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Kallikreins are a subgroup of serine proteases that
are involved in the posttranslational processing of
polypeptide precursors. Growing evidence suggests
that many kallikreins are implicated in carcinogene-
sis. In rodents, kallikreins are encoded by a large mul-
tigene family, but in humans, only three genes have
been identified. By using the positional candidate ap-
proach, we were able to identify a new kallikrein-like
gene, tentatively named KLK12 (for kallikrein gene
12). This new gene maps to chromosome 19q13.3–q13.4,
is formed of five coding exons, and shows structural
similarity to serine proteases and other known kal-
likreins. KLK12 is expressed in a variety of tissues
including salivary gland, stomach, uterus, lung, thy-
mus, prostate, colon, brain, breast, thyroid, and tra-
chea. We identified three splicing forms of KLK12 that
are expressed in many tissues. Our preliminary re-
sults indicate that the expression of KLK12 is down-
regulated at the mRNA level in breast cancer tissues
and is up-regulated by steroid hormones in breast and
prostate cancer cell lines. This gene may be involved
in the pathogenesis and/or progression of certain can-
cer types and may find applicability as a novel cancer
biomarker. © 2000 Academic Press

INTRODUCTION

The progressive development of genetic tools, to-
gether with the availability of powerful computer pro-
grams and the large amount of sequence information
generated by the Human Genome Project, has enabled
the mapping of several loci responsible for human dis-
eases, including cancer, as well as the identification of
areas where certain gene families are clustered. Posi-
tional candidate cloning is a relatively new approach
for gene discovery that combines the knowledge of map
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position with the increasingly dense human transcript
maps, the availability of expressed sequence tags
(ESTs),2 and the identification of candidate genes
mapped to the same region (Ballabio, 1993). This
method greatly expedites the search process and is
already one of the predominant methods of gene dis-
covery (Collins, 1995).

Kallikreins (KLKs) are a subfamily of serine pro-
teases, originally defined as enzymes cleaving vasoac-
tive peptides (kinins) from kininogen (Bhoola et al.,
1992; Schachter, 1979). This enzyme family consists
primarily of plasma kallikrein and tissue or glandular
kallikreins. Plasma kallikrein is encoded by a single
gene that is structurally different from genes encoding
tissue kallikrein (Clements, 1997). The tissue or glan-
dular kallikreins are involved in posttranslational
modification of polypeptides and are crucial to many
biological processes (Bhoola et al., 1992; Clements,
997; Rittenhouse et al., 1998). The human tissue kal-
ikrein gene family was until recently thought to con-
ist of only three members: the pancreatic-renal kal-
ikrein (KLK1) (Evans et al., 1988), the glandular

kallikrein (KLK2) (Schedlich et al., 1987), and pros-
tate-specific antigen (PSA or KLK3) (Riegman et al.,
1989). The introduction of prostate-specific antigen
(PSA) testing about 15 years ago has revolutionized the
management of patients with prostate cancer (Dia-
mandis, 1998). The diagnostic usefulness of PSA in
prostate cancer led us to speculate that other related
molecules might be valuable biomarkers of different
malignancies, including breast and ovarian cancer. In
addition to PSA, hK2 (human glandular kallikrein 2;
encoded by the KLK2 gene) has been proposed as an
adjuvant diagnostic marker for prostate cancer (Partin

2 Abbreviations used: KLK, kallikrein; KLK-L, kallikrein-like;
PCR, polymerase chain reaction; PSA, prostate-specific antigen;
hK2, human glandular kallikrein 2; BCM, Baylor College of Medi-
cine; EST, expressed sequence tag; EMSP1, enamel matrix serine
proteinase 1; TLSP, trypsin-like serine protease; HSCCE, human
stratum corneum chymotryptic enzyme; NES1, normal epithelial
cell-specific 1 gene; RACE, rapid amplification of cDNA ends; ER,

endoplasmic reticulum.
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et al., 1999; Stenman, 1999). Moreover, accumulating
evidence indicates that other members of the expanded
kallikrein gene family may be associated with malig-
nancy (Diamandis et al., 2000a).

In our efforts to identify new kallikrein-like genes
that might be involved in malignancy, we have exam-
ined a 300-kb genomic region on chromosome 19q13.3–
q13.4 that contains the kallikrein gene locus. We were
able to discover a new gene, tentatively named KLK-L5
(for kallikrein-like gene 5). The Human Gene Nomen-
clature Committee-approved symbol for this gene is
KLK12, and we will use this symbol throughout this
article (Diamandis et al., 2000b). Here, we describe the
cloning of the new gene, its genomic and mRNA struc-
ture, its precise location in relation to other known
kallikreins, and its tissue expression pattern. We also
describe the cloning of three different splice variants of
the KLK12 gene. Our preliminary data suggest that
this gene is down-regulated in breast cancer and that it
is under steroid hormone regulation in breast and pros-
tate cancer cell lines.

