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Abstract

Frontotemporal dementia (FTD) encompasses a group of neurodegenerative disorders characterized by cognitive and

behavioral impairments. Heterozygous mutations in progranulin (PGRN) cause familial FTD and result in decreased PGRN

expression, while homozygous mutations result in complete loss of PGRN expression and lead to the neurodegenerative

lysosomal storage disorder neuronal ceroid lipofuscinosis (NCL). However, how dose-dependent PGRNmutations contribute

to these two different diseases is not well understood. Using iPSC-derived human cortical neurons from FTD patients harbor-

ing PGRNmutations, we demonstrate that PGRNmutant neurons exhibit decreased nuclear TDP-43 and increased insoluble

TDP-43, as well as enlarged electron-dense vesicles, lipofuscin accumulation, fingerprint-like profiles and granular osmio-

philic deposits, suggesting that both FTD and NCL-like pathology are present in PGRN patient neurons as compared to iso-

genic controls. PGRNmutant neurons also show impaired lysosomal proteolysis and decreased activity of the lysosomal

enzyme cathepsin D. Furthermore, we find that PGRN interacts with cathepsin D, and that PGRN increases the activity of ca-

thepsin D but not cathepsins B or L. Finally, we show that granulin E, a cleavage product of PGRN, is sufficient to increase

cathepsin D activity. This functional relationship between PGRN and cathepsin D provides a possible explanation for overlap-

ping NCL-like pathology observed in patients with mutations in PGRN or CTSD, the gene encoding cathepsin D. Together, our

work identifies PGRN as an activator of lysosomal cathepsin D activity, and suggests that decreased cathepsin D activity due

to loss of PGRN contributes to both FTD and NCL pathology in a dose-dependent manner.

Introduction

Frontotemporal dementia (FTD) is the second most common

cause of dementia under the age of 65 (1,2). Up to half of all FTD

patients have a family history of dementia, suggesting a strong

genetic component of the disease (3–6). Importantly, pathogenic

heterozygous mutations in the gene encoding progranulin

(PGRN), which result in decreased (�50%) PGRN expression

(7–10), account for 25% of familial FTD (9,11,12). PGRN is ex-

pressed in neurons and microglia (13) and has been implicated

in inflammation (14–16), wound repair (17–19) and neurite out-

growth (20–22), but the mechanism by which FTD mutations in

PGRN lead to neurodegeneration remain unclear.
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Recently, several lines of evidence have suggested a potential

role for PGRN in regulating lysosomal function. First, PGRN local-

izes to lysosomal compartments where it is subsequently cleaved

into 7.5 individual granulins (23–25). Second, homozygous PGRN

mutations lead to a complete loss of PGRN and cause neuronal

ceroid lipofuscinosis (NCL) (26,27), a neurodegenerative lysoso-

mal storage disorder. Finally, the neuropathology of aged pgrn

knockout mice show indicators of an impaired autophagy-

lysosome degradation system, including p62 inclusions (28) and

accelerated lipofuscin accumulation (29). pgrn knockout mice

also demonstrate increased immunoreactivity for the lysosomal

membrane protein LAMP1 and increased expression of several

lysosome-related genes (28). Together, these studies suggest that

impaired lysosomal function may represent an important path-

way leading to PGRN-linked neurodegeneration.

Here, we generated induced pluripotent stem cell (iPSC)-de-

rived cortical neurons from an FTD patient with a heterozygous

PGRN mutation to examine the role of PGRN in regulating lyso-

somal function. Surprisingly, we observed both FTD and NCL-

like pathological hallmarks, as well as impaired lysosomal

proteolysis and decreased activity of the lysosomal enzyme ca-

thepsin D in FTD patient neurons. Homozygous mutations in

the gene encoding cathepsin D (CTSD) lead to a form of NCL sim-

ilar to those caused by homozygous mutations in PGRN

(26,27,30–32). Furthermore, cathepsin D is predominantly ex-

pressed in the brain (33,34) where it is responsible for the degra-

dation of long-lived proteins (35,36), but how its enzymatic

activity is regulated within the lysosome is not well understood.

Our results identify PGRN and its cleaved product, granulin E, as

important activators of cathepsin D, but not cathepsins B and L,

activity. We propose that dose-dependent loss of PGRN in both

FTD and NCL result in decreased cathepsin D activity, contribut-

ing to defective lysosomal function in the pathogenesis of both

neurodegenerative diseases.

Results

iPSC-derived cortical neurons from an FTD patient with
a PGRN mutation exhibit both FTD and NCL-like
pathological hallmarks

To investigate the role of PGRN in regulating lysosomal function

in human neurons, we generated iPSC-derived cortical neurons

from an FTD patient with a heterozygous PGRN mutation to ex-

amine how PGRN mutations may lead to neurodegeneration.

We obtained patient-derived iPSCs harboring an FTD-linked

heterozygous PGRN mutation (c.26C>A, p.A9D) (10)

(Supplementary Material, Fig. S1A). To properly characterize

disease phenotypes, we also used previously established

CRISPR/Cas9 genome editing protocols (37) to correct the PGRN

mutation and generate an isogenic control line (PGRN WT).

