Cancer and Metastasis Reviews (2019) 38:333-346
https://doi.org/10.1007/s10555-019-09815-3

®

Check for
updates

Beyond the biomarker role: prostate-specific antigen (PSA)
in the prostate cancer microenvironment

Afshin Moradi'? - Srilakshmi Srinivasan ' . Judith Clements " - Jyotsna Batra '

Published online: 28 October 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

The prostate-specific antigen (PSA) blood test is the accepted biomarker of tumor recurrence. PSA levels in serum correlate with
disease progression, though its diagnostic accuracy is questionable. As a result, significant progress has been made in developing
modified PSA tests such as PSA velocity, PSA density, 4Kscore, PSA glycoprofiling, Prostate Health Index, and the STHLM3
test. PSA, a serine protease, is secreted from the epithelial cells of the prostate. PSA has been suggested as a molecular target for
prostate cancer therapy due to the fact that it is not only active in prostate tissue but also has a pivotal role on prostate cancer
signaling pathways including proliferation, invasion, metastasis, angiogenesis, apoptosis, immune response, and tumor micro-
environment regulation. Here, we summarize the current standing of PSA in prostate cancer progression as well as its utility in

prostate cancer therapeutic approaches with an emphasis on the role of PSA in the tumor microenvironment.
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1 Introduction

Prostate-specific antigen (PSA), encoded by the KLK3 gene, is a
member of the tissue kallikrein-related peptidase family
(KLKs). The KLK family is comprised of a large family of 15
conserved trypsin- or chymotrypsin-like serine proteases
encoded by a contiguous cluster of protease genes (KLKI-
KLK15) at chromosome 19q13.3-13.4 [1-3]. PSA, a chymo-
tryptic serine protease, is a 261-amino acid long preproprotein
with a 17-amino acid signal peptide (pre-) and a 7-amino acid
pro-peptide [4]. The signal sequence contributes to transporting
the protein to the secretory pathway and is normally eliminated
before it is released into the prostatic ducts. Enzymes including
trypsin and the related KLK2, KLK4, and KLKS proteases ac-
tivate this proenzyme [5]. Active PSA (237 amino acids) con-
tains five disulfide bridges, a surface loop with a length of 11
residues that partially embraces the catalytic cleft and is thought
to influence the enzymatic specificity [6, 7].
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In comparison with other organs, PSA is expressed almost
exclusively in the prostate [§]. Under normal physiological con-
ditions, PSA is secreted into the seminal fluid rather than into the
circulatory system. PSA activity is modulated by Zn>* ions to-
gether with inhibitors such as ol-antichymotrypsin (ACT),
inter-a-trypsin inhibitor, «1-protease inhibitor (API), o-2-
macroglobulin («2M), and protein C inhibitor (PCI). During
ejaculation, the semenogelins (SG) sequester Zn>* liberating free
active PSA and start a proteolytic activation cascade to hydrolyse
fibronectin (FN) and SG1 and SG2 thus leading to seminal clot
liquefaction and release of motile spermatozoa [9, 10]. Serum
PSA levels are reported to be increased in conditions such as
inflammation or neoplasia owing to the leakage of PSA into the
circulation when the architecture of the prostate gland is disrupted
[11]. Increased levels of PSA in serum and prostate make it a
sensitive marker for prostate cancer [12]. Serum total PSA (tPSA)
comprises both the complexed and free PSA (fPSA) forms. PSA-
ACT complex is a major form of PSA and it is increased with
increasing PSA concentrations. A complex with API was also
observed in serum of patients with prostate cancer and very high
levels of PSA [13, 14]. Prostate cancer patients have a lower f/t
PSA ratio (%fPSA) than those with benign prostatic hyperplasia
(BPH). In addition, measuring %fPSA was shown to have the
potential to predict prostate cancer morbidity in men with levels
of PSA in the range of 4 to 10 ng/mL [15].

As described above, proteases such as KLK2 process pro-
PSA to generate a mature and active form of PSA by
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removing the first 7 amino acids from the pro-form. It is note-
worthy that, under-processing and over-processing of pro-
PSA leads to an another form of PSA. These types of PSA
which can be found in the prostate tissue and serum of cancer
patients are termed the (-5), (-4) and (-2) pro-forms [16]. The
(-2) pro-PSA form is used as a biomarker for the detection of
prostate cancer clinically, where the combination of pro-PSA
isoforms and fPSA or tPSA assists in the diagnosis of aggres-
sive cancers [17]. The Prostate Health Index (PHI) combines
tPSA, fPSA, and (-2) proPSA, according to the mathematical
formula [(-2) proPSA/fPSA] x V tPSA. PHI is considered to
have a better accuracy than tPSA and %fPSA to predict the
outcome of biopsy [18]. This model reduced the number of
biopsies by 15% of the 700 men tested (PSA levels 2—10 ng/
mL) but missed 1% of high-grade cancers [19-21]. Several
PSA transcript variants have been identified to date [22]. For
example, PSA-RP2 is a transcript variant of the PSA gene
which is documented to be upregulated in prostate cancer
compared with BPH. Similarly, the PSA protein sequence is
affected by some genetic variants [23]. For example, the
rs61752561 single-nucleotide polymorphism (SNP) has a po-
tential role in the pathogenesis of prostate cancer by changing
the glycosylation as well as PSA activity and protein stability,
all of which can affect the f/t PSA ratio measured in clinical
settings. It is asserted that the accuracy of the current PSA test
would be enhanced if the effect of the genetic variants is con-
sidered while measuring tPSA and f/tPSA ratio [24]. PSA
glycoprofiling in addition to SNP-based change in glycosyla-
tion has been suggested as a prognostic biomarker for patients
with aggressive prostate cancer. For example, measuring in-
creased sialylation of PSA glycans could distinguish prostate
cancer from BPH patients [25].

