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Aberrant integrin av and a5 expression in prostate
adenocarcinomas and bone-metastases is consistent with a
bone-colonizing phenotype
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Background: Collaborative signaling between fibronectin-binding ov and a5 integrins has been implicated
in the lethal dissemination of prostate cancer in the bone-metastatic niche, the major source of morbidity
and mortality in the disease.

Methods: We assessed the frequency and pattern of expression of these integrins in primary high-grade
adenocarcinomas and bone metastases compared to the physiological gland. Formalin-fixed paraffin-
embedded (FFPE) radical prostatectomy (RP) samples (n=25) containing > Gleason grade 4 cancer and
decalcified surgical or diagnostic bone metastatic samples from 10 patients were stained for integrin ov
(ITGAV) and integrin a5 (ITGAS) expression. Antibody optimization and antigen-retrieval was performed
beforehand.

Results: ITGAV was exclusively expressed in the basal layer of physiological prostate glands whereas av
expression was invariably recapitulated in the malignant gland and bone metastases (100%) in multiple
distinct patterns: epithelial membranous, basilar/luminal membranous, punctate cytoplasmic, intense foci as
single cells or clusters, and rim stromal layers. The luminal/basilar layer of ITGAV expression was striking in
cribriform carcinomas, suggestive of a role in molecular pathogenesis. ITGAS infrequently highlighted the
basal layer of the physiological gland, was absent in primary adenocarcinoma, but was expressed with ITGAV
exclusively in bone metastases (71%).

Conclusions: We conclude that ITGAV expression is aberrantly expressed in high frequency in high-grade
prostatic adenocarcinomas in patterns suggestive of recapitulated basal cell functions, consistent with a stem-
regulatory role that has been proposed. Co-expression and enrichment of av and a5 in osseous metastases
supports their proposed collaborative role in colonization of the bone microenvironment and as candidate

targets for therapy.
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Introduction

Prostate cancer disseminates within the hematopoietic
bone marrow in the proximal appendicular and axial
skeleton in the large majority of men with advanced disease.
Morbidity and mortality from prostate cancer is closely
attributed to the burden of disease in bone, referred to as
the lethal phenotype of prostate cancer (1). Identification
of the molecular mechanisms that underpin the efficient
colonization of the bone marrow by prostate cancer cells
are essential to define novel molecular therapeutic strategies
in the disease.

Human bone marrow-derived mesenchymal stromal
cells (hBM-MSCs) have been implicated as architects of
the hematopoietic niche (2,3) which is in turn subverted
by tumor cells (4) that have disseminated to the bone
microenvironment. Based on the hypothesis that hBM-MSCs
specify a potent molecular niche for human prostate cancer
cells, the mechanisms that drive chemotaxis and adhesion-
mediated survival of prostate cancer cells co-cultured
with hBM-MSCs was identified. Specifically, proteolytic
fragments of fibronectin secreted by hBM-MSCs signaling
via fibronectin-binding integrins a5B1 (5) and av (6,7) was
proposed as a candidate seed-soil mechanism to explain the
strong tropism of prostate cancer cells to the bone marrow
microenvironment. To qualify this molecular hypothesis
with pathological expression of these integrins and to further
inform translational therapeutics that simultaneously target
these cross-regulatory integrins (7), the patterns of expression
of integrin a5 (I'T'GAS) and integrin av (I'TGAV) in primary
prostatic adenocarcinomas and bone metastases were
identified. We present the following article in accordance
with the STROBE reporting checklist (available at http://
dx. doi. org/10. 21037/tau—19-763).

Methods

All procedures performed in this study were in accordance
with the Declaration of Helsinki (as revised in 2013)
and approved by Tufts Medical Center Institutional
Review Board (reference number 11987). Because of the
retrospective nature of the research, the requirement for
informed consent was waived.

Antibody optimization

Cell pellets containing human prostate cancer cell lines PC-
3, LNCaP, DU-145, and VCAP were formed with Histogel

© Translational Andrology and Urology. All rights reserved.

1631

(Thermo Fisher Scientific, USA). These were fixed in
10% formalin. Antibodies were selected against ITGAS
(SC-376199, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and ITGAV (EPR16800, Abcam, Cambridge, MA,
USA). We performed serial dilutions of the antibodies to
identify optimal conditions to distinguish membrane from
cytoplasmic staining.

Case selection

We retrospectively evaluated pathology reports for 231
subjects who had undergone prostatectomy at Tufts
Medical Center between 2012-2017. This modern cohort
was selected to minimize time-dependent surface antigen
degradation within the samples. From the Tufts Medical
Center Tissue Biorepository, we selected a study set of
25 cases reported to contain high-grade (> Gleason grade 4)
prostate adenocarcinoma. We additionally retrieved ten
cases of bone metastases from prostate adenocarcinoma,
either surgical specimens from hip or spine or bone-marrow
biopsies from the posterior-superior iliac crest. Seven of
these contained sufficient evaluable tumor.

