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Abstract

The laminin-binding integrins, a3p1 and a6p1, are needed for tumor metastasis and their surface
expression is regulated by endocytic recycling. 1 integrins share the Rab11 recycling machinery
but the trafficking of a3p1 and a6p1 are distinct by an unknown mechanism. Using a mouse PDX
tumor model containing human metastatic prostate cancer, Rab11 family interacting protein 5
(Rab11-FIP5) was identified as a lead candidate for a6p1 trafficking. Rab11-FIP5 and its
membrane binding domain were required for a6p1 recycling, without affecting the other laminin-
binding integrin (i.e., a3p1) or unrelated membrane receptors like CD44, transferrin receptor, or
E-cadherin. Depletion of Rab11-FIP5 resulted in the intracellular accumulation of a6p1 in the
Rab11 recycling compartment, loss of cell migration on laminin, and an unexpected loss of a6p1
recycling in cell-cell locations. Taken together, these data demonstrate that a6p1 is distinct from
a3p1 via Rab11-FIP5 recycling and recycles in an unexpected cell-cell location.
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INTRODUCTION

Integrins are evolutionarily conserved heterodimeric transmembrane receptors expressed on
the cell surface that interact with the surrounding extracellular matrix to regulate cell
adhesion, migration and signal transduction between internal and external cellular
environments (1). The laminin-binding integrins (heterodimers containing a3 and a.6
subunits a3p1, a6pl, and a6p4) are essential in various stages of development and
maintenance of adult tissue (2, 3). In normal adult polarized tissue, they are restricted to the
basolateral localization (4). However, dynamic changes in the membrane expression and
localization of these integrins is observed during various normal cell processes associated
with active cellular migration, such as epithelia formation during development (5), rostral
migratory stream migration during brain development (6), or wound healing (7, 8).
Similarly, in invasive cancer this phenomenon is amplified (9).

Intracellular trafficking of integrins is an important determinant of membrane expression and
localization of integrins, and hence their function. Membrane integrins are continuously
internalized, sorted through intracellular vesicular compartments and returned back to the
cell surface by recycling (10). The rate of recycling determines the flux of integrins on the
membrane and is key to cell migration (11). Once internalized, membrane receptors travel
through a cascade of intracellular vesicular compartments defined by a family of small
GTPases called Rab GTPases (12, 13). Rab11 is one such major trafficking regulator that
marks the perinuclear recycling compartment (PNRC; also called apical recycling
endosomes, ARE) and is a central hub of cellular trafficking to transport a variety of proteins
from intracellular compartments to the plasma membrane (14). The role of Rab11 in
trafficking of integrins is well known (15) its deregulation being a key feature of cancer (16,
17). Integrin a.6p4 is known to be recycled by Rab11 in both normal and cancer cells. In
breast cancer, Rab11 mediated a.6p4 recycling is associated with hypoxia induced cancer
invasion (17). Rab11 dependent a6 integrin recycling is important for rapid motility of
cranial neural crest cells on laminin (18).

Despite sharing the same beta partners or extracellular ligands, integrins follow distinct
temporal and spatial trafficking routes, selectivity determined by the alpha subunit (15, 19).
Most integrins including the laminin-binding integrins, share the central Rab11 recycling
machinery and additional regulators are likely involved in providing selectivity to different
integrins. A group of Rab11 effector proteins called Rab11 family interacting proteins
(Rab11-FIPs) are important candidates for recruiting specific proteins to Rab11 as they
regulate various temporally and spatially distinct steps of Rab11 dependent recycling (20,
21). Rab11-FIPs are known to recycle a selective, although not necessarily exclusive,
repertoire of cargo, including integrins (20). For example, a5p1 integrin is trafficked by
Rab11-FIP1 but no other class | Rab11-FIPs (Rab11-FIP2 or Rab11-FIP5) (11), suggesting
Rab11-FIPs can provide specificity to recycling of specific integrins based on different alpha
subunits. Rab11-FIPs localize to discrete subdomains in Rab11 recycling endosomal tubules
(21) through a conserved C-terminal Rab11 binding domain (RBD) (22, 23). Class | Rab11-
FIPs (Rab11-FIP1, Rab11-FIP2, Rab11-FIP5) contain the C2 domain that binds to
membrane phosphoinositides required for docking to membrane (24). Class Il Rab11-FIPs
(Rab11-FIP3, Rab11-FIP4) instead contain a calcium binding EF hand motif and are crucial
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in intracellular transport during cell division, especially formation of the cleavage furrow.
Rab11-FIPs also provide directionality in vesicular movement and can be involved in both
anterograde trafficking from early endosomes to a Rab11 compartment as well as from a
Rab11 compartment to the plasma membrane (25).

Here we report Rab11-FIP5 as a recycling regulator specific to a.6 integrin that does not
affect other integrins trafficked by Rab11, including the other laminin-binding a.3 integrin.
In effect, we offer a solution to the problem of how a3 and a6 integrins have different
trafficking kinetics despite having the same B1 integrin subunit partner. Depletion of Rab11-
FIP5 significantly reduced recycling of a6 integrin, a known pro-migratory integrin (26, 27)
and inhibited cell migration, adding a new way to interrupt a.6 integrin function.

MATERIALS AND METHODS

Cells and Reagents:

Human prostate cancer cell line DU145 from brain metastasis (American Type Culture
Collection (ATCC), Manassas, VA) and PC3N cell line, an N-cadherin expressing variant of
bone metastatic human prostate carcinoma cells PC3 (28), were grown in Iscove’s modified
Dulbecco’s medium (IMDM) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum (FBS), Hyclone Laboratories (Novato, CA), at 37 °C in a 5% CO, humidified
incubator. Trypsin-EDTA (Gibco, NY) or non-enzymatic Cellstripper (CellGro, Manassas,
VA) were used to disassociate adherent cells. HaCaT were grown in Dulbecco’s medium
(Invitrogen) and laminin-511 and laminin-332 enriched conditioned media was harvested.
All cell lines are used within 15 passages of thawing and use in the experiments and
authenticated using the University of Arizona Genetics Core service that uses autosomal
STR profiles for verification using reference database at ATCC. Mycoplasma testing is
routinely performed on a semi-annual basis by the University of Arizona Cancer Center
Core services.

