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Abstract

The kallikreins are a family of serine proteases with a range of tissue-specific and essential

proteolytic functions. Among the most well-studied are the prostate tissue specific KLK2 and

KLK3 genes and their secreted protease products, hk2 and PSA. Members of the so-called classic

kallikreins, these highly active trypsin-like serine proteases play established roles in human

reproduction. Both hK2 and PSA expression is regulated by the androgen receptor, whose activity

has a fundamental role in prostate tissue development and progression of disease. This feature,

combined with the ability to sensitively detect different forms of these proteins in blood and

biopsies, result in a crucially important biomarker for the presence and recurrence of cancer.

Emerging evidence has begun to suggest a role for these kallikreins in critical vascular events.

This review discusses the established and developing biological roles of hK2 and PSA, as well as

the historical and advanced use of their detection to accurately and non-invasively detect and

guide treatment of prostatic disease.

Introduction

Tissue kallikrein and kallikrein-related peptidases (KLKs) comprise a family of 15

homologous secreted trypsin- or chymotrypsin-like serine proteases. These enzymes play
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important roles in a variety of complex processes including reproductive function,

inflammation, skin homeostasis, blood clotting, fibrinolysis, and possibly cancer. Kallikreins

are expressed in numerous tissues, are commonly co-expressed [1], and are localized

predominantly in the cytoplasm of glandular epithelia. The multiplicity of these enzymes

and their diverse roles has attracted considerable interest for use as diagnostic markers and

for therapeutic targets across many pathologies. Despite their importance, many of the

functions of this family of proteases remain unknown. The presence and forms of the

kallikreins found in glandular excretions, such as breast milk, seminal fluid, and other fluids,

such as blood and urine, have long been investigated in order to better understand the vital

functions of KLK-gene products and to detect disease.

KLK2 and KLK3 have the most organ restricted expression profile of all KLKs; specifically,

they are abundantly expressed in the luminal epithelium of the prostate. KLK2-KLK3

constitute two of the few highly expressed genes and secreted proteins produced by this

gland. While low expression may be detected in other organs, the levels found in extra-

prostatic tissue are many orders of magnitude lower, and the biological significance of

KLK2-KLK3 in these tissues remains uncertain. The abundant production in the prostate

helps to explain why the KLK3-gene product is commonly called Prostate-Specific Antigen

or PSA. By convention, we will refer to KLK2 as “human Kallikrein 2” (or hK2).

KLK2 and KLK3 are also unique in that they are regulated by androgens, with expression

levels reflecting the functional status and activity of the nuclear androgen receptor (AR) and

its response to supply of testosterone or other androgens [2]. The unique combination of

tissue-specificity and androgen-driven expression profile of KLK2 and KLK3 provide a

straightforward and biologically relevant read-out of the activity of the prostate epithelium.

This is particularly useful in the context of detecting and monitoring prostate cancer. This

review will focus on these two most well studied and prostate-specific kallikreins, PSA and

hK2. We will introduce and discuss their roles in prostate and prostate cancer biology, in

detecting prostate cancer, the most commonly diagnosed malignancy in men [3] and their

potential contribution to vascular disorders.

Kallikrein Genetics

Located in series at chromosomal region 19q13.3-q13.4, the kallikreins comprise the largest

cluster of peptidases in the human genome [4] (Fig. 1A). Each of the tissue kallikrein genes

shares similar encoding features. This includes five exons of similar size separated by four

introns of varying sizes [5] (Fig. 1B). KLK1-3 are considered the “classic kallikreins” due to

phylogenetic analysis showing a distinct evolutionary history from the other human

kallikreins. It is likely that a duplication of KLK1 created the progenitor of KLK2 in the early

evolution of eutherian mammals, with subsequent primate-specific duplication of the

predecessor that gave rise to KLK3 and KLK2 [6, 7]. The progenitor of KLK2 is a non-

functional pseudogene in many mammals including rodents, but not in canines in which

expression is regulated by AR and abundant in the canine prostate [6]. Distinct from

KLK4-15, KLK1-3 also share a unique surface loop called the “kallikrein loop”. The

evolutionary relationship is also reflected in the amino acid sequences; the identity in amino

acid sequence with KLK1 is much higher for KLK2 or KLK3 (62–67%) than for KLK4-15
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(27–39%). KLK2 and KLK3 manifest 80% identity in amino acid sequence, making them the

most closely homologous KLK-gene products.

