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Multiple recent reports implicate amyloid precursor protein (APP) signaling in the pathogenesis of Alzheimer’s disease, but the APP-
dependent signaling network involved has not been defined. Here, we report a novel consensus sequence for interaction with the PDZ-1
and PDZ-2 domains of the APP-interacting proteins Mint1, Mint2, and Mint3 (X11�, X11�, and X11�), and multiple novel interactors for
these proteins, with the finding that transcriptional coactivators are highly represented among these interactors. Furthermore, we show
that Mint3 interaction with a set of the transcriptional coactivators leads to nuclear localization and transactivation, whereas interaction
of the same set with Mint1 or Mint2 prevents nuclear localization and transactivation. These results define new mediators of the signal
transduction network mediated by APP.

Introduction
Alzheimer’s disease (AD) affects more than five million Ameri-
cans, yet it is currently without any truly effective treatment.
Although interest has in the past focused primarily on amyloid-�
(A�) contained in plaques, it has become clear that plaque for-
mation is not required for the Alzheimer’s phenotype, at least in
transgenic mouse models of AD (Hsia et al., 1999). A number of
previous reports have demonstrated toxicity of A� based on chem-
ical and physical effects on the cell, such as lysosomotropic
detergent-like effects (Glabe, 2001), metal binding (Barnham and
Bush, 2008), and generation of reactive oxygen species (Butterfield,
2003). Recent, complementary results argue that signaling events,
some of which are mediated by APP itself, also play a crucial role in
the development of the AD phenotype (Galvan et al., 2006; Zhao et
al., 2006; Townsend et al., 2007; Ma et al., 2008; Nguyen et al., 2008).
Furthermore, APP has recently been shown to be a receptor for
netrin-1 (Lourenço et al., 2009), and to give rise to N-APP, a ligand
for DR6 (death receptor 6) (Nikolaev et al., 2009). Therefore, it is of
interest to determine the signaling networks centered around APP
and to determine which signaling pathways and proteins are crucial
for the development of the Alzheimer’s phenotype.

The Mint1/X11 family has three members: Mint1, Mint2, and
Mint3, also known as X11, X11L, and X11L2 or, alternatively, as
X11�, X11�, and X11�, respectively. All three members display a
centrally located PTB (phosphotyrosine binding) domain,

through which they bind to the intracellular domain of APP.
They also contain two contiguous C-terminal postsynaptic den-
sity-95/Discs large/zonula occludens-1 (PDZ) domains (Rogelj et
al., 2006). Mint1/X11 family members have been implicated in syn-
aptic vesicle exocytosis (Butz et al., 1998), protein transport and
trafficking (Setou et al., 2000), neuronal plasticity (Ashley et al.,
2005), and signaling (Tomita et al., 2000; Biederer et al., 2002). Im-
portantly, both in vitro and in vivo studies have indicated that the
Mint1/X11 family members are involved in the regulation of APP
processing and A� production (Mueller et al., 2000; Lee et al., 2003,
2004; King et al., 2004; King and Scott Turner, 2004; Ho et al., 2008;
Saito et al., 2008). Therefore, the identification of novel binding part-
ners of the Mint1/X11 family members may lead to the elucidation
of detailed mechanisms of AD pathology and provide novel poten-
tial targets for therapeutic development.

Target-assisted iterative screening (TAIS) is a phage display-
based approach that allows for the rapid identification of multi-
ple interactors—including high-affinity, intermediate-affinity,
and low-affinity interactors—for a given protein interaction do-
main (Kurakin and Bredesen, 2002). Here, we report the results
of a study in which we used TAIS and identified 46 novel inter-
actors of the PDZ-1 and PDZ-2 domains of Mint1. We further
confirmed that two of the interactors, TAZ and YAP, associate
with APP through Mint1/X11 family proteins. We then found
that APP, Mint3, and TAZ/YAP form transcriptionally active tri-
ple protein complexes, and that the regulation of APP processing
modulates the activities of Mint3/TAZ and Mint3/YAP com-
plexes. These studies suggest that TAZ and YAP may serve as
downstream mediators of APP signaling.

Materials and Methods
DNA constructs and phage display library. The 16-mer random peptide
library was generated using the T7 phage display library construction kit
from Novagen. The glutathione S-transferase (GST) fusion protein ex-
pression constructs of the Mint1 PDZ-1 (amino acids 648-746) and
PDZ-2 (740-825) were generated by PCR cloning into pGEX2TK expres-
sion vector (GE Healthcare). To avoid potential protein aggregation
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problems after bacterial expression, Cys 654 and Cys 742 (flanking both
ends of PDZ1 and the N terminus of PDZ2) were replaced with Ser
residues. The constructs were verified by sequencing. Expression and
protein purification of GST fusions were performed according to the
manufacturer’s instructions. DNA constructs pMst(Gal4), pMst-APP
(APP-Gal4), pMst-APP* (APP*-Gal4), pG5E1B-Luc (Gal4 reporter plas-
mid), pCMV-LacZ (�-galactosidase control plasmid), pCMV-Mint1,
pCMV-Mint2, and pCMV-Mint3 were kindly provided by Dr. Patrick
Mehlen (Université de Lyon, Lyon, France) and Dr. Thomas Südhof
(University of Texas Southwestern Medical Center, Dallas, TX). Con-
structs pcDNA4-His-MaxB-hYAP1 and pEGFP-C3-hYAP1 were kindly
provided by Dr. Marius Sudol (Weis Center for Research, Danville, PA).
Construct pEF-N-FLAG-TAZ was kindly provided by Dr. Michael Yaffe
(Massachusetts Institute of Technology, Boston, MA) and Dr. Iain Farrance
(University of Maryland School of Medicine, Baltimore, MD). Construct
pBIND-Gal4-DBD-X11L2 (Mint3) was kindly provided by Dr. Toshiharu
Suzuki (Hokkaido University, Sapporo, Japan). Construct pcDNA3-
APP695 was described previously (Lu et al., 2000).

