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Integrin-mediated cell adhesion and signaling is of critical importance for neuronal
differentiation. Recent evidence suggests that an “inside-out” activation of p1-integrin,
similar to that observed in hematopoietic cells, contributes to the growth and
branching of dendrites. In this study, we investigated the role of the hematopoietic
adaptor protein adhesion and degranulation promoting adapter protein (ADAP) in
these processes. We demonstrate the expression of ADAP in the developing and
adult nervous hippocampus, and in outgrowing dendrites of primary hippocampal
neurons. We further show that ADAP occurs in a complex with another adaptor protein
signal-transducing kinase-associated phosphoprotein-homolog (SKAP-HOM), with the
Rap1 effector protein RAPL and the Hippo kinase macrophage-stimulating 1 (MST1),
resembling an ADAP/SKAP module that has been previously described in T-cells and is
critically involved in “inside-out” activation of integrins. Knock down of ADAP resulted in
reduced expression of activated p1-integrin on dendrites. It furthermore reduced the
differentiation of developing neurons, as indicated by reduced dendrite growth and
decreased expression of the dendritic marker microtubule-associated protein 2 (MAP2).
Our data suggest that an ADAP-dependent integrin-activation similar to that described
in hematopoietic cells contributes to the differentiation of neuronal cells.

Keywords: integrin, adaptor proteins, neurite outgrowth, MAP2, hippocampus, primary cell culture, mouse

INTRODUCTION

The nervous system and the immune system share many mechanisms concerning the recognition
of cells and extracellular matrix components, as well as the intracellular signaling induced by
these events. The adhesion and degranulation promoting adapter protein (ADAP) may be a
common regulatory factor in these processes. ADAP is expressed in various hematopoietic cells
including T-cells, platelets, mast cells, dendritic cells, natural killer cells, granulocytes, monocytes,
macrophages (Wang and Rudd, 2008; Witte et al., 2012) and microglia (Engelmann et al., 2015), but
public databases suggest that ADAP may also be expressed in neuronal cells during development
and adulthood'.
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ADAP Controls Integrin-Dependent Dendrite Growth

ADAP protein occurs in two isoforms with molecular weights
of 120 kDa and 130 kDa, without discernable enzymatic or
transcriptional activity (Wang and Rudd, 2008). It contains
a proline-rich region, several tyrosine-based signaling motifs,
two helical SH3 domains, and an Ena/VASP binding motif
to mediate protein-protein and protein-lipids interactions
(Peterson, 2003; Wang and Rudd, 2008; Witte et al.,, 2012;
Engelmann et al., 2015). It serves as a hub for the association
of additional adaptor proteins, Ena/VASP proteins and kinases
in T-cells, thereby facilitating T-cell activation, differentiation
and adhesion (Peterson, 2003; Zhang and Wang, 2012; Witte
et al., 2012). ADAP deficient T-cells show reduced T-cell
receptor (TCR)-mediated differentiation and proliferation and
an attenuated up-regulation of the T-cell activation markers
CD69, CD25 and CD54 as well as release of interleukin-2
and interferon y (Peterson et al, 2001; Medeiros et al,
2007; Wang et al, 2007; Burbach et al, 2008; Srivastava
et al., 2010). In addition, loss of ADAP attenuates TCR-
and chemokine-mediated integrin activation required for T-
cell adhesion, interaction with antigen-presenting cells and
migration in vitro and in vivo (Peterson et al, 2001; Wang
et al.,, 2007; Burbach et al., 2011; Kliche et al., 2012; Mitchell
et al., 2013). However, the potential role of ADAP in integrin
activation during neuronal differentiation has not been studied
so far.

Neurons express various Pl- and PB3-integrins (Wu and
Reddy, 2012) that interact with the rich extracellular matrix of
the nervous system (e.g., fibronectin, laminin, or collagens) and
with diffusible factors that serve as guidance cues mediating
migration and neurite growth (e.g., netrins, semaphorins and
ephrins; Myers et al., 2011). Beta-integrins are expressed during
dendritic differentiation (Schmid and Anton, 2003; Rehberg
et al, 2014) and provide sites of adhesion and signals for
the dynamic rearrangement of cytoskeletal elements during
dendrite development. Stimulation of integrins with laminin
or semaphorin 7A enhances the growth and restructuring of
dendrites in cortical neurons in culture (Moresco et al., 2005),
whereas integrin blockage leads to retraction of dendrites of
retinal ganglion cells in vivo (Marrs et al., 2006). Hippocampal
neurons also require B1-integrins for dendritic differentiation
both in culture and in vivo (Schlomann et al., 2009; Warren
et al, 2012; Rehberg et al, 2014). While classically it has
been considered that integrins in neurons are expressed
in a pre-activated state and mostly mediate signaling from
the extracellular matrix and diffusible factors (“outside-in”),
recent evidence has demonstrated the importance of controlled
integrin trafficking and “inside-out” activation during neurite
development. Specifically, increased expression of activated p1-
integrin on the dendritic surface has been reported following
stimulation of hippocampal neurons with semaphorin 3A
(Schlomann et al., 2009; Rehberg et al., 2014).

These processes bear striking resemblance to the ADAP-
dependent inside-out activation of integrins in T-cells, where
upon stimulation of the TCR or chemokine receptors, aL32 and
a4l integrins are activated to bind to their respective ligands.
Consequently an increased proportion of integrins is induced
to a high-affinity conformation on the cell surface (affinity

modulation), followed by integrin clustering and association with
the actin cytoskeleton (avidity regulation; Abram and Lowell,
2009; Hogg et al., 2011).

