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Current perspectives on the molecular biology
of the renal tissue kallikrein gene and the
related tissue kallikrein gene family

JUDITH A CLEMENTS"”

Centre for Molecular Biotechnology, School of Life Sciences,
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Renal tissue kallikrein is a member of the multigene family of serine proteases
called the tissue kallikrein (KLK) gene family. This is a highly conserved
Jamily of genes, with a genomic structural organization that is identical for all
these genes and other genes in the larger serine protease family, such as
trypsin and chymotrypsin. These genes exhibit high sequence similarity both
within and between species. However, there are clearly areas of sequence
variability, which is most apparent in regions that form the substrate binding
pocket of each enzyme and confers the substrate specificity of each individual
enzyme. These genes are also often expressed in the same tissue, although each
gene can have an individual tissue-specific pattern of expression. Similar
patterns of diversity yet identity are also apparent in the regulation of
kallikrein gene expression or enzyme activity. These similarities, and the fact
that several of these gene families are located in tight clusters in the genome,
support the notion that they have arisen by gene duplication. In this review, an
overview of the molecular biology of the renal tissue kallikrein (KLK1) gene
and the larger KLK gene family is given, highlighting the similarities yet
diversity that is the hallmark of this family of genes, and how this knowledge
has, and will, impact on our understanding of the role these enzymes play in
normal physiological events and disease.

Key terms: kallikrein gene family, molecular biology, renal tissue kallikrein,
tissue kallikreins
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INTRODUCTION

The crucial importance of the serine
protease, renal tissue kallikrein, in the
generation of bradykinin and the
involvement of the tissue kallikrein-kinin
system in cardiovascular and renal function
has been appreciated for many decades. It
is only in the last 10-15 years, however,
that the gene encoding renal or pancreatic
tissue kallikrein was isolated in several

species and shown to be part of a larger
family of highly related genes. Given their
high degree of sequence conservation to
tissue kallikrein, these genes were
designated to be the tissue kallikrein gene
family of serine proteases. This family has
been recently given the descriptor, KLK
gene family, and the renal tissue kallikrein
gene is called KLK1 (Berg et al, 1992). In
the following sections, I will briefly review
the current knowledge of the molecular
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biology of renal tissue kallikrein or KLK/
and the larger tissue kallikrein (KLK) gene
family, and how it has impacted on our
current understanding of the function and
regulation of kallikrein action and what
questions still need to be answered in order
to fully understand the roles of these
enzymes in health and disease.

TISSUE KALLIKREIN - cDNA AND GENE

The complementary (c) DNA sequence of
tissue kallikrein/KLK] was first reported in
the early 1980s in rat, mouse and human
pancreas, kidney or salivary glands (Ashley
& MacDonald, 1985; Baker & Shine, 1985;
Fukushima et al, 1985; Swift er al, 1982;
Van Leeuwen et al, 1986). That this cDNA
sequence did indeed encode tissue
kallikrein was substantiated by several
facts. First, these three tissues were known
as a source of tissue kallikrein enzyme
activity (Bhoola & Dorey, 1971; Lemon et
al, 1979; Orstavik et al, 1980; Schachter et
al, 1980; Vio & Figueroa, 1985). It was
also clearly a serine protease, having the
classical trio of amino acids (His*'-Asp?0-
Ser'80) indicative of the catalytic site of a
serine protease (Neurath, 1989). Moreover,
the deduced amino acid sequence was
highly similar to the previously reported
pig pancreatic protein sequence that was
obtained on biochemical purification
(Fiedler, 1979), retaining all amino-acid
residues in the substrate binding pocket
suggested to be crucial for kininogenase
activity (Tyr?3, Ser!35, His!%4, Asp!33,
Trp2%3, Gly?% (Bode et al, 1983; Chen &
Bode, 1983). The only exception was that it
had an extra 8 amino acids at residues 81-
88, in the so-called kallikrein loop region,
that was missing in the biochemically
purified 2 chain pancreatic enzyme. This
kallikrein loop region is a feature of all
other tissue kallikreins and members of the
larger gene family so far studied. The
validation of these deductions has been
only recently confirmed with the
expression of a human KLKI! cDNA in
baculovirus and mammalian cell expression
systems and the observation that the
recombinant tissue kallikrein had identical
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biochemical and enzymatic properties to
the previously described biochemically
purified enzymes (Angermann et al, 1992;
Lu et al, 1996; Wang et al, 1992).

The genes and/or cDNAs have now been
described for monkey and dog (Gauthier et
al, 1994; Lin et al, 1993) as well as mouse,
rat and human tissue kallikreins. The KLK/
gene is 5-6 kilobases long and consists of 5
exons with 4 introns, a genomic
organizational structure that is typical of
many other members (trypsin, chymotrypsin)
of the larger serine protease family (Neurath,
1989; Wines er al, 1991). Exons 1 and 2
encode the N terminal prepro- region and
exons 2-5 encode the mature enzyme. From
this gene, a KLK] mRNA of 850-900 base
pairs is transcribed. These cDNAs encode
preprokallikreins of 257-265 amino acids.
Generally the pre-region or signal peptide,
necessary for the secretion of the zymogen is
17 amino acids, with a zymogen pro-peptide
of 7 residues, although rat preprokallikrein
has a longer pro-region (Wines et al, 1989).
The mature enzyme generated by cleavage of
the pro-peptide is generally 237 amino acids
long. The exceptions are the human (238
residues) which has an extra threonine at
codon 108 (Evans er al, 1988) and monkey
tissue kallikrein which is 5 amino acids
shorter (Lin et al, 1993). The degree of
identity between species varies, ranging from
59-92% at the protein level, with the human
and monkey enzymes most similar.

