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1. Introduction

Kallikreins are serine proteases with diverse physiological functions. Until
recently, it was thought that the human kallikrein gene family included only
three members, but recent studies have led to the complete characterization
of the human kallikrein gene locus and identification of all 15 members of
this family. Kallikreins are expressed in many organs, most prominently in
endocrine-related tissues such as the prostate, breast, ovary, uterus, vagina,
and testis. Many kallikreins are regulated by steroid hormones in cancer
cell lines, and several lines of investigation have supported a link between
kallikreins and cancer.

Prostate-specific antigen (PSA, hK3) and, more recently, human glandular
kallikrein 2 (hK2) are used as tumor markers for prostate cancer. Several
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other kallikreins, including hK5, hK6, hK8, hK10, hK11, and hK14, are
emerging as new serum biomarkers for ovarian cancer diagnosis and prog-
nosis. Some other kallikreins are differentially expressed at both the mRNA
and protein levels in various endocrine-related malignancies. The coexpres-
sion of many kallikreins in several cancer types and other information points
to the possibility of their involvement in a cascade-like pathway that may
be associated with cancer pathogenesis or progression. Finally, in addition
to their diagnostic/prognostic utilities, kallikreins may be attractive novel
therapeutic targets.

2. Discovery of the Human Tissue Kallikrein Gene Locus:
A Short Historical Perspective

Until approximately 1998, it was thought that the human kallikrein gene
locus included three genes: pancreatic/renal kallikrein (KLKI), glandular
kallikrein (KLK?2), and PSA (KLK3). Several early estimates of the size of
the human kallikrein gene family were contradictory. Southern blot analysis
indicated that the size of this family varied from just three to four genes [1] to
as many as 19 genes [2]. Starting around 1996, several independent groups
reported the cloning of new serine proteases that colocalized at the chromo-
somal region 19q13.4 and shared a high degree of homology with the known
kallikreins (also called the “classical” kallikreins in this review). Extensive
work from our laboratory and from other groups analyzing genomic sequen-
ces in the vicinity of chromosome 19q13.4, available through the Human
Genome Project, has lead to the cloning of all 15 members of the human
kallikrein gene family. Table 1 summarizes information from genomic and
protein databases for all tissue kallikreins. Later, we present the detailed
description of the locus and contrast these data with information derived
from the independent analysis of the DNA sequence of chromosome 19 [3].

3. Kallikreins in Rodents and Other Species

Kallikreins are found in both primates and nonprimates. Kallikrein
genes and proteins have been identified in six different mammalian orders:
Primates, Rodentia, Carnivora, Proboscidea, Perissodactyla, and Artiodac-
tyla [4]. The number of kallikreins varies among species, and kallikreins in
rodents and other animal species have been extensively described in a number
of excellent reviews [2, 5-8]. In this section, we provide only a quick overview
and some recent updates about kallikrein families in different species, with
special emphasis on their structural and localization relationships with the
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human kallikreins. More detailed discussion can be found in our recent
review [9].

3.1. THE MouUSE KALLIKREIN GENE FAMILY

In the mouse, kallikreins are represented by a large multigene family,
initially thought to include 25 genes. Among those, at least 14 genes
were presumed to be encoding for serine proteases [5]. Recent data from the
Mouse Genome Project (http://www.ncbi.nlm.nih.gov/genome/guide/mouse/)
indicate the existence of 36 mouse kallikrein genes (including annotated
genes). Olsson and Lundwall published the organization of the kallikrein
gene family in the mouse through sequence analysis of different databases
[10]. Mouse tissue kallikrein genes reside in a locus that spans approxi-
mately 310 kb at or near the Tam-1 locus on mouse chromosome 7. Data
from the human/mouse homology maps (http://www.ncbi.nlm.nih.gov/
projects/Homology/) show that this region is highly syntenic to the human
chromosome 19q13.4, which harbors the human kallikrein genes (up to 75%
sequence similarity). Sequence analysis indicated the presence of possible
mouse orthologues for the human kallikreins 1 and 4 through 15, but not
for the classical kallikreins KLK2 and KLK3. Comparing the human and
mouse kallikrein loci, however, indicated that although the distance bet-
ween the human KLK/I and KLKI5 genes is only 1.5 kb, the same area in
the mouse genome is 290 kb in length and harbors the rest of the mouse
kallikreins [10]. All mouse kallikrein genes are transcribed in the same direc-
tion and share a high degree of structural homology at both the mRNA and
protein levels (70%-90%). They also share the same genomic organization,
being formed of five coding exons and four introns, with completely
conserved exon—intron splice sites. A TATA box variant “TTAAA” and
consensus polyadenylation signal sequences were found in all mouse kallik-
reins [11-13]. All mouse kallikreins code for pre-pro-kallikreins that are 261
amino acids in length, with an 18-amino acid signal peptide followed by a
profragment of six amino acids. Similar to the human family, only one mouse
kallikrein (mGK6) has a true kininogenase activity [11]. Other mouse kalli-
krein proteins have different types of activities. mGK3-and mGK4 are nerve
growth factor-binding and nerve growth factor—processing enzymes; mGK9,
mGK13, and mGK22 are epidermal growth factor-binding proteins; mGK22
is a nerve growth factor—inactivating enzyme; mGKI16 is y-renin and mGK26
1s prorenin-converting enzyme-2 [14, 15]. With the expansion of the mouse
kallikrein gene family and the identification of new mouse orthologues of the
human kallikreins, a revision of the mouse, human, and other species’
kallikrein nomenclature, based on map sequence and evolutionary analyses,
should be considered in the future.
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3.2. THE RAT KALLIKREIN GENE FAMILY

Another large family of about 13 kallikreins was originally identified in
the rat, of which at least 10 are transcriptionally active [16]. More recent
data from the Rat Genome Database (http://ratmap.gen.gu.se/) show the
possibility of the existence of additional kallikreins in the rat genome (see
following). Rat kallikreins are clustered in the same chromosomal region
and share a high degree of structural similarity. They also have the same
conserved structure of five coding exons and four introns, with most of the
similarity in the exonic, rather than intronic, regions [17]. Ten of the 13 rat
kallikreins code for potentially active serine proteases that are 261 amino
acids in length; the rest are assumed to be pseudogenes. As is the situation
in the human and the mouse, only one rat kallikrein (rKLKI) meets the
functional definition of a kallikrein [18]. »KLK2 codes for tonin, which
converts angiotensinogen to angiotensin II [19], and rKLKI0 codes for a
kininogenase, which cleaves T-kininogen to release T-kinin [19]. Rat kalli-
krein mRNA levels were found to be responsive to hormonal manipulation,
and castration of male animals resulted in a decrease of mRNA, which could
be restored by testosterone [20]. Pituitary rKLKI has been found to be
upregulated by estrogen [8]. Interestingly, rodent kallikreins are mainly
expressed in the salivary gland, with very few of them having a wider tissue
expression pattern [8].

Recently, Olsson et al. reported a more precise genomic organization of
the rat kallikrein locus [21]. The rat KLK locus spans approximately 580 kb
on chromosome 1g21, contains 22 genes and 19 pseudogenes, and is devoid
of KLK2 and KLK3 orthologues. This locus contains nine duplications of an
approximately 30-kb region harboring the KLKI, KLKI15, and pseudogene
VKLK?2,and KLK4, resulting in nine paralogues of each gene. However, only
the KLKI paralogues seem to be functional. For more details, see Olsson
et al. (2004) [21].

3.3. THE MAsTOMYS KALLIKREIN GENE FAMILY

Mastomys is an African rodent that is intermediate in size and that has
physical characteristics between the mouse and rat. It has been studied
because of the presence of an androgen-responsive prostate in the female.
Fahnestock reported the cloning of cDNAs from Mastomys. Two of these
cDNAs were expressed in the kidney as well as the submandibular gland, and
one is hypothesized to code for a true tissue kallikrein [22]. A third kallikrein
was found only in the submandibular gland. DNA sequence analysis and
hybridization studies demonstrate that Mastomys represents an interesting
hybrid between mouse and rat [22].
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3.4. THE MONKEY AND CHIMPANZEE KALLIKREIN GENE FAMILIES

A cynomolgus monkey tissue kallikrein gene has been characterized from
a monkey renal cDNA library and has been shown to be 90% homologous to
its human counterpart at the nucleotide level [23]. The emKLK]I encodes a
tissue kallikrein of 257 amino acids, which is 93% homologous to the human
kallikrein protein. The key residues important for kininogenase activity are
entirely conserved. A rhesus monkey prostatic KLK3 cDNA encoding the
simian counterpart of PSA (KLK3) has also been cloned [24]. It consists of
1515 nucleotides, encoding a preproenzyme of 261 amino acids, with a long
3’ untranslated region. The deduced amino acid sequence is 89% homologous
to human hK3 and 71% to human hK2. Tyr®3, a residue important for the
kininogenase activity of the human kallikrein 1, is replaced by a serine,
indicating that rmKLK3 will lack kininogenase activity, as does its human
counterpart.

Recent data from the Chimpanzee Genome Project have revealed that the
chimpanzee KLK locus is strikingly similar to the human locus, spans about
350 kb of genomic sequence on chromosome 20, and contains orthologues to
all human kallikrein genes, with an overall >99% sequence similarity at the
DNA and amino acid levels (our unpublished data).

3.5. THE DoG KALLIKREIN GENE FAMILY

Only two kallikreins have been identified in the dog: dKLKI, encoding a
true tissue kallikrein based on functional definition, and dKLK2, encoding
a canine arginine esterase [25]. dKLKI encodes a polypeptide of 261 amino
acids with a typical 24-residue pre-pro-peptide, a conserved catalytic triad of
serine proteases, and a tissue kallikrein substrate-binding pocket. A prostatic
cDNA and the gene encoding for canine arginine esterase (dKLK2) have both
been cloned. As for all other mammalian kallikrein genes, dKLK2 consists
of five exons and four introns, with fully conserved exon/intron boundaries,
and an “AGTAAA” polyadenylation signal identical to that of human hK1.
The dKLK?2 gene product shows a wide pattern of tissue expression and has
less overall conservation (~50%) with kallikreins of other species.

3.6. KALLIKREINS IN OTHER SPECIES

No more than three tissue kallikreins were identified up to now in the
guinea pig [26]. Two kallikreins were cloned in the horse—a renal kallikrein
[27] and a horse prostate kallikrein [28], which is a homologue of human
PSA. Southern blot analysis data detected KLK2- and KLK3-positive
bands in several nonhuman primate species including macaque, orangutan,
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chimpanzee, and gorilla, but not in cows and rabbits [29]. Kallikreins
were also isolated from the pancreas, colon, and submadibular gland of
the cat [30]. Nonprimates do not contain any prostate-localized proteins
homologous to PSA [31].

Completion of many other future genome projects will facilitate accurate
comparisons of the KLK families in many species.

4. Characterization and Sequence Analysis of the Human
Tissue Kallikrein Gene Locus

4.1. Locus OVERVIEW

The first comprehensive attempt to characterize the human kallikreir
locus was reported by Riegman et al. [32], who proposed that the locus is
formed of only three genes, KLKI, KLK2, and KLK3. These three genes
were found to be clustered in a 60-kb region on chromosome 19q13.4. Their
alignment in the genome is centromere-KLKI-KLK3-KLK2-telomere. KLK?2
and KLK3 are transcribed in the direction from centromere to telomere.
KLK] is transcribed in the opposite direction [32, 33].

Recently, with the discovery of all human kallikrein genes, we were able to
fully characterize the human kallikrein gene locus with high accuracy and to
precisely localize each of the 15 members of the human tissue kallikrein gene
family, as well as to determine the distances between them and their directions
of transcription [34]. The human tissue kallikrein gene locus spans a region
of 261,558 bp on chromosome 19q13.4 and is formed of 15 kallikrein genes
with no intervening nonkallikreins. More recently, a potential kallikrein-
processed pseudogene has been cloned [34a], and the possibility exists
for the presence of at least another two pseudogenes [35]. The kallikrein
gene family is flanked centromerically by the testicular acid phosphatase
gene [36] and telomerically by the CAG (cancer-associated gene) [37] and the
Siglec family of genes [38]. The latest analysis of the genomic region confirmed
and extended our previous findings, as shown in Fig. 1 and Table 2. Minor
differences are a result of discrepancies in noncoding regions.

