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Abstract

Background: The human kallikrein 10 (KLK10) gene is a new member of the human tissue kallikrein gene family. It
encodes for a secreted serine protease (hK10) with predicted trypsin-like enzymatic activity. KLK10 is highly expressed
in the sex organs and its expression level changes in malignancy. Methods: To determine the role of steroid hormones
in KLK10 gene expression, we investigated its modulation by 17p-estradiol, Sa-dihydrotestosterone, norgestrel,
dexamethasone and aldosterone, at both the transcription and translation level, in a panel of cancer cell lines. After
steroid hormone stimulation, the change of KLK10 mRNA was monitored with reverse transcriptase polymerase chain
reaction and hK10 protein levels in the culture supernatant were quantified with an hK10-specific immunoassay. The
presence of hormone response elements in the KLKI10 gene promoter was examined with the chloramphenicol
acetyltransferase reporter gene system. Results: The KLK10 expression was mainly up-regulated by estrogens, androgens
and progestins, and to a lesser extent by dexamethasone and aldosterone in the breast cancer cell lines BT-474, MCF-7
and T-47D, both at the mRNA and protein levels. The effect of stimulation of these steroids on KLKI10 expression
varied among the cell lines. Estrogens, androgens and progestins were most potent in the BT-474, T-47D and MCF-7
cells, respectively. The up-regulation effect of estrogens, androgens, and progestins on KLK10 expression can be
blocked by their antagonists ICI-182, 780, RU-56,187, and mifepristone, respectively. Time course studies showed that
hK10 protein started to increase 1 day after steroid hormone stimulation and this increase persisted for 7 days. These
data suggest that steroid hormones up-regulate KLK10 gene expression through direct interaction between hormone-
receptor complexes and their cognate hormone response elements. To search for hormone response elements, we
functionally characterized the KLK10 promoter by placing it upstream of the chloramphenicol acetyltransferase reporter
gene. We found that KLK10 promoter activity did not rely on the presence of functional estrogen and androgen
receptors. Also, the presence of functional estrogen and androgen receptors did not increase its constitutive activity.
We suggest that the hormone response elements that mediate the transcriptional regulation of KLK10 are unlikely to
locate in the KLK10 promoter. Conclusions: Estrogens, androgens and progestins modulate KLK10 expression through
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their own receptors but this regulation is not mediated by steroid hormone response elements in the promoter of the

KLK10 gene.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The human tissue kallikrein gene family is a group
of homologous genes encoding for serine proteases
and tandemly localized on chromosome 19q13.4. It is
now clear that this gene family is composed of 15
members, known as human kallikreins 1 to 15 (KLK1
to KLK15). These genes participate in diverse phys-
iological processes, such as maintenance of vascular
tone and permeability, cleavage of growth factors,
neural plasticity and skin shedding [1].

The human kallikrein 10 gene (KLK10; also
known as the normal epithelial cell-specific 1 gene,
NES1) is a member of the human tissue kallikrein
gene family. It was cloned by subtractive hybridiza-
tion, based on its down regulation in a radiation-
transformed breast epithelial cell line compared to
its normal counterpart [2]. The length of the KLK10
gene is about 5.5 kb and consists of six exons (one
untranslated) and five introns [3]. It encodes for a
secreted serine protease of 276 amino acids and a 30-
kDa molecular weight. KLK10 is predicted to have
trypsin-like enzymatic activity [2]. However, its phys-
iological substrates and functions are still not known.
Some experimental evidence suggests that it may
function as a tumor suppressor. KLK10 expression
has been found to be down-regulated in a number of
breast and prostate cancer cell lines as well as in
testicular carcinoma [2,4,5]. KLK10 overexpression
can suppress tumor formation in nude mice [4].
KLK10 is widely expressed in many tissues, such as
salivary gland, ovary, breast, prostate and testis. hK10
protein is also detectable in various biological fluids,
including milk, seminal plasma, amniotic fluid, cere-
brospinal fluid and serum [2,6].

Many human tissue kallikrein genes, including
KLK2 and KLK3, have long been known to be
regulated by steroid hormones [1]. The up-regulation
of both KLK2 and KLK3 by androgens has been
demonstrated in a number of in vitro and in vivo
studies [7-9]. In contrast, KLK1 is found to be

primarily up-regulated by estrogens, based on its
differential expression in the menstrual cycle [10].
Steroid hormones exert their effect by binding to their
cognate hormone receptors. Upon binding to the
receptor, the hormone-receptor complex translocates
into the nucleus and modulates gene transcription
through the following mechanisms: direct pathway
and cross-talk with other transcription factors (indi-
rect pathway) [11]. In the direct pathway, the hor-
mone-receptor complex directly binds to the cognate
DNA sequences, termed steroid hormone response
elements (HREs), usually in the promoter region of
the regulated genes, recruits coactivators/corepressors
and interacts with the general transcription machinery
to modulate gene transcription. Androgen receptor
(AR), progesterone receptor (PR) and glucocorticoid
receptor (GR) share a very similar consensus DNA-
binding sequence, whereas, the estrogen receptor has
a quite different one [12,13]. In the cross-talk path-
way, the hormone-receptor complex does not bind to
the promoters of the targeted genes. Instead, it inter-
acts with other transcription factors that can modulate
gene expression through protein—protein interactions
or bridging molecules. In this case, no cognate HRE
is present in the promoters of the targeted genes [14].
In light of these theories, the promoters of KLK2
and KLK3 genes have been extensively studied.
Three regions harboring androgen response elements
(AREs), including AREI, AREII and enhancer AREs,
have been identified within the 5 kb KLK3 promoter,
through functional studies in prostate cancer cell lines
and transgenic mouse models [9,15—18]. Similarly,
two AREs have also been found in the KLK2
promoter [19-21]. It is believed that these AREs
are primarily responsible for the transcriptional up-
regulation of KLK2 and KLK3 genes by androgens.
Several sequence motifs similar to the consensus
estrogen response elements (EREs) were also found
in the KLK1 promoter [22]. However, these predicted
sequences have not been functionally tested. As a
result, the mechanism underlying the transcriptional
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up-regulation of KLK1 by estrogens is still not
known.

