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Abstract

Loss-of-function mutations in progranulin (GRN) are associated with frontotemporal lobar degeneration with
intraneuronal ubiquitinated protein accumulations composed primarily of hyperphosphorylated TDP-43 (FTLD-
TDP). The mechanism by which GRN deficiency causes TDP-43 pathology or neurodegeneration remains elusive.
To explore the role of GRN in vivo, we established Grn knockout mice using a targeted genomic recombination
approach and Cre-LoxP technology. Constitutive Grn homozygous knockout (Grn=/=) mice were born in an
expected Mendelian pattern of inheritance and showed no phenotypic alterations compared to heterozygous
(Grn*/=) or wild-type (Wt) littermates until 10 months of age. From then, Grn=/~ mice showed reduced survival
accompanied by significantly increased gliosis and ubiquitin-positive accumulations in the cortex, hippocampus,
and subcortical regions. Although phosphorylated TDP-43 could not be detected in the ubiquitinated inclusions,
elevated levels of hyperphosphorylated full-length TDP-43 were recovered from detergent-insoluble brain fractions
of Grn—/~ mice. Phosphorylated TDP-43 increased with age and was primarily extracted from the nuclear fraction.
Grn=/~ mice also showed degenerative liver changes and cathepsin D-positive foamy histiocytes within sinusoids,
suggesting widespread defects in lysosomal turnover. An increase in insulin-like growth factor (IGF)-1 was
observed in Grn=/~ brains, and increased IGF-1 signalling has been associated with decreased longevity. Our data
suggest that progranulin deficiency in mice leads to reduced survival in adulthood and increased cellular ageing
accompanied by hyperphosphorylation of TDP-43, and recapitulates key aspects of FTLD-TDP neuropathology.
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Introduction

Recently, loss-of-function mutations in progranulin
(GRN) have been identified as an important cause
of frontotemporal lobar degeneration with ubiquitin-
positive, tau-negative inclusions (FTLD-U) [1,2]. GRN
is a secreted precursor glycoprotein that is proteolyti-
cally cleaved to form granulin peptides, and both GRN
and granulin peptides serve as multifunctional growth
factors with important roles in development, cell cycle
progression, cell motility, wound repair, neurite out-
growth, and inflammation [3,4]. The precise function
of GRN in the brain and the mechanism by which

Copyright © 2012 Pathological Society of Great Britain and Ireland.
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GRN haploinsufficiency leads to neurodegeneration are
currently unknown [5]. GRN binds to sortilin, leading
to rapid endocytosis and lysosomal localization of the
sortilin—GRN complex, thus controlling the levels of
GRN [6]. GRN also binds directly to tumour necrosis
factor receptors (TNFRs) and acts as an antagonist of
TNFa signalling [7].

TAR DNA-binding protein 43 (TDP-43), a mem-
ber of the heterogeneous ribonucleoprotein (hnRNP)
family involved in regulation of transcription and
splicing, is a major protein constituent of the ubig-
uitinated inclusions in the majority of FTLD-U (or
FTLD-TDP) [8—10]. In affected brain regions, TDP-43
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Figure 1. Generation of constitutive Grn knockout (Grn—/~) mice. (A) Schematic drawing of the targeting strategy for the Grn locus. Light
grey boxes represent exons. Neomycin resistance gene (NEO; purple), diphtheria toxin A (DTA; dark grey), LoxP sites (blue triangles), and
FRT recombination target sites (red triangles) are indicated. (B) Southern blot of Nsil-digested heterozygous Grnt/~ and wild-type (Wt)
genomic DNA hybridized with a 5 probe located external from the targeting vector (probe is depicted as an orange rectangle in A). (C) PCR
analysis from tail biopsies showing a band of 195 bp for homozygous Grn=/~ mice and a band of 258 bp and 344 bp for Wt mice (primers
are depicted as green arrows labelled a-d in A). (D) gRT-PCR on total brain lysates with primers spanning the exon 3 -4 junction showing
total progranulin mRNA expression relative to Wt. Data are represented as mean = SD. (E) Immunoblotting for mouse Grn showing reduced
full-length protein expression in Grn*™/~ mice, which is absent in Grn=/~ mice. (F) Progranulin immunohistochemistry showing absence

of staining in Grn=/~ mice but its presence in Grn™/~ and Wt littermates. Scale bars = 20 um.

is abnormally ubiquitinated, phosphorylated, and C-
terminal 25-35 kDa fragments accumulate [8,9,11].
Here, we report that allelic deficiency of Grn in mice
leads to disease characteristic features of FTLD-TDP
such as phosphorylation of TDP-43, increased signs
of cellular ageing of neuronal and non-neuronal tissue,
and decreased lifespan.