The GFP tagged mutant Rab11-FIP5 constructs characterized earlier (29) were a kind gift
from Dr. Rytis Prekeris (University of Colorado, Denver, CO). They were transfected into
PC3N cell line using lipofectamine 2000 (Invitrogen) as per manufacturer’s protocol and
stable clones were selected using G418 and sorted using the FACSAria Il (BD Biosciences,
San Jose, CA).

2% formaldehyde was used to fix cells, 0.2% Triton X-100 in PBS for permeabilization and
PBS was used for all washes in flow cytometry and immunofluorescence protocols.

Antibodies (listed based on experiments):

Membrane expression analysis by flow cytometry — anti-a.6 integrin rat phycoerythrin (PE)
conjugated GoH3 (eBiosciences, San Diego, CA), anti-p4 integrin eFluor 660 conjugated

439-9B (eBiosciences), anti-a.3 integrin rabbit AB1920 (Chemicon, Temecula, CA), mouse
CD44 antibody (Cell Signaling Technologies, CST, Danvers, MA), rabbit E-cadherin (CST),
anti-rabbit AlexaFluor 488 (A488), AlexaFluor 633 (A633), or anti-mouse A633 conjugated
secondary antibody (Invitrogen). PE or A488 conjugated GoH3 (eBiosciences) were used in
a6 integrin internalization and recycling assay, respectively. Anti-a3 integrin fluorescein-
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conjugated A3 (FAB1345, R&D Systems, Minneapolis, MN) or FITC-conjugated anti-
transferrin receptor CD71 (TfR) antibody (eBiosciences) were used for both internalization
and recycling assays. Anti-A488, anti-Fluorescein (Invitrogen), and anti-FITC monoclonal
antibody (Abcam, Cambridge, MA) were used for fluorophore quenching in recycling assay.

Antibodies for immunofluorescence staining: anti-a6 integrin J1B5 rat monoclonal
antibody, anti-EEA1 (Early Endosome Antigen-1) polyclonal rabbit antibody (CST #2411),
anti-Rab11a rabbit polyclonal antibody (CST #2413), anti-rat Alexa 568, anti-rabbit Alexa
488 conjugated secondary antibodies (Invitrogen), or anti-rabbit DyLight 650 conjugated
secondary antibody (BD Biosciences).

Antibodies for western blotting: anti-a6 integrin antibody AA6NT (27), anti-a.3
integrin rabbit AB1920 antibody (Chemicon), anti-Rab11a (CST), anti-Rab11-FIP5 rabbit
polyclonal (Novus Biologicals, Littleton, Colorado) and horseradish peroxidase—conjugated
secondary antibodies (Jackson Immuno-Research Laboratories Inc., West Grove, PA). Anti-
=a6 integrin antibody GoH3 was used for blocking the adhesion function of the integrin.

Flow cytometry of membrane expression:

DU145 or FIP5-GFP mutant PC3N cells obtained with Cellstripper were fixed, blocked and
incubated with receptor specific antibodies for 30 minutes followed by PBS washes and 20
minutes incubation with respective secondary antibodies. Unbound secondary antibodies
were washed off and fluorescence of labeled cell surface receptors was measured using BD
Accuri C6 flow cytometer (BD Biosciences).

Human prostate tissue microarray and Immunohistochemistry:

Tissue microarray (TMA) specimens were obtained as part of the University of Washington
Medical Center Prostate Cancer Donor Program, approved by the University of Washington
Institutional Review Board (30). The patient TMA was constructed with 1 mm-diameter
duplicate cores from 44 patients with castration-resistant prostate cancer (185 metastatic
sites of which 121 are bone metastases and 64 are soft tissue metastases) (31). The soft
tissue metastatic sites included 35 lymph nodes, 19 livers, and 10 other soft tissue sites. The
LuCaP PDX TMA was constructed with 1 mm-diameter duplicate cores established from
patients with castration-resistant metastatic prostate cancer (32).

Tissues were retrieved using Na/EDTA buffer pH 8.0 and immunohistochemistry performed
using the AABNT antibody (1:700) on the Discovery XT Automated Immunostainer
(Ventana Medical Systems, Inc., Tucson, AZ). Membrane and cytoplasmic staining were
scored by a pathologist (BSK).

Flow cytometry internalization/recycling assay:

The internalization assays were performed as previously described (33). For recycling assay,
cell surface receptors were labeled with fluorophore-conjugated antibodies at 37°C in 10%
FBS supplemented media for 60 minutes for maximum internalization. Fluorescence of
uninternalized antibodies left on the cell surface was quenched by incubating with respective
anti-fluorescent quenching antibodies at 4°C for 30 minutes. Intracellularly protected
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fluorescent antibody labeled receptors were allowed to recycle back to the cell surface at
25°C and quenched same as earlier. Cells were fixed and analyzed using BD Accuri C6 flow
cytometer. The amount of recycled label was measured as a loss of intracellular signal and
plotted as a percent of total internalized intracellular label (mean  standard deviation). A
first-order kinetics model (y= a+b [1-exp (-kopst)]) Was fitted (R2>0.98) using KaleidaGraph
(Synergy Software, Reading, PA) to obtain the recycling curve where, y is the amount of
receptor recycled at time t (min), b is the total amount of receptor recycled, and kg is the
observed first-order rate constant (min~1) (34). Actual recycling rate constant Kactyal
(=b*kgps) Was calculated as a measure of net recycling rate at the steady state. All values are
reported as mean + standard error.