Whether and how KLK10, a new member of the
human kallikrein gene family, is regulated by steroid
hormones has not as yet been determined. Previously,
we found that KLK 10 was up-regulated by androgens,
estrogens and progestins at the mRNA level in the
breast cancer cell line BT-474 [23]. In this study, we
further investigated the regulation of KLK10 by
steroid hormones, including estrogens, androgens,
norgestrel, dexamethasone, and aldosterone, at the
protein level. The KLK10 gene promoter was also
functionally characterized.

2. Materials and methods
2.1. Chemicals

17p-Estradiol, 5a-dihydrotestosterone, dexameth-
asone, aldosterone and norgestrel were from Sigma,
St. Louis, MO.

2.2. Cell lines

The breast cancer cell lines BT-474, MCF-7, T-
47D, BT-20 and ZR-75-1, the ovarian cancer cell lines
HTB-75 and OVCAR-3, the prostate cancer cell line
LNCaP, and the human embryonic kidney cell line
(HEK) were all from the American Type Culture
Collection (ATCC), Rockville, MD. The ovarian can-
cer cell line BG-1 was a gift form Dr. H. Rocheford,
Montpellier, France and the MFM-223 breast carci-
noma cell line was a gift from Dr. R. Hackenberg,
Marburg, Germany.

2.3. Stimulation of the cancer cell lines with steroid
hormones

Cancer cell lines were cultured in RPMI media
(Gibco BRL, Gaithersburg, MD) supplemented with
glutamine (200 mmol/l), bovine insulin (10 mg/l),
fetal bovine serum (10%), antibiotics and antimy-
cotics in plastic flasks, at 37 °C, 5% CO,, to near
confluency. The cells were then aliquoted into 24-
well tissue culture plates and cultured to 50% con-
fluency. One day before the experiments, the culture
media were changed into phenol red-free media con-

taining 10% charcoal-stripped fetal bovine serum. To
carry out the stimulation experiments, various steroid
hormones dissolved in 100% ethanol were added into
the culture media, at a final concentration of 10~ 8
mol/l. Cells stimulated with 100% ethanol were
included as controls. The cells were maintained for
another 24 h, then harvested for mRNA extraction.
For hK10 protein measurements, cells were seeded in
75 cm? flasks and steroid stimulation was performed
as described above. Culture supernatant was collected
7 days later.

2.4. Time course experiments

The BT-474, MCF-7 and T-47D cells were cultured
and stimulated as described above. Cells were har-
vested for mRNA extraction at 1, 2, 4, 8, 24, 36 and
48 h after hormone stimulation. For hK10 protein
measurements, culture supernatants were collected 1,
3, 5 and 7 days after steroid hormone stimulation.

2.5. Blocking experiments

The BT-474, MCF-7 and T-47D cells were cultured
as described in the stimulation experiments. To block
the steroid hormone receptors, antagonists for differ-
ent steroid hormones were added into the culture
media at a final concentration of 10~ ¢ mol/l (100
times higher than the concentration of the stimulating
steroids) and incubated forl h. Subsequently, different
steroid hormones were added into the culture media at
a final concentration of 10~ ® mol/l. Cells were main-
tained for 7 days and the culture supernatant was
harvested for hK10 measurement.

2.6. Total RNA extraction and reverse transcriptase-
polymerase chain reaction

Total RNA was extracted from the cell lysates
using Trizol reagent (Invitrogen Canada, Burlington,
ON) following the manufacturer’s instructions. Total
RNA concentration was determined spectrophotomet-
rically. Two micrograms of total RNA was transcribed
into cDNA with OligodT primer in a reaction mixture
of 20 pl using the Superscript™ preamplification
system (Invitrogen Canada). PCR was performed for
KLK10, PSA, actin and PS2 with the primers and
conditions described elsewhere [23].
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2.7. Quantification of hK10 in cell culture
Supernatants

The concentration of hK10 was measured with an
hK10-specific immunoassay developed in our labora-
tory [6,24]. In brief, 96-well polystyrene plates were
first coated with 500 ng/well of hK10 monoclonal
antibody (code B14). After overnight incubation, the
plates were washed. One-hundred microliters of cul-
ture supernatant or standards and 100 pl of another
biotinylated hK10 monoclonal antibody (code 5D3)
(50 ng of antibody per well) were then sequentially
added into each well. The plates were incubated for
2 h with gentle shaking at room temperature, and
washed. Subsequently, alkaline phosphatase-conjugat-
ed strepadvidin was added, incubated for 30 min, and
washed. Finally, diflunisal phosphate (DFP) and
terbium-based detection was performed. Fluorescence
was measured with a time-resolved fluorometer, the
Cyberfluor 615 Immunoanalyzer (MDS Nordion,
Kanata, ON, Canada) as described elsewhere [25].
The calibration and data reduction were performed
automatically.

2.8. Construction of the KLKI0 promoter-CAT
reporter gene plasmid

A PAC clone derived from the kallikrein gene
locus, containing the KLK10 gene and its 5’ flanking
region, was isolated from a genomic library as previ-
ously described [3]. Using this PAC as a template, the
2.5-kb full-length KLK10 promoter was obtained by
PCR with primers 5-CGTTCTAGAGATCCAAT-
GGCT-3' (forward) and 5-AGGGGATCTAGAC-
GTGCCTCT-3' (reverse). This fragment was then
cloned into the promoterless pCAT-basic vector
(Promega, Madison, WI) upstream of the chloram-
phenicol acetyltransferase (CAT) gene using standard
molecular biology methods. The construct was veri-
fied by DNA sequencing.