Materials and methods

Generation of Grn knockout (Grn—/~) mice

Grn~/~ mice were generated by cloning &~ 11.7 kb
fragment including Grn from a mouse 129/Sv BAC
clone (#bMQ-242E3; Sanger Institute, Cambridge,
UK) into a pZeroTM-1 vector (Life Technologies,
Merelbeke, Belgium). Using targeted genomic muta-
genesis, two LoxP sites were inserted flanking Grn
exons 2 and 4 for eventual deletion of the Start-
ATG, signal peptide, and first Grn peptide (Figure 1A).

Copyright © 2012 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

A neomycin resistance gene flanked with FRT sites
and a diphtheria toxin (DTA) cassette were used for
positive and negative selection, respectively. Homol-
ogous recombination was validated by Southern blot-
ting (Figure 1B). The targeting construct was linearized
and electroporated into 129/Sv embryonic stem (ES)
cells (GenOway, Lyon, France). Recombinant ES cells
were expanded and two independent ES cell lines
were injected into C57BL/6J blastocysts and trans-
ferred into pseudo-pregnant females. Five pups were
born, of which three males displayed a chimerism
rate of 80%. These were bred with mice ubiquitously
expressing Cre-recombinase to generate heterozygous
Grn"/~ mice. Grn*/~ mice were inter-crossed to gen-
erate homozygous Grn~/~ mice on a mixed B16/129Sv
background. All animal experiments were approved by
the University of Antwerp Ethics Committee and con-
ducted according to the guidelines of the Federation of
European Laboratory Animal Science Associations.
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Behavioural studies

Behavioural analysis was performed on Grn™/~ and
Wt mice of 13-15 (n =10 and 12 males) and
20-22 months of age (n = 8 females per group) as
described in the Supporting information, Supplemen-
tary methods.

Immunoblotting, immunohistochemistry (IHC), and
quantitative real-time PCR (qRT-PCR)

Cytoplasmic and nuclear brain extracts as well as
brain lysates extracted with detergents of increasing
ionic strength were prepared as described previously
[12—14]. Classical histochemistry and IHC were per-
formed according to standard protocols [15], utilizing
the antibodies enumerated in the Supporting informa-
tion, Supplementary Table 1. Preparation of tissue, and
quantitative and semi-quantitative immunohistochemi-
cal analyses were performed as described earlier [15].
qRT-PCR analysis was performed on total brain RNA
using SYBR Green technology with primers listed in
the Supporting information, Supplementary Table 2.

Results

Generation and molecular characterization of Grn
knockout (Grn—/~) mice

To study the role of GRN loss-of-function in FTLD-
TDP pathology, we established Grn knockout (Grn™/™)
mice (Figure 1). Recombination and zygosity were
validated by Southern blotting and PCR (Figures 1B
and 1C). qRT-PCR showed ~ 50% reduced expression
of total Grn transcript in the brains of Grn*/~ mice,
which was not detectable in Grn=/~ mice (Figure 1D).
Loss of full-length Grn was confirmed by mouse
Grn immunoblotting (Figure 1E). Although we cannot
exclude the potential expression of individual granulin
peptides or an N-truncated Grn protein originating from
an alternative ATG, these would be produced in very
low quantities (Supporting information, Supplementary
Figure 1). Anti-Grn IHC showed no detectable reactiv-
ity in Grn=/~ mice, while an expected Grn expression
pattern was observed in neuronal and glial cells in Wt
and Grn*/~ mice (Figure 1F).

Decreased survival in aged Grn™/~ mice

Crossbreeding of Grn*/~ mice generated 24.3%
Grn~/~, 45.0% Grnt/~, and 30.7% Wt mice, a pattern
approaching Mendelian distribution without decreased
frequency in Grn~/~ mice (expected, 25%, 50%, and
25%). Young adult Grn=/~ mice were fertile and
appeared healthy until 10 months of age, when they
started to show increased mortality compared with
Grn*/~ and Wt mice (Figure 2A; p < 0.001). The
relative risk of dying increased exponentially with
age, with Grn™/~ mice showing a 17.5-fold higher
probability of dying at 23.5 months compared with
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Figure 2. Decreased survival in aged Grn~/~ mice. (A) Increased
mortality is observed after 10 months of age in Grn=/~ mice
compared with Grn*/~ and Wt mice. (B) Probability of death
for Grn=/~ mice increased exponentially with age compared
with Grn*/~ littermates. Mantel - Cox survival analysis, p < 0.001,
%2 =159, df = 2.

