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Abstract
Given the present challenges to attain effective treatment for β-amyloid (Aβ) toxicity in
neurodegenerative disorders such as Alzheimer’s disease, development of novel cytoprotective
pathways that can assist immune mediated therapies through the preservation of central nervous
system microglia could offer significant promise. We show that the CCN4 protein, Wnt1 inducible
signaling pathway protein 1 (WISP1), is initially up-regulated by Aβ and can modulate its
endogenous expression for the protection of microglia during Aβ mediated apoptosis. WISP1
activates mTOR and phosphorylates p70S6K and 4EBP1 through the control of the regulatory
mTOR component PRAS40. Loss of PRAS40 through gene reduction or inhibition by WISP1 is
cytoprotective. WISP1 ultimately governs PRAS40 by sequestering PRAS40 intracellularly
through post-translational phosphorylation and binding to protein 14-3-3. Our work identifies
WISP1, mTOR signaling, and PRAS40 as targets for new strategies directed against Alzheimer’s
disease and related disorders.
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Introduction
The CCN family of proteins is composed of six secreted extracellular matrix associated
proteins and each member contains four cysteine-rich modular domains that include insulin-
like growth factor-binding domain, von Willebrand factor type C module, thrombospondin
domain, and C-terminal cysteine knot-like domain (1). CCNs have a broad array of
biological functions that include development of the skeletal system, vascular repair,
extracellular matrix composition, and cellular proliferation and survival. In particular, Wnt1
inducible signaling pathway protein 1 (WISP1), a member of the CCN family termed CCN4,
was initially shown to prevent p53 mediated apoptotic cell damage in renal fibroblasts (2).
WISP1 is expressed during cell injury such as in the setting of cartilage and fracture repair
(3, 4), cardiac ischemic injury (5), lung epithelial damage (6), and in primary neurons during
exposure to oxidative stress (7, 8). Increased expression of WISP1 during cell injury may
have a high correlation with enhanced cellular survival, since recent studies illustrate that
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WISP1 is protective against doxorubicin-induced cardiomyocyte death (9) and oxygen-
glucose mediated neuronal injury (7, 8).

Given the potential of WISP1 to offer protection against neuronal injury, WISP1 may be a
novel therapeutic target against neurodegenerative disorders such as Alzheimer’s disease. β-
amyloid (Aβ) accumulation and toxicity in brain is considered to be a significant component
for the onset and progression of Alzheimer’s disease (10-15). Current clinical strategies that
target the immunomodulation and the removal of cortical Aβ in patients with Alzheimer’s
disease remain without significant proven efficacy (16). However, additional gains may be
acquired through the use of novel cytoprotective pathways such as WISP1 that may preserve
central nervous system microglia survival to assist with immune mediated therapies to limit
Aβ accumulation and sequester Aβ (17-22).

WISP1 fosters cellular survival through wingless mediated pathways (8, 9) and through
pathways that involve phosphatidylinositol-3-kinase (PI 3-K) and protein kinase B (Akt) (2,
5, 7-9, 23). These pathways can converge upon mammalian target of rapamycin (mTOR)
that has been shown to control inflammatory cell survival (22, 24, 25). In addition, mTOR
relies upon activation of PI 3-K and Akt to block cell demise in the setting of toxic
environments (22, 24, 26, 27). One component that can regulate the activity of mTOR is the
proline rich Akt substrate 40 kDa (PRAS40). PRAS40 inhibits mTOR activity and its
downstream signaling through the mTOR Complex 1 (mTORC1) to prevent the binding of
p70S6K and the eukaryotic initiation factor 4E-binding protein 1 (4EBP1) to Raptor (28-30).
PRAS40 activity is inhibited during post-translational phosphorylation (31) that has been
shown to prevent cellular injury (32-34).

We therefore investigated whether WISP1 could preserve microglial cellular integrity during
Aβ toxicity through cellular pathways that relied upon mTOR signaling and its regulatory
component PRAS40. We show WISP1 can regulate its own expression and is necessary to
prevent both early and late apoptotic injury in microglia through modulation of mTOR and
its signaling pathways of p70S6K and 4EBP1. PRAS40 is vital to this cytoprotective
pathway and is controlled by WISP1 through the post-translational phosphorylation of
PRAS40 and the binding of PRAS40 to protein 14-3-3.

Materials and Methods
Microglial cell cultures

Per our prior protocols, the microglial cell line EOC 2 was obtained from American Type
Culture Collection (ATTC, Manassas, VA.) (22, 35). Cells were maintained in Dulbecco’s
modified Eagle medium (ATTC, Manassas, VA) and supplemented with 10% heat-
inactivated fetal bovine serum (Sigma, St Louis, MO), 50 μg/ml penicillin and streptomycin,
and 20% media from the LADMAC cell line (ATCC, Manassas, VA) which contains colony
stimulating factor-1 (CSF-1) secreted by the LADMAC cells. Cells were seeded onto 24-
well plates or 35 mm culture dishes at a density of 1.5 × 106 cells per well or 4 × 106 cells
per dish.

