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ABSTRACT

Progranulin (PGRN) has recently emerged as a key player
in a subset of frontotemporal dementias (FTD). Numer-
ous mutations in the progranulin gene have been
identified in patients with familial or sporadic frontotem-
poral lobar degeneration (FTLD). In order to understand
the molecular mechanisms by which PGRN deficiency
leads to FTLD, we examined activity of PGRN in mouse
cortical and hippocampal neurons and in human neuro-
blastoma SH-SY5Y cells. Treatment of mouse neurons
with PGRN protein resulted in an increase in neurite
outgrowth, supporting the role of PGRN as a neuro-
trophic factor. PGRN treatment stimulated phosphoryla-
tion of glycogen synthase kinase-3 beta (GSK-3f) in
cultured neurons. Knockdown of PGRN in SH-SY5Y cells
impaired retinoic acid induced differentiation and reduced
the level of phosphorylated GSK-33. PGRN knockdown
cells were also more sensitized to staurosporine-
induced apoptosis. These results reveal an important
role of PGRN in neurite outgrowth and involvement of
GSK-3B in mediating PGRN activity. Identification of
GSK-3B activation as a downstream event for PGRN
signaling provides a mechanistic explanation for PGRN
activity in the nervous system. Our work also suggest
that loss of axonal growth stimulation during neural
injury repair or deficits in axonal repair may contribute to
neuronal damage or axonal loss in FTLD associated with
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PGRN mutations. Finally, our study suggests that
modulating GSK-3f or similar signaling events may
provide therapeutic benefits for FTLD cases associated
with PGRN mutations.

KEYWORDS progranulin, frontotemporal lobar degen-
eration, glycogen synthase kinase 3 beta (GSK-3B), neurite
outgrowth

INTRODUCTION

Frontotemporal lobar degeneration (FTLD) is one of the most
common neurodegenerative diseases. Clinically FTLD is
highly heterogeneous, manifesting as syndromes as diverse
as frontotemporal dementia (FTD), semantic dementia (SD)
and progressive non-fluent aphasia (PA) (Neary et al., 1988).
FTLD patients often exhibit atrophy of the prefrontal and
anterior temporal lobes. Neuropathologically, FTLD can be
classified into two distinct groups based on immuno-
histochemical characteristics: either tau-positive pathology
[such as Pick’s disease (PD), corticobasal degeneration
(CBD) and progressive supranuclear palsy (PSP)] or tau- and
a-synuclein-negative but ubiquitin-positive intraneuronal
inclusions (FTLD-U) (Cairns et al., 2007a; for recent reviews,
see van Swieten and Heutink, 2008; Armstrong et al., 2010;
Sleegers et al., 2010). The ubiquitin-positive inclusions are
positive for TAR DNA binding protein-43 (TDP-43). Collec-
tively, the neurodegenerative diseases displaying TDP-43
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positive pathology have been named TDP-43 proteinopathies
(Arai et al., 2006; Neumann et al., 2006, 2007; Amador-Ortiz
et al., 2007; Nakashima-Yasuda et al., 2007). The genetic
etiology of FTLD-U is diverse. Several genes have been
identified including vasolin-containing protein (VCP) (Guyant-
Marechal et al., 2006), charged multivesicular body protein
2B (CHMP2B) (Skibinski et al., 2005) and progranulin
(PGRN). Mutations in PGRN account for approximately
10% of FTLD-U cases (Gass et al., 2006). Recent reports
implicate PGRN in other neurodegenerative diseases such as
Amyotrophic Lateral Sclerosis (ALS) (Sleegers et al., 2008),
Parkinson’s disease (PD) and Alzheimer's disease (AD)
(Brouwers et al., 2007).

Progranulin, also known as acrogranin (Baba et al., 1993),
granulin-epithelin precursor (Zanocco-Marani et al., 1999),
proepithelin (Plowman et al., 1992) or PC cell-derived growth
factor (PCDGF) (Zhou et al., 1993) is a 593 amino acid
glycoprotein with an apparent molecular weight of approxi-
mately 88 kDa. PGRN contains 7.5 tandem repeats of a
conserved granulin motif with 12 cysteinyl residues (Bateman
et al., 1990; Bhandari et al., 1992). PGRN is a growth factor,
widely expressed in different tissues and with a range of
activities from neurodevelopment, wound repair, inflammation
to tumor growth (He and Bateman, 1999; Zhu et al., 2002;
Daniel et al., 2003).

