTSD activity is reduced in instances 

of PGRN deficiency, that PGRN stabilizes CTSD, and that PGRN and granulin E 

specifically modulate the activity of this protease.  CTSD activity was significantly 

decreased across a range of tissue lysates from Grn-/- mice by as early as 2 months of 

age [154], and heterozygous GRN mutant iPSC-derived cortical neurons showed a 

significant decrease in CTSD activity, despite the above-mentioned increase in mature 

CTSD protein levels [131].  Remarkably, the reduction in CTSD activity in brain lysates 

of aged Grn-/- mice, normalized to mature CTSD, could be rescued by the addition of 

recombinant PGRN [11].  A direct augmentation of CTSD activity was demonstrated 

when recombinant PGRN or granulin E increased the activity of recombinant CTSD in 

a dose-dependent manner [11, 131].  Additionally, recombinant PGRN was found to 

increase the stability of CTSD at temperatures equal to or exceeding 37 °C, likely 

contributing to the observed enhancement of activity [11]. 

These new discoveries make CTSD a protein of great interest with respect to the 

role of PGRN in the development of FTLD and NCL.  With the observed direct binding, 
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moderation of CTSD stability and activity, and overlap in disease and pathology, it is 

reasonable that CTSD deficiency subsequent to PGRN loss may be at least a partial 

mechanism of these two diseases.  This also spurs the notion that PGRN/granulin 

peptides may directly stabilize or modulate the activity of other lysosomal enzymes, 

especially proteases similar to CTSD. 

 

1.3.7 PGRN is a co-chaperone for GBA 

A second lysosomal enzyme that has become of interest to PGRN-related pathologies 

is GBA, a β-glucosidase that cleaves glucocerebroside into glucose and ceramide [13].  

Genetic mutation leading to GBA deficiency causes GD, the most common LSD [13, 

14].  GBA mutation is also a recognized risk factor for Parkinson’s disease (PD), with 

5-10% of patients carrying a mutant gene [106]. 

An association between PGRN and GD was reported in 2016, when a significant 

decrease in serum PGRN levels was found in GD patients [53].  Likewise, under induced 

chronic inflammatory conditions, Grn-/- mice showed GD phenotypes, including 

hepatosplenomegaly, glycolipid accumulation in bone marrow, and appearance of 

Gaucher-like cells in multiple tissues, which could be rescued by supplementation with 

a human GBA analog [53].  Upon further investigation, PGRN, primarily through the 

C-terminal granulin E region, was shown to mediate an interaction between heat shock 

protein 70 (Hsp70) and GBA, as well as the GBA trafficking receptor, lysosome 

membrane protein 2 (LIMP-2) [52].  Endogenous GBA was found to be mislocalized 

and aggregated in the cytoplasm in Grn-/- mice under these inflammatory conditions.  
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However, GBA protein levels and enzymatic activity were not affected in Grn-/- mouse 

tissue lysates [53].   

These studies identify PGRN as a functional co-chaperone of Hsp70, GBA, and 

LIMP-2 and suggest that in cases of PGRN deficiency, loss of Hsp70 chaperone 

function may result in mislocalization and loss of function of GBA.  As with CTSD 

deficiency due to PGRN loss, GBA deficiency may be a mechanism of PGRN-related 

FTLD and NCL.  Although these results need to be replicated, they open new avenues 

of research, as it is possible that PGRN, in conjunction with Hsp70 or possibly other 

heat shock proteins, acts as a co-chaperone for other lysosomal enzymes. 

It is worth noting that PSAP is known to interact with CTSD [38, 45, 64], and 

saposin peptides with GBA [77, 78].  As PGRN can regulate CTSD activity and CTSD 

is the major contributor to PSAP processing to active saposins, it stands to reason that 

changes in PGRN levels may potentially alter PSAP processing.  Likewise, GBA, an 

enzyme that is specifically activated by saposin C (and to a lesser extent, saposin A), 

could be impacted by this.  Because of the complexity of these associations, more work 

is required to determine how PGRN loss affects these proteins and what the downstream 

consequences are. 

 

1.3.8 TMEM106B is a risk factor for FTLD with GRN mutations 

In 2010, a GWAS to detect gene loci imparting susceptibility to FTLD-TDP identified 

a then-uncharacterized transmembrane protein, TMEM106B, which showed risk 

vulnerability specific to GRN mutation carriers [133].  There are some indications that 

the pathologic connection to TMEM106B is related to increased levels of the protein.  
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First, elevated levels of TMEM106B have been found in the post-mortem brains of 

FTLD-TDP patients [22].  Second, a coding variant, p.T185S, was shown to be in 

linkage disequilibrium with a protective minor allele of the gene [33, 135].  One study 

suggested that the protective nature of this variant may be due to its more rapid 

degradation and subsequent lower levels [85].  Thus, it appears that elevated 

TMEM106B levels are associated with increased risk of FTLD with GRN mutations. 

Early characterization of TMEM106B found it to be a glycosylated, type II 

transmembrane protein primarily localized to endosomes and lysosomes [16, 22, 63].  

With the association between elevated TMEM106B levels and disease, significant effort 

has gone into examining the effects of TMEM106B overexpression.  The most obvious 

phenotype associated with TMEM106B overexpression is lysosomal enlargement, 

which has been observed in multiple cell lines [16, 17, 22, 117].  Overexpression also 

results in a decreased capacity to degrade endocytic cargo [16], which could be due to 

inhibition of lysosomal acidification [22].  Likewise, it has been shown to increase 

intracellular PGRN levels [16, 22], which was recently demonstrated to likely be due to 

inhibition of processing into granulin peptides [46]. 

One study has identified an interaction between TMEM106B and microtubule-

associated protein 6 (MAP6), and indicated a role for TMEM106B in dendritic 

trafficking of lysosomes [107]. An interaction between TMEM106B and the FTLD-

related protein, charged multivesicular body protein 2B (CHMP2B), a component of 

endosomal sorting complexes required for transport-III (ESCRT-III), has also been 

reported [54].  Recently, Klein, et al. generated a Tmem106b knockout mouse model 

and found that loss of the protein resulted in a downregulation of several lysosomal 
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enzymes and vacuolar-ATPase AP1 and V0 domain subunits [59].  Similar to 

overexpression models, Tmem106b-/- primary cortical neurons showed a decrease in 

lysosomal acidification and, likely related to this, the authors found that TMEM106B 

interacts with the V-ATPase AP1 subunit in HEK293T cells. 

Loss of TMEM106B was also found to ameliorate many of the pathological 

phenotypes associated with Grn-/- mice [59].  In double knockout animals, TMEM106B 

loss corrected retinal degeneration and rescued hyperactivity in Grn-/- mice.  However, 

some detriments associated with PGRN deficiency, including lipofuscin accumulation 

and CD68 upregulation in microglia were not corrected [69, 119].  The authors argue 

that PGRN and TMEM106B regulate lysosomal biology in opposite directions.   

To determine the in vivo effect of TMEM106B overexpression, a transgenic 

mouse line incorporating human TMEM106B under the neuron-specific CAMKII alpha 

promoter was created [159].  However, TMEM106B levels were found to be tightly 

regulated and were not elevated in the transgenic line compared to WT mice.  Because 

TMEM106B is a risk factor for GRN mutant carriers, the authors wanted to see if PGRN 

regulates TMEM106B homeostasis.  Grn-/- mice developed elevated levels of 

TMEM106B protein in the cortex with aging, which was further increased by the 

expression of the TMEM106B transgene.  In the Grn-/- background, transgene 

expression was associated with greater lipofuscin accumulation and a higher percentage 

of neurons containing enlarged lysosomes, indicating greater lysosomal dysfunction.  

These results nicely recapitulate the genetic interaction between GRN and TMEM106B 

seen in human FTLD cases. 
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Intriguingly, a recent analysis identified a dominant D252N mutation in 

TMEM106B as a cause of hypomyelinating leukodystrophy [113, 148].  This disease is 

characterized by an intractable deficit in myelination leading to clinical signs, such as 

nystagmus, ataxia, and spasticity.    It is not clear at the moment how TMEM106B 

mutation causes this disease, or whether this relates in any way to its relationship with 

PGRN and FTLD.  In addition to this new disease association, a recent study identified 

TMEM106B and GRN as two main determinants of differential aging in the cerebral 

cortex with genome-wide significance [100]. 

It is still uncertain what the exact function of TMEM106B is or how it alters 

FTLD susceptibility.  However, a great deal has been learned about the protein since it 

rose to prominence eight years ago.  It is now understood that TMEM106B is an 

important regulator of lysosomal morphology and function, potentially through 

moderation of lysosomal acidification, and that an increase in TMEM106B levels 

produces grossly enlarged, poorly functioning lysosomes.  This, alone or in combination 

with a reduction in PGRN processing, could potentially exacerbate lysosomal defects 

associated with PGRN haploinsufficiency in FTLD.  

 

1.4 Discussion 

The mechanistic link between PGRN and neurodegeneration has been elusive since its 

deficiency was first found to result in FTLD over a decade ago.  Since that time, 

however, steady progress has been made in dissecting its function.  Commonalities 

between PGRN-related FTLD and NCL pathology have been identified, PGRN has 

been shown to be trafficked to and processed in the lysosome, and direct mechanisms 
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of lysosomal dysfunction due to PGRN loss have been established.  Taken together, 

these results strongly support that the loss of a necessary lysosomal function of PGRN 

likely contributes to neurodegeneration.  However, it remains to be shown that findings, 

such as regulation of CTSD and GBA function by PGRN directly influence FTLD and 

NCL pathology.  More so, these leaps in our understanding also raise new questions.  

Does PGRN modulate the activity of other lysosomal enzymes?  Do other granulin 

peptides possess lysosomal functionality?  Is there a greater significance to the overlap 

between binding partners and downstream functions of PGRN and PSAP?  Notably, in 

addition to GRN, many other ALS/FTLD-associated genes, including C9orf72, valosin-

containing protein (VCP)/p97, CHMP2B, sequestosome 1 (SQSTM1), TANK-binding 

kinase 1 (TBK1), and optineurin (OPTN), are involved in endolysosome trafficking and 

the autophagy-lysosome pathway [97].  Therefore, lysosomal dysfunction may serve as 

a common mechanism of ALS/FTLD.  As research pushes forward and we better 

understand the biological role of PGRN, we move closer to determining the mechanisms 

of related neurodegenerative diseases and developing new therapeutics to treat such 

conditions. 
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List of Abbreviations in Main Text 
3’-UTR – 3’-untranslated region 
Aβ – Amyloid-β 
AD – Alzheimer’s disease 
ADAMTS-7 – A disintegrin and metalloproteinase with thrombospondin motifs 7 
ALS – Amyotrophic lateral sclerosis 
C9orf72 – Chromosome 9 open reading frame 72 
CHMP2B – Charged multivesicular body protein 2B 
CI-M6PR – Cation-independent mannose-6-phosphate receptor 
CLN11 – Ceroid-lipofuscinosis, neuronal 11 
CPPIC – Cysteine protease of protease-inhibitor complex 
CTSD – Cathepsin D 
CTSL – Cathepsin L 
EphA2 – EPH receptor A2 
ESCRT-III – Endosomal sorting complexes required for transport-III  
FTD – Frontotemporal dementia 
FTLD – Frontotemporal lobar degeneration 
FTLD-FUS – FTLD with fused in sarcoma protein-positive inclusions 
FTLD-GRN – FTLD with GRN mutation 
FTLD-TAU – FTLD with tau-positive inclusions 
FTLD-TDP – FTLD with TAR DNA-binding protein 43-positive inclusions 
GBA – Glucocerebrosidase 
GD – Gaucher disease 
GEP – Granulin-epithelin precursor 
GWAS – Genome-wide association study 
Hsp70 – Heat shock protein 70 
iPSC – Induced pluripotent stem cell 
LIMP-2 – Lysosome membrane protein 2 
LRP1 – Low-density lipoprotein receptor-related protein 1 
LSD – Lysosomal storage disease 
MAP6 – Microtubule-associated protein 6 
MAPT – Microtubule-associated protein tau 
NCL – Neuronal ceroid lipofuscinosis 
OPTN – Optineurin 
PCDGF – PC cell-derived growth factor 
PD – Parkinson’s disease 
PEPI – Proepithelin 
PGRN – Progranulin 
PNFA – Progressive nonfluent aphasia 
PPA – Primary progressive aphasia 
proNGF – Nerve growth factor precursor 
PSAP – Prosaposin 
RD21 – Responsive-to-dessication-21 
SD – Semantic dementia 
SQSTM1 – Sequestosome 1 



30 
 

SNP – Single nucleotide polymorphism 
TBK1 – TANK-binding kinase 1 
TDP-43 – TAR DNA-binding protein 43 
TFEB – Transcription factor EB 
TGN – Trans-Golgi network 
TNF – Tumor necrosis factor 
Trem2 – Triggering receptor expressed on myeloid cells 2 
VCP – Valosin-containing protein 
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CHAPTER 2 

 

LYSOSOMAL PROCESSING OF PROGRANULIN 

 

Published as Zhou X*, Paushter DH*, Feng T, Sun L, Reinheckel T, Hu F. Lysosomal 

processing of progranulin. Mol Neurodegener. 2017 Aug 23;12(1):62. doi: 

10.1186/s13024-017-0205-9. *Equal contributors. 

 

2.1 Abstract 

Background: Mutations resulting in progranulin (PGRN) haploinsufficiency cause 

frontotemporal lobar degeneration with TDP-43-positive inclusions (FTLD-TDP), a 

devastating neurodegenerative disease. PGRN is localized to the lysosome and 

important for proper lysosome function. However, the metabolism of PGRN in the 

lysosome is still unclear. Results: Here we report that PGRN is processed into ~10kDa 

peptides intracellularly in multiple cell types and tissues and this processing is 

dependent on lysosomal activities. PGRN endocytosed from the extracellular space is 

also processed in a similar manner. We further demonstrated that multiple cathepsins 

are involved in PGRN processing and cathepsin L cleaves PGRN in vitro. Conclusions: 

Our data support that PGRN is processed in the lysosome through the actions of 

cathepsins. Keywords: Progranulin (PGRN), cathepsin, lysosome, frontotemporal 

lobar degeneration (FTLD), neuronal ceroid lipofuscinosis (NCL). 
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2.2 Introduction 

Progranulin (PGRN) is an evolutionarily conserved glycoprotein of 7.5 granulin repeats 

encoded by the granulin (GRN) gene in humans [1-4]. Mutations in the GRN gene are 

associated with several neurodegenerative diseases [1-4]. While PGRN 

haploinsufficiency is a leading cause of frontotemporal lobar degeneration (FTLD) [5], 

complete loss of PGRN is known to cause neuronal ceroid lipofuscinosis (NCL) [6, 7], 

a group of lysosomal storage diseases. Accumulating evidence suggests an important 

function of PGRN in the lysosome. Transcription of the GRN gene is regulated by the 

transcriptional factor, TFEB, together with a number of essential lysosomal genes [8] 

and PGRN is trafficked to lysosomes through two distinct pathways [9, 10]. However, 

the metabolism of PGRN in the lysosome remains to be determined. One interesting 

hypothesis is that PGRN is processed into granulin peptides in a similar manner to 

prosaposin (PSAP), the precursor of saposin peptides (A, B, C, D) that are essential for 

lysosomal glycosphingolipid metabolism [11-13], and that granulins function to 

regulate enzymatic activities in the lysosome [2].  

 

2.3 Results 

Intracellular processing of PGRN  

To test the potential processing of PGRN, we immunoprecipitated PGRN and any 

potential PGRN-derived peptides from primary microglia grown in [35S]-labeled 

methionine- and cysteine-containing medium using a homemade antibody previously 

characterized [10]. The immunoprecipitates were separated by Tricine-SDS 

polyacrylamide-gel-electrophoresis (PAGE) to resolve peptides below 10-15kDa and 
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were visualized using autoradiography. In addition to full-length PGRN, a band of 

approximately 10kDa, corresponding to the expected size of granulin peptides, was 

present in wild type (WT) mouse microglia but absent in Grn-/- microglia (Fig. 2.1a), 

indicating that these were peptides derived from PGRN. Although PGRN has been 

shown to be cleaved by elastase and MMPs extracellularly [14, 15], we failed to detect 

any significant processed PGRN products in the secreted fraction (Fig. 2.1a), suggesting 

that PGRN is primarily processed intracellularly in microglia.  

Previously, we reported an interaction between PGRN and PSAP [10]. However, 

PGRN does not bind to processed saposin peptides [10, 16]. While, based on the 

autoradiography results alone, we can not rule out that there might be other peptides 

interacting with PGRN, most likely the peptides that we visualized are PGRN-derived.  

To confirm this, we attempted to detect these peptides via Western blotting. A clear 

10kDa band was detected in lysates from the wild type mouse embryonic fibroblasts 

(MEFs) but was absent from Grn-/- fibroblasts using commercial polyclonal anti-mouse 

PGRN antibodies (Fig. 2.1b). This band was also detected in the brain, liver, spleen, 

kidney, lung and heart lysates from wild type mice (Fig. 2.1c, 2.1d), but was absent in 

lysates derived from Grn-/- tissues (Fig. 2.1d). These data further support the existence 

of intracellular, PGRN-derived peptides in multiple cell and tissue types. Because 

PGRN haploinsufficiency causes FTLD, we also tested whether the rate of PGRN 

processing is altered in Grn+/- versus WT spleen. The amount of both PGRN and 

granulin peptides is reduced in Grn+/- samples and there is no statistically significant 

difference in PGRN processing between WT and Grn+/- (Fig. 2.1e). 
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Figure 2.1. Intracellular processing of PGRN.  a, Primary microglia from WT and 
Grn-/- mice were labeled with [35S]methionine and [35S]cysteine for 24 hours. Cell 
lysates and media were immunoprecipitated by homemade rabbit anti-PGRN antibodies 
and separated by 16% Tricine-SDS PAGE. The PGRN and PGRN-derived peptide 
(GRNs) signals were visualized by autoradiography. * indicates non-specific bands. 
Please note there is a weak non-specific band same size as full-length PGRN in both 
lysate and medium. b, PGRN processing in MEF cells. Equal amounts of cell lysate 
from primary WT and Grn-/- MEF cells (left) and the rabbit anti-PGRN IP products from 
WT and Grn-/- MEF cells (right) were separated on 4-12% Bis-Tris gels and blotted with 
sheep anti-mouse PGRN antibodies (1:1000). * indicates non-specific bands. Please 
note that PGRN runs slightly differently on Tricine gel and Bis-Tris gel. c, PGRN 
processing in mouse tissues. Equal amounts of tissue lysates were separated on a 4-12% 
Bis-Tris gel and blotted with sheep anti-mouse PGRN antibodies (1:1000).   d, Brain 
tissues from WT and Grn-/- adult mice were lysed with RIPA buffer at a ratio of 1:10 
(g:mL) and an equal amount of protein was separated on a 4-12% Bis-Tris gel and 
immunoblotted with sheep anti-mouse PGRN antibodies (1:300). e, Spleen tissues from 
WT and Grn+/- (Het) adult mice were lysed with RIPA buffer at a ratio of 1:10 (g:mL) 
and an equal amount of protein was separated on a 4-12% Bis-Tris gel and 
immunoblotted with sheep anti-mouse PGRN antibodies (1:1000). The ratios between 
granulin peptides (GRNs) and PGRN were quantified. ns: not significant, student’s T-
test. a, b, d contributed by X.Z. 
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PGRN processing is lysosome-dependent  

It was previously shown that PGRN is localized to lysosomes within the cell [9, 10].  

Although sortilin is the canonical lysosomal trafficking receptor for PGRN, we have 

recently shown that PSAP, but not sortilin, is required for PGRN lysosomal trafficking 

in fibroblasts, which express only negligible levels of sortilin [10]. To determine 

whether lysosomal trafficking is required for PGRN processing, we assessed PGRN 

processing in WT and Psap-/- fibroblasts. PSAP ablation totally abolished PGRN 

processing, which could be rescued by expression of PSAP with a viral vector (Fig. 

2.2a). Furthermore, PGRN processing was normal in fibroblasts in which sortilin had 

been deleted [10] (Fig. 2.2a). Taken together, these data suggest that lysosomal 

trafficking is required for PGRN processing. 

Because PGRN can also be delivered to lysosomes from the extracellular space 

[9, 10], we wanted to determine whether extracellular-derived, endocytosed PGRN can 

also be processed.  To assess this, we treated primary Grn-/- cortical neurons with 

purified recombinant human PGRN.  A 10kDa band, corresponding to the size of 

granulin peptides, was detected when extracellular PGRN was added (Fig. 2.2b). 

Furthermore, PGRN uptake and lysosomal delivery is known to be enhanced by PSAP 

[10].  Consistent with this, the presence of recombinant PSAP greatly facilitated 

neuronal uptake of full-length PGRN and also increased the levels of processed granulin 

peptides (Fig. 2.2b).  