The rise in level of PSA is considered to indicate the progres-
sion of prostate cancer. During cancer progression, changes in
PSA level over time is measured by doubling time or PSA
velocity (PSAv). Some studies have shown that there is signif-
icant improvement using PSAv compared to the ratio of the
fPSA to tPSA screening [26, 27]. However, monitoring PSAv
can have variability due to the high PSA levels in BPH patients
and variation in intervals between PSA measurements [28].
Similarly, the PSA density (PSAD) can be achieved by the ratio
of tPSA to the prostate volume [29]. Prostate volume measure-
ment requires use of either digital rectal exam (DRE) or
transrectal ultrasonography (TRUS) techniques which are both
invasive procedures. Improving the efficacy of prostate cancer
diagnosis is achievable by combination of the PSA test with
other diagnostic factors. For example, the 4Kscore model in-
cluding tPSA, fPSA, intact PSA (iPSA), and KLK2 was shown
to improve prostate cancer detection. The 4Kscore outperforms
tPSA in predicting the outcome of a prostate biopsy [18]. The
STHLMS test is a clinical diagnostic test for prostate cancer
detection. This test combines plasma protein biomarkers
[PSA, iPSA, KLK2, microseminoprotein-beta, and macrophage

@ Springer

inhibitory cytokine 1 (MIC-1)], 232 SNPs, and clinical variables
such as age, family history, prostate examination, and previous
prostate biopsy [30-32]. The STHLM3 trial improved specific-
ity in early diagnosis of prostate cancer by detecting men at
increased risk of harboring significant prostate cancer. This test
also improved discrimination of high-grade prostate cancer in
comparison with conventional PSA testing [31].

In addition to its well established biomarker role, PSA has
been shown to have a profound impact on the signaling path-
ways of proliferation, angiogenesis, and metastasis; for exam-
ple, a number of IGF binding proteins (IGFBPs) are cleaved
by PSA which indirectly supports tumor growth by the release
of IGFs [33]. Also, PSA may play its antiangiogenic activity
through its action with cell surface receptors. It is known that
PSA stimulates expression of tumor-suppressor genes, for ex-
ample /FN-v and suppresses oncogene promoters, such as
VEGF, urokinase-type plasminogen activator (uPA), and
Pim-1 which can prevent tumor growth in the PC-3M prostate
cancer cell line [34]. Interestingly, PSA has also been shown
to increase prostate cancer cell proliferation by stimulating
androgen receptor associated protein 70 (ARA70)-induced
AR transactivation by modulating the p53 pathway [35]. As
a result, besides being a diagnostic and prognostic biomarker
for prostate cancer progression, PSA has been suggested to
have an important role in prostate cancer genesis and progres-
sion and proposed as a suitable target, albeit controversially,
for prostate cancer treatment. In this review, we summarize
these diverse roles of PSA focusing on recent literature on its
role in the tumor microenvironment.

2 Functional role of PSA in prostate cancer
genesis

Prostate cancers are almost entirely adenocarcinomas (95%)
which are described as tumors originating from malignant
growth in epithelial tissues. The remainder (5%) of less
prevalent prostate cancers may comprise transitional cell car-
cinomas, small cell carcinomas, intraductal carcinomas, and
squamous cell sarcomas [36, 37]. Within the initial stage of
prostate cancer, the tumor is restricted to the prostatic cap-
sule and may be indolent throughout the lifespan of the
patient. Even so, some tumors predisposed to aggressiveness
will later develop by invading from the prostate capsule to
adjacent tissues in the pelvis, urinary bladder, urethra, and
seminal vesicle. Such metastatic spread happens principally
through lymph nodes in the pelvis and subsequently to the
bones; in some cases, prostate cancer also spreads to the
lungs and other organs such as the kidney and liver
[38—40]. In contrast, head and neck metastases from prostate
cancer arise because of hematogenous spreading through the
vertebral venous system [41, 42].
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2.1 PSA has a role in sustaining cancer cell growth
and apoptosis