Grn*/~ littermates (Figure 2B). Routine ELISA-based
tests showed absence of important mouse pathogens
(including hepatitis, parvo, encephalomyelitis, reo,
rota, sendai, and minute virus, and Mycoplasma pulmo-
nis) responsible for early mortality in animal facilities.
To study whether Grn~/~ mice present cognitive or
behavioural deficits at the onset of increased mortal-
ity, or at later time-points when mortality increases
drastically, Grn™/~ and Wt mice of 13-15 and
20-22 months were subjected to several assays. No
significant deficits in exploration and anxiety, circadian
locomotor activity, motor performance or contextual
learning were observed. Only by Morris water maze
was a reduced efficiency of Grn™/~ mice in finding
the invisible platform during acquisition trials detected
(Supporting information, Supplementary Figure 2).

Increased gliosis in aged Grn™/~ mice

Because progranulin and granulin peptides are involved
in inflammation, we questioned whether Grn™/~ mice
displayed any obvious changes in gliosis. Anti-GFAP
IHC performed on =~ 6-, & 12-, and ~ 21-month-old
Grn~/~ mice showed astrogliosis in deeper cortical
layers, hippocampus, and several subcortical regions
that increased with age compared with Wt littermates
(Figure 3A and Supporting information, Supplemen-
tary Figure 3A; p < 0.001). Similarly, Ibal and ferritin
staining for (activated) microglia detected increased
microgliosis in Grn™/~ mice for all analysed ages
(Figure 3B and Supporting information, Supplemen-
tary Figure 3B; p < 0.01), especially in subcortical
regions and to a lesser degree in the hippocampus. Con-
sistent with a recently reported Grn™/~ mouse model
[16], heterozygous Grn*/~ mice were indistinguishable
from Wt littermates.

Accumulation of ubiquitinated proteins and
impaired autophagy - lysosomal pathway in aged
Grn~/~ brain

Grn~/~ mice showed progressive brain ubiquitin
pathology as diffuse and granular cytoplasmic neuronal
staining in the cortex, CA hippocampus, subiculum,
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Figure 3. Increased gliosis in aged Grn™/~ mice. (A) Increased astrogliosis (GFAP) and (B) elevated microglial activation (Iba1) in the
deeper layers of the cortex in Grn=/~ mice compared with Wt littermates. Right panel shows quantification of astrogliosis and microgliosis
(by ferritin staining) observed in the brains of 6-, 12-, and 21-month-old Grn=/~ and Wt mice (n > 3 mice for each group). Scale bars
= 20 um. Data are represented as mean £ SD. **p < 0.01; ***p < 0.001.

dentate gyrus, thalamus, and other subcortical regions
(Figure 4A and Supporting information, Supplemen-
tary Figure 4A). Large, well-defined, circumscribed,
cytoplasmic cellular accumulations of up to 4 um in
diameter were also observed in these regions. Ubig-
uitin neuritic pathology was remarkable in Grn=/—
mice, especially in the subcortical regions. Wt litter-
mates also showed ubiquitin immunostaining as dif-
fuse, granular, or small cytoplasmic cellular accumu-
lations, especially in the CA2-3 hippocampus. Quan-
tification of neurons with ubiquitin immunoreactivity
showed a significant 2.3-, 1.7-, and 2-fold increase
in ~6-, ~12-, and ~ 21-month-old Grn™/~ mice
compared with Wt littermates (Figure 4A, right panel;
p < 0.01 for all ages). Furthermore, a significant 6.5-,
1.5-, and 9-fold increase in ubiquitin immunoreactivity
was observed in the cortex, hippocampus, and tha-
lamus, respectively, in &~ 21-month-old Grn~/~ mice
compared with Wt littermates (Supporting information,
Supplementary Figure 4B). Consistent with the THC
data, immunoblotting with an anti-Ub antibody showed
increased levels of polyubiquitinated proteins in the
brains of Grn™/~ mice (Supporting information, Sup-
plementary Figure 4C), suggesting disturbance in the
ubiquitin—proteasome system, a characteristic feature
of FTLD-TDP [17].