To test the direct role of the lysosome in PGRN processing, we treated MEFs 

with lysosomal inhibitors known to interfere with lysosomal acidification.  Either 

bafilomycin  A1,  alone,  or   chloroquine  with  ammonium  chloride  were  used. Both 
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Figure 2.2. PGRN processing is lysosome-dependent.  a, Primary Sort-/-, Grn-/-, and 
Psap-/- MEF cells, and Psap-/- MEF cells infected with PSAP lentivirus were labeled 
with [35S]-methionine and [35S]-cysteine for 24 hours. Equal amounts of cell lysate 
were immunoprecipitated with a homemade rabbit anti-PGRN antibody and separated 
by 16% Tricine-SDS PAGE. The PGRN and PGRN-derived peptide (GRNs) signals 
were visualized by autoradiography. * indicates non-specific bands. b, PGRN 
delivered from the extracellular space is processed in primary cortical neurons 
(DIV12). Primary cortical neurons were treated with either human PGRN (hPGRN, 1 
µg/mL) alone or together with recombinant human PSAP (hPSAP, 1 µg/mL) as 
indicated for 16 hours. The cells were harvested and proteins were separated on a 4-
12% Bis-Tris gel, then blotted with goat anti-human PGRN antibodies. c, Intracellular 
processing of PGRN is dependent on lysosomal activity. Primary MEF cells were 
labeled with [35S]-methionine and [35S]-cysteine and treated with different lysosomal 
inhibitors: 50 nM bafilomycin or 15 mM ammonium chloride + 100 µM chloroquine 
for 16 hours. The cell lysates were immunoprecipitated with rabbit anti-PGRN 
antibodies and separated by 16% Tricine-SDS PAGE. PGRN and PGRN-derived 
peptides were visualized by autoradiography. * indicates non-specific bands. d, 
Primary MEF cells were treated with different lysosomal inhibitors, as above. The cell 
lysates were separated on a Bis-Tris gel, then blotted with sheep anti-mouse PGRN 
antibodies. a-c contributed by X.Z.  
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bafilomycin A1 and chloroquine/ammonium chloride treatment led to the reduction of 

the 10kDa granulin peptide bands and increased levels of full-length PGRN with both 

radiolabeling and Western blot analysis (Fig. 2.2c, 2.2d), supporting that proper 

lysosomal function is required for intracellular PGRN processing.   

PGRN processing is dependent on cathepsins  

Because cathepsins are the main proteases in the lysosome [17, 18], we predicted that 

one or more could be involved in PGRN processing. To determine the role of several 

well-studied cathepsins in PGRN processing, we tested PGRN processing in fibroblasts 

deficient in either cathepsin B (Ctsb), cathepsin L (Ctsl), cathepsin D (Ctsd), cathepsin 

K (Ctsk), cathepsin Z (Ctsz), or deficient in both cathepsin B (Ctsb) and cathepsin L 

(Ctsl), which were derived from available knockout mice.  Deletion of cathepsin L, K 

or Z  had no effect on PGRN processing, while ablation of either cathepsin B or D 

resulted in ~50% reduction in the ratio of processed PGRN peptides versus full-length 

PGRN (Fig. 2.3a, 2.3b). Interestingly, ablation of both cathepsin B and L resulted in a 

much greater decrease in PGRN processing than cathepsin B deletion alone (Fig. 2.3a, 

2.3b), suggesting that cathepsins B and L might play redundant roles in PGRN 

processing, which is consistent with reported redundancy between these enzymes [19].  

To determine the direct roles of cathepsins B, D and L in PGRN processing, we tested 

the ability of recombinant cathepsins to cleave recombinant PGRN in vitro.  While 

cathepsin B and D were capable of cleaving PGRN to a minor degree, incubation of 

recombinant PGRN with cathepsin L led to the generation of 10kDa bands, 

corresponding to the size of granulin peptides (Fig. 2.3c, 2.3d). This is consistent with 
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Figure 2.3. PGRN processing by cathepsins. a, Cathepsin- and PGRN-deficient MEF 
cells were labeled with [35S]-methionine and [35S]-cysteine for 24 hours and the cell 
lysates were then immunoprecipitated with rabbit anti-PGRN antibodies and separated 
by 16% Tricine-SDS PAGE. PGRN and PGRN-derived peptides were visualized by 
autography. * indicates non-specific bands.  b, Quantification of PGRN and PGRN-
derived peptides in (a). 10kDa PGRN-derived peptides were normalized with full-length 
PGRN signals in each group. Data are presented as means ± s.e.m. n=3, *P<0.05; 
***P<0.001, ns, no significance, one-way ANOVA, Tukey's Multiple Comparison Test. 
c, Recombinant cathepsin D was incubated with recombinant human PGRN in acidic 
buffer for 16 hours. Proteins were separated on a Bis-Tris gel and blotted with goat anti-
human PGRN antibodies. d, Recombinant cathepsin B and L were incubated with 
recombinant human PGRN as indicated in acidic buffer for 4 hours. Proteins were 
separated on a Bis-Tris gel and blotted with goat anti-human PGRN antibodies. a, b 
contributed by X.Z. 
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another study published while our manuscript was under revision [20], in which they 

confirmed that cathepsin L cleaves PGRN in the linker regions between granulin 

peptides using mass spectrometry.  These data suggest that cathepsins are the key 

lysosomal enzymes involved in intracellular PGRN processing. 

 

2.4 Discussion 

Many lysosomal proteins are known to undergo processing in the acidic environment. 

One example is prosaposin (PSAP), which is known to be processed into saposin 

peptides (A, B, C, D) in the lysosome [11-13]. In this manuscript, we showed that 

PGRN, the precursor of granulin peptides, is processed intracellularly in a lysosome-

dependent manner and that multiple cathepsins are likely to be involved in this 

processing. While our in vitro analysis demonstrated that cathepsin L is very potent in 

processing PGRN to granulin peptides (Fig. 2.3d), cathepsin L deficient MEFs do not 

show obvious defects in PGRN processing (Fig. 2.3a, 2.3b), suggesting there is another 

protease playing a role redundant to cathepsin L in vivo. MEFs deficient in both 

cathepsin B and L have minimal ability to process PGRN (Fig. 2.3a, 2.3b) despite 

cathepsin B being minorly active towards PGRN in vitro (Fig. 2.3d), indicating that 

cathepsin B is not the enzyme directly processing PGRN in cathepsin L deficient MEFs. 

However, lysosomal enzymes are often activated by the action of other enzymes, 

especially in the case of cathepsins. Thus, it is possible that an unidentified protease that 

is activated by cathepsin B is responsible for processing PGRN in the absence of 

cathepsin L.  



 

58 
 

Our data also showed that PGRN is processed to the 10kDa peptides in multiple 

cell types and tissues and both mouse and human PGRN are processed in a similar 

manner, which suggests that lysosomal PGRN processing is general phenomena present 

in all cell types and conserved during evolution. While it is likely that these 10kDa 

peptides are a mixture of granulin peptides, the exact sequences of these peptides need 

to be further analyzed. Future studies using mass spectrometry and development of tools 

and reagents to characterize individual granulin peptides will allow a better 

understanding of PGRN processing.  

Recently, PGRN was shown to physically interact with cathepsin D and regulate 

its activity [21, 22]. Multiple granulins are involved in this interaction [21, 22]. One 

intriguing possibility is that granulins modulate cathepsin activities in the lysosome. 

Different granulins might also interact with different proteins in the lysosome, in a 

manner similar to how saposins activate different enzymes in the glycosphingolipid 

degradation pathway. Future endeavors to identify lysosomal proteins interacting with 

these granulin peptides will help us to obtain a better understanding of their functions 

in the lysosome.   

 

Conclusion 

Our data support that PGRN is processed in a lysosome-dependent manner and 

cathepsin L cleaves PGRN in vitro. Further studies on the interacting partners of these 

processed peptides will provide a better understanding of PGRN function in the 

lysosome.  
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2.5 Materials and Methods 

Pharmacological Reagents and Antibodies  

The following antibodies were used in this study: goat anti-human PGRN (1:1000 for 

Western blot) and sheep anti-mouse PGRN (1:300 for brain lysate Western blot, 1:1000 

for other Western blots,) from R&D systems. Recombinant cathepsin D and L proteins 

are from R&D systems. Bafilomycin A1, ammonium chloride and chloroquine were 

from Sigma.  

Expression constructs 

Human CTSB and CTSD cDNA in the pDONR223 vector were obtained from the 

ORFeome Collection (kind gifts from Dr. Haiyuan Yu). CTSB-myc-His and CTSD-

myc-His constructs were generated using a gateway reaction with pDONR223-

CTSB/CTSD and a modified pcDNA3.1/myc-His A vector (Invitrogen), engineered 

with a gateway cassette.  

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

production and infection  

HEK293T were maintained in Dulbecco’s Modified Eagle’s medium (Cellgro) 

supplemented with 10% fetal bovine serum (Gibco) and 1% Penicillin–Streptomycin 

(Invitrogen) in a humidified incubator at 37ºC and 5% CO2. Cells were transiently 

transfected with polyethylenimine as described [23]. Conditioned medium from cells 

transfected with the Cathepsin B-myc-His construct was collected 4 days after 

transfection and incubated with cobalt beads. After extensive washing, recombinant 

Cathepsin B was eluted with imidazole and dialyzed to PBS buffer.  Recombinant 

human PGRN was purified from the conditioned medium of FH14 cells [14] stably 
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expressing C-terminal FLAG-His-tagged human PGRN as above. Primary microglia, 

cortical neurons, and fibroblasts were cultured as described [10]. Primary cathepsin KO 

fibroblasts were derived from ctsd-/-[24], ctsb-/- [25], ctsl-/- [26], ctsb-/- ctsl-/- [19], 

ctsk-/- [27] and ctsz-/- [28] mice. PSAP lentiviruses were generated from HEK293T 

cells and then used to infect Psap-/- fibroblasts as described [10]. 

Metabolic labeling and PGRN processing assay 

To obtain [35S]-labeled PGRN, culture medium was replaced with methionine- and 

cysteine-free DMEM with 10% dialyzed FBS for 2 h before the addition of [35S]-labeled 

methionine and cysteine. After 24 h incubation, cells were lysed with lysis buffer (50 

mM Tris, pH 7.3, 150 mM NaCl, 1% Triton X-100, and 0.1% deoxycholate with 

protease inhibitors). After immunoprecipitation with homemade rabbit anti-PGRN 

antibodies [10], the IP products were separated by 16% Tricine SDS-PAGE. Fixation 

solution (10% methanol and 10% acetic acid) was added, the gels were subsequently 

saturated with amplification solution (1 M sodium salicylate, 10% glycerol) and the 

autoradiographs of dried gels were obtained on X-ray film at –80°C.  

In vitro cleavage of PGRN by cathepsins 

1 µg of recombinant human PGRN and 0.25 µg of recombinant cathepsin B, D, or L, or 

PBS control were combined and pre-incubated for 0.5 hours on ice. 3x assay buffer (150 

mM NaOAc pH 5.3, 12 mM EDTA, 24 mM DTT for cathepsin B and L; 300 mM 

NaOAc, 0.6M NaCl, pH 3.5 for cathepsin D) was added and brought to 1x by the 

addition of H2O to a final volume of 15 µl. The reactions were kept at 37°C for 4 hours 

(cathepsin B and L) or 16 hours (cathepsin D) and the reaction stopped by the addition 
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of 2x Laemmli sample buffer. Proteins were separated on a 4-12% Bis-Tris gel and 

visualized using Western blotting with goat anti-human PGRN antibodies. 

Western blot analysis  

Samples were separated by 4-12% Bis-Tris PAGE (Invitrogen) and transferred to 0.2 

µm nitrocellulose. Western blot analysis was performed using anti-PGRN antibodies as 

described [10]. 
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CHAPTER 3 

 

REGULATION OF CATHEPSIN D 

ACTIVITY BY THE FTLD PROTEIN, PROGRANULIN 

 

Published as Zhou X, Paushter DH, Feng T, Pardon CM, Mendoza CS, Hu F. Regulation 

of cathepsin D activity by the FTLD protein progranulin. Acta Neuropathol. 2017 

Jul;134(1):151-153. doi: 10.1007/s00401-017-1719-5. 

 

3.1 Main Text 

Progranulin (PGRN) protein encoded by the granulin (GRN) gene has been recently 

implicated in several neurodegenerative diseases [2,5].  While haploinsufficiency of 

PGRN leads to frontotemporal lobar degeneration (FTLD) [2,5], the most prevalent 

form of early onset dementia after Alzheimer’s disease (AD), complete loss of PGRN 

is known to cause neuronal ceroid lipofuscinosis (NCL) [1,13], a group of lysosomal 

storage diseases. PGRN is a secreted glycoprotein of 7.5 granulin repeats [2,5]. 

However, within the cell, PGRN is localized to lysosomes through two independent 

trafficking pathways [8,17]. Furthermore, GRN is transcriptionally co-regulated with a 

number of essential lysosomal genes by the transcriptional factor TFEB [3]. While all 

this evidence suggests an essential role of PGRN in regulating lysosomal function, how 

PGRN does so is still unclear.  

 Cathepsin D (CTSD) is a lysosomal aspartic-type protease involved in many 

neurodegenerative diseases [14].  Mutations in the cathepsin D gene (CTSD) result in 
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NCL in humans [9]. Interestingly, mice deficient in CTSD also develop TDP-43 

aggregates  (Supplementary Fig. 3.1) [7], a hallmark of FTLD with GRN mutations. 

FTLD patients with GRN mutations exhibit typical pathological features of NCL [7].  

These data support that lysosomal dysfunction might serve as a common mechanism for 

FTLD and NCL and suggest that PGRN and CTSD might function together to regulate 

lysosomal activities. In support of this hypothesis, granulin motifs are found in 

cathepsin-like cysteine proteases in plants [11,16]. These lines of evidence led us to 

postulate that an interaction between PGRN and CTSD may exist.  

To test the physical interaction between PGRN and CTSD, FLAG-tagged CTSD 

was co-transfected with untagged PGRN in HEK293T cells. Cell lysates were 

immunoprecipitated with anti-FLAG antibodies. PGRN signal is detected in anti-FLAG 

CTSD immunoprecipitates but not in the controls (Fig. 3.1a), suggesting a physical 

interaction between PGRN and CTSD. Since CTSD is known to interact with 

prosaposin (PSAP) [6,10], which we previously showed to bind to PGRN as well [17], 

it is possible that the PGRN and CTSD interaction might be bridged by endogenous 

PSAP in HEK293T cells. To rule out this possibility, we compared the interaction 

between PGRN and CTSD in control N2a cells or N2a cells with PSAP expression 

depleted using the CRISPR/Cas9 system [17].  PSAP ablation has no effect on PGRN-

CTSD binding in the co-immunoprecipitation assay (Fig. 3.1b), indicating that the 

interaction between PGRN and CTSD is not mediated by PSAP. Co-

immunoprecipitation studies between individual granulins and CTSD suggest that 

multiple granulin motifs interact with CTSD (Supplementary Fig. 3.2a, 3.2b). 
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Figure 3.1. PGRN binds to CTSD and regulates its activity.  a)  HEK293T cells 
transfected with the indicated constructs were lysed and immunoprecipitated with anti-
FLAG antibodies. b) Control N2a cells or Psap-/- N2a cells generated using 
CRIPSR/Cas9 were transfected with the indicated constructs, lysed and 
immunoprecipitated with anti-FLAG antibodies. c) CTSD activities in tissue lysates of 
2-month-old WT or Grn-/- mice, as indicated. d, e) The levels of both the pro (d) and 
mature (e) forms of cathepsin D in the tissue lysates of WT or Grn-/- mice were 
quantified and normalized to GAPDH. n=5-6, +/- SEM, *p-value <0.05, **p-value 
<0.01, ns, not significant, Student’s t-test. c-e contributed by X.Z.  
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With the physical interaction between PGRN and CTSD confirmed, next we 

wanted to investigate its functional relevance. Since CTSD deficiency results in much 

more severe lysosomal phenotypes than PGRN deficiency [4], we hypothesized that 

PGRN might regulate CTSD activities. Therefore, we measured CTSD activities in 2-

month-old wild type (WT) and PGRN deficient mice before the appearance of any 

obvious lysosomal abnormalities or glial activation. Indeed, liver and spleen lysates 

from PGRN-deficient mice showed significantly lower CTSD activities compared to 

those from WT mice (Fig. 3.1c), without any changes in CTSD protein levels or 

maturation status (Fig. 3.1d, 1e, Supplementary Fig. 3.3).  Lysates from cerebrum and 

cerebellum also show a trend of lower CTSD activities in Grn-/- mice (Fig. 3.1c). 

Notably, in Grn-/- midbrain, although the protein levels of CTSD are slightly increased, 

CTSD activities are slightly lower than WT, indicating that the midbrain is one of 

earliest affected brain regions in Grn-/- mice (Fig. 3.1c-e). It should be noted that Grn-/- 

mice do not develop TDP-43 pathology and neurodegeneration as seen in FTLD patients 

[12]. Thus, it is possible that PGRN more strongly regulates CTSD activity in humans 

than in mice. Indeed, a recent study demonstrated reduced cathepsin D activity in 

fibroblasts derived from FTLD patients with heterozygous GRN mutations [15]. 

In summary, we demonstrate that PGRN interacts with the lysosomal protease 

CTSD and maintains its proper activity in vivo. CTSD mediated proteolysis is essential 

to neuronal cell homeostasis through the degradation of aggregates delivered to 

lysosomes via autophagy or endocytosis [14]. Therefore, by regulating CTSD activity, 

PGRN may modulate protein homeostasis. This could potentially explain the TDP-43 

aggregation observed in FTLD with GRN mutations.  Although the mechanism by 
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which PGRN regulates CTSD activity remains to be determined, our data argue that 

reduced CTSD activities are a disease mechanism for FTLD with GRN mutations. 

 

3.2 Materials and methods 

Pharmacological Reagents and Antibodies - The following antibodies were used in 

this study: mouse anti-FLAG (M2) and anti-FLAG antibody conjugated beads (EZ 

view) from Sigma, mouse anti-GAPDH from Proteintech Group, goat anti-human 

PGRN and sheep anti-mouse PGRN from R&D systems, mouse anti-phospho-TDP-

43 from Cosmo bio, GFP trap from Chromo-Tek and goat anti-cathepsin D from 

Santa Cruz. Cathepsin D substrate (MOCAc-GKPILF~FRLK(Dnp)-D-R-NH2) was 

from Calbiochem (Cat#219360). 

Expression Constructs– Human CTSD cDNA in the pDONR223 vector was obtained 

from ORFeome Collection (kind gifts from Dr. Haiyuan Yu). FLAG tagged CTSD 

construct was generated by cloning CTSD (from aa 19-end) into the pSectag2B vector 

(Invitrogen) using BglII and XhoI with N-terminal 3X FLAG inserted into the SfilI 

and HindIII sites. Human PGRN expression construct was obtained from Origene as 

described [1]. GFP tagged granulins were constructed by cloning each individual 

granulin motifs into pSectag2 vector with N-terminal GFP tag. 

Cell Culture, DNA Transfection, and Drug Treatment - HEK293T and mouse N2a 

were maintained in Dulbecco’s Modified Eagle’s medium (Cellgro) supplemented with 

10% fetal bovine serum (Gibco) and 1% Penicillin–Streptomycin (Invitrogen) in a 

humidified incubator at 37ºC and 5% CO2. Cells were transiently transfected with 

polyethylenimine as described [3]. N2a cells with PSAP ablation were generated using 
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the CRIPSR/Cas9 system and selected with 2 µg/mL puromycin as described [5]. 

Brain section staining- Brain sections from p24 WT and Ctsd-/- mice [2] (littermates) 

were stained with mouse anti-phospho-TDP43 409/410 (1:750) and imaged under 

confocal microscope as described [5]. 

Immunoprecipitation and Western Blot Analysis - Cells were washed with PBS 40-48 

hours post- transfection and cell lysates were collected in the IP buffer (50 mM Tris pH 

8.0, 150 mM NaCl, 1% Triton, 0.1% deoxycholate with protease inhibitors) as 

described [5]. Lysates were immunoprecipitated using either anti-FLAG antibody 

conjugated beads or GFP-trap beads. To determine the interaction between CTSD 

and PGRN/granulins in the medium, 2 mL FLAG-CTSD containing conditioned 

medium was incubated with 2 mL conditioned medium containing GFP, GFP-PGRN, 

or GFP-tagged granulins for 2 hours before adding GFP-trap beads. Western blot 

analysis was performed as described [5]. 

Cathepsin D activity assay - C57/BL6 and Grn−/−[4] mice were obtained from the 

Jackson Laboratory. Tissues from 2- month- old WT and Grn−/−mice were lysed in 

lysis buffer (0.2% (w/v) taurocholate and 0.2% (v/v) Triton X-100 at pH 5.2) at a 

1:10 ratio of tissue weight (g) to lysis buffer (mL). Followed by a concentration 

determination using the Bradford, equal amounts of tissue lysates were incubated at 

37°C for 30 minutes in 100 μL assay buffer (50 mM sodium acetate (pH 5.5), 0.1 M 

NaCl, 1 mM EDTA, and 0.2% (v/v) Triton X-100) in the presence of the fluorogenic 

substrate. The fluorescence released as a result of cathepsin D proteolytic activity 

was read at 340 nm (excitation) and 420 nm (emission).
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3.4 Supplementary Data 

 
 
 

 
 
 
 

 
 

Supplementary Figure 3.1. TDP-43 pathology in Ctsd-/- mice. Brain sections from 
littermate WT and Ctsd-/- mice (p24) were stained with mouse anti-phospho-TDP-43 
409/410 antibodies (green) and Hoechst (blue, nuclei). Representative images from the 
thalamus are shown. Scale bar = 10 µm. Contributed by T.F.
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Supplementary Figure 3 . 2. Interaction between CTSD and granulins. a) 
HEK293T cells transfected with the indicated constructs were lysed af ter  2 days 
and immunoprecipitated with anti-GFP antibodies. b) 2 mL conditioned medium 
containing FLAG-CTSD was incubated with 2 mL conditioned medium containing 
GFP, GFP-PGRN, or GFP-tagged granulins for 2 hours before adding GFP-trap beads. 
The beads were washed with IP lysis buffer. 
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Supplementary Figure 3.3. CTSD protein levels in tissue lysates of WT and        
Grn-/- mice. Tissue lysates from WT or Grn-/- mice were blotted with anti-CTSD or anti-
GAPDH antibodies, as indicated. Contributed by X.Z. 
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CHAPTER 4 

 

GLUCOCEREBROSIDASE DEFICIENCY 

RESULTING FROM THE LOSS OF PROGRANULIN 

 

4.1 Abstract 

Mutation in the GRN gene leading to reduced expression of the protein, PGRN, shows 

a dose-dependent disease correlation, wherein haploinsufficiency results in 

frontotemporal lobar degeneration (FTLD) and complete loss results in neuronal ceroid 

lipofuscinosis (NCL).  Although the exact function of PGRN is unknown, it has been 

increasingly implicated in lysosomal physiology.  Recently, it has been found to activate 

the lysosomal protease, cathepsin D (CTSD), as well as act as a co-chaperone to ensure 

proper folding and localization of the enzyme, glucocerebrosidase (GBA).  In this study, 

we demonstrate that PGRN deficiency in mice leads to a decrease in GBA activity with 

no change in total GBA protein levels.  While the mechanism of this activity decrease 

remains indeterminate, this finding is significant as decreased GBA activity is 

associated with neuronal death.  This is further evidence that reduced lysosomal 

hydrolase activity may be a pathological mechanism in cases of GRN-related FTLD and 

NCL. 