Antibodies. Mouse anti-Mint1 monoclonal antibody was obtained
from BD Biosciences. Rabbit anti-Mint3 polyclonal antibody was ob-
tained from Abcam. M2-anti-Flag mouse monoclonal antibody and M2
antibody-conjugated agarose beads were obtained from Sigma-Aldrich.
CT15 anti-APP antibody was a kind gift from Dr. Edward Koo (Univer-
sity of California, San Diego, La Jolla, CA).

Target-assisted iterative screening. A detailed description of the target-
assisted iterative screening (TAIS) method has been described previously
(Kurakin et al., 2004). Briefly, 30 �g of a GST-PDZ domain fusion im-
mobilized on Sepharose beads was blocked with 0.5% bovine serum
albumin (BSA) in TBS-T (Tris-buffered saline, pH 7.4, plus 0.1% Tween
20) and incubated with a phage-displayed peptide library aliquot (�10 8–
10 9 pfu). After 120 min of incubation at room temperature (RT), the
beads were thoroughly washed with TBS-T and bound phages were
eluted with 200 �l of 1% SDS for 15 min at RT. After elution, the phages
were immediately mixed with a molten 0.6% top agarose containing host
cells and plated onto two prewarmed 150 mm agar plates. When phage
plaques became visible, the plates were cooled down for 30 min at 4°C
and overlaid with 132 mm nitrocellulose membranes (Whatman Schlei-
cher and Schuell) for 5 min. After plaque lift, the membranes were
blocked in 1% BSA in TBS for 1 h at RT and incubated overnight in 25 ml
of TBS-T on a rocker at 4°C with 10 �g of the target PDZ domain that had
been cleaved from the GST moiety, biotinylated, and complexed with
STRAP (streptavidin–alkaline phosphatase) at a ratio of 4:1. After exten-
sive washing with TBS-T, positive plaques were developed on the mem-
branes with insoluble AP (alkaline phosphatase) substrate BCIP
(5-bromo-4-chloro-3-indolyl phosphate)/NBT (nitroblue tetrazo-
lium) (Sigma-Aldrich). Individual positive plaques were identified on
the plates, and phages from these plaques were propagated separately
in the appropriate host for production of individual phage lysates.
The identities of isolated phage-displayed peptides were inferred by
sequencing the library-specific DNA inserts amplified by PCR from
the T7 phage display vector.

Phage ELISA. GST-PDZ domain fusion proteins were immobilized on
microtiter ELISA plates (Corning Life Sciences) at 1 �g per well in 200 �l
of 0.1 M NaHCO3, pH 8.0, overnight at 4°C. After protein coating, plates
were blocked by adding 150 �l of 1% BSA in TBS for 1 h at RT and
washed five (�1 ml) times with TBS-T. One hundred microliters of
freshly prepared individual phage lysate was added to the ELISA plate
wells and incubated for 1 h at RT. Unbound phages were washed away
with TBS-T, and the number of retained phages was determined with
monoclonal T7 phage-specific antibodies (Novagen; 1:1000) followed by
monoclonal anti-mouse antibodies conjugated to horseradish peroxidase
(HRP) (GE Healthcare; 1:1000). The individual phage ELISA kinetics was
followed and quantified colorimetrically using soluble HRP substrate
(ABTS/H2O2). ELISA readings were taken on a SpectraMAX190 plate
reader (Molecular Devices) at 405 nm. To ensure reproducibility, each indi-
vidual phage ELISA was repeated three times in three separate experiments.
The representative binding histograms are shown in Figure 1A.

Peptide ELISA. The synthetic N-terminally biotinylated peptides cor-
responding to natural ligand sequences were purchased from JPT Pep-

tide Technologies. Wells of microtiter plates were coated with 1 �g of
GST-PDZ domain fusions, washed with TBS-T, and blocked with 1%
BSA as described above for phage ELISA. Individual biotinylated pep-
tides (80 ng) were preincubated in separate microtiter plates with 1 �g
per well of streptavidin-HRP conjugate (Pierce) in 250 ml of TBS-T for
30 min at RT.

Fifty microliters of the peptide–streptavidin–HRP conjugate were
added to 150 �l of TBS-T left in each coated well after the final wash of the
protein immobilization/blocking procedure. Microtiter plates were in-
cubated for 1 h at RT, and then washed five (�1 ml) times with TBS-T.
The peptides retained were quantified colorimetrically by adding soluble
HRP substrate (ABTS/H2O2) and measuring ELISA kinetic slopes.
ELISA readings were taken on a SpectraMAX190 plate reader (Molecular
Devices) at 405 nm. To ensure reproducibility, all peptide ELISA exper-
iments were repeated at least three times in at least three separate exper-
iments. The representative binding histograms are shown in Figure 3A.

Cell culture and coimmunoprecipitations. HEK293T cells were cultured
under standard conditions. Plasmid constructs were transiently trans-
fected into HEK293T cells with Lipofectamine 2000 (Invitrogen). Coim-
munoprecipitation and Western analysis were performed as previously
described (Lu et al., 2000). Briefly, 48 h after transfection, cells were
harvested and lysed in NP-40 Cell Lysis Buffer (50 mM HEPES, pH 7.6,
125 mM NaCl, 5 mM EDTA, and 1% NP-40), and then, after centrifuga-
tion, incubated overnight with M2-anti-FLAG antibody-conjugated aga-
rose beads (Sigma-Aldrich). The beads were subjected to five rounds of
washing consisting of centrifugation, withdrawal of supernatant, and
addition of fresh NP-40 Cell Lysis Buffer. During the final washing step,
beads were resuspended in 1� LDS loading buffer (Invitrogen) with 50
mM DTT, and boiled at 100°C for 10 min. After SDS-PAGE and electro-
transfer, Western blotting was performed using anti-Mint1, anti-Mint3,
or anti-APP(CT15) antibodies. Thirty minutes of TBS-Tween wash were
followed by incubation with secondary goat-anti-mouse (for Mint1 blot-
ting) or goat-anti-rabbit (for Mint3 and APP blotting) antibodies. An-
other 30 min TBS-Tween wash was then followed by chemiluminescent
detection (GE Healthcare).

