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Tau interacts with SHP2 in neuronal systems and in Alzheimer’s
disease brains
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ABSTRACT
Microtubule-associated protein tau, an integral component of
neurofibrillary tangles, interacts with a variety of signaling molecules.
Previously, our laboratory reported that nerve growth factor (NGF)-
induced MAPK activation in a PC12-derived cell line was potentiated
by tau, with phosphorylation at T231 being required. Therefore, we
sought to identify a signaling molecule involved in the NGF-induced
Ras-MAPK pathway that interacted with phospho-T231-tau. Here,
we report that the protein tyrosine phosphatase SHP2 (also known
as PTPN11) interacted with tau, with phospho-T231 significantly
enhancing the interaction. By using proximity ligation assays,
we found that endogenous tau–SHP2 complexes were present in
neuronal cells, where the number of tau–SHP2 complexes significantly
increasedwhen the cellswere treatedwithNGF,with phosphorylation at
T231 being required for the increase. The interaction did not require
microtubule association, and an association between tau and activated
SHP2 was also found. Tau–SHP2 complexes were also found in both
primary mouse hippocampal cultures and adult mouse brain. Finally,
SHP2 levels were upregulated in samples from patients with mild and
severeAlzheimer’s disease (AD), and the level of tau–SHP2complexes
were increased in AD patient samples. These findings strongly suggest
a role for the tau–SHP2 interaction in NGF-stimulated neuronal
development and in AD.
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INTRODUCTION
Microtubule-associated protein tauwas initially described as a protein
that promoted the polymerization and stabilization of microtubules
(Weingarten et al., 1975; Witman et al., 1976) with phosphorylation
negatively regulating its ability to interact with microtubules
(Lindwall and Cole, 1984). Subsequently, more functions for tau
have emerged, with tau phosphorylation again having a regulatory

role. We have reported that tau associated with Src family non-
receptor tyrosine kinases (SFKs) and was tyrosine phosphorylated by
Fyn on Y18 (Lee et al., 1998, 2004). Tyrosine phosphorylation of
proteins is intimately involved in regulating signal transduction and
our finding suggested that tau might be involved in signal
transduction (reviewed in Lee, 2005). If so, it would be important
for the tyrosine phosphorylation of tau to be regulated, suggesting that
tau might be a substrate for a protein tyrosine phosphatase.

Interest in the tyrosine phosphorylation of tau has also stemmed
from our finding that phosphorylated (p)Y18-tau was found in the
neurofibrillary tangles of Alzheimer’s disease (AD) patients, in
parallel with the well-described appearance of tau phosphorylated
on serine and threonine residues. Neurofibrillary tangles were
positive for pY18-tau. However, double-labeling samples with
antibody AT8, which labels pS199/S202/T205 residues, suggested
that some pathological tau, such as that present in neuropil threads,
does not contain pY18 (Lee et al., 2004). Among the possible
explanations for the absence of pY18-tau would be the participation
of a protein tyrosine phosphatase. Among these proteins is SHP2
(also known as PTPN11), a protein tyrosine phosphatase that is
essential for full activation of the MAPK pathway, a critical part of
downstream signaling frommany receptor tyrosine kinase pathways
(reviewed in Tajan et al., 2015). While SHP2 is ubiquitously
expressed, it has been reported to play a critical role for synaptic
plasticity and memory formation (Kusakari et al., 2015), in addition
to growth factor-mediated signal transduction associated with
neuronal differentiation. Moreover, the role of SHP2 in the
nerve growth factor (NGF)-induced MAPK pathway in PC12 cells
parallels that of tau. In PC12 cells, just as tau is required for
NGF-dependent neurite outgrowth (Esmaeli-Azad et al., 1994) and
MAPK activation (Leugers and Lee, 2010), SHP2 has also been
found to be required for both properties in PC12 cells (Wright et al.,
1997). Similar to what is seen for tau, where introducing active
Ras rescuesMAPK activation in a tau-depleted cell line (Leugers and
Lee, 2010), the absence of functional SHP2 impaired growth
factor-induced Ras activation, suggesting that SHP2 also acts
upstream of Ras (Shi et al., 2000). Given such similarities in the
signaling roles of tau and SHP2 in differentiating neuronal cells, we
have investigated their relationship. Here, we report the interaction
between tau and SHP2, and investigate the nature of the interaction
and the effect of tau phosphorylation at T231. We examine
the interaction in PC12-related PC6-3 cells, primary mouse
hippocampal neurons and in mouse brain. After detecting the
presence of the tau–SHP2 interaction in developing neurons, we
evaluated human brain sections from patients withmild or severe AD,
and found that in these AD samples, SHP2was upregulated and often
colocalized with neurofibrillary tangles. We also found evidence
supporting an increase in the tau–SHP2 interaction during AD.
Our data allows us to speculate that the tau–SHP2 interaction has a
role in neurodegeneration.Received 20 December 2018; Accepted 5 June 2019
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RESULTS
TauassociationwithSHP2 inneuronal andnon-neuronal cells
To determine whether tau associated with SHP2, we performed
co-immunoprecipitations (co-IPs) using D5 cells [PC6-3 cells stably
expressing the 3-repeat (3R) tau isoform] and a phospho-specific tau
antibody (Fig. 1A). We found SHP2 in the immunoprecipitated
proteins, suggesting a tau–SHP2 interaction. To confirm the
interaction, we also performed a co-IP using COS7 cells where 3R
tau, expressed by transient transfection, was immunoprecipitated
by DA9, an antibody recognizing total tau (Fig. 1B); control
immunoprecipitations were performed with mock-transfected cells.
Endogenous SHP2 co-immunoprecipitated with the expressed tau,
confirming the tau–SHP2 association. To provide additional evidence
for the tau–SHP2 interaction, we also performed an in vitro binding
assay where the requirement for phosphorylated tau could be tested.
Purified E. coli-synthesized non-phosphorylated 3R tau was added to
SHP2 immunoprecipitated from COS7 cells. As controls, E. coli-
synthesized tau was also added to immunoprecipitations performed
with anti-paxillin or control IgG antibody. After washing the binding
reactions, proteins bound to the immunoprecipitated SHP2 or paxillin
were examined. The in vitro binding assay showed that there was an
association between E. coli-synthesized non-phosphorylated tau and
SHP2 (Fig. 1C). To determine whether phosphorylation affected
the association, we compared the binding of E. coli-synthesized
phosphomimetic tau (T231D) to that of wild-type (WT) tau; T231D
tau was chosen since our initial co-IP used an antibody against pT231
tau (CP17, Fig. 1A). When equal amounts of T231D tau or WT tau
were incubated with SHP2 immunoprecipitated from COS7 cells,
after identical washing steps, we found that T231D tau bound to
SHP2 more avidly (Fig. 1D). In fact, T231D tau bound to SHP2 at a
level that was ∼12-fold higher than WT tau as determined by

densitometry (P<0.001). Taken together, these results demonstrate
that although phosphorylation of tau is not required for the tau–SHP2
association, it is likely that phosphorylation at T231 significantly
enhances SHP2 association.

Tau as a substrate for SHP2
The ability of SHP2 to dephosphorylate tau was examined using
E. coli-synthesized full-length 3R tau that had been phosphorylated
in vitro on Y18 using Fyn kinase (Lee et al., 2004). Following
the addition of PP2 to inhibit additional Fyn activity, the
phosphorylated tau protein was incubated with purified SHP2
(obtained commercially). The reaction was then examined by
immunoblot analysis using 9G3, a monoclonal against pY18 tau.
We found that the level of pY18 tau was reduced upon incubation
with SHP2 (Fig. 2), indicating that pY18 tau is dephosphorylated by
SHP2. As confirmation, we examined the ability of SHP2 to
dephosphorylate a pY18-tau peptide. Controls included the tau
peptide not phosphorylated at pY18 and boiled SHP2, where SHP2
catalytic activity was dead. We found that incubation with active
SHP2 reduced levels of pY18 tau peptide whereas incubation with
boiled SHP2 did not (Table S2). Together, our findings indicate that
pY18 tau is a substrate for SHP2.