Experimental treatments
Per our prior protocols (21, 36, 37), β-amyloid (Aβ1-42) (American Peptide Co., Sunnyvale,
CA) was dissolved in PBS at a concentration of 100 μM. To allow for Aβ aggregation, Aβ
was incubated at 37°C for a 7 day period and then directly applied to microglial cell cultures
per the experimental protocols. For treatments applied prior to Aβ, human recombinant
WISP1 protein (R&D Systems, Minneapolis, MN) was applied 1 hour prior to Aβ
administration and the treatment was continuous.
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Assessment of cell survival
Microglial injury was determined by bright field microscopy using a 0.4% trypan blue dye
exclusion method 24 hours following treatment with Aβ per our previous protocols (24, 37,
38). The mean survival was determined by counting eight randomly selected non-
overlapping fields with each containing approximately 10-20 cells (viable + non-viable).
Each experiment was replicated 3-6 times independently with different cultures.

Assessment of DNA fragmentation
Genomic DNA fragmentation was determined by the terminal deoxynucleotidyl transferase
nick end labeling (TUNEL) assay (39-41). Briefly, microglial cells were fixed in 4%
paraformaldehyde/0.2% picric acid/0.05% glutaraldehyde. The 3′-hydroxy ends of DNA
were labeled with biotinylated dUTP using the enzyme terminal deoxytransferase (Promega,
Madison, WI) followed by streptavidin-peroxidase and visualized with 3,3′-
diaminobenzidine (Vector Laboratories, Burlingame, CA).

Assessment of membrane phosphatidylserine (PS) membrane externalization
Per our prior protocols (42-44), externalization of membrane PS residues was determined by
using Annexin V labeling. A 30 μg/ml stock solution of Annexin V conjugated to
phycoerythrin (PE) (R&D Systems, Minneapolis, MN) was diluted to 3 μg/ml in warmed
calcium containing binding buffer (10 mmol/L Hepes, pH 7.5, 150 mmol/L NaCl, 5 mmol/L
KCl, 1 mmol/L MgCl2, 1.8 mmol/L CaCl2). Plates were incubated with 500 μl of diluted
Annexin V for 10 minutes. Images were acquired with “blinded” assessment with a Leitz
DMIRB microscope (Leica, McHenry, IL) and a Fuji/Nikon Super CCD (6.1 megapixels)
using transmitted light and fluorescent single excitation light at 490 nm and detected
emission at 585 nm.

Gene reduction of WISP1 and PRAS40 with small interfering RNA (siRNA)
Microglia were plated into 35 mm dishes or 24-well plates. To silence WISP1 and PRAS40
gene expression, commercial reagents targeting WISP1 mRNA or PRAS40 mRNA (Santa
Cruz, Santa Cruz, CA) were used. Transfection of siRNA duplexes was performed with
LipofectamineTM RNAiMAX reagent according to the manufacturer guidelines (Life
Technologies Corp, Carlsbad, CA). Experimental assays were performed 72 hours post-
transfection. For each siRNA assay, scrambled siRNA was used as control.

Expression of WISP1, mTOR, p70S6K, 4EBP1, and PRAS40 with relevant phosphorylated
moieties

Cells were homogenized and following protein determination, each sample (50 μg/lane) was
then subjected to 7.5% (p-mTOR, mTOR, p-p70S6K, p70S6K) or 12.5% (WISP1, p-4EBP1,
4EBP1, PRAS40, p-PRAS40) SDS-polyacrylamide gel electrophoresis separation. After
blocking for 1 hour at room temperature with 5% skim milk, the membranes were incubated
overnight at 4 °C with a rabbit polyclonal antibody against WISP1 (1:200, Santa Cruz
Biotechnologies, Santa Cruz, CA), a rabbit antibody against (p- = phosphorylated) p-mTOR
(Ser 2448, 1: 1000), mTOR (1:1000), p-p70S6K (Thr389, 1:1000), p70S6K (1:1000),
p-4EBP1 (Ser 65/Thr70, 1:1000), PRAS40 (1:1000), and p-PRAS40 (Thr246, 1:1000). All
antibodies were obtained from Cell Signaling, Beverly, MA except for WISP1 as noted
above. Following incubation, the membranes were incubated with a horseradish peroxidase
(HRP) conjugated secondary antibody goat anti-rabbit IgG (goat anti-rabbit IgG, 1:5000,
Thermo Scientific, Rockford, IL). The antibody-reactive bands were revealed by
chemiluminescence (Amersham Pharmacia Biotech, Piscataway, NJ) and band density was
performed using the public domain NIH Image program (developed at the U.S. National
Institutes of Health and available at http://rsb.info.nih.gov/nih-image/).
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Immunoprecipitation of PRAS40 and 14-3-3
Cells lysates of total protein (200 μg) were incubated with primary antibody against protein
14-3-3 (1:100, Santa Cruz Biotech, Santa Cruz, CA) overnight at 4 °C. The complexes were
collected with protein A/G-agarose beads, centrifuged, and then prepared for 14-3-3,
PRAS40, and p-PRAS40 western analysis.

