
Clinica Chimica Acta 381 (2007) 78–84
www.elsevier.com/locate/clinchim
Invited critical review

Human tissue kallikreins: A road under construction

Nashmil Emami a,b, Eleftherios P. Diamandis a,b,⁎

a Department of Laboratory Medicine and Pathobiology, University of Toronto, Toronto, Ontario, Canada
b Department of Pathology and Laboratory Medicine, Mount Sinai Hospital, Toronto, Ontario, Canada

Received 29 January 2007; accepted 13 February 2007
Available online 20 February 2007
Abstract

Background: The human tissue kallikrein gene family, located at chromosome 19q13.4, is the largest contiguous family of proteases in the human
genome. The locus encodes all 15 members of the family, 13 of which have been reported as potential biomarkers for several carcinomas and other
non-neoplastic diseases. Kallikreins are expressed by a wide range of tissues and implicated in a number of physiological functions, including skin
desquamation, semen liquefaction, neural plasticity and the regulation of blood pressure. Kallikrein function is regulated at various levels,
including transcription, translation and post-translation. The proteolytic activity of kallikreins is believed to be cascade mediated and may cross-
talk with other proteases. These cascades are highly regulated through a series of feedback loops, inhibitors, (auto) degradation and internal
cleavage. Uncontrolled proteolytic activity of kallikreins is implicated in a large number of neoplastic and non-neoplastic pathological conditions.
Conclusions: As our understanding of their regulatory and functional mechanisms continues to expand, kallikreins are expected to become novel
targets for the design of new therapeutics.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Human tissue kallikreins belong to a subgroup of secreted
serine proteases within the S1 family of the clan SA [1]. Until
recently, the major interest was given to the three members of the
family known as the “classic kallikreins” (KLK1, 2 and 3). In the
past decade however, work from our lab and others led to
remarkable breakthroughs in the characterization of 12 novel
members of the family. According to the new nomenclature
system recommended by the Kallikrein subcommittee of HGNC
(HUGO Nomenclature Committee), kallikreins 1–15 are denoted
asKLKs [2]. To distinguish between proteins and genes, kallikrein
proteins are written in standard font, e.g., KLK2, while genes are
in italics, e.g., KLK2.

2. Genomic organization and protein structure

2.1. Gene structure

Human tissue kallikreins are encoded by the largest contiguous
cluster of protease genes in the human genome [3]. So far, fifteen
kallikrein genes have been identified as a cluster of approximately
300 kbp on human chromosome 19q13.4 [3,4]. Kallikrein genes
range between 4.4 and 10.5 kbp and share common features,
including exon/intron organization, conserved intronic intervals
and exon length [5,6]. In addition, with the exception of the classic
KLKs, kallikrein genes contain both 5′ and 3′ untranslated regions
(UTRs), with varying length. The locus is confined to the testicular
acid phosphatase gene (ACPT) and the cancer-associated gene
(CAG) at the centromeric and telomeric ends, respectively [5].
KLKs are organized as a tandem array and are transcribed from
telomere to centromere, with the exception ofKLK2 andKLK3 [3].

2.2. Phylogeny

Phylogenetic analyses indicate a significant level of homology
in theKLK locus in mammals, suggesting a conserved function(s)
of encoded proteins [4,7]. Evolutionary studies of kallikrein genes
in the human, rat and mouse genome, in addition to complemen-
tary studies of the genomes of cotton-top tamarin, dog, horse and
cow, have revealed a polyphyletic nature of the gene family [7].
However, since gene duplication is common in theKLK locus, the
actual number of clades is expected to decline as the genomes of
more primitive mammals become available. There is accumulat-
ing evidence that KLK duplication and silencing is species
specific, which could explain interspecies variations of the locus
size and gene number [5].

2.3. Splice variants

In addition to the fifteen expected full-length mRNAs,
kallikrein genes exhibit a large number of transcript variants.
To date, approximately 70 alternative splice variants of KLKs
have been characterized [6]. Variant splicing primarily occurs
at the coding regions as a result of exon skipping and
consequent exon extension/truncation or intron retention [6,8].
Alternatively, variant transcripts may arise from non-conven-
tional transcription start or polyadenylation sites [5,9–11].
Even though only a few truncated proteins have been identified
experimentally [12–14], bioinformatic analyses of open
reading frames (ORFs) have revealed several putative protein
isoforms [15]. In the majority of cases, the sequence coding for
the secretory signal is retained, suggesting that analogous to the
full-length kallikreins, the truncated variants are secreted
proteins [4]. The clinical utility of certain kallikrein isoforms
as cancer biomarkers has been proposed [14,15].