MATERIALS AND METHODS

DNA sequence on chromosome 19. We have obtained sequencing
data of approximately 300 kb of nucleotides on chromosome 19q13.3–
q13.4 from the Web site of the Lawrence Livermore National Labo-
ratory (http://www-bio.llnl.gov/genome/genome.html). This sequence
was in the form of nine contigs of different lengths. Restriction
enzyme analysis and long polymerase chain reaction (PCR) strate-
gies, followed by DNA sequencing, bacterial artificial chromosome
and P1-derived artificial chromosome library screening, and end
sequencing of selected clones, were used to construct a contiguous
genomic region, representing the complete human kallikrein gene
locus (our unpublished data; see also below).

New gene identification. A number of computer programs were
used to predict the presence of putative new genes within the con-
tiguous genomic area of interest. The ability of these programs to
predict new genes was first examined by using the genomic se-
quences of the known kallikreins as testing parameters. The most
reliable computer programs, GeneBuilder (gene prediction) (http://
l25.itba.mi.cnr.it/;webgene/genebuilder.html), GeneBuilder (exon
prediction) (http://l25.itba.mi.cnr.it/;webgene/genebuilder.html),
Grail 2 (http://compbio.ornl.gov), and GENEID-3 (http://apolo.
imim.es/geneid.html), were selected for further use.

Expressed sequence tag searching. The predicted exons of the
putative new gene were subjected to homology search using the
BLASTN algorithm (Altschul et al., 1997) on the National Center for
Biotechnology Information Web server (http://www ncbi.nlm.nih.gov/
BLAST/) against the human EST database. A clone with .95%
homology was obtained from the IMAGE consortium (Lennon et al.,
996) through Research Genetics Inc. (Huntsville, AL). This clone
as propagated, purified, and sequenced from both directions with
n automated sequencer, using insert-flanking vector primers.

Rapid amplification of cDNA ends (RACE). According to the EST
equence and the predicted structure of the gene, two sets of gene-
pecific primers were designed for 59 and 39 RACE reactions. Two

rounds of RACE reactions (nested PCR) were performed for each
type of RACE with 5 ml Marathon Ready cDNA of human testis and

rostate (Clontech, Palo Alto, CA) as templates. The reaction mix
nd PCR conditions were selected according to the manufacturer’s
ecommendations. In brief, the initial denaturation was for 5 min at
4°C, followed by 94°C for 5 s and 72°C for 2 min, for 5 cycles; then

4°C for 5 s and 70°C for 2 min, for 5 cycles; and then 94°C for 5 s and
65°C for 2 min for 30 cycles for the first reaction and 25 cycles for the
nested PCR.

Tissue expression. Total RNA isolated from 26 different human
tissues was purchased from Clontech. We prepared cDNA as de-
scribed below for the tissue culture experiments and used it for
PCRs. After all known kallikrein genes were aligned, two primers
(KLK12-R1 and KLK12-F1) (Table 1 and Fig. 1) were designed from
areas with relatively low homology.

Tissue cDNAs were amplified at various dilutions. Due to the high
degree of homology between kallikreins, and to exclude nonspecific
amplification, PCR products were cloned and sequenced.

Normal and malignant breast tissues. Normal breast tissues
were obtained from women undergoing reduction mammoplasties.
Breast tumor tissues were obtained from female patients at partic-
ipating hospitals of the Ontario Provincial Steroid Hormone Recep-
tor Program. The normal and tumor tissues were immediately frozen
in liquid nitrogen after surgical resection and stored in this manner
until extracted. The tissues were pulverized with a hammer under
liquid nitrogen, and RNA was extracted as described below, using
Trizol reagent.

Breast and prostate cancer cell lines and hormonal stimulation
experiments. The breast cancer cell lines BT-474 and T-47D and the
LNCaP prostate cancer cell line were purchased from the American
Type Culture Collection (Rockville, MD). Cells were cultured in
RPMI medium (Gibco BRL, Gaithersburg, MD) supplemented with
glutamine (200 mmol/L), bovine insulin (10 mg/L), fetal bovine se-
rum (10%), antibiotics, and antimycotics, in plastic flasks, to near
confluency. The cells were then aliquoted into 24-well tissue culture
plates and cultured to 50% confluency. Twenty-four hours before the
experiments, the culture medium was changed into phenol red-free
medium containing 10% charcoal-stripped fetal bovine serum. For
stimulation experiments, various steroid hormones dissolved in
100% ethanol were added into the culture medium at a final concen-
tration of 1028 M. Cells stimulated with 100% ethanol were included
s controls. The cells were cultured for 24 h and then harvested for
RNA extraction.