More recently, tissue kallikreins have
been biochemically identified in lower
vertebrates such as fish, frogs and moles
(Lipke & Olsen, 1990; Richards et al,
1995, 1996). This suggests that the enzyme
tissue kallikrein, and probably the
kallikrein-kinin system, have important
functional roles throughout evolution. It
will be interesting to see whether tissue
kallikrein’s primary evolutionary function is
as a kininogenase and if kinins are
generated, whether these peptides in lower
vertebrates are as multifunctional as their
mammalian counterparts. It is interesting to
note that mammalian tissue kallikreins can,
at least in vitro, process many other
polypeptides in addition to LMW kininogen,
such as pro-renin, atrial natriuretic factor,
matrix metalloproteases and pro-insulin,
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suggesting that tissue kallikrein may also
be a multifunctional enzyme (Currie et al,
1984; Ole-Moiyoi et al, 1979; Sealey et al,
1978; Tschesche er al, 1989). However,
there is no evidence to date that these
events can occur in vivo.

The 5’ and 3’ flanking regions of the
human, mouse and rat KLK] genes also
show considerable homology (Wines et al,
1991). They share similar TATA
(TTTAAA) and CAAT (CATCT) box
sequences (Evans et al, 1988; Van Leeuwen
et al, 1986; Wines et al, 1989, 1991), two
sites in the 5’ region necessary for the
transcription of the KLKI gene. The
polyadenylation signals at the 3’ end are
different between rodents (AATAAA) and
man and dog (AGTAAA) (Evans et al,
1988, Gauthier et al, 1994; Van Leeuwen et
al, 1986; Wines et al, 1989). The sequences
responsible for the molecular events, which
regulate tissue-specific expression and
hormonal regulation of the KLKI gene,
must also be present in the 5’ flanking
region, The majority of this information is
yet to be determined and this is clearly an
area that has lagged behind. Molecular cell
biologists and molecular physiologists are
still to unravel the precise mechanisms
behind the ubiquitous expression and
regulation of KLKI/tissue kallikrein
activity, data which was provided by earlier
physiological studies and is still an area of
considerable activity.

Although the salivary gland, pancreas
and kidney are the three most abundant
sites of KLK] expression (Ashley &
MacDonald, 1985; Fukushima et al, 1985;
Gauthier et al, 1994; Lin et al, 1993; Swift
et al, 1982; Van Leeuwen et al, 1986), it is
clear that KLKI is also expressed at
varying levels in almost every tissue or
organ in the body. KLKJ expression has
been reported in gastrointestinal and
reproductive tract, adrenal, heart and
vasculature, pituitary and brain of different
species, as was shown by MacDonald ef al
(1996) in a comprehensive study in the rat
(also reviewed in Clements, 1997). These
findings support the earlier evidence of
tissue kallikrein activity in these tissues
(reviewed in Bhoola et al, 1992; Clements,
1997). Tissue kallikrein activity has also
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been found in bronchio-nasal secretions,
sweat glands, synovial fluid and
neutrophils (reviewed in Bhoola er al,
1992) suggesting these tissues and/or
perhaps invading neutrophils are also sites
of KLKI expression. The overall regions
(800 base pairs to 5 kilobases) in the
promoter of the rat and human KLK! gene
directing salivary gland, pancreas, kidney,
brain or spleen expression have been
determined from transgenic studies
(Simson et al, 1994; Southard-Smith ez al,
1992). Although the precise sequences
directing these events have not yet been
elucidated, an element at -177 to -157 in
the rat KLK1 promoter (Wines et al, 1989)
is similar to a sequence in the elastase gene
that is known to direct pancreatic specific
expression (Swift et al, 1984). Of interest,
although there is considerable homology
between rat and human KLKI promoters,
there are also major differences. The
sequences directing pancreatic expression
appear to be in the first 800 base pairs of
both these genes. Those sequences directing
salivary gland and renal expression,
however, are present in 800 base pairs of the
human KLK1 promoter, but do not appear to
be present in the first 5 kilobases of the rat
KLK1 promoter (Simson et al, 1994,
Southard-Smith et al, 1992).