Correction of the PGRN mutation in the iPSC line was confirmed

by Sanger sequencing (Supplementary Material, Fig. S1B) and re-

sulted in increased PGRN expression in both PGRN WT iPSCs

(Supplementary Material, Fig. S1C) and iPSC-derived neurons

(Fig. 1A). Additionally, previous studies demonstrated that FTD

patients with a PGRN mutation who carry an additional single

nucleotide polymorphism (SNP) in the lysosomal membrane

protein TMEM106B (transmembrane protein 106B) present with

an earlier onset and increased severity of FTD (38). PGRN WT

and mutant iPSC lines used in this study are heterozygous for

the most common TMEM106B SNPs (rs1990622, rs6966915 and

rs1020004) (Supplementary Material, Fig. S1D), a genotype not

associated with increased risk and severity of FTD.

Furthermore, g-band karyotype analysis demonstrated no

chromosomal abnormalities (Supplementary Material, Fig. S2A

and B) and additional characterization demonstrated that both

PGRN WT and mutant iPSC lines expressed the pluripotency

markers Nanog, Oct-4, SSEA-4 and Tra-1–81 (Supplementary

Material, Fig. S3A).

We then differentiated both patient-derived PGRN WT and

mutant iPSCs into human cortical neurons, the cell type

predominantly affected in FTD. Using a previously described

protocol (39), we successfully generated pure populations of glu-

tamatergic neurons (� 98% MAP2 and vGLUT1/2 positive)

(Supplementary Material, Fig. S3B) that expressed the cortical

neuron markers Brn2 and Cux1 in both PGRN WT and mutant

lines (Supplementary Material, Fig. S3C and D).

Utilizing iPSC-derived human cortical neurons from an FTD

patient, we found that PGRN mutant neurons exhibited typical

pathogenic hallmarks of FTD. At day 35 post-differentiation,

PGRN mutant neurons showed decreased nuclear TDP-43 (TAR

DNA-binding protein 43) as compared to PGRN WT neurons (Fig.

1B), consistent with what was previously observed in FTD pa-

tient brains (40–42). Moreover, we observed a time-dependent

effect on insoluble TDP-43 accumulation, where the levels of

insoluble TDP-43 were not significantly altered day 35 post-

differentiation (Fig. 1C and D) but significantly increased in

PGRN mutant neurons by day 100 post-differentiation as com-

pared to PGRN WT neurons (Fig. 1C and D). These observations

were consistent with previous studies which suggest that TDP-

43 cytoplasmic mislocalization from the nucleus precedes its

aggregation (41,43–45).

While heterozygous PGRN mutations lead to FTD (7–9,12),

homozygous PGRN mutations result in the lysosomal storage

disorder NCL (26,27). We next examined if PGRN mutant neu-

rons from FTD patients could also develop pathological NCL

phenotypes. Surprisingly, we found that PGRN mutant neurons

also showed several hallmarks of NCL-like pathology. Using

electron microscopy analysis, we observed accumulation of en-

larged electron-dense vesicles in PGRN mutant neurons as com-

pared to PGRN WT neurons (day 130 post-differentiation) (Fig.

1E and F). Additionally, we examined if PGRN mutant neurons

from FTD patients also showed accumulation of lipofuscin, an

autofluorescent electron-dense aggregate of undigested lysoso-

mal material characteristically found in NCL patients (46). Using

immunofluorescence to examine the levels of autofluorescent

puncta in PGRN WT and mutant neurons (Fig. 1G), we found

that PGRN mutant neurons showed a significant increase in lip-

ofuscin puncta as compared to PGRN WT neurons (Fig. 1H).

Finally, PGRN mutant neurons also showed electron-dense vesi-

cles containing fingerprint-like profile patterns (Fig. 1I) and fre-

quently contained granular osmiophilic deposits (Fig. 1J), two

important characteristics of NCL pathology.

Together, these data demonstrate that iPSC-derived PGRN

mutant cortical neurons from FTD patients exhibit both FTD

and NCL-like phenotypes, and suggest that neurodegeneration

due to PGRN mutations in FTD and NCL may share an underly-

ing cellular mechanism.

iPSC-derived PGRN mutant neurons have impaired
lysosomal function and reduced cathepsin D activity

Since PGRN mutant neurons from FTD patients develop features

of the lysosomal storage disorder NCL, we examined if FTD-

linked PGRN mutations lead to impaired lysosomal function.