Reverse transcriptase-polymerase chain reaction (RT-PCR). Total
NA was extracted from the cell lines or tissues using Trizol reagent

Gibco BRL) following the manufacturer’s instructions. RNA concen-
ration was determined spectrophotometrically. Two micrograms of
otal RNA was reverse-transcribed into first-strand cDNA using the
uperscript preamplification system (Gibco BRL). The final volume
as 20 ml. Based on the combined information obtained from the

predicted genomic structure of the new gene and the EST sequences,
two gene-specific primers were designed (KLK12-F1 and KLK12-R1)
(Table 1), and PCR was carried out in a reaction mixture containing
1 ml of cDNA, 10 mM Tris–HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2,
200 mM deoxynucleoside triphosphates, 150 ng of primers, and 2.5
units of AmpliTaq Gold DNA polymerase (Roche Molecular Systems,
Branchburg, NJ) on a Perkin–Elmer 9600 thermal cycler. The cy-
cling conditions were 94°C for 9 min to activate the Taq Gold DNA
polymerase, followed by 43 cycles of 94°C for 30 s and 63°C for 1 min,
and a final extension step at 63°C for 10 min. Equal amounts of PCR
products were electrophoresed on 2% agarose gels and visualized by
ethidium bromide staining. All primers for RT-PCR spanned at least
two exons to avoid contamination by genomic DNA.

To verify the identity of the PCR products, they were cloned into
the pCR 2.1-TOPO vector (InVitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. The inserts were sequenced from
both directions using vector-specific primers, with an automated
DNA sequencer.

Structure analysis. Multiple alignment was performed using the
Clustal X software package available at ftp://ftp.ebi.ac.uk/pub/
software/dos/clustalw/clustalx/(clustalx1.64b.msw.exe) and the mul-
tiple alignment program available from the Baylor College of Medi-
cine (BCM; Houston, TX) (kiwi.imgen.bcm.tmc. edu:8808/search-
launcher/launcher/html). Phylogenetic studies were performed using

the Phylip software package available at http://evolution.genetics.
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washington.edu/phylip/getme.html. Distance matrix analysis was
performed using the “Neighbor-Joining/UPGMA” program, and par-
simony analysis was performed using the “Protpars” program.
A hydrophobicity study was performed using the BCM search
launcher program (http://dot.imgen.bcm.tmc.edu:9331/seq-search/
struc-predict.html). The signal peptide was predicted using the
“SignalP” server (http://www.cbs.dtu.dk/services/signal). Protein
structure analysis was performed by the “SAPS” (structural analysis
of protein sequence) program (http://dot.imgen.bcm.tmc.edu:9331/
seq-search/struc-predict.html).

RESULTS

Identification of the KLK12 Gene

Computer analysis of the genomic area of interest
(300 kb around chromosome 19q13.3–q13.4) predicted
a putative gene composed of at least three exons.
Screening of the human EST database revealed an
EST clone (GenBank Accession No. AI394679) with
99% homology to our predicted exons. This clone was
obtained, purified, and sequenced. The full-length se-
quence of the EST was compared with the genomic
area containing the putative new gene and showed
100% homology with certain areas (exons), which were
separated by introns. This alignment indicated that
the new gene was composed of seven exons. Sequence
homology comparisons and phylogenetic analysis re-
vealed that this new gene is structurally similar to
known kallikreins and other serine proteases (see be-
low). Since four other new kallikrein-like genes were
discovered in this area (Diamandis et al., 2000a; Yousef
et al., 1999a, 1999b, 2000; Yousef and Diamandis 1999,

TABLE 1

Primers Used for RT-PCR Analysis

Gene Primer name Sequencea

KLK12 KLK12-F1 TCAGCCAGGCAGCCACACCG
KLK12-R1 TTGGTGATGCCCCAGCCTGA
KLK12-F2 CCACACCGAAGATTTTCAAT
KLK12-R2 GCCCCTCCTTCATTTATA

PSA PSAS TGCGCAAGTTCACCCTCA
PSAAS CCCTCTCCTTACTTCATCC

Actin ACTINS ACAATGAGCTGCGTGTGGCT
ACTINAS TCTCCTTAATGTCACGCACGA

a All nucleotide sequence are given in the 59 3 39 orientation.

FIG. 1. Diagram showing the comparative genomic structure o
rotein-1, and related protein-2. Exons are represented by solid bar
ccession No. AF135025. Start codons are represented by the inve

Primer locations are represented by vertical arrowheads (Œ) and the

Table 1. For more details, see text. Figure is not drawn to scale.
2000), this gene was named KLK-L5 (for kallikrein-
like gene 5). Now this gene is known as KLK12 (Dia-
mandis et al., 2000b). Attempts to translate the coding
region in all three possible reading frames indicated
that only one reading frame will produce a full-length
polypeptide chain without interrupting in-frame stop
codons. Further support for the correctness of this
reading frame was obtained by demonstrating that
only this frame will preserve the three amino acid
residues necessary for serine protease activity (catalyt-
ic triad) and the conserved motifs around them. An
in-frame methionine start codon was found in the sec-
ond exon. This start codon falls within a typical con-
sensus Kozak sequence (CCACCATGG) (Kozak, 1991).
Thus, the gene will have at least one 59 untranslated
exon, similar to other kallikrein-like genes [e.g., zyme
(Little et al., 1997), the normal epithelial cell-specific 1
gene (NES1) (Luo et al., 1998), and neuropsin (Yoshida
et al., 1998)]. 59 and 39 RACE reactions were performed
to obtain the 59 and 39 ends of the gene. No more
sequence was obtained by 59 RACE. However, 39 RACE
enabled us to identify the 39 untranslated region of the
gene. The additional sequence ends with a poly(A)
stretch that does not exist in the genomic structure,
thus marking the 39 end of the gene and the start of the
poly(A) tail.