2.9. Control plasmids containing functional AREs
and EREs

The plasmids containing functional AREs and
EREs were available in-house. They were used in
all transfection experiments as positive controls. In the
ARE plasmid, the PSA promoter, including ARE I,

ARE 1II and the enhancer AREs were cloned in front
of the CAT reporter gene in the pCAT-basic vector
[15]. Similarly, in the ERE plasmid, four copies of the
consensus ERE sequence (5% CAGGTCAGAGT-
GACCTG 3") were inserted upstream of a minimal
promoter (derived from the Xenopus vitellogenin B1
gene), to direct the expression of the CAT reporter
gene [26].

2.10. DNA transfection and reporter gene assays

The day before transfection, the HEK, T-47D,
LNCaP, ZR-75-1, and BG-1 cells were plated in
phenol red-free RPMI or DMEM media containing
10% charcoal-stripped fetal bovine serum at a density
so that they were 80—90% confluent on the day of
transfection. Ten micrograms of plasmid containing
the KLK10 promoter, or ARE, or ERE, or empty
vector pCAT-basic, along with 0.5 ng pRSV-p-gal
control plasmid (Promega) were transfected into the
cells with the Lipofectamine ™ 2000 reagent (Invitro-
gen Canada) following the manufacturer’s recommen-
dations. Six hours after transfection, steroid hormone
stimulation was performed as described above. Forty-
eight hours after the transfection, cell monolayers were
washed with phosphate buffer saline and lysed with
the lysis buffer from the CAT ELISA kit (Boehringer
Mannheim, Germany). This kit was subsequently used
to measure the CAT concentrations in the cell lysates
following the manufacturer’s instructions. The P-gal
activities in the cell lysates were quantified with the o-
nitrophenyl B-p-galactopyranoside (ONPG) substrate.

3. Results

3.1. Differential regulation of KLKI10 expression by
steroid hormones in various cancer cell lines

Previously, we have demonstrated by RT-PCR, that
KLK10 expression was up-regulated mainly by estro-
gens, and to a lesser extent by androgens and proges-
tins in the breast cancer cell line BT-474 [23]. In order
to examine whether the hormonal regulation of
KLK10 is cell-line specific, in the current study, we
extended our investigation to a panel of other cancer
cell lines that contain different amounts of steroid
hormone receptors (Table 1). The regulation of
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Table 1
Cancer cell lines included in the study and their levels of ER, AR
and PR

Cell line Receptor levels®

ER AR PR
Breast cancer cell line
BT-474 + + +
MCF-7 ++ + +
T-47D + + b4t
ZR-75-1 + ++ +
BT-20 — — —
MFM-223 - — +++

Ovarian cancer cell line

BG-1 +++ + +++
Caov-3 + unknown +
OVCAR-3 + + +

Prostate cancer cell line
LNCaP - ++++ —

?Data of receptor levels are from the following references:
breast cancer cell lines, Ref. [8]; ovarian cancer cell lines, Refs.
[39—43]; prostate cancer cell line LNCaP, Ref. [44].

KLK10 expression by steroid hormones was exam-
ined at both the mRNA and protein level. The steroid
hormones tested included 17B-estradiol, Sa-dihydro-
testosterone (DHT), norgestrel, dexamethasone, and
aldosterone.

The regulation of KLK 10 by these steroids was first
investigated at the mRNA level with RT-PCR. Since
alcohol was used to dissolve all steroids and it had no
effect on KLK10 expression, alcohol-treated cells
were used as controls [23]. Upon steroid hormone
stimulation, KLK 10 expression was not affected in the
hormone receptor-negative cell line BT-20. Among the
receptor-positive cell lines, only the breast cancer cell
lines BT-474, MCF-7 and T-47D showed increased
KLK10 expression upon stimulation (Fig. 1A). The
potency of each steroid hormone varies among the cell
lines. In the BT-474 cells, the KLK10 gene is mainly
up-regulated by 17p-estradiol, and to a lesser extend
by DHT. Norgestrel, dexamethasone and aldosterone
have no significant effect. These results are in accord
with our previous observations [23]. In the MCF-7
cells, all steroid hormones can up-regulate KLK10
gene expression. Norgestrel appears to be the most
potent stimulant. In the T-47D cells, DHT up-regulated
KLK10 gene expression more prominently than the
other tested steroids.

We then examined the effect of steroid hormones on
KLK10 expression at the protein level. Upon steroid
hormone stimulation, as expected from the mRNA
data described above, only the BT-474, MCF-7 and T-
47D showed increased hK10 protein production (Fig.
1B). In the BT-474 cells, 17p-estradiol and DHT were
the strongest up-regulating steroids for hK10 protein
production, inducing at least 50- and 20-fold increase
in hK10 protein level, respectively. Norgestrel dis-
played a weak stimulation effect and dexamethasone
and aldosterone had no significant induction of hK10
production. In the MCF-7 cells, the effect of steroid
hormones is different. Norgestrel was the most potent
stimulant and increased hK10 protein levels in the
supernatant by about 7-fold. The rank of potency was
norgestrel>DHT>dexamethasone>17p-estradiol and
aldosterone. Similarly, all steroid hormones exhibited
a stimulation effect on hK10 production in the T-47D
cells. However, the rank of potency was different,
being DHT>dexamethasone>aldosteone>17R-estradi-
ol and norgestrel. The strongest stimulant DHT in-
creased hK10 protein levels in the supernatant by
about 8-fold. These results are consistent with the
RT-PCR data presented above, suggesting that the
up-regulation of hK10 expression by steroid hormones
is concordant at the mRNA and protein level.

