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Abstract

The dissemination of tumor cells relies on efficient cell adhesion and migration, which in turn
depends upon endocytic trafficking of integrins. In the current work, it was found that depletion of
pro-metastatic protein, NEDD9, in breast cancer (BC) cells results in a significant decrease in
individual cell migration due to impaired trafficking of ligand-bound integrins. NEDD9 deficiency
does not affect the expression or internalization of integrins but heightens caveolae-dependent
trafficking of ligand-bound integrins to early endosomes. Increase in mobility of ligand-bound
integrins is concomitant with an increase in tyrosine phosphorylation of caveolin-1 (CAV1) and
volume of CAV1-vesicles. NEDD9 directly binds to CAV1 and co-localizes within CAV1
vesicles. In the absence of NEDD?, the trafficking of ligand-bound integrins from early to late
endosomes is impaired, resulting in a significant decrease in degradation of ligand/integrin
complexes and an increase in recycling of ligand-bound integrins from early endosomes back to
the plasma membrane without ligand disengagement, thus leading to low adhesion and migration.
Re-expression of NEDD?9 or decrease in the amount of active, tyrosine 14 phosphorylated (Tyr14)
CAV1 in NEDD9 depleted cells rescues the integrin trafficking deficiency and restores cellular
adhesion and migration capacity. Collectively, these findings indicate that NEDD9 orchestrates
trafficking of ligand-bound integrins through the attenuation of CAV1 activity.
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Introduction

NEDD? is a member of the Cas family scaffolding proteins with diverse functions including
regulation of the cell cycle, apoptosis, and cell motility [1, 2]. Upregulation of NEDD9
promotes epithelial to mesenchymal transition, migration, and metastasis in melanoma,
glioblastoma, colon cancer and head and neck squamous carcinoma [3, 4] [5-7]. Genetic
ablation of Nedd9 in a Her2-driven spontaneous mammary tumor model decreases
mammary tumor incidence, initiation rate and tumor burden [8], indicating a tumor
promoting role of NEDD9. The NEDD9 upregulation was detected in breast cancer (BC)
patients with advanced stages, particularly in invasive and triple-negative cases [9]. NEDD9
is an integrin-signaling adaptor protein, reported to increase adhesion through activation of
B1 and B3 containing integrins [2, 4]. The overexpression of NEDD9 leads to tyrosine
phosphorylation of FAK and SRC kinases [10].

Caveolin-1 (CAV1) is a major component of membrane invaginations called caveolae. The
caveolae serve as molecular hubs integrating adhesion signaling, through the regulation of
integrin endocytosis [11]. CAV1 associates with the integrins at lipid rafts and triggers
caveolin-dependent integrin internalization, thus regulating the adhesion and migration [12,
13]. Phosphorylation of CAV1 on the tyrosine 14 residue (Tyr14) triggers caveolae
endocytosis and is followed by the fusion of caveolin-coated vesicles with early endosomes
and integrin sorting to other endocytic compartments [14], including late endosomes/
lysosomes for degradation [15-17]. The Tyr14 phosphorylation also creates a docking site
for SH2 domain containing adaptor proteins, such as csk [17, 18] and NEDD9. Expression
of CAV1 is associated with cancer progression and metastasis [19].

The binding of integrin receptors to the extracellular matrix (ECM) proteins promotes the
assembly of cell adhesions [20]. Upon binding, integrins undergo a conformational change
from inactive/bent, also called ligand-free, to an active/extended/ligand-bound conformation
[21]which then transmits signals to adaptor proteins, such as NEDD?9 [4, 22]. The active/
ligand-bound and the inactive/ligand-free forms of integrins are internalized and trafficked
through two different routes. The inactive form undergoes fast recycling between the
intracellular compartment and the plasma membrane, whereas the active form of the integrin
enters a slow recycling route, allowing cells to either disengage the ligand from the receptor
[23] or degrade it in the lysosomes. The trafficking of the active/ECM-bound integrins to the
lysosomes is considered as an alternative intracellular route used to degrade the matrix [24].
Phosphorylation of caveolin-1 on Tyrl4 mediates integrin-regulated membrane domain
internalization upon cell detachment [25].

In this study, we uncover a new role of NEDD9 as a regulator of integrin trafficking through
CAV1-dependent endocytosis, and provide new insight into the regulation of migration of
BC cells with the potential therapeutic application of anti-NEDD9 therapy for metastatic
breast cancer.
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Materials and Methods

Plasmids and cell culture

BT-549, ZR75-1, MDA-MB-453 (ATCC) and MDA-231-LN cells (CaliperLife Sciences)
were grown based on the manufacturer’s recommendations in complete medium with 10%
fetal serum bovine (FBS) and infected with the GFP-expressing pGIPZ-shRNA against
NEDD?9 and the non-targeting scramble shRNA control in the pGIPZ vector (ThermoFisher
Scientific). The cation content with the purpose of engaging or inhibiting integrins in cell
culture was not manipulated. Lentiviral particles were prepared as previously described [26].
siRNAs against NEDD9 (ThermoFisher Scientific) and caveolinl (CAV1) (Bioneer Corp.)
were delivered by nucleofection (Amaxa). ShARNA/siRNA sequences are available upon
request. sSiRNAs against NEDD9 were used instead of ShRNAs in some experiments where
additional GFP-tagged constructs such as GFP-integrin were introduced or transient
depletion was required. For the rescue experiments, mouse cDNA of Nedd9 was subcloned
into pLUTZ [27]. pEGFP-caveolin-1-wt and mutant Y14F plasmids were a gift from Dr.
McNiven (Mayo Clinic, Rochester, MN, USA). pFb-neo-B1-integrin-GFP plasmid was a gift
from Dr. Humphries (The University of Manchester, UK).

Electric Cell-Substrate Impedance Sensing (ECIS) adhesion and migration assays

2x10° cells in suspension were plated on empty or coated with collagen | or matrigel
8W10E plates (Applied Biophysics) according to plate manufacturer’s protocol, and
electrical impedance was measured every minute for 3 or 5 hours at a frequency of 45kHz
using the ECIS Applied Biophysics Morphological biosensor model 1600 (Applied
Biophysics). For the migration studies, cells were plated for a 24h to form a monolayer,
followed by the application of high voltage to create a wound (6V for 1min) and electrical
impedance was measured every minute for 5h.