Cancer cells essentially require proliferation and the ability to
evade growth inhibitory signals. As mentioned before, PSA
catalyzes IGFBPs, in particular IGFBP-3, to release insulin
growth factor-1 (IGF-1) which is a proliferative factor involved
in multiple cancers such as prostate cancer [43]. In vitro growth
of LNCaP cells was reduced when endogenous PSA expression
was ablated using gene-specific ShARNA, and reduced tumor
weight compared to controls in a mice model. PSA is, therefore,
likely to be pro-tumorigenic in prostate tumors, as demonstrated
by both in vitro and in vivo models [44]. One of the barriers in
the progression of cancer is programmed cell death. To be re-
sistant to cell death during cancer progression, cancer cells use
alternatives such as overexpression of anti-apoptotic regulators
(e.g., Bcl-2) or signals related to survival (e.g., Interleukin-6)
and decreased expression of pro-apoptotic regulators (such as
Bax, Bak) [45-47]. Interestingly, knockdown of PSA in LNCaP
and CWR22rv1 cells induced cell apoptosis [35]. By modulat-
ing the p53 pathway, increased PSA levels led to increased
ARA70-induced AR transactivation that led to a decline in ap-
optosis and increased cell proliferation in prostate cancer cells
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Fig. 1 PSA has a multi-faceted role in prostate cancer progression. a)
Other KLKs such as KLK2, KLK4, KLK5, KLK11, and KLK15 can
cleave pro-PSA and release active PSA. b) PSA cleaves proteins includ-
ing collagen type IV, fibronectin, and laminin and is able to activate
Granzyme B and pro-MMP2 leading to ECM remodeling. ¢) PSA has
been shown to be involved in the EMT process leading to metastasis of
the primary tumor. d) PSA also has a potential to inhibit bone resorption
leading to osteogenesis. Exposure of osteoblasts to PSA in vitro led to cell
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[47]. On the contrary, there are several reports suggesting that
PSA may act as an inducer of apoptosis, for example, treatment
of PC3 cells with fPSA can downregulate antiapoptotic genes
such as Bcl-xI and upregulate apoptotic genes such as Fas-acti-
vated serine kinase [48]. PSA can cleave galectin-3; knockdown
of galectin-3 decreased migration, invasion, and proliferation of
tumor cells in immunosuppressed mice [43, 49, 50]. Another
study showed that PSA overexpression in the PC3 cell line led
to increased proliferation and migration [24].

2.2 PSA mediates epithelial to mesenchymal
transition (EMT), invasion, and metastasis

Primary tumor cells have a tendency to move from their stromal
niche and invade neighboring tissues, intravasate local and cir-
culating blood vessels, and finally settle in distant tissues,
through the EMT process. They then, with the purpose of pen-
etrating into the interstitial stroma, break down the basement
membrane, connective tissue, and the surrounding extracellular
matrix (ECM) of nearby normal epithelial cells [51]. In this
context, PSA plays a key role as a protease cleaving proteins
including collagen type IV [52], fibronectin, and laminin (Fig.
1) [53, 54] or as an activator of other ECM enzymes including
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proliferation. e) PSA cleaves plasminogen leading to inhibition of new
endothelial tube formation and thus angiogenesis inhibition. PSA cleaves
galectin-3, a mediator of VEGF and basic bFGF-mediated angiogenic
response. In contrast, PSA activates tumor-derived VEGF-C and
VEGF-D which may lead to the production of angiogenic and lymph-
angiogenic tumors. f) PSA-specific epitopes can activate CTLs leading to
the killing of the cancer cells, thus has a role to play in the immune
response
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pro-MMP2 [55] (Fig. 1). PSA overexpressing clones have in-
creased migration towards a membrane barrier and are inclined
to grow as single cells with a more fusiform morphology and
changed focal adhesions. These cells were also shown to have
lower E-cadherin and elevated vimentin expression, all changes
typically representative of EMT [56, 57]. Cumming et al, in
another study, over-expressed different forms of PSA, and de-
termined a role of PSA and pro-PSA, in invasion and bone
metastasis. Pro-PSA-secreting subclones increased invasion
and migration. Conversely, the PSA-secreting subclones signif-
icantly reduced both invasion and migration. The opposing ef-
fects show that different forms of PSA may have different func-
tions in tumorigenesis [58]. Furthermore, PSA stimulates the
transitory receptor potential melastatin 8 (TRPMS), which in
turn functionalizes the bradykinin 2 receptor signal pathway
leading to a decline in migration of PC3 cells [59]. In addition,
PSA levels in serum from mice-bearing tumors derived from
cells expressing mutant pS3 were increased in comparison with
PSA levels in mice-bearing tumors derived from control cells.
The tumors derived from cells with mutant p53 had increased
vascularization and induced lymph node metastases, supporting
the idea that pS3 mutations lead to increased PSA levels [60].
Suppression of the enzymatic function of endogenous PSA
through the use of a PSA-specific antibody in LNCaP cells
lowered the invasive behavior of these cancer cells, implying
that PSA may significantly contribute to the invasion of LNCaP
cells [61]. A recent study presented evidence that the human
protease Granzyme B, like other extracellular proteases, is able
to cleave an array of ECM proteins, hence, disturbing cell
growth, integrity, signaling, and motility (Fig. 1). PSA strongly
activated trypsin and Granzyme B which caused ECM impair-
ment leading to in vitro death of prostate cancer cells [62].