Immunofluorescence:

DU145 cells grown to 70% confluence on glass coverslips were incubated with anti-a.6
integrin antibody diluted to 1:100 IMDM+10% FBS media 37°C for 40 minutes. The cells
were fixed, permeabilized, blocked and incubated with primary antibodies against endocytic
markers EEA1 (1:100) and Rabl11a (1:100) for 30 minutes followed by PBS washing and
incubation with anti-rat A568 and either anti-rabbit A488 or anti-rabbit DyLight 650
conjugated secondary antibodies for 20 minutes. The nucleus was stained by incubation with
4’, 6-diamidino-2-phenylindole (DAPI) (NucBlue, Molecular Probes, Eugene, OR) for 10
minutes. Coverslips were washed with water and mounted on slides using Prolong diamond
antifade (Invitrogen). Images were acquired using a DeltaVision Core system (GE
Healthcare BioSciences, Pittsburgh, PA) equipped with an Olympus 1X71 microscope, a
60X objective (NA 1.20), deconvolved with softWoRx v1.2 (Applied Precision, Issaquah,
WA), and analyzed using ImageJ Just Another Colocalization Plugin (JACoP).

Immunofluorescence imaging-based recycling assay:

Adherent cell monolayer of DU145 cells grown on glass coverslips were reacted with anti-
a6 integrin rat antibody (J1B5) or anti-a.3 integrin rabbit antibody (P1B5) at RT (75 minutes
and 40 minutes for a6 and a3 integrins, respectively) to allow “one cycle” surface labelling
and internalization of antibody bound integrin. Uninternalized integrin at the cell surface
was blocked by incubating with anti-rat or anti-rabbit A564 fluorophore conjugated antibody
at 4°C for 30 minutes. Cells were then incubated at RT for 0, 10, 20 and 40 minutes (with or
without 0.5 mM primaquine (Invitrogen), a recycling inhibitor) to allow recycling of
internalized J1B5 or P1BS5 labeled integrin. Cells were fixed and recycled integrin was
stained with anti-rat or anti-rabbit A488 fluorophore conjugated antibody. Nucleus was
stained with DAPI and coverslips were mounted on slides as explained earlier and imaged
using the 40X objective (NA 1.20) of the DeltaVision Core system. Average pixel intensity
of recycled label was measured using ImageJ and reported standardized per number of cells.

Cell migration assay:

Approximately 15,000 cells (SiRNA or 1mg/ml GoH3 treated) in 200 uL IMDM were plated
onto the upper chamber of cell culture inserts (BD Biosciences) of pore size 8 um coated
with laminin enriched 50 uL. HaCaT conditioned and allowed to migrate towards 600 pL
IMDM plus 10% FBS in a 24-well tissue culture plate for 6 hours at 37°C. Cells on the
underside of the insert were fixed and stained with DAPI. The average number of cells/field-
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of-view was counted in fifty sections per insert using the 20X objective and “Analyze
particles” plugin of ImageJ.

Statistical analysis:

RESULTS

Student’s t-test for unpaired samples was used throughout. One-way analysis of variance
(ANOVA) with post-hoc student’s t-test was employed in Fig. 3. For internalization/
recycling assays, statistical significance is tested for each timepoint and for the calculated
rate kinetic parameters using student’s t-test for unpaired samples assuming unequal
variance. A P-value lower than 0.05 was considered statistically significant.

Intracellular expression of a6 integrin in aggressive human prostate cancer correlated with
Rab11-FIP5 mRNA expression:

Human prostate cancer tissues were analyzed by immunohistochemistry to determine the
cellular localization of a6 integrin. Membrane staining of a6 integrin was readily observed
between tumor cells. Tumor cells that had invaded the normal nerve structures, a
characteristic of aggressive prostate cancer, contained an intracellular localization of a6
integrin (Fig. 1A). Since intracellular staining in clinical tissues is observed similar to those
reported with Rab11 dependent cargos in model systems (25), we next analyzed gene
expression patterns in a patient derived xenograft model. Rab 11 dependent cargos can
accumulate in the cytoplasm on their way to membrane specific domains, using the “long
loop” recycling pathway through the perinuclear recycling compartment (PNRC). A tissue
microarray of 185 metastatic sites (121 bone metastases and 64 soft tissue metastases
including 35 lymph nodes, 19 livers and 10 other soft tissue sites) from 44 patients was
stained for a.6 integrin and revealed primarily cytoplasmic expression of a6 integrin in
metastatic cancer cells. 76% of bone metastases showed positive cytoplasmic expression of
the integrin and 26% revealed intense cytoplasmic staining. Similarly, 82% of soft tissue
metastases were positive for cytoplasmic a.6 integrin with intense staining in 38% of cases
(Fig. 1B). The mRNA expression profile of patient-derived mouse xenografts (PDX) from
the LuCaP series established from patients with castration-resistant metastatic prostate
cancer (32) was evaluated for expression of genes encoding trafficking proteins. A LuCaP
PDX tissue microarray was stained for a6 integrin and the association of genes encoding
trafficking proteins with cytoplasmic a6 integrin staining was tested. Top 10 genes with
significant positive (>0.24) or negative (<—0.16) Pearson’s coefficient of correlation to
cytoplasmic a6 integrin are reported in Fig. 1C. Interestingly, Rab11-FIP5 was identified as
the most correlated (Pearson coefficient, 0.53; Fig. 1C).