Similarly, the elucidation of the
genomic sequences and molecular events
that are involved in the hormonal
regulation of KLK/! gene expression and
tissue kallikrein activity are essentially
unknown. Again, from cell biology and
physiological studies, we know that salt,
mineralocorticoids, glucocorticoids and
insulin variously affect tissue kallikrein
activity in the rat kidney (Bascands er al,
1987; Jaffa et al, 1987, 1990; Miller et al,
1984). Both glucocorticoids and insulin are
known to act at the biosynthetic level (Jaffa
et al, 1987, 1990), but similar studies on
mineralocorticoid regulation at the mRNA
level have not been conclusive (Fuller et al,
1986; Miller et al, 1985). Estrogen and
dopamine regulate rat pituitary KLK/
expression and activity (Clements et al,
1986; Powers, 1986; Pritchett & Roberts,
1987). Changes 1n rat uterine tissue
kallikrein activity across the estrous cycle
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or during pregnancy (Corthorn & Valdés,
1994; Valdés et al, 1993), urinary
kallikrein excretion (Albano et al, 1994)
and KLKI expression in the human
endometrium (Clements et al, 1994) across
the menstrual cycle are also suggestive of
estrogen regulation. The action of
dopamine is clearly at the transcriptional
level although the precise mechanism is not
known (Pritchett & Roberts, 1987).
Putative hormone binding elements for
estrogen, progesterone, glucocorticoids and
cAMP have been identified in the promoter
of the human KLKI gene (Murray et al,
1990) but these elements have not been
functionally characterized. A putative
cAMP responsive element (at -235 to -214)
is also well conserved between the rodent
and human KLK genes (Evans et al, 1988;
Wines et al, 1989), containing a sequence
similar to an AP-2 binding site, a
transcription factor implicated in the
regulation of many genes. No studies have
formally linked these putative sequence
elements in the KLKI promoter with
hormonal regulation of tissue kallikrein
gene expression and activity.

THE LARGER TISSUE KALLIKREIN
(KLK) GENE FAMILY

Tissue kallikrein is clearly a member of a
larger gene family of highly conserved and
related enzymes (Evans et al, 1987; Murray
et al, 1990; Wines et al, 1989). Although
there are just three KLK genes in man
(reviewed in Clements, 1997) and just 1-2
genes in most other species (Berg et al, 1992;
Murray et al, 1990), the rodent families are
very large. The mouse and rat families
comprise 26 and 13 genes, respectively
(Evans et al, 1987; Wines et al, 1989), of
which several genes (10 in the mouse and 3
in the rat) are pseudogenes and are not
expressed. The enormous conservation of
sequence, identical structural arrangement
and their close proximity in the genome in
gene clusters suggest that they have evolved
by gene duplication. The mouse and rat KLK
gene families are clustered in 300-440
kilobase regions on chromosomes 7 and 1,
respectively (Evans et al, 1987; Kurtz &
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StLezin, 1992, Southard-Smith ez al, 1994).
Similarly, the 3 human KLK genes are
tightly linked over a 60 kilobase region on
chromosome 19q.13.3-13.4, a region which
is analogous to that of the mouse Klk locus
on chromosome 7 (Riegman et al, 1992).

As was seen with the KLK! genes across
species, other KLK genes both within and
across the 3 major KLK gene families (rat,
mouse and human) are also highly
conserved. Their coding regions are 70%
identical at the nucleotide level (Wines ez
al, 1991) with similar conservation
observed for the 5° and 3’ flanking regions
of the rodent genes (73-90%). Similarly,
the human KLK2 and KLK3 genes are
>90% identical in the 5° flanking region,
although less similar to KLK1 (Evans et al,
1988; Riegman et al, 1989; Schedlich et al,
1988). The minor differences in these
transcriptionally important regions suggest
that small sequence differences must
determine the different transcriptional
regulation and tissue-specific expression
patterns observed for all the KLK genes in
each species.

The hallmark of the KLK gene families is
that all of the KLK genes are expressed in
the salivary gland, as has been most
extensively studied in the mouse and rat
{(MacDonald et al, 1996; Penschow er al,
1991a). A distinct tissue-specific pattern of
expression in a variety of other tissues is
then apparent for each individual KLK gene.
Although many studies have shown aspects
of this tissue-specificity for individual genes
(as reviewed in Clements 1997), the most
comprehensive study for the rat KLK family
was published by MacDonald et al (1996).
Using the reverse transcriptase-polymerase
chain reaction (RT-PCR), they demonstrated
essentially ubiquitous expression of the
KLK] gene as was known previously, but
disparate and different patterns of
expression for the other 9 rat KLK genes in
kidney, spleen, gastrointestinal and male
reproductive tract, pituitary and brain. To
date, similar extensive studies have not been
performed in the mouse, although mouse
KLK expression has been detected in the
Leydig cells of the testis (mKLK 21;
Penschow et al, 1991b) and in mouse
mesenteric lymph nodes (Summers & Hume,
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1985). Similarly, in man, the KLK2 and
KLK3 genes are primarily expressed in the
prostate (Chapdelaine et al, 1988a),
although recent studies at the RT-PCR level
have identified KLK3 expression in the
pituitary, breast, uterus and ovary (Clements
& Mukhtar, 1994; Clements et al, 1996;
Monne et al, 1994). The dog and monkey
families also have a second gene KLK gene
that is predominantly expressed in the
prostate (Chapdelaine et al, 1991; Gauthier
et al, 1993).

Transgenic studies have again indicated
some regions in the 5 promoter of the
rKLK2 and rKLKS8 genes that may confer
some of the tissue-specific differences in
expression observed for these genes
(MacDonald et al, 1996) compared to
rKLK], but the regions conferring salivary
gland expression were not found (Southard-
Smith et al, 1992). These authors
concluded that there might be a region
conferring salivary gland expression on all
the KLK genes several kilobases upstream
of the whole KLK gene locus (Southard-
Smith et al, 1994). Similar experiments to
determine the region that determines the
prostate specific expression of human
KLK3 or prostate specific antigen have
been variously successful (Schaffner et al,
1995; Pang er al, 1995). The importance of
these kinds of experiments is reflected in
the potential to target gene therapies to
specific cell types using these promoter
regions, such as for KLK3/prostate specific
antigen in prostate cancer or perhaps
KLK I/tissue kallikrein to a particular cell
type important in hypertension.

