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ABSTRACT

Adenocarcinoma-neuroendocrine differentiation of castration resistant prostate cancer
often occurs in a relevant subset of patients as a mechanism of resistance to androgen
deprivation and androgen-receptor targeted drugs. Tumor cell plasticity toward
neuroendocrine differentiation can be sustained by signals provided by the tumour
microenvironment. The matricellular protein SPARC is a crucial modulator of cancer
progression and phenotype, exerting different functions depending on its tumour or
stromal expression. Here, we elucidated the different contribution of tumour- or
stromal-derived SPARC in prostate cancer, using the TRAMP mouse model.
Interestingly, crossing TRAMP mice with Sparc-/- mice, we observed the appearance
of focal areas of neuroendocrine differentiation within adenocarcinoma. The same
percentage of neuroendocrine differentiation observed in Sparc-/-TRAMP mice was
also observed in castrated TRAMP mice suggesting that SPARC deficiency and
castration converge to the same disease outcome. Supporting this hypothesis, we
found that SPARC expression in stromal cells populating TRAMP prostate was
dramatically reduced after castration. Furthermore, adenocarcinoma cells acquired
neuroendocrine phenotype after injection in Sparc-/- hosts. These results suggested a
pivotal role for stromal-derived SPARC in limiting neuroendocrine differentiation of
prostate cancer. Accordingly, prostate cancer cell lines, independently by their own
expression of SPARC, when co-cultured in presence of Sparc-deficient fibroblasts
acquired neuroendocrine features. This transition occurs through the effect of IL-6,
which is released by SPARC-deficient, but not proficient, fibroblasts. Indeed, molecular
targeting of IL-6 receptor was able to reduce neuroendocrine differentiation both in vitro
and in vivo.
We further detailed a tumor-stroma crosstalk, triggered in TRAMP mice by castration
and mimicked in vitro by co-culturing tumour cells and fibroblasts in presence of
Enzalutamide, in which miR29b produced by tumour cells consequently induce Sparc
down-regulation. We also identified the heat shock protein GRP78 as the primer of this
tumor-stromal crosstalk leading to neuroendocrine differentiation. Accordingly, we
found that the molecular targeting of GRP78 strongly reduces neuroendocrine
differentiation both in vivo and in vitro.
We were able to confirm the modulation of GRP78 and SPARC, and focal up regulation
of NE markers, in paired cancer samples collected before and after androgen
deprivation therapy in a small cohort of patients.

8

Our results highlight the pivotal role of stromal components in driving neuroendocrine
differentiation of prostate cancer also suggesting possible diagnostic and therapeutic
targets.
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INTRODUCTION

1. Prostate cancer

1.1 Anatomy and histology of human prostate
The human prostate is a conical fibromuscolar and glandular organ located between
the pelvic diaphragm and the peritoneal cavity, specifically anterior to the rectum and
inferior to the urogenital bladder (1). Its main function is to secrete an alkaline fluid that
constitutes the semen together with the seminal vesicle fluid and the sperm cells
produced in the testicles. Among the different components of prostatic fluid, a protein
called Prostate Specific Antigen (PSA) is particularly important being used as a
biomarker for the detection and treatment of Prostate cancer (PCa) (2).
The prostate gland is composed of five lobes (anterior, posterior, median, right lateral
and left lateral) and according to McNeal characterization (3) it can be divided in three
zones (central zone, transition zone and peripheral zone), characterized by a unique
embryologic origin but different stromal composition and by a different susceptibility to
develop prostate benign hyperplasia and cancer (Figure 1). Indeed, despite having a
similar embryologic derivation, 70% of PCa arises from the peripheral zone (PZ) and
only 25% from the transition zone (TZ) that, conversely, is more prone to develop
benign prostatic hyperplasia according to its fibromuscolar stromal composition. In
contrast, PCa is rarely detected in the central zone (CT).

Figure 1. Zonal anatomy of PCa.
(From: John R. et al; The molecular and cellular origin of human PCa; Elsevier 2016)
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The composition of human prostate comprises glands arranged in a network of stromal
components, such as smooth muscle cells, fibroblasts, endothelial cells and collagen
fibers fused in a surrounding pseudo capsule (4). The prostatic glands are composed
of ducts and acini and two cell layers define their architecture: a basal cell layer
composed by cuboidal basal cells expressing cytokeratin (CK) 5, CK14 and p63
surrounded by a luminal cell layer made up by luminal columnar secretory cells
expressing androgen receptor (AR), CK8 and CK18 (1) (Figure 2).
In addition, few neuroendocrine (NE) cells are interposed within prostate epithelium.
These cells produce specialized neuropeptides and growth factors that regulate the
homeostasis and the normal secretory functions of the epithelial cells and are
characterized by the expression of neural markers including chromogranin A (CgA) and
synaptophysin (SYP) (5). Prostatic cell growth is strictly regulated by testicular
androgens, therefore surgical or chemical castration implies an atrophic state of the
prostatic glands (1). Accordingly, it is known that a deregulation of AR pathway in
epithelial cells can account for the development of both benign prostatic hyperplasia (6,
7) and PCa (8-11). Moreover, works by Cunha and others showed that stromal AR is
necessary for proliferation and differentiation of epithelial cells during normal prostate
development, whereas an epithelial expression of AR is required for the differentiated
functions of the glands and specifically in the expression of a precise pattern of
secreted proteins (12, 13). Interactions between epithelial and stromal cells are mutual
in the development of a mature prostate in which epithelial cells are characterized by a
highly differentiated secretory phenotype supported by a stroma predominantly
composed by smooth muscle cells. These works together with new reported evidence
underline that not only epithelial but also stromal cells are sensitive to AR signaling (14,
15), suggesting that a pathological state of the prostate can be due to a detrimental
cross-talk between these two populations.

Figure 2. Histology of human adult prostate
(From: Lopez-Beltran A. et al; Basic Anatomy and Histology of the Prostate; Cambridge
University Press, 2017)
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1.2 Pathology

The three main pathologic disorders of the prostate are inflammation (prostatitis),
prostatic benign hyperplasia and carcinogenesis. Although prostatitis represents one of
the most common urinary tract problems in men, this pathology has a low clinical
relevance and it is easily treatable. Benign prostatic hyperplasia is extremely common
and causes an abnormal proliferation of stromal and epithelial cells resulting in the
development of nodules that progressively increase in dimension, eventually shrinking
the urethral canal. This condition is not considered a pre-malignant state and patients
are commonly treated with medications and surgery (1).
PCa is the most common non-cutaneous disease affecting male population with a peak
rate in old age (~60-70 years old). Epidemiological analyses indicate that in most
industrialized countries the incidence and mortality rate of PCa, albeit higher than nondeveloped countries, appear stable and in decrease in the last 5 years (16, 17).
However, PCa remains the first cancer for incidence in male with 174,000 estimated
new cases and the second for mortality with 31,620 estimated deaths per year,
according to data provided from Cancer Statistics 2019 (Figure 3) (Cancer Facts and
Figures 2019).

Figure 3. Ten Leading Cancer Types for the Estimated New Cancer Cases and
Deaths by Sex, United States, 2019
(American Cancer Society, Cancer Facts & Figures 2019)
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The increased survival rate depends on an earlier and increased detection through
PSA testing (18) in men at average risk of PCa development and on improvements in
therapies.
PCa is a multifocal and heterogeneous disease characterized by a slow growth and
overall by a longer natural history compared to other solid tumours (19). Histologic
lesions include well-differentiated as well as poorly-differentiated adenocarcinoma or
undifferentiated cancer ranging from indolent to highly malignant grade (20).

PCa

development has been associated to high-grade prostatic intraepithelial neoplasia
(HGPIN), which is recognized as its putative premalignant precursor (21). HGPIN is
characterized by an abnormal secretory epithelium that acquires the capability to
quickly proliferate creating a multi-layered structure but still preserving the architecture
of the glands and the ducts. HGPIN is commonly found in the peripheral zone (7580%), rarely in the transition zone (10-15%) and even more rarely in the central zone
(5%), according to the zonally development of PCa (22). Diagnosis of HGPIN is often
difficult giving its cytological similarities to PCa. Discrimination is made on the basis of
architectural (small or cribriform glands, stromal infiltration, regions of increased
cellularity and disrupted basal cell layer), cytological (nuclei with increased dimension,
nuclear hypercomasia, presence of mitotic figures) and ancillary figures (perineural
invasion, intraluminal crystalloids, glomeruloid structures, intraluminal blue-tinged
mucinous secretions) (23, 24) (Figure 4).

Figure 4. Histology of prostate adenocarcinoma.
(Magnification 100x and 400x. From: Humphrey PA, J Clin Pathol, 2007)
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Ninety-percent of malignant PCa originates from peripheral zone and is classified as
acinar-type adenocarcinoma (21). Adenocarcinoma is characterized by luminal
phenotype, disruption or total loss of the basal cell layer (25, 26) and reactive and
activated stromal elements that collaborate to tumour growth through paracrine
signaling (27). The tumour can be confined in the prostate glands (localized), or it is
diagnosed as locally advanced PCa when it invades the surrounding tissues such as
the penis, seminal vesicles, bladder, distal urethra or the rectum. Metastases to distant
sites are frequently observed in pelvic lymph nodes, in the bone (particularly affecting
the spine) and less commonly also in the liver, lungs and brain (28).
Different other subtypes of prostate lesions can occur, as focal areas in a context of
acinar-type adenocarcinoma or as “pure” forms. These subtypes include adenoid cistis
and basal cells, squamous cells, urothelial and sarcomatoid carcinomas, and NE
tumours (21). The latter comprise de novo small cell NE tumours and patterns of NE
differentiation (NED) admixed to adenocarcinoma.
De novo small-cell NE PCa is a singular clinic-pathologic entity that affects 0.5-5% of
PCa patients leading to a poor prognosis, in the worst case with a survival minor than a
year. This tumour shares commonalities with small-cell NE lung carcinoma both
microscopically and in terms of genetic mutations (29). It is a poorly differentiated
tumour that consists of sheets of uniform cells with a high nuclear/cytoplasmic ratio,
diffuse infiltration and poorly circumscribed margins (30) (Figure 5). Tumor cells are
characterized by dense-core granules and maintain the expression of typical NE
markers such as CgA (31) and SYP (32, 33), they display a high proliferation rate and
metastatic potential and are in most cases resistant to the conventional therapies. De
novo small-cell NE PCa can originate from the differentiation of the basal/stem p63+ cKit+ cells (34, 35) (Figure 7) but some studies also supported a possible involvement of
the transformation of normal prostatic NE cells (29). In the recent years the diagnosis
and clinical relevance of NE PCa have been firmly recognized but there are still
conflicting observations on the possible aetiology of this pathological process. Despite
de-novo NE PCa are very rare, after the introduction in the clinical practice of potent
inhibitors of the androgen receptor pathway, patterns of NED within adenocarcinoma
have been increasingly observed.
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Figure 5. De novo small-cell NE PCa.
(Magnification 200x. From: Dickinson SI, Cancer Control, 2010)

Focal NED (Figure 6) involves clusters of NE-like cells that can emerge within
adenocarcinoma in untreated PCa (5-10%) and most frequently (25-30%) in castration
resistant PCa (CRPC) relapsing after androgen deprivation therapies (36, 37). In the
latter situation, NED is a possible consequence of the selective pressure induced by
androgen-deprivation therapy (28, 38, 39), and is associated with androgen
independence, resistance to treatments and poor prognosis (40).

Figure 6. Areas of focal NED.
(From: N. V. Adsay, D.S. Klimstra, Surgical Pathology of GI Tract,
nd
Liver, Biliary Tract and Pancreas, 2 Edition, 2009)

Tumor cells that comprise this pattern are defined NE-like because, though they
acquire the expression of NE markers, they keep sharing features (CK8 positivity)(41)
and often morphology (42) with the surrounding adenocarcinoma cells. Accordingly,
molecular analyses of microdissected cells showed comparable genetic alterations
between these two cell types (43), and indicated that NE-like cells can derive from a
process of adaptation and divergent evolution of one or more PCa cells (44).
Nevertheless, since NED is characterized by few peculiar genetic alterations that
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differentiate it from adenocarcinoma, it is now well accepted that it derives from a transdifferentiation process in which adenocarcinoma cells acquire NE-like features. Indeed,
NE tumour phenotype may emerge by a concurrence of molecular and environmental
alterations associated to the treatment or by environmental changes due to the tumour
development (Figure 7). The accumulation of novel genetic alterations such as RB1,
AURKA and MYCN due to evolutionary pressure or to processes of natural selection of
pre-existing NE tumour cells, may result in the positive selections of these NE-like
cells, in their expansion and also in the emergence of de novo small-cell NE prostate
tumours (45, 46). It could also be possible that NE tumours and adenocarcinoma
originate from a common stem-like tumour clone, further committed though different
mutations toward epithelial-like or NE-like phenotype (47). Accordingly, genomic and
transcriptomic analyses comparing NED with de novo small cell NE tumours also
revealed that though distinct clonal origin and genetic mutations these tumours share a
similar transcriptomic profile (48).

Figure 7. Proposed mechanisms of emergence of NE-tumor phenotype.
(Terry and Beltran, The many faces of neuroendocrine differentiation
in PCa progression, Front. Oncol., 2014)

Several in vitro and in vivo experiments (49, 50) showed that prostate adenocarcinoma
cells can undergo NED under precise conditions, such as when growing in hormone-
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deprivation (50) or in medium supplemented with db-c-AMP (51), forskolin (52), growth
factors like EGF (53), HB-EGF (54), TGF-β (55) and cytokines such as IL-6 (40, 56-58).
Among the different drivers of NED, IL-6 is of particular relevance as high levels of
circulating IL-6 are frequently found in CRPC and metastatic PCa patients (57, 59). IL-6
is a pleiotropic cytokine important in different physiological and pathological processes
like inflammation, cell proliferation, survival and tumorigenesis (60, 61). The canonical
IL-6 signaling involves the binding of IL-6 to the receptor subunit IL6-Rα (gp80; CD126)
and the subunit of IL6-Rβ (gp130; CD130), both on the cell surface (Figure 8). This
event leads to the homodimerization of two molecules of IL6-Rβ and the formation of a
six-component active IL-6R complex, which can initiate signal transduction and the
activation of down-stream pathways such as JAK-STAT3, PI3K-Akt and MEK-ERK (6264). While gp130 is expressed on the cell surface of all the cells, IL-6Rα is only present
on few cells in the body including hepatocytes and some leukocytes. Cells that do not
constitutively express IL-6Rα cannot respond to the cytokine, since gp130 alone
cannot activate IL-6 signaling. However, in addition to the canonical signaling, IL-6 can
also act through trans-signaling potentiating the canonical signaling or activating the
signal transduction in cells that do not express IL6-Rα. Indeed, trans-signaling involves
the binding of IL-6 to a soluble form of IL-Rα (sIL-6R) (65) derived from alternative
splicing or by detaching of the membrane bound of IL-6Rα (Figure 8). Moreover, also
IL-6Rβ exists in a soluble form named sgp130 that has been shown to inhibit
specifically IL-6/sIL-6R trans-signaling without affecting the canonical signaling
pathway (66).