KLK2,3 Activity

The KLK family of proteases has important functions in a range of tissues. Therefore,

regulation of the enzymes’ activities may be essential for the maintenance of health, and

dysregulation of such activity can be used as a marker for disease (Table 1, and following

sections). This perhaps explains why the proteases are produced as non-catalytic

preproenzymes which requiring multiple posttranslational modifications to result in a

catalytically active form (Fig. 1B). To obtain the catalytic PSA or hK2, the proteolytic

cleavage of the signal sequence by a signal peptidase precedes the proteolytic release of the

short N-terminal activation peptide by trypsin-like peptidase(s) converting the non-catalytic

zymogen to an enzymatically active 237-amino acid single-chain form of PSA or hK2 [8].

The trypsin-like tertiary structure differs between each kallikrein, resulting in variation in

specificity and cleaving/activating motifs of physiologic substrates (Fig. 1C).

Catalytically active PSA is secreted into the seminal fluid [9]. It is there, along with secreted

and possibly auto-activated hK2 [10], that the main gel forming proteins (SEMG1 and

SEMG2) contributed by the seminal vesicles of the ejaculatory mix can be proteolytically

degraded by KLK3 (possibly also KLK2) to liquefy the seminal gel [9, 11, 12]. This critical

action results in the freeing of spermatozoa for the necessary translocation to the womb to

fertilize the egg.

Cleavage of semenogelin and fibronectin in the ejaculate suggest that these serine proteases

could degrade extracellular matrix proteins elsewhere [11]. Accordingly, investigations have

focused on a potential link between KLK2-3 function and the invasion and growth of

prostate cancer. While the explicit role(s) of the prostate-tissue kallikreins in prostate cancer

development and progression remainis unclear, there is considerable interest in determining

if such links exist. For example, the activation of urokinase by hK2 provides a scenario in

which this enzyme initiates a proteolytic cascade to degrade the tissues surrounding a

tumour and contributing to expansion [13]. In addition to degrading the surrounding tissue,

it has been reported that hK2 and PSA activity can directly promote cancer cell growth.

Studies have shown that the kallikreins are able to cleave insulin-like growth factor proteins,

yielding a growth factor for prostate cancer [14–16] and may regulate the activity of PTHrP

in vitro [17].

Described in detail in the following section, catalytically active PSA interacts with native

α2-macroglobulin (A2M) to form stable covalent complexes [18], while A2M has been

shown to bind cell-surface glucose-regulated protein (GRP78). This activates canonical

proliferative and survival pathways such as Akt, MEK and ERK signaling cascades. This

work suggests a critical role for PSA in driving aggressive disease as it induces a feed-

forward loop for the production of more of the PSA-activated α2-macroglobulin complex

[19]. Recently, Galectin-3 in the seminal fluid has been identified as a substrate for PSA

[20]. This may explain the presence of cleaved galectin-3 at sites of prostate cancer, with
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potentially important consequences for tumour development and angiogenesis by this

biologically important lectin [21].

An important role for hK1 (the product of the KLK1 gene) involves the regulation of blood

pressure homeostasis and inflammation. hK1 acts on kinonogen to release the vasoactive

peptide lys-bradykinin [22]. At present, there exists no evidence that the catalytic action of

PSA or hK2 could contribute a critical role in the kallikrein/kinin system. While hK2 has

been shown to have some activity, it is strictly limited by the 1000-fold lower kinin cleavage

relative to hK1 [23].

Emerging work has evaluated the role of PSA activity on endothelial cell proliferation and

migration, suggesting an anti-angiogenic effect. In vitro experiments have shown that human

endothelial umbilical cord (HUVEC) proliferation and invasion was inhibited by addition of

PSA to culture media. In vivo, using a metastatic melanoma model, high concentrations of

systemically administered PSA reduced the number of metastases detected [24, 25]. Indeed,

in vitro studies have shown that inhibition of PSA activity (by small molecules [26],

antibodies [27] and peptides [28]) negates the putative anti-angiogenic effects of PSA. With

continually refined models of kallikrein expression in cancer prone and healthy mice, it is

expected that greater clarity of the putative effects of the PSA and hK2 on the vasculature

will be gained in the near future.