Splice Variants of the KLK12 Gene

Homology analysis of the KLK12 gene with other
kallikreins revealed the presence of an additional 39
exon, an observation that has not been reported for any
other member of the kallikrein multigene family. Fur-
thermore, two different PCR bands were obtained with
the 39 RACE. Sequencing of these bands revealed that
this gene has at least two splice forms at its 39 end: one
form in which the last exon is a single continuous
fragment, and another form in which the last exon is
split into two exons, with an intervening intron. To
identify the full structure of other possible splice vari-
ants of the gene, PCR was performed using two prim-
ers (L5-F2 and L5-R2) (Table 1 and Fig. 1). We used
cDNA from 26 different tissues as templates, and the
reaction was performed under different experimental
conditions (annealing temperature, MgCl2 concentra-

e three splice forms of KLK12; the classic kallikrein form, related
d introns by the connecting lines. Exon numbers refer to Genbank
arrowhead (�), and stop codons are represented by asterisks (*).

irections by horizontal arrows. For primer sequences and codes, see
f th
s an
rted
ir d
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tion). Three distinct bands were observed in many tis-
sues. These bands were excised, gel-purified, and se-
quenced. As shown in Fig. 1, the KLK12 gene was
found to have three molecular forms: (1) One form
(referred to, from now on, as the “classical” form) rep-
resents a typical kallikrein-like serine protease with
five coding exons and four intervening introns (Fig. 1).
As is the case with some other kallikreins, a 59 un-

FIG. 2. Genomic organization and partial genomic sequence of
sequences around the splice junctions. Introns are shown with lowe
GenBank Accession No. AF135025. The start and stop codons are en
amino acids of the coding region are shown underneath by a si
polyadenylation signal is underlined. The extra intron of the rel
parentheses. When this intron is spliced, the frame continues with c
stop codon TAA (encircled). For more details, see text.
translated exon is also present, and the possibility of a
further upstream untranslated exon(s) could not be
excluded. Exons 1, 2, and 3 were present at the afore-
mentioned EST. The start codon is present in the sec-
ond exon (numbers refer to our GenBank submission,
Accession No. AF135025). The stop codon is located in
the sixth exon, followed by a 39 untranslated region,
and a typical polyadenylation signal (AATAAA) is lo-
cated 16 bp before the poly(A) tail (Fig. 2). This form of

e KLK12 gene. Intronic sequences are not shown except for short
se letters and exons with uppercase letters. For full sequence, see
cled, and the exon–intron junctions are underlined. The translated
e-letter abbreviation. The catalytic residues are boxed. Putative
d protein-1 form is represented by nonboldface capital letters in
n AAC (asparagine, N, instead of lysine, K) until it encounters the
th
rca
cir

ngl
ate
odo
KLK12 spans a genomic length of 5801 bp on chromo-
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some 19q13.3–q13.4. The lengths of the coding regions
of the exons are 37, 160, 260, 134, and 156 bp, respec-
tively (Figs. 2 and 3). The predicted protein-coding
region is formed of 747 bp, encoding a deduced 248-
amino-acid protein with a predicted molecular mass of
26.7 kDa. The intron/exon splice sites (GT . . . AG) and
their flanking sequences are in agreement with the
consensus splice site sequence (Iida, 1990). (2) The
second mRNA form, encoding the KLK12-related pro-
tein-1, is an alternatively spliced form in which the last
exon is split into two separate exons with an additional
intervening intron (Fig. 1). This splitting of the last
exon results in the utilization of another stop codon at
position 9478, thus creating a deduced 254-amino-acid
protein that is 6 amino acids longer than the “classical”
KLK12 form and its carboxy-terminal end is different
in sequence by 19 amino acids (Fig. 2). This variant has
a predicted molecular mass of 27.1 kDa (for base num-
bering please see our GenBank submission, Accession
No. AF135025). (3) The third mRNA form, encoding
KLK12-related protein-2, is similar to the classical
form except that the fourth exon is missing (Fig. 1).
This leads to frameshifting of the coding region, and an
earlier in-frame stop codon will be encountered at po-
sition 9180. The protein-coding region of this form con-
sists of 336 bp, encoding a predicted 111-amino-acid
protein with a molecular mass of 12 kDa. This protein
will lack both the serine and the aspartate residues