Adhesion and spreading assay

FACS

The suspension of 2x10° cells was plated on collagen | or matrigel coated plates, spun down
to ensure even sedimentation, and bright field images were taken at indicated time points
using the Leica DMIL fluorescent microscope (Leica, Microsystems Inc.). The areas
occupied by individual cells were quantified using ImageJ (NIH) software.

APC- or eFluor660-conjugated antibodies against integrin p1 and 4 (eBioscience Inc.),
ligand-bound integrin f1 (12G10) (EMD Millipore Corporation), ligand-free integrin f1
(mADb13) (BD Biosciences) were used according to the manufacturer’s recommendations. A
total of 1x106 cells without permeabilization were stained using the antibodies to detect
surface integrins. Secondary fluorescent antibodies (BD Biosciences) were used at a
concentration of 0.5 ug/L/1x10° cells. The APC- or eFluor660-conjugated rat or mouse
isotype control (eBioscience), or nonspecific mouse or rabbit 1gG were used (Sigma-
Aldrich) to control for the non-specific binding.
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Cell surface Biotinylation assay

Cells, pretreated with 10uM MG132, 50uM of Leupeptin (Fisher Scientific) and
0.3mMprimaquine (Sigma) where indicated, were labeled for 30min on ice with Sulfo-NHS-
S-S-biotin (Thermo Fisher Sci.) in PBS; followed by incubation at 37°C to allow
internalization and recycling of the labeled surface molecules for times as indicated on the
figures. At each time point, the residual surface biotin was removed by 10 min incubation
with 200 mM MESNA (Sigma) three times. Post-treatment cells were homogenized in PTY
buffer [1] and biotinylated molecules were pulled down with streptavidin-conjugated
agarose (EMD Millipore), loaded on a gel, transferred onto PVDF membrane to perform
western blot analysis with anti-integrin B1 antibody.

Protein expression, western blotting, and immunoprecipitation

Western blotting was done as outlined in previous reports [1]. The primary antibodies
included mouse anti-NEDD9 mAb (2G9) [1], -integrin p1, - pAP2 u2 (Cell Signaling
Technology), -integrin al (Abcam), -pTyrl4/caveolinl, -caveolinl (Santa Cruz
Biotechnology), -GAPDH (ThermoFisher Scientific), -a-tubulin (Sigma-Aldrich), -Ras
(EMD Millipore), -EGFR (eBioscience), - Transferin receptor, -adaptin-a, and -adaptin-y
(BD Bioscience). The secondary HRP-conjugated antibodies (Jackson Immuno Research
Labs) were followed by using a chemiluminescent HRP Detection Reagent (Denville
Scientific). The bands were digitized and quantified using a digital documentation and
image analysis software (Syngene). For immunoprecipitation, the 2x106 cells were lysed in
PTY buffer and incubated with 1ug of anti-NEDD9 mAb (2G9) or the control IgG overnight
at +4°C as previously described [27].

Lipid raft purification
1.2x107 cells were transiently transfected with siRNAs against NEDD9 and grown to

confluence. The lipid raft purification was performed according to the published protocol
[28] using OptiPrep media from Axis-Shield (Dundee, Scotland).

Immunofluorescence

The cells were processed as previously described [1]. Primary antibodies include anti-pAP2
p2, -EEA1 (Cell Signaling Technology), -clathrin light chain (BD Bioscience) and -
caveolinl (Santa Cruz). FITC-labeled bovine type | collagen (Chondrex, Inc.) was added to
cells for 12-16h. Secondary antibodies included Alexa Fluor 488, 555, 647 (Life
Technologies). Images were captured using the confocal microscope LSM 510 (Carl Zeiss)
equipped with Photometrics QuantEM CCD camera (Photometrics), a 63X Plan Fluor, NA
1.4 objective. Images were captured every 0.35um steps for whole cell sectioning, followed
by 3D reconstruction using LSM (Zeiss) and ImageJ (NIH) software for processing and
analysis. The images inside each data set were collected with the same microscopy and
image capture settings, and the raw data were used for image and statistical analysis.

TIRF live cell imaging: integrin B1 mobility assay

The GFP-integrin p1 expressing cells were plated on delta-T4 glass bottom dishes
(ThermoFisher Scientific) and imaged using a Nikon LiveScan SFC swept field inverted
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microscope equipped with a perfect focus x-y stage control and z-axis motor (Nikon Inc.), a
Photometrics QuantEM CCD camera (Photometrics) and a 60X Plan Fluor, NA 1.21
objective. The images were captured every 5s for 30min. NIS (Nikon) and ImageJ (NIH)
software with a Mosaic particle tracker plugin was used for processing and analysis.

TIRF live cell imaging: FITC-collagen and anti-Integrin B1-Alexa647 antibody uptake

The cells were plated on delta-T4 glass bottom dishes (ThermoFisher Scientific), labeled
with FITC- Collagen I or anti-Integrin b1-Alexa647 antibody in the presence of 0.45M
sucrose. The imaging was performed as described in the integrin f1 mobility assay after
triggering the label uptake by removing the sucrose.

FRAP analysis

Cells were co-transfected with the GFP-integrin 1 and siRNAs against NEDD9, plated on
glass bottom dishes (InVitro Scientific), imaged with the LSM 510 (Carl Zeiss): both before
photobleaching and after photobleaching of the designated area every 15 seconds for 10
minutes. The collected video sequence was analyzed using ImageJ software (NIH).

Integrin B1 trafficking assay

Cells were transfected with siRNAs against NEDD9. Anti-integrin f1 antibodies were added
to the cells for 1 hour on ice and then either fixed right away or transferred to 37°C for 1
hour to internalize, stripped and recycle antibodies. The cells were then fixed with 4%
PFA/PBS and processed for immunofluorescence staining. The antibodies that have been
used for the recycling studies (clones 12G10 and mAb13) lock integrin receptors in their
current conformation; importantly antibody binding does not change the conformation of
these integrins.

Alpha/Beta Integrin-Mediated Cell Adhesion Array

The assay was performed according to manufacturer’s (EMD Millipore) protocol. Multiple
anti integrin subunit and integrin heterodimer specific antibodies have been used to detect
changes in surface integrins, including clone P1H6 which recognizes integrin a2f1 that
binds to collagen I and clone P1B5 — integrin a3p1 that binds to laminin [29]. For the
detection, a GENios plate reader (Tecan) was used (detection wavelength 485/530 nm).

ECM adhesion assay

The Millicoat™ ECM Screening assay was performed according to manufacturer’s (EMD
Millipore Corp.) protocol. GENios plate reader (Tecan) was used (detection wavelength
540-570 nm).