Localization of tau–SHP2 complexes in cells
To investigate tau–SHP2 complexes at the single-cell level, we
utilized in situ proximity ligation assays (PLAs). PLAs provide a
sensitive and specific probe for protein–protein interactions in situ
since PLA signals are recovered only when the two PLA probes lie
within 40 nmof each other (Söderberg et al., 2006, 2008). PLAswere
conducted on fixed PC6-3 cells using anti-tau (DA9) and anti-SHP2
antibodies, resulting in tau–SHP2 complexes being highlighted with

Fig. 1. Tau associates with endogenous SHP2, with the T231D phosphomimetic mutation enhancing SHP2 binding. (A) Lysates from D5 cells were
subjected to immunoprecipitation with CP17, a monoclonal antibody specific for pT231 tau. The input lysates containing 1% of the total lysate (left panel) and
immunoprecipitations (right panel) were both probed with anti-SHP2 antibody. (B) COS7 cells, expressing human WT tau (3R) or mock transfected (–), were
immunoprecipitatedwithDA9,amonoclonalantibodyagainst total tau.The immunoprecipitation (right panels)and input lysates (left panels)wereprobedwithanti-SHP2
(upper panels) or with the total HRP–Tau5 antibody (lower panels). Input lysates (left panels) contained 0.1% of the total lysates. Arrowheads in A and B indicate
SHP2. Control immunoprecipitation in A and B were performed with non-specific mouse IgG. (C) SHP2 or paxillin was immunoprecipitated from COS7 cells, using
non-specific IgG as controls.E. coli synthesizedWT tau was added (+) or not (–) and proteins bound to immunoprecipitated proteins were probed with the anti-human
tau antibody tau13 (lower panels). As controls, the immunoprecipitated paxillin and SHP2 were probed with anti-paxillin (upper left panel) or anti-SHP2 (upper right
panel). (D) As in C, SHP2 was immunoprecipitated from COS7 cells and E. coli synthesized WT tau or T231D tau mutant was added. Proteins bound to SHP2 were
probed with Tau13 (lower right panel). As controls, 0.1% of the COS7 cell lysate and the immunoprecipitated SHP2 were probed with anti-SHP2 (upper left and
right panels). Input tauproteins (lower left panel)were0.5 µgofE. colisynthesizedWTorT231D tau.Arrowheads inpanelsCandD indicateE. colisynthesized tau. InD,
the exposure shown in the lower right panel, probed with Tau13, was a shorter exposure relative to that shown in panel C, lower right panel.
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a fluorescent orange indicator. Total tau was additionally detected by
using Alexa Fluor 488-conjugated anti-mouse secondary antibody to
label DA9. The data, as shown in confocal projections, illustrated a
clear punctate pattern indicating endogenous tau–SHP2 complexes in
non-stimulated PC6-3 cells (Fig. 3A); tau–SHP2 complexes were
also visible in NGF-stimulated PC6-3 cells (Fig. 3B). By examining
individual confocal layers, we could see that the PLA signals largely
resided either underneath or to the side of the nucleus, with some at
the edge of the cell (Fig. S1). By counting the numbers of puncta in
both non-stimulated and NGF-stimulated cells, we found that relative
to non-stimulated cells, NGF-stimulated PC6-3 cells exhibited a 69%
increase in the number of tau–SHP2 complexes (Fig. 3E, left;
P=0.0431); non-stimulated cells averaged 11.9 per cell while NGF-
stimulated cells averaged 20.1 per cell. The association between
endogenous tau and activated SHP2 was also examined using DA9
and anti-activated SHP2 antibody (Fig. 3C,D). In non-stimulated
cells, only 7% of the cells had PLA puncta, averaging 1.04 per cell;
this was not surprising since non-stimulated cells had very low levels
of activated SHP2. In contrast, 33.8% of NGF-stimulated cells had
PLA puncta, averaging 1.4 per cell, owing to the increased levels of
activated SHP2 in stimulated cells (Fig. 3E, right). Finally, we
examined complexes between pT231 tau and SHP2, using the
antibody CP17 to detect pT231 (Fig. 3F), and found that the extent of
the NGF-induced increase (67%; P=0.0208) was similar to that
shown by the total tau-SHP2 PLA levels. Taken together, our data
show that, in neuronal cells, NGF stimulation increased the level of
association between endogenous tau and SHP2. Our data also
demonstrated the association between tau and activated SHP2.
Tau–SHP2 complexes were further examined in COS7 cells

where tau was transiently expressed. While COS7 cells expressing
tau exhibited a high level of tau–SHP2 complexes (Fig. 4A), non-
transfected cells exhibited very few puncta, confirming that tau was
required for the PLA signal. To examine the association between tau
and activated SHP2 in COS7 cells, PLA was conducted following
EGF stimulation. As expected, the level of tau-activated SHP2
complexes was dramatically increased after EGF treatment (Fig. 4B,
C). Interestingly, the complexes were mainly localized along the
edge of the cells (Fig. 4C). To further examine this localization,
actin filaments were labeled with phalloidin–Alexa-Fluor-488
(Fig. 4D). Many complexes colocalized with actin ruffles on
the plasma membrane, suggesting a membrane localization for
tau–SHP2 complexes in stimulated cells.

pT231 tau and SHP2 formcomplexes inNGF-stimulated cells
and in primary hippocampal neurons
Previously, we have reported that NGF treatment increases the level
of pT231 tau in D5 cells (Leugers and Lee, 2010). We confirmed

this result for PC6-3 cells by using flow cytometry where CP17 was
reacted to fixed and permeabilized cells. We found that following
NGF stimulation, the level of pT231 tau was significantly increased
(by 63%; P=0.0211). If phosphorylation at T231 leads to an
increase in SHP2 association, such changes in pT231 tau levels
would, in part, explain the observed increase in the levels of
endogenous tau–SHP2 complexes after NGF stimulation (Fig. 3).

To examine the role of pT231 in SHP2 binding during NGF
signaling, phosphomimetic tau (T231D), T231A mutant tau or WT
tau was expressed in rTau4 cells (tau-depleted PC6-3 cells; Leugers
and Lee, 2010). PLAs were then conducted on cells with or without
NGF treatment. We found that regardless of the type of expressed
tau, transfected rTau4 cells showed clear puncta representing tau–
SHP2 complexes (Fig. 5A–D); non-transfected cells showed no
puncta. For each transfection, we quantified the level of PLA signals
in each cell, normalizing the PLA level to the level of tau expressed
in that cell (70–90 cells were evaluated per transfection). After the
average normalized level of PLA signals per cell was obtained for
each culture, for each construct we calculated the NGF-induced fold
increase in the level of PLA signals by calculating the ratio of PLA
signal with NGF to that without NGF.We found that for T231D tau,
the increase was 2.15-fold while for T231A, the increase was 1.18-
fold, with a significant difference between T231D and T231A
(Fig. 5E, P=0.0332). In addition, the increase in the level of PLA
signals for WT tau–SHP2 complexes was always at an intermediate
level (1.62, Fig. 5E), which very likely, resulted from an
intermediate level of phosphorylation occurring at T231 for WT
tau. Moreover, our data strongly suggested that phosphorylation at
T231 was required for the increased amount of SHP2 association
following NGF treatment.