A large number of mutations in PGRN gene have been
identified in patients with FTLD-U, in both familial and
sporadic cases (Baker et al., 2006; Cruts et al., 2006; Gass
et al., 2006; Pickering-Brown et al., 2006; Mukherjee et al.,
2008). FTLD-U causing mutations in PGRN are distributed
over the entire length of the gene. Most are missense, non-
sense, frame-shift and splice site mutations (Mackenzie and
Rademakers, 2007; Gijselinck et al., 2008). Non-sense,
frame-shift and splice site mutations may cause premature
termination of the coding sequence or degradation of the
mutant RNA by nonsense-mediated decay. PGRN protein
deficiency has been proposed as a disease mechanism
(Baker et al., 2006; Cruts et al., 2006; Gass et al., 2006;
Pickering-Brown et al., 2006; Mukherjee et al., 2008).

To define the biological activity of PGRN in neurons, we
examined the effect of PGRN on mouse hippocampal and
cortical neurons in primary culture. PGRN stimulated neurite
outgrowth in primary neuronal culture. PGRN treatment
increased phosphorylation of glycogen synthase kinase-3
(GSK-3B). Specific knocking-down of GSK-3@ eliminated
PGRN-stimulated neurite outgrowth, suggesting that GSK-3f3
is required for PGRN signaling in neurons. We also examined
PGRN function in stable SH-SY5Y cells in which PGRN
expression was knocked down by a vector-based shRNA
approach. PGRN is required for differentiation of SH-SY5Y
cells. Significant changes in cellular signaling during differ-
entiation were observed in cells with reduced expression of
PGRN.

RESULTS

PGRN promotes neurite outgrowth in cortical and
hippocampal neurons

To investigate the function of PGRN, we used mouse cortical
and hippocampal neurons. Dissociated neurons were cul-
tured on coverslips in the presence of purified protein at
different concentrations. Treatment with purified PGRN
(20-50 ng/mL) significantly stimulated neurite outgrowth
(Fig. 1). The effect was dose-dependent (data not shown).
Several PGRN mutants were also tested in the assay. Fig. 2A
shows the Western blot analyses of the conditioned media
using anti-GFP or a specific anti-PGRN antibody described
previously (Ong et al.,, 2006). Consistent with published
reports (Mukherjee et al., 2008; Shankaran et al., 2008), the
A9D mutant was not detected in significant amounts in the
conditioned media (Fig. 2A, lane 3) since the mutation in the
signal peptide decreased secretion of the protein. Two
truncation mutations associated with FTLD-U, R418X and
W386X were also examined. A significant increase in neurite
length was observed in primary neurons treated with wild-type
PGRN but not FTLD-U associated mutants (A9D, R418X and
W386X) in comparison to neurons treated with the control
media (Fig. 2B). Quantification of the neurite length following
immunostaining with the neuron-specific class Ill B-tubulin
(TUJ1) antibody reveals an approximately 2-fold increase in
neurite length after PGRN treatment (Fig. 1A-D).

PGRN stimulates phosphorylation of GSK-3 and AKT1

The kinases GSK-3B and AKT play an important role in
neurite outgrowth and in the establishment and the main-
tenance of axon-dendrite polarity in neurons (Jiang et al.,
2005). GSK-3B is a well-known substrate of the serine/
threonine kinase AKT1/PKBa and phosphorylation of GSK-33
by activated AKT1 at Ser9 results in its inactivation (Cross et
al., 1995). We examined the phosphorylation status of GSK-
3B in response to PGRN treatment in mouse cortical neurons.
Primary neurons were treated with purified PGRN or the
control preparation. PGRN induced a significant increase in
phosphorylation of GSK-3B, AKT and ERK as shown by
Western blotting (Fig. 3). These results suggest a role for
PGRN in stimulating signaling changes resulting in phos-
phorylation and inactivation of GSK-38 in cortical neurons.

GSK-3B regulation is required for PGRN-induced neurite
outgrowth

To confirm the role of GSK-3B in mediating PGRN-induced
neurite outgrowth, we used short hairpin RNA (shRNA) that
specifically knockdown GSK-3B (GSK-3f HP1) (Yu et al,
2003; Jiang et al., 2005). Cortical neurons were co-transfected
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using a plasmid for yellow fluorescent protein (YFP) and
a plasmid expressing either the control shRNA or GSK-38
HP1. Similar to the results shown in Fig. 1, PGRN treatment
of cortical neurons transfected with the control construct led
to a significant increase in neurite outgrowth. However,
transfection of the GSK-3B specific shRNA, but not
the control shRNA, eliminated the activity of PGRN in
stimulating neurite outgrowth (Fig. 4). These results support
the involvement of GSK-3@ in mediating PGRN activity in
neurons.