 

4.2 Introduction 

Progranulin (PGRN), encoded by the GRN gene, is a glycosylated secretory protein that 

is comprised of seven full, and one half, conserved and highly disulfide-bonded 
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homologous granulin (Grn) domains connected by short linker regions [1-6].  While the 

exact function of PGRN remains elusive, it has been found to be involved in numerous 

normal physiologic and pathologic processes, including regulating inflammation, 

wound healing, and tumorigenesis, as well as functioning as a growth and neurotrophic 

factor [7-16].  PGRN is interesting as it has clear, dose-dependent disease associations.  

Heterozygous mutations, resulting in PGRN haploinsuffiency, are known to cause 

frontotemporal lobar degeneration (FTLD), a clinically and pathologically 

heterogeneous neurodegenerative disease  that is the second leading cause of early-onset 

dementia after Alzheimer’s disease [17-23].  Homozygous mutations, resulting in 

complete loss of PGRN, cause a separate disease, neuronal ceroid lipofuscinosis (NCL) 

[24, 25].  Like FTLD, NCLs are a symptomatically and pathologically diverse family 

of neurodegenerative diseases [26-28].  However, a unifying feature of NCLs is the 

classification as lysosomal storage diseases (LSD), presenting with severe lysosomal 

dysfunction due to disruption of normal lysosomal physiology, such as can occur with 

mutation of specific lysosomal hydrolases.  Although these two diseases are distinct, 

NCL-related phenotypes have been reported in FTLD patients with GRN mutation, 

suggesting that lysosomal dysfunction might serve as a common mechanism [29-31]. 

With these findings, it was speculated that PGRN may be involved in lysosomal 

physiology, and increasing lines of evidence indicate that this is likely the case.  In 

addition to being lysosomally localized, having two independent trafficking pathways 

to the lysosome [32, 33], and being under transcriptional regulation with the majority 

of known lysosomal proteins [34], PGRN has recently been shown to be proteolytically 

processed to produce stable and functional Grn peptides [35-37], and is linked to the 
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direct or indirect regulation of two lysosomal hydrolases.  PGRN deficiency was found 

to reduce the activity of cathepsin D (CTSD) in vivo, and PGRN was shown to stabilize 

and directly modulate the activity of this protease in vitro [31, 38, 39].  In tandem with 

heat shock protein 70 (HSP70), PGRN is also purported to be a co-chaperone of 

glucocerebrosidase (GBA) [40, 41], a β-glucosidase that cleaves glucocerebroside into 

glucose and ceramide [42], and PGRN knockout mice with induced chronic 

inflammation display Gaucher-like tissue and cellular phenotypes.  Paralleling the dose-

dependent disease association of GRN, GBA haploinsufficiency is a risk factor for 

Parkinson’s disease (PD) [43], while complete loss of GBA results in Gaucher disease 

(GD), the most common LSD [42, 44].  A study published this past year demonstrated 

that a pathophysiological cascade ultimately resulting in a reduction in GBA activity 

was causative in PD [45]. 

To better understand the lysosomal role of PGRN, we performed a stable isotope 

labeling by amino acids in cell culture (SILAC)-based proteomic screen for PGRN 

protein interactors.  One of the top hits from this was GBA.  Because of the recent 

indications of lysosomal hydrolase deficiency with PGRN loss and previous reports of 

an association between PGRN and GBA, we chose to pursue this interaction and assess 

the in vivo physiologic relevance in a mouse model of PGRN deficiency.  In this study, 

we demonstrate that PGRN loss results in a substantial decrease in GBA activity, 

without any compromise in protein levels. 
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4.3 Results 

In order to better understand the role of PGRN in the lysosome through identification 

of its protein interactors, SILAC was performed (Fig. 4.1A, 4.1B).  Of the high-

confidence hits from this experiment, the lysosomal enzyme, GBA, stood out as PGRN 

has already been shown to directly regulate the activity of one lysosomal hydrolase and 

has been shown to act as a co-chaperone of GBA.  Because of this, we chose to further 

investigate the relationship between PGRN and GBA. 

To verify the physical interaction between PGRN and GBA, FLAG-PGRN and 

GBA-MycHis were co-transfected in HEK293T cells, then anti-PGRN 

immunoprecipitation (IP) was performed.  GBA-MycHis was observed in the FLAG-

PGRN, but not the control sample, indicating a specific binding interaction (Fig. 4.1C).  

Additionally, PGRN has been shown to be processed into individual granulin (Grn) 

peptides within the lysosome [35, 36] and two of these peptides, Grn E and Grn F, have 

been shown to interact with GBA [40, 41].  Because both PGRN and Grn peptides pulled 

down in the anti-PGRN IP (Fig. 4.1C), it is possible that one or several of these peptides 

could potentially interact with GBA.  To test whether GBA can bind to specific Grn 

peptides, N-terminal GFP-tagged Grn peptides or PGRN were co-transfected with 

MycHis-tagged GBA, followed by anti-GFP IP.  While there was no obvious binding 

to Grn E, Grn F did bind GBA, as did Grn A, although less strongly (Fig. 4.1D). 

Previous lipidomic analysis has shown defects in lipid metabolism in lysosomes 

from granulin-deficient humans and mice [46].  Considering this, as well as the well-

defined, singular lipid-hydrolyzing function of GBA and the overlap of pathologies 

between  PGRN- and GBA-related  diseases,  we  hypothesized  that  GBA dysfunction 
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Figure 4.1. Proteomic analysis and co-immunoprecipitations.  A) Schematic 
illustration of the SILAC experiment searching for PGRN interactors.  B) Volcano plot 
of SILAC hits. Top hits identified in the heavy fraction are highlighted.  C) Anti-PGRN 
co-immunoprecipitation of FLAG-PGRN and GBA-MycHis overexpressed in 
HEK293T cells. D) Anti-GFP co-immunoprecipitation of GFP-PGRN or individual 
GFP-Grn constructs and GBA-MycHis overexpressed in HEK293T cells shows binding 
primarily to Grn F, with weaker binding to Grn A and other Grn peptides. 
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may be a mechanism of GRN-related FTLD and NCL.  We performed an in vitro GBA 

activity assay using a well-established 4-MU fluorogenic substrate [47-49] (Fig. 4.2).  

GBA activity was measured in tissue lysates from 2-month-old WT and Grn-/- mice, 

before obvious lysosomal phenotypes are observed.  Liver and spleen lysates from    

Grn-/- mice showed a significant decrease in GBA activity.  While the cerebrum and 

cerebellum showed a trend toward decreased GBA activity, it was not significant.  

However, the midbrain, which is the region where we tend to observe the most severe 

defects in our knockout mouse line, showed a significant decrease in activity. 

A follow-up test of GBA activity was performed using a recently developed 

ultrasensitive fluorescent probe, MDW941, which specifically reacts with only active 

forms of the enzyme and has been shown to be sensitive enough to detect the activity of 

recombinant GBA in the attomolar range [50-52].  Using this probe, an even greater 

disparity between GBA activity in WT and Grn-/- tissues was observed (Fig. 4.3).  To 

verify that any changes in activity were not due to alterations in total GBA protein 

levels, SDS-PAGE and western blot of the tissues lysates were performed, with no 

significant differences seen between groups (Fig. 4.3). 

Once we confirmed GBA deficiency in Grn-/- mouse tissues, we wanted to know 

whether this defect would translate to human cases.  Brain lysates from healthy control 

or FTLD patients with GRN mutation were lysed and GBA activity was measured with 

the 4-MU substrate (Fig. 4.4).  FTLD patient brain samples showed a significant 

decrease in GBA activity of ~28% compared to control samples. 
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Figure 4.2. PGRN deficiency results in decreased GBA activity in mice.  GBA 
activity was assessed in mouse tissue lysates from 2-month-old WT and Grn-/- mice, as 
indicated. n = 5–6, ±SEM, *p-value <0.05, ***p-value <0.001, ns, not significant, 
Student’s t-test.  Contributed by X.Z. 
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Figure 4.3. GBA protein levels and MDW941 activity.  Mouse tissue lysates from 2-
month-old WT and Grn-/- mice were incubated with the MDW941 GBA activity probe 
prior to scanning, then western blot was performed to assess total GBA protein levels.  
n = 5–6, ±SEM, *p-value <0.05, **p-value <0.01, ns, not significant, Student’s t-test.  
Contributed by X.Z. 
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Figure 4.4. GBA activity is reduced in FTLD with GRN mutation patient brain 
compared to healthy control.  GBA activity was assessed in human healthy control 
and FTLD with GRN mutation patient brain lysates, as indicated. n = 3, ±SEM, *p-value 
<0.05, Student’s t-test. 
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With the changes we observed in GBA activity, and because PGRN and one Grn 

peptide have been shown to directly activate CTSD in vitro, we wanted to test whether 

PGRN, Grn E, or Grn F could directly augment the activity of GBA.  We performed a 

4-MU activity assay of a pharmaceutical grade recombinant GBA (Cerezyme) with the 

addition of recombinant His-PGRN, GST-Grn peptides, His-SUMO-saposin C, or GST 

control.  No change in GBA activity was observed with the addition of PGRN-related 

proteins, indicating that they do not directly modulate GBA activity (Fig. 4.5).  We also 

attempted to recover GBA activity in mouse liver lysates by adding back recombinant 

PGRN, Grn E, or Grn F, but no change in activity was seen (data not shown). 

Because of the known binding and trafficking relationship shared by PGRN and 

PSAP, and because saposins A and C are known activators of GBA, this raised the 

possibility that with PGRN loss, the observed decrease in GBA activity could be due to 

a decrease in PSAP or saposin peptides.  Unfortunately, with the available antibodies, 

we were unable to examine changes in individual saposin peptides, however, we did not 

observe a significant change in PSAP or total saposins in the tissues where GBA activity 

was reduced (Fig. 4.6). 

 

4.4 Discussion 

In this study, we have confirmed a previously reported association between the FTLD-

related protein, PGRN, and the lysosomal enzyme, GBA [40, 41].  We observed binding 

between GBA and Grn F, but not the previously reported Grn E.  This is likely due to 

differences in the expression constructs used.  Our Grn E construct included only 

residues 519-575 of PGRN, a  segment which remains intact after cleavage of the  full- 
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Figure 4.5. Recombinant PGRN, Grn E, or Grn F does not directly increase GBA 
activity.  Activity of recombinant GBA (Cerezyme) was measured with the addition of 
recombinant PGRN, Grn E, Grn F, or recombinant saposin C as a positive control. 
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Figure 4.6. PSAP and total saposin protein levels.  Mouse tissue lysates from 2-
month-old WT and Grn-/- mice were assessed for PSAP and total saposin peptide levels, 
which were normalized to GAPDH.  n = 5–6, ±SEM, ns, not significant, Student’s t-
test.  Contributed by X.Z. 
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length protein by either of two known PGRN proteases, cathepsin L or neutrophil 

elastase [37].  The truncation construct used in the previous study was much larger, 

incorporating residues 496-593.  This includes the entirety of both linker regions which 

encompass the Grn domain.  It is possible that the folding of the two products differs or 

that GBA is binding to one or both of these linker regions.  Importantly, ours is the first 

report demonstrating GBA dysfunction in a mouse model of PGRN deficiency and in 

human FTLD patient brain samples. 

The previous studies examining the relationship between PGRN and GBA 

primarily  utilized   a   chronic  inflammation  model  based  on  the  administration  of 

ovalbumin (OVA) to WT and Grn-/- mice over the course of multiple weeks.  The 

authors showed that PGRN interacts with GBA and HSP70 to act as co-chaperones of 

GBA and its trafficking receptor, lysosome membrane protein 2 (LIMP-2), and in cases 

of chronic lung inflammation with PGRN loss, LIMP-2 and GBA aggregate in the 

cytoplasm.  Unfortunately, despite many repeated attempts at immunostaining to 

localize GBA, we were unable to find a single commercial antibody that produced a 

strong, specific signal for the endogenous protein.  In fact, the only antibody that we 

found to produce a signal above background showed an equally strong lysosomal signal 

in primary Gba-/- mouse embryonic fibroblast (MEF) cells, indicating that the antibody 

is non-specific, recognizing an antigen other than GBA (data not shown).  As such, we 

were not able to verify the localization of GBA in cells or tissue sections.  However, in 

this instance we believe that it is unlikely that GBA is mislocalized and aggregated, as 

the study indicating this finding only observed it in the case of severe, chronically-

induced inflammation, and in our young PGRN-deficient mice, it is unlikely that such 
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inflammation exists.  The authors also did not observe a defect in GBA activity in the 

lung tissues of these mice, possibly due to differences in strain or tissue specificity. 

The relationship between PGRN and GBA is complicated by a series of 

interrelated factors.  Two peptides derived from PSAP, saposin A and saposin C, are 

known activators of GBA [48, 53, 54].  We have previously shown that PGRN and 

PSAP share a lysosomal co-trafficking relationship, wherein PGRN can carry PSAP to 

the lysosome via the receptor, sortilin, and PSAP can carry PGRN to the lysosome via 

the cation-independent mannose-6-phosphate receptor (CI-M6PR) or the low-density 

lipoprotein receptor-related protein 1 (LRP1) [33, 55, 56].  One result of this is that a 

reduction in total PGRN or PSAP protein levels may disrupt these necessary pathways, 

reducing lysosomal concentrations of the proteins.  Additionally, PGRN has recently 

been shown to bind and modulate the activity of the lysosomal protease, cathepsin D 

(CTSD), which is the major contributor to proteolytic PSAP processing.  Because of 

these factors, we have to consider the possibility that PGRN deficiency results in an 

alteration in PSAP processing and production of saposin peptides.  Any reduction in 

PSAP levels could potentially lower saposin A and C levels as well, thereby reducing 

GBA activation.  We attempted to address this by examining PSAP and total saposin 

levels in the tissue lysates in which we measured GBA activity.  We were able to show 

that these levels do not change significantly.  However, because we do not have 

antibodies that are specific to saposin A or C for western blot, we cannot rule out the 

possibility that one or both of these proteins are specifically decreased and saposin B 

and/or D are specifically increased, although this seems unlikely. 
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Although we did not see any change in GBA activity with the addition of 

recombinant PGRN or Grn peptides, this does not entirely rule out the possibility of a 

direct activation.  PGRN and Grn E have been reported to directly activate CTSD in 

vitro, but our attempts to replicate these results have not been successful.  This may be 

due to a number of technical factors, including misfolding of proteins in as a result of 

the expression system or purification procedures used. 

 While the exact mechanism of our findings is currently unknown, and more 

work needs to be performed to sift through the somewhat muddled relationships of the 

proteins involved, the result is clear: that PGRN deficiency can lead to defects in GBA 

activity.  This is significant, as lysosomal dysfunction is a commonality between NCL 

and FTLD with GRN mutation.  It is possible that lysosomal dysfunction due to the 

decreased activity of multiple lysosomal hydrolases, including GBA and CTSD, is a 

mechanism of these two diseases. 

 

4.5 Materials and Methods 

Primary Antibodies and Reagents 

The following antibodies were used in this study: 9E10 mouse anti-myc (homemade), 

and mouse anti-GAPDH (Proteintech Group), mouse anti-GBA (MilliporeSigma), 

rabbit anti-GBA (Sigma), rat anti-mouse LAMP1 (BD Biosciences), and sheep anti-

mouse PGRN (R&D Systems).  Rabbit anti-mouse PSAP and PGRN antibodies were 

produced as previously described [33], GFP-Trap beads (ChromoTek).  4-

Methylumbelliferyl β-D-glucopyranoside (4-MU) GBA substrate (Sigma).  The 

MDW941 probe was a kind gift from Dr. Hermen Overkleeft (Leiden University). 
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Plasmids 

Human GBA cDNA in the pDONR223 vector from the human ORFeome 8.1 collection 

was a gift from Dr. Haiyuan Yu (Cornell University).  GBA was ligated into 

pcDNA3.1/myc-His A vector (Thermo Fisher Scientific) after digestion with EcoRI and 

XhoI.  Human PGRN in the pCMV-Sport6 vector was obtained as previously described 

[32].  GFP-PGRN was produced as previously described [33].  GFP-Grn peptides were 

produced as described [39].   

Protein Production and Purification 

GST-Grn E, GST-Grn F, and His-SUMO-saposin C proteins were produced from the 

Origami B(DE3) bacterial strain (MilliporeSigma) with 0.1 mM IPTG induction 

overnight at 18°C.  GST-tagged proteins were purified with glutathione cross-linked 

beads and eluted with excess glutathione.  His-PGRN and His-SUMO-saposin C were 

purified with cobalt beads from the culture media of HEK293T cells as previously 

described [33].  All purified proteins were concentrated and transitioned to PBS buffer 

with Centricon Centrifugal Filter Units (MilliporeSigma).  

Human Brain Tissues 

Human brain tissues were obtained from the Neurodegenerative Disease Brain Bank at 

the University of California, San Francisco. Authorization for autopsy was provided by 

patients' next-of-kin, and procedures were approved by the UCSF Committee on Human 

Research. Neuropathological diagnoses were made in accordance with consensus 

diagnostic criteria [57, 58]. Cases were selected based on neuropathological diagnosis 

and genetic analysis. Freshly frozen blocks were used from subjects with FTLD-TDP, 

Type A, due to GRN mutations and healthy controls. Healthy control tissue was 
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obtained from individuals without dementia who had minimal age-related 

neurodegenerative changes. 

Cell Culture 

HEK293T were maintained in Dulbecco’s Modified Eagle’s Medium (Cellgro) 

supplemented with 10% fetal bovine serum (Gibco) in a humidified incubator at 37ºC 

with 5% CO2. 

Transfection, Immunoprecipitation, and Western Blot Analysis 

Cells were transfected with polyethylenimine as previously described [59].  Cells were 

lysed in a cold solution containing 150 mM NaCl, 50 mM Tris (pH 8.0), 1% Triton X-

100, 0.1% deoxycholic acid, 1X protease inhibitors (Roche).  After centrifugation at 

14,000 g, for 15 minutes, at 4ºC, supernatants were transferred to clean tubes on ice, to 

which GFP-Trap beads or rabbit anti-PGRN antibody-conjugated Affi-Gel 15 (Bio-Rad 

Laboratories) was added, then rocked for 3-4 hours at 4ºC.  Samples were centrifuged 

at 2,500 g for 20 seconds at 4ºC, then washed with 1 mL of a solution containing 150 

mM NaCl, 50 mM Tris (pH 8.0), and 1% Triton X-100.  This was repeated for a total 

of 3 washes.  After a final centrifugation, all supernatant was aspirated and samples 

were eluted by the addition of 25 μL of Laemmli Sample Buffer with 5% β-

Mercaptoethanol. 

Samples were run on a 12% or 8% polyacrylamide gel or a 4-12% Bis-Tris gel 

(Bio-Rad Laboratories), then transferred to Immobilon-FL polyvinylidene fluoride 

membranes (Millipore Corporation) or nitrocellulose membranes (Millipore 

Corporation).  Membranes were blocked with either 5% non-fat milk in PBS or Odyssey 

Blocking Buffer (LI-COR Biosciences) for 1 hour, then washed with tris-buffered saline 
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with 0.1% Tween-20 (TBST) 3x for 5m, each.  Membranes were incubated with primary 

antibodies diluted in TBST, rocking overnight at 4ºC, then washed as above, incubated 

with secondary antibodies diluted in TBST for 2 h at room temperature, then washed 

again.   Membranes were scanned using an Odyssey Infrared Imaging System (LI-COR 

Biosciences).  Densitometry was performed with Image Studio (LI-COR Biosciences). 

Tissue Preparation for Enzyme Assays and Western Blot 

Tissues from 2-month- old WT and Grn-/- mice were homogenized on ice with a glass 

Dounce homogenizer in a cold solution of either 1% (w/v) sodium taurocholate and 1% 

(v/v) Triton X-100, pH 5.2, for 4-MU activity assays or 0.2% (w/v) sodium taurocholate 

and 0.1% (v/v) Triton X-100 for MDW941 assays.  Protein concentrations were 

determined via Bradford assay, then standardized.   

Mouse Strains 

C57/BL6 and Grn-/- mice were obtained from The Jackson Laboratory [60]. 

GBA Activity Assay with 4-MU Substrate 

Tissue lysates, prepared as described, were diluted in a cold buffer of 0.1 M citric 

acid/0.2 M disodium phosphate (pH 5.0), with 2 mg/mL bovine serum albumin added.  

Ten microliters of each sample were added to 75 μL of cold 10 mM 4-MU substrate in 

the same buffer and incubated at 37ºC for 30 minutes.  Reactions were stopped by the 

addition of 200 μL of a 0.3 M glycine/0.2 M sodium carbonate (pH 10.7) stop solution.  

Plates were read at 360 nm excitation/460 nm emission with an Infinite M100 

microplate reader (Tecan). 