Immunocytochemistry. HEK293T cells were transfected with Lipo-
fectamine 2000 (Invitrogen). Twenty-four hours after transfection, cells
were trypsinized and plated into chamber slides at �10% confluency.
Forty-eight hours after transfection, cells were fixed with 4% paraformal-
dehyde for 20 min, and then permeabilized with 0.2% Triton X-100 for
15 min. For single staining, cells were blocked in PBS/10% donkey serum
for 1 h at room temperature, incubated with primary antibody at 4°C
overnight, and then stained with secondary antibody for 1 h at room
temperature. For double staining, sequential staining protocol was ap-
plied. Cells were counterstained with 4,6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich) to visualize the nuclei. Images were captured on
a laser-scanning confocal microscope (40�; Zeiss LSM510).

Luciferase transactivation assay. HEK293T cells were cotransfected with
five or six plasmids: (1) pG5E1B-luc, 0.3 �g; (2) pCMV-LacZ, 0.1 �g; (3)
pMst-APP (APP-Gal4), pMst-APP* (APP*-Gal4), pBIND-Gal4-DBD-
X11L2 (Mint3), 0.3 �g; (4) pCMV-Mint1, pCMV-Mint2, pCMV-Mint3,
pcDNA3-APP695, 1.0 �g; (5) pEF-N-FLAG-TAZ, pcDNA4-His-MaxB-
hYAP1, 1.0 �g. Where indicated, a sixth plasmid was cotransfected:
pCMV-Mint1, pCMV-Mint2, 1.0 �g. For negative controls, the expres-
sion vector pcDNA3 was used without insert. Cells were harvested 48 h
after transfection in 0.2 ml per well Cell Culture Lysis Buffer (Promega),
and their luciferase and �-galactosidase activities were determined with
the Promega luciferase assay kit and the Promega �-galactosidase
assay kit, respectively. The luciferase activity was standardized by the
�-galactosidase activity to control for transfection efficiency and general
effects on transcription and further normalized for the transactivation
observed in cells expressing APP-Gal4 or Mint3-Gal4 alone. Values
shown are averages of transactivation assays performed in duplicate or
triplicate and repeated at least three times for each cell type and con-
structs. All constructs were assayed in two or three cell lines, and repre-
sentative results from one cell line are shown. Transfections were
performed at 80 –90% confluency in six-well plates using Lipofectamine
2000 (Invitrogen).

15704 • J. Neurosci., December 16, 2009 • 29(50):15703–15712 Swistowski et al. • Novel Mediators of APP Signaling: TAZ and YAP



Results
Binding specificity profiles for PDZ domains of Mint1
To identify binding ligands of both PDZ domains of Mint1, we
performed TAIS of a phage display peptide library, using GST-
PDZ fusions as targets. We isolated and sequenced binding
clones for each domain and obtained 46 and 42 unique se-
quences (referred to here as artificial peptides) for PDZ-1 and
PDZ-2, respectively. Sequences were aligned and analyzed for
their homology (supplemental Fig. 1 A, available at www.
jneurosci.org as supplemental material). Phage peptides iso-
lated for PDZ-2 contained in the majority Val and Leu, but
also Ile, at the C-terminal position “0.” In contrast to this,
none of the PDZ-1 isolates had Val at this position, suggesting
that this residue is not preferred at the C terminus. Instead, the
majority of these peptides contained Leu, and only a few dis-
played Ile at this position. In both cases, the vast majority of
peptides contained Trp at position �1, and in only a few cases
other residues, which were also of a hydrophobic/aromatic
nature (Phe, Ser, Ala, Tyr, His, Pro). In contrast, hydrophilic
residues were not detected at this �1 position. At additional
upstream positions, we did not observe any preferences for
specific amino acids.

To determine the molecular recognition preferences of both
PDZs, we measured their relative affinities for all isolated artifi-
cial peptides using a phage ELISA assay (Fig. 1A). Examination of
binding histograms revealed significant differences in recogni-
tion profiles between PDZ-1 and PDZ-2 domains. In confirma-
tion of the screening results, peptides containing Val at position 0
did not interact with PDZ-1. However, PDZ-2 interacted with
peptides selected by both domains, with visibly higher affinity for
those containing C-terminal Val. This indicates higher promis-
cuity of PDZ-2 than PDZ-1 in the process of ligand recognition.

In addition to this analysis, we performed phage ELISAs for
both PDZs using 93 class I artificial peptides containing C-terminal
Val, which were isolated for PDZ domain interactors of the
synapse-associated protein (SAP) family in our previous work
(Kurakin et al., 2007). We did not detect any interactions be-
tween these SAP-PDZ interactors and the Mint1 PDZ-1,
which is compatible with the profile described above. Interest-
ingly, the Mint1 PDZ-2 interacted with only 26 of the 93 SAP-PDZ-
interactive peptides. The majority of these with high-affinity binding
displayed Trp at position �1, similar to what had been observed
for peptides interacting with Mint1 PDZs. However, in some
cases, residues of polar/hydrophilic or charged character were