Finally, we examined the role of microtubule binding for tau
association with SHP2. The S262D/S356D double-mutant of tau,
which lacks microtubule binding ability (Biernat et al., 1993;
Drewes et al., 1995), was expressed in rTau4 cells and PLA was
conducted, with quantification being performed as for the T231A
and T231D mutants (Fig. 5F,G). Relative to WT tau, we found a
statistically significant increase of 1.8-fold in PLA signals for the
mutant (P≤0.0001), indicating that microtubule binding inhibited
the ability of tau to associate with SHP2.

To examine the interaction between tau and SHP2 in primary
cultured hippocampal mouse neurons, PLA was performed on
neurons from WT mice, using neurons from tau-knockout (KO)
mice as a control. To visualize neuronal processes, actin was labeled
with phalloidin–Alexa Fluor 488. Tau–SHP2 complexes were
found in both cell soma and neuronal processes of WT hippocampal
neurons (Fig. 6A), and, as expected, little labeling was observed in
the tau KO mouse (Fig. 6B). Interestingly, higher magnification of
the primary neurons showed that tau–SHP2 complexes appeared to
lie just adjacent to the processes (Fig. 6C, arrowheads). The precise
localization of these complexes remains to be determined.

To investigate the association of pT231 tau with SHP2 in primary
neurons, primary hippocampal neurons were subjected to PLAs using
CP17 and anti-SHP2 antibodies, with PLA usingDA9 and anti-SHP2
performed as a control. Complexes of pT231 tau and SHP2, and of
total tau and SHP2were present in both soma and processes (Fig. 6D,
E). To characterize the localization in neurons, 50 cells of each culture
were randomly chosen and the proportion of PLA puncta in processes
or soma were calculated for each cell. While the pT231 tau–SHP2
complexes favored locating in the soma relative to neuronal
processes, the total tau–SHP2 complexes were equally prominent
in both soma and processes (Fig. 6F). In comparing the ratio of PLA
puncta in processes to that in soma, for complexes of pT231 tau and

Fig. 2. Tau serves as a substrate for SHP2 in vitro. E. coli synthesized full-
length tau was phosphorylated though incubation with Fyn (Millipore) and
subsequently incubated with SHP2 as described in theMaterials andMethods;
the control reaction omitted SHP2. Tau was probed with 9G3 (right panel) and
re-probed with total tau antibody (left panel). Arrowhead indicates tau.
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SHP2, the average ratio of PLA in processes:soma was 0.3 while for
complexes of total tau and SHP2, the average ratio was 1.0 (Fig. 6F).
This indicates that pT231 tau–SHP2 complexes are localized in the
soma relative to processes at a ratio of approximately 10 to 3 whereas
for total tau–SHP2 complexes, localization in the soma relative to
processes are close to being equal.
Tau–SHP2 complexes were also examined in fixed brain tissues

from 6-month-old WT mice. PLA, using DA9 and anti-SHP2
antibodies, was conducted on brain sections, with the control PLA
omitting DA9. Endogenous tau–SHP2 complexes were observed in
dentate gyrus, CA1 and cortex regions of the brain tissue (Fig. 6G),
while no PLA signals were found in the control (Fig. 6H). Our data
demonstrate the presence of tau–SHP2 complexes in adult mouse
brains, suggesting that the complexes have a role in normal
adult brain.

Tau–SHP2 complexes in human brain
AD brain has been shown to contain phosphoepitopes that are
characteristic of developing systems, where the cells are still
dividing (Bramblett et al., 1993; Goedert et al., 1993; Vincent et al.,
1998). Given our observed increase of tau–SHP2 complexes upon
NGF stimulation, there could be a role for the complex during
neuronal development, raising the possibility that the tau–SHP2
complex could appear in AD brain. Since SHP2 has never been
investigated in AD brain, post-mortem human hippocampal brain
samples were first probed for SHP2; samples were obtained from
control or patients with mild or severe AD (Table S1A). While
control (NCI) sections had a very low level of SHP2 labeling, both
mild (MCI) and severe AD sections showed more pronounced
labeling (Fig. 7A) with some cells showing a higher level of SHP2
than neighboring cells (Fig. 7B). When double labeling with

Fig. 3. Endogenous tau–SHP2 complexes are present as a
punctate pattern in neuronal cells. (A–D) PC6-3 cells were
stimulated with or without NGF for 5 min and subjected to PLA
as described in the Materials and Methods. A and B show
complexes between tau and SHP2; C and D show complexes
between tau and activated SHP2 (act-SHP2). Tau was
additionally labeled using anti-mouse IgG–Alexa Fluor 488.
Nuclei were counter-stained with DAPI (inset and merge).
Confocal projections are shown. Scale bar: 10 µm.
(E) Quantification of tau–SHP2 (left) and tau–activated SHP2
(right) complexes found before and after NGF treatment (open
and closed bars, respectively). For tau–SHP2 complexes, over
60 randomly chosen cells were evaluated; for tau-activated
SHP2 complexes, over 100 randomly chosen cells were
evaluated. After PLA puncta were counted, cells were then
sorted into four groups according to the number of puncta they
had (number of puncta as shown). The mean±s.d. from two
independent experiments are shown. For tau–SHP2 complexes
(left), the average numbers of PLA puncta in NGF-stimulated
cells and non-stimulated cells were 20.1 and 11.9, respectively,
which were significantly different when analyzed by Student’s t-
test (t=4.66, P=0.0431). (F) Quantification of pT231-tau–SHP2
complexes found before and after NGF treatment, shown from
one representative experiment. Over 90 randomly chosen cells
were evaluated. The mean numbers of PLA puncta in NGF-
stimulated cells and non-stimulated cells were 79.6 and 47.4,
respectively, which were significantly different when analyzed
by Student’s t-test (P≤0.0001). Data from three independent
experiments indicated a 67% increase in the number of puncta
from the PLA (P=0.0208) induced by NGF.
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immunofluorescent probes was used, SHP2 labeling often
coincided with tau labeling in the severe AD cases (Fig. 7C, right
column). In MCI, SHP2 labeling was less extensive, with
colocalization still apparent in some areas (Fig. 7C, middle
column). As a control, we confirmed that omitting anti-SHP2
abolished Alexa Fluor 488 labeling.
To identify tau–SHP2 complexes, hippocampal sections

(Table S1B) were subjected to PLA, where antibodies against
total tau and SHP2 were used; for reference, the tau signal was also
visualized. PLA puncta were observed in the dentate gyrus, CA1,
CA3 and subiculum regions (dentate gyrus and subiculum shown in
Fig. 8A). Quantification of the puncta indicated that NCI samples
had the least PLA puncta, with tau–SHP2 complexes significantly
increasing in samples from patients with AD (Fig. 8B). While the
subiculum had the highest level of puncta, the levels in the DG, CA3
and CA1 regions were not significantly different from one another
(Fig. S2). Differences between the puncta level of MCI and severe
AD cases was statistically significant only in the DG and subiculum
regions (Fig. 8B).

DISCUSSION
We have shown that the association between tau and SHP2 was
increased by phosphorylation at T231. Moreover, in cells responding
to NGF, phosphorylation at T231 increased, with the association
between tau and SHP2 increasing in a manner that required tau
phosphorylation at T231. By using primary cultured neurons, we also
found that complexes between SHP2 and tau that was phosphorylated

at T231 favored a cell soma localization whereas complexes between
SHP2 and tau, in general, were equally distributed between the cell
soma and cell processes. Tau–SHP2 complexes were also found in
brains from 6-month-old mice. Finally, while tau–SHP2 complexes
were found at a low level in the control human brain, the level of tau–
SHP2 complexes increased inMCI and severe ADbrain, especially in
the subiculum. The increase coincided with an increase of SHP2
labeling inMCI and severe AD. Our data demonstrate the importance
of tau–SHP2 complexes in neuronal development and suggest a role
for the complex in neurodegeneration.

