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(Background: Increased amyloid precursor protein (APP) )

contributes to Alzheimer disease (AD), but how its pro-
tein stability is regulated is unclear.

Results: Pinl inhibits glycogen synthase kinase-3f3
(GSK3p) and thereby reduces APP phosphorylation and
promotes its protein turnover.

Conclusion: Pinl promotes APP protein turnover by
inhibiting GSK3 activity.

Significance: This study provided a novel mechanism for

Pinl to protect against AD.
. J

Alzheimer disease (AD) is characterized by the presence of
senile plaques of amyloid-f (A ) peptides derived from amyloid
precursor protein (APP) and neurofibrillary tangles made of
hyperphosphorylated Tau. Increasing APP gene dosage or
expression has been shown to cause familial early-onset AD.
However, whether and how protein stability of APP is regulated
is unclear. The prolyl isomerase Pinl and glycogen synthase
kinase-3f3 (GSK3pB) have been shown to have the opposite
effects on APP processing and Tau hyperphosphorylation, rele-
vant to the pathogenesis of AD. However, nothing is known
about their relationship. In this study, we found that Pin1 binds
to the pT330-P motif in GSK3p to inhibit its kinase activity.
Furthermore, Pinl promotes protein turnover of APP by inhib-
iting GSK3p activity. A point mutation either at Thr-330, the
Pinl-binding site in GSK3f, or at Thr-668, the GSK3f phos-
phorylation site in APP, abolished the regulation of GSK3f3
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activity, Thr-668 phosphorylation, and APP stability by Pinl,
resulting in reduced non-amyloidogenic APP processing and
increased APP levels. These results uncover a novel role of Pinl
in inhibiting GSK3f kinase activity to reduce APP protein lev-
els, providing a previously unrecognized mechanism by which
Pinl protects against Alzheimer disease.

Alzheimer disease (AD)* is characterized by the accumula-
tion of senile plaques made of amyloid- 3 peptides (AB) derived
from amyloid precursor protein (APP) and neurofibrillary tan-
gles composed of hyperphosphorylated Tau. It has been shown
that duplication of human APP gene causes familial early-onset
AD (1), and familial early-onset AD-linked genetic mutations in
APP gene promoter cause 2-fold increase in APP transcrip-
tional activity resembling the effect of APP triplication in Down
syndrome (2). Almost all Down syndrome patients over the age
of 40 develop AD neuropathology (3), but importantly, Down
syndrome patients with partial trisomy 21 excluding the APP
gene region showed no AD pathology (4). In addition, overex-
pression of APP results in amyloid deposition, memory deficit,
and Af elevation in mice (5). These results suggest that APP
gene dosage is the key detrimental factor in the pathogenesis of
AD. Although APP processing has been well studied (6, 7), little
is known about the regulation of APP protein stability.

Glycogen synthase kinase-3 (GSK3) is involved in a variety of
cellular processes. GSK3p, also known as Tau kinase I, is widely
expressed in all tissues, with high expression in brain, and is
important for normal neuronal growth (9). Aberrant regulation
of GSK3p has been linked to diseases such as AD (10), cancer,
and diabetes (8). Hyperactivity of GSK38 increases A3 produc-
tion and toxicity and Tau phosphorylation (11). Mice with con-
ditional overexpression of GSK3p in forebrain neurons have a
reversible condition that resembles AD neuropathology (12).
Thus, tight GSK3 regulation is important in AD pathology.

The primary mechanism for the regulation of GSK33
is through inhibition (8), well recognized by Ser-9 phosphoryl-
ation that inhibits kinase activity. An additional inhibitory
phosphorylation site is regulated by p38 mitogen-activated pro-
tein kinase (MAPK) (13). However, so far, how GSK3p activity
is regulated in AD is unclear.

Pinl is a unique prolyl isomerase that binds to and isomerizes
certain phosphorylated Ser/Thr-Pro (pS/T-P) motifs (14). Pinl
aberrations contribute to a growing number of diseases, notably
AD, cancer, and aging (15). Pinl acts on the pT231-P in Tau to
restore its microtubule function and to promote its dephos-
phorylation and degradation (14, 16, 17). Pin1 also acts on the
T668-P motif in APP to promote non-amyloidogenic APP
processing (7). Importantly, Pinl is inhibited in human AD
neurons via multiple mechanisms. In contrast, the Pinl SNP

“The abbreviations used are: AD, Alzheimer disease; APP, amyloid precursor
protein; APPs, secreted APP; AB, amyloid-B3; GSK3, glycogen synthase
kinase-3; Pin1-WT, Pin1 wild-type mice; Pin1-KO, Pin1 knockout mice; Pin1-
Tg, Pin1 transgenic mice; CIP, calf intestinal phosphatase; Co-IP, co-immu-
noprecipitation; p-GSK-3 (S9), phosphorylated GSK-3p3 at Ser-9.
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that prevents its down-regulation in the brain is associated with
delayed onset of AD (19). These and other results suggest a
neuroprotective role for Pinl in AD.