Figure 1. A, Histograms showing the binding profile of 88 artificial ligands to PDZ domains of Mint1. Axis X indicates identification (i.d.) numbers of individual artificial ligands (see A). Axis Y
indicates the normalized relative affinity. For normalization, the values of slopes of individual ELISA kinetics were divided by the highest slope value in each of the two sets shown. The number 46
indicates the last peptide in the set of peptides isolated for PDZ-1. The gray bars indicate peptides containing Val at position “0.” The red bars indicate negative controls (phage library aliquots). A
horizontal threshold line was drawn at the value equal to double the value of the highest negative control. B, A graphical representation of an amino acid multiple sequence alignment (consensus
logo) for either PDZ domain. The logos were generated using the WebLogo application at http://weblogo.berkeley.edu.
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also present at this position (supplemental Fig. 1B, available at
www.jneurosci.org as supplemental material), which indicates
that, although preferred, Trp or other hydrophobic residues are
not required at the �1 position. Additionally, the fact that only 26
of 93 SAP peptides were positive for binding to Mint1-PDZ-2
clearly shows that, in some cases, the last three positions in the
consensus peptide sequence T/S-X-V are not sufficient to deter-
mine an interaction, and that other residues located upstream of
the C terminus must play an important role in this process, as
suggested by other investigators (Niethammer et al., 1998; Birrane et
al., 2003; Appleton et al., 2006; Kurakin et al., 2007). Alignment
of the sequences of the various interacting artificial peptides
allowed us to deduce a strict consensus sequence, X-W-V/L (sup-
plemental Fig. 1A, available at www.jneurosci.org as supplemen-
tal material), which was displayed by the vast majority of the
interactors. However, applying less stringent criteria, this con-
sensus could be relaxed and presented as X-W/F-L/I for PDZ-1
and X-�-V/L/I for PDZ-2. Furthermore, taking into account the
fact that, in some cases, PDZ-2 interacted with peptides contain-
ing hydrophilic and polar amino acids at the �1 position, an even
more inclusive consensus for the Mint1 PDZ-2 interactors is X-
X-V/L/I. A graphical representation of an amino acid multiple
sequence alignment (consensus logo) for each PDZ domain,
which provides a richer and more precise description than a sin-
gle consensus sequence identification, is shown in Figure 1B.

Overall, TAIS of the two Mint1 PDZ domains resulted in
�1000 positive clones for each domain. Of these, we isolated,
sequenced, and tested a set of 88 artificial peptides, and 68 of these
88 displayed the strict consensus of X-W-V/L. This consensus
does not fit squarely into any of the three known classes of PDZ
interactors (see Discussion), suggesting that the Mint1 PDZ do-
main interactors represent a variation on the previously de-
scribed PDZ domain interactors.

The importance of Trp at the �1 position
Since Trp was the most highly represented amino acid at the �1
position among all artificial peptides interacting with both PDZ
domains, we performed mutagenesis studies to ascertain the ne-
cessity, or lack of necessity, for Trp at this position. We chose two
peptides, one of which showed relatively high affinity for both
PDZ domains (TAKCAARFPTWL) and the other of which
showed high affinity for PDZ-2 only (GVPARTQVEVWV). We
then synthesized sets of mutant peptides based on these two high-
affinity PDZ interactors, in which amino acids at positions from
�1 to �5 were replaced by Ala (Fig. 2). Relative binding affinities
of these peptides for both PDZs were then assessed using ELISA
assays. Replacement of Trp by Ala in the TAKCAARFPTWL pep-
tide completely abolished binding to PDZ-1, but did not affect
binding to PDZ-2. It is noteworthy that a similar requirement for
Trp at the �1 position was reported for the N-type Ca 2� channel
(E/D-X-W-C/S) (Maximov et al., 1999). Ala substitutions at the
remaining positions of the TAKCAARFPTWL peptide, however,
had smaller effects than the marked effect seen at the �2 position
with PDZ-1.

Interaction of PDZ-1 with the GVPARTQVEVWV peptide
was not observed. Substitution of Trp at �1 resulted in complete
abolition of interaction with PDZ-2. Interestingly, however, an
additional, second substitution of Ala for Glu at position �3,
resulting in GVPARTQVAVAV, restored and even enhanced
binding affinity. Additionally, substitutions at the remaining po-
sitions had pronounced positive effects for interaction with
PDZ-2. From these experiments, we concluded that Trp plays an
important role at position �1 in the test peptides, and we expect

that this would be a similar case for the majority of the peptides
isolated in our screen. However, we also confirmed that it is not
indispensable, as in some cases, its loss could be compensated by
substitutions at other positions within a peptide. Our observa-
tions support a fine-tuning mechanism of PDZ–peptide interac-
tion by residues other than the last three C-terminal ones, as
suggested previously (Kurakin and Bredesen, 2002, 2007;
Kurakin et al., 2003).

Identification of novel interactors for Mint1
To identify novel interaction partners for both PDZ domains of
the APP-interacting protein Mint1, we first identified candidates
by querying the SWISS-PROT and TrEMBL databases using the
X-W-V/L consensus, and identified 66 candidates matching this
sequence. Additionally, we queried the databases using X-�-V/
L/I consensus, and from the large set of candidates we randomly
selected 20. We used this set of candidates to synthesize a set of 86
dodecamers, which were N-terminally biotinylated proteomic
fragments corresponding to the C termini of the predicted natu-
ral ligands (supplemental Table 1, available at www.jneurosci.org

Figure 2. Histograms showing the effects of alanine substitutions at positions �1 to �5 on
binding to PDZ domains of Mint1. Two representative peptides, which interact with both PDZ
domains (TAKCAARFPTWL) or PDZ-2 only (GVPARTQVEVWV), were chosen for the mutagenesis
studies.
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as supplemental material). These 86 biotinylated 12-mers were
then used to confirm or refute the predicted interactions and
to evaluate the relative affinities of these natural peptides for
each of the two PDZ domains. ELISA assays with GST-PDZ
fusions were used as targets. As positive controls, we synthe-
sized two high-affinity artificial peptides (ASYCKQRNIVWL
and GHLSESSQVRWL) and the C-terminal fragment of CCS
(Copper chaperone for superoxide dismutase, GRKESAQPPAHL),
which has been shown to interact with the Mint1 PDZ-2
(Duquesne et al., 2005). The C-terminal fragment of the GP41
glycoprotein (CWFSITNWLWYI) was used as a negative control
(Maximov et al., 1999). The binding histograms clearly indicate
that PDZ-1 did not bind to peptides containing Val at position 0,
just as had been observed in the case of the artificial peptides,
whereas PDZ-2 showed higher promiscuity, binding to both pep-
tides containing Val and those containing Leu at the C terminus
(Fig. 3A). Interestingly, we did not observe any interaction of
PDZ-1 with the CCS-positive control, which has not been re-
ported previously.

