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Abstract

The human tissue kallikrein and kallikrein-related peptidases (KLKSs), encoded by the largest
contiguous cluster of protease genes in the human genome, are secreted serine proteases with
diverse expression patterns and physiological roles. Because of the broad spectrum of processes
that are modulated by kallikreins, these proteases are the subject of extensive investigations. This
review brings together basic information about the biochemical properties affecting enzymatic
activity, with highlights on post-translational modifications, especially glycosylation.
Additionally, we present the current state of knowledge regarding the physiological functions of
KLKSs in major human organs and outline recent discoveries pertinent to the involvement of
kallikreins in cell signaling and in viral infections. Despite the current depth of knowledge of these
enzymes, many questions regarding the roles of kallikreins in health and disease remain
unanswered.
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1. General overview

Kallikreins are a family of proteases consisting of 15 closely related, secreted serine
proteases with either trypsin-like or chymotrypsin-like specificity. The discovery of
kallikreins in pancreatic extracts dates back to the 1930s, when a protease with the ability to
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release bradykinin and Lys-bradykinin from a Low Molecular Weight Kininogen
(kininogenase) was described and shown to constitute an essential step in bradykinin B1 and
B2 receptor signaling. Subsequently the term kallikreins was adapted to describe two
isoforms of the kallikrein protease: plasma kallikrein (produced in the pancreas and
circulating in the blood) and tissue kallikrein (expressed in various tissues). The tissue
kallikreins consist of 15 proteases encoded by genes located on chromosome 19q13.4, which
constitute the largest protease gene cluster in the human genome [1] (Fig.1A,B). All
kallikreins are single polypeptides composed of 244-253 residues and share 40% identity
with each other. The first described tissue kallikrein was named KLK1; the remaining 14 are
called kallikrein-related proteases (KLK2-KLK15). Interestingly, plasma kallikrein, the first
enzyme discovered to release kinins was found to be an unrelated protease, encoded by the
KLKBL1 gene, located on chromosome 4934-35. Although the traditional name plasma
kallikrein is still in use, the enzyme is not regarded as a member of the kallikrein family of
peptidases.

2. Kallikreins as proteases: basic information

Tissue KLKs belong to the chymotrypsin-like S1 family of serine endopeptidases (a sub-
group of the PA clan of serine peptidases) that includes approximately 80% of the 178
known human serine proteases. This family includes major proteases such as thrombin,
trypsin, chymotrypsin, elastase and matriptase (MEROPS Peptidases database). Thus, all the
S1 proteases share similar features, including sequence similarities (e.g., human trypsin and
KLK14 share 38.8% sequence identity), organization of the catalytic triad, structural
organization, and a mechanism of activation involving the removal of a short N-terminal
pro-fragment (Fig.1C).

2.1. Structure

Kallikreins, like other members of the S1 family, are classified based on sequence
similarities, a conserved catalytic triad and general substrate specificity. The overlay of the
seven available kallikrein structures confirms their typical chymotrypsin-like fold with two
domains that form six-stranded beta barrels and three loops between the domains (Fig. 1D).
The highly conserved active site triad of three amino acids—His57, Asp102, Ser195
(chymotrypsin numbering)—acts as a charge relay system for proteolytic catalysis, and is
found at the interface of the two domains.

Kallikreins possess 10 highly conserved cysteine residues that form five disulfide bridges
stabilizing the overall protein fold. An additional, sixth, disulfide bridge has been found in
the majority of kallikreins, but is not present in KLK-1, -2, -3, and -13.

Moreover, KLK1, -2, and -3 contain a “kallikrein loop” — a special surface loop that is 11
residues longer then the corresponding loop of chymotrypsin (99-loop) (Fig. 1E). Because of
the loop location close to Asp102 (chymotrypsin numbering), this fragment is postulated to
be involved in interacting with substrates, as confirmed by structural and mutational studies
of KLK2 [3]. The other six surface loops of kallikreins that surround the active site display
high variability and may therefore contribute to differences in substrate specificities among
kallikreins. Substrate preferences of kallikreins are determined mostly at the S1 subsite of a

Biochimie. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kalinska et al.

Page 3

substrate-binding cleft (Schechter and Berger nomenclature). The classical paradigm for
understanding specificity at this position is derived from early crystallographic studies of
chymotrypsin, elastase, and trypsin [4] showing that amino acids immediately contacting a
substrate at this site determine the observed selectivity for large hydrophobic, small
hydrophobic, and basic residues [5]. In kallikreins, either Asp189 or Ser189 (chymotrypsin
numbering) at the S1 pocket determine substrate cleavage specificity, with preference for
basic or hydrophobic amino acids, respectively.

Apart from cleaving other proteins several kallikreins can undergo autocatalysis. Structural
studies of proKLK®6 revealed that the Arg80-Glu81 peptide bond (amino acid numbering of
full-length pre-pro-kallikrein according to UniProt database, unless stated otherwise) is
highly susceptible to autocatalytic cleavage, which leads to loss of enzyme activity [6].
Similarly, KLK13 undergoes inactivating autocatalytic cleavage at the Arg114 position (TK,
unpublished observations). Both positions, although distant in the primary sequence, reside
in the exposed loops, surrounding the substrate-binding cleft on the enzyme surface. This
autocatalytic processing is believed to form an additional regulatory mechanism for
modulating the protease activity of kallikreins.