In prostate cancer, osteoblastic bone metastasis is more prev-
alent, with reduced function of osteoclasts and enhanced prolif-
eration of osteoblasts [63, 64]. PSA overexpression in the SaoS-
2 cell line led to induction of osteoblastic differentiation by
upregulating osteoblastic markers such as collagen type I,
osteocalcin, alkaline phosphatase, and bone sialoprotein [65].
PSA can hydrolyze parathyroid hormone-related protein
(PTHrP) aiding in the conversion from an osteoclastic to an
osteoblastic phenotype that has an essential role in osteoblastic
bone metastasis [58, 66]. Exposure of osteoblasts to PSA in vitro
led to cell proliferation and significant upregulation of TGF-f3
mRNA expression [67]. PSA also has the potential of inhibiting
bone resorption leading to osteogenesis [68], suggesting that
PSA may lead to the osteoblastic phenotype of bone metastasis
which is prevalent in prostate cancer [58].

2.3 The role of PSA in angiogenesis
An extremely important process in tumor metastasis is angio-

genesis, during which new blood vessels are created from the
existing vasculature [69]. It has been shown that PSA is able to
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inhibit angiogenesis in vitro. PSA can cleave plasminogen into
angiostatin-like fragments that inhibit new endothelial tube for-
mation and thus angiogenesis [70]. PSA can cleave galectin-3,
that has been reported as a mediator of vascular endothelial
growth factor (VEGF)- and basic FGF-mediated angiogenic
response [43]. There are reports indicating that suppression of
PSA function by Zn** hindered new blood vessel formation and
also migration and invasion of endothelial cells confirming an
anti-angiogenic activity of PSA, independent of enzymatic ac-
tivity [71]. VEGF-C is a tumor spreading factor with an
established role in lymphangiogenesis. Tumor-derived VEGF-
C and VEGF-D are also activated by PSA, which leads to the
production of angiogenic and lymph-angiogenic tumor activity
suggesting the function of PSA could depend on the tumor
context and bio-availability of these substrates (Fig. 1) [72].

2.4 The effects of PSA on the immune response

Tumor cells evade immune response by the process of the acti-
vation of soluble immune suppressive factors. TGF-3 and other
immunosuppressive agents such as cytokines (i.e., IL-10) are
generated by tumor cells which prevent normal cell activities.
Interestingly, PSA can contribute to the stimulation of TGFf3, so
this suggests an indirect role in tumorigenesis regulation [73,
74]. CD4+ T cells improve the antigen-presenting capacity of
dendritic cells (DCs) and support the stimulation of tumor-
reactive cytotoxic T lymphocytes (CTLs). More importantly, a
number of PSA-specific epitopes have been recognized that can
activate CTLs and sequentially lead to the killing of tumor cells
targeted by peptide-specific CTLs (Fig. 1) [75].

3 The function of other KLKs in prostate
cancer

KLK2, KLK4, KLKS5, KLK11, and KLK15 are among the
several other KLKs which can activate PSA (Fig. 1) [73, 76,
77]. Similarly, PSA can activate KLK4 and KLK11 [78].
These KLK family members have also been shown to play a
role in cell proliferation, extracellular matrix degradation, tu-
mor cell invasion, metastasis, and prostate tumor microenvi-
ronment regulation. For example, KLK2 is highly expressed
in prostate cancer compared with BPH. KLK?2 activates pro-
PSA, pro-KLK2, and the zymogen form of uPA. Increased
KLK2 expression in prostate cancer tissues leads to activation
of uPA and also inactivation of its primary inhibitor, PAI-1
[79]. KLK2 cleaves high molecular weight kininogen to re-
lease bradykinin which induces smooth muscle cell contrac-
tion, facilitating vasodilation and cancer cell intravasation
[80]. KLK4 is highly expressed in the prostate and primarily
localized to the nucleus. Furthermore, KLK4 protein is signif-
icantly overexpressed in malignant prostate in comparison to
normal prostate. Adenovirus-mediated expression of KLK4
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intensely induces proliferation of prostate cancer cells, and
knockdown of endogenous KLK4 in LNCaP prostate cancer
cells leads to cell growth inhibition [81]. Some studies suggest
a positive association between KLK4 mRNA levels on pros-
tate tissue biopsy and higher Gleason Score and disease stage
[82]. In the prostate microenvironment, upregulation of KLK4
significantly enhances the activity of androgen receptor (AR)
and mammalian target of rapamycin (mTOR) signaling [83].
Transfection of PC3 cells with KLK4 led to increased migra-
tion towards Saos2 conditioned medium and better attachment
to collagens I and IV [84, 85]. Furthermore, KLK4 and PSA
overexpression lead to the loss of E-cadherin and an EMT-like
effect in prostate cancer cells [56]. The efficacy of KLK2 and
KLK4 activity adjacent to the prostate is explained by forma-
tion of complex between serpins and active forms of these
KLKs in seminal fluid, as serpins only inhibit active proteases
[80, 86].