ADAP in T-cells is associated with SKAP55 to regulate
the affinity/avidity modulation of integrin function via the
assembly of two complexes, ADAP/SKAP55/RAPL/MST1
and ADAP/SKAP55/RIAM/MST/Kindlin-3/Talin, which are
associated with the alpha or beta chain of the integrin aLf2,
respectively (Kliche et al, 2012). Three components of the
ADAP associated molecular complex in T-cells, Talin, Kindlin-1
(an isoform of Kindlin-3) and the Rapl1 effector protein RIAM
have previously also been found to regulate f1- and p3-integrin
function in neurons (Dent et al., 2011; Myers et al., 2011; Tan
etal, 2012).

Based on these observations and its prominent expression in
the nervous system, we hypothesized that ADAP may be involved
in the activation of integrins during neuronal differentiation.
We examined the expression of ADAP during dendritogenesis
of cultivated hippocampal neurons and investigated the effect of
ADAP knock down on neuronal differentiation and underlying
mechanisms. Our data suggest that ADAP occurs in developing
neurons in association with signal-transducing kinase-associated
phosphoprotein-homolog (SKAP-HOM; homolog of SKAP55),
RAPL and MST1, and stimulates 1 integrin activation as well as
dendritic growth in these cells.

MATERIALS AND METHODS

Mice

C57BL/6 (M&B Taconic, Berlin) mice were bred and
maintained under specific pathogen-free conditions at the
Otto-von-Guericke University, Magdeburg, Germany. Animal
maintenance and tissue collection were done according to the
guidelines of the State of Saxony-Anhalt, Germany and approved
by the Landesverwaltungsamt Sachsen-Anhalt.

Cell Culture

HEK-293T cells (supplied by Deutsche Stammsammlung von
Mikroorganismen und Zellkulturen GmbH; DSMZ Braunschweig,
Germany) were used for testing plasmid constructs. Transfection
was done with Lipofectamine® 2000 (Thermo Scientific)
according to the manufacturer’s protocol. For Western Blotting,
cells were lyzed 48 h after transfection. PC-12 cells were cultured
in RPMI medium containing 10% horse serum (v/v), 5% fetal
bovine serum (v/v) and 1% L-Glutamine (v/v; all Thermo
Scientific). Differentiation was induced with NGF (50 ng/pl;
Sigma-Aldrich) under reduced serum condition [RPMI medium
containing 0, 2% horse serum (v/v) and 1% L-glutamine (v/v)].
Splenic CD3" T-cells from mice were purified using T-cell
isolation kit and AutoMacs magnetic separation system (Miltenyi
Biotec).

Primary Hippocampal Culture

Dissociated primary hippocampal cultures were prepared using
the Neural Tissue dissociation Kit (P) from Milteny Biotec
according to manufacturer’s protocol. Briefly, hippocampi from
embryonic day 18 (E18) mice were dissected, dissociated in
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papain-enzyme mix and incubated under rotation at 37°-C
for 15 min in Hanks balanced salt solution (HBBS, Thermo
Scientific). Dissociated cells in DMEM were plated at a
density of 40,000-80,000 cells/cm? (for transfection) or 200,000
cells/cm? (for immunocytochemistry) on poly-D-lysine-coated
(Sigma-Aldrich) coverslips. Four hours after plating, DMEM
containing 10% FBS (v/v), 2 mM L-GlutaMAX, was changed
to Neurobasal® medium containing 2% B27- supplement (v/v;
all Thermo Scientific), 0.5 mM L-GlutaMAX. After 2 days in
vitro (DIV), cells were treated with 10 wM AraC (Sigma-Aldrich)
to inhibit Glia proliferation. On DIV7 media was changed
to neurobasal medium containing 2% B27 (v/v) supplement
without GlutaMAX. Neuronal cultures were transfected at DIV7
using Lipofectamine® 2000 (Life Technologies), according to
the manufacturer’s protocol (see above). After transfection,
coverslips were cultured for two additional days in neurobasal
medium containing 2% B27 (v/v). The developmental stages
of the transfected neurons were carefully monitored (Kaech
and Banker, 2006) and their viability was evaluated according
to the smoothness and regularity in shape of somata and the
uniformity in diameter and smoothness of neurites (Xiang et al.,
1996). We also controlled for phase bright somata and granule
accumulation (Yang et al., 2010). Transfection did not result in a
change of these parameters, or in the occurrence of fragmented
neurites or rough, condensed and irregularly shaped somata in
any experimental group.

Constructs

The expression vector pll.3.7 (Rubinson et al, 2003) was
obtained from Addgene and used for cloning of ADAP
shRNA targeting oligonucleotide. ADAP shRNA sequences
targeting both isoforms of the mouse ADAP mRNA
(NM_011815.5/NM_001278269.1) were designed using the
ShRNA retriever online tool?. Hairpin oligonucleotides with
the loop sequence TTCAAGAGA were cloned into pll3.7
downstream of its U6 promoter, using Hpal and Xhol
restriction sites. This construct was co-transfected with a
murine ADAP overexpressing construct in HEK-293T cells
to test the efficiency to knock down mouse ADAP mRNA
(Figure 2C). Ultimately, an shRNA construct expressing the
fragment GCCAGGATTCTCAAAGGTAGC and targeting
nucleotides 572-593 was chosen for further experiments. As
controls we used both, a nonsense construct [pll3.7-shrandom
(5" TCGTCATGACGTGCATAGG 3')] and a pll3.7 empty
backbone in all experiments. These controls did not differ in
any of the parameters analyzed and therefore were averaged
for statistical analysis and data presentation. Moreover, a
cDNA clone of Flag-tagged human ADAP (Musci et al,
1997), insensitive to these knock-down constructs was used
for reconstitution of ADAP expression. Control experiments
revealed that an expression of ADAP from this vector in the
absence of a knock-down constructs frequently induced aberrant
morphology, in particular axon swellings, that were never
observed in the other experimental conditions including the
rescue groups. Therefore, ADAP overexpression was not further