Androgens and thyroid hormone are
important regulators of KLK gene
expression or the activity of the enzymes
they encode in the rat and mouse salivary
gland (Chao & Margolius, 1983; Clements
er al, 1988, 1990; Penschow et al, 1991a,b).
Thus, male rodents have higher levels of
salivary gland KLK mRNA than females and
castration depletes but androgen
administration restores KLK expression in
this tissue. Similarly, thyroid hormone
administration increases KLK expression in
rodent salivary glands. This is in stark
contrast to KLKI expression in salivary
glands which is not androgen or thyroid
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hormone dependent, as noted above.
Prostatic expression of KLK genes in man,
dog and rat are also androgen dependent
(Chapdelaine et al, 1988b; Clements et al,
1988; Riegman et al, 1991a). The promoter
regions conferring androgen or thyroid
hormone regulation on these KLK genes in
the rodent have not been elucidated.
However, androgen-responsive elements
have been described in the promoters of the
human KLK2 and KLK3 genes (Riegman et
al, 1991b; Wolf et al, 1992). One of these
elements is similar to the reverse
complement of a consensus sequence for
the binding of glucocorticoid and
progesterone receptors. KLK3 or prostate
specific antigen expression in breast
tumour cell lines is regulated by
progesterone, glucocorticoids and
androgens (Zarghami et al, 1997), an event
that is presumably also occurring through
this same promoter element.

What has been surprising is that the
function of many of these genes is yet to be
established. The second KLK gene expressed
in the prostate of the monkey, dog and
Guinea pig is presumed to encode the
homologue of the human enzyme, prostate-
specific antigen, or the similar human K2
enzyme that is also predominantly expressed
in the prostate, but this has not been proven.
Prostate specific antigen degrades the
seminal vesicle proteins, seminogelin and
fibronectin, which leads to the dissolution of
the seminal clot (Lilja, 1985). It can also
degrade the extracellular protein, laminin
(Webber et al, 1995), activate epidermal
growth factor (Parries & Cohen 1996) and
degrade insulin like growth factor binding
protein -3 (Cohen et al, 1992). The human
K2 enzyme can activate pro-urinary
plasminogen activator (Frenette et al,
1997). These enzymic actions occur in vitro
and are not known to also occur in vivo,
however, they are the basis of current
suggestions that these enzymes in the
prostate may be important in proliferation
and invasion of cancer cells by the
activation of growth factors or extracellular
proteases, or degradation of the
extracellular matrix. Other enzymes that
have been identified include the mouse
growth factor processing enzymes, y-nerve
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growth factor, B-nerve growth factor
endopeptidase and epidermal growth factor
binding protein (Fahnestock et al, 1991;
Frey et al, 1979; Greene et al, 1968).
Others encode enzymes that generate
vasoactive (poly)peptides such as tonin,
submandibular enzymatic vasoconstrictor
and T-kininogenase in the rat (Boucher et
al, 1974; Gutman et al, 1988; Yamaguchi
et al, 1991) and mouse renin (g-renin, pro-
renin converting enzyme) processing
enzymes (Kim et al, 1991; Poe et al, 1983).
However, there are still 7 genes, in both
mouse and rat KLK gene families, for
which the enzymic functions of the
enzymes they encode are unknown.
Similarly, if there are homologues of these
genes in the smaller human dog and
monkey families they have yet to be
identified. Given the suggested varied
substrate specificity of prostate specific
antigen above and perhaps tissue kallikrein,
in vitro, it may be that the 3 human genes
may be more multi-functional that their
rodent counterparts and perhaps be found
to encompass several, if not all, of the
enzymic functions represented by the
rodent kallikreins.

PERSPECTIVES

Overall, with respect to the molecular biology
of KLKI or tissue kallikrein and the larger
KLK gene families, there is a vast body of
knowledge on the cDNA and genomic
sequences and genomic organization. Less is
known about the precise sequences or
elements in the promoters of these genes that
regulate their diverse patterns of tissue-
specific expression that cell biologists,
physiologists and pharmacologists have
observed for some time. Similarly, except
for the human KLK2 and KLK3 genes, little
is known of the elements that might regulate
hormonal expression in these tissues, by
hormones such as glucocorticoids,
mineralocorticoids or estrogen for KLKJ]/
tissue kallikrein or even precisely whether
this regulation occurs transcriptionally or at
what level post-translationally. Perhaps the
most important regulatory event may be the
activation of the kallikrein enzymes, but we
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have yet to elucidate how this precisely
occurs or what regulatory event(s) triggers
such activation in many tissues. The
complex issue of enzyme specificity and the
real physiological function of the individual
kallikreins also needs to be addressed. The
elucidation, at the molecular level, of the
mechanisms behind these events are some of
the important questions in the kallikrein
field that still remain un-answered.

ACKNOWLEDGEMENTS

Judith Clements is supported by the
National Health & Medical Research
Council of Australia, the Department of
Veteran Affairs, Queensland Cancer Fund
and Queensland University of Technology.