The kallikrein genes are clustered together, and the distances between
two adjacent genes range from 1.5 (KLKI and KLK15) to 32.5 kb (KLK4
and KLK5). Detailed information about the locus is presented in Fig. 1 and
Table 2. The locus has been extensively analyzed for the presence of other
kallikreins [34, 35, 39]. It is thus unlikely that new members will be identified
inside the locus or on either end, with the possible exception of more
pseudogenes.
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The Human Kallikrein Locus

MGC MGC
ACPT 13170 45922 KLK1 KLK15 KLK3 KLK2 KLKY¥1 KLK4 ¥YPPIA KLKS KLK6
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FI1G. 1. Schematic representation of the human kallikrein gene locus on chromosome
19q13.4. Genes are represented by arrowheads indicating the direction of transcription.
Kallikrein genes are shown in blue, and nonkallikrein genes and pseudogenes are presented by
grey and white arrows, respectively. Official gene symbol is shown above each gene, and the
approximate gene length is shown below each gene in kilobytes. The approximate intergenic
regions are shown in red in Kb. CAG, cancer associated gene (GenBank accession AY279382);
ACPT, testicular acid phosphatase (GenBank accession AF321918). The position of the PPIA
pseudogene is provisional and the length of the intergenic regions (shown with asterisks) may
change in the future. MGC, mammalian gene collection; these two genes have not as yet been
characterized. (See Color Insert.)

4.2. REPEAT ELEMENTS AND PLEOMORPHISM

The kallikrein locus was also analyzed for the presence of repeat elements
[40]. The entire sequence has 49.59% GC content, which is comparable
to other genomic regions. Approximately 52% of the region was found to
contain various repetitive elements (on either strand). Short interspersed
nuclear elements, such as ALU and MIR repeats, are the most abundant
repetitive elements (22.53%), followed by the long interspersed nuclear ele-
ments, which represent 13.1% of the repetitive elements. Other repeat
elements, including Tigger2, MERS8, and MSRI1, were also identified in
KLK4 introns [41].

The human kallikrein locus contains a unique minisatellite element that
is restricted to chromosomal band 19q13, and ten clusters of this minisatellite
are distributed along the kallikrein locus. These clusters are mainly located
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TABLE 2
COORDINATES OF ALL GENES AND PSEUDOGENES CONTAINED WITHIN THE HUMAN
KALLIKREIN LOCUS NUMBERS ARE GIVEN ACCORDING TO GENBANK CONTIG NT 011109

Number Intergene

Name Strand Start End Length of exons region
ACPT + 23561862 23566671 4810 11 2479
MGC13170 — 23576164 23569151 7014 2 12962
MGC 45922 + 23589127 23590324 1198 2 269
KLK1 — 23595233 23590594 4640 5 1501
KLK15 - 23608659 23596735 11925 5 17701
KLK3 + 23626361 23632210 5850 6 12668
KLK2 + 23644879 23650051 5173 5 8299
KLKWY1 — 23659265 23658351 915 1 18532
KLK4 — 23682184 23677798 4387 6 16794
VU PPIA” - 23699479 23698977 503 1 15269
KLKS5 - 23724466 23714749 9718 6 5611
KLK6 - 23741119 23730078 11042 7 6799
KLK7 — 23755340 23747919 7422 6 12113
KLKS — 23773148 23767454 5695 6 810
KLK9 — 23781080 23773959 7122 5 4635
KLK10 — 23791472 23785716 5757 6 2204
KLK11 — 23799480 23793677 5804 6 1057
KLK12 - 23806338 23800538 5801 6 21314
KLK13 - 23836557 23827653 8905 5 12206
KLK14 - 23855692 23848764 6929 8 14272
CAG? - 23876037 23869965 6073 3 20317
SIGLEC9 + 23896355 23901757 5403 7

“Coordinates for WPPIA are provisional.
®CAG is also known as LOC90353.

in the promoters and enhancers of genes, as well as in introns and in the
untranslated regions of mRNAs. Polymerase chain reaction (PCR) analysis
of two clusters of these elements indicates that they are polymorphic, and thus
they can be useful tools in linkage analysis and DNA fingerprinting. Interest-
ingly, one of the clusters was found to extend from the¢ last part of exon 3 of the
KLKI4 gene. Our preliminary data show that the distribution of the different
alleles of these minisatellites might be associated with malignancy [40].

5. Structural Features of the Human Tissue Kallikrein
Genes and Proteins

Extensive analyses over the last few years have led to the identification of
many common structural features of kallikreins. Some of these features
are shared with other members of the S1 family of serine proteases (see
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following). Other features, however, are unique to certain kallikreins. As
mentioned above, some of the kallikrein-specific features are conserved
among species (e.g., all kallikreins have five coding exons, and only one
member in each species has true kininogenase activity). Human tissue kalli-
krein gene lengths range from 4 to 10 kb, with most of the differences
attributed to introns.

5.1. CoMMON STRUCTURAL FEATURES

The common structural features of kallikreins can be summarized as fol-
lows (see also Table 3) [34, 42-44]. First, all genes possess five coding
exons (except for a KLK4 variant, which has four exons), and most of them
have one or two extra 5 untranslated exons. The first coding exon always
contains a 5 untranslated region, followed by the methionine start codon,
located 37-88 bp away from the end of the exon. The stop codon is always
located 150-189 bp from the beginning of the last coding exon. Second, exon
sizes are very similar or identical. Third, the intron phases of the coding
exons (i.e., the position where the intron starts in relation to the last codon of
the previous exon) are conserved in all genes. The pattern of the intron phase
is always I-II-I-0. Fourth, the positions of the residues of the catalytic triad
of serine proteases are conserved, with the histidine always occurring
near the end of the second coding exon, the aspartate at the middle of the
third coding exon, and the serine residue at the beginning of the fifth
coding exon. Fifth, all kallikrein proteins are predicted to be synthesized
as pre-pro-peptides, with a signal peptide of 16-57 amino acids at the
N terminus, followed by an activation peptide of about three to nine amino
acids, followed by the enzymatically active (mature) protein (223-252 amino
acids). Sixth, the amino acid of the substrate-binding pocket is either aspar-
tate (11 kallikreins) or glutamate (1 kallikrein), indicating trypsin-like
specificity (12 kallikreins), or another amino acid (probably conferring
chymotryptic or other activity), as is the case with hK3 (serine), hK7 (aspar-
agine), and hK9 (glycine). Seventh, in addition to the conservation of the
catalytic amino acid triad, seven additional protein motifs were also found
to be highly conserved in kallikreins [44]. Eighth, most, if not all, kallikrein
genes are under steroid hormone regulation. Ninth, all proteins contain
10-12 cysteine residues, which will form five (in hK1, hK2, hK3, and
hK13) or six (in all other kallikreins) disulphide bonds. The positions of
the cysteine residues are also fully conserved. Finally, classical or variant
polyadenylation signals have been found 10-20 bases away from the poly-A
tail of all kallikrein mRNAs. All three classical kallikreins have the
same variant polyadenylation signal AGTAAA [5, 33, 45-47]. Multiple .
alignments of all kallikrein proteins have been published previously [43].
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5.2. THREE-DIMENSIONAL STRUCTURE

The crystal structure has been revealed for some rodent kallikreins. The
three-dimensional structure of a horse orthologue of the human hK3 has also
been reported [28]. In contrast, hK1 and hK6 are the only human kallikreins
for which crystal structures have been determined [48-50]. Most of the
discussion in this section is derived from comparative model building of the
human kallikrein proteins.

Kallikreins can be roughly divided into two categories, the classical kal-
likreins (hK 1, hK2, and hK3) and the “new’ kallikreins. The new kallikreins
appear to be unique in their three-dimensional structure and share some
features with trypsins and other features with the classical kallikreins. Com-
parative protein models show that the pattern of hydrophobic side-chain
packing in the protein core is nearly identical in all human kallikreins, and
the observed differences occur within the solvent-exposed loop segments.

An 1l1-amino acid residue insertion relative to the trypsin sequences in
loop E (residues 91-103 in the bovine chymotrypsinogen consensus number-
ing), also known as “the kallikrein loop,” is a unique feature of the three
classical kallikreins. Loop E is located between the fifth (residues 81-90) and
the sixth strand (residues 104—-108), and loop G between the seventh and the
eighth strand (residues 156-163). None of the new human kallikreins con-
tains this loop in its entirety. Loop E in hK10 is longest, with an eight-
residue-long insertion relative to the trypsin sequences. Loop E overhangs
the substrate-binding groove on the surface of the protease molecule, and its
length and sequence can directly influence substrate recognition.

The KLK1I5 gene is particularly interesting, as it lies between two classical
tissue kallikrein genes, KLKI and KLK3 [51], yet the sequence and structure
of hK 15, with six disulphide bonds and no insertion in the so-called kallikre-
in loop (E), clearly place it among the new kallikreins. Moreover, in loop G,
hK15 has an eight-residue insertion [51] that is not found in any other
kallikrein. In the three-dimensional structure,-the extended loop G lies on
the opposite side of the active site relative to loop E, and although it is more
distant to the substrate-binding groove, loop G may also participate in
substrate and inhibitor recognition.

6. Sequence Variations of Human Kallikrein Genes

Sequence changes, including polymorphisms and mutations, are clinically
important. In addition to medicolegal applications, they can also be indica-
tors for susceptibility and prognosis for different malignancies [52]. KLK3 is
the most extensively studied kallikrein in this respect. Comparison of the
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published mRNA sequences of KLK3 revealed infrequent and inconsistent
sequence variations. Baffa et al. found no evidence of mutations in the KLK3
mRNA sequence in prostate cancer compared to matched normal tissues
from the same patient [53]. Similarly, no mutations were found in the coding
portion of the KLK3 gene in breast cancer tissues and cell lines, with the
exception of a polymorphism in exon 2 in some breast tumors [54]. Three
distinct forms of KLKI mRNA, differing in one or two amino acid substitu-
tions, were identified in different tissues [1, 55, 56]. Experimental evidence,
however, indicates that the protein products of these variants have no
difference in their protein activity [57]. Probably the most polymorphic
sequence of KLK4 is that deposited by Hu et al. [41]. In addition to a large
insertion in the 3’ untranslated region, there are 18 differences between their
sequence and those deposited by others. These probable polymorphisms will
affect the derived amino acid product [41]. We have recently identified a
germline single nucleotide variation in exon 3 of the KLKI0 gene that will
change the amino acid from alanine to serine. This polymorphism is less
prevalent in prostate cancer patients in comparison to control subjects [58].
Also, four other polymorphisms were identified in exon 4 of the same gene.

Within a 5.8-kb promoter/enhancer region of KLK3, 16 different muta-
tional hotspots (appearing more than once in nine tumors) were found in
breast cancer [54]. A single nucleotide variation (G — A) was identified at
position —158 within androgen response element 1 (ARE-1). Univariate Cox
regression modeling showed a 28% reduction in the risk of death in patients
with homozygous G genotype compared to those with homozygous A [59].

In general, the examination of sequence variation within the 300-kb kalli-
krein locus has not been performed in detail, and it is therefore possible that
inactivating mutations within the coding region of kallikrein genes exist but
await discovery. Kallikrein gene inactivation in human diseases would likely
provide clues for the physiological functions of these diseases.

7. The Tissue Kallikreins in the Context of Other Serine
Proteases in the Human Genome

Proteases are enzymes that cleave proteins by hydrolyzing peptide
bonds. On the basis of their catalytic mechanisms, they can be classified
into five main types: proteases that have an activated cysteine residue
(cysteine proteases), an activated aspartate (aspartate proteases), a metal
ion (metalloproteases), or an activated threonine (threonine proteases), and
proteases with an active serine (serine proteases). Within each type, en-
zymes are separated into ‘““clans” (also referred to as “‘superfamilies’) based
on evidence of evolutionary relationship [60, 61] from the linear order of
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catalytic site residues and the tertiary structure, in addition to distinctive
aspects of catalytic activity such as specificity or inhibitor sensitivity. Each
clan is given a two-letter identifier, of which the first letter is an abbreviation
for the catalytic type. Next, proteins are classified into families (each denoted
by a unique number) and subfamilies (denoted by another letter) based on
sequence similarity to a chosen type example for that family.

7.1. GENoMIC OVERVIEW OF SERINE PROTEASES

According to our recent survey, and studies by others, there are approxi-
mately 500 confirmed, nonredundant proteases in the human genome, in-
cluding nonpeptidase homologues [62-65]. This represents about 2% of all
gene products in humans [60]. This number increases to about 700 when the
“predicted” genes and proteins are included. Approximate figures indicate
that proteases are distributed as follows: 4% are aspartate proteases, 26% are
cysteine proteases, 34% are metalloproteases, 5% are threonine proteases,
and 31% are serine proteases.