Boyden chamber migration assay

Assays were carried out according to the manufacturer’s protocol and as previously
described [27]. Migration/invasion assays were performed using 24 well plates with BD
FluoroBlok™ 8um pore size insets (BD Biosciences). The insets were coated with 50ul of
3mg/ml matrigel for invasion assay. Cells were added to the top chamber in serum free
media, 10%FBS supplemented MEM was added to the bottom chamber, and incubated for
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8h. Once cells migrated through the membrane, they were labeled with CalceinAM (Life
Technologies) and detected by a fluorescence plate reader (Genios) at 485/530nm excitation/
emission. Top and bottom acquisitions were conducted to account for the total number of
cells in the Boyden chamber insert.

Statistical Analysis

Results

Statistical comparisons were made using Student’s two-tailed t test. When more than two
groups were analyzed, one-way analysis of the variance (ANOVA) was used. P<0.05 was
considered to be significant. Experimental values were reported as the means + S.E.M. All
calculations of statistical significance were performed using the GraphPad Prism package
(GraphPad Software Inc., La Jolla, CA).

Depletion of NEDD9 leads to adhesion and migration deficiency of breast cancer cells

NEDDS? is often upregulated in invasive, mesenchymal-like cancer cells. Nevertheless, the
impact of NEDD9 expression on adhesion of breast cancer (BC) cells is unclear. To fill this
gap, we depleted NEDD? in highly invasive/migratory metastatic MDA-MB-231 and
BT549 cells and assessed their adhesion and migration properties using multiple assays
including in vitro electric cell-substrate impedance sensing (ECIS) technique [30]. For
adhesion and spreading analysis, suspension of control (siCon) and NEDD9 depleted (siN2,
siN3) cells were added to the ECIS chambers with the electrode at the bottom registering the
current flow impeded due to adhesion/spreading of cells [31, 32]. For the ECIS wound-
healing/migration assay, cells were first grown as confluent monolayers followed by
application of an elevated current, which wounded the cells on the electrode, and thus
caused the impedance to drop. Conversely, impedance increases, as the cells outside of the
electrode migrate in to repopulate the wounded area [31, 33]. The ECIS chambers were
either uncoated or coated with a thin layer of collagen I or laminin-rich matrix (matrigel) to
promote adhesion. NEDD9 depletion led to a 30-40% decrease in the adhesion/spreading
and migration of cancer cells (Fig.1A-G; Fig.S1A). As a complementary approach, we used
Boyden chamber migration assays to evaluate changes in the migration properties of BC
cells in the presence of a chemo attractant (fetal bovine serum) gradient. Similar to the ECIS
assay, depletion of NEDD? led to a significant decrease in cell migration (Fig.S1B),
indicating the critical role of NEDD? in directional migration. Overexpression of exogenous
NEDD?9 restored adhesion/spreading and migration proficiency of the cells (Fig.1H-J), but
did not increase it above the original level, potentially due to oversaturation since MDA-
MB-231 cells overexpress NEDD9 endogenously. Overexpression of NEDD9 in MDA-
MB-453 and ZR75-1 BC cells with low endogenous expression of NEDD?9 using a
doxycycline inducible system led to a significant increase in migration (Fig.1K-L). In
addition to the decrease in 2D migration, NEDD9-depleted cells exhibited up to 60%
decrease in 3D migration/invasion through matrigel (Fig.S1C), confirming our previous
observations [7]. The decrease in cell migration could be due to the impairment in cell
adhesion to certain components of the ECM.
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NEDD9 regulates adhesion of breast cancer cells to selective ECM components

Next, we determined if depletion of NEDD? alters the binding of BC cells to different ECM
proteins using the Millicoat ECM array. The array included the most abundant ECM
proteins that are present under physiological conditions in the basal membrane in breast
tissue, such as collagen I, 1V, fibronectin and laminin [34]. We found that NEDD?9 depletion
lead to a significant decrease in adhesion to laminin, collagen I and IV (Fig.2A). There were
no changes found in the adhesion to fibronectin or vitronectin. Additionally, to evaluate
adhesion/spreading of the cells, we measured the area occupied by individual cells upon
attachment to collagen | or matrigel. The depletion of NEDD?9 led to a 55% decrease in
adhesion to collagen | and matrigel (Fig.2B—C). These findings suggest that NEDD9
depletion may have an effect on the expression or activation of the integrin receptors
responsible for binding to collagen and laminin.

NEDD?9 deficiency increases the amount of integrin receptors on the cell surface

To determine if adhesion deficiency to collagen and laminin of ShNEDD? cells was caused
by a decrease in the expression of certain types of integrin heterodimers, we used an alpha/
beta integrin-mediated cell adhesion array to measure the total amount of individual
integrins and several heterodimers (a2p1,a3p1) on the cell surface via binding to specific
anti-integrin antibodies. Contrary to our expectations, the levels of the integrins: al, a2, a4
and B1, B3, p4 and their heterodimers a2p1,a3p1were up to two-fold higher on the surface of
NEDD9-depleted cells than control cells (Fig.2D-E). These findings were further confirmed
by fluorescent activated cell sorting (FACS) with antibodies against 1 and p4 containing
integrin heterodimers (Fig.2F, Fig.S1D). The re-expression of NEDD9 rescued this
phenomenon and decreased the surface levels of integrin 1 to the control (Fig.2G).
Interestingly, total protein levels of the tested integrins have not been altered upon depletion
of NEDD?9 (Fig.2H-K). The increase in the surface presence of certain alpha and beta
integrin heterodimers correlated with the composition of the integrin receptors required for
attachment to the collagen I, 1V (a1B1, a2f1) and laminin (a6B1; alfl, a2Bl; a3pl; a6p4)
[29]. Since the surface levels of these integrin heterodimers were increased, this suggests
that NEDD9 depletion might be decreasing either the activation or the trafficking of the
integrins [35].

NEDD?9 deficiency heightens internalization and recycling of integrins

To determine whether NEDD9 depletion leads to internalization deficiency of integrins, we
performed time course studies on the uptake of biotinylated surface molecules. Initially, the
total amount of biotinylated integrin 1 on the cell surface of SANEDD? cells was increased
(Fig.S1E-F, no strip, normalized to GAPDH, confirming our FACS and IF findings (Fig.2).
Internalization of biotinylated integrins was initiated by shifting the temperature to 37°C.
The amount of internalized biotinylated integrin B1 was measured in cells after stripping off
any surface biotin with MESNA, at the indicated time points. The amount of internalized
integrins in ShANEDD9 and shCon cells was similar at earlier time points (0-30 min), but
shNEDD? cells contained up to two-fold less of biotinylated integrins than the control at
later time points (60 min), when normalized to the original amount of biotinylated integrins
(no strip) (Fig.-3A-B). The amount of intracellular biotinylated integrin depends on three
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factors: a) internalization proficiency, b) intracellular degradation and c) recycling
capabilities of the cells. Since proteasome and lysosome inhibitors were used during these
studies, the decrease in biotinylated integrins upon NEDD?9 depletion could not be attributed
to the degradation of the proteins post internalization. However, this decrease could be due
to the inhibition of internalization, or increased recycling of the internalized integrins back
to the surface.