To test for the direct activation of recombinant GBA, a 50 μL reaction mixture 

containing 1 mg/mL BSA, 0.1 M sodium acetate (pH 4.5), 0.02 U Cerezyme (Sanofi 
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Genzyme), 0.2 mM 4-MU substrate, 0.1% Triton X-100, and 1, 5, or 9 μM recombinant 

PGRN, Grn E, Grn F, or saposin C, or an equal volume of PBS was incubated at 37ºC 

for 30 minutes.  Reactions were stopped by the addition of 50 μL of a 0.32 M 

glycine/0.32 M sodium carbonate (pH 10.4) stop solution.  Plates were read at 340 nm 

excitation/420 nm emission with an Infinite M100 microplate reader (Tecan).  Assays 

were also performed wherein Cerezyme and 1, 5, or 9 μM recombinant PGRN, Grn E, 

Grn F, or saposin C, or an equal volume of PBS were pre-incubated together on ice for 

30 minutes in a volume of 15 μL, after which reactions were brought to the final volume 

and substrate concentration listed above. 

Active GBA Assessment with MDW941 Probe 

MDW941 was diluted to 100nM in tissue lysates, which were then incubated at 37ºC 

for 30 minutes.  Reactions were stopped by the addition of an equal volume of 2x 

Laemmli sample buffer with 10% β-Mercaptoethanol before heating at 95ºC for 5 

minutes.  An equal amount of each sample (50 μg total protein) was run on a 12% 

polyacrylamide gel, which was scanned at 532 nm excitation/580 nm emission with a 

Typhoon Imaging System (GE Healthcare), then western blot and assessment were 

performed as described above, with all values normalized to GAPDH. 

MDW941 Cell Labeling, Immunostaining, and Confocal Microscopy 

WT and Grn-/- MEF cells were cultured on glass coverslips overnight.  The next day, 

MDW941 was diluted to 5nM in culture media, then equal volumes were added to each 

well and the plate was incubated at 37ºC for 2h.  Cells were washed 2x with PBS, fixed 

with 3.7% paraformaldehyde for 15 minutes at room temperature, followed by 3 

additional PBS washes.  Cells were permeabilized with Odyssey Blocking Buffer LI-
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COR Biosciences) + 0.05% saponin for 30 minutes at room temperature.  Primary 

antibodies were diluted in the same buffer and added to coverslips, which were 

incubated in a humidified chamber overnight at 4ºC.  Coverslips were washed 3x with 

PBS, for 5 minutes each, then secondary antibodies diluted in the same 

blocking/permeabilization solution were added to the coverslips, which were incubated 

at room temperature, in the dark, for 2 hours.  After 3 additional PBS washes, coverslips 

were mounted on slides with Fluoromount-G (SouthernBiotech).  Images were acquired 

with a CSU-X series spinning disc confocal microscope (Intelligent Imaging 

Innovations) with an HQ2 CCD camera (Photometrics) using a 100x objective. 

SILAC and Mass Spectrometry 

WT and Grn CRISPR knockout BV-2 cells were grown a minimum of five generations 

in DMEM with 10% dialyzed fetal bovine serum (Sigma) supplemented with either 

heavy (C13, N15 arginine and lysine) amino acids or light (C12, N14 arginine and 

lysine).  Cells were grown to confluency in two 15-cm plates, each, and lysed in 3 mL 

of a solution containing 150 mM NaCl, 20 mM sodium acetate (pH 5.3), 1% Triton X-

100, and protease inhibitors (Roche), then immunoprecipitated as described above using 

homemade rabbit anti-PGRN antibodies bound to Affi-Gel 15 (Bio-Rad Laboratories).  

Samples were then mixed and boiled 5 min with 1% DTT followed by alkylation by 

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

precipitated on ice for 30 min with a mixture of 50% acetone/49.9% ethanol/0.1% acetic 

acid. Protein was pelleted and washed with this buffer, reprecipitated on ice, and 

dissolved in 8 M 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 37°C with 1 
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μg of mass spectrometry grade Trypsin (Promega). The resulting peptide samples were 

cleaned up for mass spectrometry by treatment with 10% formic acid and 10% 

trifluoroacetic acid and washed twice with 0.1% acetic acid on preequilibrated Sep-Pak 

C18 cartridges (Waters). Samples were eluted with 80% acetonitrile/0.1% acetic acid 

into silanized vials (National Scientific) and evaporated using a SpeedVac. Samples 

were redissolved in H2O with ∼1% formic acid and 70% acetonitrile. Peptides were 

separated using hydrophilic interaction liquid chromatography on an Ultimate 300 LC 

(Dionex). Each fraction was evaporated with a SpeedVac and resuspended in 0.1% 

trifluoroacetic acid with 0.1 pM angiotensin internal standard. Samples were run on an 

LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific) and data were analyzed 

using the SORCERER system (Sage-N Research). 
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CI-M6PR – Cation-independent mannose-6-phosphate receptor 
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HSP70 – Heat shock protein 70 
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MEF – Mouse embryonic fibroblasts 
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4.7 Supplementary Data 

 

 

 

 

 

 

 

Supplementary Figure 4.1. Specificity of mouse anti-GBA antibody for western 
blot.  A) Primary MEF cells from WT and Gba-/- mice.  B)  Lung tissue from WT and 
Gba-/- mice.  *indicates non-specific bands. 
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Supplementary Figure 4.2. Decreased MDW941 signal in Grn-/- compared to WT 
MEF cells, and PGRN immunostaining in WT and Gba-/- MEF cells. A) WT and 
Grn-/- MEF cells were labeled for 2 hours with MDW941 before fixation and 
immunostaining.  B) Immunostaining shows no observable change in PGRN signal in 
Gba-/- MEF cells compared to WT MEF cells.  Scale bar = 20 μm. 
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CHAPTER 5 

 

ɑ-N-ACETYLGALACTOSAMINIDASE ACTIVITY 

IS REDUCED IN PROGRANULIN-DEFICIENT MICE 

 

5.1 Abstract 

We have previously found that two lysosomal enzymes, cathepsin D (CTSD) and 

glucocerebrosidase (GBA), interact with progranulin (PGRN) and show reduced 

activity when PGRN is lost.  Using stable isotope labeling of amino acids in cell culture 

(SILAC), we have identified a third lysosomal enzyme, ɑ-N-acetylgalactosaminidase 

(NAGA), as a putative interactor of PGRN.  NAGA hydrolyzes ɑ-N-

acetylgalactosaminyl moieties from glycoconjugates, and deficiency of this protein 

results in the accumulation of undegraded substrates and the lysosomal storage disease 

(LSD), Schindler disease.  The interaction was confirmed by co-immunoprecipitation 

experiments, which also demonstrated potential binding between multiple granulin 

peptides and NAGA.  We found NAGA protein levels to be upregulated in spleen 

lysates, but not liver lysates, of Grn-/- mice.  When compared to total NAGA protein, 

activity of the enzyme was significantly reduced in both spleen and liver lysates of these 

mice.  Although the mechanism of this activity reduction is currently unclear, this is 

further evidence that the dysfunction of multiple lysosomal hydrolases may play a role 

in PGRN-related disease. 
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5.2 Introduction 

To better understand the lysosomal function of PGRN, we completed a stable isotope 

labeling by amino acids in cell culture (SILAC) screen to identify its protein binding 

partners. One promising candidate was the lysosomal enzyme, ɑ-N-

acetylgalactosaminidase (NAGA).  NAGA assists in the degradation of lysosomal cargo 

by hydrolyzing ɑ-N-acetylgalactosaminyl (GalNac) moieties of glycoconjugates [1-3].  

Deficiency of NAGA, generally due to mutation, results in Schindler disease, also 

known as Kanzaki disease, a lysosomal storage disease (LSD) with neurological 

sequelae [4-7].  As our lab has identified two additional lysosomal enzymes to which 

PGRN binds, cathepsin D (CTSD) and glucocerebrosidase (GBA), which show a 

reduction in activity when PGRN is lost, we hypothesized that a similar reduction in 

activity may occur with NAGA.  We found NAGA protein levels to be upregulated in 

spleen lysates, but not liver lysates, of Grn-/- mice.  When normalized to total NAGA 

protein, activity of the enzyme was significantly reduced in both spleen and liver lysates 

of these mice.  We also found evidence of the accumulation of undegraded NAGA 

substrates in the brains of Grn-/- mice. 

 

5.3 Results 

A SILAC screen identified NAGA as a potential interactor of PGRN.  To verify binding 

between PGRN and NAGA, FLAG-PGRN and NAGA-MycHis were co-transfected in 

HEK293T cells and anti-FLAG IP was performed (Fig. 5.1A).  NAGA-MycHis was 

observed in the FLAG-PGRN sample, but not the control sample, indicating specific 

binding.  To narrow the region of PGRN to which  NAGA  binds,  a  series  of  FLAG- 
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Figure 5.1. Co-immunoprecipitation experiments. A) FLAG-PGRN was co-
transfected with NAGA-MycHis in HEK293T cells and anti-FLAG IP was performed. 
B) FLAG-PGRN truncations were co-transfected with NAGA-MycHis and anti-FLAG 
IP was performed. C) GFP-PGRN or GFP-Grn peptides were co-transfected with 
NAGA-MycHis and anti-GFP was performed from cell lysate. D) GFP-PGRN or GFP-
Grn peptides were transfected separately from NAGA-MycHis.  Conditioned media 
containing GFP-PGRN or GFP-Grn peptides were collected and anti-GFP IP was 
performed.  These beads were then added to NAGA-MycHis-overexpressing cell lysate. 
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PGRN truncations were co-transfected with NAGA-MycHis and anti-FLAG IP was 

performed (Fig. 5.1B).  Surprisingly, this did not identify a specific, isolated region of 

binding.  While binding occurs at variable levels across all truncations, there is a clear 

trend toward more robust binding as the size of the PGRN fragment decreases.  It 

appears that the p-G fragment is sufficient for binding, but stronger binding is seen when 

granulin (Grn) F and/or C is present.  To further clarify these results and determine 

whether one or more specific Grn peptides bind NAGA, N-terminal GFP-tagged Grn 

peptides or PGRN were co-transfected with NAGA-MycHis, followed by anti-GFP IP 

(Fig. 5.1C).  Grn F showed pronounced binding, while the binding between NAGA-

MycHis and Grn G was minimal.  We repeated this experiment using conditioned media 

of individual secreted GFP-Grn peptides and NAGA-MycHis lysate (Fig. 5.1D).  In this 

experiment, binding was more promiscuous, with multiple Grn peptides showing 

binding, and Grn E being the strongest. 

As we have detected decreased cathepsin D and glucocerebrosidase activity in 

the tissues of PGRN-deficient mice, we wanted to test whether NAGA activity is also 

reduced in these animals.  After normalization of total protein levels, the activity of 

NAGA was assessed in liver and spleen lysates from 2-month-old WT and Grn-/- mice 

using an established enzyme activity assay based on the cleavable substrate, 4-

Nitrophenyl N-acetyl-α-D-galactosaminide (pNPα-GalNAc) (Fig. 5.2A) [8-10].  Liver 

lysates from Grn-/- mice showed a significant decrease in NAGA activity compared to 

WT, while spleen lysates, surprisingly, showed an increase in activity, although it was 

not statistically significant.  Because this increase in activity could be due to an 

upregulation  of   NAGA  expression,  we  performed  SDS-PAGE,  western  blot,  and 
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Figure 5.2.  NAGA activity and protein levels in 2-month-old WT and Grn-/- mouse 
tissue lysates.  A) NAGA activity was measured in liver and spleen lysates. B) NAGA 
protein levels were quantified and normalized to GAPDH C) NAGA activity was 
normalized to protein levels.  n = 5–6, ± SEM, *p-value < 0.05, **p-value < 0.01, ns, 
not significant, Student’s t-test.  
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densitometry of the tissue lysates to quantify NAGA protein levels normalized to 

GAPDH (Fig. 5.2B, Supplementary Fig. 5.1).  No significant change was observed in 

the liver samples, but NAGA levels in Grn-/- spleen samples were significantly increased 

compared to WT.  We speculated that the increase in NAGA activity observed in the 

spleen is likely to be a direct result of the increase in total NAGA protein, and that the 

NAGA activity per unit of protein was likely still decreased compared to WT.  We 

quantified the ratio of NAGA activity to total NAGA protein in the spleen to determine 

whether the activity per unit of protein was reduced (Fig. 5.2C).  When we normalized 

activity to protein levels, we found that NAGA was significantly less active in the spleen 

lysates of Grn-/- mice. 

 In human patients suffering from NAGA deficiency, substrates bearing terminal 

GalNac moieties are unable to be properly degraded and are found to accumulate in 

lysosomes.  Such inclusions can be histologically visualized via a lectin specific for the 

terminal residue of interest [9-11].  Because we hypothesized that the enzymatic activity 

of NAGA would be decreased in Grn-/- mice, we expected an accumulation of 

undegraded NAGA substrates in the tissues of these animals.  To test this, brain sections 

from aged WT and Grn-/- mice were immunostained and labeled with rhodamine-tagged 

soybean agglutinin (SBA), a lectin that preferentially binds terminal GalNac moieties.  

An increased number of neuronal inclusions was observed in the cortex (Fig. 5.3A) and 

midbrain (Fig. 5.3B) of PGRN-deficient mice. 

 In order to test whether PGRN or Grn F can directly modulate NAGA activity, 

the  activity  of  recombinant   NAGA  was  assayed  with  the  addition  of   increasing  
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concentrations of recombinant His-PGRN or GST-Grn F (data not shown).  However, 

no specific change in activity was detected under these conditions. 

 
5.4 Discussion 

In this study, we have identified an interaction between PGRN/Grn peptides and the 

lysosomal hydrolase, NAGA.  Furthermore, we have showed that NAGA protein levels 

are increased in spleen lysates, but not liver lysates, of Grn-/- mice and that activity of 

the enzyme compared to total NAGA protein levels was significantly reduced in both 

spleen and liver lysates of these mice.  These preliminary results are promising, but 

further tests need to be performed to assess changes in NAGA activity in the brain, 

which is more relevant to frontotemporal lobar degeneration (FTLD) and neuronal 

ceroid lipofuscinosis (NCL).  However, SBA staining indicates an accumulation of 

terminal GalNac-bearing products in the midbrain and cortex of Grn-/- mice, suggesting 

a NAGA deficiency in these regions. 

 Unfortunately, we are currently unable to validate our anti-NAGA antibodies for 

use in the detection of endogenous murine protein by western blot.  Because of this, the 

reliability of our protein quantifications remains an issue.  To address this, we attempted 

to knock out NAGA in several human- and mouse-derived cell lines using clustered 

regularly interspaced short palindromic repeats (CRISPR)-mediated genome editing.  

However, no change in banding pattern was seen on western blot, indicating that either 

the knockouts were unsuccessful or the antibodies are non-specific (data not shown). 

As with CTSD and GBA, we did not see direct activation of NAGA with the 

addition of recombinant PGRN or Grn F.  However, in follow-up binding experiments, 
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we found NAGA to potentially interact with multiple Grn peptides (Fig. 5.1D).  It may 

be that one of these peptides activates NAGA, rather than Grn F.  As such, it may be 

worth re-examining the activation of recombinant NAGA with other Grn peptides. 

Regardless of the mechanism of NAGA deficiency as a result of the loss of 

PGRN, lysosomal dysfunction due to the decreased activity of multiple lysosomal 

hydrolases, including NAGA, GBA, and CTSD, is increasingly supported as a potential 

mechanism of FTLD and NCL. 

 

5.5 Materials and Methods 

Primary Antibodies and Reagents 

The following antibodies were used in this study: M2 mouse anti-FLAG (Sigma), M2 

mouse anti-FLAG-conjugated beads (Sigma), 9E10 mouse anti-myc (homemade), 

rabbit anti-GFP (homemade), GFP-Trap beads (ChromoTek), mouse anti-NeuN 

(Millipore Corporation), rabbit anti-Iba1 (Wako Pure Chemical Corporation), and sheep 

anti-NAGA (R&D Systems).  Rabbit anti-PGRN antibodies were produced as 

previously described [12].  Rhodamine-labeled Soybean Agglutinin (Vector Labs).  4-

Nitrophenyl N-acetyl-α-D-galactosaminide (Sigma). 

Plasmids 

NAGA cDNA was a gift of Dr. Haiyuan Yu (Cornell University).  NAGA was cloned 

into the pcDNA3.1/myc-His A vector.  Human PGRN was obtained as previously 

described [13].  GFP-PGRN was produced as previously described [12].  GFP-Grn 

peptides were produced as described [14]. 
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Protein Production and Purification 

GST and GST-Grn F proteins were produced from the Origami B(DE3) bacterial strain 

(MilliporeSigma) with 0.1 mM IPTG induction overnight at 18°C and purified with 

glutathione cross-linked beads and eluted with excess glutathione.  His-PGRN was 

purified with cobalt beads from the culture media of HEK293T cells as previously 

described [12].  All purified proteins were concentrated and transitioned to PBS buffer 

with Centricon Centrifugal Filter Units (MilliporeSigma).  

Cell Culture 

HEK293T, COS-7, and N2a cells were maintained in Dulbecco’s Modified Eagle’s 

Medium (Cellgro) supplemented with 10% fetal bovine serum (Gibco) in a humidified 

incubator at 37ºC with 5% CO2. 

Transfection, Immunoprecipitation, and Western Blot Analysis 

Cells were transfected with polyethylenimine as previously described [15].  Cells were 

lysed in a cold solution containing 150 mM NaCl, 50 mM Tris (pH 8.0), 1% Triton X-

100, 0.1% deoxycholic acid, 1X protease inhibitors (Roche).  After centrifugation at 

14,000 g, for 15 minutes, at 4ºC, supernatants were transferred to clean tubes on ice, to 

which mouse anti-FLAG antibody-conjugated beads or GFP-Trap beads (ChromoTek) 

was added, then rocked for 3-4 hours at 4ºC.  Samples were centrifuged at 2,500 g for 

20 seconds at 4ºC, then washed with 1 mL of a solution containing 150 mM NaCl, 50 

mM Tris (pH 8.0), and 1% Triton X-100.  This was repeated for a total of 3 washes.  

After a final centrifugation, all supernatant was aspirated and samples were eluted by 

the addition of 25 μL of Laemmli Sample Buffer with 5% β-Mercaptoethanol. 
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Samples were run on a 12% polyacrylamide gel, then transferred to Immobilon-

FL polyvinylidene fluoride membranes (Millipore Corporation).  Membranes were 

blocked with either 5% non-fat milk in PBS or Odyssey Blocking Buffer (LI-COR 

Biosciences) for 1 hour, then washed with tris-buffered saline with 0.1% Tween-20 

(TBST) 3x for 5m, each.  Membranes were incubated with primary antibodies diluted 

in TBST, rocking overnight at 4ºC, then washed as above, incubated with secondary 

antibodies diluted in TBST for 2 h at room temperature, then washed again.   

Membranes were scanned using an Odyssey Infrared Imaging System (LI-COR 

Biosciences).  Densitometry was performed with Image Studio (LI-COR Biosciences). 

Immunostaining, Lectin Staining, and Confocal Microscopy 

Cells were cultured on glass coverslips overnight.  For transfection experiments, cells 

were transfected the next morning and proteins were allowed to express for ~2 days 

before experiments were performed.  Cells were washed 2x with PBS, fixed with 3.7% 

paraformaldehyde for 15 minutes at room temperature, followed by 3 additional PBS 

washes.  Cells were permeabilized with Odyssey Blocking Buffer (LI-COR 

Biosciences) + 0.05% saponin for 30 minutes at room temperature.  Primary antibodies 

were diluted in the same buffer and added to coverslips, which were incubated in a 

humidified chamber overnight at 4ºC.  Coverslips were washed 3x with PBS, for 5 

minutes each, then secondary antibodies diluted in the same blocking/permeabilization 

solution were added to the coverslips, which were incubated at room temperature, in the 

dark, for 2 hours.  After 3 additional PBS washes, coverslips were mounted on slides 

with Fluoromount-G (SouthernBiotech).  Images were acquired with a CSU-X series 
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spinning disc confocal microscope (Intelligent Imaging Innovations) with an HQ2 CCD 

camera (Photometrics) using a 100x objective. 

For tissue staining, mice were perfused with PBS, then tissues were collected 

and incubated in 4% paraformaldehyde, rocking at 4°C for 48 hours.  Tissues were 

washed 3x with PBS the incubated in PBS with 15% (w/v) sucrose rocking at 4°C for 

24, followed by a similar incubation in in PBS with 30% (w/v) sucrose.  Tissues were 

embedded in Tissue-Tek O.C.T. Compound (Sakura Finetek) and frozen at -80°C before 

cryotome sectioning.  Immunostaining was performed as with cells, except tissue 

sections were incubated with 0.1% Sudan Black in 70% EtOH for 20 minutes, rocking 

at room temperature to inhibit autofluorescence, and blocking and permeabilization 

were performed with 0.1% saponin in Odyssey Blocking Buffer. 

NAGA Enzyme Activity Assays 

Tissues were lysed in a cold solution of 20 mM NaOAc, pH 5.3, 150 mM NaCl, and 1% 

Triton X-100 at a 1:10 ratio of tissue weight (g) to lysis buffer (mL).  Protein 

concentrations were measured via Bradford protein assay and normalized.  Reactions 

were performed in a final reaction mixture of 0.1 M citrate buffer (pH 4.3), 2 mM 

substrate, 75 μg tissue lysate, in a final volume of 100 μL.  Samples were incubated at 

37°C for 4 hours.  Reactions were stopped by the addition of trichloroacetic acid to a 

final concentration of 2.9%.  Samples were incubated on ice for 15 minutes then 

centrifuged at 14,000 g and 4°C for 15 minutes.  Supernatants were transferred to a 96-

well plate, then glycine-carbonate buffer (pH 9.7) and NaOH were added to a final 

concentration of 0.088 M and 0.13 M, respectively, before measuring absorbance at 410 

nm with an Infinite M100 microplate reader (Tecan). 
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SILAC and Mass Spectrometry 

Grn CRISPR knockout T98G cells were grown a minimum of five generations in 

DMEM with 10% dialyzed fetal bovine serum (Sigma) supplemented with either heavy 

(C13, N15 arginine and lysine) amino acids or light (C12, N14 arginine and lysine).  

