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Abstract

Protein interacting with Amyloid Precursor Protein (APP) tail 1 (PAT1) also called APPBP2 or Ara 67 has different targets
such as APP or androgen receptor and is expressed in several tissues. PAT1 is known to be involved in the subcellular traf-
ficking of its targets. We previously observed in primary neurons that PAT1 is poorly associated with APP at the cell surface.
Here we show that PAT1 colocalizes with vesicles close to the cell surface labeled with Rab5, Rab4, EEA1 and Rabaptin-5
but not with Rab11 and Rab7. Moreover, PAT1 expression regulates the number of EEA1 and Rab5 vesicles, and endocy-
tosis/recycling of the transferrin receptor. In addition, low levels of PAT1 decrease the size of transferrin-colocalized EEA1
vesicles with time following transferrin uptake. Finally, overexpression of the APP binding domain to PAT1 is sufficient to
compromise endocytosis. Altogether, these data suggest that PAT1 is a new actor in transferrin early endocytosis. Whether
this new function of PAT1 may have consequences in pathology remains to be determined.
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Introduction

Protein interacting with Amyloid Precursor Protein (APP)
tail 1 (PAT1) also called APP binding protein 2 (APPBP2)
or Ara 67 binds to three known targets such as APP [1],
androgen receptor [2], or the Herpes Simplex Virus Type I
Us11 gene product [3]. PAT1 is expressed in several human
tissues and cell lines [2]. Its expression is high in breast can-
cers and ovarian adenocarcinomas with poor prognosis [4],
in neuroblastoma [5], and in desmoplasmic medulloblastoma
cerebellar tumors [6]. PAT1 has several domains including
four tetratricopeptide repeat (TPR) motifs sharing homology
with kinesin light chains which could facilitate its binding to
microtubules. It is a cytosolic protein able to associate with
membranes, like many proteins involved in vesicular traffic-
king [1]. The role of PAT1 in subcellular trafficking has been
described for the three known targets [2, 3, 7, 8]. Indeed,
we previously showed in primary neurons that PAT1 slows
down APP trafficking to the cell surface [9]. Involvement of
PAT1 in APP trafficking was also observed in neuroblastoma
cells [10]. PAT1/Ara67 was shown to act as a repressor of
androgen receptor transactivation, promoting the localiza-
tion of androgen receptor in the cytoplasm rather than in
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the nucleus [2]. Binding of PAT1 to Us11 results in altered
distribution of both partners which may be important for the
intracellular movement of viral components [3]. Whether the
interaction of PAT1 to its targets regulates only subcellular
trafficking remains to be determined.

APP is a transmembrane protein that gives rise to the
production of amyloid peptides (AB), key molecules in Alz-
heimer’s disease (AD), after its sequential cleavage by beta
and gamma secretases [11, 12]. PAT1 binds to the juxtam-
embrane cytoplasmic domain of APP, a region involved in
its basolateral sorting (BaSS) in epithelial cells [13]. The
tyrosine residue (Tyr%>®) of the APP interaction domain is
a key amino-acid for PAT1 interaction and for BaSS [13],
and may be a sequence important for endocytosis. How-
ever, the interaction between PAT1 and APP is not crucial to
APP endocytosis and subsequent gamma secretase cleavage
[14]. Whether PAT1 interaction with the androgen receptor
and Usl1 is involved in endocytosis remains to be shown.
In neuronal cells overexpressing PAT1a (99% identical to
PAT1) and APP or its homologs, amyloid precursor-like pro-
teins 1 or 2 (APLP1 or 2), the localization and morphology
of PAT1a-containing vesicles in distal neurites suggested
that they were secretory or endocytic vesicles [10]. In pri-
mary neuronal cells we observed that the interaction of APP
and PATI is poor at the cell surface contrary to what was
observed within the cytoplasm, while PAT1 appeared to be
present in vesicles close to the plasma membrane [9]. Based
on these results, we postulated that PAT1 could be associ-
ated with the endocytic vesicles. We show here that indeed
PAT1 is associated to early endosomes and that it regulates
the internalization/recycling of the transferrin receptor.

Materials and methods
Antibodies

Anti-myc Tag, anti-NCAM and anti-actin antibodies were
purchased from Millipore, Saint-Quentin en Yvelines,
France. Early Endosomal Antigen-1 (EEA1) was from Ther-
moFischer, Villebon sur Yvette, France. Rabbit polyclonal
anti-Rab5 was from Cell Signaling, Ozyme, Saint Quen-
tin en Yvelines, France. Anti-Rab11 was from Invitrogen,
anti-Rab4 was from Abcam, Cambridge, UK and anti-Rab7
was from Santa Cruz Biotechnology, Heidelberg, Germany.
Alexa 546 tagged transferrin was from Molecular Probes,
ThermoFisher. Anti-Rabaptin 5 was a gift of Dr Zerial, Ger-
many. Monoclonal anti-transferrin receptor antibody against
the extracellular C-terminal part of the receptor [15], was
from Thermofisher. The supernatant of the hybridoma cell
line mAb26 was used as the antibody against PAT1 and was
a gift of Dr Sanjay W Pimplikar [1]. Donkey anti-rabbit
or anti-mouse antibodies labeled with Alexa 488 or Alexa
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546 were from Jackson Immuno Research, Interchim, Mont-
lucon, France.

Animals

Pregnant Swiss mice were purchased from SARL Janvier-
Labs, (Le Genest Saint Isle, France).