In this study, the interaction between tau and SHP2 was initially
demonstrated using biochemical approaches (co-IP and in vitro
binding assays). However, by using PLA, a cell biological approach
using fixed cells, it was possible to quantify the interaction and
discern additional details. In conducting PLA on NGF-treated PC6-3
cells, the increased levels of tau-SHP2 complexes seen at the 5 min
time point indicated that NGF-stimulated phosphorylation changes
were the likely cause. By using T231D and T231A tau mutants, our
PLA data suggest that the NGF-induced increase in pT231 is required
for the increase in tau–SHP2 complexes. The use of PLA to examine
the association was vital since, on a biochemical level using co-IP
conditions, while we were able to immunoprecipitate pT231 tau from
non-stimulated PC6-3, we were unable to immunoprecipitate pT231
tau from NGF-stimulated PC6-3 cells. In contrast, by performing
immunoprecipitates using a RIPA buffer for solubilization or by flow
cytometry, we had found that pT231-tau increased following NGF
stimulation (Leugers and Lee, 2010). This indicated that in response

Fig. 4. Tau–activated-SHP2 complexes
are localized to the membrane ruffles in
COS7 cells. (A) COS7 cells expressing
WT tau were subjected to PLA as
described in the Materials and Methods
using DA9 and anti-SHP2 antibodies. Tau
was additionally labeled using anti-mouse
IgG–Alexa Fluor 488. Nuclei were counter-
stained with DAPI. Epifluorescence
images were taken. (B,C) COS7 cells
expressing WT tau were treated with (C)
or without (B) EGF for 5 min. PLA was
conducted using DA9 and anti-activated
SHP2, and tau was additionally labeled
using anti-mouse IgG–Alexa Fluor 488.
Confocal projections are shown. (D) COS7
cells expressing WT tau were treated with
EGF for 5 min. PLA was conducted using
DA9 and anti-activated SHP2 antibodies.
After conducting PLAs, actin filaments
were stained with phalloidin–Alexa Fluor
488. Confocal projections are shown.
Arrowheads indicate non-transfected
COS7 cells. Scale bar: 10 µm.
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to NGF, pT231-tau shifts its cellular localization such that it cannot be
solubilized by a co-IP lysis buffer. Therefore, if one were using co-
IPs, there would be a population of tau–SHP2 complexes that would
not be detected. PLA allowed us to detect tau–SHP2 complexes in
fixed cells and to document an increase in tau–SHP2 complexes
following growth factor stimulation.
When visualizing the cellular location of tau–SHP2 complexes in

PC6-3 cells, it was difficult to ascertain changes following NGF
addition. However, in EGF-stimulated COS7 cells, tau–SHP2
complexes appeared to localize at the actin ruffles on the plasma
membrane. Given that tau also associated with activated SHP2
(Figs 3 and 4), we speculate that following NGF stimulation of
PC6-3 cells, tau–SHP2 complexes are located in lipid rafts. Tau has
been reported to reside in lipid rafts (Hernandez et al., 2009;
Kawarabayashi et al., 2004; Klein et al., 2002) and lipid raft-
associated SHP2 appears to be involved in integrin-mediated
signaling and growth factor receptor signaling pathways (Bryant

et al., 2009; Lacalle et al., 2002). A lipid raft localization for tau–
SHP2 complexes would also explain our inability to solubilize the
complex with standard co-IP buffer. With the importance of lipid
rafts in signaling, these observations would suggest a role for tau–
SHP2 complexes in NGF signaling. We have previously shown that
tau has a critical role in NGF signaling where tau affected MAPK
activation without needing to interact with microtubules (Leugers
and Lee, 2010). The role of the tau–SHP2 association in this
pathway remains to be investigated. It will be important to establish
the temporal order of appearance and disappearance for pT231 and
pY18 following NGF addition, where tau in the soluble as well as
insoluble compartments is examined.

The importance of tau–SHP2 complexes in neuronal cells was
also demonstrated by our identification of such complexes in
primary hippocampal neurons. The presence of such complexes in
the cell soma as well as in neuronal processes indicates that tau–
SHP2 complexes may function in more than one signaling pathway

Fig. 5. Phosphorylation at T231 of tau is required for the
NGF-induced increase in the SHP2 association.
(A–D) rTau4 cells expressing T231D tau (A,B) or T231A tau
(C,D) were treated with or without NGF for 3 h. PLAs were
then conducted using DA9 and anti-SHP2, with tau being
additionally labeled using anti-mouse IgG-Alexa Fluor 488.
Nuclei were counter-stained with DAPI (inset and merge).
Confocal projections are shown. Scale bar: 10 µm. (E) For
each well, 70–90 transfected cells were randomly selected.
For each cell, using a confocal microscope, the optical
section containing the most PLA puncta was analyzed. PLA
signals were quantified and normalized as described in the
Materials and Methods. The NGF-induced fold increase in
the PLA signals for each construct was calculated by
determining the ratio of the signals of with NGF to without
NGF. The fold increases exhibited by WT, T231D, and
T231A tau were statistically compared with an ANOVA test:
WT versus T231D, P=0.2096; WT versus T231A,
P=0.2338; T231D versus T231A, P=0.0332 (*P<0.05).
Results are mean±s.e.m. from three independent
experiments. (F) rTau4 cells expressing WT or S262D/
S356D tau were subjected to PLA as described in A. PLA
signals were quantified and normalized as described in the
Materials and Methods, comparing S262D/S356D tau to
WT. Fold increase exhibited by S262D/S356D tau relative to
WT was statistically significant, as compared by Student’s
t-test (****P<0.0001). Results are mean±s.e.m. from four
independent experiments. (G) Distribution of relative WT
tau–SHP2 and S262D/S356D tau–SHP2 PLA values
evaluated in panel F. A total of 164 WT and 154 S262D/
S356D transfected cells were analyzed.
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in neurons. The interaction between phosphorylated tyrosine
residues and an SH2 domain of SHP2 activates SHP2 activity
(Sugimoto et al., 1994), and the possibility that tau may regulate
SHP2 activity remains to be investigated. The role of T231 in the
interaction may be indirect, as phosphorylation at T231 could lead
to unfolding of tau, rendering other regions accessible for
interaction with SHP2. Additionally, phosphorylation at T231

reduces the association of tau to microtubules, and our data would
suggest that a reduction in microtubule association promotes SHP2
association (Fig. 5F,G). Our finding that, in primary hippocampal
neurons, the localization of pT231-tau–SHP2 complexes differed
from that of total tau–SHP2 complexes may result from several
possibilities. While we have found that the distribution of pT231-tau
relative to total tau supported the differential localization