We measured lysosomal proteolysis in iPSC-derived FTD-linked
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Figure 1. FTD-linked PGRN mutant neurons exhibit both FTD and NCL-like pathology. (A) PGRN expression in PGRNWT and mutant iPSC-derived neurons (day 35 post-dif-

ferentiation) using NSE, a neuronal marker, as a loading control. (B) Immunofluorescence of TDP-43 and neuronal marker b-III tubulin in PGRNWTandmutant neuronal cul-

tures (day 35 post-differentiation). PGRN mutant neurons have decreased nuclear TDP-43 (white arrows) as compared to PGRN WT neurons (yellow arrows). (C) Insoluble

TDP-43 in PGRNWT andmutant neuron lysates (days 35 and 100 post-differentiation) shown byWestern blot analysis using vinculin as a loading control. (D) Quantification

of insoluble TDP-43 in PGRN WT and mutant neuron lysates (days 35 and 100 post-differentiation) (n¼3). (E) Electron dense vesicles in PGRN WT and mutant neurons (day

130 post-differentiation) visualized through electron microscopy analysis. Scale bar, 500nM. (F) Quantification of electron-dense vesicle size in PGRN WT and mutant neu-

rons (day 130 post-differentiation) (n¼6–8cells/line). (G) Autofluorescent puncta in PGRN WT and mutant neurons (day 130 post-differentiation). (H) Quantification of lipo-

fuscin puncta/cell in PGRN WT and mutant neurons (day 130 post-differentiation) (n¼ 3, 30–50 cells/experiment). Electron microscopy analysis of PGRN mutant neurons

(day 130 post-differentiation) showed (I) fingerprint-like profiles and (J) granular osmiophilic deposits (n¼ 6–8cells/line). Scale bar, 500nM. Student’s t-test, unpaired, two-

tailed statistical analysis was performed. Error bars represent S.E.M. of total experiments. n.s., not significant, *P < 0.05, ****P < 0.0001.
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PGRN WT and mutant cortical neurons using a previously de-

scribed radioactive pulse-chase analysis (47) and found that

lysosomal proteolysis was significantly decreased in PGRN mu-

tant neurons as compared to PGRN WT neurons (day 35 post-

differentiation) (Fig. 2A). Additionally, Western blot (Fig. 2B–D)

and immunofluorescence (Fig. 2E and F) analysis demonstrate

that this decrease in lysosomal proteolysis was not due to a de-

crease in lysosomal density.

To investigate the mechanism by which PGRN mutations im-

pair lysosomal function, we next examined if PGRN mutations

altered the expression or activity of the lysosomal enzyme ca-

thepsin D in iPSC-derived PGRN WT and mutant cortical neu-

rons. Cathepsin D is widely expressed in the brain (33,34) and is

the principle aspartyl protease responsible for degradation of

long-lived proteins (35,36). Additionally, deficiencies in both

PGRN and cathepsin D produce similar NCL phenotypes

(30,31,46). In our heterozygous PGRN mutant iPSC-derived corti-

cal neurons, we found that cathepsin D activity was signifi-

cantly decreased in a time-dependent manner (at day 100, but

not day 35 post-differentiation), as compared to PGRN WT neu-

rons (Fig. 3A).

Western blot analysis demonstrated that this decrease in ca-

thepsin D activity was not due to decreased expression of ma-

ture cathepsin D (Fig. 3B). In contrast, we observed an increase

in mature cathepsin D at day 35 post-differentiation (Fig. 3D), as

well as altered processing of cathepsin D (mature/immature lev-

els) in PGRN mutant neurons as compared to WT neurons (Fig.

3E and F). We further showed that cathepsin D enzyme activity

normalized to levels of mature cathepsin D was significantly de-

creased at both day 35 and day 100 post-differentiation in PGRN

mutant neurons (Fig. 3G). Importantly, we did not see any

changes in mature or immature levels of cathepsin B (Fig. 3C,

Supplementary Material, Fig. S4A and B) or altered processing of

cathepsin B (Supplementary Material, Fig. S4C) in PGRN mutant

neurons.

To further investigate the relationship between PGRN and

cathepsin D, we expressed both PGRN and cathepsin D in

HEK293 cells and found that PGRN co-immunoprecipitated with

cathepsin D (Fig. 3H), demonstrating that PGRN and cathepsin D

interact with one another. In contrast, we did not see any inter-

action between PGRN and cathepsin B (Supplementary Material,

Fig. S4D).

PGRN and granulin E are activators of cathepsin D
activity

To determine if PGRN directly regulates cathepsin D activity, we

performed in vitro cathepsin D activity assays using recombi-

nant cathepsin D and PGRN. We found that recombinant PGRN

was able to increase the activity of cathepsin D in a dose-

dependent manner (Fig. 4A). However, PGRN did not increase

the activities of either cathepsin B or L (Fig. 4B and C).

Since PGRN is cleaved into 7.5 individual granulins within the

lysosome (48), we also compared the efficiencies of full-length

PGRN versus cleaved granulins on activating cathepsin D.

Granulins were obtained by proteolytic cleavage of recombinant

PGRN with elastase (19) (Fig. 4D and E). At low concentrations

(0.12nM), cleaved granulins but not full-length PGRN, were able

to significantly increase the activity of cathepsin D (Fig. 4F). These

data suggest that while PGRN can increase cathepsin D activity,

cleaved granulins are a more potent activator.

Finally, to examine which of the individual cleaved granu-

lins may regulate cathepsin D activity, we performed in vitro ca-

thepsin D activity assays using recombinant granulin E and

granulin C. The purity of recombinant granulins E and C were

confirmed by silver stain (Supplementary Material, Fig. S5A).

Surprisingly, we found that while granulin C did not affect ca-

thepsin D activity, granulin E was able to significantly increase

the activity of cathepsin D in a dose-dependent manner (Fig.