Cells were grown to confluency in two 15-cm plates, each, and lysed in 3 mL of a 

solution containing 150 mM NaCl, 20 mM sodium acetate (pH 5.3), 1% Triton X-100, 

and protease inhibitors (Roche).  Lysates were incubated with His-tagged and purified 

mammalian-expressed PGRN conjugated to Affigel 15 (Bio-Rad Laboratories) as the 

bait or BSA as control for 4 hours before washing and elution.  Samples were then mixed 

and boiled 5 min with 1% DTT followed by alkylation by treating samples with a final 

concentration of 28 mM iodoacetamide. Proteins were precipitated on ice for 30 min 

with a mixture of 50% acetone/49.9% ethanol/0.1% acetic acid. Protein was pelleted 

and washed with this buffer, reprecipitated on ice, and dissolved in 8 M 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 37°C with 1 μg of mass spectrometry grade 

Trypsin (Promega). The resulting peptide samples were cleaned up for mass 

spectrometry by treatment with 10% formic acid and 10% trifluoroacetic acid and 

washed twice with 0.1% acetic acid on preequilibrated Sep-Pak C18 cartridges 

(Waters). Samples were eluted with 80% acetonitrile/0.1% acetic acid into silanized 

vials (National Scientific) and evaporated using a SpeedVac. Samples were re-dissolved 

in H2O with ∼1% formic acid and 70% acetonitrile. Peptides were separated using 

hydrophilic interaction liquid chromatography on an Ultimate 300 LC (Dionex). Each 

fraction was evaporated with a SpeedVac and resuspended in 0.1% trifluoroacetic acid 
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with 0.1 pM angiotensin internal standard. Samples were run on an LTQ Orbitrap XL 

mass spectrometer (Thermo Fisher Scientific) and data were analyzed using the 

SORCERER system (Sage-N Research). 
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List of Abbreviations 
CRISPR – Clustered regularly interspaces short palindromic repeats 
CTSD – Cathepsin D 
FTLD – Frontotemporal lobar degeneration 
GalNac – ɑ-N-acetylgalactosaminyl/ɑ-N-acetylgalactosaminide 
GBA – Glucocerebrosidase 
Grn – Granulin 
LSD – Lysosomal storage disease 
NCL – Neuronal ceroid lipofuscinosis 
PGRN – Progranulin 
pNPα-GalNAc – 4-Nitrophenyl N-acetyl-α-D-galactosaminide 
SILAC – stable isotope labeling of amino acids in cell culture 
TBST – Tris-buffered saline with 0.1% Tween-20 
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5.7 Supplementary Data 

 

 

 

 

 

 

Supplementary Figure 5.1. Western blots of WT and Grn-/- mouse liver and spleen 
lysates.  Protein quantified and used to normalize NAGA activity in Fig. 5.2B and Fig. 
5.2C, respectively. 
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CHAPTER 6 

 

A HIGH-THROUGHPUT SCREEN IDENTIFIES CD68 

AND NEUROPILIN 2 AS PUTATIVE PROGRANULIN RECEPTORS 

 

6.1 Abstract 

Mutation in the GRN gene leading to reduced expression of the protein, progranulin 

(PGRN), shows a dose-dependent disease correlation, wherein haploinsufficiency 

results in frontotemporal lobar degeneration (FTLD) and complete loss results in 

neuronal ceroid lipofuscinosis (NCL).  While PGRN has been increasingly associated 

with lysosomal homeostasis, it has also been shown to possess neurotrophic properties.  

PGRN and the granulin (Grn) peptide, Grn E, are both capable of modulating neuronal 

survival and neurite outgrowth.   However, no PGRN neurotrophic receptor has been 

discovered.  To attempt to identify a neurotrophic receptor of PGRN, we performed a 

high-throughput enzyme-based cell surface binding screen of >2,800 transmembrane 

proteins.  From this screen and follow-up binding studies, we identified cluster of 

differentiation 68 (CD68) and neuropilin 2 (NRP2) as putative PGRN and Grn E 

receptors. 

 

6.2 Introduction 

In addition to being involved in lysosomal homeostasis, there is strong evidence that 

progranulin (PGRN) can function as a neurotrophic factor, promoting neuronal survival 

and neurite outgrowth [1-9].  It is possible that in cases of PGRN-deficiency, as occurs 
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with frontotemporal lobar degeneration (FTLD) and neuronal ceroid lipofuscinosis 

(NCL) with granulin (GRN) mutation, neuronal death is not only due to lysosomal 

dysfunction, but loss of direct neurotrophic signaling.  One study found that application 

of recombinant PGRN or the granulin (Grn) peptide, Grn E, to motor or cortical neurons 

isolated from rat spinal cords and cultured in serum-free media produced a dose-

dependent increase in survival time.[1]  This was especially pronounced for the Grn E-

treated cells, which showed up to a 100% increase in survival by the end of 6 days in 

culture.  In addition, it was also found that PGRN, and to a lesser extent, Grn E, applied 

to primary rat cortical or motor neuron cultures, could promote neurite outgrowth.  

Separately, recombinant PGRN added to the cultured media of the neuron-like PC-12 

cell line was able to increase the proliferation of these cells.[9]  It has been assumed that 

there is a cell surface signaling receptor to which PGRN binds that mediates these 

responses.  However, no PGRN neurotrophic receptor has been discovered. 

In an attempt to identify this receptor, we performed a high-throughput 

interactor screen based on a well-established enzymatic assay, which has been used to 

identify many novel interactions, including the interaction between PGRN and its 

trafficking receptor, sortilin [10-13].  In this assay, a ligand fused to a heat-resistant 

alkaline phosphatase (AP) is incubated with COS-7 cells overexpressing an individual 

transmembrane protein to allow binding to the potential cognate receptor.  Excess AP-

ligand is washed off, cells are fixed, endogenous AP is heat-inactivated, then a mixture 

of an AP substrate and oxidant are added.  If the AP-ligand remains bound to the 

overexpressed receptor, the active AP produces a dark, purple-black precipitate that can 

be visualized by brightfield microscopy. 
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We acquired a transmembrane protein plasmid library derived from the human 

ORFeome 8.1 as an extremely kind gift of Dr. Haiyuan Yu (Cornell University).  The 

human genome is predicted to encode 5,521 transmembrane proteins, and the human 

ORFeome 8.1 that we possess contains 2,815 cDNAs, representing 51% of these 

proteins [14, 15]. These cDNAs were cloned into the mammalian expression vector 

pcDNA-DEST47 with a C-terminal GFP tag, enabling visual confirmation of expression 

and subcellular localization, via the Gateway LR reaction. 

From this screen, and through further binding studies, we identified two 

potential receptors of Grn E, which were then also found to bind PGRN via co-

immunoprecipitation (co-IP): cluster of differentiation 68 (CD68) and neuropilin 2 

(NRP2).  CD68 is a member of the lysosomal-associated membrane protein (LAMP) 

family and is a poorly characterized scavenger receptor involved in the uptake of 

oxidized low-density lipoprotein (LDL) and recognition of polyanionic ligands, 

including exposed phosphatidylserine [16-18].  As CD68 expression is limited to 

immune cells and is well-established marker of macrophages and reactive microglia 

[19], it is unlikely to be involved in the neurotrophic functions of PGRN. CD68 has also 

been found to be highly upregulated in the microglia of PGRN-deficient mice, although 

it is unclear whether this is an indirect result of transcriptional upregulation of lysosomal 

genes or enhanced inflammation [20-23]. 

NRP2 and the highly homologous NRP1 interact with many ligands, including 

transforming growth factor-β (TGF-β), and vascular endothelial growth factor (VEGF) 

and semaphorin family members [24-28].  NRP2 has well-defined roles in axon 

guidance and lymphangiogenesis, as well as more loosely defined roles in endothelial 
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cell migration and immune regulation.  In this study, we describe binding studies and 

preliminary tests of the function of these relationships. 

 

6.3 Results 

AP cell surface binding screen identifies two candidate receptors 

Of the >2,800 transmembrane proteins transfected, only ~40% were positive for GFP 

signal.  Transmembrane proteins were tested for binding to AP-PGRN, AP-PGRN + 

AP-prosaposin (PSAP), or a mixture of the AP-Grn peptides: A, B, D, E, and G (AP-

Grn C and AP-Grn F did not express).  As PSAP is an exceedingly strong interactor of 

PGRN and partially mediates its lysosomal trafficking, we posited that the 

heterodimerization may alter the conformation and binding affinities of PGRN, which 

spurred its inclusion in the study.  From this screen, two positive interactions were 

identified, both with the peptide, Grn E, but not full-length PGRN: CD68 (Fig. 6.1) and 

NRP2 (Fig. 6.2).  Differentially truncated AP-Grn E constructs were tested to localize 

the region of binding to this peptide.  Interaction with CD68 was found to be primarily 

dependent on the N-terminus of Grn E (Fig. 6.1D).  Binding to NRP2 was seen with a 

variety of constructs, but the strongest interaction occurred when the full N-terminus 

was present, and the C-terminal residues of the AP-fused protein consisted of a di-

arginine (Fig. 6.2C).  Consistent with this finding, neuropilin ligands, such as VEGF 

and semaphorin family members, often contain a C-terminal arginine that mediates 

receptor binding [28-30]. 
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Additional PGRN, Grn E, and CD68 binding studies 

To further examine binding between PGRN or Grn peptides and CD68, co-IP studies 

were performed.  To test for binding between PGRN and CD68, FLAG-PGRN and 

CD68-GFP were co-transfected in HEK293T cells, then anti-FLAG IP was performed.  

Somewhat surprisingly, because no interaction was seen in the AP cell surface binding 

assay, CD68-GFP was found to weakly pull out with FLAG-PGRN, but not in the 

control sample (Fig. 6.3A).  To verify binding between Grn E and CD68, as well as test 

for binding to Grn C and Grn F, which were not available for use in the screen, GFP-

tagged Grn peptides were co-transfected with CD68-MycHis and anti-GFP IP was 

performed (Fig. 6.3B).  The results of this were clear: binding was strong and specific 

to Grn E.  Interestingly, more intense binding was seen between Grn E and the lowest 

molecular weight CD68 band, suggesting a preferential binding to a slightly less 

glycosylated form of the receptor. 

To test whether endogenously produced Grn peptides can bind to CD68, FLAG-

PGRN was co-transfected with CD68-GFP and anti-GFP IP was performed.  These 

samples were run on a 4-12% Bis-Tris gel for visualization of Grn peptides (Fig. 6.3C). 

Both PGRN and Grn peptides were seen to co-immunoprecipitate with CD68-GFP.  To 

be entirely sure that the low molecular weight bands observed to co-immunoprecipitate 

with CD68 in the previous experiment were derived from PGRN, we performed a pull-

down assay.  CD68-GFP was transfected in HEK293T cells.  The next day, recombinant 

PGRN was proteolytically cleaved overnight with neutrophil elastase, an enzyme 

previously established to process PGRN to Grn peptides [31].  The cleavage products 

were mixed with the CD68-GFP-expressing cell lysate and anti-GFP IP was performed  
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Figure 6.3. PGRN and CD68 binding studies. A) FLAG-PGRN and CD68-GFP were 
co-transfected and anti-FLAG IP was performed. B) GFP-PGRN or GFP-Grn peptides 
was co-transfected with CD68-MycHis and anti-GFP IP was performed. C) CD68-GFP 
binds full-length PGRN and Grn peptides.  FLAG-PGRN and CD68-GFP were co-
transfected and anti-GFP IP was performed, then samples were run on a Bis-Tris gel.  
D) CD68-GFP binds to Grn peptides liberated from recombinant PGRN by neutrophil 
elastase.  CD68-GFP was overexpressed and the lysate was combined with recombinant 
PGRN cleaved by neutrophil elastase, then anti-GFP IP was performed and samples 
were run on a Bis-Tris gel. 
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(Fig. 6.3D).  Two prominent low molecular weight bands were visible in the CD68-

GFP sample.  The slightly higher molecular weights indicate that these likely represent 

Grn dipeptides, tripeptides, or SDS-resistant oligomers. 

Based on the Grn AP binding studies, it seemed likely that the interaction 

between PGRN and CD68 was mediated by the Grn E domain.  To test this, FLAG-

PGRN or FLAG-PGRN ΔE were co-transfected with CD68-GFP and anti-PGRN IP 

was performed (Supplementary Fig. 6.1A).  CD68 was only observed to bind to full-

length PGRN, but not FLAG-PGRN lacking the Grn E domain, indicating that the 

binding is mediated by Grn E, as expected.  Finally, because PGRN is a secreted protein 

and it is possible that PGRN destined for the extracellular space goes through additional 

quality control or post-translational processing compared to non-secreted PGRN, we 

wanted to verify that secreted PGRN can bind to CD68.  FLAG-PGRN and CD68-GFP 

were transfected in separate wells of HEK293T cells.  After two days, CD68-GFP cells 

were lysed and anti-GFP IP was performed.  FLAG-PGRN conditioned media were 

collected and anti-GFP beads, still bound to CD68-GFP, were added to this media 

(Supplementary Fig. 6.1B).  We found that CD68 was able to bind the secreted PGRN. 

Additionally, because CD68 is a LAMP family member and shares this domain 

with the prolific lysosomal membrane proteins, LAMP1, LAMP2, and LAMP3, we 

wanted to test whether PGRN or Grn E could bind to these.  FLAG-PGRN was co-

transfected with C-terminally GFP-tagged LAMP proteins and anti-FLAG IP was 

performed, but no binding was seen (data not shown).  The binding of LAMP proteins 

to Grn E was also tested via the AP binding assay, but no interaction was observed (data 

not shown). 
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CD68 is unlikely to be a PGRN lysosomal trafficking receptor 

The endocytic receptor, sortilin (SORT1), is a high affinity binding partner of PGRN 

that is largely responsible for its lysosomal trafficking [13, 32].  Additionally, a second 

trafficking pathway exists, wherein PGRN binds to the soluble lysosomal protein, 

PSAP.  When PSAP binds to either of its own trafficking receptors, the cation-

independent mannose-6-phosphate receptor (CI-M6PR) or the low-density lipoprotein 

receptor-related protein 1 (LRP1), it carries PGRN along with it to the lysosome [33].  

Likewise, PGRN is able to transport PSAP to the lysosome via its own binding to sortilin 

[34].  Despite PGRN heavily relying on these two trafficking pathways, we have found 

that in Psap-/-/Sort1-/- mice, PGRN is still delivered successfully to the lysosomes of 

microglia and hepatocytes, suggesting that at least one additional pathway for PGRN 

lysosomal trafficking exists (Supplementary Fig. 6.2) 

 Because CD68 is expressed in microglia, one of the two cell types in which 

PGRN was still observed to be lysosomal, and because of its function as an endocytic 

receptor, we hypothesized that it may be an unidentified lysosomal trafficking receptor 

for PGRN.  To test this, a PGRN uptake assay was performed.  FLAG-PGRN 

conditioned media were produced by overexpression in HEK293T cells, collected, and 

applied to HEK293T cells overexpressing CD68-GFP, which were then incubated for 2 

hours at 37°C, before fixation and immunostaining.  Despite high expression of CD68, 

no internalization of PGRN was observed, while a sortilin-overexpressing positive 

control showed high PGRN uptake (Fig. 6.4a). 

Additionally, because loss of sortilin, the major known trafficking receptor of 

PGRN, results in a 5-fold increase in the levels of serum PGRN in mice [13], we wanted  
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Figure 6.4. CD68 is unlikely to be a PGRN lysosomal trafficking receptor. A) 
FLAG-PGRN from conditioned media is uptaken by sortilin-overexpressing HEK293T 
cells (top), as visualized by strong intracellular FLAG signal, but not by CD68-
overexpressing cells (bottom). B) Serum PGRN levels were measured in sets of 
approximately 3-month-old littermate WT and Cd68-/- mice.  Data are presented as ± 
SEM from four groups of mice, n = 7-8, ns, not significant, Student’s t-test.  Scale bar 
= 20 μm. 
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to test whether any such increase occurs when CD68 is lost.  Serum was collected from 

WT and Cd68-/- mice and PGRN ELISA was performed.  No significant change in serum 

PGRN levels was observed, consistent with the lack of PGRN uptake by CD68 seen in 

the previous assay (Fig. 6.4b). 

Additional PGRN, Grn E, and NRP2 binding studies 

To test binding between PGRN and NRP2, untagged PGRN and NRP2-GFP were co-

transfected and anti-PGRN IP was performed (Fig. 6.5A).  Both full-length NRP2-GFP 

and a lower-molecular weight band, possibly a degradation product, were found to co-

IP with PGRN.  In a reciprocal binding experiment wherein FLAG-PGRN and NRP2-

GFP were co-transfected and anti-GFP IP was performed, FLAG-PGRN was also seen 

to weakly pull down (Fig. 6.5A).  As with CD68, we wanted to test whether secreted 

PGRN could bind to NRP2.  FLAG-PGRN and NRP2-GFP were transfected in separate 

wells of HEK293T cells.  After two days, NRP2-GFP cells were lysed and anti-GFP IP 

was performed.  FLAG-PGRN conditioned media were collected and anti-GFP beads, 

still bound to NRP2-GFP, were added to this media (Fig. 6.5C).  NRP2 was able to bind 

the secreted PGRN with an affinity similar to that of PGRN from cell lysate.  In tandem 

with the CD68-GFP tested previously, binding of NRP2-GFP to elastase-cleaved 

recombinant PGRN was examined (Fig. 6.5D).  NRP2-GFP was transfected in 

HEK293T cells, then recombinant PGRN was proteolytically cleaved with neutrophil 

elastase, an enzyme previously established to process PGRN to Grn peptides.  The 

cleavage products were mixed with the NRP2-GFP-expressing cell lysate and anti-GFP  

IP was performed.  The expression of NRP2-GFP was very low, but the same bands that 

were  present  in  the CD68-GFP sample were  also  observed  to co-immunoprecipitate 
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Figure 6.5. PGRN and NRP2 binding studies. A) Untagged PGRN and NR2-GFP 
were co-transfected and anti-PGRN IP was performed. B) FLAG-PGRN and NRP2-
GFP were co-transfected and anti-GFP IP was performed. C) NRP2-GFP is able to bind 
to secreted FLAG-PGRN.  FLAG-tagged PGRN and NRP2-GFP were co-transfected in 
separate wells.  Anti-GFP IP was performed from NRP2-GFP cell lysate, then these 
beads were transferred to FLAG-PGRN conditioned media D) NRP2-GFP binds to Grn 
peptides liberated from recombinant PGRN by neutrophil elastase.  NRP2-GFP was 
overexpressed and the lysate was combined with recombinant PGRN cleaved by 
neutrophil elastase, then anti-GFP IP was performed and the samples were run on a Bis-
Tris gel. *, potential non-specific bands or degradation products of NRP2.  
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with NRP2, albeit with comparatively lower intensity. 

NRP2 is unlikely to be a PGRN neurotrophic receptor 

Because we were primarily interested in identifying a neurotrophic receptor of PGRN 

and NRP2 is known to possess, among other functions, modulation of axon guidance, 

we wanted to test whether NRP2 could mediate the neurotrophic effects of PGRN.  To 

test this, we used a clustered regularly interspaced short palindromic repeats (CRISPR)-

based system with CRISPR-associated protein 9 (Cas9) to produce control and Nrp2-/- 

N2a cell lines (Fig. 6.6a).  Cells were then cultured for 5 days in serum-free conditions, 

with the addition of PBS or 1 μM or 3 μM of recombinant GST, GST-Grn E, or GST-

C100 (last 100 amino acids of PGRN).  AlamarBlue was then used to assess the viability 

of the cells (Fig. 6.6b).  Recombinant GST had no effect on survivability, but Grn E and 

C100 showed a dose-dependent increase in viability, with the highest concentration of 

C100  increasing  alamarBlue  signal by  up  to ~300% of  the  PBS  control.  Although 

Nrp2-/- cells generally showed slightly decreased survival compared to control cells, the 

difference was not significant, indicating that this neurotrophic effect is not likely to be 

mediated by NRP2. 

 

6.4 Discussion 

In this study, we describe the completion of a high-throughput AP-based cell surface 

screen for PGRN receptors.  However, there are several limitations to this study.  Based 

on the low percentage of expressing proteins, it is possible that binding between 

PGRN/Grn peptides and one or more receptors was missed.  This low expression could 

be  due to  numerous factors, including protein size or the  possibility of the GFP tag or   
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Figure 6.6. Loss of NRP2 does not suppress Grn E neurotrophic function. A) Anti-
NRP2 western blot of control and Nrp2-/- N2a cell lines. B) A survival assay was 
performed with control or Nrp2-/- N2a cells in serum-free conditions for 5 days with the 
addition of PBS or either 1 μM or 3 μM of recombinant GST, Grn E, or C100.  Viability 
was assessed with alamarBlue reagent.  Data are presented as ± SEM from triplicate 
wells.  



147 
 

recombination sites in the gateway vector interfering with expression or localization.  

We were also unable to produce AP-tagged Grn C or Grn F, so binding to these two 

peptides could not be tested.  Additional study limitations include the possibility of the 

AP tag or GFP tag interfering ligand-receptor interactions and only having 51% 

coverage of predicted transmembrane proteins at study outset. 

 Despite these limitations, we have identified two putative PGRN and Grn E 

receptors: CD68 and NRP2.  CD68 is a member of the LAMP family of heavily 

glycosylated endolysosomal proteins of high abundance and unclear function [16].  