REFERENCES

ALBANO JD, CAMPBELL SK, FARRER A, MILLAR JG
(1994) Gender differences in urinary kallikrein
excretion in man: variation throughout the menstrual
cycle. Clin Sci 86: 227-231

ANGERMANN A, RAHN H-P, HEKTOR T, FERTIG G,
KEMME M (1992) Purification and characterization
of human salivary-gland prokallikrein from
recombinant baculovirus-infected insect cells. Eur J
Biochem 206: 225-233

ASHLEY PL, MacDONALD RJ (1985) Kallikrein-related
mRNAs of the rat submaxillary gland: nucleotide
sequences of four distinct types including tonin.
Biochemistry 24: 4512-4519

BAKER AR, SHINE J (1985) Human kidney kallikrein:
cDNA cloning and sequence analysis. DNA 4: 445-
450

BASCANDS JL, GIROLAMI JP, PECHER C, MOATTI
JP, MANUEL Y, SUC JM (1987) Compared effects
of a low and high sodium diet on the renal and
urinary concentration of kallikrein in normal rats. J
Hypertens 5: 311-315

BERG T, BRADSHAW RA, CARRETERO OA, CHAO J,
CHAO L, CLEMENTS JA, FAHNESTOCK M.
FRITZ H, GAUTHIER F., MacDONALD RIJ,
MARGOLIUS HS, MORRIS BJ, RICHARDS RI,
SCICLI AG (1992) A common nomenclature for
members of the tissue (glandular) kallikrein gene
families. In: FRITZ H, MULLER-ESTERL W,
JOCHUM M, ROSCHER A, LUPPERTZ K (eds)
Recent Progress on Kinins, Agents and Actions. Vol
38/1. Basel: Birkhauser Verlag. pp 19-25

BHOOLA KD, DOREY G (1971) Kallikrein trypsin-like
proteases and amylase in mammalian submaxillary
glands. Br J Pharmacol 43: 784-793

BHOOLA KD, FIGUEROA CD, WORTHY K (1992)
Bioregulation of kinins: kallikreins, kininogens and
kininases. Pharmacol Rev 44: [-80.

BODE W, CHEN Z, BARTELS K, KUTZBACH C,
SCHMIDT-KASTNER G, BARTUNIK H (1983)
Refined 2A X-ray crystal structure of porcine



Biol Res 31: 151-159 (1998)

pancreatic kallikrein A, a specific trypsin -like serine
protease. J Mol Biol 164: 237-282

BOUCHER R, ASSELIN J, GENEST J (1974) A new
enzyme leading to the direct formation of angiotensin
II. Circ Res 34/35 (suppl I): 203-209

CHAO J, MARGOLIUS HS (1983) Differential effects of
testosterone, thyroxine and cortisol on rat
submandibular gland versus renal kallikrein.
Endocrinology 113: 2221-2225

CHAPDELAINE P, PARADIS G, TREMBLAY RR, DUBE
JY (1988a) High level of expression in the prostate of
a human glandular kallikrein mRNA related to prostate
specific antigen. FEBS Lett 236: 205-208

CHAPDELAINE P, POTVIN C, HO-KIM M-A,
LAROUCHE L, BELLEMARE G, TREMBLAY RR,
DUBE JY (1988b) Androgen regulation of canine
prostatic arginine esterase mRNA using cloned
c¢DNA. Mol Cell Endocrinol 56: 63-70

CHAPDELAINE P, GAUTHIER E, HO-KIM MA,
BISSONNETTE L, TREMBLAY RR, DUBE JY
(1991) Characterization and expression of the
prostatic arginine esterase gene, a canine glandular
kallikrein. DNA Cell Biol 10: 49-59

CHEN Z, BODE W (1983) Refined 2.5A X-ray crystal
structure of the complex formed by porcine kallikrein
A and the bovine pancreatic trypsin inhibitor. J Mol
Biol 164: 283-311

CLEMENTS JA (1997) The molecular biology of the
kallikreins and their roles in inflammation. In:
FARMER SG (ed) The Kinin System. London:
Academic Pr. pp 71-97

CLEMENTS JA, MUKHTAR A (1994) Glandular
kallikreins and prostate-specific antigen are expressed
in the human endometrium. J Clin Endocrinol Metab
78: 1536-1539

CLEMENTS JA, FULLER PJ, McNALLY M,
NIKOLAIDIS I, FUNDER JW (1986) Estrogen
regulation of kallikrein gene expression in the rat an-
terior pituitary. Endocrinology 119: 268-273

CLEMENTS JA, MATHESON BA, WINES DR, BRADY
JM, MacDONALD RJ, FUNDER JW (1988)
Androgen dependence of specific kallikrein gene
family members expressed in the rat prostate. J Biol
Chem 31: 16132-16137

CLEMENTS JA, MATHESON BA, FUNDER JW (1990)
Tissue-specific regulation of the expression of rat
kallikrein gene family members by thyroid hormone.
Biochem J 3: 745-750

CLEMENTS JA, MUKHTAR A, EHRLICH A, YAP B
(1994) Kallikrein gene expression in the human
uterus. Brazil J Med Biol Res 27: 1855-1863

CLEMENTS JA, MUKHTAR A, VERITY K, PULLAR M,
McNEILL P, CUMMINS J FULLER PJ (1996)
Kallikrein gene expression in human pituitary tissues.
Clin Endocrinol 44: 223-231