KLKS is highly expressed in the normal prostate in com-
parison to prostate cancer tissue with reports of a negative
correlation between the levels of KLKS5 and pathologic stage
and grade of tumor [87, 88]. No other studies have been re-
ported to date on the biological action of KLKS in prostate
cancer. Similarly, the expression levels of KLK7 are lower in
prostate cancer, compared to BPH and normal prostate tissue,
with its decreased expression closely associated with higher
Gleason Score and higher levels of PSA [89]. On the other
hand, another study suggested that by inducing the EMT of
prostate cancer cells, KLK7 can promote invasion and metas-
tasis [90]. KLK10 mRNA was also found to be downregulated
in prostate cancer cell lines [91]. KLK10 overexpression in
PC3 cells downregulates tumor proliferation, combined with
increased apoptosis and decreased glucose metabolism.
Notably, a negative feedback was recognized between
KLK10 and Bcl-2/HK-2 expression; therefore, KLK10 may
act as a tumor suppressor in PC3 cells [91]. KLK/0 DNA
methylation is increased in prostate cancer tissue vs. normal
which can serve as cancer biomarker [92]. Increased expres-
sion of KLK11 mRNA is associated with less advanced stage
and lower Gleason Score in prostate cancer and downregulat-
ed in advanced tumors. Thus, KLK/] has been suggested as a
useful negative prognostic biomarker to distinguish aggres-
sive prostate cancer [93] and indolent prostate cancer.
KLKI12 is overexpressed in prostate in cancer tissues over
normal prostate tissue [94]. Also, a shift in subcellular local-
ization of KLLK12 was observed indicating a potential role of
this enzyme during prostate progression [95]. Increased levels
of KLK14 mRNA and protein have been associated with ag-
gressive tumors [96]. Similarly, KLK/5 and its transcript var-
iants are overexpressed in aggressive prostate cancers which
can help to discriminate prostate cancer and BPH [97, 98].
Moreover, 1s2659053 and rs35711205, two KLK15 SNPs,
present in the putative promoter region of KLK/5 gene are
associated with the risk of prostate cancer [99]. Generally,

unveiling the role of the KLK family in prostate cancer pro-
gression may pave the way for targeting this protease family in
prostate cancer treatment.

4 PSA as imaging tools

Imaging techniques have been developed for selective de-
tection for the presence of malignant regions within the
prostate as well as metastases. For example, targeted im-
aging agents for prostate-specific membrane antigen
(PSMA) have been developed [100]. Another approach is
targeting PSA, for example, a peptide boronic acid PSA
inhibitor with the sequence of Cbz-Ser-Ser-Gln-
Nle-(boro)-Leu was identified with an affinity (K;) for
PSA of 25 nM. A bulky metal chelating group, that did
not affect the inhibitory ability of the engineered com-
pound, was added to the amino terminal end of the boronic
acid-type PSA inhibitor for use in imaging techniques
[101]. Similarily, A '**I-labeled monoclonal antibody
against fPSA has been developed which was able to selec-
tively target fPSA in LNCaP tumor-bearing mice using
digital autoradiography [102]. The rationale in considering
unbound PSA for imaging is that abundant amounts of
fPSA are present in close proximity to its local site of
production, while complex forms of PSA are generally
found in the circulation [102]. Likewise, the **Zr-labeled
5A10 anti-PSA mAb is localized to multiple AR- and PSA-
positive prostate cancer cells and can be used for measur-
ing fPSA synthesis in a xenograft model of castration-
resistant prostate cancer. It has been shown that *Zr-
5A10 can detect osseous prostate cancer lesions, where
bone scans fail to discriminate malignant and non-
malignant signals [103]. Aside from KLK3, successful
targeting of KLK2 has also been reported for imaging pros-
tate cancer in vivo. Specifically, the 111In-labeled 11B6
radiotracer demonstrated specific targeting of KLK2 in
both subcutaneous and intra-tibial bone xenografts [104].

5 PSA-based therapeutic approaches

The increased understanding of the role of PSA in the progres-
sion of prostate cancer has attracted much attention to
targeting PSA in the tumor microenvironment and led to the
development of potential PSA activators and anti-metastatic
inhibitors. Because PSA displays antiangiogenic activity and,
as a result, is able to suppress the expansion of prostatic tu-
mors, there has been an interest in molecules that induce PSA
activity and suppress prostate cancer growth. Stimulators are
limited in number and include small peptides and molecules
that increase the anti-angiogenic properties of PSA and its
enzymatic activity [105]. In prostate cancer, PSA is
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overexpressed. Thus, downregulation of PSA activity by in-
hibitor compounds can be an attractive therapeutic approach.
PSA activity is regulated by several types of inhibitors such as
metallic ions, small molecules, and proteins.
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5.1 PSA inhibitors

There is a high concentration of Zn>* in the prostatic fluid that
inhibits KLK activity, including that of PSA, both reversibly
and allosterically [106]. In prostate cancer, there is a signifi-
cant reduction in Zn>* concentration caused by the diminished
levels of Zn?* transporters. A recent method for consideration
in the treatment of prostate malignancy is to restore Zn’*
levels in prostate tumors. In murine models, intratumoral in-
jection of Zn** decelerated tumor growth and improved sur-
vival time with no severe toxicity consequences in other or-
gans [107]. Given the function of PSA is tightly regulated by
controls such as inhibitors in healthy tissues, deregulation of
these controls may lead to their aberrant function in conditions
such as prostate cancer.