Serine proteases (SP) are a family of enzymes that use a uniquely activated
serine residue in the substrate-binding pocket to catalytically hydrolyze
peptide bonds [66]. SP carry out a diverse array of physiological functions,
of which the best known are digestion, blood clotting, fibrinolysis, fertiliza-
tion, and complement activation during immune responses [67]. They have
also been shown to be abnormally expressed in many diseases including
cancer, arthritis, and emphysema [42, 43, 67-70].

Out of the estimated 500 proteases in the human genome, 31% are predicted
to be serine proteases [71]. This large family includes the digestive enzymes
(e.g., trypsin, chymotrypsin), the kringle domain-containing growth fac-
tors (e.g., tissue plasminogen activator), some of the blood clotting factors,
and the kallikreins. In terms of absolute numbers, a total of 150 serine
proteases have been identified in the human genome and are distributed in
all chromosomes except 18 and Y [62]. The density of serine proteases varies
from just one to two genes in most chromosomes to up to 23 genes on
chromosome 19. Most SP are localized sporadically, and relatively few clus-
ters exist. Kallikreins represent the largest cluster of serine proteases in the
human genome.

7.2. STRUCTURAL AND SEQUENCE ANALYSIS

From a structural point of view, kallikreins belong to the serine protease
family of enzymes. The essential features of serine proteases that are pre-
served in the kallikreins can be summarized as follows: only one serine
residue of the protein is catalytically active; two residues, a histidine and an
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aspartate, are always associated with the activated serine in the catalytic site,
forming together what is known as the “catalytic triad” of serine proteases;
each of the catalytic triad residues is surrounded by a highly conserved motif
[the motif GDSGGP surrounds serine, TAAHC surrounds histidine, and
DIMLL surrounds aspartate residues [60]]; the active serine is situated in
an internal pocket, and the aspartate and histidine residues are closely
located in the three-dimensional structure; the catalytically essential histidine
and serine are almost immediately adjacent to their exon boundaries; they
are initially produced in a “zymogen” form; they exhibit a high degree of
sequence similarity; and they contain most of the 29 amino acids that are
reported by Dayhoff to be invariable in many species [72].

Kallikreins belong to the S1 family (also known as the trypsin family), of
clan SA of serine proteases. This is supported by sequence, structural, and
phylogenetic analyses. We have recently performed :detailed analyses for
79 protein sequences representing this family, according to the latest infor-
mation from the Human Genome Project and other databases [63]. Our
results show that seven residues are absolutely conserved in this family. An
additional 15 showed almost complete conservation (>95%), and in total,
48 residues were found to be more than 80% conserved, and 87 residues were
found to display greater than 50% conservation. Conserved residues tended
to group together, likely representing certain necessary structural or func-
tional domain elements. This conclusion is supported by the fact that in most
cases of substitution, a residue of similar character (i.e., size, hydrophobicity,
or polarity) was inserted. This implies that the overall character of the local
region is conserved for proper function, more so than some of the individual
amino acid identities. In addition to the conserved motifs around the resi-
dues of the catalytic triad, we recently identified 32 other highly conserved
amino acid motifs in the S1A family of SP, including tissue kallikreins [63].
The biological significance of these motifs has yet to be determined. Multiple
alignment showed the presence of a conserved domain (R/K)(I/V)(V/I)(G/N)
at the N-terminal cleavage site of the zymogen (proenzyme) end of most
members of this family. Most enzymes are cleaved after an Arg or Lys,
indicating the need for a trypsin-like enzyme for activation. In the case of
trypsin, cleavage occurs between residues Lys'> and Ile'® (chymotrypsinogen
numbering). After cleavage Ile'® forms the new N terminus of the protein,
and Asp'”® rotates to interact with it. This rotation, and the resulting salt
bridge, produces a conformational change that completes the formation of
the oxyanion hole and the substrate binding pocket, both of which are
necessary for proper catalytic activity. Certain sequences did not display
conservation of this trypsin cleavage site, with substitutions at either the
15th or 16th positions (e.g., the granzymes). These substitutions likely result
in either cleavage by a protease with different specificity or no cleavage at
all. The presence of Asp at position 189 indicates that most members of
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the S1A family will have a trypsin-like specificity. In chymotrypsin and
chymotrypsin-like proteases (e.g., hK3), there is a serine at this position.

Structurally conserved regions usually remain conserved in all members of
the family and are usually composed of secondary structure elements, the
immediate active site, and other essential structural framework residues of
the molecule. For instance, Ser 2'# in chymotrypsin-like proteases contributes
to the S1 binding pocket and appears to be a fourth member of a catalytic
tetrad [73]. Between these conserved elements are highly variable stretches
(also called variable regions). These are almost always loops that lie on the
external surface of the protein and that contain all additions and deletions
between different protein sequences. The former regions (structurally con-
served regions) have been successfully used as the basis for predicting
the three-dimensional structure of newly identified SP based on information
on existing members [74]. The latter (variable regions) are important for
studying the evolutionary history of SP.

Certain residues with a variable degree of conservation can be investigated
for their usefulness as ““evolutionary markers” that can provide insight into the
history of each enzyme family or clan and allow comparative analysis with
other families or clans. Krem and Di Cera [75] identified several such markers
with proven evolutionary usefulness. In addition to the use of these markers for
rooting the phylogenetic trees, attempts were made to classify serine proteases
into functional groups based on these markers or their coding sequences.

Serine proteases exhibit preference for hydrolysis of peptide bonds adja-
cent to a particular class of amino acids. In the trypsin-like group, the
protease cleaves peptide bonds following basic amino acids such as arginine
or lysine, as it has an aspartate (or glutamate) in the substrate-binding
pocket, which can form a strong electrostatic bond with these residues. The
chymotrypsin-like proteases have a nonpolar substrate-binding pocket and
thus require an aromatic or bulky nonpolar amino acid such as tryptophan,
phenylalanine, tyrosine, or leucine. The elastase-like enzymes, however,
have bulky amino acids (valine or threonine) in their binding pockets, thus
requiring small hydrophobic residues, such as alanine {76].

Activation reactions catalyzed by serine proteases (including kallikreins)
are an example of “limited proteolysis’ in which the hydrolysis is limited to
one or two particular peptide bonds. Hydrolysis of peptide bonds starts with
the oxygen atom of the hydroxyl group of the serine residue that attacks the
carbonyl carbon atom of the susceptible peptide bond. At the same time, the
serine transfers a proton first to the histidine residue of the catalytic triad and
then to the nitrogen atom of the susceptible peptide bond, which is then
cleaved and released. The other part of the substrate is now covalently bound
to the serine by an ester bond. The charge that develops at this stage is
partially neutralized by the third (asparate) residue of the catalytic triad.
This process is followed by ‘“‘deacylation,” in which the histidine draws a
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proton away from a water molecule and the hydroxyl ion attacks the car-
bonyl carbon atom of the acyl group that was attached to the serine. The
histidine then donates a proton to the oxygen atom of the serine, which will
then release the acid component of the substrate.

8. Tissue Expression and Cellular Localization of the
Kallikrein Genes

8.1. OVERVIEW

Many kallikreins are transcribed predominantly in only a few tissues, as
indicated by Northern blotting. By using the more sensitive reverse transcrip-
tase (RT)-PCR technique, kallikreins were found to be expressed at lower
amounts in several other tissues. Many kallikreins are expressed in the sali-
vary gland—the tissue in which most of the rodent kallikreins are expressed.
In addition, several kallikreins were also found in the central nervous system
and endocrine-related tissues such as the prostate, breast, and testis. A more
detailed review of the expression of kallikreins in different tissues by various
techniques can be found elsewhere [44]. A global view of kallikrein expression
in 36 different tissues, as determined by RT-PCR, is presented in Fig. 2.

8.2. IMMUNOHISTOCHEMICAL EXPRESSION OF HUMAN
TissSUE KALLIKREINS

Most studies use quantitative methods such as quantitative RT-PCR to
reveal the expression of human tissue kallikreins in benign and malignant
tissues. The recent development by our group of monoclonal and polyclonal
antibodies against many kallikrein proteins has helped in defining their
distribution in tissue extracts [77-79]. Furthermore, using the streptavidin—
biotin method with monoclonal and polyclonal antibodies, we have already
studied the immunohistochemical expression (IE) of seven hKs (hK5, hK6,
hK7,hK10, hK11, hK13, and hK14) in several normal human tissues, as well
as in the corresponding malignant tissues [6, 80-85, and our unpublished
data). Different antibodies used for each kallikrein- (polyclonal and mono-
clonal) revealed a similar immunostaining pattern in many tissues. The
IE was always cytoplasmic and in some tissues displayed a characteristic
immunostaining pattern that was membranous, droplet-like, supranuclear,
subnuclear, and luminal.

Comparison of the IE patterns of a few studied kallikreins in different
tissues revealed no major differences, indicating that they may share a com-
mon mode of regulation. It is worth mentioning that our results concerning
the IE of the studied hKs in different normal human tissues correspond fairly
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well with other data based on ELISA assays and RT-PCR. According to these
studies, except for KLK2 and KLK3, none of the remaining KLKSs is tissue-
specific, although certain genes are preferentially expressed in some organs
[31, 86—-88]. Many hKs were immunohistochemically revealed in a variety of
tissues, indicating that no protein is tissue specific. Immunohistochemistry
has advantages over other methods, as it defines the protein distribution in
different cell types independent from its quantity in the tissue. A tissue may
therefore immunohistochemically express a kallikrein and yet yield negative
results using a quantitative method. This likely explains why we did not find
any immunohistochemical difference in the tissue expression among the
different hKs, whereas other methods showed tissue preferences for each hK.

In recent RT-PCR studies, many kallikreins have been proposed as new
biomarkers for malignancies other than prostate cancer. Breast, ovarian, and
testicular cancers are the most studied. Certain kallikreins were found to be
differentially expressed in various malignancies (up- or downregulated), and
the increase or decrease of their expression may be associated with prognosis
[43, 58, 70, 89-94]. We have immunohistochemically evaluated some kal-
likreins in malignant diseases, including two series of prostate and renal cell
carcinoma, and have examined their prognostic values [84, 85].

In malignancy, glandular epithelia constitute the main kallikrein immunoex-
pression sites, and staining of their secretions indicating that these proteases are
secreted. Similar to the IE pattern in normal glandular tissues, all hKs are
expressed in adenocarcinomas. In the future, it is clearly worthwhile to study
the relation of the IE of all hKs with prognosis of several malignancies and to
correlate these results with those obtained by other methods.

In Figs. 3-5, we present immunohistochemical data for various kallikreins.
For more discussion, please refer to our detailed publications [80-85].

Regarding immunohistochemical localization, hK4 appears to be a nota-
ble exception. Recently, Xi et al. suggested that hK4 is a predominantly
nuclear protein that is overexpressed in prostate cancer [95]. It appears that
the vast majority of KLK4 mRNA lacks exon 1, which codes for the signal
peptide. These preliminary data need to be reproduced.

9. Regulation of Kallikrein Activity

9.1. AT THE MRNA LEVEL

Promoter analysis and hormonal stimulation experiments allowed us to
obtain insights into the mechanisms that regulate expression of the human
kallikrein genes. In addition to KLK3 and KLK2, and more recently KLK]I0,
no other kallikrein gene promoter has been functionally tested.
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the skin (monoclonal antibody, clone 73.2), (b) hK13 by the epithelium of the bronchus
(monoclonal antibody, clone IIC1), (¢c) hK5 by the ductal epithelium of the parotid gland
(polyclonal antibody), (d) hK7 by the esophageal glands I(monoclonal antibody, clone 73.2),
(e) hK13 by the gastric mucosa (monoclonal antibody, clone 2-17), (f) hK6 by the large
intestine mucosa (polyclonal antibody), (g) hK10 in an islet of Langerhans in the pancreas
(monoclonal antibody, clone 5D3), (h) hK11 by the epithelium of the urinary tubuli (mono-
clonal antibody), (i) hK11 by a papillary renal cell carcinoma (monoclonal antibody). (See
Color Insert.)

TATA box variants are found in the three classical kallikreins. KLKI has
the variant TTTAAA, whereas KLK2 and KLK3 share another variant,
TTTATA. [5, 33, 45-47]. In addition, two AREs have been identified and
experimentally verified [96]. Another ARE was mapped in the far upstream
enhancer region of the gene and shown to be functional and tissue specific
[97, 98]. More recently, five additional low-affinity AREs have been identified
close to ARE-III [99], and three distinct regions surrounding ARE-III were
found to bind ubiquitous and cell specific proteins. A functional ARE
was also identified in the KLK2 promoter [100]. Interestingly, a negative
regulatory element was also found between —468 and —323 of KLK?2 [100],
and another ARE was identified between —3819 and —3805 of the KLK?2
promoter [101].