2.2. Controlling protease activity

Dysfunctions in tissue-specific regulation of KLK activity has been linked to several
pathologies, including respiratory diseases, neurodegeneration, anxiety, schizophrenia, skin-
barrier dysfunction, pathological inflammation, and cancer. Endogenous KLK activity is
controlled on multiple levels by different mechanisms and factors, including zymogen
activation cascades, endogenous KLK inhibitors (circulatory molecules such as serpins,
macroglobulins and tissue serine protease inhibitors from the lympho-epithelial Kazal-type-
related inhibitor family, LEKTIs), and micro-environmental pH and single-metal-ion
inhibitors of KLKs (such as Zn2*) [7]. Specific inhibitors of KLKs, given appropriate
pharmacokinetic and pharmacodynamic properties, could potentially function as novel
therapeutics for the above mentioned pathologies.

The activation of pro-KLKs is a key mechanism in regulating KLK activity in tissues [8].
The kallikreins are synthesized as inactive pre-pro-proteins that are secreted to the
extracellular space. The zymogen form of pro-KLKSs are activated extracellularly by the
trypsin-like cleavage of their pro-peptide after either an arginine or lysine (Fig.2). The
exception is pro-KLK4, which is activated by metalloproteinase-mediated cleavage after
GIn30. The activating cleavage is performed either autocatalytically by the kallikrein itself
(KLK2, KLK®6 and KLK13) or by endogenous proteases that are yet unknown. In vitro
studies have identified some proteases that activate kallikreins: trypsin activates KLK-1, -3,
-5, - 6, -7, 15; thermolysin, plasma kallikrein, and plasmin cleave KLK1; and lysyl
endopeptidase activates KLKG6 [8]. Using a fusion construct approach and 12 mature KLKSs,
activation profiles for the 15 pro-KLKSs were determined. The network of KLK interactions
apparent from this study combined with previous data suggests that activation cascades exist
in different tissues. Unfortunately, the emerging network of interactions is too complex to be
accepted as the final activation scheme for pro-KLKs [9]. A detailed mechanism of
maturation was proposed for pro-KLK®, based on structural studies of the pro-enzyme.
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After pro-fragment cleavage at the Lys21-Leu22 peptide bond, the N-terminal region
(Leu22-Pro34) of the enzyme folds towards the protein surface. This movement induces
several structural rearrangements that ultimately lead to formation of the salt bridge between
Leu22 at the new N-terminus and Asp196 and correct positioning of the catalytic Ser197.
Additionally, some surface loops are repositioned upon pro-enzyme activation [8].

2.2.1. Inhibitors—Once released into the extracellular matrix, endogenous proteins,
including protein tissue and plasma protease inhibitors, as well as simple cations such as
Zn2*, can inhibit kallikreins. The zinc cation interacts with salt bridges formed in active sites
of KLK4 [10], KLKS5 [11], and KLK?7 [12], or modifies the kallikrein loop in KLK2 [3].

Endogenous inhibitors, present in the blood plasma and to some extent penetrating into
tissues, include proteins of the serpin family [13]. Serpins target almost exclusively
proteases of the S1 family and are certainly involved in control of kallikrein activity [14].
Although serpins, as exemplified by al-antitrypsin [15], have a long history of therapeutic
use and are the best studied inhibitors for kallikreins [16-18], it is unlikely that they can be
used in therapies targeting single kallikreins. Interestingly, a,-macroglobulin (a;M), a
serum derived pan-proteinase inhibitor that clears proteases destined for degradation from
the blood, can control the activity of only KLK1, KLK2, and KLK3. Despite the a,M
trapping mechanism of inhibition, the remaining kallikreins are not inhibited by this high
molecular weight protein [7].

With different members of the kallikrein family expressed in various tissues, tissue-specific
inhibitors are the main attenuators of kallikrein activity. The main group of kallikrein
inhibitors includes the canonical Kazal-type inhibitors from the SPINK/LEKTI family
(Serine Proteinase INhibitor Kazal-type/Lympho-Epithelial Kazal-Type Inhibitor). This
emerging group of inhibitors was initially described based on the discovery of LEKTI/
SPINKS5 [19, 20], a large, 15-domain protein in which each domain has the Kazal-type fold
and is presumed to be a proteinase inhibitor. Indeed, this protein is processed into smaller
units and the individual fragments inhibit KLK5 and KLK7 [21-23]. Interestingly, SPINK5
gene dysfunctions were quickly correlated with the development of Netherton syndrome and
atopic dermatitis [20]. Additional members of the SPINK/LEKTI family are currently being
described, including SPINKG6 [24] and SPINK9 [25, 26]. Nanomolar levels of SPINK6
inhibit KLK4, KLK5, KLK12, KLK13, and KLK14 [27], and SPINK® activity is further
modulated by crosslinking it to the extracellular matrix [28]. By contrast, SPINK9 inhibition
seems to be limited to KLKS5, while other kallikreins expressed in the skin, KLK4 and
KLK14, are unaffected [25].

In addition to the natural, circulating or tissue-specific inhibitors, attempts to engineer
specific kallikreins inhibitors have been reported. Specific antibodies reduced the activity of
plasma kallikrein that is involved in hereditary angioedema and other disorders [29].
Similarly, a KLK13 specific mAb inhibited the activity of this kallikrein, suggesting that it
might have therapeutic application in the treatment of ovarian cancer patients [30]. The
overall stability, good tolerance, and long-term inhibitory activity encourage further
investigations into the development of specific antibodies as potential therapeutic agents in
the treatment of pathologies related to excessive kallikrein activity [31].
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Alternatively, a number of synthetic inhibitory compounds were designed (based on the
properties of natural endogenous protease inhibitors) and synthesized [32-34] and some
have been tested in clinical trials for kallikrein-related diseases [35]. Caution is needed in
the implementation of new therapeutic agents since all aspects of their biological activity
must be taken into consideration. First, determination of an actual therapeutic target is a
challenging task when the interaction network of a kallikrein and its protein partners is
considered. Secondly, the selectivity of a reactive inhibitory compound needs to be well
defined, as the structural configuration of the active site is very similar among kallikreins.
Therefore, the inhibitor design requires detailed structural investigations of the enzyme fold
and extended mapping of the specificity of substrate-binding subsites and surface exosites.
Thirdly, the toxicity, pharmacokinetics, and biochemical stability of the compound in human
biological fluids need to be considered. Likely, kallikreins can perform similar biological
activities, being regulated not exclusively by their substrate specificity, but rather by the
expression pattern in various tissues and, therefore, will display similar substrate and
inhibitory patterns. These factors highlight the need for optimal inhibitor design and careful
verification of side effects, metabolism, and distribution of the inhibitor in various tissues.