To discriminate between these two possibilities, we treated cells with primaquine, a drug
that inhibits receptor recycling and leads to an accumulation of integrins in the endosomes,
and repeated the biotinylation assay as described earlier. The sSiNEDD9 cells treated with the
recycling inhibitor accumulated up to a two-fold more biotinylated integrin than the control
cells at 60 min, when normalized to the original amount of biotinylated integrins (no strip)
(Fig.3C-D), indicating that depletion of NEDD9 increased recycling of integrin receptors
and potentially internalization since the amount of integrin f1 in NEDD?9 depleted cells was
increased upon treatment with primaquine when compared to siCon.

To visualize B1 integrin internalization, we used fluorescently labeled matrix (FITC-
collagen 1) and performed total internal reflection fluorescence (TIRF) live imaging analysis
of internalization of integrin/ligand complexes. The collagen I binds to integrin heterodimers
containing P1 integrin subunit [36], leading to the extended/ligand-bound conformation.
NEDD?9 depletion increased the internalization of the integrin/ligand complexes (Fig.3E).
Taken together with results from the biotinylation studies, these findings indicate that
NEDD?9 depletion results in an increased recycling and internalization of ligand/integrin
complex.

NEDD?9 depletion increases mobility of integrins

To visualize B1 integrin trafficking, we used GFP-B1 integrin expressing cells and TIRF
microscopy. We found that NEDD9 deficiency results in a 1.5-fold increase in mobility of
B1 integrin (Fig.4A-B), as indicated by the number of GFP-B1 integrin positive foci
disappearing or emerging back on the membrane in a 15 sec interval. Similarly, the
fluorescence recovery after photo-bleaching (FRAP) live imaging studies of GFP-B1 integrin
expressing cells showed almost two-fold increase in integrin signal recovery after photo-
bleaching, indicating an increase in mobility of B1 integrin in NEDD9-depleted cells (Fig.
4C-D). To test if the exogenous expression of GFP-B1 integrin can interfere with normal
integrin mobility we visualized the internalization of anti-integrin 1 antibody/integrin
complex in cells expressing either empty GFP vector or GFP-B1 integrin. The rates of
antibody internalization, and thus the integrin receptor, were similar in GFP-integrin and
GFP-control overexpressing cells (Fig.S1G). Thus, overexpression of GFP-B1 integrin does
not change the rates of integrin internalization and depletion of NEDD?9 increases the
trafficking of the integrins in the peri-membrane area. Next, we tested if NEDD9 depletion
causes deficiency in integrin activation.
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NEDD?9 depletion increases the amount of integrins in the extended/ligand-bound
conformation on the cell surface

To assess the activation status of the integrins, we performed FACS analysis using
conformation-sensitive antibodies against extended/active/ligand-bound, (clone 12G10), and
bent/inactive/ligand-free (mAb13) conformation of the B1 integrin containing receptors [37,
38]. Note, that these antibodies recognize and stabilize the specific conformation of
integrins, but do not change the activation status. The decrease in NEDD9 expression
resulted in up to a 50% increase in the amount of only the active form of 1 integrin on the
cell surface, while there was no change in the amount of inactive form (Fig.4E), indicating
that antibody binding did not artificially lead to accumulation of the stabilized isoform. The
results were further confirmed by quantitative analysis of active versus inactive isoforms of
B1 integrin using immunofluorescent staining (Fig.S2A-B). Upon NEDD?9 overexpression
in MDA-MB-453 and ZR75-1, we detected a decrease in active integrin 1 conformation
compared to the control (Fig.S2C). Next, we tested whether NEDD9 depletion disrupts the
binding of activated integrin 1 to its ligand, collagen I, thus decreasing adhesion and
migration. Addition of FITC-collagen | to the cells showed the co-localization of labeled
collagen | with active p1 integrin subunit inside and on the surface of both control and
SINEDDO cells (Fig.4F). The amount of collagen | on the surface of NEDD9 depleted cells
was significantly higher than in control (indicated by white head arrows). Thus, depletion of
NEDD?9 does not cause a decrease in activation or binding of the 1 integrin to its ligand.
Next, we tested if NEDD9 depletion leads to alterations in ligand-bound integrin trafficking.

NEDD?9 deficiency increases recycling of ligand-bound integrins

To analyze the trafficking of ligand-bound and ligand-free forms, we performed a pulse-
chase immunofluorescence based assay using conformation-sensitive antibodies against the
B1 integrin (12G10 and mAb13) as in Fig.4, but stripped the excess of antibody from the cell
surface after internalization to visualize the recycling of antibody/integrin complexes.
Interestingly, after 1 hour of recycling, NEDD9 depleted cells had up to a 1.4-fold increase
in the amount of active/ligand-bound integrin B1 returning to the cell surface, while
recycling of the ligand-free form of the 1 integrin did not change (Fig.5A-B). Thus,
NEDD?9 depletion leads to an alteration in the trafficking of the ligand-bound, but not
ligand-free, form of 1 integrin. Rerouting the ligand/integrin complexes might lead to
inability of the ligand to disengage [23, 24] from integrin receptor. Treatment of live cells
with functional antibodies (12G10 and mAb13) which recognize and stabilize the specific
conformation of integrins might potentially alter the integrin conformation equilibrium;
therefore we have tested the trafficking route of internalized ligand-bound and ligand-free
integrins on fixed cells.