Ethics statement

All animal procedures followed the French and European
Union regulations. The protocol of animal euthanasia was
performed according to French government ethical laws in
strict accordance with the recommendations of the European
Economic Committee (63/2010) and was approved by the
local ethics committee (Direction Départementale des Ser-
vices Vétérinaires de Paris, Service de la Protection de Santé
Animale et de la Protection de I’Environnement).

Cell culture

Primary cortical neurons were prepared from E16 Swiss
mouse embryos, as previously described in define medium
[16, 17]. Dissociated cells were plated on 15 pg/ml polyor-
nithine coated glass coverslips at a density of 15x 10* neu-
rons/cm? for immunocytochemistry, transferrin uptake and
transferrin receptor recycling. For western blotting, peptide
retrieval and cell surface biotinylation experiments, cells
were plated on plastic culture dishes coated with 1.5 ug/
ml polyornithine. For some experiments at 15 days in vitro
(DIV) the medium was neurobasal A supplemented with
2% B27, 0.2% GlutaMAX, 0.1% penicillin/streptomycine
(Millipore, Saint Quentin en Yvelines, France).

Small interfering RNA duplexes

Small interfering RNA duplexes (siRNAs) used to down-
regulate PAT1 levels were purchased from Dharmacon
(Cambridge, United Kingdom) (ID numbers: J-059477-
10 and J-059477-12) and used at the final concentration
of 100 nM. GAPDH siRNAs, used as a negative control,
were from ThermoFisher, (Ambion AM4624). siRNAs
linked to penetratin (PolyPeptide Laboratories, Strasbourg,
France) were internalized by 2 DIV primary cortical neurons
(1 x 10 cells per well) as previously described [16]. Briefly,
0.03 nmol of siRNAs and 0.3 nmol of penetratin per 10°
cells were mixed in the medium, incubated at room tempera-
ture for 30 min and then added to the conditioned medium
to a final volume of 300 pl. After 4 h at 37 °C, 300 pl of
medium was added to the cells and cells were incubated for
48 h and fixed with 4% paraformaldehyde (PFA).
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Transfection of primary neurons

1.5 pg of pcDNA3.1/myc-His-PAT1 plasmid previously
constructed [9] was transfected into cortical neurons (7 DIV)
at a density of 3 x 10° cells/well via Lipofectamin 2000 Rea-
gent (Invitrogen) according to the manufacturer’s instruc-
tions. 20 h later, the cells were washed three times in PBS,
fixed with 4% PFA and processed for immunocytochemistry.

Immunocytochemistry

After treatments described above, neurons were fixed with
4% PFA for 30 min and rinsed three times with PBS. Satu-
ration of non-specific binding sites was performed with 5%
bovine serum albumin (BSA) in PBS. Primary antibodies
diluted in PBS and incubated at 37 °C for 1 h. Cells were
then washed three times with PBS. Secondary antibodies
were diluted in 5% BSA in PBS and applied for 1 h at 37 °C.
After five washes in PBS, cells were mounted with Vectash-
ield mounting medium (Vector Laboratories) and sealed.

Peptide internalization and retrieval

APP-PAT1 binding domain (Jcasp peptide) was chemically
synthesized with penetratin peptide covalently linked to its
N-terminal, at a purity of 95-98% (Neomps, Strasbourg,
France). In retrieval experiments, the same peptide with
biotinylated penetratin at its N-terminal was used. Both pep-
tides (2.4 uM final) were added to the medium of cells after
five DIV as previously described [18, 19].

For peptide retrieval, cells were processed as previously
described [18, 19]. Briefly, neurons were incubated with
biotinylated Jcasp peptide (J), for 3 h. After three washes in
PBS, cells were lysed in 50 mM Tris pH 7.4, 150 mM NaCl,
1% Triton X100 and protease inhibitors cocktail (complete,
Roche, Sigma-Aldrich, Saint-Quentin Fallavier, France).
Lysed cells were homogenized and incubated on ice for
30 min. After centrifugation, supernatants were mixed with
streptavidin beads for 2 h at 4 °C. The beads were recovered
by centrifugation, washed and bound proteins were eluted
in Laemmli buffer.

Transferrin uptake and recycling of transferrin
receptors

5 DIV cortical primary neurons at the density of 1 x 10°
cells per coverslip were washed three times with PBS and
incubated with Hank’s Balanced Salt Solution (HBSS) with-
out transferrin. Plates were put on ice for 30 min. Then the
medium was removed and replaced by HBSS added with
Alexa 546 transferrin and the plates were put again on ice
for 30 min. Cells were then washed three times with cold
PBS and after adding HBSS they were put back at 37 °C for

different time points (5, 10, 15, 20, 25, 30 min). At each time
point, cells were washed two times with PBS and a third
wash was performed with the addition of 0.5 M NaCl prior
to the fixation with 4% PFA.

For transferrin receptor recycling, cells were washed and
incubated on ice for 30 min with HBSS. The medium was
then replaced by HBSS containing 10 pg of human holo-
transferrin (Sigma) and incubated on ice for additional
30 min. After three washings with cold PBS the medium was
replaced with pre-warmed HBSS and cells were incubated
for 5, 10, 15 and 20 min at 37 °C. Cells were then processed
for immunocytochemistry of the transferrin receptor for each
time point.