Zkatahdin.cshl.org

considered in our experiments. In control, knock down and
reconstitution vectors, enhanced green fluorescence protein was
independently expressed under a cytomegaly virus promoter
from the same construct to visualize transfected cells. To confirm
antibody specificity we furthermore inserted murine His-tagged
ADAP into vector pCMS4 for heterologous expression in
HEK293T cells. For Luciferase reporter assays, the plasmids
pGL4.32 [luc2P/NF-kB-RE/Hygro] and pRL-TK were obtained
from Promega.

Immunocytochemistry

Immunocytochemistry and neurite growth analysis were done
using a modified protocol from Rehberg et al. (2014). For
immunocytochemistry primary neurons were fixed with 4%
paraformaldehyde and 4% sucrose in 0.1 M PBS, pH 7.4. Cells
were permeabilized with PBS containing 0.3% Triton X-100 and
unspecific binding was blocked with 10% BSA in PBS, followed
by primary antibody incubation in blocking solution at room
temperature for 1-2 h. Cells were washed in PBS, incubated
for 1 h at room temperature with suitable Alexa conjugated
secondary antibodies in 2.5% bovine serum albumin in PBS
[donkey anti-mouse Alexa 647 (Thermo Scientific), donkey anti-
sheep Cy3 (Dianova), donkey anti-rat Cy3 (Dianova)]. Cells were
again washed with PBS, embedded with Immu-Mount (Thermo
Scientific) and examined using Leica DMIR2 confocal and Leica
DMI6000 epifluorescence microscopes.

Morphological Assessment of Transfected Neurons

Transfected primary neurons were fixed with 4%
paraformaldehyde and 4% sucrose in 0.1 M PBS, pH 7.4.
Dendrites of GFP-filled neurons were identified according
to their morphological features (Kaech and Banker, 2006)
and MAP2 counterstaining. Dendritic arborization was then
evaluated according to the method of Sholl (1953), using a
DMI6000 microscope and QWin software (Leica Microsystems).

Analysis of Activated 1-integrin and Total g1-integrin
Integrin activation was examined using an antibody for the
high affinity conformation of CD29 (Ab 9EG7; BD Bioscience)
according to a modified protocol from Tan et al. (2012) and
Rehberg et al. (2014). The antibody was added to a final
dilution of 1:50 to the culture medium and incubated for
15 min at 37°C. Cells were then washed with warm culture
medium and fixed with 4% PFA, 4% sucrose in PBS for
30 min. Cells were permeabilized with PBS containing 0.3%
Triton-X and counterstained with an antibody against MAP2
(1:1000; Millipore). Total Pl-integrin was stained with an
antibody against Bl-integrin (1:500; Abcam). After washing
in PBS, Alexa 647-coupled anti-mouse (Thermo Scientific);
Alexa 555-coupled anti-rabbit (Thermo Scientific) and Cy3-
coupled anti-rat (Dianova) secondary antibodies were applied
for 1 h at room temperature. Cells were washed in PBS and
mounted using ImmuMount™. Each 10 GFP-labeled cells
per condition and experiment were randomly selected under
the DMI6000 light microscope and the immunofluorescence
signal was quantified using the inbuilt LAS AF software
under identical light intensity and exposure settings between
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cells. Each cell was tracked as a stack of 30 images with
a width of 0.2 pm per image. Blind deconvolution was
performed, dendrites and soma of each neuron were traced
and fluorescence intensity was analyzed with the histogram
tool of the LAS AF software. Labeling intensity was expressed
in relation to the surface area of the respective compartment,
as visualized by the EGFP expressed from the transfected
construct. Morphological parameters and MAP2 counterstaining
were used to differentiate dendritic, somatic and axonal
compartments.

Quantitative PCR

RNA isolation and first strand synthesis were done as previously
described (Albrecht et al., 2013; Rehberg et al., 2014). In
brief, RNA was isolated from mouse primary hippocampal
neurons on DIV3, 7, 14 and 21 using Cells-to-cDNA 1™
Cell Lysis Buffer (Ambion®). cDNA was generated with
M-MLYV reverse transcriptase Omniscript (Qiagen) using oligo-
dt primers and random decamer primers. Quantitative PCR was
done on a StepOnePlus real-time PCR System using TaqgMan
reagents and TAM-labeled predesigned expression assays for
ADAP (Mm00803629_m1), p65 (MmO00501346_m1) or c-Rel
(MmO01239661_m1; all Thermo Scientific). Initial deuridination
and denaturation (2 min 50°C, 10 min 95°C) were followed by
40 cycles of 15 s 95°C, 1 min 60°C and expression values were
calculated in relation to those obtained with the VIC-labeled
housekeeping gene assay for GAPDH (4352923E) in the same
wells.