NEDD?9 regulates the trafficking of ligand-bound integrins to late endosomes

The BC cells were incubated with FITC-collagen | and co-stained with conformation
sensitive anti-integrin f1 antibodies (12G10) and markers of early (EEA1) and late (Rab7)
endosomes (Fig.5C-D). We found that in NEDD9-depleted cells compared to control,
collagen | was predominantly (70%) localized to the early endosomes and only 30% in late
endosomes (Fig.5E). Similar re-distribution of active 1 integrin was observed in NEDD9
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depleted cells, where majority of integrin was found in early EEA1-positive endosomes
(Fig.5F, Fig.S2E). However, localization of the inactive/ligand-free B1 integrin did not
change upon NEDD9 knockdown (Fig.5G, Fig.S2F). Overexpression of NEDD9 in BC cells
with low endogenous NEDD9 level led to a significant shift in FITC-collagen I localization
from early to late endosomes (Fig.S2D). The volume of early endosomes was substantially
increased in NEDD?9 deficient cells, and re-expression of NEDD9 reduced it back to control
level (Fig.5H, Fig.S3A-B). Collectively, our findings indicate that regular route of recycling
through the late endosomes of the ligand-bound integrins might be compromised upon
NEDD?9 depletion, leading to accumulation of ligand/receptor complexes in early
endosomes followed by a fast recycling route back to the plasma membrane.

NEDD?9 regulates caveolae-dependent trafficking of integrins through the modulation of
caveolin-1 phosphorylation

Integrins are trafficked through either caveolin- or clathrin-dependent cargo systems [23,
39]. To define if late endosome trafficking deficiency in NEDD9-depleted cells is due to an
altered carrier trafficking, we performed an isolation of the lipid rafts, which are known to
be enriched within the caveolae [28]. In shCon and shNEDDS9 cells, B1 integrin appeared in
the same fractions as EGFR, CAV1 and Ras, markers of lipid rafts, but not in the fractions
positive for the transferrin receptor, which is a marker of the non-raft plasma/clathrin
containing membrane (Fig.6A, Fig.S3C). This observation was further confirmed by
immunofluorescent staining, which revealed the co-localization of the B1 integrin with
CAV1 and collagen | (Fig.6B), which was similar in siCon and siNEDD9 cells, indicating
that NEDD9 depletion did not interfere with targeting of integrins to CAV1-positive
compartment. Importantly, the volume of CAV1-positive endocytic vesicles was enlarged in
NEDD?9 deficient cells, similar to early endosomes (Fig.6C). Moreover, NEDD9 specific
antibodies were able to co-immunoprecipitate the endogenous CAV1 (Fig.6D), but not AP2,
a known clathrin adaptor (Fig.S3D-E). The amount of immunoprecipitated CAV1 decreased
in ShNEDD9 cells and the complex was absent in hon-specific 1gG pull-down, thus
confirming the specificity of interaction. The CAV1 co-localizes with NEDD9 in some, but
not all vesicles, in transiently transfected by GFP-CAV1 and RFP-NEDD9 BC cells (Fig.
6E). The active form of CAV1 identified by phosphorylation of Tyrl14 was increased by up
to 35% upon NEDD9 depletion (Fig.6F-G, Fig.S3F). These findings support the notion that
NEDD?9 is involved in the regulation of caveolae-dependent trafficking of the integrins via
modulation of CAV1 phosphorylation/activation.

Depletion of caveolin-1 rescues integrin trafficking, adhesion, and migration of NEDD9
deficient cells

To test whether the increase in the amount or phosphorylation of CAV1 leads to an increase
of the integrins on the cell surface, we treated NEDD9 deficient cells with siRNAs against
CAV1, thus reducing the amount of total and phosphorylated CAV1. A two-fold decrease in
CAV1 expression restored the levels of active/integrin f1 on the surface of the NEDD9-
depleted cells to the control level (Fig. 7A-B, Panel 1). Similar results were obtained with
integrin B4 (Fig.S3G). A decrease in CAV1 expression reduced the volume of the early
endosomes in NEDD9-depleted cells (Fig.7C, Panel 1) and restored the migration (Fig.7D,
Panel 1) and adhesion proficiency of NEDD9 depleted cells (Fig. 7E-F, Panel 1). In order to
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evaluate the importance of Tyr14 phosphorylation of CAV1, we performed rescue
experiments in SINEDD9+siCAV1 cells. The re-expression of the Cav1-wt, but not the
Cav1-Y14F, reversed the effect of SiCAV1 and recapitulated the original SANEDD9
phenotype (Fig.7A-F, Panels 2).

Thus, NEDD9 promotes BC cell adhesion and migration through regulation of CAV1-
dependent integrin trafficking. The model of NEDD9’s action through the inactivation of
CAV1 in early endosomes and trafficking of ligand-bound integrins is outlined in Fig.7G.
Additional work is needed to identify the downstream targets involved in the de-
phosphorylation of CAV1 in a NEDD9-dependent manner.

Discussion

Overexpression of the NEDD?9 protein is known to promote migration/invasion in multiple
cancers [5, 7, 8]. We have recently reported that depletion of NEDD9 leads to a significant
decrease in breast cancer metastasis due to inactivation of MMPs [7] and migration
deficiency, but the molecular mechanisms of the phenomenon are not completely
understood. The NEDD9-dependent migration was studied downstream of NEDD9 and its
role in the upstream integrin signaling was unclear, particularly for breast cancers. To fill
this gap, we used MDA-MB-231 and BT549 BC cell lines - the well characterized
metastatic models of triple-negative breast cancer with high expression of NEDD9. Upon
depletion of NEDD9, we observed a decrease in adhesion and migration that could be due to
the decrease in expression or the activity of integrins. Surprisingly, instead of a decrease in
integrin expression, NEDD9 depletion led to an increase in the amount of a1f1, a2f1 and
4 integrin heterodimers on the surface of the cells without any changes in the total protein
levels. The integrin heterodimers a1p1, a2f1, and a6p4 serve as collagen and laminin
receptors [40]. Nevertheless, when plated on collagen I, IV or laminin matrix, the SAINEDD9
cells showed a drastic decrease in adhesion and migration compared to the control. A
somewhat similar phenotype was observed in NEDD9-/- MEFs, where despite an
upregulation of the a5B1 receptor, the adhesion strength to the fibronectin had been
decreased compared to the control [2], but manifested with an increase in an 2D migration,
suggesting that it could be cell type specific [3, 9, 22]. The matrix preferences of breast
cancer cells differ from those of MEFs, and show a decreased adhesion to both fibronectin
and vitronectin compared to collagens and laminin. Ahn and colleagues have shown that
overexpression of NEDDS9 increases, while its depletion decreases, mesenchymal MMP-
dependent migration of melanoma cells in a f3-integrin/vitronectin-dependent manner [4],
However, in breast cancer, the effect of NEDD9 seems to be 1/B4-integrin and therefore
collagen/laminin dependent.