Figure 8. Diagram of IL-6 signaling.
(Adapted from Lee et al., IL-6 Trans-Signaling System in Intra-Amniotic Inflammation, Preterm
Birth, and Preterm Premature Rupture of the Membranes J Immunol 2011)
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Reported evidence demonstrated that IL-6 mediates growth arrest and induces NED in
PCa cells via the activation of STAT3 (58) and PIK3-Etk/Bmx pathways (67) and that
IL-6 is capable to activate AR in a ligand-independent manner also in presence with a
very low concentrations of androgens (68, 69). Recently, it has also been reported that
IL-6 secreted by bone marrow stromal cells induces NED and autophagy in bone
metastatic PCa cells through a STAT3-independent pathway (58, 70). Accordingly, it
has also been showed that AMPK activation due to the down-regulation of the
transcription factor REST is essential for autophagy activation during IL-6-induced NED
of PCa cells (71). Thus, IL-6 has been suggested to play a pivotal role in shaping PCa
cells refractoriness to treatments and in inducing NED. This makes IL-6 an attractive
target for therapy.
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1.3 Diagnosis

PCa patients are diagnosed and treated considering different aspects including
extension of the organ, PSA levels, histological evaluation of disease grade, life
expectancy and invasiveness of the treatment. PSA testing provided the basis of a real
revolution in PCa screening. PSA is a serine-protease selectively produced by the
prostate epithelium and released in the seminal fluid. In a normal adult man PSA levels
in the blood are very low but they tend to rise dramatically in PCa patients. Specifically,
blood PSA levels higher than 4.0 ng/mL are considered an indication of PCa (72).
Reported evidence indicate that PSA levels in serum could increase since 5-10 years
before the clinical onset of the disease (73) or even longer (74). However it has been
also reported that PSA levels can be elevated in benign pathologies such as BPH and
prostatitis opening an issue that led to long debates and controversies about its use in
clinical practice for years. PSA was introduced by the early 1990s in conjunction with
digital rectal exam (DRE) and used as tumour biomarker able to detect recurrence and
disease progression (75, 76). Subsequently, it was widely accepted by professional
scientific societies that created guidelines that supported the routine PCa screening
using PSA (77). The result was an increased incidence of newly diagnosed PCa,
especially in 1992, and a reduction of mortality. However, it also led to several overdiagnoses and over-treatments of early-stage and clinically localized PCa with radical
prostatectomy and radiation therapy, treatments that affected patients’ health for years
(78, 79). To date, PSA screening is still controversial; therefore, professional society
guidelines (American College of Physicians, American Cancer Society, American
Urological Association, US Preventive Services Task Force, American Society of
Clinical Oncology) uniformly recommend an informed decision about screening that
reflect personal preferences and values of the patients.
In general, following the detection of raised levels of PSA, diagnosis of PCa is based
on examination of histopathological specimens from the organ, usually obtained by
transrectal or transperineal ultrasound guided core biopsies. The histological evaluation
relies on a combination of architectural and cytological features including Infiltrative
growth pattern, prominent nucleoli and lack of basal cells. Characterization of
morphological features with adjunctive immunohistochemical staining may be
necessary to make the correct diagnosis. Prostate adenocarcinoma is graded
according to the Gleason Score (GS). GS is based on the glandular and differentiation
pattern of the tumour and ranges from 1 to 5, where 5 indicates the most aggressive
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(80). Score 1 is associated to well-differentiated tumours that are still confined in the
prostate glands while score 5 is associated to less differentiated tumours with
increased stromal infiltration. Considering that PCa is a multifocal disease in which
different areas of the same tumour often comprise cancer cells with different grades,
the pathologist assigns two grades to a single patient: the primary grade is assigned to
the largest and prevalent pattern of the tumour and the secondary grade to the cells of
the adjacent largest malignant areas. Thus, the total GS is the sum of these two values
and indicates PCa when in range from 6 to 10. However, biopsy and radical
prostatectomy are often discordant in the assignment of GS mainly because of the
multifocal features of PCa that may not be fully recapitulated in the biopsy sampling.
Therefore GS, firstly introduced in 1974 by Donald Gleason and the Veterans
Administration Cooperative Urologic Research Group (80) has been then updated and
revised, firstly in 2005 (81) and then in 2014 (82) in the International Society of
Urological Pathology (ISUP) meeting (Figure 9). In particular, the last revision of GS
includes a 5-grade system, which incorporates the 2014 modifications to the Gleason
grading system: grade 1 (GS ≤6), grade 2 (GS = 3 + 4), grade 3 (GS = 4 + 3), grade 4
(GS = 4 + 4; 3 + 5; 5 + 3) and grade 5 (GS 9-10) (Table 1.1). The previous simplified GS
failed to highlight the great differences among tumours scored as GS 7, which can be
assigned both to well-differentiated PCa with a small component of poorly differentiated
cancer (grade 2, GS = 3+4) and vice versa (grade 3, GS = 4+3). The novel system
assigns two different grades to these two different patterns preventing confusion arising
from the misconception that GS 3+4 and GS 4+3 PCa both eventually become GS 7
PCa and making it easier to evaluate patient prognosis and the need or not for
additional treatment after surgery (82, 83). Indeed, this system allows classifying
tumours scored as GS 3+4 (with minimal percentage of pattern 4) as low-risk with
active surveillance as the preferred clinical option, whereas tumours scored as GS 4+3
(with an extensive percentage of pattern 4) are considered high-risk so that additional
therapeutic approaches become necessary.
Furthermore, commonly to all other types of cancer, PCa can also be classified by
TNM system. This system is based on standardized criteria and in particular T refers to
the size and extension of the main tumour area, N refers to the number of nearby
metastatic lymph nodes and M refers to the presence of metastases.
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Figure 9. Gleason Score evolution from 1992 to 2014.
(Sunassee et al., Intraductal carcinoma of prostate, grade group, and molecular pathology:
recent advances and practical implication, Ann Urol Oncol 2019)
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1.4 Molecular alterations

A precise diagnosis associated to the choice of an adequate therapeutic regimen
involves the characterization of the different PCa subtypes related to specific genetic
drivers. The advances in the treatment of PCa in the last years strictly depend by the
recognition of intratumoral heterogeneity dictating drug response and relapse after the
treatment (84) and by the classification of the genotypic variations of the responder
patients after targeted therapies (85). Nevertheless molecular signaling pathways
negatively or positively regulate cell growth and proliferation, resistance to apoptosis,
angiogenesis and also mechanisms of escape from the immune system, thereby
playing a pivotal role in carcinogenesis and in disease progression. In general,
mutational burden in PCa increases with the grade of the disease and with biochemical
recurrence (86) and, despite the relatively low rate of point mutations, PCa is
characterized by a high rate of genome instability and chromosomal rearrangements
(87). The main genetic alterations that involve the initiation and progression of PCa are
summarized in Figure 10.

Figure 10. Genetic alterations in PCa progression.
(Fraser M., van der Kwast T., Boutros P.C., Bristow R.G.,The Clinical Genomics of PCa. In:
Bolla M., van Poppel H., Management of PCa, Springer, Cham, 2017)
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Usually, early-stage localized tumours have a diploid genome and a low mutational
burden. Gene alterations mainly comprise TMPRSS2-ERG gene fusion (88, 89), SPOP
mutations, loss of NKX3.1, RB1, PTEN and/or TP53 and amplification of MYC and AR.
On the other hand, advanced PCa and metastatic CRPCs are characterized by an
increased frequency of mutations, some common to the primary tumour (e.g. AR,
TMPRSS2-ERG, RB1, PTEN, TP53 and SPOP) and others progressively acquired
(e.g. BRCA2, CHD1, ATM, FOXA1, FOXO1, and PIK3CA). Interestingly, despite the
increased mutational burden the frequency of mutations in a single gene is always
lower than the 50% of patients, with the exception of AR. Indeed PCa is not driven by a
single dominant genetic driver event but can be the results of different molecular
alterations.
The most recurrent gene fusion in PCa is the TMPRSS2-ERG fusion (89) observed in
60% of primary tumours (90) and in about the same percentage of tumours displaying
focal NED, suggesting a clonal evolution of NED from adenocarcinoma (91).
TMPRSS2-ERG fusion involves an over-expression of the oncogene ERG (a member
of ETS family) driven by the androgen reaction element of the TMPRSS2 gene
(regulated by androgens) and associated to cell growth, differentiation and apoptosis
(92-95). Nevertheless, in the evolution toward CRPCs, TMPRSS2-ERG fusion gene
overcomes androgen regulation (96). Moreover, it has been reported that its
overexpression in transgenic mice cooperates with the loss of the tumour suppressor
gene PTEN (97) or with the activation of PI3K/AKT signaling pathway (98, 99). On the
contrary, a fusion-negative status of the ETS gene family in PCa patients has been
found to be associated to mutations of CHD1 gene involved in chromatin remodelling
and found deleted or mutated in both primary and, more frequently, in metastatic
CRPCs (100) also concurrently with SPOP mutations (100, 101).
Tumor suppressor genes negatively regulate cell growth impacting the normal cell
cycle, processes of DNA repair and cell signaling; thereby loss of function or mutations
of a tumour suppressor gene can influence tumour progression through different
signaling pathways. Particularly, it has been showed that the six best-characterized
tumour suppressor genes with enriched mutation frequency in PCa are SPOP, RB1,
TP53 and PTEN.
10-15% of prostate tumours, including primary and CRPCs, are then characterized by
recurrent mutations in SPOP gene encoding the E3 ubiquitin ligase and resulting in the
sustained and independent activation of PI3K/mTOR and AR signaling (102-104).
Indeed, SPOP mutations maintain AR transcriptional activity though the negative
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feedback mediated by PI3K/mTOR signaling thus resulting in the activation of two
pathways critical for the pathogenesis of PCa (104).
RB1, TP53 and PTEN alterations can be found relatively early in the primary tumour
but are more common in aggressive tumours with or without features of androgen
independence (48, 88, 103). Androgen independence can give rise to CRPCs and NED
as potent mechanism of resistance to hormonal therapy. In this context, recent
evidence demonstrated how inactivation of TP53 gene in the setting of RB1 loss,
independently by PTEN loss, promotes the emergence of NE phenotype and
resistance to hormonal therapy (105, 106).
RB1 is an important negative regulator of cell cycle and of genomic stability (107).
Indeed, the retinoblastoma protein (pRb) has a pivotal role in inhibiting the transcription
of genes required for the transition of the cells from G1 to S phase maintaining
genomic stability in response to overt DNA damage (108). Its function of repressor is
mainly mediated by binding to the transactivation domain of E2F or by binding to the
promoter of the repressed genes as a complex with E2F (109). pRb represses
transcription also by remodelling chromatin structure through interaction with different
proteins (e.g. hBRM, HDAC1 SUV39H1 and BRG1) (110). Moreover, loss of pRb
protein due to chromosomal mutations leading to RB1 gene inactivation induces cell
cycle deregulation sustaining PCa development (111). RB1 loss is less frequent in
primary PCa and more frequent in metastatic CRPCs (100, 112) implicating
cooperation between AR signaling and pRb function. Indeed, it has been shown that,
while androgen deprivation potentiates Rb functional activity resulting in G1 cell cycle
arrest, a restored AR signaling decreases Rb phosphorylation promoting resistance to
hormone therapy through the activation of E2F1 transcription factor (111). Moreover,
RB1 loss is always present in de novo small-cell NE PCa, also characterized by
frequent concomitant alterations of PTEN and TP53 genes (113). Given the increasing
importance of RB status in making clinical decisions, it is currently used as predictive
biomarker for treatment response in CRPC patients (NCT02059213, NCT02218606).
TP53 is a suppressor gene that plays a pivotal role in response to DNA damaged cells
influencing cell proliferation, suppression of DNA repair and apoptosis, also influencing
PCa development (114). It has been well recognized that mutations of TP53 occur
infrequently in primary tumours (115, 116). In contrast, p53 is mutated in advanced
stages of PCa, as well as in recurrent and metastatic disease (100, 116, 117) and its
overexpression is a predictive factor for poor prognosis and disease recurrence,
particularly when detected in combination with Bcl2 (118). Furthermore, it has been
characterized that TP53 mutations are the most highly enriched alterations not related
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to AR in CRPC setting (119) and, very recently, that TP53 status in primary tumours
may predict the efficacy or the resistance of subsequent hormone therapy treatment in
CRPC patients (120). Interestingly, other recent evidence showed that loss of both
TP53 and RB1 results in PCa cells plasticity toward androgen-independence, treatment
resistance and NED by increased expression of the reprogramming transcription
factors SOX2 and EZH2 in PCa cells under the selective pressure given by antiandrogen therapy (121, 122). Moreover, these studies also revealed EZH2 and SOX2
inhibitors as effective strategies to impede the lineage switching and to restore the
sensitivity to androgen deprivation therapy (ADT).
PTEN is a suppressor gene important for cell growth, proliferation, survival and
migration. It acts as lipid phosphatase antagonizing functional PI3K activity that results
in the suppression of the activation of down-stream mTOR signaling through AKT
phosphorylation (123). PTEN deletion or mutation is present in about 20% of primary
PCa (88) and in about 50% of CRPCs (usually in cooperation with TP53 loss) and is
associated to a poor clinical outcome (124, 125). Indeed, PTEN loss has been found to
be associated with an increased risk of biochemical recurrence after surgery in different
studies (126, 127) and most importantly, to be an independent prognostic indicator of
PCa-specific death in patients treated with ADT (128). Accordingly, engineered mouse
models exhibiting PTEN loss show resistance to castration developing CRPC (129131) through a feedback loop between PI3K and AR signaling that causes AR downregulation (132). This evidence has been also observed in translational studies (133)
leading, in the end, to the development of therapeutic compounds targeting nodes of
PI3K-AKT-mTOR signaling that are being tested in clinical trials in combination with
ADT for patients with metastatic CRPC (134). Moreover, independently by its
regulation on PI3K pathway, PTEN also acts in the nucleus driving chromosomal
instability and mechanisms of double-strand break repair (135) and this has led to the
development of clinical trials aimed at evaluating poly (ADP-ribose) polymerase
(PARP) inhibitors to treat PCa with PTEN loss (136). Finally, besides the renowned
evidence showing PTEN influence on both innate and adaptive immunity (137), it has
been recently reported that PTEN loss promotes intratumoral androgen synthesis and
tumour microenvironment remodelling by affecting the expression of extracellular
matrix modulators such as MMP-9 in castrated mice, by the activation of an abnormal
AKT-RUNX2-OCN-GPRC6A-CREB axis (138).
MYC amplification and overexpression is also a frequent event in PCa development
(100). The MYC family comprises MYC, MYC-L and MYC-N proto-oncogenes encoding
a group of multi-functional transcription factors involved in different processes like cell
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cycle progression, apoptosis and cellular transformation, whose deregulation has been
associated to initiation and progression of different types of cancer (139). Numerous
studies of human PCa have demonstrated MYC overexpression in up to 30% of
tumours, even in the stage of HGPIN (140). A recent study has also demonstrated that
localized PCa presents MYCL amplification in 27% of cases (141). Furthermore, MYCN
has been recently validated as an oncogenic driver associated to NED since its
overexpression together with AURKA amplification results in a more activated AKT
pathway driving metastatic CRPCs with low expression of AR (41). In addition, MYCN
has been found to cooperate with EZH2 to promote resistance to hormone therapy and
NED (142). Enhancer of Zeste Homologue 2 (EZH2) is a histone methyltransferase
that plays an important role in chromatin regulation (143). Importantly, EZH2
overexpression has been associated with aggressive and metastatic CRPCs (144).
Interestingly, recent data show that the role of EZH2 in PCa may be independent from
its function in suppressing gene expression, but instead it may act as an activator of
AR and other transcription factors (144). These discoveries opened the possibility that
therapeutic targeting of EZH2 activity could be a potential strategy for CRPC patients.
Currently, the first clinical trial with EZH2 inhibitors ProSTAR is being tested in
combination with ADT or prednisone in metastatic CRPC patients (NCT03480646).
Finally, AR signaling plays a key role in the development and progression of PCa and it
is essential for the development of CRPC (145). Notably, in androgen-responsive
tumours, upon ligand binding, AR translocates to the nucleus binding as dimer to
specific sequences called androgen responsive elements (AREs) in proximity of AR
target genes and activating their transcription through epigenetic modifications of AR
binding regions. On the contrary, in conditions of androgen deprivation, AR is
expressed in the cytoplasm in association with chaperones and co-chaperones
proteins of the heat-shock family (HSP) (146, 147). Particularly, among the different
molecular chaperones HSP proteins, HSPA5 also referred to as GRP78, is overexpressed in CRPC patients (148) and an up-regulation and a different localization of
both AR and GRP78 in untreated PCa can be predictable of a poor outcome (149). AR
mutations or amplifications are generally absent in the primary tumours but rather
seem to emerge as mechanism of resistance to therapies aimed at blocking androgen
axis (88, 100). Increased activation of AR down-stream signaling is mainly caused by
AR gene amplifications, point mutations, AR splice variants (AR-Vs), hypersensitivity to
androgens and intratumoral steroidogenesis (145). Among ARVs variants, ARV7 is
over-expressed in CRPCs patients and blockade of AR-V7 signaling has been
proposed as therapeutic target through its selective blockade, inhibition of pan-AR

26

_________________________INTRODUCTION_________________________

signaling or of downstream elements of its pathway (150, 151). Moreover, several
evidence have shown that even in CRPCs that no longer respond to hormone therapy,
AR signaling is still active being a suitable therapeutic target (152) (153) (154).
However, despite the development of a second generation of anti-androgen and ADT
therapies showed promising results in the treatment of CRPC patients, treatmentrelated NED has become a relevant clinical entity (155, 156) thought to occur as a
consequence of ADT and anti-androgen therapies (44, 106).
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1.5. Therapeutic approaches and mechanisms of resistance

PCa treatment depends on several features regarding both the tumour and the medical
history of the individual patient. These aspects concern for instance the anatomy
extension of the gland, the aggressiveness of the tumour, the age and life expectancy
of the patient and, most importantly, other diagnosed comorbidities that could lead to a
poorer prognosis besides the tumour itself. Currently, there are different types of
standard treatments for PCa including: watchful waiting, active surveillance, surgery,
radiation therapy, hormone therapy, and chemotherapy.