Cell surface biotinylation

Cells were plated in 60 mm diameter dishes at a density of
1.5 x 10° cells. Half of the dishes were treated for PAT1
siRNAs at 2DIV (see above). Then 66 h later, cells were
put for 10 min on ice and were rinsed gently with cold PBS
and HBSS. Then the medium was replaced by cold HBSS
containing 20 ug/ml of human holotransferrin and incubated
on ice for 30 min. The cells were then washed with cold PBS
and warm HBSS was added before incubation at 37 °C for 5,
10, 15, 20 min. After incubation time the cells were rinsed
with cold PBS and incubated at 4 °C with PBS added of
sulfo-NHS-biotin reagent (Life Technologies, Courtaboeuf,
France) at 4 °C for 30 min. A part of the cells were not
incubated at 37 °C and sulfo-NHS-biotin reagent in PBS
was added. This time will be TO. At the end of the incuba-
tion time, cells were rinsed with PBS/glycine twice and PBS
before scrapping and counting. Cell lysis was performed in
50 mM Hepes pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% Tri-
ton X100, protease inhibitors (complete EDTA-free, Roche
Diagnostics, Mannheim, Germany) for 1 h at 4 °C. After
centrifugation at 4 °C at 14,000¢ for 15 min, the supernatant
was added to magnetic streptavidin Sepharose beads (Fisher
Scientific, Illkirch, France) and incubated with agitation at
4 °C. Then beads were washed with the same buffer and with
the buffer added to 0.5 M NaCl and in 10 mM Hepes pH 7.5
and protease inhibitors. The pellet was then resuspended in
Laemmli buffer.

Western blotting

Standard SDS-PAGE was performed using 10% acrylamide
gels. After electrophoresis, the proteins were transferred
onto polyvinylidene difluoride (PVDF) membranes. Then
the membranes were saturated in Tris buffered saline (TBS)-
0.2% Tween containing 5% low fat milk, and incubated
overnight at 4 °C with the primary antibodies. After three
rinses with TBS-0.2% Tween, the membranes were incu-
bated with species-specific peroxidase-conjugated secondary
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«Fig.1 PAT1 colocalizes with EEAl and regulates EEA1 vesicle
number. a Neurons were fixed and immunolabeled for PAT1 (cy3)
and EEA1 (Alexa 488). One representative immunolabeled confo-
cal image and enlarged insets are presented. Colocalized vesicles are
shown by arrows. Pearson’s coefficient is shown (30 cells analyzed).
b PAT1 siRNAs or GAPDH siRNAs were added to neurons at 2 DIV
and incubated for 66 h before fixation and PAT1 immunocytodetec-
tion or extraction for western blots comparatively to control (Ctrl) in
the absence of treatment. One representative confocal image for PAT1
immunolabeling of each siRNA condition is presented. Quantifica-
tion was performed in image J and expressed as integrated density/
cell in arbitrary unit (AU). Western blotting for PAT1 and actin was
performed on 40 ug of cell extracts loaded. The ratio of PAT1/actin
is expressed in arbitrary unit (AU). ¢ Neurons treated by PAT1
siRNAs or GAPDH siRNAs for 66 h comparatively to control (Ctrl)
in the absence of treatment were fixed and immunolabeled for EEAI.
Endosomes labeled by EEA1 were analyzed by confocal micros-
copy. One representative EEA1 immunolabeling of each condition is
shown. Quantification of the number of endosomes per cell surface
(pmz) in soma and dendrites is presented (30 cells per condition). d
Overexpression of PAT1-myc was performed by the transfection of
neurons at 7 DIV. Cells were incubated for 20 h prior to be fixed and
immunolabeled for myc (cy3) and EEA1 (Alexa 488). Representa-
tive EEA1 immunolabelings of PAT1-myc expressor and of a non
expressor as control (Ctrl) of the same experiment are shown. Quan-
tification of endosome number per cell surface (umz) is presented (15
cells per condition). a—d Scale bar: 10 pm. Enlarged insets: 5 pum.
kD <0.0001; ¥*¥p <0.001; **p <0.01; *p<0.05

antibodies (Bio-Rad, Marnes-la Coquette, France) for 1 h
at room temperature. The peroxidase signal was visualized
using enhanced chemiluminescence (ECL, GE Healthcare).
Quantification of immunoblots was performed using the
Chemi-Doc Analyzer (Bio-Rad). Anti-PAT1 and anti-actin
were always processed on the same membrane. For peptide
retrieval experiments, the membranes were first processed
for anti-PAT1 and then after stripping, for anti-Rab5.

Quantification of fluorescence intensity, number
and size of the vesicles

Fluorescent images were acquired at the PICPEN platform
(INSERM, UMR 894) using a TCS SP5 confocal imaging
system equipped with diode pumped solid state 561 nm and
HeNe 633 nm lasers (Leica Microsystems, Mannheim, Ger-
many). Digital images were collected in a sequential mode
using a 63x plan Apochromat oil immersion objective, with
a numerical aperture of 1.4 and pinhole size “airy 1”. For
each experiment, laser intensity and image settings were
adjusted and kept constant. Z stacks were performed with a
step size of 0.5 um.

When using Image J software, an algorithm of image
processing was developed to quantify vesicle area and
vesicle numbers for each cell. Cells were first manu-
ally isolated by drawing a region of interest (ROI) with
the ImagelJ freehand selection tool. The first step of the
algorithm identified the pixels corresponding to vesicles.