In addition, Grn~/~ mice also showed an age-
dependent 2-fold increase in autofluorescent lipofus-
cin pigment accumulation in many brain regions
including the cortex, thalamus, and CA hippocam-
pus (Figure 4B and Supporting information, Supple-
mentary Figures 4D—4F). Abnormal accumulation of
lipofuscin granules is characteristic of many neurode-
generative disorders and suggests impairment of the
autophagy—lysosomal system [18]. Consistent with
this premise, we observed in &~ 18-month-old Grn=/~
mice a significant 15-fold increased amount of cytoso-
lic inclusions immunoreactive for autophagy receptor
protein p62 (Figure 4C and Supporting information,

Copyright © 2012 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

Supplementary Figures 4G—4I), a protein known to
accumulate in autophagy-deficient conditions [19]. p62
accumulation was confirmed by immunoblotting of
RIPA insoluble urea fractions from Grn™/~ mice (Sup-
porting information, Supplementary Figure 4I). Fur-
thermore, very intense immunoreactivity of lysosomal
protease cathepsin D was also observed in specific
brain areas of A 18-month-old Grn™/~ mice com-
pared with age-matched controls (Figure 4D). qRT-
PCR analysis on total brain extracts showed a highly
significant 3-fold increase in cathepsin D (Ctsd;
Figure 4E, p < 0.01), but also in cathepsins S and B
(Ctss and Ctsb) (Supporting information, Supplemen-
tary Figures 4] and 4K). These data all suggest that
Grn~/~ mice not only have disturbances of the ubiqui-
tin—proteasome system-mediated protein degradation,
but also have disturbance of the autophagy—lysosomal
system with alterations in lysosomal homeostasis, both
being characteristic features of FTLD-TDP [20].

Increased phosphorylation of TDP-43 in aged
Grn~/~ mice

Full-length (FL) TDP-43 and its C-terminal fragments
(CTFs) are identified as major protein constituents of
the ubiquitinated inclusions observed in FTLD-TDP
patients [8,9,21]. Utilizing TDP-43 antibodies against
the C-terminus or holoprotein, no mislocalization of
TDP-43 from its predominant nuclear location to the
cytoplasm or presence in cytoplasmic ubiquitin inclu-
sions was detected in Grn~/~ mice. The ubiquitin
inclusions were also not immunoreactive to tau, o-
synuclein or FUS (Supporting information, Supple-
mentary Figure 5). Weak nuclear immunoreactivity for
phospho-TDP-43 (pTDP 409/410) was observed in
both Grn™/~ and Wt littermates without detectable
alterations in Grn~/~ mice. Interestingly, occasional
neurons showed intense nuclear pTDP-43 staining,
especially in Grn~/~ mice (Figure 5A). These find-
ings were further confirmed with another TDP-43
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Figure 4. Disturbed ubiquitin—proteasome and autophagy-lysosomal degradation of proteins in aged Grn=/~ mice. (A) Ubiquitin
immunohistochemistry showing accumulations in the cortex of aged Grn—/~ mice that are not present in Wt littermates. Inclusions
are indicated by arrowheads and right panel shows quantification of ubiquitin reactivity in the brains of 6-, 12-, and 21-month-old
Grn~/~ and Wt mice (n > 3 mice for each group). (B) Increased autofluorescence in the hippocampus of Grn~/~ mice compared with
Wt littermates which was significantly increased in 16- to 18-month-old Grn=/~ mice (average lipofuscin area of three different brain
regions). (C) Frequently observed p62-positive inclusions in Grn™/~ mice that are markedly larger and more abundant than in Wt mice.
Inclusions are indicated by arrowheads and right panel shows quantification of p62 reactivity in the cortex and thalamus. Scale bars in
A-D =20 um. (D) Increased cathepsin D immunoreactivity was observed in the thalamus, the area with the highest load of ubiquitin and
p-62 accumulations, in aged Grn—/~ mice. Right panel shows quantification of cathepsin D reactivity in the thalamus. (E) gRT-PCR analysis
confirms significantly increased levels of the lysosomal protease cathepsin D (Ctsd). Data are represented as mean & SD. *p < 0.05;

**p < 0.01; **p < 0.001.

phospho-specific antibody (pTDP 403/404) showing
faint nuclear, but also cytoplasmic reactivity in cor-
tical neurons more commonly in Grn™/~ mice than
in their Wt littermates (Supporting information, Sup-
plementary Figure 6A). To study whether some of the
intense staining could represent non-specific reactivity
in apoptotic neurons, we analysed cleaved caspase-3
and TUNEL reactivity by IHC but did not identify sig-
nificant differences between ~ 18-month-old Grn—/~
and Wt littermates (Supporting information, Supple-
mentary Figures 7A and 7B). Furthermore, no sig-
nificant differences were detected by immunoblotting
for cleaved caspase-3 and cleaved PARP (Support-
ing information, Supplementary Figure 7C), suggesting
that loss of Grn does not directly lead to apoptosis in
our Grn~/~ mouse model.

