1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cancer Res. Author manuscript; available in PMC 2020 March 15.

-, HHS Public Access
«

Published in final edited form as:
Cancer Res. 2019 September 15; 79(18): 4703-4714. doi:10.1158/0008-5472.CAN-19-0868.

Gene editing of a6 integrin inhibits muscle invasive networks
and increases cell-cell biophysical properties in prostate cancer

Cynthia S. Rubensteinl, Jaime M.C. Gardl, Mengdie Wang?, Julie E. McGrathl, Nadia
Ingabirel, James P. Hintonl, Kendra D. Marrl, Skyler J. Simpsonl, Raymond B. Nagle?,
Cindy K. Mirantil:3, Noel A. Warfel3, Joe G.N. Garcia®, Hina Arif-Tiwari®, Anne E. Cress12:3:4
1Cancer Biology Research Program, University of Arizona Cancer Center, University of Arizona,
Tucson, AZ 85724

2Dept. of Pathology, University of Arizona Cancer Center, University of Arizona, Tucson, AZ
85724

SCellular and Molecular Medicine, University of Arizona Cancer Center, University of Arizona,
Tucson, AZ 85724

4Radiation Oncology, University of Arizona Cancer Center, University of Arizona, Tucson, AZ
85724

5Dept. of Medicine, University of Arizona Cancer Center, University of Arizona, Tucson, AZ 85724

6Medical Imaging and the University of Arizona Cancer Center, University of Arizona, Tucson, AZ
85724

Abstract

Human prostate cancer (PCa) confined to the gland is indolent (low-risk) but tumors outside the
capsule are aggressive (high-risk). Extracapsular extension requires invasion within and through a
smooth muscle-structured environment. Since integrins respond to biomechanical cues, we used a
gene editing approach to determine if a specific region of laminin-binding a6p1 integrin was
required for smooth muscle invasion both in vitro and in vivo. Human tissue specimens showed
PCa invasion through smooth muscle and tumor co-expression of a.6 integrin and E-cadherin in a
cell-cell location and a.6 integrin in a cell-ECM distribution. PCa cells expressing a.6 integrin
(DU145 a6WT) produced a 3D invasive network on laminin-containing matrigel and invaded into
smooth muscle both in vitro and in vivo. In contrast, cells without a6 integrin (DU145 a6KO) and
cells expressing an integrin mutant (DU145 a.6AA) did not produce invasive networks, could not
invade muscle both in vitro and in vivo, and surprisingly formed 3D cohesive clusters. Using ECIS
(electric cell-substrate impedance) testing, cohesive clusters had up to a thirty-fold increase in
normalized resistance at 400Hz (cell-cell impedance) as compared to the DU145 a6WT cells. In
contrast, measurements at 40,000 Hz (cell-ECM coverage) showed that DU145 a6AA cells were
two-fold decreased in normalized resistance and were defective in restoring resistance after a 1JuM
S1P challenge as compared to the DU145 a.6WT cells. The results suggest that gene editing of a
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specific a6 integrin extracellular region, not required for normal tissue function, can generate a
new biophysical cancer phenotype unable to invade the muscle, presenting a new therapeutic
strategy for metastasis prevention in PCa.
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Introduction

Recent advances in our understanding of the tumor microenvironment underscore the
importance of biophysical properties of the tissue of origin and collective migration as
defining features for metastasis (1,2). The nature of the extracellular matrix (ECM) material
surrounding the tumor often determines how a tumor will migrate within and outside of the
primary organ; there are multiple mechanisms that occur in 3D migration (3,4). The
microenvironment of the human prostate is a simple glandular epithelium embedded in
muscle and within the peripheral zone; a smooth muscle casing, known as the prostate
capsule, defines the boundary of the gland (5). Lethal PCa escapes through the smooth
muscle, along myelinated nerves (6,7), and disseminates via a hematogenous route to bone
(8). These tumor microenvironments are structured tissue that depend, in part, upon a
laminin-containing ECM (9,10). Anatomical and biophysical considerations point to
dynamic collective migration as a likely mode of PCa invasion and metastasis through these
varied ECM environments (11,12). The ECM environment can provide positive feedback
and serve as a persistent migration cue for the transition to invasive cancer (13).

Because integrins reciprocally respond to biomechanical cues (14), we investigated the
requirement for a tumor-specific laminin-binding integrin, called a.6pp1 integrin, to invade
smooth muscle. For simplicity, a6p1 and a6ppl integrin are called a6 and a.6p,
respectively. The a6 integrin expression is a marker of aggressive clinical behavior in both
human breast and PCa (15-18). The a6 integrin and urokinase plasminogen activator
receptor (UPAR, CD87) functionally interact on the cell surface to produce a tumor specific
a6p integrin missing the extracellular domain, via urokinase, in PCa cells (19-21). Amino
acid residues R594 and R595, located in the “stalk” region of integrin a.6, are required for
the cleavage reaction (22). While both a6 integrin and uPAR (23-25) separately are
associated with increased invasion and a malignant phenotype in several epithelial human
cancers, the purpose of the current study was to use a Crispr/Cas9 gene editing approach to
determine if invasion of prostate tumor cells through muscle was dependent upon production
of the a.6p integrin variant. Tumor cells expressing an uncleavable mutant a6 integrin
(DU145 a6AA) were not invasive into smooth muscle and, unexpectedly, resulted in a
biophysical phenotype with increased cell-cell adhesion and reduced cell-ECM biophysical
properties. These data underscore an unexpected bioactivity of a specific a6 integrin
extracellular region that is not required for normal tissue function to generate a new
biomechanical phenotype in cancer cells that is unable to invade a smooth muscle barrier.
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Materials and Methods