Although our initial goal was to identify a neurotrophic PGRN receptor, CD68 is 

unlikely to be a candidate for this role based on its expression being limited to immune 

cells and its lack of signaling capacity.  The significance of this interaction is unclear 

and complicated by the generally poor characterization of CD68.  As such, many 

potential functions of the relationship exist, but there is little evidence to narrow the 

focus at the moment.  For example, both PGRN [35-40] and CD68 [41-44] expression 

have been associated with several cancers.  It is possible that the interaction between 

PGRN and CD68 is regulatory in tumor growth and metastasis.  Additionally, one study 

found that increased synaptic pruning by microglia is a mechanism of neuronal death in 

PGRN-deficient mice [20].  As microglial upregulation of CD68 expression has been 

reported by multiple groups [20-23], and CD68 recognizes phosphatidylserine [45], a 

lipid that is involved in recognition of apoptotic cells by phagocytes [46], it is possible 

that CD68 is also involved in either enhanced synaptic pruning or phagocytosis of 

unhealthy neurons when PGRN is lost, contributing to neuronal cell death in FTLD and 

NCL.  PGRN has also been found to act as a co-chaperone of the lysosomal hydrolase, 
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glucocerebrosidase [47].  It is possible that PGRN also acts as a chaperone for CD68, 

which is very highly glycosylated and has been shown to display altered glycosylation 

patterns in response to phagocytosis [48].  Using co-IP, we did observe stronger binding 

between GFP-Grn E and a lower molecular weight CD68 band, which likely represents 

a less glycosylated form of the protein.  While we did not observe any uptake of FLAG-

PGRN from conditioned media by CD68-GFP-overexpressing cells, it should be noted 

that there was significant mislocalization of CD68.  Although it did show distribution 

to both lysosomes and the plasma membrane, much of it displayed a pattern suggestive 

of retention in the endoplasmic reticulum.  It is possible that the improperly localized 

CD68 interfered with the uptake of PGRN.  Considering this, it is worth repeating and 

optimizing the uptake assay to verify our results. 

Because PGRN and Grn E bind to the lumenal region of CD68, but not the 

conserved LAMP domain, it is likely that they associate with the mucin-like domain, a 

region of high glycosylation.  Similar mucin-like domains are found in a number of 

other lysosomal proteins.  It is possible that PGRN and Grn E may interact with one or 

more of these proteins, which may have better identified functions than CD68, making 

it easier to identify the significance of the binding. 

Compared to CD68, NRP2 is a relatively well-characterized protein.  It has a 

well-defined set of established ligands, including VEGF and semaphorin family 

members, and has known roles in axon guidance and lymphangiogenesis.  Although 

NRP2 did not appear to mediate the neuron survival-enhancing function of Grn E, we 

did not specifically test whether it plays a role in Grn E-stimulated neurite outgrowth.  

It is entirely possible that these two effects are mediated by different receptors.  The 
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Nrp2 CRISPR knockout also may not have been 100% efficient.  Any cells still 

expressing Nrp2 would skew the results of our survival assay.  NRP2 also plays roles 

in endothelial cell survival and migration [49], tumorigenesis [27, 49], and 

inflammation [50], which overlap with PGRN function.  As previously mentioned, 

binding to neuropilin receptors is often mediated by a C-terminal arginine on the ligand.  

We found this to be true for Grn E as well.  Although loss of a terminal arginine did not 

entirely abolish binding, it greatly reduced it.  This is a potentially confounding issue, 

because PGRN is known to be proteolytically processed by multiple enzymes, including 

neutrophil elastase and matrix metalloproteinases.  As different enzymes may have 

different recognition and cleavage sites and sequences, the physiological relevance of a 

Grn E construct that specifically terminates with one or two arginine residues is 

questionable.  However, a recent study used liquid chromatography-mass spectrometry 

(LC-MS) to identify the specific cleavage sites of the newly identified PGRN protease, 

cathepsin L, and the classical PGRN protease, neutrophil elastase (NE) [51].  They 

found that not only does one of the Grn E products of NE cleavage terminate in a single 

arginine, but the only two products of CTSL cleavage both end in arginine, one of which 

is a di-arginine. 

Co-IP studies repeatably showed binding between full-length PGRN and both 

CD68 and NRP2, although binding was not observed in the AP-based assay.  Several 

possibilities exist as to why this the case, including low expression of CD68 and NRP2 

constructs.  However, more recent AP-based binding studies between PGRN and CD68 

have demonstrated weak binding using this assay, supporting our initial co-IP results. 
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 As these were primarily preliminary studies of binding, it is too early to know 

what the functions of the interactions between PGRN/Grn E and CD68 and NRP2 may 

be, but many possibilities exist.  Future studies will help expand upon our current 

findings and resolve the significance of these relationships. 

 

6.5 Materials and Methods 

Primary Antibodies and Reagents 

The following antibodies were used in this study: M2 mouse anti-FLAG (Sigma), M2 

mouse anti-FLAG-conjugated beads (Sigma), 9E10 mouse anti-myc (homemade), rat 

anti-mouse LAMP1 (BD Biosciences), rabbit anti-GFP (homemade), GFP-Trap beads 

(ChromoTek), goat anti-human PGRN (R&D Systems), and sheep anti-mouse PGRN 

(R&D Systems), rabbit anti-sortilin (Thermo Fisher Scientific).  Rabbit anti-cathepsin 

D was a gift from Dr. William Brown (Cornell University).  Rabbit anti-PGRN 

antibodies were produced as previously described [33]. 

Plasmids 

CD68 was cloned into the pEGFP-N2 and p pcDNA3.1/myc-His A vectors.  NRP2 was 

cloned into the pEGFP-N2 vector.  Human PGRN in the pCMV-Sport6 vector was 

obtained as previously described [13].  GFP-PGRN was produced as previously 

described [33].  GFP-Grn peptides were produced as described [52]. 

Protein Production and Purification 

GST, GST-Grn E, and GST-C100 proteins were produced from Origami B(DE3) 

bacterial strains (MilliporeSigma) with 0.1 mM IPTG induction overnight at 18°C.  

Proteins were purified with glutathione cross-linked beads and eluted with excess 
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glutathione.  His-PGRN was purified with cobalt beads from the culture media of 

HEK293T cells as previously described [33].  All purified proteins were concentrated 

and transitioned to PBS buffer with Centricon Centrifugal Filter Units 

(MilliporeSigma).  

Transmembrane Library cDNA Cloning 

E. coli transformed with transmembrane protein cDNA in gateway donor plasmids 

(pDONR223) were cultured in 96-well deep-well plates with 1 mL of Terrific Broth 

(TB) with 50 μg/mL spectinomycin at 37°C, shaking for 18 hours.  96-well plasmid 

minipreps were performed, concentrations were measured with an Infinite M1000 plate 

reader (Tecan), and each well was normalized to 100 ng/μL.  High-throughput Gateway 

LR reactions in 96-well-plate format were performed to transfer cDNA from the 

pDONR223 vector to the pcDNA-DEST47 expression vector.  For each LR reaction, 1 

μL of the destination vector (100 ng/ μL), 1 μL of donor clone (100 ng/ μL), 2 μL of 5x 

LR buffer, 2 μL of LR enzyme mixture, and 4 μl of ddH2O (final volume 10 μL).  The 

expression vector contains a C-terminal GFP fusion tag for easy visualization of 

expression and localization.  96-well transformations into Top 10 bacteria were 

performed, then 20 μL of cells were transferred to 1 mL of TB with 100 μg/mL 

ampicillin and incubating at 37°C, shaking overnight. The next day, glycerol stocks 

were made and then plasmid minipreps and concentration measurements were 

performed, as above. 

AP Fusion Protein Production 

AP-fused proteins were produced by cloning of full-length PGRN, Grn A (PGRN aa 

281-337), Grn B (PGRN aa 206-261), Grn D (PGRN aa 441-498), Grn E (PGRN aa 
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519-576), or Grn G (PGRN 60-115) cDNA into the pAPtag-5 vector (GenHunter).  

Plasmids were transfected into HEK293T cells and conditioned media collected after 5 

days and AP activity was assessed with substrate, p-Nitrophenyl phosphate (Sigma). 

Mouse Strains 

C57/BL6 and Cd68-/- mice were obtained from The Jackson Laboratory [18]. 

Cell Culture 

HEK293T, COS-7, and N2a cells were maintained in Dulbecco’s Modified Eagle’s 

Medium (Cellgro) supplemented with 10% fetal bovine serum (Gibco) in a humidified 

incubator at 37ºC with 5% CO2. 

Transfection, Immunoprecipitation, and Western Blot Analysis 

Cells were transfected with polyethylenimine as previously described [53].  Cells were 

lysed in a cold solution containing 150 mM NaCl, 50 mM Tris (pH 8.0), 1% Triton X-

100, 0.1% deoxycholic acid, 1X protease inhibitors (Roche).  After centrifugation at 

14,000 g, for 15 minutes, at 4ºC, supernatants were transferred to clean tubes on ice, to 

which mouse anti-FLAG antibody-conjugated beads, GFP-Trap beads (ChromoTek), or 

rabbit anti-PGRN antibody-conjugated Affi-Gel 15 (Bio-Rad Laboratories) was added, 

then rocked for 3-4 hours at 4ºC.  Samples were centrifuged at 2,500 g for 20 seconds 

at 4ºC, then washed with 1 mL of a solution containing 150 mM NaCl, 50 mM Tris (pH 

8.0), and 1% Triton X-100.  This was repeated for a total of 3 washes.  After a final 

centrifugation, all supernatant was aspirated and samples were eluted by the addition of 

25 μL of Laemmli Sample Buffer with 5% β-Mercaptoethanol. 

Samples were run on a 12% polyacrylamide gel or 4-12% Bis-Tris gel (Bio-Rad 

Laboratories), then transferred to Immobilon-FL polyvinylidene fluoride membranes 
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(Millipore Corporation) or nitrocellulose membranes (Millipore Corporation).  

Membranes were blocked with either 5% non-fat milk in PBS or Odyssey Blocking 

Buffer (LI-COR Biosciences) for 1 hour, then washed with tris-buffered saline with 

0.1% Tween-20 (TBST) 3x for 5m, each.  Membranes were incubated with primary 

antibodies diluted in TBST, rocking overnight at 4ºC, then washed as above, incubated 

with secondary antibodies diluted in TBST for 2 h at room temperature, then washed 

again.   Membranes were scanned using an Odyssey Infrared Imaging System (LI-COR 

Biosciences). 

Immunostaining and Confocal Microscopy 

Cells were cultured on glass coverslips overnight.  For transfection experiments, cells 

were transfected the next morning and proteins were allowed to express for ~2 days 

before experiments were performed.  Cells were washed 2x with PBS, fixed with 3.7% 

paraformaldehyde for 15 minutes at room temperature, followed by 3 additional PBS 

washes.  Cells were permeabilized with Odyssey Blocking Buffer LI-COR Biosciences) 

+ 0.05% saponin for 30 minutes at room temperature.  Primary antibodies were diluted 

in the same buffer and added to coverslips, which were incubated in a humidified 

chamber overnight at 4ºC.  Coverslips were washed 3x with PBS, for 5 minutes each, 

then secondary antibodies diluted in the same blocking/permeabilization solution were 

added to the coverslips, which were incubated at room temperature, in the dark, for 2 

hours.  After 3 additional PBS washes, coverslips were mounted on slides with 

Fluoromount-G (SouthernBiotech).  Images were acquired with a CSU-X series 

spinning disc confocal microscope (Intelligent Imaging Innovations) with an HQ2 CCD 

camera (Photometrics) using a 100x objective. 
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Alkaline Phosphatase-Based Cell Surface Binding Screen 

COS-7 cells were grown overnight in 96-well tissue culture plates (Corning) in 

triplicate.  Each well was transfected with 50-100ng of plasmid DNA for an individual 

transmembrane protein, sortilin as a positive control for PGRN binding, or pEGFP-C1 

vector as a negative control.  After two days, the wells were washed 2x with HBH 

(Hank’s Balanced Salt Solution with calcium and magnesium with 20 mM HEPES, pH 

6.4, and 0.1% BSA).  Binding was tested with AP-PGRN, AP-PGRN + AP-PSAP, or a 

mixture of AP-Grn peptides in separate plates in parallel.  AP fusion protein conditioned 

media were diluted to working concentrations in HBH, 100 μL was added to each well, 

and the plate was incubated for 3 hours at room temperature.  Following the incubation, 

wells were washed twice with cold HBH to remove traces of unbound AP-fused ligand, 

then the cells were fixed with 3.7% formaldehyde at room temperature for 20 minutes.  

Wells were washed 1x with HBH, then GFP expression was assessed by fluorescence 

microscopy using the ImageExpress system (Molecular Devices).  Wells were then 

filled with HBH and the plate was sealed tightly with adhesive film (VWR).  After an 

overnight incubation at 65°C to inactivate endogenous alkaline phosphatases, wells 

were washed 1x with AP buffer (100 mM Tris HCl, pH 9.5, 100 mM NaCl, and 5 mM 

MgCl2).  100 μL of developing solution composed of AP buffer with 350 μg/mL nitro-

blue tetrazolium chloride (NBT) and 175 μg/mL 5-bromo-4-chloro-3'-indolyphosphate 

p-toluidine salt (BCIP) was added to each well, then the plates were incubated at room 

temperature for a minimum of 30 minutes or until signal developed.  Positive 

interactions, as indicated by the presence of an insoluble, black-purple precipitate, were 

visually confirmed by eye using brightfield microscopy. 
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PGRN Uptake Assay 

HEK293T cells were transfected with FLAG-PGRN. Separately, HEK293T cells on 

glass coverslips were transfected with CD68-GFP or sortilin-MycHis.  Two days after 

transfection, FLAG-PGRN conditioned media were collected, diluted 1:1 with HBH, 

and 1 mL was added to CD68-GFP or sortilin-MycHis coverslips.  Cells were incubated 

for 2 hours at 37°C, then washed twice with PBS, fixed, and immunostained as 

described above. 

ELISA 

Serum samples were collected from four groups of ~3-month-old, littermate WT from 

Cd68-/- mice and analyzed using a mouse PGRN ELISA kit (R&D Systems) according 

to the manufacturer’s instructions. 

CRISPR-mediated genome editing 

To generate CRISPR constructs, two oligonucleotides with the sequences listed at the 

end of this section were annealed and ligated to pLenti-CRISPRv2 (Addgene) digested 

with BsmB1. Lentivirus-containing conditioned media were generated by transfecting 

lentiviral vectors together with pMD2.G and psPAX2 plasmids in HEK293T cells.  

Media were collected 3-5 days after transfection. 

 For CRISPR/Cas9-mediated genome editing, N2a cells were infected with 

lentiviruses containing pLenti-CRISPRv2 harboring guide RNA sequences targeted to 

mouse NRP2. Cells were selected with 1 μg/ml puromycin and assayed 1 week after 

selection. The efficiency of gene knockout was confirmed by western blot analysis. 

1) 5′- CACCGTGGTGGGAGGGATAGTCCTG -3’ 

2) 5- AAACCAGGACTATCCCTCCCACCAC -3’ 
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Cell Survival Assay 

WT and Nrp2-/- N2a cells were passaged into a 96-well tissue culture plate (Corning) at 

~20% confluency.  The next day, cells were washed once with warm DMEM to remove 

serum, then 100 μL of DMEM containing either 1 or 3 μM of recombinant GST, GST-

Grn E, GST-C100, or an equal volume of PBS (control) was added to each well in 

triplicate.  Cells were incubated in serum-free conditions for 5 days.  AlamarBlue 

(Thermo Fisher Scientific) was diluted 1:10 to working concentration in warm DMEM, 

and 100 μL was added to each well after aspiration of old media.  The plate was 

incubated for 4 hours at 37°C and then read at 570 nm excitation/585 nm emission with 

an Infinite M100 microplate reader (Tecan). 
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List of Abbreviations 
AP – Alkaline phosphatase 
Cas9 – CRISPR-associated protein 9 
CD68 – Cluster of differentiation 68 
CI-M6PR – Cation-independent mannose-6-phosphate receptor 
Co-IP – Co-immunoprecipitation 
CRISPR – clustered regularly interspaces short palindromic repeats 
FTLD – Frontotemporal lobar degeneration 
Grn - Granulin 
LAMP – Lysosome-associated membrane protein 
LC-MS – Liquid chromatography-mass spectrometer 
LDL – Low-density lipoprotein 
LRP1 – Low-density lipoprotein receptor-related protein 1 
NE – Neutrophil elastase 
NRP2 – Neuropilin 2 
PGRN – Progranulin 
PSAP – Prosaposin 
SORT1 – sortilin 
TBST – Tris-buffered saline with 0.1% Tween-20 
TGF-β – Transforming growth factor-β 
VEGF – Vascular endothelial growth factor 
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6.7 Supplementary Data 
 
 
 
 
 
 
 
 
 
 
 
 

 
Supplementary Figure 6.1. Additional PGRN and CD68 co-IPs.  A) Binding 
between PGRN and CD68 is dependent upon the Grn E domain.  FLAG-tagged PGRN 
or PGRN ΔE was co-transfected with CD68-GFP and anti-PGRN IP was performed. B) 
CD68-GFP is able to bind to secreted FLAG-PGRN.  FLAG-tagged PGRN and CD68-
GFP were co-transfected in separate wells.  Anti-GFP IP was performed from CD68-
GFP cell lysate, then these beads were transferred to FLAG-PGRN conditioned media. 
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CHAPTER 7 

 

TMEM106B IS A POTENTIAL REGULATOR OF CELLULAR PI(3,5)P2 LEVELS 

 

7.1 Abstract 

Mutation in the granulin (GRN) gene resulting in haploinsufficiency of the protein, 

progranulin (PGRN), is a leading cause of familial frontotemporal lobar degeneration 

(FTLD).  Variants of TMEM106B have been associated with an increased risk of 

developing FTLD, especially in cases of GRN mutation (FTLD-GRN).  While the exact 

function of TMEM106B is still unknown, overexpression of the protein in mammalian 

cells is associated with cytotoxicity and lysosomal defects, including lysosomal 

enlargement, poor acidification, and reduced degradative capacity.  We noted a marked 

overlap in cytotoxicity and vacuole and lysosomal phenotype in yeast and mammalian 

cells that have had TMEM106B overexpressed and cells that are mutated in the PI 

kinase Fab1, which is responsible for the synthesis of the primary late 

endosomal/lysosomal phosphoinositide, PI(3,5)P2.  Because of this, we hypothesized 

that TMEM106B may regulate PI(3,5)P2 levels, and that the lysosomal phenotypes 

associated with its overexpression may be due to a reduction in cellular pools of the 

phosphoinositide.  In this study, we show that the established lysosomal enlargement 

phenotype associated with mammalian TMEM106B overexpression translates to a yeast 

model. Furthermore, lysosomal enlargement induced by TMEM106B overexpression 

can be suppressed by overexpression of hyperactive Fab1 mutants or components of the 

Fab1 complex. Consistent with these findings in yeast, PIP analysis demonstrates a 
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significant reduction in PI(3,5)P2 with stable TMEM106B overexpression in 

mammalian cells. 

 

7.2 Introduction 

Frontotemporal lobar degeneration (FTLD) is a devastating, clinically heterogeneous 

neurodegenerative disease that results in the progressive atrophy of the frontal and 

temporal lobes of the brain [1].  Most often presenting with drastic alterations in 

behavior and personality, including social disinhibition as well as gradual decline in 

language capabilities, FTLD is the second leading cause of early-onset dementia only 

after Alzheimer’s disease [1, 2].  Although its exact mechanism is unknown, several 

genetic mutations have been linked to the disease.  One of the major causes of familial 

FTLD is haploinsufficiency of the protein, progranulin (PGRN), resulting from 

mutation in the granulin (GRN) gene [3-8].  PGRN haploinsufficiency is associated with 

a subtype of FTLD wherein the patients develop aggregates of ubiquitinated TAR DNA-

binding protein 43 (TDP-43) (FTLD-TDP) [9].  PGRN is a highly glycosylated, 593 

amino acid protein that has been implicated in numerous processes, ranging from 

regulation of inflammation to wound healing and tumorigenesis.  While its exact 

function is unknown, PGRN has been found to be not only be secreted, but also 

lysosomally localized.  Continuing evidence points to a lysosomal role of PGRN, as in 

addition to contributing to FLTD, homozygous loss-of-function GRN mutations result 

in the lysosomal storage disease (LSD), neuronal ceroid lipofuscinosis (NCL). 

In 2010, a genome-wide association study to detect gene loci imparting 

susceptibility to FTLD-TDP identified a then uncharacterized transmembrane protein, 
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TMEM106B, which showed risk vulnerability specific to GRN mutation carriers [10].  

There are some indications that the pathologic connection to TMEM106B is related to 

increased levels of the protein.  Single nucleotide polymorphisms associated with FTLD 

risk are also associated with increased expression of TMEM106B, rather than 

alterations in the amino acid sequence of the protein [10, 11], and elevated levels of 

TMEM106B have been found in the post-mortem brains of FTLD-TDP patients [11].   

Likewise, a coding variant, p.T185S, in linkage disequilibrium with a protective minor 

allele of the gene produces significantly lower protein levels [12-14]. 

While the function of the protein and its association with FTLD is still 

undetermined, early characterization found it to be a glycosylated, type II 

transmembrane protein primarily localized to the endolysosomal system [11, 15, 16].  