Tissue processing

All biorepository prostate samples had been formalin-
fixed and paraffin-embedded (FFPE), and stored at room
temperature. The bone samples had additionally been
decalcified [surgical specimens with hydrochloric acid (Decal
II) and bone marrow biopsies with formic acid Immunocal)].
Thin sections were placed on adhesive slides (Newcomer

Supply TruBond 380).

Immunobistochemistry

The samples underwent a citrate antigen retrieval process
in a steamer for 20 minutes, then treated with hydrogen
peroxide (H,0,) for 10 minutes followed by a goat serum
blocking solution for 10 minutes. The slides were incubated
with the primary antibodies (I'TGAS at 1:1,000 and ITGAV
at 1:2,000) for 60 min at room temperature. The secondary
antibody was a polymer anti-mouse antibody for ITGAS
and anti-rabbit antibody for ITGAV, which were incubated
at room temperature for 30 minutes. The chromagen was
3,3'-diaminobenzidine (DAB), incubated for 6 minutes.
Slides were counterstained with hematoxylin, treated with
a bluing solution (4% ammonium hydroxide aqueous) and
dehydrated to xylene for coverslipping.
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Figure 1 Benign prostate glands with ITGAV staining (black arrows, left panel, 40x) and ITGAS negative staining (red arrows, right panel,

40x) in the basal cell layer. ITGAV, integrin av; ITGAS, integrin a5.

Scoring

Slides were observed under a light microscope by a
pathologist. Quantity, intensity and localization of
immunoreactivity were assessed for each slide examining the
benign prostate glands, malignant glands, and the adjacent
stroma. A semi-quantitative analysis was performed. As
previously described for HER2 staining in breast cancer (8), a
slide was scored as positive if >10% of cells contained at least
moderate (2+) staining intensity. Descriptive statistics were
used for proportion of tumors expressing patterns of interest.

Results
Pathologic characteristics of samples

Twenty-five radical prostatectomy (RP) samples and seven
of ten bone metastases containing evaluable tumor were
assessed. Of the RP samples, two were scored Gleason score
343 (8%), six were 3+4 (24%), nine were 4+3 (36%), five
were 4+4 (20%), two were 4+5 (8%), and one was 5+4 (4%).
Cribriforming glands were seen in 20 samples (87 %).

Integrin expression in benign glands

In the basal layer of benign prostate glands, ITGAV was
expressed in all 25 samples (100%) while ITGAS was
expressed in only 1 of 10 samples examined (10%). ITGAV
and ITGAS were both negative in the benign luminal layer
in all samples (0%) (Figure I).
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Integrin expression in malignant glands

In the malignant prostatic epithelium, all 25 samples (100%)
expressed I'TGAV but none of the 10 samples expressed
ITGAS (0%).

Distinct patterns of expression of ITGAV in malignant
glands

After a first round of analysis, we observed and defined
distinct patterns of ITGAV expression that recurred in
malignant glands that were not mutually exclusive (Figure 2).
Of the 25 samples, we noted membranous expression in
24 samples (96%), punctate cytoplasmic expression in 14
(56%), basilar/luminal membranous expression in 6 (24%),
a rim effect in a thin stromal cell layer around glands or
fused glands in 14 (56%), and intense foci of membranous
staining in single cells or small clusters of cells in 10
samples (40%). The luminal membranous and rim effect
were demonstrated in cribriform carcinoma. All patterns of

ITGAV expression are tabulated in 7ible 1.

Integrin expression in bone metastases

Of the 7 bone metastasis samples analyzed, 5 tumors
(71.4%) expressed ITGAS and all 7 (100%) expressed
ITGAV (Figure 3). These included recapitulations of
the ITGAV patterns seen in primary tumors specifically
the membranous, punctate cytoplasmic and intense foci
(Figure 3).
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Figure 2 Malignant prostatic epithelium showing distinct patterns of av expression (black arrows, 20/40x): membranous (A), punctate

cytoplasmic (B), basilar/luminal membranous (C), rim stromal (D), and intense foci (E).

Integrin expression in the tumor microenvironment of
prostate and bone

ITGAS showed strong expression in both the benign
and tumor-adjacent stroma. In specific cases, ITGAV
showed an enriched intensity in the malignant stroma.
ITGAV and ITGAS expression in capillary endothelium
were highlighted in Gleason 5 pattern adenocarcinoma.
Osteoclasts stained strongly for ITGAV and endosteal
layer cells for ITGAS which served as positive internal
controls. As with high-grade primary tumors, both
integrins were also expressed in capillary endothelium in
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bone (Figure 4).