2.2.2 Activity control by glycosylation—According to structural data, molecular
weight, and sequence analysis of KLKSs, all members possess at least one potential
glycosylation site (Fig.2). Although most sites are N-glycosylation sites (sequence motif:
Asn-Xaa-Ser/Thr), O-glycosylation sites have also been found, but less frequently. Not
every potential glycosylation site is occupied in vivo, as exemplified by KLK14, which,
regardless of the expression system (yeast, insect, primate and human cells), is not
glycosylated on its Asn-lle-Ser sequence motif. Glycosylation influences not only protein
folding and stability, but also impacts activity.

The importance of glycosylation is apparent in the activation of pro-KLK13. The
recombinant kallikrein expressed in yeast cells possesses two sites of activation, Lys25 and
Phe35, and one glycosylation site located between these two residues at Asn30. Depending
on the glycosylation pattern, the activation cleavage results in release of two different active
variants of KLK13. The presence of a glycan attached to Asn30 prevents cleavage after
Phe35 [36]. The presence of glycans affects the activity of most kallikreins, including
KLK-3, -4, -8, and -13. The exceptions are KLK-1, -2, and -15 [36]. However, research to
date on kallikrein glycosylation has been conducted using proteins expressed either in
bacterial or yeast expression systems, resulting in no glycosylation or non-homogeneous
glycosylation. Therefore, until such analyses are performed on KLKSs expressed in
mammalian cells, conclusions regarding the presence and role of glycosylation should be
considered preliminary.

Glycosylation of KLK3, the main biomarker of prostate cancer, has a significant effect on
protease activity against small synthetic substrates [37], and the differences between non-
glycosylated and glycosylated forms are mostly attributed to substrate-binding preferences
at the P1 position [38-40]. The activity differences can be explained at the structural level as
glycosylated KLK3 has a large glycan linked to Asn69, which resides near the substrate-
binding cleft close to the primed-site of the active site [41, 42].
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Therefore, differences in the glycosylation of KLK3, often observed in prostate cancer
development, are linked to enzymatic dysfunction [43-45]. Moreover, variations in the
glycosylation pattern of KLK3 are correlated with metastasis of this cancer [46] and seem to
possess diagnostic value; however, this correlation will require further validation before it
can serve as the basis for the development of a diagnostic tool. KLK®, the kallikrein that
exhibits hyperactivity in ovarian cancer, exhibits sialylation and glycosylation patterns that
are more heterogeneous in cancer cells than in normal cells (from cerebrospinal fluid) [47,
48]. Such differences may also have applications in the detection and prognosis of ovarian
cancer.

Another aspect of the effect of glycans on kallikrein activity is their interaction with
glycosaminoglycans (GAGS) in the extracellular matrix. Hyaluronic acid is involved in
innate immunity at the apical pole of epithelial cells lining air ways of the lung and can
spatially limit the proteolytic activity of KLK1 through immobilization of the protease [49].
However, depolymerization and breakdown of hyaluronic acid upon exposure to reactive
oxygen species derived from tobacco smoke or endogenous sources can result in the release
of KLK1 and loss of the spatial constraints on activity [50].

Detailed studies on GAG (heparin, heparan sulfate, dermatan sulfate, and chondroitin
sulfate) activation of kallikreins have been performed on KLK-6, -7, and -13. KLK®6 activity
was increased by these GAGs in a concentration-dependent manner, but with distinctly
different profiles at pH 7.5 vs. pH 9.0 [51]. At pH 7.5, KLK13 activity was rapidly activated
by heparin, whereas chondroitin and dermatan sulfate only moderately activated KLK13
[52]. This activation was described for insect-cell-derived, non-natively-glycosylated
KLK13 and, therefore, these results must be treated with caution. Recently, KLK7 showed
increased activity when it was incubated with GAGs [53]. Heparan sulfate also facilitates
interactions between kallikreins and their substrates. This phenomenon is exemplified by
KLK8-mediated cleavage of the major capsid protein L1 of human papillomaviruses. L1 is
required for infection and cleavage is enabled by prior interaction of viral particles with
heparan sulfate proteoglycans [54].

KLKs may also be effectively modulated in the in vivo microenvironment by ion
concentrations. The hydrolytic activity of KLK13 is substantially activated by kosmotropic
salts, including sodium citrate and sodium sulfate [52]. Sodium citrate is present in normal
prostate tissue and in seminal fluid at high concentrations [55] and can be a potential
physiological modulator of KLK13 activity, since it is present in the prostate and testis, as
well as in female reproductive organs [56]. KLK6 exhibited the highest activity in buffers
containing sodium citrate (in a concentration-dependent manner) and sodium sulfate at pH
7.5, whereas these same salts inhibited the enzyme at pH 9.0 [51]. The anion-dependent
activation of KLK6 followed the Hofmeister series, citrate > sulfate > acetate > chloride, but
only at pH 7.5. In contrast to the observed activating effects of the kosmotropic salts sodium
citrate and sodium sulfate on KLK-3, -6 and -13, these salts reduced KLK7 and KLK1
activity at concentrations up to approximately 250 mM [53]. The activity of KLK7 returned
to its initial level at concentrations close to 1.2 M for both salts, but KLK1 recovered only
half of the initial activity at this high salt concentration. In contrast to the kosmotropic salts,
NaCl reduced the activity of KLK7 and KLK1 in all assayed ranges of salt concentration.
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2.3. Substrate specificity