With the association between elevated TMEM106B levels and disease, significant time 

has gone into examining the effects of TMEM106B overexpression.  The most obvious 

phenotype associated with its overexpression is drastic lysosomal enlargement, which 

has been observed in multiple cell lines [11, 15, 17, 18].  Overexpression also results in 

a decreased capacity to degrade endocytic cargo [15], which could be due to inhibition 

of lysosomal acidification [11].  TMEM106B has been found to interact with several 

proteins, including microtubule-associated protein 6 (MAP6), charged multivesicular 

body protein 2B (CHMP2B), and the vacuolar H+-ATPase (V-ATPase) AP1 subunit 

[19-21], but its exact function remains unclear. 

TMEM106B is highly conserved among vertebrates and has two paralogs, 

TMEM106A and TMEM106C, which share approximately 50% amino acid identity 

[22].  Very little is known about these two proteins, and despite the homology, neither 
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has been linked to neurodegeneration.  TMEM106A has a reported association with 

cancer suppression and macrophage activation [23, 24], and TMEM106C is a candidate 

for the arthrogryposis multiplex congenita, but little else is known about it [25]. 

With the disease relevance and the severity and high replicability of the 

TMEM106B overexpression lysosomal phenotype, we became interested in further 

exploring its mechanism.  Following expression studies in the budding yeast, 

Saccharomyces cerevisiae, we noted a striking similarity between the phenotypes we 

observed with TMEM106B and those of another published yeast model, fab1Δ.  These 

yeast, which lack the protein, Fab1, show severe cytotoxicity and grossly enlarged, 

minimally lobulated vacuoles.  Because of these similarities, we questioned whether a 

shared pathway between TMEM106B and Fab1 could explain the comparable 

phenotypes. 

 Fab1 is a phosphatidylinositol-3-phosphate 5-kinase involved in 

phosphoinositide (PI) synthesis, wherein it mediates the production of 

phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2) from phosphatidylinositol-3-

phosphate (PI3P).  It has a mammalian homolog, FYVE finger-containing 

phosphoinositide kinase (PIKfyve).  PI(3,5)P2, with all known cellular pools being 

produced by Fab1/PIKfyve, is the major phosphoinositide species present on both the 

yeast vacuole and the mammalian lysosome, where it is involved in recruitment of 

organelle- and process-dependent proteins and cell signaling [26-28]. 

However, despite its ability to bind directly to PI3P, Fab1 requires complexation 

with a set of proteins for activation and optimal function.  This complex is brought 

together by the scaffolding protein, Vac14 (mammalian homolog also known as 
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associated regulator of PIKfyve (ArPIKfyve)).  The PI(3,5)P2 5-phosphatase, Fig4, 

opposes the effects of Fab1 by removing the 5-phosphate from PI(3,5)P2 to convert it 

back to PI3P.  Despite playing a role directly opposite that of Fab1, Fig4 is an essential 

component of the complex and is required for full Fab1 activity in both yeast and 

mammalian cells.  In yeast, the protein, Vac7, acts as a specific activator of Fab1.  In 

mammalian cells there is no known Vac7 homolog, and Vac14 and Fig4 appear 

sufficient to induce PIKfyve activation.  An additional protein, Atg18, also appears to 

be a member of the complex in yeast.  Atg18 likely functions as a direct inhibitor of 

Fab1p, as loss of Atg18 causes a robust increase in PI(3,5)P2 production [29].  Four 

homologs of Atg18, WIPI1-4 are found in mammalian cells, but have not been shown 

to be involved in the PIKfyve complex.  The seemingly paradoxical inclusion of the 

oppositional proteins, Fig4 and Atg18, in the Fab1 complex implies a tight regulation 

of its function and PI(3,5)P2 levels, and that quick adjustments in these phosphoinositide 

levels may be vital.  Indeed, PI(3,5)P2 levels have been shown to quickly respond to 

stress.  In yeast, hyperosmotic shock induces a rapid upregulation of PI(3,5P)2, by as 

much as 20-fold within 5 minutes [30]. 

Vac7, Vac14, and Fig4 are so essential for proper Fab1/PIKfyve function that 

loss of any one component significantly reduces total PI(3,5)P2, with Fig4 mutation 

reported to result in a 3-fold decrease [31].  In mammals, PIKfyve is essential and 

deletion of the gene in mice is lethal before embryonic implantation [32].  Vac14 and 

Fig4 mutations are both associated with neurodegeneration in mammals.  Fig4 

mutations have been found to cause Charcot-Marie-Tooth Disease type 4 J, Yunis-

Varón syndrome, and familial epilepsy with polymicrogyria in humans, while 
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disruption of Fig4 protein in mice produced the pale tremor mouse, characterized by 

neurodegeneration, tremor, and abnormal gait [31, 33, 34].  Vac14 mutation has been 

associated with a pediatric-onset neurological disease [35].  Deficiency of either Vac14 

or Fig4, or expression of a dominant-negative PIKfyve mutant also results in large 

cytoplasmic vacuoles positive for endolysosomal markers [31, 36, 37]. 

Because of the cellular phenotypes common to TMEM106B overexpression and 

Fab1 loss, and the association of both proteins with neurodegeneration, we hypothesize 

that TMEM106B controls lysosomal and vacuolar morphology by regulating PI(3,5)P2 

levels, possibly through direct modulation of the Fab1 pathway. 

 

7.3 Results 

TMEM106B overexpression causes vacuole enlargement and cytotoxicity in yeast 

TMEM106B has previously been demonstrated to show severe toxicity in yeast, 

although the mechanism was indeterminate [38].  We were interested in further 

characterizing phenotypes associated with ectopic TMEM106B expression, and because 

TMEM106B causes severe defects in lysosomal morphology, with the most pronounced 

effect being enlargement of lysosomes, we were particularly interested in testing 

whether this phenotype would translate to a yeast system, where these genes and 

products are not natively present.  Because of the shared homology of TMEM106A, B, 

and C, and their lack of well-defined functions, we chose to perform initial tests of all 

three. 

We found that when overexpressed in yeast, all three TMEM106 proteins 

localize to the vacuole membrane, as confirmed by co-localization with the vacuole-
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specific dye, FM4-64 (Fig. 7.1A) [39].  This is interesting because although 

TMEM106A and B show lysosomal localization in mammalian cells, TMEM106C has 

previously been observed to reside in the endoplasmic reticulum when overexpressed  

[40].  GFP-TMEM106A and B caused significant vacuolar enlargement compared to 

control or GFP-TMEM106C-expressing yeast, paralleling the lysosomal phenotypes 

observed when overexpressed in mammalian cells (Fig. 7.1A).   

With previous reports of cytotoxicity in both yeast and mammalian cells when 

overexpressed, we wanted to see if TMEM106B would cause observable growth 

defects.  We were able to replicate the published results in a growth retardation assay 

with overexpression of GFP-TMEM106B.  In fact, transient overexpression of GFP-

TMEM106B proved to be exceedingly toxic, likely due to high expression levels, so we 

opted to produce stable GFP-TMEM106A, B, and C yeast lines and use these for all 

following experiments (Fig. 7.1B).  Whereas GFP-TMEM106B-expressing yeast 

showed a severe growth deficit and temperature sensitivity at 37°C, GFP-TMEM106A 

had minimal effect, and TMEM106C did not interfere with growth in any observable 

manner. 

Hyperactive Fab1 mutants suppress vacuole enlargement and cytotoxicity 

Because of the phenotypic overlap between TMEM106B overexpression and loss of 

function of the Fab1 complex, we wanted to investigate the possibility that 

TMEM106B-induced vacuole enlargement and cytotoxicity may be due to a decrease 

in PI(3,5)P2.  We postulated that, if this proved to be the case, then correcting the 

phosphoinositide deficit should result in suppression of these phenotypes.  To test this, 

we  utilized  previously  identified  hyperactive  Fab1  point  mutants  that allow for the  
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Figure 7.1. GFP-TMEM106 protein localization, vacuole enlargement, and 
cytotoxicity in yeast.  GFP-TMEM106A, B, or C was overexpressed in wildtype yeast. 
A) When transiently overexpressed, each of the three proteins localizes to the limiting 
membrane of the vacuole, as assessed by colocalization with the marker, FM4-64.  Both 
TMEM106A and TMEM106B overexpression cause severe vacuole enlargement and a 
decrease in the presence of lobes compared to GFP vector control, while TMEM106C 
does not drastically alter vacuole morphology.  B) TMEM106B stable overexpression 
results in cytotoxicity as assessed by a yeast growth retardation assay.  TMEM106A 
only shows a slight growth defect.  TMEM106C does not inhibit growth.  Scale bar = 
10 μm. 
  



173 
 

synthesis of PI(3,5)P2 in the absence of Vac7 or Vac14 and at supraphysiological levels 

[41, 42]. 

When we overexpressed WT Fab1 or hyperactive Fab1 mutants in GFP-

TMEM106A or GFP-TMEM106B integrated yeast strains, we found that, while WT 

Fab1 overexpression only had a mild effect, if any, on vacuole enlargement, hyperactive 

Fab1 mutants drastically decreased vacuole size in yeast strains stably expressing either 

GFP-TMEM106A (Fig. 7.2) or GFP-TMEM106B (Fig. 7.3).  Likewise, the hyperactive 

Fab1 mutants decreased cytotoxicity in the GFP-TMEM106B line (Fig. 7.4).  The 

constructs had little effect in GFP-TMEM106A, which did not display a growth defect 

to begin with (Supplementary Fig. 7.1A).  We also expressed the other components of 

the Fab1 complex in the GPF-TMEM106B-expressing strain to see if they could alter 

the growth defect (Supplementary Fig. 7.1B).  Overexpression of Vac7 or Vac14 

greatly rescued the growth defect, while Fig4 overexpression exacerbates TMEM106B-

induced toxicity, which is consistent with the function of Fig4 being the conversion of 

PI(3,5)P2 to PI3P, thus reducing the PI(3,5)P2  levels. 

TMEM106B overexpression reduces PI(3,5)P2 levels in HEK293T cells 

Because elevated Fab1 activity suppressed the vacuole enlargement and growth defect 

induced by TMEM106B overexpression, next we directly tested whether PI(3,5)P2 

levels are reduced by TMEM106B overexpression.  For this purpose, we created 

HEK293T cells stably expressing GFP-TMEM106B using a lentiviral delivery system. 

In a preliminary experiment, control or GFP-TMEM106B stable HEK293T cells 

were then metabolically labeled with myo-[2-3H]-inositol in collaboration with the 

laboratory  of  Dr.  Lois Weisman at the University of Michigan.  Following perchloric 
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Figure 7.2. Suppression of GFP-TMEM106A-induced vacuole enlargement by 
hyperactive Fab1 mutants.  Stable GFP-TMEM106A integrants produce the same 
vacuole enlargement phenotype as with transient overexpression.  This enlargement can 
be suppressed by overexpression of hyperactive Fab1 mutants, which produce 
supraphysiological levels of PI(3,5)P2.  Scale bar = 10 μm. 
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Figure 7.3. Suppression of GFP-TMEM106B-induced vacuole enlargement by 
hyperactive Fab1 mutants.  Stable GFP-TMEM106B integrants produce the same 
vacuole enlargement phenotype as with transient overexpression.  This enlargement can 
be suppressed by overexpression of hyperactive Fab1 mutants, which produce 
supraphysiological levels of PI(3,5)P2.  Scale bar = 10 μm. 
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Figure 7.4. Suppression of GFP-TMEM106B cytotoxicity by hyperactive Fab1 
mutants.  Stable GFP-TMEM106B integrants produce the same growth retardation and 
temperature sensitivity as with transient overexpression, which can be suppressed by 
overexpression of hyperactive Fab1 mutants, which produce supraphysiological levels 
of PI(3,5)P2. 
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acid precipitation and deacylation, high-performance liquid chromatography (HPLC) 

was used to separate glycerol-inositol phosphates.  Consistent with our hypothesis, 

PI(3,5)P2 was reduced by 42% in the stable GFP-TMEM106B cell line compared to the 

control  cell line (Fig. 7.5).   Smaller changes were also seen in PI5P, PI(3,4)P2, and 

PI(3,4,5)P3.  We also analyzed PIP levels in primary fibroblasts derived from 

TMEM106B knockout mice.  However, these did not show any consistent changes in 

PI(3,5)P2 levels (data not shown), indicating that loss of TMEM106B does not affect 

PI(3,5)P2 metabolism. 

TMEM106B interacts with Vac14 when overexpressed 

Because PI(3,5)P2 is only known to be synthesized from PI3P via PIKfyve kinase 

activity, the most likely mechanism for TMEM106B overexpression-induced PI(3,5)P2 

reduction would be that TMEM106B binds to one or more proteins in the PIKfyve 

complex, possibly sequestering them and disrupting stoichiometry.  To test this, we 

performed co-immunoprecipitation (co-IP) of overexpressed TMEM106B and 

individual PIKfyve complex components.  No binding was seen between TMEM106B 

and PIKfyve, Fig4, or WIPI-1 (data not shown).  However, GFP-Vac14 co-

immunoprecipitated with FLAG-TMEM106B when both proteins were overexpressed 

in HEK293T cells and anti-FLAG IP was performed (Fig. 7.6A).  Surprisingly, Vac14 

showed binding to all three TMEM106 proteins, possibly indicating common regulation 

or an artifact of the experiment.  Binding was seen in a second experiment using 

overexpressed FLAG-TMEM106B and Vac14-MycHis, with anti-FLAG or the 

reciprocal anti-myc condition (Fig. 7.6B).  Although  binding was observed when IP of 
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Figure 7.5. Preliminary phosphoinositide analysis of HEK293T control or GFP-
TMEM106B stable cell lines.  A) Quantification of phosphoinositides, with each 
represented as % of total PI. B) HPLC peaks of samples quantified in A.  Error bars are 
not included, as samples have only been analyzed once at the time of writing. 
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Figure 7.6. TMEM106B binding experiments. A) FLAG-TMEM106 proteins were 
co-transfected with GFP-Vac14 and then anti-FLAG IP was performed. B) FLAG-
TMEM106B was co-transfected with Vac14-MycHis and anti-FLAG or anti-myc IP 
was performed, as indicated. C) Anti-TMEM106B IP was performed from WT and 
Tmem106b-/- brain lysates to test for endogenous binding to Vac14 or PIKfyve. D) 
FLAG-TMEM106B or GFP-TMEM106B-ICD was co-transfected with HA-PIKfyve, 
Vac14-MycHis, and mCitrine-Fig4, then anti-myc IP was performed. 
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Vac14-MycHis was performed, it was very weak compared to when IP of FLAG-

TMEM106B was performed. 

To assess binding between TMEM106B and Vac14 at an endogenous level, WT 

and Tmem106b-/- (341bpΔ) mouse brains were lysed and anti-TMEM106B IP was 

performed (Fig. 7.6C).  Although TMEM106B was successfully precipitated in the WT 

sample, no Vac14 protein was detected in the IP products, indicating that the proteins 

do not bind at endogenous levels under the conditions of the IP and western blot 

analysis.  However, this does not rule out the possibility that in cases where TMEM106B 

levels are increased, as may be the case in FTLD-GRN, that an interaction with Vac14 

is induced. 

With binding between overexpressed TMEM106B and the scaffolding protein, 

Vac14, one possible mechanism of PI(3,5)P2 synthesis inhibition could be that 

TMEM106B binds to Vac14, interfering with its interaction with Fig4 and PIKfyve.  To 

test this, FLAG-TMEM106B or a GFP-tagged construct of its derivative intracellular 

domain (ICD) were co-transfected with HA-PIKfyve, mCitrine-Fig4, and Vac14-

MycHis and anti-myc IP was performed (Fig. 7.6D).  If TMEM106B or the ICD were 

to prevent complex formation, we would expect to see a decrease in the amount of 

PIKfyve or Fig4 that would co-IP.  However, this does not seem to substantially change, 

indicating that this is unlikely to be the mechanism.  In fact, no TMEM106B or ICD 

was seen to bind to Vac14 in these conditions. 

PIKfyve complex protein levels do not change with TMEM106B overexpression 

Another potential way that TMEM106B could disrupt PI(3,5)P2 synthesis is by 

alteration of the total cellular levels of the different PIKfyve complex components, 
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possibly via ESCRT-related degradation, as TMEM106B has been associated with the 

FTLD-related protein, CHMP2B, a subunit of the ESCRT-III complex [20].  However, 

when HEK293T stable control of GFP-TMEM106B cell lysates were analyzed by 

western blot, no obvious change in PIKfyve, Vac14, or Fig4 was observed when 

normalized to GAPDH (Fig. 7.7A).  An initial examination of protein levels in yeast 

strains with endogenously HA-tagged Fab1, Vac14, Fig4, or Vac7 did show a decrease 

in Vac14 and Fig4 levels (data not shown).  However, this needs to be repeated to verify 

these results.  Densitometry of western blots of primary cortical neuron and MEF 

cultures suggests a trend toward increased Vac14 protein levels with loss of Tmem106b, 

however there is great variability between samples, and Tmem106b-/- brain lysates 

showed no change (Fig. 7.7B-F).  PIKfyve signal in these samples was generally too 

weak to accurately quantify and specific Fig4 signal was not seen. 

 

7.4 Discussion 

In this study, we have demonstrated that the FTLD-GRN risk factor, TMEM106B, is a 

potential regulator of cellular PI(3,5)P2 levels.  Interestingly, we found that 

overexpression of TMEM106B in mammalian cells reduced PI(3,5)P2 levels to an 

extent that is nearly comparable to that which is seen with loss of the PIKfyve complex 

protein, Vac14 (42% and 57%, respectively) [36].  We also saw a decrease in PI5P, 

which is likely due to decreased synthesis directly resulting from a reduced pool of the 

precursor, PI(3,5)P2.  In yeast, overexpression of TMEM106B causes cytotoxicity and 

a vacuole enlargement phenotype that parallels those seen in mammalian cells.  Both 

the  cytotoxicity  and  the  enlargement  can be suppressed by the overexpression of the 
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Figure 7.7. PIKfyve complex protein levels with TMEM106B overexpression and 
with Tmem106b knockout.  A) Western blot showing PIKfyve, Fig4, Vac14, and 
GAPDH protein levels in control and GFP-TMEM106B stable HEK293T cell lines. B) 
Primary cortical neurons cultured in duplicate from a pair of 341bpΔ Tmem106b-/- mice 
– DIV14. C) Primary MEF cells cultured from the same mice as in B).  D) Primary 
cortical neurons cultured in duplicate from a second pair of 341bpΔ Tmem106b-/- mice 
– DIV5. E) Primary MEF cells cultured from the same mice as in D). F) Whole brain 
lysates from 7bpΔ Tmem106b-/- mice. 
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Fab1 complex components, Vac14 or Vac7, or by hyperactive Fab1 mutants, strongly 

suggesting that the observed phenotypes are due to decreased PI(3,5)P2 levels. 

While we have successfully shown that TMEM106B overexpression results in 

decreased PI(3,5)P2 levels, the exact mechanism and whether the effect is direct or 

indirect remains unclear.  We have identified a possible interaction between 

TMEM106B and the PIKfyve complex scaffolding protein, Vac14.  However, the 

binding is not particularly strong, it was not seen at an endogenous level, and the 

functional significance of the relationship is indeterminate at this time.  It should be 

noted that we also observed binding between Vac14 and TMEM106A and TMEM106C.  

While this could be a functional finding – it is possible that the TMEM106 proteins are 

co-regulatory – it is also possible that this is an indication that the binding is non-specific 

and an artifact of overexpression and removal of these proteins from their native 

membranes. 

 It is also currently unclear why TMEM106A overexpression in yeast produces 

a similar vacuole enlargement phenotype, but differs in its cytotoxicity.  

Phosphoinositide analysis in TMEM106A-overexpressing cells could lend some insight 

into this phenomenon.  It is possible that TMEM106A also reduces PI(3,5)P2 levels, but 

not to such an extreme degree as TMEM106B where it interferes with cell growth.  It is 

also possible that the mechanism differs and TMEM106A is altering PI(3,5)P2 levels 

indirectly, possibly by acting either upstream of the Fab1 complex on PI3P synthesis, 

or downstream on PI5P synthesis, both of which would potentially affect PI(3,5)P2.  

In mammalian cells, it is possible that the TMEM106 proteins share similar 

interactions and functions, but their expression patterns and effects are cell-type-
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specific.  TMEM106B may be more highly expressed in neurons or other cells of the 

central nervous system.  Similarly, it is possible that the three TMEM106 proteins 

regulate one another.  In cell lysates, TMEM106B can be found as both a monomer and 

SDS-resistant dimer [15].  It is possible that the TMEM106 proteins form heterodimers 

that may be under the regulation of different factors.  The stoichiometry of these proteins 

could shift the dimerization and lead to the observed phenotypes. 

We also found that Tmem106B-/- MEFs do not show any significant changes in 

PI(3,5)P2 levels, indicating that TMEM106B is not a critical regulator of PI(3,5)P2 

metabolism at endogenous levels.  This suggests that regulation of the phosphoinositide 

by increased TMEM106B levels, as occurs with disease state or overexpression, may 

signify a toxic gain-of-function.  This will surely be further elucidated when the 

mechanism is determined, of which there are a myriad of unexplored possibilities.  One 

such possibility is steric hindrance at the lysosome membrane, preventing the PIKfyve 

complex from interacting with PI3P, without TMEM106B directly binding any complex 

components.  Likewise, TMEM106B could itself be a PI3P binding protein, displacing 

PIKfyve and preventing phosphorylation.  Although TMEM106B does not seem to 

significantly alter PIKfyve complex protein levels, it could affect the localization of one 

or more complex components.  Future immunostaining studies of the endogenous 

proteins would be beneficial. 

A second question we must consider is what role TMEM106B-induced PI(3,5)P2 

reduction plays in FTLD risk.  It is unclear at this time whether the effects we observed 

play a role in the development of FTLD with GRN mutations.  However, reduced 

PI(3,5)P2 levels due to mutation of PIKfyve complex components are associated with 
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various neurodegenerative diseases, so it is not unlikely.  One important consideration 

is that TMEM106B has been shown to regulate PGRN levels, with one study indicating 

that increased TMEM106B expression interferes with the lysosomal processing of 

PGRN to its functional derivative granulin peptides [43].  This could be due to decreased 

lysosomal acidification associated with TMEM106B overexpression [11, 21].  