Discussion

This study has linked experimental data that implicated
ITGAS and ITGAV in the colonization of the bone
microenvironment by prostate cancer cells to primary
pathological data in human specimens. There are
several key findings to be integrated from the collective
pathological observations in prostate and bone that
have implications for translational clinical studies. We
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Table 1 Frequency of patterns of integrin av expression in prostate

gland and bone metastases

Pattern of expression

ITGAV expression, n [%]

Benign prostate glands
Basal epithelium
Luminal epithelium

Malignant prostate glands
Any positive staining
Membranous
Punctate cytoplasmic
Luminal membranous
Rim effect
Intense foci

Metastatic tumor

Bone metastases

25 [100]
01[0]

25 [100]
24 [96]
14 [56]
6 [24]
14 [56]
10 [40]

7 [100]

ITGAV, integrin av.

Connell et al. ITGAV and ITGAS in prostate cancer and bone metastases

summarize and discuss these several observations in the
following narrative.

Transition of integrin expression from the physiological
basal layer to patterned expression in carcinoma

Expression of the ITGAV was universally expressed and
strictly confined to the basal layer of benign glandular
epithelium in the prostate. While ITGAS is infrequently
expressed in basal cells, neither integrin is present in
luminal cells of benign glands. The basal layer of the
prostate gland is essential to anchor the gland to the
basement membrane to regulate interactions with stroma
and in the generation of a differentiated luminal layer with
secretory function. Basal layer cells have both stem-like
self-renewal and differentiation capacity. Loss of the basal

layer is a hallmark pathological feature in the progression
to invasive adenocarcinoma. All primary tumors examined
expressed ITGAV in diverse patterns.

Figure 3 Prostate cancer bone metastasis samples with expression of ITGAV in a large sheet of malignant cells (A, 40x); ITGAS in a cluster
of malignant cells (B, 40x); ITGAV in a punctate cytoplasmic pattern in malignant cells (C, 40x); and ITGAV stromal expression in a rim
pattern around clusters of malignant cells (D, 40x). ITGAV, integrin av; ITGAS, integrin a5.
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Figure 4 Integrin expression in the tumor microenvironment (20/40x): arrows indicate ITGAS expression in the stroma adjacent to
malignant (A) and benign (B) glands; ITGAV stromal expression around malignant glands, including a rim pattern (C) with negative ov
expression in the stroma around benign glands (D); ITGAV (E) and ITGAS (F) expression in the vascular endothelium amid sheets of
Gleason 5 tumor and ITGAV expression in osteoclasts from a pathologic bone sample (G). ITGAYV, integrin av; ITGAS, integrin a5.
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Recapitulation of an ITGAV-expressing basal layer in
cribriform carcinomas

A layered expression of ITGAV was observed in primary
adenocarcinomas in two specific patterns that suggest a
recapitulation of the basal layer. These patterns strongly
suggest a self-organizing capacity of tumors comprised
of basal and luminal-differentiated components toward
mirroring the hierarchical structures of the normal gland.
In cribriform gland patterns which are recognized as an
aggressive subset of Gleason pattern 4 histology (9), we have
observed either a single basilar layer of epithelial lumen-
facing cells staining specifically for ITGAV (Figure 2C) or
a dense rim expression in a single stromal layer encasing
cribriform glands (Figure 2D). In each case featuring strict
spatial expression of ITGAV, a regulatory role for the
integrin in the interface between tumor and lumen or tumor
and adjacent stroma is strongly suggested.

The role of ITGAV in mediating stem-cell function in
tumor cells (10) and regulating epithelial-mesenchymal
transition through regulation of slug (11) has been
demonstrated. For tumor-lumen interactions, it is
plausible that the ITGAV expressing-layer of tumor cells is
recapitulating stem-cell functions in mediating interaction
with the microenvironment to organize tumor survival as
well as generating differentiated ITGAV-negative tumor
populations analogous to physiological luminal cells. With
regard to the dense stromal rim pattern seen in cribriform
glands, ITGAV has been implicated in regulating TGF-beta
activation and epithelial cross-talk from cancer-associated
fibroblasts (12) to support tumor survival, immune
suppression and angiogenesis. Further deconvolution and
validation of the biological roles of these single layers of
I'TGAV-expressing tumor and stromal cells will provide
exciting insights into the dimensions of high-risk disease
progression in prostate cancer.

Membranous patterns with intense foci

Virtually all tumors had tumor cells that expressed aberrant
membranous staining of I'TGAV. While these av-positive
tumor cells could occur in sheets (Figure 24), a striking
exception to this pattern was intense foci (3+ intensity)
(Figure 2E). Here, distinct single cells and often small
clusters of individual cells stained with intense membranous
expression while surrounded by haloes of ITGAV-negative
tumor cells. These foci resemble stem-like hubs embedded
in differentiated progeny cells.