With respect to small molecule inhibitors, synthesis of a
monocyclic 3-lactam 2-azetidinone and two triazole family
compounds has been utilized to inhibit PSA. But their limita-
tion is the lack of specificity for PSA and binding to other
similar proteases [84, 107]. Koistinen et al. screened a collec-
tion of 50,000 chemical compounds and recognized
benzoxazinone derivatives and triazole compounds that sup-
press the anti-angiogenic function of PSA [108]. Fukugetin is
also a suppressor obtained from a Brazilian plant and is able to
suppress PSA with an ICsy of 13+ 0.8 uM [109]. A study on
synthetic peptide substrates led to identification of first, pep-
tide aldehyde and then, boronic acid suppressors of PSA, of
which the sequence Cbz-Ser-Ser-Lys-Leu-(boro)Leu, had a K;
of 65 nM for PSA [110]. Another example is
AhxFSQn(boro)Bpg, a selective peptidyl boronic acid-based
PSA inhibitor that contains a bromo propylglycine group.
This compound was proven to significantly alter PSA levels
in the serum of animal models; nonetheless, it only exerted a
small effect on tumor growth [111]. Inhibition of PSA proteo-
lytic activity by small compounds as well as by peptide inhib-
itors maybe a promising therapeutic strategy (Table 1) [111].
Azapeptides suppress cysteine and serine proteases, and it is
thought that azapeptides may suppress expressed human PSA
in Escherichia coli in salt-rich environments [113]. Another
PSA inhibitor is glutamine aldehyde which is not the best
inhibitor of PSA, but it is incapable of inhibiting the related
chymotrypsin (K;> 1000 uM), hence has some specificity
[114]. Serpins are a superfamily of 33—46 kDa macromolecu-
lar suppressors of serine and cysteine proteases. Their action
leads to irreversible suppression of protease activity, of which
the mode of action is based on a change in the conformation
inside the proteases, whereby the functional site is deformed
for the formation of a stable covalent adduct [115, 116].

proteolytic activity observed in LNCaP-conditioned media
Increased mRNA and protein levels of PSA by binding to the 3’ UTR of PSA

The suppression of PSA expression and prostate cancer cell proliferation

binding subsites of PSA

Peptidyl boronic acid inhibitor/restricting the progression of subcutaneous prostate cancer xenografts
Inhibit PSA but in capable to inhibit chymotrypsin

Intratumoral injection of Zn>* decelerated tumor growth and improved survival time
Reduced PSA levels in serum of animal models and reduced tumor growth

Identified by the screening a library of 50,000 chemical compounds

Extracted from a Brazilian plant
Serpins are a superfamily of macromolecular inhibitors of serine and cysteine proteases

These compounds represent the first described inhibitors designed to utilize the substrate
PSA protein expression was regulated by miR-3162-5p consistent with lower PSA

Description

PCI, Monocyte/neutrophil elastase inhibitor (MNEI)

With the sequence Cbz-Ser-Ser-Lys-Leu-(boro)Le
miR-3162-5p

Ahx-FSQn(boro)Bpg

Azapeptides
al-antitrypsin, ACT, antithrombin IIT (ATIII),

Triazole and azetidinone
Peptides contained a glutamine residue

Inhibitor/activator
Zn2+

Fukugetin

miR-183

miR-99 family

PSA inhibitors and miRNAs

Small-molecule inhibitors
Heterocyclic derivatives
Peptides inhibitors

Table 1
Type
Metallic ions
Serpins
miRNA
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5.2 MicroRNA (miRNA)-mediated targeting of PSA

It is proposed that miRNAs may play a role in the modulation
of the expression of the KLK3 gene. miR-3162-5p regulates
expression of the PSA protein in LNCaP cells which is con-
sistent with the lower proteolytic activity of PSA observed in
LNCaP-conditioned media. Interestingly, the expression of
miR-3162-5p is increased in prostate tumor tissues with
higher Gleason grade [117]. The synthesis of PSA and its
serum levels are positively affected by miR-183 which may
be a factor to be considered during clinical decision making
[118]. Besides, PSA is regulated post-transcriptionally by
miR-99 family members; transfection of prostate cancer cell
lines with miR-99 decreased PSA expression levels and
inhibited the growth of cells (Table 1) [119]. Although
miRNAs are emerging as therapeutic targets for many dis-
eases especially cancers, further studies are needed before
miRNAs can be used in therapeutic strategies to regulate
PSA expression and ultimately for prostate cancer treatment.

5.3 PSA-activated prodrugs and gene therapy

Protease-stimulated prodrugs present promise for targeted sup-
ply of drugs into a specific tissue. The inactive pro-drug com-
prises a peptide-conjugated toxic drug molecule. The cleavage
of the peptide activates the prodrug in the target tissue via a
specific protease releasing the active drug molecule. PSA is
mostly active in the prostate cancer microenvironment, but
PSA is deactivated in the serum by complex formation with
protein inhibitors. Therefore, PSA is becoming an ideal molec-
ular target for prodrug development due to the fact that it is
present in its active from in the prostate tissue microenvironment
[120]. PSA has unique substrate specificity among serine pro-
teases to hydrolyze amide bonds on peptides containing a glu-
tamine residue. The most effective cleavage occurs between
GIn349 and Ser350 in SG I. This characteristic was used to
produce pro-drugs for selective therapies in the prostate pre-
neoplastic or tumor microenvironment [121]. A peptide with
the amino acid sequence His-Ser-Ser-Lys-Leu-Gln (HSSKLQ)
was detected to possess a high level of specificity for PSA.
HSSKLQ-Leu- doxorubicin was observed to be potent in killing
LNCaP cells. The proteolytic activity of PSA resulted in site-
specific release of Leu-Dox at elevated concentrations in the
microenvironment encompassing prostate cancer cells and ex-
hibited less cardiac toxicity than Dox in animal models [122].
The peptide prodrug of L12ADT, a modified form of a
thapsigargin analog, showed selective toxicity to PSA-
generating prostate cancer cells. The development of PSA-
producing prostate cancer xenograft tumors was completely
inhibited by continual hypodermic prodrug medication in
mice while it does not affect PSA non-producing renal carci-
noma xenograft tumors (Table 2) [123]. Another example is
L-377202, a peptide conjugated to doxorubicin, that could