3.2. The effect of steroid hormone antagonists on
steroid hormone-induced hK10 protein production

To further examine whether the steroid hormones
tested up-regulate hK10 production through their own
receptors, we performed blocking experiments, in
which antagonists of estrogens (ICI-182,780), andro-
gens (RU-56,187) and progestins (mifepristone) were
used to block their cognate receptors prior to adding
the steroid hormones. These antagonists, when added
alone, at 10~ °~10~? mol/l concentration, had no
effect on hK10 protein production (data not shown).
When they were incubated in mixtures with different
steroid hormones, they exhibited a different degree of
blocking effect. The results obtained from the breast
cancer cell lines BT-474, MCF-7 and T-47D are
presented in Table 2. As expected, the androgen
antagonist RU-56,187 could block most of DHT
activity, but not 17p-estradiol and norgestrel. Mife-
pristone, a progesterone and androgen antagonist,
could block effectively hK10 production induced by
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Fig. 1. Differential regulation of KLK10 gene expression by steroid hormones at the transcription level, as shown by RT-PCR (A) and
translation level (B) in the breast cancer cell lines BT-474, MCF-7 and T-47D. In panel A, the PSA gene (up-regulated by androgens and
progestins) and pS2 gene (up-regulated by estrogens) and actin gene were used as controls. In panel B, hK10 protein levels were quantified with
an ELISA method [6] and expressed as fold induction over the hK10 protein level produced by the alcohol-treated cells. Al, ethanol; E, 17p-
estradiol; DHT, 5a-dihydrotestersterone; N, norgestrel; Dm, dexamethasone; Ad, aldosterone.

norgestrel and DHT. ICI-182,780, being an estrogen
antagonist, almost completely blocked the hK10 pro-
duction induced by 17p-estradiol. It also significantly
reduced expression of hK10, induced by DHT and
norgestrel. These data indicate that 17p-estradiol,
DHT and norgestrel, up-regulate hK10 protein pro-
duction by binding to their cognate receptors.

3.3. Kinetics of steroid hormone-regulated KLKI0
expression

To study the kinetics of KLK10 gene expression
after steroid hormone stimulation, time course experi-
ments were conducted. BT-474, MCF-7 and T-47D
cells were stimulated with 17R3-estradiol and DHT at a
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Table 2
Blocking of steroid hormone-induced hK10 protein production by
steroid hormone antagonists

Stimulating Percentage of blocking on hK10 production (%)*
hormone RU-56,187 ICI-182,780 Mifepristone
17p-Estradiol 0 65-99 0

DHT 66—-87 51-73 62-87
Norgestrel 0 64-65 84-85

?Data presented are percentage ranges obtained from three
experiments in the breast cancer cell lines BT-474, MCF-7 and
T-47D.

concentration of 10~ % mol/l and cells were harvested
at different time points. Previously, we have shown
that upon steroid hormone stimulation, the kinetics of
KLK10 gene expression in BT-474 cells are similar to
those of pS2 and PSA genes and that steroid hormone
stimulation results in a steady accumulation of the
KLK10 mRNA over 24—48 h in BT-474 cells [23].
When the same experiments were repeated in the
MCEF-7 and T-47D cells, similar results were obtained
(data not shown). To further investigate whether this
increase of KLK10 mRNA could lead to the elevation
of secreted hK10 protein level, the kinetics of hK10
protein production upon steroid hormone stimulation
were also examined. As shown in Fig. 2, hK10 protein
level in the culture supernatant starts to increase 1 day
after stimulation and continues to accumulate over
5-7 days.

3.4. Organization of the KLK10 promoter

The data presented above clearly demonstrate that
the KLK10 gene is up-regulated mainly by estrogens,
androgens and progestins in breast cancer cell lines at
both the transcriptional (mRNA) and translational
(protein) level. The rapid increase of hK10 protein
level in response to steroid hormone stimulation indi-
cates that steroid hormones up-regulate KLK10 ex-
pression through the direct interaction between the
hormone-receptor complexes and HREs. Therefore,
we decided to functionally characterize the KLK10
gene promoter, to determine whether it contains any
HREs. A schematic diagram illustrating the organiza-
tion of the KLK10 gene promoter in the kallikrein
locus is shown in Fig. 3. The KLK10 gene resides
downstream of the KLK11 gene. The sequence be-
tween the polyadenylation site “AATAAA” of the

KLKI11 gene and the transcription start site of the
KLK10 gene is considered to include the full-length
KLK10 gene promoter. Since its homologous gene,
PSA (KLK3), is known to contain AREs in its pro-
moter, we first investigated whether there was se-
quence similarity between the PSA and KLK10 gene
promoters. A homology comparison between the full-
length KLK10 gene promoter and the 5-kb PSA gene
promoter (Genbank accession number U37672),
which contains the ARE I, ARE II and enhancer
AREs, was performed with the BLAST2 algorithm.
No significant homology was found (data not shown).
We then functionally characterized the KLK10 gene
promoter. Two primers were designed to amplify and
clone the full-length KLK10 promoter sequence by
PCR. The forward primer lies 40 bp downstream of the
polyadenylation site of the KLKI11 gene and the
reverse primer is in the untranslated exon I (Fig. 3).
Thus, the obtained sequence includes the full-length
KLK10 promoter and 37 bp from exon I. This se-
quence was then placed upstream of the chloramphen-
icol acetyltransferase (CAT) reporter gene.

