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Abstract

Laminin binding integrins α6 (CD49f) and α3 (CD49c) are persistently but differentially 

expressed in prostate cancer (PCa). Integrin internalization is an important determinant of their 

cell surface expression and function. Using flow cytometry, and first order kinetic modelling, we 

quantitated the intrinsic internalization rates of integrin subunits in a single cycle of 

internalization. In PCa cell line DU145, α6 integrin internalized with a rate constant (kactual) of 

3.25min−1, 3-fold faster than α3 integrin (1.0 min−1), 1.5-fold faster than the vitronectin binding 

αv integrin (CD51) (2.2 min−1), and significantly slower than the unrelated transferrin receptor 

(CD71) (15 min−1). Silencing of α3 integrin protein expression in DU145, PC3 and PC3B1 cells 

resulted in up to a 1.71-fold increase in kactual for α6 integrin. The internalized α6 integrin was 

targeted to early endosomes but not to lamp1 vesicles. Depletion of α3 integrin expression 

resulted in redistribution of α6β4 integrin to an observed cell-cell staining pattern that is 

consistent with a suprabasal distribution observed in epidermis and early PIN lesions in PCa. 

Depletion of α3 integrin increased cell migration by 1.8 fold, which was dependent on α6β1 

integrin. Silencing of α6 integrin expression however, had no significant effect on the kactual of α3 

integrin or its distribution in early endosomes. These results indicate that α3 and α6 integrins have 
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significantly different internalization kinetics and that coordination exists between them for 

internalization. This article is protected by copyright. All rights reserved
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Integrins are cell surface receptors involved in cell matrix adhesion, signaling, and cell 

migration [Hood and Cheresh, 2002; Sroka et al., 2010; Watt, 2002]. The laminin binding 

integrins (α3 and α6 containing heterodimers; α3β1, α6β1, and α6β4) represent a 

conserved class of integrins essential for the normal development of vertebrate and non-

vertebrate life forms [Frank and Miranti, 2013; Hynes, 2002; Longmate and Dipersio, 2014; 

Marchetti et al., 2013]. For simplicity, α6β1 and α6β4 integrins will be referred to here as 

α6 integrin. Integrins α3 and α6 function coordinately during embryonic development [De 

Arcangelis et al., 1999; DiPersio et al., 1997] as well as in adult processes such as epithelial 

regeneration and wound healing [Longmate and Dipersio, 2014; Margadant et al., 2009]. 

Mice lacking the α6 integrin die shortly after birth because of severe blistering of the skin 

and other epithelia [Georges-Labouesse et al., 1996], a defect that can only be partially 

compensated by α3 integrin [De Arcangelis et al., 1999; van der Neut et al., 1996]. During 

development and wound healing, both of these integrins show an orchestrated redistribution 

of their cellular localization that affects their function [Shimizu et al., 2012]. During cell 

migration, α3 integrin [Barczyk et al., 2010] is observed at the tip of the lamellipodia and is 

involved in the deposition of a provisional extracellular matrix, subsequently utilized by α6 

integrin for collective epithelial migration [Margadant et al., 2009].

In humans, α3 and α6 integrins are expressed in various epithelial cancers [Desgrosellier 

and Cheresh, 2010; Stipp, 2010]. Only laminin binding integrins are detected in biopsy and 

prostatectomy specimens of primary prostate tumors, as well as in bone metastasis 

specimens [Schmelz et al., 2002], demonstrating a loss of the variety of integrin expression 

in prostate cancer as compared to normal glands [Cress et al., 1995]. Although the majority 

of prostate cancers (80%) express either/both α3 or α6 integrins on the tumor cell surface, 

26% express only integrin α6 [Schmelz et al., 2002]. Additionally, the loss of surface α3 

integrin expression positively correlated with high Gleason grade and the pathological stage 

of the cancer [Schmelz et al., 2002].

Likewise, expression of α6 integrin is an important determinant of tumor progression, 

reduced patient survival, and increased metastasis [Ports et al., 2009; Schmelz et al., 2002]. 

Integrin α6 is a marker of prostate cancer stem cells or tumor initiating cells [Park et al., 

2016; Schmelz et al., 2005]. Previous work has shown a strong expression of α6 integrin 

during perineural invasion [Sroka et al., 2010] and bone metastasis in prostate cancer 

[Landowski et al., 2014; Schmelz et al., 2002]. A tumor-specific functional variant, α6p, is a 

key contributor to cancer metastasis [Demetriou and Cress, 2004; Demetriou et al., 2008; 

Ports et al., 2009]. However, the role of α3 integrin in cancer progression remains less clear 

[Stipp, 2010]. Several studies report α3 integrin is pro-metastatic [Mitchell et al., 2010; 

Zhou et al., 2014], while others have defined α3 integrin as a mediator of cell spreading and 
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a negative regulator of metastasis [Demetriou and Cress, 2004; Varzavand et al., 2013]. The 

coordination of α6 and α3 function on the cell surface may be an important factor to 

consider in evaluating α3 integrin function in cancer progression.