LOCALIZED DISEASE
When tumour is localized within prostate glands or it is locally advanced at diagnosis,
patients can undergo watchful waiting, active surveillance, surgery or radiotherapy
(157, 158). Generally, watchful waiting and active surveillance are chosen for old men
in absence of particular symptoms or affected by other serious health problems, and
consist in a close monitoring until eventual deterioration of patients symptoms and
conditions. Active surveillance involves a follow-up about every 6 months and
prostate biopsies every year. Follow-up includes a medical doctor visit, PSA testing
and digital rectal exam and no treatment is given to the patient until an eventual
change in test results. (159). Watchful waiting (observation), instead, is sometimes
used to monitor patient’s symptoms with a less intensive type of follow-up compared to
active surveillance (160).
For patients with high risk localized PCa, surgery and radiotherapy are the preferred
therapeutic options. Surgical intervention, known as radical prostatectomy, consists
in the complete removal of prostate, of the seminal vesicles and of pelvic lymph nodes.
Surgical options for radical prostatectomy include open prostatectomy and minimally
invasive surgical resection. In detail, minimally invasive surgical resection consists in
small incisions with the use of a two-dimensional laparoscope using transperitoneal or
extraperitoneal approaches. The use of the Da Vinci Robot for this technique has
recently gained popularity as it significantly decreases post-surgical trauma and pain,
offering a best rehabilitation (161). However, after surgery an adjuvant radio- or
hormone- therapy is usually given to prevent recurrence (162).
Radiotherapy used in first line to treat localized PCa offers therapeutic results
comparable to prostatectomy, although displaying a different toxicity depending on
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patient conditions. Radiotherapy can be also given as adjuvant therapy for patients that
had previously undergone surgical resection. Radiotherapy consists in high-energy
beams of ionizing radiation produced by linear accelerators (external beam
radiotherapy)(163) or emitted by radioactive elements (brachytherapy) (164).

ADVANCED DISEASE
Differently from localized and locally advanced PCa, high grade or recurrent diseases
are treated with therapies aimed at androgen deprivation of malignant cells, a condition
called castration (165). Since AR and the activation of its down-stream signaling
pathways are fundamental for the development of both localized and metastatic PCa,
ADT can be a successful strategy to decrease tumour growth in each of these stages,
even if different drugs can be used, as further described (166). For localized and locally
advanced tumours ADT may be used before, during or after surgery or radiotherapy.
The main drugs used for hormone therapy in these settings are: super agonists of
LHRH (or GnRH) and first-generation antiandrogens (such as bicalutamide, flutamide,
nilutamide). Super agonists of LHRH act by blocking the production of luteinizing
hormone (LH) produced by the pituitary gland that stimulates the activity of the testes.
Indeed, LHRH super agonists are able to suppress the function of the testicles thus
blocking hormone production. Antiandrogens are drugs able to block the interaction
between male hormones and their receptors on tumour cells resulting in an
abolishment of androgen receptor signaling and/or in an inhibition of androgen
production and a consequent inhibition of tumour growth. Bicalutamide, flutamide and
nilutamide, nonsteroidal antiandrogens of first-generation, are selective antagonists of
AR. Interestingly, bicalutamide is the most effective of these three drugs in terms of
affinity to AR, of safety, tolerability and with the longest elimination half-life (167). For
these reasons from its introduction bicalutamide has replaced not only the other
nonsteroidal antiandrogens (flutamide and nilutamide) but also the old steroidal
antiandrogen drug cyproterone acetate.
However, 18 to 36 months after the initial response to hormone therapy, most of PCa
switch to CRPC stage, in which tumour cells keep growing despite androgen ablation
(168). Moreover, focal NED often occurs in hormone treated and CRPCs patients and
is associated with androgen indifference, refractoriness to treatments and poor
prognosis (36, 106, 155).

29

_________________________INTRODUCTION_________________________

CRPC
In recent years the therapeutic approaches accessible for patients with (metastatic)
CRPC have hugely expanded. Chemotherapy and especially the combination of
docetaxel with prednisone was a turning point since it resulted in an increased
response rate and survival (169). However, in the last years numerous studies
highlighted the role of AR signaling in the development of metastatic CRPC, showing
that, despite systemic androgen depletion, residual androgen levels together with the
production of intratumoral androgens by PCa cells are still capable to activate AR
signaling, supporting PCa cell survival and growth and driving progression to CRPC
(170).
At the moment the FDA has approved six new agents, with different mechanisms of
action, for the management of metastatic and non-metastatic CRPC: cabazitaxel,
sipuleucel-T,

radium-223

dichloride

and

second-generation

of

antiandrogens

(abiraterone acetate, apalutamide and enzalutamide).
Cabazitaxel is a taxane derivative of docetaxel with activity against docetaxel-resistant
CRPCs. Preclinical models of drug-resistant human and murine cell lines demonstrated
the improved cytotoxicity of cabazitaxel compared to docetaxel, given its capability to
be accumulated within the cell at greater concentrations than docetaxel (171).
Cabazitaxel was initially tested for the treatment of metastatic CRPCs and data
emerged so far from the FIRSTANA clinical trial support the chemotherapy sequence
of docetaxel as fist line therapy followed by cabazitaxel (172). Though overall survival
was improved with cabazitaxel, treatment-related deaths were mostly caused by
neutropenia (173). However, given the overall survival benefit, in 2010 the FDA
approved cabazitaxel for the treatment of patients with metastatic CRPC progressing
after docetaxel.
A new fascinating frontier for cancer treatment is based on anti-tumour vaccines or
immunomodulatory molecules targeting the immune checkpoint molecules and able to
awake the immune system against tumour. Sipuleucel-T (PROVENGE) is an
autologous vaccine approved as the first immune-therapeutic agent in 2010 for the
treatment of metastatic CRPC. The antigen presenting cells (APC) are collected from
the peripheral blood of the patient and are stimulated with a recombinant fusion protein
antigen composed of prostatic acid phosphatase (PAP) and to granulocytemacrophage colony-stimulating factor. This process activates APCs that are reinfused
in the patients were they are able to promote a cytotoxic T-lymphocyte-mediated
immune response against PAP (174).
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Radium-223 dichloride is a targeted therapy approved by FDA for the management of
symptomatic patients with metastatic CRPC that has spread to the bones to but not to
any other organs (175). Since a clinical study suggested that patients treated in
combination with radium-223 and prednisone have an increased risk to die earlier than
placebo and to be subjected to continuous fractures (176), in 2018 the European
Medicines Agency restricted its use only to patients who have already received two
previous

treatments

for

metastatic

CRPC

(https://www.medscape.com/viewarticle/899302).
Among the second-generation of antiandrogens, abiraterone acetate is a potent
inhibitor of CYP17, an enzyme essential for testosterone biosynthesis from cholesterol.
Abiraterone is an oral and well-tolerated drug that targets the restored AR signaling
observed in CRPC patients. Notably, clinical studies showed that CRPC patients
treated with abiraterone after docetaxel show improved overall survival and
progression free survival (152). In general, abiraterone acetate is used in combination
with corticosteroid such as prednisone and has been approved by FDA in 2011 for
patients who previously received docetaxel chemotherapy after failure of ADT and for
patients who are asymptomatic or mildly symptomatic after failure of ADT. Reported
data also suggest that the drug will be effective and utilized in the pre-chemotherapy
setting (177).
Of particular significance is the recent approval of apalutamide and enzalutamide in the
treatment of metastatic and non-metastatic CRPC, which was established after two
randomized clinical trials demonstrating significant improvement in metastasis-free
survival (154, 178, 179). Prior to these trials, there were no approved agents for nonmetastatic CRPC. Apalutamide is an AR antagonist that directly binds to AR,
preventing its nuclear translocation and AR-mediated transcription therefore limiting
PCa cell growth and proliferation. The safety and efficacy of apalutamide treatment
shown in several clinical trials, supported the use of apalutamide in the clinical practice
in various PCa settings. In particular, the SPARTAN trial revealed significant
improvements in metastasis-free-survival of patients treated with apalutamide leading
to FDA approval in 2012 (178). Apalutamide obtained FDA approval also for the
treatment of non-metastatic CRPC in 2018 (180, 181). Enzalutamide (ENZA) is a
synthetic nonsteroidal pure antiandrogen that has a strong binding affinity for AR. The
binding of ENZA to AR results in a conformational change of the receptor that becomes
inefficient to form an active transcriptional complex, to translocate in the nucleus and to
mediate AR-dependent gene expression (182). ENZA also prevents the binding of AR
to deoxyribonucleic acid and to co-activator proteins further blocking the activation of
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its downstream signaling (Figure 11). In 2012 ENZA was approved by the FDA for the
treatment of patients with metastatic CRPC and previously treated with docetaxel
(154). However, despite a significant reduction of disease progression in a consistent
fraction of patients, ENZA treatment led to increased PSA levels in the majority of
patients whose disease progressed after the treatment. This implied that tumour growth
in these patients could be still driven by AR signaling, therefore suggesting that further
treatments with hormonal therapy could have many potential benefits to patients.
Furthermore, since AR signaling is restored in CRPCs, it was proposed that ENZA
could be active in patients regardless from their previous exposure to chemotherapy
(179). Therefore it was granted in 2014 as first-line therapy for metastatic CRPC and in
2018 also for non-metastatic CRPC (179, 183).

Figure 11. Mechanism of action of ENZA.
(Adapted from: Linder S et al. Enzalutamide therapy for advanced PCa: efficacy, resistance and
beyond. Endocr Relat Cancer. 2018)

However, the choice of ENZA for the treatment of metastatic CRPC patients as first line
or second line therapy depends on different factors such as PCa stage, eventual
previous therapies and individual preference. A summary of the different treatment
options for metastatic CRPC patients is summarized in Figure 12. Nevertheless, taking
account of the widely recognized inter-patient heterogeneity observed in PCa patients it
is not surprising to think that treatment responses to ENZA can vary between patients.
The acquisition of therapeutic resistance to the second generation of ADT/anti AR
therapies is often associated to the development of focal areas of NED, that has now
became a relevant clinical entity. NED intrinsic features include few genomic alterations
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(loss of RB1 and P53 (44), amplification of MYCN (142)) and mainly deregulation of
epigenetic (up-regulation of EZH2 (142) and down-regulation of REST (184, 185)) and
transcriptional (up-regulation of BRN2 (186), PEG10 (187) and FOXA2 (188)) factors.
Therefore treatment-related NED is thought to derive from environmental changes
mediated by a double crosstalk between tumour cells and components of the prostate
tumour microenvironment (TME) under the selective pressure induced by treatment.
Translational studies investigating the molecular mechanisms governing this crosstalk
are on going, with the final aim to identify novel predictive/prognostic biomarkers and
therapeutic targets for NED.

Figure 12. Schematic representation of treatment options in metastatic CRPC.
(Linder S et al. Enzalutamide therapy for advanced PCa: efficacy, resistance and beyond. Endocr
Relat Cancer. 2018)
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2. The tumour microenvironment in PCa

Various

evidence

have

underlined

that

the

development,

progression

and

aggressiveness of every tumour closely depends on the influence of the different
components of the TME (189). They include stromal cells such as normal fibroblasts
and cancer-associated fibroblasts (CAFs), immune cells, endothelial cells, pericytes,
elements of extracellular matrix (ECM) and soluble factors such as cytokines and
growth factors (190).The constituents of the TME shape a niche for cancer cells
providing an important mechanical support but also secreting different factors that
promote tumour growth. Indeed, tumour cells acquiring additional mutations can
instruct the stromal components to release pro-tumorigenic factors or to recruit other
cell types that actively support tumour progression (191). Nevertheless, cells from the
microenvironment, and particularly immune cells, can limit tumour growth. Indeed,
components of TME actively interact with cancer cells but also each-others shaping a
multiple crosstalk that finally results in a tumour-prone or a tumour-suppressive
environment (192, 193). As well, under the same oncogenic drivers molding the tumour
microenvironment, different tumour outcomes can be observed (34, 194, 195).
Therefore stromal cells can be considered real accomplices in driving tumorigenesis
(196).

IMMUNE CONTEXTURE
Generally, the presence and localization of cytotoxic and helper T lymphocytes within
tumour margins has been associated to a good clinical outcome across different type of
cancers (197-199). Therefore the assessment of CD3+ and CD8+ T cells infiltration this
factor has become an important parameter called “immunoscore” (199). Particularly,
only tumour-infiltrating lymphocytes localized in the center or in the invasive margins of
the tumour are considered in the immunoscore (200). Immunoscore, together with
tumour inflammation signature, led to classify solid tumours as “hot”/T cell inflamed or
“cold”/not T cell inflamed (201). To date, despite several studies described the positive
association between the presence of CD8+ T cells and good prognosis (197, 198) in
PCa, conflicting papers reported that high number of CD8+ T cells can be detrimental
leading to disease progression and bad prognosis (202, 203). For this reason, their
prognostic relevance in PCa setting has not been fully understood yet. Indeed, PCa is
defined as a cold tumour and the association of CD8+ T cells to bad prognosis may be
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due to a dysfunctional state of these cells that over time may become exhausted losing
their cytotoxic activity.
There are several other aspects that influence the development of a cold TME in PCa,
such as mechanisms of immune exclusion and/or evasion, hormonal signaling, genetic
alterations and selective pressure induced by the therapeutic treatments (204). In
particular, low expression of tumour-associated antigens due to the low mutational
burden of PCa, defects in DNA damage response, decreased expression of MHC class
I molecules, and PTEN loss leading to dysfunctional interferon-1 signaling are the main
factors impacting the evolution of TME during PCa development (Figure 13)(193).

Figure 13. Schematic illustration of factors influencing PCa TME.
(Vitkin, Natasha et al. “The Tumor Immune Contexture of PCa.” Frontiers in immunology vol. 10
603. 28 Mar. 2019)

Among other immune subsets, also CD4+ regulatory T cells (Tregs) have been studied
as important players in PCa progression. Tregs are able to suppress anti-tumour CD8+
T cell responses and to directly promote tumour cell growth (205). Notably, Tregs are
increased and with higher suppressive ability in PCa specimens compared to non-
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tumour tissues (206-208). A non-conventional subset of tumour-infiltrating CD8+
FoxP3+, suppressive T cells was also described in PCa (209).
Macrophages are an essential constituent of the leukocyte infiltrate in most malignant
tumours, including the prostate, having a prognostic significance (210). Notably,
different studies demonstrated that high tumour-associated macrophage infiltration in
PCa is a pro tumorigenic factor (211, 212) also linked to NED (213). Indeed,
macrophages are one of the major sources of cytokines in TME, and it is described that
upon crosstalk with tumour cells mediated by bone morphogenetic protein-6, they can
release IL6 and induce NED, (213).
Also myeloid derived suppressor cells (MDSCs) are important in PCa progression.
MDSCs are characterized by the co-expression of the myeloid differentiation markers
Gr-1 and CD11b in mouse, and/or of the common myeloid markers CD33 and CD11b
in human (214). Gr-1 is composed by two different cell membrane molecules Ly6C and
Ly6G and according to their expression levels, murine MDSCs are classified in two
subtypes: granulocytic MDSCs (PMN-MDSCs CD11b+ Ly6G+ Ly6Clo) and monocytic
MDSCs (M-MDSCs CD11b+ Ly6G− Ly6Chi)(215). In humans MDSCs subtypes express
different markers and in particular PMN-MDSCs are identified as CD11b+CD14−CD15+
or CD11b+CD14− CD66b+ and M-MDSCs as CD11b+CD14+HLA-DR−/loCD15− (216,
217). It is known that MDSCs can sustain tumorigenesis by suppressing the antitumor
immune response (215). In prostate PMN-MDSCs are considered the relevant subtype,
found to be enriched and suppressive in PCa patients and murine models (195, 218).
PMN-MDSC function in PCa is not limited to immunosuppression. A recent paper
reported that tumour-infiltrating Gr1+ myeloid cells can antagonize tumour cell
senescence promoting tumour growth (219). Moreover, PMN-MDSCs accumulates in
tumours following ADT and can promote castration resistance by secreting IL-23, which
in turns activates AR signaling in tumour cells (220).
Furthermore, also mast cells have been found to have peculiar and contrasting roles in
PCa. Indeed, in well-differentiated adenocarcinoma they exert a pro-tumorigenic
function, by secreting metalloproteinase-9 (194), and by suppressing CD8+ T cell
response trough crosstalk with PMN-MDSC (195). On the contrary their presence
become essential in the protection from the development of de novo small-cell NE
tumours (194)(294).
Interestingly, most of the cells in the TME express AR and can be affected by
treatments with antagonists of AR such as bicalutamide or ENZA. Indeed these drugs
can lead to increased leukocyte and B cell migration and impaired T-cell priming (221,
222). Moreover, AR signaling blockade has also been showed to promote macrophage
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infiltration increasing CCL2 levels and resulting in an increased phosphorylation of
STAT3 caused by the inhibition of the protein inhibitor of STAT3, PIAS3 (223).
Accordingly, AR knockdown is able to suppress migration of THP-1 human
macrophage cell line inducing CCL2 expression, suggesting that AR signaling in this
cell subset actively supports their capacity of migration (223). In addition, AR signaling
also influences macrophage production of pro-inflammatory molecules such as IL-1B,
COX2 CXCL1, TNF-a, CCL3, IL6, IL-12, IRF1, CXCL10, TNF1 and CCL5 (224) that
might affect PCa development and progression.
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2.1 Cancer-associated fibroblasts

Different subsets of stromal fibroblasts upon tumour instruction can acquire an
activated phenotype differentiating in CAFs.
The transition from normal fibroblasts to CAFs represents one of the most important
steps in cancer development. CAFs are the most abundant cells in the tumour stroma
and are characterized by an activated phenotype resembling what happens to
fibroblasts in wound healing (225). Indeed, the difference between normal fibroblasts
and CAFs is that the latter are constantly activated acquiring different functional and
phenotypical features. CAFs are identified in the TME, as well as in wound healing, by
their spindyloid morphology and by their contractile phenotype (225). Other differences
that distinguish CAFs from normal fibroblasts are an increased activity of the
endoplasmic reticulum (226), expression of alpha smooth muscle actin (α-SMA or
ACTA2) and increased expression of vimentin (VIM) (227), formation of fibronexus
adhesion complexes and stress fibers (228), increased production of ECM proteins and
secretion

of

pro

tumorigenic

factors

(228-230).