3.5. Full-length KLK10 promoter activity in different
cancer cell lines with various estrogen and androgen
receptor levels

To investigate the role of ER and AR in KLK10
gene expression, the full-length KLK10 promoter
activity was investigated in various cell lines that
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Fig. 2. Kinetics of hK10 protein production induced by steroid
hormones in the breast cancer cell line MCF-7. The hK10 protein
was quantified in the tissue culture supernatant by ELISA [6]. Al,
ethanol; E, 17p-estradiol; DHT, Sa-dihydrotestersterone; N,
norgestrel; Dm, dexamethasone; Ad, aldosterone.
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Fig. 3. Schematic diagram showing the organization of the KLK10 gene promoter in the kallikrein locus and the construction of the KLK10
promoter-CAT reporter gene plasmids. Exons I and II of the KLK10 gene are represented with boxes. The oval shape box denotes the TATA box
variant “TTAAAA” box. The first base pair of the cDNA sequence (Genbank accession No.: AF024605) was assigned as “+1”. A forward
primer located in exon I (+37) and a reverse primer located 40 bp downstream of the KLK11 polyadenylation site were designed to obtain the

full-length KLK10 promoter by PCR.

have different amounts of steroid hormone receptors.
Plasmids containing functional AREs (the PSA pro-
moter) and EREs (ERE control plasmid) were includ-
ed as positive controls in all transfections. We first
studied KLK10 promoter activity in the human em-
bryonic kidney cells (HEK), which lack both ER and
AR. In the HEK cells, the PSA promoter and ERE
control plasmids had no significantly higher activity
than the promoterless pCAT-basic vector. Presumably,
this lack of activity is due to the absence of active ER
and AR. In contrast, in this cell line, the KLKI10
promoter is very active and its activity is up to 35-fold
higher than that of the pCAT-basic vector (Fig. 4).
These data indicate that unlike the PSA promoter, the
KLK10 promoter does not rely on the presence of ER
and AR to be active.

We next examined whether the presence of active
ER and PR could increase the KLK10 promoter
activity in various cancer cell lines with different
amounts of ER and AR. The breast cancer cell line
ZR-75-1 and the ovarian cancer cell line BG-1 were
included as ER-positive cell lines. We obtained sim-
ilar results in the ZR-75-1 and BG-1 cells. Represen-
tative data obtained with BG-1 cells are presented in
Fig. 5A. It is shown that the KLK10 promoter has
very low activity (2- to 4-fold increase over the pCAT-
basic vector). The low KLK10 promoter activity in
the breast/ovarian cancer cells in comparison to the
HEK cells may be attributed to lower transfection
efficiency or different transcription factor profiles in
these cells. Upon 17p-estradiol challenge, the hK10

promoter activity does not significantly increase.
However, although the ERE control plasmid is not
active without 17p-estradiol treatment, its activity is

40—
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10+

pCAT-basic PSA ERE KLK10

Fig. 4. Full-length KLK10 promoter activity in the human
embryonic kidney (HEK) cells. The pCAT-basic, PSA and ERE
are control plasmids. CAT activity is presented as fold induction
over the pCAT-basic vector. Note significant KLK10 promoter
activity in the HEK cells without any stimulation or presence of
steroid hormone receptors.
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Fig. 5. Full-length KLK10 promoter activity in the presence of
active ER and AR. (A) Full-length KLK10 promoter activity
stimulated with alcohol and 17B-estradiol in the ovarian cancer cell
line BG-1. (B) Full-length KLK 10 promoter activity stimulated with
alcohol and DHT in the breast cancer cell line T-47D. The plasmids
p-CAT basic, PSA and ERE are controls. CAT activity is presented
as fold induction over the pCAT-basic vector. Note absence of
KLK10 promoter activity after stimulation.

dramatically increased (up to 28-fold) after stimula-
tion with 17p-estradiol. Similar experiments were
repeated in the AR-positive prostate cancer cell line
LNCaP and the breast cancer cell line T-47D. Repre-
sentative data for T-47D cells are shown in Fig. 5B.
Clearly, the PSA promoter activity depends on the
activation of AR by DHT. In sharp contrast, the
KLK10 promoter activity is low and it does not
increase upon DHT stimulation. These data suggest
that the KLK10 promoter transcriptional activity is
not affected by the presence of active ER or AR. We
conclude that the KLK10 promoter sequence exam-

ined does not contain HREs that mediate the regula-
tion of KLKI10 gene expression by estrogens and
androgens.

4. Discussion

In this investigation, we demonstrated that KLK10,
a new member of the human tissue kallikrein gene
family, is up-regulated by estrogens, androgens, pro-
gestins, glucocorticoids and minerolocorticoids at
both the transcription and translation level. Through
functional characterization of the KLK10 promoter,
we have shown that the KLK10 gene promoter is
unlikely to harbor HREs that mediate this hormonal
regulation of KLK10.