Cells, Antibodies and Reagents

DU145 cell line was obtained from the American Tissue Type Collection (ATCC, Manassas,
VA). The cell line was cultured in Iscove’s modified Dulbecco’s medium (IMDM) from
Mediatech (Manassas,VVA) supplemented with 10% fetal bovine serum (FBS) Hyclone
Laboratories (Novato, CA) and incubated at 37° in a 5% CO», humidified chamber. Non-
enzymatic Cellstripper (CelGro, Manassas, VA) was used for cell harvesting. Antibodies
used for immunofluorescence microscopy include: anti-a.6 integrin (A6NT, (21)), anti-
Desmin (Atlas Antibodies HPA018803), anti-E-Cadherin M168 (Abcam ab76055), anti-
CK5/14 (KA2), anti-CK18 (Abcam EPR1626), and anti-FOXAL (Abcam EPR10881).
Antibodies used for flow cytometry include: anti-a6 integrin phycoerythrin (PE) conjugated
GoH3 (eBioscience, San Diego, CA) and ADG3937 (Sekisui Diagnostics) mouse
monoclonal antibody against uPAR. Alexa Fluor 488 (Invitrogen) secondary antibody was
used for UPAR detection.

Genome editing

Homozygous knock-out cell line for ITGA6 gene (DU145 a.6KO) and homozygous amino
acid substitutions for ITGA6 R594A and R595A (DU145 a6AA) were created using
CRISPR/Cas9 technologies in the University of Arizona Cancer Center (UACC) Genome
Editing Facility. Colonies were screened by AA-specific PCR primer and agarose gel
electrophoresis. Clones that were positive for AA amplification fragment internal to the
targeted deletion were sent for sequencing. Parental PCa cells DU145 were transfected with
Cas9 protein, crRNAs, and tracrRNA (Integrated DNA Technologies) using the
Lipofectamine RNAIMAX reagent (Thermo Fisher Scientific). Two days after transfection,
cutting efficiency was estimated based on DNA prepared from a portion of the transfected
cell population using a T7 endonuclease assay (New England BioLabs) employing PCR
primers flanking the predicted ligation-junction product. Single cells were deposited in ten
96-well plates by UACC Flow Cytometry Shared Resource. Colonies were expanded and
screened by PCR and agarose gel electrophoresis. Clones that were negative for a fragment
internal to the targeted deletion but positive for a ligation-junction fragment were potentially
homozygous for the deletion. Absence of a6 integrin or presence of a6 integrin AA mutant
was confirmed by flow cytometry and western blot analysis. All cells were authenticated by
the University of Arizona Genetics Core and mycoplasma tested in 2019 by the University
of Arizona Cancer Center Research Core Services.

Immunoprecipitation and immunoblot analysis

DU145 cells were lysed in CHAPS lysis buffer (50mM Tris-HCL, 110mM NaCl, 5mM
EDTA,1% CHAPS) supplemented with complete mini protease inhibitor cocktail (Roche,
Indianapolis, IN) and phosphatase inhibitor cocktails 2 and 3 (Sigma, St. Louis, MO). The
cell lysate was pre-cleared with protein G sepharose beads (GE Healthcare, Little Chalfont,
UK) for 1 hr before p1 was immunoprecipitated (IP) using the TS2/16 antibody (1:100) for
2 hrs at 4°C with continuous rotation, followed by the addition of G sepharose beads for 1
hr. The lysates were then washed twice in CHAPS buffer, spun down and boiled with PBS
and NuPAGE LDS sample buffer (ThermoFisher Scientific, Waltham, MA). The samples
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were then resolved using SDS-PAGE and immunoblot analysis using the a6 integrin
antibody, AAGNT (1:15,000), and detected with an HRP conjugated anti-rabbit secondary
(1:500).

For supplemental data, total cell lysate was prepared using radioimmunoprecipitation buffer
((RIPA) 50mM TRIS, 150 nM NaCl, 1% Triton X-100, 0.10% SDS, 1% deoxycholate)
supplemented with complete mini protease inhibitor cocktail (Roche, Indianapolis, IN) and
phosphatase inhibitor cocktails 2 and 3 (Sigma, St. Louis, MO). The samples were then
resolved by SDS-PAGE and immunablotting using AABNT a6 integrin (1:10,000) specific
antibody, anti-FAK (1:500, BD cat#610088) and anti-uPAR (1:1000, D7X2N, Cell Signaling
Technology, Danvers, MA). The anti-GAPDH rabbit monoclonal antibody 14C10 (1:4000,
Cell Signaling Technology Danvers, MA) and all primary antibodies were detected by
appropriate HRP conjugated secondary antibodies (1:10,000). The proteins were then
visualized using chemiluminescence (ECL Western Blotting Detection System, Amersham,
Arlington Heights, IL). Membranes were then visualized utilizing a western blot imaging
system (Syngene, Frederick, MD) and densitometry measurements performed using Image J.