4G). Importantly, using an antibody specific for granulin E

(Supplementary Material, Fig. S5B), we were able to detect both

full-length PGRN and granulin E in lysosome-enriched fractions

(Fig. 4H).

Discussion

Using iPSC-derived cortical neurons from a heterozygous PGRN

patient with FTD, we demonstrated that decreased PGRN ex-

pression in these neurons led to decreased cathepsin D activity

and defective lysosomal function. We further found that PGRN

interacts with cathepsin D, and that both full-length PGRN and

one of its cleavage products, granulin E, were able to increase

cathepsin D activity in vitro in a dose-dependent manner.

Importantly, PGRN did not interact with cathepsin B, or increase

the activities of cathepsins B and L. Taken together, our results

provide important insight into both the normal role of PGRN in

regulating cathepsin D activity and the cellular mechanisms by

which PGRN mutations may cause FTD.

We were also able to recapitulate time-dependent progres-

sion of both FTD and NCL-like phenotypes in FTD neurons. FTD

patients with PGRN mutations present with ubiquitin-positive

inclusions in which TDP-43 is the main component (12,49–51).

Previous reports on FTD patient pathology demonstrated that

the loss of nuclear TDP-43 precedes the formation of TDP-43 in-

soluble aggregates (41,43–45), similar to what we observed in

patient-derived neurons. Additionally, we found that FTD-

linked PGRN mutant neurons developed phenotypes similar to

characteristic hallmarks of NCL patient pathology including lip-

ofuscin accumulation and the appearance of fingerprint-like

profiles and granular osmiophilic deposits. These findings thus

demonstrate the convergence of both FTD and NCL-like pheno-

types in heterozygous PGRN mutant neurons from FTD patients,

and further show the ability of iPSC patient-derived neurons to

recapitulate time-dependent phenotypes in neurodegeneration,

which are critical for providing insight into disease progression.

Previous studies have implicated a potential role for PGRN in

lysosomal function, including its localization to lysosomes (23–

25) and the accumulation of p62 (28) and lipofuscin (29) in pgrn

knockout mice. Additionally, FTD patients with a PGRN muta-

tion who carry SNPs in the lysosomal membrane protein

TMEM106B present with an earlier onset and increased severity

of FTD (38). While our PGRN mutant neurons carry the protec-

tive TMEM106B allele, we still observed dysfunctional lysosomes

which resulted in increased lysosomal size, accumulation of lip-

ofuscin and impaired lysosomal proteolysis. We propose that

these changes are reflective of decreased cathepsin D activity

due to decreased PGRN levels, rather than changes in the levels

of lysosomal membrane proteins, which we did not observe.

Interestingly, the granular osmiophilic deposits we observed in

FTD-linked PGRN mutant neurons closely resembled those ob-

served in the pathology of NCL patients with CTSD mutations,

which lack cathepsin D activity (30,31), further suggesting that

loss of cathepsin D function plays a key role in FTD-linked PGRN

mutant pathogenesis. This link between PGRN and cathepsin D

was also recently observed in several other models including

human cell lines (52), pgrn knockout mice (53,54), and FTD pa-

tient fibroblasts and brain samples (55), further validating our

observations in FTD patient iPSC-derived cortical neurons.
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Figure 2. iPSC-derived PGRN mutant neurons have impaired lysosomal function. (A) Lysosomal proteolysis measured in PGRN WT and mutant cortical neurons (day 35

post-differentiation) through pulse-chase analysis (n¼6). (B) LAMP1 and LAMP2 expression in PGRN WT and mutant neuron lysates (day 35 post-differentiation) shown

by Western blot analysis using b-III tubulin, a neuronal marker, as a loading control. Quantification of (C) LAMP1 and (D) LAMP2 expression in PGRN WT and mutant

neuron lysates (day 35 post-differentiation) (n¼3). (E) Immunofluorescence of LAMP1 in PGRN WT and mutant neurons (day 35 post-differentiation). (F) Quantification

of LAMP1 immunofluorescence intensity in PGRN WT and mutant neurons (day 35 post-differentiation) (n¼3, 95–114 cells/experiment). Student’s t-test, unpaired, two-

tailed statistical analysis was performed. Error bars represent S.E.M. of total experiments, n.s., not significant, *P < 0.05.
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While previous activators of cathepsin D have not been

identified, we now show that PGRN can modulate cathepsin D

activity in both recombinant protein assays and patient-derived

neurons. Importantly, homozygous PGRN and CTSD mutations

lead to similar forms of NCL (30,31,46). PGRN is a precursor

protein that is cleaved into 7.5 individual granulins within lyso-

somes (48). This is similar to prosaposin, a multifunctional pro-

tein that is cleaved into 4 individual saposins (saposins A-D)

Figure 3. iPSC-derived PGRN mutant neurons have reduced cathepsin D activity. (A) Cathepsin D activity in PGRN WT and mutant cortical neuron lysates (days 35 and