COHEN P, GRAVES HCB, PEEHL DM, KAMAREI M,
GUIDICE LC, ROSENFELD RG (1992) Prostate-
specific antigen (PSA) is an insulin-like growth factor
binding protein -3 protease found in seminal plasma.
J Clin Endocrinol Metab 75: 1046-1053

CORTHORN J, VALDES G (1994) Variations in uterine
kallikrein during cycle and early pregnancy in the rat.
Biol Reprod 50: 1261-1264

CURRIE MG, GELLEN DM, CHAO J, MARGOLIUS HS,
NEEDLEMAN P (1984) Kallikrein activation of a
high molecular weight atrial peptide. Biochem
Biophys Res Commun 120: 461-466

EVANS BA, DRINKWATER CC, RICHARDS RI (1987)
Mouse glandular kallikrein genes. Structure and
partial sequence analysis of the kallikrein gene locus.
] Biol Chem 262: 8027-8034

157

EVANS BA, YUN ZX, CLOSE JA, TREGEAR GW,
KITAMURA N, NAKANISHI S, CALLEN DF,
BAKER E, HYLAND VI, SUTHERLAND GR,
RICHARDS RI (1988) Structure and chromosomal
localization of the human renal kallikrein gene.
Biochemistry 27: 3124-3129

FAHNESTOCK M, WOO JE, LOPEZ GA, SNOW J,
WALZ DA, ARICI MJ. MORLEY WC (1991) B-
NGF-endopeptidase: structure and activity of a
kallikrein encoded by the gene mGK-22.
Biochemistry 30: 3443-3450

FIEDLER F (1979) Enzymology of glandular kallikreins.
In: ERDOS EG (ed) Handbook of Experimental
Pharmacology. Vol 23. Supplement: Bradykinin,
Kallidin and Kallikrein. New York: Springer-Verlag.
pp 103-161

FRENETTE G, TREMBLAY RR, LAZURE C, DUBE JY
(1997) Prostatic kallikrein hK2, but not prostate-
specific antigen (hK3), activates single-chain
urokinase-type plasminogen activator. Intl J Cancer
71: 897-899

FREY P, FORAND R, MACIAG T, SHOOTER EM (1979)
The biosynthetic precursor of epidermal growth fac-
tor and the mechanism of its processing. Proc Natl
Acad Sci USA.76: 6294-6298

FUKUSHIMA D, KITAMURA N, NAKANISHI S (1985)
Nucleotide sequence of cloned ¢cDNA for human
pancreatic kallikrein. Biochemistry 24: 8037-8043

FULLER PJ, CLEMENTS JA, NIKOLAIDIS I, HIWATARI
M, FUNDER JW (1986) Expression of the renal
kallikrein gene in mineralocorticoid-treated and
genetically hypertensive rats. J Hypertens 4: 427-433

GAUTHIER ER, CHAPDELAINE P, TREMBLAY RR,
DUBE JY (1993) Characterization of rhesus monkey
prostate specific antigen cDNA. Biochim Biophys
Acta 1174: 207-210

GAUTHIER ER, DUMAS C, CHAPDELAINE P,
TREMBLAY RR, DUBE JY (1994) Characterization
of canine pancreas kallikrein ¢cDNA. Biochim
Biophys Acta 1218: 102-104

GREENE LA, SHOOTER EM, VARON S (1968)
Enzymatic activities of mouse nerve growth factor and
its subunits. Proc Natl Acad Sci USA 60: 1383-1388

GUTMAN N, MOREAU T, ALHENC-GELAS F,
BAUSSANT T, ELMOUJAHED A, AKPONA S,
GAUTHIER F (1988) T-kinin release from T-
kininogen by rat submaxillary gland endopeptidase K.
Eur J Biochem 171: 577-582

JAFFA AA, MILLER DH, BAILEY GS, CHAO J,
MARGOLIUS HS, MAYFIELD RK (1987) Abnormal
regulation of renal kallikrein in experimental diabe-
tes. Effects of insulin on prokallikrein synthesis and
activation. J Clin Invest 80: 1651-1659

JAFFA AA, MILLER DH, SILVA RH, MARGOLIUS HS,
MAYFIELD RK (1990) Regulation of renal kallikrein
synthesis and activation by glucocorticoids. Kidney
Intl 38: 212-218

KIM W-§, NAKAYAMA K, NAKAGAWA T,
KAWAMURA Y, HARAGUCHI K, MURAKAMI K
(1991) Mouse submandibular gland prorenin-
converting enzyme is a member of the glandular
kallikrein family. J Biol Chem 29: 19283-19287

KURTZ TW, StLEZIN EM (1992) Gene mapping in expe-
rimental hypertension. J Am Soc Nephrol 3: 28-34

LEMON M, FIEDLER F, FORG-BREY B, HIRSCHAUER
C, LEYSATH G, FRITZ H (1979) The isolation and
properties of pig submandibular kallikrein. Biochem J
177: 159-168

LILJA H (1985) A kallikrein-like serine protease in
prostatic fluid cleaves the predominant seminal
vesicle protein. J Clin Invest 76: 1899-1903