Western Blotting

Western blotting was done as previously described (Rehberg
et al, 2014). Briefly, hippocampi and cultured cells were
lyzed in laurylmaltosid/NP40 lysis buffer, (1% lauryl maltoside
N-dodycyl-D-maltoside (Merck), 1% NP-40 (Sigma-Aldrich),
1 mM Na-orthovanadate, 1 mM PMSF, 50 mM Tris-HCI,
pH7.4, 10 mM NaF, 10 mM EDTA, and 160 mM NaCl)
incubated on ice for 20 min and centrifuged at 16000x g
for 30 min. The protein concentration of the postnuclear
supernatant was determined using the Roti-Nanoquant reagent
(Roth) according to the manufacturer’s instructions. Cell lysates
or precipitates were separated by SDS-PAGE and transferred to
PVDF or nitrocellulose membranes (Immobilon FL; Millipore).
The following antibodies were used sheep anti-ADAP [kindly
provided by Gary Koretzky University of Pennsylvania; (Musci
etal.,, 1997)] mouse anti-a-tubulin (Sigma-Aldrich); mouse anti-
ADAP mADb (BD Bioscience), rabbit anti-ADAP (EPR2547Y;
Abcam), as well as rat mAbs against Riam and RAPL (Horn
et al., 2009; Kliche et al, 2012), MST1 (BD Bioscience)
and SKAP-HOM (Marie-Cardine et al., 1998). Membranes
were then incubated with horseradish peroxidase-conjugated
secondary antibodies (Dianova) and signals were detected with
a Luminol™ detection system (Roth) exposing to X-ray films
(Amersham).

Immunoprecipitation
Immunoprecipitation (IP) was performed to identify protein-
protein interaction. Total cell lysate (500 jLg) were supplemented

with 30 g BSA to reduce non-specific binding, the ADAP sheep
serum (10 pl) and 30 pl Protein A-agarose (Santa Cruz) for
2 h at 4°C. After washing the beads with laurylmaltosid/NP40
lysis buffer, precipitates were analyzed by Western Blotting as
described above.

In-Cell Western

MAP2-immunoreactivity in transfected cell cultures was
quantified with an In-Cell Western™ assay. Dissociated
neurons were transfected with Lipofectamine® 2000 (Thermo
Scientific) on DIV7 and fixed on DIV9 with 4% PFA/4%
sucrose followed by permeabilization with PBS containing 0.1%
Triton-X at room temperature. Primary anti-MAP2 antibody
(1:200, Millipore) was diluted in Odyssey®-blocking buffer
(LI-COR®) and plates were incubated at 4°C over night. After
washing in PBS, 0.1% Tween (5 X 5 min), a secondary antibody
(1:1000; IRDye® 800CW goat anti-mouse) was applied together
with CellTagTM 700 stain (1:500; LI-COR®) for 1 h at room
temperature. After washing in PBS, 0.1% Tween (5 x 5 min at
room temperature) fluorescence intensity signals were analyzed
with the Odyssey®-Infrared Imager (LI-COR®) and MAP2
signals were normalized to the total cell number as detected with
the CellTag™ 700 stain.

Luciferase Assays

To detect NF-kB-activity in stimulated primary hippocampal
neurons vs. unstimulated neurons, a Dual Glow® Luciferase
assay system (Promega) and pGL4.32[luc2P/NF-kB-RE/Hygro]
reporter were used. Neurons were transfected on DIV7 with
NF-kB-Luc reporter and a Renilla-Luciferase control vector
(pRL-TK; Schultz et al., 2006; Mikenberg et al., 2007). TNFa (100
ng/ml) and Insulin (10 pg/ml; both Sigma-Aldrich) stimulation
were done on DIV for 90 min before measurement commenced.
Dual-Luciferase® reporter assay was performed according to the
manufacturer’s protocol. Briefly, after washing with PBS cell were
lyzed with 1x passive lysis buffer (5x PLB; Promega) for 15 min
at room temperature. 1x luciferase assay buffer IT (LARII) was
added and after 10 min firefly luminescence was measured using
a Luminescence spectrophotometer (Tecan Infinite® M200).
The same volume of 1x Stop & Glow® was added and after
10 min, Renilla luminescence was measured. Reporter activity
was calculated as the ratio of experimental reporter pGL4.32
[luc2P/NF-kB-RE/Hygro] luminescence to control reporter pRL-
TK luminescence and normalized to control pLL3.7 controls.

Statistics
Statistical analysis was performed with one-way ANOVA
followed by Fischer’s protected least significant difference
(PLSD) test. Student’s t-test was used for direct pairwise
comparisons. A p-value of p < 0.05 was considered to be
significant.

RESULTS

ADAP is Expressed in Neuronal Cells
ADAP expression was tested in primary hippocampal cultures,
as well as in hippocampal tissue during development and
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FIGURE 1 | Expression of adhesion and degranulation promoting adapter protein (ADAP) in hippocampal neurons. (A) ADAP expression can be detected
in the somata of primary hippocampal neurons and along their MAP2-positive dendritc and MAP2-negative/Tau-positive axonal structures. Scale bar, 100 wm.