PGRN knockdown impairs differentiation of SH-SY5Y
cells

The spectrum of PGRN mutations reported in FTLD-U
patients suggests that haploinsufficiency of PGRN function
may result in neurodegeneration. To examine the effect of the
loss of PGRN expression in human cells, we knocked down
PGRN gene in neuroblastoma SH-SY5Y cells and generated
stable knockdown cells. This human neuroblastoma cell line
can be induced to differentiate into neuron-like cells by
treatment with retinoic acid and BDNF. PGRN knockdown

neurite length (pm)

PGRN  Ctrl

was achieved using pPSUPERIOR RNAI constructs containing
distinct target sequences corresponding to nucleotide
sequences 207 to 226 and 1567 to 1588 specific for human
PGRN gene. The vector control was also stably introduced
into SH-SY5Y cells to generate the control cell line (Ctrl). After
selecting cells for stable expression of the shRNA plasmid,
individual clones were analyzed for PGRN expression. As
shown in Fig. 5A, a significant reduction in PGRN protein
expression was observed in several clones stably expressing
the two shRNA target sequences in comparison with the
control clone. Two representative clones from each group
expressing a different target sequence were selected for
further analysis.

A characteristic feature of the SH-SY5Y neuroblastoma
cells is their ability to differentiate into cells with neuron-like
morphology. To examine the role of PGRN in differentiation,
the control and PGRN knockdown cells were treated with
all-trans retinoic acid (RA) and human recombinant brain
derived neurotrophic factor (BDNF). Following treatment
with RA and BDNF for 7 d, the control cells underwent
morphological differentiation, displaying neuron-like features
(Fig. 5B, top panel). Long neurites were formed in the

Figure 1. PGRN induces neurite outgrowth in primary cultures of mouse cortical neurons. Cortical neurons isolated from
E15 embryos were treated with purified PGRN protein (PGRN, panels A1-AB) or vehicle control preparations (Ctrl, panels B1-B6) for
20 h. Neurites were stained with neuron-specific beta Ill tubulin and nuclei were visualized after staining with Hoechst dye. Six
neurons are shown from either PGRN or control treated groups to demonstrate the range of neurite outgrowth effect. The average
length of the longest neurite was quantified from 60 randomly selected neurons in each group. The data represent three independent

experiments. The bar diagram represents mean values + SEM.
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Figure 2. Wild-type, but not mutant, PGRN stimulates
neurite outgrowth in primary cultures of mouse cortical
neurons. (A) Analyses of the wild-type and mutant PGRN
proteins by Western blotting. The wild-type and mutant PGRN
proteins were expressed as GFP-tagged proteins in HEK293
cells. Conditioned media from HEK293 clones expressing the
control vector (Ctrl), wild-type PGRN (PGRN) or the PGRN
mutants A9D, R418X and W386X were collected and analyzed
by western blotting using an anti-GFP antibody (lanes 1-5,
respectively). The control or PGRN protein was detected by
Western blotting using a PGRN specific antibody (lane 6 and 7,
respectively). (B) Quantification of axon outgrowth. Primary
cultures of mouse cortical neurons were grown in the presence
of conditioned media from the control (Ctrl), wild-type PGRN
(PGRN) or PGRN mutants A9D, R418X and W386X expres-
sing HEK293 cells. As compared with the control group, the
wild type PGRN (PGRN), but not mutant PGRN proteins,
significantly increased neurite length ("*P<0.01). The aver-
age length of the longest neurite was quantified using ImageJ
software from 60 randomly selected neurons in each group.
The data represent three independent experiments. The bar
diagram represents mean values + SEM.
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Figure 3. PGRN induces phosphorylation of GSK-38,
AKT and ERK in mouse cortical neurons. Mouse cortical
neurons were stimulated using the control preparation (=) or
purified PGRN protein (+), and cell lysates were harvested and
analyzed by Western blotting using specific antibodies as
indicated. Western blotting using actin antibody shows that an
equal level of proteins was loaded.
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Figure 4. PGRN stimulated neurite outgrowth is
repressed after GSK-3f knockdown. (A) Mouse cortical
neurons were co-transfected with YFP and either a control
shRNA or a GSK-3B specific shRNA. Neurons were then
cultured in the presence of either the control (Ctrl) or purified
PGRN for 20 h, then fixed and immunostained using beta lll
tubulin antibody (Tuj1). Lengths of the Tuj1 staining neurites
were quantified using the ImagedJ software. The bar diagram
represents mean values+ SEM. Data were collected from
three independent experiments. (B) The level of GSK-3f3
protein in the control or GSK-3B specific shRNA transfected
cortical neurons as detected by Western blotting using GSK-33
specific antibody. Western blotting with actin antibody shows
that an equivalent level of proteins was loaded. The lower
panel shows the corresponding Western blot signals.
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Figure 5. Knocking-down PGRN in SH-SY5Y neuroblastoma cells blocks retinoic acid induced differentiation. (A) Stable
knockdown of PGRN in SH-SY5Y neuroblastoma cells. Whole cell extracts of SH-SYS5Y clones expressing either the vector control
(Ctrl) or two distinct target sequences of human PGRN mRNA (#207 and #1567) were analyzed for the expression of PGRN by
Western blotting using a specific PGRN antibody. Tubulin levels were analyzed as loading controls. Lower panel represents the
relative band intensity normalized to the corresponding tubulin band. (B) Effect of PGRN knockdown on retinoic acid induced
differentiation of SH-SY5Y cells. Control (Ctrl) and two independent PGRN knockdown clones (#207 and #1567) were treated with
vehicle control (-RA) or 10 uM all-trans retinoic acid and 50 ng/mL BDNF (+ RA) for 7 d. Cells were immunostained using neurons-
specific beta Ill tubulin antibody Tuj1. Pictures are representative of multiple independent experiments. Nuclei were stained using
Hoechst dye. In shRNA control cells, RA/BDNF induced differentiation with extensive formation of neurites. In PGRN KD cells, there
was no detectable sign of differentiation after RA/BDNF treatment.