The ECM ligand binding stimulates the clustering and acquisition of the extended/active
conformation of integrins [20]. The conformation-sensitive antibodies against the active/
extended/ligand-bound (clone 12G10, binds the receptor/ligand complex rather than receptor
alone) and inactive/bent/ligand-free (clone mAb13) forms of the integrin f1 have been
previously tested [37, 38]. We found that NEDD?9 deficiency increases the amount of active/
ligand-bound B1 integrin on the surface of cells without changes in the amount of ligand-free
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form. We confirmed that extended conformation corresponds to the ligand-bound form of
the integrin through its engagement with fluorescently labeled matrix (collagen I).

The increase in the surface integrins could be due to the deficiency in endocytosis. Using a
surface molecules biotinylation assay and live imaging, we have shown that NEDD9
depletion does not interfere with, but rather increases the uptake of integrins. The TIRF
imaging and FRAP studies with the GFP-1 integrin demonstrated up to 2.5-fold increase in
the mobile fraction of the B1 integrin in the peri-membrane area of NEDD9-depleted cells.
The application of the fluorescent collagen I confirmed the ability of cells to internalize the
matrix with the corresponding integrin receptor upon NEDD9 depletion, arguing against the
deficiency in endocytosis.

The pulse-chase antibody feeding assay using conformation-sensitive antibodies against
integrin p1 indicated that NEDD9-depleted cells appeared to have up to a 30% more of
antibodies on the cell’s surface after recycling was initiated, suggesting that the ligand-
bound integrin B1 was trafficked back to the plasma membrane without further processing
and conformational changes. However treatment of live cells with antibodies which stabilize
the specific conformation of integrins might potentially alter the integrin equilibrium. To
address this point the trafficking route of internalized ligand-bound and ligand-free integrins
were analyzed on fixed cells, leading to the similar results.

The ligand disengagement from the integrin relies on the trafficking of integrins through the
endocytic compartment [41]. It is known that the ligand-bound and ligand-free 1 integrins
employ different routes of trafficking [23, 42]. The endocytosis of the ligand-free f1 integrin
is balanced by fast Rab4-dependent recycling from the early endosomes and targeting
integrins back into the plasma membrane [43]. The ligand-bound integrins usually follow a
slower Rab11/Rab25 dependent recycling route that leads the integrin/ligand complex from
early endosomes to late, Rab7-positive endosomes, and lysosomes in order to degrade the
ligand and recycle the free integrin back to the surface [41, 42]. NEDD9 depletion triggers
an increase in mobility of integrin/ligand complex and enlargement of the CAV1/early
endosome compartment, suggesting that the integrin/ligand complex is unable to enter the
slow recycling loop, and after leaving early endosomes, it is targeted back to the plasma
membrane instead of entering the late endosomes for processing. Immunofluorescent
labeling of early and late endosomes of ShANEDD9 cells incubated with FITC-collagen |
demonstrated almost a two-fold decrease in the amount of active integrin f1/collagen |
complexes in late endosomes. Hence, depletion of NEDD9 leads to sorting/trafficking
deficiency of the ligand-bound integrins to the late endosomes.

Dysregulation of the recycling mechanism of targeting the ligand-bound integrins for
degradation can reduce the cell adhesion and spreading on the matrices that are associated
with the integrin dimers that undergo the recycling impairment [44]. Migration of the cells is
also affected by the targeted trafficking of ligand engaged integrins to late endosomes.
Ligand/integrin complexes need to be processed and recycled back to the leading edge of the
migrating cell. If integrins stay locked in the extended conformation, they are transported to
the rear end of the cell, thus depleting the leading edge of integrins ready to form new focal
adhesions [42].
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The two major routes for integrin trafficking are through the CAV1 coated caveolae and the
clathrin coated pits [45]. Our data suggests that in the metastatic BC cells used in this study,
the integrins are trafficked mainly through lipid rafts in a CAV1-dependent manner. Even
though Arjonen and colleagues [23] showed that 81 integrin heterodimers are endocytosed
through the clathrin/dynamin-dependent route, there is evidence that different dimers of f1
integrin can localize to different internalization machinery structures [46]. We have shown
that the integrins co-localize with CAV1 on the cell surface as well as in the CAV1 and
EEA1 positive vesicles during endocytosis. Upon NEDD9’s depletion, there is a two-fold
increase in the CAV1 coated vesicles and early endosomes where the internalized caveolae
are supposed to fuse [14]. NEDD?9 localized to internalized caveolae and binds to CAV1,
but not the AP2/Cathrin complex, supporting the role of NEDD9 in the regulation of
caveolin-dependent trafficking of the integrins.

It was previously shown that internalization of the caveolae was increased upon
phosphorylation of CAV1 on the tyrosine 14 residue (Tyr14) [14] by focal adhesion
associated kinases [17]. Both ECM-engagement of integrins [47] and cell detachment [25]
stimulate Tyr14 phosphorylation of CAV1, and therefore trigger integrin-regulated
membrane domain internalization. We also observed an increase in caveolin dependent
ligand/integrin internalization concomitant with Tyr14 phosphorylation of CAV1 and
subsequent CAV1 redisposition to the early endosomes. The depletion of CAV1 rescues the
NEDD?9 depletion associated phenotype by restoring migration, the amount, and the activity
of the integrins on the cell’s surface. To prove that NEDD9 was involved in the regulation of
the caveolae-dependent trafficking via modulation of CAV1 activity, we re-expressed wild
type or phospho-dead mutant of Cavl in the sSINEDD9+siCAV1 cells. The Cav1-wt, but not
the phospho-dead mutant, abrogateed the rescue of NEDD9-depleted cells with siCAV1.
Taken together, our findings provide new evidence that NEDD9 promotes BC cell adhesion
and migration through the regulation of CAV1-dependent integrin trafficking, thus
providing a new platform for the prevention of metastasis through the modulation of
NEDD?9.
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Figure 1. Depletion of NEDD?9 leads to adhesion and migration deficiency of breast cancer cells
(A-G) ECIS-adhesion/spreading/migration assays on collagen | (A-B), matrigel (D-E) or
uncoated slides (F-G). Quantification of electrical impedance during 3-5h of adhesion (A,
D, F)/or migration (B, E, G) of MDA-MB-231 cells, treated with siCon or sSiNEDD9 (siN2,
siN3); % normalized to max value in each dataset £SEM, n=3; Adhesion: one-way ANOVA
*p< 0.0001 siCon/siN2/or N3; Migration: *p< 0.037 siCon/siN2/or N3. (C) Western blot
analysis (WB) with anti-NEDD9, -a-tubulin (loading control) antibodies. (H-I) similar as
F-G with re-expression of cDNA-Nedd9; one-way ANOVA: p is not significant (ns). (J)
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WB as in (H-I). (L) Quantification of Boyden chamber migration assay for ZR75-1 and
MDA-MB-453 breast cancer cells with or without expression cDNA-Nedd9; relative
intensity units (RFU) £ SEM, n=4; t-test for MDA-MB-453 *p=0.0002, for ZR75-1
*p=0.033. (K) Western blot analysis (WB) of NEDD9 expression in breast cancer cells
(MDA-MB-231, ZR75-1, MDA-MB-453) with anti-NEDD?9, -a-tubulin antibodies. (I)
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Figure 2. NEDD?9 regulates adhesion proficiency of BC cells to selective ECM components and
surface integrin levels