These pixels were obtained using filtering and mathemati-
cal morphology [20] in the following way; a median fil-
ter and a discrete Laplace operator were first applied to
remove noise and to enhance the contrast inside of the
cells. A fixed threshold combined with an exclusion of
the smallest isolated areas was then used to obtain binary
images. A watershed operation was finally applied to sepa-
rate touching objects. The second step of the algorithm
computed the number of separated objects and the area
of each object.

Fluorescence density comparisons of PAT1 siRNAs
comparatively to GAPDH siRNAs or to control in the
absence of treatment were quantified by ImageJ. The ROI
defining the contour of each cell was created by freehand
selection tool and total integrated intensity was measured
and presented as arbitrary units (AU). Same was per-
formed for transferrin and EGF uptakes.

For co-localization analyses, ROI for each cell were
created manually using ImageJ freehand selection tool.
Co-localization was measured using JACoP Plugin using
Costes’ automatic threshold and presented as Pearson’s
coefficient.

For the 3D quantification of vesicle number and of their
volume and fluorescence intensity Volocity software was
used. First, a ROI was drawn to delimit each cell. An algo-
rithm using different tools such as “find object” (clipped to
the ROI) to detect the fluorescence intensity with defined
thresholds for each labeled vesicle type, “exclude object by
size” to eliminate too small objects and “separate touch-
ing objects” to segment vesicles close to each other were
used. This algorithm allowed us to find the average vesi-
cle volume and their number per ROI. For the quantifica-
tion of size distribution of EEAT1 positive vesicles having
labeled transferrin, we first performed colocalization anal-
ysis using “calculate object colocalization” presented as
Pearson’s coefficient. Then, EEA1 positive vesicles colo-
calizing with labelled transferrin were further filtered by
size (<or>1 pmS; >1.5 pm3). To assess the fluorescence
intensities of total TfR and the TfR at the membrane an
algorithm with Volocity’s Find Object (clipped to the ROI)
was used with defined thresholds. Data were expressed as
volume of total TfR (pm3)/v01ume of ROI (um3).

For all determinations, at least 15 cells of each condi-
tion for each experiment were examined.

Statistical analysis

Data are Mean + SEM from at least three experiments.
Statistical analyses were performed using either ANOVA
followed by the post hoc Scheffe’s or Bonferroni’s tests,
or Student’s ¢ test. Statistics and graph analyses were per-
formed using StatView and GraphPad Prism Softwares.
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«Fig.2 PAT1 colocalizes with Rab5, Rab4 and Rabaptin-5 and its
down regulation increases Rab5 labeled vesicle number and size. a
Neurons were fixed and immunolabeled for PAT1 (cy3) and Rab5, or
Rab4, or Rabaptin-5, or Rabl1, or Rab7 (all Alexa 488 labeled). Rep-
resentative immunolabeled confocal images are presented. Enlarged
insets are presented on the right side of each panel. Arrowheads
indicate colocalized vesicles. Scale bar: 10 um except for enlarged
inserts: 5 um. b Left side: Pearson’s coefficients of double labelings
of PAT1 with Rab5, Rab4, Rabaptin-5, Rab11, Rab7 and illustrated
in a (30 cells analyzed). Middle and right sides: quantification of the
number and size of immunolabeled vesicles for Rab5, Rab4, Rabap-
tin-5, Rabl1, after PAT1 siRNAs treatment and in control (Ctrl) in
the absence of treatment. Number of immunolabeled vesicles per cell
volume (pm3) and mean volume per cell are shown (30 cells per con-
dition). *p <0.05; **p <0.01

Results

PAT1 colocalizes with EEA1 positive vesicles
in primary neurons and its expression regulates
the number of EEA1 positive vesicles

To check whether PAT1 could be associated to the endo-
cytic pathway, we double labeled cortical primary neu-
rons with anti-PAT1 and anti-EEA1 antibodies. EEA1 is a
well-established marker of early endosomes [21-23]. We
observed a colocalization of PAT1 and EEA1 both in the
soma and in the dendrites with a respective Pearson’s coeffi-
cient of 0.62 +0.03 for soma and of 0.52+0.02 for dendrites
(Fig. 1a) suggesting an important function in both compart-
ments of differentiating neurons. In more mature neurons
the Pearson’s coefficient remains high for each compartment
0.67 +0.02 for soma and 0.49 +0.02 for dendrites suggest-
ing that PAT1 may also be involved at all stages of neuronal
development (Fig. 1Sa).

We then investigated if modulation of PAT1 levels could
have consequences on EEA1 vesicle number. To this end, we
used specific siRNAs to down regulate PAT1 level, as previ-
ously described [9]. PAT1 level was evaluated by immuno-
cytochemical staining and immunoblots of cell extracts 66 h
later the addition of PAT1 siRNAs (Fig. 1b). A significant
decrease of PAT1 expression of about 50% was observed
in the cells treated with PAT1 siRNAs, while GAPDH
siRNAs did not change the level of PAT1 (Immunocy-
tochemistry: Ctrl vs PAT1 siRNAs: p <0.0001; Ctrl vs
GAPDH siRNAs: NS); (Western blotting: Ctrl vs PAT1
siRNAs: p<0.0001; Ctrl vs GAPDH siRNAs: NS; GAPDH
siRNAs vs PAT1 siRNAs: p=0.003) (Fig. 1b). We observed
that under PAT1 siRNAs, there was a significant increase in
the soma of about 24% of EEA1 vesicle number per cell sur-
face (pmz) (Ctrl vs PAT1 siRNAs: p <0.001; Ctrl vs GAPDH
siRNAs: NS; PAT1 siRNAs vs GAPDH siRNAs: p=0.01).
This increase was about 26% in dendrites under the same
conditions (Ctrl vs PAT1 siRNAs: p <0.01; Ctrl vs GAPDH
siRNAs: NS; PAT1 siRNAs vs GAPDH siRNAs: p=0.02)