Cell membrane expression of a6 integrin requires Rab11-FIP5:

Rab11-FIP5 was tested as a candidate for regulation of cell surface expression of a6
integrin. Cell membrane levels of a6 and a3 integrins, non-integrin cell adhesion receptors
CD44 and E-cadherin were measured in prostate cancer cell line DU145 using surface
labelling of the receptors and flow cytometry. The flow cytometry profile for a6 integrin
showed that the mean peak fluorescence (MPF) was markedly reduced after silencing of
Rab11-FIP5 (siFIP5) compared to untreated and non-targeting siRNA treated cell population
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(siCon) (Fig. 2A). In addition, the distribution of siFIP5 cells overlapped with a6 integrin
depleted cells (si a.6) (Fig. 2A). The cell surface expression of the other laminin-binding
integrin, a3 integrin, the non-laminin-binding cell surface receptor CD44 and cell-cell
adhesion receptor E-cadherin remained unchanged in siFIP5 or si a6 cells. The MPF of
surface integrin label was significantly reduced by ~50% for a6 integrin (**p<0.01, n=5;
Fig. 2B). The total protein expression as tested by immunoblotting of a.6 and a.3 integrins
and Rab11 in lysates was not altered upon silencing Rab11-FIP5 (Fig. 2C).

Depletion of Rab11-FIP5 reduces cell migration:

Since Rab11-FIP5 depleted cells had significant reduction of a6 integrin membrane
expression and a6 integrin is known for its pro-migratory function (18, 27), we tested if the
cancer cell motility is compromised. Migration of Rab11-FIP5 depleted cells was tested
using a modified Boyden chamber assay, with laminin coated underside and 10% FBS
supplemented media as chemoattractant. Two different SiRNAs against Rab11-FIP5 had a
similar effect on the migration of DU145 cells which was reduced by 42% in siFIP5 (#1)
(***p<0.001, n=3) and 52% in siFIP5 (#2) treated cells as compared to the untreated cells
(**p<0.01, n=3; Fig. 2D). The migration was confirmed to be a6 integrin dependent, as
blocking of integrin function by the GoH3 antibody blocked cell migration by 45%
(***p<0.001, n=3).

The C2 domain of Rab11-FIP5 is required for the membrane expression of a6pl integrin:

Next, we assessed the functional domain of Rab11-FIP5 that would be important for a6p1
integrin membrane expression using PC3N cells, a 4 null cell line (Supplementary Fig. 1).
For this, we tested Rab11-FIP5 mutants with defects in two key functionally conserved
domains — the Rab11 binding domain (RBD) and the membrane phosphoinositide binding
C2 domain. We tested a6 integrin membrane expression in PC3N cell line stably transfected
for either of the three mutant Rab11-FIP5 proteins fused to GFP: (i) full-length Rab11-FIP5
(FIP5-GFP), (ii) a dominant negative truncated Rab11-FIP5 protein lacking the C2 domain
(AC2FIP5-GFP), and (iii) AC2FIP5-GFP with a point mutation resulting in a Rab11 binding
deficient Rab11-FIP5 (I630E-C2FIP5-GFP). 1630E-AC2FIP5-GFP cannot be recruited to the
Rab11 vesicles, hence is non-functional and used as a control. The mutant proteins have
previously been characterized and were shown to act as a Rab11-FIP5 dominant-negative
mutant (29, 35, 36). Flow cytometry profiles show a loss of a6 integrin at the membrane
upon expression of the AC2FIP5-GFP (Fig. 3A). The MPF of membrane a6 integrin was
significantly reduced by ~25% in AC2FIP5-GFP as compared to untransfected, FIP5-GFP
transfected, or the non-functional 1630E-AC2FIP5-GFP transfected PC3N cells (ANOVA,
*p<0.05, n=4) (Fig. 3B). The flow cytometry profiles of membrane a3 integrin completely
overlapped in each of the mutant cell lines (Fig. 3A) and the MPF remained unchanged (Fig.
3B). These results demonstrate that the C2 domain of Rab11-FIP5 selectively regulates
membrane expression of a6p1 and not of a3p1 integrin. The expression of mutant FIP5-
GFP protein in respective mutant cell line is shown by immunoblotting (Fig. 3C). The
endogenous Rab11-FIP5 protein expression or the total expression of either a6 or a3
integrin was unaltered in each of the mutant cell line (Fig. 3C). A schematic representation
of the Rab11-FIP5 mutants used is shown (Fig. 3D).
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Depletion of Rab11-FIP5 increases intracellular accumulation of a6 integrin:

Since Rab11-FIP5 affects the membrane expression of a6 integrin without affecting total
cellular integrin levels, we tested if the internalization rate or total amount of integrin
internalized was affected. Time courses of internalization of a6 integrin, a3 integrin and the
transferrin receptor (TfR, CD71) in DU145 cells are shown (Fig. 4A). Internalization curves
obtained using a first order kinetic model for a6 and a.3 integrins and TfR were compared
between untreated control and siFIP5 cells (Fig. 4A). The percent a6 integrin internalized
was not significantly different between untreated control and siFIP5 cells for the first 5 time-
points tested. However, there was a significant increase in the internalized a6 integrin in
SiFIP5 cells after 75 minutes (*p<0.05, n=5), when the internalization reaches the maximum
and a steady state. There were no differences in amounts of internalized a3 integrin or TfR
at any time-points in the Rab11-FIP5 depleted cells (Fig. 4A). In one cycle of internalization
in untreated cells, 46% of the total labeled a.6 integrin was internalized and accumulated
intracellularly, while in siFIP5 cells, the amount of internalization was significantly greater
reaching 58% (*p<0.05, n=5; Fig. 4B). The internalization rate was not altered in untreated
control and siFIP5 cells for either a6 (Kactya 1.48 min~1, 1.45 min~! respectively) or a3
integrin (0.69 min~1, 0.87 min~1). The internalization kinetics of TfR, an unrelated
transmembrane protein, were also unaltered in siFIP5 or control cells with unchanged
internalization rate (9.66 min~2, 10.37 min~1, respectively) or intracellular accumulation
(60.38%, 57.62%, respectively).