100 post-differentiation) (n¼3). Immature and mature (B) cathepsin D and (C) cathepsin B expression in PGRN WT and mutant neuron lysates (days 35 and 100 post-dif-

ferentiation) shown by Western blot analysis using b-III tubulin, a neuronal marker, as a loading control. Quantification of (D) mature and (E) immature cathepsin D ex-

pression in PGRN WT and mutant neuron lysates (days 35 and 100 post-differentiation) (n¼3). (F) Ratio of mature: immature cathepsin D in PGRN WT and mutant

neuron lysates (days 35 and 100 post-differentiation) (n¼3). (G) Cathepsin D activity per mature cathepsin D expression in PGRN WT and mutant neuron lysates (35

and 100 days post-differentiation) (n¼3). (H) Co-immunoprecipitation assay in HEK293 cells co-expressing cathepsin D-V5 and PGRN show cathepsin D and PGRN in-

teraction (n¼ 3). Student’s t-test, unpaired, two-tailed statistical analysis was performed. Error bars represent S.E.M. of total experiments, n.s., not significant, *P < 0.05,

**P < 0.01, ***P < 0.001.
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within lysosomes (56). Individual saposins are able to act as

lysosomal activators by promoting sphingolipid hydrolysis

through activation of different lysosomal enzymes (57–61).

Furthermore, loss or dysfunction of individual saposins results

in distinct lysosomal storage disorders (62–65). Our work sug-

gests that PGRN may be similar to prosaposin in its ability to be

cleaved into individual granulins which subsequently activate

specific lysosomal enzymes. We found that granulin E, but not

granulin C was able to increase cathepsin D activity, suggesting

specificity of the individual granulins on activating lysosomal

enzymes.

Cathepsin D is an aspartyl protease, whereas cathepsins B

and L are cysteine proteases. While we found that PGRN could

both bind and activate cathepsin D activity, PGRN did not in-

crease the activities of cathepsins B and L. Furthermore, we

showed that PGRN did not interact with cathepsin B, suggesting

that PGRN may have a preferential effect on cathepsin D rather

than play a general role in the activation of cathepsins. Of note,

Figure 4. PGRN and granulin E are activators of cathepsin D activity. An in vitro dose-dependent (A) cathepsin D, (B) cathepsin B and (C) cathepsin L activity assay using

recombinant cathepsins and recombinant PGRN (n¼3). (D) Structure of the human PGRN protein. PGRN is a precursor protein that can be enzymatically cleaved into

7.5 individual granulin motifs by the protease elastase. (E) Western blot analysis demonstrates effective cleavage of recombinant PGRN (0.12nM) after incubation with

elastase to obtain granulin sample. (F) Cathepsin D activity assay using recombinant cathepsin D incubated with either recombinant PGRN or granulins (n¼3). (G) A

dose-dependent cathepsin D activity assay using recombinant cathepsin D incubated with either recombinant granulin E or granulin C (n¼3). (H) Western blot analysis

of total cell lysate and lysosome-enriched samples in HEK293 cells (n¼ 3). Student’s t-test, unpaired, two-tailed statistical analysis was performed. Error bars represent

S.E.M of total experiments, n.s., not significant, *P <0.05.
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as we only showed preferential effect of full-length PGRN on ca-

thepsin D in our study, it is still possible that individual granu-

lins may have a role in the activation of additional cathepsin

other than cathepsin D. In addition, as we found that the pro-

cessing of cathepsin D, but not cathepsin B, was altered in PGRN

mutant neurons, further studies will be required to examine

how PGRN affects cathepsin D stability and maturation.

Heterozygous PGRN mutations lead to FTD while homozy-

gous PGRN mutations lead to NCL. Although the convergence of

these two diseases was previously unclear, our work demon-

strates that FTD-linked heterozygous PGRN mutations are also

able to cause NCL-like phenotypes in patient-derived FTD neu-

rons. We propose that the neurodegeneration due to PGRN mu-

tations in FTD and NCL may share an underlying cellular

mechanism caused by decreased lysosomal cathepsin D activ-

ity, whereby partial loss of PGRN in FTD results in impaired

lysosomal function, and complete loss of PGRN in NCL leads to

severe lysosomal dysfunction.

Materials and Methods

Generation of induced pluripotent stem cells and
neuronal differentiation

An FTD patient-derived fibroblast line with a heterozygous PGRN

mutation (c.26C>A, p.A9D) (10) was reprogramed by the Stem

Cell Core Facility at Northwestern University (http://hms.facili

ties.northwestern.edu/; date last accessed Septemeber 28, 2017)

to generate iPSCs. PGRN WT and mutant iPSC lines used in this

study were heterozygous for the most common TMEM106B SNPs

(rs1990622, rs6966915 and rs1020004). iPSC lines were shown to

express the pluripotency markers Nanog, Oct4, SSEA-4 and Tra-

1–81 through immunofluorescence analysis and g-band karyo-

type analysis was performed by Cell Line Genetics (https://www.

clgenetics.com/; date last accessed Septemeber 28, 2017).

An isogenic control line (PGRNWT) was generated using a pre-

viously established CRISPR/Cas9 genome editing protocol (37).

Guide RNAswere cloned into plasmid expressing Cas9 D10A nick-

ase (px461) containing 2A-GFP to allow for selection of cells and a

single-stranded DNA oligonucleotide (ssODN) (generated by

Integrated DNA Technologies) was designed as a repair template.