To control for nonspecific binding, we performed ELISA as-
says of all 86 natural peptides using only GST protein as a target.
None of the peptides demonstrated an interaction (data not
shown). We then identified interactions of 23 of the natural pep-
tides with PDZ-1 and 35 with PDZ-2. Since 12 peptides inter-
acted with both domains, the total number of verified novel
interactions was 46. All verified natural ligands are listed in sup-
plemental Table 2 (available at www.jneurosci.org as supplemen-
tal material). These interaction partners link Mint1 directly, and
APP indirectly, with various cellular functionalities including
transport, transcription, metal homeostasis, and molecular mo-
tors (Fig. 3B).

Interestingly, 10 of the 46 identified interactors (22%) turned
out to be transcriptional regulators (Fig. 3B). In addition to their
association with APP, Mint1/X11 family proteins have been im-

plicated in synaptic function, ion channel regulation, and trans-
port, but there has been little discussion of their associations with
transcriptional regulators. One study claimed that Mint2 inter-
acted with NF-�B/p65, but a triple protein complex of APP,
Mint2, and NF-�B/p65 was not found (Tomita et al., 2000). Be-
cause of the high percentage of transcriptional regulators clus-
tered in our TAIS results, we first focused on two of the
transcriptional coactivators: TAZ and YAP.

Both TAZ and YAP interact with Mint1 and Mint3
To confirm the interactions between full-length TAZ and Mint1,
we cotransfected full-length TAZ with a FLAG tag and full-length
Mint1 into 293T cells, and used anti-FLAG antibody to immu-
noprecipitate TAZ. We found that full-length TAZ did indeed
coimmunoprecipitate with Mint1 (Fig. 4A). Since all three mem-
bers of the Mint1/X11 family display a high level of homology in
their PDZ domains, we then asked whether TAZ also interacts
with Mint3. We did the same coimmunoprecipitation experi-
ment and found that TAZ did interact with Mint3 (Fig. 4B).

It has been shown that Mint1 and Mint2 are distributed
mostly in the cytoplasm, whereas Mint3 shuttles between the
nucleus and cytoplasm (Sumioka et al., 2008). Therefore, we
asked whether Mint1 might trap TAZ in the cytoplasm, whereas
Mint3 allows TAZ to translocate to the nucleus. To address this
question, we used immunocytochemistry and confocal micros-
copy, and we found that, when coexpressed with Mint3, TAZ
colocalized with Mint3 and distributed in both cytoplasm and
nucleus (Fig. 4G–J). In contrast, when coexpressed with Mint1,
TAZ colocalized with Mint1 and was excluded from the nucleus
(Fig. 4C–F).

We then performed similar experiments with YAP and ob-
tained similar results. When coexpressed with Mint3, YAP colo-
calized with Mint3 and distributed in both cytoplasm and
nucleus (Fig. 4O–R). However, in the presence of Mint1, YAP

Figure 3. Novel putative interaction partners of PDZ domains of Mint1. A, Histograms showing the binding profile of 89 C-terminal proteomic fragments (natural ligands) to both PDZ domains.
Axis X indicates identification (i.d.) numbers of individual natural ligands. Axis Y indicates the normalized relative affinity. The last four bars on the histogram indicate control peptides. Positive
controls: positions 87 and 88 (ASYCKQRNIVWL and GHLSESSQVRWL, respectively) are synthetic artificial peptides isolated from a phage-displayed library, which showed relatively high affinity for
both PDZ domains; position 89 is copper chaperone for superoxide dismutase (CCS) (GRKESAQPPAHL). Negative control: position 90 (gridded bar), GP41 peptide (CWFSITNWLWYI). Gray-colored bars
represent peptides with C-terminal Val residue. B, Pie graph showing percentage of different cellular functionalities associated with Mint1, discovered in this study.
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colocalized with Mint1 and was trapped in
the cytoplasm (Fig. 4K–N).

Transcriptionally active triple
protein complexes: APP–Mint3–TAZ
and APP–Mint3–YAP
Since Mint1 is a well established binding
partner of APP, we asked whether TAZ
could associate with APP through Mint1.
We coexpressed APP, Mint1, and TAZ
(FLAG tagged), and used anti-FLAG anti-
body to immunoprecipitate TAZ. TAZ
coimmunoprecipitated with APP in the
presence of Mint1 (Fig. 5A), and APP did
not coimmunoprecipitate with TAZ in
the absence of Mint1. Since TAZ also in-
teracts with Mint3, we then asked whether
TAZ could associate with APP through
Mint3. Indeed, TAZ coimmunoprecipi-
tated with APP in the presence of Mint3,
as well (Fig. 5A). Therefore, APP, Mint1/
Mint3, and TAZ/YAP form triple protein
complexes in transiently cotransfected
293T cells.

To explore the functional link between
APP and TAZ, we used a transactivation
assay in which the DNA binding domain
of Gal4 was fused to APP and transactiva-
tion was monitored with a Gal4-dependent
reporter plasmid (Cao and Südhof, 2001).
We transfected APP-Gal4 constructs into
293T and B103 cells, and measured trans-
activation of transcription from a cotrans-
fected Gal4-dependent reporter plasmid
expressing luciferase. APP-Gal4 trans-
fected alone was used as a negative con-
trol, and all cells were cotransfected with
a constitutive �-galactosidase expression
plasmid to standardize the transfection
efficiency. When we coexpressed TAZ,
Mint3, and APP-Gal4, potent transactiva-
tion was observed. This transactivation
could not be achieved by coexpressing
APP-Gal4 with Mint3 only or TAZ only
(Fig. 5B). These results suggest that APP, Mint3, and TAZ form a
transcriptionally active triple protein complex.