CAFs

produce

matrix

metalloproteinases and ECM proteins mainly including collagen, secreted protein acidic
and rich in cysteine (SPARC), osteopontin (OPN), elastin, fibronectin, tenascin,
therefore influencing the stiffness of the tumour stroma rendering it more favourable for
cancer cell invasion (231). CAFs origin has been discussed in different studies
reporting that they can originate from activation of resident fibroblasts (232) or from the
trans-differentiation of resident epithelial or endothelial cells, through epithelialmesenchymal transition (EMT) (233), or endothelial to mesenchymal transition (234),
respectively, or also by differentiation of bone marrow mesenchymal cells (228, 235).
Results provided from analyses of single cells RNA sequencing on different types of
tumours confirm that CAFs are a heterogeneous population of cells (236-238).
The differentiation toward CAFs is induced by paracrine signals generated by repairing
process or injured tissues. Among those signals the most relevant in PCa are IL-6 and
TGF-β (239, 240). Cytokines released by CAFs can impact on tumour cells or influence
other cells in the TME. For instance, adenocarcinoma-derived IL-6 is particularly
important for CAFs activation and their release of metalloproteinases, which in turn
promote EMT of PCa cells, increased aggressiveness and development of metastases
(240). Interestingly, in addition to its role in CAFs differentiation from bone marrow
mesenchymal stem cells (241), TGF-β can be itself produced by activated CAFs and
can consequently induce CXCR4 expression in the neighbourhood epithelial cells.
Therefore, tumour cells become sensitive to CXCL12 produced by tumour stroma, and
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in turn, insensitive to the growth inhibitory effects of TGF-β (242, 243). Notably,
CXCR4 is elevated in localized and metastatic PCa and is considered a marker of poor
prognosis (244). In addition to CXCL12 also other chemokines including CXCL1 (245),
CXCL2, CXCL5 and CXCL6 are highly produced by stromal cells in the prostate TME
(246) and can influence the recruitment of other subset of cells. For instance, a recent
paper showed that CXCL1 produced by CAFs can stimulate the recruitment of MDSCs
in the tumour (245).
Moreover, various studies have shown that factors secreted by CAFs induce epigenetic
modifications that promote EMT, stemness features and treatment resistance in PCa
cells (247). Indeed, in PCa setting heterogeneous subsets of CAFs have been reported
to contribute to different stages of tumour progression and resistance to ADT, including
NED (248). Interestingly, low expression of AR in the TME is associated with a high
tumour grade, a high disease recurrence after prostatectomy and a shorter
progression-free survival of metastasized patients treated with hormone therapy
suggesting a protective role of AR signaling in CAFs against disease progression and
recurrence (249). However, in contrast to the effect of AR signaling inhibition in
blocking PCa cell proliferation, the inhibition of AR signaling in CAFs enhances PCa
cell migration (249). Moreover, in response to ADT CAFs have been showed to
activate of a paracrine Wnt signaling inducing treatment-resistance (250). Finally, a
very recent and interesting paper demonstrated that a heterogeneous subpopulation of
CAFs, expressing cell surface endoglin (CD105), could mediate CRPC and NED
through the release of SFRP1 (248).
All the collected evidence indicate that the co-evolution of tumour and stromal
heterogeneity plays a pivotal role in mediating tumour progression, disease recurrence
and treatment resistance.
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2.2 Extracellular Matrix

ECM consists of non-cellular components that can be found in all tissues and organs
providing not only a structural scaffold for the cells but also mechanical and
biochemical support required for processes of tissue homeostasis, differentiation and
morphogenesis. Each tissue has a dynamic heterogeneous ECM composition that is
highly and constantly remodelled during time for reciprocal interactions with different
cellular components of the surrounding microenvironment.
ECM comprises different proteins that are involved both in physiological and
pathological processes, including cancer. They function not only as structural and
mechanical barriers separating different cell populations but they also act as
fundamental ligands for transmembrane receptors providing important “outside-in”
signals for stromal-epithelial interactions (251). Structural proteins constitute the
basement membrane, a physical barrier between the epithelial cells and the
surrounding stroma that consists mostly of collagen IV, laminin, fibronectin and several
types of proteoglycan whereas the interstitium, mainly produced by mesenchymal cells
consists largely of collagens I and III, fibronectin and proteoglycans (252). Differently,
non-structural proteins include matricellular proteins such as thrombospondin, OPN,
SPARC and others that regulate the neighbouring cell function and their interactions
(253). Matricellular proteins regulate cell adhesion, migration, ECM assembly and
deposition, cell survival and proliferation and their different regulation is involved also in
cancer development and progression. Accordingly, the expression of these proteins is
generally very high during development, poor in steady-state conditions and high again
in processes of wound healing and tissue remodelling.
During cancer development, the main regulators of ECM remodelling are CAFs, but
also other cells of the TME and tumour cells themselves are able to produce and
rearrange ECM components. Notably, the disruption of the basement membrane
promotes EMT of cancer cells allowing them to migrate into the surrounding stroma
and through the interstitial ECM (252). Epithelial cells that have undergone EMT can
activate stromal cells to mold a pro-tumorigenic stromal environment that can be further
remodelled by ECM (254). All these cellular processes are exploited by tumour cells to
grow and metastasize; therefore since matricellular proteins are actively involved in the
regulation of all these activities, it is not surprising that they are always deregulated in
cancer (253).
For instance, among matricellular proteins, high OPN expression has been correlated
with poor survival in patients with different tumour histotypes (255-257). Notably, the
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pro-tumorigenic and pro-metastatic function of OPN has been characterized both in
mouse models and patients to act through the modulation of tumour cell migration,
adhesion and invasion (258). OPN has been widely associated to cancer
aggressiveness when produced by tumour cells (259-262), but reported evidence from
our laboratory also underline its critical role when produced by host cells (263). Indeed,
in breast cancer OPN produced by myeloid cells in the TME has been characterized to
shape an immunosuppressive environment at the metastatic niche (263).
In PCa setting OPN overexpression has been positively associated with disease
progression toward androgen independence, PCa bone metastases and to poor
survival. Moreover, OPN seems also to have a role in the resistance to chemotherapy
since upon docetaxel treatment the overexpression of its splice variants can promote
EMT supporting treatment resistance (264). Apparently in contrast with the above-cited
references, our laboratory has also been described that OPN can exert a protective
role limiting the emergence of de novo small cell NE tumours in the transgenic
adenocarcinoma of the mouse prostate (TRAMP) mouse model of PCa (34).
Nevertheless, also the genetic deletion of another matricellular protein, SPARC, has
been shown to influence the development of more aggressive PCa in TRAMP mice
(265). Since in advanced PCa patients OPN and SPARC are both overexpressed (259,
266), these results suggest that the same ECM proteins can exert different functions
depending by tumour stage (34) or by their different cellular sources (263).
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2.2.1 Secreted Protein Acidic and Rich in Cysteine (SPARC)

SPARC, also called osteonectin or BM40, is a multifunctional glycoprotein of the ECM
included in the matricellular protein family (267). SPARC plays an important role in the
regulation of tissue remodelling and plasticity in physiological and pathological
processes,

including

ECM

assembly

and

regulation,

cell

proliferation,

cell

differentiation, cell migration, EMT and angiogenesis (268-271). Indeed, it can
modulate cellular interactions with ECM by its binding to structural ECM proteins, such
as collagen and fibronectin, and by abrogation of focal adhesions, features contributing
to a counter-adhesive effect on cells (272). Many studies indicate that SPARC
activates down-stream components of integrin signaling and in particular integrin linked
kinase (ILK) after binding integrin β1 with its copper-binding domain (273-275). In
addition, SPARC can also inhibit cellular proliferation by an arrest of cells in the G1
phase of the cell cycle (276, 277) and can regulate the activity of growth factors, such
as PDGF, FGF-2, and VEGF (272). Moreover, SPARC is also implicated in the
regulation of TGF-β through a reciprocal regulatory feedback loop in which TGF-β
induces SPARC expression and vice versa (278, 279). Notably, all these growth factors
have an important role in tumour progression, angiogenesis and metastasis.
Furthermore, previous evidence have underlined SPARC implication in tumour-host
interaction by virtue of its ability to bind to several matrix components, such as
thrombospondin-1, vitronectin, fibrillar collagen and collagen type IV in mammary
carcinoma (280).
Nevertheless, conflicting reports have described SPARC expression to be either
increased or decreased in association with different types of cancer, also depending on
whether it is produced by the neoplasm or by the neighbouring stroma (281-284) (265).
Therefore, the pro-tumorigenic or anti-tumorigenic function of SPARC depends on cell
type and its interactions, by the tumour grade and the composition of the surrounding
TME. Generally, SPARC has been identified as a pro-tumorigenic marker of poor
prognosis and aggressiveness in the most majority of human cancer types but published
evidence also reported that it can also have an anti-tumorigenic function (285). In
particular, its pro-tumorigenic function has been showed in gliomas, astrocytomas,
melanomas, breast ductal carcinoma, colorectal carcinoma, clear-cell renal cell
carcinoma and pancreatic ductal adenocarcinoma but other evidence also reported an
anti-tumorigenic properties mainly in acute myeloid leukaemia, neuroblastoma, breast
cancer, colorectal adenocarcinoma, hepatocellular carcinoma, non-small cell and small
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cell lung cancer, carcinoma of the ovaries and pancreatic ductal adenocarcinoma (285).
The heterogeneous expression of SPARC in tumours and its double role as pro or antitumorigenic factor seems to depend by different cellular responses that if exerted by
tumour or by the different components of the TME can generate discordant phenotypes.
For instance, evidence published in literature highlight that SPARC overexpression in
the tumour has been associated with epithelial-to-mesenchymal transition and
aggressiveness of human melanomas (286, 287). Moreover, it was showed that genetic
deletion of SPARC in mice seems to favour the ectopic growth of lymphoma cells, of
lung and pancreatic cancer when compared to wild-type animals (288, 289). On the
opposite, in our laboratory we demonstrated that transplantation of breast cancer cells in
a SPARC knockout host inhibits its growth (280). Indeed, breast cancer cell lines derived
from Her-2/Neu transgenic mice when injected in SPARC knockout mice show a
reduced

tumour

growth,

with

high

immune

infiltrate,

necrosis

and

reduced

vascularization compared to the same cell lines injected in wild type mice (280).
Conversely, in breast cancer patients SPARC has been identified as a member of a
cluster of genes correlated with breast cancer cell invasiveness and aggressiveness and
associated to BRCA1 mutations (290, 291). Moreover, an anti-tumorigenic role of
SPARC was also showed in colon cancer in which the frequent inactivation of SPARC
expression by promoter hyper methylation was associated to poor prognosis for patients
characterized by low SPARC expression compared to patients with normal SPARC
expression (292).
However, to date, the role of SPARC in prostate carcinogenesis and progression is still
poorly studied and controversial. Notably, high SPARC expression correlates with
metastatic disease in patients (293). Conversely, SPARC has been shown to limit
primary prostate tumorigenesis and progression in TRAMP mice (265).
These given evidence reveal the multi-faceted role of this protein in different tumour
settings and within the same single tumour, supporting the need to clarify its different
contribution in both early and late-stage PCa.
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3. The TRAMP model

The TRAMP mice can faithfully reproduce the histologic features of human PCa and
have been widely studied to understand molecular events that drive PCa progression
through androgen independence, metastatic process and NE tumour appearance.
Indeed, the observation that castration in TRAMP mice leads to tumour regression and
eventually to relapse of androgen independent tumours indicated that this model is also
suitable to study treatment-resistance and hormone therapies (294-296). For example,
the efficacy of two drugs, flutamide (an anti-androgen) and toremifene (an antiestrogen) in reducing tumour progression, was firstly evaluated in this model (297,
298).
The TRAMP model, originally produced on a C57BL/6 (B6) inbred background, relies
on the SV40 large T antigen (Tag) oncogene, expressed under control of the rat
probasin promoter (299, 300). Probasin expression is regulated by androgens;
therefore Tag protein expression, which is initially restricted to the dorsolateral and
ventral lobes of the gland, correlates with sexual maturity. SV40-Tag drives the
oncogenic progression binding to and inactivating the tumour suppressor proteins
TRP53 and RB1 (299). Therefore, TRAMP mice show progressive development of PCa
onset on puberty (Figure 14), ranging from mild to HGPIN with cribriform structures (716 weeks), to focal adenocarcinoma and seminal vesicle invasion (>16 weeks) and
invasive adenocarcinoma (>24 weeks), which can seldom metastasize especially to
lungs and lymph nodes (>30 weeks). Moreover, 5-10% of TRAMP mice on the B6
background can spontaneously develop pure NE prostate tumours, characterized by
small cell morphology and total loss of the glandular architecture, resembling those
occurring “de novo” in a small fraction of untreated PCa patients.