The expression of KLK10 is up-regulated only in
the receptor-positive breast cancer cell lines BT-474,
MCF-7 and T-47D, but not in the receptor-negative
cell line BT-20. These data suggest that the presence of
functional ER, AR and PR is a prerequisite for the
hormonal regulation of KLK10. However, although
the other tested cancer cell lines also have functional
ER, PR or AR (Table 1), the steroids 17p-estradiol,
norgestrel and DHT did not show any effect on KLK10
expression. The data suggest that the presence of
active steroid hormone receptors does not necessarily
imply that KLK10 will be regulated by steroid hor-
mones. Furthermore, the potency of the steroid hor-
mones on KLK10 expression does not correlate with
the levels of their cognate receptors in these cell lines.
17p-Estradiol, DHT and norgestrel are most potent in
the BT-474, T-47D and MCF-7 cells, respectively (Fig.
1). However, the most abundant ER and PR concen-
trations are found in the MCF-7 and T-47D cells,
respectively (Table 1). This lack of hormonal regula-
tion in certain receptor-positive cell lines and the
dissociation between steroid hormone potency and
levels of their cognate receptors could be due to
involvement of other cellular factors or the KLK10
gene itself. It is now clear that the function of steroid
hormone receptors is modulated by steroid hormone
receptor coactivators/corepressors, which act as bridg-
ing molecules between hormone-receptor complexes
and the basal transcription machinery, to turn-on or
suppress transcription [27,28]. Consequently, the con-
centration of steroid hormone receptors does not
necessarily determine their functional activity. It has
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been shown that the levels of a number of coactivators/
corepressors vary significantly among different breast
cancer cell lines [29]. Therefore, it is possible that
different amounts of coactivators/corepressors could
play an important role in the differential regulation of
KLK10 by steroid hormones in the BT-474, MCF-7
and T-47D cells. In the receptor-positive ovarian
cancer cell lines, the lack of hormonal regulation of
KLK10 could be due to absence of critical coactiva-
tors/corepressors. Epigenetic modifications of the
KLK10 gene may also interfere with steroid hormone
regulation. It has been demonstrated that methylation
of the KLK10 gene (exons 2—4) is a mechanism that
could account for the down-regulation of KLK10 gene
expression in some breast cancer cell lines, such as
ZR-75-1 [30]. Given that the KLK10 gene is silenced
by methylation in the ZR-75-1 cells, it is not surprising
that the expression of the KLK10 gene is not induced
by steroid hormones despite the fact that the ZR-75-1
cells are receptor-positive.

Estrogens, androgens and progestins are all key
modulators of KLK10 gene expression. These hor-
mones, besides interacting with their own cognate
receptors through high affinity binding, are known
to be able to cross-bind to other receptors through low
affinity association. It has been reported that estrogen
(at a concentration of 10~ 7 mol/l) can also bind to AR
[31]. This cross-interaction is thought to primarily
account for the estrogen up-regulation of PSA gene
expression in the breast cancer cell line BT-474 [8].
The regulation of KLK10 by steroid hormones, how-
ever, does not seem to involve cross-binding of
steroid hormones to steroid hormone receptors. As
we previously reported, steroid hormones up-regulate
KLK10 gene expression in a dose-dependent manner,
and this induction can occur at a concentration as low
as 1071 mol/l, which is 100-fold lower than the
affinity constant of their association to their own
receptors [23]. Furthermore, in the blocking experi-
ments, it was shown that the up-regulation of hK10 by
these steroid hormones could be blocked by their
cognate antagonists (Table 2). The blocking of ICI-
182, 780 on norgestrel action may be due to the fact
that PR expression is up-regulated by estrogen and
that ICI-182, 780 reduces PR expression. Our data
indicate that estrogens, androgens and progestins up-
regulate KLK10 expression through binding to their
own receptors.

KLK10 is abundantly expressed in the sex organs,
including breast, ovary, prostate and testis. It is
reasonable to speculate that the expression of
KLK10 in these organs is modulated by sex hor-
mones. Our data obtained from the breast cancer cell
lines support this notion. In ovarian cancer, hK10
protein level is greatly elevated [32]. Androgen and
estrogen over-stimulation has been implicated with
the pathogenesis of this malignancy [33,34]. There-
fore, the overexpression of KLK10 in ovarian cancer
may be due to sex hormone imbalance. However, as
also indicated by our studies in the cancer cell lines,
sex hormones may not be the only modulators of
KLK10 gene expression in these organs. In breast
cancer, we found that high hK10 levels negatively
correlated with the levels of ER and PR [35], suggest-
ing that other factors are likely implicated. Therefore,
when interpreting KLK10 expression levels in the sex
organs and steroid hormone-related diseases, a com-
plicated interplay among the KLK10 gene, steroid
hormone receptors, and other KLK10 modulators
should be considered.

Our time course studies clearly showed that hK10
protein started to increase in rapid response to steroid
hormone stimulation, indicating that steroid hormones
up-regulate KLK10 gene expression very likely
through the direct interaction between hormone-re-
ceptor complexes and their cognate hormone response
elements. Using various ER and AR positive- and
negative-cell lines and the CAT reporter gene system,
we have shown that the full-length KLK10 gene
promoter is active, regardless of ER and AR presence.
Furthermore, presence of active ER and AR does not
increase the constitutive activity of the KLK10 gene
promoter. These features of the KLK10 promoter are
very different from those of its homologous gene,
PSA, in which promoter activity entirely depends on,
and is dramatically induced by, the presence of active
AR. The lack of hormonal response of the KLK10
promoter could be due to the following reasons. First,
the full-length KLK10 promoter we examined is
unlikely to contain any active AREs or EREs. Al-
though most of the EREs and AREs are present in the
promoters of the target genes, other regions, such as
exons and the 3’ untranslated region, may also possi-
bly harbor HREs. Recently, it has been reported that
exons 2—4 of the KLK10 gene are involved in the
modulation of KLK10 gene expression through DNA
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methylation [30]. It is conceivable that these exons
might also contain other transcription factor binding
sites, including HREs. Second, it is possible that the
HREs mediating the hormonal regulation of KLK10
are not within the KLKI10 gene itself, but locate
elsewhere within the KLK locus. Within the human
kallikrein gene family, except for KLK2, KLK3
(PSA) and KLK4, which are all clearly up-regulated
only by androgens, expression of all other KLK genes
is modulated by multiple steroid hormones [1]. Inter-
estingly, all these KLK genes are transcribed in the
same direction (telomere to centromere) opposite to
that of KLK2 and KLK3. Therefore, it is likely that
most of the KLK genes are regulated by a common
locus. This mode of regulation has been observed in
many gene families, such as the P-globin family
[36,37]. Also, this mechanism has been proposed to
explain the tissue expression pattern of the rat kalli-
krein gene family. It has been speculated that a
common control region upstream of the entire rKLK
locus may confer the salivary gland expression of all
the rKLK genes [38].