Internalized a6 integrin accumulated in early endosomes and Rablla positive PNRC:

Next, we investigated which intracellular vesicular compartments contained the internalized
a6 integrin on depletion of Rab11-FIP5 protein. To increase intracellular accumulation, live
untreated control or siFIP5 DU145 cells were incubated with anti-a6 integrin antibody,
J1B5, for 40 minutes. Cells were then fixed, permeabilized and stained with antibodies
reactive to early endosome antigen 1 (EEA1) and Rab11a to visualize a6 integrin in early
endosomes or in the PNRC, respectively. In untreated control cells, a6 integrin was
observed localized both at the cell membrane, primarily in cell-cell adhesion sites, and
within the cytoplasm (Fig. 5A, red). Rab11a was distributed in vesicles close to the nucleus
(Fig. 5A, green), as expected (37). The overlay of both images from untreated control cells
revealed that a6 integrin and Rabl11a primarily colocalized at sites of cell-cell adhesion.
Depletion of Rab11-FIP5 increased the abundance of intracellular a6 integrin (Fig. 5B, red)
in early endosomes (Supplementary Fig. 2) and the Rab11a marked PNRC (Fig. 5B). About
a 2-fold increase from 16% to 29% of a.6 integrin in early endosomes occurred upon Rab11-
FIP5 depletion (*p<0.05, n=4; Fig. 5C). The Pearson’s coefficient for colocalization of a.6
integrin and EEA1 also increased significantly from 0.41 for untreated cells to 0.60 for
SiFIP5 cells (*p<0.05, n=4; Fig. 5C, Supplementary Fig. 2). While 34% of the a6 integrin
colocalized with Rab11a vesicles in untreated cells, depletion of Rab11-FIP5 led to a
significant increase of up to 56% (**p<0.01, n=4; Fig. 5C). The Pearson’s coefficient for
colocalization increased from 0.46 for untreated to 0.62 for siFIP5 cells (*p<0.05, n=4). The
magnified cross sections showed that while a6 integrin and Rab11a primarily colocalized at
cell-cell adhesion sites in untreated control cells (white triangles, Fig. 5D), depletion of
siFIP5 resulted in a shift in the location of a6 integrin to the Rabl1a positive PNRC (white
arrows, Fig. 5D). Taken together, the data showed that depletion of Rab11-FIP5 changed the
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distribution of a6 integrin from sites of cell-cell adhesions to intracellular early endosomes
and Rabl1a-positive vesicles. However, Rab11-FIP5 loss did not affect trafficking of a.6
integrin from early endosomes to the Rab11a compartment.

Depletion of Rab11-FIP5 reduces recycling of a6 integrin:

The reduced cell surface levels and increased intracellular accumulation of a.6 integrin in
Rab11+ PNRC compartment upon Rab11-FIP5 depletion suggested a possible defect in
integrin recycling to the cell membrane. We measured the recycling kinetics of a3, a6
integrins and the TfR using a flow cytometry approach in DU145 cells treated with two
different siRNAs against Rab11-FIP5 (siFIP5(#1) or siFIP5(#2)). The recycling assay was
performed at the lower temperature of 25°C to decrease the rate of recycling and to improve
the resolution of the rate kinetic curve. The amount of recycled protein was plotted as the
percent of total amount of internalized receptor. The recycling curve was obtained by fitting
a first order kinetic model (Fig. 6A). For all four time-points tested, the amount of a.6
integrin that was recycled from the cytoplasm to the cell surface was significantly reduced in
the Rab11-FIP5 depleted cells compared to untreated control cells. No differences were
observed for a3 integrin or TfR (Fig. 6A).

Depletion of Rab11-FIP5 using either of the two different sSiRNAs led to a significant ~2-
fold reduction in the rate of a6 integrin recycling from 2.06 min= to a kacqya Of 1.22 min~t
for siFIP5(#1) and 1.08 min~1 for siFIP5(#2) (**p<0.01, n=5; Fig. 6B). The total amount of
receptor recycled in one cycle was also significantly reduced from 36% in untreated control
to 29% in siFIP5(#1) and 30% in siFIP5(#2) cells (*p<0.05, n=5). This was consistent with
the reduced membrane expression of a6 integrin in siFIP5 cells, as seen in figure 2. As
expected, similar reduction in rate of recycling for 4 integrin and consequent reduction in
its cell membrane expression was observed due to reduced a6 integrin recycling
(Supplementary Fig. 3). About 17% of the internalized a3 integrin is recycled in one cycle
of recycling in DU145 cells at a rate of 1.33 min~2, which remains unaltered in siFIP5 cells
(1.21 min~1 for siFIP5 (#1) and 1.38 min~1 for siFIP5 (#2); Fig. 6B). The rate of recycling
of TfR is at least 5-fold faster than that of integrins (Kacua 11.12 min~1) and remained the
same in SiFIP5(#1) (Kactual 10.20 min~1) or siFIP5(#2) (Kactual 10.29 min~1) cells. The total
amount of TfR recycled also remained unchanged (21% untreated, 20% siFIP5 (#1) and
21% siFIP5 (#2); Fig. 6B). These results confirm the key and specific role of Rab11-FIP5 in
a6 integrin recycling without affecting the other laminin-binding a3 integrin or the TfR.

a6 integrin is recycled to cell-cell adhesion sites:

We next identified the locations of recycled a6 integrin using adherent monolayer of DU145
cells. In short, surface a6 integrin was immunolabeled with J1B5 followed by
internalization for 75 minutes for maximum intracellular accumulation. The total labeled a6
integrin at the cell membrane and internalized are shown (Fig. 7A). The uninternalized
membrane integrin bound to J1B5 was labeled with a fluorescent secondary antibody (Fig.
7B, red) and appeared in both cell-cell adhesions (closed white triangles) and lamellipodia
(open white triangles). Intracellular J1B5 labeled a6 integrin was then allowed to recycle
and the cell surface-associated recycled protein was stained with a secondary antibody
conjugated with a different fluorophore. Interestingly, within 10 minutes, the recycled a6
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integrin (Fig. 7B, green) was detected only at the cell-cell adhesion sites (indicated by white
arrows) and not in the lamellipodia. There was a marked increase in recycled label by 40
minutes, primarily in cell-cell locations and not lamellipodia. The recycled label disappeared
upon treatment with primaquine, a recycling inhibitor. The amount of label recycled was
defined by average pixel intensity of the recycled label and plotted as a bar graph for
different timepoints (Fig. 7C). Levels of recycled a6 integrin increased significantly from 0
minute (104x103) to 10 minutes (368x103), 20 minutes (689x103) and 40 minutes
(774%x103) (**p<0.01, n=3).