The trypsin-like KLKs (KLK2, KLK4-KLK6, KLK-8, -10, -12, -13, and -15) have a strict
preference for a positively-charged residue (arginine or lysine) at the P1 position, while the
chymotrypsin-like kallikreins (KLK-3, -7, and -9) cleave peptide bonds with tyrosine,
tryptophan or phenylalanine at the P1 position. Interestingly, three kallikreins (KLK-1, -11,
and -14) exhibit dual specificity, exhibiting both trypsin-like and chymotrypsin-like
cleavages. The P1 amino acid preferences can be explained by structure analysis, consistent
with the classical trypsin and chymotrypsin overall fold and topology of the primary subsite
(S1) of the substrate-binding cleft [57]. In the trypsin-like proteases, the carboxylate group
of Asp189 (chymotrypsin numbering) forms a strong ionic bond either with the positively-
charged guanidine moiety of the P1 arginine or the alkyl amine moiety of the lysine side
chain. By contrast, the amino acid in the corresponding position in chymotrypsin-like KLKs
is Ser207 (in KLK3), Asn199 (in KLK?7), or Gly198 (in KLK9). Interestingly, the dual
specificity can be explained by interaction with the well-organized solvent network in the S1
pocket, which either forms a hydrogen-bond network with positively-charged side chains or
is displaced by large hydrophobic residues such as Met. Additionally, substrate binding
induces the correct orientation of the catalytic triad residues in the active site of the enzyme
as exemplified by KLK1 [58].

Multiple approaches have been applied to reveal subtle differences in specificity exerted by
different kallikreins [40, 59, 60] (summarized in Table 1). Unfortunately, application of
different methods with variable sensitivities has generated inconsistent conclusions. Each
applied method has limitations and disadvantages, even though each individually is helpful
in determining protease cleavage site consensus motifs [61]. Despite continuous
improvement of high-throughput synthetic and proteomic methods in determining substrate
specificity [62], these methods may fail to yield compelling explanations if enzymatic
specificity is influenced by exosite interactions and structural adaptations upon substrate
binding [63].

3. Physiological function of KLKs

One or more KLK genes are expressed in nearly all tissues and the enzyme(s) are found in
the majority of physiological fluids in the human body. The majority of KLKs, however,
have a more restricted distribution. Over a century of basic research has contributed to the
elucidation of the putative functions of each kallikrein and their protein interaction networks
within the human proteome [77]. Nevertheless, ongoing research continues to reveal novel
functions for each kallikrein. These numerous studies have characterized KLKSs as
regulatory proteases with key signaling and innate immunity-related properties. The KLK
proteases are now known to be involved in mechanistic pathways that regulate skin
desquamation, tooth enamel formation, kidney function, seminal liquefaction, synaptic
neural plasticity, and brain function.

3.1. KLKs within the skin

One of the most intensively studied organs for KLK function is the skin. Here, the
pioneering work of Torbjorn Egelrud and colleagues identified proteases in the uppermost
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part of the skin, the stratum corneum, which are involved in keratinocyte detachment
(desquamation) and inflammatory processes of the skin. This research led to the discovery
of KLKS5 (formerly known as “stratum corneum tryptic enzyme”) [78] and KLK7 (described
as “stratum corneum chymotryptic enzyme”) [79], which were purified from stratum
corneum extracts and shown to be involved in desquamation [80]. Eight KLKs (KLK-5, -6,
-7,-8,-11, -12, -13, and -14) have currently been detected in healthy skin (reviewed in [81]);
however, their exact mode of action is being studied in detail. In addition to being involved
in desquamation, KLK?7 activates interleukin-1beta (IL-1F2) in human skin [82]. Since the
classical IL-1 converting enzyme, caspase-1, is produced by keratinocytes at very low
levels, KLK7 may be crucial for activation of IL-1F2 in human epidermis. Mouse KLK13
activates IL-1F2 in the submandibular gland [83], suggesting that more KLKSs than KLK7
alone may be involved in IL-1 processing. KLK5 processes the pro-inflammatory
antimicrobial peptide human cathelicidin [84]. This event is thought to play a major role in
the pathophysiology of the inflammatory skin disease rosacea [85, 86]. The importance of
KLKSs in skin homeostasis is clearly seen in Netherton syndrome, a severe skin disease in
which the KLK inhibitor LEKTI is absent, as discussed earlier (see paragraph 2.2.1).
Transgenic KLK-5 and -7 mice reproduce the major cutaneous and systemic hallmarks of
the Netherton syndrome, including epidermal thickness, hyperkeratosis, dermal
inflammation, and severe pruritus [87, 88]. Also KLK8 has been described as kallikrein
expressed by keratinocytes, with potential function in skin barrier proteolytic function [89].
More detailed study indicate the C-terminal fragment of KLK8 as one of the peptides
involved in skin innate immunity [90].

3.2. KLKs within tooth enamel

Formation of tooth enamel is a multistep process dependent on the cooperation of various
proteins and proteases, which include KLK4 (known as enamel-matrix protease 1). KLK4 is
involved in the final stages of this process, the transition and formation steps (described in
detail in [91]), as it degrades enamel-matrix proteins (including enamelin and ameloblastin)
and facilitates the lateral expansion of the hydroxyapatite crystal of the tooth via a
transforming growth factor-f3 (TGF-f§)-associated mechanism [91-93]. Mutations in the
KLK4 gene resulting in the dysfunction of this protease lead to the autosomal recessive
condition known as hypomaturation amelogenesis imperfecta, which leads to defective tooth
mineralization and crystal formation [94, 95]. Moreover, KLK4 is involved in degradation
of amelogenin, remodeling of the organic matrix, and disruption of the intercellular
junctions in tooth development. KLK4 overexpression and hyperactivity has been associated
with oral squamous cell carcinoma metastasis [96].