Fig. 6. Tau and SHP2 complexes are present in primary hippocampal neurons and in adult mouse brain. (A,B) Hippocampal neurons fromWT (A) or tau-
knockout (B) mice were subjected to PLAs using DA9 and rabbit anti-SHP2 antibodies as described in the Materials and Methods. Actin was labeled with
phalloidin–Alexa Fluor 488. Epifluorescence images were taken. (C) As seen at a higher magnification, PLA puncta in WT mice appeared to lie adjacent to
neuronal processes. Arrowheads indicate examples of PLA puncta that lie next to neuronal processes. (D,E) To visualize the association between SHP2 and
pT231 tau or total tau in primary neurons, PLAs were performed using rabbit anti-SHP2 and CP17 (recognizing pT231 tau; D) or DA9 (for total tau; E)
antibodies. Tubulin was labeled using rat anti-tubulin and donkey anti-rat IgG–AMCA antibodies. MAP2 was labeled using chicken anti-MAP2 and donkey anti-
chicken-IgG–Alexa Fluor 488. Confocal projections are shown. (F) Fifty neurons were randomly chosen and the PLA puncta from both soma and processes were
counted. For each cell, the proportion of puncta in processes, the proportion of puncta in soma, and the ratio of puncta in the processes over somawere calculated,
and are shown in the graphs. Results are mean±s.d. from two independent experiments. (G,H) Brain sections of WT mouse were subjected to PLA, using
DA9 and rabbit anti-SHP2 antibodies (G) or only rabbit anti-SHP2 antibody as a control (H). Nuclei were counterstained with DAPI. Dentate gyrus (DG), CA1, and
cerebral cortex (CTX) were examined. Confocal projections are shown. Scale bars: 10 µm (for A–E), 20 µm (for G,H).
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of pT231-tau–SHP2 complexes (Fig. S3), other explanations
contributing to the distribution of the PLA signals cannot be ruled
out. The ability of PLA to identify complexes that differ with respect
to tau phosphorylation enlarges the types of questions that can be
asked and answered. In addition, our localization of tau–SHP2
complexes in adult mouse brain indicated a role for the interaction
beyond developing systems, and also demonstrated the feasibility of
performing PLA on fixed tissue sections.
In examining pY18 tau as a substrate for SHP2, we found that tau

served as a substrate for SHP2 in vitro (Fig. 2). However, since the
commercially obtained SHP2 lacked its N-terminus, whether tau
serves as a substrate for SHP2 in cells remains to be determined.

Phosphorylation of tau at Y18 takes place during early brain
development but disappears by postnatal day 21 (Lee et al., 2004),
despite Fyn activity beingmaintained up to postnatal day 35 (Inomata
et al., 1994), suggesting that pY18 tau may be dephosphorylated
during development.

Developmental events, such as phosphorylation of tau on mitotic
epitopes during neuronal cell division, have been associated with AD
(reviewed in Raina et al., 2004). Given our finding that the tau–SHP2
complex is present in a developing neuronal system, we investigated
the possibility that the tau–SHP2 complex might be present in AD
samples. SHP2 has not been associated with AD, although activated
SHP2 has been linked to various cancers (reviewed in Zhang et al.,
2015), and this may be relevant to the idea that AD is a form of cancer
where there is a loss of cell cycle control (reviewed by Herrup and
Yang, 2001; Nagy, 2000; Wang et al., 2009; Webber et al., 2005).
Our finding that MCI and severe AD brain sections contained
increased levels of SHP2 relative to control brain indicate that SHP2
is upregulated duringAD. In addition, our findings indicate that while
the tau–SHP2 association occurred in normal adult brain, its level
significantly increased duringMCI and severe AD. While the pattern
of PLA puncta and its relationship to tau pathology remain to be
investigated, the ability to obtain evidence for a protein complex in
post-mortem human brain provides a new detection tool for disease
mechanisms. Since the PLA protocol uses an amplification step, it is
able to mark regions where an interaction between two proteins has
occurred. Given our previous findings on the appearance of pY18 tau
in AD brain (Lee et al., 2004), our findings allow us to speculate that
SHP2 may be acting on/with tau during neurodegeneration.

Together with our data, the critical role of SHP2 during neuronal
development (Wright et al., 1997) suggests that tau–SHP2 complexes
might promoteMAPK activation. ActivatedMAPK has been found in
AD cases (Pei et al., 2002), and since an abnormal increase in MAPK
signaling during AD could drive abnormal cell cycle activation
(reviewed in Zhu et al., 2002), one would speculate that the tau–SHP2
complex would promote cell cycle re-entry. Phosphorylation at Y18 of
tau has been found to be required for amyloid β (Aβ)-induced cell
cycle re-entry, since the Y18F mutant tau fails to promote Aβ-induced
cell cycle re-entry (Seward et al., 2013). This raises the possibility that
phosphorylation at Y18 of tau may increase its interaction with SHP2
and activate SHP2, driving cell cycle re-entry. Such a possibility
remains to be investigated. Finally, the report that SHP2 associates
with Grb2-associated-binding protein 2 (Gab2) (Gu et al., 1998) may
also be relevant for AD since GAB2 has been identified as a gene
whose variants correlated with increased susceptibility to late-onset
AD (Hu et al., 2017; Reiman et al., 2007).

In conclusion, the presence of tau–SHP2 complexes in a neuronal
cell line, primary neuronal culture and in adult brain indicates
that the interaction has long-lived cellular function. Given that
phosphorylation of tau at T231 promotes the association, the presence
of pT231 tau in samples from patients with mild AD suggests that tau–
SHP2 complexes might occur during the early stages of
neurodegeneration. Our finding of tau–SHP2 complexes in both mild
and severe AD cases supports this prediction and suggests that the tau–
SHP2 association has a role during neurodegeneration. Finally, since
tyrosine phosphorylation is used to regulate signal transduction
mechanisms, the association between tau and SHP2 suggests that tau
has a function in signal transduction.

MATERIALS AND METHODS
Cell culture
The cell types used in this study were COS7, PC6-3 (Pittman et al., 1993),
and two cell lines derived from PC6-3 (D5 and rTau4; Leugers and Lee,

Fig. 7. MCI and brain sections from patients with severe AD contain more
SHP2 than control brains. (A) Hippocampal sections of post-mortem human
brains were labeled immunohistochemically with anti-SHP2 as described in
the Materials and Methods. NCI, control; MCI, mild AD; severe, severe AD.
Scale bar: 80 µm. (B) Hippocampal sections of post-mortem human brains
from MCI (left) or severe (right) AD patients were labeled
immunohistochemically with anti-SHP2 antibody as described in the Materials
and Methods; arrows indicate cells with higher levels of SHP2. Scale bar:
40 µm. (C) Hippocampal sections of post-mortem human brains (NCI, MCI or
severe AD patients) were double-labeled with anti-SHP2 (top) and DA9
(middle) antibody and processed for immunofluorescence labeling as
described in the Materials and Methods. Merged images (bottom) show
colocalization of SHP2 and tau being more extensive in severe AD sections.
Scale bar: 20 µm.
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2010). COS7 and PC6-3 cells have not been reported as contaminated or
misidentified (International Cell Line Authentication Committee, October
14, 2018). COS7 cells were maintained in DMEM with 10% fetal bovine
serum (Hyclone). PC6-3 cells were grown on collagen (BD Biosciences)-
coated flasks in RPMI 1640 medium with 10% horse serum and 5% fetal
bovine serum (Hyclone); D5 and rTau4 cells were cultured in the same
medium supplemented with 200 µg/ml of G418 (Leugers and Lee, 2010).

Animals
Animal care was in compliance with National Institutes of Health guidelines
for the care and use of laboratory animals. All animal procedures were
approved by the University of Iowa Institutional Animal Care and Use
Committee.

Human AD samples – ethics approval, consent to participate
and consent for publication
Post-mortem brain tissues were obtained from 23 human participants. For
post-mortem human samples obtained from the autopsy service at the
University of Iowa, the study was determined to be exempt from review by
University of Iowa Institution Review Board; ethics approval and consent
were waived. For post-mortem human samples obtained from Rush
Alzheimer’s Disease Center, subjects signed an informed consent and
Anatomical Gift Act. All clinical investigations have been conducted
according to the principles expressed in the Declaration of Helsinki.