Statistical analysis
For each experiment, the mean and standard error were determined. Statistical differences
between groups were assessed by means of analysis of variance (ANOVA) from 6 replicate
experiments with the post-hoc Dunnett’s test. Statistical significance was considered at
P<0.05.

Results
Exogenous WISP1 maintains endogenous WISP1 expression during Aβ exposure

Cell protein extracts (50 μg/lane) were immunoblotted with anti-WISP1 antibody at 1, 3, 6,
and 24 hours following Aβ (10 μM) administration. As shown in Figure 1A, WISP1
expression was mildly increased at 1, 3, and 6 hours following Aβ exposure, but returned to
control untreated levels at the 24 hour time period. In the next study, WISP1 (1, 5, 10, and
20 ng/ml) was applied 1 hour prior to Aβ exposure, maintained for 6 hours and then
removed through 3 media exchanges. Subsequent western analysis for endogenous WISP1
demonstrated significantly increased expression of WISP1 in a concentration dependent
manner (Figure 1B), suggesting that application of exogenous WISP1 can promote
endogenous WISP1 expression in microglia.

WISP1 prevents microglial cell injury, DNA degradation, and phosphatidylserine
externalization during Aβ exposure

Twenty-four hours following Aβ exposure, cell injury was determined by trypan blue dye
exclusion, early apoptotic injury was assessed by membrane phosphatidylserine (PS)
exposure (annexin V staining), and late apoptotic genomic DNA fragmentation was assessed
by TUNEL (Figures 1C and 1D). Representative images and quantitative results
demonstrate that Aβ exposure results in a significant increase in trypan blue staining, DNA
fragmentation, and membrane PS exposure in microglia when compared to untreated control
cultures. WISP1 (1, 5, 10, and 20 ng/ml) applied 1 hour prior to Aβ exposure significantly
decreased trypan blue dye staining, DNA fragmentation, and membrane PS exposure in
microglia 24 hours following Aβ administration for the WISP1 concentrations of 10 ng/ml
and 20 ng/ml (Figure 1C). In Figure 1D, quantitative results illustrate that percent trypan
blue staining, DNA fragmentation, and PS exposure were significantly increased to 39 ±
6%, 40 ± 4%, and 41 ± 6% respectively from 7 ± 4%, 9 ± 3%, and 10 ± 4% for untreated
control cells. In contrast, WISP1 administration at the concentrations of 10 ng/ml and 20 ng/
ml 1 hour prior to Aβ exposure significantly limited cell injury, DNA fragmentation, and
membrane PS exposure.

Endogenous WISP1 is a necessary component for microglial protection against Aβ
Transfection with WISP1 siRNA in either untreated microglia or microglia exposed to Aβ
for 3 hours resulted in a significant reduction of WISP1 expression (Figure 2A). As a
control, non-specific scrambled siRNA did not alter WISP1 protein expression in untreated
control microglia or in microglia exposed to Aβ alone, demonstrating that WISP1 siRNA
was specific to block protein expression of WISP1. In Figure 2B, representative images
demonstrate that Aβ exposure leads to a significant increase in trypan blue staining,
genomic DNA fragmentation, and PS membrane externalization in microglia 24 hours later.

Shang et al. Page 4

Curr Neurovasc Res. Author manuscript; available in PMC 2012 December 14.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Gene reduction of WISP1 with siRNA further increased cell injury, genomic DNA
fragmentation, and PS membrane externalization when compared with Aβ alone, illustrating
that endogenous WISP1 provides a level of protection for microglia against Aβ toxicity
(Figures 2B and 2C). As a control, non-specific scrambled siRNA did not alter survival,
DNA fragmentation, or PS exposure when compared to Aβ treated cultures alone.