Prostate Cancer and PSA and hK2 as Biomarkers

Prostate cancer is highly dependent on AR signaling for both cancer cell proliferation and

survival. There is no definitive explanation for how the generally slow-growing

adenocarcinoma forms. However, the dependence of the disease on AR can be utilized for

the treatment of the disease through androgen deprivation therapy. Inevitably, the disease

progresses to a lethal castration-resistant phenotype.

The disease is most commonly diagnosed by digital rectal examination or PSA-testing in

blood. The serum PSA test, which is the most commonly used cancer biomarker assay,

refers to the measuring of the “total” immune-reactive concentration of PSA in serum or

plasma. Normally, the architecture of the prostate gland maintains the highly abundant

levels of PSA (10–100 micromoles per liter) tightly confined to the glandular ducts and the

secretory epithelium. In this healthy state, PSA occurs in the blood circulation at

approximately one-millionth of the intra-ductal levels, with median blood levels in healthy

adult males below age 50 close to 0.6 ng/mL [29, 30]. Disease processes such as malignant

transformation of the prostate epithelium may result in degradation of the basement

membrane, loss of basal cell layer and glandular architecture, but experimental evidence is

lacking whether this leads to increased release of PSA into the blood circulation where the

levels may elevate up to 10,000-fold. However, a large body of evidence suggests that the

detection of increased levels of PSA in blood constitutes a highly sensitive (albeit not very

specific) means of detecting risk or the presence of prostate disease, and is an effective

means to monitor recurrence following treatment [30].

Due to the catalytic activity of PSA and the 10,000-fold molar excess of proteinase

inhibitors present in extra-cellular fluids, different forms of PSA are detected in blood [31].
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When released into blood, enzymatically-active PSA forms irreversible and covalently

linked complexes with extra-cellular protease inhibitors such as α1-antichymotrypsin (ACT

or SERPINA3), α2-macroglobulin (A2M), pregnancy-zone protein (PZP), α1-antitrypsin

(SERPINA1) [32], or the protein C inhibitor (SERPINA5) [33]. PSA bound to ACT

constitutes the predominant fraction of the immunoreactive forms of PSA in blood [31, 34,

35].

In addition to these irreversibly linked complexes of the activated PSA, there are non-

catalytic PSA-forms [19, 35]. These proteins are not bound by any of the inhibitors and

commonly referred to as “free PSA” and are present at proportions varying from less than

5% up to greater than 45% of the “total” immunoreactive PSA present in blood. The free

PSA is proteolytically processed to an inactive form and is therefore not able to form

complexes with inhibitors noted above, nor is it thought to have a role in cleaving vascular

substrates. The different inactive free PSA-forms have been thoroughly characterized and

comprise proprotein subtypes with varying extensions of the N-terminal propeptide (e.g.

[−2] proPSA) [36], single-chain form(s) with truncated N-terminal [37], and non-catalytic

single-chain protein, nicked PSA, which contains internal peptide bond cleavage(s) at

Lys145 or Lys146, resulting in the loss of an antigenic epitope critical for high-affinity

antibody binding to the non-catalytic single-chain free PSA-forms referred to as intact PSA
(iPSA) [38]. Tests have been developed that are able to distinguish many of the forms [39–

41] and “total PSA” refers to the sum of the different forms of detectable PSA [19]. With

respect to hK2, levels in blood are commonly 10−2 of those determined for total PSA. Here,

the majority of the non-catalytic hK2-forms in blood appear to be unbound to any of the

inhibitors discussed above [42].

The measurement of the several fractions of PSA has been proposed with the aim of

improving the specificity and sensitivity of total PSA. Multiple studies, including several

meta-analyses, have showed that the determination of the percentage of free PSA (%fPSA)

is useful to improve the detection of prostate cancer [43]. More recently, several research

teams have been successful in increasing accuracy by also including the subforms iPSA or

[−2] proPSA, and hereby creating detections systems called “indexes” or “panels”. The

Prostate Health Index (phi) is a mathematical combination with [−2] proPSA according to

the formula [− 2] proPSA/fPSA) x√ tPSA [44]. The panel of four kallikrein markers includes

intact PSA and hK2 [45, 46]. The underlying hypothesis of this approach is that the relative

amounts of the different prostate-kallikrein subtypes are indicative of underlying disease

biology, with implications for patient selection and management. While promising, a

rigorous comparison, or combination, of these systems has yet not been completed.