2.4. Protein structure

Kallikrein proteins are expressed as single-chain pre-pro-
serine proteases [5]. Each protein contains a signal (pre-)
sequence of 16 to 30 amino acids that is cleaved from the N-
terminus of the protein prior to secretion [3]. Pro-domains are
short peptide sequences, i.e., 37 amino acids in pro-KLK5 and



Table 1
Specificity, substrates and inhibitors of human tissue kallikreins

Kallikrein Possible physiologic substrate Candidate physiologic
inhibitors

KLK1 LMW kininogen, pre-ANF, pro-insulin,
LLP, prerenin, VIP, procollagenase,
angiotensinogen, BKR B2 [1],
pro-MMP2, 9, IGFBP3 [4]

Kallistatin, PCI, AAT,
placental bikunin [1]

KLK2 Semenogelin I/II, fibronectin,
pro-uPA [1,58], IGFBP 2, 3,
4, 5 [58], ADAMTS8, collagen
IX-α chain [59]

PCI, PI-6, PAI-1,
ATIII, α2M [1]

KLK3 Semenogelin I/II, fibronectin,
laminin,
lysozyme, plasminogen,
TGF-β, PTHrp [1], IGFP3, 4 [58]

ACT, α2M, PCI, AAT,
ATIII [1]

KLK4 Pro-uPA, PAP [1], enamelin [42] α2M, α2AT, α2AP [60]
KLK5 Collagen types I, II, III, IV, fibronectin,

laminin, plasminogen, LMW kininogen,
fibrinogen [35], hCAP18 [41]

α2M, α2AP, ATIII [1],
LEKTI [28]

KLK6 Fibrinogen, fibronectin, laminin,
collagen types I and IV, APP,
plasminogen [1], MBP, ionotropic
glutamate receptor [61]

ATIII, α2AP, AAT,
ACT [1]

KLK7 IL-1β, corneodesmosin [1],
hCAP18 [41], fibrinogen [4]

LEKTI [28], PCI, α1AT,
α1ACT, kallistatin [62]

KLK8 Fibronectin, gelatin, collagen type IV,
fibrinogen and HMW-kininogen,
plasminogen activator [63,64]

Antipain, chymostatin,
leupeptin [63]

KLK11 PCI [62], APMSF,
aprotinin [30]

KLK12 α2AP, PCI [62], α2

antiplasmin
KLK13 ECM, plasminogen [1] α2M, α2AP, ACT [1]
KLK14 Collagens I–IV, fibronectin,

laminin, kininogen, fibrinogen,
plasminogen, vitronectin and
IGFBP 2, 3 [31], matrilin4 [4]

α1AT, α2AP,
antithrombin III and
α1ACT [31]
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4–9 amino acids in the remaining KLKs, and are cleaved upon
activation [3]. Pro-KLKs, with the exception of pro-KLK4, are
believed to be activated by cleavage after arginine (R) or lysine
(K), which are preferred trypsin-like cleavage sites [3]. Mature
KLKs contain a highly conserved catalytic triad of histidine (H),
aspartic acid (D) and serine (S) [3]. Protein folding is believed
to be achieved in part through 5–6 disulfide bonds between
cystein residues [5].

So far, the protein structure of mature KLK4, KLK1 and both
mature and pro-KLK6 have been solved by X-ray crystallog-
raphy [16–19]. KLK proteins share several common structural
features including two interacting β-barrels and α-helices,
bridged by the active site and disulfide bonds. KLK1 contains
an additional “kallikrein loop” structure, which is believed to
play an important role in its substrate and inhibitor specificity
[17]. Furthermore, external surface loops surrounding the
substrate binding motifs may control enzymatic activity and
define enzyme specificity [4].

3. Expression profile

The expression patterns of tissue kallikreins have exten-
sively been studied using various techniques, including
northern blot, reverse transcription-PCR (RT-PCR), EST and
SAGE analyses, ELISA and immunohistochemical studies.
Kallikreins are expressed in varying amounts in different cell
types and tissues, both at the mRNA and protein levels [3].
Interestingly, many kallikreins display a striking overlapping
pattern of expression. Furthermore, they confer a coordinated
pattern of up- or down-regulation in a number of diseases,
including several hormone-dependent carcinomas [2].