FIG. 3. Schematic diagram showing the comparison of the
genomic structure of PSA (KLK3), KLK2, neuropsin (KLK8), NES1
(KLK10), KLK-L4 (KLK13), and KLK12 genes. Exons are shown by
solid bars and introns by the connecting lines. Arrowhead marks the
site of the start codon, and the arrow represents the stop codon.
Letters above boxes indicate relative positions of the catalytic triad;
H denotes histidine, D denotes aspartic acid, and S denotes serine.
Roman numbers indicate intron phases. The intron phase refers to
the location of the intron within the codon: I indicates that the intron
occurs after the first nucleotide of the codon, II indicates that the
intron occurs after the second nucleotide, and 0 indicates that the
intron occurs between codons. Numbers inside boxes indicate exon
lengths in basepairs. Question marks indicate that exact length is
not accurately known. Figure is not drawn to scale.
characteristic of serine proteases.
Structural Analysis of the Classical KLK12 Gene

Figure 4 shows a comparative hydrophobicity anal-
ysis of the KLK12 and the PSA proteins. The amino-
terminal regions of both genes are quite hydrophobic,
indicating that this region of KLK12 possibly harbors a
signal peptide analogous to PSA. We predicted a cleav-
age site for a signal peptide between amino acids 17
and 18 (A 2 A) and an activation peptide between
amino acids 21 and 22 (K2 I). Figure 4 also shows the
presence of several evenly distributed hydrophobic re-
gions throughout the KLK12 polypeptide, which are
consistent with a globular protein, similar to other
serine proteases (Liu et al., 1996). In Fig. 5, we present
alignment of the KLK12 protein with another 10 mem-
bers of the same gene family. The dotted region in Fig.
5 indicates an 11-amino-acid loop characteristic of the
classical human kallikreins (PSA, hK1, and hK2) but
not found in KLK12 protein or other members of the
kallikrein multigene family (Little et al., 1997; Liu et
al., 1996; Yoshida et al., 1998; Yousef and Diamandis
1999, 2000; Yousef et al., 1999b). Sequence analysis of
eukaryotic serine proteases indicates the presence of
29 invariant amino acids (Dayhoff, 1978). Twenty-
eight of them are conserved in the KLK12 polypeptide,
and the remaining amino acid (S156 instead of P) is not
conserved among all other kallikreins (Fig. 5). Twelve
cysteine residues are present in the putative mature
KLK12 protein, 10 of them are conserved in all kal-
likreins, and the remaining 2 (C133 and C235) are
present in most of the other kallikrein-like proteins but
not in the classical kallikreins, and they are expected
to form an additional disulfide bridge (Fig. 5).

The presence of aspartate (D) at position 194 sug-
gests that KLK12 will possess a trypsin-like cleavage
pattern, similar to most of the other kallikreins [e.g.,

FIG. 4. Plot of hydrophobicity and hydrophilicity of KLK12 pro-
tein compared to PSA. The hydrophobic N-terminus may harbor a

signal and activation peptide. For details, see text.
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hK1, hK2, trypsin-like serine protease (TLSP), neurop-
sin, zyme, prostase, and EMSP] but different from
PSA, which has a serine (S) residue in the correspond-
ing position and is known to have chymotrypsin-like
activity (Fig. 5) (Rittenhouse et al., 1998).

Homology with Other Members of the Kallikrein
Multigene Family

Although the protein encoded by the KLK12 gene is
unique, it has a high degree of homology with the other

FIG. 5. Alignment of the deduced amino acid sequence of KLK12
ee abbreviations footnote. According to the new nomenclature (Dia

(hK2), KLK1 (hK1), KLK4 (prostase), KLK6 (zyme), KLK11 (TLSP
represent gaps to bring the sequences to better alignment. The resid
invariant serine protease residues are marked with (•). The cysteine
The predicted cleavage sites in signal peptide are indicated by (;).
dotted area represents the kallikrein loop sequence. A vertical arrow
kallikrein-like genes. The KLK12 protein (classical
form) has 48% amino acid sequence identity and 57%
overall similarity with neuropsin, 46% identity with
NES1, and 38% identity with both PSA and hK2 pro-
teins. Multiple alignment shows that the typical cata-
lytic triad of serine proteases is conserved in the
KLK12 protein (H62, D108, and S200) (Figs. 2 and 5). In
addition, a well-conserved peptide motif is found
around the amino acid residues of the catalytic triad as
is the case with other serine proteases [i.e., histidine
(VLTAAHC), serine (GDSGGP), and aspartate (DL-

th members of the kallikrein multigene family. For full gene names,
dis et al., 2000b), gene symbols are as follows: KLK3 (PSA), KLK2