Defective vacuolar acidification is a known outcome of PI(3,5)P2 deficiency [44-46].  It 

is possible that reduced PI(3,5)P2 levels due to increased TMEM106B expression result 

in decreased PGRN processing and a reduction in already low granulin peptide 

concentrations.  The consequences of decreased PI(3,5)P2 levels may also be more 

broad, as the phosphoinositide regulates many lysosomal processes, including 

membrane trafficking, fusion, and calcium efflux [26-28] .  PIKfyve has also been 

shown to protect against glutamate excitotoxicity by internalization of voltage-gated 

Ca2+ channels [47]. 

Finally, a new TMEM106B disease association was very recently identified, 

wherein de novo D252N mutation causes hypomyelinating leukodystrophy, a condition 

that results in defective growth or maintenance of myelin in the central nervous system 

(CNS) [48, 49].  The mechanism is unidentified, and it is currently unknown whether 

there is a connection between this mutation, TMEM106B function, and FTLD.  

However, it is possible that this is could be related to the findings explored in our study, 

as PI(3,5)P2 has been linked to regulation of the differentiation of oligodendrocytes, the 

cells responsible for producing myelin in the CNS [50]. 
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In this study, we have identified a potentially novel role for TMEM106B in 

regulating cellular PI(3,5)P2 levels.  However, significant work still needs to be done to 

truly understand the significance and underpinnings of this finding. 

 

7.5 Materials and Methods 

Primary Antibodies and Reagents 

The following antibodies were used in this study: M2 mouse anti-FLAG (Sigma), M2 

mouse anti-FLAG-conjugated beads (Sigma), 9E10 mouse anti-myc (homemade), Myc-

Trap beads (ChromoTek), mouse anti-GAPDH (Proteintech Group), mouse anti-

PIKfyve (University of Iowa Developmental Studies Hybridoma Bank, and mouse anti-

Fig4 (University of California, Davis NeuroMab).  Rabbit anti-Vac14 was a gift from 

Dr. Lois Weisman (University of Michigan) [51].  Rabbit anti-TMEM106B antibodies 

were generated as previously described [15].   

Plasmids 

TMEM106A, TMEM106B, and TMEM106C mammalian expression constructs were 

obtained or produced as previously described [15, 40].  Human Vac14 cDNA was a gift 

from Dr. Yuxin Mao, and GFP-Vac14 was produced by cloning Vac14 into the pEGFP-

C1 vector and Vac14-MycHis by cloning Vac14 into the pcDNA3.1/myc-His A vector.  

Fig4 in the pmCitrine vector and PIKfyve in the pCMV-HA vector were gifts from Dr. 

Lois Weisman (University of Michigan).   

Mammalian Cell Culture 

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

supplemented with 10% fetal bovine serum (Gibco) in a humidified incubator at 37ºC 
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with 5% CO2.  Primary mouse fibroblasts were isolated from newborn WT and 

Tmem106b-/- mouse pups and grown in Dulbecco’s Modified Eagle’s Medium 

supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin 

(Invitrogen) in a humidified incubator at 37°C and 5% CO2.  Primary cortical neurons 

were isolated from P0–P1 pups and cultured as previously described [52].  For protein 

level analysis, cultured cells were collected directly in Laemmli Sample Buffer with 5% 

β-Mercaptoethanol. 

Lentivirus Generation and Mammalian Cell Infection 

Lentiviruses were generated by co-transfection of lentiviral vectors with pMD2.G and 

psPAX2 plasmids in HEK293T cells.  Lentivirus conditioned media were collected 3 

days after transfection.  HEK293T were infected with the conditioned media of control 

or GFP-TMEM106B lentivirus.  After 24 hours, conditioned media was replaced with 

fresh culture media.  Two days after infection, fresh media with 2 μg/mL puromycin 

was added to select for infected cells. 

Yeast Transformation and Stable Line Generation 

Stable integrated TMEM106A, TMEM106B, and TMEM106C yeast lines were 

produced by lithium acetate/single-stranded carrier DNA/polyethylene glycol 

transformation and homologous recombination of AgeI-linearized pRS305 vector 

containing the appropriate cDNA insert [53, 54]. 

Tissue Preparation for IP, Gel Electrophoresis and Western Blot  

For analysis of protein levels, tissues from 3-month-old WT and 7bpΔ Tmem106b-/- 

mice were homogenized on ice with a glass Dounce homogenizer in cold RIPA buffer 

containing 150 mM NaCl, 50 mM Tris (pH 7.3), 1% Triton, 1% SDS, 0.5% DOC, 1 
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mM EDTA, and 1X protease inhibitors (Roche).  Protein concentrations were 

determined via Bradford assay, then standardized.  For immunoprecipitation, brains 

from WT and 341bpΔ Tmem106b-/- mice were lysed in a cold solution containing 150 

mM NaCl, 50 mM Tris (pH 8.0), 1% Triton X-100, 0.1% deoxycholic acid, 1X protease 

inhibitors. 

Mouse Strains 

C57/BL6 were obtained from The Jackson Laboratory.  Tmem106b-/- mice were 

produced by CRISPR-Cas9-mediated genome editing using the guide RNA 5’ 

ACCCTATGGGATATATTTAC-3’ and 5’-AGTGAAGTGCACAACGAAGA-3’ 

(services provided by the Cornell Stem Cell and Transgenic Core Facility). 

Transfection, IP, Gel Electrophoresis, and Western Blot Analysis 

Cells were transfected with polyethylenimine as previously described [55].  Cells were 

lysed in a cold solution containing 150 mM NaCl, 50 mM Tris (pH 8.0), 1% Triton X-

100, 0.1% deoxycholic acid, 1X protease inhibitors.  After centrifugation at 14,000 g, 

for 15 minutes, at 4ºC, supernatants were transferred to clean tubes on ice, to which the 

appropriate antibody-conjugated beads were added, then rocked for 3-4 hours at 4ºC.  

Samples were centrifuged at 2,500 g for 20 seconds at 4ºC, then washed with 1 mL of 

a solution containing 150 mM NaCl, 50 mM Tris (pH 8.0), and 1% Triton X-100.  This 

was repeated for a total of 3 washes.  After a final centrifugation, all supernatant was 

aspirated and samples were eluted by the addition of 25 μL of Laemmli Sample Buffer 

with 5% β-Mercaptoethanol. 

Samples were run on a 12% or 8% polyacrylamide gel, then transferred to 

Immobilon-FL polyvinylidene fluoride membranes (Millipore Corporation).  
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Membranes were blocked with either 5% non-fat milk in PBS or Odyssey Blocking 

Buffer (LI-COR Biosciences) for 1 hour, then washed with tris-buffered saline with 

0.1% Tween-20 (TBST) 3x for 5m, each.  Membranes were incubated with primary 

antibodies diluted in TBST, rocking overnight at 4ºC, then washed as above, incubated 

with secondary antibodies diluted in TBST for 2 h at room temperature, then washed 

again.   Membranes were scanned using an Odyssey Infrared Imaging System (LI-COR 

Biosciences).  Densitometry was performed with Image Studio (LI-COR Biosciences). 

Mammalian Cell Immunostaining and Confocal Microscopy 

Cells were cultured on glass coverslips overnight before transfection.  Two days after 

transfection, cells were washed 2x with PBS, fixed with 3.7% paraformaldehyde for 15 

minutes at room temperature, followed by 3 additional PBS washes.  Cells were 

permeabilized with Odyssey Blocking Buffer LI-COR Biosciences) + 0.05% saponin 

for 30 minutes at room temperature.  Primary antibodies were diluted in the same buffer 

and added to coverslips, which were incubated in a humidified chamber overnight at 

4ºC.  Coverslips were washed 3x with PBS, for 5 minutes each, then secondary 

antibodies diluted in the same blocking/permeabilization solution were added to the 

coverslips, which were incubated at room temperature, in the dark, for 2 hours.  

Coverslips were washed 3 more times with PBS, then Hoescht stain, diluted 1:2,000 in 

block/permeabilization solution, was added and allowed to incubate for 10 minutes at 

room temperature in the dark.  After 3 additional PBS washes, coverslips were mounted 

on slides with Fluoromount-G (SouthernBiotech).  Images were acquired with a CSU-

X series spinning disc confocal microscope (Intelligent Imaging Innovations) with an 

HQ2 CCD camera (Photometrics) using a 100x objective. 
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Yeast Culture, FM4-64 labeling, and Imaging 

Yeast were grown in Yeast extract-peptone-dextrose (YPD) medium (Sigma) or yeast 

nitrogen base (YNB) medium (Sigma).  For vacuole labeling with FM4-64, yeast strains 

were cultured overnight in a 30ºC shaking incubator in YNB with appropriate 

auxotrophic selection.  Optical density was measured with a Genesys 20 

spectrophotometer (Thermo Fisher Scientific), then yeast were diluted to 0.2 OD and 

allowed to go through two doublings to reach log-phase growth.  Samples were 

centrifuged at 5,000 g for 5 minutes at room temperature, the supernatant was aspirated, 

and the pellet resuspended in 50 μL YPD with 32 μM FM4-64.  Cells were incubated 

20 minutes at room temperature, then 1 mL YPD was added before another 

centrifugation.  Pellets were resuspended in 5 mL YPD and incubated for 60 minutes in 

a 30ºC shaking incubator.  Samples were centrifuged, supernatant aspirated, and the 

pellet resuspended in 20-50 μL of YNB.  Samples were wet mounted on slides and 

imaged with a CSU-X series spinning disc confocal microscope (Intelligent Imaging 

Innovations) with an HQ2 CCD camera (Photometrics) using a 100x objective. 

Yeast Growth Retardation Assay 

Stable pRS305, GDP-GFP-TMEM106B, or GDP-GFP-TMEM106A yeast lines were 

transformed with individual fab1 complex component cDNA.  After overnight culture 

in selective YNB, yeast were diluted into secondary culture and allowed to reach OD of 

approximately 1.  The transformants were then serially diluted and spotted onto 

appropriate dropout SC Agar plates with a sterilized 96 pin multi-blot replicator, and 
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incubated at 30°C, 34°C, or 37°C, then imaged using a Molecular Imager® Gel Doc™ 

XR System (Bio-Rad) equipped with a CCD camera. 

Phosphoinositide Labeling and Quantification 

Labeling and quantification were performed as previously described [36]. 

 

7.6 Acknowledgements 

We would like to thank the lab of Dr. Lois Weisman for performing all PIP analyses 

and providing plasmids; Dr. Scott Emr and Dr. Matthew Baile for providing yeast 

strains, plasmids, technical advice, and scientific input; Dr. Haiyuan Yu for his gifts of 

cDNA; and Xiaochun Wu for technical assistance.  This work is supported by funding 

to F. Hu from NINDS (R01NS088448). 

The authors declare no additional competing financial interests. 

  



194 
 

List of Abbreviations 
ArPIKfyve – Associated regulator of PIKfyve 
CHMP2B – Charged multivesicular body protein 2B 
Co-IP – Co-immunoprecipitation 
FTLD – Frontotemporal lobar degeneration 
FTLD-TDP – FTLD with TAR DNA-binding protein 43-positive inclusions GRN 
HPLC – High-performance liquid chromatography 
ICD – Intracellular domain 
MAP6 – Microtubule-associated protein 6 
PGRN – Progranulin 
PI – Phosphoinositide 
PI3P – Phosphatidylinositol 3-phosphate 
PI(3,5)P2 – phosphatidylinositol 3,5-bisphosphate 
PIKfyve – FYVE finger-containing phosphoinositide kinase 
TBST – Tris-buffered saline with 0.1% Tween-20 
TDP-43 – TAR DNA-binding protein 43 
V-ATPase – Vacuolar-type H+-ATPase 
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7.7 Supplementary Data 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Supplementary Figure 7.1. Suppression of cytotoxicity in GFP-TMEM106A or 
GFP-TMEM106B stable yeast lines. A) Fab1 or hyperactive Fab1 mutants were 
overexpressed in GFP-TMEM106A stable yeast.  B) Fab1 complex component Vac7, 
Vac14, or Fig4 was overexpressed in GFP-TMEM106B stable yeast. 
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CHAPTER 8 

 

PERSPECTIVES AND FUTURE DIRECTIONS 

 

The clinical importance of progranulin (PGRN) became evident in 2006, when 

heterozygous mutations in the GRN gene, resulting in haploinsuffiency, were found to 

cause frontotemporal lobar degeneration (FTLD) [1-6].  FTLD is a clinically 

heterogeneous, incurable neurodegenerative disease most often presenting with drastic 

alterations in behavior and personality, including social disinhibition and gradual 

decline in language capabilities [7].  Although the exact mechanism is unknown, the 

disease is characterized by progressive atrophy of the frontal and temporal lobes of the 

brain.  FTLD is the second leading cause of early-onset dementia after Alzheimer’s 

disease (AD), and is the third most common cause of cortical dementia [7, 8]. 

Perhaps the most important finding leading to a hypothetical lysosomal function 

of PGRN was the 2012 discovery of a pair of siblings with adult-onset neuronal ceroid 

lipofuscinosis (NCL), with exome sequencing pointing to a homozygous variant in GRN 

resulting in a premature stop [9].  Since then, great strides have been made in elucidating 

this role – PGRN has been found to be lysosomally localized and trafficked by two 

independent pathways, it has been shown to be under regulation of the transcription 

factor regulating most of the known lysosomal proteins, and it has been shown to 

regulate levels of the lysosomal protein, prosaposin (PSAP), among others [10-17].  The 

majority of the work presented here seeks to further advance our understanding of the 

lysosomal function of PGRN and its relationship to neurodegeneration. 
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In chapter 1, we provide strong evidence that PGRN, which has been shown to 

be proteolytically cleaved into individual granulin (Grn) peptides by extracellular 

proteases, is similarly processed in the lysosome [18-20]  At nearly the same time that 

we published on the lysosomal processing of PGRN, similar results were reported by 

another group, supporting our data [21].  Likewise, we showed that the lysosomal 

protease, cathepsin L (CTSL), is able to efficiently cleave PGRN, which was also 

supported by a second group’s publication [22].  These findings are significant, as by 

now it is widely accepted that PGRN plays a role in lysosomal homeostasis, and the 

discovery of stable Grn peptides hints at the possibility that they may be functional units 

inside the lysosome.  One intriguing possibility is that the development of PGRN-related 

disease is not due the loss of PGRN so much as it is due to the loss of Grn peptides, 

which ties into the following few sections. 

In chapters 3-5, we identify three lysosomal  enzymes, cathepsin D (CTSD), 

glucocerebrosidase (GBA), and ɑ-N-acetylgalactosaminidase (NAGA), which show 

variable binding to PGRN and Grn peptides [23].  Importantly, all three enzymes show 

decreased activity in tissue lysates derived from PGRN-deficient mice, with only 

NAGA showing a corresponding upregulation in protein levels.  While we currently 

have been unable to demonstrate a clear mechanism for these activity changes, the 

binding implies a potential direct regulatory role.  Indeed, two studies published at 

approximately the same time showed a mild, but specific, increase in CTSD activity 

with the addition of recombinant PGRN or Grn E [24, 25].  Similarly, the addition of 

recombinant PGRN increased the activity of CTSD activity in Grn-/- mouse brain 

lysates.  Despite repeated attempts, we were unable to obtain similar results, which may 
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be due to quality of the recombinant proteins being tested.  As we could not demonstrate 

this effect with CTSD, it is possible that we are missing a similar activity modulation 

with both GBA and NAGA. 

In chapter 6, we describe the completion of a high-throughput screen to identify 

the receptor responsible for mediating the neurotrophic effects of PGRN and Grn E.  

While it is unlikely that we discovered a neurotrophic receptor from this intensive 

screen, we were able to identify two potential PGRN/Grn E receptors, cluster of 

differentiation 68 (CD68) and neuropilin 2 (NRP2), although the functional significance 

of these new relationships remains to be seen. 

Despite substantial progress on elucidating the lysosomal role of PGRN and its 

association with neurodegeneration, the exact function of the protein is still unclear.  

Considering the strong binding between PGRN and PSAP, their reciprocal lysosomal 

trafficking, their shared interactors (CTSD and GBA), and the reduction in neuronal 

saposin peptides and lysosomal lipidomic changes that occur with PGRN loss, it seems 

very likely that at least one function of PGRN is to regulate PSAP.  This role may be as 

simple as the previously reported regulation of trafficking, however additional 

possibilities exist.  With the shared interaction between PGRN, PSAP, and CTSD, one 

prospect is that PGRN regulates the ability of PSAP and CTSD to interact and, more 

specifically, that it helps moderate the cleavage of PSAP into saposin peptides.  It is 

possible that PSAP cleavage is a situation-dependent process that may require activation 

or inhibition under specific circumstances.  The reduction in GBA activity that we have 

detected with PGRN deficiency could also be explained by changes in PSAP processing.  

Decreased saposin A or saposin C peptides would result in a direct decrease in GBA 
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activity.  Additionally, if PGRN were to alter the binding of CTSD to PSAP, it could 

affect the specific amino acid sequences at which CTSD cleaves in the linker regions of 

PSAP, potentially resulting in altered saposin peptides, shortened or elongated at the N-

terminus, C-terminus, or both.  Any modification in the sequence of the canonical 

saposin fragments could potentially disrupt their ability to interact with GBA or lipids. 

As three distinct lysosomal hydrolases have been identified to which PGRN 

and/or Grn peptides bind and which show activity reduction when PGRN is lost, its 

function may be to directly regulate enzyme activity.  While we have been unable to 

show a direct augmentation of enzyme activity by PGRN or Grn peptides, two studies 

have shown an increase in CTSD activity with the addition of PGRN or Grn E [24, 25].  

If this finding is correct, perhaps PGRN/Grn peptides also regulate the activity of 

NAGA, GBA, and possibly other hydrolases.  One of these two studies also showed that 

PGRN can stabilize CTSD in vitro [24]. It is possible that the observed increase in 

CTSD activity with the addition of PGRN or Grn E was not entirely due to a direct 

activation, but by a reduction in CTSD degradation, resulting in an increase in functional 

CTSD that persisted throughout the activity assays.  Likewise, whether PGRN 

physiochemically stabilizes CTSD, thereby preventing its degradation, or whether 

PGRN prevents CTSD from catalyzing its own proteolysis was not entirely clear, 

despite the use of pepstatin A as a control.  It is possible that PGRN, in part, functions 

to either increase the chemical stability of lysosomal enzymes or that it helps to protect 

such enzymes from degradation in the lysosome.  This potential protective role could 

extend beyond enzymes to other lysosomal proteins with which PGRN or Grn peptides 

interact, such as CD68.  There is also evidence that certain cathepsins, including CTSD, 
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can mediate apoptosis [26-29].  As PGRN and Grn E are involved in survival and growth 

signaling [30-32], one possibility is that they help regulate CTSD-mediated apoptosis, 

where loss of PGRN shifts the cell toward an apoptotic state.   

More speculatively, considering the shared binding between PGRN/Grn 

peptides and several lysosomal enzymes, it is worth considering the possibility that 

PGRN assists in the complexation of hydrolases into functional units, potentially 

increasing their stability or activity, or allowing them to more efficiently sequentially 

hydrolyze substrates – essentially organizing the lysosomal lumen.  Indeed, there is a 

known example where lysosomal hydrolases are brought together to form a functional 

complex.  A heterotrimer of α-N-acetyl neuraminidase, β-galactosidase, and the 

protective protein/cathepsin A (PPCA) forms in the lysosome, and this complexation is 

necessary for the proper localization and full activation of neuraminidase [33].  One 

especially interesting finding is that cathepsin L (CTSL) appears to be more efficient at 

producing Grn dipeptides than individual Grn peptides based on in vitro reactions.  This 

leads to the question of whether these dipeptides may be functional.  One possibility is 

that each Grn domain of a dipeptide is able to bind to a different hydrolase, helping to 

recruit them to a more stable, active, or efficient complex. 

In the final chapter, we transition from PGRN to the related protein and FTLD 

risk factor, TMEM106B.  Although TMEM106B has been shown to regulate lysosomal 

morphology and TMEM106B overexpression is associated with decreased degradative 

capacity, its exact function remains unclear [34-38].  Based on phenotypes, including 

enlarged lysosomes, reduced lysosomal acidification, and cytotoxicity shared between 

TMEM106B overexpression and reduced cellular PI(3,5)P2 pools, we hypothesized that 
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TMEM106B may act in this phosphoinositide pathway to regulate PI(3,5)P2 levels.  

Yeast studies utilizing hyperactive mutants of Fab1, the kinase primarily responsible for 

PI(3,5)P2 synthesis, demonstrate that they can successfully suppress the phenotypes 

associated with TMEM106B expression.  We also identify a potential interaction 

between TMEM106B and the Fab1 complex component, Vac14, but additional tests of 

the relationship and its function are required.  In support of our hypothesis, preliminary 

phosphoinositide analysis in mammalian cells shows that overexpression of GFP-

TMEM106B reduces PI(3,5)P2 by over 40%.  However, the mechanism of this finding 

remains to be determined, and it is possible that the effect is indirect.   
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List of Abbreviations 
CD68 – Cluster of differentiation 68 
CTSL – Cathepsin L 
CTSD – Cathepsin D 
FTLD – Frontotemporal lobar degeneration 
GBA – Glucocerebrosidase 
Grn – Granulin 
NAGA – ɑ-N-acetylgalactosaminidase 
NCL – Neuronal ceroid lipofuscinosis 
NRP2 – Neuropilin 2 
PGRN – Progranulin 
PPCA – Protective protein/cathepsin A 
PSAP – Prosaposin 
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