Primary mouse hippocampal neuronal culture
WT mice or homozygous tau-knockout mice (Dawson et al., 2001) were
obtained from The Jackson Laboratory (C57Bl/6 strain). Primary hippocampal

neuronal cultureswere prepared fromnewborn [postnatal day (P)0]mouse pups
as previously described (Beaudoin et al., 2012). All animal experiments were
performed according to approved guidelines, as described above in ‘Animals’.
Briefly, hippocampus from P0 pups were isolated in Neurobasal A medium
(Gibco, 10888-022) containing 0.5 mM glutamine, 1% penicillin/streptomycin
and 10 mM HEPES, chopped into fine pieces and digested in 1 mg/ml trypsin
(Sigma, T7409) for 10 min at 25°C. Tissues were washed twice and
resuspended in Neurobasal A medium. The tissues were then triturated three
timeswith three pasteur pipettes, eachwith a narroweropening than the previous
one. After this, MEM with 2% horse serum and 6 µM insulin (Sigma, I5500)
was added, and 300 µl of the cell suspension was layered onto coverslips that
had been treated with 0.2 mg/ml poly-L-ornithine and 0.05 mg/ml laminin.
After incubating the coverslips for 3 h at 37°C and 5%CO2, 1 ml Neurobasal A
medium containing 20 µl B27 (Gibco, 17504044) was added to each coverslip.

Plasmid constructions and recombinant proteins
0N3R human tau (the 352 residue isoform, hereafter 3R tau) was expressed
in eukaryotic cells using pRc/CMV n123c plasmid as previously described
(Hall et al., 1997). The tau mutant T231A tau was generated by site-directed
mutagenesis (QuikChange Mutagenesis Kit, Stratagene) using pRc/CMV
n123c as template; the mutation was confirmed by DNA sequencing. The
pRc/CMV plasmid expressing the 3R tau mutant T231D has been
previously described (Sharma et al., 2007).

For recombinant tau proteins, bacterial expression pET constructs
encoding 3R WT and T231D mutant tau have been previously described
(Bhaskar et al., 2005; Brandt and Lee, 1993). Proteins were expressed in
BL21(LysS)DE3 E. coli cells and purified as previously described (Bhaskar
et al., 2005; Brandt and Lee, 1993).

Fig. 8. AD-affected brains contain more complexes of tau and SHP2, relative to non-diseased brains. (A) Hippocampal sections of post-mortem human
brains (NCI, MCI or severe AD patients) were subjected to PLA using DA9 and rabbit anti-SHP2 antibodies as described in the Materials and Methods.
Tau was additionally labeled using anti-mouse IgG–Alexa Fluor 488. Confocal projections are shown. Representative images show the PLA puncta and the
PLA+tau merged signals in dentate gyrus (DG) and subiculum (SUB) of NCI, MCI, or severe AD samples. Scale bar: 20 µm. (B) Quantification of the relative
number of PLA puncta in DG, CA3, CA1, or subiculum region from six NCI, six MCI, and six severe AD patients. For each patient, PLA puncta were counted
from 10 randomly selected areas of each region. For each region, to compare the amount of PLA between the patient groups, all the counted PLA puncta were
normalized to the average of PLA puncta in NCI control, and are presented relative to the NCI value (set as 1). The averages of the normalized PLA puncta
were then statistically compared by performing one-way ANOVA for each region, followed by the honest significant difference post-hoc test. Results are mean±
s.e.m. (***P<0.001).
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Cell transfection and preparation of lysates
COS7 cells were plated on 100 mm dishes and transfected with tau plasmids
using Lipofectamine 2000 as recommended by the manufacturer (Invitrogen).
PC6-3 cells stably expressing 3R tau (D5) were plated on collagen-coated 150
mm dishes and serum starved overnight prior to growth factor treatment
(50 ng/ml NGF; N2513 Sigma). Cell lysates were prepared as previously
described (Leugers and Lee, 2010; Sarkar et al., 2008). Briefly, COS7 cells
from each plate were harvested 48 h after transfection, using 1 ml of ice-cold
lysis buffer containing 50 mMTris-HCl pH 7.5, 150 mMNaCl, 1%Triton X-
100, 0.25% deoxycholate, 1 mM EDTA, 1 mM EGTA, 1 mM sodium
vanadate, 10 mM sodium fluoride, 1 mM AEBSF, 2.16 mM leupeptin,
1.46 mMpepstatin and 0.15 mM aprotinin. D5 cells were harvested with 1 ml
of the same lysis buffer. Following 30 min incubation with gentle mixing at
4°C, lysates were cleared by centrifugation at 6200 g for 20 min at 4°C.

Co-immunoprecipitation and immunoblotting
Cleared cell lysates were incubated with 1.5 µg non-specific IgG (Jackson
ImmunoResearch) at 4°C for at least 4–16 h, followed by an additional
incubation for 1 h with protein A–Sepharose (GE Healthcare) or protein
G–Sepharose (EMD Millipore). Following centrifugation (16,000 g for
1 min), the resulting pre-cleared supernatants from COS7 or D5 cells were
incubated with DA9 [100 µl mouse monoclonal supernatant against total tau,
generously provided by Dr Peter Davies, Litwin-Zucker Center for
Alzheimer's Disease and Memory Disorders, Feinstein Institute for Medical
Research, NY, USA (Tremblay et al., 2010)], rabbit polyclonal anti-SHP2
(1.5 µg, sc-280, Santa Cruz Biotechnology) or CP17 [3.5 µg, mouse
monoclonal anti-pT231 tau, generously provided by Dr Peter Davies
(Weaver et al., 2000)] overnight at 4°C. Lysates were incubated with
protein A– or protein G–Sepharose for an additional 1 h. After washing,
immunoprecipitates were run on SDS-PAGE gels (7.5 or 12% acrylamide)
and transferred onto Immobilon-P PVDF membranes (Millipore). Blots were
blocked using 2 or 4% BSA in Tris-buffered saline containing 0.05% (v/v)
Tween-20 (TBS-T). Blots were incubated with primary antibodies overnight
at 4°C or for 1.5–2 h at room temperature, followed by incubation with
horseradish peroxidase (HRP)-conjugated secondary antibodies (Jackson
ImmunoResearch). Blots were developed with Amersham ECL Plus reagent
(GE Healthcare). Primary antibodies used were: Tau13 (0.5 µg/ml, mouse
monoclonal against human tau, generously provided by the late Dr Lester
Binder), rabbit polyclonal anti-SHP2 antibody (0.4 µg/ml, sc-280, Santa Cruz
Biotechnology), mouse monoclonal anti-paxillin antibody (0.05 µg/ml,
05-417, Upstate Biotechnology) or 9G3 (1 µg/ml, mouse monoclonal
against pY18 tau; Lee et al., 2004). Tau5–HRP antibody (1:50,000;
Leugers and Lee, 2010) was also used.

In vitro binding assays
COS7 cells were plated on 100 mm dishes and harvested in 1 ml of ice-cold
lysis buffer containing 50 mMTris-HCl pH 7.5, 150 mMNaCl, 2%Nonidet
P-40 (NP-40), 1 mMEDTA, 1 mMEGTA, 1 mM sodium vanadate, 10 mM
sodium fluoride, 1 mM AEBSF, 2.16 mM leupeptin, 1.46 mM pepstatin
and 0.15 mM aprotinin. Lysates were cleared by centrifugation at 6200 g for
20 min at 4°C. SHP2 or paxillin was immunoprecipitated as described above
using rabbit polyclonal anti-SHP2 antibody (1 µg, sc-280, Santa Cruz
Biotechnology) or mouse monoclonal anti-paxillin antibody (1 µg, 05-417,
Upstate Biotechnology). After washing, recombinant tau proteins (0.5 µg)
were added to the immunoprecipitated SHP2 (or paxillin) in a reaction
buffer containing 50 mM HEPES pH 7.4, 2 mM EDTA, 5 mM
2-mercaptoethanol (Sigma), 100 mM NaCl, 1 mM sodium vanadate,
10 mM sodium fluoride, 1 mM AEBSF, 2.16 mM leupeptin, 1.46 mM
pepstatin and 0.15 mM aprotinin. After incubation at 4°C for 1.5 h,
the resulting protein complexes were washed five times, resolved by
SDS-PAGE and analyzed by immunoblotting.