KLK13 (KLK-L4), KLK10 (NES1), and KLK1 (neuropsin). Dashes
of the catalytic triad are represented by boldface letters, and the 29
sidues are marked by (}). Conserved areas are highlighted in gray.
e predicted site for the activation peptide is indicated by (1). The
arks the trypsin-like cleavage site.
wi
man
),

ues
re
Th
RLL)] (Little et al., 1997; Yamashiro et al., 1997) (Fig.
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337MOLECULAR CHARACTERIZATION OF THE KLK12 GENE
5). Figure 5 also shows other amino acid residues that
are completely conserved between kallikreins and kal-
likrein-like proteins. To predict the phylogenetic relat-
edness of the KLK12 protein with other serine pro-
teases, the amino acid sequences of the kallikrein
proteins were aligned together using the “Clustal X”
multiple alignment program, and a distance matrix
tree was predicted using the neighbor-joining/UPGMA
and Protpars parsimony methods. Figure 6 shows the
phylogenetic analysis, which separated the classical
kallikreins (hK1, hK2, and PSA) and clustered KLK12
with NES1 and neuropsin proteins in a separate group
away from other serine proteases, consistent with previ-
ously published studies (Irwin et al., 1988; Nelson et al.,
1999) and indicating that this group of genes probably
arose from a common ancestral gene, by gene duplication.

Tissue Expression and Hormonal Regulation
of the KLK12 Gene

As shown in Fig. 7, the KLK12 gene is expressed
primarily in the salivary gland, stomach, uterus tra-
chea, prostate, thymus, lung, colon, brain, breast, and
thyroid gland, but, as is the case with other kallikreins,
lower levels of expression are found in some other
tissues (testis, pancreas, small intestine, and spinal
cord). To verify the RT-PCR specificity, the PCR prod-
ucts were cloned and sequenced. The three splice forms
of the gene were expressed in most of these tissues.
However, the relative abundance of each form was
different among tissues (Fig. 7).

To investigate whether the KLK12 gene is under
steroid hormone regulation, two breast cancer cell lines
(BT-474 and T-47D) and a prostate cancer cell line
(LNCaP) were used as models. In LNCaP cells, the
gene was up-regulated only by androgen and progestin.
In only this cell line were all three isoforms were ex-
pressed. In BT-474 cells, KLK12 was found to be up-
regulated, at the mRNA level, by estrogen and andro-
gen and to a lesser extent by the progestin. The rank of
potency was estrogen . androgen . progestin. How-
ver, the rank of potency for the T-47D cell line was
ndrogen . progestin . estrogen. In both of these cell
ines, only the short isoform (related protein-2) was
resent (Fig. 8). To verify the accuracy and specificity
f the stimulation experiments, two control genes were
sed: PSA (upregulated by androgens and progestins)
nd pS2 (up-regulated by estrogens). The results ob-
ained for the genes were as expected.

LK12 Is Down-regulated in Breast Cancer

Expression of the KLK12 gene, at the mRNA level,
as compared among 17 breast cancer tissues and 1
ormal breast tissue, by RT-PCR. The gene is not ex-
ressed at all in 12 tumors (Fig. 9). In all breast tissues
normal and malignant), the short isoform (related pro-
ein-2) was predominant, with the exception of one
umor, which expressed only the classical form (Fig. 9,

ane 8). These results should be interpreted as prelim-
nary, since the number of tumors and normal tissues
ested is relatively small.

apping and Chromosomal Localization
of the KLK12 Gene

The knowledge of extensive genomic sequence on
hromosome 19q13.3–q13.4 enabled us to localize 14
allikrein-like genes precisely and to determine the
irection of transcription, as shown by the arrows in
ig. 10. Only PSA and KLK2 transcribe from centro-
ere to telomere; the rest of the genes are transcribed

n the reverse direction. The KLK1 gene was found to
e the most centromeric, and the KLK-L6 gene (also
nown as KLK14) was found to be the most telomeric
KLK-L6; GenBank Accession No. AF161221). KLK12
s 21.3 kb centromeric to KLK13 (GenBank Accession
o. AF135024) and 1.6 kb more telomeric to the TLSP
ene (Fig. 10).

DISCUSSION

Kallikreins play important roles in diverse physio-
logical processes, and this action is linked to their
serine protease activity (Bhoola et al., 1992; Clements,
1997). A number of structural criteria have been pro-
posed to classify putative kallikreins into this multi-
gene family (Irwin et al., 1988). As shown in Fig. 3,
kallikreins are characterized by the following common
structural features (Diamandis et al., 2000a): (a) All
genes are formed of five coding exons and four inter-
vening introns [some genes may have an extra 59 un-
translated exon(s)] (Luo et al., 1998; Yoshida et al.,
1998; Yousef et al., 1999a). (b) The exon lengths are