Copyright © 2012 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

We further studied TDP-43 fragmentation in the
brains of 21-month-old Grn~/~ mice. Utilizing a pan-
TDP-43 antibody, FL-TDP-43 was the major species
identified in both Grn™/~ and Wt mice. TDP-43 was
RIPA-soluble, although a small proportion was also
recovered in urea fractions and no TDP-43 CTFs
were observed in the urea fraction (Figure 5B). After
reprobing with pTDP 409/410 antibody, significantly
increased levels of FL-pTDP-43 were detected in
Grn~/~ mice compared with Wt littermates (Figure 5C).
These data were confirmed by pTDP-403/
404 immunoblotting (Supporting information, Supple-
mentary Figure 6B). Furthermore, an age-dependent
accumulation of FL-pTDP-43 was observed in Grn™/~
mice starting at the age of 12 months, with signif-
icantly increased pTDP-43 levels at 21 months of
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Figure 5. Increased phosphorylation of full-length (FL) TDP-43
in aged Grn™/~ mice. (A) TDP-43 immunohistochemistry with
polyclonal anti-phospho 409/410 TDP-43 (pTDP 409/410) showing
occasional cellular staining that was, however, not significantly
different between Grn~/~ and Wt mice. An FTLD patient is shown
for comparison. Bar = 20 um. (B) Immunoblotting with a pan-
TDP-43 antibody also did not show any apparent differences
in the TDP-43 fragmentation pattern in Grn—/~ mice compared
with Wt littermates. A urea sample of a human FTLD patient
was added as a reference. (C) Reprobing the same blot with the
pTDP 409/410 antibody, however, detected bands at the height
of FL phosphorylated TDP-43 in Grn™/~ mice that were weak to
absent in Wt mice. (D) Quantitative immunoblot analysis of the
FL-pTDP-43 band with pTDP 409/410 antibody in 6-, 12-, and 21-
month-old Grn™/~ mice and 21-month-old Wt mice showing
a significant increase in aged Grn~/~ mice. (E) Quantitative
immunoblot analysis with phosphoserine- or phosphothreonine-
specific antibodies showed significantly increased total reactivity
in Grn™/~ mice compared with Wt mice for both antibodies. Data
are represented as mean =+ SD. *p < 0.05; **p < 0.01.

age (Figure 5D and Supporting information, Supple-
mentary Figure 6C; p < 0.01). In contrast, Wt litter-
mates showed only absent to weak FL-pTDP-43 until
24 months of age (Supporting information, Supplemen-
tary Figure 6D). Moreover, FL-pTDP-43 was primarily
recovered from the nuclear, sarkosyl-soluble fraction

Copyright © 2012 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk
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from the brains of Grn™/~ mice (Supporting infor-
mation, Supplementary Figures 8A and 8B). Because
progranulin is thought to be involved in important cell
signalling pathways, we questioned whether increased
phosphorylation of TDP-43 might simply represent a
generally increased phosphorylation state of cellular
proteins in Grn~/~ cells. Utilizing antibodies against
phosphoserines and phosphothreonines, we observed
a small but significant increase in total phosphoryla-
tion states in the brains of Grn™/~ mice (Figure 5E).
These data all suggest that although loss of Grn does
not substantially cause fragmentation or aggregation of
TDP-43 in the ubiquitinated inclusions observed in our
Grn~/~ mice, loss of Grn does lead to increased phos-
phorylation states of proteins including FL-TDP-43.