(A) ECM adhesion assay. Quantification of number of cells (MDA-MB-231) attached to
different ECM proteins using calcein AM staining; relative intensity units (RIU) £ SEM,
n=3; one-way ANOVA, shCon/shN1/or shN4: p=ns (fibronectin/vitronectin); *p= 0.0152
(laminin); *p=0.0037 (collagen I); *p=0.002 (collagen IV). (B-C) Adhesion and spreading
assay. Quantification of individual cell area based on bright field images after 80min of
incubation of cell suspension on plate coated with matrigel or collagen I; cell area
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normalized to siCon + SEM, n=50 cells; one-way ANOVA for matrigel and collagen |
*p<0.0001 (D-E) Alpha/beta integrin array. RIU £SEM; n=3; one-way ANOVA (shCon/
shN1/or N4): *p=0.0224 (al); *p=0.0141 (a2); *p=0.0019 (a4); *p=0.0029 ($1);
*p=0.0242 (B3); *p=0.0198 (B4). (F) FACS: integrin B1 surface staining in indicated cells;
relative fluorescence units (RFU) %, normalized to shCon+SEM; one-way ANOVA
*p<0.007 shCon/shN1 or N4 (integrin p1); (G) FACS as in (F) with re-expression of cDNA-
Nedd9; one-way ANOVA *p=ns. (H-1) Left (H): WB with anti-B1 integrin and -NEDD?9, -
tubulin antibodies; Right (I): Quantification of WB, RIU, % to shCon+SEM; n=3; p=ns. (J—
K) Left (J): WB with anti-al integrin, -NEDD?, -tubulin antibodies. Right (K):
Quantification of WB, (%) of RIU to shCon+SEM; n=3; p=ns.
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Figure 3. NEDD9 does not affect the internalization of integrins

(A) WB analysis with anti-integrin f1 antibodies of biotinylated integrin f1 in WCL (bottom
panel) or immunoprecipitated (IP) with streptavidin agarose (top panel) from MDA-
MB-231-shCon or -siN2, N3 cells. (B) Quantification of WB as in (A), n=3; (%) RIU to Oh
conditions w/o strip (100%) £SEM; one-way ANOVA *p< 0.0001 for shCon/shN1/or N4 at
60 min; non-significant at 30min. (C) WB analysis as in (A) of biotinylated integrin f1 from
MDA-MB-231-siCon or -siN2, N3 cells treated with primaquine (0.3mM). (D)
Quantification of WB as in (C), n=3; (%) RIU to Oh conditions w/o strip (100%)+SEM; one-
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way ANOVA *p=0.015 for siCon/siN2, siCon/siN23 is non-significant at 30min; *p< 0.011
for siCon/siN2/or N3 at 60 min. (E) Quantification of FITC-collagen | uptake by MDA-
MB-231-siCon, -siN2 or -siN3; normalized to maximum RFU in each data set (100%); %
RFU£SEM; n=3; 10 cells/treatment; F-test for fitted lines *p <0.0001 for siCon/siN2 or
SiN3.
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Figure 4. NEDD?9 depletion increases mobility of surface integrins
(A) Representative heat map showing stability of f1 integrin foci, TIRF images of f1

integrin foci in MDA-MB-231-siCon, -siN3 cells, quantified 100x100 pixels frames from
the movie (blue - integrin foci present on all frames of the 30 min movie, red - no GFP-
integrin foci); scale bar, 10um; white arrows-stable integrin foci. (B) Quantification of
fraction of mabile 1 integrin foci with Mosaic plugin in ImageJ (NIH) normalized to the
total number of 1 integrin foci (mobile: appearing or disappearing on the frame; and stable:
persistent from frame to frame); % of mobile foci £SEM; n=3; 5 cells/treatment; Student’s t-
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test *p<0.0001 for siCon/siN3. (C-D) Kinetics of GFP-B1-integrin fluorescent recovery
after photobleaching (FRAP). (C) Quantification RFU (%) normalized to before
photobleaching=SEM; n=3; 5cells/treatment; F-test performed for fitted lines, *p<0.0001 for
siCon/siN3. (D) Representative confocal 3D reconstructed images as in (C) before and after
(0 and 2.5 min) photobleaching; Scale bar-10um; insets are enlarged areas of
photobleaching. (E) FACS analysis of p1 integrin: extended/ligand-bound and bent/ligand-
free conformation on the surface of MDA-MB-231-siCon, -siN2, -siN3 cells; RFU % to
siConzSEM; n=3; one-way ANOVA: *p<0.007 ligand-bound (siCon/siN2 or N3); p=ns
ligand-free. (F) IF analysis of active B1 integrin (red) and FITC-collagenl (green) co-
localization in MDA-MB-231-shCon, -shN4,) cells; 16h of treatment collagen I; DNA
(blue), scale bar-20um; inserts are the enlarged areas indicated by white rectangle, white
arrows show almost complete overlap in localization of collagen | and active integrin B1.
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Figure 5. NEDD?9 depletion increases recycling of ligand-bound integrins
(A) Representative confocal images of MDA-MB-231-siCon; -siN2, -siN3 cells at indicated