3.3. KLKs within the reproductive system

The majority of studies on kallikreins and their physiological functions have focused on
KLK3, also known as Prostate Specific Antigen (PSA). Since its identification and
characterization in the 1970s, KLK3 has been investigated extensively with respect to its
biochemical and cellular functions as an enzyme and prostate cancer biomarker.
Investigations into KLK3 as a prostate cancer marker, performed mostly by pharmaceutical
companies, were fueled by its tissue specificity and incredibly high expression in prostate
cancer [97]. These studies eventually led to development of diagnostic kits for the detection
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of the prostate cancer. However, KLK3 elevation needs to be considered in a broader
biological context since it leads to frequent false-positive diagnoses followed by
unnecessary treatments that have resulted in some instances in treatment-associated health
problems [44, 98].

Originally, the physiological activity of KLK3 was associated with its ability to perform
semen liquefaction and enhance sperm motility, which it achieves by cleaving fibronectin
and seminal-gel-forming proteins semenogelin 1 and semenogelin 2 [99]. Recent reports,
however, highlight the expression and mechanisms of action of other kallikreins in semen
liquefaction, including proKLK3 (pro-PSA) activation by KLK-4, -5, -14, and -15, as well
as the direct proteolytic activity of KLK-14 and -5 [100]. Following its activation, KLK3
degrades numerous proteins [extracellular matrix proteins, insulin-like growth factor (IGF)-
binding proteins 3 and 5, and parathyroid-hormone-related protein (PTHRP)] facilitating
metastasis of prostate cancer cells [65].

KLK2 is the second-best-characterized kallikrein biomarker used in prostate cancer
diagnosis [101]. Despite its relatively low expression compared with PSA, utilization of
KLK?2 as a secondary biomarker increases the specificity and sensitivity of cancer detection
[102]. To date, the only known protein substrate of KLK?2 is the ARA70 - the androgen
receptor coregulator [103], suggesting that KLK2 has potential function in maintaining
tissue balance in the testis.

Another kallikrein highly expressed in prostate cancer is KLK4, an androgen regulated
enzyme [104]. Along with PSA, KLK4 facilitates metastasis of prostate cancer to the bone
because it facilitates the degradation of extracellular matrix proteins [105, 106].

Synergistic hormonal regulation of transcription of KLK genes is well documented as the
underlying cause of pathological dysregulation of KLK gene expression. In a subset of
tissues, KLK expression is strictly regulated by steroid hormones, including androgens,
estrogens, progestins, mineralocorticoids, and glucocorticoids [107]. Accumulating evidence
indicates that KLKs are coordinately up- or down-regulated at both the transcriptional and
translational levels in several neoplastic diseases, including adenocarcinomas derived from
steroid-hormone-regulated tissues, suggesting the existence of common regulatory pathways
[108-112]. The most striking example is overexpression of KLK2-10, KLK11, and
KLK13-15 transcripts and/or proteins in ovarian carcinoma tissues, cell lines and/or serum
and tumor ascites fluid, which has been confirmed by several experimental approaches
[113-127]. Thus, kallikreins may be coordinately expressed in a steroid hormone-dependent
manner via a hormone-dependent cassette preceding kallikrein genes [128].

3.4. KLKs within the respiratory and renal systems

Despite the broad distribution of KLK12 in tissues of adult humans, the highest levels of
KLK12 are found in the lungs [56]. The detailed functions of KLK12 in the lungs are largely
unknown. A single report showing that KLK 12 degrades several members of the CCN
family (acronym derived from the names of first three members of the family: Cysteine-rich
angiogenic protein 61/CCN1, Connective tissue growth factor/CCN2 and Nephroblastoma
overexpressed/CCN3) has suggested that KLK12 has an angiogenic function. CCN
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substrates are extracellular matrix associated signaling proteins with multiple domains
interacting with various growth factors. Thus, their degradation by KLK12 may modulate
the bioavailability and/or activity of growth factors, such as vascular endothelial growth
factor [64]. KLK12 is dysregulated in systemic sclerosis, a disorder characterized by
defective angiogenesis, and antibodies inhibiting KLK12 in human skin endothelial cells
result in reduced endothelial cell growth, migration, and tubule-like formation [129]. In
human lung cell lines, the proangiogenic activity of KLK12 did not correlate with kinin-
dependent activation of the bradykinin B2 receptor (B2R), and a detailed mode of action
awaits elucidation [130]. Recently, an effector pathway that includes degradation of PDGF-
B, which induces the recruitment and proliferation of mural cells, probably through a short-
range paracrine action, has implicated PDGFR in stabilizing new vessels [131].

Depending on the specific tissue, KLK1 (initially described as tissue kallikrein) expression
correlates with adverse effects on tissue homeostasis. In airway diseases, KLK1 is
consistently elevated in the bronchial alveolar lavage fluid of individuals with asthma or
chronic bronchitis, where it is responsible for releasing kinins from a high molecular weight
kininogen (HMWK) [132], resulting in hyperactivation of the bradykinin B2 receptor (B2R),
which, in turn, induces bronchoconstriction and hypersecretion of mucus. KLK1 activity is
also up-regulated by the presence of reactive oxygen species that cause the degradation of
the hyaluronic acid present on epithelial cells lining lung airways [50]. Uncontrolled activity
of KLK1 results in direct proteolytic cleavage of pro-EGF, the release of mature EGF, and
subsequent activation of EGFR. Thus, KLK1 may contribute to metaplasia and mucus
hypersecretion in diseases such as asthma and chronic bronchitis [133]. Moreover, such
EGFR activation is also correlated with the pathological phenotypes of epithelial cells of
smokers [134].