WISP1 promotes mTOR activation and phosphorylation of p70S6K and 4EBP1
Since WISP1 cytoprotection in other systems has been tied to the pathways of PI 3-K and
Akt1 (2, 5, 7-9, 23), we investigated whether WISP1 could alter mTOR signaling and the
activity of its downstream targets p70S6K and 4EBP1. Phosphorylation sites of mTOR for
its activation include serine2448 (31, 45). mTOR phosphorylates and activates p70S6K at
threonine389 which serves as a marker of mTOR activity (46). 4EBP1 is phosphorylated by
mTOR at serine65 and threonine70 (47). Phosphorylation of 4EBP1 results in the
dissociation of 4EBP1 from eukaryotic translation initiation factor 4 epsilon (eIF4E) to
promote the eukaryotic translation initiation factor 4 gamma (eIF4G) to begin mRNA
translation (48, 49). We assessed the expression of phosphorylated mTOR (p-mTOR,
Ser2448, active form) and phosphorylated forms of p-p70S6K and p-4EBP1 (p-p70S6K,
Thr389; p-4EBP1, Ser65/Thr70) 3 hours following Aβ exposure. In Figures 3A and 3B,
expression of p-mTOR, p-p70S6K, and p-4EBP1 was mildly increased during Aβ exposure
alone. However, in the presence of WISP1 (10 ng/ml) alone or during WISP1 (10 ng/ml)
with Aβ exposure, expression of p-mTOR, p-p70S6K, and p-4EBP1 were significantly
increased. In addition, transfection of WISP1 siRNA significantly reduced phosphorylation
of p-mTOR, p-p70S6K, and p-4EBP1 during Aβ exposure when compared to microglia
treated with WISP1 ng/ml during Aβ exposure (Figures 3C and 3D), illustrating that WISP1
is necessary to phosphorylate and activate mTOR as well as phosphorylate p-p70S6K and
p-4EBP1. As a control, non-specific scrambled siRNA did not alter mTOR, p70S6K, and
4EBP1 phosphorylation.

Cellular reduction of PRAS40 protects against apoptotic DNA degradation and membrane
PS exposure during Aβ

PRAS40 is a critical regulator of mTOR signaling that can associate with Raptor (29, 30)
and prevent p70S6K and 4EBP1 binding to Raptor (28, 30). We therefore investigated
whether loss of PRAS40 could affect microglial alter cell survival and apoptotic injury
during Aβ exposure. Cell survival was assessed with trypan dye blue exclusion, DNA
degradation with TUNEL, and PS externalization with annexin-V labeling 24 hours after Aβ
exposure. In Figures 4A and 4B, gene reduction of PRAS40 during Aβ exposure
significantly decreased trypan blue staining, TUNEL staining, and membrane PS
externalization, demonstrating that loss of PRAS40 is protective during Aβ exposure. In
addition, gene reduction of PRAS40 during WISP1 (10 ng/ml) treatment and Aβ exposure
improved cell survival and reduced apoptotic injury to a greater extent than WISP1 alone
(Figures 4A and 4B), suggesting that WISP1 relies upon inhibition of PRAS40 to prevent
microglial cell injury during Aβ toxicity. As a control, non-specific scrambled siRNA did
not alter survival or apoptotic injury when compared to WISP1 treatment and Aβ exposure
alone.

PRAS40 modulates WISP1 phosphorylation of mTOR, p70S6K, and 4EBP1
We next examined the effects of PRAS40 gene reduction upon the expression of p-mTOR,
p-p70S6K, and p-4EBP1 during Aβ exposure and also during WISP1 (10 ng/ml)with Aβ
exposure. In Figures 4C and 4D, transfection with PRAS40 siRNA significantly reduced the
expression of PRAS40 protein and increased the phosphorylation of p-mTOR, p-p70S6K,
and p-4EBP1 during Aβ exposure. Reduction of PRAS40 with siRNA transfection also
increased the expression of p-mTOR, p-p70S6K, and p-4EBP1 during WISP1 (10 ng/ml)
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administration with Aβ exposure, suggesting that WISP1 phosphorylation of mTOR,
p70S6K, and 4EBP1 can be fostered by the inhibition or loss of PRAS40. As a control,
scrambled siRNA did not alter the expression of p-mTOR, p-p70S6K, and p-4EBP1 during
Aβ exposure.

WISP1 controls the phosphorylation and binding of PRAS40 to protein 14-3-3 during Aβ
exposure

Phosphorylation of PRAS40 on threonine246 by Akt leads to its dissociation from the mTOR
complex mTORC1 (28). As a result, phosphorylated PRAS40 binds to the docking protein
14-3-3 to inhibit PRAS40 and activate mTOR signaling (50, 51). Given that WISP1 can
phosphorylate and activate Akt1 (2, 5, 7, 9), we examined whether WISP1 could lead to the
phosphorylation of PRAS40 and promote the binding of PRAS40 to protein 14-3-3 in
microglia. Western blot analysis for phosphorylated p-PRAS40 (Thr246) was performed at 1,
3, 6, and 24 hours following Aβ exposure. As shown in Figure 5A, phosphorylated p-
PRAS40 expression was mildly increased at 3, 6, and 24 hours following Aβ exposure. In
contrast, WISP1 (10 ng/ml) applied during Aβ exposure significantly increased
phosphorylation of PRAS40 over a 24 hour course when compared to exposure to Aβ alone
(Figure 5A). WISP1 (10 ng/ml) in cells not exposed to Aβ also significantly increased
phosphorylation of PRAS40 within 3 hours (Figure 5B). In addition, gene reduction of
WISP1 significantly limited the phosphorylation of PRAS40 during Aβ exposure alone and
during Aβ exposure with WISP1 (10 ng/ml), illustrating that the presence of WISP1 was
necessary for PRAS40 phosphorylation (Figure 5C). Non-specific scrambled siRNA did not
alter PRAS40 phosphorylation illustrating the specificity for WISP1 in relation to PRAS40
phosphorylation.