PSA Screening, Validation and Concerns

Historically, the only early detection strategy for prostate cancer was digital rectal exam

(DRE). However, as a screening tool DRE is far from perfect most notably for finding many

tumours that are no longer curable by the time they are palpable [47]. Hence, there was a

need for a better test that could detect asymptomatic disease at an earlier stage. This call was

met with the discovery and implementation of the PSA blood test in the late 1980’s [48, 49].

This marked a significant global shift towards earlier detection and improved management
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of prostate cancer. Over the past two decades, the age-adjusted death rate from prostate

cancer has decreased by 40% in the U.S., owing to the combination of early detection with

improvements in treatment [3].

The utility of PSA detection as a screening tool has been evaluated in trials in Europe and

the U.S. The world’s largest randomized controlled PSA screening trial, with nearly 180,000

participants in eight countries was initiated in 1995 as the European Randomized Study of

Screening for Prostate Cancer (ERSPC) [50]. In January 1995, the Göteborg Randomized

Population-based Prostate Cancer Screening Trial [51] began in Sweden, inviting 10,000

men for biennial PSA screening. This trial was integrated with the ERSPC in 1996. These

two high-quality trials have demonstrated significant reductions in prostate-cancer mortality

by screening men 55–69 years every two-four years and men 50–64 years every two years.

The results show a 21% prostate-cancer mortality reduction in favor of screening after 11

years of follow-up and 44% after 14 years. [51, 52]

The largest U.S. trial, the Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening

Trial, was also initiated in the early 1990’s. However, in contrast to Europe, where PSA

testing was not recommended and very few men had taken a PSA-test, opportunistic PSA

testing had already become widespread in the U.S. by this time [53]. About half of the men

in the control arm of the PLCO trial had a PSA test during the first years of the trial and

30% of men in the screening arm were pre-screened [53–55]. This so-called contamination

diluted the PLCO’s capacity to distinguishing any significant differences in prostate-cancer

mortality between the groups. Accordingly, at 13 years of follow-up, there was no

statistically significant difference in prostate-cancer mortality risk between the study groups

(risk ratio 1.09; 95% CI, 0.87–1.36) [56].

The evidence of reduced prostate cancer mortality at the population level may not translate

to survival advantages at the individual level, generating considerable controversy. The

benefits of PSA screening for enhanced detection include early detection and enhanced cure,

prevention of metastatic disease [57] and reduced prostate cancer mortality. However, these

benefits must be weighed against potential harm to patient management in a generally slow

growing disease. Impairments include anxiety/distress, the potential for false-positives,

unnecessary prostate biopsies, over-diagnosis, infectious complications from biopsies and

side-effects from treatment such as impotence and urinary incontinence with subsequent

impact on quality of life [58]. This imbalance between benefit and harm, is one of the

reasons why the United States Preventive Services Task Force recommended against PSA

screening in 2012 [59].

Although the relative cost-benefit ratio for the PSA testing continues to be examined,

incorporating long-term follow-up data of studies such as the ERSPC, it is obvious that

advanced screening strategies are needed to reduce disadvantages. Improvements to

sensitivity and specificity can include reduction in false-positives and over-diagnosis. The

way forward involves risk stratification approaches, where PSA-testing is used together with

other clinical risk factors and markers, to predict individual risk – and takes into account the

individual’s preferences [60]. Many men demand the PSA-test and most guideline groups

and professional urological organizations agree on and emphasize shared decision-making,
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stipulating that “PSA screening must be preceded by a discussion regarding risks and

benefits” [60, 61] and that well-informed men suitable for screening should have access to

PSA testing upon request [62].