Previous studies have shown that APP and Tau can be phos-
phorylated by GSK3p (11, 20). Notably, Pinl and GSK3p have
the opposite effects on APP processingand Tau hyperphosphor-
ylation in AD. However, nothing is known about their relation-
ship. In this study, we reveal for the first time that Pinl pro-
motes APP protein turnover by binding and inhibiting GSK33
kinase activity, providing a novel mechanism for Pin1 to protect
against AD.

EXPERIMENTAL PROCEDURES

Cell Lines—Human H4 cells were treated for 72 h with an
oligonucleotide for silencing Pinl (siRNA-Qiagen) with HiPer-
Fect (Qiagen). GSK3p stable knockdown H4 cells were gener-
ated using human GSK3B shRNA (RNAi Consortium), as
described (19).

Plasmid Constructs and Transfection—Human wild-type
(WT) GSK3B was from Addgene, and its mutants were pre-
pared using the QuikChange mutagenesis kit (Stratagene, La
Jolla, CA). They were transfected into GSK38 knockdown H4
cells followed by harvesting 24 h later.

Immunoprecipitation and Western Blots—aAPPs and BAPPs
were measured at the steady state (7). Briefly, culture media of
growing cells were immunoprecipitated using 6E10 antibody
(Covance), which specifically identifies «APPs, followed by
Western blot using the 22C11 antibody (Chemicon), or using
22C11 antibody, followed by Western blot using the sAPPf3
antibody (Covance). Western blots were performed (16) using
APP C-terminal antibody (Sigma), GSK3B (BD Transduction
Laboratories), p-GSK-38 (S9) (Cell Signaling, Danvers, MA),
B-catenin (6B3, Cell Signaling), or laboratory-generated
pT668-APP antibody or using a monoclonal Pinl antibody (7)
followed by semiquantification using Image] (National Insti-
tutes of Health).

Co-immunoprecipitation (Co-IP) and Glutathione S-Trans-
ferase (GST) Pulldown Assay—Co-IP experiments were per-
formed as described (19) with Pinl monoclonal antibody
(Epitomics) on brain lysates from wild-type (Pin1-WT), Pinl
knock-out (Pin1-KO), and Pin1 transgenic (Pin1-Tg) mice fol-
lowed by Western blot with anti-GSK3p antibody. To further
determine the S/T-P motifs of GSK3p critical for the binding of
Pin1, GSK38 stable knockdown H4 cells were transfected with
GSK3B (WT or mutants) followed by GST pulldown assay and
Western blot with anti-GSK3.

Protein Stability Assay—Cells were transfected with GSK
WT or T330A constructs for 24 h followed by protein stability
assay, as described (17).

In Vitro GSK Kinase Assay—Cells transfected with
HA-tagged GSK WT or T330A constructs were lysed and fol-
lowed by immunoprecipitation using HA antibody. Alterna-
tively, brain lysate was added to the kinase buffer. The kinase
reactions were performed using a GSK peptide substrate, GSM
(62.5 um) (Millipore, Temecula, CA) as described (13). To
examine the effect of Pin1 on GSK3 kinase activity, His-tagged
Pinl wild-type or mutant protein was preincubated with Pinl
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FIGURE 1. Pin1 binds to phosphorylated Thr-330-P motif in GSK3p. A-C,
Pin1 knockdown (Pin1 KD) reduced p-GSK-33 (S9), leading to higher GSK33
activity and a higher rate of B-catenin degradation. Error bars indicate S.D.
D, Co-IP confirmed the endogenous interaction of GSK3Band Pin1in Pin1-WT
and Pin1-Tg mouse brains. E, Pin1 binding to GSK3 is dependent on phos-
phorylation and is abolished after CIP treatment, as assayed by GST-Pin1 pull-
down assay. F and G, Pin1 binding to GSK3 point mutants was assayed by
GST-Pin1 pulldown (F) and Co-IP (G). *, p < 0.05; **, p < 0.005. /B,
immunoblotting.

knock-out mouse brain lysates on ice prior to performing
GSK3p kinase activity.