Similar experiments were performed to determine the recycling location of a laminin
binding a3 integrin using a3 integrin specific P1B5 antibody. The total labeled a.3 integrin
after 40 minutes of maximum internalization is shown (Fig. S4). The integrin was observed
on cell membrane, both at the cell-cell locations and at the lamellipodia in the cell front.
After allowing 40 minutes of internalization of P1B5 labeled surface a3 integrin, the
uninternalized integrin (Fig. S4B, red) was primarily found at the lamellipodia (open white
triangles). Intracellular P1B5 labeled a3 integrin that was recycled back to the cell surface
was stained after 10 and 40 minutes of recycling (Fig. S4B, green). Unlike a6 integrin, the
intracellular a3 integrin that was recycled back to the cell surface primarily appeared at the
lamellipodia at the cell front within 10 minutes. Only minor staining of the a3 integrin was
observed at the cell-cell locations (Fig. S4B, close white triangles). Similar distribution of
recycled a3 integrin at the lamellipodia was observed at 40 minutes which was blocked by
treatment with the recycling inhibitor, primaquine (Fig. S4B bottom panel).

DISCUSSION

Intracellular trafficking and subsequent recycling of integrins is an important determinant of
their cell membrane expression and distribution and hence their function. Almost all
integrins are known to employ the general Rab11 recycling machinery for transfer from the
cytoplasm to the plasma membrane (14). Despite this, each integrin heterodimer is known to
have distinct trafficking characteristics (19, 33), suggesting that different Rab11 effectors
might regulate the trafficking of individual integrins. Rab11-FIPs are possible candidates to
render such specificity as they are known to recycle a selective, although not necessarily
exclusive repertoire of cargo including integrins. Here, we report Rab11-FIP5 as a specific
regulator of recycling of a6 integrin and is not involved in the recycling of the other
laminin-binding a3 integrin that also dimerizes with the B1 integrin subunit. Moreover,
according to previous reports, Rab11-FIP5 is not involved in trafficking of other integrins
such as the fibronectin binding a5p1 integrin or the vitronectin receptor avp3, both being
regulated by Rab11-FIP1 (11). Future experiments can determine if Rab11-Fip5 silencing
would interfere with motility on ECM ligands other than laminin, including collagen,
vitronectin and fibronectin. Additionally, we found Rab11-FIP5 did not affect membrane
expression of other cell adhesion proteins, for example CD44, E-cadherin or of the
transferrin receptor.

The membrane expression of both a6 and p4 integrins was dependent on Rab11-FIP5,
raising an important question if it is an a6 or B4 dependent phenomenon. Since functional
inhibition of Rab11-FIP5 had similar effects on a6 integrin membrane expression in 4 null
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PC3 cell line, Rab11-FIP5 clearly can regulate a6 independent of B4. Earlier reports had
shown the cytoplasmic tail sequence of a6 integrin was important for membrane expression
of a6p4 integrin. Moreover, the cytoplasmic tail of a6 integrin was shown to be sufficient to
signal trafficking of CD8, a receptor with no measurable internalization (38). We speculate
the Rab11-FIP5 dependent regulation of a6p4 integrin is possibly directed by specific
endocytic signal sequences present in the cytoplasmic tail of a6 integrin. The alpha subunits
differ in their cytoplasmic tail sequences as well as their trafficking kinetics. We had earlier
reported that the a.6 and a3 integrins have different internalization Kinetics (33). Here we
found that their recycling rates and recycling locations are quite different as well. a.6
integrin has a 2-fold higher recycling rate than a3 integrin and recycles in cell-cell locations
as compared to the lamellipodia location for a3 integrin. This further emphasizes the role of
alpha subunit in specifying intracellular trafficking routes of integrins. Future studies will be
important to identify key motifs in the cytoplasmic tails of alpha subunits that provide the
specificity of integrin trafficking.

Rab11-FIP5 regulated membrane expression of a6 integrin was functionally dependent on
the C2 domain of Rab11-FIP5. The C2 domain is known to bind specific membrane
phosphoinositides like phosphatidylinositol 3,4,5 trisphosphate (PIP3) and phosphatidic acid
(24), and is crucial for docking of cargo containing Rab11 vesicles to the plasma membrane
(24) before release of vesicular contents through exocytosis (39). Interestingly, we found
that the recycled a6 integrin was mainly targeted to the lateral membrane locations of cell-
cell adhesions. Determining if this was driven by the specific membrane phosphoinositide
composition of the targeted areas will be an interesting avenue of future research.

In Rab11-FIP5 depleted cells, the internalization rate of a6 integrin was unaffected but the
defect in recycling caused intracellular accumulation of a6 integrin. The resulting
intracellularly accumulated integrins were found in both early endosomes and Rab11
endosomes, indicating that Rab11-FIP5 is not involved in trafficking of a6 from early
endosomes to Rab11 but must be a regulator of trafficking of a6 integrin from Rab11
compartment to the plasma membrane.