Advanced Screening with KLK2 and KLK3

Population representation, storage conditions of samples, completeness of follow-up and

reproducibility are some of many important factors that need to be considered with respect

to interpreting outcomes from retrospective biomarker studies. One of the few cohorts that

meet these stringent criteria, and has a very low rate of PSA testing, is the Malmö

Preventive Medicine cohort (MPP). The MPP is a large, representative, population-based

study of cardiovascular risk factors that took place in Malmö, Sweden between 1974 and

1992 [63]. The study included 22,444 men (participation rate 71.2%), of whom 21,277 were

≤50 years of age at the baseline blood draw. Through the end of 1999, 498 of the 21,277

participants who were aged less than 50 years at study participation had been diagnosed with

prostate cancer.

Strikingly, studies based on the MPP data demonstrate that a single measurement of either

PSA, or hK2, measured at or before age 50 predicts advanced prostate cancer diagnosed up

to 30 years in advance [64–66]. Interestingly, total PSA (the sum of PSA complexed with

ACT and the free, uncomplexed form) is a stronger predictor in younger men, while percent

free PSA and hK2 add important predictive value in older men and much closer to diagnosis

[67]. In summary, these studies show that the use of early PSA to stratify risk would allow a

large group of low-risk men to be screened less often but increase frequency of testing on a

more limited number of high-risk men.

Beyond serum ELISAs: Emerging technologies to utilize PSA activity and

subforms

Kallikrein Inhibitors

A deeper understanding of the molecular properties of PSA has engendered new approaches

to target this protein for prostate cancer diagnostics and therapy. A seminal example is how

the discovery of PSA biochemistry provoked several fruitful endeavors to identify active site

directed ligands. Indeed, upon the discovery that PSA is a serine protease, many groups

drew from the prior medicinal chemistry literature on this enzyme family to design and

synthesize avid and selective peptide-based substrate mimetics. As expected, incrementally

more potent binding (and inhibition) was achieved by grafting electrophiles (e.g. aldehydes

or boronic acids) onto the peptide leads to engage PSA’s catalytic serine nucleophile [68,

69]. In addition, small molecules bearing an electrophilic chemotype known to react with

activated serine nucleophiles (in this case, a β-lactam) have been shown to irreversibly

inhibit PSA catalytic activity [26]. Several of these compounds suppress angiogenesis in

preclinical models, further underscoring the potential value of curbing PSA proteolytic

activity. The inhibition of other kallikrein-activities has already been translated to the clinic

(Aprotinin; to reduce peri-operative bleeding in cardiac surgery [70]). Pending first in man

studies, the ultimate clinical utility of this strategy for PSA can be assessed.
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PSA possesses a unique substrate specificity among serine proteases (to hydrolyze amide

bonds on peptides bearing a glutamine residue at the P1 position [69]). This feature has

inspired some creative chemistry to develop pro-drugs for the selective activation of

therapies at the prostate pre-neoplastic or tumour microenvironment. In such a strategy,

cytotoxic chemotherapies are rendered inactive by conjugation to a short peptide sequence

(HSSKLQ). This sequence is specifically cleaved by PSA in situ with an efficiency vastly

exceeding that of other abundant serine proteases [71–73]. This then enables site-specific

activation and delivery of the chemotherapeutic agent. Among these drug candidates,

preclinical trials have shown that systemic administration of a HSSKLQ-doxorubicin adduct

incurs no obvious toxicity in mice at doses several fold higher than the MTD for

doxorubicin. This pro-drug system demonstrated tumour regression in a prostate cancer

model that endogenously produces and secretes catalytically active PSA. Again, the promise

of these preclinical findings argues strongly for a human trial to assess the therapeutic

potential of this strategy.

Imaging Free PSA

The complex posttranslational regulation of PSA protein has also born a clever strategy to

image PSA expression at a prostate tumour. Much like the thinking that motivated the pro-

drug technology, Ulmert et al. reasoned that tumour imaging could be achieved by

selectively targeting the pool of PSA uncomplexed to serpins (“free” PSA) known to

transiently exist in pericellular space [74]. As PSA in blood is overwhelmingly bound to

serpins, this strategy circumvents the inherent challenges in imaging a tumour biomarker

with an abundant circulating isoform (in principle, the circulating isoform could impair

tumour visualization by binding a majority of the systemically administered imaging tool).