20x

4-6 weeks
Healthy

7-20 weeks
m-PIN

> 20weeks
ADENO

> 30 weeks
Metastases

5-10%
De novo NE

Figure 14. Tumor development in TRAMP mice.
Representative haematoxylin and eosin staining of progressive stages of PCa development in
TRAMP mice (7-16 weeks PIN, >16 weeks ADENO, >30 weeks metastasis). 10% of mice
develop “pure” NE tumours.
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Interestingly, by crossing B6 X FVB mice the F1 generation developed PCa faster than
pure B6 TRAMP mice (301), and also showed and increased frequency of pure NE
tumours (302). Therefore TRAMP mice on a mixed FVB background have been used
as a model for NE PCa in the last years.
Some limitations of the TRAMP mouse model include the development of extraprostatic transgene associated tumours, epithelial-stromal tumours of the seminal
vesicles, renal tubulo-acinar carcinomas, NE tumours of the urethra and anaplastic
midbrain tumours (303-305). Nevertheless, it is still one of the most-studied genetically
engineered mouse models exhibiting a disease progression similar to human cancer,
including the possibility of NE tumour development.
Similarly to human NE tumours also the origin of these emergent de novo NE tumours
in TRAMP mice is still debated. It has been proposed that in TRAMP mice NE tumours
arise from the differentiation of bi-potential basal/stem cells expressing epithelial (Ecadherin) and NE (SYP) markers and resembling the typical features of de novo small
cell NE tumours (302). This hypothesis is also supported by data obtained in my
laboratory showing that de novo NE tumours in TRAMP mice express the basal marker
p63 but not the luminal marker CK8 (34). It has been also proposed that
adenocarcinoma-NE transition can occur spontaneously also in untreated TRAMP mice
(303, 306), as in rare untreated PCa patients (47). Considering the open controversies
also about the origin of human NE tumours, these debates do not discriminate the use
of the TRAMP model to study mechanisms related to the emergence of de novo and
treatment-related NE tumours.
Indeed, the genetic deletion of the ubiquitin ligase Siah2 in TRAMP mice results in
fewer de novo NE tumours suggesting the central role of Siah2 in controlling the
emergence of NE phenotype (188). Moreover, our laboratory has characterized that a
different composition of prostate TME can also profoundly modifies prostate tumour
phenotype (34, 194). For instance, mast cells have been shown to behave differently
depending on tumour stage having a pro-tumorigenic role in the early phase of
adenocarcinoma development whereas a protective role in the emergence of de novo
NE tumours (194). Moreover, genetic deletion of OPN in TRAMP mice results in
increased frequency of de novo NE tumours (34). The role of the matricellular protein
SPARC has also been investigated in this model, and it was reported that tumours
developed by TRAMP mice rendered genetically deficient for SPARC show a more
aggressive phenotype (265). That studied, however, did not discriminate between the
distinct roles of tumour- versus stroma– derived SPARC, nor investigated about the
role of SPARC in NED. These two topics are investigated in this thesis.
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AIM OF THE THESIS

Tumor progression is a multifaceted process in which complex interactions between
tumour cells and the different types of stromal and ECM components actively shape its
phenotypic heterogeneity. Indeed, phenotypic differences among tumour cell subclones
involve clinically acquired drug resistance, gaining clinical/prognostic significance. This
situation is widely represented in PCa setting, since advanced PCa treated with ADT
eventually acquire resistance, becoming hormone–refractory. Despite the availability of
several recently approved drugs, CRPC still has a fatal outcome, and searching novel
therapeutic approaches is essential. Changes in the differentiation pathway of PCa
linked to resistance to ADT have been increasingly recognized, particularly proposing
NED as an escape-mechanism able to promote hormone resistance. Whether the
prime driver of this drug resistance and phenotypic plasticity lies within tumour cell
oncogene activity or in stromal influence, remains unclear. In my laboratory, the
matricellular protein SPARC has been previously identified as a crucial player of cancer
progression in different cancer settings, exerting different functions depending on its
tumour or stromal expression. Nevertheless, the role of SPARC in PCa has not been
fully elucidated. Here we aim at studying the different contribution of tumour- or
stromal-

derived

SPARC

in

PCa

progression

and

NED.
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MATERIALS AND METHODS

Mice and in vivo treatments
TRAMP mice on C57BL6/J background (C57BL/6-tgN (TRAMP)8247Ng) were kindly
provided by Dr. Vincenzo Bronte (Verona University Hospital, Italy), under agreement
with Dr. Norman Michael Greenberg (formerly at Fred Hutchinson Cancer Research
Center, Seattle, WA, USA), maintained and screened according to (299). Mice deficient
for SPARC on a mixed 129SV/C57BL/6 background(307) were provided by C. Howe
(The Wistar Institute, Philadelphia, PA, USA) and then backcrossed over 12
generations with C57BL/6 (Charles River Laboratories) to obtain congenic Sparc-/mice. Sparc-/- mice were then intercrossed over 12 generation with TRAMP mice
(B6.tgN (TRAMP)8247Ng Sparc<tm1Hwe> Ptprc<a>/J). Surgical castration was
performed on 20 weeks old TRAMP mice, under anaesthesia with ketamine (100
mg/Kg; Imalgene, Boeringher Ingheilm) and xilazine (5 mg/Kg; Rompun, Bayer).
Carprofene (5 mg/Kg; Norocarp, Norbrook) was given after recovery post anaesthesia.
Monoclonal antibody to IL6-R (200 µg/mouse, clone 15A7(308), purified in the lab from
hybridoma kindly provided by Prof. Gennaro Ciliberto, IRCCS Istituto Nazionale Tumori
“Regina Elena”, Roma, Italy) or vehicle were given intra-peritoneum once a week,
Isoliquiritigenin (Selleckem, Cat. No.S2404, 10 mg/Kg) or vehicle were given intraperitoneum (i.p.) twice a week. All transgenic mice were sacrificed at 30 weeks of age.
For subcutaneous tumour challenge, 2x106 T23 cells were injected in the right flank of
C57BL/6 or Sparc-/- male mice. Mice were monitored twice a week and sacrificed when
tumour diameters reached 10x10mm. Monoclonal antibody to IL6-R was administered
as described above. Animal housing and experimentation were performed in
accordance to Italian law (D.lgs 26/2014).

Cell lines and in vitro experiments
T1525 and T23 prostate adenocarcinoma cell lines were isolated from TRAMP mice as
described (194) and recapitulate a mainly epithelial phenotype or a post epithelial-to-
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mesenchymal transition phenotype, respectively. Fibroblast cell lines were generated
from muscular tissue of new-born (day 0) C56BL/6 or Sparc-/- mice and immortalized
through serial in vitro passages. Stable cell lines were used for experiments. All cells
were cultured in DMEM (Gibco) supplemented with 10% of fetal bovine serum (Gibco),
2 mmol/L L-glutamine, 150 U/mL streptomycin, and 200 U/mL penicillin (Cambrex), 10
mmol/L Hepes and 10 mmol/L sodium pyruvate (Gibco). For co-culture experiments
cells were plated in six-well transwell plates (0.4 µm pore size, Corning), at 1:1 tumour
cell: fibroblast ratio. All co-culture experiments were repeated to ensure proper cell
recovery of both populations seeding tumour cells or fibroblasts alternatively on the
bottom of the well and were repeated almost two times using two biological replicates
for each condition. When indicated, monoclonal antibody to IL6-R (50 ng/ml; D7715A7
clone, cat no. 16-1261-85, eBioscience), ENZA (10 µM; Selleckem) or isoliquiritigenin
(25 µM, Selleckem) were added in the medium of co-cultures. Cells were recovered at
the indicated time points for RNA extraction or for cytospin.

Immunohistochemistry and immunofluorescence on tumour samples
Murine urogenital apparatus and human tumour samples were fixed in formalin and
embedded in paraffin. Sections (5 µM) were de-paraffined and re-hydrated, stained
with H&E (haematoxylin and eosin) (BioOptica) and evaluated by a pathologist.
For immunohistochemistry antigen retrieval was performed utilizing the Novocastra
Epitope Retrival Solution pH9 (Novocastra, Leica Biosystems), at 98°C for 30 minutes
or the Dako EnVision flex target retrieval solution high pH (Dako Omnis) at 98°C for 30
minutes for Androgen Receptor and Synaptophysin. For Chromogranin A, Dako
EnVision flex target retrieval solution low pH was used. Sections were then brought to
room temperature and washed with PBS. After neutralization of the endogenous
peroxidase with 3% H2O2 and Fc blocking by a specific protein block (Novocastra,
Leica Biosystems) the samples were incubated with the desired primary antibodies
(Rat monoclonal anti mouse SPARC, clone 124413, cat. no. MAB942, dilution 1:50 or
Mouse monoclonal anti human SPARC, clone ON1-1, cat. no. M125, dilution 1:500;
both by R&D Systems; Mouse monoclonal anti human Androgen Receptor, clone
AR441, cat no. M3562, dilution 1:25 by Dako Omnis; Mouse monoclonal anti human
Synaptophysin, clone DAK-SYNA, cat. no. M7315, dilution 1:25 by Dako Omnis and
Mouse monoclonal anti human Chromogranin A, clone DD3, cat. no. NCL-L-CHROM430, dilution 1:100 by Novocastra Leica). Staining was revealed using polymer

48

__________________MATERIALS AND METHODS ____________________

detection kit (Novocastra, Leica Biosystems) or goat anti-rat IgG (H&L) specific
secondary antibody 1:500 (Novex by Life Technologies) and 3’-Amino-9-ethylcarbazole
(AEC) as chromogenic substrate or DAKO (cat. no. GV800, EnVision flex by Dako
Omnis) followed by counterstaining with Harris haematoxylin (Novocastra, Leica
Biosystems). Slides were analysed under an Axioscope A1 microscope equipped with
Axiocam 503 Color camera (Zeiss).
For immunofluorescence, antigen retrieval was performed utilizing the Novocastra
Epitope Retrival Solution pH6 (Novocastra, Leica Biosystems) at 98°C for 15 minutes.
Sections were then brought to room temperature and washed with PBS. After Fc
blocking by PBS-Tween (0.1%) containing 5% of bovine serum albumin (Sigma).
primary antibodies were incubated overnight at 4°C; then, when necessary after
washing with PBS, secondary antibodies were added for 30 minutes at room
temperature. Slides were mounted with ProLong Diamond Antifade Mountant with
DAPI (ThermoFisher Scientific), and acquired with a Leica DM4 B microscope
equipped with a Leica DFC450 C digital camera, utilizing the LAS X software (Leica
Biosystems). Images were mounted using the Image J software. The list of used
antibodies and relative dilutions is hereby indicated: alexa fluor 488 rabbit anti
mouse/human CK8 (clone EP1628Y, cat. no. ab192467, Abcam; dilution 1:200), alexa
fluor 555 rabbit anti mouse SYP (clone YE269, cat. no. ab206870, Abcam; dilution
1:100), unconjugated rabbit anti mouse/human GRP78 (clone EPR4041(2), cat. no.
ab108615, Abcam; dilution 1:200) and alexa fluor 555 donkey anti rabbit IgG (H+L)
(cat. no. A-31572, Invitrogen; dilution 1:500).

Histopathological and immunofluorescence evaluation of mouse
prostates
Murine prostate lesions were scored according to both histopathological evaluation and
immunofluorescence analysis as follows. Adenocarcinoma: stromal invasion by highly
atypical large cells, positive for CK8, which have distorted the glands organization. Denovo NE: sheets and nest histology of anaplastic cells with high nuclear to cytoplasmic
ratio, positive for SYP. NED: large cells with anaplastic features, high nuclear
cytoplasmic ratio, and positive for both CK8 and SYP, in areas morphologically
appearing as adenocarcinoma. Regression: glandular involution and high stromal
proliferation; negative staining for both CK8 and SYP.
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RNA and BASE scope Assays
Mouse pre-Mir29b probe hybridization (Mm-pre-MIR29b-1zz-st targeting 2-52 of
NR_029532.1; Cod. 713421; Advanced Cell Diagnostic) was performed using
BaseScope Detection kit (Advanced Cell Diagnostic) in accordance with the
manufacturer’s protocol. Mouse Il6 transcript (Mm-Il6; Cod. 315891) was detected
using RNAscope 2.5 HD Detection Reagent-BROWN (Advanced Cell Diagnostic) in
accordance with the manufacturer’s protocol.

Cytospin
T1523 and T23 tumour cells were detached, and suspended at 105/100 µl. Glass slides
were mounted with paper pad and cuvettes with a metal holder, loaded with 100 µl of
cell suspension and then spinned 2 minutes at 2000 rpm with a cytocentrifuge. After
detaching of cuvettes and filters, slides were dried overnight and then fixed for 20
minutes with PBS containing 2% PFA. For immunofluorescence, after permeabilization
for 10 minutes with PBS containing 0.5% Saponin (Sigma) and blocking with PBS
containing 5% bovine serum albumin (Sigma) we followed the protocol described for
paraffin embedded tumour sections.

Prostate digestion and sorting of luminal and stromal populations
Murine prostate cell digestion and subsequent FACS sorting of luminal and stromal
population were adapted from a published protocol(309). Briefly, prostates lobes were
minced in small pieces and digested with collagenase I (1 mg/ml GIBCO, cat. no.
17018-029) for 2 h at 37°C. After washing, pellets were dissociated with Trypsin-EDTA
(Euroclone), p1000 pipette and 18G needle. Obtained cell suspensions were filtered
through a 40 mm strainer, washed in PBS and then labelled for 15 min at 4°C with the
following fluorochrome-labelled monoclonal antibodies. CD45 (FITC, clone 30-F11, cat.
no 11-0451-85, eBiosciences), TER-119 (FITC, cat. no 11-5921-85, eBiosciences),
CD31 (FITC, clone 390, cat. no 11-0311-85, eBiosciences) CD49f (PE, clone GoH3,
cat. no. 12-0495-82, eBiosciences), Sca-1 (APC, clone D7, cat. no. 17-5981-83,
eBiosciences). 7AAD (eBioscience) was added to exclude live cells. Samples were
acquired

with

a

BD

FACSAria

instrument.

Cells

were

sorted

as

Lineage
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(CD45/CD31/Ter119) negative, and CD49f+Sca-1neg (luminal) or CD49fnegSca1+
(basal). For each experiment, cells were sorted from a pool of at least three mice per
group.

Flow cytometry
T1525 and T23 single-cell suspensions were labelled with CD126 (BV421, clone
D7715A7, cat.no. 740038, BD Biosciences) and CD130 (PE, clone KGP130, cat. no.
12-3202-82, eBiosciences) antibodies. Cell suspensions obtained from collagenasedigested prostates were labelled also with the following antibodies: CD45 (BV786,
clone 30-F11, cat. no 564225, BD Biosciences), TER-119 (FITC, cat. no 11-5921-85,
eBiosciences), CD31 (FITC, clone 390, cat. no 11-0311-85, eBiosciences) CD49f (PECy7, clone GoH3, cat. no. 25-0495-82, eBiosciences), Sca-1 (APC, clone D7, cat. no.
17-5981-83, eBiosciences). 7AAD (eBioscience) was added to exclude live cells.
Samples were acquired with BD LSRII Fortessa™ and analysed with the Flow Jo
software.

Semiquantitative RT-PCR
Total RNA (including both long and short RNAs) from cells was extracted using the
Quick RNA micro prep kit (Zymo Research). For the supernatants total RNA was
purified using TRIzol Reagent (Thermofisher; cat. 15596026). Precisely, 500 µL of
supernatant was admixed 1:1 with TRIzol Reagent and 200 µl of chloroform (1:5 to the
used volume of TRIzol) was added. After the phase separation, the clear upper
aqueous layer containing RNA was admixed 1:1 to 95% ethanol and then miRNeasy
Micro Kit (QIAGEN, cat. 217084) was used to get the final RNA elution. DNA was
obtained using the MultiScribe™- Reverse Transcriptase kit (Applied Biosysyems). RTPCR was performed in a total volume of 200 µL using the Taqman® Fast Universal
PCR Master Mix (Applied Biosystems), 20 ng of cDNA and specific probes for Ar
(Mm00442688_m1),

Syp

(Mm00436850_m1),

Krt8

(Mm00835759_m1),

Sparc

(Mm00486332_m1), Il6 (Mm00446190_m1), Hspa5 (Mm00517691_m1), Ctnbb1
(Mm00483039_m1) and Gapdh (Mm99999915_g1), all from Applied Biosystems.
Values were normalized to internal control (Gapdh) using the ΔCT method. For the
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detection of miR-29b1, cDNA was obtained using Taqman® MicroRNA Reverse
Transcription Kit (Applied Biosystems) with a custom RT primer pool consisting in
specific primer set for miR-29b1 and U6 snRNA (used as internal control). For the
detection of miR-29b1 in the supernatants, cDNA was obtained using Taqman®
MicroRNA Reverse Transcription Kit (Applied Biosystems) with a custom RT primer
pool consisting in specific primer set for miR-29b1 and cel-miR-39. Real-time PCR was
performed in a volume of 10 µl using the Taqman® Fast Advanced Master Mix (Applied
Biosystems), 10 ng of cDNA and a specific probe for miR-29b1 (mmu-miR-29b-3p; cat.
000413) or U6 (U6 snRNA; cat. 001973) or cel-miR-39 (cel-miR-39-3p; cat. 000200),
all from Applied Biosystems. Values were normalized to internal control U6 snRNA for
endogenous miR-29b1 or to cel-miR-39 for exogenous miR-29b1 using the ΔCT
method.

ELISA
IL-6 in cultures supernatants was detected using the Quantikine ELISA Kit (cat. no.
M6000B, R&D Systems) and 100 µL of undiluted supernatants were tested according
to the manufacturer protocol.