FIG. 6. Dendrogram of the predicted phylogenetic tree for some
serine proteases and other kallikrein proteins. Neighbor-joining/
UPGMA method was used to align KLK12 with other serine pro-
teases and members of the kallikrein gene family. The tree grouped
the classical kallikreins (hK1, hK2, and PSA) together and aligned
the KLK12 protein in one group with NES1 and neuropsin. Other
serine proteases were aligned in different groups.
usually comparable. (c) The intron phases are always
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338 YOUSEF, MAGKLARA, AND DIAMANDIS
conserved (I-II-I-0) (see legend of Fig. 3 for definition of
intron phases). (d) These genes are clustered in the
same chromosomal region, without any intervening
non-kallikrein-like genes (Fig. 10). (e) The histidine
residue of the catalytic triad of serine proteases is
located near the end of the second coding exon; the
aspartate residue is located in the middle of the third
coding exon; and serine is found at the beginning of the
fifth coding exon. As shown in Fig. 3, all these criteria
apply to the newly identified KLK12 gene. Thus,
KLK12 should be considered a new member of the
kallikrein multigene family.

Serine proteases and kallikreins are synthesized as
“preproenzymes” that contain an N-terminal signal
peptide (prezymogen), followed by a short activation
peptide and the enzymatic domain (Nelson et al., 1999;

ittenhouse et al., 1998). PreproPSA has 24 additional
esidues that constitute the preregion (signal peptide,
7 residues) and the propeptide (7 residues) (McCor-
ack et al., 1995). The signal peptide directs the pro-

ein to and across the endoplasmic reticulum (ER). In
he ER, the signal peptide is removed, and the result-
ng proPSA is transported to the plasma membrane,
here it is secreted. Our hydrophobicity study (Fig. 4)

ndicates that the amino-terminal region of the KLK12
rotein harbors a signal peptide. Also, computer anal-
sis of the amino acid sequence of KLK12 predicted a
leavage site between amino acids 17 and 18 (SQA-AT).
hus, although the protein product has not as yet been
haracterized, it is very likely a secreted protein. We
urther predicted an activation cleavage site between
mino acids 21 and 22 (K 2 I).
The DNA sequences coding for eukaryotic proteins

re rarely contiguous; usually, they are separated in
he genome by intervening noncoding sequences (in-
rons). Following polyadenylation of the primary tran-
cript, the introns are removed by splicing to generate
he mature mRNA. The minimal sequences required
or splicing of mRNA are located at the 59 and 39
oundaries of the intron. In metazoans, only the first
nd last two bases are highly conserved (GT . . . AG)
Sambrook et al., 1989). RNA splicing provides a mech-
nism whereby the expression of particular proteins
ith specialized functions can be restricted to certain

ell or tissue types during development (Adams et al.,

FIG. 7. Tissue expression of the KLK12 gene as determined by R
ctin PCR product is 838 bp. The variant forms were best shown in
s the classic form (see Fig. 1), the middle band (776 bp) is the relat
plice variant discussion, see text. The primers used were L5-F2 an
996). Furthermore, it is now known that about 15% of t
utations in mammalian genes that are implicated in
isease states affect RNA splicing signals (Horowitz
nd Krainer, 1994). Recent literature suggests that
istinct molecular forms of PSA could be expressed
ifferently by malignant versus benign prostate epi-
helium (Baffa et al., 1996). Aberrant PSA RNA splic-
ng in benign prostatic hyperplasia as opposed to pros-
ate cancer has been described by Henttu et al. (1990).
n addition, it has been postulated that different pros-
atic tissues potentially harboring occult cancer could

PCR. b-actin, a housekeeping gene, was used as a control gene. The
state, colon, thymus, and thyroid tissues. The upper band (905 bp)
protein-1, and the lower band (644 bp) is the related protein-2. For
5-R2, as shown in Table 1. For further discussion, see text.

FIG. 8. Hormonal regulation of the KLK12 gene in the LNCaP
prostatic carcinoma cell line and BT-474 and T-47D breast carci-
noma cell lines. Steroids were at 1028 M final concentration. b-actin
a housekeeping gene that is not regulated by steroid hormones) was
sed as a control gene. The pS2 gene (up-regulated by estrogens) and
SA (up-regulated by androgens and progestins) were used as con-
rol genes and performed as expected (data not shown). Note detec-
ion of the three isoforms only in the LNCaP cell line. For interpre-
T-
pro
ed
ations, see text.
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account for the presence of various forms of PSA (Baffa
et al., 1996).

The presence of alternatively spliced forms is not a
unique feature of the KLK12 gene; several other kal-
likreins are known to be expressed in various alterna-
tively spliced forms. In addition to the major 1.6-kb
transcript, several RNA species are transcribed from
the PSA gene (Heuze et al., 1999). Furthermore, others
(Lundwall and Lilja, 1987; Riegman et al., 1988) have
described several PSA isoforms. In addition, Riegman
et al. (1991) reported the identification of two alterna-
tively spliced forms of the human glandular kallikrein
(KLK2) gene, and Liu et al. (1999) isolated three alter-
native forms of the same gene. A novel transcript of the
tissue kallikrein gene was isolated from the colon
(Chen et al., 1994). Neuropsin, a recently identified
kallkrein-like gene, was found to have two alterna-
tively spliced forms in addition to the major form (Mit-
sui et al., 1999; Yoshida et al., 1998). Here, we describe
the cloning of the classical kallikrein form and two
unique splice forms of the KLK12 gene. Because the
classical form and the splice forms all have the same 59
sequence required for translation, secretion, and acti-
vation as other kallikreins, it is reasonable to assume
that all three mRNA forms should produce a secreted
protein. At the mRNA level, it would be interesting to
determine which form is predominant in a certain tis-
sue or a certain clinical condition. Our preliminary
findings have been presented in Figs. 7 and 9. It should
be realized also that the truncated forms of the protein
lack some of the amino acids essential for the catalytic
activity of serine proteases, thus, it is unlikely that
these forms will encode a secreted protein.