Consistent with this hypothesis, a radiolabeled monoclonal antibody to an epitope on PSA

that is masked by bound serpins (89Zr-labeled 5A10) produced high contrast images of PSA-

secreting prostate cancer tumours in animal models with positron emission tomography

(PET). This radiotracer also detected small orthotopic tumours in the bone, suggesting it

could be a powerful tool for prostate cancer staging at diagnosis. Of note, some of the

aforementioned substrate mimetics have been successfully conjugated to the

radionuclide 99mTc, and the promise of 89Zr-5A10 PET suggests these radiolabeled ligands

may demarcate prostate tumours as well [75].

Ironically, current gaps in our knowledge of PSA biology have also inspired new

technologies to expand the utility of this biomarker. Specifically, there is a strong need to

understand the paradoxical observation that declines in serum PSA do not lead to a survival

benefit from androgen deprivation therapy in castration-resistant prostate cancer (CRPC). It

is thought that a more refined monitoring of AR activity, as discussed below in tumours or

single cells, rather than an average serum value, could shed light on this phenomenon. The

rationale for this hypothesis is based on the widely accepted observation that the

concentration of intratumoural PSA vastly exceeds that present in serum, and there is no

known role for AR in the rate limiting steps of PSA secretion or leakage into serum. In this

regard, one can reasonably speculate that relative changes in secreted PSA levels need not

necessarily reflect corresponding changes in AR activity, and by extension, a technology
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that measures a pool of PSA more closely linked to AR transcriptional activity could

provide a higher fidelity readout of AR signaling.

This concept was formally introduced to the literature by comparing 89Zr-5A10 PET to

serum PSA levels post MDV3100 therapy in preclinical models of CRPC. Downregulation

of 89Zr-5A10 localization to a prostate cancer tumour post MDV3100 treatment was

observed without a corresponding change in serum PSA levels from the respective animals

over an acute treatment interval. Although far short of validating this concept, these findings

nevertheless support the promise in exploring PSA measurements orthogonal to the serum

ELISA.

A second example of using PSA measurements to determine AR activity has utilized a novel

microfluidics platform to capture and analyze CTCs on a per cell basis. Miyamoto et al.

have reported that PSA expression (and that of other markers) can be effectively quantified

in CTCs by staining with fluorescently labeled monoclonal antibodies and subsequent

immunofluorescent analysis to determine AR status [76] (Fig. 2A). This enables single-cell

molecular characterization within and across patients. Significant (and expected) changes in

the molecular profile of PSA expression were detected from the CTCs assayed from patients

undergoing therapy with Lupron™ (an androgen deprivation therapy) or abiraterone acetate

(an androgen biosynthesis inhibitor). In this proof-of-concept report, no pairwise

comparison was made between the predictive value of the molecular changes in CTCs

versus serum PSA levels of patients. However, the results clearly showed that the CTCs

from patient with previously untreated disease show an “AR-on” phenotype, which turned

“AR-off” after initial treatment, which also eliminated the CTCs from circulation. Upon

progression to CRPC and reemergence of CTCs, the molecular profiling reveals a mixture of

phenotypes (Fig. 2B). This surprising finding sits in contrast to current popular opinion of

the role AR plays in CRPC. It also adds to the discourse regarding inter- or intra-patient

tumour heterogeneity at this stage of the disease and may yield molecularly distinguished

populations for enhanced patient management.

The relative ease with which blood samples can be acquired from large groups of patients

following therapy for such evaluation foreshadows a potentially landmark study for the

field. To this debate, serum PSA measurements unfortunately offer little clarity, as it by

nature represents an averaged sum of production from lesions in the body. In this regard, it

is also important to highlight how developing new technologies for even established serum

biomarkers like PSA might enhance our understanding of the fundamental biology of

clinical disease.

Conclusion

PSA and hK2 are serine proteases in the kallikrein family that are highly and specifically

expressed in the prostate. Their detection in the general blood circulation has become an

established biomarker for the detection of prostate cancer. Increasing interest is being

directed to their role in regulation of angiogenic and vascular events. While debate continues

on the weight that PSA level should have in directing options for treatment, advancements in

the accuracy and information that can be determined continue to be made. New technologies
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have recently demonstrated the visualization of PSA pools in vivo with high-resolution,

quantitative and non-invasive techniques. Expansion of the preclinical successes

of 89Zr-5A10 to man may ultimately result in the same paradigmatic shift in patient

management as occurred with the advent of the modern PSA screening era.
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Figure 1.
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Figure 2.
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