Western Blot
Cells were lysed in RIPA buffer (Cell Signaling Technologies). Supernatants were
concentrated with trichloroacetic acid precipitation added 1:5 to the volume of used
supernatant (500 µl). Both supernatants and cell lysates were quantified with Pierce
BCA Protein Assay Kit (Thermofisher) and then 20 ng/sample or 50 ng/sample were
loaded on NuPAGE Bis- Tris gels (4%-12% polyacrylamide; Invitrogen, Thermo Fisher
Scientific) for 45’ at 110 V plus 45’ at 160 V and then transferred on a nitrocellulose
membrane (GE Healthcare). After for 1h at room temperature with 5% bovine serum
albumin (Sigma) diluted in PBS 0.5% Tween, the membrane was incubated overnight
at 4°C with the desired primary antibody. After washing, membrane was incubated with
HRP conjugated secondary antibody (1:5000) 1h at room temperature. Staining was
revealed with ECL solution (GE Healthcare) and developed of an X-ray film. Primary
antibodies were: polyclonal goat anti mouse SPARC, (cat. no. AF942, R&D Systems;
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dilution 1:500); polyclonal rabbit anti mouse/human AR (cat. no. 06-680, Millipore;
dilution 1:1000); polyclonal rabbit anti mouse human/mouse NF-kB2 p100/p52 (cat. no.
4882S, Cell Signaling Technologies; dilution 1:1000), polyclonal rabbit anti mouse
human/mouse IkBalpha (cat. no. 9242S, Cell Signaling Technologies; dilution 1:1000),
mouse anti mouse/human vinculin (clone hVIN-1, cat. no. V9131, Sigma; dilution
1:2000), and monoclonal mouse anti mouse/human β-actin (clone AC-15, cat. no.
A1978, Sigma; dilution 1:2000). Secondary antibodies HRP conjugated were: rabbit
anti goat IgG (H+L) (cat. no. R21459, Invitrogen; dilution 1:2000), sheep anti mouse
IgG (cat. no. NA931, Ge Healthcare; dilution 1:5000) and goat anti rabbit IgG (H+L)
(cat. no. 31460, Invitrogen; dilution 1:2000). The membranes were incubated for one
minute with ECL (Western Blotting GE Healthcare Life Sciences™Amersham™ ECL
Select™) and then imaged on the ChemiDoc MP Imaging System or exposed to a xray film.

Statistical analyses and reproducibility
Statistical analyses were performed with the GraphPad Prism software (GraphPad
Software, La Jolla, CA, USA). For in vitro and ex-vivo experiments histograms report
mean ± standard deviation, and data were analysed using Ordinary One-Way ANOVA
followed by Tukey’s tests for multiple comparisons. For ethical reasons, the number of
animals used for in vivo studies was the minimum necessary to ensure the significance
of the results. Basing on previous experience with the model(195),(310) the sample
size was defined as to obtain an effect size of 0.4 with 80% power of and an error of
5% (a=0.05). We used Fisher’s Test for comparison of categorical variables indicating
phenotype of tumour lesions. In all statistical comparison, differences were considered
significant when P < 0.05, and were indicated as: * P < 0.05, ** P < 0.01, *** P < 0.001,
**** P < 0.0001. All experiments were performed at least two times and for in each in
vitro

experiment

two

biological

replicates

were

used.
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RESULTS

4.1 Genetic deletion of Sparc in TRAMP mice induces NED

To investigate SPARC contribution to PCa progression, we generated TRAMP mice
genetically deficient for SPARC (Sparc-/-TRAMP mice) and we evaluated the
phenotype of the emerging tumours comparing them to TRAMP counterparts. As
known (299, 302, 310), the majority (84.6%) of tumours isolated from 27-30-week old
TRAMP mice showed multifocal invasive adenocarcinoma, whereas a small fraction
(15.4%) of tumours presented features of de novo small cell NE carcinoma (Figure 15
A). Interestingly, pathological examination of tumours isolated from Sparc-/- TRAMP
mice revealed the presence of areas of focal NED within adenocarcinoma in 38.5% of
cases, not detected in any of age-matched TRAMP mice (Figure 15 A.). Tumor cells in
focal areas of NED displayed large cell morphology similar to that of the surrounding
adenocarcinoma cells. The luminal marker CK8 is strongly expressed in TRAMP
adenocarcinoma cells, which are negative for the NE marker SYP (Figure 15 B, left
panel). On the contrary, and according to literature (311, 312), de novo NE tumours
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NE NE
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that TRAMP
areasTRAMP
of NED84.60
in tumours
isolated

maintained both CK8 and SYP expression (Figure 15 B, center panel).
These first data indicate that SPARC deficiency in TRAMP mice promotes the
development of prostate tumours with NE features, likely originating through transdifferentiation of adenocarcinoma cells.
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Figure 15. Genetic deletion of Sparc in TRAMP mice promotes NED.
A Percentage of adenocarcinoma, NED and de novo NE PCa emerged in 30-week old
TRAMP (n=13) and Sparc-/- TRAMP (n=14) mice. Fisher exact test was used for the analysis
of the distribution of the three categorical variables (ADENO, NED, DE NOVO NE) between
the two different groups (TRAMP vs. Sparc-/- TRAMP mice). P values <0.001 are reported as
***. B. Representative haematoxylin and eosin (top) and immunofluorescence staining (CK8,
SYP, DAPI; bottom) of adenocarcinoma (left), focal areas of NED (center) and de novo NE
tumours (right) emerged in 30-week old TRAMP and Sparc-/- TRAMP mice. Magnification 20x
for haematoxylin and eosin panels. Magnification 20x (top) and 40x (bottom) for
immunofluorescence panels.
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4.2 Stromal and immune cells are the relevant sources of SPARC within
PCa TME

Given that SPARC can be produced not only by tumour cells but also by components
of TME and aimed at understanding the relevant cellular sources of SPARC in PCa
development, we analysed its expression by immunohistochemistry on prostate
tumours isolated from 24-week-old TRAMP mice. Expectedly, this analysis showed
SPARC positivity not only in scattered tumour cells but also in stromal cells such as
fibroblasts (Figure 16 B and D, yellow arrowheads), myeloid cells (Figure 16 B and C,
red arrowheads) and periglandular inflammatory infiltrate (Figure 16 F, blue
arrowheads).

Figure 16. SPARC expression in prostate of TRAMP mice.
Representative immunohistochemistry staining showing SPARC expression in prostates of 24week old TRAMP mice, showing SPARC positivity in fibroblasts (A, B, D, yellow arrowheads),
myeloid cells (B, C red arrowheads) and in periglandular inflammatory infiltrates (F, blue
arrowheads).

We then analysed SPARC expression in a panel of TRAMP-derived tumour cell lines
that recapitulate the main subtypes of PCa progression and in particular:
• T1525 (194) with a well-differentiated epithelial phenotype;
• T23 (194) and TPIN (313) with a poorly-differentiated epithelial phenotype and EMT
features;
• TNE (313), OPT7714, ST12, T930 with a NE phenotype.
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Interestingly, real-time PCR for SPARC transcript levels on PCa murine cell lines
showed that SPARC was highly expressed in poorly differentiated adenocarcinoma
(T23; TPIN) cell lines, negative in well-differentiated adenocarcinoma cell lines (T1525)
and expressed at variable levels, but generally low, in different NE PCa cell lines
(OPT7714, TNE and T930; Figure 17 A). In order to compare transcript levels to
protein levels, we also performed western blot analyses for SPARC on the same cell
lines. To discriminate between intracellular or secreted forms of the protein, we tested
both cell lysates and their supernatants. As a further control, cells were grown either in
presence or absence of brefeldin A (BFA), a lactone antibiotic that inhibits protein
transport from endoplasmic reticulum to the Golgi apparatus impeding protein secretion
(314). The results showed a clear correlation between protein levels (Figure 17 B) and
transcript levels obtained by real time PCR (Figure 17 A). The evidence that SPARC is
expressed at different levels in TRAMP-derived tumour cells, regardless of their
adenocarcinoma or NE phenotype, and that stroma cells in PCa microenvironment
express SPARC, let us to exclude a role of tumour-cell intrinsic SPARC in determining
tumour phenotype and suggested a possible correlation between tumour-extrinsic
SPARC and NED.
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Figure 17. SPARC expression in TRAMP-derived cell lines.
A. Relative expression of Sparc transcript levels in adenocarcinoma cell lines (T1525, T23,
TPIN) and NE cell lines (ST12, TNE and T930) assessed by real time PCR. Values are
quantified to internal control (Gapdh). B. SPARC expression measured by Western Blot
analysis on cell lysates and supernatants of PCa cell lines. Vinculin or β-actin were used as
internal control.
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4.3 SPARC deficiency equals castration-induced NED

Surgical castration mimics the therapeutic regimen of androgen deprivation undergone
by PCa patients. Therefore, we surgically castrated TRAMP mice at 20 weeks of age,
when it is known that adenocarcinoma is already developed (299). We sacrificed
castrated mice at 30 weeks of age and we analysed the phenotype of the emerging
tumours by H&E staining and by immunofluorescence staining for CK8 and SYP,
comparing them with tumour from untreated TRAMP and Sparc-/- TRAMP counterparts.
Prostates from castrated TRAMP mice showed evidence of regression (36% of mice),
de novo NE tumours, which are insensitive to castration (10% of mice; (34)) or
ADENO
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NE TRANS-DIFFwith
NE orREGRESSION
developed castration resistant
tumours
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without areas of NED;
Castrated TRAMP

14.30
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of NE 35.7
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of castrated
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15.4

with focal areas of NED, with a frequency comparable to that of Sparc-/- TRAMP mice
(36% vs. 38%, respectively; Figure 18). This result indicated that Sparc-deficiency
mimics the effect of castration in inducing NED of PCa.
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Figure 18. Castrated TRAMP mice develop NED with the same frequency of
Sparc-deficient TRAMP mice
Percentage of regression, adenocarcinoma, NED and de novo NE PCa emerged in 30-week
old TRAMP (n=13), Sparc-/- TRAMP (n=14) and castrated TRAMP mice (n=14). Untreated
-/TRAMP and Sparc TRAMP mice are the same cohorts included in figure 15. Fisher exact
test was used for the analysis of the distribution of the three categorical variables (ADENO,
NED, DE NOVO NE) between the three different groups (TRAMP vs. Sparc-/- TRAMP mice).
P values <0.0001 are reported as ****.

Interestingly, immunohistochemical staining showed reduction of SPARC expression in
fibroblasts and myeloid elements in the prostate of castrated TRAMP mice, compared
with untreated TRAMP counterparts, whereas its expression remained high in the
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tumour cell compartment (Figure 19 A). These results were also confirmed by relative
quantification
levels by real time PCR performed on luminal and
A of Sparc transcript
Castrated-TRAMP
TRAMP
A
TRAMP
stromal cell subpopulations
isolated respectivelyCastrated-TRAMP
as Lin- CD49f+ Sca1- or Lin- CD49fSca1+ (according to (309)) by FACS sorting of prostates of untreated or castrated
TRAMP mice (Figure 19 B, C).
These results suggest that SPARC down regulation by stroma cells could be a key
event induced as a mechanism of tumour resistance after androgen deprivation.
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A. Immunohistochemical staining for SPARC comparing prostate tumours isolated from 30week old TRAMP and castrated TRAMP mice. Magnification 20x. B. Gating strategy used for
0.0
FACS-sorting of luminal and stromal cell subpopulations. C. Relative
expression of Sparc
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transcript levels measured by real-time PCR on prostate stromal and luminal subpopulations of
TRAMP
TRAMP and castrated TRAMP mice. Gapdh was used as housekeeping.
Ordinary one-way
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ANOVA with Turkey’s multiple comparisons test was used for the analysis of significance
between each sample after co-culture and the relative control. P values < 0.05 are reported as
*; <0.01 **; <0.001 *** and 0.0001 as ****.

60

Data collected so far suggested that stromal rather than tumour cells are the relevant
source of SPARC implicated in NED in TRAMP mice. Therefore, aimed at
understanding the role of stromal SPARC in the induction of NED, we set up several in
vitro experiments, using immortalized fibroblasts, isolated from wild type B6 mice either
proficient or deficient for SPARC

(Figure 20) in co-culture with prostate

adenocarcinoma cell lines.
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Figure 20. SPARC expression in fibroblasts.
A. Relative expression of Sparc transcript levels in immortalized embryonic fibroblasts isolated
-/from B6 and B6 Sparc mice assessed by real time PCR. Gapdh was used as housekeeping.
B. SPARC expression measured by Western Blot analysis on lysates of fibroblasts treated or
not with BFA. Vinculin was used as internal control.

In order to discriminate the tumour-extrinsic role of SPARC, for these experiments we
selected two different adenocarcinoma cell lines, T23 and T1525, highly producing or
barely negative for SPARC, respectively (Figure 17). Cancer cells and fibroblasts were
co-cultured under transwell physical separation (Figure 21) and after seven days of coculture, Ar, Syp and Ck8 transcript levels were assessed in tumour cells by real time
PCR.

B

- KDa116 - VINCULIN
- KDa37 - SPARC

T23 : SPARC-producing cells
T1525: SPARC-nega;ve cells

rc

-/-

*

4.3 Impact of stromal SPARC on NED of PCa

Fib
ro
+
BF
Fib
A
ro
Fib
ro
Sp
ar
Fib
c -/ro
+B
Sp
FA
ar
c -/-

arc

___________________________RESULTS____________________________

Figure 21. Schematic representation of co-culture experiments of PCa cell lines
with SPARC-proficient or -deficient fibroblasts.

61

(T1525)

T1525
T1525
(Fibro
(Fibro)
Sparc-/-)

Fibro
Fibro
Fibro Sparc-/Sparc-/(T1525)

T1525

****
**
********

Fibro

Relative expression/Fibro

Il6
20.0
15.0
10.0
5.0
4.0
3.0
2.0
1.0
0.0

___________________________RESULTS____________________________
A

DAPI DAPI
/ SYP/ SYP

Relative expression/T23
T T2 T 2
T2
(F 23 3 ( T233
3
ib (FFi
(
rTo ibTbr F
2
23S r o3) ib
3
(F
ro
p(Fa o
ib
)
irbc Sp
ro
rSp o/-)) arc
-/ar
)
c/-)

RelativeRelative
expression/T23
expression/T23

0.0
0.0

3

T2

T2

T2

3

0.0

Relativeexpression/T1525
expression/T1525
Relative

T
T 1 5 T T15 T 1 1 5
Relative expression/T1525
52 25152 25 52 25
(
(
5
5
F
T1 (
Ti1b ( TF1i5b
52Fib 5ro2Fi 5r2o
5 ro 5Sbr 5)
(F
(p o
ibSp Faibr)
ro a cro-/Srpc -/ )
ar)c -/)

0.0

2.5 2.5

0.0

ar

c

)

0.0

**** **
**** **

2.5

o)-

2.5

Sp

0.0

2.5

**

-/-

**

2.5

5.0
5.0 5.0

5.0

T51

T23 (Fibro)
T23 (Fibro)
DAPI DAPI
/ SYP/ SYP

T1525
T1525

1.0

Ck8
Ck8
Ck8

* *** ** *** **

52
52
T15
T51
Relative expression/T1525
(5F2
5
5(2F
i5b
5ib 25
(rFoT
(TrFo
T1
i1bS
1ib5)
52
5rpo2
r
5
a5Sr 2o5)
(F
(pcF -/
aibr)ib
cr -/
ro

5.0 5.0

T23 T23
DAPI DAPI
/ SYP/ SYP

0.0

52

52
T1

5
52
T1

5
52
T1

B B

**

Relative expression/T1525

0.0

2.5

1.0

Syp
Syp Syp

T1

0.0

*

T1

1.0

**

**

*

T1

1.0

5

0.0

** **

2.0** 2.0**

**

T2

bcro/-))

T2

ro

T2

ar

T2
Relative expression/T1525

1.0

T 1 ( F T (F T 1
52 ibr 152 ibr 52 Relative expression/T1525
5 o 5 o) 5
(FT S (TF
T1
i1b pa 1ib5
52
5ro2 rc r2o
5
5S -/- 5)
(F
(pF )
aibr
ib
cro-/ro
)
Sp
ar
c -/) Relative expression/T1525

Relative expression/T1525

Ar Ar Ar
2.0

5.0

T2

0.0
c/-)

(F

3

2.5

0.0

0.0

(F

3

5.0

2.5

T1525
(Fibro)
T1525
(Fibro)

0.0

0.0

T1

1.0

0.0

T2

*

3
3
T2 (Fi T2 (F Relative expression/T23
3
3 b r 3 ib
(F
(
o
r
F
ib
o)
iTb S
T2
rTo
23S r2o3) pa
3
rc
(F
p(Fa
ib
-/irbc
ro
)
rSp o/-))
ar
c/-)

**

Ck8 Ck8
1.0

T2

1.0

*

Relative expression/T23

2.0

Sp

0.0

23
ibT
Relative
expression/T23
i
b
ro2
3
ro
3
3
(F
)
(F S p
ib
iTb
a
T2
rTo
23S r2o3) rc3
(F
/-)
p(Fa
ib
ir

1.0

**

2.0

**
Syp
* Syp

5.0
Relative expression/T23

Ar Ar

Relative
expression/T23
T

Relative expression/T23

2.0

Ck8

Syp

Ar

A A

T23 (Fibro
Sparc-/-)
T23 (Fibro
Sparc-/-)
DAPI/DAPI/
SYP SYP

T1525
(Fibro
Sparc-/-)
T1525
(Fibro
Sparc-/-)

DAPI DAPI
/ SYP/ SYP

Figure 22. Adenocarcinoma cells co-cultured with SPARC-deficient fibroblasts
acquire NE features.
A. Relative expression of Ar, Syp and Ck8 transcript levels measured by real-time PCR in T23
and T1525 cell lines after 7 days of co-culture with SPARC-proficient or -deficient fibroblasts.
Gapdh was used as housekeeping. Ordinary one-way ANOVA with Turkey’s multiple
comparisons test was used for the analysis of significance between each sample after coculture and the relative control. P values < 0.05 are reported as *; <0.01 **; <0.001 *** and
0.0001 as ****. B. Immunofluorescence staining for DAPI (blue) and SYP (red) on cytospin of
T23 and T1525 cells recovered after co-culture. Magnification 20x and 40x.
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Interestingly, while co-culture with SPARC-proficient fibroblasts did not alter the tumour
cell phenotype, we found that PCa cells after co-culture with SPARC-deficient
fibroblasts up-regulated Syp and Ar while retaining Ck8 expression, regardless from
their intrinsic SPARC production (Figure 22 A). Immunofluorescence staining for SYP
also confirmed its overexpression at protein level in tumour cells cultured with SPARCdeficient fibroblasts (Figure 22 B).
To confirm these results and to better recapitulate the conditions of PCa TME where
SPARC is expressed not only by fibroblasts but also by myeloid cells, we performed
transwell experiments co-culturing T1525 adenocarcinoma cells with stromal (Sca1+
CD49f-) or myeloid (CD11b+) cells isolated by FACS-sorting from the prostates of 24week old TRAMP and Sparc-/- TRAMP mice. According to the previous protocol, we
analysed markers of tumour cells phenotype after seven days of co-culture. Real-time
PCR showed Ar down-regulation in T1525 cells after culture with stromal cells,
irrespective of their Sparc expression (Figure 23 A left). Remarkably, and in line with
previous results, only co-culture with stromal cells isolated from Sparc-/- TRAMP mice
induced

Syp

up-regulation

in

T1525

cells

(Figure

23

A

left).