(Fig. 1c¢). In more mature neurons at 15DIV a significant
increase of about 15% in the soma under PAT1 siRNAs was
still observed (Ctrl vs PAT1 siRNAs: p=0.04) while no
significant differences were observed in dendrites (Ctrl vs
PATI1 siRNAs: NS) (Fig. 1S). Conversely, overexpression
of PAT1-myc produced a significant decrease of about 20%
in the number of EEA1 vesicles per cell surface (non trans-
fected cells vs transfected cells: p=0.02) (Fig. 1d).

Down regulation of PAT1 increases the number
of Rab5 positive vesicles but not of recycling Rab4
and Rab11 vesicles

We first checked whether PAT1 colocalizes with other Rab-
labeled vesicles involved in the endocytic pathway [24, 25].
As EEAL is an effector of Rab5 involved in early endocy-
tosis we immunolabeled primary neurons with anti-PAT1
and anti-Rab5 and observed a colocalization with a Pear-
son’s coefficient of 0.31+0.01 (Fig. 2). More specifically
this Pearson’s coefficient was 0.29 +0.02 for soma and
0.25 +0.02 for dendrites. In more mature neurons, the colo-
calization between Rab5 and PAT1 was higher as the Pear-
son’s coefficient was 0.68 +£0.02 for soma and 0.43 +0.03
for dendrites meaning that the involvement in early endo-
cytosis of PAT1 could be higher in both compartments at
this stage (Fig. 1Sa). We then examined the colocalization
of PAT1 with Rab4 involved in early endocytic recycling
and observed a colocalization with a Pearson’s coefficient
of 0.61+0.02 (Fig. 2). We further used antibodies against
Rab11, Rab7 and found that colocalization of PAT1 with
either Rab11 or Rab7 was poor as shown by respective Pear-
son’s coefficient of 0.16 +0.01 and 0.12 +0.01 (Fig. 2). We
also observed a colocalization of PAT1 with Rabaptin-5, a
Rab5 effector (Pearson’s coefficient of 0.50+0.01) (Fig. 2).
These data strongly suggest that PAT1 may be involved in
early endocytic/recycling pathway but not in slow recycling
or late endocytosis. To confirm whether PAT1 modulates the
number of early endosomes, we then examined the number
of Rab5-, Rab4-, Rabaptin-5-, and Rab11-positive vesicles
after PAT1 downregulation following siRNAs treatment. We
observed that decreasing PAT1 level promotes the number
of Rab5 positive vesicles per cell volume (control vs PAT1
siRNAs: p <0.001) and increases their volume (control vs
PAT1 siRNAs: p<0.05). In contrary, no effect was observed
on Rab4, Rabl1 and Rabaptin-5 labeled vesicles, suggest-
ing an effect of PAT1 on early endocytosis rather than on
recycling (Fig. 2b).

Down regulation of PAT1 increases endocytosis
of the transferrin receptor

We next addressed the effect of PAT1 downregulation on
transferrin endocytosis. ANOVAs showed a significant effect
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«Fig.3 Down regulation of PATI! increases transferrin uptake in
EEAL vesicles. a—c Internalization of Alexa 546 tagged transferrin
(Tf) was examined on neurons previously treated with PAT1 siRNAs
and on control (Ctrl) in the absence of treatment. a Internalized Tf
was evaluated and presented as integrated density/cell in arbitrary
unit (AU). (25 neurons per condition). b, ¢ Same experiment as in a
in which the neurons were fixed and immunolabeled for EEA1, ana-
lyzed by confocal microscopy and quantified. b The % of Tf colo-
calized in EEAL1 vesicles at 30 min and the Pearson’s coefficient for
EEAI1-Tf are presented. (30 neurons per condition). ¢ Representa-
tive image of internalized Alexa 546 tagged transferrin at 30 min
and immunolabeled EEA1 vesicles is presented with enlarged insets
on the right. Arrows indicated colocalized vesicles <1 pm?. Quanti-
fication of the vesicle volumes is presented and expressed in % of
vesicles. (30 neurons per condition). Scale bar: 10 pm except for
the enlarged insert: 5 pm. d Addition of Alexa 546 tagged EGF
uptake was processed as for Alexa 546 transferrin. Quantification of
internalized Alexa 546 EGF expressed by integrated density/cell in
arbitrary unit (AU) is shown (30 neurons per condition). *p <0.05;
*#p <0.01; ***p <0.001; ****p <0.0001