Interestingly, we observed a6 integrin was recycled to cell-cell adhesions (Fig. 7).
Additionally, there was a significant colocalization of a6 integrin with Rab11 at the cell-cell
adhesion sites (Fig. 5). Depletion of Rab11-FIP5 significantly reduced such colocalization at
the plasma membrane. Similar observations of a6 integrin recycling to the lateral cellular
adhesions has been noted in model systems such as cultured human epidermal keratinocyte
sheets (40) and developing basal epidermis of zebrafish (41). Moreover, Rabl11 is important
for cell-cell communication during collective migration in border cell cluster migration in
Drosophila (42). The significance of targeting the recycled a6 integrin to the cell-cell
adhesions of cancer cells is currently not understood. Integrins have been implicated in cell-
cell adhesion (6, 43-45) by either direct interaction via intercellular ligand or indirectly by
stabilization of E-cadherin mediated cell-cell adhesion complexes. The a6 integrin at lateral
cell membrane locations can simply be a reservoir waiting to be recruited to cell-
extracellular matrix adhesions (41). Alternatively, a6 integrin might be of functional
importance for cell-cell adhesion as has been published previously (46).
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Rab11-FIP5 was identified among top three genes of prognosis and poor outcome in ovarian
cancer (47). Selective amplification of vesicular pathways involving specific integrins may
be important in cancer progression. The results of the current study demonstrate that
vesicular trafficking regulates the amount of a6 integrin at the cell surface of prostate cancer
cells. In this cancer type, invasion and metastasis is significantly dependent on a6 integrin.
a6 integrin is prominent in prostate cancer invasion, as well as in bone and visceral
metastasis as a cohesive cluster phenotype (48, 49) which is targetable. We identified various
intracellular trafficking regulatory proteins that are significantly associated with the ratio of
intracellular to cell surface localization of a6 integrin. Excitingly, Rab11-FIP5 levels
demonstrated the greatest association with cytoplasmic a6 integrin protein levels. Moreover,
as prostate cancer cell migration on laminin-enriched surfaces were significantly dependent
on Rab11-FIP5, we speculate that invasion into laminin-enriched nerves and metastases to
laminin rich bone might be dependent on a6 integrin active recycling by Rab11-FIP5.
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IMPLICATIONS:

Rab11-FIP5 dependent a6p1 integrin recycling may be selectively targeted to limit
migration of prostate cancer cells into laminin-rich tissues.
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Figure 1. Intracellular expression of a6 integrin in aggressive human prostate cancer correlated

with Rab11-FIP5 mRNA expression.

(A) Human prostate cancer reacted with antibody specific for a6 integrin (AA6NT, brown)
or antibody specific for PGP 9.5, a neural specific marker (red). Membrane staining of a.6
integrin (solid white arrows) is distinct from the cytoplasmic a6 integrin staining within
aggressive cancer that is invading nerve (red). Scale Bar, 100um. (B) Established LuCaP
patient-derived xenografts (PDXs) and one hundred and eighty-five castration-resistant
prostate cancer metastases (121 bone metastases and 64 soft tissue metastases) were
investigated for localization of a.6 integrin by immunostaining with AAGNT. Intracellular
versus the membrane staining intensity were scored for absence or presence of faint or
intense staining of a.6 integrin. (C) Genome wide gene expression analysis and a.6 integrin
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immunohistochemical analysis of subcutaneous LuCaP PDX tissues were evaluated to
identify genes correlated with cytoplasmic expression of integrin a.6. Top 20 intracellular
trafficking regulators with either significant positive or negative Pearson coefficient of
correlation to cytoplasmic a6 integrin are reported. Rab11FIP5 was identified as the top
candidate.
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Figure 2. Rab11-FIP5 regulates membrane expression of a6 integrin and cancer cell migration.
DU145 cells were either untreated or transfected with non-targeting siRNA (siCon), siRNA

against Rab11-FIP5 (siFIP5) or siRNA against a6 integrin (si a6). (A) Flow histograms of
cell surface expression of laminin binding integrin subunits a6 or a3 and unrelated adhesion
receptors CD44 and E-cadherin using immunolabelling of receptors in fixed, non-
permeabilized untreated (solid line, shaded), siCon (solid line), siFIP5 (dashed line) and si
ab (dotted line) cells. (B) Relative mean peak fluorescence values of cell membrane
expression of the receptors in untreated, siCon, siFIP5 and si a.6 cells (**p<0.01, n=5). (C)
Total cell lysate of untreated (DU145), siCon (siCon) and cells treated with two different
siRNA against Rab11-FIP5 (SiFIP5 #1, #2) immunoblotted for Rab11-FIP5 (FIP5), a6, a3,
Rabl11a and a-tubulin. (D) Untreated and DU145 cells treated with non-targeting SiRNA
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(siControl), a6 integrin function blocking antibody (GOH3), siRNA against Rab11-FIP5
(siFIP5#1) and (siFIP5#2) and were allowed to migrate in a modified Boyden chamber with
8um pores in response to laminin enriched HaCaT conditioned media for 6 hours. Percent
untreated or treated cells migrated were counted in 50 fields of view per sample (n=3, each
experiment in triplicates). Statistical significance assessed by student’s unpaired t-test
(**p<0.01, ***p<0.001).
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Figure 3. C2 domain of Rab11-FIP5isrequired for the membrane expression of a6fl integrin.
Rab11-FIP5 mutants tagged with GFP were stably transfected into PC3N cell line. The three