An important determinant of the cell surface expression and function of integrins is their 

intracellular trafficking. Cell surface integrins are internalized to early endosomes, where 

they can be recycled back to the membrane to promote cell migration or routed to the 

lysosome for degradation [Bridgewater et al., 2012; Ramsay et al., 2007]. RabGTPases 

control these specific trafficking pathways and are often deregulated in cancer [Goldenring, 

2013]. Internalization and recycling of α6 integrin is reported to be crucial for migration of 

neuronal cells during development [Strachan and Condic, 2004] and in hypoxia-induced 

breast cancer invasion [Yoon et al., 2005]. Additionally, each alpha integrin is known to have 

a distinct internalization rate despite sharing the same β1 integrin partner [Bretscher, 1992].

In the present study, we characterized the internalization kinetics of laminin binding 

integrins and used it to determine if the differential expression of α3 and α6 integrin 

influenced respective internalization rates and intracellular localization. Receptor 

internalization can be influenced by ligand binding, integrin activation state, integrin 

clustering, membrane micro domain location, cell type, pH, and temperature [De Franceschi 

et al., 2015]. In order to minimize these variables, internalization rates were obtained using 

suspension cells as previously reported, to obtain “steady-state” or intrinsic internalization 

characteristics of the receptor being studied [Bretscher, 1992; Knauer et al., 1984]. 

Quantitation of the internalization kinetic parameters of the receptor(s) using flow cytometry 

and kinetic modeling [Wiley and Cunningham, 1982a] revealed that α3 integrin negatively 

influenced α6 integrin internalization. Depletion of α3 integrin expression increased 

trafficking of α6β4 integrin to early endosomes and resulted in the redistribution of α6β4 

integrin to the membrane at cell-cell locations.

MATERIALS AND METHODS

Cells, Antibodies, and Reagents

Human prostate cancer cell lines DU145, PC3, LNCaP, VCaP, 22Rv1 and immortalized 

human keratinocyte cell line HaCaT were obtained from the American Type Tissue 

Collection (ATCC, Manassas, VA). Human PC3B1 prostate cancer cells were isolated from 

the bone marrow of SCID mice that had been injected six weeks previously with the PC3 

cell line as described earlier [Ports et al., 2009]. Each prostate cancer cell line was cultured 

in Iscove’s modified Dulbecco’s medium (IMDM) from Invitrogen (Grand Island, NY) 

supplemented with 10% fetal bovine serum (FBS) Hyclone Laboratories (Novato, CA) at 

37 °C in a 5% CO2. Trypsin-EDTA (Gibco, NY) or non-enzymatic Cellstripper (CellGro, 

Manassas, VA) were used to obtain adherent cells. HaCaT were grown in Dulbecco’s 

medium (Invitrogen, Grand Island, NY) +10% FBS and the conditioned media enriched in 

laminin-511 and laminin-332, as reported [Sroka et al., 2008] was harvested.

Fluorophore conjugated antibodies used for flow cytometry include: phycoerythrin (PE) 

conjugated GoH3 (eBioscience, San Diego, CA) against α6 integrin; fluorescein-conjugated 

P1B5 (R&D Systems, Minneapolis, MN) against α3 integrin; FITC conjugated TS2/16 
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(eBiosciences) against-β1 integrin; Alexa Fluor 660 conjugated anti-β4 antibody (clone 

439-9B, eBiosciences) and FITC conjugated anti-transferrin receptor CD71 antibody 

(eBiosciences)

Antibodies used for immunofluorescence staining include: anti-α6 integrin J1B5 rat 

monoclonal antibody, anti-α3 integrin P1B5 mouse monoclonal antibody (EMD Millipore, 

Massachusetts) and anti-β4 integrin ASC3 mouse monoclonal antibody (EMD Millipore). 

Antibodies against endocytic markers were FITC conjugated mouse anti-EEA1 (Early 

Endosome Antigen-1) antibody (BD transduction Laboratories), anti-rat Alexa 546 and anti-

rabbit Alexa 633 conjugated secondary antibodies (Invitrogen, Carlsbad, CA). Anti-α6 

integrin antibody AA6NT [Ports et al., 2009] and anti-α3 integrin antibody AB1920 

(Chemicon, Temecula, CA), horseradish peroxidase–conjugated secondary antibodies 

(Jackson Immuno-Research Laboratories, Inc., West Grove, PA) were used for western 

blotting.

Anti-β1 integrin antibody AIIB2 (Developmental Studies Hybridoma Bank, University of 

IOWA, Iowa City, Iowa) was used for blocking adhesion function of the integrin. Laminin 

mimetic peptide HYD1 and a scrambled peptide, HYDS, were used as previously reported 

[Sroka et al., 2006].