SHP2 assays
To assay the activity of SHP2 on full-length tau in vitro, tyrosine
phosphorylated tau was prepared by adding Fyn tyrosine kinase (14-441,
Millipore) to E. coli-synthesized 3R tau (352 residue isoform), as previously
described (Lee et al., 2004). Briefly, 1 µg of E. coli-synthesized tau was
incubated with Fyn (4 U) in kinase reaction buffer (100 mMTris-HCl pH 7.2,

25 mM MnCl2, 2 mM EGTA, 2 mM DTT, 242 µM ATP, 31.5 mM MgCl2)
for 2 h at 37°C. The reaction buffer was then converted into phosphatase
buffer containing 10 µM PP2 (172889-27-9, Millipore), 2 mM 2-
mercaptoethanol and 5 mM EDTA. Then, 0.36 µg SHP2 (SRP0217,
Sigma) was added and reactions were incubated for 1 h at room
temperature. Control phosphatase reactions omitted SHP2. To analyze
tyrosine phosphorylation, reactions were resolved by SDS-PAGE, followed
by immunoblotting using 9G3 to detect pY18 tau.

To assay the activity of SHP2 on a tyrosine phosphorylated tau peptide, a
96-well plate was coated with NeutrAvidin as previously described (Jicha
et al., 1997), and then blocked with 2% BSA, 1 h at 25°C. 0.005 µM
biotinylated-pY18 tau peptide (Biotin-EDHAGTpYGLGDRK; residues
12–24) was incubated with 0.8 µg SHP2 (Sigma) in a reaction buffer
containing 50 mM HEPES pH 7.4, 0.5 µg BSA and 1 mM DTT for 1 h at
25°C. The control reactions either used biotinylated non-pY18 tau peptide or
boiled SHP2 (5 min at 95°C). Omitting SHP2 in each reaction was also
included as a negative control. To determine the background levels, 2% BSA
instead of pY18 tau peptide was used. To assess phosphorylation at Y18,
biotinylated peptides were first captured by adding the reactions to the
NeutrAvidin-coated plate and incubating for 1 h at 25°C. After washing with
TBS, 9G3 (anti-pY18 tau, 1:60 dilution) was added and incubated for 2 h at
25°C. Background level was determined by omitting 9G3. After washing with
TBS-T, the plate was incubated with HRP-conjugated donkey anti-mouse IgG
(Jackson Immuno Research, 1:2000) for 2 h at 25°C. After washingwith TBS-
T, plates were developedwith the Bio-RadABTSperoxidase substrate. Optical
density was measured at 405 nm using an SLT Spectra plate reader (Tecan
Technicals).

In situ PLAs
PLAs are designed to detect protein–protein interaction in situ (Gustafsdottir
et al., 2005; Söderberg et al., 2006). In the assay, the two proteins are labeled
with primary antibodies raised in different species, which are then detected
by secondary antibodies that are differentially labeled with specific
oligonucleotides. With added components, association of the two
proteins, as defined by the secondary antibodies lying within 40 nm of
each other, allows for rolling circle amplification. The rolling circle product
is then specifically detected by a fluorescent oligonucleotide probe. PLA
components were purchased from Sigma (Duolink® in situ).

To perform PLA on COS7, PC6-3 or rTau4 cells, COS7 cells were seeded
onto 12 mm glass coverslips and PC6-3 or rTau4 cells were seeded onto
collagen-coated chamber slides (Lab-Tek Permanox, 177437, Thermo
Fisher Scientific). COS7 or rTau4 cells were transfected using
Lipofectamine 2000 as recommended by the manufacturer (Invitrogen).
For P0 primary hippocampal culture, the cells, seeded on poly-L-ornithine
and laminin-treated coverslips, were grown for an additional 5 or 10 days.
All cells were fixed with 0.3% glutaraldehyde as previously described
(Lee and Rook, 1992) except with the use of 0.1% saponin instead of 0.5%
NP-40. Primary antibodies used were mouse monoclonal antibody
supernatant against total tau DA9 (1:50), mouse monoclonal anti-pT231
tau (CP17, 1.7 µg/ml) and rabbit polyclonal anti-SHP2 (sc-280, Santa Cruz
Biotechnology, 1 µg/ml). Following the manufacturer’s protocol, secondary
antibodies (anti-rabbit PLUS probe and anti-mouse MINUS probe, Sigma)
were incubated with the cells, and following the Duolink protocol, if the two
proteins were sufficiently close, rolling circle amplification was triggered by
the subsequent additions. Amplified DNA was detected by a specific
oligonucleotide that was labeled with an orange fluorophore (λex 554 nm;
λem 579 nm). For primary hippocampal cultures, after conducting PLA,
anti-tubulin (rat monoclonal supernatant YL1/2, YSRTMCA77S, Accurate
Chemical, 1:50) and chicken polyclonal anti-MAP2 (PA1-10005, Thermo
Fisher Scientific, 1:2000), were added and incubated overnight at 4°C;
donkey anti-rat IgG conjugated to AMCA and donkey anti-chicken IgG
conjugated to Alexa Fluor 488 secondary antibodies were used to visualize
tubulin and MAP2, respectively. To visualize total tau (DA9) in cell lines,
incubation with goat anti-mouse IgG conjugated to Alexa Fluor
488 secondary antibody was added as a final step. To label actin
cytoskeletons of primary neurons, phalloidin–Alexa Fluor 488 (8878, Cell
Signaling Technology) was used. Cells were analyzed via epifluorescence
microscopy (Nikon E800 microscope) or confocal microscopy (Zeiss 710
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confocal microscope). To analyze PLA signals in primary neurons, 50 cells
were randomly selected from each well and the PLA puncta on neuronal
processes and cell soma of each cell were counted.

For growth factor-stimulated cells, PLAs were performed on seeded cells
that had been serum starved overnight and incubated with growth factor for
5 min [50 ng/ml NGF (N2513, Sigma) for PC6-3 and transfected rTau4
cells; 10 ng/ml EGF (RDI-115, Research Diagnostics) for transfected COS7
cells]. To assay the association between tau and activated SHP2, PLAs were
performed using DA9 (1:50) and anti-activated SHP2 (rabbit monoclonal
supernatant, ab62322, Abcam, 1:10,000). The association between tau and
total SHP2 was assessed as described above. To analyze PLA signals in
PC6-3 cells, the PLA puncta were counted on 60 randomly selected cells. To
assay the association between pT231-tau and SHP2, PLAs were performed
using CP17 (1.7 µg/ml) and anti-SHP2 (rabbit polyclonal, sc-280, Santa
Cruz Biotechnology, 1 µg/ml). Analysis was carried out as described for
DA9-labeled PC6-3 cells.