Immunohistochemistry

Formalin-fixed paraffin embedded (FFPE) tissue sections (5 uM thickness) were baked at
65°C overnight, washed in xylene 3 times, 7 mins each, to remove paraffin, followed by
passing through 100%, 75%, 50% isopropanol, and ddH,0 for rehydration. Antigen retrieval
was performed using EnVision FLEX target retrieval solution high pH (DAKO, DM828)
buffer and heated at 97°C using decloaking chamber for 20 mins. Slides were washed in
washing buffer (0.1 M TRIS-HCI, 0.3 M NaCl, 0.1% Tween 20, and 7.7 mM NaNs, pH 7.6
at 25°C) followed by blocking buffer (5%(v/v) Normal Goat Serum, 0.1 M TRIS-HCI, and
0.15 M NaCl, pH 7.6 at 25°C) for 30 mins. Primary antibodies were diluted in blocking
buffer and incubated at 4°C overnight in a humidified chamber. Slides were washed 3 times
in wash buffer and incubated with secondary antibody and Hoechst 33342 (1:1,000;
Invitrogen) for 30 mins to 1 hour at room temperature. Slides were washed 3 times in
washing buffer and then mounted using ProLong® Diamond Antifade Mountant (Thermo
Fisher Scientific, P36970) and stored in the dark at room temperature overnight to cure the
mountant. Specimens were imaged using a DeltaVision Core system (GE Healthcare Bio-
Sciences) equipped with an Olympus IX71 microscope, a 10X objective (NA 0.4), 60X
objective (NA 1.42), and a cooled charge-coupled CoolSNAP HQ2 camera (Photometrics).
Images were acquired with softWoRx v1.2 software (Applied Science). Image processing
used Photoshop and analysis used Image J plot profile.

3D indirect immunofluorescence microscopy

For 3D indirect immunofluorescence microscopy, cells grown in 3D cultures were fixed in
2% paraformaldehyde (EM grade) freshly prepared in PBS for 20 mins at room temperature.
After fixation, wells were rinsed once in PBS and permeabilized with 0.5% Triton X-100 in
PBS at room temperature for 10 min. After permeabilization, cells were rinsed 3 times, 10
mins each, with PBS:glycine (100 mM), blocked with 10% (v/v) of goat serum (Sigma) in
IF buffer (130 mM NaCl, 7 mM NayHPOy, 3.5 mM NaH,POy4, 7.7 mM NaNs, 0.1% BSA,
0.2% Triton X-100, 0.05% Tween-20) for 1 h at room temperature, and primary antibodies
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were incubated in the same solution overnight at room temperature. Cells were then washed
3 times, 20 mins each, with IF buffer, and incubated with secondary antibodies for 1 hr at
room temperature. Cells were next washed once with IF buffer for 20 mins, and twice with
PBS followed by incubation with Hoechst 33342 (1:1,000; Invitrogen) for 15 mins. Cultures
were mounted and imaged as above.

3D Invasion Networks

Phenol red free and growth factor reduced Matrigel (10.5 mg/ml protein containing laminin
111, Corning, Corning, NY cat# 356231) was thawed on ice overnight in 4°C. 50uL of
Matrigel was added per well of 48-well plates and allowed to solidify for 15 mins at 37°C.
DU145 cells were then harvested with Cellstripper (CelGro, Manassas, VA) and 80,000 cells
per well were added on top of the Matrigel. Each well was then brought up to a total volume
of 500uL. with IMDM medium supplemented with 5% FBS. The 3D cultures were then
incubated at 37° in a 5% CO, humidified chamber for up to 12 hrs.

Electric cell-substrate impedance sensing (ECIS)

Electrical properties of confluent or wounded epithelium were measured using electric ECIS
as described previously (26). Cell adhesion measurements were based on changes in
resistance/capacitance to current flow applied at different frequencies (Applied Biophysics,
Troy, NY, USA). 96-well plate (Applied Biophysics,96W10idf PET) was coated with
laminin at 4°C overnight, cells were inoculated at 125,000 cells per well in 200 mL in
triplicates, and resistance/capacitance was measured at 400 and 40,000 Hz. Biophysical
parameters for Supplemental Table 1 were determined by dose-response: [Agonist] vs.
response—Variable slope model: Y=Bottom+(XHillslope)*(Top-Bottom)/(X HillSlope +
EC507HillSlope) using GraphPad Prism 8.

Prostate Smooth Muscle Invasion Assay

Prostate smooth muscle cells (PrSMC, Lonza Cat #CC-2587), 40,000 per well, were placed
into tissue culture transwell inserts (Corning, 8uM pore, 24-well plate, Cat#351152) that had
been pre-coated with 50ug/ml of Collagen 1. The smooth muscle layer formed for a
minimum of one week. A differentiated layer of PrSMCs was detected either by direct
observation or staining for desmin, an intermediate filament protein specific for
differentiated smooth muscle. The prostate tumor cells (500,000 cells per well) were placed
into the insert for the invasion assay for 16 hrs at 37°C. The upper chamber contained
serum-free media while the lower chambers contained media with 10% v/v FBS. After the
incubation, the inserts were washed in PBS and fixed using PBS containing 2% v/v para-
formaldehyde for 15 mins, washed, and processed for immunofluorescence microscopy
(IFM). IFM was used to discriminate between PrSMC (elongated DAPI stained nuclei) and
the prostate tumor cells (GFP-labelled). Approximately 50 different field images of GFP
positive cells on the underside of the insert were collected for each well and analyzed using
Image J.

For mouse tumor xenograft smooth muscle assay, NOD-SCID mice (NOD.Cg-Prkdcscid
112rgi™IWil/SzJ, Strain 005557, Jackson Labs) (5 mice per group) were injected IP with
human tumor cells (1 x 107 cells) and tumor colonies were allowed to grow on the
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undersurface of the diaphragm and within the peritoneal cavity for 8 weeks, as previously
described (27). The collected diaphragm from each animal is fixed and embedded so that the
tumor colony is oriented on top of the muscle and transverse sections will detect the tumor
displacing the myoepithelium and tumor invasion into and within the smooth muscle layer.
Approximately 4mm of diaphragm can be analyzed using this method.