In contrast to the adverse effects of KLK1 described above, KLK1 activity in the renal and
cardiovascular systems exerts multiple effects, especially at the intersection of these two
systems. Released into renal tubules, KLK1 modulates the activity of epithelial sodium
channels, inhibits cortical collecting duct H*, K*-ATPase activity, and activates TRPV
(Transient Receptor Potential Vanilloid) channels. Moreover, due to proteolytic activity of
KLK-1 on HMWK and bradykinin release, the activated bradykinin-B2 receptor (B2R)
mediates beneficial effects on the progression of type 2 diabetes and hypertension and
ischemic renal injury in rodents [135].

The renin-angiotensin-aldosterone system (RAAS) controls blood pressure and fluid balance
and influences cardiovascular remodeling [136]. Therefore, dysregulation of RAAS by
KLKZ1 contributes to cardiovascular and renal morbidity [137, 138]. Recent studies indicate
contradictory effects of elevated levels of KLK1 expression on diabetic nephropathy. KLK1
exhibits renoprotective effects [139], but can also mediate a pro-inflammatory pathway via
Proteinase Activated Receptor (PAR) activation [140]. Despite extensive research aimed at
better understanding the molecular basics of renal and cardiovascular diseases, the overall
view of interplay between kallikreins and other functional proteins still is unclear.
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3.5. KLKs within neural system

Neural plasticity requires permanent protein modifications, which includes proteolytic
cleavage. The presence of active proteases within the small synaptic space suggests their
activity is strictly regulated, as any 'misbehavior' would result in neural disorders [141].

The kallikrein predominantly expressed in brain is KLK6, expressed primarily in
oligodendrocytes, pyramidal cells, astrocytes, and glial cells. KLK6 may be involved in the
pathogenesis of neurodegenerative disorders, including Alzheimer's disease, Parkinson's
disease, and multiple sclerosis [142, 143]. KLK6 (zyme/protease M/neurosin) appears to be
down-regulated in serum and tissues of Alzheimer's disease patients and may be involved in
amyloid metabolism [143, 144]. Moreover, recent studies also correlate lower expression of
KLKG®6 with increased glioma growth [145]. Whereas in case of glioblastoma, a highly
malignant type of glioma tumor with different physiology then glioma, KLK® is responsible
for reduction in cell sensitivity to cytotoxic agents, including staurosporine and cisplatin,
and current standard treatments of radiotherapy, or temozolomide, alone or in combination.
The ability of KLK®6 to promote resistance of glioblastoma cells to apoptosis depends on
activation of the PARL1 receptor [146]. A similar mode of action mediates development of
astrogliosis, where KLK®6 functions as a trigger of selected physiological processes [147].

Another central nervous system (CNS) disease where KLKG6 activity seems to be essential is
Parkinson’s disease. In vitro cell-based studies show that KLK®6 can extracellularly degrade
an unphosphorylated form of a-synuclein, an aggregate-forming protein important in the
progression of the disease; phosphorylation prevents a-synuclein polymerization.
Interestingly, phosphorylation of a-synuclein decreases the ability of KLK6 to hydrolyze the
protein, yet more detailed structural studies are needed to elucidate this phenomenon.

KLKS® is involved in the process of demyelination in the CNS through degradation of myelin
basic protein and a rat myelin oligodendrocyte glycoprotein [148]. Elevated levels of KLK6
are detected in active multiple sclerosis lesions and patient sera [149]. In addition to
cleaving myelin proteins such as the myelin basic protein, KLK6 can cleave components of
the blood-brain barrier, such as laminin, fibronectin and collagens, and can induce
inflammation via the activation of cell-surface PARs [150]. Studies show that PAR2
modulates neuro-inflammation by enhancing demyelination and that application of KLK6-
inactivating antibodies can reduce the pathobiological role of KLK6 [151, 152].

Another kallikrein expressed in the CNS is KLK8, whose localization is limited to the
hippocampus, the lateral nucleus of the amygdala, and other areas of the limbic system, all
of which are involved in learning and memory [153]. Mice with impaired KLKS8 activity
exhibit diminished early-phase, long-term potentiation (LTP) in the Schaffer collateral
pathway and in the hippocampus-dependent memory [154]. A postulated mode of action
involves transient activation of pro-KLK8 in an NMDA receptor-dependent manner. The
activated KLK8 immediately cleaves Synaptic Adhesion Molecule in the presynaptic site
and releases the effector, a neuropsin-specific extracellular 180-kDa fragment [155]. The
association of KLK8 activity with learning was highlighted by the observation that KLK8
deficiency completely impaired the early phase of LTP, leading to the absence of late
associativity. Associations between early and persistent-LTP synapses may be related to
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mammalian working memory and, consequently, to integration in learning and memory
[156]. Moreover, KLKS8 proteolytic activity is correlated with the development of
schizophrenia, where neuregulin 1 (NRG1) is expressed as dysfunctional isoforms. KLK8-
mediated cleavage of NRG1 results in the release of the NRG1 EGF-like domain, which, in
turn, activates ErbB4 receptors and leads to an impairment of y-aminobutyric acid (GABA)-
ergic inhibitory transmission and excessive postsynaptic excitation [157].