of the treatment (PAT1 siRNAs versus control conditions:
F (1 45)=68.65; p<0.0001), of the time (F s 549,=69,82;
p<0.0001) and of the interaction between treatment and
time (Fs 540)=8,19; p <0.0001). In control conditions, we
observed maximal transferrin internalization at 25 min
which starts to decrease at 30 min (Fig. 3a). Down regula-
tion of PAT1 induced a significant increase of internalized
transferrin starting at early time points (ANOVA followed by
Bonferroni’s test: 5 min: control vs PAT1 siRNAs: p=0.016;
10 min: control vs PAT1 siRNAs: p=0.02; 15 min: con-
trol vs PAT1 siRNAs: p=0.03; 20 min: control vs PAT1
siRNAs: p=0.002; 25 min: control vs PAT1 siRNAs:
p=0.047; 30 min: control vs PAT1 siRNAs: p <0.0001).
The effects of PAT1 inhibition on internalized transferrin
were highest at 30 min. This significant increase (about 40%)
of internalized transferrin was also observed on more mature
neurons (Fig. 1Sc). Altogether these results strongly suggest
that low levels of PAT1 increase endocytosis which does not
exclude some additional recycling defect as observed for the
GTP-Rab5 Q79L dominant positive mutant [26].

We then wondered in which type of vesicles Alexa fluor
546 transferrin was accumulated. Same experiments were
performed at all time points and neurons were immu-
nolabeled after fixation using antibodies against EEA1,
Rab5, Rab4, Rab11 and Rab7. At 30 min, the % of Alexa
fluor 546-transferrin in EEA1 vesicles was the highest in
control condition (52.94 +3.70) comparatively to Rab5
(7.86 +1.85), Rab4 (6.11 +1.28), Rab11 (6.71 +0.80),
Rab7 (18.86+6.18) labeled vesicles. We found that
this % was significantly higher in PAT1 siRNAs condi-
tions (74.66 + 3.69; control vs PAT1 siRNAs: p <0.0001),
as was the Pearson’s coefficient comparatively to the
control conditions (control vs PAT1 siRNAs: p =0.005)
(Fig. 3b). No significant difference was observed in the
mean volume of EEA1 vesicles between control and PAT1

siRNAs conditions in the absence of transferrin uptake
(Fig. 2Sa). However, after 30 min of transferrin uptake, the
% of colocalized vesicles (EEA1 and labeled transferrin)
higher than 1.5 pm? or between 1.0 and 1.5 pm?> were sig-
nificantly lower in PAT1 siRNAs conditions (higher than
1.5 pm3: control vs PAT1 siRNAs: p=0.037; between 1.0
and 1.5 pm?®: control vs PAT1 siRNAs: p=0.04) while
the % of smaller vesicles less than 1 um® was significantly
higher under these conditions (control vs PAT1 siRNAs
conditions: p=0.02) (Fig. 3c). Indeed, at 5 min of Alexa
fluor 546-transferrin uptake, transferrin did not colocal-
ize with EEA1 vesicles. Colocalization was starting at
10 min and progressively increased with time until 30 min
(Fig. 2Sb). However, at 10 and 20 min, the size of colocal-
ized vesicles was not yet significantly different between
control and PAT1 siRNAs conditions (Fig. 2Sc) except for
vesicles of size between 1.0 and 1.5 pm? at 10 min (control
vs PAT1 siRNAs conditions: p =0.03) suggesting a delay
in the fusion of vesicles at this time. These data suggest
that low levels of PAT1 impede the fusion of endocytic
vesicles with time comparatively to control conditions.

We did not observe any difference when repeating the
same experiment using EGF between control and PAT1
siRNAs conditions thus suggesting that PAT1 low levels
induce defects in static rather than in dynamic endocytosis
[27, 28] (Fig. 3d).

We next checked transferrin endocytosis by measuring
internalized transferrin receptor and analyzed its recycling
at the cell surface. We first checked that PAT1 siRNAs did
not induce any change in total and subcellular distribution
of transferrin receptor (Fig. 4a). We observed a signifi-
cant increase in total transferrin receptors in PAT1 siRNAs
conditions at all time points (control vs PAT1 siRNAs:
5 min: p <0.0001; 10 min: p <0.0001; 15 min: p <0.001;
20 min: p <0.0001) (Fig. 4b). Similarly, membrane trans-
ferrin receptor was significantly increased as observed by
immunocytodetection (control vs PAT1 siRNAs: 5 min
p<0.001; 10 min: p <0.0001; 15 min: p <0.01; 20 min:
p <0.0001) (Fig. 4b). In a new series of experiments we
checked this increase in transferrin receptor at the mem-
brane in PAT1 siRNAs conditions by cell surface bioti-
nylation. We observed a significant increase in transferrin
receptor with time which was significantly higher with
PAT1 siRNAs at 5, 10, 15 min. At 20 min the differences
between control and PAT1 siRNAs conditions were abol-
ished (control vs PAT1 siRNAs: 5 min p <0.01; 10 min:
p=0.02; 15 min: p<0.01; 20 min: NS) (Fig. 4b). This
could be explained by the fact that the % of transferrin
receptor at the cell surface was significantly decreased
with time starting from 10 min, as evaluated by immuno-
cytochemical studies (control vs PAT1 siRNAs; 5 min: NS;
10 min: p <0.001; 15 min: p <0.01; 20 min: p <0.0001)
suggesting that neurons in which PAT1 expression was
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«Fig.4 Down and upregulation of PAT1 regulate Transferrin recep-
tor. a, b Untagged transferrin was added to neurons previously treated
with PAT1 siRNAs and to control (Ctrl) in the absence of treatment
as described in Materials and Methods. At different time points cells
were fixed (5, 10, 15, 20 min) and immunolabeled for transferrin
receptor (TfR) and confocal analysis or proceeded for cell surface
biotinylation. Total and membrane immunolabeled TfR were quan-
tified and expressed as volume of total TfR (pm3)/volurne of ROI
(um®) and of membrane TfR (um?)/volume of ROI (um?) respectively.
The % of membrane TfR was reported to total TfR for each cell.
For cell surface biotinylation, biotinylated membranes of 500x10°
cells were loaded. a Before incubation at different time points, some
cells were proceeded for TfR immunolabeling and considered as
TO. b Left: One representative confocal image of TfR at cell sur-
face for control (Ctrl) and PAT1 siRNAs at 20 min and quantifica-
tion for total, membrane immunolabeled TfR and % of membrane
TR are presented for each time point. Scale bar: 5 um (30 cells for
each condition). Right: One representative image of western blotting
immunolabeled for TfR after cell surface biotinylation. Quantifica-
tion was expressed by % of TfR increase at the different time points
in control (Ctrl) or PAT1 siRNAs conditions comparatively to TO. ¢
Overexpression of PAT1-myc was performed by the transfection of
neurons at 7DIV and left for 20 h before fixation and immunolabe-
ling of TfR (Alexa 546). One representative image of one PAT1-myc
expressor in Alexa 488 and a non-expressor (Ctrl) in the same field
is presented. Enlarged insets of TfR apical dendrite in Ctrl (1) and
PAT1-myc expressor (2) are shown. Scale bar: 10 pm. Quantifica-
tion was performed and expressed as volume of total TfR (um?)/vol-
ume of ROI (prn3) (20 cells of each condition). *p <0.05; **p <0.01;
*#%p <0.001; ****p <0.0001