Silencing expression by siRNA

DU145 cells (30% confluent) were treated with 25nM Dharmacon siRNA (Thermo 

Scientific, Lafayette, CO) specific for α6 or α3 integrin or with the non-targeting siRNA 

(SiGENOME Control Pool Non-Targeting #2) using DharmaFECT transfection reagent for 

72 hours.

Flow cytometry internalization assay

DU145 cells were obtained with Cellstripper and washed with cold PBS (Phosphate buffer 

saline) containing 0.2% BSA. Cell surface receptors were labelled with fluorophore-

conjugated antibodies specific for integrin subunits or transferrin receptor at 4°C for 45 

minutes. Unbound antibody was removed with cold PBS. Cells were incubated in media 

supplemented with 10% FBS at 37°C for internalization, followed by stopping the reaction 

at 4°C. Antibody remaining at the cell surface was removed using cold acid solution (0.5M 

NaCl, 0.2M CH3COOH) for 5 minutes followed by PBS wash. Cells were fixed in PBS 

containing 1% formaldehyde and analyzed using a FACScan (BD Biosciences, San Jose, 

CA). Internalized label for each time point was calculated as a percent of the full label mean 

peak fluorescence (MPF) value. At least three independent experiments were performed for 

each receptor. A first-order kinetics model was created using KaleidaGraph (Synergy 

Software) and provided a good fit for the receptor internalization kinetics (R2 > 0.98) 

according to the following formula,

where, y is the amount of receptor internalized at time t (in min), b is the maximum 

intracellular accumulation of the receptor, and kobs is the observed first-order rate constant 
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(min−1) [Wiley and Cunningham, 1982b]. Actual rate constant kactual (= b*kobs) was 

calculated as a measure of net internalization rate at the steady state of maximum internal 

accumulation. All values are reported as mean±standard error. Statistical analysis of the 

results was performed by Student’s t test for unpaired samples. A P-value lower than 0.05 

was considered statistically significant.

Cell migration assay

Cell migration was assessed using a modified Boyden chamber assay. Cell culture inserts 

(BD Biosciences, San Jose, CA, USA) of pore size 8 μm were coated on the underside with 

laminin enriched 50 μL HaCaT conditioned media overnight at 4°C. Approximately 15,000 

cells (siRNA treated) in 200 μL IMDM were plated into the upper chamber of each insert. 

Function blocking anti-β1 integrin antibody AIIB2 (1 mg/ml; 1:100) was added to cells prior 

to plating. Inserts were placed into wells containing 600 μL IMDM plus 10% FBS in a 24-

well tissue culture plate and incubated for 6 hours at 37°C in a humidified incubator. Cells 

on the underside of the insert were fixed/permeabilized in methanol/acetone and stained with 

4′, 6-diamidino-2-phenylindole (DAPI) (1μg/mL) (Sigma Chemical Co., St. Louis, MO, 

USA) for nuclei detection. The cell numbers were counted in five sections of each insert 

(four corners and the middle) using the Zeiss Axiophot inverted fluorescent microscope at 

20X magnification. Experiments were performed 3 times in triplicate, and the average 

number of cells per insert was calculated.

Immunofluorescence staining

DU145 cells grown to 70% confluence on glass coverslips were incubated with anti-α6 

integrin antibody J1B5, anti-α3 P1B5 antibody or anti-β4 ASC3 antibody diluted to 1:100 

IMDM+10% FBS media for 40 minutes in presence of 0.5 mM primaquine (Invitrogen, 

Carlsbad, CA), a recycling inhibitor. The cells were fixed using PBS containing 2% 

formaldehyde and permeabilized with PBS containing 0.2% Triton X-100. After blocking 

with 2% BSA for 20 minutes at room temperature, cells were incubated with antibodies 

against endocytic markers Alexa 488 conjugated mouse EEA1 (1:250) and Lamp1 (1:200) 

for 40 minutes. Cells were incubated with anti-rat or anti-mouse Alexa 546 and anti-rabbit 

Alexa 633 conjugated secondary antibodies for 30 minutes. Coverslips were mounted on 

slides using Prolong antifade (Invitrogen). Images were acquired using specimens were 

imaged using a DeltaVision Core system (GE Healthcare Bio-Sciences, Pittsburgh, United 

States of America) equipped with an Olympus IX71 microscope, a 60X objective (NA 1.20), 

and a cooled charge-coupled device camera (CoolSNAP HQ2; Photometrics). Single plane 

images were acquired and deconvolved with softWoRx v1.2 software (Applied Science). 

Images were analyzed using ImageJ plugin Just Another Colocalization Plugin (JACoP) to 

measure Pearson coefficient of co-localization (Pr) and percent endosomal vesicles positive 

for integrin.