In the cytoplasmic tail of APP, Mint3 binds to the YENPTY
motif. To determine whether the binding of Mint3 to APP via the
YENPTY motif mediates transactivation, we used an APP-Gal4*
construct in which YENPTY had been mutated to YENATA. The
mutant APP-Gal4* construct abolishes the interaction between
APP and Mint3. The same mutation also abolished the Mint3-
dependent stimulation of transcription (Fig. 5B).

To determine whether Mint1 and Mint2 direct similar APP-
Gal4 transactivation in the presence of TAZ, we coexpressed TAZ
and APP-Gal4 in the presence of Mint1 or Mint2. Neither Mint1
nor Mint2 was able to induce transactivation, indicating that
these Mint1/X11 family members play different roles than Mint3
in APP signaling (Fig. 5D).

To define the roles of Mint1 and Mint2 in APP signaling fur-
ther, we coexpressed Mint1 or Mint2 with APP-Gal4, Mint3, and
TAZ. In the presence of Mint1 or Mint2, the transactivation di-
rected by APP-Gal4, Mint3, and TAZ was abolished (Fig. 5F).

Thus, Mint3 mediates, whereas Mint1 inhibits, the transactiva-
tion of the APP–Mint–TAZ complex.

To determine whether there exists a functional link between
YAP and APP, we took a similar approach to that used to evaluate
TAZ. When we coexpressed YAP, Mint3, and APP-Gal4, potent
transactivation was observed. The potent transactivation could
not be achieved by coexpressing APP-Gal4 with YAP alone.
When we substituted the APP-Gal4* mutant construct, the po-
tent transactivation directed by YAP was abolished (Fig. 5C).
These results indicate that APP, Mint3, and YAP also form a
transcriptionally active triple protein complex. We then coex-
pressed YAP and APP-Gal4 in the presence of Mint1 or Mint2.
Mint1 and Mint2 both failed to induce transactivation (Fig. 5E).
Similarly, in the presence of Mint1 or Mint2, the transactivation
directed by APP-Gal4, Mint3, and YAP was abolished (Fig. 5G).

APP processing regulates the function of TAZ and YAP
The APP intracellular domain (AICD) is derived by �-secretase
cleavage of APP (Müller et al., 2008). Since full-length APP is a

Figure 4. TAZ and YAP interact with Mint1 and Mint3. A, B, Coimmunoprecipitation of TAZ with Mint1 (A) and Mint3 (B). 293T cells
transiently expressing full-length FLAG-tagged TAZ and Mint1 (A) or Mint3 (B) were lysed and the crude lysates were subjected to immu-
noprecipitation with M2 anti-FLAG beads. Cells expressing Mint1 (A) or Mint3 (B) only were used as controls. Immunoprecipitated samples
weresubjectedtoSDS-PAGEandanalyzedbyimmunoblottingwithanti-Mint1(A)oranti-Mint3(B)antibodies.Totalcell lysateswereused
as input controls. C–F, TAZ colocalizes with Mint1. Double labeling of 293T cells cotransfected with Mint1 (green) and TAZ (red) constructs.
G–J, TAZ colocalizes with Mint3. Double labeling of 293T cells cotransfected with Mint3 (green) and TAZ (red) constructs. K–N, YAP
colocalizes with Mint1. Double labeling of 293T cells cotransfected with Mint1 (red) and YAP (green) constructs. O–R, YAP colocalizes with
Mint3. Double labeling of 293T cells cotransfected with Mint3 (red) and YAP (green) constructs. DAPI staining (blue) was used to visualize
nuclei. Images were captured on a laser-scanning confocal microscope (Zeiss LSM510).
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membrane protein, Mint3 and TAZ attached to APP would be
associated with the membrane and excluded from the nucleus.
Therefore, regulation of APP �-secretase cleavage could control the
release of the AICD–Mint3–TAZ complex into the nucleus. To test
the effect of �-secretase modulation on TAZ-Mint3-induced APP-
Gal4 transactivation, we applied N-[N-(3,5-difluorophenacetyl)-
L-alanyl]-S-phenylglycine t-butyl ester (DAPT), a �-secretase
inhibitor, in the transactivation experiments and found that
DAPT treatment abolished the transactivation (Fig. 6A). We did
a similar experiment with YAP-Mint3-induced APP-Gal4 trans-

activation, and DAPT showed the same
inhibitory effect (Fig. 6B).

A disadvantage of the APP-Gal4 trans-
activation system is that it only reports the
transactivation effects of molecules that
associate with APP/AICD, whereas the
role that APP itself plays in the signaling
events is not clear. To address this prob-
lem, we used a Mint3-Gal4 transactiva-
tion system in which the DNA binding
domain of Gal4 was fused to Mint3 and
transactivation was monitored with a
Gal4-dependent reporter plasmid. As we
expected, coexpression of TAZ with
Mint3-Gal4 induced potent transactiva-
tion over Mint3-Gal4 alone (Fig. 6C).
However, TAZ-induced transactivation
was reduced by the coexpression of APP.
With DAPT treatment, TAZ induced
Mint3-Gal4 transactivation was further
decreased in the presence of APP (Fig.
6C). These results indicate that full-length
APP trapped Mint3 and TAZ in the cyto-
plasm, and thereby inhibited the activity
of TAZ as a transcriptional coactivator.

To examine the role of APP in YAP
induced transactivation, we took a similar
approach and again found that YAP in-
duced potent Mint3-Gal4 transactivation.
This transactivation was inhibited by APP
coexpression and further reduced by
DAPT treatment (Fig. 6D).