decreased, were not able to recycle the increased number
of transferrin receptors internalized (Fig. 4b).

Conversely, overexpression of PAT1-myc lead to a sig-
nificant decrease of about 35% of internalized transfer-
rin receptor (Non transfected cells vs transfected cells:
p <0.01) (Fig. 4c) confirming the involvement of PAT1 in
endocytosis.

Increase in APP juxtamembrane cytoplasmic
domain, significantly increases EEA1 vesicle number
while reducing their size and decreases transferrin
receptor internalization

PAT1 binds the 11 first amino-acids (KKKQYTSIHHG)
of the APP juxtamembrane cytoplasmic domain [1], which
is unmasked after APP caspase cleavage. We previously
showed that overexpression in primary neurons of a peptide
containing the PAT1 targeting domain extending to the cas-
pase cleavage site, (Jcasp), induced translocation from the
nucleus to the cytoplasm of the SET protein having several
functions, as being an inhibitor of acetyl transferases, as a
transcription factor, or an inhibitor of phosphatase 2A [16,
19, 29-31]. This mimicked what we observed in vivo in
wild type mice overexpressing APP caspase cleaved [32].
To check if overexpression of Jcasp had consequences on
endocytosis, we internalized the Jcasp domain peptide and
examined the number of EEA1 vesicles per cell surface

3 h later at a time where the internalized peptide is not yet
degraded [16]. We observed a significant increase in the
number of EEA1 positive vesicles comparatively to control
(control vs Jcasp: p=0.03) that had a smaller size (control
vs Jecasp: p<0.0001) (Fig. 5a). Retrieval of the internalized
peptide allowed to observe PAT1 bound to the peptide, as
previously described, together with Rab5 (Fig. 5b). We then
measured labeled transferrin internalization in cells overex-
pressing Jcasp. We observed a significant decrease of labeled
internalized transferrin showing that endocytosis was com-
promised (control vs Jcasp: p <0.01) (Fig. 5c). These data
suggest that overexpression of Jcasp domain mimicking the
juxtamembrane cytoplasmic domain of APP caspase cleaved
trapped PAT1 attached to other molecules, inducing a defect
of transferrin endocytosis.

Discussion

We show here for the first time that PAT1, already known to
be involved in trafficking of its targets [2, 3, 7-9] regulates
early endocytosis, especially the transferrin receptor uptake/
recycling and not the late endolysosomal pathway [33].

Vesicles of the endocytic pathway are characterized by
regulatory cargos, all members of the Rab family of small
GTPases localized to distinct membrane domains [24, 25].
Rab GTPAses are controlled by the recruitment of effector
proteins. In this sense, Rabaptin-5 interacts with Rab5 thus
stimulating its activity leading to an increase of transfer-
rin uptake [34]. Rabaptin-5 interacts with Rab5 and Rab4
making a transition from the endocytic Rab5 to the rapid
recycling Rab4 compartment [35]. Rabaptin-5 and Rab4
are necessary for regulating the formation of recycling
vesicles [36]. Consequently and taken altogether our data
suggest that PAT1 might modulate the action of Rabaptin-5
to Rab5 by stimulating its transition to Rab4 (Fig. 6a). This
hypothesis would explain (1) high colocalization observed
between PAT1 and Rab4 or PAT1 and Rab5 effectors i.e.
Rabaptin-5 and EEA1, and between PAT1 and Rab5 under
control conditions, (2) that low levels of PAT1 increase Rab5
vesicle number and size, increase EEA1 vesicle number
and consequently increase transferrin uptake and transfer-
rin receptor endocytosis and conversely, overexpression of
PAT1 decreases EEA1 vesicle number and transferrin recep-
tors internalized and (3) the decrease in the % of transferrin
receptor recycling at the cell surface at low PAT1 levels
which could probably be partly due to the very high level of
transferrin receptors internalized. A decrease in recycling
was also observed with the Rab5 mutant Q79L producing
an increase of transferrin endocytosis [26]. This hypothesis
requires further investigations.