Increased cellular ageing and liver pathology in
aged Grn~/~ mice

To further explore the possible cause of sudden death
in ageing Grn™/~ mice, we monitored a cohort of
animals from 15 months of age. Except for slightly
reduced grooming in Grn~/~ mice, no other features
were discernible. Moreover, reduced grooming was
not followed by immediate death, with many poorly
groomed Grn™/~ mice surviving for several months.
In addition, we euthanized and examined 22-month-
old Grn™/~ mice along with their littermate controls.
No gross hyper- or atrophic changes in visceral or
thoracic organs were observed in Grn™/~ mice on gen-
eral autopsy. No obvious histopathological alterations,
other than changes related to ageing, were observed
in the heart, gastrointestinal tract, lungs, kidney, and
spleen. However, we observed remarkable cytological
alterations in the livers of old Grn™/~ mice. Disar-
rayed masses of hepatic plates in liver parenchyma
were present along with increased microvacuolation,
lipofuscinosis, and hyalinosis (Figures 6A and 6B).
Regenerative changes were also observed such as kary-
omegaly, cytomegaly, and polyploidy of hepatocytes
(Figure 6A), along with abnormal bile duct prolifera-
tion (Figure 6B). Furthermore, the livers of 22-month-
old Grn~/~ mice also showed prominent aggregates of
round-to-polygonal foamy histiocytes within sinusoids
in the absence of acid fast bacilli or other inflamma-
tory features (Figure 6C). In contrast, only cytological
changes related to normal ageing were observed in Wt
control mice (Figures 6D and 6E). Intense lysosomal
staining of cathepsin D was also present in histiocytes
and macrophages in Grn~/~ mice (Figures 6F and 6G)
compared with Wt mice (Figure 6H), suggesting lyso-
somal turnover defects due to Grn deficiency. Very
rarely, we also observed infiltration in portal areas
of lymphocytes, histiocytes, and neutrophils in the
absence of significant cholestasis or fibrosis. Although
we cannot exclude the possibility that such acute
abscesses might progress to have fatal consequences,
more importantly, the observed lysosomal turnover
defects and increased lipofuscinosis in the liver and
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Figure 6. Hepatic cytological alterations in Grn—/~ mice. (A) 22-month-old Grn=/~ mice showing microvacuolation in the periportal
region (inset a) accompanied by regenerative changes with karyomegaly (inset b, arrowhead) and multi-nucleation (arrows; inset c).
(B) Hyaline changes (h) with breakdown of tissue architecture and abnormal bile duct proliferation (double-headed arrows) were also
present in 22-month-old Grn~/~ mice, with (C) foamy histiocytes in the perivenular regions (asterisks) but also in periportal areas (asterisks
in b and B). (D, E) Wt 22-month-old littermates did not show these changes other than age-related karyomegaly, cytomegaly, polyploidy,
and hyalinosis. (F, G) Cathepsin D staining in the foamy histiocytes (asterisks in F and G), but also in hepatocytes and perisinusoidal
Kupffer cells (F). Rarely inflammatory cellular infiltrate was observed in the absence of significant cholestasis or fibrosis, as shown here in
22.5-month-old Grn—/~ mice. (H) Cathepsin D staining in Wt littermates was largely limited to perisinusoidal Kupffer cells (arrows and

inset). Scale bars = 5 um.
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Figure 7. Increased /gf7 mRNA levels in aged Grn~/~ mice.
gRT-PCR analysis on the brains of ~ 18-month-old mice shows
(A) a highly significant increase of Igf1 (3.95 4 0.95; p < 0.01),
while (B) Igf1R transcript levels remained unaltered (1.00 + 0.105;
p > 0.05) in Grn~/~ compared with Wt mice. N = 6 animals per
genotype and data are represented as mean & SD.

brain suggest that Grn deficiency can lead to increased
cellular ageing in mice.

While the precise reason for accelerated ageing
in Grn~/~ mice remains unknown, increased insulin-
like growth factor (IGF)-1 signalling has been asso-
ciated with decreased longevity and early onset of
age-related disorders in diverse species [22]. Interest-
ingly, we observed a highly significant 4-fold increase
in IGF-1 mRNA levels in the brains of aged Grn™/~
mice compared with Wt controls, while the lev-
els for IGFR1, the corresponding receptor, remained
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unchanged (Figures 7A and 7B; p < 0.01). Progran-
ulin was identified as the only purified growth fac-
tor that could stimulate the growth of cultured cells
lacking type 1 IGF receptor [23], suggesting paral-
lels in IGFR and progranulin signalling. Therefore,
disturbances of the IGF-1 axis could be an important
mechanism responsible for the increased cellular age-
ing observed in our Grn™/~ animals.