RESULTS

Internalization rates of Integrin subunits

Internalization kinetics were quantified for the laminin binding α3 and α6 integrins, their 

binding partner β1 integrin, vitronectin binding αv integrin, and an unrelated abundant 
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transferrin receptor in DU145 cells. The general schema is shown (Fig. 1A). Since the cell 

surface receptors were labelled with fluorophore conjugated antibodies at 4°C, the 

internalization measured represents single cycle of internalization. Labelling of surface 

receptors was observed as an increase in mean peak fluorescence (MPF) values as compared 

to unlabeled cells (Fig. 1B, left panel). With increased time of internalization, the labelled 

cell surface receptor accumulated inside the cells, demonstrated by a gradual increase in the 

MPF values of the intracellular label (Fig. 1B, right panel). The percent of internalized 

surface label was calculated from MPF value of internalized label as compared to total 

surface label (Fig. 1C).

Significant α3 and α6 integrin internalization was observed within 10 minutes and 

approximately 40 to 60% of the label was internalized within one hour. Integrin α6 was 

internalized at a rate 3.25-fold higher than α3 integrin (kactual = 3.25±0.16 min−1 and 1.00±.

08 min−1 respectively, Fig. 1D). Intracellular accumulation of α6 integrin was ∼2-fold 

higher than α3 integrin (58.09±0.85, 30.46±0.67 percent of total surface integrin, 

respectively). Integrin αv had a lower kactual than α6 integrin but a higher intracellular 

accumulation (64.92±2.94). Transferrin receptor (TfR) was internalized with a significantly 

higher rate (kactual = 15±4.60), at least 4 times that of α6 integrin.

Internalization kinetics of β1 integrin (Fig. 1C) revealed a maximal internalization of 75%, 

while 45% of surface β1 integrin was already internalized at 0 min. This was not surprising, 

as caveolin mediated internalization of β1 integrin has been reported to occur at 4°C 

[Goldfinger et al., 1999; Teckchandani et al., 2009]. Moreover, β1 integrin potentially has 11 

alpha partners (α1–11), of which there is significant surface expression of α2, α3, α5, and 

α6 integrins in DU145 cells [Witkowski et al., 1993]. Thus, the β1 subunit internalized at 

4°C may reflect a cumulative internalization of various β1 integrin containing heterodimers. 

Interestingly, the other beta partner of α6, the β4 integrin, was completely internalized at 

4°C at 0 min in these cells (Fig. S1). This suggests that internalization rates of α6 subunit 

measured under a physiologically relevant temperature of 37°C were due to the α6β1 

heterodimer.

Silencing α3 integrin expression increases internalization of α6 integrin

Since both α3 and α6 laminin binding integrin expression is preserved in the majority of 

human prostate cancer, experiments were designed to determine if their internalization 

kinetics were coordinated. The study was restricted to androgen receptor (AR) minus cell 

lines since AR positive cell lines (LNCaP, VCaP and 22Rv1) were negative for α3 integrin 

expression (Fig. S2). Three other prostate cancer cell lines were tested (DU145, PC3, 

PC3B1). Since they are AR negative, they represent advanced castration resistant prostate 

cancer and express both α3 and α6 integrin. The expression of α3 or α6 integrin was 

silenced (siα3 or siα6 cells respectively) and the effect on the internalization kinetics of the 

non-targeted integrin was determined. Importantly, silencing expression of either integrin did 

not have a measurable effect on the total cellular expression of the non-targeted integrin as 

seen by immunoblot analysis (Fig. 2A). Cell surface α6 integrin was labelled with PE-

conjugated anti-α6 integrin antibody and a time-dependent increase in internalized label was 

observed. Representative flow profiles are shown for DU145 cells (Fig. 2B). In each of the 
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three cell lines, DU145, PC3, PC3B1, the internalization of α6 integrin in siα3 cells was 

significantly increased as compared to cells treated with non-targeting siRNA (siCON cells) 

(Fig. 2C). Kinetic rate constant analysis confirmed a statistically significant increase in 

kactual of α6 integrin internalization as compared to siCON cells. DU145 cells showed 1.47 

fold increase in kactual (from 3.20min−1 to 4.72 min−1), PC3 had a 1.71 fold increase (from 

0.69 min−1 to 1.18 min−1) PC3B1 had a 1.44 fold increase (from 1.04 min−1 to 1.47 min−1) 

in siα3 cells versus siCON cells (Fig. 2D). The total intracellular accumulation, as judged by 

the amplitude of α6 integrin was increased in each of the three cell lines (52.48 to 63.83, 

11.35% increase in DU145; 34.61 to 42.10, 7.49% increase in PC3; and 40.32 to 52.36, 

12.04% increase in PC3B1 cells). Depletion of α3 integrin expression in all three cell lines 

increased the α6 integrin internalization rate up to 1.71 fold, despite the differences in the 

intrinsic α6 integrin internalization rates (Fig. 2C, D). These data showed that the observed 

increased α6 integrin internalization by α3 integrin depletion was independent of the 

intrinsic internalization rate.