Kallikreins are involved in many physiological pro-
cesses and also in the pathogenesis of human diseases,

FIG. 9. Expression of the KLK12 gene in breast cancer (1–17) an
tissues. For isoforms, see also Fig. 7, and for more comments, see te

FIG. 10. An approximately 300-kb region of almost contiguou
represented by horizontal arrows denoting the direction of the codi

drawn to scale. For full gene names, see abbreviations footnote.
depending on the tissue of their primary expression.
The KLK1 gene is involved in many disease processes,
including inflammation (Clements, 1997), hyperten-
sion (Margolius et al., 1974), renal nephritis, and dia-
betic renal disease (Cumming et al., 1994; Jaffa et al.,
1992). The connections of human stratum corneum
chymotryptic enzyme (HSCCE) (KLK7) with skin dis-
eases, including pathological keratinization and psori-
asis, have already been reported (Ekholm and Egelrud,
1999; Sondell et al., 1996). Little et al. (1997) suggested
that zyme (KLK6) may be amyloidogenic and may play
a role in the development of Alzheimer’s disease. There
are other reports describing connection of neuropsin
(KLK8) expression with diseases of the central nervous
system, including epilepsy (Kishi et al., 1999; Momota
et al., 1998).

Increasing evidence indicates that many of the kal-
likreins and kallikrein-like genes that are clustered in
the same region of chromosome 19 (Fig. 10) are related
to malignancy. PSA is the best marker for prostate
cancer so far (Diamandis, 1998). A recent report pro-
vided evidence that PSA has antiangiogenic activity
and that this activity may be related to its action as a
serine protease (Fortier et al., 1999). This study sug-
gested also that other serine proteases and members of
the kallikrein multigene family of enzymes should be
evaluated for potential antiangiogenic action. Recent
literature suggests that hK2 (encoded by the KLK2
gene) could be a useful differential diagnostic marker
for certain subtypes of prostate cancer (Magklara et al.,
1999; Partin et al., 1999; Rittenhouse et al., 1998; Sten-
man, 1999). An in vitro study suggests that NES1 is a
tumor suppressor gene (Goyal et al., 1998). Protease M
(zyme) is differentially expressed in primary breast
and ovarian tumors (Anisowicz et al., 1996), and the

ormal (18) tissues. Note complete absence of expression in 12 cancer
Actin was used as a contol gene.

enomic sequence around chromosome 19q13.3–q13.4. Genes are
sequence. Distances between genes are in kilobases. Figure is not
d n
s g
ng
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340 YOUSEF, MAGKLARA, AND DIAMANDIS
HSCCE has been shown to be expressed at abnormally
high levels in ovarian cancer (Tanimoto et al., 1999).
Another recently identified kallikrein-like gene, lo-
cated close to KLK12, the tumor-associated differen-
tially expressed gene-14 (TADG-14/neuropsin) was
found to be overexpressed in a subset of ovarian cancer
tissues (Underwood et al., 1999). Furthermore, pros-
ase/KLK-L1 is speculated to be linked to prostate can-
er (Nelson et al., 1999).
Our preliminary results indicate that KLK12 is up-

egulated by steroid hormones in breast and prostate
ancer cell lines (Fig. 8). These results are not surpris-
ng, since many other kallikrein genes are also regu-
ated by steroid hormones (for review see Diamandis et
l., 2000a). The differences in the rank of potency of
teroid hormones among different cell lines could be
ttributed to differences in the abundance of the ste-
oid hormone receptors between them as described
lsewhere (Magklara et al., 2000). However, these re-

sults should be considered preliminary and need fur-
ther evaluation by more quantitative methods.

In conclusion, we characterized a new member of the
human kallikrein gene family, KLK12, which maps to
the human kallikrein locus (chromosome 19q13.3–
q13.4). This gene has two related splice forms in addi-
tion to the main form. KLK12 is expressed in a variety
of tissues and appears to be down-regulated in breast
cancer, and its expression is influenced by steroid hor-
mones. Since a few other kallikreins are already being
used as valuable tumor markers, we speculate that
KLK12 may also find a similar clinical application.
This possibility, as well as the physiological function of
the protein, needs further investigation.
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