differentiating cells that expressed axonal markers such as
Tau. In PGRN knockdown clones, however, such RA- and
BDNF-induced differentiation was blocked, without detect-
able neurite outgrowth (Fig. 5B). Several PGRN knockdown
clones all showed similar differentiation defective phenotype
without responses to RA and BDNF treatment (data not
shown).

GSK-3B phosphorylation is reduced in differentiated
SH-SY5Y cells with PGRN knockdown

PGRN functions to stimulate neurite outgrowth in mouse
cortical and hippocampal neurons by phosphorylating GSK-
3B. We investigated the role of PGRN in GSK-3f activation
during RA-induced differentiation using PGRN knockdown
cells. Western blotting was performed in the control and
PGRN knockdown cells following RA treatment for 7 d. The
level of tau protein in differentiated and undifferentiated SH-
SY5Y cells was determined as a marker of differentiation
because its expression is increased in differentiated cells
(Smith et al., 1995; Encinas et al., 2000; Jamsa et al., 2004).
In the control cells, tau expression was increased after RA-
induced differentiation (Fig. 6, compare lane 2 with 1).
However, tau protein level was slightly reduced in PGRN
knockdown clones (Fig. 6, compare lane 4 with 2), consistent
with the lack of morphological changes in these PRGN
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Figure 6. Retinoic acid induces GSK-3f phosphorylation
in the control but not PGRN knockdown cells. The control
(Ctrl) and PGRN knockdown (PGRN KD) cells were treated
with vehicle control (=) or with 10 uM retinoic acid (+) for 7 d.
Cell lysates were harvested and analyzed by Western blotting
using specific antibodies against Tau (Tau5), total GSK-3p
(GSK-3B) and phospho-GSK-3B (pGSK-3). Tubulin was used
as a loading control.

knockdown cells to RA treatment. GSK-3f levels were also
examined in these PGRN knockdown cells. Western blot
analyses showed that phospho-GSK-3 was increased after
RA-induced differentiation in the control cells. In the PGRN
knockdown cells, however, a slight decrease in pGSK-3f3
level was observed after RA-induced differentiation (Fig. 6).

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2010



Progranulin induces axon outgrowth and differentiation

Protein & Cell

These results further confirm that in SH-SY5Y cells with
PGRN knockdown are deficient in differentiation responses to
RA-treatment.