The experimental mouse studies were reviewed and approved by the Institutional Animal
Care and Use Committee (IACUC) as Protocol Number: 07-029. The protocol was
conducted in accordance with all applicable federal and institutional policies, procedures
and regulations, including the PHS Policy on Humane Care and Use of Laboratory Animals,
USDA regulations (9 CFR Parts 1, 2, 3), the Federal Animal Welfare Act (7USC 2131 et.
Seq.), the Guide for the Care and Use of Laboratory Animals, and all relevant institutional
regulations and policies regarding animal care and use at the University of Arizona.

Distribution of a6 integrin and a6p integrin variant in muscle-invasive human PCa.

The majority of human PCa on the cell surface expresses a6 integrin (CD49f) (27), an
essential receptor for epithelial homeostasis and effective wound healing (28). In this study,
we determined the distribution of a6 integrin within muscle-invasive PCa, using archived
and de-identified radical prostatectomy specimens. The same tissue section was stained for
E-cadherin and desmin (Fig.1A) or a6 integrin alone (Fig.1B) or E-cadherin and a6 integrin
(Fig.1C). Higher power images of same areas were collected for E-cadherin and desmin
(Fig.1D) or a6 integrin alone (Fig.1E) or E-cadherin and a6 integrin (Fig.1F). PCa glands
maintained a high expression of E-cadherin (Fig.1A, D) and a stromal invasive pattern
separating desmin-positive muscle fibrils (Fig.1D, white arrow). A serial section of the same
case was used to determine the distribution of a6 integrin (Fig. 1B, E) in the tumor and as
expected, a6 integrin was present on the tumor cell surface both between the cells and at
their basal aspect (12).

Cancer glands express the a6p1 heterodimer in contrast to the a6 integrin expression in
normal prostate glands within the basal cells due to the a6p4 heterodimer (29). A
comparison of E-cadherin and a.6 integrin distribution showed areas of co-localization in the
tumor (Fig. 1C, F, yellow) in a cell-cell location. The distribution of a6 integrin alone was
found at the cell-ECM location (Fig. 1F, white arrowhead) and E-cadherin alone was found
at the cell-cell location (Fig. 1F, **). The a6 integrin was also in vessels (V), as expected
(Fig. 1E, F) (28). A tissue section containing high grade PCa (Gleason sum score 7)
expressing cytokeratin 8/18 and normal glands, expressing cytokeratin 5/14, within the same
section (Supplemental Fig. 1A) was analyzed for Fox Al (Supplemental Fig. 1B), E-
cadherin and desmin (Supplemental Fig. 1C) and a6 integrin (Supplemental Fig. 1D)
expression. Within the same section, a prominent feature of infiltrative prostate cancer was
found as detected by mucicarmine staining for mucin production (Supplemental Fig. 1E, F).
These observations indicate that the distribution of a6 integrin and E-cadherin expression
persisted in higher grade aggressive PCa that contained infiltrative glandular mucinous
adenocarcinoma networks (30) and infiltrative remnants of smooth muscle (Supplemental
Fig. 1 A-F).
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Conversion of invasive networks to cohesive clusters requires an uncleavable integrin.

Since a6 integrin was present on the tumor cell surfaces invading muscle (Fig. 1), we next
used an established 3D /n vitro model of epithelial tumor invasion into Matrigel (31) to
determine the requirement for a6 integrin. The invasive networks generated by DU145
a6WT cells were confirmed to be dependent upon FAK and uPAR (Supplemental Fig.
2A,B,C), using a siRNA strategy as reported by others (32). We confirmed that the invasive
networks contained the characteristic pericellular proteolysis and penetration of Matrigel as
documented by histopathology (Supplemental Fig. 3A, B). The invasive networks expressed
a6 integrin and E-cadherin (Supplemental Fig. 3C, D). The DU145 a6WT cells produced
pericellular proteolysis, similar to that reported by others in colon and breast cancer cells
(33). Previous work using site-directed mutagenesis identified amino acid residues R594 and
R595, located in the “stalk” region of a6 integrin, as essential for cleavage of a6 integrin to
generate the a6p integrin structural variant (Fig. 2A). The cleavage site is located on the
extracellular region of the protein between the beta-barrel domain and the thigh domain (22).

We therefore used a Crispr gene editing approach to determine the requirement of a6
integrin cleavage on invasive PCa networks and tumor formation. The DU145 tumor cells
expressing a6 integrin (DU145 a6WT) produced a 3D invasive network within 12 hours
after seeding in Matrigel, which was not observed in DU145 cells without the a6 integrin
gene (DU145 a.6KO) (Fig. 2B). DU145 cells expressing the uncleavable a6 integrin
(DU145 a6AA) also were unable to form complete invasive networks under the same
conditions as compared to the cells without the a6 integrin gene (DU145 a.6KO).
Surprisingly, the DU145 a.6AA cells formed dynamic cohesive clusters that were quantified
by an increasing cluster size (Fig. 2B, D, open squares) (see also Supplemental Movies 1, 2).
Both DU145 a6WT and DU145 a6AA cells had a6 integrin on the cell surface (Fig. 2C)
and DU145 a.6KO did not express a6 integrin, as expected (Fig. 2C). All three cell lines had
comparable levels of the B1 integrin on their cell surfaces as observed by flow cytometry
(Fig. 2C). The guide RNAs sequences and the exon positions for gene editing are found in
Supplemental Fig. 4A and the similar tumor growth kinetics of the resulting cell lines are
found in Supplemental Fig. 4B.