Silencing α6 integrin expression does not affect internalization rate of α3 integrin

We next tested whether depletion of α6 integrin expression was a determining factor in α3 

integrin internalization rates in the three cell lines DU145, PC3 and PC3B1. The silencing of 

α6 integrin (siα6) did not alter the total amount of α3 integrin expressed (Fig. 2A). The 

surface labelled α3 integrin internalized in a time dependent manner in siα6 or siCON cells 

as shown in representative flow cytometry profiles for the population of DU145 cells (Fig. 

3A). Analysis of the MPF data obtained from the flow cytometry profiles generated the 

internalization curves (Fig. 3B). The internalization rate constant of α3 integrin was not 

significantly different in siCON and siα6 cells in any of the three cell lines. However, kinetic 

analysis predicted an increase in intracellular accumulation, as judged by an increase in 

amplitude (31.27 to 42.11; 11% increase) of α3 integrin in siα6 cells in DU145 cells (Fig. 

3C). An increase in amplitude was also observed in PC3 (63.77 to 66.67; 3% increase) and 

in PC3B1 (51.84 to 62.18; 10% increase) (Fig. 3C). We note that while the three cell lines 

have similar intrinsic internalization rate constants for α3 integrin (DU145, PC3, PC3B1 

rates were 1.03, 1.20, 1.19, respectively) a statistically significant difference exists in the 

total intracellular accumulation of the α3 integrin in DU145, PC3 and PC3B1 cells (31.27, 

63.77 and 51.84, respectively).

A comparison of the actual rate constant of internalization (kactual) of the laminin binding 

integrins and whether depletion of either alpha subunit affects the internalization of the other 

alpha subunit was tested in the three cell lines (Fig. 4). Silencing α3 integrin expression led 

to a statistically significant increase in internalization of the α6 subunit by 1.44–1.71-fold, 

but did not affect the kactual of TfR internalization. The kactual of α3 internalization remained 

unchanged on silencing α6 integrin expression.

We next tested whether a biologically active peptide called HYD1 or an antibody antagonist 

to α3 and α6 integrin function would alter internalization rates. HYD1 is a D-amino acid 

containing peptide that blocks α3 and α6 adhesion without altering signaling [Sroka et al., 

2006] and AIIB2 will block β1 integrin adhesion function [Werb et al., 1989]. HYD1 did not 

affect the internalization of either α3 or α6 integrin (Fig. S3A). However, functional 
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blocking of their partner β1 integrin with the AIIB2 antibody reduced internalization of α6 

integrin but not α3 integrin (Fig. S3B). These data further underscores the differential 

regulation of α3 and α6 internalization properties despite sharing the same β1 integrin 

partner.

Silencing α3 integrin expression increased α6β1 integrin dependent cell migration

The functional consequence of the increased α6 internalization rate was tested using a 

modified Boyden chamber migration assay. In brief, cells were plated on the top of the insert 

and allowed to migrate to the other side of the membrane, which was coated with laminin. 

Silencing expression of α3 integrin (siA3) resulted in a marked increase in cell migration as 

compared to the untreated (siCON) cells (1.8 fold, **p < 0.005 Fig. 5, black bars). The 

increased cell migration induced by silencing of α3 (siα3) was dependent upon α6 integrin 

since dual silencing of α6 and α3 integrin (siA3 + siA6), inhibited the siα3 dependent 

increase in cell migration (**p < 0.005). Both the induced (siA3) and constitutive migration 

(siCON) was dependent on β1 integrin as shown by AIIB2 antibody treatment (Fig. 5).

Internalized α6, β4 and α3 integrin was targeted to early endosomes

The endocytic fate of the internalized integrins was determined by staining cells with 

markers for key endocytic vesicular compartments. α6 integrin co-localized with early 

endosome marker, early endosome antigen 1 (EEA1) in untreated DU145 cells (Fig. 6A, C). 

The co-localization increased significantly in cells depleted of α3 integrin expression (siA3) 

(Fig. 6B–D, Pearson’s Coefficient of Colocalization (Pr) increased from 0.28 to 0.36). 

Approximately 10% of EEA1 positive vesicles contained α6 integrin in untreated cells. 

Depletion of α3 integrin led to a 40% increase in α6 positive EEA1 vesicles (Fig. 6D). 

These early endosomes had specific domains positive for either EEA1 (green) or α6 integrin 

(red) or EEA1/α6 integrin overlapped regions (yellow) (Fig. 6C). The increase in α6 

integrin in EEA1 vesicles was consistent with the increased intracellular accumulation of α6 

integrin observed in the internalization assays (Fig. 2). There was no change in α6 integrin 

localization to Lamp1 vesicles in untreated or siα3 cells (Fig. 6 A, B, D), indicating that the 

internalized integrin was not targeted for degradation.