PGRN knockdown cells show increased susceptibility to
apoptosis

The neuropathology of FTLD is characterized by atrophy of
the frontal and temporal lobes and degeneration of the corpus
striatum (Mann, 1998). Studies from a number of neurode-
generative diseases suggest a role of caspase activation and
apoptosis in neurodegeneration (Yang et al., 1998; Gervais et
al.,, 1999; Rohn et al., 2001, 2002; Cotman et al., 2005).
PGRN knockdown cells did not show obvious increase in cell
death under the normal culture conditions. However, PGRN
knockdown rendered cells more susceptible to apoptosis
when cell death was induced using a protein kinase inhibitor
staurosporine. We compared the control or PGRN knock-
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Figure 7. PGRN knockdown sensitizes cells to
staurosporine-induced apoptosis. Apoptotic cell death
was induced using 1 uM staurosporine (STS) in control (Ctrl)
or PGRN knockdown (PGRN KD) SH-SY5Y cells. Cell extracts
were prepared at the indicated time points following STS
treatment and analyzed by Western blotting using specific
antibodies against PGRN and TDP-43. Arrowheads indicate
the full-length TDP-43 (FL-TDP-43) and caspase cleavage
fragments of approximate molecular weight 35 and 25 kDa. (A)
shows that in PGRN knockdown cells, active caspase-3 began
to appear at 4 h after STS treatment, as compared to 8 h in the
control cells, indicating accelerated apoptosis in PGRN
knockdown cells. (B) PGRN knockdown accelerated cleavage
of TDP-43. In control cells TDP-43 cleavage products were
detectable by 4 h after STS treatment, whereas in PGRN
knockdown cells these bands appeared 2h after STS
treatment with an increase in the level of 25 kDa fragment.

down cells and analyzed activation of caspase-3 and
cleavage of TDP-43, a caspase substrate and an important
player in FTLD-U. Western blot analysis shows an earlier
activation of caspase-3 in the PGRN knockdown cells after
apoptosis induction by staurosporine (Fig. 7). A significantly
higher level of active caspase-3 was detected 4 h after
apoptosis induction in the PGRN knockdown cells as
compared to the control cells (compare lanes 2 and 5, Fig.
7A). This is also reflected in the cleavage of TDP-43, a known
caspase-3 substrate involved in FTLD-U (Fig. 7B, lanes 2, 3
and 7, 8). Interestingly, in correlation with caspase-3 activa-
tion, significantly higher levels of the ~25 kDa fragment of
TDP-43 was also detected in PGRN knockdown cells. These
results support that reduced PGRN expression led to
sensitization of SH-SY5Y cells to staurosporine-induced
apoptosis.

DISCUSSION

PGRN is an autocrine growth factor displaying mitogenic
potential cells (Plowman et al., 1992; Zhou et al., 1993) and
promotes tumor growth (He and Bateman, 1999). PGRN is
also a mediator of wound response (He et al., 2003). Recent
studies have identified more than 60 mutations in PGRN gene
in FTLD-U families et al (Gijselinck et al., 2008), indicating a
critical role of PGRN in the pathogenesis of FTLD-U (for
reviews see Sleegers et al., 2010). Some mutations are
predicted to result in premature termination possibly leading
to nonsense mediated mRNA decay (NMD), whereas other
mutations may generate truncated proteins with defective
function. It has been proposed that the disease phenotype
may be a result of PGRN haploinsufficiency due to a
reduction in the level of functional PGRN protein.

To understand the functional role of PGRN in neurons, we
examined the effects of exogenous progranulin on mouse
cortical and hippocampal neurons and of PGRN knockdown
in the human neuroblastoma cell line SH-SY5Y. Mouse
cortical and hippocampal neurons treated with PGRN protein
developed significantly longer neurites as compared with the
control treated neurons (Fig. 1 and 2; data not shown). This
result is consistent with a recent report published while our
study was under progress that PGRN and its proteolytic
fragment of PGRN, GRN E, increased neuronal survival and
neurite outgrowth (Van Damme et al., 2008). Conditioned
media from the secretion mutant A9D or the nonsense
mutations resulting in truncation of PGRN, R418X and
W386X, did not affect neurite outgrowth (Fig. 2). PGRN
treatment increased the phospho-GSK-33 level in the
cultured neurons. Interestingly, knocking down GSK-3(3
expression using the specific sShRNA resulted in the loss of
PGRN-induced neurite outgrowth, suggesting that GSK-3f is
required for mediating PGRN activity in stimulating neurite
outgrowth.

In cultured neurons, the increase in pGSK-3 induced by

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2010 557



Protein & Cell

Xue Gao et al.

PGRN treatment correlated with an increase in pAKT level
(Fig. 3), suggesting that PGRN may use the AKT-GSK-383
pathway. In this regard, PGRN signaling is similar to other
growth factors in activating the AKT-GSK-3@3 pathway
involved in cell survival (Zhou et al., 1993; He and Bateman,
1999). The AKT and ERK pathways are activated during
growth factor induced cell migration (Delehedde et al., 2001).
PGRN function in neurons and non-neuronal cells may share
similar signal transduction pathways.