158

LIN F-K, LIN CH, CHOU CC, CHEN K, LU HS,
BACHELLER W, HERRERA C, JONES T, CHAO J,
CHAO L (1993) Molecular cloning and sequence
analysis of the monkey and human tissue kallikrein
genes. Biochim Biophys Acta 1173: 325-328

LIPKE DW, OLSON KR (1990) Enzymes of the
kallikrein-kinin system in rainbow trout. Am J
Physiol 258: R501-R506

LU HS, HSU YR, NARHI LO, KARKARE S, LIN FK
(1996) Purification and characterization of human
tissue prokallikrein and kallikrein isoforms
expressed in Chinese hamster ovary cells. Protein
Exp Purific 8: 227-237

MacDONALD RJ, SOUTHARD-SMITH EM, KROON E
(1996) Disparate tissue-specific expression of
members of the tissue kallikrein multigene family of
the rat. J Biol Chem 271: 13864-13690

MILLER DH, CHAO J, MARGOLIUS HS (1984) Tissue
kallikrein synthesis and its modification by
testosterone or low dietary sodium. Biochem J 218:
237-243

MILLER DH, LINDLEY JG, MARGOLIUS HS (1985)
Tissue kallikrein levels and synthesis rates are not
changed by an acute physiological dose of
aldosterone. Proc Soc Exp Biol Med 180: 121-125

MONNE M, CROCE CM, YU H, DIAMANDIS EP (1994)
Molecular characterization of prostate-specific
antigen messenger RNA expressed in breast tumors.
Cancer Res 54: 6344-6347

MURRAY SR, CHAO J, LIN F, CHAO L (1990) Kallikrein
multigene families and the regulation of their
expression. J Cardiovasc Pharmacol 5 (suppl) S7-815

NEURATH H (1989) The diversity of proteolytic enzymes.
In: BEYNON RJ, BOND JS (eds) Proteolytic
Enzymes - A Practical Approach. Oxford: Oxford
Univ Pr. pp 1-13

OLE-MOIYOI O, SELDIN DC, SPRAGG J, PINKUS G,
AUSTEN KF (1979) Sequential cleavage of pro-
insulin by human pancreatic kallikrein and a human
pancreatic kinase. Proc Natl Acad Sci USA 76:
3612-3616

ORSTAVIK TB, BRANDTZAEG P, NUSTAD K, PIERCE
JV (1980) Immunohistochemical localization of
kallikrein in human pancreas and salivary glands. J
Histochem Cytochem 28: 557-562

PANG S, TANEJA S, DARDASHITI K, COHAN P,
KABOO R, SOKOLOFF M, TSO CL, DEKERNION
JB, BELLDEGRUN AS (1995) Prostate tissue
specificity of the prostate-specific antigen promoter
isolated from a patient with prostate cancer. Hum
Gene Ther 6: 1417-1426

PARRIES G, COHEN S (1996) Proteolysis of human
epidermal growth factor precursor (proEGF) by
prostate specific antigen. Am Urol Assoc (Abstract)

PENSCHOW J, HARALAMBIDIS J, COGHLAN JP
(1991a) Location of glandular kallikrein mRNAs in
mouse submandibular gland at the cellular and
ultrastructural level by hybridization histochemistry
using 32P- and *H-labeled oligodeoxyribonucleotide
probes. J Histochem Cytochem 39: 835-842

PENSCHOW JD, DRINKWATER CC, HARALAMBIDIS
J, COGHLAN JP (1991b) Sites of expression and
induction of glandular kallikrein gene expression in
mice. Mol Cell Endocrinol 81: 135-146

POE M, WU JK, FLORANCE JR, RODKEY JA,
BENNETT CD, HOOGSTEEN K (1983) Purification
and properties of renin and y-renin from the mouse
submaxillary gland. J Biol Chem 258: 2209-2216

POWERS CA (1986) Anterior pituitary glandular
kallikrein: trypsin activation and estrogen regulation.
Mol Cell Endocrinol 46: 163-174

Biol Res 31: 151-159 (1998)

PRITCHETT DB, ROBERTS JL (1987) Dopamine
regulates expression of the glandular-type kallikrein
gene at the transcriptional level in the pituitary. Proc
Natl Acad Sci USA 84: 5545-5549

RICHARDS GP, CHAO J, CHUNG P, CHAO L (1995)
Purification and characterisation of tissue kallikrein-
like proteinases from the black sea bass
(Centropristis striata) and the Southern frog (Rana
berlandieri). Comp Biochem Physiol 111C: 69-82

RICHARDS GP, ZINTZ C, CHAO J, CHAO L (1996)
Purification and characterisation of salivary kallikrein
from an insectivore (Scalopus aquaticus) - substrate
specificities, immunoreactivity and kinetic analyses.
Arch Biochem Biophys 329: 104-112

RIEGMAN PHIJ, VLIETSTRA RJ, VAN DER KORPUT
JAGM, ROMIJIN JC, TRAPMAN J (1989)
Characterization of the prostate-specific antigen gene:
a novel human kallikrein-like gene. Biochem Biophys
Res Commun 159: 95-102

RIEGMAN PHJ, VLIETSTRA RJ, VAN DER KORPUT
HAGM, ROMIJIN JC, TRAPMAN I (1991a)
Identification and androgen-regulated expression of
two major human glandular kallikrein-1 (hGK-1)
mRNA species. Mol Cell Endocrinol 76: 181-190