Since α6 integrin was observed redistributed to EEA1 and cell-cell locations upon depletion 

of α3 integrin expression (Fig. 6) and α6 can partner with either β1 or β4, we determined 

the localization of the β4 integrin under these same conditions. Integrin α6 and β4 localized 

to EEA1 vesicles in untreated DU145 cells (Fig. 7A, C). The co-localization with EEA1 

increased significantly in cells depleted of α3 integrin expression (siA3) (Fig. 7B–D). 

Pearson’s Coefficient of Colocalization (Pr) increased from 0.20 to 0.35 for α6 integrin; 

0.25 to 0.46 for β4 integrin (Fig. 7D). Both α6 and β4 integrin increased within EEA1 

vesicles (14 % to 34% for α6 integrin and 22% to 38% for β4 integrin) in response to 

silencing of α3 integrin expression (siA3) (Fig. 7D). Similar to the results in Figure 6, early 

endosomes were detected that had specific domains positive for either EEA1 (green), α6 

integrin (red), β4 integrin (blue) or EEA1/α6/β4 integrin overlapped regions (white) (Fig. 

7C). A discontinuous pattern of overlapping regions, as indicated by white pixels (Fig 7C, 

siA3, circles) was observed in α3 integrin silenced cells, suggesting distinct domains within 
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the endosome. Integrin α3 silenced cells showed a marked redistribution of α6β4 integrin to 

cell-cell locations (Fig. 6B, 7B).

Although α3 internalization rates were unaffected by the silenced expression of α6 integrin 

(Fig. 3), we determined whether the localization of α3 integrin was affected under these 

same conditions. Internalized integrin α3 showed significant co-localization with EEA1 in 

both untreated and α6 integrin silenced DU145 cells (siA6) (Fig. 8A, C). Pearson’s 

Coefficient of Co-localization (Pr) remained unchanged (0.48 for untreated and 0.52 for 

siα6 integrin) (Fig. 8C). Under both conditions, approximately 50% of EEA1 vesicles were 

positive for α3 integrin (Fig 8C) and α3 integrin was not significantly associated with 

Lamp1 vesicles (Fig. 8B, C).

DISCUSSION

Internalization of cell surface integrins is a major regulator of their cell membrane 

expression and function and a prerequisite for integrin-mediated cancer cell migration 

[Desgrosellier and Cheresh, 2010]. Here we report internalization kinetics of laminin 

binding integrins using flow cytometry and first-order reaction kinetics model. The α6 

integrin internalization rate was 3-fold higher as compared to α3 integrin, consistent with 

previous reports that the integrin alpha subunits have distinct internalization rates despite 

sharing the common integrin β1 partner [Bretscher, 1992; Winterwood et al., 2006]. For 

comparative purposes, an unrelated integrin (αvβ3 had a slower internalization rate than α6 

integrin (2.20 min−1 versus 3.25 min−1, respectively) whereas a growth-promoting receptor, 

the transferrin receptor, internalized with a rate of 15.08 min−1.

Interestingly, the internalization rate does not necessarily reflect intracellular accumulation 

since the αvβ3 integrin has a slower internalization rate compared to α6 integrin (2.2 min−1 

versus 3.25min−1, respectively) but more internal accumulation compared to α6 integrin 

(65% versus 58%, respectively). Differences in accumulation likely reflect differences in 

recycling rate and adapter proteins for trafficking regulation. For example, Rab11-FIP1 

(RCP) machinery is used by fibronectin/vitronectin binding integrins (αvβ3 and α5β1) 

[Caswell et al., 2008]. It remains to be determined which adapters are important for laminin 

binding integrins. The data also indicate that laminin binding integrins are internalized from 

the cell surface with significantly different rates from each other despite sharing the same β1 

partner and the rates are distinct from non-laminin binding integrins and a growth-related 

receptor. Current experiments are underway to determine which Rab11 adapter proteins 

regulate α6 versus α3 integrin trafficking and recycling.

Integrins α3 and α6 work coordinately in normal cellular processes such as wound healing 

and epithelial development. In metastatic prostate cancer, distinct subtypes exist with 

differential expression of α3 and α6 integrins. High grade prostate carcinoma shows 

selective loss of α3 integrin while preserving expression of α6 integrin [Schmelz et al., 

2002]. In model systems, α3 integrin expression can either prevent tumor progression or 

exacerbate it. In the current study, the presence of α3 integrin had a significant effect on 

internalization and cellular localization of α6 integrin. This could explain, in part, the 

previously discrepant reports since our results show that a coordination exists between α3 
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and α6 integrin. Here, depletion of α3 integrin led up to a 1.71-fold increase in α6 integrin 

internalization. The increased internalization of α6 integrin by silencing α3 integrin was 

accompanied by an increased migration on laminin. The results were consistent with 

previous studies utilizing an α3 integrin null mouse, where wound healing is faster owing to 

rapid and persistent keratinocyte migration dependent on α6 integrin [Margadant et al., 