Apart from KLKI, KLK2, and KLK3, no obvious TATA boxes were
found in the promoter of other kallikreins. Two major obstacles exist in
predicting the promoter response elements: the inaccurate localization of
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FIG. 4. Immunohistochemical expression of: (a) hK10 by a low-grade urothelial carcinoma
(monoclonal antibody, clone 5D3), (b) hK11 by the secretory epithelium of the prostate gland
(polyclonal antibody), (c) hK 11 by a Gleason score 6 prostate carcinoma (polyclonal antibody),
(d) hK14 by the spermatic epithelium and the stromal Leydig cells in the testis (polyclonal
antibody), (¢) hK10 by epithelial elements in a testicular immature teratoma (monoclonal
antibody, clone 5D3), (f) hK 14 by lobuloalveolar structures of the breast (polyclonal antibody),
(g) hK14 by a ductal breast carcinoma, grade II (polyclonal antibody), (h) hK13 by the
glandular epithelium of the endometrium (polyclonal antibody), (i) hK14 by luteinized stromal
cells of the ovary (polyclonal antibody). (See Color Insert.)

the transcription start site and the presence of more than one splice variant
with more than one transcriptional start site. Recently, by using EST analysis
alone, Grimwood et al. extended the 5'-end of many published mRNAs from
chromosome 19 by more than 50 bp [3].

9.2. AT THE PROTEIN LEVEL

There are different mechanisms for controlling serine protease activity
by which unwanted activation is avoided and precise spatial and temporal
regulation of the proteolytic activity is achieved. One important mechanism
is by producing kallikreins in an inactive “proenzyme’ (or zymogen) form,
which will be activated as necessary. The N-terminal extension of the mature
enzyme, or the “prosegment,” sterically blocks the active site and thus
prevents binding of substrates. It is also possibly implicated in folding,
stability, and intracellular sorting of the zymogen. For more detailed
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FIG. 5. Immunohistochemical expression of (a) hK14 by the ovarian surface epithelium
(polyclonal antibody), (b) hK14 by a cystadenocarcinoma of the ovary (polyclonal antibody),
(c) hK10 by hyperplastic follicles of the thyroid gland (monoclonal antibody, clone 5D3),
(d) hK6 by a papillary thyroid carcinoma (polyclonal antibody), (¢) hK13 by endocrine cells
in the pituitary gland (monoclonal antibody, clone 2-17), (f) hK10 by glial cells in the brain
(monoclonal antibody, clone 5D3), (g) hK13 by the choroid plexus epithelium (monoclonal
antibody, clone 2-17), (h) hK5 by a glioma (monoclonal antibody, clone 6.10), (i) hK7 by the
ducts of the submucosal glands of the tonsils (monoclonal antibody, clone 85.2). (See Color
Insert.)

discussion, see the recent review by Khan and James [102]. The activation of
the zymogen can occur intracellularly (i.e., in the trans-Golgi apparatus
or in the secretory granules) or extracellularly after secretion, and it can
be autolytic or dependent on the activity of another enzyme (see following).
Interestingly, all of the “proforms” of the kallikrein enzymes, with the
exception of hK4, are predicted to be activated by cleavage at the C-terminal
end of either arginine or lysine (the preferred trypsin cleavage site), indicating
that they need an enzyme with trypsin-like specificity for their activation.
This observation has been experimentally demonstrated for some kalli-
kreins. For example, hK5 and hK7 can be converted to the active enzyme
by trypsin treatment [103, 104], and hK11 can be activated by enterokinase.
Autoactivation is a common phenomenon among kallikreins—hK?2, though
not hK3, is capable of autoactivation [105]. hK3 has chymotryptic activity

but it needs a trypsin-like activating enzyme. hK4 is also autoactivated
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during the refolding process [106], and there is evidence that hK6 is also
capable of autoactivation [107]. hK13 is also autoactivated on secretion
(G. Sotiropoulou, personal communication). This autoactivation can be
explained by the finding that many kallikreins have trypsin-like substrate
activity and that the same type of activity is needed for their activation.

Proteolytic activation is irreversible. Hence, other means of switching off
the activity of these enzymes are needed. Once activated, serine proteases are
controlled by ubiquitous endogenous inhibitors. Laskowski and Qasim divide
all known inhibitors into two categories: inhibitors devoid of significant class
specificity, and class-specific inhibitors [108]. The former includes proteins of
the a-macroglobulin family, which bind proteases through a molecular trap
mechanism and inhibit them by steric hindrance [109]. With respect to specific
serine protease inhibitors, at least 23 structurally distinct families are current-
ly known, including the Kunitz, soybean trypsin inhibitors—Kunitz, Kazal,
and hirudin families, as well as the serpins (serine proteinase inhibitors)
[108]. Many of the specific inhibitors are capable of inhibiting the same serine
protease, and the same inhibitor may inhibit several serine proteases [108].
Some molecular complexes of kallikreins with protease inhibitors have
clinical applicability because they can improve the diagnostic sensitivity or
specificity of cancer biomarkers such as PSA [110].

The majority of hK3 (PSA) in the prostate and seminal plasma is in its free
form, with less than 5% complexed with protein C inhibitor [111]. In serum,
the majority of hK3 binds to protease inhibitors, and only 15% -25% is in the
free form. The hK3-a;-antichymotrypsin complex constitutes 70% —85% of
total serum hK3, with the hK3-a,-macroglobulin and hK3—a;-antitrypsin
complexes representing 15% and 3%, respectively [112-114].

hK?2 has been shown to complex with protease C inhibitor both in in vitro
studies and in seminal plasma [115]. In serum, most of hK2 is in the free form,
with only a small amount complexed with «a;-antichymotrypsin [116, 117].
az-macroglobulin [118], and antithrombin III [119] have also been shown to
be able to bind hK2. hK2 was also found to be bound to a,-antiplasmin and
plasminogen activator inhibitor 1 [120]. More recently, hK5 was found to
form complexes with aj-antitrypsin [121], aj-antichymotrypsin was iden-
tified as an inhibitor for hK6 [122], and hK13 was reported to form com-
plexes with aj-antichymotrypsin [123]. Another mechanism for controlling
the activity of proteases is by internal cleavage and subsequent degradation.
Self-digestion is reported for hK7 [104]. Around 30% of hK3 in seminal
plasma is inactivated by internal cleavage between lysine 145 and lysine 146
[124], and about 25% of hK2 was also found to be internally cleaved between
amino acids 145-146 (Arg-Ser) [125]. Other internal cleavage sites have also
been identified for hK2 and hK3, but the enzymes responsible for such
cleavages are not yet known.
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9.3. Locus CoNTROL OF KALLIKREIN EXPRESSION

The coexpression of many kallikreins in the same tissues and the parallel
differential regulation of groups of kallikreins in pathological conditions
(e.g., the upregulation of seven kallikreins in ovarian cancer [126]) raise the
possibility of the existence of a common mechanism that controls the expres-
sion of groups of kallikrein genes in a cluster known as a locus control region
(LCR). Added to this are the relatively short distances between adjacent
kallikreins [which could be as short as the 1.5 kb between KLK/ and KLK15
[34]] and the absence of classic promoter sequences, as shown by prediction
analysis, in all kallikreins except KLK2 and KLK33. Clustering of coex-
pressed homologous genes could be explained by the evolutionary history
of the genomic region. The probable mechanism in this case would include
local duplication and divergence of amplified copies, resulting in an array of
paralogues that may retain common regulatory elements [127].

Previous studies have shown that two sequence elements were essential for
initiating DNA replication of an adjacent group of beta globin genes: the
initiation region and the LCR, residing 50 kb upstream of the initiation
region. The beta globin LCR is located 6-20 kb upstream of a cluster of
five functional globin genes. It consists of five DNAse hypersensitive sites
and numerous binding sites for transcription factors. LCRs are operationally
defined by their ability to enhance the expression of linked genes to physio-
logical levels in a tissue-specific and copy number—dependent manner [128].
Although their composition and locations relative to their cognate genes are
different, LCRs have been described in a broad spectrum of mammalian gene
systems, indicating that they play an important role in the control of eukary-
otic gene expression. Other intergenic sequences, such as domain boundaries
or barriers, and chromatin architecture might also be involved. Acquisition
of knowledge about these processes is a key step toward the understanding of
the role of kallikreins in normal physiology and pathobiology.

Another proposed regulatory mechanism is.gene potentiation, which is the
process of opening a chromatin domain that will render genes accessible to
the various factors required for their expression. The-formation of an open
chromatin structure is central to the establishment of cell fate and tissue-
specific gene expression. Many eukaryotic genes are organized into function-
al chromatin domains. This facilitates their coordinated regulation during
development [129]. The ability of individual cells to regulate the genes
contained within such chromatin domains is of paramount importance for
their differentiation. Perturbations in chromatin structure can act both local-
ly, to alter the accessibility of trans-acting factors to cis-regulatory elements,
and globally, to affect the opening and closing of entire chromatin domains
[130]. The potentiated state of a gene can also be influenced by alterations in’
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the local chromatin environment. For example, many eukaryotic genes
are differentially expressed by altering their methylation status. These
genes are largely unmethylated in cells where they are transcribed but fully
methylated in all nonexpressing cells [131]. Histone acetylation also acts
on the local gene environment during the transition from the 30-nm fiber
to a more open structure that can be linked to a 10-nm fiber, stabilizing
the more relaxed open structure [132]. It has also been postulated that DNA
methylation patterns may serve to modulate histone acetylation, thereby
maintaining local chromatin states. Both DNA demethylation and histone
acetylation render increased accessibility of ubiquitous and tissue-specific
trans-acting factors to cis-regulatory elements, facilitating transcriptional
activation [133].

9.4. EPIGENETIC REGULATION OF KALLIKREIN GENE EXPRESSION

In human cancers, numerous mechanisms may contribute to loss of tumor
suppressor gene function, including homozygous deletions, allelic loss in
combination with mutations, abnormal splicing, and CpG island methyla-
tion [134]. Methylation contributes to inactivation of numerous genes, in-
cluding the cell cycle regulator p16 [135], the growth suppressor ER [136], the
epithelial cadherin E-cadherin [137], the DNA repair gene MGMT [138],
the Ras-associated domain family 1A gene RASSF1A [139], the angiogenesis
inhibitor THBSI [140], and the metastasis suppressor T/MP3 [141]. In
addition, hK10 can also be inactivated by CpG island hypermethylation
in breast cancer [142] and acute lymphoblastic leukemia [143].

The physiological function of hK10 is still unclear. However, recent data
indicate that KLKI0 may have a tumor suppressor function, based on its
downregulation in breast and prostate cancer cell lines and the finding that
overexpression of KLKI0 in nude mice can suppress tumor formation
[144, 145]. The expression of the protein in certain tissues and its homology
to other members of the kallikrein family should provide a starting point in
the search for physiologically relevant substrates.

This putative tumor suppressor activity prompted us to speculate that
this gene may be a target for either somatic mutations or hypermethylation,
in analogy to other tumor suppressor genes that are inactivated by mutations
or methylation and that thereby predispose to cancer development or pro-
gression. A previous study from our laboratory [58] examined in detail the
polymorphic and mutational status of the KLK10 gene, using DNA isolated
from normal tissues and from cancers of the breast, ovary, prostate, and
testis. Bharaj et al. confirmed that the KLKI0 gene does not seem to be a
target for somatic mutations in either breast, ovarian, prostate, or testicular
cancer. A single nucleotide variation at codon 50, however, was associated
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with increased prostate cancer risk. Recently, Li et al. demonstrated an
important role for CpG island methylation in the loss of KLKI0 gene
expression in breast cancer [142].

Despite the discovery of KLKI0 as a tumor suppressor through gene
downregulaton, recent data indicate that one major mechanism of KLKI0
inactivation may be at the epigenetic level. The frequent loss of KLKI0 ex-
pression indicates that inactivating the function of KLKI0 may be a criti-
cal step toward carcinogenesis. By treating KLK10 nonexpressing cells with a
demethylating agent and using methylation-specific PCR and sequence anal-
ysis of sodium bisulfite-treated genomic DNA, Li e? al. [142] demonstrated a
strong correlation between KLKI0 exon 3 hypermethylation and loss of
KLKI10 mRNA expression in a panel of breast cancer cell lines and primary
breast tumors. Furthermore, this study supports the notion that KLKI0
expression and its methylation status can be used as a molecular marker in
breast cancer. These results justify using larger follow-up studies to evaluate
the methylation status of KLKI0 as a screening tool for the detection of
breast cancer, as well as other malignancies such as leukemia [143].