(B) Immunoblot analysis with two different ADAP antibodies confirms the expression in juvenile (postnatal day 9) and adult (postnatal day 90) hippocampus, as well
as in neurally differentiated PC12 cells (after 4 days of NGF treatment). ADAP expression in murine CD3* T-cells is shown for comparison. (C) The specificity of
immunocytochemical ADAP labeling is demonstrated in HEK-293T cells, which do not express endogenous ADAP. Positive signals are strictly limited to those cells
that have been transfected with His-tagged ADAP, whereas non-transfected cells marked by DAPI staining alone are negative for ADAP immunoreactivity. Scale bar,
100 wm. (D) In 7 days in vitro (DIV7) hippocampal neurons, SKAP-HOM is distributed in soma and proximal dendrites along with ADAP, but not in a MAP2-negative
neurite (arrow). Scale bar, 100 wm. (E) Immunoprecipitation (IP) of hippocampal lysate identifies SKAP-HOM, RAPL and MST1, but not RIAM as binding partners of

ADAP in neuronal tissue. WL, whole lysate.

adulthood. Immunocytochemical staining revealed ADAP
expression in somata, dendrites and axons of primary neurons
(Figures 1A,D, 4), as various stages of neuronal differentiation,
including DIV3 (Figure 4A), DIV7 (Figures 1A,D), DIV10
(Figure 4B), as well as DIV14, DIV18 and DIV21 (data not
shown).

We further examined the expression of ADAP in different
compartments of the neuronal cell during development.
Double immunocytochemistry reveals a high degree of
overlap with the dendritic marker MAP2. The co-localization
is pronounced during early neuronal differentiation

(DIV3), when MAP2 labels both outgrowing axons and
dendrites. At this time point, ADAP can be found along
the core neurite microtubules and the microtubule network
of growth cones and growth tips and MAP2-negative
ADAP-positive filaments are rarely observed (Figure 4A).
However, at later stages of development ADAP-positive
axons without MAP2 labeling are frequently observed in
addition to the generally double-labeled dendritic structures
(Figures 1A,D).

Western blot analysis further confirmed the expression of
ADAP in the developing and adult hippocampus in vivo,
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with two different antibodies that detected a band of approx.
120 kDa corresponding to the ADAP signal obtained in naive
T-cells. ADAP was also found in neural differentiated PC12 cells
(Figure 1B).

The specificity of immunocytochemical ADAP labeling was
confirmed using heterologous expression of ADAP-His tagged
protein in HEK-293T cells, which are devoid of endogenous
ADAP expression. Only cells with detectable signal against the
His-Tag (1:500; Santa Cruz) displayed immunoreactivity for
ADAP antibodies (Figure 1C).

ADAP Occurs in an Adaptor

Protein/Signaling Complex in Neural Cells

In T-cells ADAP exists in complex with SKAP55, RAPL
or RIAM, and the Hippo kinase MST1. This complex
is known to mediate TCR-induced inside-out activation
of integrins. Indeed, staining of hippocampal neurons
for SKAP-HOM resulted in a distributed labeling of
somata and dendrites, similar to ADAP (Figure 1D).
Moreover, using anti-ADAP antibodies, we were able to
co-precipitate the SKAP55 homolog SKAP-HOM, as well as
RAPL and MST1, but not RIAM from hippocampal tissue
(Figure 1E).

ADAP is Required for Expression of
Activated p1-integrin on Developing

Dendrites

In T-cells the ADAP/SKAP55 module is critically involved in
the inside-out activation of integrins. We therefore analyzed
the expression of activated Pl-integrin in somata, dendrites
and axons of acutely transfected primary neurons. In fact, in
dendrites ADAP knock down resulted in a decreased labeling
with the activity dependent B1-integrin antibody 9EG7. Labeling
was recovered to control levels, when a shRNA-resistant form
of human ADAP was co-expressed (F(2,145 = 3.208, p < 0.05;
control vs. knock down p < 0.05, Fischer’s PLSD; Figures 2A,B).
By contrast, in the somata (control 303.305 % 24.39, knock
down 202.32 £ 40.75, rescue 284.86 £ 79.41; Fp70) = 2.026
p > 0.05) and axons (control 75.715 + 24.29, knock down
94.8 £+ 47.15, rescue 61.644 £ 15, 21; Fe5 = 0.339
p > 0.05) no significant changes were found, although
a general trend towards reduction of activated Pl-integrin
was apparent after ADAP knock down compared to the
control.

Next, we investigated the expression of total Bl-integrin
on dendrites, axons and somata, using an activation stage-
independent antibody. On the dendrites of ADAP knock-down
cells (Figures 2D,E) we found an increase in f1-integrin intensity
compared to rescue and control condition (F2204) = 10.232,
p < 0.005; knock down vs. rescue p < 0.005; knock down vs.
control p < 0.05; rescue vs. control p < 0.005). At the same
time, the somata of these cells showed a reduction in f1-integrin
intensity (control 62.33 % 1.9, knock down 38.78 £ 3.5, rescue
69.68 = 5.7; F103 = 6.307, p < 0.005; knock down vs.
rescue p < 0.005; knock down vs. control p < 0.005). No
significant change in B1-integrin labeling was found in the axonal

compartment (control 9.27 £ 1.21, knock down 11.09 + 1.28
rescue 8.35 & 1.31; F(3,110) = 1.153 p > 0.05).

ADAP Promotes Neurite Outgrowth

Activation of Bl-integrin is critical for dendritic development
in neuronal cells (Schlomann et al., 2009; Rehberg et al., 2014);
therefore we next examined the potential effect of ADAP
knock down on dendrite formation in primary hippocampal
neurons (Figure 3). Here we observed that shRNA-mediated
ADAP knock-down induces a significant reduction of neurite
growth, which can be recovered by co-expression of an shRNA-
resistant ADAP expression construct. Quantification of neurites
with the Sholl method demonstrated a significant reduction
in the number of dendritic intersections, which returned to
control levels when ADAP expression was reconstituted (one-
way ANOVA F;108) = 4.327, p < 0.05; p < 0.05, control vs.
knock down, p < 0.05, knock down vs. rescue, p < 0.05, Fisher’s
PLSD). Axonal structures in contrast were not significantly
affected (control 355.06 & 32.83 knock down 180.3 & 112.26
rescue 307.3 £ 175.16; F,93) = 2.321 p > 0.05).