times post surface staining with 1 integrin 12G10 and mAb13 antibodies (green),
internalization, strip and 1h recycling. DNA-blue; Scale bar, 10um; Top inserts-the enlarged
areas of individual cells (dotted lines) indicated by white rectangle; middle inserts —
heatmaps of fluorescent intensity of surface integrin antibody staining (12G10 and mAb13).
(B) Quantification of the surface staining using maximum intensity projections as in (A)-1h
of recycling; mean RFU, (%) normalized siCon+SEM; 30 cells/per treatment; one-way
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ANOVA, 12G10: *p<0.023 (siCon/siN2/N3); mAb13: p=ns. (C-D) 3D reconstructed
confocal images of MDA-MB-231-siCon,-siN2) cells incubated with FITC-collagen |
(green) and stained with anti-EEAL (C)/or Rab7 (D) (red), DNA (blue); Scale bar, 20um;
inserts-the enlarged areas of individual cells (white lines) indicated by rectangles in the main
panel. (E) Quantification of number of FITC-collagen I positive vesicles (%) co-stained with
EEA1 or Rab7 in cells as in (C-D), normalized to control; n=2; 15cells/per staining; t-test,
EEA1L: *p<0.001(siCon/siN2), Rab7: *p=0.0021 (siCon/siN2). (F-G) Quantification of
number of integrin 1 ligand-bound (F) or ligand-free (G) positive vesicles (%) co-stained
with EEAL and Rab7 in siCon or siN2 cells, normalized to control; n=3; 15cells/per
staining; t-test, EEAL: *p<0.001(siCon/siN2), Rab7: *p<0.001 (siCon/siN2). (H)
Quantification of volume of early endosomes based on 3D reconstructed confocal images of
MDA-MB-231-shCon, -shN1, -shN4) cells stained with EEA1 antibodies; cDNA-NEDD9
rescue; mean volume (%) normalized to shCon+SEM; n=3, 10 cells/treatment; one-way
ANOVA: *p<0.001 for shCon/shN1 or /shN4 (EEAL); p=ns (EEA1+cDNA-Nedd9).
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Figure 6. NEDD?9 binds to and modulates activity of CAV1
(A) WB analysis of lipid raft fractionation, MDA-MB-231-shCon, -shN4 cells with anti-p1

integrin, -transferin receptor (TrfR), -EGFR, -Ras and CAV1 antibodies. (B) 3D
reconstructed confocal images of MDA-MB-231-siCon, -siN2 cells; FITC-collagen |
(green), B1 integrin (red), CAV1 (blue); Scale bar, 20um; inserts-the enlarged areas of
individual cells (white lines) indicated in the main panel. (C) Quantification of volume of
CAV1-positive vesicles; MDA-MB-231-shCon and -shN1, -N4 cells based on 3D
reconstructed confocal immunofluorescent images with anti-CAV1-Ab; mean volume (%)
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normalized to shCon+SEM; n=3, 10 cells/treatment; one-way ANOVA: *p<0.02 for shCon/
shN1 or /shN4. (D) WB analysis of WCL and immunoprecipitated (IP) NEDD9 with anti-
NEDD?9, CAV1 and GAPDH antibodies; MDA-MB-231-shN1 cells; rescue with cDNA-
Nedd9, non-specific 1gG — control. (E) Confocal images of MDA-MB-231 cells transfected
with RFP-NEDD? (red); GFP-CAV1 (green). Scale bar, 10um; insert is the enlarged area as
indicate by white rectangle; dotted lines outline cell borders; white arrows-RFP-NEDD? co-
localizes with GFP-CAV1. (F) WB of MDA-MB-231-shCon and -shN1,-N4 cells with anti-
pTyrl4-CAV1, -NEDD?9 and -GAPDH antibodies. (G) Quantification of WBs as in (F),
n=3, RIU (%) to shCon+SEM; one-way ANOVA *p<0.03 shCon/shN1/or shN4.
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Figure 7. Depletion of CAV1 rescues integrin trafficking, adhesion and migration of NEDD9
deficient cells

(A) WB analysis of MDA-MB-231-siCon; -siN2, -siN3 cells treated or untreated with
SiCAV1 (+/-) and expressing either pGFP empty vector (EV-Panel 1), or pGFP-Cav1-wt or
-Y14F (Panel 2); staining with anti-CAV1 (labeled as Cav-1 and GFP-Cavl), -NEDD?, -
tubulin antibodies. (B) FACS of ligand-bound B1 integrin cells as in (A) Panel 1; RFU, (%)
to siCon + SEM; n=3; one-way ANOVA *p<0.002 (siCon+EV/siN2-3+EV,); p=ns (siCon
+EV/SiCAV1+EV+siN2-3). (C) Quantification of volume of early endosomes in the same
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cells as in (A) based on 3D reconstructed confocal images with anti-EEA1; mean volume,
(%) to control + SEM; n=3; 20 cells/treatment; one-way ANOVA: *p<0.01 (siCon+EV/
siN2-3+EV); p<0.0001 (siN2-3+EV/siN2-3+siCAV1+EV); p<0.02 (siN2-3+siCAV1+EV/
SiN2-3+siCAV1+Cavl-wt); p=ns (SiIN2-3+SiCAV1+EV/siN2-3+siCAV1+Cavl-Y14F).
(D) Boyden chamber migration assay. Quantification of RFU % to siCon+SEM; n=3; cells
as in (A); one-way ANOVA: *p<0.003 (siCon+EV/siN2-3+EV); p<0.0001 (SiN2-3+EV/
SIN2-3+siCAV1+EV); p=ns (sSiIN2-3+EV/siN2-3+siCAV1+Cavl-wt); p<0.006 (siN2-
3+EV/siN2-3+siCAV+Cav1l-Y14F); p=ns (SiIN2-3+siCAV1+EV/siN2-3+siCAV1+Cavl-
Y14F). (E) Adhesion and spreading assay; cells as in (A). Representative bright field images
after 1 h of adhesion/spreading; dotted lines represent cell borders; scale bar, 10um; (F)
Adhesion and spreading assay. Quantification of average area of cell as in (E) % to siCon +
SEM; n=3; one-way ANOVA *p<0.0001 (siCon+EV/siN2—-3+EV); p<0.0001 (siN2-3+EV/
SiIN2-3+siCAV1+EV); p=ns (siN2-3+EV/siN2-3+siCAV1+Cavl-wt); p<0.0001 (siN2-
3+EV/siN2-3+siCAV+Cavl-Y14F), p=ns (siN2-3+siCAV1+EV/siN2-3+siCAV1+Cavl-
Y14F). (G) The schematic model: The internalized through caveolae integrins delivered to
early sorting endosomes; ligand-free integrins will be targeted back to plasma membrane
through the fast recycling route, while ligand-bound integrins will be trafficked to late
endosomes/lysosomes through the slow recycling route. NEDD9-dependent
dephosphorylation of pTyr14-Cavl is required for sorting ligand-bound integrins to late
endosomes to enable disengage of integrins from ligand.
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