In regards to the binding of phosphorylated PRAS40 to protein 14-3-3, Aβ (10 μM)
exposure for 3 hours mildly increased the expression of phosphorylated PRAS40 in the
lysate that was immunoprecipited by antibody against 14-3-3 protein (Figure 5D). Yet,
transfection with WISP1 siRNA in microglia significantly reduced the expression of
phosphorylated PRAS40 in the precipitate following Aβ exposure, suggesting that loss of
WISP1 prevents the binding of phosphorylated PRAS40 with protein 14-3-3 (Figure 5D). In
addition, application of WISP1 (10 ng/ml) 1 hour prior to Aβ exposure significantly
increased phosphorylated PRAS40 expression in the precipitate when compared to microglia
exposed to Aβ alone (Figure 5D), further illustrating that WISP1 significantly increases the
binding of phosphorylated PRAS40 to protein 14-3-3. Non-specific scrambled siRNA did
not alter phosphorylated PRAS40 binding to protein 14-3-3 when compared to microglia
exposed to Aβ alone.

Discussion
Control of mTOR signaling through cytoprotective pathways such as WISP1 (6-9, 52) may
offer an exciting avenue to limit Aβ injury to microglial cells and preserve cognitive
function (22, 53, 54). We show that WISP1 expression is endogenously present in central
nervous system microglia and can be initially up-regulated in its expression following Aβ
exposure, suggesting that WISP1 expression may be a cytoprotective reparative response
similar to WISP1 up-regulation in other cells and systems of the body in response to
environmental stress (5, 7, 8, 55, 56). Furthermore, exogenous WISP1 treatment in
microglial cells can significantly increase the expression of endogenous WISP1 during Aβ
exposure. A sustained cellular up-regulation of WISP1 may be critical to foster protection as
well as repair to injured inflammatory cells. In cardiomyocytes (9) and primary neurons (8),
exogenous WISP1 application has been shown to increase and sustain the expression of
endogenous cellular WISP1 over time and that WISP1 may regulate its own expression
through control of β-catenin phosphorylation (8, 55, 57) and nuclear trafficking (8).
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Sufficient expression of WISP1 appears to be critical for the survival of microglial cells
during Aβ exposure. In prior work, WISP1 has been shown to enhance survival of lung
carcinoma cells during ultraviolet irradiation and etoposide treatment (2), prevent
cardiomyocyte death during tumor necrosis factor exposure (56), and prevent neuronal
apoptotic DNA degradation during oxidant stress (7, 8). We show that WISP1 can be
necessary and sufficient to protect microglial cells from Aβ not only from the late stages of
apoptotic injury with DNA degradation, but also from the early phase of apoptotic injury
with membrane PS exposure. WISP application at concentrations of 10 ng/ml and 20 ng/ml
similar to studies in other cellular systems prevented microglial demise during Aβ exposure
(7-9, 56). Furthermore, we show that the loss of WISP1 with gene reduction of WISP1
resulted in significant cell injury, DNA degradation, and membrane PS exposure to even a
greater extent than during exposure to Aβ alone. The ability of WISP1 to protect cells
against both the early and late stages of apoptotic injury may be vital during reparative
processes of the brain. Apoptotic exposure of membrane PS residues on injured cells can
function as a “tag” for the eventual destruction of otherwise function cells such as neurons
(58-60), microglia (21, 38, 61, 62), and vascular cells (41, 42, 63-65). By inhibiting
membrane PS exposure as well as later genomic DNA degradation in microglia, WISP1 may
be capable of blocking the demise of functional microglia to foster cytoprotection and
potential repair of the brain during neurodegenerative disorders (17, 66, 67).