4. Regulatory mechanisms

4.1. Transcriptional regulation

Kallikrein gene expression is believed to be regulated
through hormonal, as well as epigenetic factors such as
methylation and histone modification. A large body of evidence
indicates that almost all KLKs are regulated by steroid hormones
[2]. Promoter studies of several kallikrein genes have revealed
hormonal response elements (HREs) believed to be involved in
the cis-regulation of transcription [4]. Given the co-expression
pattern of kallikreins, a possible regulatorymechanism through a
single locus control region has been suggested [20]. For
example, an expression “cassette” of KLKs 10, 11, 13 and 14
regulated by dihydrotestosterone (DHT) and norgestrel was
recently identified in breast cancer cells [21]. Given that none of
these genes contain characterized HREs, an additional role of
hormones as trans-acting transcriptional regulators is proposed
[20,21].

Transcriptional dysregulation of kallikrein genes are directly
associated with several pathological conditions, including certain
carcinomas [20]. In addition, several epigenetic abnormalities,
including hypermethylation of CpG islands and abnormalities in
the chromatin structure of KLK locus, have been reported in
breast cancer and lymphoblastic leukemia [20,22].
4.2. Regulation of enzymatic activity

Proteases are often activated through highly orchestrated
proteolytic cascades [23]. Due to the irreversible nature of pro-
teolytic activation, these cascades are tightly regulated through a
series of feedback loops and inhibitors. Proteolytic regulatory
mechanisms are critical in preventing deleterious effects due to
uncontrolled protease activation.

Analogous to the majority of proteases, kallikreins are
believed to exert their physiological functions through regulated
proteolytic cascades [24–26]. Kallikreins 5, 14 and 7 are reported
to be involved in a proteolytic cascade in the stratum corneum of
skin [26]. Uncontrolled activation of these kallikreins is believed
to be the major cause of over-desquamation in several skin
disorders [27,28]. Additional cascades involving KLKs 5, 2, 11
and 3 may exist in seminal plasma and prostate tissues [4,25,29].

5. Enzyme kinetics

5.1. Substrate specificity

As a subgroup of serine proteases, kallikreins hydrolyze their
target substrates through a nucleophilic attack directed by their
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active serine residues [24]. Analogous to other serine proteases,
substrate preference can be predicted based on the amino acid
side chain surrounding the active site of the enzyme [5]. The
majority of kallikreins contain aspartic or glutamic acid at their
S1 position, suggesting their trypsin-like substrate specificity.
Kallikreins 3, 7 and 9, with serine, asparagine and glycine S1,
respectively, are expected to present a chymotrypsin-like
substrate preference [5]. In vitro substrate studies indicate a
possible ambivalent nature of KLKs 10, 11 and 14 [30–32].
Substrate specificities have been determined experimentally for
the majority of kallikreins (Table 1), using diverse techniques
including phage display [33], combinatorial libraries [34] and
basic kinetic assays.

5.2. Inhibitors

To avoid unwanted substrate catalysis, the proteolytic
activity of kallikreins is under intense regulatory mechanisms.
Several reports indicate a possible inactivation mechanism in
kallikreins 2, 3, 6, 7, 13 and 14 through internal cleavage and
subsequent degradation [1]. Degradation may be autolytic or
mediated through other proteases. In addition, divalent ions
such as zinc have been shown to reversibly inhibit certain
kallikreins such as KLKs 2, 3 and 5 [4,35]. Furthermore, a large
number of possible endogenous inhibitors have been identified
(Table 1). Complex formation between KLKs and some of these
inhibitors have been proven in vivo [1].

Characteristic to common inhibitory mechanisms in serine
proteases, kallikreins are believed to form transient non-covalent
complexes with their inhibitors. These intermediate complexes
may progress to “inhibitory pathways”, resulting in kinetically
“trapped” covalent complexes and an irreversible inactivation of
the protease. Alternatively, inhibition is prevented through
“substrate pathways” and cleavage of inhibitors by the active
KLKs [1,36].

6. Signaling pathways

Kallikreins are believed to function partly through cross-talks
with various signaling pathways. Signaling through kinins is by
far the most studied signaling pathway in kallikreins. KLKs 1, 2
and more recently KLK12 were shown to release active kinins
(bradykinin and kallidin) from the kininogens [37,38]. Kinin
peptides, in turn, mediate signaling through a number of
downstream targets such as prostacyclin-cAMP, nitric oxide
cGMP and mitogen-activated protein (MAP) kinases [37]. The
kallikrein–kinin system is instrumental in a wide range of
processes, including the regulation of blood pressure, sodium
homeostasis, inflammation and angiogenesis [37].