In our study, PGRN stimulation of neurite outgrowth was
eliminated when GSK-3B was knocked down by specific
shRNA (Fig. 4). A previous study has shown that treatment of
cortical neurons with GSK-33 pharmacological inhibitors or
knockdown of GSK-3B affect neuronal differentiation and
establishment of neuronal polarity (Jiang et al., 2005). It
should be noted that we have not obtained consistent picture
whether PGRN treatment affects the establishment or
maintenance of neuronal polarity, although we have
attempted different conditions including treatment timing or
duration.

A recent study also reported that treatment of dorsal root
ganglion (DRG) neurons with pharmacological inhibitors of
GSK-3 resulted in loss of neurite outgrowth (Dill et al., 2008).
Our results together with several previous studies that employ
GSK-3B inhibitors (Eickholt et al., 2002; Jiang et al., 2005;
Yoshimura et al., 2005; Dill et al., 2008) support that GSK-33
plays an important role in neurite outgrowth. GSK-3p
phosphorylation and inactivation of GSK-3f lead to enhanced
neurite outgrowth. On the other hand, inhibition of GSK-38
activity by pharmacological inhibitors of GSK-33 or knock-
down of GSK-38 can result in a loss of regulatable GSK-383
and therefore, a loss of stimulated neurite outgrowth. It is
conceivable that a basal level of GSK-33 expression is
required for neurite outgrowth especially in response to
growth factor stimulation. Consistent with this, regulation of
GSK-3B substrates was associated with morphological
changes in neurons (Kim et al., 2006). Complete suppression
of GSK-3B resulted in inhibition of axon growth. Taken
together, our observations in mouse cortical neurons suggest
a functional role for GSK-38 regulation in response to PGRN
stimulation. Our work also suggests that loss of axonal growth
stimulation during neural injury repair or deficits in axonal
repair may contribute to neuronal damage or axonal loss in
FTLD associated with PGRN mutations. Identification of
GSK-3p activation as a signaling event in PGRN function in
neurons provides a mechanistic explanation for PGRN
activity in the nervous system. It is possible that loss of
axonal growth stimulation during neural injury repair or
deficits in axonal repair may contribute to neuronal damage
or axonal loss in FTLD associated with PGRN mutations.

In addition to its role in neurite outgrowth in mouse cortical
neurons, we analyzed the effect of PGRN in neuronal
differentiation by knocking-down PGRN in the human

neuroblastoma cell line SH-SY5Y. We established PGRN
knockdown stable cell lines to avoid variation in transient
transfections. Retinoic acid induced responses, including
neurite outgrowth, morphological changes and changes in tau
expression, were defective in these PGRN knockdown cells.
Therefore, PGRN is required for RA-induced differentiation of
SH-SY5Y cells. This result also suggests that PGRN may act
in an autocrine fashion in neurons, similar to that in 3T3 cells
or tumor cells (Plowman et al., 1992; Zhou et al., 1993; He
and Bateman, 1999).

Analysis of the molecular signaling changes during
differentiation in PGRN knockdown cells revealed significant
differences in the level of phosphorylated GSK-38. In the
control cells, RA treatment increased the level of pGSK-3.
However, in PGRN knockdown cells, the level of pGSK-3f3
was slightly decreased following RA-treatment. This is
consistent with the observation in the cortical neurons in
which pGSK-3B was increased after PGRN treatment.
GSK-3B regulates multiple signaling pathways. Enhanced
GSK-3p activity has been associated with other neurodegen-
erative diseases such as Alzheimer’s disease (Takashima et
al., 1993; Phiel et al., 2003; Fuentealba et al., 2004; Ferrer et
al., 2005), Parkinson’s disease (King et al., 2001) and ALS
(Koh et al., 2005). GSK-3B has also been implicated in the
activation of the mitochondria-mediated apoptotic pathway in
response to multiple stimuli (reviewed in Beurel and Jope,
2006). Our observation of sensitization of the PGRN knock-
down cells to staurosporine-induced apoptosis also supports
the association of reduced pGSK-3f or increased GSK-3f3
activity with apoptosis.

Together with the published observation of the neuro-
trophic effect of PGRN (Van Damme et al., 2008), our results
suggest that a loss of PGRN function in FTLD-U patients may
result in defects in neural differentiation. Progressive loss of
neuronal polarity has been proposed for neurodegenerative
diseases such as Alzheimer’s disease. While our work was in
progress, progranulin-deficient mice were reported to show
greater activation of microglia and astrocytes with accumu-
lated cytosolic phosphorylated TDP-43 in hippocampal and
thalamic regions (Yin et al., 2010), although it remains to be
determined whether neural repair in such mice is defective.