For the remaining human kallikrein genes, in none of them has methyla-
tion been tested as a potential mechanism for inactivation in the development
or progression of cancer. Accumulating data provide indirect evidence that
these kallikrein genes may be involved in the development of various malig-
nancies, as a subset of these genes are downregulated in many cancers [43]. It
is possible that some of these genes are epigenetically suppressed or silenced
through CpG island methylation. Clearly, there is a need to characterize the
CpG islands within these genes and to better understand the mechanism and
role that epigenetic regulation plays within the human kallikrein locus.

10. Hormonal Regulation of Kallikreins

Steroid hormones, acting through their receptors, play important roles in
the normal development and function of many organs. In addition, they are
involved in the pathogenesis of many types of cancer [146]. Several reports
confirmed that many kallikreins are under steroid hormone regulation in
endocrine-related tissues and cell lines [100, 147-153].

An interesting observation is the tissue-specific pattern of hormonal regu-
lation of several of these genes in different tissues. For example, KLK4 is
upregulated by androgen in prostate and breast cancer cell lines [148] and by
estrogen in endometrial cancer cell lines [147]. Also, KLK12 was found to be
upregulated by androgens and progestins in prostate cancer cell lines and by
estrogens and progestins in breast cancer cell lines [156]. KLKI4 and KLK15-
are mainly regulated by androgens. Recent preliminary kinetic and blocking
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experiments indicate that this upregulation is mediated through the androgen
receptor [155, 157].

In general, it can be concluded that most, if not all, kallikrein genes are
regulated by steroid hormones, either predominantly by androgens or by
estrogens/progestins/glucocorticoids. Because most of the data have been
generated in cell lines, which contain variable amounts of various steroid
hormone receptors, it will be very interesting to delineate the hormonal
regulation of these genes in vivo. Manipulation of kallikrein gene expression
by steroids may have therapeutic potential in some diseases such as cancer,
psoriasis, or others.

Recently, Palmer et al., working with human colon cancer cell lines, reported
dramatic up-regulation of kallikreins 6 and 10 by 1«, 25-dihydroxyvitamin D3
[158]. This finding raises the possibility that some kallikreins could be regulated
by a multitude of nuclear receptors.

11. Evolution of Kallikreins

The glandular kallikreins are simple secreted serine proteases. Some stud-
ies have investigated the phylogenetic relationship between different serine
proteases, but no definitive conclusions regarding the glandular kallikreins
could be drawn [62, 63, 159]. A more thorough phylogenetic analysis of the
serine proteases is needed to elucidate the origin of the glandular kallikrein
family.

A comparison of the genes in the glandular kallikrein family of man and
mouse, combining phylogenetic analysis with a structural analysis of the loci,
provided important clues about the evolution of the genes within this family
[10]. The kallikreins from KLK4 through to KLK15 are well conserved in the
two species, but the classical glandular kallikreins (KLKI, KLK2, and KLK3)
differ significantly, and only KLKI (encoding tissue kallikrein) is present in
both species. When the separation of the murine lineages from mammals of
higher orders took place approximately 115 million years ago [160], 14
glandular kallikrein genes existed. These genes were KLK4 to KLKI5 and
two classical glandular kallikreins, KLKI and a progenitor of the human
genes encoding PSA and hK2. After the division of the two species, this
progenitor was silenced in the mouse lineage (this pseudogene is referred to
as YmGK) and in the lineage leading to humans it was duplicated, resulting in
the genes encoding PSA and hK2. KLK]I was kept unaltered in human, but in
mouse, it was extensively duplicated, resulting in another 24 paralogues.
When studying the evolution of glandular kallikreins, it is tempting to
speculate that the evolutionarily older and conserved kallikreins from
KLK4 to KLKI5 may be involved in processes that are more fundamental
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than the younger classical glandular kallikreins. Further, the classical glan-
dular kallikreins, which vary dramatically between species, appear to be
involved in physiological processes that are more species specific.

12. Cross-Talk Between Kallikreins: A Possible Novel
Enzymatic Cascade Pathway

Interactions between serine proteases are common, and substrates of
serine proteases are usually other serine proteases that are activated from
an inactive precursor [66]. The involvement of serine proteases in cascade
pathways is well documented. One important example is the blood coagula-
tion cascade. Blood clots are formed by a series of zymogen activations. In
this enzymatic cascade, the activated form of one factor catalyzes the activa-
tion of the next factor. Very small amounts of the initial factors are sufficient
to trigger the cascade because of the catalytic nature of the process. These
numerous steps yield a large amplification, thus ensuring a rapid and
amplified response to trauma. A similar mechanism is involved in the disso-
lution of blood clots. A third important example of the coordinated action
of serine proteases is the intestinal digestive enzymes. The apoptosis pathway
is another important example of coordinated action of other types of
proteases.

The cross-talk between kallikreins and the hypothesis that they are
involved in a cascade enzymatic pathway are supported by strong, but mostly
circumstantial evidence, as follows: many kallikreins are coexpressed in the
same tissue (e.g., the adjacently localized kallikrein genes KLK2, KLKS3,
KLK4, and KLKS are all highly expressed in the prostate); some kallikreins
have the ability to activate each other and the ability of other serine proteases
to activate kallikreins (see following); the common patterns of steroid hor-
monal regulation; the parallel pattern of differential expression of many
kallikreins in different malignancies (e.g., at least seven kallikrein genes are
up-regulated in ovarian cancer, and at least seven kallikreins are down-
regulated in breast cancer); and serine proteases commonly use other serine
proteases as substrates.

Recent experiments have shown that hK3 can be activated by hK15 [161].
hK4 has also recently been shown to activate hK3 and does so much more
efficiently compared to hK2 [106]. hKS5 is predicted to be able to activate
hK7 in the skin [103]. The activation of hK3 by hK2 is also possible.
Although Takayama et al., reported the ability of hK2 to activate hK3
[162], Denmeade et al. reported the opposite [105] and hypothesized that
additional proteases may be required. It will be interesting to study all
possible combinations of interactions among kallikreins, especially those
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with expression in the same tissues. Bhoola ez al. have recently provided
strong evidence of the involvement of a “kallikrein cascade” in initiating
and maintaining systemic inflammatory responses and immune-modulated
disorders [163].

Kallikreins might also be involved in cascade reactions involving nonkal-
likrein substrates. This is evident from the reported, but questionable, ability
of hK3 to digest insulin-like growth factor—binding protein [164] and to
inactivate parathyroid hormone-related protein [165]. Similar properties
were reported for rodent kallikreins. There is also experimental evidence
that hK2 and hK4 can activate the pro-form of another serine protease, the
urokinase-type plasminogen activator [106, 125]. As mentioned above, other
serine proteases, such as enterokinase and trypsin, are predicted to be able to
activate many kallikreins. Furthermore, hK4 can degrade prostatic acid
phosphatase in seminal plasma; hK7 can degrade the alpha chain of native
human fibrinogen, and it is hypothesized that it is involved in an apoptotic-
like mechanism that leads to skin desquamation [166]. A proposed model for
the involvement of kallikreins in a cascade-like reaction and its association to
the pathogenesis of ovarian cancer has recently been published [167].

13. Isoforms and Splice Variants of the Human Kallikreins

The mechanism of a single gene giving rise to greater than one mRNA
transcript is referred to as differential splicing. This system is often tightly
regulated in a cell-type or developmental stage-specific manner and in-
creases genome complexity by generating different proteins from the same
mRNA.

The presence of more than one mRNA form for the same gene is common
among kallikreins. These variant mRNAs may result from alternative splic-
ing, a retained intronic segment, or use of an alternative transcription initia-
tion site. To date, there are at least 49 documented splice variants of the 15
kallikrein genes (Table 4), and more are currently being investigated (our
unpublished data). Some of these variants may hold significant clinical
value. Slawin et al. reported the prognostic significance of a splice-variant-
specific RT-PCR assay for KLK2 in detecting prostate cancer metastasis
[168]. Nakamura et al. reported differential expression of the brain and
prostate-types of KLKII among benign, hyperplastic, and malignant pros-
tate cancer cell lines [169]. A novel ovarian cancer—specific variant of hK5 has
been recently reported [170], and another KLKS transcript with a short 5'-
untranslated region and a novel KLK7 transcript with a long 3’-untranslated
region were highly expressed in the ovarian cancer cell lines OVCAR-3 and
PEO1, respectively, but were expressed at very low levels in normal ovarian
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epithelial cells. Both Western blot and immunohistochemistry analyses have
shown that these two enzymes are secreted from ovarian carcinoma cells.
Thus, the short KLK5 and long KLK7 transcripts may be useful as tumor
markers for epithelial-derived serous carcinomas [170].

Some of these alternatively spliced forms were also found to be tissue
specific. A 1.5-kb transcript of KLKI4 was only found in the prostate, and
another 1.9 kb transcript was found only in skeletal muscle [171]. Several
splice variants of KLKI3 were found to be testis specific [172]. Type 2 neu-
ropsin (KLK3) is preferentially expressed in the hippocampus of the human
adult brain [173], and a new splice variant of KLK4 was isolated from
prostatic tissue [174]. A KLK6 splice variant (GenBank accession no.
AY279381) was strongly expressed in adult brain compared to fetal brain.
Some of these splice variants were found to be translated [175, 176].

Evolutionarily conserved sequences ensure that the 3’ and 5 splice sites
are correctly cleaved and the two ends properly joined. These consensus
sequences contain invariant dinucleotides at each end—GT (donor site)
and AG (acceptor site)—and are associated with a more flexible sequence,
AG:GT(A/G)AGT....CAG:G. However, exceptions to the tightly regulated
splice sites can arise. An alternative GT-GC intron may exist, but unlike
a possible AT-AC intron boundary, it will still be processed by the same
splicing pathway as the conventional GT-AG introns. The GT-GC bound-
ary is present in some kallikrein splice variants including the 5-untranslated
region of KLK5 splice variant 2 (GenBank accession no. AY279381) and
intron 3 for KLKI10 transcript variant 2 (GenBank accession no. 145888).

14. Kallikreins in Normal Physiology

Little is known about the physiological functions of kallikreins in normal
tissues. However, accumulating evidence indicates that kallikreins might
have diverse functions, depending on the tissue and circumstances of expres-
sion. hK1 exerts its biological activity mainly through the release of lysyl-
bradykinin (kallidin). It cleaves low—molecular weight kininogen to produce
vasoactive kinin peptides. Intact kinin binds to bradykinin B, receptor
in target tissues and exerts a broad spectrum of biological effects including
blood pressure reduction via vasodilatation, smooth muscle relaxation
or contraction, pain induction, and mediation of the inflammatory re-
sponse [177]. Low renal synthesis and urinary excretion of tissue kallikrein
have been repeatedly linked to hypertension in animals and humans [178].
It has also been reported that tissue kallikrein cleaves kininogen sub-
strate to produce vasoactive kinin peptides that have been implicated in
the proliferation of vascular smooth muscle cells. Abnormalities of the
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tissue kallikrein—kinin system have been implicated in the pathogenesis of
hypertension and cardiovascular and renal disorders [179].

An hK1 knockout mouse has recently been generated and found to be
unable to generate significant levels of kinins in most tissues and develop
cardiovascular abnormalities early in adulthood despite normal blood
pressure [178].

However, the diverse expression pattern of hK1 has led to the sugges-
tion that the functional role of this enzyme may be specific to different
cell types [177]. Apart from its kininogenase activity, tissue kallikrein has
been implicated in the processing of growth factors and peptide hormones
in light of its presence in pituitary, pancreas, and other tissues. As summa-
rized by Bhoola et al. [177], hK1 has been shown to cleave proinsulin,
low-density lipoprotein, prorenin, angiotensinogen, vasoactive intestinal
peptide, procollagenase, and the precursor of atrial natriuretic factor.

Seminal plasma hK2 was found to be able to cleave seminogelin I and
seminogelin II, but at different cleavage sites and with lower efficiency than
hK3 [180]. Because the amount of hK2 in seminal plasma is much lower
than hK3 (1% -5%), the contribution of hK2 in the process of seminal clot
liquefaction is expected to be relatively small [31].

Because hK3 is present at very high levels in seminal plasma, most studies
focused on its biological activity within this fluid. Lilja has shown that hK3
rapidly hydrolyzes seminogelin I and seminogelin II, as well as fibronectin,
resulting in liquefaction of the seminal clot after ejaculation [181]. Several
other potential substrates for hK3 have been identified, including insulin-
like growth factor-binding protein 3, TGF-3, parathyroid hormone-related
peptide, and plasminogen [182]. The physiological relevance of these findings
is still not clear.