Discussion

Three constitutive Grn~/~ mice have been established.
Kayasuga et al established the first Grn™/~ mice
where Grn exons 2—13 were deleted [24]. Already
at 3 months of age, these mice showed alterations in
male-type behaviour including reduced frequency of
ejaculation and elevated levels of aggression and anx-
iety [24]. Follow-up studies on these mice by two
independent groups showed accelerated brain lipofusci-
nosis, ubiquitination, and gliosis beginning at 7 months
of age [16,25]. These studies also showed increased
mortality in Grn™/~ mice but at different ages. While
Ahmed et al reported increased embryonic and perina-
tal mortality [16], Ghoshal ef al observed in the same
mice increased adult-onset mortality but no embryonic
or perinatal mortality [25]. Interestingly, no increased
mortality was observed at any time-point for two inde-
pendent Grn~/~ knockout mouse models [26,27]. Yin
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et al established germline Grn™/~ mice in a C57BI/6
background by excising the promoter and the first four
exons of Grn [26]. Although these mice did not dis-
play impaired explorative behaviour, consistent with
our behavioural data, deficits in spatial learning in
the MWM task were observed in aged Grn~/~ mice
[25,28]. These studies also did not show any loco-
motor defects [25,28], although another study reported
increased susceptibility to collagen-induced arthritis in
Grn~/~ mice [7]. This is consistent with the signifi-
cantly decreased swimming speed noted in our Grn™/~
mice, suggesting that subtle locomotive disorders could
be a feature of Grn—/~ mice. Furthermore, Grn—/~
mice showed increased brain inflammation, but, inter-
estingly, also increased phosphorylation of TDP-43
in the dentate gyrus and thalamus [26]. However,
no increased TDP-43 phosphorylation was observed
in another study using the same pTDP-43 antibody
[16,25]. In a third Grn~/~ mouse model, Petkau et al
utilized a gene-trap vector to disrupt expression of
Grn, instead expressing a lacZ/neomycin fusion pro-
tein under the control of the endogenous Grn pro-
motor [27]. Moderate abnormalities in anxiety-related
behaviours, social interactions, motor coordination, and
novel object recognition were observed in 8-month-old
Grn~/~ mice. Additionally, altered synaptic connectiv-
ity and impaired synaptic plasticity were reported in
10- to 12-month-old Grn™/~ mice [27].

While there could be several reasons for the dis-
crepancies observed in the various Grn™/~ mouse
models, the mouse genetic background is a very
strong driver of genetically engineered mouse pheno-
types [29-31]. We showed that constitutive Grn=/~
mice on a mixed 129/Sv and C57Bl/6 background
are viable and are born in normal Mendelian fre-
quencies, although increased mortality was observed
beginning at 11 months of age. Compared with het-
erozygous Grn™/~ mice, Grn ™/~ mice showed an ~ 2-
fold increased mortality at 11 months that increased
exponentially to 5-, 7-, and 17-fold at 17, 20, and
23.5 months of age, respectively. Beginning at =~
6 months of age, Grn™/~ mice also showed age-
dependent activation of astrocytes and microglia, a
common feature noted for all Grn~/~ mouse models.
This is interesting as Grn and its granulin peptides have
been shown to be involved in inflammation, and Grn
expression has also been shown to be up-regulated in
microglia in many degenerative diseases and mouse
models of degeneration [3,32]. These data suggest that
overexpression of Grn by microglia is a consequence,
rather than an upstream mechanism, in the microglial
up-regulation observed in neurodegenerative diseases.

Another common feature shared between our Grn™/~
mice and those previously reported [16,25,27] is an
age-dependent increase in brain ubiquitination and
accumulation of lipofuscin. Additionally, we report
in our Grn~/~ mice increased accumulation of the
autophagy-related receptor p62 and increased expres-
sion of lysosomal proteases, including cathepsin D.
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These data suggest that dysfunction of both the ubiqui-
tin—proteasome and the autophagy—lysosomal systems
is involved in Grn deficiency-associated neurodegener-
ation, as also observed for FTLD-TDP patients [20].