Immunoprecipitation studies of p1 integrin showed that both the DU145 a6WT cells and the
DU145 a6AA cell lines contained heterodimers with full-length a6 integrin, and DU145
ab6AA cells contained an uncleavable form of the integrin with no production of a6p
integrin (Fig. 2D). Using video time-lapse microscopy to record the network formation every
hour, we observed that the networks in DU145 a6WT cells increased in a time-dependent
manner by 2- to 3-fold in the branching interval and the total loop area over a 12-hour
incubation period (Fig. 2E). In contrast, both DU145 cells without the a.6 integrin gene
(DU145 a6KO) and DU145 cells expressing an uncleavable mutant (DU145 a6AA) did not
produce invasive networks over the same period. Interestingly, both cell lines formed
cohesive clusters of cells rather than invasive networks. The cohesive cluster average size in
the DU145 a6AA cells increased hourly up to two-fold over the 12-hour period (Fig. 2E). In
contrast, the DU145 a6WT cells did not increase in their average cluster size over the same
12-hour period (Fig. 2E).
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Distribution of a6 and uPAR during network formation in vitro.

Since PCa tissue (Fig. 1) contained a co-distribution of a.6 integrin and E-cadherin
expression during muscle invasion, we next determined the distribution of a6 integrin and
E-cadherin in the invasive networks made by the DU145 a6WT cells (Fig. 3 A, B) and
within the DU145 a6AA (Fig. 3 C, D) cohesive clusters. The a6 integrin and E-cadherin in
DU145 a6WT cells co-distributed in both invasive networks (Fig. 3A) and in DU145 a6AA
cells in cohesive clusters (Fig. 3 C). The corresponding distribution maps of a6 integrin and
E-cadherin in DU145 a6WT (Fig. 3B) and DU145 a6AA (Fig. 3D) were determined along
an arbitrary image line running from one edge (a) of the network or cluster to the other (b)
for 200-300 microns. The image grey values were compared to the position within the
image. In the invasive networks, the majority of both a.6 integrin and E-cadherin image
signals were found at the edges and throughout the structure (Fig. 3B). In the cohesive
clusters, the maximum uncleavable a6 integrin image signal (>180 units) was found within
the central region of the cluster at 40-80 microns, as compared to E-cadherin, which was
present throughout the structure (Fig. 3D).

We next determined the distribution of uUPAR, which generates a6p integrin and pericellular
proteolysis of the ECM and coordinates a multi-protein complex at the plasma membrane
(21,24). The invasive networks generated by DU145 a6WT cells, expressed a.6 integrin and
UPAR in a co-incident pattern (Fig.4A, yellow) and a6 integrin alone was expressed on the
edges of the networks (Fig. 4A, red). Cohesive clusters of DU145 a.6AA cells were
remarkably compact (Fig. 4B) compared to the DU145 a6WT invasive networks (Fig. 4A).
The cohesive clusters contained actively dividing cells as detected by the presence of
condensed chromosomes (Fig. 4B, inset, yellow arrow). The distribution of uPAR and a.6
integrin in the DU145 a.6AA cohesive clusters was centrally located (Fig. 4B) in a cell-cell
distribution pattern (Fig. 4B’, inset). Pixel mapping confirmed that the a6 integrin pixel
values were greatest at the edges of the network compared to those within the invasive
network (Fig. 4C, red line). In contrast, UPAR expression was uniform throughout the
invasive network (Fig. 4C, green line). The pixel map confirmed the distribution of both a6
integrin and uPAR within the interstices of the clusters (Fig. 4D). Taken together, the data
show that the cleavable a6 integrin (DU145 a6WT) is distributed in the invasive networks at
a cell-cell and cell-ECM location. In contrast, the uncleavable form of the a6 integrin
(DU145 a6AA), UPAR, and E-cadherin are localized primarily in a cell-cell location.

Cell-cell biophysical properties are increased in cells expressing the a6 integrin mutant.

The localization of the laminin-binding integrins, including a6 integrin, at cell-cell locations
is common in early embryonic cells and early morphogenic or patterning events [reviewed in
(34)]. Since the cell-cell phenotype was prominent (Fig.3) and our earlier work showed cell-
cell protection from excessive mechanical stretch mediated by a6p4 integrin (35), we tested
whether cell-cell and cell-ECM biophysical properties were altered in DU145 a6AA
mutants or DU145 a6KO cells as compared to the DU145 a6WT cells. We used electric
cell-substrate impedance sensing (ECIS) as this would provide a sensitive and quantifiable
means to test both resistance with time of culture and test the restorative potential of the
population following a challenge with sphingosine 1-phosphate (S1P), a bioactive
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phospholipid. S1P is known to augment cell-cell barrier function in endothelial cells via a.6
integrin (35).

The expression of uncleavable a6 integrin (DU145 a6AA) significantly increased cell-cell
resistance every two hours with a linear increase (slope= 3.014), and the highest normalized
resistance of 7.6 was measured at 70 hours (Fig. 5A, red line). In contrast, the cells without
a6 integrin (DU145 a.6KO) or expressing the cleavable a6 integrin (DU145 a6WT) both
had a slower linear increase of cell-cell resistance properties over the entire 70-hour period
(Fig. 5A, green and blue lines). After 70 hours, the normalized resistance measured at
400Hz in the DU145 a.6AA population was approximately 7.5-fold higher than that
observed within the DU145 a6WT or DU145 a6KO population. The predicted plateaus
(Supplemental Table 1) were 33.62 for DU145 a6AA, 1.657 for DU145 a6WT, and 1.600
for DU145 a.6KO population. Using the 1uM S1P challenge treatment at 24 hours, the
DU145 a6AA population responded with a persistently increasing rate of cell-cell resistance
(slope= 2.226, Supplemental Table 1) over the 70-hour period, but the predicted plateau was
13.17 compared to 33.62 in the untreated cells (Supplemental Table 1). Only a slight
response was observed in the DU145 a.6WT population (Fig. 5A, blue dashed line) since the
predicted plateau (Supplemental Table 1) was 1.824 under the treatment conditions
compared to the untreated value of 1.657. Taken together, these data indicated uncleavable
a6 integrin expression (DU145 a6AA) conferred an increased cell-cell adhesion resistance
during establishment of a 2D culture monolayer and regained resistance to maintain a cell-
cell resistance that is at least ten-fold higher than the baseline predicted plateau (13.17
versus 1.657, Supplemental Table 1) in the cleavable integrin population (DU145 a6WT).