CRISPR/Cas9 plasmid and ssODN delivery into iPSC cells was per-

formed using NeonV
R

Transfection System (ThermoFisher). 30h

after transfection, the cells were FACS sorted at the Northwestern

University Flow Cytometry Core (https://rhlccflow.facilities.north

western.edu/; date last accessed Septemeber 28, 2017) to select

for transfected cells. After colonies reached a sufficient size, they

were manually picked and expanded. Genomic DNA was isolated

from each clone using Direct PCR Lysis Reagent (Cell) (Viagen

Biotech, 301-C) and used for Sanger sequencing to identify clones

with corrected mutations. Sanger sequencing was performed by

the University of Chicago Comprehensive Cancer Center DNA

Sequencing and Genotyping Facility (http://cancer-seqbase.uchi

cago.edu/; date last accessed Septemeber 28, 2017).

PGRN WT and mutant iPSCs were differentiated into cortical

glutamatergic neurons using a previously described protocol (39).

It was previously demonstrated that cortical neurons produced

using this protocol form functional synapses at day 21 (39).

Electron microscopy analysis

Northwestern University’s Center for Advanced Microcopy (https://

cam.facilities.northwestern.edu/; date last accessed Septemeber

28, 2017) processed and sectioned PGRN WT and mutant neuron

samples (day 130 post-differentiation) for transmission electron

microscopy (TEM) analysis. Images were taken using FEI Tecnai

Spirit G2 TEM.

Antibodies

The antibodies used in this study were: TDP-43 (Protein Tech,

12892–1-AP), Vinculin (Abcam, ab18058), LAMP1 (DSHB

Hybridoma, H4A3-s) (for Western blots), LAMP1 (Santa Cruz, sc-

20011) (for immunofluorescence), LAMP2 (DSHB Hybridoma,

H4B4-s), Cathepsin D (Abcam, ab75852), cathepsin B (R&D,

AF953) (for Western blots), cathepsin B (Abcam, ab125067) (for

co-immunoprecipitation assay), GAPDH (Millipore, MAB374),

B-III tubulin (Biolegend, 801201), MAP2 (Sigma, M4403), PGRN

(Abcam, ab108608), GRN E (Anti-granulin C-terminal) (Sigma,

SAB4200310), NSE (ThermoFisher, PA5–12374), VGLUT1/2

(Synaptic Systems, 135303), Brn2 (Cell Signaling, 12137) and

CUX1 (Santa Cruz, sc-13024). All antibodies were used at a 1:

1000 dilution for Western blot analysis (in 5% Bovine Serum

Albumin, 0.5% Sodium Azide) and a 1: 200 dilution for immuno-

fluorescence analysis (in 5% normal goat serum, 1% BSA).

We confirmed that the anti-granulin C-terminal (Sigma,

SAB4200310) antibody was specific for granulin E. Overexpression

vectors of individual granulins (petite granulin and granulins

A-G) (cloned into pcDNA3.1/His vector) were provided by the Van

Damme laboratory (Leuven, Belgium). HEK293 cells were trans-

fected with a total of 0.5 mg of plasmid DNA for each sample using

LipofectamineV
R

(Invitrogen, 11668–019) and collected 48h post-

transfection in NP-40 lysis buffer (1% NP-40, 150mM NaCl, 50mM

Tris-HCl, pH 5.0) containing cOmpleteTM, Mini, EDTA-free

Protease Inhibitor Cocktail (Roche, 11836170001). The samples

were lysed on ice for 30min, centrifuged at 20000g for 20min

and then analysed throughWestern blot analysis.

Western blot analysis

Western blot analysis was performed using cellular lysates

from PGRN WT and mutant cortical neurons. PGRN mutant and

control neuron samples were collected at specific time points

(days 35 and 100 post-differentiation) in Triton-X Buffer (1%

Triton X-100, 20mM HEPES, 150mM NaCl, 10% Glycerol, 1mM

EDTA, 1.5mM MgCl2) containing cOmpleteTM, Mini, EDTA-free

Protease Inhibitor Cocktail (Roche, 11836170001). The samples

were homogenized on ice and subsequently centrifuged at

100 000 g for 30min to obtain the triton soluble fraction. The

Triton-insoluble pellet was resuspended in SDS buffer (2% SDS,

50mM Tris pH 7.4), boiled, sonicated and then centrifuged at

20 000 g for 20min to obtain Triton-insoluble fraction. Fractions

were then analysed through Western blot analysis.

PGRN WT and mutant neuron samples used to detect levels

of immature/mature cathepsin B and D were collected in NP-40

lysis buffer (1% NP-40, 150mM NaCl, 50mM Tris-HCl, pH 5.0)

containing cOmpleteTM, Mini, EDTA-free Protease Inhibitor

Cocktail (Roche, 11836170001). The samples were homogenized

on ice and subsequently centrifuged at 20 000 g for 20min.

Samples were then analysed through Western blot analysis.

The same western blot of neuron lysates was used to immuno-

blot both cathepsin D and cathepsin B.