ADAP Knock Down Decreases MAP2

Immunoreactivity in Neurons

MAP2 is important for the stabilization of microtubules during
neurogenesis and is enriched in dendrites, implicating a role
in stabilizing dendritic shape during neuron development.
When analyzing the morphology of hippocampal neurons,
we recognized the close association of ADAP with MAP2-
positive structures at different stages of development
(Figure 4). Moreover, we noticed an apparent loss of
MAP2  immunoreactivity in ADAP-knock-down  cells
(Figure 5A). To quantify this effect we used the In-Cell
Western™ method in acutely transfected neuronal cells.
With an average transfection rate of 50% knock down
of ADAP significantly decreased MAP2 labeling intensity
compared to controls, however, in contrast to integrin
labeling and dendrite growth, this effect could not be rescued
through ADAP re-expression (Figures 5B,C; F(;72) = 6.034
p < 0.005; knock down vs. control p < 0.05; rescue vs. control
p < 0.05).

ADAP Knock Downs Decreases Baseline
NF-kB Activity in Neurons

In T-cells, ADAP is involved in the activation of the transcription
factor NF-kB (Medeiros et al., 2007; Srivastava et al., 2010;
Thaker et al., 2015). To test for a potential involvement of
this ADAP function in neuronal differentiation we examined
the activity of NF-kB under conditions of ADAP knock down
and reconstitution using a luciferase reporter assay. Indeed,
ADAP knock down led to a significant reduction in NF-kB
activity under basal differentiation conditions that was not
recovered by the rescue construct (Fppg) = 29.558; p < 0.001;
control vs. knock down p < 0.01; control vs. rescue p < 0.01;
Figure 6A). Under stimulation with insulin, no significant effect
of ADAP expression was found (F(,8) = 3.021 p > 0.12) but
a strong trend for reduction was evident in the knock-down
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FIGURE 2 | ADAP complex and integrin activation. (A) ADAP is involved in the dendritic expression of activated 1-integrin in hippocampal neurons (DIV9).
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Antibody 9EG7 detects activated p1-integrins on the soma and neurites; reduced labeling intensity is evident in cells with shRNA-mediated knock down of ADAP
and recovery to control levels is seen upon re-expression of a knock-down resistant ADAP clone. Scale bar, 100 um (B) Quantitative analysis of labeling intensity
along dendrites confirms the reduction of 9EG7 labeling upon ADAP knock down as well as its rescue (n = 24-30 per condition). (C) Effective knock down of murine
ADAP and its rescue through re-expression of the shRNA-resistant human form (hADAP) in HEK-293T cells. (D,E) In contrast to the activated form, total f1-integrin
was increased on the dendrites following ADAP knock down, indicating that the observed reduction in dendritic labeling with antibody 9EG7 is related to reduced

B1-integrin activation by conformational change rather than changes in expression level. Data are Mean +SEM. *p < 0.01.

samples. Furthermore, under the stimulation of canonical NF-
kB signaling with TNF-a, no difference was observed in NF-kB
activity between different ADAP manipulations (F(,) = 1.432
p>031).

The NF-«kB family members p65 and c-Rel have previously
been described to control neuronal differentiation and plasticity.
To determine the potential target of ADAP-mediated NF-«B in
neurons, we analyzed the mRNA-expression of p65 and c-Rel in
hippocampal primary culture and found a significant p65-mRNA
expression with a pronounced increase on DIV7 and DIV14
(one-way ANOVA F3 37 = 3.741 p < 0.05; DIV7 vs. DIV21 and
DIV14 vs. DIV21 p < 0.05; Figure 6B). c-Rel-mRNA in contrast
was not detectable in our cultures.

DISCUSSION

In the current study, we demonstrate the involvement of the
hematopoietic scaffold molecule ADAP in dendrite formation
of hippocampal neurons. Our data suggest that ADAP in
the nervous system may act analogous to ADAP in T-cells,
i.e, by assembling a specific signaling complex for the
inside-out activation of integrins and by controlling cell
differentiation.

Depending on their conformation, integrins display low,
intermediate, or high affinity to their ligands. Activation of
integrin adhesion can be triggered by inducing an increased
proportion of the high-affinity conformations of integrins
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FIGURE 3 | ADAP is required for dendritic outgrowth. (A) The complexity of dendritic structures is reduced upon ADAP knock down and recovered upon
expression of the rescue construct. Dendrite formation was analyzed in primary hippocampal neurons based on the reconstruction of transfected cells via the EGFP
signal. Scale bar, 100 wm. (B) Quantification of dendrite branches using Sholl’s method revealed a significant reduction in the total number of dendritic intersections
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on the cell surface. Subsequently, ligand binding stimulates
integrin clustering (avidity regulation) and association with
the actin cytoskeleton to mediate macromolecular adhesion
complex formation. Moreover, integrin-ligand binding induces
outside-insignaling to control adhesion, spreading, migration
as well as cellular differentiation, survival and proliferation
(Abram and Lowell, 2009; Hogg et al., 2011; Margadant et al.,
2011).