The mouse and porcine orthologues of hK4 were originally designated
enamel matrix serine protease because of their predicted role in normal teeth
development [41]. The human KLK4 gene, however, was shown to be highly
expressed in the prostate, pointing to the possibility that it has a different
function in humans. hK7 and, more recently, hK5 were found to be highly
expressed in the skin, and it is believed that they are involved in skin
keratinization and desquamation [183]. hK6, hK8, and hK11 are highly
expressed in the central nervous system, where they are thought to play a
role in neural plasticity.

Another possible mechanism for kallikrein action in physiology and
pathobiology is the activation of proteinase-activated receptors (PARs).
PAR is a recently described family of G-protein-coupled receptors with
seven transmembrane domains that are stimulated by cleavage of their
N-termini by a serine protease rather than by ligand-receptor interaction
[184-186]. Four PARs have been identified so far, of which PAR1, PAR3,
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and PAR4 are activated by thrombin, whereas PAR?2 is activated by trypsin
or mast cell tryptase. Activation of these receptors elicits different responses
in several tissues. In addition, they switch-on cell signaling pathways (e.g.,
the MAP-kinase pathway) leading to cell growth and division. Because most
kallikreins have trypsin-like activity, they might also be involved in such
mechanisms. The possible cleavage of PARs by kallikreins is an exciting new
avenue of investigation, but no published data exist on this issue.

15. Association of Kallikreins with Human Diseases

Some kallikrein genes have been associated with the pathogenesis of
human diseases. The KLKI gene is involved in inflammation [8], hyperten-
sion [187], renal nephritis, and diabetic renal disease [188], The relationships
between hK5 and hK7 and skin diseases, including pathological keratiniza-
tion and psoriasis, have already been reported [189, 190]. Much research is
now focusing on the relation of kallikreins to diseases of the central nervous
system (CNS) and skin, as well as to malignancy, as discussed below.

15.1. KALLIKREINS IN CNS DISEASES

Many kallikreins seem to play important physiological roles in the CNS.
In mouse, neuropsin appears to have an important role in neural plasticity,
and the amount of neuropsin mRNA is related to memory retention after
a chemically induced ischemic insult [191]. The human neuropsin gene
(hKS8) was first isolated from the hippocampus. Recent reports describe the
association of hK8 expression with diseases of the CNS, including epilepsy
[192, 193]. In addition, an 11.5-fold increase in KLK8 mRNA levels in
Alzheimer’s disease (AD) hippocampus compared to controls was recently
reported [194]. The same study showed that KLKI, KLK4, KLK5, KLK®,
KLK7, KLK8, KLKI10, KLKI11, KL.K13,and KLK14 are expressed in both the
cerebral cortex and hippocampus, whereas KLK9 is expressed in the cortex
but not the hippocampus [194]. Another kallikrein, KLK6, was shown to
have amyloidogenic activity in the AD brain [107, 195], indicating that it may
play a role in AD development (107). KLK6 was also found to be localized in
perivascular cells and microglial cells in human AD brain [107]. Scarisbrick
et al. have shown that hK6 is abundantly expressed by inflammatory cells at
sites of CNS inflammation and demyelination in animal models of multiple
sclerosis and in human lesions at autopsy, prompting the researchers to
postulate that hK6 in inflammatory CNS lesions may promote demyelin-
ation [196, 197]. KLKI11, another newly discovered kallikrein, was isolated
from brain hippocampus cDNA and is thought to play a role in brain
plasticity [198]. Similarly, KLK5 and KLK14 are also expressed at high levels
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in the brain [153, 199] and might have roles in normal and aberrant brain
physiology. A recent report showed significant alterations of hK6, hK7, and
hK10 concentrations in CSF of patients with AD and frontotemporal de-
mentia [200]. For a more detailed discussion about the role of kallikreins in
the CNS, we refer the reader to our recent review [201].

15.2. KALLIKREINS IN SKIN DISEASES

The epidermis forms the external surface of the skin and is composed of
differentiated keratinocytes that form four layers: the stratum basale, the
stratum spinosum, the stratum granulosum, and the stratum corneum, where
keratinocytes have been transformed into corneocytes. The stratum corneum
functions as the protective, virtually water-impermeable skin barrier against
external insults including desiccation and the entry of noxious chemicals and
microbes. To maintain this barrier, old corneocytes are continuously desqua-
mated from the stratum corneum by both stratum corneum trypsin-like and
stratum corneum chymotrypsin-like enzymes [202]. The expression of hKS5
and hK7[203] and of several kallikrein mRNAs [204] in the upper epidermis
(the stratum granulosum or the stratum corneum), indicate that kallikreins
may be the stratum corneum serine proteases responsible for the desquama-
tion of corneocytes [205]. A quantitative ELISA assay showed high concen-
trations of hK7 [206] and hK8 [78] in skin tissue extracts. In addition, given
that kallikrein proteins or mRNAs are also expressed in skin appendages
such as sweat glands, sebaceous glands, and hair follicles [203, 205, 207],
kallikrein activities may be related to the maturation and secretion of sebum
and sweat and to hair growth [205].

In addition, kallikrein expression may also be involved in the pathogenesis
of several skin diseases. In psoriasis, an inflammatory skin disease, various
kallikrein mRNAs were shown to be up-regulated in the upper epidermis
[204] and associated with the conversion of the inactive hK7 precursor to
active hK7 in the psoriatic lesion [189]. In ichthyoses and squamoprolifera-
tive disorders, hK7 expression was found to be lew [208]. Transgenic
mice overexpressing hK7 showed increased epidermal thickness, hyperkera-
tosis, and a dermal inflammation with pruritus [209] and expression of MHC
IT antigen [210]. These data indicated that hK7 may lead to skin changes
that contribute to development of inflammatory skin diseases [210]. hK8-
deficient mice showed a prolonged recovery of ultraviolet B-irradiated skin,
indicating that hK8 might be involved in the process of differentiation
[211]. Psoriasis vulgaris, seborrheic keratosis, lichen planus, and squamous
cell carcinoma also display a high density of KLKS mRNA [207].

In Netherton syndrome, a severe inherited skin disorder, the molec-
ular defect is thought to involve mutations of the serine protease inhibitor
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Kazal-type 5 (SPINKS), also known as LEKTI1 [212-214]. It is likely
that inactivation of the inhibitor leads to overactivity of hKS5, hK7, and
possibly other kallikreins in skin. The same general mechanism may apply
to psoriasis (our unpublished data). Clearly, a possible kallikrein cascade in
skin, including active enzymes and inhibitors, needs to be further investigated.

16. Kallikreins and Cancer

16.1. OVERVIEW

The association of kallikreins with cancer 1s well established. PSA (hK3)
and, more recently, human glandular kallikrein (hK2) are useful biomarkers
for prostate cancer. A more detailed discussion about hK2 and hK3 as cancer
biomarkers can be found elsewhere [31]. In addition to its established role in
prostate cancer diagnosis and monitoring, recent reports indicate that hK3
can be useful as a marker for breast cancer prognosis [215].

With the identification and characterization of all members of the kalli-
krein gene family, accumulating evidence indicates that other kallikreins
might be also related to hormonal (e.g., breast, prostate, testicular, and
ovarian cancers) and other malignancies. KLK6 and KLKI0 were originally
isolated by differential display from breast cancer libraries [216].

At the protein level, recent reports demonstrate that kallikrein proteins
can be useful serum biomarkers for diagnosis and prognosis of cancer. In
addition to hK3 and hK2, hK6 and hK10 are emerging diagnostic markers
for ovarian cancer [217, 218]. Also, hK11 was shown to be a potential
marker for ovarian and prostate cancer [219]. A synthetic hK1 inhibitor
was recently found to suppress cancer cell invasiveness in human breast
cancer cell lines [220]. hK1 was immunolocalized in the giant cells of
squamous cell carcinoma of the esophagus and gastric carcinoma [163].

In Tables 5-8, we summarize published data on the analysis of kallikrein
genes and proteins in tumor tissue extracts and serum of cancer patients for
the purpose of disease diagnosis, monitoring, and prognosis. As discussed
below, some kallikreins are very promising new cancer biomarkers.

The differential regulation of certain kallikreins in more than one type of
cancer has been repeatedly reported. The phenotype of cells and tissues,
benign or malignant, ultimately depends on which proteins, and at what
level, are expressed at any time. Ultimately, the pathological classification of
human neoplasia, which is now based on histological features, will be
replaced with a biological portrait of different tumors, including hundreds
or thousands of differentially expressed genes [221].



[8¢7]

[ce]

[697]

[89T ‘L97]

sIown} 2Ane3au- Y J pue
A yim syusnied ur SO pue S4J paSuojoid jo 1ojesipur Juspuadapu] e
SO pue SA paseaIdoul yum pjenosse Ajjuspuadapu] e
SIown} [[ews pue JseasIp a3e]s-A[1ed Ylim syuaned ur passardxaidsnQ e
:sisougoad aygp.aoanyy

szown) apeIS-mo[ Yim syuaned ur S 19110YS YIIM PIIBIOOSSY o
szown} agre[ ym syuaned
aanisod-apou ur SO pue S (J 19110Ys Jo J0jedpUl Judpuadapu] e
SO PUE SJ(J PaseaI10ap Ylim pajeosse Ajjuapuadapu] e
siown) aAne3au-Yq
yum syuaned aanisod-apou ‘[esnedouswuriad/-o1d ur passaIdxaIoaQ) e
:sisougoad apqp.oanfun)

Aderoyy
ugjixoure) 0} asuodsar 100d B yiim PajeIOOSSE S[OAJ] £ JIOYSIH e
:9n[BA 2ATIOIPI]
SO 123U0[ B Y)IM PIRIOOSSY e

sIown} 2A1150d—101d90a1 SUOULIOY PIOISIS
‘xo1Tews Y sjuaned resnedouswnrad/-a1d ‘198unoA ur passardxa1saQ e
:sisougord apgpaoang

aanegou-yg ‘eanisod-spou
se [[om se sjuened [[e 10J S pasea1oul Jo 103edrpul juspuadapu] e
SO Pue S 123UO[ & )M PIIBIOOSSY o

szown) propdip Ayureneo-mof ‘eseyd-g moj ‘oanisod
-, A [[ews ‘aseasip a8e)s-A[1ed YIim syudned 105unoA ul passardxaIdsnQ) e
:sisougoad ajqu.aoan,]

ADd-1L9-O

»d40d-149-0

Kesseounurwu]

Aesseounwua]

SoNssI} I9dued

1SBaIqQ WOIJ YN YW
oNTH

SINSsI} I9dued

1SBAIQ WO YN YW
ST

m~0m0a%o I30ued isearyq

S[0S0349 120UBD )searg
VSd/e3U

AUAIJY

suonedrjdde [eorur)

POYIOIN

pasn oidures pue
urajord/ouag ureryiey]

MAONV)) LSVAAY NI SNIALOYJ/SANTD) NITIAITIVIY 40 dNTVA HALLOIATIJ/OILSONDO U

9dT1dvVL

54



*101d20a1 2U013)89301(

"uonoeal ureyd aserowkjod aseydiiosuer) 9519421 sAnBINUENY),
‘[BAIAINS [[BISAQ),

JEATAINS 3013-05BASI(]

*103d20ar uagonsy,

sIown) dAne39U-YdJ pue Yy ‘opeid
-Iamol yum syuaned ur SO pue S I98uof Jo 1oyeorput juapuadapu] e
SO pue S 193u0] & Y1Im pajerdosse Ajjuspuadapuf e

sjuanjed aA1BZoU-9pOU UI PISSAIAXAIIAQ e SONSSI) J20UBD
[ss1] :sisougoud ajquaoanyy ADA-LI-0 1SBaIq WOIJ YN JW
SINTY
[ewIou ‘sA sjuaned I9OULD 1SBIIQ %, UL S[OAJ] 3 WNIIS PAAIBAJH e
aseasIp age)s-paosueape Yum sjuanied ur passardxaiaaQ) e syuaryed 190uBD
[oL2] :sisougerq VSI'TH 1SB2IqQ WO WNIdG

snels ,{d pue Y4 ‘Tepou aAnisod pue wo 7> 3zIs
Jown) & yum sjuaned ur O pue S 19110Ys Jo 10jed1pur juapuadopu] e
SO PUe ;S I9H0Ys Jo J0jedrpul Juspuadepu] e