Our study shows that cells with reduced PGRN expression
display increased sensitivity to staurosporine-induced cell
death, suggesting a neuroprotective activity of PGRN. It is
conceivable that in FTLD-U patients, certain neurons may be
more prone to death in the absence of the protective functions
of PGRN. Interestingly, cleavage of TDP-43 and formation of
~25 kDa fragment of TDP-43 were also increased in PGRN-
knockdown cells when cell death was induced. Although it
was reported that reduced PGRN expression had no effect on
TDP-43 cleavage (Shankaran et al., 2008), other groups also
observed the effect of PGRN on TDP-43 cleavage (Zhang et
al., 2007), similar to our study. In FTLD-U patients, it remains
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to be determined whether TDP-43 cleavage is a cause or a
consequence of cell death.

Our results suggest that at least two mechanisms may
contribute to PGRN haploinsufficiency in patients with PGRN
mutations: a reduction in neural differentiation and a decrease
in neuroprotection. Decreased neural repair has been reported
in mouse models of neurodegenerative diseases such as
Alzheimer’s disease (Verret et al., 2007) and Parkinson’s
disease (Winner et al., 2008). PGRN may play a role in neural
repair, particularly in regions affected in FTLD-U. PGRN is
widely expressed in the neuroepithelium during early neural
development but its expression is limited to defined neuronal
cell populations, such as the cortical and hippocampal
pyramidal neurons and Purkinje cells in the adult brain (Daniel
et al., 2000, 2003). Further studies are necessary to elucidate
the molecular mechanisms underlying PGRN function in the
normal brain and under pathological conditions.

MATERIALS AND METHODS

Plasmids, antibodies and reagents

Two different target sequences of 19 nucleotides targeted against
nucleotides 207-226 (#207) and 1567-1588 (#1567) of the PGRN
mRNA were designed. The 64 nt short hairpin RNA sense and
antisense primer sequences for #207 were 5-GATCCCCGGCCAC-
TCCTGCATCTTTATTCAAGAGATAAAGATGCAGGAGTGGCCTTT-
TTGGAAA-3 and 5-AGCTTTTCCAAAAAGGCCACTCCTGCATCT-
TTATCTCTTGAATAAAGATGCAGGAGTGGCCGGG-3'. The sense
and antisense primer pair for #1567 were 5-GATCCCCGGA-
CACTTCTGCCATGATATTCAAGAGATATCATGGCAGAAGTGTCC-
TTTTTGGAAA-3 and 5-AGCTTTTCCAAAAAGGACACTTCTGC-
CATGATATCTCTTGAATATCATGGCAGAAGTGTCCGGG-3'. The
sense and antisense primer pairs were annealed and ligated into
the pSUPERIOR vector (OligoEngine) according to manufacturer’s
instructions.

The control and shRNA specific for GSK-33, GSK-33 plasmids
(wild type and S9A mutant) were as described in Jiang et al. (2005).
The following antibodies and chemicals were employed in this study:
PGRN (PCDGF, Zymed), Neuron specific beta Il tubulin, GSK-3,
phospho-GSK-3f3 (Cell Signaling), phospho-Akt (ser 473) (Cell
Signaling), Erk 1/2, Tau5, actin (Calbiochem), tubulin, SB216763
and SB415286 (Tocris), and LiCl (Sigma).

Purification of PGRN

HEK293 cells expressing vector control or 6 x His-GFP-tagged
PGRN were grown to confluence in DMEM supplemented with 10%
FBS, 100 units/mL penicillin and 0.1 mg/mL streptomycin (Gibco).
Medium was changed to serum free DMEM/F-12 for 24 h. Condi-
tioned medium was collected and diluted with phosphate buffered
saline (PBS). The final concentration was adjusted to 20% glycerol
(Sigma), 0.1% Triton X-100 (Sigma) and 100 mM imidazole. Nickel-
agarose beads (Qiagen) were equilibrated in PBS containing 0.1%
Triton X-100 and 100 mM imidazole. The beads were then incubated
with conditioned medium for 4 h at 4°C. PGRN was eluted from the
beads with buffer B (PBS containing 0.1% Triton X-100 and 500 mM
imidazole). The peak fractions were dialyzed against PBS, and

purified PGRN protein was stored in aliquots at 80°C until use.
Cell culture and transfection

All SH-SY5Y clones were maintained in F12: Dulbecco’s modified
Eagle’s medium (DMEM) 1:1 (Gibco), supplemented with 10% fetal
bovine serum, 100 units/mL Penicillin and 0.1 mg/mL streptomycin
(Gibco). Cells were transfected using Fugene 6 (Roche) according to
manufacturer’s instruction. 24 h post transfection, the transfected
cells were selected using geneticin G418 (Gibco). Single clones were
isolated, characterized and used for experiments.