different mutant containing cells are: (i) GFP tagged full length Rab11-FIP5 (ii) GFP tagged
truncated Rab11-FIP5 protein lacking C2 domain (AC2FIP5-GFP) or (iii) a non-functional,
Rab11 binding deficient, truncated Rab11-FIP5 mutant tagged with GFP (I630E-AC2FIP5-
GFP) used as a vector control. (A) Flow histograms of cell surface expression of a6 and a3
subunits in untransfected and mutant FIP5-GFP transfected cells. (B) Relative mean peak
fluorescence values of cell membrane expression of the integrin subunits in untreated and
FIP5-GFP mutant transfected cells (ANOVA, *p<0.05, ns, not significant, n=4). (C) Total
cell lysate of mutant FIP5-GFP transfected stable cell lines immunoblotted for Rab11-FIP5
protein show expression of endogenous (FIP5) and overexpressed GFP tagged full length or
truncated FIP5 proteins. Immunoprecipitation of GFP protein shows expression of GFP-
tagged mutant Rab11-FIP5 proteins. Total expression of a6 and a3 integrin subunits is
shown. (D) Schematic representation of the FIP5-GFP mutants used.
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00720 40 60 8 100 20 20 40 60 80 100 90 20 40 60 80
Minutes at 37°C Minutes at 37°C Minutes at 37°C
a6 Internalization a3 Internalization TfR Internalization
Intracellular | Kqps K oqisat Intracellular | Kgps Kactual Intracellular | Kgps Kactual
accumulation | (min) (min™) accumulation | (min‘!) (min) accumulation | (min™) (min™)
(%) (%) (%)
Untreated |46.33:4.85 0.032+0.009 | 1.48+0.57 |32.91£3.04 0.021+0.004 |0.69+0.19 |57.62+2.5 0.18+0.024 | 10.37+1.83
siFIP5 58.16+4.83% |0.025:0.005 |1.45:0.41 [30.17¢4.46 |0.029:0.011 |0.87+0.46 |60.38+1.42 0.16+0.011 |9.66£0.89

Figure 4. Depletion of Rab11-FIP5 expression increasesintracellular accumulation of a6

integrin.

(A) Internalization kinetic curve for a6 integrin, a3 integrin or TfR in untreated DU145 and
SiFIP5 cells. Percent surface labeled receptors internalized is plotted for different time points
at 37°C and fitted with a first order kinetic curve (R2>0.989). (B) Maximum intracellular
accumulation and internalization rate constants (observed, kqps and actual, Kaerya)) calculated
as per first order rate kinetics. Results represent 5 independent experiments. Statistical
significance calculated for changes in label internalized at each timepoint and intracellular
accumulation as per student’s t-test, unpaired, *p<0.05, n=5.
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Figure5. Distribution of a6 integrin in Rablla vesicles.
Surface a6 integrin was labelled with J1B5 rat monoclonal antibody in DU145 cells and

allowed to internalize for 40 minutes at 37°C. Cells were fixed, permeabilized, and
immunostained for markers of intracellular vesicular compartments (EEA1 or Rab11a).
Cellular distribution of a6 integrin and Rab11a vesicles in (A) Untreated DU145 cells and
(B) siFIP5 treated cells. a6 integrin (red), Rabl1a positive recycling vesicles (green) and
DAPI (blue) in merged images. Images acquired by deconvolution microscopy and single Z-
plane is shown. Bars, 20um. (Image sections for cells co-stained for a6 integrin and EEA1
are provided in Supplementary Figure 1). (C) Percent a6 integrin in Rab11a and EEA1
vesicles is reported for untreated or siFIP5 cells based on 10 different fields of view in 4
independent experiments. Mean Pearson coefficients of correlation of a6 integrin with
Rablla (Pr(a6/Rab11)) or with EEAL (Pr(a6/EEAL)) are also shown (*p<0.05 **p<0.01,
n=4). (D) Magnified images of boxed sections for untreated and siFIP5 DU145 cells. Areas
of interest are further magnified and marked for colocalization. The a6 integrin and Rabl1la
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colocalize at cell-cell membrane locations (white triangles), mainly observed in untreated
cells. Intracellular colocalization of a6 integrin and Rabl1a (white arrows) is prominent in
SiFIP5 cells.
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Figure 6. Depletion of Rab11-FIP5 expression reduces recycling of a6 integrin.
DU145 cells were transfected with two different siRNAs against Rab11-FIP5: siFIP5(#1) or

siFIP5(#2) (A) Recycling kinetic curve for a6 integrin, a3 integrin or TfR in untreated and
siFIP5 DU145 cells. Percent label recycled to the cell surface at 25°C (calculated as percent
mean peak fluorescence of recycled label at a given timepoint vs total label internalized) is
plotted for different time intervals. First order kinetic curve is fitted (R2>0.98). (B)
Maximum label recycled (%) and recycling rate constants (observed, kqps and actual, Kactual)
calculated as per first order rate kinetics. Results represent 5 independent experiments.
Statistical significance calculated for changes in label recycled at each timepoint and
maximum label recycled as per student’s t-test, unpaired, *p<0.05 **p<0.01, n=5.
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Figure 7. a6 integrin recycled to cell-cell lateral membrane locations.
Surface a6 integrin was labelled with J1B5 rat monoclonal antibody in DU145 cell

monolayer and allowed to internalize for 40 minutes at 37°C. Uninternalized label at the cell
membrane is blocked using Alexa 568 conjugated anti-rat secondary antibody. J1B5
antibody bound integrin protected inside the cells was allowed to recycle back and
subsequently reacted with Alexa 488 conjugated anti-rat secondary antibody. (A) Total
membrane and internalized intracellular a.6 integrin in permeabilized cells shown as control
(red). (B) Uninternalized a6 integrin (red) and recycled a6 integrin (green) at 0 min, 10 min
and 40 minutes of recycling and 40 min recycling with primaquine (PQ, recycling inhibitor)
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are shown in merged images with DAPI (blue) stained nucleus (left panel). Middle panel
shows only recycled a6 integrin label in gray. Right panel is magnified images of boxed
sections marked for recycled integrin localized at cell-cell membrane locations (white
arrows), uninternalized integrin at cell-cell locations (closed white triangles) and
lamellipodia at cell front (open white triangles). Images acquired by deconvolution
microscopy and single Z-plane is shown. Bars, 20um (C) Bar graph showing average pixel
intensity of recycled label plotted for different timepoints of recycling at room temperature
(RT) (**p<0.01, 10 field of views in 3 independent experiments).
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