PAT1 involvement in early endocytosis occurs both
in young and mature neurons. In both cases, the higher

@ Springer



5006

A. Dilsizoglu Senol et al.

Fig.5 Overexpression of the
APP-PAT1 binding domain
increases EEA1 labeled vesicles
of smaller size and decreases
transferrin uptake. a One rep-
resentative image of immuno-
labeled EEA1 vesicles 3 h after
internalization of APP-PAT1
binding domain peptide (J)
comparatively to control (Ctrl)
in the absence of treatment is
shown. Enlarged insets are pre-
sented in the right side. Expres-
sion in number of vesicles per
cell surface (um?) and vesicle
area (pmz) are shown (30 cells
in each condition). Scale bar:
10 pm except for enlarged inset:
5 um. b Peptide retrieval was
proceeded as described in Mate-
rials and Methods on neurons
having internalized biotinylated
APP-PAT1 binding domain pep-
tide (J) for 3 h. Proteins were
analyzed by western blotting
for PAT1 and Rab5. A control
(Ctrl) in the absence of peptide
was carried out in parallel. One
representative immunoblot is
presented. ¢ Alexa 546 tagged
transferrin (Tf) was added to
primary neurons 3 h after the
internalization of APP-PAT1
binding domain peptide (J)
comparatively to control (Ctrl)
in the absence of treatment.
Internalized labeled transfer-
rin 1 h later was analyzed by
confocal microscopy (30 cells
per condition). ¥*p <0.01;
*#%%p <0.0001. Scale bar a, c:
10 ym

colocalization of PAT1 with EEA1 in the soma than in den-
drites suggests that PAT1 acts mainly in the endocytosis
of receptors in the soma. Whether endocytosis/recycling is
higher in soma than in dendrites is not well documented
and may vary with receptor types and their distribution [37,
38]. The higher colocalization of PAT1 with Rab5 in more
mature than in young neurons may result from changes in
the endocytic complex. We cannot exclude that additional
partners may be more represented in more mature neurons
leading higher PAT1 and Rab5 proximity, as compared to
young neurons. Synaptic plasticity occurs in mature neu-
rons where endocytosis/recycling plays an important role.
We studied here the transferrin uptake through its recep-
tor. Recent report shows that transferrin receptor controls
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the synaptic plasticity through the alpha-amino-3-hydroxy-
5-methyl-4-isoxazoleproprionic acid receptors [39]. Whether
PAT1 levels may regulate synaptic plasticity remains to be
determined. However, a similar transferrin uptake at low
PAT1 levels was observed in young and more mature neu-
rons in spite of the higher colocalization of PAT1 with Rab5
in more mature neurons than in young neurons. Additional
physiological function of this high colocalization of PAT1
with Rab5 in more mature neurons remains to be deter-
mined. Rab5 controls the early endocytosis biogenesis [40].
In young neurons low levels of PAT1 have a stronger effect
on the number of early endosomes than in mature neurons,
suggesting that in mature neurons additional factors par-
ticularly in dendrites regulate the endosome number. The
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(a)

Fig.6 Hypothetical model of the involvement of PAT1 in early endo-
cytic pathway. a PAT1 interacts with Rab4 and the effectors of Rab5,
Rabaptin-5 and EEA1 and might stimulate the transition from Rab5
to Rab4 from early endosomes (EE) to recycling endosomes (RE). b

percentage of transferrin internalized in EEAlvesicles of
size> 1 pm® < 1.5 um? starts to decrease at low levels of
PAT1 suggesting that PAT1 may be involved in the initiation
of vesicles of higher size. This decrease in the percentage
of large transferrin/EEA1 colocalized vesicles > 1 pm® was
still present 30 min after internalization when the transfer-
rin uptake is maximal, in parallel to an increase with time
in small vesicles lower than 1 pm?. These data may suggest
some defect in the fusion of vesicles at the origin of the
formation of bigger vesicles compromising their recycling.
This hypothesis requires further investigations.

PAT1 selectively binds to the first 11 amino-acids of the
APP juxtamembrane cytoplasmic domain. However, when
this APP sequence is extended to residue 29 or to the whole
cytoplasmic domain, the binding with PAT1 is very low
[1]. This could be due to the two type I reverse turns in
the tertiary structure as the first type I turn at the TPEE 4
amino-acids downstream the caspase cleavage site may mask
the APP/PAT1 domain of the APP cytoplasmic tail [41].
Increase of caspase cleavage in the cytoplasmic part of APP
unmasked the interaction domain with PAT1. Such increase
of APP caspase cleaved has been observed in the brain of
AD patients and individuals with Down syndrome (DS) as
well as in the hippocampus of Ts65Dn mice [42—45].

Endo-lysosomal pathway and particularly Rab5 is dys-
regulated in AD and in DS [46—49], and several mechanisms
could be involved in these defects [50, 51]. PAT1 increases
have also been observed with tumors of poor prognosis [4,
6]. Whether PAT1 may additionally interfere with the endo-
cytic pathway in AD or DS or in the progression of tumors
remains to be investigated.

(b)

In presence of the J peptide PAT1 is trapped with its attached partners
leading to their mislocalization and functional deficit of endocytosis
and recycling
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