RESULTS AND DISCUSSION

Pinl Binds to pT330-P Motif in GSK3B—Our results showed
that knockdown of Pinl significantly decreased the level of
p-GSK-3B (S9) and B-catenin as a result of reduced inhibition
of GSK3 activity (Fig. 1, A—C). Co-IP experiments showed the
endogenous interaction between GSK3f and Pinl in mouse
brain lysates (Pin1-WT or Pinl-Tg) (Fig. 1D). The binding
between GSK3 and Pin1 was abolished by calf intestinal phos-
phatase (CIP) treatment (Fig. 1E), indicating a phosphoryla-
tion-dependent interaction.

Pinl only binds to certain phosphorylated pS/T-P motifs
(14), and GSK3B was phosphorylated at the T-P motif, as
shown by Western blot using pT-P-specific antibody (supple-
mental Fig. 14). The substitution of Ala at GSK3$ Thr-330
showed greatly reduced binding to Pinl, whereas other GSK33
mutants showed no significant difference in their ability to bind
to Pinl (Fig. 1, Fand G). Thus, the pT330-P motif in GSK38 is
a major binding site for Pin1.

Pinl Inhibits GSK3 Activity in Vivo and in Vitro—Given the
phosphorylation-dependent interaction between Pinl and
GSK3p, a key question is whether Pinl affects GSK3p kinase
activity. To address this question, crude brain lysates from age-
matched Pin1-Tg mice and Pin1-KO mice and their respective
Pin1-WT littermates were subjected to an in vitro GSK kinase
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FIGURE 2. Pin1 inhibits GSK3 3 activity in vivo and in vitro. A, comparison of
GSK kinase activity between Pin1-WT and Pin1-Tg mouse brains using GSM
and 2B-SP as substrates for in vitro kinase assay. B, comparison of the GSK33
activity among Pin1-WT, Pin1-Tg and Pin1-KO mice. Pin1-KO and Pin1-Tg
mice showed an increase and decrease in GSK3 activity, respectively, when
compared with their respective Pin1-WT mice. C, time course analysis of
GSK3 activity showed differential GSK38 activity among Pin1-WT, Pin1-Tg,
and Pin1-KO mice at 5 min and a higher and faster rate of GSK3 activity in
Pin1-KO mice when compared with Pin1-WT controls. D, only Pin1-WT, but
not its mutants lacking the substrate binding or substrate isomerization abil-
ity, inhibited GSK3p activity. £, GSK33 WT or T330A constructs were trans-
fected in GSK3B knockdown cells and immunoprecipitated by HA antibody
followed by preincubation with different amounts of Pin1 and in vitro GSK
kinase assay, showing that Pin1 inhibited GSK3p activity of GSK38 WT, but
not its T330A mutant, in a dose-dependent manner. *, p < 0.05; **, p < 0.005,
*** p < 0.001. Error bars indicate S.D.

assay using [y->*P]ATP with two commonly used GSK3-spe-
cific substrates, 2B-SP and GSM, as described (13). GSM was
used for subsequent experiments based on its high sensitivity
(Fig. 24). When compared with the age-matched Pinl-WT
controls, the GSK3 kinase activity was significantly increased
in Pin1-KO mice but dramatically decreased in Pin1-Tg mice
(Fig. 2B). Time course experiments revealed that in the absence
of Pinl, the rate of GSK3 kinase activity increased significantly
when compared with Pin1-WT mice (Fig. 2C). These results
suggested that Pinl might inhibit GSK3 kinase activity. To
examine whether this Pinl inhibitory function requires the
ability of Pin1 to bind to and isomerize its substrate, recombi-
nant Pinl WT, Pin1 W34A that cannot bind to its substrate and
Pinl K63A that cannot isomerize its substrate were incubated
in Pin1-KO mouse brain lysates prior to GSK3 kinase assay.
Our results showed that GSK3 kinase activity was significantly
inhibited only by functional Pin1 (Fig. 2D).