2009]. These results suggest a coordination of the laminin receptors may exist to influence 

cancer migration. Future studies will be important to determine which region of the α6 

integrin is crucial for internalization in prostate cancer cells when α3 integrin is silenced. As 

specific regulators of α6 integrin internalization are found, it will be of interest to identify 

agonists and antagonists, as they may prove useful for blocking tumor metastasis via laminin 

lined structures. Silencing of α6 integrin expression did not alter the α3 integrin 

internalization rate, although an increased intracellular accumulation was observed. The data 

suggest a “unidirectional” regulation of internalization of laminin binding integrins. This is 

distinct from a previously reported reciprocal relationship between the recycling of 

fibronectin receptors α5β1 and αvβ3, where inhibition of either integrin promoted the 

recycling of the non-targeted integrin [Caswell et al., 2008].

The internalized α6 integrin was targeted to the early endosomes, which was markedly 

increased on silencing α3 integrin. An interesting observation was that the endosomes had 

specific domains of the cargo integrin, as suggested by discontinuous overlap with EEA1 

distribution (Figs 6C, 7C and 8A). Integrin β4 was also found in these early endosomes. 

Importantly, α3 integrin depletion led to a redistribution of α6β4 to the plasma membrane at 

cell-cell contacts. This adds new interesting information that α6β4 integrin heterodimer 

localization is reminiscent of suprabasal distribution observed in the epidermis and results in 

enhanced tumorigenesis [Owens et al., 2003]. This may possibly be due to the recycling of 

the internalized integrins from early endosomes to the cell-cell lateral membrane. In human 

keratinocytes, α6 integrin has been observed in vesicles close to the lateral membrane, as 

well as in intercellular spaces by electron microscopy [Poumay et al., 1993]. Trafficking of 

α6 integrin to cell-cell lateral membrane has also been reported during epidermal 

development in zebrafish [Sonawane et al., 2009]. Integrins at cell-cell membrane have been 

implicated in cell-cell adhesion [Chattopadhyay et al., 2003; Emsley and Hagg, 2003] 

through the extracellular matrix present between cells [Behrendtsen et al., 1995]. Future 

work will determine if α6β4 integrin may be important for cell-cell interaction and promote 

collective cell migration, a characteristic of human prostate cancer invasion and metastasis 

[Nagle and Cress, 2011].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Internalization kinetics of integrin subunits and transferrin receptor
[A] Schematic representation of the internalization assay. DU145 cells were surface labelled 

with fluorophore conjugated antibodies against integrin subunits α6 (A6-PE), α3 (A3-

FITC), αv (Av-PE), β1 (B1-FITC), or transferrin receptor (TfR-FITC) at 4°C for 1 hr. 

followed by internalization at 37°C for different time intervals. Remaining surface label was 

removed and cells were fixed and analyzed by flow cytometry. [B] Flow histograms of 

receptor internalization. Left panel shows total surface levels of the indicated receptor and 

unlabeled cells (shaded) are shown as control. Right panel shows histogram profile of the 

labelled receptor internalized at representative time intervals showing increase in mean peak 

fluorescence with increase in time of internalization. [C] Internalization curve of the 

receptors. Percent of label internalized (calculated as percent mean peak fluorescence of 

internalized label at a given time point versus total surface label) is plotted against time of 

internalization. First order curve is fitted using Kaleidagraph (R2>0.98). [D] Parameters of 

internalization kinetics: maximum intracellular accumulation (amplitude, b) and 

internalization rate constants (observed, kobs and actual, kactual) calculated using first order 
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rate kinetics. Histograms and kinetic curves are representative of at least 3 independent 

experiments.
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Figure 2. Internalization of integrin α6 after silencing integrin α3 expression
DU145, PC3 or PC3B1 cells were transfected with non-targeting siRNA (SiCON), siRNA 

against α3 integrin (siA3), or α6 integrin (siA6). [A] Immunoblot showing integrin α6 

(AA6NT) and integrin α3 (AB1920) expression in untreated (WT), siCON, siA3, siA6 

DU145 cells. [B] Internalization assay for integrin α6 and TfR were performed on siCON 

and siA3 cells. Flow histogram of total labelled integrin α6 at the surface and amount 

internalized at different time intervals in siCON and siA3 treated DU145 cells. [C] 
Internalization curve of α6 integrin (A6) in siCON, siA3, and siA6 cells and transferrin 

receptor (TfR) in siCON, siA3 treated DU145, PC3 and PC3B1 cells. Percent label 

internalized was calculated and first order kinetic curve was fitted as previously described in 

figure 1. [D] Maximum intracellular accumulation (amplitude, b) and internalization rate 

constants (observed, kobs and actual, kactual) calculated as per first order rate kinetics. 
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Results represent 4 independent experiments. Statistical significance calculated for change 

in kactual of siA3 versus siCON cells as per student’s t test, unpaired, *p < 0.05, n = 4.
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Figure 3. Internalization kinetics of integrin α3 after silencing integrin α6 expression
Internalization assay for integrin α3 was performed on DU145 cells transfected with non-

targeting siRNA (siCON), siRNA against α3 integrin (siA3), or α6 integrin (siA6). [A] Flow 

histogram of total labelled integrin α3 (A3) at the surface and amount internalized at 

different time intervals in siCON and siA6 treated DU145 cells. [B] Internalization curve of 