In addition to the kinin system, certain kallikreins, e.g., KLKs
2, 4 and 12, can activate the urokinase plasminogen activator
(uPA) signaling pathway and consequently convert plasminogen
into active plasmin [4,38]. Active plasmin then cleaves several
downstream targets, such as fibrin and certain pro-metallopro-
teases (pro-MMPs) [4].

Lastly, recent reports indicate a possible activation mechanism
of the family of protease-activated receptors (PARs) by kallikreins
[39]. PARs are members of the G-protein-coupled receptor
superfamily and are activated by cleavage of part of their
extracellular domains [40]. Kallikreins are believed to act as
tethered ligands by cleaving the N-terminus of the receptor.
Consequently, the remaining extracellular part of the receptor acts
as an agonist, causing physiological responses [39,40].

7. Physiological function

Kallikreins have been implicated in various physiological
processes ranging from cellular homeostasis to tissue remodel-
ing. As discussed previously, KLKs 2, 3, 5 and 11 are involved
in a proteolytic cascade in seminal plasma. These kallikreins
are critical in semen liquefaction through a cascade-mediated
processing of semenogelins I and II [1]. In addition, KLK5 has
been implicated in the proteolytic cascade in skin, mediating
desquamation and possibly certain antimicrobial effects
through cathelicidins [26,41].

KLK1 is believed to play an essential role in a large number of
processes, including blood pressure regulation, smooth muscle
contraction, neutrophil chemotaxis and pain induction, through
the kinin signaling pathway [1]. In addition, KLK1 may function
independent of the kinin signaling pathway, through growth
factors and several other substrates.

Furthermore, based on the expression pattern, substrate
recognition and function of orthologous proteins, the probable
functions of some of the remaining kallikreins have been
suggested. For instance, kallikrein 4 is believed to be involved
in enamelogenesis by processing enamelin [42]. KLKs 6,10 and
13 have been implicated in activation of several prohormones in
the islands of Langerhans in the pancreas [1]. Lastly, kallikreins
6 and 8 may function in myelination and synaptogenesis in the
central system nervous [1,43].

8. Pathobiology

Uncontrolled proteolyses due to over-expression or over-
activation of kallikreins have been implicated in a number of
pathological conditions in cancer as well as non-cancer disease
states.

8.1. Tumor growth regulation

Several kallikreins have been implicated in the regulation of
tumor growth mainly through modulating the insulin-like growth
factor (IGF) and IGF binding proteins (IGFBPs) [4] . Alterna-
tively, kallikreins may activate several tumor growth factors
through the uPA–uPAR and possibly PAR signaling pathways
[4]. Recent data suggest a possible synergistic effect of kallikreins
in tumor growth. For instance, ectopic co-expression of
kallikreins 4, 5, 6 and 7 in ovarian cancer cells, implanted in
nude mice, resulted in a significant tumor growth, as compared to
the individual KLKs [44].

On the contrary, certain kallikreins are suggested to function as
tumor growth suppressors [4]. KLK3 has been proposed to
suppress tumor growth via activation of transforming growth
factor (TGF) in prostate cancer [4,45]. Despite the correlative
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expression pattern and reported cell-culture data, inhibitory
effects of these kallikreins have remained controversial.

8.2. Angiogenesis

Kallikreins may promote angiogenesis directly by processing
various components of the ECM or indirectly through the
kallikrein–kinin and uPA/uPAR signaling pathways. Activation
of the kallikrein–kinin system results in the release of active kinin
peptides. Active kinin induces angiogenesis through activation of
the cAMP, Akt/PKB and VEGF and suppression of the JNK and
TGFâ signaling pathways [45]. Alternatively, kallikreins induce
angiogenesis by activating several MMPs through the uPA/uPAR
signaling pathway. In contrast, certain kallikreins, e.g., KLKs 3, 6
and 13, are reportedly anti-angiogenic. They prevent angiogen-
esis mainly through plasminogen fragmentation into angiostatin-
like components [1,46].