In summary, KLK10 is mainly up-regulated by
estrogens, androgens, and progestins, and to a less
extent, by dexamethasone and aldosterone at both the
transcription and translation level. It is unlikely that
the KLK10 promoter contains HREs that directly
mediate this hormonal regulation. Other regions with-
in the KLK10 gene and the human tissue kallikrein
locus should be considered.

References

[1] Yousef GM, Diamandis EP. The new human tissue kallikrein
gene family: structure, function, and association to disease.
Endocr Rev 2001;22:184—-204.

[2] Liu XL, Wazer DE, Watanabe K, Band V. Identification of a
novel serine protease-like gene, the expression of which is
down-regulated during breast cancer progression. Cancer
Res 1996;56:3371-9.

[3] Luo L, Herbrick JA, Scherer SW, Beatty B, Squire J, Diaman-
dis EP. Structural characterization and mapping of the normal
epithelial cell-specific 1 gene. Biochem Biophys Res Com-
mun 1998;247:580—6.

[4] Goyal J, Smith KM, Cowan JM, Wazer DE, Lee SW, Band V.
The role for NES1 serine protease as a novel tumor suppres-
sor. Cancer Res 1998;58:4782—6.

[5] Luo LY, Rajpert-De Meyts ER, Jung K, Diamandis EP. Ex-
pression of the normal epithelial cell-specific 1 (NESI;

(6]

(71

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

KLK10) candidate tumour suppressor gene in normal and
malignant testicular tissue. Br J Cancer 2001;85:220—4.

Luo LY, Grass L, Howarth DJ, Thibault P, Ong H, Diamandis
EP. Immunofluorometric assay of human kallikrein 10 and its
identification in biological fluids and tissues. Clin Chem 2001;
47:237-46.

Riegman PH, Vlietstra RJ, van der Korput HA, Romijn JC,
Trapman J. Identification and androgen-regulated expression
of two major human glandular kallikrein-1 (hGK-1) mRNA
species. Mol Cell Endocrinol 1991;76:181-90.

Magklara A, Grass L, Diamandis EP. Differential steroid hor-
mone regulation of human glandular kallikrein (hK2) and
prostate-specific antigen (PSA) in breast cancer cell lines.
Breast Cancer Res Treat 2000;59:263—70.

Cleutjens KB, van der Korput HA, Ehren-van Eekelen CC, et
al. A 6-kb promoter fragment mimics in transgenic mice the
prostate-specific and androgen-regulated expression of the en-
dogenous prostate-specific antigen gene in humans. Mol En-
docrinol 1997;11:1256—-65.

Clements JA, Mukhtar A, Ehrlich A, Yap B. Kallikrein gene
expression in the human uterus. Braz ] Med Biol Res 1994;27:
1855-63.

Aranda A, Pascual A. Nuclear hormone receptors and gene
expression. Physiol Rev 2001;81:1269—-304.

Hollenberg SM, Weinberger C, Ong ES, et al. Primary struc-
ture and expression of a functional human glucocorticoid re-
ceptor cDNA. Nature 1985;318:635—-41.

Chang CS, Kokontis J, Liao ST. Structural analysis of comple-
mentary DNA and amino acid sequences of human and rat
androgen receptors. Proc Natl Acad Sci U S A 1988;85:
7211-5.

Gottlicher M, Heck S, Herrlich P. Transcriptional cross-talk,
the second mode of steroid hormone receptor action. J Mol
Med 1998;76:480-9.

Schuur ER, Henderson GA, Kmetec LA, Miller JD, Lamp-
arski HG, Henderson DR. Prostate-specific antigen expression
is regulated by an upstream enhancer. J Biol Chem 1996;
271:7043-51.

Cleutjens KB, van Eekelen CC, van der Korput HA, Brink-
mann AO, Trapman J. Two androgen response regions coop-
erate in steroid hormone regulated activity of the prostate-
specific antigen promoter. J Biol Chem 1996;271:6379—88.
Cleutjens KB, van der Korput HA, van Eekelen CC, van Rooij
HC, Faber PW, Trapman J. An androgen response element in a
far upstream enhancer region is essential for high, androgen-
regulated activity of the prostate-specific antigen promoter.
Mol Endocrinol 1997;11:148-61.

Huang W, Shostak Y, Tarr P, Sawyers C, Carey M. Coopera-
tive assembly of androgen receptor into a nucleoprotein com-
plex that regulates the prostate-specific antigen enhancer. J
Biol Chem 1999;274:25756—68.

Murtha P, Tindall DJ, Young CY. Androgen induction of a
human prostate-specific kallikrein, hKLK2: characterization
of an androgen response element in the 5’ promoter region
of the gene. Biochemistry 1993;32:6459—64.

Yu DC, Sakamoto GT, Henderson DR. Identification of the
transcriptional regulatory sequences of human kallikrein 2 and



126

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

L.-Y. Luo et al. / Clinica Chimica Acta 337 (2003) 115-126

their use in the construction of calydon virus 764, an attenu-
ated replication competent adenovirus for prostate cancer
therapy. Cancer Res 1999;59:1498—-504.

Mitchell SH, Murtha PE, Zhang S, Zhu W, Young CY. An
androgen response element mediates LNCaP cell dependent
androgen induction of the hK2 gene. Mol Cell Endocrinol
2000;168:89-99.