Our next step was to determine if cell-ECM coverage was distinct in the cell lines dependent
upon a6 integrin status. The cell-ECM normalized resistance measured using 40,000Hz was
monitored for 70 hours in both cell lines, with and without a LuM S1P challenge (Fig. 5B).
While all cell lines contained a time-dependent increase in resistance, the DU145 a6WT
cells had a predicted plateau of 3.601, with a slope of 2.371, as compared to the DU145
a6KO cells, which had a predicted plateau of 2.700 and a slope of 3.165, and DU145 a.6AA
cells, which had a predicted plateau of 2.106 and a slope of 3.76 (Supplemental Table 1).
The DU145 a6WT cells responded to S1P challenge by increasing the rate of resistance
(slope = 4.304) up to 2-fold higher as compared to the untreated cells (slope = 2.371) (Fig.
5B and Supplemental Table 1). In contrast, the S1P challenge in DU145 a6AA cells resulted
in a slight decrease of a predicted plateau from 2.106 to 1.811. Taken together, the data
indicate that cells expressing the non-mutated integrin (DU145 a6WT) have an increased
cell-ECM coverage (predicted plateaus of 3.601 vs 2.106) and a robust S1P response
(predicted plateau of 2.876 vs 1.811) compared to the DU145 a6AA expressing cells. Both
the predicted plateau of cell-ECM coverage under normal culture conditions and under the
treatment response is compromised in the DU145 a6AA cells expressing the mutated
uncleavable integrin.

Invasion advantage of a6p integrin, in vitro and in vivo.

Since invasive networks required production of the a6p integrin variant, the next step was to
test the ability of the integrin invasive networks to invade through laminin-containing
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Matrigel, a smooth muscle cell layer, or a collagen layer /n vitro (Fig. 6). The DU145 a6WT
cells invaded the laminin-containing Matrigel, smooth muscle layer, and collagen. The
DU145 a6KO cells were unable to invade the laminin-containing Matrigel. In contrast, cells
expressing the a6 integrin mutant (DU145 a6AA) were unable to invade any of the /n vitro
barriers tested, i.e., laminin-containing Matrigel, smooth muscle cell layer, or collagen.

DU145 cells readily produce tumors in male SCID mice, which enabled the testing of the
invasive potential of the cell lines /n vivo. Using an IP injection route, the tumors arising
from all three cell lines were tested for their ability to form colonies on the undersurface of
the diaphragm and invade into the smooth muscle. The diaphragm is one of the few
anatomical structures where skeletal and smooth muscle co-exist (27). The smooth muscle
surface of the diaphragm with the accompanying endothelial lining is an ideal and
physiologically relevant model for testing smooth muscle invasion occurring during PCa
escape from the gland. All cell lines produced xenograft tumors that increased in volume
over an 8-week period (Supplemental Fig. 3B). At the end of 8 weeks, the tumors were
analyzed for angulated muscle invasive characteristics. All tumors were proliferative as
judged by the appearance of mitotic cells within the tumors, and none of the tumors were
necrotic. The DU145 a6WT tumors were able to invade the muscle (Fig. 7A) as compared
to no or little invasion in the DU145 a.6KO or DU145 a6AA mutant tumors (Fig. 7B, C).
DU145 a6WT tumors resulted in approximately 18 invasion sites along the 4mm stretch of
diaphragm with a maximum depth within the muscle of approximately 100 units (Fig. 7D).
In contrast, the mice harboring DU145 a.6KO or DU145 a6AA mutant tumors had less than
five invasion sites and DU145 a6AA mutant tumors only invaded superficially into the
muscle (Fig. 7D). Interestingly, all cell lines, independent of the a6 integrin status, were
able to invade into the pancreas, an organ accessible by IP injection (Supplemental Fig. 5A,
B, C).

Discussion

The human prostate is a simple glandular epithelium embedded in muscle and within the
peripheral zone of the gland; a smooth muscle casing known as the prostate capsule defines
the boundary of the gland (5). Aggressive PCa escapes through the smooth muscle, along
myelinated nerves (6,7), and disseminates via a hematogenous route to bone (8). These
tumor microenvironments are structured tissue that depend, in part, upon a laminin-
containing ECM (9,10,36,37).