9sBasIp 95.]S-paouBAPE YIIM sjuaried ur passaIdxaloaQ) e SONSSI) I90UBD
[¥6] :sisougoad apgv.aoanfi) ADd-LI-O 1SBaIq WOIJ YN YW
PINTY

siown) apeIs-mo[ yim syuaned aanisod
-d pue ¥4 ‘-epou u1 O pue S J I28uoj Jo 103ed1pul JuUIpudapu] e
SO pue S paduojoid & Y)im PIJBIOOSSY e

sjuaned aAnIs0d—1031d2091 UdF01)$d “IIPJO UL PIsSAIAXIIIAQ e SONSSI) JOOUBD
[68] :sisougoud apgoioan.g ADd-19-0 1SBa1q WOy YN YW
EINTH

Ade1ay) usjixoure)
0} asuodsar 100d & Y)m pajerodosse Apuapuadapur s[oAd] 01 Y IOYSIH e
[6€2] Janpa 241301padd Kesseounwuuy S[0S01AD 120URD 1SBAIg

01>y

55



"uornoeal ureyd aserowA[od aselduosuer) 9519491 A RIUENY),

91098 UOSBI) IY3IY puk ‘sI0WN}
opeI8-y31y ‘oseasip a8e)s-a1e] m sjudnjed ul passeIdxaIsn() e
SaNssI) 918)501d [BULIOU "SA J2OUBD Ul PassaIdXaIdn() e

sonssn Iaoued 9jejsoxd pue

[eL2] :sisougoad agn.ioanfup) NDA-LI-O [BULIOU PAYDIJBUW WOIJ VN YW
SINTY
91098 U0SBI[L) IY3IY puk ‘sIown}
opeI8-y31y ‘oseasip age)s-a1e] 3 sjusnjed ur passeIdxaIsn() e
SaNss1) 91e)s01d [BULIOU "SA JIOUBD UI PassaIdXaIdn() e sanss1 12oued 9)e)soid pue
[zL2d :sisougoid aygp.ioanfig) NDI-LI-O [BUWLIOU PAYDIeW WOLJ YN YW
I
9109 UOSBI[L) PUB ‘OprIF IJown] JamO|
‘asBaASIP 25B)S-A[18D )M PI)RIOOSSE JUBLIBA 901[dS 0l10ads-218]1S01] @
sonssI} 911501d [BULIOU "SA J0UBD Ul PIssaIdXaIon() e sanssy} 130ued 9jeisod pue
[122] :sisougoad ajgpaoan,y ADd-LI-O [BULIOU Paydjel WOIJ VN YW
[T
21098
UOSBI[D) MO[ PUB SIOWN) IPLIS MO[ }IM PIIBIDOSSE S[IA] JOYSIH e
sanssy) 91e)s01d [BULIOU "SA J30URD UI Paje[nIaI-umo(] e sanss1) 190ued 9jeisord pue
[ere] :sisoudoud apqu.aoan,y LADd-1L9-0 [EWLIOU PAYD)BUW WOIJ YN YW
AT
UAISJY suonedrdde reowur) POUIOA pasn ojdwres

pue urajoxd/ouss ureIyIey

FHONV)) dLVLSOdd NI SNIZLOYJ/SANAD) NIFIAITIVYH 40 dNTVA JDILLSONDOYU]

Ld714VL



‘(MDJ-1Y) uonoear ureyd dserowA[od aseidirosurr) 3SI9AI dAnjRIIIURN) ,

SONSSI} JB[NOI)SI) [BULIOU “SA' JIOUBD Ul PIIR[NSII-UMO(] o SONSSI} JB[NONSI)
[661] :sisougoad apguaoan,y ADd-1d jueUSI[BW PUR [RULIOU PAYIILUW WOLJ YN YW
. PINTY
SONSSI} 190UBD
(111 syueLIeA 01[ds oy10ads—190Ued IB[NONSI ], ADd-1d IB[NO1)SI) PUB [BULIOU PAYIIBW WOLJ YN YW
EINTY
SONSSI) I20URD
Fazd SONSSI} JB[NON)S9) [BULIOU "SA JSOUBD UI paje[n3al-umo( e ADd-1d Je[NO1}SI] PUE [EULIOU PAYIJBUW WOTJ YN YW
up st
SBWOUTWASUOU ‘a3.)S A[IBI ‘IS[[BWS Ul PIssaIdXaIdA() e
SONSST) JB[NOT)SI) [BULIOU “SA JIOUBD UI Pa)e[N3aI-umo(] e SoNSS1} J20URD
[ey2] :sisougoad aygpaoanyg LADd-L9-O JR[NON)SI) PUB [BULIOU PAYIIBUW WOIJ YN YW
SATH
0UdI9JOY suonedrdde [eotur) POYIOIN pasn ojdwres pue u301d/oussd uRINI[EY

WAONV) IVINOILSA], NI SNIZLOUJ/SANTD NIFYAITIVY 0 4N TVA JLLSONDOY]
8 d'IdV.L



58 YOUSEF ET AL.

16.2. PROGNOSTIC AND PREDICTIVE VALUE OF KALLIKREINS IN
HorRMONE-DEPENDENT CANCERS

16.2.1. Ovarian Cancer

Epithelial ovarian cancer is the most lethal gynecologic malignancy [222].
The high mortality rate is usually ascribed to late diagnosis, as epithelial
ovarian tumors commonly lack early warning symptoms. Furthermore,
ovarian carcinomas often lack definite precursor lesions and are quite het-
erogeneous, and the molecular pathways underlying their progression are
still elusive. Thus, many attempts have been made to predict the biology of
ovarian tumors to determine prognosis and develop individualized treat-
ment strategies. The International Federation of Gynecology and Obstetrics
stage at diagnosis represents the major prognostic factor in ovarian cancer.
International Federation of Gynecology and Obstetrics stage I patients have
a 5-year survival of 80%-90%, compared with only 15%-20% for women
with stage III and IV disease [223]. Other conventional prognostic markers
include tumor grade, patient age, residual tumor after surgery, histology,
and the presence or absence of ascites [224]. The potential diagnostic or
prognostic role of kallikreins in ovarian cancer is summarized in Table 5.

Recently, an in silico analysis of kallikrein gene expression in ovarian
cancer was performed by using the databases of the Human Genome Anato-
my Project. This study showed that at least seven kallikreins are upregulated
in ovarian cancer compared to normal ovarian tissues. These results were
also confirmed at the protein level [126]. A recent review describing the
prognostic value of 12 of 15 members of the human kallikrein family in
ovarian cancer has also been recently published [225]. Other studies have
shown that six kallikreins, namely, KLK4, KLK5/hK5, KLK6/hK6, KLK7,
hK 10, and KLKI5, are markers of poor prognosis in ovarian cancer [226—
232]. That is, higher kallikrein mRNA or protein levels were found to
correlate with more aggressive forms of this disease and with a decreased
disease-free and overall survival of patients. The remaining subset of kal-
likreins, namely, KLK8, KLK9, hK11, hK13, and KLKI4, seem to be mar-
kers of favorable prognosis [157, 233-235] (and our unpublished data).
Higher levels of their mRNA or protein levels predominate in earlier-stage
disease and are associated with increased disease-free and overall survival.
The expression of these kallikreins in ovarian cancer may also be clinically
useful in determining the prognosis in subgroups of patients. For instance, a
subgroup of kallikreins (kallikreins 4, 6, and 10) are highly expressed in
serous epithelial ovarian tumors, whereas higher expression of another
group (kallikreins 5, 11, and 13) is more frequently found in nonserous
tumors. These data indicate that certain kallikreins may have prognostic
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value in subgroups of patients stratified by histotype. A recent report demon-
strated a higher expression of both KLK5/hK5 and KLK7/hK7 in ovarian
carcinomas, especially late-stage serous carcinomas, compared with normal
ovaries and benign adenomas [170]. Novel KLK5 and KLK7 splice variants
such as the short KLKS5 and long KLK7 transcripts may be useful as tumor
markers for epithelial-derived serous carcinomas [170].

16.2.2. Breast Cancer

Breast cancer is the most prevalent malignancy among women worldwide,
accounting for 21% of all female cancers and ranking third overall when both
sexes are considered [236]. Although the increased use of screening by mam-
mography for early disease diagnosis and the widespread administration of
systemic adjuvant therapies have lead to a slight decline in mortality rates,
breast cancer is still the leading cause of death from cancer in women, causing
over 39,800 deaths in the United States annually [222]. The optimal manage-
ment of breast cancer patients involves a multidisciplinary approach, includ-
ing the use of biomarkers. Traditional prognostic/predictive factors in breast
cancer include tumor size, grade, lymph node status, hormone receptor (ER
and PR) status, vascular invasion, and age [237]. A number of biological
factors that relate to tumor aggressiveness or metastatic potential, including
markers of angiogenesis and proliferation, growth factor receptors, cell cycle
regulators, and proteases, have been discovered [237].

A number of kallikreins were shown to be putative prognostic or predictive
breast cancer markers [42]. The expression of KLK5 and KLKI4 in breast
tumors are indicative of a poor patient prognosis [93, 94], whereas higher
levels of KLKY9, KLKI3, and KLKI15 mRNA and the hK3 protein forecast
a favorable disease outcome [89, 155, 215, 238]. Furthermore, high levels
of hK3 and hK10 proteins in breast carcinomas are significantly related to a
poor response to tamoxifen therapy [239]. More recently, our in silico analy-
sis showed downregulation of at least four kallikrein genes (KLKS5, KLK6,
KLK8, and KLKI0) in breast cancer [240]. The potential diagnostic and
prognostic roles of kallikreins in breast cancer are summarized in Table 6.

16.2.3. Prostate Cancer

Prostate cancer is the most commonly diagnosed tumor in American
men, accounting for 33% (220,900 cases) of all male cancers [222]. Several
kallikreins have diagnostic, prognostic, or predictive values in prostate car-
cinoma (Table 7]. Lower tissue hK3 concentration is associated with more
aggressive forms of this cancer [241]. High KLKS5 and KLK1I mRNA levels
also indicate a favorable prognosis [169, 242], whereas KLKI14 and KLKI15
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overexpression indicates an unfavorable prognosis for prostate cancer
patients [51].

16.2.4. Testicular Cancer

We have recently published a review documenting the apparent relation-
ship between kallikreins and testicular cancer [92]. The KLK5 gene has
potential as a favorable prognostic marker for testicular cancer patients
[243]. Furthermore, the differential expression of KLKI0 and KLKI4 and
KLK13 splice variants in testicular cancer tissues have been recently reported
[172, 199, 244]. The potential diagnostic or prognostic roles of kallikreins in
testicular cancer are summarized in Table 8. Further studies are clearly
warranted.

16.2.5. Lung, Pancreatic, and Colon Cancers and Leukemias

A microarray study has identified at least one kallikrein gene being over-
expressed in lung carcinoma (KLK11), particularly in neuroendocrine tumors
[245]. Because many kallikreins are coexpressed in normal lung tissue [43], we
hypothesize that multiple kallikreins, in addition to KLKII, may also be
deregulated in lung cancer.

Expression of multiple kallikrein genes was reported in endocrine and
exocrine pancreas by immunohistochemistry [81-83]. More recently, our
in silico analysis, using two independent databases of the Cancer Genome
Anatomy Project, provided evidence that some kallikreins are differentially
regulated in pancreatic cancer [246]. In particular, KLK6 and KLKI10 were
significantly upregulated. This finding is in accord with recent data from
microarray analysis [247].

We have also recently provided evidence indicating the overexpression of
three kallikreins (KLK7, KLKS8, and KLK10) and downregulation of another
kallikrein (KLKI) in colon cancer [246]. A recent report showed also a
downregulation of the KLK 10 gene in acute lymphoblastic leukemia [143].

16.2.6. Brain Tumors

The possible involvement of kallikreins in brain tumors has been examined
recently. A recent report showed expression of the hK6 protein by glioblas-
toma cells implanted intracranially in nude mice. Moreover, hK6 expression
was shown to colocalize with the expression of an invasion-associated matri-
cellular protein called SPARC [248]. Given the high level of expression of
some kallikreins in the brain, it is logical to speculate a possible involvement
of kallikrein in brain tumors. Ongoing studies are now being conducted to
evaluate the possible functional importance of kallikreins in brain tumor
invasiveness [248].
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16.3. How ARE KALLIKREINS INVOLVED IN CANCER?

Several mechanisms can be proposed by which kallikreins can be involved
in the pathogenesis of endocrine-related malignancies. Proteolytic enzymes
are thought to be involved in tumor progression because of their role in
extracellular matrix degradation. Many studies have shown that a variety of
proteolytic enzymes are overproduced either by the cancer cells themselves or
by the surrounding stromal cells, and that their overexpression is associated
with unfavorable clinical prognosis [249].