Moreover,

immunofluorescence staining for SYP and CK8 on T1525 cells recovered after the coculture with stroma from Sparc-/- TRAMP prostates confirmed an increased SYP
expression and a decreased expression of the luminal marker CK8 (Figure 23 C). We
observed similar results when T1525 cells were co-cultured with myeloid cells (Figure
23 A right, C), suggesting them as additional players in NED. Collectively, these data
indicated that a SPARC-deficient stroma induces NED of prostate adenocarcinoma
cells, regardless of their own production of SPARC.
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Figure 23. Adenocarcinoma cells co-cultured with SPARC-deficient stromal and
myeloid cells acquire NE features
A. Relative expression of Ar and Syp transcript levels measured by real-time PCR in T1525 cell
lines after seven days of co-culture with SPARC-proficient or -deficient stromal cells isolated
-/from 24-week old TRAMP and Sparc TRAMP mice. Gapdh was used as housekeeping.
Ordinary one-way ANOVA with Turkey’s multiple comparisons test was used for the analysis of
significance between each sample after co-culture and the relative control. P values < 0.05 are
reported as *; <0.01 **; <0.001 *** and 0.0001 as ****. B. Immunofluorescence staining for DAPI
(blue) SYP (red) and CK8 (green) on T1525 cells recovered after co-culture. Magnification 20x.
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4.4 SPARC loss in stromal cells induces NED via IL-6

It is known that SPARC loss is correlated with a pro-inflammatory phenotype and with

high IL-6 production by CAFs in bladder cancer (315). As IL-6 is one of the drivers of

NED (56), we tested whether the acquisition of NE features by adenocarcinoma cells

co-cultured with SPARC-deficient fibroblasts was due to an increased release of this

cytokine. Interestingly, analyses of Il-6 transcript levels on both fibroblasts and

adenocarcinoma cells showed that it was highly expressed by SPARC-deficient

fibroblasts when cultured alone, and even further up-regulated after their co-culture

with T1525 or T23 cells (Figure 24 A). ELISA also confirmed the presence of IL-6

protein in the supernatants of co-cultures between SPARC-deficient fibroblasts and

tumour cells (Figure 24 B). We also verified by flow cytometry the expression of IL-6

receptor (IL-6R; CD126) and its signaling partner gp130 on T23 and T1525 cells

(Figure 24 C).
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Figure 24. SPARC-deficient fibroblasts co-cultured with adenocarcinoma cells
up-regulate IL-6 trough non-canonical NF-kb pathway
A. Relative expression of Il-6 transcript levels measured by real-time PCR in T23 and T1525
cell lines after seven days of co-culture with SPARC-proficient or -deficient fibroblasts. Gapdh
was used as housekeeping. Ordinary one-way ANOVA with Turkey’s multiple comparisons test
was used for the analysis of significance between each sample after co-culture and the relative
control. P values < 0.05 are reported as *; <0.01 **; <0.001 *** and 0.0001 as ****. . B. ELISA on
the supernatants of the co-cultures. C. Median fluorescence intensity of CD126 (IL-6-R) and
CD130 (gp130) of T1525 and T23 cell lines. D. Western Blot for IKB-α and P100/P52 on
SPARC-proficient and -deficient fibroblasts. β-actin was used as internal control.

In line with published evidence (315), increased production of IL-6 correlated with a
constitutive activation of the non-canonical NF-kB pathway in SPARC-deficient
fibroblasts, verified by the accumulation of P52 and the degradation of the P100
subunits of NF-kB (Figure 24 D).
Given the evidence that TGF-β produced by stromal components can cooperate with
IL-6 (316) to induce NED (317), we also tested whether it was differently modulated
after the co-culture. Real-time PCR showed that at baseline all cell types express
similar levels of Tgf-β1 transcript, which was up-regulated in tumour cells and SPARCdeficient fibroblasts when in co-culture (Figure 25). Therefore, given that only IL-6 was
selectively produced by SPARC-deficient fibroblasts, we hypothesized that IL-6 rather
than TGF-β, is the main cytokine mediating NED of adenocarcinoma cells in our in vitro
model.
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Figure 25. SPARC-deficient fibroblasts and tumour cells up regulate Tgf-β1 after
co-culture.
Relative expression of Tgf-β1 transcript levels measured by real-time PCR in T23 and T1525
cell lines after seven days of co-culture with SPARC-proficient or deficient fibroblasts. Gapdh
was used as housekeeping. Ordinary one-way ANOVA with Turkey’s multiple comparisons test
was used for the analysis of significance between each sample after co-culture and the relative
control. P values < 0.05 are reported as *; <0.01 **; <0.001 *** and 0.0001 as ****.

To demonstrate the key role of IL-6 in the induction of NED in our setting, we repeated
the co-culture experiments of T23 and T1525 cells with fibroblasts, adding a blocking
antibody to IL-6R (15A7 (308)). Interestingly, real time PCR and immunofluorescence
staining performed after seven days of co-culture showed that the up-regulation of SYP
by T23 or T1525 cells induced by SPARC-deficient fibroblasts was abolished by the
addition of IL-6R blocking antibody to the co-culture, proving that IL-6 was the main
factor involved in this process (Figure 26 A, B).
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Figure 26. IL-6R blocking antibody prevents NED of adenocarcinoma cells in coculture with SPARC-deficient fibroblasts.
A. Relative expression of Syp transcript levels measured by real-time PCR in T23 and T1525
cell lines after 7 days of co-culture with SPARC-proficient or -deficient fibroblasts with or without
the addition of ILR-R blocking antibody (15A7). Gapdh was used as housekeeping. Ordinary
one-way ANOVA with Turkey’s multiple comparisons test was used for the analysis of
significance between each sample after co-culture and the relative control. P values < 0.05 are
reported as *; <0.01 **; <0.001 *** and 0.0001 as ****. B. Immunofluorescence staining for
DAPI (blue) and SYP (red) on T23 and T1525 cells recovered after co-culture. Magnification
20x and 40x.

Aimed at fully demonstrating the pivotal role exerted by IL-6 released by SPARCdeficient stromal elements in inducing NED, we also performed in vivo experiments in
which we subcutaneously injected high SPARC-expressing T23 adenocarcinoma cells
in Sparc-proficient or -deficient syngeneic C57BL6 mice. After the development of
palpable tumours, we sacrificed the mice and we analysed the tumours by
immunofluorescence staining for SYP. Interestingly, comparing tumours developed in
Sparc-proficient and deficient C57BL6 mice, we found that only tumours developed in
Sparc-/- hosts acquired SYP expression, but not if treated with IL-6R blocking antibody
(Figure 27).
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Figure 27. IL-6R blocking antibody prevents NED of adenocarcinoma cells in
vivo.
Immunofluorescence staining for SYP (red) and DAPI (blue) on tumours isolated from C57BL6
and C57BL6 Sparc-/- mice injected with T23 cells. Magnification 20x and 40x.

Data collected so far showed that stromal SPARC down-regulation promotes
adenocarcinoma-NE transition through IL-6 release. Moreover, since we showed that
castration induces SPARC down-regulation in specific stromal components in the
prostate of TRAMP mice, we also wanted to test IL-6 production directly in the TME.
RNA scope technique, which allows the analysis of RNA expression on formalin-fixed
and paraffin embedded tissues, showed high Il-6 positivity in stromal cells of prostates
isolated from castrated TRAMP mice and no expression of this cytokine in stromal
components of untreated TRAMP counterpart (Figure 28 A). Also in this case, this
result was confirmed by relative quantification of Il-6 transcript levels by real time PCR
performed on stromal and luminal cell subpopulations isolated by FACS sorting from
prostates of untreated or castrated TRAMP mice, proving no Il-6 expression in the
luminal compartment and its specific up regulation in the stroma after castration (Figure
28 B). Finally, we also confirmed by flow cytometry the expression of IL-6R and of
gp130 in stromal and luminal cells isolated from prostates of untreated and castrated
TRAMP mice (Figure 28 C).
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Figure 28. IL-6 and IL-R expression in TRAMP and castrated TRAMP mice.
A. RNA-scope for Il-6 comparing prostates isolated from TRAMP and castrated TRAMP mice.
B. Relative expression of Il-6 transcript levels measured by real-time PCR on prostate stromal
and luminal subpopulations of TRAMP and castrated TRAMP mice. Gapdh was used as
housekeeping. Ordinary one-way ANOVA with Turkey’s multiple comparisons test was used for
ADENO "PURE" NE TRANS-DIFF NE REGRESSION
the analysis of significance between
each sample after co-culture and the relative control. P
values < 0.05 are reported as *; <0.01 **; <0.001 *** and 0.0001 as ****.
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Moreover, we found that weekly treatment with 15A7 antibody strongly reduces the
frequency of NED in castrated TRAMP mice (17% of anti-IL-6R treated versus 36% of
untreated castrated mice; Figure 29).

Phenotype of prostate lesions
35.7%

Castrated TRAMP

14.3%

35.7%

14.3%

**
0

16.6% 16.6%
75

50

33.3%

10

33.3%
25

0

Castrated TRAMP + α IL6R

Percentage of mice

REGRESSION

ADENO

NED

DE NOVO NE

Figure 29. Phenotype of prostate lesions developed in castrated TRAMP mice
upon treatment with IL-R blocking antibody
Percentage of regression, adenocarcinoma, NED and de novo NE PCa developed in 30-week
old castrated TRAMP (n=14) and castrated TRAMP mice treated with 15A7 (n=12). Castrated
TRAMP mice are the same cohort included in Figure 18. Fisher exact test was used for the
analysis of the distribution of the three categorical variables (ADENO, NED, DE NOVO NE)
between the two different groups (TRAMP vs. Sparc-/- TRAMP mice). P value <0.01 is
reported as **.
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Data collected so far support the evidence that SPARC down-regulation induced by
castration in stromal infiltrating cells results in an increased secretion of IL-6 that
promotes the trans-differentiation of adenocarcinoma cells toward a NE-like phenotype.
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4.5 Adenocarcinoma cells trigger stromal SPARC down-regulation

We then investigated the mechanism by which SPARC can be down-regulated in
stromal components in response to castration. Published evidence showed that in
addition to tumour epithelial cells, also fibroblasts and immune cells infiltrating prostate
TME express AR (318). Also immortalized fibroblasts used in previous shown coculture experiments express different amounts of AR both at transcriptional and protein
level (Figure 30).

A

B

Figure 30. AR transcript and protein levels in immortalized SPARC-proficient and
-deficient fibroblasts.
A. Relative expression of Ar transcript levels measured by real-time on immortalized SPARCproficient and deficient fibroblasts. Gapdh was used as housekeeping. B. Western Blot for AR in
SPARC-proficient and deficient fibroblasts treated or not with BFA. β-ACTIN was used as
internal control.

However, in vitro treatment of SPARC-proficient fibroblasts with ENZA (10 µM) that
selectively blocks AR activity, did not affect Sparc transcriptional levels when cultured
alone, whereas it was down-regulated when T23 and T1525 cells were added to the
co-culture and particularly in presence of ENZA (Figure 31 A). Moreover, we found that
IL-6 released in the supernatants was increased when SPARC-proficient fibroblasts
and tumour cells were cultured together and treated with ENZA (Figure 31 B). These
results suggested a crosstalk between tumour and stromal elements that, after
inhibition of the AR pathway, results in stromal Sparc down-regulation likely through
soluble factors released by tumour cells. It is known that the activation of the Wnt/βcatenin pathway, often altered in CRPC patients (319), can result in an up-regulation of
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miR-29b1 (320, 321) that has been demonstrated to directly target the Sparc gene
(322).
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Figure 31. Sparc transcript levels and IL-6 protein levels in fibroblasts cocultured with adenocarcinoma cells treated with ENZA.
A. Relative expression of Sparc transcript levels measured by real-time on immortalized
fibroblasts untreated, treated with ENZA and co-cultured with T23/T1525 cells untreated or
treated with ENZA. Gapdh was used as housekeeping. Ordinary one-way ANOVA with Turkey’s
multiple comparisons test was used for the analysis of significance between each sample after
co-culture and the relative control. P values < 0.05 are reported as *; <0.01 **; <0.001 *** and
0.0001 as ****. B. ELISA on the supernatants of the co-cultures.

Moreover, published results of RNA-seq performed on paired PCa specimens collected
from patients before and after treatment with ADT indicated an up-regulation of this
pathway in treated patients (323). According to this evidence, we found that upon
ENZA treatment, both T23 and T1525 cells up-regulated β-catenin and miR-29b1 and
the latter was also found to be released in the relative supernatants (Figure 32 A, B).
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Figure 32. β-catenin and miR-29b1 transcript levels in adenocarcinoma cells
treated with ENZA.
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A. Relative expression of β-catenin and miR-29b1 transcript levels measured by real-time on
T23 or T1525 untreated or treated with ENZA. Gapdh or U6 were used as housekeeping,
respectively. Unpaired t-test was used for the analysis of significance between each sample
after co-culture and the relative control. B. Relative expression of miR-29b1 transcript levels
measured by real-time in supernatants of T23 or T1525 untreated or treated with ENZA. Cell
miR39 was added during RNA extraction and was used for the relative quantification as internal
control. Unpaired t-test was used for the analysis of significance between each sample after coculture and the relative control.