3.6. Kallikreins as EGF-signaling modulators

The role of kallikreins as EGF processing enzymes in cell signaling networks described in
reports from the mid-90s in mice and rats became grossly underappreciated after the
discovery of ADAMs and their role in EGF-mediated signaling activation [158] (Fig. 3).
Kallikreins appear to be ADAM activators that result in release of endogenous ADAM
substrates such as EGF or TNF-a [159].

Recent investigations have correlated EGF release and EGFR activation with KLK1 activity
in airway epithelial cells (as mentioned in 2.4.3 [158]). The effect of kallikreins on EGFR-
related signaling is very important because the basal layer of various epithelial tissues are
enriched in EGFR [160, 161], and EGFR signaling has been implicated in the regulation of
epithelial homeostasis and tissue repair, the release of host defense mediators, and the
production of mucin [162]. KLK1 can increase the level of the active form of EGF and thus
activate EGFR on basal cells (BCs) [134]. Exposure of BCs to EGF shifted the BC
differentiation program toward squamous and epithelial-mesenchymal transition-like
phenotypes with down-regulation of genes related to ciliogenesis and secretory
differentiation, and markedly reduced junctional barrier integrity, mimicking the
abnormalities present in the airways of smokers in vivo [134, 163]. This persistent BC
activation via the EGF-EGFR pathway may be responsible for the progressive alteration of
the airway architecture and subsequent development of tissue pathology [163]. As discussed
above (see part 3.4), hyaluronic acid plays an essential role in regulating KLK1 activity,
while kallikrein-mediated release of active EGF leads to tracheal submucosal gland cell
hypertrophy and hyperplasia, as well as mucus hypersecretion with subsequent airflow
obstruction [50]. Selective targeting of the EGF-EGFR pathway in airway BCs may be a
useful strategy for preventing the development of smoking-induced lung disorders, including
lung cancer [164, 165].

An alternative mechanism for the role of KLK1 in EGF signaling has been proposed by cell
migration and proliferation models, using keratinocytes or prostate cancer cell lines (Fig. 3).
KLK1 treatment enhances would healing in rats by inducing cell migration via direct PAR1
activation and subsequent EGFR transactivation [166, 167]. Similarly, KLK1 promoted the
migration and invasion of prostate cancer cells via PAR1-dependent EGFR activation,
whereas cell proliferation was stimulated via the kinin B2 receptor. These findings indicate
that KLK1 stimulates signaling pathways during physiological proliferation that are
different from those stimulated during cancer cell migration/invasion [166].

Analysis of urine from psoriatic patients revealed decreased levels of EGF and kallikrein in
human urine [168]. This observation was confirmed by urine analysis of patients with
immunoglobulin A nephropathy (IgAN), where EGF excretion is a potential predictive
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marker and consecutive measurements of EGF levels may provide information about disease
outcome and the effect of treatment [169]. Moreover, detailed analysis of rat urine indicates
that rKLK1, rKLK7 and rKLK10 (“r” denotes enzyme isoform from rat) are involved in
processing of the EGF precursor in the rat submandibular gland [170].

As described previously (see chapter 2.4.5), KLK8 activity is involved in schizophrenia
development possibly via proteolytic degradation of neuregulin-1, a member of the large
family of EGF-like signaling molecules involved in cell-cell communication during
development and disease in brain tissue (reviewed in [171]). Neuregulins transmit their
signals to target cells by interacting with transmembrane tyrosine kinase receptors of the
ErbB family [172]. Direct proteolysis of mature NRG-1 by KLKS8 leads to co-localization of
the processed NRG-1 with ErbB4 in parvalbumin-positive hippocampal interneurons and
subsequent tyrosine phosphorylation of proteins in the cells [157].

3.7. Kallikreins in viral infections

Kallikreins take part in multiple physiological processes. Viral infections take advantage of
the host cell machinery during multiplication and propagation of viral particles. Recent
studies reveal hijacking of KLK-5, -8 and -12 in viral infections. During influenza virus
replication, the critical step is proteolytic modification of the HA protein, which is
responsible for fusion with the host endosome, allowing for release of the viral genome into
the host cell. Kallikreins secreted in the respiratory tract are among the host proteases that
support viral replication. KLK-5 and -12 exhibit HA subtype specificity, with KLK5
cleaving the H1 and H3 subtypes of influenza virus most efficiently and KLK12 preferring
the H1 and H2 subtypes [173].

KLKS8 is implicated in human papillomavirus turnover [54], where the major capsid protein
L1 undergoes proteolytic degradation upon entry of the virus into a host cell. In addition to a
dispensable cathepsin-mediated proteolysis that likely occurs after removal of capsomers
from the subviral complex in endosomes, at least two further proteolytic cleavages of L1 are
observed, one of which is attributed to KLK8 activity. Such an activation pattern appears to
be conserved among the papillomaviruses and may aid development of novel anti-viral
treatments.

4.0. Conclusion

In general, the functions of the kallikrein family of peptidases are broad. Dysregulation of
KLK gene expression in malignant tissues provides insight into the importance of kallikreins
in maintaining homeostasis in the human body. More problematic is the pathophysiological
relevance of studies on KLKs performed at the protein level. In the vast majority of these
studies, recombinant forms of KLKs with different glycosylation patterns and/or variations
within the N-terminal pro-fragment were used, which may have resulted in contradictory
descriptions of the enzymatic properties of individual KLKSs. Despite the application of
multiple high-throughput methods for the determination of the physiological targets of
kallikreins, we are still far from understanding the pathophysiological functions of each
kallikrein. KLKs not only seem to engage with each other within certain tissue or
physiological fluids, but also seem to interact with a large variety of cell signaling factors
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and structural proteins. In fact, it is now well-known that dysregulation of KLK activity can
lead to certain pathophysiological conditions. Consequently, inhibition of the excessive
proteolytic activity of KLKs by small synthetic inhibitory compounds as well as by natural
polypeptidic exogenous inhibitors might constitute a novel, challenging road under
construction in cancer therapeutics. Due to structural homology of kallikreins development
of highly specific inhibitory compounds targeting selected kallikrein is very difficult.
Nevertheless picture emerging from results from structural modeling, biochemical assays
and cell assays encourage for further investigations on compounds targeting chosen
kallikrein. To date, only well-studied kallikreins, such as PSA/KLK3, have been
successfully targeted for pharmacological applications such as diagnostic kits and KLK-
targeting drugs [34]. Nevertheless, it is clear that KLKs are attractive and promising
therapeutic targets and pharmacological effort to develop KLK-specific compounds has
begun.
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HIGHLIGHTS
Kallikreins modulate broad spectrum of physiological processes.