α3 integrin and transferrin receptor (TfR) in siCON, siA6, and siA3 treated DU145, PC3 

and PC3B1 cells. [C] Maximum intracellular accumulation (amplitude, b) and 

internalization rate constants (observed, kobs and actual, kactual) calculated as per first order 

kinetics. Results represent 4 independent experiments.
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Figure 4. Actual internalization rate constant of laminin binding integrins on depletion of either 
subunit
Actual Internalization rate constant (kactual) of α6, α3 or TfR internalization in DU145, PC3 

and PC3B1 cells treated with siCON (grey bars), siA6 or siA3 treated cells (black bars). *p 

< 0.05, n = 4.
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Figure 5. Depletion of α3 integrin increased cell migration dependent on α6β1 integrin
DU145 cells were treated with non-targeting siRNA (siCON), siRNA targeting α3 integrin 

(siA3), and/or α6 integrin (siA6) followed by modified Boyden chamber cell migration 

assay for 6 hours. Statistical significance assessed by student’s unpaired t-test, (n = 3, each 

experiment in triplicates), **p < 0.005.
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Figure 6. Distribution of α6 integrin in endosomal vesicles and redistribution on silencing α3 
integrin expression
Surface integrin α6 was labelled with J1B5 in DU145 cells and allowed to internalize for 40 

minutes in the presence of primaquine (a recycling inhibitor) to achieve maximum 

intracellular accumulation. Cells were fixed, permeabilized, and immunostained for markers 

of intracellular vesicular compartments. [A] Untreated DU145 cells, [B] siA3 treated cells. 

Integrin α6 (A6, red), early endosome antigen 1 (EEA1) positive early endosomes (green), 

Lamp1 vesicles (blue) and DAPI (gray) in merged image. Images acquired by confocal 

microscopy. [C] Magnified images of boxed sections are shown for untreated and siA3 

treated DU145 cells. [D] Percent EEA1 or Lamp1 vesicles containing α6 integrin and mean 

Pearson coefficient of correlation of α6 integrin with EEA1 (Pr(α6/EEA1) or with 

Lamp1(α6/Lamp1) are reported for untreated or siA3 treated cells based on 10 different 

field of view in 3 independent experiments (*p < 0.05 **p < 0.005). Bars, 10μm.
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Figure 7. Distribution of α6β4 integrin in early endosomes on silencing α3 integrin expression
Surface α6 integrin was labelled with J1B5 and β4 integrin with ASC3 antibody in DU145 

cells and allowed to internalize for 40 minutes in the presence of primaquine (a recycling 

inhibitor) to achieve maximum intracellular accumulation. Cells were fixed, permeabilized, 

and immunostained for markers of intracellular vesicular compartments. [A] Untreated 

DU145 cells, [B] siA3 treated cells. Integrin α6 (A6, red), early endosome antigen 1 (EEA1) 

positive early endosomes (green), integrin β4 (B4, blue) and DAPI (gray) in merged image. 

Images acquired by confocal microscopy. [C] Magnified images of boxed sections are 

shown for untreated and siA3 treated DU145 cells. [D] Percent EEA1 vesicles containing α6 

or β4 integrin and mean Pearson coefficient of correlation of α6 integrin with EEA1 (Pr(α6/

EEA1) or β4 with Lamp1(α6/EEA1) are reported for untreated or siA3 treated cells based 

on 10 different field of view in 3 independent experiments (*p < 0.05 **p < 0.005). Bars, 

10μm.
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Figure 8. Distribution of α3 integrin in endosomal vesicles on silencing α6 integrin expression
P1B5 labelled surface integrin α3 in DU145 cells was allowed to internalize for 40 minutes 

in the presence of primaquine (a recycling inhibitor) to achieve maximum intracellular 

accumulation. Cells were fixed, permeabilized, and immunostained for markers of 

intracellular vesicular compartments. Untreated and siA6 treated DU145 cells stained for 

integrin α3 (A3, red) with early endosome antigen 1 (EEA1, green) in merged image [A] or 

Lamp1 (green) [B] and DAPI (blue). Magnified image of the boxed region are shown to 

demonstrate co-localization. Images acquired by confocal microscopy. [C] Percent EEA1 or 

Lamp1 vesicles containing α3 integrin and mean Pearson coefficient of correlation of α3 

integrin with EEA1 (Pr(α3/EEA1) or with Lamp1(α3/Lamp1) are reported for untreated or 

siA6 treated cells based on 10 different field of view in 3 independent experiments. Bars, 

10μm.
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