ADAP/SKAP-HOM-Module

Research in T-cells has demonstrated that ADAP is a critical
factor for the activation of integrins: ADAP and SKAP55,
which form a signaling unit “the ADAP/SKAP55-module”
to recruit the two Rapl effector proteins RAPL and RIAM
(Rap1-GTP-interacting adapter molecule), the small GTPase
Rapl, the Ste20-like kinase MST1, as well as the FERM-
domain containing proteins Talin and Kindlin-3 for integrin
activation at the plasma membrane (Raab et al., 2011; Kliche
et al., 2012; Kasirer-Friede et al., 2014). The formation of these
macromolecular complexes is required for integrin activation
leading to adhesion and migration and to promote proliferation
and differentiation of T-cells (Ménasché et al.,, 2007; Witte
et al,, 2012). ADAP and/or SKAP55 (homolog of SKAP-HOM)
are crucial for receptor-mediated integrin signaling events in
various cell types of the immune system including T-cells,

platelets, dendritic cells and neutrophils (Peterson et al., 2001;
Griffiths and Penninger, 2002; Togni et al., 2005, 2012; Kasirer-
Friede et al., 2007; Wang et al., 2007; Reinhold et al., 2009;
Block et al., 2012). Thus ADAP and/or SKAP55 control T-
cell adhesion, interactions of T-cells with antigen-presenting
cells, and T-cell migration in vitro and in vivo (Kliche et al,
2006, 2012; Wang et al., 2007, 2009; Burbach et al., 2008;
Mitchell et al, 2013). We now demonstrate that ADAP,
SKAP-HOM, RAPL, RIAM and MST1 all are expressed in
hippocampal tissue and that ADAP, SKAP-HOM, RAPL and
MST1 can be co-precipitated under the same conditions as from
T-cells. This strongly suggests that an ADAP complex exists in
neurons that is comparable to the ADAP/SKAP55/RAPL/MST1
complex in T-cells and might similarly control the activity
state of integrins during neuronal development (Warren et al,,
2012).

ADAP is Involved in g1-Integrin Activation

Neurons express various $1- and B3-integrins (Wu and Reddy,
2012) that interact with the rich extracellular matrix of
the nervous system (e.g., fibronectin, laminin, or collagen)
and diffusible factors that serve as guidance cues mediating
migration and neurite growth (e.g., netrins, semaphorins
and ephrins; Myers et al, 2011). Overall it seems that
in neurons integrins are rather in an open conformation
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FIGURE 4 | Association of ADAP with MAP2-positive structures in hippocampal neurons. (A) Confocal microscopy reveals that during early neurite
formation (DIV3), ADAP is richly expressed along outgrowing neurites and highly co-localized with MAP2. Co-localization is evident in both the core neurite and at the
growth tip, including filamentous and filopodial structures. Only occasionally, small MAP2-negative filaments appear labeled by ADAP (arrows). Scale bars, 100 um
and 50 pm. (B) A high degree of co-localization with MAP2 is also evident at later stages of dendrite development (DIV10). Scale bar, 100 pm.

and that further activation occurs by inside-out activation
upon excitation or by outside-in mechanism such as high
concentration of ligands in the extracellular matrix (Lin
et al., 2005; Sekine et al.,, 2012). In addition, local activation
of integrins also directs axon outgrowth or growth cone
formation through integrin-recycling (Myers et al., 2011). Gain-
of function and loss-of function studies identified several
signaling molecules that regulate 81- and B3-integrin function
in neurons. These include members of the Arf, Ras and Rho
GTPases, integrin-linked kinase, focal adhesion kinase (FAK)
and the two FERM-domain containing proteins Talin and
Kindlin-1 (Myers et al., 2011; Tan et al., 2012, 2015; Kerstein
etal, 2013).

We could show that ADAP and SKAP-HOM are both
expressed throughout the soma and dendrites of developing
neurons. ADAP could be observed in dendritic growth
tips during early development and in association with
MAP2-positive dendritic microtubules at different stages of
development. This is in line with an association of RAPL
and MST1 with microtubules observed in various cell types
(Fujita et al., 2005; Oh et al., 2006).

In primary hippocampal culture, Pl-integrins are the
predominant form in early neuronal development and
critical for dendritic differentiation (Schlomann et al., 2009;
Warren et al, 2012; Rehberg et al, 2014). Their activation
in outgrowing neurites involves a phosphorylation at the
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FIGURE 5 | ADAP stimulates MAP2 expression. (A) The immunofluorescence signal of the dendritic marker MAP2 is reduced in ADAP knock-down neurons,
compared to control transfected neurons. Scale bar, 100 wm. (B) MAP2 labeling in transfected primary cultures using the In-Cell-Western method confirmed the
overall reduction of MAP2 labeling intensity upon ADAP knock down (n = 20-22 wells per condition). Labeling is normalized for the intensity of cell stain, which
shows similar density of cells in the different experimental groups. (C) Quantification of In-Cell-Westerns confirms a significant reduction of MAP2 labeling intensity in
ADAP knock-down samples. In contrast to dendritic growth measurement, co-expression of the rescue construct does not recover MAP2 expression levels. Data
are Mean + SEM. *p < 0.05.
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cytoplasmic tail, sorting to recycling endosomes and trafficking
to the plasma membrane (Schlomann et al, 2009; Tan
et al, 2012). Similarly, a re-localization of «5B1 integrins
from soma to the dendrite has been demonstrated during
dendrite formation and dendritic maturation in neurons of
the hippocampus and neocortex (Bi et al., 2001). In T-cells,
the ADAP/SKAP55/RAPL/MST1 complex associates with the
a-chain of LFA-1 and mediates its intracellular trafficking
(Kliche et al., 2012). We now show that suppression of ADAP
expression in hippocampal neurons reduces the amount of