Discussion
Recent work from multiple laboratories
has implicated APP-mediated signaling in
the pathophysiology of Alzheimer’s dis-
ease, but the critical signaling network has
not been defined. Here, we used TAIS, a
rapid, phage display-based method for the
identification of protein–protein interac-
tions and refinement of consensus inter-
action sequences; this approach resulted
in the identification of 46 novel PDZ-
interacting proteins that potentially asso-
ciate with APP through Mint1/X11 family
proteins. The profile of potential inter-
actors for the PDZ domains of Mint1
included proteins related to transport,
transcription, metal homeostasis, and
molecular motors, compatible with previ-
ous reports for functional interactors with
APP itself. We then confirmed that two
transcriptional coactivators, TAZ and

YAP, functionally associate with APP through Mint3, and form
transcriptionally active triple protein complexes. Furthermore,
we found that intact APP localizes Mint3-TAZ and Mint3-YAP to
the membrane, excluding them from the nucleus, whereas APP
processing releases the AICD–Mint3–TAZ/YAP complexes and
allows their translocation into the nucleus, resulting in the acti-
vation of target gene transcription.

It should be noted that our observation that the Mint1 PDZ-1
did not select peptides with a C-terminal Val is contrary to a

Figure 5. Transcriptionally active triple protein complexes: APP–Mint3–TAZ and APP–Mint3–YAP. A, Coimmunoprecipitation
of TAZ and APP in the presence and absence of Mint1 and Mint3. B–E, TAZ and YAP potently stimulate transcription mediated by
APP fused to Gal4 DNA binding domain in the presence of Mint3. B, C, Potent transactivation of transcription is achieved with APP
fused to Gal4 DNA binding domains only when both Mint3 and TAZ (B)/YAP (C) are present. Note the inhibition of stimulation by
mutation of the APP Mint3 binding site. D, E, This effect is specific for Mint3 because in the presence of Mint1 or Mint2, TAZ (D)/YAP
(E) does not induce high-level transactivation. F, G, Coexpressed Mint1 or Mint2 over APP–Gal4 –Mint3–TAZ (F )/YAP (G) inhibited
Mint3-TAZ (F )/YAP (G) directed transactivation. Diagrams exhibit representative experiments in which cells were cotransfected
with a Gal4-luciferase reporter plasmid (to measure transactivation), a �-galactosidase plasmid (to normalize for transfection
efficiency), and the test plasmids identified below the bars. The APP*-Gal4 construct contains a point mutation in the NPTY
sequence of the APP cytoplasmic tail that prevents Mint3 binding. The normalized luciferase activity is expressed as fold induction
over transcription by APP-Gal4 alone. Error bars indicate SD.
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single report indicating such an interac-
tion (Bezprozvanny and Maximov, 2001),
in that case with the C-terminal peptide of
Neurexin1� (KDEYYV). Two years previ-
ously, however, the same authors pub-
lished work in which they clearly showed a
lack of interaction between the Mint1
PDZ-1 and Neurexin1� C-peptide (Maxi-
mov et al., 1999). Therefore, additional
work is needed to determine whether this
case represents an exception to the general
pattern disclosed by our studies that the
Mint1 PDZ-1 does not associate with pep-
tides or proteins that display a C-terminal
Val. In contrast to this pattern for the
Mint1 PDZ-1, however, our data suggest
that the Mint1 PDZ-2 should interact
with the C-peptide of Neurexin.

With the interactions of a growing
number of PDZ domains being character-
ized, it is becoming clear that at least some
PDZ domains interact with multiple
classes of peptide ligands. A dual specific-
ity of the Mint1 PDZ-1 has been suggested
by Bezprozvanny and Maximov (2001),
since they demonstrated its interaction
with the C-terminal peptides of N-type
Ca 2� channels (E/D-X-W-C/S), which
are defined as a novel class III (Maximov
et al., 1999), as well as with the C-terminal
peptide of Neurexin1� (KDEYYV), which
is assigned to class II (Bezprozvanny and
Maximov, 2001). To date, there have been
only a few natural ligands identified for
the PDZ domains of Mint1 (Rogelj et al.,
2006). Although their sequences may pro-
vide some clues to the Mint1 PDZ speci-
ficity and classification, a greater number
of ligands need to be identified and ana-
lyzed to provide more accurate character-
ization of these domains. Analysis of 88
artificial peptides isolated in our screen
revealed the presence of sequences as-
signed to all three classes of PDZ domain
interactors: class I (T/S-X-�, where � is a
hydrophobic residue), class II (�-X-�),
and class III (D/E-X-V) (Vaccaro and
Dente, 2002). However, in addition to
peptides from these three classes, we also
identified peptides containing positively
charged amino acids (R, K), as well as po-
lar but uncharged or weakly charged
amino acids (N, Q, H) at position �2.
These peptides do not match any of the
PDZ classes defined so far, suggesting an extension of the classi-
fication. These unclassified peptides are closer to fitting into class
III than into class I or II, and if the criteria for class III were
relaxed to include polar/hydrophilic residues at position �2
(shown as class III� in supplemental Fig. 1A, available at www.
jneurosci.org as supplemental material), then these peptides
would meet such relaxed criteria for an expanded class III. How-
ever, if the current criteria were applied strictly, then these pep-
tides would represent a novel class of PDZ-interacting peptides.