RIEGMAN PHIJ, VLIETSTRA RJ, VAN DER KORPUT
JAGM, BRINKMANN AO, TRAPMAN J (1991b)
The promoter of the prostate-specific antigen gene
contains a functional androgen responsive element.
Mol Endocrinol 5: 1921-1930

RIEGMAN PHJ, VLIETSTRA RJ, SUURMEIER L,
CLEUTJENS CBJM, TRAPMAN J (1992)
Characterization of.the human kallikrein locus.
Genomics 14: 6-11

SCHACHTER M, PERET MW, MORIWAKI C.
RODRIGUES JAA (1980) Localization of kallikrein
in submandibular gland of cat, Guinea-pig, dog and
man by the immunoperoxidase method. J Histochem
Cytochem 28: 1295-1300

SCHAFFNER DL, BARRIOS R, SHAKER MR,
RAJAGOPALAN S, HUANG SL, TINDALL DJ,
YOUNG CYF, OVERBEEK PA, LEBOVITZ RM,
LIEBERMAN MW (1995) Transgenic mice carrying a
PSARasT24 hybrid gene develop salivary gland and
gastrointestinal tract neoplasms. Lab Invest 72: 283-290

SCHEDLICH LJ, BENNETTS BH, MORRIS BJ (1988)
Primary structure of a human glandular kallikrein
gene. DNA 6: 429-437

SEALEY JE, ATLAS SA, LARAGH JH, OZA NB, RYAN
JW (1978) Human urinary kallikrein converts inactive
to active renin and is a possible physiological
activator of renin. Nature 275: 144-145

SIMSON JAV, WANG J, CHAO J, CHAO L (19%94)
Histopathology of lymphatic tissues in transgenic
mice expressing human tissue kallikrein gene. Lab
Invest 71: 680-687

SOUTHARD-SMITH M, LECHARGO J, WINES DR,
MacDONALD RJ, HAMMER RE (1992) Tissue-
specific expression of kallikrein family transgenes in
mice and rats. DNA Cell Biol 11: 345-358

SOUTHARD-SMITH M, PIERCE JC, MacDONALD RJ
(1994) Physical mapping of the rat tissue kallikrein
family in two gene clusters by analysis of Pl
bacteriophage clones. Genomics 22: 404-417

SUMMERS KM, HUME DA (1985) Expression of glandu-
lar kallikrein genes in lymphoid and hemopoietic
tissues and cell lines. Lymphokine Res 4: 229-235

SWIFT GH, DAGHORN JC, ASHLEY PL, CUMMINGS
SW, MacDONALD RJ (1982) Rat pancreatic
kallikrein mRNA: nucleotide sequence and aminoacid
sequence of the encoded preproenzyme. Proc Natl
Acad Sci USA 79: 7263-7267



Biol Res 31: 151-159 (1998)

SWIFT GH, CRAIK CS, STARY SJ, QUINTO C,
LAHAIE RG, RUTTER WJ, MacDONALD RJ (1984)
Structure of the two related elastase genes expressed
in the rat pancreas. J Biol Chem 259: 14271-14278

TSCHESCHE H, KOHNERT U, FEDROWITZ J,
OBERHOFF R (1989) Tissue kallikrein effectively
activates latent degrading metalloenzymes. Adv Exp
Med Biol 247A: 545-548

VALDES G, CORTHORN J, SCICLI GA, GAETE V,
SOTO J, ORTIZ ME, FORADORI A, SAED G
(1993) Uterine kallikrein in the early pregnant rat.
Biol Reprod 49: 802-808

VAN LEEUWEN BH, EVANS BA, TREGEAR GW,
RICHARDS R (1986) Mouse glandular kaHikrein
genes. Identification, structure and expression of the
renal kallikrein gene. J Biol Chem 261: 5529-5535

VIO CP, FIGUEROA CD (1985) Subcellular localization of
renal kallikrein by ultrastructural immunocytochemistry.
Kidney Intl 28: 36-42

WANG J, CHAO J, CHAO L (1992) Specificity determinants
of rat tissue kallikrein probed by site-directed
mutagenesis. Protein Engineering 5: 569-575

159

WEBBER MM, WAGHRAY A, BELLO D (1995)
Prostate specific antigen, a serine protease,
facilitates human prostate cancer cell invasion. Clin
Cancer Res 1: 1089-1094

WINES DR, BRADY JM, PRITCHETT DB, ROBERTS
JL, MacDONALD RJ (1989) Organization and
expression of the rat kallikrein gene family. J Biol
Chem 264: 7653-7662

WINES DR, BRADY JM, SOUTHARD EM, MacDONALD
RJ (1991) Evolution of the rat kallikrein gene family:
gene conversion leads to functional diversity. J Mol
Evol 32: 476-492

WOLF DA, SCHULZ P, FITTLER F (1992) Transcriptional
regulation of prostate kallikrein-like genes by
androgen. Mol Endocrinol 6: 753-762

YAMAGUCHI YT, CARRETERO OA, SCICLI AG (1991) A
novel serine protease with vasoconstrictor activity coded
by the kallikrein gene S3. J Biol Chem 266: 5011-5017

ZARGHAMI N, GRASS L, DIAMANDIS EP (1997)
Steroid hormone regulation of prostate-specific
antigen gene expression in breast cancer. Br J Cancer
75: 579-588