activated Bl-integrin on the surface of outgrowing dendrites,
while the labeling for total Bl-integrin is increased in this
compartment. To be conservative in our evaluation, we
did not correct integrin surface labeling for the total size
of the cellular compartment. The fact that ADAP knock
down induces both reduced 9EG7 labeling and reduction in
dendritic growth may thus have led to an underestimation
of the former effect. This supports the hypothesis that the
ADAP/SKAP-HOM module in neuronal cells may be involved
in the inside-out activation of integrins during dendritic
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differentiation. An apparent redistribution of PBl-integrins
from the soma to the dendrites of ADAP deficient neurons
may occur as a compensatory change in these cells in order
to limit the detrimental effects of their reduced “inside-out”
activation.

ADAP Knock Down Reduced MAP2

Expression in Developing Neurons

To assess the effect of ADAP knock down on neuronal
differentiation, we analyzed the growth of dendrites and the
expression of the differentiation marker MAP2 in these cells.
Both indices were significantly reduced upon shRNA-mediated
knock down, again, in analogy to the reduced production of
differentiation markers in ADAP-deficient T-cells. The reduction
of MAP2 levels may be considered as a mere marker of
reduced neuronal differentiation in ADAP knock-down cells.
However, this phenomenon may also be more directly involved
in the process as MAP2 is critical for dendritogenesis and
dendritic outgrowth (Bernhard et al., 1985; Harada et al,
2002) and the level of MAP2 expression is controlled by
integrin stimulation in developing neurons (Domingo-Espin
et al, 2012; Jeon et al, 2012). Axonal growth was not
significantly affected in our experiments, but might well be
responsive to ADAP manipulation at an earlier time of
differentiation.

Various binding partners of ADAP exist that may be
involved in integrin activation and dendrite formation of primary
neurons. Our data suggest that ADAP may act in association
with SKAP-HOM, RAPL/MST1. We did not observe a co-
precipitation with the Talin-binding Rap1-effector RIAM, which
is found in an independent integrin-activating ADAP/SKAP55
module in T-cells (Kliche et al., 2012). Further, the interaction
of ADAP with Ena/VASP (Krause et al., 2000) may control
neuritogenesis via reorganization of the actin cytoskeleton
differentially in the presence and absence of integrin substrates
(Gupton and Gertler, 2010). Several association partners bind

ADAP dependent on its phosphorylation through the Src
family kinase c-Fyn (Sylvester et al, 2010). c-Fyn, in turn,
is involved in integrin activation in mouse hippocampus
(Bourgin et al, 2007) and firmly established as a factor
of neurite outgrowth including the semaphorin 3A-induced
dendritic branching of primary hippocampal neurons (Morita
et al, 2006). A possible Fyn-dependent interaction partner
of ADAP is Nck2, which has been implicated in growth
factor-induced neuritogenesis in PC12 cells (Guan et al,
2007). Moreover, Crk has been specifically implicated in
dendritogenesis of hippocampal neurons induced by Reelin,
however, it did not affect dendrite growth under unstimulated
conditions as employed in our experiments (Matsuki et al,
2008).

inactive active
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integrin aﬁ

SKAP-HOM

l. . MAP2 expression
NF-kB activation
! ' )
dendrite growth

FIGURE 7 | Model of ADAP actions in neurons. In hippocampal neurons
ADAP exists in a complex with SKAP-HOM, RAPL and MST1. ADAP
stimulates the “inside out” activation of B1 integrins on the dendrites of these
neurons and enhances dendritic growth in primary hippocampal culture.
Modulation of NF-«kB activity and MAP2 expression through ADAP may also
contribute to the dendritic development, but require further investigation as
they could not be rescued through the reconstitution of ADAP expression in
our experiments.
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ADAP Deficiency Leads to a Reduction in
NF-kB Activity

Finally, reduced neuronal differentiation in ADAP deficient
cells may involve the deficits of NF-«kB signaling. NF-kB
is constitutively active in glutamatergic neurons such as in
hippocampus (O’Neill and Kaltschmidt, 1997; Kaltschmidt and
Kaltschmidt, 2009) and crucial for dendritic growth, branching
and spine number (Gutierrez et al., 2005; Salama-Cohen et al.,
2006; O’Sullivan et al, 2010). In T-cells, a pool of ADAP
that is not associated to SKAP55 activates the canonical
NF-kB pathway after TCR/CD28-stimulation (Medeiros et al.,
2007). Our glia-free culture system allowed us to examine
cell autonomous ADAP effects in neurons largely independent
of stimulation of the NF-kB signaling pathway through glia-
derived cytokines. We probed the canonical pathway using
exogenous TNFa, but found no deficit in ADAP-deficient
cells, although a significantly reduced NF-«kB activity was
evident under basal conditions. This suggests that ADAP can
stimulate NF-«kB signaling in developing neurons but may be
dispensable for its activation through glia-derived cytokines.
Whether the observed decrease of baseline NF-kB activity is
due to a reduced integrin-mediated signaling mediated by
ADAP/SKAP-HOM/RAPL/MST1 or promoted by ADAP alone
remains to be determined. The lack of a rescue in NF-kB activity
upon ADAP re-expression might be related to insufficient re-
expression levels or a requirement of dynamic rather than
constitutive ADAP expression regulation in this function.
Nevertheless, the comparison with other knock down effects
suggests that ADAP-dependent NF-kB activity is dispensable
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