8.3. Invasion

Tumor cells are required to invade their surrounding tissues
and gain access to the circulatory system in order to metastasize.
Dysregulated kallikrein expression and/or activation have been
implicated in several essential steps of tumor invasion. For
instance, kallikreins are involved in ECM degradation and
remodeling, which are the required steps in tumor invasion. In
addition, cancer cells must transform permanently from stationary
epithelial cells into migratory mesenchymal cells in order to
invade. Recent data indicate that KLKs 3 and 4 are involved in the
epithelial to mesenchymal transition (EMT) of prostate cancer
cells [4,47,48]. Additional data propose a role of several
kallikreins in invasion of cancer cells into bone, through a
process of osteoblastic bone metastasis [49,50]. For example,
direct injection ofKLK3orKLK3-producing prostate cancer cells
into human adult bone implants exhibit increased osteoblast
proliferation and reduced osteoclastogenesis in nude mice [50].
Furthermore,murine osteoclast precursor cells treatedwithKLK3
display a significant KLK3-mediated apoptosis [50]. Kallikreins
are proposed to mediate bone remodeling through activation of
latent TGFβ2 [49].

8.4. Non-cancer linkage

There is accumulating data linking the aberrant expression
and/or proteolytic activity of kallikreins to various non-neoplastic
pathologies. For instance, the expression of several kallikreins is
significantly elevated in patients with peeling skin syndrome [27].
In addition, uninhibited proteolysis of KLKs 5 and 7 is believed to
be the main cause of over-desquamation observed in cases of
Netherton syndrome [51–53].

Furthermore, as mentioned previously, kallikreins have been
implicated in various physiological processes in the central
nervous system and therefore may be involved in certain
neurodegenerative disorders [54]. The expression pattern of
KLKs 6, 7 and 10 are reportedly altered in patients with
Alzheimer's disease (AD) and frontotemporal dementia (FTD)
and may serve as diagnostic biomarkers [54,55].
Finally, aberrant kallikrein–kinin signaling may play a major
role in a wide range of pathological processes, including
inflammation, hypertension and renal diseases [3].

9. Clinical applications

9.1. Biomarkers

KLK3/PSA has received by far the most attention as a
valuable tumor marker for screening, diagnosis and monitoring
of prostate cancer. However, with the recent development of
sensitive immunoassays, there is strong evidence that other
kallikreins may serve as alternative or complementary diagnos-
tic and/or prognostic biomarkers.

Studies from our lab and other groups have shown the
potential of many kallikreins as biomarkers in a large number of
carcinomas, as well as in several non-malignant diseases. So far,
thirteen members of the family have been reported as possible
serological or tissue tumor biomarkers [2].

9.2. Therapeutic utilities

Given the diverse functional role of kallikreins, this family of
enzymes may represent promising novel targets for therapeutic
interventions. To date, several therapeutic strategies to regulate
the activity of kallikreins have been investigated. For instance,
based on the structural features of non-specific endogenous
serpins, specific synthetic inhibitors of KLK2 and KLK14 have
been constructed [56,57]. Target specificity is achieved by
exchange of the reactive center loop of serpins with specific
target sequences identified by the phage display technology. In
addition, high-throughput compound library screenings to
identify agents that confer robust augmentation of kallikrein
expression or activity are in progress (our unpublished data).

Lastly, given the tissue specificity of certain kallikreins,
particularly KLK3, alternative site-directed therapeutic
approaches have been proposed. For instance, cytotoxic agents
conjugated to KLK3-specific peptide carriers have been engi-
neered as prodrugs for tumor targeting in prostate cancer [4].
Moreover, several cytoreductive gene therapy strategies have
been designed to deliver an exogenous suicide gene through
prostate-specific KLK3 transcriptional regulatory elements [4].
Finally, a number of immunomodulatory gene therapy
approaches have been proposed to stimulate KLK3-specific T-
cell response in order to augment immune response against
prostate tumor cells [4].

10. Conclusion

Even though the value of kallikreins as biomarkers is well
established, the functional significance of this family of enzymes
has just begun to unravel. Analogous to the majority of proteases,
kallikreins are believed to function through highly regulated
proteolytic cascades. Dysregulated proteolyses of kallikreins, due
to altered expression or uncontrolled activation, have been
implicated in various steps of neoplastic development in several
carcinomas, as well as many other non-cancer disorders.
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Kallikreins may present attractive therapeutic targets due to
their critical role in various pathological conditions and their
restricted expression profiles. Thus, as our understanding of the
functional role of kallikreins evolves, new clinical applications
of this important family of enzymes are anticipated.
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