WISP1 also relies upon mTOR and its signaling pathways to foster cytoprotection in
microglia. Previously, WISP1 has been shown to be dependent upon PI 3-K and Akt to offer
cellular protection in neurons, cardiac cells, and renal fibroblasts (2, 5, 7-9, 23). The PI 3-K
and Akt pathways are central pathways for cell proliferation and survival (41, 44, 68, 69)
and for the control of metabolic pathways (70-73). mTOR has been shown to depend upon
activation of the PI 3-K and Akt pathways to prevent cell injury (22, 24, 26, 27). We now
show that WISP1 during Aβ exposure is necessary to phosphorylate mTOR, p70S6K and
4EBP1. Without WISP1, such as during gene reduction of WISP1, phosphorylation of
mTOR, p70S6K and 4EBP1 is lost during Aβ exposure. These pathways can be vital for cell
survival since loss of mTOR signaling prevents phosphorylation of both p70S6K and 4EBP1
and results in apoptosis (74). Although some studies that apply rapamycin to inhibit mTOR
activity have observed cognitive improvement in mouse models of Alzheimer’s disease (75),
rapamycin can alter a number of pathways that are not specific for mTOR through mTORC1
and mTORC2 (31, 76, 77), rapamycin may exacerbate amyloid toxicity (78), amyloid can be
a detriment to cytoprotective mTOR signaling (53, 79), and in several scenarios mTOR
signaling is necessary for protection against Aβ toxicity (22, 53, 54). In addition, activation
of p70S6K by mTOR in astrocytes has been shown to be cytoprotective (80). In the absence
of mTOR activity, 4EBP1 is hypophosphorylated and can bind to eIF4E that results in the
translation of apoptotic promoting proteins (81).

Interestingly, we demonstrate that WISP1 governs mTOR signaling through PRAS40.
PRAS40 can inhibit mTOR activity and the binding of p70S6K and 4EBP1 to Raptor
(28-30). Furthermore, inhibition of PRAS40 has been shown to prevent cellular death during
to toxic exposure such as oxidant stress. For example, inhibition and phosphorylation of
PRAS40 reduces apoptotic cell death (32-34) and gene reduction of PRAS40 has been
shown to prevent apoptosis against tumor necrosis factor and cyclohexamide (82). We show
that during gene reduction of PRAS40, microglial cellular injury, genomic DNA
degradation, and membrane PS exposure are significantly limited during Aβ exposure. In
addition, gene reduction of PRAS40 during WISP1 administration and Aβ exposure further
reduced cellular DNA degradation and membrane PS exposure, suggesting that WISP1 is
employing PRAS40 inhibition to protect microglia against Aβ toxicity. These observations
are further supported by our work that examined the ability of WISP1 to phosphorylate
mTOR, p70S6K and 4EBP1 during gene reduction of PRAS40. Gene reduction of PRAS40
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increased the phosphorylation of mTOR, p70S6K and 4EBP1 either during Aβ exposure
alone or during treatment with WISP1, indicating that phosphorylation of mTOR, p70S6K,
and 4EBP1 by WISP1 can be mediated through the inhibition or loss of PRAS40.

Ultimately, WISP1 fosters microglial cytoprotection by phosphorylating PRAS40 and
promoting the binding of PRAS40 to protein 14-3-3 to inhibit its activity and increase
mTOR activation. Phosphorylation of PRAS40 dissociates PRAS40 from mTORC1 (28) and
allows PRAS40 to bind to protein 14-3-3 (50, 51). We show that WISP1 significantly
increases phosphorylation of PRAS40 over a 24 hour course with or without Aβ exposure.
In addition, gene reduction of WISP1 significantly limited the phosphorylation of PRAS40,
demonstrating that WISP1 was necessary for PRAS40 phosphorylation. WISP1 also was
necessary for the binding of phosphorylated PRAS40 to protein 14-3-3, since gene reduction
of WISP1 prevented the binding of phosphorylated PRAS40 to protein 14-3-3.