In parallel, we also tested the transcript levels of β-catenin and miR-29b1 in luminal
and stromal cells isolated from prostates of 30-week old TRAMP and castrated TRAMP
mice, confirming that after castration mice showed an up regulation of the
transcriptional levels of these genes specifically in the luminal subpopulation (Figure 33
A). Finally, BASEscope assay and immunohistochemical analyses comparing TRAMP
and castrated TRAMP mice, showed a strong miR-29b1 up regulation in prostate
tumour cells (Figure 33 B). Thus, these experiments suggested that a perturbation of
AR signaling results in the activation of Wnt/β-catenin pathway and consequently in the
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up regulation of miR-29b1 in tumour cells which, in turn can induce Sparc downregulation in the neighbouring stromal cells.
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Figure 33. β-catenin and miR-29b1 expression in TRAMP and castrated
TRAMP mice
A. Relative expression of β-catenin and miR-29b1 transcript levels measured by real-time on
stromal and luminal subpopulations isolated by FACS-sorting from prostates of 30-week old
TRAMP and castrated TRAMP mice. Gapdh or U6 were used as housekeeping, respectively.
Ordinary one-way ANOVA with Turkey’s multiple comparisons test was used for the analysis of
significance between each sample after co-culture and the relative control. P values < 0.05 are
reported as *; <0.01 **; <0.001 *** and 0.0001 as ****. B. Base Scope (ACDBio) for miR-29b1
on prostates of 30-week old TRAMP and castrated TRAMP mice.
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luminal cells after castration, we also found increased levels of GRP78 in luminal cells
of castrated TRAMP mice (Figure 34 A), as well as in T23 and T1525 treated in vitro
with ENZA (Figure 34 B). Moreover, since GRP78 has been described to cooperate
with its signaling partner CRIPTO to activate β-catenin signaling (329), we also verified
the expression and co-localization of CRIPTO and GRP78 in TRAMP and castrated
TRAMP mice (Figure 34 C).
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Figure 34. GRP78 and CRIPTO expression in castrated TRAMP mice and in
adenocarcinoma cell lines treated with ENZA.
A. Immunofluorescence staining for CK8 (green) and GRP78 (red) on prostates isolated from
30-week old TRAMP and castrated TRAMP mice. Magnification 20x and 40x. B
Immunofluorescence staining for GRP78 (red) and DAPI (blue) on T23 and T1525 cells
untreated or treated with ENZA. Magnification 20x. C. Immunofluorescence staining for GRP78
(red) CRIPTO (green) and DAPI (blue) on prostates isolated from 30-week old TRAMP and
castrated TRAMP mice. Magnification 20x and 40x.
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Data collected so far let us hypothesize that the overexpression of GRP78 in
adenocarcinoma cells upon ADT may be the first event to promote the crosstalk
between tumour and stromal components inducing NED. Indeed, according to our
hypothesis miR-29b1 is produced by tumour cells in response to ADT and then
secreted to cause SPARC down-regulation in fibroblasts that, in turn, promotes NED
through IL-6 release (Figure 35).
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Figure 35. Castration-induced-stress response causes stromal SPARC downregulation and consequent adenocarcinoma-NE
transition of PCa
To test this hypothesis, we treated T23 and T1525 adenocarcinoma cells with ENZA,
together or not with isoliquiritigenin (ISO), a dietary compound that selectively inhibits
GRP78 and its activation of the β-catenin signaling pathway (328). Interestingly,
congruent with our hypothesis, we found that miR-29b1 transcript levels were
increased upon the treatment with ENZA but not when the cells were treated with the
combination of ENZA and ISO (Figure 36). Moreover, we also set up in vitro cocultures of T23 and T1525 tumour cells with SPARC-proficient fibroblasts treated with
ENZA in combination or not with ISO. Interestingly, while ENZA treatment for 7 days
did not result in any up regulation of SYP transcript levels in T23 and T1525 cells alone
(Figure 37 A), we found a strong up regulation of Syp, also confirmed at protein level,
when tumour cells were treated with ENZA in concomitant presence of fibroblasts
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within the culture. (Figure 37 B, C). Syp up-regulation in tumour cells was prevented

when ISO was also added to this latter experimental condition. (Figure 37 B, C).
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Figure 36. miR-29b1 levels in adenocarcinoma cell lines upon ENZA and the
combination of ENZA and ISO.

Relative expression of miR-29b1 transcript levels assessed by real-time PCR on T23 and
T1525 cells untreated, treated with ENZA and treated with the combination of ENZA and ISO.
snU6 was used as internal control. Ordinary one-way ANOVA with Turkey’s multiple
comparisons test was used for the analysis of significance between each sample after coculture and the relative control. P values < 0.05 are reported as *; <0.01 **; <0.001 *** and
0.0001 as ****.
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Figure 37. SYP expression in adenocarcinoma cell line treated with ENZA alone
or after co-culture with SPARC-proficient fibroblasts.
A. Relative expression of Syp transcript levels assessed by real-time PCR on T23 and T1525
cells after 24h, 48h and 7 days of treatment with ENZA. Gapdh was used as internal control.
One-way ANOVA was used for the analysis of significance between each sample after coculture and the relative control. B. Relative expression of Syp transcript levels assessed by realtime PCR on T23 and T1525 cells after co-culture with Sparc-proficient fibroblasts untreated,
treated with ENZA or with a combination of ENZA and ISO. Gapdh was used as internal control.
Ordinary one-way ANOVA with Turkey’s multiple comparisons test was used for the analysis of
significance between each sample after co-culture and the relative control. P values < 0.05 are
reported as *; <0.01 **; <0.001 *** and 0.0001 as ****. C. Representative immunofluorescence
staining for CK8 (green), SYP (red) and DAPI (blue) performed on T23 and T1525 cells after coculture with fibroblasts and treated or not with ENZA or the combination of ENZA and ISO.
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Finally, to confirm our proposed hypothesis and molecular mechanism, we also
Castrated TRAMP

performed weekly-treatment with ISO in castrated TRAMP mice. Pathological
examination, as well as immunofluorescence staining for CK8 and SYP revealed that
NED was strongly reduced in castrated TRAMP mice treated with ISO (46% of
untreated castrated mice vs. 8% of ISO treated castrated mice; Figure 38) confirming
the important role of GRP78 as upstream mediator of NED.

Phenotype of prostate lesions
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Figure 38. Phenotype of prostate lesions developed in castrated TRAMP mice
upon treatment with ISO
Percentage of regression, adenocarcinoma, NED and de novo NE PCa developed in 30-week
old castrated TRAMP (n=14) and castrated TRAMP mice treated with ISO (n=13). Castrated
TRAMP mice are the same cohort included in Figure 18. Fisher exact test was used for the
analysis of the distribution of the three categorical variables (ADENO, NED, DE NOVO NE)
between the two different groups (TRAMP vs. Sparc-/- TRAMP mice). P value < 0.001 is
reported as ***.

Results collected so far indicate that castration-induced GRP78 up regulation triggers a
tumor-stroma crosstalk in which Sparc down-regulation is a key event in the induction
of NED of adenocarcinoma cells. Moreover, our results indicate that pharmacologic
targeting of GRP78 activity inhibits the molecular mechanism that induces NED.
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4.6 Stromal SPARC down-regulation correlates with focal NED in patients
treated with ADT

Our results clearly indicate that, in response to the stress induced by castration, PCa
cells overexpress GRP78 and up-regulate β-catenin and miR-29b1. The latter is then
released by tumour cells and directly targets Sparc in fibroblasts resulting in the
secretion of IL-6 that eventually induces NED.
In order to validate in patients the mechanism described in the murine model, we were
able to collect from six PCa patients paired needle-biopsies and prostatectomies
specimens before and after ADT (bicalutamide or super agonists of LH-RH),
respectively. Indeed, analysing GRP78 expression by immunofluorescence in patients
before and after ADT, we confirmed that GRP78 is poorly expressed in prostates of
PCa patients before the treatment while it is overexpressed in specific tumour areas in
the same patients after ADT, except for patient #5 (Figure 39). In addition, analysing
SPARC expression on the same tumour samples, we found a robust SPARC
expression both in tumour and stromal elements of untreated patients and a deep
SPARC down-regulation in stromal components of all patients but one after ADT
(Figure 40). We were able to quantify this result by assigning a score for stromal
SPARC expression for which 0 means no expression and 3 the highest score (Figure
41). In patients showing SPARC down-regulation (all but Pt5) we also analysed the
expression of AR and of the NE markers SYP and CgA. We found that, in the same
areas within prostatectomies in which we found a decreased stromal SPARC
expression, AR staining was low in all the 5 patients tested, whereas NE markers were
slightly expressed in scattered cells in patient #4, and strongly unregulated in patients 2
and 6.
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Figure 39. GRP78 expression in paired PCa samples collected from patients
before and after ADT.
Immunofluorescence staining for GRP78 (red) CK8 (green) and DAPI (blue) performed on
paired PCa samples comparing needle biopsies and prostatectomies collected from six patients
before and after ADT and according for Gleason Score. Magnification 20x (left) and 40x (right).
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Figure 40. Correlation between SPARC down-regulation and NE markers
expression in PCa samples collected from ADT-treated patients.
Immunohistochemistry for SPARC was performed on biopsies and prostatectomies of the same
patients pre and post ADT. Immunohistochemistry for CgA, SYP and AR was performed on
prostatectomies of ADT-treated patients in which stromal SPARC was down-regulated.
Magnification 20x.
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Figure 41. Score of stromal SPARC expression in paired PCa samples collected
from patients before and after ADT.
Score for stromal SPARC expression for which 0 means no expression and 3 the highest score
assigned by the pathologist to needle biopsies and prostatectomies of paired PCa samples
collected from patients before and after ADT.

Collectively, these results indicate that stromal SPARC down-regulation after androgen
deprivation is a crucial event fostering NED. Androgen deprivation causes GRP78
overexpression in adenocarcinoma cells that triggers an important tumor-stroma
crosstalk in which SPARC down-regulation in stromal components actively regulates
IL-6 release finally promoting NED. The mechanism detailed in murine models has
been also confirmed in patients, thus providing a translational relevance to this work.
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DISCUSSION

The trans-differentiation from adenocarcinoma to NE PCa is a process mainly
associated to treatment resistance to ADT/anti-AR drugs for which, by now, effective
and precise therapies able to counteract its emergence are still lacking. Different
studies pointed their attention on finding driver genetic alterations acquired by
adenocarcinoma cells that could justify this cellular plasticity (41, 186) but others also
investigated on the role of the prostate TME in governing this transition (70, 213, 248).
Indeed, treatment-related NED is thought to derive from environmental changes
mediated by a double crosstalk between tumour cells and components of the prostate
TME under the selective pressure induced by treatment. Stromal and immune cells
have been demonstrated to actively participate in molding NED through the release of
paracrine factors triggered by ADT (330), but molecular pathways involved in this
transition and modulated by the different components of the prostate TME are not still
clearly defined. In this study we unveiled a tumor-stroma crosstalk induced by
castration in which stromal SPARC down-regulation is a central event leading to NED.
Interestingly, despite the similar induction of NED observed in castrated TRAMP mice
and in Sparc-/- TRAMP mice, the frequency of de novo small-cell NE tumours was not
increased in these mice compared to untreated TRAMP counterparts. This evidence
reinforced the already existing hypothesis that de novo NE tumours derive from the
differentiation of prostate basal/stem cells whereas treatment-related NED from the
trans-differentiation of adenocarcinoma cells (44, 106, 330).
In this work we identified the pivotal role of the TME, and in particular of prostate
stromal components, in molding tumour cell phenotype and plasticity toward NED
following stress induced by surgical castration or ADT. Interestingly, we found that
fibroblasts residing in the prostate TME can be reprogrammed by instructions dictated
by tumour cells in response to castration, in order to start releasing IL-6 following
SPARC down-regulation. As a possible explanation of the inverse correlation between
SPARC and IL-6, we found that stromal SPARC deficiency is linked to a constitutive
activation of the NF-kB pathway, as in accordance to already published data (315).
However, the molecular mechanism linking SPARC expression and activity to the NFkB pathway needs to be further clarified in the future. Furthermore, we found that NED
caused by SPARC down-regulation in stroma cells is a process that occurs
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independently by SPARC production and secretion by tumour cells. Therefore, our
results suggest a novel function of SPARC that appears to act as an intracellular pivot
able to regulate the production of cytokines in response to external stimuli. This
hypothesis needs to be further investigated.
However, beside our speculations about the intracellular role of SPARC, one of
SPARC function is to support ECM deposition by binding collagen and fibronectin (275,
331). Collagen is the most abundant structural ECM protein within the stroma and its
content together with its crosslinking through lysyl oxidase (LOX) are both correlated to
ECM stiffness (332, 333). ECM stiffness is a feature that characterizes tumours that
differentiate from normal tissues and results from complex communications among
cancer cells, CAFs and immune cells (334). Interestingly, in our setting we assume a
novel intracellular function of SPARC in fibroblasts, whereas SPARC released by
tumour cells is not altered. We hypothesize that SPARC down-regulation in CAFs after
ADT probably does not affect their collagen and fibronectin deposition. Nevertheless,
our data indicate that SPARC expression remains robust in tumour cells of both mice
and patients after castration or ADT, respectively; hence suggesting that ECM stiffness
could be sustained by the preserved tumour-derived SPARC expression.
Recent evidence also underline that stromal components of the prostate TME express
AR (335) and that low expression of AR in the TME is associated with a high tumour
grade, a high probability of disease recurrence after prostatectomy and a shorter
progression-free survival of metastasized patients treated with ADT (249). Accordingly,
and also in line with our detailed correlation between SPARC loss and NED, we found
that SPARC-deficient fibroblasts express very low levels of AR, suggesting that
SPARC and AR could be directly correlated. Moreover, since SPARC-deficient
fibroblasts express IL-6 at very high levels, our evidence let us speculate on a possible
inverse correlation between AR and IL-6 expression in stromal components.
The role of IL-6 in promoting cellular plasticity and NED of PCa has been deeply
studied (330). Nevertheless, clinical trials aimed at modulating IL-6 signaling pathway
in CRPC patients did not show significant results, also because the identification of
patients that could benefit of anti-IL6 targeted therapy still remains a critical issue
(336). Our study suggests that defining a cut-off for stromal SPARC expression in
CRPC patients that have undergone ADT could be a suitable strategy for the
identification of patients at risk to develop NED. Moreover, beyond its possible role as
predictive biomarker of NED, a cut-off for stromal SPARC expression could also be
useful to discriminate patients that may benefit of anti-IL6R therapy in combination with
ENZA or other anti-AR targeted drugs. Indeed, our results let us assume that an
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improvement in clinical outcome could be achieved by combining ENZA treatment with
anti-ILR targeted drug obtaining a reduction of the frequency of adenocarcinoma in
favour of tumour regression. However, this possible clinical strategy deserves further
future investigations.
According to literature (148), we found overexpression of the heat shock protein
GRP78 in castrated TRAMP mice and in ADT-treated patients. However, no study had
ever associated GRP78 modulation to NED. In our proposed model, GRP78 is the
initiating factor of the crosstalk that occurs between tumour and stromal cells in
response to ADT further leading to NED. We found that anti-GRP78 targeted therapy
using the plant flavonoid ISO is strongly efficient in preventing NED both in vivo in
castrated TRAMP mice and in vitro on two different PCa cell lines. Despite no evidence
of clinical use of ISO is reported, several trials exist in cancer patients testing other
drugs blocking GRP78. For instance, a monoclonal antibody (MAb159) directed against
the cell-surface GRP78 resulted in a good antitumor activity in PTEN-null mouse model
of PCa (337). Moreover, a second monoclonal antibody against GRP78, named PATSM6, is currently being tested in clinical trials for multiple myeloma patients (338).
Finally, another anti-GRP78 targeted drug is the ruthenium-based NKP-1339 that has
been investigated in phase I clinical trial in different solid tumours, including non-small
cell lung cancer, colorectal cancer and gastrointestinal NE tumours (338). However,
despite a good and manageable safety profile, NKP-1339 did not result in a satisfactory
anti-tumour response when used as a single agent (338). This evidence opens to the
possibility to improve its efficacy by using it in combination with other therapies. Indeed,
our collected in vivo and in vitro results suggest the use of an alternative therapeutic
approach against NED, exploiting anti-GRP78 drugs in combination to ADT.
Furthermore, in line with GRP78 overexpression in ADT-treated CRPC patients,
GRP78 has been found to be overexpressed also in antiestrogen-resistant breast
tumours (339). This suggests the possible existence of commonalities in mechanisms
governing therapeutic resistance in these two hormone dependent tumours that needs
to be further investigated.
In conclusion, our study highlights the pivotal role exerted by stromal accomplices in
guiding NED of PCa through a double tumor-stroma crosstalk firstly dictated by GRP78
overexpression triggered by ADT-induced stress. The identification of SPARC as the
molecule directly involved in the regulation of IL-6, the central cytokine mediating NED,
allowed us to propose stromal SPARC as biomarker to identify CRPC patients at risk of
developing NED. Our data also strongly encourage the use of GRP78 targeted drugs in
combination with ENZA or other anti-AR targeted drugs in CRPC patients, as a
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pharmacological approach aimed at preventing the development of NED. In a
preclinical setting, by testing ENZA in combination with anti-GRP78 or anti-IL6R
targeted drugs in castrated TRAMP mice, we could test the effective therapeutic benefit
of these drugs to synergistically abrogate both adenocarcinoma and NED in favour of
an increased tumour regression. However, given the high intra- and inter-tumour
heterogeneity displayed in PCa patients, treatment related-NED could emerge also
from alternative or additive molecular mechanisms and this issue has to be eventually
considered in the perspective of the translation of these results to clinical trials.
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