Dissociated primary neurons were cultured essentially as
described previously (Liu et al., 2004) with modifications. Briefly,
embryos were removed from timed-pregnant mice at E15 (for cortical
neurons) or E18 (for hippocampal neurons). Mouse brains were
dissected in cold Hank’s buffered salt solution (Gibco). The cortex or
hippocampus was cut into small pieces and trypsinized for 15 min at
37°C. The dissociated neurons were resuspended in DMEM
supplemented with heat-inactivated FBS and 20 units/mL of
penicillin/streptomycin. Cells were grown on dishes or coverslips
coated overnight with 100 ug/mL poly-L-lysine (PLL) and 5 pg/mL
laminin at 37°C in a 5% CO, incubator. Cells were then used for
Western blotting, immunostaining or biochemical analyses.

For transfection of GSK-3 shRNA constructs, dissociated cortical
neurons from E15 mice (4 x 10° neurons per group) were mixed with
YFP and either control or GSK-33 shRNA constructs (Jiang et al.,
2005) and immediately placed in the nucleofection cuvette (Amaxa
Biosystems). After electroporation (O-005 program), cells were
diluted in prewarmed DMEM supplemented with 10% FBS and
plated on coverslips coated with PLL and laminin at 50,000 cells per
well. Cells were cultured for 24 h in the presence of the control or
PGRN protein and then fixed with 4% paraformaldehyde for 10 min,
preincubated with 5% BSA in PBS with 0.1% Triton X-100 and stained
using a monoclonal antibody specific for neuronal beta Ill tubulin.
Nuclei were visualized after staining with Hoechst dye (Sigma).

Axon outgrowth assay

To analyze neurite outgrowth, E15 cortical neurons or E18
hippocampal neurons were dissociated as described above. Neurons
were cultured in DMEM with 10% FBS for 2 h. The culture media was
changed to DMEM supplemented with B27 and penicillin/streptomy-
cin. Neurons were treated with either conditioned media or the
purified PGRN protein or the control mock preparation at 37°C with
5% CO, for 20 h. Neurons were cultured and stained as described
above. Quantification was performed using NIH ImageJ software.
Primary cortical neurons were cultured for 24 h, serum starved
overnight in 0.1% BSA (Roche) containing DMEM, then stimulated
with PGRN or control purified protein at 37°C for 10 min, immediately
lysed with MLB lysis buffer (1% Triton X-100, 50 mM Tris, pH 7.4,
150 mM NaCl, 10% glycerol, 10 mM MgCl, and protease inhibitor
mixture (Roche). Lysate were boiled with 2 x SDS sample buffer
(375mM Tris (pH 6.8), 60% glycerol, 12% SDS, 864 mM 2-
mercaptoethanol, 0.05% bromophenol blue) for 1 min and were
then separated by sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE). Proteins were transferred to nitrocellu-
lose membrane at 100V for 1 h and blocked with 5% skim milk for
1 h at room temperature. Membranes were incubated overnight with
the corresponding primary antibodies in 3% BSA at 4°C followed by
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detection using HRP-conjugated secondary antibodies with chemilu-
minescence solution from GE Biosciences.

Differentiation of and apoptosis induction in SH-SY5Y cells

For differentiation, 1 x 10* SH-SY5Y cells were grown overnight on
coverslips pre-coated with 100 ug/mL PLL in 24-well plates.
Differentiation was induced by treating cells with 10 uM all-trans
retinoic acid (RA) and 50 pg/mL brain-derived neurotrophic factor
(BDNF) for 7 days in Neurobasal media supplemented with B27,
GlutaMax and 100 units/mL Penicillin and 0.1 mg/mL streptomycin
(Invitrogen), with fresh media added every three days. Cells were
fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-
100 and stained as described above. For Western blotting, 1 x 10°
cells were seeded in a 60-mm culture plate and differentiation was
induced with 10 uM retinoic acid as described. For apoptosis
induction, cells grown in 60 mm dishes were starved overnight in
DMEM:F12 supplemented with B27. Staurosporine was added to a
final concentration of 1 uM and incubated different period s of time.
Total cell lysates were collected at different time points and analyzed
by Western blotting.
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