Our studies highlight WISP1 and mTOR signaling as novel targets for neurodegenerative
disease and Aβ toxicity that may be a result of inflammatory cell dysfunction. WISP1 is
initially up-regulated by Aβ and can foster its own expression and block microglial early
and late apoptotic demise during Aβ exposure through the phosphorylation of mTOR and its
signaling pathways of p70S6K and 4EBP1. Ultimately, WISP1 controls mTOR signaling
through PRAS40 through post-translational phosphorylation of PRAS40 to result in its
binding to protein 14-3-3. Given the lack of efficacious treatments for neurodegenerative
disorders, further understanding of the cellular pathways of the CCN family protein WISP1
could offer new promise for the development of novel therapeutic strategies for disease
entities such as Alzheimer’s disease.
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Figure 1. WISP1 increases endogenous expression and blocks apoptotic injury during Aβ
exposure
(A) Microglial cultures were exposed to Aβ at the concentration of 10 μM for the time
period (hr=hour) as indicated and the expression of WISP1 was determined by western blot
analysis (*P <0.01 vs. Control). Con = Control = untreated microglia. Each data point
represents the mean and SEM from 3 experiments. (B) Exogenous WISP1 (1, 5, 10, and 20
ng/ml) was applied 1 hour prior to Aβ (10 μM) exposure, maintained for 6 hours and then
removed through 3 media exchanges. Subsequent expression of WISP1 was determined by
western blot analysis (*P<0.01 vs. untreated control; †P <0.01 vs. Aβ). Each data point
represents the mean and SEM from 3 experiments. Con = control = untreated microglia. (C
and D) WISP1 (1, 5, 10, and 20 ng/ml) was applied to cultures of microglia 1 hour prior to
the administration of Aβ (10 μM) and cell survival, DNA fragmentation, and membrane PS
exposure were determined 24 hours later through trypan blue dye exclusion (TB, for cell
survival), TUNEL (DNA fragmentation), and annexin-V labeling (PS exposure)
respectively. Representative images (C) and quantitative analysis (D) demonstrate that Aβ
leads to a significant increase in trypan blue dye, TUNEL, and annexin-V labeling in
microglia 24 hours after Aβ exposure when compared to untreated control cultures. In
contrast, WISP1 (10 or 20 ng/ml) given 1 hour prior to Aβ exposure significantly reduced
trypan blue dye, TUNEL, and annexin-V labeling (*P < 0.01 vs. Control; †P <0.01 vs. Aβ
treated alone). Each data point represents the mean and SEM from 6 experiments.
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Figure 2. Endogenous WISP1 is a necessary for microglial cell survival against Aβ
(A) Gene knockdown of WISP1 was performed with transfection of WISP1 siRNA prior to
Aβ (10 μM) exposure in microglial cells. The expression of WISP1 was determined 3 hours
following Aβ exposure by western blot analysis (*P <0.01 vs. Control; †P <0.01 vs. Aβ).
Control = untreated microglia. Each data point represents the mean and SEM from 3
experiments. Transfection with scrambled siRNA did not change WISP1 expression
following Aβ exposure when compared to Aβ exposure alone (*P < 0.01 vs. Control; †P
<0.01 vs. Aβ treated alone). (B) Gene knockdown of WISP1 was performed with
transfection of WISP1 siRNA prior to Aβ (10 μM) exposure in microglia cells and cell
survival, DNA fragmentation, and membrane PS exposure were determined 24 hours later
through trypan blue dye exclusion (TB), TUNEL (DNA), and annexin-V labeling (PS)
respectively. Representative images demonstrate that Aβ results in a significant increase in
trypan blue dye staining, DNA fragmentation, and membrane PS exposure in microglia 24
hours after Aβ exposure. WISP1 siRNA transfection further increased trypan blue dye
staining, DNA fragmentation, and membrane PS exposure labeling following Aβ exposure,
but not with statistical significance.. (C) Quantitative analysis demonstrates that transfection
with WISP1 siRNA increased percent cell labeling of trypan blue dye staining, DNA
fragmentation, and membrane PS exposure following Aβ exposure. Transfection with
scrambled siRNA did not change the percent trypan blue dye staining, DNA fragmentation,
and membrane PS exposure labeling following Aβ exposure when compared to Aβ exposure
alone (*P < 0.01 vs. Control; †P <0.01 vs. Aβ treated alone). Each data point represents the
mean and SEM from 3 experiments.
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Figure 3. WISP1 activates mTOR and phosphorylates p70S6K and 4EBP1
(A) WISP1 (10 ng/ml) was applied directly to microglial cultures and the expression of
phosphorylated (p)-mTOR (Ser2448), p-p70S6K (Thr389), and p-4EBP1 (Ser65/Thr70) was
determined at 3 hours later by western blot analysis. WISP1 significantly increased the
expression of p-mTOR, p-p70S6K, and p-4EBP1 in microglia. Following WISP1 (10 ng/ml)
application to microglia 1 hour prior to Aβ (10 μM) administration, the expression of p-
mTOR, p-p70S6K, and p-4EBP1 was significantly increased when compared with Aβ
cultures treated alone. (B) Quantitative results illustrate that WISP1 during Aβ exposure
significantly increased the expression of p-mTOR, p-p70S6K, and p-4EBP1 in microglia (*P
< 0.01 vs. Control; †P<0.01 vs. Aβ treated alone). (C) WISP1 siRNA was transfected into
microglia and cell protein extracts (50 μg/lane) were immunoblotted with phosphorylated