© Translational Andrology and Urology. All rights reserved.

Focal dense cytoplasmic pattern

A distinct pattern of dense cytoplasmic clusters of ITGAV
was noted in a subset of tumor cells. These clusters appear
strongly polarized within cells suggestive of sequestration
within subcellular structures. Given that integrin expression
is largely regulated by trafficking (13) it is likely that
endosomal pooling of these integrins is occurring, however
their polarized aggregated forms are atypical for the more
distributed punctate pattern associated with endosomes.
Ligand-bound integrins in intracellular endosomal pools
are capable of signaling function to regulate cell survival (14)
and the absence of membrane expression in these tumor
cells does not rule out their functional significance.
Interestingly, this pattern was also identified in prostate
cancer cells in the bone microenvironment.

Bone-metastatic tumor cells

"To our knowledge, this study is the first to directly confirm
the tissue expression of ITGAV and I'TGAS5 in bone
metastases from prostate cancer. Study of these integrins in
bone has been felt to pose methodological challenges given
the acid decalcification that bone samples must undergo
for processing and the damage to membrane epitopes that
follows (15). A major practical limitation is the relative
scarcity of such samples compared to primary tumors.
However, with optimized methods described in this report,
we were able to demonstrate expression of both integrins
with suitable internal controls. The intense membranous
and focal cytoplasmic expression patterns found in primary
adenocarcinomas were represented in bone with examples
of enriched expression (100% tumor cells with 3+ intensity)
compared to primary tumors where extensive tumor
expression at high-intensity was not observed.

Prostate stroma and the bone microenvironment

The tumor microenvironment in the prostate samples
showed expression of ITGAS in tumor-adjacent and normal
fibroblasts in equal intensity and frequency (Figure 4A4,B).
ITGAV expression in stroma was variable as exemplified
in the rim stromal pattern in which tumor-adjacent stroma
stained strongly for ITGAV compared to benign stroma
(Figure 4C,D). In Gleason 5 component, tumor-associated
vascular endothelial cells were highlighted by the expression
of both ITGAV and ITGAS consistent with their known
cooperative role in angiogenesis (Figure 4E,F). In bone,
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ITGAV was strongly expressed in osteoclasts associated
with remodeling bone, the hallmark of prostate cancer
induced osteogenesis (Figure 4G). ITGAS was seen in
endosteal cells and both integrins were also expressed in
vascular endothelial cells in bone.

Conclusions

The patterns and intensity of expression of ITGAV in
primary tumors together with enriched expression in bone
metastases strongly supports its candidate role in the lethal
bone dissemination of aggressive prostate cancer. The
expression of I'TGAV in cribriform carcinomas in a basilar/
luminal layer suggests that the molecular pathogenesis of
these aggressive tumors may be contributed to by ITGAV.
The appearance of ITGAS specifically in bone-metastatic
tumors and not in primary tumors where its expression is
confined to stroma and endothelium, may be explained
by bone microenvironmental-specific imprinting of
integrin expression. These mechanisms may include bone-
microenvironment derived ligand-binding and outside-
in signaling which upregulates epithelial expression of the
integrin, induction of ITGAS expression and function in
the hypoxic environment of the bone marrow (16) and the
effects of prior androgen suppression which derepresses
ITGAS expression (17). Although linked clinical histories
were not accessible in this study, the surgical primary
tumors were likely to be androgen-naive and the metastatic
tumors were more likely to represent castration-resistant
phenotypes given the usual clinical context in which
these samples are obtained. Given that ITGAS has been
demonstrated to regulate the survival threshold in prostate
cancer cells (18), the bone-marrow specific upregulation of
expression supports a mechanism of resistance endowed by
the microenvironment.

These studies define the unique tumor-stromal
expression of these fibronectin-binding integrins previously
implicated in stem-cell-function, tumor cell survival and
epithelial-stromal cross-talk in prostate cancer. Further
studies to microdissect and validate the specific regulatory
role of ITGAV in basilar/luminal patterns of expression in
cribriform carcinomas of the prostate are required but are
technically challenging. The findings nevertheless further
advance the rationale for combined targeting of I'TGAV and
ITGAS to overcome mechanisms of adaptive resistance that
have been observed with single integrin targeting in prostate
cancer cells.” Patterns of expression of ITGAV in primary
tumors and/or in metastatic sites with or without co-
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expression of I'TGAS should be annotated in translational
clinical studies of combined ITGAV and I'TGAS targeting
in order to enable correlation of key clinical outcomes with
specific expression profiles. A combination of effective
therapy deployed in biomarker-defined subpopulations of
disease could together overcome the previous limitations in
the field of integrin-targeting in prostate cancer (7,19,20).
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