MARCH 2, 2012+VOLUME 287+NUMBER 10

REPORT: Pin1 Promotes APP Protein Turnover

100 20

APP |——

B-actin i —e -

A B 120 - )
wT T330A __ 1004
— o9 80
" ' : o e
aapp S4B 38 0]
R 40
totAPP -—-Qg: 20 1
O WT " T330A
c D 140 n.s.
Pin1 KD = 120
wT T330A o £ 100
o £ 80
<3 6o
oAPP [N S8 S BN & ® e 40
20
tOtAPP | = —= o o o o
WT T330A
Pin1KD
E F 250 1 s B
GSKWT GSKT330A 2= 20
& »:‘9 & ("9 i“g’, 150
oo° Q& °o° Q\o §: 100
— a 50
T668-APP .i.i.l 0 TR,
p B ‘},), /,,, ’°z,,, %,
Y o o
GSKWT  GSK T330A
G H jny % | = *
WT KO g 500 ‘3_ 100
APP == i - - a 400 E 80
i SEE) 22 50 o g
B-actin & E & g 60
WT Tg é 200 S 40
g 5
2 ®
0 g o ry

A, .
%, % K/

2,
o %

FIGURE 3. GSK3 Thr-330 is critical for Pin1 to promote non-amyloido-
genic APP processing. A and B, mutation of the Pin1-binding site (T330A)
reduced aAPPs production. totAPP, total APP. C and D, when Pin1 was
knocked down (Pin1 KD), there was no difference between GSK3B8 WT and
T330A on the level of «APPs production. Eand F, the Thr-668 phosphorylation
level was reduced in the presence of Pin1 when cells were transfected with
GSK3B WT, but not GSK3B T330A. G-/, higher and lower endogenous APP
levels were found in Pin1-KO and Pin1-Tg mouse brain lysates, respectively,
when compared with Pin1-WT controls. *, p < 0.05; **, p < 0.005; n.s., p > 0.05
(not significant). Error bars in panels B, D, F, H, and / indicate S.D.

To further confirm that the inhibitory effects of Pinl on
GSK3p kinase activity are due to Pinl binding to GSK38 on
pT330, GSK3B knockdown cells were transfected with
HA-GSK3B WT or its T330A constructs followed by the
GSK3g kinase activity after immunoprecipitation with anti-HA
antibodies. A dose-dependent inhibitory effect of Pinl on
GSK3p kinase activity was observed in GSK38 WT, but not
T330A mutant-transfected cells (Fig. 2E). In addition, no differ-
ence in basal GSK3B kinase activity was observed between
GSK3B WT or T330A transfected cells, suggesting that T330A
mutation has no major effects on basal kinase activity. These
results indicate that the binding of Pin1 and GSK3 at Thr-330
is critical for the regulation of GSK3 by Pin1.

GSK3B Thr-330 Is Critical for Pinl to Promote Non-amy-
loidogenic APP Processing—Our results showed that Pinl
knockdown or GSK3 overexpression significantly reduced the
level of aAPPs (supplemental Fig. 1, B-H). Moreover, BAPPs
production was increased when Pinl was knocked down (sup-
plemental Fig. 1, I and ). These results confirm our previous
findings that Pinl increases non-amyloidogenic but decreases
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FIGURE 4. Pin1 inhibits GSK3 to promote APP turnover. A and B, cells were treated with cycloheximide (CHX)for the indicated time and then subjected to
Western blot for APP. When Pin1 was knocked down (Pin1 KD), APP stability was increased, and thus the rate of APP degradation slowed down. APP™? mature
form of APP; APP™™, immature form of APP. C and D, GSK33 T330A reduced the rate of APP degradation when compared with GSK38 WT. £, when Pin1 was
knocked down, there was no difference in APP degradation with GSK3B8 WT or T330A. F, when cells were transfected with GSK3B8 T330A, Pin1 knockdown did
not affect APP degradation. G, Pin1 did not affect the stability of the APP T668A mutant, which abolished the binding site for Pin1 or GSK38 on APP. H, model
showing the role of Pin1 on the regulation of GSK3, which regulates the downstream pathway on APP and Tau, modulating the pathogenesis of AD.

amyloidogenic APP processing (7). To examine whether Pinl
binding to GSK3p affects APP production, GSK3 knock-
down cells were transfected with GSK38 WT or T330A con-
structs, and the level of «APPs was assayed. Mutation T330A of
GSK3p reduced the level of «APPs (Fig. 3, A and B), but there
was no difference in «APPs secretion between GSK38 WT and
its T330A mutant when Pinl was knocked down (Fig. 3, C and
D), suggesting that GSK3 Thr-330 is critical for Pinl to pro-
mote non-amyloidogenic APP processing.