The TAIS approach allowed an accurate prediction of novel
consensus interaction sequences for the PDZ domains of Mint1
and thus a prediction of natural ligands for these domains. Syn-
thesis of peptides representing the C termini of the predicted
partners resulted in the confirmation of 46 novel interactors, 10
of which are transcriptional coactivators. These novel interactors
represent new candidate mediators of the Alzheimer-related sig-
naling abnormality. Among these, two were chosen for additional
studies: TAZ because of its relationship to the PPAR-� signaling

Figure 6. APP processing regulates TAZ/YAP- and Mint3-directed APP signaling. A, B, TAZ- and YAP-directed APP-Gal4/Mint3
transactivation was inhibited by the �-secretase inhibitor DAPT. Potent transactivation of transcription was achieved with APP
fused to the Gal4 DNA binding domain when both Mint3 and TAZ (A)/YAP (B) were present, and the transactivations were
abolished by DAPT treatment. C, D, TAZ- and YAP-directed Gal4-Mint3 transactivation was inhibited by coexpression of intact APP.
Potent transactivation of transcription was achieved with Mint3 fused to Gal4 DNA binding domain in the presence of TAZ (C)/YAP
(D). Coexpression of full-length APP inhibited the transactivation, whereas DAPT treatment further decreased the transactivation.
Diagrams exhibit representative experiments in which cells were cotransfected with a Gal4-luciferase reporter plasmid (to measure
transactivation), a �-galactosidase plasmid (to normalize for transfection efficiency), and the test plasmids identified below the
bars. The normalized luciferase activity is expressed as fold induction over transcription by APP-Gal4 alone (A, B), or as fold
induction over Mint3-Gal4 alone (C, D). Error bars indicate SD. E, Schematic model indicating that full-length APP molecules trap
Mint3 and TAZ/YAP in the cytoplasm, whereas �-secretase cleavage releases the triple protein complexes of AICD–Mint3–TAZ/
YAP and allows them to translocate into the nucleus and induce transcription of target genes.
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pathway implicated in Alzheimer’s disease, and YAP because of
its role in setting organ size (see below). By analogy to the tripar-
tite complex of APP–Fe65–Tip60 (Müller et al., 2008), in the
current study we identified two novel transcriptionally active tri-
ple protein complexes: APP–Mint3–TAZ and APP–Mint3–YAP.
However, the current findings show clear distinctions from those
of the APP–Fe65–Tip60 complex: first, Fe65 is capable of induc-
ing transactivation in the absence of Tip60, and one study showed
that Tip60 inhibited Fe65-induced transactivation (Yang et al.,
2006). In contrast, Mint3 did not display transactivation unless
TAZ or YAP was also present. Second, the presence of APP is
required for Fe65 to induce Tip60-Gal4 transactivation. In con-
trast, intact APP actually inhibited the activities of Mint3-TAZ
and Mint3-YAP. Third, Fe65 is expressed predominantly in the
brain (Simeone et al., 1994), whereas both APP and Mint3 are
expressed ubiquitously (which is compatible with a general
physiological function of APP-Mint3 signaling). Mint1 and
Mint2, however, are expressed mostly in neurons, and thus
appear to be neural-specific inhibitory modulators of the
APP-Mint3 signaling.

The lack of transactivation with Mint1 and Mint2—and
their inhibition of the Mint3–YAP/TAZ–APP transactivation—is
compatible with the lack of nuclear translocation in the presence
of Mint1 and Mint2, which are both located predominantly in the
cytoplasm. This supports previous studies showing that Mint1
and Mint2, but not Mint3, strongly inhibit transactivation di-
rected by APP–Gal4 –VP16 (Biederer et al., 2002).

TAZ and YAP are transcriptional coactivators that share high
levels of sequence similarity with each other. Both TAZ and YAP
can be sequestered in the cytoplasm and rendered functionally
inactive by binding to 14-3-3 proteins in a phosphorylation-
dependent manner (Hong and Yaffe, 2006). Here, we have shown
that Mint1 dominantly controls the location of TAZ and YAP by
excluding them from the nucleus. In contrast, although Mint3
shuttles between the cytoplasm and nucleus, coexpression of APP
inhibited the transactivation directed by Mint3-TAZ/YAP, and
the transactivation was further decreased by abolishing the
�-secretase cleavage of APP. These results fit well with a model in
which intact APP traps Mint3 and TAZ/YAP in the cytoplasm,
whereas �-secretase cleavage releases the triple protein complexes
of AICD–Mint3–TAZ/YAP and allows them to translocate into
the nucleus and induce transcription of target genes (Fig. 6E).

To date, there has not been any report linking TAZ or YAP to
AD, but there are some intriguing clues to their potential involve-
ment: TAZ has been negatively implicated in PPAR� signaling
activation (Hong et al., 2005) and positively implicated in TGF�/
Smad signaling (Varelas et al., 2008). Since PPAR� signaling
could block AD pathogenesis by inhibiting neuroinflammation
(Kummer and Heneka, 2008), whereas TGF�/Smad signaling
could promote AD pathogenesis by enhancing neuroinflamma-
tion (Town et al., 2008), it is possible that TAZ serves as a link
between A� activated APP signaling and downstream gene acti-
vation involved in AD progression. YAP, however, has been iden-
tified as the key mediator of organ size control (Dong et al., 2007).
One major feature of AD is progressive brain atrophy, with
dentate gyrus atrophy at a very early stage—in an AD mouse
model, this atrophy precedes synapse and neuronal loss, leav-
ing the mechanism of this early atrophy unexplained (Galvan
et al., 2006). This raises an intriguing possibility: that the early
atrophy in Alzheimer’s disease may actually be a result of
signaling rather than a secondary event, and YAP may serve as
a key mediator of early brain atrophy directed through the
A�-APP signaling pathway.

Although TAZ and YAP share a high level of structure sim-
ilarity, their functions are quite different. The C-terminal
transcriptional regulatory domain of both TAZ and YAP, in
isolation, can strongly coactivate gene expression when core-
cruited with Runx1 to an artificial promoter in a GAL4-driven
luciferase reporter system. In vivo, however, TAZ and YAP
appear, instead, to regulate Runx2-driven genes during osteo-
blast differentiation in opposing ways (Kanai et al., 2000; Zaidi
et al., 2004; Hong et al., 2005). Therefore, it is possible that
TAZ and YAP act antagonistically in AD pathogenesis (TAZ
being pro-AD and YAP anti-AD), even though they both in-
duce potent APP-Gal4 transactivation. Thus, additional study
is required to elucidate possible roles that YAP and TAZ might
play in the pathogenesis of AD, and ongoing efforts are being
made to address this question.
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