This review describes biochemical properties of kallikreins with emphasis on
post-translational modifications, such as glycosylation.

Besides physiological functions of kallikreins in human organs, we describe
recent discoveries pertinent to the involvement of kallikreins in cell signaling
and in viral infections.
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Figure 1. Gene, mRNA and protein structure of kallikreins
(A) Kallikrein gene cluster 19q13.4 is located on the chromosome 19 and is flanked by

testicular acid phosphatase (ACPT) and by sialic acid-binding Ig-like lectin 9 (S GLEC9). It
consists of 15 functional genes, represented by grey triangles and numbered 1-15 and single
KLK1 pseudogene (¥1), represented by white triangle. (B) kallikreins are typically
transcribed to the mRNA with 5 coding exons (dark grey boxes), where exon 2 carries
catalytic His65, exon 3 Asp120 and exon 5 Ser214, as exemplified by KLK1 mRNA. The
coding sequence is flanked by 5 and 3’ regulatory UTR regions. (C) Kallikreins are
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produced as pre-pro-proteins, with N-terminal signal peptide, removed during secretion to
extracellular milieu, followed by propeptide and mature, serine protease domain. Propeptide
is removed extracellularly either by autocatalysis or by action of another protease (another
KLK, MMP etc.). Typically, the activation requires proteolytic cleavage after basic residue,
with exception of KLK4, which require hydrolysis after GIn30 for maturation.(D) Structural
alignment of seven known kallikrein structures. Each kallikrein is represented as ribbon and
colored accordingly, with RCSB accession codes as follows: KLK1 - red (1SPJ), KLK2 —
pink (4NFE), KLK3/PSA - yellow (2ZCL), KLK4 — green (4KGA), KLK5 - blue (2PSX),
KLK®6 - violet (4D8N) and KLK7 — orange (3BSQ). Location of kallikrein loop in KLK1-3
is marked as frame at the top right and additional short loop can be seen in the same region
in KLK4 structure. Catalytic triad is presented as sticks and its particular residues are
labeled. Kallikrein share typical fold of the serine protease of S1 family. Two B-barrel-
based lobes interact together to form active site and to create the substrate binding cleft.
Kallikrein loop is located near the active site and partially occludes the S1 subsite. Due to its
high mobility, the exact structure of the kallikrein loop is not determined in the deposited
PDB files. (E) Schematic representation of the KLK1 and KLKS5 secondary structure
topology. The presence of kallikrein loop is marked in the black frame and residue locations
of the start and the end of the whole loop structure are numbered. The presence of the
kallikrein loop introduces the additional, short a-helical fragment and forces the change in
the topology of the region. This figure is based on [2].
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Figure 2. Schematic presentation of kallikrein post-translational modifications
Sequences are presented according to the UniProt system. Signal peptides are presented in

gray; propeptides are shown in dark orange. Pale orange boxes represent the full-length
mature kallikreins. Activation cleavage sites, marked with scissors are denoted below each
kallikrein, while glycosylation locations are described above, with the respective residue and
O- or N-glycosylation type noted. All distances are presented in proportion to the full-length
preproprotein. Residue numbering is consistent with the UniProt database. All kallikreins
are activated by Lys- or Arg-specific (tryptic-like) cleavage, with exception of KLK4, which
requires hydrolysis after GIn30. Glycosylation in the KLK1 and KLK2 is located in the
region of the “kallikrein loop” (residues 102-118 in KLK1). In KLK5, KLK12 and KLK13
glycans are added at the region proximal to the activation site or within the propeptide itself
(KLKZ10), possibly affecting the activation of these proteases. For more details see text.
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Figure 3.

Schematic representation of the role of kallikreins in EGF signaling. Kallikreins may
interact with PAR receptors, leading to the activation of Protein Kinase C and signal
propagation, which promotes the activation of cell-surface ADAMs/MMPs. Activated
metallopeptidases shed the EGF receptor ligands and consequently activate EGFR.
Alternatively, kallikreins may directly activate cell-surface MMPs/ADAMs, or directly shed
EGF ligands, possibly docking to the cell surface via glycosaminoglycan interactions. Signal
transduction may be blocked by application of specific inhibitors: chelerythrine (PKC
inhibitor), PP2 (Src kinase inhibitor), Batimastat (metalloprotease inhibitor), PD58059
(ERK1/2 kinase inhibitor) and SPINKG6 (kallikrein family inhibitor).
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Summary of major methods applied in kallikrein substrate specificity profiling [9, 40, 51, 52, 59, 60, 64-76]

Protease  Specificity PS-SCL Phage Peptides
KLK1 mix X X
KLK2 tryptic X X
KLK3 chymo X X X
KLK4 tryptic X
KLK5 tryptic X
KLK6 tryptic X X X
KLK7 chymo X
KLK8 tryptic X
KLK9 chymo X

KLK10 typtic X
KLK11 mix X

KLK12 tryptic X
KLK13 tryptic X X
KLK14 mix X X
KLK15 tryptic X
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