Table2  PSA pro-drugs and PSA-based immunotherapy

Ref

Type

Role of the drug

Drug

Pro-drug
Pro-drug

Pro-drug

Pro-drug

Pro-drug
Pro-drug
Pro-drug

Killing LNCaP cells with less cardiac toxicity than Dox in animal models
Selective toxicity to PSA-generating prostate cancer cells

Reduction of tumor growth in xenografts
High cellular uptake in LNCaP cells

HSSKLQ-Leu- doxorubicin

NN

vated LI2ADT
vated L-377202

vated TGX-D1-based
ivated LY294002-based

=B R

PSA-acti

PSA-acti

PSA-acti

Reduction of PI3-kinase in C4-2 cells
Increase of pro-apoptotic molecules

vated BSD352-based

= =

PSA-acti
PSA-act

Emetine prodrug is activated by PSA with an IC50 of 75 nM and

Emetine prodrug

59 nM in LNCaP and CWR22Rv1 respectively
Selective antitumor impact on PSA-producing murine tumor xenografts

Induced cell death in tumors that express PSA

CD4+ and CD8+ cell activation

— e e

NS I

PSA-activated protoxin
Immunoconjugate

Vaccines

PRX302

5-fluoro-2-deoxyuridine anti PSA IgG immunoconjugate

PROSTVAC

Vaccines

The vaccine inhibited the growth of tumors

Ad5-PSA/PSCA
PVAX/PSA

Vaccines

DNA-based vaccine can induce PSA-specific immune response in

hormone-refractory prostate cancer patients

Induced anti-tumor response

Antibody
Antibody

Engineered bispecific antibody

AR47.47

Anti-PSA IgE antibody causes immune activation both in vitro and in vivo
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selectively kill LNCaP cells as PSA-producing prostate cancer
cells and is 15 times as effective as conventional doxorubicin
in growth inhibition of human prostate tumor in nude mice
[84, 124, 137]. TGX-221 is also a prodrug that inhibits
phosphoinositide 3-kinase (3 (PI3K[3) with a high potency.
Peptide-drug conjugate comprising TGX-D1 (TGX-221
derivatives with additional hydroxyl groups) was found to
undergo gradual cleavage by PSA for releasing TGX-D1. A
significant elevated cellular uptake was reported for the
peptide-drug conjugate in prostate cancer cells in comparison
to the original drug [125]. Moreover, a modified form of the
quercetin analogue, LY294002 (HO-CH(2)-LY294002), was
chemically coupled to the peptide Mu-LEHSSKLQL to gen-
erate a prostate cancer-specific PI3K suppressor, wherein the
internal sequence HSSKLQ is a substrate for the PSA. This
yielded a water-soluble prodrug with PI3K inhibition latency.
Upon activation, the L-O-CH(2)-LY294002 is capable of spe-
cific inhibition of PI3K in PSA-releasing prostate cancer cells
and induction of apoptosis with a strength equivalent to that of
the parent LY294002 compound [126].

Another prodrug, BSD352 contains three domains, a protein
transduction domain from HIV transactivating regulatory pro-
tein (TAT) and then the BH3 domain of the p53 upregulated
modulator of apoptosis (TAT-BH3), an anti-vascular endothelial
growth factor peptide (SP5.2), and an anti-basic fibroblast
growth factor peptide (DG2). The above-described domains in
BSD352 were connected to one another by a linking sequence
equivalent to a PSA substrate peptide. The BSD352 fusion pep-
tide was subjected to selective cleavage by PSA in PSA-
generating LNCaP prostate cancer cells. Additionally, the BH3
domain was detected to stimulate tumor cell apoptosis by raising
the expression of Bax, cytochrome C release, and caspase-9
cleavage [127]. As a small molecule protein biosynthesis sup-
pressor, emetine shows toxicity to the entire cell types making it
appropriate for thorough eradication of the various cancer cell
types. Emetine is a small protein synthesis inhibitor. Its pro-drug
activity was shown to be cytotoxic against PSA-generating
LNCaP and CWR22Rv1 cells [128]. EMC-Arg-Ser-Ser-Tyr-
Tyr-Ser-Arg-DOXO (EMC = e-maleimidocaproic acid) is a re-
cently developed PSA pro-drug, that could bind to circulating
albumin; albumin-bound drug was cleaved rapidly releasing the
pro-drug and showed superiority relative to doxorubicin against
LNCaP cells in terms of antitumor effectiveness and tolerability
[138]. PRX302, modified proaerolysin, is an engineered
protoxin. This compound displayed selective antitumor impact
on PSA-producing murine tumor xenografts and also damaged
PSA-producing prostate cells in monkeys extensively, and ex-
hibited no toxicity in other neighboring tissues [129]. Research
has shown that the antibody immunoglobulin G (IgG) against
PSA (anti-PSA-IgG) was able to act as a carrier protein for
coupled chemotherapeutic drugs (e.g., 5-fluoro-2'-deoxyuridine,
and doxorubicin) and that the immunoconjugate was capable of
selective delivery to PSA-generating neoplastic prostate [130].
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A number of PSA-targeted pro-drugs carrying 5-
fluorodeoxyuridine [139], vinblastine [140], and paclitaxel
[141] were synthesized following the same method.
Macromolecular carriers, including albumin [138] or poly-
mers [N-(2-hydroxypropyl) methacrylamide copolymer]
[142], have been utilized with success as pro-drug carriers
with the aim of increasing prodrug half-life time and delivery
to the target site. Owing to cytotoxicity of drugs on non-
targeted tissues, there is a growing attention in improving
the tumor selectivity of PSA-activated pro-drugs. Although,
there are still challenges that need to be addressed, these
targeted pro-drug approaches are very promising in contribut-
ing new treatment approaches to prostate cancer.