For assessing the effect of phosphorylation at T231 of tau, PLAs were
performed on 3 h NGF-treated rTau4 cells expressing WT, T231D or
T231A tau, using DA9 and anti-SHP2. To quantify the change in PLA
puncta between non-stimulated and NGF-stimulated rTau4 cells that
expressed WT, T231D or T231A, 70–90 transfected cells from each
culture were randomly chosen. Then, using a Zeiss 710 confocal
microscope, an optical section of each cell showing the most PLA signals
was imaged; the tau signal was also captured. ImageJ was then used to
determine the tau signal intensity for each cell and the PLA signal for each
cell was quantified after thresholding (all cells in each experiment were
subject to the same thresholding conditions). For each cell, the thresholded
PLA signal was then normalized by dividing the PLA signal by the tau
signal, thus eliminating the effect of different expression levels of tau on the
extent of SHP2 association. Following this procedure, for each tau construct,
average PLA signals were obtained for non-stimulated and NGF-stimulated
cells, and the NGF-induced changewas then calculated by dividing the NGF
PLA signal by the PLA signal from non-NGF-treated cells. For testing the
effect of the loss of microtubule binding, a similar experiment was
performed using the S262D/S356D mutant of tau, without the use of NGF.
For each experiment, relative PLA was calculated after (1) the PLA signal
from each cell was normalized with respect to the tau level and (2) after
normalization, the average relative PLA level for WT cells was set to ‘1’ and
S262D/S356D levels presented as a change relative to the ‘1’ value. This
calculation allowed comparison of the four experiments. A total of 164 WT
and 154 S262D/S356D transfected cells was analyzed.

Brain sections
Paraffin-embedded brain sections prepared from 6-month-old WT or tau-
knockout mice (Dawson et al., 2001) were deparaffinized and subjected to
antigen retrieval (De Borst et al., 2007). The sections were then blocked for
1 h at room temperature with a blocking solution containing 5% normal goat
serum, 3% BSA, 0.3% Triton X-100 (Fluka) in 1× PBS. Incubation with
primary antibodies using the same blocking solution was conducted
overnight at 4°C. Primary antibodies used were: DA9 (1:50) and rabbit
polyclonal anti-SHP2 (1 µg/ml, sc-280, Santa Cruz Biotechnology). PLAs
were performed as described above. Images of dentate gyrus, hippocampus
and cerebral cortex were taken with a Zeiss 710 confocal microscope.

For examining human material by immunohistochemical staining, control,
mild, and severe AD hippocampal brain samples were obtained from the
University of IowaHealth Care System. For post-mortem human brain samples
obtained from the autopsy service at the University of Iowa, our study was
determined to be exempt from review by the University of Iowa Institutional
Review Board; ethics approval and consent were waived. Braak staging, Thal,
and CERAD scores for each case are shown in Table S1A. Paraffin-embedded
sections were deparaffinized, subjected to antigen retrieval, and labeled with
rabbit polyclonal anti-SHP2 (0.2 µg/ml, sc-280, Santa Cruz Biotechnology),
HRP-coupled anti-rabbit-IgG (Dako EnVision), DAB and Dako Enhancer.
Microscopy was performed with an Olympus BX61.

For immunofluorescence staining and PLA assays, paraffin-embedded
human hippocampal brain sections of non-cognitive impairment (NCI), mild
AD (MCI), and severe AD patients were obtained from Rush Alzheimer’s
Disease Center at Rush University Medical Center. Braak staging scores,

neurofibrillary tangles assessments, and COGDX scores for each case are
shown in Table S1B. For double immunofluorescence staining, human
hippocampal brain sections were deparaffinized, blocked as above, and
labeled with DA9 (1:50) or 9G3 (1:1000) and rabbit polyclonal anti-SHP2
(0.2 µg/ml, sc-280, Santa Cruz Biotechnology). Anti-rabbit-IgG conjugated
to Alexa Fluor 488 and anti-mouse-IgG conjugated to rhodamine were used
as secondary antibodies. Sections were analyzed by confocal microscopy
(Leica SP8 STED). Three subjects for each type were labeled and
representative images shown. For analysis by PLA, as described above, the
sections were deparaffinized, blocked, and subjected to PLA. After labeling
total tau with goat anti-mouse IgG conjugated to Alexa Fluor 488 secondary
antibody, the sections were treated with 1% Sudan Black to reduce
autofluorescence as a final step. The sections were analyzed by confocal
microscopy (Zeiss 710 confocal microscope). For measurement of the
number of PLA puncta, we counted the number of PLA puncta from 10
randomly selected areas within the dentate gyrus, CA3, CA1 or subiculum of
each case. For each experiment, samples from anNCI, a mild and a severe AD
case were examined, and the PLA signals were counted in each of the four
areas. To determine how PLA counts changed as disease progressed, for each
area, the numbers in the mild and severe AD sections were normalized to the
number in the NCI section. Then, to assemble data from all cases, the PLA
number from the NCI case in each experiment was set as 1 for each region.
This allowed us to calculate an average PLA count for each region, using six
cases of each disease state, and to determine how the level of association
changed as disease progressed. To determine how PLA counts changed from
region to region within a case, PLA counts from CA3, CA1, and subiculum
were normalized to that of the DG, which was then given the value of ‘1’.

Flow cytometry
D5 cells were fixed and stained for flow cytometry following a protocol for
detecting intracellular antigens (Krutzik and Nolan, 2003). Briefly, cells were
treated with NGF (50 ng/ml) for 5 min and, after NGF treatment, adherent
cells were fixed by adding 16% paraformaldehyde directly to the culture
medium (1.5% paraformaldehyde final concentration) and incubating for
10 min. Fixed cells were trypsinized and pelleted, then permeabilized by
vigorous resuspension in 3 ml ice-coldmethanol for at least 10 min. Cells were
washed with staining buffer (PBS with 1% BSA and 0.1% Tween 20) then
incubated with primary antibody for 1 h. CP17 or non-specific mouse IgG
antibodies (70 μg/ml, diluted in staining buffer) were used. After washing,
cellswere incubatedwithR-phycoerythrin (R-PE)-conjugated goat anti-mouse
IgG [F(ab′)2 fragment, 1:200, A10543, Thermo Fisher Scientific] for 20 min.
After washing, the cells were resuspended in staining buffer to a concentration
of ∼106 cells/ml and samples were analyzed with a Becton Dickinson LSRII
cytometer. For data analysis, a gated population of 10,000 fluorescing cells
was collected from each condition. The Cell Quest Pro software package was
used to generate a histogram plot representing the fluorescence intensity of
each cell in the population. The geometric mean fluorescence was calculated
from each histogram. The fold-change in fluorescence intensity was calculated
by dividing the geometric mean fluorescence of CP17-labeled samples from
NGF-stimulated cells by that of CP17-labeled samples from non-stimulated
cells. Background fluorescence from control IgG-labeled samples taken from
NGF-stimulated or non-stimulated cells had been first subtracted.

Statistical analysis
To compare the SHP2-binding affinity between T231D and WT tau in the
in vitro binding assays (Fig. 1D), statistical analysis was performed using a
two-sample Student’s t-test with the Statistical Analysis System software
(SASS) package. The exact P-value is indicated. The increase in the level of
endogenous tau-SHP2 complexes in NGF-stimulated PC6-3 cells was also
statistically determined though a Student’s t-test (Fig. 3E). To compare the
level of CP17-labeled tau in PC6-3 cells before and after NGF treatment, the
same statistical tests were carried out on data from three independent flow
cytometry experiments. The exact P-value is indicated. To compare the fold
increases of the number of tau-SHP2, T231D tau-SHP2, and T231A tau-
SHP2 complexes detected by PLAs, statistical analysis was performed using
analysis of variance (one-way ANOVA, linear mixed model) with the SASS
package. In Fig. 5E, the data for each fold increase is shown as the mean±
s.e.m. from three independent assays. The exact P-values are given.
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The statistical analysis for fold increases in the number of tau-SHP2
complexes detected by PLA in human brain sections was also determined
with a one-way ANOVA, followed by the honest significant difference
(HSD) post hoc test. In Fig. 8B and Fig. S2, the data for each fold increase in
the different hippocampal regions and subiculum were shown as the mean±
s.e.m. The exact P-values are given.
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