Murray SR, Chao J, Lin FK, Chao L. Kallikrein multigene
families and the regulation of their expression. J Cardiovasc
Pharmacol 1990;15:S7-S16.

Luo LY, Grass L, Diamandis EP. The normal epithelial cell-
specific 1 (NES1) gene is up-regulated by steroid hormones in
the breast carcinoma cell line BT-474. Anticancer Res 2000;
20:981-6.

Luo LY, Katsaros D, Scorilas A, et al. The serum concentra-
tion of human kallikrein 10 represents a novel biomarker for
ovarian cancer diagnosis and prognosis. Cancer Res 2003;63:
807—-11.

Christopoulos TK, Diamandis EP. Enzymatically amplified
time-resolved fluorescence immunoassay with terbium che-
lates. Anal Chem 1992;64:342—6.

Sathya G, Li W, Klinge CM, Anolik JH, Hilf R, Bambara RA.
Effects of multiple estrogen responsive elements, their spac-
ing, and location on estrogen response of reporter genes. Mol
Endocrinol 1997;11:1994-2003.

McKenna NJ, Lanz RB, O’Malley BW. Nuclear receptor cor-
egulators: cellular and molecular biology. Endocr Rev 1999;
20:321-44.

Collingwood TN, Urnov FD, Wolffe AP. Nuclear receptors:
coactivators, corepressors and chromatin remodeling in the
control of transcription. J Mol Endocrinol 1999;23:255—75.
Magklara A, Brown TJ, Diamandis EP. Characterization of
androgen receptor and nuclear receptor co-regulator expression
in human breast cancer cell lines exhibiting differential regu-
lation of kallikreins 2 and 3. Int J Cancer 2002;100:507—14.
Li B, Goyal J, Dhar S, et al. CpG methylation as a basis for
breast tumor-specific loss of NES1/kallikrein 10 expression.
Cancer Res 2001;61:8014-21.

Taplin ME, Bubley GJ, Shuster TD, et al. Mutation of the
androgen-receptor gene in metastatic androgen-independent
prostate cancer. N Engl J Med 1995;332:1393-8.

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Luo LY, Katsaros D, Scorilas A, et al. Prognostic value of
human kallikrein 10 expression in epithelial ovarian carcinoma.
Clin Cancer Res 2001;7:2372-9.

Risch HA. Hormonal etiology of epithelial ovarian cancer,
with a hypothesis concerning the role of androgens and pro-
gesterone. J Natl Cancer Inst 1998;90:1774—86.

Clinton GM, Hua W. Estrogen action in human ovarian
cancer. Crit Rev Oncol Hematol 1997;25:1-9.

Luo LY, Diamandis EP, Look MP, Soosaipillai AP, Foekens
JA. Higher expression of human kallikrein 10 in breast cancer
tissues predicts tamoxifen resistance. Br J Cancer 2002;86:
1790-6.

Li Q, Harju S, Peterson KR. Locus control regions: coming of
age at a decade plus. Trends Genet 1999;15:403 8.

Engel JD, Tanimoto K. Looping, linking, and chromatin ac-
tivity: new insights into beta-globin locus regulation. Cell
2000;100:499-502.

Southard-Smith M, Pierce JC, MacDonald RJ. Physical map-
ping of the rat tissue kallikrein family in two gene clusters by
analysis of P1 bacteriophage clones. Genomics 1994;22:
404-17.

Geisinger KR, Kute TE, Pettenati MJ, et al. Characterization
of a human ovarian carcinoma cell line with estrogen and
progesterone receptors. Cancer 1989;63:280—8.
Galtier-Dereure F, Capony F, Maudelonde T, Rochefort H.
Estradiol stimulates cell growth and secretion of procathepsin
D and a 120-kilodalton protein in the human ovarian cancer
cell line BG-1. J Clin Endocrinol Metab 1992;75:1497—-502.
Baldwin WS, Curtis SW, Cauthen CA, Risinger JI, Korach
KS, Barrett JC. BG-1 ovarian cell line: an alternative model
for examining estrogen-dependent growth in vitro. In Vitro
Cell Dev Biol Anim 1998;34:649—54.

Jones J, Lagasse LD, Karlan BY. Steroid hormonal independ-
ence of HER-2/neu mRNA expression in four human ovarian
carcinoma cell lines. Gynecol Oncol 1994;55:421—6.
Hamilton TC, Young RC, McKoy WM, Grotzinger KR, Green
JA, Chu EW, et al. Characterization of a human ovarian car-
cinoma cell line (NIH:OVCAR-3) with androgen and estrogen
receptors. Cancer Res 1983;43:5379—-89.

Horoszewicz JS, Leong SS, Kawinski E, et al. LNCaP model
of human prostatic carcinoma. Cancer Res 1983;43:1809—18.



	Steroid hormone regulation of the human kallikrein 10 (KLK10) gene in cancer cell lines and functional characterization of the KLK10 gene promoter
	Introduction
	Materials and methods
	Chemicals
	Cell lines
	Stimulation of the cancer cell lines with steroid hormones
	Time course experiments
	Blocking experiments
	Total RNA extraction and reverse transcriptase-polymerase chain reaction
	Quantification of hK10 in cell culture supernatants
	Construction of the KLK10 promoter-CAT reporter gene plasmid
	Control plasmids containing functional AREs and EREs
	DNA transfection and reporter gene assays

	Results
	Differential regulation of KLK10 expression by steroid hormones in various cancer cell lines
	The effect of steroid hormone antagonists on steroid hormone-induced hK10 protein production
	Kinetics of steroid hormone-regulated KLK10 expression
	Organization of the KLK10 promoter
	Full-length KLK10 promoter activity in different cancer cell lines with various estrogen and androgen receptor levels

	Discussion
	References