Since PSA expression is known to be tissue-specific and that
PSA is expressed at all stages of prostate cancer, the regulatory
site of the KLK3 gene is a possible contender for a specific gene
therapy approach for prostate cancer [143]. Different elements
of the KLK3 gene can be utilized for gene therapy. Such as a
proximal promoter that contains a TATA box and two practically
critical binding sites for the transcription factor AR, named an-
drogen responsive elements (AREs), and upstream enhancer
regions, which impact on the augmentation of prostate-specific
gene expression [ 144]. The KLK3 promoter in a lentiviral vector
maintains its tissue specificity and induces gene expression in
prostate cells with acceptable efficiency and specificity. It is
worth mentioning that deletion of redundant sequences and en-
gineering of multiple copies of functional regions further in-
duced KLK3 promoter activity [145].

5.4 PSA-based immunotargeted therapy

Immunotherapeutic strategies are a promising alternative
for prostate cancer treatment. Considering the significant
role of PSA in immune response, this protease might be
considered as a significant candidate for prostate cancer
immunotherapy. An example of successful application is
PROSTVAC. The mechanism of action of PROSTVAC is
supplying antigen-presenting cells (APCs) with PSA epi-
topes which lead to activation of cytotoxic T cells (CD8+)
and T helper (CD4+) that organizes targeting of PSA-
expressing prostate cancer cells. Consequently, not only
prostate cancer cell proliferation but also tumor growth
declined significantly [131, 132, 146]. A Phase III study
showed that although PROSTVAC was safe and well tol-
erated, it had no effect on overall survival so there is no
clinical benefit from this treatment [147]. Another exam-
ple is that of anti-PSA IgG1 and IgE antibodies stimulat-
ing T cell activation that targets prostate tumor cells and
stimulated a patient’s antitumor immunity with cancer
vaccines. Adenoviral (Ad) vector-based vaccines using
the replication-deficient Ad serotype 5 (AdS) having the
full-length PSA gene inserted have been used for the in-
duction of anti-PSA immune responses. In vaccinated
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mice, injection of Ad5-PSA stimulated the cytotoxic
CD8+ T cell-intervened suppression of PSA-generating
tumors’ growth rate [133, 148, 149]. Also, a DNA-based
vaccine, the pVAX/PSA, comprising a plasmid encoding
PSA, has been assessed for prostate cancer therapy. This
vaccine can induce PSA-specific cellular immune re-
sponses in patients with hormone-refractory prostate can-
cer. A phase I clinical trial demonstrated that the vaccine
was able to activate immune reactions in patients with
hormone-refractory prostate cancer. Improving DNA vac-
cination in cancer therapy may cause more potent and
durable immune responses [134]. PSA-based vaccines
are summarized in Table 2.

Bispecific monoclonal antibodies can help in the effective
achievement of crosslinks between tumor antigens and the T
cell-linked CD3 antigen resulting in a rise of antigen-specific
cytotoxicity in T cells. Since PSA is highly organ-specific, a
bispecific antibody (BiAb) targeted towards this antigen, and
CD3 can provide a means for prostate cancer treatment with a
high immune specificity [135]. It was reported that the IgG1
monoclonal antibody AR47.47 in mice, specific for human
PSA, could improve antigen demonstration by human dendrit-
ic cells and activate both CD4 and CD8 T cells once combined
with PSA. Notably, the anti-PSA IgE coupled with PSA acti-
vates immunity both in vitro and in vivo, stimulating a pa-
tient’s antitumor immunity with cancer vaccines [136] sug-
gesting PSA has potential to be a target for prostate cancer
immunotherapy.

6 Conclusion

Beyond its biomarker role, PSA has a key role in cancer sig-
naling pathways such as angiogenesis, invasion and metasta-
sis. Moreover, due to its exclusivity within prostate (cancer)-
derived tissues, PSA will continue to be a focus for prostate
cancer therapy and diagnostic imaging/theranostics.
Combined strategies to specifically suppress PSA activity or
growth of aggressive/metastatic cells with PSA-targeted ther-
apies will be an ongoing research focus into the future.
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