Breast, prostate, testicular, and ovarian cancers are all considered ‘“hor-
monal” malignancies. Sex hormones are known to affect the initiation or
progression of these malignancies. However, all kallikreins are under sex
steroid hormonal regulation. Taken together, kallikreins may represent
downstream targets by which hormones affect the initiation or progression
of such tumors.

Experimental evidence indicates that hK2 and hK4 can activate the pro-
form of another serine protease, the urokinase-type plasminogen activator
[106, 162]. Urokinase activates plasmin from its inactive form (plasminogen),
which is ubiquitously located in the extracellular space, leading to degrada-
tion of the extracellular matrix proteins. This might provide some clues
about the role of kallikreins in cancer progression and could explain the
differential expression of several kallikreins in tumors. Plasminogen can
also activate precursor forms of collagenases, thus promoting the degenera-
tion of the collagen in the basement membrane surrounding the capillaries
and lymph nodes. Another kallikrein, hK7, can degrade the alpha chain of
human fibrinogen, and it is hypothesized to be involved in an apoptotic-like
mechanism that leads to desquamation of the skin [166]. The involvement
in growth and apoptotic activities is also reported for hK3, which can
digest insulin-like growth factor-binding protein 3 [250] and parathyroid
hormone-related protein [251]. Similar findings were observed for some
rodent kallikreins [252].

Bhoola et al. [163] have recently provided strong evidence indicating
the presence of hK1 activity in the chemotactically attracted inflammatory
cells of esophageal and renal cancers, indicating a role for kallikreins
in these malignancies. Modulation of angiogenic activity is another pos-
sible mechanism for kallikrein involvement in cancer. The kinin family of
vasoactive peptides, liberated by hK1 action, is believed to regulate the angio-
genic process [253]. It was recently reported that immunolabeling of hK1 was
intense in the angiogenic endothelial cells derived from mature corpora
lutea. Immunoreactivity was lower in nonangiogenic endothelial cells, and
least in angiogenic endothelial cultures of the regressing corpus luteum [253].
In addition, hK3 was reported to have antiangiogenic activities [254].
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The elevation of serum concentration of kallikreins in cancer might be
a result of the increased vasculature (angiogenesis), the destruction of the
glandular architecture of the tissues involved, and the subsequent leakage
of these proteins into the general circulation. It is possible that the con-
centration of kallikreins may also be increased in serum because of gene
overexpression.

17. Therapeutic Applications

It is possible that some kallikreins may become valuable therapeutic
targets when the biological pathways that are involved are delineated. For
example, the enzymatic activity of these serine proteases may initiate (e.g.,
tumor invasion, activation of hormones, growth factors, other enzymes,
receptors or cytokines, amyloid formation) or terminate (e.g., inhibition of
angiogenesis, inactivation of growth factors, hormones, enzymes, cyto-
kines, or receptors) biological events. Once known, these events could be
manipulated, for therapeutic purposes, by specific enzyme inhibitors or
activators. Another potential therapeutic approach is the cell-specific acti-
vation of therapeutic agents [255]. Preliminary reports show potential success
by using the PSA promoter to express molecules in a tissue-specific fashion
[256]. A third possible therapeutic approach involves immunotherapy or
development of cancer vaccines. With our increasing knowledge of the
hormonal regulation of kallikreins, hormonal activation (or repression) of
kallikrein activity could be investigated in the future.

18. Future Directions

The kallikrein locus in humans has now been well characterized and
confirmed by independent analyses of various investigators. The structure
of these simple serine protease genes has now been fully elucidated. It is thus
now appropriate to shift the research focus from characterization of the gene
structure to study of the functional aspects of kallikreins in humans and
other species. The completion of the mouse, rat, and other genome sequences
will aid in comparative genomic analysis of the human and other animal
kallikrein loci, toward establishing phylogenetic and functional relation-
ships. The large number of kallikrein genes and proteins and their close
localization point to an important proteolytic system that has not yet been
recognized. We do not, therefore, know whether the tight clustering of these
genes is related to their physiological functions or whether it represents a
functional redundancy.
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With very few exceptions, knockout animal models for kallikreins have
not yet been developed. It will be very interesting to establish the phenotype
of mice lacking not one but many kallikreins, or even the whole-mouse
kallikrein locus. This will provide insights into the function of these genes
in the mouse and further delineate the degree of redundancy of these genes.
Mutational analysis of human kallikreins has not been performed in detail,
and we do not yet know whether the functional inactivation of any of these
genes in humans leads to recognizable diseases.

The localization of these genes next to each other and their parallel
expression in many tissues strongly indicate that these genes are regulated
by a locus-control region. This proposal merits further investigation. How-
ever, epigenetic changes seem to play a role in kallikrein gene silencing.
Furthermore, kallikrein genes are regulated by steroid hormones and vitamin
D in certain tissues. A better understanding of their mode of regulation will
be important in the future.

It appears that small groups of kallikreins may represent enzymatic cas-
cade pathways in certain tissues. For example, it is very likely that at least
three kallikreins, hK2, hK3, and hK11, which are present in seminal plasma
at relatively very large concentrations, may coordinately act as a cascade
enzymatic pathway, involved in semen liquefaction or other activities. In
contrast, another group of kallikreins, including hK5 and hK7 and possibly
many others, seem to be involved in skin desquamation. Similar cascade
pathways may be operating in the breast, testis and other tissues.

Some avenues for future kallikrein research include, first, their continued
investigation as promising novel biomarkers for diagnosis, prognosis, and
monitoring of many diseases, particularly cancer. Although most of the
current reports describe single kallikreins as potential biomarkers, in the
future, it may be possible to combine multiple kallikreins with other tumor
markers in multiparametric panels. However, the recognition that kallikrein
genes give rise to a very large number of splice variants (more than 70) offers
new avenues of investigation regarding the applicability of these molecules as
cancer biomarkers. It is possible that splice variants of some of these genes
may be even more promising cancer biomarkers than the classical forms of
the enzymes.

Second, the full utilization of the kallikrein gene family in various aspects
of human physiology and pathobiology will necessitate the delineation of
their physiological functions. Future investigations should include the exam-
ination of their enzymatic specificity and their regulation by specific or
nonspecific tissue or circulating inhibitors. We are currently using synthetic
peptide substrates, combinatorial substrate libraries, macromolecular pro-
tein substrates, and phage display technology to delineate the physiological
function of these enzymes.
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Third, it is likely that these enzymes participate in cascade enzymatic
reactions, similar to those of the coagulation cascade, in which one enzyme
activates or inactivates another. Further understanding of these interrela-
tionships between kallikreins and possibly other proteolytic systems (such as
the metalloproteases) will further aid in the elucidation of their functions.
Because these enzymes are all predicted to be secreted, it is likely that they act
in the intercellular space by either cleaving cell surface receptors or partici-
pating in the remodeling of extracellular matrix. These activities may lead to
the discovery of novel signal transduction pathways associated with cell
adhesion, remodeling, or angiogenesis.

Fourth, the demonstration that many of these enzymes have prognostic
value in cancer may qualify them as novel therapeutic targets. For example,
similar to many other proteases, these enzymes may participate in the diges-
tion of extracellular matrix, thus facilitating tumor invasion and metastasis.
The identification of highly specific inhibitors may reveal new therapeutic
opportunities.

Fifth, certain kallikreins, such as human kallikrein 6, are highly expressed
in the central nervous system. It has previously been shown that hK6, and
possibly some other kallikreins, are implicated in inflammatory reactions
within the central nervous system that lead to demyelination. The association
of hK6 and some other kallikreins with AD and multiple sclerosis points to
the possibility that some of these enzymes may play important roles within
the central nervous system. In addition, many of these enzymes have been
found in endocrine tissues such as the islets of Langerhans, thyroid, pitui-
tary, and others, pointing to the possibility that they may participate in
prohormone or hormone processing.
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YOUSEF ET 4L.. FIG. 1. Schematic representation of the human kallikrein gene locus on
chromosome 19q13.4. Genes are represented by arrowheads indicating the direction of tran-
scription. Kallikrein genes are shown in blue. and nonkallikrein genes and pseudogenes are
presented by grey and white arrows, respectively. Official gene symbol is shown above each gene.
and the approximate gene length is shown below each gene in kilobytes. The approximate
intergenic regions are shown in red in Kb. CAG, cancer associated gene (GenBank accession
AY279382 ); ACPT, testicular acid phosphatase (GenBank accession AF321918). The position
of the PPIA pseudogene is provisional and the length of the intergenic regions (shown with
asterisks) may change in the future. MGC, mammalian gene collection: these two genes have not
as yet been characterized.



=

KLED | RLED | KLE4 RLKS | KLEs | KLKT | KLKE | KLKS |[KLEIO|[KLED | KLEL? h.l.lil’-II-CIHI-i ELKIS

AP

10 Ll
Ll &M

CERERELLL™SE
ALY

LEHYTR

COLC™

LECE g IRTE R
FALLiFiv™

- ILE
FETAL ERAIN

FETAL LIVER
HEAKRT

HAFP{C AN FS
[ALLLTS

1LIVEE

(R

Lt L
[HEL]I]

[T 4

FANLREAS

FLATENTY
FROSTATE

FITLITAKY

ALY AHY
Gl AT

SRETETAL
- N
RIS

BFNAL CHHRD

—

wPLEE™

SAIALL
b

P EFL TR

ViR

THVMLS

TRy HEM Y

-

(ETRL] |

THAHEY

UTEEL =

Vs

SEMMIUVANTITATIVE EXPRESSHIN SCOR NG SYSTEM

VERY HIGH HIGH MIHIERATE LW VERY LW BOTHING

YOUser ET AL, Fi. 2, Expression map of human tissee kallikreing in a variety of tissues, as
determimed by reverse transcriptase polymerase chain reaction. The relative semiguantitative
expression levels for each gene are indicated.




¥ .
1A %t Al I

A VB e

YOUSEF ET 4L., FIG. 3. Immunohistochemical expression of (a) hK7 by the epithelium of
eccrine glands of the skin (monoclonal antibody, clone 73.2), (b) hK 13 by the epithelium of the
bronchus (monoclonal antibody, clone IIC1), (c) hK5 by the ductal epithelium of the parotid
gland (polyclonal antibody), (d) hK7 by the esophageal glands (monoclonal antibody, clone
73.2), (¢) hK13 by the gastric mucosa (monoclonal antibody, clone 2-17), (f) hK6 by the large
intestine mucosa (polyclonal antibody), (g) hK10 in an islet of Langerhans in the pancreas
(monoclonal antibody, clone 5D3), (h) hK11 by the epithelium of the urinary tubuli (mono-
clonal antibody), (i) hK11 by a papillary renal cell carcinoma (monoclonal antibody).

S

YOUSEF ET AL., F1G. 4. (continues)



YOUSEF ET AL., FIG. 5. Immunohistochemical expression of (a) hK14 by the ovarian surface
epithelium (polyclonal antibody), (b) hK14 by a cystadenocarcinoma of the ovary (polyclonal
antibody), (c) hK 10 by hyperplastic follicles of the thyroid gland (monoclonal antibody, clone
5D3), (d) hK6 by a papillary thyroid carcinoma (polyclonal antibody), (¢) hK13 by endocrine
cells in the pituitary gland (monoclonal antibody, clone 2-17), (f) hK10 by glial cells in the brain
(monoclonal antibody, clone 5D3), (g) hK13 by the choroid plexus epithelium (monoclonal
antibody, clone 2-17), (h) hKS5 by a glioma (monoclonal antibody, clone 6.10), (i) hK7 by the
ducts of the submucosal glands of the tonsils (monoclonal antibody, clone 85.2).

YOUSEF ET AL., F1G. 4. (Continued) Immunohistochemical expression of: (a) hK10 by a low-
grade urothelial carcinoma (monoclonal antibody, clone 5D3), (b) K1l by the secretory
epithelium of the prostate gland (polyclonal antibody), (c) hK11 by a Gleason score 6 prostate
carcinoma (polyclonal antibody), (d) hK14 by the spermatic epithelium and the stromal Leydig
cells in the testis (polyclonal antibody), (¢) hK 10, by epithelial elements in a testicular immature
teratoma (monoclonal antibody, clone 5D3), (f) hK 14 by lobuloalveolar structures of the breast
(polyclonal antibody), (g) hK14 by a ductal breast carcinoma, grade II (polyclonal antibody),
(h) hK13 by the glandular epithelium of the endometrium (polyclonal antibody), (i) hK14 by
luteinized stromal cells of the ovary (polyclonal antibody).