Moreover, increased lipofuscinosis is also considered
one of the most consistent and phylogenetically con-
served cellular morphological changes associated with
brain ageing [33]. Defects in the autophagy—lysosomal
system are also associated with increased cellular age-
ing [34]. Thus, we postulate that constitutive Grn defi-
ciency also leads to increased cellular ageing of non-
neuronal tissue which in turn can cause increased mor-
tality observed in ageing Grn~/~ mice. Consistent with
this premise, we have shown increased cellular age-
ing in several tissues, which was most remarkable in
the liver, where we observed highly abnormal hepatic
and ductal morphology and intensely stained cathepsin
D-positive lysosomes within sinusoidal foamy histio-
cytes. Interestingly, while GRN mRNA levels have
been shown to be moderate in the liver [35], a GRN
homologue in zebrafish (GrnA) is suggested to play a
role in liver growth regulation [36], and high levels
of Grn protein and mRNA were found in areas of bile
duct proliferation in a rodent cirrhotic liver model [37].
While the precise cause of increased cellular ageing in
these tissues remains unknown, we have shown a 4-
fold increase in IGF-1 levels without alterations in the
cognate receptor, suggesting increased IGF signalling.
Interestingly, IGF-1 signalling has been associated with
decreased survival and lifespan in a variety of ani-
mal species, including higher vertebrates and mammals
[22].

Lastly, consistent with other studies [16,38], we also
showed that such ubiquitinated or lipofuscinous inclu-
sions do not contain substantial amounts of TDP-43.
Thus, awaiting more data, it appears that TDP-43 frag-
mentation and its ubiquitination could be a late event
in FTLD pathogenesis. More interestingly, we also
showed here that FL-TDP-43 is phosphorylated in aged
Grn~/~ mice brain and although no inclusions were
observed, the FL-pTDP-43 is detergent-insoluble as it
was consistently recovered from urea fractions. These
data confirm our prior data on primary cortical neu-
rons derived from these Grn=/~ mice, where cellular
stress associated with proteosomal blockage also led
to increased insolubility of FL-phosphorylated TDP-43
[39]. We also showed that not only TDP-43, but also
other protein substrates were phosphorylated at serine
and threonine residues in Grn~/~ mice, suggesting that
loss of Grn might lead to perturbations of kinases or
phosphatases, requiring further studies.

To conclude, we report a novel Grn FTLD mouse
model where allelic loss of Grn does not cause
fragmentation or aggregation of TDP-43 but does
form ubiquitinated cellular inclusions and leads to
increased phosphorylation states of many cellular pro-
teins, including full-length nuclear TDP-43. We also
report considerable abnormality of the autophagy—
lysosomal system and increased cellular ageing of neu-
ronal and non-neuronal tissue as a consequence of Grn
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Grn~/~ mice recapitulate features of FTLD

deficiency and a noteworthy up-regulation of IGF-1
which is known to reduce lifespan in a variety of ani-
mal species.
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SUPPORTING INFORMATION ON THE INTERNET

The following supporting information may be found in the online version of this article.

Supplementary methods

Figure S1. Mouse Grn immunoblot showed reduced FL progranulin levels in brain lysates of Grn*/~ mice and was absent in Grn™/~ mice.
Figure S2. Subtle cognitive alterations in aged Grn~/~ mice.

Figure S3. Increased gliosis in aged Grn~/~ mice.

Figure S4. Increased accumulation of ubiquitin, lipofuscin, and p62 in various brain areas of Grn~/~ mice.

Figure S5. No pathological alterations in (A, B) pTau, (C) a-synuclein, and (D) Fus by immunohistochemical analysis.

Figure S6. Increased phosphorylation of full-length (FL) TDP-43 in aged Grn~/~ mice confirmed with polyclonal anti-phospho 403/404
TDP-43 (pTDP 403/404) antibody.

Figure S7. (A) Cleaved caspase-3 immunohistochemistry showing occasional caspase-3 staining in the cortex of Grn™/~ but also of Wt
mice. (B) TUNEL staining showed no obvious increase in apoptotic neurons in Grn~/~ mice compared with Wt mice. (C) Immunoblotting
with anti-caspase-3 or anti-PARP antibodies could also not detect any differences in apoptosis between Grn~/~ and Wt mice.

Figure S8. (A) Full-length (FL) pTDP-43 was predominantly recovered from sarkosyl-soluble and -insoluble (urea) fractions in a sequential
extraction of Grn~/~ mouse brain lysates (lanes 1-4) and in the urea fractions of Grn~/~ brain from the RIPA/urea protein extraction
protocol (lanes 5 and 6). (B) FL pTDP-43 was predominantly recovered from the nuclear fraction and was absent in the cytoplasmic
fraction.

Table S1. Antibodies used in the characterization of Grn—/~ mice.

Table S2. qRT-PCR primers used in the characterization of Grn~/~ mice.
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