Given that GSK3 has been shown to phosphorylate the
pT668-P motif in APP (20), it is possible that Pin1 might regu-
late APP phosphorylation through GSK3B. To examine this
possibility, H4 cells with control or Pinl siRNA treatment were
transfected with GSK3B WT or T330A constructs, and Thr-
668 phosphorylation levels were compared. Our results showed
that Pinl reduced pT668-APP in cells transfected with GSK33
WT, but not GSK38 T330A (Fig. 3, E and F), suggesting that
Thr-330 of GSK3p is a critical site for Pinl to regulate APP
phosphorylation.

Pinl Inhibits GSK38 to Promote APP Turnover—The APP
level is a major determining factor in the pathogenesis of AD.
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However, so far, little is known about the regulation of APP
protein stability.

To address this question, we first compared the endogenous
levels of APP in brain lysates from Pin1-KO mice and Pinl-Tg
mice and their respective littermates. When compared with
Pinl-WT controls, significant higher levels of APP were
observed in Pin1-KO mice, similar to those observed previously
(7), but reduced levels of APP were found in Pin1-Tg mice (Fig.
3, G-I), suggesting a role for Pinl in regulating APP stability.

To examine this possibility, H4 cells with control or Pinl
siRNA treatment were incubated with cycloheximide to inhibit
de novo APP synthesis, and the steady-state levels of APP were
determined at the indicated times. Our results showed that
Pinl knockdown significantly increased the stability of APP
when compared with the vector control (Fig. 4, A and B). Sim-
ilar results were also obtained by determining APP protein sta-
bility using [**S]methionine pulse-chase experiments (supple-
mental Fig. 2, A and B). Thus, Pinl is important for regulating
APP protein turnover.

To examine the importance of GSK3p for Pinl to regulate
APP stability, we examined whether the abolishment of the
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Pinl-binding site in GSK38 would mimic the effects of Pinl
knockdown. GSK3B knockdown cells were transfected with
GSK3B WT or T330A constructs followed by the cyclohexi-
mide chase. APP was more stable in GSK3 T330A-overex-
pressing cells (Fig. 4, C and D), similar to Pin1 knockdown cells
(Fig. 4, A and B). However, in Pinl knockdown cells, no differ-
ence in APP stability was observed among GSK38 WT or
T330A transfected cells (Fig. 4E, supplemental Fig. 2C). In
GSK3B T330A transfected cells, when the binding site for Pinl
was abolished, the presence or absence of Pin1 showed no effect
on APP stability (Fig. 4F, supplemental Fig. 2D). All these
results suggested that GSK38 Thr-330 is important not only for
Pinl to act on GSK3p, but also for GSK3 to regulate APP
degradation. To examine whether Pinl might regulate APP
degradation through Thr-668 phosphorylation, H4 cells with
control or Pinl siRNA treatment were transfected with T668A
mutant followed by the cycloheximide chase. No difference in
the stability of the APP mutant was observed in the presence or
absence of Pinl (Fig. 4G, supplemental Fig. 2F). Taken together,
these results indicate that Pinl increases APP turnover through
the regulation of GSK3p activity.

Decreased Pinl (14) and increased GSK3p (10) levels were
reported in brains of AD patients. There were also studies sug-
gesting the independent roles of Pinl and GSK38B on AD,
including the conformational changes on Tau (14, 16) and APP
(7) by Pinl, hyperphosphorylation of Tau (11), and increased
production of AB by GSK38; however, the link between Pinl
and GSK3 on the pathogenesis of AD is unclear. Our current
study identified GSK3p as the substrate of Pinl and the regula-
tion of GSK3 by Pin1 through the binding of Pin1 and GSK3
at the T330-P motif. In the absence of Pinl or abolishment of
the Pinl-binding site in GSK33, we found that there was an
increase in GSK3p activity and increased stability of APP favor-
ing the production of toxic A3, suggesting the important role of
Pinl in the regulation of GSK33 and the downstream pathway.
Different studies have already shown that Pinl has a direct
effect on Tau phosphorylation (14, 16) and APP processing (7).
Our current study suggested that Pinl can regulate APP turn-
over directly and indirectly through the regulation of GSK3p.
We propose a model in which Pinl binds GSK38 Thr-330 and
inhibits its activity, thus regulating APP processing and stability
as well as Tau phosphorylation, stability, and aggregation. Pinl
can also regulate APP and Tau directly through APP Thr-668
and Tau Thr-231 after they are phosphorylated by GSK3p or
other kinases (Fig. 4H). These findings are highly significant as
they demonstrate a novel mechanism for Pinl to protect
against AD.
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