(p)-mTOR (Ser2448), p-p70S6K (Thr389), and p-4EBP1 (Ser 65/Thr70) antibodies at 3 hours
following administration of Aβ (10 μM). Aβ resulted in a mild increase in the expression of
p-mTOR, p-p70S6K, and p-4EBP1 that was further increased by WISP1 (10 ng/ml)
administration 1 hour prior to Aβ exposure. WISP1 siRNA transfection significantly limited
the expression of p-mTOR, p-p70S6K, and p-4EBP1 3 hours following Aβ exposure. (D)
Quantitative results demonstrate that gene knockdown of WISP1 significantly limited the
expression of p-mTOR, p-p70S6K, and p-4EBP1 3 hours following Aβ exposure (*P <0.01
vs. Control; †P<0.01 vs. Aβ treated alone). Scrambled siRNA transfection did not alter the
expression of p-mTOR, p-p70S6K, and p-4EBP1 following Aβ exposure. Control=untreated
microglia. In all cases, each data point represents the mean and SEM from 3 experiments.
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Figure 4. PRAS40 controls apoptotic injury and the WISP1 phosphorylation of mTOR, p70S6K,
and 4EBP1
(A) PRAS40 siRNA was transfected into microglial cultures prior to administration of Aβ
(10 μM) and cell injury was determined 24 hours following Aβ exposure through trypan
blue dye exclusion (TB, for cell survival), TUNEL (DNA fragmentation), and annexin-V
labeling (PS exposure) respectively. Representative images of trypan blue staining, TUNEL,
and PS exposure following Aβ exposure in microglia show that PRAS40 siRNA transfection
reduced trypan blue staining, DNA fragmentation, and PS exposure and tended to increase
cytoprotection of WISP1 (10 ng/ml) without statistical significance. (B) The quantitative
results of trypan blue dye exclusion, DNA fragmentation, and membrane PS exposure
demonstrated that percent trypan blue staining, DNA fragmentation, and PS exposure was
significantly decreased by PRAS40 siRNA transfection or WISP1 (10 ng/ml) administration
prior to Aβ exposure (*P<0.01 vs. Aβ treated alone). Scrambled siRNA transfection did not
alter trypan blue dye exclusion, DNA fragmentation, and membrane PS exposure following
Aβ exposure when compared to Aβ exposure alone. Each data point represents the mean and
SEM from 3 experiments. (C) Gene knockdown of PRAS40 was performed with
transfection of PRAS40 siRNA prior to Aβ (10 μM) exposure in microglia and the
expression of PRAS40, phosphorylated (p) p-mTOR (Ser2448), p-p70S6K (Thr389), and
p-4EBP1 (Ser65/Thr70) was determined 3 hours following Aβ exposure. WISP1 (10 ng/ml)
applied 1 hour prior to Aβ exposure significantly increased the expression of p-mTOR, p-
p70S6K, and p-4EBP1. Transfection with PRAS40 siRNA significantly limited the
expression of PRAS40 and significantly increased the expression of p-mTOR, p-p70S6K,
and p-4EBP1 in microglia following a 3 hour period of Aβ exposure or in cells treated with
WISP1 (10 ng/ml). Scrambled siRNA transfection did not alter the expression of PRAS40,
p-mTOR, p-p70S6K, and p-4EBP1 following Aβ exposure. (D) Quantitative results of
western blot band density in (C) illustrate that PRAS40 gene reduction leads to significantly
increased expression of p-mTOR, p-p70S6K, and p-4EBP1 in microglia during Aβ exposure
alone or during Aβ exposure with WISP1 (10 ng/ml) application (*P < 0.01 vs. Aβ treated
alone; †P<0.01 vs. WISP1/Aβ).
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Figure 5. WISP1 leads to the phosphorylation and binding of PRAS40 to protein 14-3-3 during
Aβ exposure
(A) Western blot was performed for phosphorylated-PRAS40 (p-PRAS40, Thr246) in
microglia at 1, 3, 6, or 24 hours (hr) following Aβ (10 μM) exposure. Aβ resulted in a mild
increase in the expression of p-PRAS40 after 3 hours following of Aβ (*P<0.01 vs.
Control). Application of WISP1 (10 ng/ml) 1 hour prior to Aβ administration significantly
increased the expression of p-PRAS40 at 3, 6, and 24 hours after Aβ exposure (†P<0.01 vs.
Aβ at the corresponding time points). (B) Application of WISP1 (10 ng/ml) microglial
cultures significantly increased the expression of p-PRAS40 3 hours later. WISP1 (10 ng/
ml) treatment prior to Aβ (10 μM) administration also significantly increased the expression
of p-PRAS40 when compared to Aβ treated alone 3 hours following Aβ exposure (*P < 0.01
vs. untreated Control; †P<0.01 vs. Aβ treated alone). (C) WISP1 siRNA was transfected into
microglial cultures prior to the administration of Aβ (10 μM) and expression of p-PRAS40
was determined 3 hours following Aβ exposure by western blot analysis. Transfection of
WISP1 siRNA reduced the expression of p-PRAS40 3 hours following Aβ exposure. Non-
specific scrambled siRNA did not alter the expression of p-PRAS40 during Aβ exposure (*P
< 0.01 vs. untreated Control; †P<0.01 vs. Aβ treated alone). In all cases, each data point
represents the mean and SEM from three experiments. (D) WISP1 siRNA was transfected
into microglial cultures prior to the administration of Aβ (10 μM) and cell extracts were
immunoprecipitated by antibodies against protein 14-3-3 three hours later. Western blot
analysis was performed to detect the expression p-PRAS40 and 14-3-3 in the precipitate.
Application of WISP1 (10 ng/ml) increased the expression of p-PRAS40 in the precipitate.
In contrast, WISP1 siRNA significantly reduced expression of p-PRAS40 in the precipitate
following Aβ exposure (*P<0.01 vs. untreated control; †P< 0.01 vs. Aβ treated alone).
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