Immunofluorescence

PGRN WT and mutant neurons were plated onto nitric-acid

treated glass coverslips and fixed with 4% formaldehyde for
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10min. Neurons were then blocked and permeabilized using

blocking buffer (5% normal goat serum, 1% BSA, 0.1% saposin)

for 30min at room temperature. Neurons were incubated at 4 �C

with primary antibody overnight and secondary antibody for 2h

at room temperature in blocking buffer. The coverslips were

mounted using VECTASHIELD Hard Set Antifade Mounting

Medium with DAPI (Vector Laboratories, H-1500). Images were

subsequently taken using a Leica confocal microscope at 63X

magnification and analysed using Fiji software.

Samples for lipofuscin analysis were mounted after fixation

(without incubation with primary or secondary antibodies).

Images of autoflourescent signal were taken using the 488

channel.

Analysis of lysosomal proteolysis

Lysosomal proteolysis was measured in PGRN WT and mutant

neurons samples (day 35 post-differentiation) using a previously

described radioactive pulse-chase analysis (47). In this assay, 3H-

leucine (Perkin Elmer, NET460A001MC) was added to the media

of neuron cultures and subsequently removed after 48h. Media

samples were then taken at multiple time points (8, 20 and 28h)

to determine the level of radioactivity in the media. The portion

of soluble radioactivity in the media was used as a measure of to-

tal proteolysis. Additional neurons were treated with 20mM

NH4Cl (Sigma, A4514) and 200 mM leupeptin (Millipore, 108976) in

combination with 3H-leucine as a measure of non-lysosomal pro-

teolysis. Non-lysosomal proteolysis was subtracted from the total

proteolysis to determine the level of lysosomal proteolysis.

Dose-dependent cathepsin D, cathepsin B and cathepsin
L activity assays

In vitro dose-dependent fluorometric activity assays were per-

formed using recombinant cathepsin D (Sigma, C3138), cathep-

sin B (BioVision, 7408–10), cathepsin L (R&D, 952-CY-010) and

PGRN (R&D, 2420-PG-050). Recombinant granulins C and E were

produced by VIB’s protein service facility (PSF, Ghent, Belgium)

and provided by the Van Damme laboratory (Leuven, Belgium).

To confirm purity, 7ng of recombinant granulins C and E were

loaded and run on a 14% tris-glycine gel (ThermoFisher,

XP00142BOX). A silver stain kit (ThermoFisher, 24612) was then

used to detect proteins within the sample.

For cathepsin D activity assays, recombinant cathepsin D

was diluted to 20 mg/ml in assay buffer (citrate buffer pH 3.6, 1%

BSA, 0.05% Tween) and activated by incubation at 37 �C for

30min. Cathepsin D fluorogenic substrate (Mca-Pro-Leu-Gly-

Leu-Dpa-Ala-Arg-NH2) (Enzo, BML-P145–0001) was diluted to 40

mM in the assay buffer. The activity assay was performed in a

black, flat bottom 96-well plate (ThermoFisher, 475515), where

recombinant cathepsin D and cathepsin D fluorogenic substrate

were added at a final concentration of 0.53nM and 10 mM, re-

spectively. Additionally, samples containing increasing levels of

PGRN (final concentrations 0–4.7nM) or granulins were pre-

pared. Granulin samples were prepared by proteolytic cleavage

of PGRN (0.12nM) with elastase (Athens Research and

Technology, 16–14-051200) for 30min at 37 �C. A control sample

containing cathepsin D and elastase demonstrated that elastase

does not affect cathepsin D activity. A standard curve was also

prepared for each plate. The 96-well plate was incubated at

37 �C for 25min and cathepsin D activity was subsequently

measured at an excitation wavelength of 328nM and emission

wavelength of 393nM.

In addition, in vitro dose-dependent fluorometric cathepsin D

activity assays were performed using recombinant granulin E

and granulin C. These assays were performed as described

above but used samples containing increasing levels of either

recombinant granulin E or granulin C (final concentrations

0–2.45nM).

For cathepsin B activity assays, recombinant cathepsin B

was diluted to 10 mg/ml in activation buffer (25mM MES, 5mM

DTT, pH 5.0) and activated by incubation for 15min at room

temperature. Cathepsin B substrate (OMNICATHEPSINV
R

fluoro-

genic substrate) (Enzo, BML-P139–0010) was diluted to 20 mM in

assay buffer (25mM MES, pH 5.0). The activity assay was per-

formed in a black, flat bottom 96-well plate (ThermoFisher,

475515), where recombinant cathepsin B and cathepsin B fluoro-

genic substrate were added at a final concentration of 0.53nM

and 10 mM, respectively. Additionally, samples containing in-

creasing levels of PGRN (final concentrations 0–4.7 nM) and a

standard curve was prepared for each plate. The 96-well plate

was incubated at 37 �C for 30min and cathepsin B activity was

subsequently measured at an excitation wavelength of 380nM

and emission wavelength of 460nM.