In previous work, we discovered human prostate tumor phenotypes based on differential
laminin-binding integrin membrane expression in human tissue specimens (38). The
predominant expression of laminin-binding integrins in PCa is the a6 integrin (CD49f), a
known adhesion and signaling receptor for prostate epithelial stem cells (39,40). The current
work tested the requirement of a tumor variant called a6p integrin to form invasive
networks, invade into and through smooth muscle /n vitro, and invade through muscle as a
mouse xenograft tumor. While the need for a6 integrin for invasive network formation was
previously reported in other cell types (41,42), the requirement of a6p integrin in forming
invasion networks or invading into muscle was unknown. Our previous work showed that
PCa progression and migration can be significantly delayed by blocking a6pp1 production
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either by genetic silencing or pharmacological strategies (21,43) and predicted the
importance of the integrin cleavage site. A limitation of the previous work was that the
methods did not allow for complete and stable elimination of the endogenous a6 integrin
expression. Therefore, we used a Crispr/Cas9 method to eliminate the endogenous ITGA6
gene or alter ITGAG gene to contain AA substitution mutations, eliminating the cleavage
site. The use of gene editing approaches has the potential to generate off target effects,
depending upon the target gene and the surrounding sequences (44). In our study, we
generated at least three cell clones for each homozygous knockout that maintained the
normal expression and surface expression of the other laminin binding integrins.

In the current work, a6 integrin mutant cells (DU145 a6AA) exclusively expressed an
uncleavable a6 integrin and this resulted in the inability of the tumor cells to form invasive
networks. Surprisingly, the tumor cells organized into cohesive clusters of cells with a
dramatic increase in a cell-cell adhesion phenotype. The increased cell-cell adhesion
phenotype in DU145 a6AA cells was functional as the cell-cell biophysical properties were
dramatically increased as compared to those in DU145 a.6WT or DU145 a6KO cells. The
DU145 a6AA cells were responsive to a membrane disruptive challenge. We note also that
the cohesive clusters have increased cell-cell interactions at the apparent expense of the cell-
ECM coverage. The existence of the cohesive cluster phenotype in PCa specimens has been
observed previously (12). Although the cohesive cluster phenotype can significantly slow
tumor progression (43), it is dependent upon B1 integrin function and can provide resistance
to chemotherapeutic and radiotherapeutic approaches by a variety of mechanisms (45,46). It
remains to be determined if the cohesive cluster phenotype that blocks invasion here may
result in tumors that are more resistant to chemotherapeutic agents. If this occurs,
interrupting B1 integrin function may provide a strategy to increase local control of PCa.

As expected, the DU145 a6AA cells will phenocopy the DU145 a.6KO cells by forming
clusters, making no networks and no invasion into the smooth muscle of a mouse.
Unexpectedly, the DU145 a6AA, in comparison to the DU145 a6KO cells, have a gain of
phenotype with an increased cell-cell adhesion interaction (Figs. 3 and 5). This observation
raises the possibility that alteration of the a.6 integrin extracellular domain that is
independent of ECM adhesion, may trigger cell-cell adhesion interactions. We note that a
cross-talk between a6 integrin and E-cadherin occurs in early embryonic development (34).
The potential of a specific extracellular domain of a6 integrin to alter cell-cell membrane
interactions is also consistent with the principle of self-organization (47), a fundamental
basis for evolution and natural selection. Further, we note that the co-distribution of uPAR
and the modification of a6 integrin extracellular domain would influence membrane shape
similar to the reported coupling of curved membrane proteins and cytoskeletal forces to
produce dynamical shapes (48).

The DU145 a6AA strong phenotype (i.e., non-invasive and cell-cell clusters) is consistent
with our previous findings that the blockage of a.6 integrin cleavage by an exogenous supply
of the J8H antibody, results in a dominant negative phenotype of invasion in the presence of
the endogenous a6 integrin (21). Since both the DU145 a6WT and DU145 a6AA cells
express a6 integrin with the domain to interact with uPAR, muscle invasive cancers contain
elevated levels of uPAR expression (49), and membrane localization of uPAR regulates its
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function (50), we speculate that the integrin mutation is a candidate to effectively regulate
the uPAR-dependent process of smooth muscle invasion of PCa. Our previous studies have
shown that uPA is a serine protease specifically responsible for generating the a6p integrin.
The evidence includes the use of specific inhibitors, sSiRNA for uPA, uPAR, and the lack of a
requirement for cationic co-factors needed for other general classes of proteases, such as
kallikrein, metalloproteases or lysosomal proteases (51). It should be noted that while
exogenously supplied proteases such as trypsin can generate a6p /17 vitro, the concentration
and specific activity of the enzyme is far more than what is possible under physiologically
relevant conditions.

It is remarkable that the a6 integrin mutation (R594A, R595A) which creates a gain of the
cell-cell phenotype, occurs in the extracellular “stalk” region of the molecule. Previous work
has focused either on the extracellular adhesion domains or the cytoplasmic signaling
domains as regions responsible for integrins as bidirectional signaling machines. The data
here suggests that altering other regions within the molecule may trigger changes in cell
phenotype; a new consideration since most anti-integrin cancer therapeutic agents are
created to antagonize extracellular domains for integrin adhesion or signaling functions that
are also required for normal tissue function (52,53). New methods for predictable and
precise Crispr genome editing in human cancers (54) or muscle-specific secretion of the J8H
antibody (which blocks a6p production) as a novel DNA synthetic vaccine (55), may offer
new strategies to block PCa-specific smooth muscle invasion and extracapsular extension.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of significance:

This study shows an innovative strategy to block prostate cancer metastasis and invasion
in the muscle through gene editing of a specific a6 integrin extracellular region.
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Figure 1.
Muscle invasive networks in human PCa express a6 integrin and E-cadherin. The same

tissue section was stained for E-cadherin and desmin (Fig.1A) or a6 integrin alone (Fig.1B)
or E-cadherin and a6 integrin (Fig.1C). Higher power images of same areas were collected
for E-cadherin and desmin (Fig.1D) or a6 integrin alone (Fig.1E) or E-cadherin and a.6
integrin (Fig.1F). Human PCa within radical prostatectomy de-identified specimens (A, D)
was stained for E-cadherin (green), muscle (desmin, red) and nuclei (DNA, blue) or in (B,
E) for a6 integrin (red) and nuclei (DNA, blue) or in (C, F) for E-cadherin (green), a.6
integrin (red) and nuclei (DNA, blue). Tumor was invading between the smooth muscle
(white arrow, D) between the muscle fibers and a6 integrin expressing vessel (V, E) was
present as expected. Scale bar is 100 microns. Boxed areas in A-C are expanded in D-F with
scale bar of 10 microns. Areas of a6 integrin and E-cadherin co-distribution in F (yellow),
areas of cadherin only (green,**) and a6 integrin only (red, white triangle) were observed.
Results are representative of at least 3 biological replicates (n=3) using either needle biopsy
or radical prostatectomy de-identified specimens.
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Figure 2.
Gene editing of a6 integrin prevents invasive networks and results in cohesive clusters. A.

Schematic showing the amino terminal region of a6 integrin containing the extracellular
repeated domains (I-V11) and the position of the R594A and R595A substitution mutations
in the a6 integrin heavy chain (amino acids 24-920) and the domains of the light chain
(amino acids 942-1130) containing the membrane spanning domain (Mb, striped box) and
the cytoplasmic domain (*) at the carboxy terminus. B. DU145 a6WT (left), DU145 a6KO
(center) and DU145 a6AA (right) networks at 12 hours on laminin containing Matrigel.
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Scale bar: 500 microns. C. Flow cytometry profiles of a6 and 1 surface expression in all
three cell lines. D. Immunoprecipitation (IP) of 1 integrin, followed by western blot (WB)
detection of a.6 and a.6p (A6p) integrin. E. Network formation on laminin containing
Matrigel during 12 hours of incubation using video microscopy. Networks (branching
interval, total loop areas and cluster size) were measured using Image J software. Statistical
significance was achieved between DU145 a6WT and DU145 a.6KO cells and DU145
ab6WT and DU145 a6AA cells at all time points unless otherwise indicated as not
significant (n.s.) using an unpaired two-tailed student’s t test where p value is < 0.05. Results
are representative of at least 3 biological and technical replicates, n=12.
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The a6 integrin and E-cadherin distribute to a cell-cell location within invasive networks
and cohesive clusters. The distribution of a6 integrin (red) and E-cadherin (green) in DU145
abWT networks (A, B) or in DU145 a.6AA cohesive clusters (C, D). The diagonal white
lines on A, C are image lines from one side of the network (a) to the other side of the
network (b), correspond to a distance of 200-300 microns and the pixel grey values are
mapped (B, D). Results are representative of at least 3 independent experiments. Scale bars:

100 microns.
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Figure 4.

Distribution of a6 integrin and uPAR in cell-cell and cell-ECM locations in networks and
cohesive clusters. The distribution of uPAR (green) and a6 integrin (red) in DU145 a6WT
networks (A, A’,C) or in DU145 a6AA cohesive clusters (B, B’, D). The cohesive clusters
contain mitotic cells (B, inset, yellow arrow) and contain a cell-cell distribution of both
UPAR and a6 integrin (B’). The diagonal white lines are the image lines used to map image
signals. Results are representative of at least 3 independent experiments. Scale bars: 100
microns.
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Cell-Cell biophysical properties are increased in cells expressing the uncleavable a6 integrin

mutant. A. Cell-Cell ECIS resistance measurements at 400 Hz in DU145 a6WT, DU145
a6KO and DU145 a6AA cells in the absence (solid lines) or presence (broken lines) of

1uM S1P treatment given at 24 hours after seeding. B. Cell-ECM Coverage by ECIS

resistance measurements at 40,000 Hz in DU145 a6WT DU145 a6KO and DU145 a6AA

cells in the absence (solid lines) or presence (broken lines) of 1JuM S1P treatment given at 24
hours after seeding. Results are representative of at least 3 independent experiments.
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Figure 6.
Invasion is prevented by expression of uncleavable a6 integrin mutant (DU145 a6AA).

Prostate tumor cells expressing the a6 integrin (DU145 a.6WT solid bars) not expressing the
a6 integrin (DU145 a.6KO open bars) or a mutated and uncleavable a6 integrin (DU145
abAA striped bars) were tested 16 hours later for their ability to invade through laminin
containing Matrigel (laminin), a smooth muscle cell layer (muscle) or a collagen layer
(collagen) using a modified Boyden chamber assay. The number of cells appearing on the
underside of the insert were counted in triplicate wells. The standard error of the median
values is shown and compared using a two-way ANOVA analysis (****p<0.000001).
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Results are representative of at least 3 biological and technical replicates; n=364 for DU145
aBWT, n=370 for DU145 a6KO, and n=378 for DU145 a.6AA.
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Figure 7.
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Smooth muscle invasion is prevented by expression of uncleavable a6 integrin mutant
(DU145 a6AA). Prostate tumor cells (1 x 107) expressing the a6 integrin (A, DU145
aB6WT), not expressing the a6 integrin (B, DU145 a6KO) or a mutated and uncleavable a.6
integrin (C, DU145 a.6AA) were grown on the undersurface of the diaphragm in a mouse

and harvested 8 weeks later. The resulting tissue sections are shown (A-C) stained with

hematoxylin and eosin with the tumor (blue), the muscle surface (white dotted line), and the

underlying muscle (pink). The number of invasion sites along a 4mm stretch of diaphragm
and the maximum depth of invasion was measured using the images (D). The standard error
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of the median values is shown and compared using a two-way ANOVA analysis
(***p<0.0001). Results are representative of at least 4 biological and technical replicates,
n=36.
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