For cathepsin L activity assays, recombinant cathepsin L was

diluted to 40mg/ml in assay buffer [50mM MES, 5mM DTT, 1mM

EDTA, 0.005% (w/v) Brij-35, pH 6.0] and activated by incubation at

15min on ice. Cathepsin L substrate (OMNICATHEPSINV
R

fluoro-

genic substrate) (Enzo, BML-P139–0010) was diluted to 20 mM in

assay buffer. The activity assay was performed in a black, flat bot-

tom 96-well plate (ThermoFisher, 475515), where recombinant ca-

thepsin L and cathepsin L fluorogenic substrate were added at a

final concentration of 0.48nM and 1 mM, respectively.

Additionally, samples containing increasing levels of PGRN (final

concentrations 0–4.7nM) and a standard curve was prepared for

each plate. The 96-well plate was incubated at 37 �C for 2.5min

and cathepsin L activity was subsequently measured at excita-

tion wavelength of 380nM and emission wavelength of 460nM.

SpectraMax i3 Multi-mode microplate reader was used for in

vitro activity assays.

Cathepsin D activity assays in PGRN WT and mutant
cortical neurons

Cathepsin D activity assays were performed using cellular ly-

sates from PGRN WT and mutant cortical neurons. PGRN mutant

and control neuron samples were collected at specific time

points (days 35 and 100 post-differentiation) in enzyme activity

lysis buffer (citrate buffer pH 3.6, 1% BSA, 0.1% Tween). Cells

were homogenized on ice and subsequently centrifuged at

20 000 g for 20min to remove cellular debris. The cathepsin D ac-

tivity assay was performed in a black, flat bottom 96-well plate

(ThermoFisher, 475515) using a cathepsin D fluorogenic sub-

strate (final concentration of 10 mM) and 5 mg of cellular lysates

in a final volume of 200 ml of assay buffer (citrate buffer pH 3.4,

1%BSA, 0.05% Tween). An additional set of each sample was

prepared in the presence of the cathepsin D inhibitor pepstatin

A (100nM) (Enzo, ALX-260–085-M005) to determine cathepsin D

activity. Cathepsin D activity was measured as previously de-

scribed (see Dose-dependent cathepsin D, cathepsin B and cathepsin L

activity assays).

Co-immunoprecipitation assay

PGRN and cathepsin D co-immunoprecipitation assay was per-

formed in HEK293 cells. Overexpression vectors of cathepsin D
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with an N-terminal V5 tag (cloned into pcDNA3.1/V5-His vector)

and PGRN (cloned into pcDNA3.1 vector) were utilized for this as-

say. Each assay contained four sets of samples: empty vector

(pcDNA3.1 vector) over-expression, cathepsin D-V5 over-

expression, PGRN over-expression and cathepsin D-V5þPGRN

over-expression. HEK293 cells were transfected with a total of 2.5

mg of plasmid DNA for each sample using LipofectamineV
R

(Invitrogen, 11668–019) and collected 48h post-transfection in

CHAPS buffer (40mM HEPES pH 7.4, 120mM NaCl, 1mM EDTA,

50mM NaF, 0.3% CHAPS,) containing cOmpleteTM, Mini, EDTA-

free Protease Inhibitor Cocktail (Roche, 11836170001). Cells were

lysed on ice for 30min and subsequently centrifuged at 20, 000g

for 20min to remove cellular debris. Anti-V5 agarose beads (20 ml)

(Sigma, A7345–1ML) were added to the cell lysis samples and ro-

tated overnight at 4 �C. Samples were then centrifuged at 150g for

3min and washed 3 times with CHAPS buffer. Anti-V5 agarose

beads were resuspended in 2X sample buffer after the final wash

and samples were then analysed throughWestern blot analysis.

PGRN and cathepsin B co-immunoprecipitation assay was

also performed in HEK293 cells. Overexpression vectors of ca-

thepsin B (cloned into pcDNA3.1) (Addgene plasmid #11249)

and PGRN (cloned into pcDNA3.1 vector) were utilized

for this assay. Experiments used the same set of samples

and transfection conditions as cathepsin D-PGRN co-

immunoprecipitation assay (see previous paragraph). Cells

were collected in EBC lysis buffer (Boston BioProducts, C-1410)

containing cOmpleteTM, Mini, EDTA-free Protease Inhibitor

Cocktail (Roche, 11836170001). Cells were lysed on ice for

30min and subsequently centrifuged at 20 000 g for 20min to

remove cellular debris. 3ml of cathepsin B antibody was added

to cell lysate for each sample and rotated at 4 �C for 30min.

Dynabeads (10 ml) were then added to cell lysate and rotated at

room temperature for 10min. The samples were then washed

3X for 5min at room temperature with EBC lysis buffer.

Dynabeads were resuspended in 2X sample buffer after the fi-

nal wash. An IgG control (normal rabbit IgG) (Santa Cruz, sc-

2027) was also performed for each sample. Samples were then

analysed through Western blot analysis.

Lysosomal enrichment

Lysosome-enriched samples were generated from HEK293 cells

using Lysosome Enrichment Kit for Tissues and Cultured Cells

(ThermoFisher, 89839).

Statistical analysis

Student’s t-test, unpaired, two-tailed statistical analysis was

performed. P-values less than 0.05 were considered significant.

Statistical analysis was performed using GraphPad Prism

Software, Version 7.0 b.

Supplementary Material

Supplementary Material is available at HMG online.
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